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… is described by H. G. Bçrner
et al. in their Full paper on
page 2025 ff. They developed a
platform of monodisperse poly-
(amidoamine)s (PAA)s to mimic
natural packing tools for DNA.
A set of tailor-made PEO–PAA
conjugates was synthesized and
complexation properties with
DNA were studied.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
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).


Glycerol Etherification
In their Full Paper on page 2016 ff. , B. M. Weckhuysen
et al. desribe how glycerol etherification over alkaline earth
metal oxide based catalysts is controlled by both their sur-
face basicity and Lewis acidity. In addition, it was found
that depending on the preparation conditions CaO could
give rise to the generation of colloidal particles. These
colloids possess, after isolation from the reaction medium,
a very high etherification activity.


Coordination Polymers
In their Full Paper on page 2034 ff. , L. Ouahab et al.
describe the synthesis of homo- and heterometallic one-
dimensional coordination polymers by an in-situ ligand-gen-
eration route. Carboxylato-based complexes of Co, Mn, and
Zn were characterized. For the cobalt complexes, magnetic
studies reveal single-chain magnet behavior.


Superelectrophiles
In his Concepts article on page 2004 ff. , D. A. Klumpp
describes a number of trends of superelectrophiles which
are revealed by charge–charge repulsion. This repulsion can
lead to novel molecular rearrangements, profoundly influ-
ence reactivities, and may significantly effect molecular
structure.
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Introduction


During the 1960–70s, there were several reports of cationic
electrophiles exhibiting increased reactivities in superacidic
media. To account for the observed increasing electrophilic
reactivities, Olah proposed the concept of superelectrophilic
activation.[1] For the acetyl cation (1), superacidic media
may interact with the non-bonding electron pairs, generating
a protosolvated superelectrophile (2, Figure 1). In the limit-
ing case, superelectrophilic activation may involve de facto
dicationic superelectrophiles (i.e., 3). Protosolvation of the
acetyl cation produces an electrophile with increasing dicat-
ionic character and consequently superelectrophilic reactivi-
ty. Superelectrophilic activation is also observed with Lewis
acid systems, for example producing the superelectrophile (4
or 5) by electrophilic solvation.[2]


Superelectrophiles are organized according to their struc-
tures and the approximate distance between the charge cen-
ters (Table 1).[1e] The two basic categories, first proposed by


Olah, are the gitionic and distonic superelectrophiles. Gi-
tionic (close) superelectrophiles are characterized by the
charge centers being separated by no more than one carbon
or heteroatom. They are further distinguished by the dis-
tance between charges, with geminal systems (6–8) having
the charges located around a single atom, vicinal systems
(9–11) being represented as 1,2-dications, and also with 1,3-
dicationic systems (12–14). It is understood that various fac-
tors (including charge delocalization) makes such a classifi-
cation approximate. For example in superelectrophilic oxo-
nium ions such as diprotonated water 6, calculations have
shown that most of the positive charge resides on the hydro-
gen atoms.[3] Dications 10 and 12 also delocalize positive
charge through resonance into the phenyl and cyclopropyl
rings, respectively. Distonic (distant) superelectrophiles are
characterized by structures having charges separated by 2 or
more carbons or heteroatoms (i.e., 15–17). The distonic su-
perelectrophiles are distinguished from other types of onium
dications, those in which the onium charge centers are iso-
lated electrophilic sites. In such cases, the onium dications
exhibit chemistry that is little different than monocationic
electrophiles. Superelectrophiles may also involve hyperva-
lent species, such as diprotonated methane (8) and butane
(15) and the protosolvated tert-butyl cation (11).
The chemistry of superelectrophiles has been thoroughly


reviewed several times.[1b–e] These earlier reviews provide
overviews of this chemistry, including evidence for super-
ACHTUNGTRENNUNGelectrophiles, as well as summarizing their use in synthesis.
Due to the dicationic nature of superelectrophiles (as well
as the close proximity of the onium sites), it is expected that
much of their chemistry will be controlled by Coulombic in-
teractions. Electrostatic effects are well known for their in-
fluence on monocationic systems. For example, onium cat-
ions (ammonium, phosphonium, sulfonium, etc.) can signifi-
cantly alter the acidities of adjacent groups and effect the
preferred conformations of structures.[4] In the following
concept article, the effects of Coulombic interactions and
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Figure 1. Acetyl cation 1 and its superelectrophilic derivatives 2–5.


Table 1. Categories of superelectrophiles with selected examples.


Gitionic superelectrophiles Distonic superelectro-
philes


Geminal Vicinal 1,3-Dicationic
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their role in the chemistry of superelectrophiles will be ex-
amined.


Charge–Charge Repulsive Effects


Charge–charge repulsion and charge delocalization in super-
electrophiles can have unusual effects in structure, bonding,
and charge distributions. For example, the bishalonium ions
(19a,b) from 1,4-dihalocubanes (18a,b) have been success-
fully prepared (Figure 2).[5] In contrast, the monohalonium


ions (21a,b) cannot be prepared using the same chemistry,
but instead complex product mixtures are observed. It is
suggested that the dicationic structures (19a,b) stabilize the
cubyl framework towards ring-opening processes, including
cleavage by superacid. The monocationic halonium ions
(2a–c) do not possess this electrostatic stabilization of the
cubyl cage. Another interesting system is the 1,4-bicyclo-
ACHTUNGTRENNUNG[2.2.2]octanediyl dication (25, Figure 3).[6] Though efforts to


observe dication 25 have not yet been successful, the super-
ACHTUNGTRENNUNGelectrophilic donor–acceptor complex 24 has been detected.
MNDO calculations estimate the C1–C4 distance to be only
1.99 E in 25, considerably less than the C1–C4 distance in
the parent hydrocarbon (26). Although charge–charge repul-
sion might be expected to increase the C1–C4 distance, this


does not occur. Extensive hydperconjugation with the adja-
cent methylene groups leads to the transfer of electron den-
sity to the carbocationic centers, resulting in symmetry al-
lowed 1,4 bonding (i.e., 28) and shortening of the C1–C4
distance.
In adamantane-based dications, adamanta-1,3-dimethyldi-


yl dication (29, a 1,5-dication) has been prepared in super-
acid (Figure 4) and observed by low temperature NMR


spectroscopy.[7] The 13C NMR data from dication (29) indi-
cates that the positive charges are highly delocalized into
the substituents and adamantyl cage. This is thought to be
the result of the close proximity of the cationic charge cen-
ters. Similarly, the phenylene dication (30) was shown to
have significantly deshielded methyl 13C NMR signals com-
pared to the analogous monocation 31 (the cumyl cation;
Figure 5).[8]


This suggests a greater
amount of hyperconjugation
with the methyl groups in the
30, a consequence of the
charge–charge repulsion. In
studies of diprotonated 2,6-ada-
mantanedione (32), the car-
boxonium 13C resonance is ob-
served at d 247.7, while the re-
lated monocationic species (33)
exhibits a carboxonium 13C res-
onance at d 267.1 (Figure 6).[9]


These results indicate an in-
creasing importance of the car-


Figure 2. Cubyl halonium ions.


Figure 3. BicycloACHTUNGTRENNUNG[2.2.2]octanediyl dication 25 and related structures.


Figure 4. Preparation of adamanta-1,3-dimethyldiyl dication 29.


Figure 5. Comparison of dication 30 with the cumyl cation 31.


Figure 6. Protonated 2,6-adamantanedione and 2-adamantanone.
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boxonium-type resonance structure (32a) due to the
charge–charge repulsive effects. Using dynamic NMR tech-
niques, a charge–charge repulsive interaction was shown to
influence the rotational barrier in a superelectrophile
(Figure 7).[10] In FSO3H (Ho �15), p-anisaldehyde forms the
carboxonium ion 34 and the rotational barrier was estimated
to be 18.6 kcalmol�1. In the stronger superacid FSO3H/SbF5
(Ho �20), the superelectrophile (35) is formed, and as a con-
sequence, the rotational barrier decreases to 12.6 kcalmol�1.
This can be understood by considering the p-donation of the
aryl ring, represented by resonance structures 34b and 35b.
In the superelectrophile 35, charge–charge repulsive effects
tend to disfavor p-donation (and resonance form 35b), lead-
ing to decreased double-bond character between the aryl
ring and carboxonium group, and this influences the barrier
to rotation.
The stability of aliphatic carbodications is significantly in-


fluenced by charge–charge repulsive effects. For example,
long-lived aliphatic carbodications can be prepared (in the
absence of electron donating groups) only if the charge
bearing carbons are separated by at least two carbon atoms
(Figure 8).[11] Ionization of compound 36 leads exclusively to
the allyl monocation 38 rather than the 1,3-cabodication


(37), while compound 39 pro-
vides the dication (40). A 1,3-
dicarbocation has been pre-
pared by utilization of stabiliz-
ing cyclopropyl groups (41).[12]


When compared to the analo-
gous monocation (42), it is seen
that the carbenium centers are
shifted significantly upfield in
the dication 41. This is attribut-
ed to more extensive delocali-
zation of the positive charge
into the cyclopropyl groups due
to Coulombic repulsion.
Experimental and theoretical


studies have demonstrated that
charge–charge interactions can


be significant in positional isomers of phenylenediyl dicat-
ions and related systems. For example, the bis(1,3-dioxolani-
um) dications (43–45) are prepared by superacid-promoted
reactions of the appropriate 2-methoxyethyl esters
(Figure 9).[13] In calculations at the B3LYP/6-311*//B3LYP6-


31G* level, it was found that the energy of the ortho isomer
is 15.0 kcalmol�1 higher in energy than the para and meta
isomers. The destabilization of the ortho isomer is thought
to be due to a combination of steric effects and charge–
charge repulsive effects. When the tricationic species (46) is
compared to the dications, NMR data indicates further elec-
trostatic repulsive effects. The methylene carbons on the
1,3-dioxolanium rings are found at d 13C 77.5 for dication 44
and d 13C 86.9 for trication 46. This increased deshielding on
the trication is due to charge–charge repulsion leading to
enhanced delocalization of the positive charge onto the ring
oxygen atoms. As a result, the adjacent methylene carbons
are deshieded. A series of phenyl-substituted phenylenediyl
dications (47–49) were prepared in sulfuric acid solution and
their pKR+ values were determined (Figure 10).[14] It was
found that the pKR+ value for the ortho-substituted system


Figure 7. Protonation of p-anisaldehyde.


Figure 8. Preparations of carbodications.


Figure 9. Studies of bis(1,3-dioxolanium) dications 43–45 and trication 46.
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was significantly higher (more negative) than the isomeric
dications. This was attributed to the close proximity of the
charge centers.
In calorimetric studies of diketones, it was shown that the


heats of diprotonation are related to the distance between
the carboxonium ion centers.[15] In the case of g-diketones,
such as 2,5-hexanedione (50), the heats of diprotonation are
found to be about 5 kcalmol�1 less that expected, when
compared to the twice the heat of protonation of acetone
and other monoketones (Figure 11). The decreased heat of
diprotonation is a consequence of the Coulombic destabili-
zation of the dicationic structure (51). With increasing sepa-
ration of the carbonyl groups in the diketones (52, n=3),
the heats of diprotonation are about equal to twice the


heats of protonation of mono-
ketones. Calorimetric studies
reveal a similar trend with di-
protonated diesters (53).[15]


Charge–charge repulsive effects
in 53 become negligible with
separation of the carboxonium
groups by three or more meth-
ylene units. Likewise, ionization
of dicarboxylic acid fluorides
(54) with SbF5 may be accom-
plished in all cases except suc-
cinyl fluoride (54a), leading to
the bis-acyl dications (55b–h,
Figure 11).[15,16] The bis-acyl di-
cations (55b–h) are capable of


reacting with benzene to give the respective diketone prod-
ucts. When the heats of ionization are measured, it was
found that separation of the carboxylic acid fluoride groups
by greater than three methylene units gives similar heats of
ionization. Thus, the inability to prepare 55a and the de-
creased heat of ionization of 55b are consistent with
charge–charge repulsive effects.
In 1,2-ethylene dications, charge delocalization has been


studied by both experimental and theoretical methods
(Figure 12). The ethylene dication (CH2CH2


2+ , 56) has been
observed in the gas phase and its structure studied by calcu-
lations.[17] Dication 56 is characterized by a structure with or-
thogonal vacant orbitals, allowing for delocalization of
charge by hyperconjugation with the vicinal CH2 groups.
This leads to a relative short carbon-carbon bond length, es-
timated to be only 1.432 E. With aryl-substitution, the 1,2-
ethylene dications are sufficiently stable to be directly stud-
ied by NMR using stable ion conditions.[8] When compared
to the olefin (57), the aryl ring carbons are significantly de-
shielded in the dication 58. This is consistent with separation
of the positive charge through delocalization.
A number of superelectrophilic systems have been shown


to undergo rearrangements that lead to greater distance be-
tween the charge centers. For example, the 1,5-manxyl dicat-
ion 59 can be generated and it is found to be stable at
�105 8C, but rearranges to dication 60 at �60 8C
(Figure 13).[18,19] DFT calculations show that dication 60 is
26 kcalmol�1 more stable than 59, and rearrangement leads
to an increased distance between the charge centers. Al-
though both are formally 1,5-dications, the distance between
the charge centers is 2.80 E in the 1,5-manxyl dication (59)
and 3.58 E in dication 60. Efforts to ionize diol 61 to the
1,4-cyclohexyl dication (62) lead exclusively to dication
63.[20] This rearrangement is also driven by charge–charge
repulsion.
It has been shown that superelectrophilic ring opening re-


actions may also be involve charge–charge separation
(Figure 14). For example, reaction of the cyclopropane car-
boxylic acid (64) leads to product 66,[21] which arises from


Figure 10. Ionizations to phenylenediyl dications 47–49.


Figure 11. Bis-carboxonium and bis-acyl dications 51, 53, 55.


Figure 12. 1,2-Ethylene dications 56 and 58.
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protonation of the C1�C2 bond and formation of the super-
electrophile (65). Subsequent reaction with benzene and
cyclization give the tertralone 66. Although protonation of
the C2�C3 bond would also
provide a benzylic-type carbo-
cation (67), this intermediate is
not formed due to Coulombic
destabilization. In the super-
acid-catalyzed reactions of oxa-
zolines, diprotonation of the
heterocycle gives the 1,3-dicat-
ion (68) and ring opening leads
to the distonic superelectro-
phile (69, a 1,5-dication).[22] The
charge-separated species is
shown to be capable of reacting
with benzene and dichloroben-
zene. The isoxazolidine (70) un-
dergoes a similar Lewis acid-
promoted ring opening reaction
to 72 and a Friedel–Crafts-type
reaction with benzene.[23] Both
the isoxazolidine and oxazoline
ring opening are driven to some
extent by charge–charge repul-
sion.
Charge migration driven by


charge–charge repulsion has
also been observed on the side
chains of pyridinium rings and
other protonated N-heterocy-
cles (Figure 15). For example,
ionization of the alcohol 73 in
superacid initially provides the
1,5-dication (74). Charge migra-
tion leads to the 1,6-dication
(75), which is trapped with ben-
zene in high yield.[24] A similar
charge migration is used in a
superacid-promoted synthesis
of aza-polycyclic aromatic com-
pounds.[24] In the case of the
quinoline 76, ionization in


CF3SO3H initially provides the 1,4-dication (77). Charge mi-
gration leads to 78 which undergoes cyclization and benzene
elimination to provide benz[c]acridine (79) in reasonably
good yield. Calculations estimate dication 78 to be about
10 kcalmol�1 more stable than dication 77.[24b]


Varied onium dications have given products from charge
migrations reactions. In the synthesis of the analgesic drug
Butorphanol, a key step involves the ring expansion of the
ammonium-carbodication (80), formally a distonic super-
ACHTUNGTRENNUNGelectrophile (Figure 16).[25] Despite the benzylic stabilization
of the carbocationic center, charge–charge repulsive effects
dominate and the ring expansion product (81) is formed.
Further synthetic steps then provide the product Butorpha-
nol. Reaction of the phosphonium salt (82) in superacid
gives the 1,4-dication (83), which undergoes charge migra-
tion to the 1,5-dication (84, Figure 17).[26] The resulting su-
perelectrophile (84) reacts quantitatively with benzene.


Figure 13. Dicationic rearrangements.


Figure 14. Ring opening reactions involving superelectrophiles.


Figure 15. Charge migrations on heterocyclic side chains.
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Likewise, the amino alcohol provides dication (85) from su-
peracid, and charge separation leads to the superelectro-
phile 86, and product formation.[24]


The delocalization of positive charge in superelectrophiles
has been shown to be important in concerted electrocycliza-
tion reactions. Shudo and Ohwada studied the superacid-
promoted reactions of hydroxyketones such as 87 and for-
mation of substituted fluorenes (Scheme 1).[27] With support-
ing evidence from kinetic and theoretical studies, it was pro-
posed that superelectrophilic dications trigger the 4p elec-
trocyclization. In comparing the monocation 88 with the di-
cation 89, the transition state leading to the cyclization prod-


uct is found to be 16 kcalmol�1


lower in energy for the super-
ACHTUNGTRENNUNGelectrophillic cyclization.
Charge–charge repulsion en-
hances the delocalization of
positive charge into the phenyl
rings, a necessary condition for
the 4p electrocyclization. A
similar result was obtained in a
study of the Nazarov reaction
(Scheme 2).[28] Examples of the
Nazarov reaction gave in-
creased yields and reaction
rates with progressively stron-
ger acids. Theoretical calcula-
tions done at the B3LYP/6-
31G* level showed a significant
decrease in the activation
energy when the superelectro-
phile (91) was compared to the
monoprotonated system (90).
Again, charge–charge repulsion
leads to a greater delocalization
of positive charge and conse-
quently the activation energy is
lowered for the 4p electrocycli-
zation. Recently, a similar
mechanism was suggested in an


aza-Nazarov reaction (Scheme 2).[29] It was suggested that
protosolvation of the N-acyliminium ion (92) gives the su-
perelectrophile (93) which undergoes cyclization to the het-
erocyclic product (94). Theoretical calculations likewise
show that protosolvation leads to a dramatic lowering (ca.


Figure 16. Preparation of butorphanol.


Figure 17. Charge migration in onium dications 83 and 85.


Scheme 1. Superelectrophilic electrocyclization. Scheme 2. Superelectrophilic Nazarov and aza-Nazarov reactions.
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12 kcalmol�1) of the activation energy to the cyclization.
Delocalization of positive charge in a superelectrophile was
also shown to increase the isomerization rate of an unsatu-
rated carboxonium ion (96, Figure 18).[30] It was demonstrat-
ed that protosolvation of 97 leads to a significant increase in
the rate of isomerization from 97 to 96. This is understood
as a consequence of the charge–charge separation and the
greater importance of resonance form 98b.
An interesting application of charge–charge repulsive ef-


fects has been in the remote functionalization of com-
pounds. As a result of the tendency for charges to be sepa-
rated, it has been observed in several studies that reactions
producing cationic charge will occur at the site most distant
from an existing onium charge
center. For example, Olah and
co-workers studied the proto-
solvation of the propionyl
cation (99) and found that H/D
exchange only occurred at the
methyl carbon (Figure 19).[31]


The selectivity of this exchange
is explained by formation of the
carbonium ion (100) at the
methyl carbon, rather than the
methylene carbon, in order to
maximize charge separation. In
the oxyfunctionalization of al-
dehydes and ketones, it was ob-
served that compounds like cy-
cloheptanone may be regiose-
lectively converted to the dike-
tone (101) by the reaction with
ozone in FSO3H/SbF5
(Figure 20).[32] Exclusive forma-
tion of the 1,4-diketone 101 is
understood as a result of maxi-
mum charge separation in the
reaction. Oxy functionalization
at the a- and b-carbons would
require intermediates and/or
transition states with more
closely oriented charges. In a
similar respect, pentanal gave
the dicarbonyl product 103 in


good yield, however, butanal
does not give the oxyfunctional-
ization product.[32] While the
1,5-dication (102) is apparently
a viable superelectrophile, the
1,4-dication (104) does not
form due to the more closely
oriented charge centers. Elec-
trostatically-controlled func-
tionalizations are particularly
efficient when the developing


charge center is relatively stable (i.e. , tertiary carbocation),
as demonstrated in the fluorination of amide 105 and the
carboxylation of ketone 106 (Figure 21).[33,34]


Other aspects of regioselectivity are influenced by
charge–charge repulsive effects (Figure 22). In the reactions
of 1,2,3,6-tetrahydropyridines, diprotonation leads to the
charge-separated 1,4-dication 106.[35] The less stable 1,3-di-


Figure 18. Influence of protosolvation on stereomutation.


Figure 19. Protosolvation of the propionyl cation 99.


Figure 20. Remote oxyfunctionalization involving superelectrophiles.


Figure 21. Remote functionalization involving carboxonium superelectrophiles.
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cation 107 is not formed. With introduction of the methyl-
substituent, the 1,3-dication 108 can be obtained. In this
case, the increased stability of the tertiary carbocationic
center in 108 compensates for the Coulombic destabilization
in the 1,3-dication. The preference for charge-separated di-
cations is important in the Grewe cyclization, chemistry that
is useful in the preparation of morphine analogues.[36] Regio-
selective formation of the 1,4-dication (109) is critical to the
success of this synthetic chemistry.
Another aspect of charge–charge repulsive effects has


been described for intermolecular reactions of superelectro-
philes. Vinyl-substituted N-heterocycles react in CF3SO3H to
generate superelectrophiles (i.e. , 111) and react further with
arene nucleophiles (Figure 23).[37] There is no oligomer or
polymer formation from the vinylpyridine or other vinyl-
substituted heterocycles. Similar
chemistry has also been de-
scribed with N-heterocyclic al-
kynes.[38] In contrast, CF3SO3H
is known to be a good catalyst
for the cationic polymerization
of styrene.[39] Polymerization of
vinylpyridine is inhibited by un-
favorable electrostatic interac-
tion, as cationic polymerization
would require that dication 111
react with the vinyl group of
110. Charge–charge repulsion
essentially inhibits collisions be-
tween the dication 111 and
monocation 110 and this pre-
vents oligomerization and poly-
merization.
In general, superelectrophilic


activation decreases with great-
er distance between the charge
centers. Cinnamic acid (112)
produces superelectrophile 113
in CF3SO3H which is capable of
reacting with dichlorobenzene,
however with greater distance
between the carboxonium ion
and carbocation centers, the su-
perelectrophile 114 does not
react with dichlorobenzene
(Figure 24).[21]


Onium sites that are forced
into close proximity due to a
structural or conformational
effect may demonstrate super-
ACHTUNGTRENNUNGelectrophilic character
(Figure 25). For example, 1,8-
bis(diphenylmethyl)naphthy-
lene dication (115) and 1,1’bi-
phenyl-2,2’-diyl dications (116)
are found to have a distance of
3.11 and 3.66 E, respectively,


separating their carbocationic sites.[40,41] The close proximity
of charges has been shown to effect their oxidation–reduc-
tion behavior, and in the case of 115, its reactivity towards
electron donors.
As noted above, closely-oriented charges can prevent the


formation of superelectrophiles. This has been observed in a
number of systems, including the previously described suc-
cinyl fluoride (34a) ionization to the bis-acyl dication. With
bishalonium ions, Olah and co-workers observed that 1,3-di-
bromopropane may be dialkylated to give superelectrophile
117, while the corresponding ion from 1,2-dibromoethane is
only monoalkylated (118, Scheme 3).[42] Similarly, p-dibro-
mobenzene forms the bishalonium ion (119), while the meta
and ortho isomers only form the monoalkylated products
(120).[42] Likewise, the halonium–oxonium dication (121) is


Figure 22. Superelectrophilic reactions of 1,2,3,6-tetrahydropyridines and the Grewe cyclization.


Figure 23. Superacid-catalyzed reaction of 2-vinylpyridine.


Figure 24. Influence of distance on the reactivities of carboxonium-carbenium dications.
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formed (accompanied by ca. 20% oxonium monocation)
from p-bromoanisole, but not from the m- and o-bromoani-
sole.[43] The p-methoxybenzene diazonium salt is protonated
(i.e., 123) in FSO3H/SbF5, while o-methoxybenzene diazoni-
um salt cannot be protonated.[44] These examples suggest a
significant Coulombic destabilization in the structures 124–
137, when compared to the respective charge-separated di-
cations (117, 119, 121, and 123). A similar situation has also
been described with a series of amino acids (Figure 26).[45]


Ionization of aminobutyric acids (128–130) in FSO3H-SbF5
at low temperature gives the corresponding ammonium-car-
boxonium dications (131–133). When the solutions are
warmed to 45 8C, however, only the dication (131) from g-
aminobutyric acid (128) reacts further to yield the amino-
acyl dication (134). With dications 132 and 133, the ammoni-


um and carbonium groups are more closely-oriented, com-
pared to 131, and this prevents ionization to the acyl ions.
It is known from numerous gas-phase studies that multi-


ply charged ions have a strong tendency to fragment into
charge separated species. The driving force for these Cou-
lombic explosions is of course the electrostatic repulsion
arising from the multiple charge centers. The properties of
multiply charged gas-phase ions, and their fragmentation re-
actions, have been described in several excellent re-
views.[46,47] Both small molecular ions and larger ions derived
from biomolecules are shown to undergo these (charge-sep-
arating) fragmentations in the gas-phase. Although little
work has been done to study analogous processes involving
superelectrophiles in the condensed phase, the same dynam-
ics are likely important in this chemistry. That is to say, su-


perelectrophilic reactions will
tend to favor pathways that
lead to charge-separated prod-
ucts. This usually involves loss
of proton(s), as in the case of
superelectrophile 135, but may
also involve loss of cationic
atoms or fragments
(Figure 27).[48] Superelectrophil-
ic halogenation with N-halosuc-
cinimides has been demonstrat-
ed in solution and also studied
by theoretical methods. Increas-
ing protosolvation leads to en-
ergeticaly more favorable cleav-
age to Cl+ (cp. 136 and 137).[49]


A similar case is seen in the iso-
desmic reaction of trichloro-
methyl cation (138) and the
protosolvated superelectrophile
(139) with propane (MP4-
ACHTUNGTRENNUNG(STDQ)/6-31G*//MP2/6-31G*
+ ZPE level; Figure 28).[50] In
accord with experimental obser-
vations, hydride transfer to the
superelectrophile 139 provides


Figure 25. 1,8-Bis(diphenylmethyl)naphthylene and 1,1’-biphenyl-2,2’-diyl
dications.


Scheme 3. Charge proximity influencing the stability of superelectrophiles.


Figure 26. Ionization of aminobutyric acids 128–130.
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the 2-propyl cation (a charge-separated product) more fa-
vorably than does the monocationic electrophile (138). In a
similar respect, charge separation can occur in reactions
with arene nucleophiles. Calculations have shown a large en-
ergetic effect in the protosolvation of an N-acylimium ion
(140) and its reaction with benzene (Figure 29).[51] For the
calculated gas-phase reactions (MP2/6-311+G(d) level), for-
mation of the s-complex 142 is found to be somewhat endo-
thermic for the monocationic electrophile 140, and strongly
exothemic for the dicationic superlectrophile (141). The fa-
vorable energetics can be explained by the separation of
charge in the s-complex 143, a process that is driven by
charge–charge repulsion.


Conclusion


In summary, the study of super-
electrophiles has revealed a
number of trends with respect
to charge–charge repulsion. In
the chemical reactions of super-
electrophiles, it has been ob-
served that charge–charge re-
pulsive effects will tend to favor
reactions and reaction steps in
which the charge centers sepa-
rate. This can include actual
charge migration, molecular re-
arrangement, or charge disper-
sal in a reaction intermediate
(such as formation of a sigma


complex with an arene). Charge–charge repulsive effects are
well known as destabilizing forces in gas-phase ion chemis-
try, leading in some cases to “Coulombic explosion” of mul-
tiply charged ions. A similar situation occurs in condensed
phase chemistry and superelectrophiles will tend to undergo
reactions that involve loss of protons, hydronium ion, and
other cationic fragments. Charge–charge interactions in su-
perelectrophiles are strongly dependent on the distance be-
tween the interacting onium centers. Not surprisingly, the
more closely spaced charge centers tend to possess greater
superelectrophilic activation. This can lead to enhanced
electrophilic reactivities, greater charge delocalizations, and
even destabilization of these multiply charged structures.
With increasing distance between the charge centers, the in-
teraction of the onium centers decrease and their chemistry
resembles that of isolated onium ions. If conformational or
structural effects place the onium centers in close proximity
however, superelectrophilic activation can dramatically in-
crease. Charge–charge repulsive effects are clearly an impor-
tant aspect in the chemistry of superelectrophiles. The struc-
ture–activity relationships in these systems are likely impor-
tant to the chemistry of other multiply-charged structures,
including biomolecules, catalytic systems, and gas-phase
ions.
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Introduction


Glycerol has recently attracted much attention in open and
patent literature as a viable, highly functionalized building
block for the synthesis of various intermediate compounds
used in chemical industries.[1–6] Glycerol can be derived from
the fermentation of glucose, from hydrogenolysis of sorbitol
or as a waste product in the production of biodiesel from
the transesterification of plant oils and animal fats.[1–6] Due
to the growing biodiesel production, especially in Europe,
the availability of glycerol has greatly increased. As a conse-
quence, its price has significantly dropped to as low as
0.1 $kg�1 of crude glycerol, making it an even more attrac-
tive starting material for chemical production.[7] Several (po-
tential) applications have been evaluated over the past years
and some recent review papers are devoted to this emerging
research topic.[8–12] Among its applications, glycerol can be a


starting reagent for the synthesis of di- and triglycerol,
which have numerous applications, for example, in cosmetic
and pharmaceutical industries. Their market is predicted to
develop significantly in the near future. Conventional meth-
ods for polyglycerol synthesis remain rather difficult, since
this reaction requires drastic conditions; that is, a high reac-
tion temperature and a caustic environment.[13] The use of
for example, Na2CO3 as a homogeneous catalyst gives a high
conversion, but relatively low selectivity, and several filtra-
tion, purification, and neutralization steps are required to
recover almost pure diglycerol afterwards.[14] This procedure
leaves large amounts of basic aqueous waste, which is not
environmentally friendly.[15] Therefore, there is a need to
search for highly active, selective, and stable heterogeneous
catalysts for this important catalytic process.


Some research has already been pursued in this field,
mainly covered in patents, but also reported in the open lit-
erature. More specifically, the group of Clacens have evalu-
ated both microporous and mesoporous crystalline materials
in the absence and presence of various promoter elements
and prepared in different manners.[13–16] In the case of micro-
porous solids, Cs-exchanged X zeolites were found to be
active and selective catalysts with a glycerol conversion and
(di- and tri-) glycerol selectivity of 79 and 95%, respectively,
at a reaction temperature of 260 8C. Instead, Cs-exchanged
ZSM-5 materials showed to be much less active. The most
promising results were obtained with mesoporous MCM-41
catalysts loaded with Cs, which have a (di- and tri-) glycerol
selectivity of 97% at a conversion level of 80%. As far as
catalyst leaching and stability are concerned it was noted by
Clacens and co-workers that the best results were obtained
with grafted solids that retain their structure and specific
area, properties which were not observed for their impreg-
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nated mesoporous catalysts. Finally, in the case of Mg- and
La-containing mesoporous catalysts it was found that the
double dehydration to acrolein as catalyzed by acid sites is
significant, excluding them as potential selective catalysts
for the synthesis of di- and triglycerol.


In the current work, we have studied the glycerol etherifi-
cation reaction over alkaline earth metal oxides (BaO, SrO,
CaO, and MgO) as potential heterogeneous catalysts with
high activity. More specifically, we concentrated on explor-
ing the catalytic potential of different CaO materials as an
example of an environmentally friendly and, according to
some literature examples, one of the most stable materials
among alkaline earth oxides.[17] To investigate various fac-
tors that could influence the activity and selectivity of these
catalyst systems, we have focused our study on the following
three areas:


1) Evaluating the influence of catalyst basicity on the ether-
ification of glycerol and comparing the data with those
obtained for the industrially employed homogeneous
Na2CO3 catalyst. Special attention is directed towards
the product distribution, including the formation of
linear and branched oligomers of glycerol.


2) Exploring the catalytic properties of CaO materials syn-
thesized in different ways and linking these catalytic data
to their acid–base properties. For this purpose, basicity
tests were performed with suitable Hammett indicators
in combination with UV/Vis/NIR spectroscopy, whereas
Lewis acidity was evaluated with IR spectroscopy in
combination with pyridine as probe molecule.


3) Assessing the heterogeneous nature of the active CaO
materials by studying the potential problems of catalyst
leaching and colloidal particle formation during catalytic
reaction. For this purpose, static light scattering (SLS) as
well as cryo-TEM experiments were performed.


It will be shown that CaO-based materials containing the
right balance of Lewis acid and basic sites possess very high
activity in the selective etherification of glycerol towards di-
and triglycerol. This activity may surpass even that of the
most basic alkaline oxide BaO. Based on these results a ten-
tative mechanism is postulated that involves not only basic
sites, but also Lewis acid sites. In addition, it was observed
that highly reactive CaO-based colloids can be formed in
situ during catalysis, which opens new opportunities for in-
vestigations of supported colloidal particle catalysts to take
advantage of both their hetero- and homogeneous nature.


Results and Discussion


Effect of catalyst basicity on the etherification of glycerol :
One of the goals of this research work was to explore differ-
ent heterogeneous catalysts for the selective synthesis of di-
and triglycerol, avoiding the formation of higher oligomers
of glycerol as well as acrolein as byproducts. Formation of
this last product is known to be catalyzed by solid acids,[18–20]


therefore the choice for basic oxide materials, such as alka-
line earth metal oxides, is clear. Indeed, parallel experiments
in our laboratory, not shown for sake of brevity, indicated
that zeolite-based materials, as well as lanthanide and lan-
thanide oxide chloride materials, lead to the formation of
substantial amounts of acrolein. On the other hand, acrolein
can also be formed by the thermal decomposition of glycer-
ol and therefore it is not possible to completely avoid its for-
mation. However, by decreasing the reaction temperature to
220 8C we have managed to slow down the decomposition
reaction of glycerol so that acrolein formation in our experi-
ments was never higher than 5 wt% after 20 h of the reac-
tion. We note here that our reaction temperature is 40 8C
lower than the one used in the work of Clacens and co-
workers.[13] To allow comparisons between our study and
their research we have included Na2CO3 as a reference ho-
mogeneous catalyst.


Figure 1 (top) shows the glycerol conversion for low sur-
face area (<5 m2g�1) MgO, CaO, SrO, and BaO materials as
a function of reaction time. The relative catalytic activities


of the alkaline earth metal oxides, summarized in Table 1, as
the amount glycerol converted per gram of catalyst after
20 h of reaction, indicate the following reactivity order:
BaO�SrO>CaO@MgO. This order is in accordance with
their basicity;[21] that is, BaO>SrO>CaO>MgO and this
observation was confirmed by performing independent basic
strength measurements making use of Hammett indicators
of the alkaline earth metal oxide materials under study. The
results of this approach are included in Table 1. It is remark-
able that MgO showed almost no conversion in the etherifi-


Figure 1. Top: Catalytic conversion (%) of glycerol at a temperature of
220 8C as a function of reaction time for BaO (*), SrO (^), CaO-A (~),
and MgO (O); Bottom: Selectivity patterns (%) towards diglycerol for
BaO (^), SrO (&), CaO-A (~), and Na2CO3 (&) and triglycerol for BaO
(^), SrO (&), CaO-A (~), and Na2CO3 (O) as a function of glycerol con-
version (%).
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cation of glycerol and a conversion level well below 10%
was achieved after 20 h. In the case of BaO and SrO the
conversion was initially low, but gradually reached a final
value of about 80%. The catalytic activity of CaO was
slightly lower in comparison with BaO and SrO, but it was
still possible to reach a conversion of about 60% after 20 h
of reaction.


In terms of conversion plotted against time, for all hetero-
geneous materials an activation period was observed in the
first 3 h of reaction with very low glycerol conversion levels
(Figure 1, top). To evaluate the selectivity behavior of MgO,
CaO, SrO, BaO, and Na2CO3 we have plotted the selectivi-
ties towards diglycerol and triglycerol as a function of glyc-
erol conversion (Figure 1, bottom). It is evident that no real
differences in selectivity behavior are noted between the dif-
ferent catalyst materials under study and that with increas-
ing glycerol conversion the selectivity towards triglycerol
gradually increases at the expense of the selectivity towards
diglycerol.


An additional selectivity feature that attracted our atten-
tion was the changing distribution of the formed diglycerol
with reaction time. The possible isomeric diglycerol mole-
cules can be linear, branched, and cyclic, as depicted here.


We observed that during glycerol etherification mainly
linear and branched isomers are formed, regardless of the


catalyst material used. At the beginning of reaction linear
diglycerol is formed as the major product, while the
branched form starts to dominate at higher glycerol conver-
sion. We presume that the linear form of diglycerol is
formed first as the kinetic product and then it partly equili-
brates into branched diglycerol, which is favored thermody-
namically. Another explanation could be that the formed
linear diglycerol reacts faster than its branched isomers to
form higher oligomers of glycerol. Both explanations, how-
ever, do not exclude each other.


It is known that the etherification of glycerol can be cata-
lyzed by both acidic and basic catalysts. In the presence of
an acidic catalyst a hydroxy group of glycerol is protonated,
which renders it a good leaving group. It is followed by the
nucleophilic attack of a hydroxy group of another glycerol
molecule, accompanied by the leaving of the water mole-
cule. Finally, the formed ether is deprotonated, yielding the
respective di- or polyglycerol. This reaction can follow the
SN1 (via a carbocation) or SN2 pathway (through a direct nu-
cleophilic attack). As mentioned above, in the acidic condi-
tions also a side reaction may take place. The protonated
hydroxy group can leave as a water molecule. The formed
carbocation releases a proton, yielding the hydroxyaldehyde.
In a similar way, double elimination of water from glycerol
leads to the formation of acrolein. To the best of our knowl-
edge, only one explanation has been reported for the base-
catalyzed glycerol etherification mechanism[22] involving the
deprotonation of a hydroxy group and the attack of the
formed alkoxy anion on the carbon of another glycerol mol-
ecule. This is shown in Scheme 1. However, the authors pre-
sume that a hydroxy anion leaves on its own, which would
be quite difficult due to its strong nucleophilicity. Further-
more, no explanation has been put forward for how the hy-
droxyl group is rendered a sufficiently good leaving group.
We can only presume that the reaction might be facilitated
by very high temperature. Besides that, it would be most
plausible that other surface groups of the catalytic solid may
participate in the reaction mechanism, as will be discussed
below.


Effect of catalyst Lewis acidity on the glycerol etherifica-
tion : As was presented so far, the catalytic activity of the
different alkaline earth metal oxides for the etherification of
glycerol increases with catalyst basicity.


However, taking into account other aspects, such as toxici-
ty in case of potential catalyst leaching, CaO among the al-
kaline earth metal oxides has the most potential to become
a suitable heterogeneous catalyst for commercial applica-
tions, provided that its activity can be further improved and
it is sufficiently stable during reaction. To achieve this goal
we have synthesized various CaO catalytic materials differ-
ing in their physicochemical properties, further labeled as
CaO-A, CaO-B, and CaO-C. These materials were tested in
the etherification of glycerol at 220 8C and the catalytic ac-
tivity data are shown in Figure 2. The amounts of glycerol
converted per gram of catalyst after 20 h of reaction for the
Ca-based catalysts under study are summarized in Table 2.


Table 1. Catalytic activity of MgO, CaO, SrO, and BaO, expressed as the
amount of glycerol converted per gram of catalyst after 20 h at a temper-
ature of 220 8C, as well as the overall surface basicity of the alkaline
earth metal oxides as examined with the Hammett indicator method. In
addition, we have measured the Lewis acidity for the different materials
making use of pyridine as probe molecule in conjunction with IR spec-
troscopy. For comparison, the homogeneous catalyst Na2CO3 is included.
(n.a.-not applicable; n.o.-not observed).


Catalyst Dn8a [cm
�1] Moles of glycerol[a] Basicity


Na2CO3 n.a. 0.43 (13.4>pKBH+ > 11)
BaO n.o. 0.41 (17.2>pKBH+>15)
SrO n.o. 0.41 (17.2>pKBH+>15)
CaO 14 0.29 (15>pKBH+>13.4)
MgO 22 0.04 (8.2>pKBH+>6.8)


[a] Moles of glycerol converted per gram of catalyst after 20 h of reac-
tion.
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It is evident that after an induction or activation period
the glycerol conversion gradually increased with increasing
reaction time. The glycerol conversion after 20 h of reaction
increased in the order: CaO-B<CaO-A<CaO-C. Further-
more, it was found that the CaO-C material can reach a
comparable to higher final glycerol conversion level after
20 h of reaction as compared to BaO and Na2CO3 (Table 1
vs. Table 2), but still keeping a high selectivity towards digly-
cerol. Figure 2 (bottom) compares the selectivity patterns
towards di- and triglycerol as a function of the glycerol con-


version level for CaO-A, CaO-
B, and CaO-C. Clearly, a simi-
lar behavior is noted as for the
other alkaline earth metal
oxide catalysts under study
and with increasing glycerol
conversion the selectivity to-
wards triglycerol gradually in-
creases. In a similar fashion,
the relative ratio of linear over


branched diglycerol changes with reaction time.
One of the questions that we have to address is what is re-


sponsible for the catalytic differences between CaO-A,
CaO-B, and CaO-C. For this purpose, we have characterized
the catalyst materials with different methods, which shed in-
sight in their acid–base properties. First of all, we have eval-
uated the basic strength of the three CaO materials, as mea-
sured by the Hammett indicators method, taking Clayton
Yellow as a suitable indicator since this molecule showed to
be able to react with CaO-B and CaO-C, but only to a
minor extent with CaO-A. The basic character of CaO ma-
terial is caused by the presence of coordinative unsaturated
oxide (Ca�O2�) and hydroxide Ca�OH� sites. The related
microphotographs of CaO-A, CaO-B, and CaO-C catalyst
materials brought in contact with Clayton Yellow are shown
in Figure 3. It can be noted that there are differences in the
color intensities in the changed form of indicator, which


should be related to the amount of surface basic sites. It is
important to mention here that the surface areas of the
three CaO materials are also different and follow the order:
CaO-A !CaO-C<CaO-B. However, although CaO-B has a
larger surface area than CaO-C, it is not so reactive towards
Clayton Yellow. In other words, the number of strong basic
sites should be larger in CaO-C than in CaO-B. In line with
this reasoning, the CaO-A material is the least basic catalyst
material, since it remained yellow-orange and therefore only
a minor fraction of the basic sites are able to convert the
Clayton Yellow indicator towards its basic form. Based on
these results one can conclude that basic strength and
number of basic sites cannot explain the catalytic differences
noted between especially CaO-B and CaO-C.


However, other surface properties, such as Lewis acidity,
may also play a role in the etherification of glycerol. It is


Scheme 1. Reaction scheme for the base-catalyzed glycerol etherification.[21]


Figure 2. Top: Catalytic conversion (%) of glycerol at a temperature of
220 8C as a function of reaction time for CaO-A (^), CaO-B (~), and
CaO-C (*). Bottom: Selectivity patterns (%) towards diglycerol for
CaO-A (^), CaO-B (~), and CaO-C (*) and triglycerol for CaO-A (^),
CaO-B(~), and CaO-C (*) as a function of glycerol conversion (%).


Table 2. Catalytic activity of CaO-A, CaO-B, and CaO-C expressed as
the amount of glycerol converted per gram of catalyst after 20 h at a tem-
perature of 220 8C, together with some physicochemical properties of the
catalysts.


Catalyst Glycerol
converted[a]


Basicity BET
ACHTUNGTRENNUNG[m2g�1]


Dn8a


ACHTUNGTRENNUNG[cm�1]
Ca[%][b]


CaO-A 0.29 15>pKBH+>13.4 2 14 3.0
CaO-B 0.22 15>pKBH+>13.4 76 14 4.1
CaO-C 0.52 15>pKBH+>13.4 54 18 6.0


[a] Moles of glycerol converted per gram of catalyst after 20 h of reac-
tion. [b] % Ca in liquid phase (ICP).


Figure 3. Color microphotographs of CaO-A (left), CaO-B (middle), and
CaO-C (right) catalyst materials brought in contact with Clayton Yellow
as Hammett indicator (yellow-orange=unreacted form; red= reacted
form, zoom 200O).
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known from literature that CaO possesses some Lewis acidi-
ty associated with coordinative unsaturated Ca atoms.[23] In-
spired by this we have performed pyridine adsorption on
the CaO-A, CaO-B, and CaO-C samples to determine their
Lewis acidity. For this purpose, we have measured the blue
shift of the C=C stretching band of adsorbed pyridine as
compared to the value of 1580 cm�1 for gas-phase pyridine,
further denoted as Dn8a. It is known that the blue shift in-
creases with increasing strength of the Lewis acid sites in-
volved in the pyridine interaction.[24] The results are sum-
marized in Table 2 and the most active catalyst, CaO-C,
proved to possess the strongest Lewis acidity, as evidenced
by its Dn8a value of 18 cm�1. Catalyst materials CaO-A and
CaO-B are characterized by a Dn8a value of 14 cm�1. For
comparison, we also measured the Dn8a values for BaO, SrO,
and MgO and these values are included in Table 1. We have
found that BaO and SrO did not show any substantial Lewis
acidity, whereas MgO possesses strong Lewis acid sites. Al-
though Lewis acidity is certainly not the sole parameter that
may influence the catalytic properties of CaO-A, CaO-B,
and CaO-C, the Lewis acidity measurements indicate its po-
tential role in the glycerol etherification mechanism. Indeed,
the mechanism of a base-catalyzed etherification, as out-
lined in Scheme 1, is difficult to explain without the involve-
ment of Lewis acid sites by the activation of a hydroxy
group as a leaving group. Therefore we tentatively postulate
the role of coordinative unsaturated surface metal ions,
which facilitate the hydroxyl leaving process in the glycerol
etherification reaction as depicted in Scheme 2.


Examples of such dual mechanism involving both basic
and Lewis acid active sites has also been reported for other
heterogeneous catalytic reactions, for example, the destruc-
tive adsorption of chlorinated hydrocarbons on lanthanide
oxide and oxide chloride materials.[25,26]


Catalyst stability during glycerol etherification and related
colloidal particle formation : As discussed above the etherifi-
cation of glycerol to di- and triglycerol can be catalyzed by
heterogeneous basic oxides, such as CaO, and high conver-
sion degrees are obtained if the right combination of basici-
ty and Lewis acidity is present at the catalyst surface. How-
ever, in many of our catalytic experiments an induction or
activation period was observed, as shown in Figure 2 (top),
suggesting that catalyst leaching phenomena could have
taken place. Furthermore, in specific cases a milky reaction


mixture was observed. Therefore, besides the CaO solid, the
active species involved might be the Ca ions, most probably
in the form of calcium diglyceroxide.[27] Another, even more
plausible assumption for this activation period is that CaO
catalyst particles are partially hydroxylated due to the for-
mation of water formed during the glycerol etherification
reaction, which is followed by the fragmentation of the cata-
lyst material and the formation of Ca(OH)2 colloids. Neither
of these explanations excludes the other.


To verify this hypothesis we have taken samples from the
reactor after different reaction times. These reaction mix-
tures were analyzed for the amount of CaO going into the
liquid phase (dissolved or as colloidal particles) by using in-
ductively coupled plasma analysis (ICP) after centrifugation.
The ICP results are shown in Table 2 for samples CaO-A,
CaO-B, and CaO-C after 2 h of the reaction. It can be seen
that about 3–6% of Ca from the original CaO catalyst mate-
rial can be found in the liquid phase already after 2 h of re-
action and these amounts gradually increased with reaction
time (Figure 4). At the earliest stages of the reaction, the
highest amount is observed for the most active CaO-C
sample and by comparing Figures 2 (top) and 4 it is clear
that the activation course of the different catalyst materials
goes hand in hand with increasing amounts of CaO material
going into the reaction solution. It is important to stress at
this point that the ICP analysis does not allow us to distin-
guish between the formation of Ca(OH)2 complexes and
Ca(OH)2 colloids in the reaction mixture and other tech-
niques had to be called in to substantiate these findings fur-


ther.
Two techniques may prove


whether indeed Ca(OH)2 col-
loids are formed during the
glycerol etherification over
CaO materials: cryo-TEM and
static light scattering (SLS).
Figure 5 summarizes the SLS
measurements performed on
sample CaO-A for increasing
reaction time. It is clear that
the scattering intensity of the


reaction mixture is gradually increasing with reaction time
and therefore with growing amount of CaO found in the so-
lution. Furthermore, the formation of colloidal Ca(OH)2


Scheme 2. Potential reaction scheme for the base-catalyzed glycerol etherification involving Lewis acidity.


Figure 4. Conversion (^) (left-hand scale) and fraction of CaO catalyst
material going into solution (%) (bar graph) (right-hand scale) measured
with ICP as a function of reaction time for CaO-A.
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particles was confirmed already after 2 h of reaction. Cryo-
TEM of vitrified reaction mixture, on the other hand, pro-
vided further insight into the size and shape of the colloidal
Ca(OH)2 particles formed and a representative set of TEM
pictures are shown in Figure 6. The colloidal particles are
spherical and can be present as isolated particles or aggre-
gates in different forms. By performing a systematic analysis
of the size and number of the colloidal particles formed as
measured with TEM it was possible to determine the aver-
age particle sizes of the colloidal particles formed during
glycerol etherification from samples CaO-A, CaO-B, and
CaO-C. This is illustrated in Figure 7. A high polydispersity
is observed for all samples under study and the average par-
ticle size (ds for the colloidal particles originating from
CaO-A and CaO-B is about 65 nm, whereas those formed
from sample CaO-C are slightly larger (93 nm) in size.


In the case of sample CaO-A the colloidal particle distri-
bution seems to be bimodal, although, the statistical analysis


performed could be affected by the presence of aggregates
of Ca(OH)2 colloidal particles.


Remarkably for colloidal CaO, a very high glycerol con-
version of 1.45 mol glycerol per gram catalyst after 20 h of
reaction was obtained and this value is higher than the con-
version value of 0.29 mol of glycerol obtained for the CaO-
A material, in which the colloidal Ca(OH)2 particles origi-
nate from. Similar observations were made for the CaO-B
and CaO-C samples. It is important to note that basicity
measurements making use of the Hammett indicators al-
lowed us to determine the overall basicity of these colloids,
which was higher than that of CaO-A. Unfortunately, it was
impossible to perform similar experiments to measure the
Lewis acidity strength of these colloids samples.


Conclusion


Different alkaline earth metal oxides (MgO, CaO, SrO, and
BaO) were tested as potential heterogeneous catalysts for
the etherification of glycerol towards di- and triglycerol and
the results were compared with those obtained with Na2CO3


as a homogeneous catalyst. The following conclusions can
be drawn from this study:


1) Glycerol etherification over alkaline earth metal oxide
based catalysts is controlled by both their surface basicity
and Lewis acidity. First of all, it was found that glycerol
conversion increased with increasing catalyst basicity;
that is, the conversion increases in the order: MgO<


CaO<SrO<BaO. In addi-
tion, testing of various
CaO-based materials
showed that the surface
area and the strength of
both basic and Lewis acid
sites matter and the catalyst
material with the right bal-
ance of basicity and Lewis
acidity possesses the high-
est glycerol etherification
activity. By doing so a
CaO-based catalyst materi-


al can be prepared with an activity comparable with that
of the most basic alkaline earth metal oxide; that is,
BaO. Based on these observations a plausible alternative
reaction scheme involving both basic and Lewis acid
sites for glycerol etherification is presented.


2) Glycerol etherification at temperatures as high as 220 8C
in the absence of a solvent represents rather harsh exper-
imental conditions for a heterogeneous catalyst material.
As a result, depending on the preparation and treatment
of the catalyst the material can defragment and form col-
loidal particles during the course of the reaction. More
specifically, it was found that colloidal CaO particles of
about 50–100 nm are spontaneously generated during re-
action and their amount gradually increases with increas-


Figure 5. Static light scattering results for CaO-A for different reaction
times.


Figure 7. Colloidal particle size distribution for CaO-A, CaO-B and
CaO-C after 2 h of glycerol etherification as determined from a statistical
analysis of the cryo-TEM micrographs. Calculated ds value (�ni·di


3/
�ni·di


2) CaO-B (64 nm); CaO-A (66 nm); CaO-C (93 nm).


Figure 6. Typical cryo-TEM micrographs of colloidal particles formed during the glycerol etherification over
CaO-C (left pair of images), and CaO-B (right pair of images).
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ing reaction time. The glycerol conversion goes hand in
hand with the amount of CaO colloidal particles in the
reaction mixture. Catalytic testing of these CaO colloids,
after isolation from the reaction medium, revealed a
very high etherification activity, which may become of
practical interest after finding a suitable way of immobi-
lization since such supported colloidal systems would
take advantage of both their hetero- and homogeneous
nature.


Experimental Section


Catalyst preparation : Different alkaline earth metal oxides, that is, MgO,
CaO, SrO, and BaO, were prepared by performing a high-temperature
treatment of the corresponding metal nitrates (Ca ACHTUNGTRENNUNG(NO3)2·4H2O (Sigma-
Aldrich, 99%), Mg ACHTUNGTRENNUNG(NO3)2·4H2O (Sigma-Aldrich, 99%), SrACHTUNGTRENNUNG(NO3)2·4H2O
(Sigma-Aldrich, 99%), and Ba ACHTUNGTRENNUNG(NO3)2·4H2O (Sigma-Aldrich, 99%) in air
in a porcelain crucible in a static manner. In all cases the respective ni-
trate (10 g) was heated to 700 8C for 2 h with a heating rate of
10 8Cmin�1. In addition, two other CaO materials were synthesized,
which are further denoted as CaO-B and CaO-C. The original CaO from
the nitrate salt is also labeled for clarity as CaO-A. The CaO-B sample
was made starting from commercial CaO (J.T. Backer, 96%) by heating
the solid in the presence of distilled water at 80 8C for 2 h under continu-
ous stirring, followed by drying in a furnace at 120 8C in a static manner
overnight. The material was then activated under dynamic vacuum
(10�3 Torr) at different temperatures: in the first step it was heated to
350 8C with a heating rate of 0.5 8Cmin�1, followed by maintaining the
temperature at 350 8C for 1 h; and in the second step, further heating to
400 8C or 500 8C at a rate of 1 8Cmin�1 and maintaining the temperature
for 1 h. This activation treatment was done in a Schlenk tube, which was
placed in a furnace.[28] The CaO-C sample was prepared from Ca(OH)2
in the following manner. First, a solution of calcium methoxide was pre-
pared by dissolving metallic Ca (16.8 g; Acros Organics, 99%) in dry
methanol (800 mL; Biosolve, 99.9%). The mixture was stirred for 16 h
under a flow of Ar to prevent calcium methoxide from reacting with at-
mospheric moisture. The following reaction [Eq. (1)] takes place during
this process .


Caþ 2CH3OH! CaðOCH3Þ2 þH2 ð1Þ


Then the solution of Ca ACHTUNGTRENNUNG(OCH3)2 in methanol (150 mL) was stirred in a
beaker with toluene (450 mL) (Acros Organics, 99.99%). Calcium meth-
oxide in this mixture was immediately hydrolyzed by dropwise addition
of de-ionized water (8 mL) at room temperature [Eq. (2)].


CaðOCH3Þ2 þ 2H2O! CaðOHÞ2 þ 2CH3OH ð2Þ


The reaction mixture was then transferred into an autoclave and flushed
with Ar for 10 min. The autoclave was loaded with Ar to the pressure of
12 bar and heated to 245 8C with a temperature gradient of 10 8Cmin�1.
The final pressure in the autoclave was 39 bar and the temperature of
245 8C was maintained for 15 min. After synthesis, the autoclave was
vented, flushed with Ar for 10 min to remove the remaining organic sol-
vents and allowed to cool down to room temperature. In the final step
the obtained calcium hydroxide was thermally converted to CaO by per-
forming the activation treatment under dynamic vacuum (10�3 Torr). For
this purpose, Ca(OH)2 was placed in a Schlenk tube, outgassed for
20 min and heated according to the following treatment: 25–350 8C at a
rate of 0.5 8Cmin�1 and maintaining the temperature of 350 8C for 1 h;
followed by further heating to 400 8C with a rate of 1 8Cmin�1 and main-
taining this temperature for 1 h. Sodium carbonate (Acros Organics, an-


hydrous, pure), was used as delivered as reference homogeneous catalyst.
In view of the applied synthesis procedure we may not exclude the pres-
ence of surface impurities, such as Fe ions (from the autoclave).


Catalyst characterization : Surface areas of all catalyst materials were de-
termined by N2 sorption measurements at liquid N2 temperature with a
Micromeritics Tristar 3000 apparatus. The Lewis acidity of the catalyst
materials were determined by infrared spectroscopy (IR) making use of
pyridine as probe molecule. All IR spectra were measured using a
Perkin–Elmer FT-IR 2000 spectrometer. The catalyst materials were
pressed into self-supporting wafers and activated at 450 8C for 1 h under
vacuum (0.075 Torr). A quartz cell was used at room temperature for the
IR measurements. IR studies of the n ACHTUNGTRENNUNG(C=C) ring vibrations, especially in
the 1400–1700 cm�1 region, are considered as a general method to deter-
mine the strength of the Lewis acid sites of solid catalyst materials. Pyri-
dine (Acros Organics, 99%+ ) adsorption, followed by evacuation, was
carried out at room temperature, at a pressure of 11.2 Torr for 1 min. De-
sorption of pyridine was performed at room temperature at a pressure of
0.075 Torr for 1 h. Examination of the so-called n8a vibration of adsorbed
pyridine, which is located at around 1580 cm�1, is a measure of the Lewis
acidity of a catalytic solid and an increasing blue shift from the n8a of
liquid pyridine (1600 cm�1) points towards an increasing Lewis acidity
(further denoted as Dn8a).


[24] The basicity of the different catalyst materi-
als were determined by the use of Hammett indicators. Their color
change by interaction with the catalyst materials was evaluated with an
UV/Vis/NIR Cary 500 Varian spectrometer in diffuse reflectance mode.
For this purpose, neutral red (Acros Organics, certified), phenolphthalein
(Aldrich, ethanol/water 50%), nile blue (Acros Organics, pure), tropaeo-
lin-o (Acros Organics, pure), Clayton yellow (Acros Organics, certified),
2,4-dinitroaniline (Acros Organics, 99%), 4-chloro-2-nitroaniline
(Aldrich, 99%) and p-dinitroaniline (Acros Organics, certified) were
used. Their pK values are summarized in Table 1. The Hammett indicator
tests were performed on fresh materials, which were stored under N2.
The catalyst sample (0.25 mg) was shaken with solution of the indicator
in methanol (2 mL; Biosolve, 99.9%). A color change from the neutral
to the deprotonated form of the indicator was observed. The base
strength of the catalyst material, further denoted as pKBH+, was defined
as a value between the weakest indicato that changes the color and the
strongest indicator that gives no color change. After that the solvent was
evaporated and the color change of the remaining solid was analyzed by
UV/Vis/NIR spectroscopy. Perkin–Elmer Optima-3000 apparatus was
used to determine the chemical composition of the samples by inductive-
ly coupled plasma analysis (ICP). Each sample was taken from a separate
experiment: after the given reaction time the experiment was stopped,
the reaction mixture was centrifuged and a drop of the supernatant was
diluted by a factor of 100 in 1m HNO3 prior to the ICP analysis. Colloid
formation was studied by cryogenic transmission electron microscopy
(cryo-TEM), because this technique allows the imaging of the colloids in
situ and avoids drying effects that may change the TEM pictures. Prior to
the experiments the samples containing colloids in glycerol as a solvent
were diluted in ethylene glycol (Acros Organics 99%+ ). To decrease the
viscosity of the mixture, the samples were preheated at 80 8C. Vitrified
films of Ca colloids were prepared in nitrogen atmosphere at 40 8C on
grids with carbon film in a so-called vitrification robot: the grid was im-
mersed in the dispersion, blotted with filter paper (2O0.5 s) to remove
the excess of solvent, and after 1 s it was vitrified by shooting it into
liquid nitrogen. A transmission electron microscope (Tecnai 12, FEI)
equipped with a cryo-holder (626 cryotransfer system, Gatan) was used
at low-dose conditions to avoid melting the frozen dispersion film. Parti-
cle size distributions were calculated from TEM images, based on the
sizes of 200 particles for each calculation. X-ray diffraction patterns of
solid CaO materials were recorded on PANalytical XMPert Pro system
using CuKa radiation. Fresh samples were transferred to the instrument in
airtight sample holders. The data were collected in the range 2q =10–90 8
with the step size of 0.027. Quantitative analysis was performed by com-
parison with the ICDD PDF 22000 database. Static light scattering (SLS)
was done with an FICA 50 setup at a wavelength lo=546 nm and a tem-
perature of 25 8C. The aggregated samples were diluted in ethylene glycol
(Acros ACHTUNGTRENNUNGOrganics 99%+ ) in order to decrease the viscosity. During prep-
aration the mixtures were not protected from dust so the samples were
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filtered prior to the measurements. Milliporous FP 1 mm filters were
used. The scattered light intensity was measured as a function of the scat-
tering angle (from 50 to 120).[29]


Catalytic testing : Glycerol etherification was carried out in a stirred
batch reactor. Glycerol (50 g, Acros Organics, 99%+ ) and the catalyst
(1 g) were stirred at 220 8C for at least 20 h under Ar flow in a three-
necked 250 mL flask equipped with a mechanical stirrer (500 rpm) and a
Dean–Stark apparatus with a reflux condenser to collect water that was
removed from the reaction mixture by the flow of gas. Some amounts of
glycerol usually also condensed in the Dean–Stark apparatus. Additional-
ly, acrolein was collected in a trap with dry ice, placed downstream from
the condenser. The catalytic solids were fractionated before the reaction
and the fraction between 850 and 500 mesh was used. In some cases the
catalyst materials were placed in the reactor directly from the Schlenk
tube without contact with air. Liquid samples were taken periodically
and analyzed by HPLC (Shimadzu, (LC-20 AD) equipped with a Path-
finder column (4.6O250 mm) and RID (RID-10 A) detector and auto-
sampler (SIL-20 A)). Water was used as an eluent. The selectivities to-
wards different products were calculated as the molar ratio of the respec-
tive product to the sum of products formed.
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Introduction


New carrier systems for non-viral gene therapy are still a
major issue in biomedical research. The use of DNA as a
therapeutic drug offers enormous opportunities, particularly
for the therapy of hereditary diseases as well as in new


cancer and HIV therapies.[1,2] Nevertheless, so far the
number of registered products for commercially available
gene delivery is virtually zero, but better carriers and stabil-
izers would certainly contribute to the realization of a prac-
ticably therapeutic approach.[3] Next to viral vectors, which
often exhibit high immunogenicity and unpredictable toxici-
ty, the use of non-viral vectors that are based on polymer
carriers offers enormous potential. Most of the polymeric
vectors exhibit lower cytotoxicity, reduced hemotoxicity and
much less immunogenicity compared to the viral vectors.[4]


Despite all these advantages they still exhibit significantly
lower transfection efficiencies. In recent years, many differ-
ent polymers were studied as non-viral vectors. However,
the mechanisms of active transport and release are still very
poorly understood; this makes it very difficult to design new
polymeric carriers for this purpose.[5–7]


Currently, branched poly(ethyleneimine)s (PEIs) are
known as the reference standard of non-viral vectors for
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Abstract: A set of polymer carriers for
DNA delivery was synthesized by com-
bining monodisperse, sequence-defined
poly(amidoamine) (PAA) segments
with poly(ethylene oxide) (PEO)
blocks. The precise definition of the
PAA segments provides the possibility
of correlating the chemical structure
(monomer sequence) with the resulting
biological properties. Three different
PAA–PEO conjugates were synthe-
sized by solid-phase supported synthe-
sis, and the cationic nature of the PAA
segments was systematically varied.
This allows for the tailoring of interac-
tions with double-stranded plasmid
DNA (dsDNA). The potential of the
PAA–PEO conjugates as non-viral vec-
tors for gene delivery is demonstrated
by investigating the dsDNA complexa-


tion and condensation properties. De-
pending on the applied carrier, a transi-
tion in polyplex (polymer–DNA ion
complex) structures is observed. This
reaches from extended ring-like struc-
tures to highly compact toroidal struc-
tures, where supercoiling of the DNA
is induced. An aggregation model is
proposed that is based on structural in-
vestigations of the polyplexes with
atomic force microscopy (AFM) and
dynamic light scattering (DLS). While
the cationic PAA segment mediates
primarily the contact of the carrier to
the dsDNA, the PEO block stabilizes


the polyplex and generates a “stealth”
aggregate, as was suggested by Zeta
potentials that were close to zero. The
controlled aggregation leads to stable,
single-plasmid complexes, and stabiliz-
es the DNA structure itself. This is
shown by ethidium bromide intercala-
tion assays and DNase digestion assays.
The presented PAA–PEO systems
allow for the formation of well-defined
single-plasmid polyplexes, preventing
hard DNA compression and strongly
polydisperse polyplexes. Moreover car-
rier polymers and the resulting poly-
plexes exhibit no cytotoxicity, as was
shown by viability tests; this makes the
carriers potentially suitable for in vivo
delivery applications.


Keywords: DNA packing · drug
delivery · gene delivery · peptidomi-
metics · polymers · polyplex
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gene therapy, because they show high transfection efficien-
cies.[7,8] Nevertheless PEI suffers from major limitations as a
non-viral vector, for example, like most polycations, it is cy-
totoxic.[9] Furthermore, PEI is molecularly and chemically
rather ill-defined, because of its broad distribution in both
molecular weight and topology (branching).[10] These poly-
dispersities strongly influence the number, type and distribu-
tion of cationic charges, which thereby are different for
every polymer macromolecule.[10,11] Because these properties
are of an enormous relevance to the DNA complexation
properties, the cell surface interactions, as well as the toxici-
ty of the system, a direct correlation between the chemical
structure of the polymer and its resulting biological proper-
ties is quite complicated. The strong impact of structural
polydispersity was shown for PEI polyplexes (PEI–DNA
ion-complexes) that were purified by chromatographic tech-
niques, which separate the polyplexes from free, low-molec-
ular-weight PEI. The purified polyplexes showed a strongly
reduced cytotoxicity, but also a dramatic decrease in trans-
fection efficiency; this indicates the importance of the low-
molecular-weight PEI fraction for both cell internalization
as well as toxicity.[12]


Therefore, highly defined macromolecules with sharply
defined structure–property relationships are required, in
order to correlate polymer properties with the resulting ef-
fects in biological systems. So far, dendrimers as monodis-
perse macromolecules offer the most precise chemical struc-
ture and are already in use for several drug-delivery applica-
tions.[13] Even though numerous functionalities can be incor-
porated, dendrimers are limited in their structure. Frequent-
ly, they exhibit globular structures, which can either keep
the drug bound inside in a container-like fashion, or the
functionalities on the periphery could be used, for example,
for DNA complexation.[14]


So far only nature itself realizes the combination of a mul-
tifunctional monodisperse system with precise self-assembly
to design a multitude of functional structures. Peptides and
proteins are the most prominent examples. They are assem-
bled by a limited number of amino acid building blocks,
which bear different functionalities. The sequence of these
amino acids within a linear chain then determines the result-
ing properties, for example, structure, solubility and charges.
Biopolymers such as proteins and related peptide–polymer
conjugates[15] certainly have a great potential for biomedical
applications, but again, they are strongly limited due to their
propensity for inducing immunogenic responses (peptides or
proteins are simply too well known to the organism).[1,6]


Therefore, it would be highly interesting to combine the ad-
vantages of both the precise structural and functional defini-
tion of peptides with the broad chemical variability of syn-
thetic polymers.
A new approach towards monodisperse, multifunctional


poly(amidoamine)s (PAAs) was presented earlier.[16] The
route involved fully automated, solid-phase supported syn-
thesis techniques, combined with protecting group strategies.
This allowed for the sequential assembly of functional mon-
omers to linear PAA segments. Monodisperse PAAs with


monomer sequence control could be accessed, thus making
the precise positioning of different functionalities along the
PAA chain possible.[17] Because the synthesis of PAAs still
remains compatible with the solid-phase supported synthesis
of peptides, it was possible to fully automate the PAA syn-
thesis. Furthermore, the use of PEO-attached polystyrene
resins (PAP) or peptide-preloaded resins easily leads to
PEO–PAA or peptide–PAA conjugates.[18,19]


Here, we present a set of PEO-block-PAA conjugates
that were designed as polymeric carrier systems for gene de-
livery. PAAs are already known for their excellent biocom-
patibility and low cytotoxicity.[20] A monodisperse, sequence-
defined PAA segment in combination with a PEO block
should provide tuneable carriers with high potential for in
vivo and in vitro applications.[21] The possibility of defining
the monomer sequence of the PAA segment enables one to
position cationic functionalities precisely within the PAA
chain. The precise definition of the properties of the
functional PAA segment might allow the correlation
between the chemical structure of the carrier and the re-
sulting properties, for instance, the DNA complexation abili-
ty.


Results and Discussion


A set of PEO–PAA conjugates was synthesized. The poly-
mers always contain the same PEO block (Mn=2700; Mw/
Mn=1.06) but differ in the cationic functionalities within the
PAA segments. The synthesis of the PAA segment was ac-
complished by using solid-phase supported synthesis and a
stepwise addition of diamine and dicarboxylic building
blocks. Because the chemistry of these addition reactions is
compatible with the classical protocols of the Merrifield
solid-phase supported peptide synthesis, the assembly of the
PAA segment can be easily automated by using a common
peptide synthesizer. Furthermore, this enlarges the “mono-
mer alphabet” that is available for PAA synthesis by the a-
amino acids, and enables the introduction of single amino
acids or peptide sequences within the PAA segment.
To investigate the influence of the monomer sequence of


the PAA segment on its ability to interact with DNA, differ-
ent cationic characters were implemented into the PAA seg-
ments by introducing functional building blocks that differ
in their cationic functionalities, such as tertiary, secondary
and primary amines (see Scheme 1). Branched PEI, the cur-
rent reference carrier for gene delivery, also exhibits a mix-
ture of these three functionalities, which strongly differ in
their basicity and their ability to form hydrogen bonds.
Other polymeric carrier systems mostly expose only one
sort of cationic functionality, for example, primary amines
for poly-(l-lysine), secondary amines for linear PEI, or terti-
ary amines for PAA dendrimers. Studies on the relationship
between the chemical structure of PEI and its transfection
efficiency give strong evidence that especially the combina-
tion of these three different cationic functionalities plays an
important role in the gene transfection process.[10,22]
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To investigate these complex effects more systematically,
PAA segments were designed that exhibit different combi-
nations of the three amine functionalities (Scheme 1). A
first PAA segment only features tertiary amines (PEO–
tPAA, I). In a second system, these functionalities are com-
plimented with primary amines by introducing lysines
(PEO–tpPAA, II). In order to further increase the cationic
strength of the PAA segment, the tertiary amines are re-
placed by secondary amines (PEO–spPAA, III) in a third
sample. All three of the presented PAA segments are linked
to a PEO block to improve solubility and shielding. Most
importantly for in vivo or in vitro experiments, the PEO
provides the final polymer–DNA complexes with strong sta-
bilization against aggregation with proteins or blood serum
components. It is already known that conjugation with PEO
increases the blood circulation time dramatically, and offers
effective protection against undesired aggregation. After
synthesis, the chemical structures of the PAA–PEO conju-
gates were confirmed consistently by NMR spectroscopy
and mass spectrometry (see Experimental Section).
Polyplex (polyion complex) formation commonly is per-


formed by mixing a solution of cationic polymer with a solu-
tion of DNA. In this study, experiments were carried out by
using plasmid DNA (a closed ring of double-stranded DNA
(dsDNA)) that encodes for the production of a green fluo-
rescent protein (GFP) reporter, and represents a standard
for transfection experiments. The resulting polyplex struc-
tures strongly depended on the exact protocol of mixing,
that is, on the concentrations, volumes and mixing rates. The
formation of an ion complex between two highly charged
species (polyanions and polycations), usually is a rather
rapid process. After the formation of the polyion complex
upon the first contact of the two species, almost no rear-
rangements occur, and the polyplex stays in the kinetically


controlled state. Because this first contact has such a strong
influence on the formed structure, there is an enormous dif-
ference if the DNA is added to the polymer or vice versa.
In one case, the polymer will bind to the DNA until charge
compensation is achieved, in the other case, complex forma-
tion will strongly differ with time as the concentration of un-
bound polymer decreases. It is noteworthy that minor differ-
ences in mixing protocols often prevent the comparability of
results from different laboratories. To ensure reproducible
polyplex formation, a microfluidic device was used, which is
referred to as a microfluidizer (see Supporting Informa-
tion).[23] This microfluidizer consists of a Y-shaped channel
system. The two arms of the channel have a width of 200 mm
that unite into a channel with a width of 400 mm. This allows
for the non-turbulent mixing of two solutions at a defined
interface. Due to the design of the channel, mixing only
occurs throughout diffusion at the interface (see Supporting
Information). All polyplexes that have been characterized in
this work were prepared by using a microfluidizer, which
guarantees the high comparability of the results.
The complexation of dsDNA with multivalent polycations


usually leads to the formation polyplexes with more com-
pact structures. This process has been reported in the litera-
ture as the condensation of dsDNA.[24,25] Due to electrostatic
repulsion of the negatively charged phosphate groups along
the DNA backbone, the dsDNA is rather stiff, with persis-
tence lengths of about 60 nm. Ion complex formation with a
polycation reduces these repulsive forces, thus the dsDNA
becomes more flexible, which results in bending and coil-
ing.[24,26] This condensation process is highly important for
the applicability of polyplexes for controlled DNA trans-
port. As far as the mechanisms of cellular uptake are under-
stood, effective translocation of a carrier system mainly de-
pends on its size and charge. Condensing the DNA with a
polycation to a complex with a size of around 100–500 nm
and a cationic net charge is regarded to be favorable be-
cause it improves interactions with the cell membrane and
stimulates the uptake.[27]


In order to investigate the ability of the different PEO–
PAA conjugates to condense plasmid dsDNA, atomic force
microscopy (AFM) measurements were performed. The
ratio of polymer to DNA that was used for these samples
was chosen according to the literature. Usually this ratio is
expressed as the N/P ratio, the number of amine groups
from the polymer (N) over the number of phosphate groups
from the DNA backbone (P). For PAA-based systems, an
N/P ratio of 10:1 is known to enable effective polyplex for-
mation.[28]


The polyplexes that are formed by the three different
PEO–PAA conjugates strongly differ from those that were
prepared under the same conditions with PEI. For the
PEO–PAA conjugate, the dsDNA is still recognizable, while
the PEI polyplexes show undefined globular structures (Fig-
ure 1a and b–d). Within the series of the PEO-block-PAA
carriers, there is a clear dependence of the polyplex struc-
ture on the cationic character of the PAA segment. These
evident differences reveal a strong structure–property rela-


Scheme 1. Chemical structures of the PEO-block-PAA conjugates that
bear only tertiary (PEO–tPAA), I), tertiary and primary (PEO–tpPAA,
II) or secondary and primary amines (PEO–spPAA, III) within the PAA
segment.
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tionship that can be more precisely interpreted now, due to
the highly defined polymer structure.
The polyplex that is formed with the PEO–PAA conju-


gate that only bears tertiary amine groups (PEO–tPAA),
shows the formation of expanded, ring-like structures on the
AFM micrograph (Figure 1b). The adsorption of the struc-
tures on the negatively charged mica suggests that polyplex
formation has taken place because adsorption requires a cat-
ionic net charge. In contrast to this, uncomplexed DNA
cannot be visualized with this resolution on mica substrate;
this is due to negative surface charges of mica, which pre-
vents the strong adsorption of DNA. This was evident in
control experiments, where a solution of non-complexed
dsDNA was spin coated onto mica. AFM did not provide
evidence for deposited structures, either because of the re-
pulsive interactions between DNA and mica or because of
the high mobility of the DNA on the substrate. Zeta poten-
tial measurements confirm the polyplex formation between
the PEO–tPAA carrier and the dsDNA, because the com-
plexes show an effective charge of around zero. This is ex-
pected and demonstrates that the plane-of-shear that is
sensed with the electrophoresis measurements is far out
from any ionic structure. Hence, the complex is effectively
sterically shielded by the conjugated PEO chains. The origi-
nal DNA plasmids that were measured under similar condi-
tions reveal a strongly negative potential.
Taking these observations into account, a structure model


can be suggested. Classical polycations, which are used as
non-viral vectors such as PEI or PLL possess a large
number of cationic functionalities, and thus, they complex
DNA under condensation to a compact, globular entity with


hard cationic surface charges (Scheme 2a). Frequent cross-
linking of multiple plasmids is observed and is caused by ki-
netically controlled complexation processes.


In contrast to this hard compression mode, the PEO–
PAA conjugates only jacket the dsDNA because the small
cationic segment can probably adapt to the DNA double
helix structure without bridging or cross-linking. This pro-
cess is regulated additionally by the PEO block that sur-
rounds the formed complex, and shields the inner structure
of the polyplex (Scheme 2b). This contributes to both the
steric stabilization of the polyplexes and the shielding of the
polyplex net charge, which are important properties for bio-
medical applications.
Light scattering (LS) proves that the structures that are


observed with AFM correspond indeed to the solution struc-
tures. The polyplex that is formed with PEO–tPAA shows
two species with hydrodynamic radii of 56 and 800 nm with
Rg/Rh �1; this indicates compacted, branched aggregates.
The signal that corresponds to the smaller aggregates exhib-
its a higher intensity, and suggests the existence of single-
plasmid complexes. The larger species however could be as-
signed to multi-plasmid aggregates. Because scattering is
proportional to the square of the molecular weight, it can
also be deduced that the majority of dsDNA probably forms
single-plasmid complexes. For these experiments, an N/P
ratio of 10:1 was used, but LS shows that structures that
were formed at N/P ratios from 5:1 to 25:1 practically do
not differ from the structures that are discussed above. Ac-
cording to the suggested jacketing model, the formation of
open ring-like polyplexes points to the fact that the DNA
helix is still too stiff for bending. Obviously, the complexa-
tion with tertiary amines cannot induce local conformational
changes. The jacketing then will even support the structural
persistence, presumably compensating the screening of elec-
trostatic forces via steric repulsion. This is not desirable for
biomedical applications because the translocation of rings is
difficult.


Scheme 2. Proposed model for the polyplex formation of PEI (a), and
PEO–PAA conjugates (b) with double stranded DNA (dsDNA).


Figure 1. AFM images (phase-imaging mode) of polyplexes that are
formed by plasmid dsDNA and PEI (a), PEO–tPAA (b), PEO–tpPAA
(c), PEO–spPAA (d) on mica. All polyplexes were prepared at an N/P
ratio of 10:1 by using the microfluidizer.
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The second PEO-block-PAA system introduces additional
primary amines. These were positioned between the tertiary
amines, and increase the number of amine functionalities in
the PAA segment from ten to fifteen (Scheme 1). AFM
measurements of the resulting polyplexes show supercoiled
plasmid rings, which form multimeric bundles or rod-like
structures (Figure 1c). Obviously, binding of the PAA seg-
ment provides the double helix with enough flexibility to
allow for conformational changes, which results in the for-
mation of compact supercoils (coil/coil). The PEO block
probably still surrounds the formed structures, as can be as-
sumed from the Zeta potentials, which are close to zero;
this indicates a steric shielding of the PEO block. Light scat-
tering of these structures in solution shows a hydrodynamic
radius of 73 nm and Rg/Rh �1.9, which suggests more aniso-
tropic structures with a weak rod-like character. The onset
of rod formation is evident in Figure 1c and confirms the LS
data. It remains an open question (and more a question of
cell physiology) if such multiplasmid polyplexes result in an
improved polyplex uptake or not. Within the scope of the
present study, it is concluded that the polyplex formation
leads to less uniform structures, showing aggregation and a
partial multimerization of the complexed dsDNA.
The third PAA segment with an even more increased abil-


ity for complexation is composed of primary and secondary
amines (the latter replaces the tertiary amines of PEO–
tpPAA (II)). Additionally, the number of amines was in-
creased to twenty per PAA segment. AFM measurements
show the formation of uniform, single-plasmid toroids (Fig-
ure 1d) and supercoiled dsDNA (Figure 2), as they are al-
ready known for highly effective polyplex formation.[29]


The superhelix formation that is induced by distinct inter-
actions of the DNA and the cationic carrier is now even per-
fected. The secondary rod-like supercoils then start bending
to form more compact tertiary ring-like structures, which
are referred to as toroids in the literature. Light-scattering
investigations prove that these structures are also dominant


in solution, with a hydrodynamic radius of 77 nm and a rod-
like local structure, which is indicated by a plateau in the
Holzer plot (see Supporting Information section). Such com-
pact structures are highly desired for delivery purposes, be-
cause compression is very effective and cooperative unpack-
ing might be possible.
After investigating the colloidal structure of the polyplex-


es that are formed with the different PEO–PAA conjugates,
the fine structure of the DNA packing can be analyzed by
using the ethidium bromide assay. The fluorescence dye
(ethidium bromide) is a minor-groove intercalator and binds
to undisturbed DNA double strands; this causes an increase
of fluorescence due to the protection of the dye from solu-
tion quenching. If the complexation of the DNA with a
polycation leads to a distortion of the double helix, the in-
tercalation is disturbed, which results in an ejection of the
fluorescent probe, and hence, a decrease in the fluorescence.
The relative decrease of fluorescence is therefore often dis-
cussed as an indication for the strength of the condensation
that is induced during polyplex formation. Chemically how-
ever, it is an indication for hard compression modes, which
are caused by the contact with the carrier. As expected, the
complexation of plasmid with PEI leads to a decrease in
fluorescence; the DNA structure is slightly perturbed by the
strongly bound PEI (Figure 3). In contrast to this, the com-


plexation of the plasmid with the PEO–PAA conjugates re-
sults in an increase of the fluorescence. Given the proposed
model of jacketing the dsDNA by the PEO–PAA conju-
gates, this can be explained by an increase of protection of
the intercalated dye from quencher molecules, and might re-
flect the stabilization of the DNA helix by the carrier. Due
to electrostatic repulsions, it appears to be not very likely
that the increase of the fluorescence is caused by interac-
tions between the ethidium bromide dye (a trivalent cation)
and free carrier polymers. This was also demonstrated by a


Figure 3. Ethidium bromide fluorescence assay of polyplexes formed with
PEI, PEO–tPAA, and PEO–tpPAA. Ethidium bromide was added to a
plasmid solution in buffer, incubated for 20 min, followed by standard
polyplex preparation (microfluidizer, N/P 10:1). The fluorescence intensi-
ty was normalized to the control experiment (DNA + ethidium bro-
mide), where no carrier polymer was added.


Figure 2. Induction of DNA supercoiling by defined interactions between
the PEO–spPAA carrier and plasmid DNA. The rod-like structures are
formed by supercoiling of the DNA double helix. The on-going process
of coil formation can be seen in the marked region, where two double
strands of the plasmid form a supercoiled rod-like structure (AFM micro-
graph (height image) of the polyplexes, prepared via microfluidizer tech-
niques).
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corresponding control experiment, where PEO-block-PAA
was mixed with ethidium bromide (data not shown).
The shielding properties of the PEO–PAA conjugates are


highly interesting with respect to in vitro and in vivo appli-
cations of the polyplexes. During transport through the or-
ganism, the polyplex has to be stabilized against disassem-
bly. The resistance of polyplexes to enzymatic digestion can
be investigated with a DNase assay and gel electrophoresis
experiments. DNase is added to the sample after polyplex
formation, where it digests accessible dsDNA. The migra-
tion behavior of the untreated and digested polyplexes is
then monitored by gel electrophoresis. DNase is an enzyme
that causes rapid digestion of unprotected DNA. This was
demonstrated in Figure 4 (2nd and columns marked with


DNA), where untreated plasmid results in a single, well-de-
fined band (Figure 4, DNA (�)). The addition of DNase
leads to the complete digestion of the DNA, and no sample
band can be detected (Figure 4, DNA (digest.)). A poor
shielding of the DNA by the polymer could also lead to
complete digestion of the DNA cargo, whereas a favorable
steric shielding of the polymer could inhibit or reduce the
DNA degradation. Figure 4 shows the experiments for
PEO–tPAA (left) and PEO–spPAA (right). PEO–tPAA ena-
bles one to form polyplexes by starting at an N/P ratio of
5:1, as indicated by a retardation of the band. This is due to
two facts: on the one hand, the mass of the polyplex is grow-
ing by ongoing complexation of polymer to the DNA. On
the other hand, the net charge of the polyplex in comparison
to the free plasmid is reduced due to charge compensation
of the negative DNA backbone with the cationic PAA seg-
ments. By using an excess of polymer, polyplex formation
can even lead to a charge reversal, which would result in a
cationic net charge of the polyplex. These changes of the
net charge would strongly slow down or completely suppress
the movement of the sample band towards the cathode. The
stronger retardation of the sample band for the PEO–tPAA
conjugate at an N/P ratio of 10:1 therefore indicated a
higher charge compensation compared to smaller N/P ratios.


Nevertheless, even at high N/P ratios, there is only poor sta-
bilization against enzymatic degradation with this polymer,
as indicated by comparing the bands after treatment with
DNase (see Figure 4). Enzymatic degradation is slightly re-
duced, but cannot be suppressed completely.
The PEO–spPAA conjugate shows strong polyplex forma-


tion already at an N/P ratio of 2:1. At all of the tested N/P
ratios, the band of the polyplex remains at the starting point
of the gel, which indicates a strong polyplex formation as
well as the absence of negative net charges. The polyplex
samples that were treated with DNase showed bands at a
decreased molecular weight, but that still can be considered
to be polyplexes. No bands for uncomplexed DNA or DNA
fragments can be observed. Thus, the polymer seems to ef-


fectively shield the DNA
against degradation and pre-
serve the polyplex character
even in the presence of strongly
degrading enzymes.
For potential in vitro, and


even more importantly in vivo
delivery applications, an essen-
tial test has to be performed to
investigate the toxicity of the
systems. A luciferase assay was
used to study the viability of
the cells after contact with the
different carriers and polyplex-
es. With this test, not only are
dead cells detected, but also
cells that are suffering from in-
duced stress, for example, due
to cell internalization of foreign


substances can also be detected. Neither of the polymer car-
riers, nor the corresponding polyplexes showed an inherent
cytotoxicity (Figure 5). In contrast to PEI, which causes an
obvious decrease in cell viability, the PEO–PAA conjugates
only stimulate a small increase in cell activity. This effect
can be attributed to the translocation process that includes
the internalization of the polymers and polyplexes, which


Figure 4. Gel electrophoresis experiments that show polyplex formation depending on the N/P ratio for PEO–
tPAA (left) and PEO–spPAA (right) as well as the stability of polyplexes against enzymatically digestion. Poly-
plexes were prepared by using the microfluidizer technique at different N/P ratios, and then were applied to
gel electrophoresis (columns marked with: (�)). To test for the stability against enzymatic degradation, poly-
plexes were subsequently incubated with DNase (37 8C, 15 min.) and then applied to gel electrophoresis (col-
umns marked with: digest.). Gel electrophoresis conditions: standard agarose gel (0.8%) stained with ethidium
bromide (100 mV, 45 min.).


Figure 5. Viability assay for the PEO-block-PAA polymer and polyplexes
compared to PEI. Cell viability was determined on COS7 cell lines by
quantitative analysis of the amount of ATP by using a luciferase assay.
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stimulates the metabolism of the cells but does not causes
cell death.


Conclusion


In summary, an approach to the rational design of polymeric
carriers for DNA delivery is presented. Three different
poly(ethylene oxide-block-amidoamine) conjugates (PEO-
block-PAA) were synthesized by using solid-phase support-
ed synthesis. The polymers exhibited monodisperse PAA
segments with systematically altered monomer sequences
that are attached to a PEO block, which was kept constant.
The choice of building blocks that are used to assemble the
PAA segment allows for the precise positioning of amine
functionalities with various base strengths. Thus, the cationic
character could be precisely tuned by introducing tertiary,
secondary and primary amine groups at specific sequence
positions.
The polymeric carriers exhibit sharply defined sequence–


property relationships that enabled us to correlate the poly-
meric structure with the DNA-interaction properties. The
potentials of this PEO–PAA conjugates as non-viral vectors
for gene delivery were demonstrated by investigating the
complexation and compaction behavior with double-strand-
ed plasmid DNA (dsDNA). The monodisperse nature of the
functional PAA segment and the applied micro-fluidic
mixing techniques result in highly reproducible dsDNA–po-
lymer ion complexes (polyplexes). A strong influence of the
cationic character of the PAA segments on the polyplex
structures was apparent. In contrast to the usually applied
branched poly(ethyleneimine), which results in ill-defined,
globular, multi-plasmid polyplexes, the PEO–PAA conju-
gates lead to highly defined, single-plasmid complexes. Their
structure hereby strongly depends on the cationic character
that is encoded by the number and type of cationic function-
alities within the PAA segment. This allowed us to control
the polyplex structure; for instance, extended ring-like poly-
plexes were obtained if carriers with tertiary amines were
used, and more condensed polyplexes were obtained by ap-
plying a carrier with a combination of tertiary and primary
amines, whereas strongly compacted polyplexes were ob-
tained in the case of carriers with combined secondary and
primary amines. The latter carrier even exhibited a well-de-
fined mode of compaction, as “super coiling” of the DNA
cargo could be induced. The conjugate that combines secon-
dary and primary amine moieties is certainly the most prom-
ising candidate for further biological analysis. It not only re-
alizes highly condensed polyplexes, which are highly favour-
able for transport and cellular uptake, but also provides ex-
cellent stabilization against enzymatic DNA degradation, as
was shown by DNase assays and gel electrophoresis.
A model was proposed that explains the complexation


and condensation properties of the PEO-block-PAA conju-
gates: the cationic PAA-segment binds to the dsDNA and
screens the negative charges of the DNA backbone, while
the PEO block stabilizes the polyplex, and simultaneously


produces “stealth” aggregates. This not only leads to stable
single-plasmid complexes, but it even stabilizes the dsDNA
structure itself, as was demonstrated by the intercalation of
a fluorescent dye into the DNA double helix. Such a soft,
stabilizing compression mode is of great importance for in
vitro and in vivo applications, and cooperative unpacking of
the cargo DNA at the desired location of action might be
realizable, and would thus increase the effectiveness of the
delivery system. Detailed transfection studies are currently
on-going and will be reported elsewhere.


Experimental Section


Materials : Succinic acid anhydride (Suc, Aldrich, 99%), 3,3’-diamino-N-
methyl-dipropylamine (Damp, Aldrich, 96%), spermine (Spe, Aldrich,
99%,), N2,N3-bis(tert-butoxycarbonyl-anhydride (tBoc2O, IRIS Biotech
GmbH, Marktredwitz, Germany), diisopropylethylamine (Acros, peptide
grade), trifluoracetic acid (TFA; Acros, peptide grade), 1-benzotriazoyl-
oxy-tris(pyrrolidino)-phosphonium hexafluorophosphate (PyBOP, Nova
Biochem, Darmstadt, Germany) and 1-hydroxybenztriazol (HOBt, IRIS
Biotech GmbH) were used as received. All other reagents were used as
received from Aldrich. Fmoc-protected amino acid derivatives (Fmoc-
Lys ACHTUNGTRENNUNG(Boc)OH), 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hex-
afluorophosphate (HBTU), N-methyl-2-pyrrolidone (NMP, 99.9+%,
peptide synthesis grade) were used as received from IRIS Biotech
GmbH (Marktredwitz, Germany). Dichloromethane (IRIS Biotech
GmbH, peptide grade) was distilled from CaH2 and N,N-dimethylforma-
mide (DMF; Aldrich, 99+%) was distilled prior to use. Hydroxymethyl-
phenoxy (Wang) PEO-attached peptide resin (Wang PAP) (loading:
0.27 mmolg�1; Mn=2700, Mw/Mn=1.06 (GPC (THF, calibrated against
linear PEO standards, PSS, Germany)) was synthesized as described pre-
viously.[18]


Instrumentation : The synthesis of the poly(amidoamine)s was performed
on a fully automated ABI 433a peptide synthesizer by Applied Biosys-
tems, Foster City CA, USA. Matrix-assisted laser desorption ionization
time of flight mass spectrometry (MALDI-TOF-MS) measurements were
performed on a Voyager-DE STR BioSpectrometry Workstation
MALDI-TOF mass spectrometer (Perseptive Biosystems, Inc., Framing-
ham, MA, USA). The samples were dissolved at concentrations of
0.1 mgmL�1 in MeOH. The analyte solution (1 mL) was mixed with a-
cyano-4-hydroxycinnamic acid matrix solution (1 mL) that consisted of
matrix (10 mg) that was dissolved in 0.1% TFA (1 mL) in acetonitrile/
H2O (1:1, v/v). The resulting mixture (1 mL) was applied to the sample
plate. Samples were air-dried at ambient temperature. Measurements
were performed at an acceleration voltage of 20 kV. Each obtained spec-
trum was the mean of 250 laser shots. The electrospray mass spectrome-
try (ESI) measurements were performed with N2 (4.5 Lmin


�1) in the pos-
itive modus with a detector voltage of 1.6 kV, the injector temperature at
150 8C and a voltage of 4.5 kV. Nuclear magnetic resonance spectra
(NMR) were recorded on a Bruker DPX-400 Spectrometer at
400.1 MHz. Dynamic light scattering measurements were performed on a
goniometer with temperature control (�0.05 K), a photomultiplier and a
multiple-tau digital correlator (ALV 500, ALV, Langen, Germany). A
helium–neon laser at l =633 nm by Polytec, Waldbronn, Germany
(PL 3000) with 34 mW performance was used. The measured correlation
functions were evaluated with contin.[30] Parallel to the dynamic light
scattering, static light scattering was measured on the same samples to
obtain the Rg/Rh ratios. Cylindrical cuvettes (d=1 cm) were cleaned with
Hellmanex solution by using an ultrasonic bath and then were washed
several times with millipore water. After rinsing the cuvettes with dis-
tilled acetone for 10 min, they were stored in a dust-free desiccator until
use.


Zeta potential measurements : Samples were prepared according to stan-
dard protocols by using the microfluidic interfacial mixing at a DNA con-
centration of 0.5 mgmL�1 in Hepes buffer. Zeta-potential measurements
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were carried out in the standard capillary electrophoresis cell of the Ze-
tasizer 3000HS from Malvern Instruments (Worcester, UK) at 25 8C.
Sampling time was set to automatic and the average values were calculat-
ed with the data from three independent measurements (five runs each)
of all samples. Atomic force microscopy (AFM) was performed on a
NanoScope IIIa device (Veeco Instruments, Santa Barbara, CA) in tap-
ping mode. Commercial silicon tips (Type NCR-W) were used with a tip
radius <10 nm and a spring constant of 42 Nm�1 at a resonance frequen-
cy of 285 kHz. The image was recorded on a 10Q10 mme� scanner. The
samples were prepared by dropping a 0.05 mgmL�1 DNA polyplex solu-
tion (5 mL) onto a freshly cleaved mica substrate. After 30 s adsorption
and equilibration time, the samples were dried by rotating the substrate
at 3000 rpm. The luminescent signal of the cell viability testing solutions
was measured on a MicroLumat Plus LB 96 V Luminometer by
EG&amp (G. Berthold, Bad Wildbad, Germany). The fluorescence
measurements were performed in expendable plastic cuvettes at a lumin-
ometer by Perkin Elmer (Waltham MA, USA). Gel electrophoresis was
performed on standard gel electrophoresis set-up by Biometra (Gçttin-
gen, Germany).


General synthesis of poly((ethylene oxide)-block-(amidoamine) conju-
gates (PEO–PAA conjugates): The monodisperse, sequence-defined
PAA segments were prepared via a solid-phase supported synthesis as re-
ported previously. In contrast to the classical solid-phase peptide synthe-
sis (SPPS), which is based on Merrifield by using the stepwise addition of
amino acids, the PAA segments were synthesized by a stepwise assembly
of dicarboxylate and diamine building blocks. Therefore in a first step, a
dicarboxylate building block that was activated as succinic anhydride
(Suc) was coupled to a resin-bound amino group. Quantitative conver-
sion was controlled via colorimetric tests and mass spectrometry. The
subsequent coupling of a diamine building block was facilitated by
PyBOP/HOBt/iPr2NEt. Quantitative conversion was verified by colori-
metric tests and mass spectrometry. The repetitive coupling of dicarboxy-
late and diamine building blocks by following these protocols led to mon-
odisperse PAA segments with defined monomer sequences. To vary the
functionalities within the PAA sequence different diamine building
blocks can be used. For the introduction of tertiary amine groups 3,3-dia-
mino-N-methyl-dipropylamine (Damp) was used. For the incorporation
of secondary amine groups a spermine (Spe) derivative was synthesized
that bore the tert-butyloxycarbonyl (tBoc) protective groups at the secon-
dary amine functionalities. Side-groups of the building blocks had to be
protected during the addition to avoid side reactions. The product could
be liberated and the side protecting groups could be cleaved in one step
by using TFA in CH2Cl2 (30%, 1 h). The established PAA synthesis was
fully compatible with standard peptide synthesis techniques. Therefore,
amino acids or peptide sequences could be incorporated to introduce pri-
mary amine functionalities by using lysine (Lys) as a building block. By
following established routes towards PEO–peptide conjugates, PEO–
PAA conjugates could be obtained by using PEO-attached (PAP) resins.


PEO–tPAA (I) conjugates : PEO-block-(Suc-Damp)10 :
1H NMR


([D6]DMSO, 100 8C): d =1.74–1.98 (m, 10H, b-CH-amine), 2.21–2.41 (m,
10H, b-CH-amine), 2.67–3.30 (m, 70H, a-CH3-amine, a-CH2-amine),
3.36–3.84 ppm (m, 344H, O-CH2-CH2, O=C-CH2-CH2, a-CH2-amide, b-
CH2-amid);


13C NMR ([D6]DMSO): d=24.3 (b-CH2-amine), 31.0 (O=C-
CH2-CH2, a-CH3-amine), 36.2 (a-CH2 amide), 53.3 (a-CH3-amine, a-
CH2-amine), 60.1 (HO-CH2), 69.9 (O-CH2-CH2), 171.7 ppm (C=O);
FTIR: n=1651 (amide I), 1555 (amide II), 1103 (ether), 963 cm�1


(amine); MALDI-TOF MS: m/z : calcd for C250H493O90N31: 5373.77;
found: 5450.67 [M+2K]+ .


PEO–tpPAA (II) conjugates : PEO-block-Lys-(Suc-Damp-Lys2)5 :
1H NMR ([D6]DMSO, 100 8C): d =1.23–1.46 (m, 22H, b-CH2-lysine),
1.48–1.64 (m, 22H, g-CH2 lysine), 1.64–1.90 (m, 22H, a-CH2 lysine),
2.28–2.43 (m, 20H, b-CH2-amine), 2.62–2.75 (m, 22H, d-CH2 lysine),
2.75–2.85 (m, 15H, a-CH3-amine), 2.92–3.31 (m, 31H, a-CH2-amide),
3.40–3.74 (m, 20H, a-CH2-amide), 3.80–4.25 (m, O=C-CH2-CH2, O=C-
(NH), O-CH2-CH2 PEO), 7.50–8.15 ppm (m, NH2); FTIR: n =1642
(amide I), 1536 (amide II), 1171 (ether), 1132 cm�1) (amine); MALDI-
TOF MS: m/z : calcd for C251H504O87N38: 5468.93; found: 5490.03
[M+Na]+ .


PEO–spPAA (III) conjugates : PEO-block-Lys-(Suc-Spe-Lys2)5 :
1H NMR


([D6]DMSO, 100 8C): d=1.22–1.40 (m, 22H, b-CH2 lysine), 1.48–1.64 (m,
22H, g-CH2 lysine), 1.64–1.74 (m, 22H, a-CH2 lysine), 2.24–2.40 (m,
20H, b-CH2-amine), 2.72–2.83 (m, 22H, d-CH2 lysine), 2.87–2.99 (m,
20H, b-CH2-amine), 3.00–3.16 (m, 20H, a-CH2-amide), 3.16 �3.75 (m,
40H, a-CH2-amine, O=C-CH2-CH2, O=C-(NH), O-CH2-CH2-PEO),
7.50–8.00 ppm (m, NH2); FTIR: n =1780 (amide I), 1653 (amide II), 1166
(ether), 1082 cm�1 (amine); MALDI-TOF MS: m/z : calcd for
C252H504O79N43: 5400.98; found: 5402.60 [M+H]+ .


General procedure for the preparation of polyplexes : The used microflui-
dic device consisted of a Y-formed channel with a width of 400 mm. Due
to this channel design, no turbulent mixing occurred. Instead, ion com-
plex formation took place through diffusion of the two components at
the interface of the solutions in the channel. Plasmid (0.1 mgmL�1) and
polymer solutions (0.6–2.0 mgmL�1) were prepared in TRIS buffer
(10 mm, pH 8.0) and filtrated by syringe filter (Nylon, 0.2 mm) to assure
dust-free samples. The concentration of the solutions is not affected by
this filtration as was shown by UV absorption measurements. The solu-
tions are placed in syringes and pumped through the microfluidizer by
using a syringe pump at a constant rate of 0.4 mLmin�1.


Characterization of the polyplexes with dynamic light scattering (DLS):
Polyplex solutions (total DNA: 0.05 mgmL�1) for DLS measurements
were prepared by using the microfluidizer. To ensure clean preparation
of the polyplex, the solutions were directly poured into a measuring cell.


Characterization of the polyplexes with AFM : Polyplexes at different N/
P ratios were prepared by using the microfluidizer (solvent: HEPES
buffer, 10 mm, pH 7.4) at a final concentration of 0.05 mgmL�1 DNA in
the polyplex solution. After incubation for 30 min. the samples were pre-
pared by spin coating (3000 rpm, 60 s), by using freshly cleaved mica sub-
strate.


Ethidium bromide assay : Solutions of ethidium bromide (EB)
(0.3 mgmL�1), plasmid (0.016 mgmL�1, 1 equiv(P) per mL) and the dif-
ferent polymer systems (10 equiv(N) per mL) in TRIS buffer (10 mm,
pH 8.0) were prepared. Solutions of only EB (20 mL stock solution,
1980 mL buffer) and EB with plasmid (20 mL EB stock solution, 65 mL
plasmid solution, 1915 mL buffer) were used as references. Polyplexes
were prepared by mixing EB stock solution (20 mL) with plasmid solution
(65 mL) and adding polymer solution (40 mL). After dilution with buffer
to a total volume of 2 mL, fluorescence was measured at an excitation
wavelength of l =480 nm and an emission maximum of l=595 nm.


Gel electrophoresis : For complex stability investigations an analytical
agarose gel (0.8%) was used. Agarose (4.0 g) was suspended in TAE
buffer (pH 8.0) and heated in the microwave until it dissolved After cool-
ing down to 60 8C, ethidium bromide solution was added to a final con-
centration of 10 mgL�1. Afterwards, a gel was prepared (thickness about
4 mm). Plasmid (1.5 mg, 1 mgmL�1) was dissolved in 10 mm Hepes buffer
(25 mL, pH 7.4). In a separate tube, the adequate concentration of poly-
mer was dissolved in a total volume of 10 mm Hepes buffer (25 mL,
pH 7.4) to achieve N/P ratios of 2:1, 5:1, 10:1 and 50:1. The two solutions
were mixed gently by pipetting up and down (no vortexing) and were in-
cubated for 1 h. As a control, plasmid (1.5 mg, 1 mgmL�1) was dissolved in
Hepes buffer (50 mL, pH 7.4). Next, the polyplex solution (10 mL) was
separated, mixed gently with 2.5 mL 6Q DNA loading buffer, and stored
at room temperature. Meanwhile, the remaining polyplex solution
(40 mL) was digested with DNase (1 mL) for 15 min at 37 8C. The diges-
tion was stopped with SDS loading buffer (10 mL 5Q). A total volume of
12.5 mL for each experiment was applied in the slots of the agarose gel
together with a 1 kb DNA ladder, and it was developed at 100 V for
30 min. Subsequently the gel was exposed to UV light (l =254 nm) and
the visible bands were analyzed.


Toxicity evaluation : Cell viability after transfection was determined on
COS7 cells by quantitative analysis of the amount of ATP that was pro-
duced by metabolically active cells. CellTiter-Glo Luminescent Cell Via-
bility Assay (Promega, Mannheim, Germany) was used. Cells were
seeded in a 24-well cluster dish at a density of 104 cells 24 h prior to the
experiments, and were cultivated in DulbeccoSs Modified Eagle Medium
that was supplemented with 10% fetal calf serum. After 24 h in culture,
the cells were washed with PBS (1 mL), and growth medium that con-
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tained serum (400 mL) was added to the cells. The polyplexes (200 mL)
were added to the cells. After incubation for 5 h at 37 8C (5% (v/v) CO2)
the supernatants were removed, and the appropriate growth medium
(1 mL) was added to each well. Thereafter, the cells were additionally
cultured for a total of 48 h at 37 8C, 5% (v/v) CO2. Then the medium was
replaced with DulbeccoSs Modified Eagle Medium (1000 mL) that was
supplemented with 10% fetal calf serum and equivalent amounts of test
reagent for 48 h. The reagent induced cell lyses, and generated a lumines-
cent signal that was proportional to the amount of ATP that was present.
After 2 min of mixing and 10 min of incubation at room temperature, the
contents of the 24-well plates were transferred into 96-well plates, 3
values of 200 mL were obtained out of the 1000 mL content of a single
well from the 24-well plate. The luminescent signal and the percentage of
cell viability was calculated by comparing the appropriate luminescent
signal to the signal that was obtained with non-transfected control cells.
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Delicate Crystal Structure Changes Govern the Magnetic Properties of 1D
Coordination Polymers Based on 3d Metal Carboxylates
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Introduction


Recently, the chemistry of coordination polymeric com-
plexes has made rapid progress.[1] In particular, 1D ordered
coordination polymers with paramagnetic metal centers


have attracted growing attention on account of their re-
markable combination of physical properties (for example,
photoluminescence[2] and adsorption[3]).[1a] They can be em-
ployed in molecular-based electronic devices, adsorbents,
and chemical sensors.[4] One-dimensional (1D) coordination


Abstract: Homo- and heterometallic
1D coordination polymers of transition
metals (CoII, MnII, ZnII) have been syn-
thesized by an in-situ ligand generation
route. Carboxylato-based complexes
[Co ACHTUNGTRENNUNG(PhCOO)2]n (1a, 1b), [Co(p-MePh-
COO)2]n (2), [ZnMn ACHTUNGTRENNUNG(PhCOO)4]n (3),
and [CoZn ACHTUNGTRENNUNG(PhCOO)4]n (4)
(PhCOOH=benzoic acid, p-MePh-
COOH=p-methylbenzoic acid) have
been characterized by chemical analy-
sis, single-crystal X-ray diffraction, and
magnetization measurements. The new
complexes 2 and 3 crystallize in ortho-
rhombic space groups Pnab and Pcab
respectively. Their crystal structures
consist of zigzag chains, with alternat-


ing MII centers in octahedral and tetra-
hedral positions, which are similar to
those of 1a and 1b. Compound 4 crys-
tallizes in monoclinic space group P21/c
and comprises zigzag chains of MII ions
in a tetrahedral coordination environ-
ment. Magnetic investigations reveal
the existence of antiferromagnetic in-
teractions between magnetic centers in
the heterometallic complexes 3 and 4,
while ferromagnetic interactions oper-
ate in homometallic compounds (1a,


1b, and 2). Compound 1b orders ferro-
magnetically at TC=3.7 K whereas 1a
does not show any magnetic ordering
down to 330 mK and displays typical
single-chain magnet (SCM) behavior
with slowing down of magnetization re-
laxation below 0.6 K. Single-crystal
measurements reveal that the system is
easily magnetized in the chain direction
for 1a whereas the chain direction co-
incides with the hard magnetic axis in
1b. Despite important similarities,
small differences in the molecular and
crystal structures of these two com-
pounds lead to this dramatic change in
properties.
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polymers may present peculiar magnetic properties, such as
the opening of magnetic hysteresis loops at low temperature
due to the slowing of magnetization relaxation, and behav-
ior as so-called single-chain magnets (SCMs).[5]


Carboxylato ligands are widely exploited for construction
of coordination polymers. Use of polycarboxylic acids leads
to the formation of two- (2D) and three-dimensional (3D)
coordination networks.[1f, 6] In most cases, use of monocar-
boxylic acids results in creation of discrete mono- or poly-
nuclear complexes (0D). One-dimensional complexes of
first-row transition metals with solely monocarboxylic acids
acting as both linkers and ligands are rare,[7] and therefore it
would be interesting to develop new methods for the synthe-
sis of such complexes and to study their properties.
In most cases, carboxylate-based coordination polymers


are synthesized by solvothermal procedures.[1c,f, 6] Recently
we proposed[8] a convenient route for the synthesis of vari-
ous homo- and heterometallic polynuclear carboxylato com-
plexes, based on in-situ redox carboxylato ligand generation.
Homometallic [Co ACHTUNGTRENNUNG(PhCOO)2]n and heterometallic [CoMn-
ACHTUNGTRENNUNG(PhCOO)4]n 1D coordination polymers of transition metals
could also be synthesized easily by this route.[8a] We extend-
ed our investigations and prepared new polymeric coordina-
tion compounds. We report below the synthesis, crystal
structures, and magnetic properties of several new carboxy-
lato-bridged 1D coordination polymeric complexes, namely
homo- and heterometallic [Co ACHTUNGTRENNUNG(PhCOO)2]n (1a, 1b), [Co(p-
MePhCOO)2]n (2), [MM’ ACHTUNGTRENNUNG(PhCOO)4]n (MM’=ZnMn (3b),
and CoZn (4). In particular, 1a behaves as an SCM at very
low temperatures.


Results and Discussion


Synthesis : The in-situ carboxylate redox generation ap-
proach has been used for the synthesis of 1D coordination
polymeric complexes.[8] It has been shown that the reaction
between cobalt nitrate and benzaldehyde leads to the forma-
tion of a blue solution containing “cobalt(II) benzoate”.[8a]


Two different [Co ACHTUNGTRENNUNG(PhCOO)2]n crystal phases, monoclinic 1a
and orthorhombic 1b, were isolated from this cobalt(II)
benzoate solution, depending on crystallization conditions.[8a]


We improved the method described to obtain the pure form
of 1b without accidental contamination of 1a due to cocrys-
tallization of the two phases. The addition of nucleator (sev-
eral crystals of 1b) in the hot cobalt(II) benzoate solution
leads to crystallization of the orthorhombic form of [Co-
ACHTUNGTRENNUNG(PhCOO)2]n alone without admixture of the monoclinic
form. Both forms of cobalt benzoate decompose slowly in
the moisture of the air.
Manganese and nickel coordination polymers of this type


could not be prepared by the proposed method. This may
be caused by a less pronounced ability of these ions, com-
pared with cobalt, to form tetrahedral coordination centers,
which is essential for formation of this type of coordination
polymer (vide infra).


The chemical compositions of all the complexes were con-
firmed by elemental analysis. The ratio M/M’ is 1:1 in all the
heterometallic complexes and is constant for different crys-
tals of the same batch, confirming that the heterometallic
1D coordination polymers are not a mixture of homometal-
lic complexes.


Crystal structures of the two modifications of [Co-
ACHTUNGTRENNUNG(PhCOO)2]n ACHTUNGTRENNUNG(1a, 1b): The structures of the monoclinic[7a]


C2/c (1a) and orthorhombic[8a] Pcab (1b) forms of [Co-
ACHTUNGTRENNUNG(PhCOO)2]n have already been described briefly. These two
modifications have very different magnetic behaviors. To ex-
plain these differences, we compare their crystal structures
in detail here. The structures of both 1a and 1b are built up
from neutral [Co ACHTUNGTRENNUNG(PhCOO)2]n zigzag chains consisting of
cobalt ions in alternating tetrahedral (Cotetr) and octahedral
(Cooct) polyhedra (Figure 1). The chains lie along the c and


a crystallographic directions for 1a and 1b, respectively.[7a,8a]


In 1a both Cooct and Cotetr occupy special positions giving
rise to a unique Cooct···Cotetr distance (3.151(1) O), whereas
in 1b the metal ions are in general positions and yield two
different Cooct···Cotetr distances (3.166(1) and 3.196(1) O).
Thus, the chain structure of 1a is built of a regular zigzag
motif, whereas in 1b the chain consists of a regular double
zigzag motif (Figure 1). In the crystal lattice of 1a the chains
are well isolated from each other (see Figure 2a) with nei-
ther p–p interactions nor short interchain contacts in the
order of magnitude of the sum of the van der Waals radii.
Short intrachain contacts between carbon atoms of aromatic
rings of m2 ACHTUNGTRENNUNG(h1,h1)-benzoates exist in complex 1a, 1b, and also
2. This type of contact certainly contributes to the chain sta-
bility. Also, the neighboring chains in the lattice of 1b are
not related by simple lattice translation but they are related
by glide planes and therefore they have different relative
orientations (see Figure 2b). As a result, short interchain
contacts (3.297 O) exist between carbon atoms C24; the


Figure 1. The chain structures in 1a (a) and 1b (b) with cobalt coordina-
tion polyhedra.
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chains are closer in 1b than in 1a. Indeed, the packing of
the chains is more compact in 1b than in 1a in the b and c
directions, respectively (see Figure 2). The shortest inter-
chain Cotetr···Cotetr distance in 1a is 10.303(9) O, which is ac-
cidentally equal to the shortest interchain Cotetr···Cooct,
whereas in 1b it is 9.067(1) O. Finally, the crystal packing of
complex 1b is more compact (1calcd=1.605 gcm�3) than that
of 1a (1calcd=1.557 gcm�3).
Molecular and crystal structures of 1D coordination poly-


mers 2, 3, and 4 : Selected labeled drawings of compounds 2,
3, and 4 are shown in Figures 3, 4, and 5, respectively. Se-
lected bond lengths and angles are given in Table 1.
The complex [Co(p-MePhCOO)2]n (2) crystallizes in the


orthorhombic space group Pnab (Table 2). As in 1a, its
structure consists of similar zigzag chains which run along
the a direction. Surprisingly, the detailed chain structure of
2 is more similar to the monoclinic form 1a than to the or-
thorhombic 1b. The two metal sites are indeed located in
special positions. The Co1 and Co2 atoms of the asymmetric


unit are connected by three bridging p-methylbenzoato
anions (Figure 3a). One carboxylato possesses the m(h1-
O3,h1-O4) coordination mode and is very close to the plane
(ab) containing the zigzag chains. Two other bridges be-
tween Co1 and Co2 are formed by m3(h1-O1,h2-O2)-p-meth-
ylbenzoato ligands, which are connected to a third metal ion
(Co1i) in the chain. They are very close to the plane (ac)
perpendicular to the zigzag chains. The cobalt ions are locat-
ed alternately in distorted tetrahedral (Co1O4) and octahe-
dral (Co2O6) coordination polyhedra, which are formed by
oxygen atoms of p-methylbenzoato bridges. Two different
Co1–O bond lengths are found in the Co1O4 tetrahedron
(Co1–O4 is 1.938(2) and Co1–O2 is 2.036(1) O). The angles
O-Co1-O range from 94.41(10)8 to 120.13(7)8 (see Table 1).
Three Co2–O bond lengths are observed in the octahedron
Co2O6 (Co2–O3 is 2.016(2), Co2–O1 is 2.115(2), and Co2–
O2 is 2.219(1) O) and the corresponding angles range from
84.50(6)8 to 95.50(6)8. The observed values are closer to the
corresponding distances in 1a than to those in 1b. Co2oct is
located in a special position leading to a unique
Co2oct···Co1tetr intrachain distance of 3.157(1) O. Additional-
ly, the chains in 2 are more elongated (chain period
10.532(3) O) than in complexes 1a and 1b (10.48(1) and
10.503(3) O, respectively). Moreover, cobalt ions in the oc-
tahedral positions are not displaced in this structure and
form a straight line along the a axis (see Figure 3b). The
shortest interchain Co···Co distance in complex 2 is more
than 11 O and longer than those observed in both 1a and
1b. This is possibly due to the presence of the CH3 substitu-
ent on the aromatic ring of the p-methylbenzoato bridges in
2. As a result, the crystal packing of complex 2 is less com-
pact (1calcd=1.450 gcm�3) than in 1a and 1b.
The heterometallic complex [ZnMnACHTUNGTRENNUNG(PhCOO)4]n (3) crys-


tallizes in the orthorhombic space group Pcab (Table 2).
This compound is isostructural with [CoMn ACHTUNGTRENNUNG(PhCOO)4]n,


[8a]


with diamagnetic ZnII instead of paramagnetic CoII in the
tetrahedral position. These 1D chains run along the a direc-
tion. There are four independent benzoato bridges in this
compound (see Figure 4). The Mn1 and Zn1 ions are con-
nected by three different bridges: the first is formed by the
m(h1-O3,h1-O4)-benzoato ligand, and the second and the
third are formed by the m3(h1-O5,h2-O6)-benzoato and the
h2-O1 oxygen atom of the m3(h1-O2,h2-O1) ligand. The
fourth m(h1-O7,h1-O8) ligand connects Zn1 to the symmetry-
related Mn atom. Four oxygen atoms of bridging benzoato
ligands form a distorted tetrahedral ZnO4 coordination
polyhedron. All the Zn1–O bond lengths are different
(ranging from 1.930(3) to 2.060(3) O) and are in agreement
with those found in the homometallic 1D coordination poly-
mer [ZnACHTUNGTRENNUNG(PhCOO)2]n,


[7b] where zinc ions have a similar tetra-
hedral coordination environment. The O-Zn1-O angles vary
from 101.87(13)8 to 115.67(12)8. MnII atoms are located in a
highly distorted Mn1O6 octahedral coordination environ-
ment with three pairs of significantly different Mn1–O dis-
tances: 2.095(3) and 2.109(3), 2.201(3) and 2.211(3), 2.270(2)
and 2.320(3) O (see Table 1). Values for the two shorter
pairs are in the range of those observed in other coordina-


Figure 2. Crystal packing in the plane perpendicular to the chain axis in
a) 1a ; b) 1b. The interchain distances between metal sites along the b
and c directions, represented by dotted lines, are 14.161(1) O in 1a and
12.672(1) O in 1b. Label d represents close contacts (C24···C24) between
chains in 1b.
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tion polymers such as [MnCu ACHTUNGTRENNUNG(mal)2ACHTUNGTRENNUNG(H2O)4]
[9] (mal=malona-


to) and linear trinuclear carboxylato complexes [Mn3-
ACHTUNGTRENNUNG(RCO2)6(L)2].


[10] The longest Mn1�O bonds are formed
with h2-O atoms. This significant elongation with respect to
usually observed values is probably caused by the coordina-
tion of this benzoato bridge to three different metal ions
(two Mn and one Zn). O-Mn1-O angles vary from
83.67(10)8 to 96.91(11)8 (see Table 1). The intrachain
Zn1···Mn1 distances are 3.311(1) and 3.254(1) O, and the
shortest Mn1···Mn1 distance is 5.347(1) O. Thus, there is a
regular double zigzag chain structure in this compound. The
chain period (10.671(1) O) is very close to that found in the
heterometallic complex [CoMn ACHTUNGTRENNUNG(PhCOO)4]n (10.676(1) O).[8a]


The shortest Mn···Zn interchain distance (9.917(1) O) and
calculated density (1calcd=1.575 gcm�3) are also similar to
those of the heterometallic CoMn compound.
Complex [CoZn ACHTUNGTRENNUNG(PhCOO)4]n 4 crystallizes in the mono-


clinic space group P21/c (Table 2) and is isostructural with
[Zn ACHTUNGTRENNUNG(PhCOO)2]n.


[7b] The crystal lattice comprises chains
which run along the b direction and consist of [CoZn-
ACHTUNGTRENNUNG(PhCO2)3]


+ dimeric units (Figure 5). However, the Co and
Zn are randomly distributed over the two metal sites M1
and M2 (see the Experimental Section for further details).
Three m(h1-syn,h1-syn)-benzoato groups (O1,O2; O3,O4;
and O7,O8) bridge the metal ions within a dimeric unit,
while the fourth benzoato ion bonds dimer fragments in the
m(h1-syn-O5,h1-anti-O6) mode. Thus, both ions are located
in MO4 tetrahedral coordination geometry. The M–O bond


lengths (from 1.930(3) to
1.942(2) O) and angles (from
97.10(10)8 to 119.07(11)8) are
very similar for both positions.


Magnetic properties : Magneti-
zation of a powdered sample of
3 has been measured in the 2–
300 K range. At room tempera-
ture cMT=4.43 cm3Kmol�1, in
good agreement with the ex-
pected spin-only value
(4.375 cm3Kmol�1) for isolated
noninteracting MnII (SMn=5/2)
spins with gMn=2.0. Upon cool-
ing, cM increases and passes
through a broad maximum at
Tmax=3.5 K characteristic of an-
tiferromagnetic superexchange
intrachain interaction between
MnII spins. The superexchange
interaction between octahedral
sites takes place through the
two m(h1-syn,h2-anti)-benzoato
bridges (see Figure 4). The ex-
perimental data can be fitted
with the theoretical expression
derived by Fisher[11] for an in-
finite chain of classical spins


with the spin hamiltonian h=�JSA·SB taking into account
nearest-neighbor superexchange interactions. This expres-
sion has been modified slightly to take into account inter-
chain interactions (zJ’) through molecular-field approxima-
tion. The best agreement between experiment and theory
was obtained with J=�0.55 cm�1, gMn=1.98, and zJ’=
�0.06 cm�1 with agreement factor R2=0.99981 (see Support-
ing Information).
The magnetic behavior of 4 is more complex. Indeed, par-


amagnetic CoII atoms are distributed randomly over the two
metallic sites. Therefore, isolated tetrahedral CoII (one CoII


bridged to two ZnII) and CoII chain fragments of various
lengths coexist and contribute differently to the overall mag-
netism of the chain. The magnetic susceptibility can be
fitted with the Curie–Weiss law above 100 K with gCo=2.31
(SCo=3/2) and q=�25 K, in agreement with previously re-
ported values for tetrahedral CoII.[12]


The magnetism of the homometallic 1D chain compounds
[Co ACHTUNGTRENNUNG(PhCOO)2]n (1a and 1b) has been investigated in more
detail. Above 20 K 1a and 1b powders revealed similar
magnetic behaviors. Both compounds obey the Curie–Weiss
law above 20 K with Curie constants (C) of 5.97
(6.06) cm3Kmol�1 and Weiss temperatures (q) of +2.87
(+7.27) K for 1a (1b) with R2=0.99996 (0.99993). Assum-
ing a Zeeman factor for a tetrahedral CoII site of gT=2.31
(as in 3) and ST=3/2, the Zeeman factor gO for octahedral
CoII was estimated to be 2.72 (2.75). The positive Weiss tem-
peratures clearly indicate that strong ferromagnetic interac-


Table 1. Selected distances [O] and angles [8] for complexes 2, 3 and 4.


2[a]


Co1�O4 1.938(2) O4-Co1-O4ii 94.41(10) O2-Co2-O3i 86.82(6)
Co1�O2 2.036(1) O4-Co1-O2 106.01(7) O1-Co2-O3i 88.95(6)
Co2�O3 2.016(2) O2-Co1-O2ii 110.15(9) O3-Co2-O1 91.05(6)
Co2�O1 2.115(2) O4-Co1-O2ii 120.13(7) O3-Co2-O2 93.18(6)
Co2�O2 2.219(1) O1-Co2-O2 84.50(6) O1-Co2-O2i 95.50(6)


3[b]


Zn1�O4 1.930(3) O4-Zn1-O7 101.87(13) O5-Mn1-O2i 178.52(10)
Zn1�O7 1.961(3) O4-Zn1-O1 106.37(12) O3-Mn1-O6i 90.06(11)
Zn1�O1 2.013(3) O7-Zn1-O1 114.75(12) O8i-Mn1-O6i 87.48(10)
Zn1�O6 2.060(3) O4-Zn1-O6 115.67(12) O5-Mn1-O6i 94.92(10)
Mn1�O3 2.095(3) O7-Zn1-O6 114.54(11) O2i-Mn1-O6i 83.67(10)
Mn1�O8i 2.109(3) O1-Zn1-O6 103.77(11) O3-Mn1-O1 96.91(11)
Mn1�O5 2.201(3) O3-Mn1-O8i 170.45(12) O8i-Mn1-O1 85.57(10)
Mn1�O2i 2.211(3) O3-Mn1-O5 87.34(11) O5-Mn1-O1 85.00(10)
Mn1�O6i 2.270(2) O8i-Mn1-O5 83.68(12) O2i-Mn1-O1 96.45(10)
Mn1�O1 2.320(3) O3-Mn1-O2i 92.20(12) O6i-Mn1-O1 173.01(9)


O8i-Mn1-O2i 96.69(12)


4


M2�O2 1.930(3) O7M1-O6 99.22(9) O2M2-O5 109.56(10)
M2�O5 1.931(2) O7M1-O3 114.91(11) O2M2-O4 112.55(12)
M2�O4 1.936(3) O6M1-O3 105.61(11) O5M2-O4 112.74(11)
M2�O8 1.943(2) O7M1-O1 119.07(11) O2M2-O8 113.56(12)
M1�O7 1.929(2) O6M1-O1 110.97(10) O5M2-O8 97.10(10)
M1�O6 1.932(2) O3M1-O1 106.18(10) O4M2-O8 110.41(12)
M1�O3 1.933(3)
M1�O1 1.942(2)


[a] For 2, [i]: 2�x, �y, �z ; [ii]: 1.5�x, y, �z. [b] For 3, [i]: 0.5+x, 0.5�y, z.
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tions operate between the octahedral and tetrahedral sites.
Indeed, for uncoupled CoII in octahedral or tetrahedral envi-


ronments the magnetic susceptibility, cM, deviates signifi-
cantly from the Curie law with negative Weiss temperatures
due to local magnetic anisotropies. Therefore, to compen-
sate for this effect, strong ferromagnetic interactions must
exist between magnetic centers. The temperature dependen-
cies of cMT below 50 K (Figure 6) demonstrate the ferro-
magnetic nature of the chains in 1a and 1b with the increase
in cMT on lowering the temperature. In both 1a and 1b, and
also in 2, the main superexchange pathway between the oc-
tahedral and tetrahedral sites is probably through h2-O
atoms. The CoT-h2-O-CoO angles range from 95.56(9)8 to
97.24(7)8 and are expected to produce ferromagnetic contri-
butions.[13] Whereas cMT of 1a increases monotonically on
lowering the temperature to 2 K, cMT of 1b increases faster
and shows a cusp at 4 K which can be ascribed to the onset


Figure 3. a) A fragment (with 50% thermal ellipsoids) of the polymer 2
showing the complete connectivity to Co1 and Co2 atoms. Phenyl rings
and hydrogen atoms are omitted for clarity. b) Crystal packing in the bc
plane (perpendicular to the chain axis).


Table 2. Crystal data and structure refinement parameters for com-
pounds 2, 3, and 4.


2 3 4


empirical formula C16H14CoO4 C28H20ZnMnO8 C28H20CoZnO8


formula weight 329.20 604.75 608.74
T [K] 293(2) 293(2) 293(2)
crystal system orthorhombic orthorhombic monoclinic
space group Pnab Pcab P21/c
a [O] 10.5320(2) 10.6710(1) 10.7236(3)
b [O] 16.1162(3) 19.1088(3) 13.0269(3)
c [O] 17.7628(4) 25.0140(4) 19.1120(8)
b [8] 90 90 95.579(1)
V [O3] 3014.98(11) 5100.6(1) 2657.2(2)
Z 8 8 4
1calcd [gcm


�3] 1.450 1.575 1.522
unique reflns 5246 5858 4508
R ACHTUNGTRENNUNG(int) 0.0481 0.0296 0.0252
GOF on F2 0.994 1.068 1.052
R1


[a] [I>2s(I)] 0.0467 0.0575 0.0387
wR2


[b] 0.1115 0.1751 0.0941


[a] R1=S j jFo j� jFc j j /S jFo j . [b] wR2= {S[w ACHTUNGTRENNUNG(Fo
2�Fc


2)2]/S[w ACHTUNGTRENNUNG(Fo
2)2]}1/2.


Figure 4. A fragment (with 50% thermal ellipsoids) of the polymer 3
showing the complete connectivity to Mn1 and Zn1 metals. Phenyl rings
and hydrogen atoms are omitted for clarity.


Figure 5. A fragment (with 50% thermal ellipsoids) of the polymer 4
showing the complete connectivity to M1 and M2 metals (Co and Zn are
distributed randomly aver M1 and M2). Phenyl rings and hydrogen
atoms are omitted for clarity.


Figure 6. Thermal variation of the cMT product of powders of 1a (&)
and 1b (*). Full lines are only to guide the eye.
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of long-range ferromagnetic order. The existence of a ferro-
magnetic phase at low temperature is confirmed by the di-
vergence between the magnetization measured in zero field
cooled (ZFC) and field cooled (FC) modes (Figure 7). Also,
the out-of-phase component of the AC susceptibility sud-


denly becomes nonzero at TC=3.7 K, which confirms 3D
long-range magnetic ordering. The occurrence of long-range
ordering in this 1D system is connected directly to inter-
chain interactions. In quasi 1D systems TC is related to
intra- and interchain interactions through kBTC�jJinterU
Jintra j 1/2, with Jinter and Jintra the intrachain and interchain in-
teraction parameters, respectively. The orthorhombic phase
(1b) orders ferromagnetically in the temperature range
studied, whereas the monoclinic phase (1a) does not, either
ferromagnetically or antiferromagnetically. In 1b, the intra-
chain interactions are stronger than in 1a, resulting in differ-
ent Weiss temperatures. The interchain interactions are also
stronger in 1b because the interchain metal–metal separa-
tion is significantly shorter than in 1a. For symmetry rea-
sons, the interchain contact between aromatic rings should
favor antiferromagnetic interchain interactions of superex-
change origin, and not ferromagnetic ordering. Then, the
magnetic ordering in 1b is a combination of stronger intra-
chain interactions and stronger interchain dipolar interac-
tions.
Complex 2 behaves like 1a with, above 20 K, C=


5.70 cm3Kmol�1 and q=1.18 K (R2=0.99993). It does not
show magnetic ordering down to 1.8 K. As expected, the in-
terchain interactions are smaller than in 1a and 1b because
of longer interchain metal–metal distances (>11 O) in this
compound than in both forms of 1; this is due to the pres-
ence of p-methyl substituents on the aromatic rings of the
benzoates.
The strong magnetic anisotropy due to the presence of


CoII in both environments is confirmed by single-crystal
measurements of the magnetization of 1a and 1b. Above
2 K, the magnetization of 1a is much stronger when the


magnetic field is applied along the c axis (the chain axis). In
Figure 8 the temperature dependences of cMT are plotted
versus the magnetic field, H, applied parallel and perpendic-
ular to the chain axis. Whereas cMT decreases smoothly


below 25 K in the perpendicular direction, it increases very
rapidly in the parallel one. At 2 K, the response along the c
axis is more than ten times greater than in the perpendicular
direction. This behavior is characteristic for Ising-type ferro-
magnetic chains and is confirmed by low-temperature mag-
netization measurements. Figure 9 demonstrates clearly that


the magnetization saturates in a small field along the chain
axis, whereas an intense field of several tesla is required to
achieve saturation in a perpendicular direction. Thus the fol-
lowing conditions for the observation of SCM behavior are
fulfilled: a) the chains are ferromagnetic with strong intra-
chain coupling between spin centers; b) the strong magnetic
anisotropy is axial. However, no slowing of the magnetiza-
tion can be detected down to 1.8 K.


Figure 7. Temperature dependence of the magnetization of powders of
1b measured in zero-field cooled (*) and field-cooled (*) modes with a
5 G magnetic field.


Figure 8. Temperature dependence of the cMT product of single crystals
of 1a with an external DC field of 100 G below 10 K and 1000 G above
10 K, applied parallel (*) and perpendicular (*) to the chain axis.


Figure 9. Field dependence of the magnetization of single crystals of 1a
at T=2 K with the magnetic field parallel (*) and perpendicular (*) to
the chain axis.
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To shed light on the magnetic behavior of this compound,
magnetic measurements were performed at very low tem-
perature using a 3He-cooled cryostat equipped with a home-
made AC probe operating in the range 20-15000 Hz. This
type of measurement combines the advantage of investigat-
ing low-temperature regions with the possibility, by looking
at the out-of-phase contribution to the magnetization, of
characterizing the possible slow relaxation process (that is,
of establishing the presence of an SCM or a spin-glass be-
havior).[14] Measurements were performed in the range 330–
1650 mK using 12 logarithmically spaced frequencies (from
30 to 9000 Hz). As shown in Figure 10, the lowest frequency


used in the 3He measurements rescales well on the SQUID
data, showing a cMT value at 1.65 K of about
24.7 cm3Kmol�1. When the temperature is lowered cMT con-
tinues to increase to a maximum of 31.5 cm3Kmol�1 at 1 K.
Such a low-temperature increase of cMT suggests the pres-
ence of ferromagnetic short-range order in the material. A
simple way to model this behavior is to characterize the ex-
ponential divergence of the correlation length. In a ferro-
magnetic Ising chain, the cMT product should show an expo-
nential divergence at low temperature, such as cMT/
exp(2 JS2/kBT) where J is the exchange coupling constant
between nearest neighbors.[15,5e] Then plotting lnACHTUNGTRENNUNG(cMT)
versus 1/T should afford a straight line with the slope pro-
viding two times the exchange energy. A fit to the curve re-
corded for powder samples gives a JS2 value of about
0.77 K, while along the easy axis JS2=1.66 K (Figure 10,
inset). This is a rough estimate of the exchange interaction,
however. To characterize the system better, we have em-
ployed a model which assumes a genuine spin S=3/2 for
tetrahedral CoII, whereas for octahedral CoII a highly aniso-
tropic effective spin s=1/2 is more appropriate at low tem-
perature due to the combined effects of spin–orbit coupling


and distortions of the coordination sphere.[16] Curely et al.
developed a model for chains with quantum spin s=1/2 al-
ternating with classical spin S for Ising-type nearest-neigh-
bors exchange interaction, H= -JSi


z·si
z.[17] The thermal varia-


tion of the molar magnetic susceptibility is expressed as
Equation (1).


cMz
¼ NgSb


2


4kBT


��
4gS


2S2 þ gs2
gs2


�
cosh


�
� JS
kBT


�


� 4gSS
gs


sinh
�
� JS
kBT


�� ð1Þ


With gs and gS the Zeeman factors of the quantum and clas-
sical spins respectively, the constants have their usual mean-
ings. The best-fit curve is obtained with gs=5.34(5) and J=


2.33(3) K (see Figure 10). To converge properly, gS has been
fixed at 2.31. This provides an exchange energy of 1.75 K,
not very far from the value deduced from the slope of the
lnACHTUNGTRENNUNG(cMT) versus 1/T curve.


Below 0.6 K, a frequency-dependent signal appears
(Figure 11) and the out-of-phase susceptibility cM’’ shows a
very sharp increase from almost 0 to 10 cm3mol�1 for the
highest frequency. At 0.33 K, cM’ and cM’’ are of the same
order of magnitude.


To further the analysis, the frequency dependence has
been analyzed by an Arrhenius plot. The dynamic behavior
of 1D systems involving Ising-type magnetic centers was ex-
plained by Glauber in the 1960s.[18] He predicted that such
chains should show an exponential divergence of the relaxa-
tion time at low temperature, which can be written as t=


t0expACHTUNGTRENNUNG(D/kBT) where D is proportional to the exchange
energy between two adjacent spins. Values extracted from
the Arrhenius plot (Figure 12) are D=5.5	0.4 K and t0=


(1.1	2.5)U10�11 s, which are in good agreement with those
previously reported in the literature for similar sys-
tems.[19,5g,h]


Figure 10. Temperature dependence of the cMT products of 1a. Squares,
extracted from SQUID measurement and from the lowest frequency of
the 3He AC measurement (powders). Circles represent the susceptibility
along and perpendicular to the chain, as explained in Figure 8. Inset:
scaling of the data using an Ising temperature dependence of the suscept-
ibility (see text) and plotting ln ACHTUNGTRENNUNG(cMT) versus T


�1. Squares and circles are
data recorded on powder and on a single crystal respectively, with the
magnetic field applied along the chain axis. The solid lines represent the
best linear fits.


Figure 11. Temperature dependence of the imaginary c’’M and real c’M
components of the AC susceptibility of 1a measured in zero applied field
for 12 logarithmically spaced frequencies in the range 30–9000 Hz. Inset:
temperature dependence of imaginary component c’’M for the lowest
available temperatures.
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Another useful tool in the analysis of the frequency de-
pendence is the extended Debye model, which makes it pos-
sible to evaluate the assumption that the relaxation process
is described by a single characteristic time. This analysis can
be done by introducing a parameter a, proportional to the
width of the distribution of the relaxation times, into the ex-
pression [Eq. (2)] for the complex susceptibility.


cðwÞ ¼ cS þ
cT�cS


1þ ðiwtÞ1�a ð2Þ


Here cT is the isothermal susceptibility, cS the adiabatic sus-
ceptibility, w the frequency of the AC field and t the relaxa-
tion time of the system at the temperature at which the fit is
performed.[20] Consequently an ideal SCM or single-mole-
cule magnet (SMM) is likely to possess a single relaxation
time (a =0) whereas a spin glass[21] would show a wide
range of relaxation process (a!1). The experimentally de-
termined Argand plot (Figure 12) is normalized by cT to
allow easy comparison. The fitting procedure afforded a=


0.34	0.01 at 0.33 K and similar values for the entire tem-
perature region where frequency dependence is observed. In
any case the t0 and a values extracted from the out-of-phase


susceptibility data allow us to assess that we are not faced
with a spin-glass behavior; indeed the chains are still mag-
netically insulated one from another at temperatures as low
as 0.33 K. It is interesting to compare whether the exponen-
tial divergence of the correlation length observed in the
static susceptibility compares well with the energy barrier
for the reversal of magnetization. In the Glauber model the
relaxation time diverges as the square of the correlation
length, t=t0x


2. The energy barrier of the Arrhenius plot is
therefore expected to correspond to twice of slope of the ln-
ACHTUNGTRENNUNG(cMT) versus 1/T curve. This would give an energy barrier of
6.6 K, which is not too far from the observed value of 5.5 K,
considering also that the easy axes of cobalt sites along the
chains are not necessarily collinear in this crystal symmetry.
The magnetic properties of single crystals of 1b at low


temperatures differ drastically from those of 1a. Unexpect-
edly, the chain axis in 1b is no longer the easy axis, but the
hard axis. Upon cooling, cMT increases very rapidly when
the applied field is perpendicular to the chain axis and de-
creases below TC (Figure 13). In the ferromagnetic phase
the magnetization is constant (Figure 13, inset), then the
MT product (or cMT) shows a cusp at TC. Single-crystal
measurements confirm that 1b orders at TC=3.7 K, the
magnetization standing preferentially in a plane perpendicu-
lar to the chain axis.


It is reasonable to postulate that the magnetic anisotropy
within 1a and 1b chains is governed by the octahedral CoII.
The heterometallic chains [CoMnACHTUNGTRENNUNG(PhCOO)4]n possess Ising-
type anisotropy, while the material is isostructural with
1b.[8a] The isotropic MnII spins have been substituted by
fully anisotropic CoII, which has induced the flip of the easy
magnetization directions. Despite large similarities, the
chains in 1a and 1b have different structures. In 1b octahe-
dral CoII are not situated at a symmetry center and there-
fore the coordination sphere is much more distorted than in
1a, which is already greatly distorted with three very differ-


Figure 12. a) Arrhenius plot extracted for 1a. The solid line represents
linear regression. b) Argand diagram in the 30–9000 Hz frequency range.
All values are normalized by the isothermal susceptibility. The solid line
represents the fit at the lowest temperature (0.33 K).


Figure 13. Temperature dependence of cMT of single crystals of 1b with
the magnetic field applied parallel (*) and perpendicular (*) to the
chain axis. Inset: temperature dependence of ratio M/H of single crystals
in the low-temperature region with the external field applied parallel (*)
and perpendicular (*) to the chain axis.
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ent metal–ligand bond lengths: two short (2.013 O), two
medium (2.110 O), and two long (2.227 O). In 1b, there are
still two short CoO–O bond lengths (2.021 O) which coincide
with 1a. These short distances involve the oxygen atoms of
the two mACHTUNGTRENNUNG(h1,h1)-benzoato bridges. The four other CoO–O
distances are distributed homogeneously between 2.1 and
2.25 O (2.136, 2.169, 2.202, and 2.258 O). These differences
must be considered in parallel with the orientation of the
elongated axis with respect to the chain axis, which is close
to 408 in both compounds. It is clear that slight reorientation
of the anisotropy axes at octahedral sites due to local distor-
tions of the coordination sphere can produce magnetization
flip from one axis to another, and may therefore explain the
radical modifications of preferred magnetization orienta-
tions.


Conclusions


The method based on in-situ ligand generation has been ex-
tended to the synthesis of several 1D neutral homo- and
heterometallic coordination polymers. The carboxylate-
based ligands are generated from aromatic aldehydes, which
are the reaction media. In these materials carboxylato
bridges connect metal ions to form zigzag chain structures.
Two types of chains have been characterized: a) chains with
metal ions in both tetrahedral and octahedral environments;
ii) chains with metal ions in tetrahedral coordination poly-
hedra only. In weak ligand fields, MnII is definitely located
in octahedral surroundings whereas ZnII or CoII adapt easily
to tetrahedral positions. Thus, heterometallic chains are
formed of octahedra (MnO6) and tetrahedra (ZnO4 or
CoO4). In [CoZn ACHTUNGTRENNUNG(PhCOO)4]n the structure of the chains is
not a consequence of the preferred coordination polyhedra
of CoII. Homometallic [Co ACHTUNGTRENNUNG(PhCOO)2]n and [Co(p-MePh-
COO)2]n chains are formed from both CoO6 and CoO4 coor-
dination polyhedra. ZnII prefers to be in a tetrahedral rather
than an octahedral environment, and thus in the chain
formed with ZnII this ion always occupies the tetrahedral
position. In choosing metal ions which like, or dislike, differ-
ent coordination geometries, we can predetermine the chain
structures of benzoate-based neutral 1D coordination poly-
mers.
The magnetic properties of [ZnMn ACHTUNGTRENNUNG(PhCOO)4]n are typical


of Heisenberg chains with small antiferromagnetic interac-
tions between MnII isotropic spins, which can be treated in
the classical approximation. In the two forms of [Co-
ACHTUNGTRENNUNG(PhCOO)2]n and [Co(p-MePhCOO)2]n the superexchange
interactions between metal spins are ferromagnetic, and the
anisotropic nature of the spin carriers, especially octahedral
CoII, leads to strongly anisotropic ferromagnetic chains. The
orthorhombic form shows three-dimensional magnetic or-
dering with TC=3.7 K due to short interchain distances,
which prevent the observation of single-chain magnetic be-
havior. The monoclinic form does not order magnetically
down to the lowest temperature; instead it shows typical
single-chain magnet behavior with thermally activated relax-


ation process. Furthermore, it appears that tiny structural
changes have dramatic consequences for the orientation of
the easy axis of magnetization, which flips from the chain
axis to a perpendicular direction in the two forms of [Co-
ACHTUNGTRENNUNG(PhCOO)2]n.


Experimental Section


Materials : All commercially available chemicals were used as received.
Toluene and acetonitrile were purified by standard procedures before
use. [Co ACHTUNGTRENNUNG(PhCOO)2] (1a and 1b) and [Co(p-MePhCOO)2] (2) were syn-
thesized according to the method described previously.[8a]


Complexes:


ACHTUNGTRENNUNG[ZnMnACHTUNGTRENNUNG(PhCOO)4]n (3): Mn ACHTUNGTRENNUNG(NO3)2·6H2O (144 mg, 0.5 mmol) was boiled
in benzaldehyde (5 mL) for 5 min. Filtering of the reaction mixture from
the small amount of solid was followed by addition of benzaldehyde
(2 mL) and Zn ACHTUNGTRENNUNG(NO3)2·4H2O (79 mg, 0.3 mmol) to the filtrate. The reac-
tion mixture was heated until a white crystalline solid was deposited.
Then the solution was cooled to 70–80 8C, and acetonitrile (8 mL) was
added to the reaction mixture. After 1h, the mixed-metal benzoate 3 was
collected by filtration, washed with acetonitrile and ether, and dried in
vacuum. Yield: 165 mg (91%); elemental analysis calcd (%) for
MnZnC28H20O8: C 55.61, H 3.33, Mn 9.1, Zn 10.8; found: C 55.59, H
3.26, Mn 8.9, Zn 10.6.


ACHTUNGTRENNUNG[CoZn ACHTUNGTRENNUNG(PhCOO)4]n (4): This complex was prepared by the same proce-
dure as for 2,[8a] using a mixture of Co ACHTUNGTRENNUNG(NO3)2·6H2O (582 mg, 2 mmol)
and Zn ACHTUNGTRENNUNG(NO3)2·4H2O (523 mg, 2 mmol). Blue crystals of 4 were obtained.
Yield: 950 mg (82.7%); elemental analysis calcd (%) for CoZnC28H20O8:
C 55.24, H 3.31, Co 9.7, Zn 10.7; found: C 55.39, H 3.34, Co 9.8, Zn 10.6.


Physical measurements : Elemental analyses were performed using a
Carlo Erba 1106 CHN analyzer and a JEOL JSM 6400 with Oxford In-
struments analysis system. Magnetizations were recorded with a Quan-
tum Design MPMS SQUID magnetometer operating in the 2–300 K
range with a DC magnetic field up to 5 T. The experimental data were
corrected for the diamagnetism of the sample holder and the intrinsic di-
amagnetism of the materials evaluated with PascalZs tables. The single-
crystal measurements were performed on an assembly of five to ten
needle-shaped single crystals. Single crystals were checked individually
and aligned by X-ray diffraction. For both 1a and 1b the elongated axis
of the needles coincided with the chain axes c and a, respectively. Mag-
netization measurements for powders of 3 are given in the Supporting In-
formation with the best-fit curve. Sub-kelvin AC susceptibility measure-
ments were performed on a modified Oxford Instruments 3He Heliox
cryostat equipped with a 5 T magnet, and a homemade AC probe by
courtesy of Prof. M. Novak (UFRJ, Rio de Janeiro, Brazil): available
temperature range 280–2000 mK, frequency range 20–15000 Hz, for oscil-
lating field excitations up to 0.33 Oe. For 1a, measurements were per-
formed in the 330–1650 mK range using 12 logarithmically spaced fre-
quencies from 30 to 9000 Hz with an excitation field of 0.235 Oe.


Crystallographic data collection and structure determination : Single crys-
tals were mounted on a Nonius four-circle diffractometer equipped with
a CCD camera and a graphite monochromatic MoKa radiation source
(l=0.71073 O), from the Centre de Diffractom9trie (CDFIX), Universit9
de Rennes 1, France. Data were collected at 293 K. Structures were
solved by direct methods using the SHELXS-97 program and refined by
the full-matrix least-squares method on F2 using the SHELXL-97 pro-
gram.[22] For 3, the refinements of the occupancy factors of the metal
sites led to a random distribution of Zn and Co ions on the two sites. The
occupation factor of each cation was then fixed to 0.5, and the same ani-
sotropic displacement parameters were used for the two cations sharing
the same site. Crystallographic data are summarized in Table 2.
CCDC 627240, CCDC 627241, and CCDC 627242 contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Proteins can be immobilized at surfaces by covalent immo-
bilization or physisorption,[1,2] but these methods leave little
room for control over the adsorption process. Control over


the immobilization of proteins can be reached, however,
through supramolecular chemistry.[3–5] Considerable flexibili-
ty over protein immobilization can be achieved through the
insertion, by bioengineering, of a hexahistidine (His6)-tag
into a protein. These His tags can bind to nickel nitrilotri-
ACHTUNGTRENNUNGacetate (NiNTA) self-assembled monolayers (SAMs). In this
manner, one can control many factors, such as thermody-
namics, orientation, and function.[6–8]


Originally, the NiNTA-His6 tag system was developed for
the affinity purification of proteins.[9] Nowadays, the technol-
ogy is increasingly applied to the immobilization of His-
tagged proteins on surfaces.[10–20] Multivalence, which is the
simultaneous interaction between multiple functionalities on
one entity and multiple complementary functionalities on
another entity,[21] is an important concept underlying this
type of surface immobilization.[10,22–24]


When His-tagged proteins are immobilized on NiNTA
SAMs, it is possible to reverse the immobilization by the ad-
dition of EDTA or imidazole.[7,25–27] Also, control over the
orientation of His-tagged proteins is possible.[11, 23,26,28–30] A
typical example in this respect is the oriented immobiliza-
tion of the 20S proteasome on NiNTA SAMs on gold.[31]


Abstract: In this paper the multivalent
binding of hexahistidine (His6)-tagged
proteins to b-cyclodextrin (b-CD) self-
assembled monolayers (SAMs) by
using the nickel(II) complex of a
hetero-divalent orthogonal adamantyl
nitrilotriacetate linker (4) is described.
Nonspecific interactions were sup-
pressed by using monovalent adaman-
tyl-hexa(ethylene glycol) derivative 3.
With the mono-His6-tagged maltose
binding protein (His6-MBP), thermody-
namic modeling based on surface plas-
mon resonance (SPR) titration data


showed that the MBP molecules in so-
lution were linked, on average, to Ni·4
in 1:1 stoichiometry. On the surface,
however, the majority of His6-MBP
was complexed to surface-immobilized
b-CDs through three Ni·4 complexes.
This difference is explained by the high
effective b-CD concentration at the
surface and is a new example of supra-


molecular interfacial expression. In a
similar adsorption scheme, SPR proved
that the a-proteasome could be at-
tached to b-CD SAMs in a specific
manner. Patterning through microcon-
tact printing of (His6)4-DsRed-fluores-
cent timer (DsRed-FT), which is a tet-
rameric, visible autofluorescent pro-
tein, was carried out in the presence of
Ni·4. Fluorescence measurements
showed that the (His6)4-DsRed-FT is
bound strongly through Ni·4 to the mo-
lecular printboard.
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The 20S proteasome is a large protein complex that is re-
sponsible for the degradation of misfolded proteins. It can
be His-tagged either at the a or b subunits. When immobi-
lizing the 20S proteasome onto NiNTA SAMs, this results in
an end-on (a) or side-on (b) orientation. Through a immo-
bilization of the 20S proteasome it was possible to elucidate
the substrate-association step of the protein degradation
mechanism.[23]


b-Cyclodextrin (b-CD) is a well-known host for various
small hydrophobic organic molecules in aqueous environ-
ments.[32] We have modified b-CD with seven heptathioether
chains[33,34] to obtain self-assembled monolayers (SAMs) on
gold. Such SAMs are ordered and densely packed and have
been extensively characterized.[33,34] The binding constants
for the binding of monovalent guest molecules to a single b-
CD cavity of these SAMs are comparable to the binding
constants for the binding of the corresponding molecules to
b-CD in solution.[32,34] All guest binding sites in the b-CD
SAM are equivalent and independent, and thus, the b-CD
monolayer can be regarded as a multivalent CD host sur-
face. The use of multivalent[35,36] host–guest interactions
allows the formation of kinetically stable assemblies, and
thus, local complex formation, for example, by patterning,
so that these surfaces can be viewed as “molecular print-
boards”.[37,38] By varying the number and type of guest sites,
it is possible to control the thermodynamics, kinetics, and
stoichiometry of the adsorption and desorption of multiva-
lent molecules at such surfaces.[39]


The enhancement of the adsorption of a multivalent spe-
cies at the b-CD molecular printboard was previously dem-
onstrated by surface plasmon resonance (SPR) titration ex-
periments in which a heterotropic,[40,41] orthogonal motif was
used.[42] In that study, an adamantyl-functionalized ethylene-
diamine ligand complexed to MII (M is Cu or Ni) was assem-
bled at the surface.[42] In solution, the metal–ligand complex
was mostly monovalent. At the surface, however, a multiva-
lent complex was formed. The formation of multivalent
complexes at the b-CD molecular printboard is governed by
a high effective concentration (Ceff), which represents the
probability of a guest site of an already partially bound mul-
tivalent guest moiety finding a complementary host site at a
multivalent host (here the printboard).[35,36,39] This Ceff re-
sults in an increased stability of multivalent complexes at
the molecular printboard relative to monovalent complexes.
Enhancement factors of �100 for the formation of a multi-
valent complex at the surface compared with in solution
were observed.


The versatility of the molecular printboard for attaching
proteins was demonstrated in studies in which streptavidin
was linked to the molecular printboard in a specific manner
through orthogonal linkers.[22] Nonspecific interactions of
proteins with those surfaces can be inhibited with a specifi-
cally developed adamantyl-functionalized oligo(ethylene
glycol) derivative.[43]


In this paper, the advantages of protein attachment to the
molecular printboard, for example, controllable binding con-
stants (Ka) and the suppression of nonspecific interactions,


are combined with His-tagged proteins. The His6-tagged
proteins are immobilized on b-CD SAMs by an adamantyl-
NTA (4) linker. Titration experiments with the maltose
binding protein (MBP) that contains a single His6 tag are
described, as well as the modeling of these experiments in
which the valence of the complex formation in solution and
at the surface is compared. The possibility of patterning pro-
teins with multiple His tags is demonstrated by using
(His6)4-DsRed-FT, a variant of the tetrameric reef coral, the
visible, autofluorescent protein DsRed. For the a-His-
tagged 20S proteasome, the possibility of specific immobili-
zation is discussed.


Results and Discussion


Systems under study : The compounds used in this study are
depicted in Scheme 1. The two adamantyl-bearing molecules
(3 and 4) were developed for the specific attachment of His-
tagged proteins to b-CD SAMs (2). The adamantyl moiety
of 3 and 4 ensures interaction with the b-CD SAM, whereas
the hexa(ethylene glycol) (HEG) chain of 3 prevents non-
specific protein adsorption.[43] The NTA moiety of 4, when
complexed to nickel, ensures a specific interaction with
His6-tagged proteins.


In this work, three different proteins of varying size and
different numbers of His6 tags have been studied: The mal-
tose binding protein (MBP), the fluorescent timer mutant of
DsRed (DsRed-FT), and 20S proteasome (Scheme 1). MBP
is a protein with a molecular weight of 41 kDa (3M4M
6.5 nm),[44] which is part of the maltose/maltodextrin system
of Escherichia coli that is responsible for the uptake and ef-
ficient metabolism of maltodextrins.[45] The version em-
ployed here bears one His6 tag. The His6 tag spans �2 nm
and the b-CD cavities are spaced at about 2.1 nm from each
other, which means that the Ni·4 complexes bound to the
His6 tag are spaced far enough apart to form multiple host–
guest complexes at the b-CD surface. Considering the size
of the protein and the surface area of the surface-confined
b-CD cavities, it should be noted that the MBP is somewhat
larger than three b-CD cavities, which corresponds to the
maximum number of linkers (4) through which His6-MBP
can be bound. Therefore, a close-packed layer of protein is
expected.


The experiments presented herein were performed at
pH 7.5. At this pH, the Ni·4 complex is formed >90% when
[Ni]tot= [4]tot>50 nm, which is true for every data point
shown. In the modeling studies (shown below) it is therefore
assumed that Ni·4 is always completely formed.[46,47]


The fluorescent timer mutant of DsRed (DsRed-FT) is an
autofluorescent, tetrameric protein[48–51] and into each mono-
mer a His6 tag was inserted through bioengineering. When
this protein is attached to a surface, at least two His6 tags
will be facing the surface, and possibly as many as three or
four, as a result of the deformation of the tertiary or quater-
nary structure of the protein. The fluorescent properties of
this protein are sensitive to changes in the tertiary structure
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and the protein may lose its fluorescent properties upon
large conformational changes.


20S proteasome is a large protein complex (700 kDa) that
consists of two different subunits (a and b, 14 of each) with
a high homology. The size of the protein is about 15 nm in
height and 10 nm in diameter, which means that, if 20S pro-
teasome is immobilized end-on (a form) on the molecular
printboard, it spans about 20 b-CD cavities. The two outer
rings consist of seven a subunits, whereas the two inner
rings consist of seven b subunits. In the proteasome em-
ployed herein, the His6 tags are inserted into the a subunits.
Binding to the surface is therefore expected to be through 7
His6 tags, and thus, 21 NTA linkers bound to 21 b-CD cavi-
ties, which fits well with the cross-section of the protea-
some.[23]


Binding of the mono-His-tagged MBP : The immobilization
of His-tagged proteins on b-CD SAMs through Ni·4 was


first studied by SPR titration
experiments with His6-MBP.
The assembly scheme is sche-
matically shown in Scheme 2.
Figure 1 shows the correspond-
ing SPR titration curve.


The SPR titration experiment
was performed by monitoring
additions of increasing concen-
trations of His6-MBP and Ni·4
against a background of 3
(0.1 mm) in phosphate-buffered
saline (PBS). This concentra-
tion suffices to inhibit the non-
specific interactions of proteins
with the b-CD SAM.[43]


Throughout this study the His
tag/Ni·4 ratio was kept at 1:5,
that is, a two equivalent excess
over the three equivalents that
are maximally expected to in-
teract with a His tag. After
each addition, an increase in
the SPR signal was observed,
which is indicative of adsorp-
tion (Figure 1). The adsorption
was followed for 10 min, after
which the surface was regener-
ated by using b-CD (10 mm)
and EDTA (10 mm), which led
to restoration of the baseline
and indicated desorption of the
His6-MBP complex from the
surface. Figure 1 shows a steady
increase in the baseline. This is
attributed to drift because


Scheme 1. Compounds used in this study: b-cyclodextrin (1), adsorbate for SAMs on gold (2), adamantyl link-
ers 3 and 4, nickel, His6-MBP, (His6)4-DsRed-FT, and a-(His6)14-20S proteasome.


Scheme 2. Binding of His6-MBP through Ni·4 to b-CD SAMs, in competition with monovalent blocking agent
3.


Figure 1. SPR sensogram of a titration experiment of His6-MBP with the
molecular printboard (Scheme 2). Symbols indicate switching to: 0.1 mm


3 in PBS (^), increasing concentrations of His6-MBP+Ni·4 (ratio 1:5)+


0.1 mm 3 in PBS (^), 10 mm b-CD+10 mm EDTA in PBS (*), PBS (fl).
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every addition of 3 before the addition of His6-MBP and
Ni·4 resulted in a similar increase in the SPR signal. Fur-
thermore, each addition, with an increasing concentration of
His6-MBP, resulted in a greater increase in the SPR signal.
The equilibrium adsorption SPR values were plotted against
the concentration of His6-MBP (Figure 2).


The data points generated by the SPR titration experi-
ment, shown in Figure 2, were fitted by using a model that
accounts for the interaction of 3 and Ni·4 with b-CD in solu-
tion (b-CDl) and with the b-CD SAM (b-CDs), as well as
the interaction of Ni·4 with His6-MBP. A complete descrip-
tion of this model can be found in the Supporting Informa-
tion. From isothermal titration calorimetry (ITC) measure-
ments, the binding constants (Ka) for 4 and 3 with b-CDl


were determined to be Ka= (6.6�0.3)M104 and (5.5�1.3)M
104m


�1, respectively.[43] These are typical binding constants
for monovalent b-CD–adamantyl interactions.[32] The com-
plexation binding constants for the interaction of 3 and Ni·4
with b-CDs were determined by SPR titrations. Fitting of
the data led to Ka values of (2.6�0.9)M104 and (1.2�0.2)M
104m


�1 for 3·b-CDs and 4·b-CDs, respectively. These binding
constants are comparable to those found in solution and are
also typical of monovalent b-
CD–adamantyl interactions.


The main fitting parameter
used in the model was the value
of the first interaction of addi-
tional Ni·4 units binding to the
His6 tag (K1). The second (K2)
and third (K3) binding constants
for additional Ni·4 units binding
to the His6 tag are linked to K1


by statistical factors, that is, 6=25
and 7=225, respectively (see the
Supporting Information). Fit-
ting of the curve in Figure 2 re-
sulted in K1=7.8M104m


�1, and
thus, K2=1.9M104 and K3=


2.4M103m
�1. These are close to the binding constants found


in the literature.[52]


The modeled data presented in Figure 2 show that the
concentrations of His6-MBP and 4 at the surface increase
and that the concentration of 3 decreases, in agreement with
the expected competition. This competition is efficient be-
cause the complex of His6-MBP bound to Ni·4 at b-CD
SAMs is multivalent and governed by Ceff, which is stronger
than the monovalent binding of 3. The total SPR signal is
the sum of the intensity change of the three different com-
ponents (His6-MBP, 3, Ni·4). With the equilibria shown in
Scheme 2 (see the Supporting Information) and the binding
constants obtained for 3 and 4 in solution and at the surface,
it is possible to determine the speciation in both phases.
Figure 3 shows the speciation of all of the MBP species
bound to x Ni·4 complexes (x=0–3) in solution and at the
surface. Thus, the valence of the MBP complexes can be de-
termined.


From the modeled data presented in Figure 3 several ob-
servations can be made. At sub-mm concentrations, there is
almost no interaction between His6-MBP and Ni·4 in solu-
tion. At higher concentrations the majority of His6-MBP is
complexed in a monovalent fashion to Ni·4. A smaller frac-
tion is bound to two Ni·4 moieties and there is hardly any
His6-MBP present that is bound to three NiNTA moieties.
At the surface, however, the situation is completely differ-
ent. At low concentrations, the occupation of the molecular
printboard with His6-MBP is still low, which occurs as a
result of the way in which the experiments were performed,
that is, the concentrations of both His6-MBP and Ni·4 in-
crease simultaneously. Nevertheless, the valence of binding
of His6-MBP to the molecular printboard is already divalent
for about 60% of His6-MBP with 20% of His6-MBP bound
in a trivalent fashion. Above 0.15 mm, the concentration of
surface-immobilized His6-MBP increases rapidly, and this in-
crease can be almost completely attributed to trivalently
bound His6-MBP. Above 1 mm, the majority (�85%) of
His6-MBP is bound in a trivalent fashion to the molecular
printboard, whereas a smaller fraction (�15%) is bound in
a divalent fashion. The amount of monovalently bound His6-
MBP is negligible.


Figure 2. Equilibrium values of the SPR intensities (&) of the titration
shown in Figure 1 and corresponding fit to the model and contributions
by different components to the signal (solid lines).


Figure 3. Thermodynamic data modeling showing fractions of His6-MBP· ACHTUNGTRENNUNG(Ni·4)x (i.e., complexed to different
numbers, x, of Ni·4) as a function of [His6-MBP] a) in solution and b) at the surface.
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The surface multivalence enhancement observed here re-
sembles the surface enhancement of a coordination complex
observed previously and can be ascribed to the high effec-
tive concentration at the surface promoting multivalent
binding.[42] The enhancement can be expressed by an en-
hancement factor (EF) that can be calculated according to
Equation (1), in which f is the fraction of MBP in solution
(l) or at the surface (s) bound in a mono- or multivalent
fashion to Ni·4.


EFmulti ¼
f s,multi=f s,mono


f l,multi=f l,mono
ð1Þ


Figure 4 shows the calculated enhancement factors as a
function of concentration. At low concentrations the en-
hancement factor for divalent binding to the printboard is
300, and decreases at higher concentrations. For the triva-
lent species, the surface multivalence effect is considerably
larger. The EFtri value is close to 104 at low concentrations
and also decreases gradually. It can therefore be concluded
that the multivalent b-CD host surface favors the formation
of multivalent complexes and that this effect is stronger for


complexes with a higher va-
lence.


Adsorption of 20S proteasome
at the molecular printboard :
Nonspecific interactions of 20S
proteasome with b-CD SAMs
were investigated by SPR. As
control over protein orientation
at the surface is the final goal,
a-His-tagged 20S proteasome
was used to target an end-on
immobilization. SPR titration
experiments with 20S protea-
some performed as described
above for His6-MBP indicated
that a 0.1m solution of 3 was in-
sufficient for complete inhibi-
tion of nonspecific interactions.
Typical SPR sensograms ob-
tained with 20S proteasome are
shown in Figure 5.


In Figure 5a, SPR sensograms
are depicted that show that 20S
proteasome adsorbs nonspecifi-
cally at the b-CD SAM in the
absence of 3. Addition of 0.5
and 1 mm 3 to the PBS buffer
reduced the amount of nonspe-
cific adsorption by 36 and 62%,
respectively. Experiments in
which Ni·4 was used were per-
formed to check if 20S protea-
some could be immobilized in a
specific manner in the presence


of 3 (Figure 5b). Therefore, 20S proteasome was premixed
with Ni·4 (ratio 1:70) and 3 (1 mm) before the SPR experi-
ments were performed. Thereafter, this mixture was passed
over the b-CD SAM. The increase in the SPR signal was
much higher in this case, indicating that 20S proteasome is
immobilized to a large extent in a specific manner through
4. The rapid decrease in the SPR signal after switching to 3
(1 mm) in PBS is remarkable as it indicates labile binding.
Theoretically, 20S proteasome would be expected to be at-
tached to the b-CD SAMs in a strong multivalent fashion to
give a complex that is stable against rinsing with PBS. Possi-
bly the position of the His6 tag in combination with the
length of linker 4 does not allow a high valence to be
ACHTUNGTRENNUNGachieved. This will be investigated in another study by vary-
ing the linker length of linker 4.


Patterning of DsRed-FT at the molecular printboard : Pat-
terning experiments were performed with tetravalent
(His6)4-DsRed-FT. Surface-patterning by microcontact print-
ing was performed with oxidized poly(dimethylsiloxane)
(PDMS) stamps. These stamps were inked for 2 min with a
solution that contained (His6)4-DsRed-FT (1M10�6m) and


Figure 4. Enhancement factors (EF) for a) the divalent and b) the trivalent species present at the b-CD SAMs
measured relative to the corresponding solution species.


Figure 5. a) SPR sensograms of the nonspecific adsorption, and the inhibition thereof, of the a-(His6)14-20S
proteasome onto b-CD SAMs in the absence and presence of 3 (1 mm). b) SPR sensograms of the specific ad-
sorption of the a-(His6)14-20S proteasome (0.1 mm) onto b-CD SAMs in the presence of 3 (1 mm) and in the
absence and presence of Ni·4 (7 mm). Symbols indicate switching solutions to: PBS (*); 0.5 mm 3 in PBS (*);
1.0 mm 3 in PBS (*); 0.1 mm 20 S proteasome in PBS, 0.5 mm 3 in PBS and 0, 0.5, or 1.0 mm 3 in PBS (^);
0.1 mm 20S proteasome, 7 mm Ni·4 in PBS, and 1 mm 3 (~); 10 mm b-CD and 10 mm EDTA in PBS (›).
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Ni·4 (2M10�6m) in PBS buffer. After inking, the stamp was
blown dry and put into conformal contact with a b-CD
SAM on glass for 1 min.[53] After printing, the sample was
imaged by fluorescence microscopy (Figure 6, top). A refer-
ence experiment was performed in which the oxidized


stamp was inked with 1M10�6m (His6)4-DsRed-FT without
Ni·4 (Figure 6, bottom).


After printing, patterns were clearly visible both with and
without Ni·4 which indicates 1) that attachment to the mo-
lecular printboard did not disrupt the tertiary structure of
the protein and 2) that transfer occurred regardless of the
specificity of the interaction. For the sample prepared with
Ni·4 present in the inking solution, rinsing with water did
not remove the pattern from the surface, only prolonged
rinsing with a PBS solution containing b-CD (10 mm) and
EDTA (10m) appeared to be sufficient for removing (His6)4-
DsRed-FT from the surface. This indicates that complex sta-
bility is governed by specific, multivalent interactions. In
contrast, the surface patterned with the inking solution that
did not contain Ni·4 could be cleared of (His6)4-DsRed-FT
simply by rinsing with water, which indicates that the pro-
tein was not attached in a specific manner.


The number of His tags anchoring the (His6)4-DsRed-FT
protein to the surface remains an open issue. Mathematical-
ly speaking, estimating the thermodynamic binding strength
of a protein with multiple His tags is a double-nested multi-
valent problem: Two His groups are anchored to a single
Ni·4 complex, one to three Ni·4 complexes can be attached
to a single His6 tag (and we show here that the majority
bind in a trivalent fashion), and one to four His tags of
DsRed-FT can be bound through (mostly) three to twelve
Ni·4 complexes to the b-CD substrate. For a single His tag,
the overall stability constant for trivalent binding through


Ni·4 is given by Equation (2) (see the Supporting Informa-
tion):


K ¼ ðKiÞ3K1K2K3C
2
eff½Ni � 4	3 ð2Þ


An apparent binding constant
is therefore strongly dependent
on [Ni·4] and can be estimated,
based on the data given above,
to be approximately 105m


�1


when [Ni·4]=1 mm. The stability
of the DsRed-FT patterns to-
wards rinsing with water may
indicate binding with multiple
(2 to 4) His tags, and thus, ex-
plain the qualitatively similar
behavior that is observed for
the binding of a divalent ada-
mantyl derivative.[38,54] Howev-
er, kinetic effects, that is, slow
dissociation and redissociation
of the protein, cannot be ex-
cluded at this stage. More ex-
perimental work, both regard-
ing the thermodynamics and
the kinetics of such nested mul-
tivalent systems, as well as the
thermodynamic modeling of


such systems, is needed before firm conclusions can be
reached.


Conclusion


This paper shows that His6-tagged proteins can be attached
to a molecular printboard in a selective manner by using the
supramolecular blocking agent 3 and Ni·4. Modeling of the
SPR data of His6-MBP binding to the molecular printboard
showed that enhancement of surface multivalence occurs
upon binding of His6-MBP to the molecular printboard. Al-
though the binding of His6-MBP to Ni·4 in solution is
mainly absent or monovalent, the binding of His6-MBP to
Ni·4 on the molecular printboard is mainly trivalent. Surface
enhancement factors for the divalent species are as high as
�300 and for the trivalent species up to 104. SPR studies
with 20S proteasome showed that nonspecific interactions of
the protein with the molecular printboard can be suppressed
by up to 62%. Nevertheless the possibility of specific ad-
sorption became apparent in the presence of Ni·4, although
the final stability appeared to be rather low. Patterning ex-
periments with the autofluorescent protein (His6)4-DsRed-
FT showed that the protein, complexed to Ni·4, can be pat-
terned by means of microcontact printing on the molecular
printboard in a specific, stable, multivalent manner. This
work shows that different layers of noncovalent interactions
can lead to a very stable attachment of proteins to surfaces.
The research presented here forms a basis from which the


Figure 6. Fluorescence microscopy images of (His6)4-DsRed-FT at b-CD SAMs patterned by microcontact
printing with (top) and without Ni·4 (bottom), directly after printing (left), rinsing with water (center), and
subsequent rinsing with 10 mm b-CD and 10 mm EDTA (right).
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attachment of His-tagged proteins to b-CD SAMs can be
extended, for example, to the development of protein
arrays.


Experimental Section


General: The synthesis of 2, 3, 4, and b-CD heptamine has been previ-
ously described.[22, 33, 43, 55] Maltose binding protein (MBP) with a C-termi-
nal hexahistidine tag was expressed and purified as previously de-
scribed.[8] The a-His-tagged 20S proteasome was expressed and purified
as previously described.[23] For all experiments 10 mm phosphate buffer
(pH 7.5) with 150 mm NaCl, that is, phosphate-buffered saline (PBS), was
used.


Monolayer preparation : Gold substrates for SPR (BK7 glass/2–4 nm Ti/
50 nm Au) were obtained from Ssens B.V. (Hengelo, The Netherlands).
The gold substrates were cleaned by dipping them into piranha solution
(1:3 mixture of concentrated H2SO4 and 30% H2O2) for 5 s. (WARN-
ING : piranha solution should be handled with caution; it can detonate
unexpectedly.) After thorough rinsing with millipore water they were
placed for 10 min in absolute EtOH to remove the oxide layer. Subse-
quently, b-CD SAMs of 2 were prepared as described previously.[33] b-CD
SAMs on glass were prepared by using b-CD heptamine, as described
before.[53] All solvents used in the monolayer preparations were of p.a.
grade.


Surface plasmon resonance: SPR measurements were performed by
using a Resonant Probes SPR instrument. The instrument consists of a
HeNe laser (JDS Uniphase, 10 mW, l =632.8 nm) in which the laser light
passes through a chopper that is connected to a lock-in amplifier
(EG&G 7256). The modulated beam is directed through two polarizers
(OWIS) to control the intensity and the plane of polarization of the light.
The light is coupled through a high-index prism (Scott, LaSFN9) in the
Kretschmann configuration to the backside of the gold-coated substrate
which is optically matched through a refractive index matching oil (Car-
gille; series B; n25


D =1.7000�0.0002) at the prism, mounted on a q�2q go-
niometer, in contact with a Teflon cell with a volume of 39 mL and a di-
ameter of 5 mm. The light that leaves the prism passes through a beam
splitter. Subsequently, the s-polarized light is directed to a reference de-
tector and the p-polarized light passes through a lens that focuses the
light onto a photodiode detector. Laser fluctuations are filtered out by di-
viding the intensity of the p-polarized light (Ip) by the intensity of the s-
polarized light (Is). All measurements were performed at a constant
angle by reflectivity tracking.


A Reglo digital MS-4/8 Flow pump from Ismatec with four channels was
used. In this flow pump, Tygon R3607 tubing with a diameter of 0.76 mm
was used, obtained from Ismatec.


The SPR experiments were performed in a flow cell with a volume of
3.9M10�2 mL under a continuous flow of 0.5 mLmin�1. Before an experi-
ment was started, the gold substrates were rinsed thoroughly with 10 mm


b-CD in PBS and PBS. Experiments were started after the baseline had
stabilized. When the solution had to be changed, the pump was stopped,
and immediately after changing the solution the pump was switched on
again. Stock solutions (1M10�4m) of the different proteins were prepared
in PBS and diluted just before every experiment. In those cases in which
protein was used in combination with 4, the mixture was left to stand for
20 min before use.


Microcontact printing: PDMS stamps were prepared by casting a 10:1 (v/
v) mixture of poly(dimethylsiloxane) and curing agent (Sylgard 184, Dow
Corning) against a patterned silicon master. The master employed had
hexagonally oriented 10 mm circular features separated by 5 mm. After
curing the stamps overnight, they were mildly oxidized in an oxygen
plasma reactor for 30 s to render them hydrophilic. Subsequently they
were inked by soaking them in an aqueous solution of (His6)4-DsRed-FT
(10�6m) with or without Ni·4 (2M10�5m) for 2 min. Before printing the
stamps were blown dry in a stream of N2. The stamps were applied man-


ually and without pressure control for 2 min on the b-CD SAMs on gold
and then carefully removed.


Fluorescence microscopy: Fluorescence microscopy images were made
by using an Olympus inverted research microscope IX71 equipped with a
mercury burner U-RFL-T as a light source and a Olympus DP70 digital
camera (12.5M106 pixel cooled digital color camera) for image acquisi-
tion. Green excitation light (510
lex
550 nm) and red emission light
(lem�590 nm) was filtered by using a U-MWG Olympus filter cube.
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A Library of Chiral Imidazoline–Aminophenol Ligands: Discovery of an
Efficient Reaction Sphere


Takayoshi Arai,* Naota Yokoyama, and Akira Yanagisawa[a]


Introduction


The creation of a well-organized reaction sphere using
highly functionalized chiral ligands is a fascinating goal for
stereo-controlled catalysis. The important research topic of
asymmetric catalysis has stimulated chemists worldwide to
develop numerous chiral ligands for various types of metal-
catalyzed reactions.[1] Though modern chemistry has made
the design of catalysts possible from a detailed understand-
ing of the reaction mechanism, the development of novel li-
gands by traditional methods still requires considerable time
and hard work. Combinatorial chemistry, which provides
easy access to molecular complexity, allows us to rationally
and rapidly explore artificial catalysts and to resolve the in-
trinsic problems of the conventional method.[2,3] Herein, we
demonstrate the combinatorial development of a novel cata-
lyst constructed from a newly designed chiral imidazoline–
aminophenol ligand.


An imidazoline-containing chiral ligand was selected for
several reasons. A representative example of chiral-ligand
chemistry can be seen in the famous bis(oxazoline) ligands,
in which the nitrogen atom of a N,O-containing five-mem-
bered ring of the oxazoline coordinates to the metal cation
to form a complex.[4] The bis(oxazoline)–metal complexes
have been utilized in numerous asymmetric reactions. How-
ever, despite the beautiful success of bis(oxazoline) ligands
in asymmetric catalysis, regulating the electron density of
the oxazoline ring has remained an unsolved problem. One
way to overcome the limitation of electronic variation on
the oxazoline ring is the rational design of a chemical ana-
logue (e.g., imidazoline) of oxazoline.[5]


Imidazoline, the N,N analogue of the N,O-oxazoline,
would be a reasonable candidate to meet the demand for
electronic tunability (Figure 1 i). Since the oxygen atom of
the oxazoline is replaced by an NR group in the imidazoline,
the basicity of the ligating nitrogen atom could be accurately
adjusted by selection of either an electron-withdrawing or
-donating substituent (R). Moreover, in planning a library
synthesis of imidazoline-containing ligands on a solid sup-
port, the substituent (R) at the nitrogen atom in the imida-
zoline would offer an interesting site to introduce the linker
for immobilization (Figure 1 ii).
With the aim of investigating novel asymmetric catalysts


using a library of chiral ligands, we have succeeded in devel-
oping a new high-throughput screening (HTS) method by


Abstract: A library of imidazoline–
aminophenol ligands was synthesized
on solid supports. After immobilization
of chiral chloromethylimidazolines 1
and 2 onto the polystyrylsulfonyl chlo-
ride, nucleophilic substitution with (R)-
or (S)-phenylethylamine (3 and 4) pro-
vided four combinations of polymer-
supported imidazoline–amine ligands.
Further reductive alkylation using sali-
cylaldehydes 7–10 provided a series of
imidazoline–aminophenol ligands (L9–


L24). Analysis by solid-phase catalysis/
circular dichroism high-throughput
screening of a copper-catalyzed Henry
reaction revealed that ligand L25, com-
prising a (S,S)-diphenylethylenedia-
mine-derived imidazoline, (S)-phenyle-


thylamine, and dibromophenol, was
highly efficient, thus providing the
adduct of nitromethane and benzalde-
hyde in 95% ee. The combination of
stereogenic centers was crucial in pro-
moting the highly stereoselective reac-
tions. The unique reaction sphere of
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kene to give the adduct in up to
83% ee.


Keywords: asymmetric catalysis ·
circular dichroism · combinatorial
chemistry · high-throughput screen-
ing · solid-phase synthesis


[a] Prof. Dr. T. Arai, N. Yokoyama, Prof. Dr. A. Yanagisawa
Department of Chemistry
Graduate School of Science, Chiba University
Inage, Chiba 263–8522 (Japan)
Fax: (+81)43-290-2889
E-mail : tarai@faculty.chiba-u.jp


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2052 – 20592052







coupling circular dichroism (CD) detection with a reaction
on solid-phase catalysts.[6,7] In the “solid-phase catalysis/CD
HTS” method, the origin of chirality is restricted by the
solid support. When the catalytic asymmetric reaction is ex-
amined by using an achiral substrate in solution, no asym-
metric induction occurs; therefore, when the solution is ana-
lyzed by using CD, no significant signal should be detected.
Because any two enantiomers have exactly opposite CD
values at each wavelength, detection of a positive or nega-
tive signal by the CD detector would, accordingly, indicate
an excess of one of the enantiomers (Figure 2).
The design of a metal catalyst with solid-supported chiral


imidazoline–amine ligands is shown in Scheme 1. The linker
is attached to the solid support through one of the nitrogen
atoms of the imidazoline. Because we have succeeded in im-
mobilizing a chloromethylated imidazoline moiety,[8] the li-
brary was designed with imidazoline and amine units as the


building blocks. It is also possible to introduce an additional
stereogenic center and the R1 substituent on imidazoline by
utilizing a chiral amine at R2 and/or R3.


Results and Discussion


Development of the imidazoline-containing ligands began
with the immobilization of imidazoline on the polymer sup-
port. Synthesis of the imidazoline–amine library was per-
formed as shown in Scheme 2. After introduction of the
chloromethylated imidazolines 1 and 2 onto the polystyryl-
sulfonyl chloride, nucleophilic substitution with four differ-
ent amines 3–6 provided the first generation of the polymer-
supported imidazoline–amine ligands L1–L8. The construc-
tion of the imidazoline–amine compounds was analyzed by
IR spectroscopic and elemental analysis.
By using the eight polymer-supported chiral imidazoline–


amine compounds L1–L8, we examined the CuACHTUNGTRENNUNG(OAc)2-cata-
lyzed Henry reaction to evaluate the efficiency of the reac-
tion sphere.[9] In all cases, the polystyrene beads turned
green after treatment with Cu ACHTUNGTRENNUNG(OAc)2, which suggested the
formation of copper complexes. After carrying out the
asymmetric Henry reaction of nitromethane with ortho-ni-
trobenzaldehyde for 48 h, each reaction mixture was ana-
lyzed by continuous injection into the solid-phase catalysis/
CD HTS system (Figure 2). The resulting profiles are shown
in Figure 3. It should be noted that analysis by solid-phase
catalysis/CD HTS of a reaction with a good yield but low
enantiomeric excess should result in a CD signal of low in-
tensity. Similarly, when catalytic activity is low, thus resulting
in a low yield, the intensity of the CD signal is low, even
with a high enantiomeric excess. The CD signal is of maxi-
mum intensity only when both the chemical yield and enan-
tiomeric excess are ideal. To quantify the results of solid-
phase catalysis/CD HTS, we defined a new parameter
named the asymmetric conversion yield (ACY), which is
given as the square root of the chemical yield multiplied by
the enantiomeric excess [Eq. (1)].[6]


ACY ð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
yield ð%Þ � ee ð%Þ


p


ð1Þ


Conventional analysis of the
Henry reaction by using chiral
stationary-phase HPLC is pre-
sented in Table 1.
Although the first generation


polymer-supported imidazo-
line–amine/Cu ACHTUNGTRENNUNG(OAc)2 catalysts
successfully promoted the
Henry reaction, the observed
asymmetric inductions re-
mained low. Only L1, L2, and
L5, which have a combination
of imidazoline and phenylethyl-


Figure 1. Imidazoline as a ligand.


Figure 2. Solid-phase catalysis/CD HTS.


Scheme 1. Polymer-supported chiral imidazoline–amine compounds.
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amine moieties, provided adducts at around 10% ee. These
results prompted us to redesign the polymer-supported imi-
dazoline-containing ligands.
The second generation of


imidazoline-containing ligands
is shown in Scheme 3. Starting
from the imidazoline–amine
compounds prepared from a
primary amine (R2NH2), a fur-
ther transformation by using re-
ductive amination would en-
large the diversity of the library.


Because various salicylaldehydes are commercially available,
a series of imidazoline–aminophenol compounds was newly
designed. In forming the catalyst from the imidazoline–ami-
nophenol ligands, the phenolic hydroxy group would interact
with the metal center and possibly also mediate the ap-
proach of the substrate to the catalytic site by cooperative
effects. The acidity of the hydroxy functionality and/or the
size of the reaction sphere would be regulated by the R3


group on the aromatic ring.
The second-generation imidazoline-containing ligands


were prepared from the polymer-supported imidazoline–


Scheme 2. Library of imidazoline–amine ligands: a) chloromethylated
imidazoline, triethylamine, CH2Cl2; b) corresponding amine, KI, MeCN.


Figure 3. Solid-phase catalysis/CD HTS of the Henry reaction promoted
by imidazoline–amine/Cu ACHTUNGTRENNUNG(OAc)2 catalysts.


Table 1. Asymmetric Henry reaction catalyzed by imidazoline–amine/
Cu ACHTUNGTRENNUNG(OAc)2.


Entry Ligand Yield [%][a] ee [%] ACY [%]


1 L1 74 12 30
2 L2 64 13 26
3 L3 39 <1 6
4 L4 79 5 20
5 L5 81 11 30
6 L6 79 2 13
7 L7 54 2 10
8 L8 82 1 9


[a] Yield was determined by 1H NMR spectroscopic analysis.


Scheme 3. Polymer-supported imidazoline–aminophenol compounds.
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amine compounds (Scheme 4). Thus, further reductive alky-
lation of L1, L2, L5, and L6 with salicylaldehydes 7–10 pro-
vided a series of imidazoline–aminophenol ligands L9–L24.
After classification of the library based on the type of chiral
imidazoline species, the metal catalysts were prepared by re-
action with CuCl[6] or CuACHTUNGTRENNUNG(OAc)2 (Table 2).
With a total of 32 polymer-supported chiral catalysts C1–


C32 in hand, the copper-catalyzed Henry reaction was ex-
amined again. After carrying out the asymmetric Henry re-
action of nitromethane and ortho-nitrobenzaldehyde for


48 h, each reaction mixture was analyzed by continuous in-
jection into a solid-phase catalysis/CD HTS system, thus
giving the profile shown in Figure 4.
Obviously, catalysts C14 (i.e., L15/Cu ACHTUNGTRENNUNG(OAc)2) and C16


(i.e., L16/Cu ACHTUNGTRENNUNG(OAc)2) showed similar CD intensities after the
reaction. Some representative reaction mixtures were ana-
lyzed by the conventional method using chiral stationary-
phase HPLC (Table 3). The ability to identify the best cata-
lysts without analyzing all the reaction mixtures is an impor-
tant feature of our approach.
Conventional analysis using chiral stationary-phase HPLC


revealed that C16 provided the S-enriched Henry adduct in
63% yield with 40% ee, and the reaction using C14 provid-
ed the S adduct in 88% yield with 28% ee. Thus, the ACYs
were similar for the two catalysts, namely, approximately
50%. The inversion of enantioselectivity using C31 was con-
firmed by isolation of the R-enriched product. In terms of
the structure–activity relationship, the stereogenic center of
the R2 group strongly affected the catalyst efficiency. For ex-
ample, C15 (i.e. , L12/Cu ACHTUNGTRENNUNG(OAc)2), the epimer of C16, had a
dramatically decreased CD intensity, and the R-enriched
product was obtained in 61% yield with 6% ee. Further-
more, the presence of a 3,5-dibromo substituent on the sali-
cylaldehyde unit is crucial for high enantioselectivity.
Based on the results of solid-phase catalysis/CD HTS, the


well-defined chiral ligand L25 was synthesized by solution-
phase synthesis (Scheme 5) and applied to the asymmetric
Henry reaction. As a result, the catalyst L25/CuACHTUNGTRENNUNG(OAc)2 pro-
vided the Henry adduct in good yield with high enantiomer-
ic excess (Table 4).
High enantiomeric excess was obtained, even at room


temperature, for various aromatic aldehydes; not only elec-
tron-deficient substrates (Table 4, entries 1–3) were success-
ful. For example, ortho-methoxybenzaldehyde was convert-
ed into the corresponding adduct in 90% yield with 90% ee
(Table 4, entry 5). Moreover, aliphatic aldehydes were
smoothly converted into nitroaldols in good yields with high
enantiomeric excess (Table 4, entries 9–13). When the cata-
lyst activity was not sufficient to promote the reaction, the
addition of triethylamine was helpful in obtaining a suffi-
cient yield while maintaining the enantiomeric excess.[9a]


The complex reaction sphere produced by L25 was also
demonstrated in the catalytic asymmetric Friedel–Crafts al-
kylation of indole using nitroalkene (Table 5).[10] The reac-
tion of indole and nitrostyrene was catalyzed smoothly by
L25/CuOTf (Tf= triflate), and the adduct was obtained in
97% yield with 75% ee. The aliphatic nitroalkene was also
converted into the products, and the enantiomeric excess
was as high as 83% (Table 5, entry 8). It is noteworthy that
the optical purity of the product examined in entry 6 was in-
creased to 98% ee by a single recrystallization from ethanol.


Conclusion


A library-based study that employed imidazoline–aminophe-
nol ligands successfully identified a unique reaction sphere


Table 2. Matrix of catalyst preparation.


Building blocks 7 8 9 10


1


3
CuCl


C1(L9) C3ACHTUNGTRENNUNG(L10) C5 ACHTUNGTRENNUNG(L11) C7ACHTUNGTRENNUNG(L12)
4 C2 ACHTUNGTRENNUNG(L13) C4ACHTUNGTRENNUNG(L14) C6 ACHTUNGTRENNUNG(L15) C8ACHTUNGTRENNUNG(L16)
3


Cu ACHTUNGTRENNUNG(OAc)2
C9(L9) C11ACHTUNGTRENNUNG(L10) C13 ACHTUNGTRENNUNG(L11) C15ACHTUNGTRENNUNG(L12)


4 C10 ACHTUNGTRENNUNG(L13) C12ACHTUNGTRENNUNG(L14) C14 ACHTUNGTRENNUNG(L15) C16ACHTUNGTRENNUNG(L16)


2


3
CuCl


C17 ACHTUNGTRENNUNG(L17) C19ACHTUNGTRENNUNG(L18) C21 ACHTUNGTRENNUNG(L19) C23ACHTUNGTRENNUNG(L20)
4 C18 ACHTUNGTRENNUNG(L21) C20ACHTUNGTRENNUNG(L22) C22 ACHTUNGTRENNUNG(L23) C24ACHTUNGTRENNUNG(L24)
3


Cu ACHTUNGTRENNUNG(OAc)2
C25 ACHTUNGTRENNUNG(L17) C27ACHTUNGTRENNUNG(L18) C29 ACHTUNGTRENNUNG(L19) C31ACHTUNGTRENNUNG(L20)


4 C26 ACHTUNGTRENNUNG(L21) C28ACHTUNGTRENNUNG(L22) C30 ACHTUNGTRENNUNG(L23) C32ACHTUNGTRENNUNG(L24)


Scheme 4. Library of imidazoline–aminophenol ligands: a) corresponding
salicylaldehyde; then NaBH3CN, MeOH.
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that was efficient in a stereoselective copper-catalyzed
Henry reaction and a Friedel–Crafts alkylation of indole
and nitroalkene. Predicting the actual catalytic activity of
L25 simply from its molecular structure remains a challenge
even in modern chemistry, and the creation of such a ligand
would be difficult without the use of combinatorial technol-


Figure 4. Solid-phase catalysis/CD HTS of the Henry reaction promoted by the second generation imidazoline–aminophenol/Cu catalysts.


Table 3. Asymmetric Henry reaction catalyzed by imidazoline–amino-
phenol/Cu complexes.


Entry Catalyst Yield [%][a] ee [%] ACY [%]


1 C10 57 8 (S) 21
2 C14 88 28 (S) 50
3 C15 61 6 (R) 19
4 C16 63 40 (S) 50
5 C19 33 34 (S) 33
6 C25 83 18 (S) 39
7 C27 74 21 (S) 39
8 C29 68 21 (S) 38
9 C31 35 35 (R) 19


[a] Yield was determined by 1H NMR spectroscopic analysis.


Scheme 5. Synthesis of well-defined chiral ligand L25. a) TsCl, iPr2NEt,
MeCN; b) (S)-phenylethylamine, KI, DMF; c) 10 ; then NaBH3CN,
MeOH. DMF=N,N-dimethyl formamide, TsCl= tosyl chloride.


Table 4. Henry reaction catalyzed by L25/Cu ACHTUNGTRENNUNG(OAc)2.


Entry R- Yield [%] ee [%]


1 o-NO2-C6H4- 98 94
2 p-NO2-C6H4- 99 90
3 m-NO2-C6H4- 96 92
4 C6H5- 76 95
5 o-MeO-C6H4- 90 90
6 p-F-C6H4- 84 87
7 p-Cl-C6H4- 94 83
8 1-naphthyl 98 75
9[a,b] PhCH2CH2- 82 80
10[a,c] cyclohexyl 81 91
11[a,b] pentyl 96 90
12[a,b] butyl 78 90
13[a,b] isobutyl 99 90


[a] The reaction was performed in nPrOH. [b] Amount of Et3N added=


5 mol%. [c] Amount of Et3N added=1 mol%.
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ogy. Research into other new and powerful asymmetric cata-
lysts is in progress using the solid-phase catalysis/CD HTS
system.


Experimental Section


ACHTUNGTRENNUNG(4S,5S)-2-(Chloromethyl)-4,5-dihydro-4,5-diphenyl-1H-imidazole (1):
Chloroorthoacetic acid triethyl ester (1.17 mL, 6.12 mmol) was added to
a solution of (1S,2S)-1,2-diphenylethylene-1,2-diamine (1 g, 4.71 mmol) in
AcOH (23.5 mL), and the reaction mixture was stirred for 15 h at room
temperature. After dilution in CHCl3 (100 mL), the reaction mixture was
neutralized with 2m NaOH (aq.), and the aqueous layer was extracted
with CHCl3. The combined organic extracts were dried over anhydrous
Na2SO4, and concentrated in vacuo after filtration. The residual crude
product was purified by column chromatography on silica gel to give the
chloromethylated imidazoline 1 (1.01 g, 80% yield) as a colorless amor-
phous solid. 1H NMR (400 MHz, CDCl3): d=4.38 (s, 2H), 4.82 (s, 2H),
5.35 (br s, 1H, NH), 7.24–7.38 ppm (m, 10H, aromatic).


Preparation of polymer-supported imidazoline–aminophenol ligands : Po-
lymer-supported chloromethylated imidazoline (step (a) in Scheme 2):
The sulfonyl chloride polystyrene beads (loading: 4.50 mmolg�1; pur-
chased from Nova BioChem; 200 mg, 0.9 mmol) were weighed into a
dried two-necked round-bottomed flask and swollen in anhydrous
CH2Cl2 (1.5 mL) under an argon atmosphere for 30 min at room temper-
ature. Chloromethylated imidazoline 1 (1.3 equiv, 1.2 mmol) in dry
CH2Cl2 (1.5 mL) and triethylamine (280 mL, 2 mmol) was added to the
swollen beads. The reaction mixture was stirred at room temperature for
24 h. The filtrated beads were exposed to air and subjected to the follow-
ing wash protocol: distilled water (2M3 mL), followed by three repeti-
tions of alternate washes with dry methanol (3 mL) and dry CH2Cl2
(3 mL). After drying under vacuum, the resulting beads were kept for
further experiments in a refrigerator.


Nucleophilic amination (step (b) in Scheme 2): The beads prepared in
step (a) were weighed (96 mg, 0.2 mmol) into a dried two-necked round-
bottomed flask and swollen in anhydrous MeCN (2 mL) under an argon
atmosphere for 30 min at room temperature. KI (103 mg, 0.6 mmol) and
the corresponding amine (1.0 mmol) were added to the swollen beads.
The reaction mixture was then stirred at 40 8C for 24 h. The filtered
beads were exposed to air, and subjected to the following wash protocol:
distilled water (2M3 mL), followed by three repetitions of alternate
washes with dry methanol (3 mL) and dry CH2Cl2 (3 mL). After drying
under vacuum, the resulting beads were kept for further experiments in a
refrigerator.


Reductive alkylation (Scheme 4): The beads prepared in step (b) were
weighed (103 mg, 0.068 mmol) into a dried two-necked round-bottomed
flask and swollen in anhydrous MeOH (2 mL) under an argon atmos-


phere for 30 min at room temperature. The corresponding salicylalde-
hyde (5 equiv, 0.34 mmol) was added to the swollen beads. After stirring
at 40 8C for 1 h, NaBH3CN (1m in THF; 136 mL, 0.136 mmol) was added,
and the reaction mixture was kept stirring at the same temperature for
24 h. The filtered beads were exposed to air, and subjected to the follow-
ing wash protocol: distilled water (2M3 mL), followed by three repeti-
tions of alternate washes with dry methanol (3 mL) and dry CH2Cl2
(3 mL). After drying under vacuum, the resulting beads were kept for
further experiments in a refrigerator.


Preparation of the solid-phase catalysts (Table 2): The beads prepared in
Scheme 4 were weighed into a dried test tube. A copper salt (CuCl
(1.0 mg, 0.01 mmol) or CuACHTUNGTRENNUNG(OAc)2 (2.0 mg, 0.01 mmol)) was added to the
beads in anhydrous CHCl3/MeOH (1:1, v/v), and the reaction mixture
was stirred at 40 8C for 24 h. The resulting beads were washed with dry
CH2Cl2 (5M3 mL) and dried in vacuo.


Asymmetric Henry reaction using solid catalysts (Figures 3 and 4): Nitro-
methane (432 mL, 8.0 mmol) and ortho-nitrobenzaldehyde (30.2 mg,
0.2 mmol) were added to the polymer-supported catalyst in anhydrous
ethanol (0.4 mL). The asymmetric reaction was allowed to proceed for
48 h.


Direct injection (Figures 3 and 4): The solid-phase catalyst/CD HTS
system comprised an autosampler (JASCO AS-2057), a pump (JASCO
PU-2080), and a CD detector (JASCO CD-2095). The autosampler and
the CD detector were connected by a Teflon tube. The sample was pre-
pared by diluting the reaction mixture (10 mL) with ethanol (990 mL). At
intervals of 1.5 min, 5 mL of the sample was injected. The CD was operat-
ed at 254 nm and the flow rate of the system was 1.0 mLmin�1. The CD
data was analyzed using JASCO-BORWIN software. The enantiomeric
excess of the representative reaction mixtures were analyzed by chiral
stationary-phase HPLC (Daicel Chiralcel OD-H, hexane/iPrOH=9:1,
flow rate=0.8 mLmin�1).


2-{[(1S)-N-{[(4S,5S)-4,5-Dihydro-4,5-diphenyl-1-tosyl-1H-imidazol-2-yl]-
methyl}-1-phenylethanamino]methyl}-4,6-dibromophenol (L25): Tosyla-
tion (step (a) in Scheme 5): TsCl (248 mg, 1.3 mmol) was added to a solu-
tion of 1 (271 mg, 0.94 mmol) and iPr2NEt (257 mL, 1.5 mmol) in dry
MeCN (4.7 mL) at 0 8C, and the reaction mixture was stirred for 1 h at
the same temperature. The reaction was quenched by addition of saturat-
ed NaHCO3, and the aqueous layer was extracted with CHCl3. The com-
bined organic extracts were dried over anhydrous Na2SO4, and concen-
trated in vacuo after filtration. The residual crude product was purified
by column chromatography on silica gel to yield (4S,5S)-(2-chlorometh-
yl)-4,5-dihydro-4,5-diphenyl-1-tosyl-1H-imidazole (401 mg 94% yield) as
a white solid. 1H NMR (400 MHz, CDCl3): d=2.32 (s, 3H, Ts-CH3), 4.69
(d, J=12.5 Hz, 1H, CH2Cl), 4.92–4.99 (m, 3H), 6.88–7.50 ppm (m, 14H,
aromatic); 13C NMR (100 MHz, CDCl3): d=21.3, 38.6, 71.9, 77.7, 126.0,
126.3, 127.5, 127.7, 128.1, 128.6, 128.8, 129.4, 134.9, 140.5, 140.5, 144.6,
155.7 ppm; MS: m/z : 425 [M+H]+ .


Nucleophilic amination (step (b) in Scheme 5): (S)-1-Phenylethylamine
(0.82 mL, 6.4 mmol) was added to a solution of (4S,5S)-2-(chloromethyl)-
4,5-dihydro-4,5-diphenyl-1-tosyl-1H-imidazole (543 mg, 1.28 mmol) and
KI (575 mg, 3.8 mmol) in dry DMF (6.4 mL). After stirring at room tem-
perature for 14 h, the reaction mixture was quenched by addition of satu-
rated NaHCO3 and the aqueous layer was extracted with diethyl ether.
After washing the combined organic extracts three times with water, the
organic layer was dried over anhydrous Na2SO4, and concentrated in
vacuo after filtration. The residual crude product was purified by column
chromatography on silica gel to give (1S)-N-{[(4S,5S)-4,5-dihydro-4,5-di-
phenyl-1-tosyl-1H-imidazol-2-yl]methyl}-1-phenylethanamine (677 mg
97% yield) as a white amorphous solid. 1H NMR(400 MHz, CDCl3): d=


1.42 (d, J=6.5 Hz, 3H), 2.40 (s, 3H, Ts-CH3), 3.79–3.92 (m, 2H), 4.00 (q,
J=6.5 Hz, 1H), 4.84 (d, J=5.3 Hz, 1H), 4.92 (d, J=5.3 Hz, 1H), 6.81–
7.40 ppm (m, 19H); 13C NMR (100 MHz, CDCl3): d=21.5, 24.4, 46.4,
57.8, 72.1, 77.7, 126.1, 126.4, 126.9, 127.1, 127.3, 127.6, 128.1, 128.5, 128.6,
128.9, 129.7, 135.2, 141.2, 141.3, 144.4, 144.7, 158.9 ppm, HRMS (FAB+)
calcd for C31H32N3O2S [M+H] 510.2215; found: 510.2212.


Reductive alkylation (step (c) in Scheme 5): 3,5-Dibromosalicylaldehyde
(476 mg, 1.7 mmol) was added to a solution of (1S)-N-{[(4S,5S)-4,5-dihy-
dro-4,5-diphenyl-1-tosyl-1H-imidazol-2-yl]methyl}-1-phenylethanamine


Table 5. Friedel–Crafts alkylation of indole with nitroalkenes.


Entry R- T [h] Yield [%] ee [%]


1 C6H5- 47 97 75
2 p-NO2-C6H4- 20 > 99 80
3 p-MeO-C6H4- 18 97 55
4 p-Br-C6H4- 9 99 75
5 p-Cl-C6H4- 10 99 74
6 3,4-OCH2O-C6H3- 23 86 67
7 n-pentyl- 23 97 78
8 PhCH2CH2- 28 97 83
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(173 mg, 0.34 mmol) in dry MeOH (1.7 mL) at room temperature. After
stirring for 1 h at room temperature, sodium cyanoborohydride (1m in
THF; 0.68 mL, 0.68 mmol) was added to the reaction mixture at 0 8C.
The reaction mixture was stirred at room temperature for 24 h and then
quenched by the addition of saturated NaHCO3. The aqueous layer was
extracted with CHCl3. The combined organic extracts were dried over an-
hydrous Na2SO4, and concentrated in vacuo after filtration. The residual
crude product was purified by column chromatography on silica gel to
give 2-{[(1S)-N-{[(4S,5S)-4,5-dihydro-4,5-diphenyl-1-tosyl-1H-imidazol-2-
yl]methyl}-1-phenylethanamino]methyl}-4,6-dibromophenol (L25 ;
180 mg, 68% yield) as a yellow solid. 1H NMR (400 MHz, CDCl3): d=


1.50 (d, J=6.8 Hz, 3H), 2.35 (s, 3H), 3.77–3.95 (m, 3H), 4.08–4.11 (m,
2H), 4.67 (d, J=3.9 Hz, 1H), 5.04 (m, 1H), 6.66–7.55 (m, 21H),
11.26 ppm (br, 1H); 13C NMR (100 MHz, CDCl3): d =21.5, 47.8, 53.3,
55.7, 72.3, 76.1, 110.0, 111.6, 125.4, 125.5, 125.8, 126.7, 127.2, 127.3, 128.1,
128.35, 128.4, 128.5, 129.2, 129.9, 131.8, 134.3, 134.7, 141.0, 141.1, 142.3,
144.5, 153.8, 159.8, 164.1 ppm; HRMS (FAB+ ): calcd for
C38H35Br2N3O3S [M+H] 772.0844; found: 772.0831; IR: ñ=3028, 1647,
1365, 1163 cm�1; [a]18D =++2.968 (c=1.0m, CHCl3).


Solution-phase asymmetric Henry reaction of aromatic aldehydes
(Table 4, entries 1–8): Cu ACHTUNGTRENNUNG(OAc)2·H2O (2.0 mg, 0.01 mmol) and L25
(8.5 mg, 0.011 mmol) were placed in a two-necked flask. After the addi-
tion of ethanol (0.4 mL), the reaction mixture was stirred for 1 h in
argon. Nitromethane (432 mL, 8 mmol) and the corresponding aldehyde
(0.2 mmol) were added to the resulting clear-blue solution under an
argon atmosphere. After stirring for 40–48 h at room temperature, the re-
action mixture was purified by column chromatography on silica gel to
afford the adduct. The enantiomeric excess of the product was deter-
mined by HPLC analysis on a chiral stationary-phase column.


Solution-phase asymmetric Henry reaction of aliphatic aldehydes
(Table 4, entries 9–13): Cu ACHTUNGTRENNUNG(OAc)2·H2O (2.0 mg, 0.01 mmol) and L25
(8.5 mg, 0.011 mmol) were placed in a two-necked flask. After addition
of 2-propanol (0.3 mL), the reaction mixture was stirred for 1 h in argon.
Nitromethane (54 mL, 1 mmol), triethylamine (0.01 mmol) in nPrOH
(0.1 mL), and the corresponding aldehyde (0.2 mmol) were added to the
resulting clear-blue solution under an argon atmosphere. After stirring
for 40–48 h at room temperature, the reaction mixture was purified by
column chromatography on silica gel to afford the adduct. The enantio-
meric excess of the product was determined by HPLC analysis on a
chiral stationary-phase column.


Asymmetric Friedel–Crafts alkylation with L25 : [(CuOTf)2]·C6H6


(4.4 mg, 0.0087 mmol) and L25 (14.9 mg, 0.019 mmol) were placed in a
two-necked flask under an argon atmosphere. After the addition of tolu-
ene (0.85 mL), the reaction mixture was stirred for 2 h. Nitroalkene
(0.34 mmol), 1,1,1,3,3,3-hexafluoroisopropyl alcohol (35 mL, 0.34 mmol),
and indole (20 mg, 0.17 mmol) were added to the resulting clear-green
solution under an argon atmosphere. After stirring at room temperature,
the reaction mixture was purified by column chromatography on silica
gel to afford the adduct. The enantiomeric excess of the products was de-
termined by HPLC on a Daicel Chiralcel OD-H column (hexane/
iPrOH=70:30, 0.7 mLmin�1, 254 nm).
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2006, 17, 900–907; k) G. Blay, E. Climent, I. FernXndez, V. HernXn-
dez-Olmos, J. R. Pedro, Tetrahedron: Asymmetry 2006, 17, 2046–
2049; l) M. Bandini, F. Piccinelli, S. Tommasi, A. Umani-Ronchi, C.
Ventrici, Chem. Commun. 2007, 616–618; m) Y. Xiong, F. Wang, X.
Huang, Y. Wen, X. Feng, Chem. Eur. J. 2007, 13, 829–833; n) K.
Ma, J. You, Chem. Eur. J. 2007, 13, 1863–1871; o) M. Bandini, M.
Benaglia, R. Sinisi, S. Tommasi, A. Umani-Ronchi, Org. Lett. 2007,
9, 2151–2153; p) T. Arai, M. Watanabe, A. Yanagisawa, Org. Lett.
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Introduction


Enantioselective hydrogenation is one of the most powerful
and practical methods in asymmetric catalysis.[1] A variety of
chiral building blocks is synthesized by using chiral RhI or
RuII complexes—some of them are used in the industrial
production of enantiomerically-enriched compounds.[1,2]


Enantioselective hydrogenation of the enone C=C bond,
however, has not been well studied, despite the usefulness
of the resulting chiral ketones, and thus remains a challeng-
ing transformation. Toward this aim, efficient enantioselec-
tive hydrosilylations catalyzed by copper complexes were re-
ported by Buchwald et al.[3] and Lipshutz et al.[4] In terms of
atom-economy[5] and environmental concerns, however,
these catalyses still have much room for improvement, as


they require not only more than stoichiometric amounts of
polymethylhydrosiloxane, but also more than stoichiometric
amounts of reagents to cleave the Si�O bond of the enol
silyl ether intermediate, which causes the formation of more
than stoichiometric amounts of unwanted silicon waste.
Thus, the development of an efficient catalytic asymmetric
hydrogenation of enones is highly desirable. Successful re-
sults of catalytic asymmetric hydrogenation of enones, how-
ever, are limited to the following three Ru-catalyzed reac-
tions. Takaya et al. reported the asymmetric hydrogenation
of the s-cis (exocyclic) C=C bond of cyclopentanone cata-
lyzed by an Ru-BINAP complex, providing a-substituted cy-
clopentanone in 98% ee (one example).[6] Simonneaux et al.
reported that the [HRuCl ACHTUNGTRENNUNG(tbpc)2] (TBPC= trans-1,2-bis(di-
phenylphosphinomethyl)cyclobutane) catalyzed the hydro-
genation of s-trans (endocyclic) enones to afford chiral ke-
tones in up to 62% ee (four examples).[7] GenÞt et al. re-
ported a practical synthesis of (+)-cis-methyl dihydrojasmo-
nate (88% ee) by catalytic hydrogenation using the Ru–JO-
SIPHOS complex (one example).[8] The lower
enACHTUNGTRENNUNGan ACHTUNGTRENNUNGtio ACHTUNGTRENNUNGselectivities of the s-trans enones might be due to the
unfavorable s-trans coordination of cyclic enone to transi-
tion metals. These initial results clearly demonstrate the
need for improved substrate generality, enantioselectivity,
and catalyst activity for practical production of highly opti-
cally active chiral ketones. Herein, we report an enantiose-
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lective catalytic hydrogenation of various cyclic enones. The
presence of an s-cis C=C bond isopropylidene moiety on the
cyclic enone influenced the enantioselection of the hydroge-
nation. Thus, the reaction of 3-alkyl-6-isopropylidene-2-cy-
clohexen-1-one (1), which contains both s-cis and s-trans
enones, proceeded in excellent enantioselectivity (up to
98% ee). Hydrogenation of 1 afforded 26 products via satu-
ration of C=C and/or C=O double bonds [Eq. (1)].[9] To
obtain the C2�C3 saturated product 2 out of all the possible
products in a highly selective
manner, the addition of a halo-
gen source to the cationic Rh
complex was key. Using this
asymmetric catalysis, piperiten-
ACHTUNGTRENNUNGone (1a : R=Me) was success-
fully converted to (+)-pulegone
(2a : R=Me) in 98% ee with
extremely high catalyst turn-
over (S/C 50000), allowing for
an atom-economical synthesis
of (�)-menthol by successive
highly diastereoselective cata-
lytic hydrogenations of (+)-2a.
Moreover, complete s-trans
(1!2) and s-cis (1!3) C=C
bond selective reactions were
realized by the proper choice of
both the chiral ligands and hal-
ides.


Results and Discussion


Catalyst discovery by using cat-
ionic Rh complexes : Despite
the usefulness of optically
active 2 as a chiral source, only
a few catalysts that can selec-
tively transform 1 to 2 have
been reported. When a cationic
RhI complex bearing chiral
monodentate phosphine ligands
was used, the highest enantiose-
lectivity (2a, 38% ee) was ob-
tained with moderate s-trans se-
lectivity (2a/3a/4a 61:30:9).[10]


Because (+)-pulegone (2a) is
an attractive intermediate for
the synthesis of (�)-menthol,
we first performed catalyst
screening for the s-trans C=C
bond selective hydrogenation of
piperitenone (1a). To obtain
high enantioselectivity, we used
chiral diphosphine ligands,
though diphosphine ligands are
reported to dramatically de-


crease both enantio- and s-trans selectivities.[10] Our catalyst
screening for the hydrogenation of 1a is summarized in
Table 1. The catalytic activity of cationic RhI–diphosphine
complexes in EtOAc[11] was very high. After 18 h treatment
under the conditions shown in Table 1, both C=C bonds of
1a were saturated to give a diastereomixture of 4a (R=Me;
menthone/isomenthone ca. 4:1) as the sole detectable prod-
ucts (entries 1–3). Although shortening the reaction time
partially prevented this over-reaction, in contrast to the pre-


Table 1. Catalytic asymmetric hydrogenation of piperitenone (1a) by using cationic RhI–(S)-diphosphine com-
plexes.


Entry Catalyst S/C[a] t [h] Conv.[b] [%] Selectivity[c]


2a/3a/4a
ee 2a[d] [%]


1[e] [Rh ACHTUNGTRENNUNG(cod)2]OTf + L1 100 18 >99 –:–:>99 –
2[e] [Rh ACHTUNGTRENNUNG(cod)2]OTf + L2 100 18 >99 –:–:>99 –
3[e] [Rh ACHTUNGTRENNUNG(cod)2]OTf + L3 100 18 >99 –:–:>99 –
4 [Rh ACHTUNGTRENNUNG(cod)(L1)]BF4 100 1 91 4:83:13 10[f]


5 [Rh ACHTUNGTRENNUNG(cod)(L1)]BF4 100 3 >99 1:76:23 –
6 [Rh ACHTUNGTRENNUNG(cod)(L3)]BF4 100 3 >99 –:80:20 –
7 [Rh ACHTUNGTRENNUNG(cod)(L5)]BF4 100 1 44 11:79:10 38
8 [Rh ACHTUNGTRENNUNG(cod)(L5)]BF4 100 3 >99 –:14:86 –
9[g] [Rh ACHTUNGTRENNUNG(cod)2]OTf + L5 1000 18 97 70:4:12 96


+ Et4NCl
10[g] [Rh ACHTUNGTRENNUNG(cod)2]OTf + L5 1000 18 89 79:4:7 96


+ Et3NBnCl
11[g] [Rh ACHTUNGTRENNUNG(cod)2]OTf + L5 1000 18 83 72:7:7 98


+ HexPPh3Br
12[g] [Rh ACHTUNGTRENNUNG(cod)2]OTf + L5 1000 18 99 68:5:12 97


+ HexP{C6H2-2,4,6-(OMe)3}3Br
13[g] [Rh ACHTUNGTRENNUNG(cod)2]OTf + L5 1000 18 97 77:5:9 98


+ (CH2CH2PPh3Br)2


[a] Substrate catalyst ratio. [b] Conversion yield based on consumed starting material was determined by GC
analysis. [c] Selectivity was determined by GC analysis. [d] The ee of 2a was determined by chiral GC analysis.
The absolute configuration of 2a was determined by comparing the measured optical rotations with the report-
ed one. [e] Rh/ligand 1:1. [f] (�)-Pulegone (2a) was obtained. [g] Rh/ligand/additive 1:1:1.
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vious results using cationic RhI


complexes bearing monoden-
tate phosphine ligands as de-
scribed above,[10] cationic RhI–
diphosphine complexes showed
s-cis selectivity to afford
piperitACHTUNGTRENNUNGone (3a : R=Me) as a
major product (entries 4–7) and
a prolonged reaction time re-
sulted in over-reaction
(entry 8). Compound 3a was
racemic due to rapid epimeriza-
tion of the a’-stereocenter of
the ketone. As compared with
BINAP (L1) (entry 4), (S)-5,5’-
bis{di(3,5-di-tert-butyl-4-meth-
ACHTUNGTRENNUNGoxyphenylphosphino)}-4,4’-bi-
1,3-benzodi ACHTUNGTRENNUNGoxole (DTBM-SEG-
PHOS, L5)[12] showed higher
enantioselectivity and slightly
better s-trans selectivity
(entry 7). Assuming that soft
counteranions would appropri-
ately adjust the reactivity,[13] we next examined the effect of
adding various halogen sources using DTBM-SEGPHOS as
a chiral ligand. To our surprise, we observed drastic halogen
effects. The addition of halogen sources to the cationic Rh
complex reversed the selectivity to afford 2a as a major
product with high enantioselectivity (96–98% ee). Ammoni-
um salts and phosphonium salts gave better selectivity and
reproducibility than inorganic salts. Among the various hal-
ogen sources examined, (CH2CH2PPh3Br)2 was the best
(entry 13).


As the second stage of the catalyst discovery, we further
examined effects of a chiral diphosphine ligand on catalytic
asymmetric hydrogenation by [Rh ACHTUNGTRENNUNG(cod)2]OTf in the pres-
ence of (CH2CH2PPh3Br)2 (Table 2). DM-SEGPHOS (L4)
(entries 4 and 5) and DTBM-SEGPHOS (L5) (entry 6) had
significantly positive effects on catalyst activity as compared
with BINAP (L1), tol-BINAP (L2), and SEGPHOS (L3),
suggesting that the narrower dihedral angle in the chiral
backbone and bulkier substituent on diarylphosphine moiet-
ies induce higher catalyst activity. In particular, when L5
was used as a chiral ligand, the reaction completed within
1 h (S/C 100) (entry 6). When [Rh ACHTUNGTRENNUNG(cod)2]BF4 or [Rh ACHTUNGTRENNUNG(cod)-
ACHTUNGTRENNUNG(L5)]BF4 (entry 7) was used as an Rh source, almost the
same result was obtained, while acetonitrile complexes, such
as [Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(MeCN)]BF4, had lower reactivity and lower s-
trans selectivity. Under the same conditions as entry 7, a
high substrate catalyst ratio (S/C 20000) was realized with
higher enantioselectivity (98% ee, entry 8). The reaction on
a 2-mol scale (S/C 50000) also proceeded with similar effi-
ciency (entry 9) and pure (+)-2a was isolated in 82% yield
by distillation (70–75 8C, 5 mm Hg).


Substrate scope : We then investigated the scope and limita-
tions of different substrates. In the presence of 1 mol% of


the best catalyst, [Rh ACHTUNGTRENNUNG(cod)2]OTf/L5/(CH2CH2PPh3Br)2, the
hydrogenation of b-alkyl substituted cyclic enones 5a–d pro-
ceeded efficiently to afford the corresponding ketones 6a–d
in up to 88% ee (Table 3, entries 1–4), which is the same
level as the highest enantioselectivity of catalytic hydrogena-
tion of cyclic enone.[8] The introduction of a sterically con-
gested substituent (R= iPr, entry 4) at the b-position did not
have negative effects on either reactivity (99% yield) or se-
lectivity (85% ee). On the other hand, the reaction of b-
phenyl substituted cyclic enone 5e proceeded sluggishly and
a mixture of 6e and an over reduction product, 3-phenyl-2-
cyclohexanol, was obtained, though the enantiomeric excess
of 6e was quite high (entry 5). The addition of a bromide
source was essential for the hydrogenation of simple cyclic
enones 5 as well. In the absence of a bromide source, the hy-
drogenation of 5 proceeded in lower yield with lower enan-
tioselectivity. Next, to determine the effect of the isopropyli-
dene moiety on cyclic enone, we performed the reaction
using several 3-alkyl-6-isopropylidene-2-cyclohexen-1-ones
1a–c as substrates (entries 6–8). In all cases, catalytic hydro-
genation proceeded smoothly with high enantio- and s-trans
selectivities. As compared with the results using simple b-
substituted cyclic enones 5, the obtained enantioselectivities
using 1 were markedly improved (97–98% ee), indicating
the importance of the isopropylidene moiety in the enantio-
face selection. Coupled with the fact that the isopropylidene
moiety of 2 was easily removed via a retro-aldol reaction to
give the corresponding b-substituted ketone 6,[14] a variety
of highly optically active 3-substituted-cyclic ketones can be
synthesized using this catalytic asymmetric hydrogenation of
cyclic enones. To the best of our knowledge, this is the first
example of a highly enantioselective catalytic hydrogenation
of a C=C bond of a cyclic enone with substrate general-
ity.


Table 2. Ligand effects on catalytic asymmetric hydrogenation of piperitenone (1a) by using cationic Rh com-
plexes with bromide source.


Entry Ligand S/C[a] t [h] Conv.[b] [%] Selectivity[c]


2a/3a/4a
ee 2a[d] [%]


1 (S)-BINAP (L1) 100 3 26 85:12:3 94
2 (S)-tol-BINAP (L2) 100 3 57 91:6:3 96
3 (S)-SEGPHOS (L3) 100 3 56 92:5:3 91
4 (S)-DM-SEGPHOS (L4) 100 3 92 71:3:26 94
5 (S)-DM-SEGPHOS (L4) 100 1 15 43:31:26 81
6 (S)-DTBM-SEGPHOS (L5) 100 1 99 86:3:11 97
7[e] (S)-DTBM-SEGPHOS (L5) 100 1 >99 88:2:10 97
8[e] (S)-DTBM-SEGPHOS (L5) 20000 18 98 85:3:6[f] 98
9[e,g] (S)-DTBM-SEGPHOS (L5) 50000 47 98 87:2:5[f] 98


[a] Substrate catalyst ratio. [b] Conversion yield based on consumed starting material was determined by GC
analysis. [c] Selectivity was determined by GC analysis. [d] The ee of 2a was determined by chiral GC analysis.
The absolute configuration of 2a was determined by comparing the measured optical rotations with the report-
ed one. [e] [Rh ACHTUNGTRENNUNG(cod)(L5)]BF4 was used as a catalyst instead of the combination of [Rh ACHTUNGTRENNUNG(cod)2]OTf and L5.
[f] Cyclohexanol derivatives were also observed. [g] 2-mol scale.
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Synthetic application : With the new synthetic method of
highly optically active ketones at hand, we next undertook
transformation of (+)-pulegone (2a) to (�)-menthol (8)
(Scheme 1). (�)-Menthol (8) is a major constituent of pep-


permint and other mint oils and is widely used in confec-
tions, perfume, liqueurs, cough drops, cigarettes, toothpaste,
and nasal inhalers.[15] In industrial production, (�)-8 was
synthesized from b-pinene via catalytic asymmetric isomeri-
zation of geranylamine to the corresponding enamine as a
key step.[1,2, 16] Although this process is fairly efficient and
practical, the development of an alternative efficient process
for the production of a constant supply of this mass product
(3500 tons per year)[15] is still in high demand. Thus, an alter-
native, atom-economical approach to (�)-8 is presented in
Scheme 1. Our synthesis was accomplished by three succes-


sive catalytic hydrogenations,
including the first enantioselec-
tive hydrogenation described
above. To prevent epimeriza-
tion of the a’-stereocenter of
the ketone as described above,
the ketone in pulegone (2a)
was hydrogenated prior to hy-
drogenation of the isopropyli-
dene moiety. Thus, the second
catalytic hydrogenation using
an RuCl2ACHTUNGTRENNUNG(PPh3)2(propaneACHTUNGTRENNUNGdi-
ACHTUNGTRENNUNGamine) complex[17,18] selectively
saturated the C=O bond of 2a
in a highly diastereoselective
manner to afford (�)-pulegol
(7) (98% yield, dr: 97.4:2.6).
The diastereomixture of 7 was
hydrogenated using an Ru-
ACHTUNGTRENNUNG(OCOPh)2ACHTUNGTRENNUNG(dppe) complex[19,20]


to afford (�)-menthol (8) to-
gether with small amounts of
neomenthol (9) and neoisomen-
thol (10) (99% yield, 8/9/10
96:2.3:1.7). Finally, optically


and chemically pure (�)-menthol (8) was obtained in 73%
yield by recrystallization of the mixture. Based on the high
catalyst turnover, high atom-economy, and ease of scale-up,
this process is a potential industrial process for producing
(�)-8, and demonstrates the efficiency of homogeneous cat-
alytic hydrogenation.[1]


Catalyst discovery using neutral Rh complexes : The addition
of a bromide to a cationic Rh complex might form a neutral
dimeric Rh–phosphine complex. To investigate the forma-
tion of neutral Rh complexes under the conditions shown in
Table 2, we first synthesized various halogen-bridged dimer-
ic Rh-phosphine complexes [RhX(L)]2 (X=Cl, Br, I). After
mixing [RhX ACHTUNGTRENNUNG(cod)]2 and chiral diphosphine ligand (S)-
BINAP (L1), (S)-tol-BINAP (L2), and (S)-SEGPHOS (L3)
in CH2Cl2, the color of the solution immediately turned
deep red. After stirring for 2 h at room temperature, the re-
action mixture was concentrated under reduced pressure
and the obtained residue was washed with hexane to afford
[RhX(L)]2 in good yield (77–99% yield) as a deep red solid.
The syntheses of [RhX(L4)]2 and [RhX(L5)]2 complexes
were unsuccessful due to the high steric hindrance of DM-
SEGPHOS (L4) and DTBM-SEGPHOS (L5). The structure
of [RhCl(L1)]2 was determined by X-ray crystallographic
analysis (Scheme 2), and was identical to the reported
data.[21] The addition of (CH2CH2PPh3Br)2 to a [Rh-
ACHTUNGTRENNUNG(cod)(L1)]OTf complex changed the chemical shift of
31P{1H} NMR from d 26.8 (d, J=145 Hz) to d 49.2 (d, J=


195 Hz). The latter signal was identical to that of the
[RhBr(L1)]2 complex. Similarly, the addition of
(CH2CH2PPh3Br)2 to the [Rh ACHTUNGTRENNUNG(cod)(L3)]OTf complex moved
the chemical shift of 31P{1H} NMR from d 26.2 ppm (d, J=


Scheme 1. Highly atom-economical synthesis of (�)-menthol (8) by suc-
cessive catalytic hydrogenations of (+)-pulegone (2a).


Table 3. Catalytic asymmetric hydrogenation of various cyclic enones.


Entry Substrate t [h] Conv.[a] [%] Selectivity[b]


2/3/4
ee 6[c] or 2[d] [%]


1 R=Me (5a) 1.5 >99 – 88
2 R=Et (5b) 3 >99 – 83
3 R=Pr (5c) 3 >99 – 85
4 R= iPr (5d) 3 99 – 85
5 R=Ph (5e) 6 48 28[e]:72[f] 96
6 R=Me (1a) 1 99 86:3:11 97
7 R=Et (1b) 1 99 84:1:15 98
8 R=Pr (1c) 1 99 82:5:13 98


[a] Conversion yield based on consumed starting material was determined by GC analysis. [b] Selectivity was
determined by GC analysis. [c] The ee of 6 was determined by chiral LC analysis after conversion to the corre-
sponding acetal compound. [d] The ee of 2 was determined by chiral GC analysis. [e] Selectivity of 6e. [f] Se-
lectivity of 3-phenyl-1-cyclohexanol.
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136 Hz) to d 46.5 ppm (d, J=197 Hz), which was identical
to that of the [RhBr(L3)]2 complex.


It is likely that the neutral dimeric Rh–phosphine com-
plex [RhX(L)]2 acts as a stable pre-catalyst and a monomer-
ic complex might act as the active species. Thus, we next ex-
amined the use of neutral halogen-bridged Rh complexes as
catalysts using 1a as a representative substrate. The neutral
complex [RhBr(L1)]2 showed comparable selectivity
(Table 4, entry 2) to the combination of [Rh ACHTUNGTRENNUNG(cod)2]OTf, L1,


and (CH2CH2PPh3Br)2 (Table 2, entry 1), and [RhI(L1)]2 im-
proved both enantio- and s-trans selectivities, though the re-
activity was decreased (entry 3). This low reactivity was
slightly improved by changing the solvent from EtOAc to
CH2Cl2 (entry 6) and greatly improved by changing the
chiral ligand from BINAP (L1) to tol-BINAP (L2) (entry 9),


while maintaining high selectivity. In the presence of the
RhI–SEGPHOS complex [RhCl(L3)]2 or [RhBr(L3)]2, the
reaction proceeded with quite low selectivity (entries 10 and
11). In sharp contrast with those results, iodo complex
[RhI(L3)]2 selectively saturated only the s-cis C=C bond to
afford piperitone (3a) as the sole product (entry 12). It is
noteworthy that the complete s-trans (entry 9) and s-cis
(entry 12) C=C bond selective reactions were realized by
the proper choice of both the chiral ligands and halides.[12]


Having obtained surprising re-
sults using Rh-SEGPHOS iodo
complex [RhI(L3)]2, we further
examined ligand effects of the
combination of [RhACHTUNGTRENNUNG(cod)2]OTf,
chiral ligand L, and iodide
source EtPPh3I. In the same
manner as the [RhI(L3)]2 com-
plex (entry 12), the catalyst in
situ prepared from [Rh-
ACHTUNGTRENNUNG(cod)2]OTf, SEGPHOS (L3),
and EtPPh3I also selectively sa-
turated the s-cis C=C bond,
suggesting the formation of
similar active species, presuma-
bly neutral RhI(L3) complex
(entry 13). Unlike SEGPHOS
ligand (L3), the reaction using
DTBM-SEGPHOS (L5) had
quite high s-trans selectivity,
even in the presence of an
iodide source (entry 14).


Conclusion


We developed a highly enantio-
selective catalytic hydrogenation of cyclic enones promoted
by the combination of a cationic RhI complex, DTBM-SEG-
PHOS, and (CH2CH2PPh3Br)2 with substrate generality. The
presence of an s-cis C=C bond isopropylidene moiety on
cyclic enone influenced the enantioselection of the hydroge-
nation. Thus, the reaction of 3-alkyl-6-isopropylidene-2-cy-


Scheme 2. Preparation of halogen-bridged dimeric Rh-phosphine complexes [RhX(L)]2.


Table 4. Asymmetric hydrogenation of 1a by using neutral Rh complexes.


Entry Catalyst Solvent Conv.[a] [%] Selectivity[b] 2a/3a/4a ee 2a[c] [%]


1 ACHTUNGTRENNUNG[RhCl(L1)]2 EtOAc 92 84:3:13 81
2 ACHTUNGTRENNUNG[RhBr(L1)]2 EtOAc 96 84:3:13 87
3 ACHTUNGTRENNUNG[RhI(L1)]2 EtOAc 46 91:5:4 98
4 ACHTUNGTRENNUNG[RhCl(L1)]2 CH2Cl2 90 90:3:7 90
5 ACHTUNGTRENNUNG[RhBr(L1)]2 CH2Cl2 96 96:2:2 96
6 ACHTUNGTRENNUNG[RhI(L1)]2 CH2Cl2 56 96:3:1 97
7 ACHTUNGTRENNUNG[RhCl(L2)]2 CH2Cl2 99 94:–:6 94
8 ACHTUNGTRENNUNG[RhBr(L2)]2 CH2Cl2 >99 92:–:8 97
9 ACHTUNGTRENNUNG[RhI(L2)]2 CH2Cl2 96 98:–:2 97
10 ACHTUNGTRENNUNG[RhCl(L3)]2 CH2Cl2 69 10:15:75 –
11 ACHTUNGTRENNUNG[RhBr(L3)]2 CH2Cl2 >99 39:3:58 –
12 ACHTUNGTRENNUNG[RhI(L3)]2 CH2Cl2 >99 –:>99:– –
13[d] [Rh ACHTUNGTRENNUNG(cod)2]OTf + L3 + EtPPh3I EtOAc 98 –:98:2 –
14[d] [Rh ACHTUNGTRENNUNG(cod)2]OTf + L5 + EtPPh3I EtOAc >99 85:3:12 98


[a] Conversion yield based on consumed starting material was determined by GC analysis. [b] Selectivity was
determined by GC analysis. [c] The ee of 2a was determined by chiral GC analysis. The absolute configuration
of 2a was determined by comparing the measured optical rotations with the reported one. [d] Rh/ligand/addi-
tive 1:1:2.
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clohexen-1-ones containing both s-cis and s-trans enone moi-
eties proceeded in excellent enantioselectivity (up to 98%
ee). To obtain high enantio- and s-trans selectivities, the ad-
dition of a halogen source to a cationic Rh complex was es-
sential. With the key step of s-trans selective asymmetric hy-
drogenation of piperitenone, we demonstrated a new syn-
thetic method for optically pure (�)-menthol via three
atom-economical hydrogenations. Moreover, s-trans and s-
cis C=C bond selective reactions were accomplished by the
proper choice of both the chiral ligands and halides. Further
applications and mechanistic studies for understanding the
effects of the isopropylidene moiety and the exceptional re-
activity of the Rh-SEGPHOS iodo complex are ongoing in
our group.


Experimental Section


General : All reactions and manipulations were performed under argon
by use of standard vacuum line and Schlenk tube techniques. 1H NMR
spectra were recorded on a Varian MERCURY 300 or Bruker DRX500,
and chemical shifts are reported in ppm (d) relative to tetramethylsilane
or referenced to the chemical shifts of residual solvent resonances
(CHCl3 and C6H6 were used as internal standards, d 7.26 and 7.20 ppm,
respectively). 31P{1H} NMR spectra were recorded on a Varian MERCU-
RY 300 at 121 MHz or Bruker DRX500 at 202 MHz, and chemical shifts
were referenced to external 85% H3PO4. Infrared spectra were recorded
on a JASCO FT/IR-230; mass spectra on a JEOL JMS DX-303HF spec-
trometer; GC analyses on a Shimadzu GC-14 A and Shimadzu GC-2014
gas chromatograph with a Shimadzu C-R3A Chromatopac; HPLC Jasco
UV-970 and PU-980 with Shimadzu C-R16 A Chromatopac. Elemental
analyses were recorded on a Perkin Elmer 2400. All melting points were
recorded on a Yanaco MP-52982 and are not corrected. Unless otherwise
noted, reagents were purchased from commercial suppliers and used
without further purification. Dichloromethane (H2O <0.003%) was de-
gassed. Tetrahydrofuran, toluene, hexane, and diethyl ether were distilled
over sodium/benzophenone under argon prior to use. Degassed ethyl ace-
tate (H2O <0.003%) was used. [Rh ACHTUNGTRENNUNG(m-X) ACHTUNGTRENNUNG(cod)]2


[22] (X=Cl, Br, I) (COD:
1,5-cyclooctadiene), [Rh ACHTUNGTRENNUNG(cod)2]OTf,[23] [Rh ACHTUNGTRENNUNG(cod)2]BF4,


[23] [Rh ACHTUNGTRENNUNG(cod){(S)-bi-
nap}]BF4,


[16b] [RhACHTUNGTRENNUNG(m-Cl){(S)-binap}]2,
[24] [Ru ACHTUNGTRENNUNG(OCOPh)2 ACHTUNGTRENNUNG(dppe)],


[19] and
[RuCl2 ACHTUNGTRENNUNG(PPh3)2(propanediamine)][17] were prepared according to the liter-
ature methods.


General procedure for the Rh-catalyzed asymmetric hydrogenation of
enones (1) (Table 2, entry 6): A Schlenk flask was charged with [Rh-
ACHTUNGTRENNUNG(cod)2]OTf (15.1 mg, 0.0322 mmol), (S)-DTBM-SEGPHOS (38.0 mg,
0.0322 mmol), and (CH2CH2PPh3Br)2 (23.8 mg, 0.0322 mmol) under
argon. To the mixture, ethyl acetate (1.0 mL) and piperitenone (1a)
(484 mg, 3.22 mmol) were added. After stirring at 50 8C for 2 h, the re-
sulting deep red solution was transferred to a stainless steel autoclave.
The autoclave was charged five times with H2 to displace the argon, and
subsequently the pressure was increased to 30 kgcm�2. After stirring at
50 8C for 1 h, H2 was released, and the conversion yield and the enantio-
meric excesses were determined by 1H NMR and GC analysis of the
crude products.


Large scale reaction (2-mol scale) (Table 2, entry 9): The crystal coated
with paratone-N was mounted on glass fiber. The crystal structure was
solved by using SHELXS 97 (Sheldrick, 1997). Refinement was carried
out by full-matrix least squares (on F 2) with anisotropic temperature fac-
tors for non-H atoms after omission of redundant and space group for-
bidden data. In all of the structures H atoms were included as their calcu-
lated positions. For refinement of the structure and structure analysis, the
program package SHELXTL was used.


CCDC 269103 (6) 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_re-
quest/cif


Two-step conversion of (+)-pulegone (2a) to (�)-menthol (8)


Diastereoselective hydrogenation of (+)-pulegone (2a) to (�)-pulegol (7):
A stainless steel autoclave (500 mL) was charged with (+)-pulegone (2a)
(200 g, 1.316 mol), [RuCl2 ACHTUNGTRENNUNG(PPh3)2(propanediamine)] (50.9 mg,
0.066 mmol), tBuOK (148.1 mg, 1.32 mmol), and 2-propanol (40 mL).
The autoclave was charged with H2 (30 kgcm�2) to displace the argon
and then stirred for 18 h at 30 8C. After H2 was released, the reaction
mixture was concentrated and distilled (70–72 8C, 2 mmHg) to afford a
diastereomeric mixture of (�)-pulegol (7) (198.6 g, 98%) as a colorless
oil. The diastereoselectivity was determined to be 97.4:2.4 by GC analy-
sis. GC analysis [Neutrabond-1 (0.25 mmQ30 m), column temperature
10 8C up per 1 min from 80 to 220 8C, injection temperature 250 8C, detec-
tion temperature 250 8C, tR=7.9 min (pulegone), 8.7 min (pulegol)] .


Diastereoselective hydrogenation of (�)-pulegol (7) to (�)-menthol (8): A
stainless steel autoclave (100 mL) was charged with the diastereomixture
of (�)-pulegol (7) (3.09 g, 20 mmol, dr: 97.4:2.4), [Ru ACHTUNGTRENNUNG(OCOPh)2 ACHTUNGTRENNUNG(dppe)]
(6.2 mg, 0.01 mmol), and methanol (3 mL). The autoclave was charged
with H2 (30 kgcm�2) to displace the argon and then stirred for 18 h at
50 8C. After H2 was released, the reaction mixture was concentrated to
afford a diastereomixture of (�)-menthol (8) (3.11 g, 99%, menthol (8)/
neomenthol (9)/neoisomenthol (10) 96:1.7:2.3). This mixture was recrys-
tallized from acetonitrile to give pure menthol (2.28 g, 73%) with chemi-
cal purity of >99% (either neomenthol or neoisomenthol was not detect-
ed) and with enantiomeric excess of 99.6% ee. Chemical purity of the
product was determined by GC analysis and optical purity of the product
was determined by chiral GC analysis. GC analysis [Neutrabond-1
(0.25 mmQ30 m), column temperature 10 8C up per 1 min from 80 to
220 8C, injection temperature 250 8C, detection temperature 250 8C, tR=


7.1 (neomenthol), 7.5 (neoisomenthol), 7.6 (menthol), 8.7 min (pulegol)];
Chiral GC analysis [b-DEX225 (0.25 mmQ30 m), column temperature
1 8C up per 1 min from 70 to 130 8C, injection temperature 230 8C, detec-
tion temperature 230 8C, tR=34.6 min ((+)-menthol), 34.9 min ((�)-men-
thol)] .
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Introduction


There has been continued interest in the design and synthe-
sis of planar cyclooctatetraene (COT) derivatives[1–9] for the
elucidation of antiaromaticity in this typical [4n] p-electron
system. Several synthetic and theoretical studies have been
carried out[1–9] to impose a planar structure on the intrinsi-
cally tub-shaped COT ring. However, so far only two deriva-
tives have actualized the complete planarization of a COT
ring, except for annelated derivatives with benzene[1,3,10] and
porphyrin,[11] for which the p-conjugative perturbation by ar-
omatic rings precludes precise elucidation of the intrinsic
electronic structure of a planar COT ring. The first example
is tetrakis(perfluorocyclobuteno)cyclooctatetraene (1),[2] the
structure of which has been determined by X-ray crystallo-
graphic studies. COT 1 is characterized by its extraordinarily
low reduction potential (i.e. , +0.79 V versus the saturated
calomel electrode (SCE); +0.33 V versus the ferrocene
(Fc)/ferrocenium (Fc+) couple)[2c] owing to lowering of the
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LUMO level by planarization and the accumulated elec-
tron-withdrawing effects of sixteen fluorine atoms. Unfortu-
nately, 1 lacks protons, which are useful for the detection of
a paratropic ring current by 1H NMR spectroscopic analysis.
A recent theoretical study, which employed the continuous
transformation of origin of current density (CTOCD)
method,[12] predicted that a considerable paratropic ring cur-
rent should be present in 1,[13a] even though the apparent
bond alternation in the COT ring was shown by X-ray analy-
sis[2b] and theoretical calculations.[9a,14]


The second example of a planarized COT is a molecule
composed of only carbon and hydrogen atoms, tetrakis-
ACHTUNGTRENNUNG(bicycloACHTUNGTRENNUNG[2.1.1]hexeno)cyclooctatetraene (2), recently synthe-
sized by our group.[6] In contrast to 1, COT 2 showed no re-
duction in the range 0–�2.2 V versus Fc/Fc+ and an unusu-
ally low oxidation potential (+0.07 V versus Fc/Fc+). This
compound, accordingly, gave a fairly stable radical cation
salt,[15] which is ascribed to a raised HOMO level as a result
of the s–p conjugative effects of bicyclic frameworks in ad-
dition to a narrowed HOMO–LUMO gap by planarization.
The substantial decrease in the HOMO–LUMO gap of the
COT ring in 2 is evident from the longest absorption maxi-
mum (459 nm),[6] remarkably red-shifted relative to that of
the tub-shaped tetrakis ACHTUNGTRENNUNG(bicycloACHTUNGTRENNUNG[2.2.2]octeno)cycloocta-
tetraene (4 ; 282 nm).[16]


The 1H NMR chemical shift of the bridgehead proton,
which is likely to be a good indicator for the paratropicity of
2 because it is fixed at the same plane as that of the COT
ring, showed a surprisingly small upfield shift (Dd=


0.18 ppm) relative to the signal of the bridgehead proton of
tris ACHTUNGTRENNUNG(bicycloACHTUNGTRENNUNG[2.1.1]hexeno)benzene (3).[6] Such a small differ-
ence may seem to be attributed to a substantial decrease in
both the paratropic and diatropic ring currents in 2 and 3,
respectively, as there is a large bond alternation in 2 (DR=


Rendo�Rexo=1.500–1.331=0.169 K)[6] and 3 (DR=1.438–
1.349=0.089 K)[17] caused by the annelation with highly
strained bicycloACHTUNGTRENNUNG[2.1.1]hexane units. However, calculations of
both CTOCD and nucleus-independent chemical shift
(NICS)[18] demonstrated the presence of considerable
amount of antiaromaticity in 2[6,13a] and aromaticity in 3.[6,13b]


On the basis of these findings, we decided to examine the
antiaromaticity in 2 in detail using observed 1H NMR chem-
ical shifts and theoretical calculations. Also, the chemical re-


activity of 2 in two-electron reduction, [4+2] cycloaddition,
epoxidation, and cyclopropanation reactions was studied
and some of the results were compared with those of the
parent COT (and of benzene 3) to elucidate the effects of
aromaticity/antiaromaticity and of the strain of bicyclic
frameworks.


Results and Discussion


Antiaromaticity of 2 : In our previous study on cyclic p-con-
jugated systems annelated with bicycloACHTUNGTRENNUNG[2.2.2]octene units,
the 1H NMR chemical shift of the bridgehead proton was
shown to be a good indicator of diatropic or paratropic ring
currents.[19] For example, the signal of the bridgehead pro-
tons in benzene 5 (d=3.29 ppm)[20] or aromatic dehy-
dro[18]annulene 6 (d= 3.41 ppm)[21] are observed downfield
shifted by Dd=0.8–1.0 or 0.7 ppm from the signal of the ref-
erence compounds, namely, bicycloACHTUNGTRENNUNG[2.2.2]octene (7) and 2,3-
dimethylenebicycloACHTUNGTRENNUNG[2.2.2]octane (8),[22] or 2,3-
diethynylbicycloACHTUNGTRENNUNG[2.2.2]octene (9 ; d=2.49, 2.30, and
2.72 ppm, respectively),[21] while the resonances of the anti-
aromatic dehydro[12]annulenes 10 and 11 (d=1.76 and
1.72 ppm, respectively)[21] are observed at about Dd=1 ppm
upfield of the signal for 9. Since the distances between a


bridgehead proton and the nearest olefinic carbon atoms
are almost the same for bicycloACHTUNGTRENNUNG[2.1.1]hexene and bicyclo-
ACHTUNGTRENNUNG[2.2.2]octene (ca. 2.3 and 2.2 K, respectively), the 1H NMR
NMR chemical shift of the bridgehead proton should reflect
the tropicity of the annelated p-conjugated ring to the same
extent. In fact, the signal of the bridgehead protons in ben-
zene 3 (d=3.21 ppm)[6] showed a downfield shift from that
of the reference compounds bicycloACHTUNGTRENNUNG[2.1.1]hexene (12)[23] or
2,3-dimethylenebicycloACHTUNGTRENNUNG[2.1.1]hexane (13 ; d=2.54 and
2.95 ppm, respectively),[24] in a similar extent to the shift ob-
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served for benzene 5. This finding is consistent with the re-
sults of the theoretical calculations for the NICS (GIAO-
HF/6-31+GACHTUNGTRENNUNG(d,p)//B3LYP/6–31G(d)) of 3 (�8.0 ppm),
which is large negative value that is rather close to the value
of the parent benzene (�9.7 ppm),[6] and for the CTOCD
method, which indicates the presence of a strong diatropic
ring current.[13b]


In the case of the planar COT 2, in spite of the positive
NICS value (10.6 ppm)[6] and the indication of a paratropic
ring current in the CTOCD calculations,[11a] the signal of the
bridgehead protons (d=3.03 ppm)[6] was not shifted upfield
but rather slightly downfield in comparison with the signal
of reference compound 13. On the basis of these results, it
seems that the antiaromaticity of the planar COT 2 is, if
present, substantially decreased in the magnetic criterion.
The unexpected downfield shift of the bridgehead proton of
2 would be as a result of a steric compression effect. In the
calculated structure of 2 (B3LYP/6–31G(d)), the H···H dis-
tance is 2.087 K, which is shorter than the sum of the van
der Waals radius of the hydrogen atom (2.40 K).


The large bond alternation (DR=0.169(1) K observed by
X-ray crystallographic studies;[6] DR=0.161 K calculated by
B3LYP/6–31G(d)) is not the main reason for the considera-
ble decrease in antiaromaticity of 2 since a much larger
NICS value (22.1 ppm) was calculated for a hypothetical
planar COT unit with exactly the same bond lengths as
those in 2. Calculations for the hypothetical planar COT
species, such as 14, fully annelated with cyclobutane units[6]


and 15 with D4h symmetry and all the C-C-H angles fixed at
1008,[25] which have a bond alternation to a similar extent or
even larger (DR=0.155 and 0.18 K from ref. [6] and
B3LYP/6–31G(d) calculations, respectively), also showed
large positive NICS values (i.e. , 20.9[6] and 19.1 ppm). These
values are rather closer to the value of the hypothetical
planar COT 16 (i.e., 27.2 ppm)[6] with a D4h optimized struc-
ture (DR=0.132 K; C-C-H angle=113.98).


As shown in Figure 1, the planar COT rings have a b2u


HOMO and b1u LUMO. The b2u!b1u HOMO–LUMO tran-
sition has the symmetry of rotation with respect to the direc-
tion of the magnetic field and therefore produces a para-
tropic contribution in the antiaromatic p system.[13a] A
recent theoretical study showed that this HOMO–LUMO
transition dominates the total p ring current in the planar
COT and determines its paratropic nature.[26] As a result, it
can be concluded that the HOMO–LUMO gap is closely re-
lated to the strength of paratropicity of the planar COT
ring.[13a] Thus, the decreased ring current in 2 is ascribed to
the larger Kohn–Sham (KS) energy gap between the


HOMO and LUMO of 2 (3.04 eV) than the HOMO–
LUMO gaps for COTs 14–16 (2.27, 2.75, and 2.42 eV, re-
spectively). Also this tendency is the same for the NICS
values of these COTs. The larger HOMO–LUMO gap in
COT 2 is mainly ascribed to the relatively high-lying
LUMO level of 2 (�1.34 eV) in relation to 14–16 (�2.02,
�2.39, and �2.52 eV, respectively). The symmetry of the
LUMO of the planar COT 16 (b1u) is suitable for mixing
with the relatively high-lying HOMO-1 of the cyclobutane
moieties of BCH (bicycloACHTUNGTRENNUNG[2.1.1]hexane), and this s–p* inter-
action is considered to effectively raise the LUMO level of
2 (Figure 1).


Two-electron reduction : Reflecting the elevated LUMO
levels of COT 2, the two-electron reduction of 2 was not so
facile relative to the reduction of COT 4.[16] This reaction re-
quired highly purified [D8]THF as a solvent and proceeded
only at �78 8C under vacuum, with either lithium/corannu-
lene[27] or with freshly prepared potassium mirror
(Scheme 1). The 1H and 13C NMR spectra of the resulting
COT dianion 22� are shown in Figure 2. The signal for the
sp2 carbon atoms of the COT ring appear at d=100.4 ppm,
which is shifted upfield by Dd=32 ppm from the signal of
neutral 2, at the almost identical position to the signal (d=


97.8 ppm) for the COT dianion annelated with bicyclo-
ACHTUNGTRENNUNG[2.2.2]octene 42�.[16] The signals for the CH and CH2 moiet-
ies of the BCH units are clearly observed at d=3.47, 2.77,
and 1.95 ppm, respectively, thus indicating the quantitative
formation of dianion 22�. The signal for the bridgehead pro-
tons (d=3.47 ppm) showed a downfield shift of Dd=


0.44 ppm from neutral 2, thus clearly demonstrating the
presence of a diatropic ring current in 22�. In fact, the dia-
tropicity of 22� was shown by its NICS value of �11.9, which


Figure 1. The KS HOMO and LUMO orbitals and their energies calcu-
lated at the B3LYP/6–31G(d) level for COT 2 and the imaginary planar
COT 16 together with orbital-interaction diagrams between the COT and
packed cyclobutane rings of the BCH units.
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is comparable to the NICS value for the dianion of unsubsti-
tuted COT 162� (i.e., �14.0 ppm).


Upon the two-electron reduction of 2, which acquires
10p-electron aromaticity, equalization of the bond lengths is
expected to take place in the COT ring, and the geometrical
influence of annelation with a highly strained bicycloalkene,
such as BCH, is of interest.[9b,28] As mentioned above,[29]


such a structural modification causes a large bond alterna-
tion in benzene 3.[17] In contrast to 3, however, the DFT cal-
culations demonstrated that the bond alternation in 22� is
small (DR=Rendo�Rexo=1.431–1.405=0.026 K as calculated
by B3LYP/6–31G(d)); 1.442–1.398=0.044 K as calculated
by B3LYP/6-31+G(d))). This finding is ascribed to the
wider inner angle (1358) of the eight-membered ring in 22�


than the inner angle (1208) of the six-membered ring in 3.
Since the inner angle of 22� is close to the calculated C=C�
H angle (1308) for bicycloACHTUNGTRENNUNG[2.1.1]hexene (12), the annelation
with BCH groups does not impose much strain and there-
fore not much bond alternation. For the large bond alterna-
tion in 3, Frank and Siegel suggested the importance of the
conjugative effect between the benzene p system and the
s framework of the bicycloACHTUNGTRENNUNG[2.1.1]hexene moiety.[28] However,
such a conjugative effect appears to be less significant in 22�


judging from the smaller bond alternation.
The higher bond order of the endocyclic bond of the


bicycloACHTUNGTRENNUNG[2.1.1]hexene ring in 22� is also evident from the
13C NMR spectrum. The 13C NMR chemical shift of the


methylene carbon atom of the bicycloACHTUNGTRENNUNG[2.1.1]hexene system
is sensitive to the bond order of the endocyclic bond.[30] For
example, the signal for the methylene carbon atom in
bicycloACHTUNGTRENNUNG[2.1.1]hexene (12) is observed significantly more
downfield (d=68.0 ppm) than the signal for 2,3-
dimethylenebicycloACHTUNGTRENNUNG[2.1.1]hexane (13 ; d=43.8 ppm).[30] The
signal for the methylene carbon atom in the BCH unit of
22� (d=60.4 ppm, as confirmed by CH COSY spectrum) is
also shifted more downfield than the signal for neutral COT
2 (d=37.1 ppm) and even for benzene 3 (d=58.4 ppm).
These findings are consistent with the calculated results that
more effective bond equalization takes place in the dianion
22� than in neutral benzene 3.


ACHTUNGTRENNUNG[4+2] Cycloaddition with tetracyanoethylene (TCNE): Be-
cause the HOMO level of COT 2 is considerably elevated
as a result of the s–p conjugation, as shown above, the reac-
tivity of 2 as a diene in a cycloaddition reaction should be
increased. In fact, when COT 2 was treated with TCNE in
dichloromethane at room temperature (Scheme 2), the oc-


currence of a smooth reaction was apparent from the imme-
diate disappearance of the orange color of 2, and the [4+2]
adduct 17 was isolated in 47% yield. The structure of 17
was determined by X-ray crystallographic studies (Figure 3).
The enhanced reactivity of 2 is evident as no reaction took
place with the parent COT with TCNE under the same con-
ditions. In spite of the supposed congestion in the transition
state, the cycloaddition reaction was quite facile owing to
the unusually elevated HOMO level of 2.[15] A similar reac-
tion was also reported to proceed with the nearly planar cy-
clobuteno derivative 18,[31] which may be better described as
a peripheral 10p-electron system.


Even in the presence of excess TCNE, further [4+2] cy-
cloaddition of 17 with the second molecule of TCNE did
not proceed with heating at 40 8C for 24 h. This behavior is
in agreement with the results of the DFT calculations
(B3LYP/6–31G(d)), which indicated that the first cycloaddi-
tion is moderately endothermic with DH=11.3 kcalmol�1,


Scheme 1. Generation of 22�.


Figure 2. a) 1H and b) 13C NMR spectra of 22�. Scheme 2. Reaction of 2 with TCNE.
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while the second cycloaddition requires much higher energy
of DH=40.2 kcalmol�1 to produce the unstable adduct 19
with larger steric congestion than 17.


Epoxidation and cyclopropanation : In our previous study,
the reactions of benzene 3 with meta-chloroperbenzoic acid
(m-CPBA) in dichloromethane at room temperature and
with Et2Zn/diiodomethane in 1,2-dichloroethane at 0 8C
were shown to give all-cis trisACHTUNGTRENNUNG(epoxide) 20 and all-cis tris(cy-
clopropane) 21 in high yields.[6] Similar reactivity was report-
ed for starphenylene 22.[32] Epoxidation and cyclopropana-
tion were attempted for COT 2 under similar conditions to
compare the reactivity.


In the case of the epoxidation of 2 (Scheme 3), all four
double bonds in 2 were epoxidized within 10 minutes at 0 8C


to give tetrakis ACHTUNGTRENNUNG(epoxide) 23. Although 23 was detected as a
main component in the crude reaction product, the yield of
the isolated product was decreased to 31% as a result of the
instability of 23, which resulted in decomposition during the
isolation process. The epoxidation of COT 2, which has a
greater double-bond character than benzene 3, proceeded
faster than for 3 and required a reaction time of 2 hours
under the same conditions. However, this behavior is not
simply a result of the higher double-bond character of 2 be-
cause the reaction of the tub-formed parent COT with m-
CPBA gives only a mixture of bis ACHTUNGTRENNUNG(epoxide)s[33] and the more
reactive dimethyl dioxetane is necessary for complete epoxi-
dation to give tetrakis ACHTUNGTRENNUNG(epoxide) 24.[34] Thus, the enhanced
reactivity of 2 may be partly ascribed to its antiaromatic
nature, but “release of strain” could be a more important
factor as described below.


The structure of 23 was unambiguously determined by X-
ray crystallographic studies. In contrast to the all-cis geome-
try of the trisACHTUNGTRENNUNG(epoxide) of benzene 3, tetrakis ACHTUNGTRENNUNG(epoxide) 23
has an all-trans geometry (Figure 4). To keep the central


eight-membered ring in a tub structure holding the four
BCH units with the least-strained arrangement, the all-trans
structure is much more favorable than the all-cis structure,
thus yielding 23 as a sole product. In the X-ray structure of
23, the central eight-membered ring is bent like a tub and
the distance between the oxygen atoms of the opposite ep-
oxide rings is 2.82 K. This behavior is in contrast to the for-
mation of the tetrakis ACHTUNGTRENNUNG(epoxide) 24 with cis–cis–trans geome-


Scheme 3. Comparison of the reactivity of 2 and COT in the epoxidation
reaction.


Figure 3. Thermal ellipsoid drawings showing the X-ray structure of 17.
a) Top and b) side views.


Figure 4. Thermal ellipsoid drawings showing the X-ray structure of 23.
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try in the reaction of the parent COT with dimethyl dioxe-
tane.


Next, the Simons–Smith-type cyclopropanation was at-
tempted with COT 2 at room temperature (Scheme 4). In


contrast to the complete all-cis cyclopropanation of benzene
3,[6] only two of the four double bonds were transformed
into cyclopropane rings to afford two isomers of bis(cyclo-
propane) products 25 and 26. Again, the enhanced reactivity
of COT 2 in relation to the parent COT is apparent because
the parent COT shows no reactivity at all under the same
conditions. Further cyclopropanation of 25 or 26 did not
proceed, even at 60 8C for 2 h with additional cyclopropana-
tion reagents.


The precise structures of 25 and 26 were determined by
X-ray crystallographic studies (Figure 5). The orientation of
the cyclopropane rings is trans for the adjacently cyclopro-
panated product 25 and cis for the oppositely cyclopropanat-
ed product 26. This tendency is consistent with the epoxida-
tion of 2, thus supporting the idea that the reactions are con-
trolled by product stability.


In the X-ray structure of cis-cyclopropanated 26, the dis-
tance between the methylene carbon atoms of the cyclopro-
pane rings is 3.49 K, which is apparently longer than the dis-
tance between the oxygen atoms in 23 as a result of the


steric repulsion between the methylene hydrogen atoms.
This repulsion causes shallower folding in the tub structure
of 26. Consequently, tris- and tetrakis(cyclopropane) deriva-
tives of 2 should have greater strain than the corresponding
epoxides, which could be the reason for no higher cyclopro-
panated products being formed.


To examine the effect of strain by annelation with BCH
units, the energetics for homodesmic reactions (1)–(4) were
calculated using the DFT method. In the case of the ben-


zene derivatives, both reactions (1) and (2) are highly exo-
thermic, which is consistent with the preferable formation of
20 and 21. Since the aromatic stabilization energy of 3 is
comparable to that of the parent benzene, despite its cyclo-
hexatriene-like geometry,[6] the exothermicity principally de-
rives from the release of strain in the bicyclic systems in 3
by transformation into 20 and 21, in which the endocyclic
bonds become longer by saturation. Due to the same
reason, reaction (3) is also highly exothermic, whereas reac-
tion (4) is slightly endothermic in agreement with the exper-
imental results. Thus, irrespective of aromaticity and antiar-
omaticity, the release of strain appears to be the principal
driving force for the epoxidation and cyclopropanation of
benzene 3 and COT 2.


Conclusion


In summary, we have surveyed the antiaromaticity of the
planar COT 2 on the basis of the results of NMR spectro-
scopic analysis and theoretical calculations and also clarified
the chemical reactivity of 2 including two-electron reduc-
tion, [4+2] cycloaddition, epoxidation, and cyclopropana-
tion reactions. In spite of the planar 8p-electronic system,
the antiaromaticity of 2 is considerably decreased with re-
spect to the hypothetical planar COT 16. This behavior is
ascribed to an effective s–p* orbital interaction between the
bicyclic s framework and the COT p system. The HOMO–
LUMO gap in COT 2 is small for an 8p-electron system, as
judged from its orange color and the long-wavelength ab-
sorption. Thus, two-electron reduction proceeds under care-


Scheme 4. Cyclopropanation of 2.


Figure 5. Thermal ellipsoid drawings showing the X-ray structure of a) 25
and b) 26.
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fully controlled conditions, and the [4+2] cycloaddition with
TCNE readily takes place owing to the high-lying HOMO.
Concerning the epoxidation reaction, COT 2 and benzene 3
were shown to have similar reactivities. However, in the
case of cyclopropanation, the reactivity of 2 was unexpect-
edly lower than 3. From the results of these experiments
and theoretical calculations, it can be concluded that the re-
lease of strain is an important driving force for epoxidation
and cyclopropanation irrespective of the antiaromaticity of
2 or aromaticity of 3.


Experimental Section


General procedures : Chemical shifts of the 1H and 13C NMR spectra
(300 and 75.4 MHz, respectively) are reported in ppm with reference to
tetramethylsilane with the signal of the solvents as the internal standard
(d=7.26, 5.32, and 3.57 for CHCl3, CH2Cl2, and [D8]THF, respectively, in
the 1H NMR spectra and d=77.0, 54.0, and 67.39 ppm in the 13C NMR
spectra for CDCl3, CD2Cl2, and [D8]THF, respectively). Preparative gel-
permeation chromatography (GPC) was performed with a JAI LC-908
chromatograph equipped with JAIGEL 1H and 2H columns. All the re-
actions were carried out under argon unless otherwise noted. THF, dieth-
yl ether, and toluene were distilled from sodium benzophenone ketyl. Di-
chloromethane, hexane, and N,N-dimethylformamide (DMF) were dis-
tilled over CaH2; ethanol was distilled over K2CO3; and 1,2-dichloro-
ethane and CS2 were distilled over P2O5. TCNE was purified by sublima-
tion under reduced pressure and meta-chloroperbenzoic acid (m-CPBA)
was purified by treatment with aqueous NaH2PO4/NaOH (pH�7.4).
COT 2 and benzene 3 were synthesized as reported previously.[6] All the
other commercially available materials were of reagent grade unless oth-
erwise noted.


Computational method : All the calculations were conducted using Gaus-
sian 98 programs.[35] The geometries were optimized with the restricted
Becke hybrid (B3LYP) at the 6–31G(d) level, and the magnetic proper-
ties were calculated using the GIAO method at the HF/6-31+G ACHTUNGTRENNUNG(d,p)
level. For comparison, the geometry of 22� was also optimized with dif-
fuse functions, namely, 6-31+G(d).


Two-electron reduction of COT 2 : COT 2 was reduced in 5-mm NMR
glass tubes equipped with an upper reduction chamber. The COT (3–
5 mg) was introduced into the lower chamber of the tube under argon.
The alkali metal (kept in paraffin oil, cleansed from the oxidized layer,
and rinsed in petroleum ether 40–60 8C) was introduced under argon to
the reduction chamber as a lithium wire or piece of potassium. The tube
was then placed under high vacuum and dried by flame. In the case of
lithium, a catalytic amount of corannulene was added to promote elec-
tron transfer. In the case of potassium, the metal was sublimed several
times, thus creating a potassium mirror on the reduction chamber. Ap-
proximately 1 mL of anhydrous [D8]THF (dried over a sodium/potassium
alloy under high vacuum) was vacuum transferred to the NMR tube and
was degassed several times. Finally, the tube was flame-sealed under high
vacuum: 1H NMR ([D8]THF): d=3.47 (m, 4H), 2.77 (m, 8H), 1.95 (m,
8H) ppm; 13C NMR ([D8]THF): d=100.41, 60.42, 49.72 ppm.


ACHTUNGTRENNUNG[4+2] Cycloaddition of COT 2 with TCNE : COT 2 (12.1 mg,
0.0387 mmol) and TCNE (5.60 mg, 0.0448 mmol) were dissolved in
CH2Cl2 (16 mL). After stirring for 5 min at room temperature, the sol-
vent was evaporated under reduced pressure. Separation of the residue
by GPC eluting with CHCl3 afforded 17 (8.0 mg, 47%) as a colorless
solid. The substance gradually darkened above 120 8C but did not melt
below 300 8C. 1H NMR (CDCl3): d=3.23 (dt, J=6.9, 2.9 Hz, 2H), 3.20–
3.12 (m, 4H), 3.01 (dd, J=9.9, 3.3 Hz, 1H), 2.77 (t, J=2.3 Hz, 2H), 2.72
(dt, J=5.4, 2.4 Hz, 1H), 2.67 (dt, J=6.0, 2.4 Hz, 1H), 2.47 (dd, J=10.8,
8.4 Hz, 2H), 2.36 (dd, J=9.9, 5.3 Hz, 1H), 2.16–2.04 (m, 6H), 1.86 (dd,
J=9.9, 6.3 Hz, 1H),1.46 (dd, J=10.4, 7.0 Hz, 2H), 1.32 (dd, J=9.8,
6.2 Hz, 1H) ppm; 13C NMR (CDCl3): d=151.2, 137.6, 136.6, 113.5, 112.7,


66.7, 63.6, 54.4, 54.0, 48.8, 47.8, 46.4, 45.8, 45.0, 43.0, 42.9, 36.2 ppm; EI-
MS: m/z : 440.3 [M+]; HR-MS calcd (%) for C30H24N4: 440.2001; found:
440.2010.


Epoxidation of COT 2 : A solution of m-CPBA (75 mg of 80% pure re-
agent; 60 mg, 0.430 mmol) in CH2Cl2 (0.7 mL) was added dropwise to a
stirred solution of COT 2 (16.8 mg, 0.0538 mmol) in CH2Cl2 (10 mL) at
0 8C. After stirring for 5 min, the reaction mixture was quenched by addi-
tion of saturated aqueous NaHCO3. The organic layer was separated, and
the aqueous layer was extracted with CH2Cl2 (2R5 mL). The combined
organic phase was dried over MgSO4. The solvent was removed under re-
duced pressure and the residue was subjected to flash chromatography
on alumina eluting with CH2Cl2 to give tetraepoxide 23 (6.3 mg, 31%) as
a colorless solid. The substance gradually darkened above 180 8C and ex-
ploded at 200 8C. 1H NMR (CDCl3): d=2.25 (t, J=2.7 Hz, 8H), 2.04 (sex,
J=2.6 Hz, 8H), 1.89 (dd, J=5.0, 2.3 Hz, 8H) ppm; 13C NMR (CDCl3):
d=75.7, 44.2, 37.7 ppm; APCI-MS: m/z : 376.4 [M+]; HR-MS (FAB)
calcd (%) for C24H25O4: 377.1753; found: 377.1754.


Cyclopropanaiton of COT 2 : Et2Zn (0.70 mL, 0.71 mmol; 1.02m in
hexane) was added dropwise to a stirred solution of COT 2 (23.9 mg,
0.0765 mmol) in 1,2-dichloroethane (10 mL) at 0 8C. After stirring for
5 min, CH2I2 (0.10 mL, 1.30 mmol) was added. After stirring for 15 min,
the reaction mixture was quenched by addition of saturated aqueous
NH4Cl and the reaction mixture was allowed to warm to room tempera-
ture. The organic layer was separated, and the aqueous layer was extract-
ed with CH2Cl2 (2R5 mL). The combined organic solution was dried over
MgSO4. Removal of the solvent and GPC separation of the residue elut-
ing with CHCl3 gave 25 (3.1 mg, 12%) and 26 (2.0 mg, 8%) as colorless
solids. 25 : m.p. 192–193 8C; 1H NMR (CDCl3): d=3.32 (dt, J=7.8, 2.7 Hz,
2H), 3.05 (t, J=2.7 Hz, 2H), 2.16 (dt, J=7.5, 2.7 Hz, 2H), 2.14 (t, J=


2.8 Hz, 2H), 2.00–1.95 (m, 4H), 1.93 (dt, J=6.0, 2.6 Hz, 2H), 1.85–1.77
(m, 4H), 1.62 (dd, J=3.6, 1.8 Hz, 2H), 1.40–1.32 (m, 2H), �0.04 ppm (d,
J=3.6 Hz, 2H); 13C NMR (CDCl3): d =136.2, 109.2, 48.9, 48.1, 46.6, 45.7,
43.9, 41.9, 41.7, 41.5, 40.6, 38.2, 15.0 ppm; EI-MS: m/z : 340 [M+]; HR-
MS: calcd (%) for C26H28 340.2191; found: 340.2194. 26 : gradually de-
composed above 180 8C; 1H NMR (CDCl3): d=3.23 (dt, J=7.8, 2.9 Hz,
4H), 2.01 (dt, J=8.1, 2.7 Hz, 4H), 1.80 (sex, J=2.8 Hz, 8H), 1.46 (t, J=


2.4 Hz, 8H), 1.25 (s, 2H), 0.78 (d, J=7.8 Hz, 2H) ppm; 13C NMR
(CDCl3): d =133.9, 50.1, 46.3, 43.0, 42.1, 41.5, 26.6 ppm; EI-MS: m/z : 340
[M+]; HR-MS calcd (%) for C26H28: 340.2191; found: 340.2191.


X-ray structural analysis : Intensity data were collected at 100 K on a
Bruker SMART APEX diffractometer with MoKa radiation (l=


0.71073 K) and graphite monochromator. The structure was solved by
direct methods (SHELXTL) and refined by the full-matrix least-squares
on F2 (SHELXL-97). All the non-hydrogen atoms were refined aniso-
tropically and all the hydrogen atoms were placed using AFIX instruc-
tions.


17: Single crystals suitable for X-ray crystallography were obtained by re-
crystallization from CH2Cl2/hexane. C30H24N4, Mw=440.53, crystal size=


0.10R0.10R0.04 mm3, monoclinic, P2(1), a=9.614(5), b=12.224(5), c=


10.342(5) K, b=115.658(2)8, V=1095.6(9) K3, Z=2, 1calcd=1.335 gcm�3 ;
the refinement converged to R1=0.0523, wR2=0.0789 (I>2s(I)), GOF=


1.004.[36]


23 : Single crystals suitable for X-ray crystallography were obtained by re-
crystallization from CH2Cl2. C24H24O4, Mw=376.43, crystal size=0.20R
0.20R0.20 mm3, monoclinic, P2(1)/n, a=11.137(5), b=12.193(5), c=


13.343(5) K, b=90.344(5)8, V=1811.9(13) K3, Z=4, 1calcd=1.380 gcm�3 ;
the refinement converged to R1=0.1061, wR2=0.2225 (I>2s(I)), GOF=


1.183.[36]


25 : Single crystals suitable for X-ray crystallography were obtained by re-
crystallization from CH2Cl2/hexane. One of methylene carbon atoms of
the cyclopropane moieties is disordered and the occupancies of the disor-
dered atoms were refined as 0.79:0.21. C26H28, Mw=340.48, crystal size=


0.10R0.10R0.10 mm3, monoclinic, P2(1)/n, a=10.613(5), b=12.021(5),
c=14.337(5) K, b =96.423(5)8, V=1817.6(13) K3, Z=4, 1cald=


1.244 gcm�3 ; the refinement converged to R1=0.0463, wR2=0.0842 (I>
2s(I)), GOF=1.003.[36]


26 : Single crystals suitable for X-ray crystallography were obtained by re-
crystallization from CH2Cl2/hexane. (C26H28)2, Mw=680.97, crystal size=
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0.10R0.10R0.05 mm3, triclinic, P1̄, a=9.338(5), b=11.000(5), c=


17.671(5) K, a =85.489(5), b=85.009(5), g =89.248(5)8, V=


1802.6(14) K3, Z=2, 1calcd=1.255 gcm�3 ; the refinement converged to
R1=0.0645, wR2=0.1418 (I>2s(I)), GOF=1.001.[36]
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Linear Uranium Complexes X2UL5 with L=Cyanide, Isocyanate: DFT
Evidence for Similarities between Uranyl (X=O) and Uranocene (X=Cp)
Derivatives


Nathalie Ich--Tarrat,[a] No-mi Barros,[b, c] Colin J. Marsden,[a] and Laurent Maron*[b]


Introduction


The development of actinide chemistry has been increased
over the last decade, mainly supported by the problem of
nuclear waste storage. This problem is still challenging for
both theoretical and experimental chemists. From the exper-
imental point of view, the manipulation of radioactive spe-
cies requires special facilities, and results reported in the lit-
erature are generally limited to early actinides up to urani-
um. In particular, the case of the uranyl ion UO2


2+ has been
extensively investigated, both experimentally and theoreti-
cally.[1–7] The nature of the bonding in such a dication has


been unequivocally determined, and the role of the 5f orbi-
tals in the bonding demonstrated.[1–7] Adopting an ionic pic-
ture, the U�O bond can be described as a sigma bond with
two strong donor–acceptor (with strong electrostatic charac-
ter) interactions between the px and py lone pairs on oxygen
and empty d/f orbitals on uranium. However, other kind of
mesomeric forms can be drawn (Figure 1).


These different bonding models can be drawn, because in
U(VI) both the 5f or 6d orbitals are unoccupied and can be
used for establishing the bond with the oxo ligand. It should
be kept in mind that the third model in Figure 1, which
looks rather inappropriate with a plus charge on the oxygen,
is the one obtained from a pure covalent bonding model.
Indeed, the MO diagram (Figure 2) clearly indicates that
the uranium atom has enough symmetry-adapted orbitals to
establish three bonds with each oxygen atom. The analysis
of such an MO diagram shows that seven non-bonding orbi-
tals are still accessible, so such a dication can coordinate
more ligands. In particular, the remaining orbitals are pri-
marily oriented in the equatorial plane (five orbitals),
whereas the other two are more out-of-plane. The coordina-


Abstract: A DFT study of the isostruc-
tural compounds [UO2L5]


n� with n=3–
5 and linear [Cp2UL5]


m� with m=1–3
has been carried out for two different
anionic ligands. Structurally stable
structures are obtained for all systems.
The coordination competition between
cyanide (CN�) and isocyanide (NC�)
as well as between cyanate (OCN�)
and isocyanate (NCO�) has been stud-
ied in the uranyl case. A clear prefer-


ence for cyanide and isocyanate com-
plexes is reported. The coordination of
five ligands in the equatorial plane is
rationalised by the analysis of the MO
diagram of both systems. Moreover,
the qualitative comparison of the two


MO diagrams shows a high similarity
in agreement with the isolobality con-
cept. The existence of linear [Cp2UL5]


�


organometallic U(VI) complexes is
thus proposed, as well as the possibility
of obtaining complexes of both types
for U(VI) and U(V) with OCN� li-
gands. In addition, the U(IV) linear
metallocene is calculated to be stable
for the latter ligand.
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Figure 1. Different bonding models for the uranyl ion.
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tion in the equatorial plane has been experimentally widely
studied for a variety of ligands such as chlorides,[8] hydrox-
ides,[9–10] carbonate,[11] iodates,[12] and very recently cya-
nides[13] and isocyanates.[14] The understanding of the metal–
ligand interaction is a key question that has been investigat-
ed by different groups by means of theoretical methods.[1–7]


In parallel to the experimental studies on uranyl-ligand
interaction, the group of Ephritikhine has also been working
on organometallic uranium complexes such as Cp2U. This
group has recently reported the synthesis of linear urano-
cene compounds of U(IV) and U(V) that exhibit either five
cyanides or five acetonitrile molecules in the equatorial
plane:[15–17] in this context, a “linear” complex is one that
contains a five-fold axis that passes through the U atom.
This result seems puzzling, since the Cp2M fragment is bent
for transition metals or lanthanides, owing to the use of the
d orbitals. This kind of compound was obtained for UACHTUNGTRENNUNG(III).
These experimental facts were explained by DFT calcula-
tions[17] and rationalised by the analysis of the MO diagram
(Figure 3). A linear structure can be obtained for U(IV) and
U(V), because seven or six non-bonding orbitals are occu-
pied, respectively (as seen in Figure 3), but in the case of U-
ACHTUNGTRENNUNG(III) an additional antibonding orbital has to be occupied.
Therefore, the latter appears not to be structurally stable
and a bent structure is obtained by means of second-order
Jahn–Teller effect. Notice that the MO diagrams of uranyl
(Figure 2) and of linear uranocene (Figure 3) seem rather
similar and thus, a parallel between the two systems seems
plausible.


When combined with U (or other actinides), this observa-
tion clearly defines the isolobality between the oxo and cy-
clopentadienyl ligands, as proposed by Hoffmann.[18] The in-
teraction between the oxo-ligand and the actinide centre is,
however, slightly different than the interaction between the
Cp and the metallic centre. Indeed, in the uranyl-type com-


plexes, the interaction involves the 6p orbital (through the
6p-hole that was found at the NBO level), whereas the 7p is
involved in the metallocene complex. This is clearly a result
of the longer M�Cp distance (�2.45 N) compared to that of
U�O (�1.78 N). However, the notion of isolability is valid,
as the frontier orbitals are similar. Therefore, in this paper,
the isolobality between the uranyl and uranocene systems
has been investigated by a theoretical approach.


Seven-coordinated U(IV), U(V) and U(VI) complexes of
both types (X2UL5 with X=O or Cp) have been investigat-
ed and found to be structurally stable. Test calculations on
the choice of the core size of the uranium effective core po-
tential (ECP) have been carried out on [UO2L5]


3�. For that
purpose, the possibility of obtaining either cyanide or isocy-
anide compounds as well as cyanate or isocyanate com-
plexes has been explored. These calculations are related to
the different results obtained by Clavaguerra-Sarrio et al.[19]


and Sonnenberg et al.[20] In the case of UO2L2, the isocya-
nide compound was found to be more energetically stable,
whereas [UO2L5]


3� was found to be more stable for the cya-
nide compound. The results are compared with the experi-
mental structures, when known, and the structure of a linear
Cp2U(VI) complex is proposed. Moreover, structurally
stable linear uranocene structures are proposed in the case
of isocyanate auxiliary ligands.


Computational Details


Uranium has been represented by either a very small core relativistic ef-
fective core potential (RECP)[21] (32 valence electrons) or a small-core
RECP[22] (14 valence electrons) extracted by the Stuttgart–Dresden–
Bonn group in combination with the corresponding basis set (up to g
functions). Carbon, nitrogen, oxygen and hydrogen have been represent-
ed by either an all-electron, double-z quality, 6–31G ACHTUNGTRENNUNG(d,p) basis set[23] or
an ECP for carbon, nitrogen, oxygen in combination with the appropriate
basis set.[24] Calculations have been carried out at the DFT(B3LYP and
B3PW91) levels[25,26, 27] of theory with Gaussian 03.[28] The nature of the


Figure 2. Qualitative MO diagram of the uranyl ion in Dnh symmetry.


Figure 3. Qualitative MO diagrams for the Cp2U fragment.
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extrema has been established with analytical vibrational frequency calcu-
lations. The reaction enthalpy has been calculated at 298 K using the har-
monic approximation.


Results and Discussion


Test calculations on [UO2L5]
3� with L=CN�, NC�, OCN�,


NCO� : In order to perform calculations on the Cp2U
system, the possibility of performing the calculations with
the small core ECP (14 valence electrons) was tested. Ge-
ometry optimizations were carried out on [UO2L5]


3� (L=


CN� and NCO�) with use of both small core and very small
core ECPs. These two compounds were considered, as the
experimental data are available.[13,14] The geometries of the
optimised complexes are presented in the Supporting Infor-
mation (Figure S1 and Figure S2). The key geometrical and
experimental parameters are reported in Table 1. The geo-


metries obtained are in very good agreement with each
other, as well as with the experimental results. Indeed, for
the [UO2(CN)5]


3� complex (optimised at the two levels of
theory) the U�O distance differs by 0.02 N and the U···C
distances by only 0.04 N. In comparison with the experimen-
tal structure, the major discrepancies are found to be 0.01 N
for the U�O and U···C distances and �0.02 N for C�N. A
similar result is obtained for the isocyanate complex.
Indeed, the differences obtained from the two RECP are in
the same range as the cyanide complex: 0.02–0.03 N for the
U�O and U···N distances. The comparison with the experi-
mental structure is more complicated here, as only two iso-
cyanates and two phosphane oxides are coordinated. Thus,
the optimised U···N distances are found to be overestimated
by 0.2 N. In order to confirm the validity of the DFT ap-
proach in reproducing geometries of uranium complexes,
the experimental isocyanate complex has also been opti-
mised (the methyl groups on the nitrogen were replaced by
hydrogen atoms). The U···N and U···O distances are found
to be in excellent agreement with the experiment (U···N:
B3LYP 2.379 N, B3PW91 2.351 N, exp 2.336 N and U···O:
B3LYP 2.367 N, B3PW91 2.354 N, exp 2.277 N). The geo-
metries were optimised either with the B3LYP or B3PW91
functionals and the results are almost identical. These two
functionals were compared, as it has been reported that the
B3PW91 functional is better at representing soft interac-


tions.[29] Moreover, since generalised gradient approximation
(GGA) functionals can lead to either very good or rather
poor results depending on the system. In addition, Vallet
et al.[2,3] have mentioned that Hartree–Fock exchange has to
be accounted for to get reliable geometrical and energetical
values, so that no GGA or local density approximation
(LDA) optimizations were carried out. The energetic differ-
ence between a cyanate and an isocyanate complex has also
been investigated for the experimental complex. Experimen-
tally, only the isocyanate complex has been reported. The
calculation finds the cyanate complex to be 22.5 kcalmol�1


higher in energy than the corresponding isocyanate complex.
This is consistent with the experimental data, as no cyanate
complex has been reported and thus the validity of the theo-
retical approach used hereafter has been demonstrated.


The difference between both types of calculation (small
core ECPs and very small core ECPs) can be explained by a
slightly better treatment of core-valence interaction with the
very small core ECP since the whole 5th shell is explicitly
included in the calculation which is not the case with the
small core one.


From an energetic point of view, the coordination of the
anionic auxiliary ligand in the equatorial plane is calculated
to be very favourable. Indeed, the total binding energy is
calculated to be �447.0 kcalmol�1 and �438.0 kcalmol�1 for
the isocyanate and cyanide ligands, respectively, by using the
very small core RECP. For comparison, the binding energies
are found to be �433.0 kcalmol�1 and �420.0 kcalmol�1 , re-
spectively, using the small core ECP. These results are found
to be in fair agreement with each other. The binding energy
is obtained by computing the free energy of reaction in the
gas phase of the reaction [Eq. (1)]:


UO2
2þ þ 5L� ! ½UO2L5�3� ð1Þ


It should be kept in mind at this stage that the absolute
value is clearly overestimated, as no solvent effects have
been considered; they should favour the left-hand side of
Equation (1). However, this favourable coordination can be
explained by the important electrostatic interaction between
the cationic uranium centre and the anionic ligand. Clearly
this would not be overcome by solvation effects. This inter-
action overcomes both the electrostatic repulsion between
the auxiliary ligands and the entropic loss due to coordina-
tion.


To ensure the comparison between the two RECP values,
as well as to study the possibility of both type of coordina-
tion proposed in the literature,[19,20] the geometries of isocya-
nide and cyanate complexes have been optimised (see the
Supporting Information, Figure S1 and Figure S2). For the
latter, a similar study has already been undertaken for the
experimental system reported by Crawford et al. [19] and, in
the present work, a preference for the isocyanate complex
by more than 20 kcalmol�1 is found. In the isocyanide case,
both structures have been optimised and shown to be a
minima on the potential energy surface. This is in agreement
with the earlier work by Clavaguerra-Sarrio et al.[19] and


Table 1. Key geometrical parameters of the optimised structures as well
as the experimental ones.


U�O [N] U···L [N] N�C [N]


ACHTUNGTRENNUNG[UO2(CN)5]
3� (32e ECP) 1.789 2.653 1.180


ACHTUNGTRENNUNG[UO2(CN)5]
3� (14e ECP) 1.761 2.691 1.180


ACHTUNGTRENNUNG[UO2(CN)5]
3� exp. 1.772 2.549–2.579 1.156–1.166


ACHTUNGTRENNUNG[UO2 ACHTUNGTRENNUNG(NCO)5]
3� (32e ECP) 1.791 2.506 1.190


ACHTUNGTRENNUNG[UO2 ACHTUNGTRENNUNG(NCO)5]
3� (14e ECP) 1.763 2.526 1.191


UO2 ACHTUNGTRENNUNG(NCO)2(OP ACHTUNGTRENNUNG(NR2)3)2 exp. 1.765 2.336 1.145
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Sonnenberg et al.[20] From the geometrical point of view, as
expected, the U···N distance is found to be smaller than the
U···C distance by roughly 0.1 N. This can be explained by
two facts. First, the nitrogen lone pair is found to be more
localised than the carbon lone pair in the cyanide ligand.
This might be expected, given that the higher effective nu-
clear charge for N than for C, so the interaction between
the lone pair on the ligand and an empty orbital on the ura-
nium centre should be at shorter distance. Secondly, the in-
teraction in the isocyanide complex should overcome the at-
tractive charge-dipole interaction present in the cyanide
case. From the energetic point of view, the cyanide complex
is found to be more stable than the isocyanide one by
17 kcalmol�1. This result is in agreement with the work of
Sonnenberg et al. who reported that the more stable struc-
ture in pentacoordination is found with a cyanide ligand and
the change in stability between the cyanide and the isocya-
nide was found for a tetracoordination.


Concerning the cyanate/isocyanate coordination problem,
the situation is somewhat different. Using both RECP, the
cyanate complex is not found to be a minimum. The struc-
ture presented in Figure S2 in the Supporting Information
exhibits 5 or 6 imaginary vibrational frequencies. Thus, only
the isocyanate compound is structurally stable, in agreement
with the work of Crawford et al.[14]


To conclude, the use of a small core RECP leads to satis-
factory results for the uranyl complexes so that such an ECP
will be used in the following, in particular, for the Cp2U
complexes. Moreover, test calculations on the choice of the
functional (B3LYP or B3PW91) have given results in good
agreement with each other. The results are, as expected, not
strongly dependent on the choice of the functional. Thus, in
the following, the calculations will be performed either
using one or the other functional.


Calculations on [UO2L5]
q� q=3–5 with L=CN�, NCO� :


Here, the structures obtained for U(IV), U(V) and U(VI)
derivatives of the uranyl ion will be presented. For the dis-
cussion on the stability by comparison with the Cp2U linear
system, see below. Geometry optimizations have been per-
formed at the DFT level for [UO2L5]


5�, [UO2L5]
4� and


[UO2L5]
3� with the cyanide and the isocyanate ligands. The


optimised structures are presented in Figure 4 (cyanide) and
Figure 5 (isocyanate) and the key geometrical parameters in
Table 2.


It should be noted at this stage that the complexes are
highly negatively charged, so geometry optimization was dif-
ficult. In particular, in the U(IV) case (charge of �5), it was
not possible to optimise the structures satisfactorily. From
an experimental point of view, the UO2 moiety is difficult to
dissolve so that such a structure would certainly never be
observed.


For the U(VI) complexes, the coordination of the ligand
leads to an appreciable elongation of the U�O bond by
0.08 N. Thus, the coordination of a strong anionic s donor
in the equatorial plane results in a weakening of the strong
-yl bond, so the U�O bond would be more reactive.


A similar result is obtained in the U(V) case. Strictly, this
complex cannot possess a five-fold axis, as a result of Jahn–
Teller distortions created by the unpaired electron (the
HOMO is of e1


’ symmetry). However, optimisations of this
complex in C1 symmetry lead to a C2v structure in which the
angular deviations from D5h symmetry are trivial, never ex-
ceeding 0.18. The ligand coordination weakens the U�O
bond since the bond is elongated by 0.06 N with respect to


Figure 4. Optimised structures of the U(V) and U(VI) cyanide com-
plexes.


Figure 5. Optimised structures of the U(V) and U(VI) cyanide com-
plexes.


Table 2. Key geometrical parameters of the optimised structures.


U�O [N] U···L [N] N�C [N]


ACHTUNGTRENNUNG[UO2(CN)5]
4� 1.803 3.029 1.186


ACHTUNGTRENNUNG[UO2(CN)5]
3� 1.761 2.691 1.180


ACHTUNGTRENNUNG[UO2 ACHTUNGTRENNUNG(NCO)5]
4� 1.808 2.783 1.190


ACHTUNGTRENNUNG[UO2 ACHTUNGTRENNUNG(NCO)5]
3� 1.763 2.526 1.191
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the bare uranyl ion. From the energetic point of view, the
coordination according to Equation (1) is calculated to be
endergonic by 83.2 and 67.7 kcalmol�1 for the isocyanate
and the cyanide complexes, respectively. These results have
to be compared with the coordination energies for the
U(VI), which were highly exergonic (around
�440 kcalmol�1). The difference between the two results
can be attributed to the longer U···L distances found and a
lower positive charge of the uranium centre, leading to a
lower electrostatic interaction. Moreover, in the U(V) case,
there is an unpaired electron that leads to an electronic re-
pulsion with the ligand lone pairs. However, such a structure
is found to be a minimum on the potential energy surface
and, under specific experimental conditions, U(V) com-
plexes may be isolable. A similar argument, the U(IV) com-
plexes should be even less thermodynamically stable than
the U(V) complexes, in agreement with the fact that the ge-
ometry optimisation was not possible.


Comparing the two ligands, it should be noted that the
U···L distances are found to be systematically lower for the
isocyanate ligand than for the cyanide ligand. This can be
explained by the difference of dipole moment between the
two ligands. The calculated dipole moments are found to be
equal to 0.0173 D for the cyanide and 1.5061 D for the iso-
cyanate ion. Therefore, for the isocyanate ion, a stronger
charge-dipole interaction is obtained that leads to a smaller
U···L distance. Consequently, isocyanate ligands are found
to be slightly more favourable ligands than the cyanide li-
gands for uranyl complexes, in terms of charge-dipole inter-
action, and lead to stronger coordination.


A similar study has been performed on the Cp2UL5


family.


Calculations on [Cp2UL5]
q� q=1–3 with L=CN�, NCO� :


Geometry optimizations have been performed on the
U(IV), U(V) and U(VI) linear uranocene complexes for
both ligands. The optimised geometries are presented in
Figure 6 (cyanide complexes) and Figure S4 (isocyanate
complexes) in the Supporting Information. The key geomet-
rical parameters are reported in Table 3. Let us start by ana-
lyzing the cyanide complexes. The U(IV) and U(V) systems
are known experimentally.[17] The optimised geometries are
in good agreement with the experimental geometries. The
U···L distances are well reproduced with a maximum dis-
crepancy of 0.05 N in the U(IV) case. The U�X distances
(X=Cp centroid) are much more complicated to compare,


because the experimental structures were obtained with
Cp* ACHTUNGTRENNUNG(C5Me5) ligands and the calculations were performed
with Cp ACHTUNGTRENNUNG(C5H5). Thus, for steric reasons, the optimised U�X
distances are expected to be shorter than the experimental
ones. We have found that the short U�X distances do not
influence the cyanide coordination to the uranium centre.
This indicates that the cyanide coordination is driven by
electronic effects, whereas the U�X distances are primarily
affected by the steric influence of the methyl groups. To
summarise, the linear structure was found to be possible for
pentacoordinated uranium complexes according to the MO
diagram (Figure 3). Indeed, the use of the 5f orbitals in the
bonding induces the presence of seven nonbonding orbitals
for the Cp2U fragment with five pointing in the equatorial
plane and two out of the plane. Thus, from an MO point of
view, a pentacoordinated complex with a maximum of two
unpaired electrons can adopt a linear structure. Consequent-
ly, U(IV), U(V) and U(VI) can adopt such a structure. In
the case of U(IV), the presence of the two unpaired elec-
trons on the uranium centre induces an electrostatic repul-
sion with the lone pairs located on the ligands, so both
linear and bent structures can exist. This repulsion becomes
smaller on going from U(IV) to U(V), so that the latter is
experimentally found to be stable in a linear form.


Following this argument, the repulsion is non-existent in
the U(VI) case, so that the linear complex should be struc-
turally the most stable of the series. From a theoretical
point of view, such a structure has been optimised. As ex-
pected, the U�X and the U···L distances are calculated to
be smaller than in the corresponding ones for the U(IV)
and U(V) complexes. This can be explained by the increase
of the positive charge at the uranium centre and also by the
non-existence of the electrostatic repulsion between the
lone pair on the ligand and the uranium unpaired electrons.
Experimental work is in progress to generate such a com-
plex that would be the first linear organometallic complex
of U(VI).


We have shown above that the coordination of five isocy-
anate ligands to the uranyl moiety has been shown to be
even more exergonic than for cyanide. We therefore investi-
gated the possibility of obtaining a structurally stable linear
uranocene with five isocyanates in the equatorial plane has
been investigated. The optimised structures are presented in
Figure 7 in the Supporting Information. As expected, it has
been possible to obtain structurally stable structures for
U(IV), U(V) and U(VI). This finding is in agreement with
the MO diagram (Figure 3) and the argument proposed for
the cyanide case.


A similar geometrical variation is observed with respect
to the oxidation state of the uranium centre as in the cya-
nide complexes. The distances decrease as expected, follow-
ing the argument stated before. For a given oxidation state,
it should be noted that the U···L distance as well as the U�
X distances are smaller for the isocyanate ligand than for
the cyanide. This was observed in the uranyl derivatives case
described above and was attributed to a better charge-
dipole interaction with the isocyanate ligand.


Table 3. Key geometrical parameters of the optimised structures.


U�X(Cp centroid) U···L N�C
[N] [N] [N]


ACHTUNGTRENNUNG[UCp2(CN)5]
3� 2.547 2.673 1.176


ACHTUNGTRENNUNG[UCp2(CN)5]
2� 2.485 2.559 1.174


ACHTUNGTRENNUNG[UCp2(CN)5]
� 2.436 2.477 1.176


ACHTUNGTRENNUNG[UCp2ACHTUNGTRENNUNG(NCO)5]
3� 2.573 2.540 1.191


ACHTUNGTRENNUNG[UCp2ACHTUNGTRENNUNG(NCO)5]
2� 2.526 2.421 1.195


ACHTUNGTRENNUNG[UCp2ACHTUNGTRENNUNG(NCO)5]
� 2.491 2.330 1.200
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As for the U(VI) linear uranocene complex of cyanide,
the three isocyanate linear complexes are predicted to be
structurally stable.


Comparison of the two types of systems : In comparing the
two families of systems, a parallel seems to be drawn, as
U(VI) and U(V) linear systems are predicted to be structur-
ally stable from our computational point of view. The validi-
ty of the isolobality concept in these examples is thus firmly
established. The comparison of the MO diagrams clearly
shows that both uranyl and uranocene derivatives should ex-
hibit a similar stability. The same number of non-bonding
orbitals is found for both systems, so a system existing for
one family should also exist in the other family. This has
been verified in the cases of [UO2(CN)5]


4� where the linear
Cp2-homologue exists and for [Cp2U(CN)5]


� where the
uranyl equivalent is also structurally stable. Considering this
similarity of the MO diagrams, [UO2(CN)5]


5� would be
structurally stable, but here the limit of a pure covalent
model applies. Even though the orbital interaction is favour-
able, the electrostatic repulsion between ligands and the
electron–electron repulsion between lone pairs on the li-
gands and the unpaired uranium electrons have to be taken
into account.


On the other hand, the MO diagrams show that every
ligand possessing a lone pair can in principle coordinate in
the equatorial plane of a uranium complex of both families.
Thus, it should be possible to obtain the linear uranocene
structures with other kind of ligands. In particular, isocya-
nate could possibly be used for such a purpose. To overcome
the problem of the electrostatic repulsion between ligands
in the uranyl case, where it appears to be crucial, the use of
neutral ligands can be considered. Work is in progress in
that direction: preliminary results show that the U(IV),
U(V) and U(VI) uranyl-type pentacoordinated complexes
of CO are structurally stable.


Conclusion


In this paper, we have reported a comprehensive study of
pentacoordinated cyanide and isocyanate linear complexes
of U(IV), U(V) and U(VI) with either two oxo ligands
(uranyl-type) or two cyclopentadienyl ligands (Cp-type).
The use of small-core RECP (14 electrons) was checked and
validated by comparison with either experimental structures
or very small-core RECP (32 electrons) results. The possibil-
ity of forming either cyanide or isocyanide as well as cya-
nate or isocyanate complexes has been investigated. It has
been shown that cyanide pentacoordination is preferred, al-
though the isocyanide is also a minimum, whereas only the
isocyanate complexation leads to a minimum on the PES.


Two structurally stable structures have been predicted
with cyanide ligands: [UO2(CN)5]


4� and [Cp2U(CN)5]
� .


Their existence has been rationalised by analysis of the MO
diagrams (Figure 2 and Figure 3) and follows the isolobality
concept. In particular, the similarity between the two MO


diagrams allows us to draw a parallel between the two fami-
lies of complexes.


The influence of the electrostatic repulsion between
anionic ligands has been considered, to explain the difficulty
of characterizing highly negatively charged complexes of
uranyl-type. This was verified by test calculations, using the
neutral ligand (CO). Work is in progress in that direction
and the results will be presented in a forthcoming paper.
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Introduction


Calcium is a ubiquitous intracellular messenger; it is an es-
sential regulator of many cellular processes including fertili-
zation, cell death, sensory transduction, muscle contraction,
motility, exocytosis, and fluid secretion.[1,2] Calcium triggers
exocytosis within microseconds, drives the gene transcription
and proliferation in minutes to hours, and the concentration
varies from 100 nm at rest to 1 mm upon activation.[1,2] Defec-
tive Ca2+ signaling is a feature of diverse diseases including
hypertension and immunodeficiencies. To understand these
functions, fluorescence imaging with one-photon (OP) fluo-
rescent probes has most often been used.[3,4] The most
widely used probes are fura-2, indo-1, Fluo-3, Calcium
Green, and Oregon Green 488 BAPTA-1 (OG1) with O,O0-


bis(2-aminophenyl)ethyleneglycol-N,N,N’,N’-tetraacetic acid
(BAPTA) as the Ca2+-selective chelator and benzofuran,
benzoindole, and fluorescein as the fluorophore.[3–6] Howev-
er, the application of these probes with one-photon micro-
scopy (OPM) is limited to use near the tissue surface (<
80 mm).
To observe cellular events deep inside the tissue, it is cru-


cial to use two-photon microscopy (TPM). TPM employing
two near-infrared (NIR) photons for excitation offers a
number of advantages over OPM, including increased pene-
tration depth (>500 mm), localized excitation, and pro-
longed observation time.[7–9] The extra penetration depth
that TPM affords is particularly useful for tissue imaging be-
cause surface preparation artifacts, such as damaged cells,
extend >70 mm into the brain slice interior.[9,10] However,
most of the OP fluorescent probes presently used for TPM
have small two-photon (TP) action cross sections (Fd) that
limit their use in TPM. Another limitation associated with
tissue imaging is a mistargeting problem, which results from
membrane-bound probes.[3,11,12] As the probes can be accu-
mulated in any membrane-enclosed structure within the cell,
and as the fluorescence quantum yield should be higher in
the membrane than in the cytosol, it is practically difficult
for the signals from membrane-bound probes to be separat-
ed from those of the probe–Ca2+ complex. Therefore, there
is a need to develop efficient TP probes with 1) enhanced
Fd values for brighter TPM images and 2) larger spectral
shifts in different environments for better discrimination be-
tween the cytosolic and membrane-bound probes.


Abstract: 2-Acetyl-6-(dimethylamino)-
naphthalene-derived two-photon fluo-
rescent Ca2+ probes (ACa1–ACa3) are
reported. They can be excited by a
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To address these critical needs, we have developed a
series of TP probes for Ca2+ derived from 2-acetyl-6-(dime-
thylamino)naphthalene (Acedan) as the TP chromophore
and BAPTA as the Ca2+-selective binding site. Acedan is a
polarity-sensitive fluorophore that has been successfully em-
ployed in the design of TP fluorescent probes for the mem-
brane and metal ions,[13,14] and BAPTA is the receptor for
OG1, a well-known OP fluorescent probe for Ca2+ ions.[3]


These findings led us to design Acedan-derived TP fluores-
cent Ca2+ probes (ACa1–ACa3) with the expectation that
the probes would emit strong two-photon excited fluores-
cence (TPEF) on forming complexes with Ca2+ . Moreover,
if the probe–Ca2+ complex emits TPEF in a widely different
wavelength range depending on the polarity of the environ-
ment, the emission resulting from membrane-bound probes
could be excluded from that of the probe–Ca2+ complex by
using different detection windows. We recently reported an
efficient TP probe that can vis-
ualize the calcium waves in live
tissues.[14b] Here, we extend our
earlier work and present a
series of TP fluorescent probes
for Ca2+ (ACa1–ACa3) that ex-
hibit high selectivity toward
Ca2+ , emit strong TPEF on
forming complexes with Ca2+ ,
and are capable of monitoring
the calcium signals in living as-
trocyte cells and in live mouse
tissues at a depth of >100 mm
for a long period of time (1100–
4000 s) without photobleaching
and mistargeting problems.


Results and Discussion


The synthesis began with the
preparation of TP chromo-
phores A and B (Scheme 1). A
was prepared by the reaction of
1 with MeNH2 in the presence
of Na2S2O5 and NaOH.


[14] Cou-
pling of A with 5-amino-
BAPTA-tetramethyl ester fol-
lowed by hydrolysis produced
ACa1 in 53% yield. ACa2 was
prepared in 74% yield by the
reductive amination of B with
5-methyl-5’-formyl-BAPTA-tet-
ramethyl ester. Alkylation of
ACa2 with methyl iodide af-
forded ACa3 in 90% yield
(Scheme 1). ACa2 and ACa3
were obtained in higher yields
and with fewer steps relative to
ACa1. To enhance the cell per-


meability, the carboxylic acid moieties were converted to
acetoxymethyl esters (ACa1-AM–ACa3-AM).[15]


The absorption and emission spectra of ACa1 and ACa2
are almost the same (Table 1), probably because the elec-
tron-donating effect of the N-methyl group is nullified by
the electron-withdrawing ability of the amide group between
the fluorophore and BAPTA. ACa3 shows a slight batho-
chromic shift compared to ACa2, indicating an enhanced in-
tramolecular charge transfer (ICT) by the N-methyl group.
All compounds show gradual bathochromic shifts with the
solvent polarity in the order 1,4-dioxane<DMF<EtOH<
H2O (see Figure S1 and Table S1 in the Supporting Informa-
tion), and the effects are greater for the emission (72–
82 nm) than those for the absorption spectra (17–19 nm).
This indicates the potential utility of these compounds as
polarity probes. In addition, the lflmax values of the AM
esters in DMF are similar to those of the membrane-bound


Scheme 1. Synthesis of ACa1–ACa3. a) MeNH2·HCl, Na2S2O5, NaOH, H2O; b) i) BrCH2CO2Me, Na2HPO4,
NaI, MeCN; ii) KOH, EtOH; c) i) 5-amino-BAPTA-tetramethyl ester, EDCI, DMAP, DMF; ii) KOH, EtOH,
H2O; d) NH4OH, Na2S2O5; e) i) 5-methyl-5’-formyl-BAPTA-tetramethyl ester, (MeCO2)3BHNa, DCE;
ii) KOH, EtOH, H2O (ACa2); iii) C, MeI, proton sponge, MeCN; iv) KOH, EtOH, H2O (ACa3);
f) BrCH2OCOCH3, Et3N, CHCl3. EDCI: 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide; DMAP: 4-dimethyl-
aminopyridine; DCE: 1,2-dichloroethane.


Table 1. Photophysical data for ACa1–ACa3 and OG1.


Compound[a] lmax
(1)[b] lmax


fl[c] F[d] KOP
d /K


TP
d
[e] FEF/TFEF[f] lmax


(2)[g] d[h] Fd[i]


ACa1-AM 362 495 0.060 nd[j] nd[j] nd[j]


ACa1 365 498 0.012 nd[j] nd[j] nd[j]


ACa1+Ca2+ 365 498 0.49 0.27[k]/0.25 40/44 780 230 110
ACa2-AM 362 494 0.014 nd[j] nd[j] nd[j]


ACa2 362 495 0.010 nd[j] nd[j] nd[j]


ACa2+Ca2+ 362 495 0.42 0.14[k]/0.16 nm 42/50 780 210 90
ACa3-AM 370 499 0.032 nd[j] nd[j] nd[j]


ACa3 375 500 0.015 nd[j] nd[j] nd[j]


ACa3+Ca2+ 375 517 0.38 0.13[k]/0.14 nm 25/23 780 250 95
OG1+Ca2+ 494 523 0.66 0.17[l]/nd 14[l]/nd 800 37 24


[a] All data were measured in 30 mm MOPS, 100 mm KCl, 10 mm EGTA, pH 7.2 in the absence and presence
(39 mm) of free Ca2+ . [b,c] lmax of the OP absorption and emission spectra, respectively, in nm. [d] Fluorescence
quantum yield, �10%. [e] Dissociation constants for Ca2+ in mm measured by OP (KOP


d ) and TP (K
TP
d ) process-


es, �14%. [f] Fluorescence enhancement factor, (F�Fmim)/Fmin, measured by OP (FEF) and TP (TFEF) pro-
cesses. [g] lmax of the TP excitation spectra in nm. [h] The peak TP cross section in 10


�50 cm4sphoton�1 (GM),
�15%. [i] TP action cross section. [j] nd: not determined; the TPEF intensity was too weak to measure the
cross section accurately. [k] KOP


d values of ACa1, ACa2, and ACa3 for Mg2+ are 6.8�0.7, 6.2�0.7, and 6.0�
0.6 mm, respectively. [l] Reference [3].
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probes (Figure 4b and Figure S2 and Table S1 in the Sup-
porting Information), indicating that they could be used as
models for the latter (see below).
When Ca2+ was added to ACa2 in 3-(N-morpholino)pro-


panesulfonic acid (MOPS) buffer solution (30 mm, pH 7.2),
the fluorescence intensity increased gradually with the
metal-ion concentration without affecting the absorption
spectra (Figure 1), probably due to the blocking of the pho-
toinduced electron-transfer (PET) process by the metal-ion
complexation.[16] Similar results were observed for ACa1
and ACa3 in OP and TP processes (Figure 2b, Figures S3
and S4 in the Supporting Information, and reference [14b]).
The fluorescence-enhancement factors [FEF= (F�Fmin)/Fmin]
of ACa1–ACa3 measured by the titration curves were in the
range of 23–50 (Table 1). The FEF of ACa2 is nearly identi-
cal to that of ACa1, while that of ACa3 is appreciably small-
er as a result of the larger fluorescence quantum yield (F)
in the absence, and smaller F in the presence, of excess
Ca2+ than for the others. All compounds show larger FEFs
than the 14 reported for OG1, indicating a greater sensitivi-
ty of these probes to the change in the Ca2+-ion concentra-
tion.[3] Moreover, Hill plots for Ca2+ binding, measured by
OP and TP processes, showed good linear relationships with


a slope of 1.0, indicating 1:1 complexation (Figure 2c and
Figure S4b in the Supporting Information).[17]


The dissociation constants (KOP
d ) were calculated from the


fluorescence titration curves (Figure 2d and Figure S4c in
the Supporting Information).[17,18] The KOP


d values of ACa2
and ACa3 for Ca2+ were approximately twofold smaller
than that of ACa1 (Table 1), indicating higher affinity for
Ca2+ , which can be attributed to the enhanced electron den-
sity at the metal-ion binding sites by the p-Me group. Simi-
lar values were determined by the TP process (Table 1).
This indicates the capabilities of ACa2 and ACa3 to detect
lower concentrations of Ca2+ than ACa1 by TPM. More-
over, the KOP


d values of ACa1–ACa3 for Mg2+ are in the
range of 6.0–6.8 mm (Table 1 and Figure S6 in the Support-
ing Information), thus negating the possibility of Mg2+ inter-
ference.
ACa2 and ACa3 showed a modest response toward Zn2+


and Mn2+ , a much weaker response toward Mg2+ , Fe2+ , and
Co2+ , and no response toward Cu2+ (Figure 3a and Figure
S5a in the Supporting Information). A similar result was re-
ported for ACa1.[14b] As the intracellular free-ion concentra-
tion of Mn2+ is negligible,[19] these probes can detect the in-
tracellular Ca2+ concentration ([Ca2+]i) in the regions in
which the chelatable Zn2+ concentration ([Zn2+]i) is much
lower than KTP


d (Ca2+). Furthermore, all probes were pH-in-
sensitive in the neutral pH range, although the FEF de-
creased slightly at pH <6.5 (Figure 3b, Figure S5b in the
Supporting Information, and reference [14b]).
The TP action spectra of the Ca2+ complexes with ACa1–


ACa3 in buffer solutions indicated the Fd values of 90–
110 GM at 780 nm, approximately fourfold larger than that
of OG1–Ca2+ (Table 1). Thus, TPM images for samples
stained with ACa1–ACa3 would be much brighter than
those stained with a commercial probe. In addition, the two-
photon fluorescence enhancement factors (TFEFs) estimat-
ed from the TP titration curves were in the range of 23–50
(Table 1), values that could allow detection of Ca2+ by
TPM.
The pseudocolored TPM images of cultured astrocytes la-


beled with 2 mm ACa2-AM showed intense spots and homo-
geneous domains (Figure 4a). We attributed the image to
the TPEF emitted from the intracellular ACa2–Ca2+ com-
plex and membrane-bound probes, because the fluorescence
quantum yields of ACa2–Ca2+ in MOPS buffer (0.42) and
ACa2-AM in DMF (0.37) are much higher than those of
ACa2 (0.010) and ACa2-AM (0.014) in MOPS buffer
(Table 1 and Table S1 in the Supporting Information). In ad-
dition, ACa2-AM in DMF has been assumed to be a good
model for the membrane-bound probes due to the similarity
in lflmax (see above). The TPEF spectra of the intense spots
and homogeneous domains showed emission maxima at 445
(Figure 4b, blue curve) and 500 nm (red curve), respectively.
Moreover, the blue emission band was unsymmetrical and
could be fitted to two Gaussian functions with maxima at
440 and 488 nm (sky blue curve), respectively, whereas the
red emission band could be fitted to one Gaussian function
with maximum at 500 nm (brown curve). Compared with


Figure 1. OP absorption (a) and emission (b) spectra of 1 mm ACa2
(30 mm MOPS, 100 mm KCl, 10 mm EGTA, pH 7.2) in the presence of
free Ca2+ (0–39 mm). EGTA: ethylene glycol tetraacetic acid.
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the emission spectra recorded in MOPS buffer (Figure 1b),
the shorter-wavelength band of the dissected spectrum was
significantly blue-shifted, while the longer-wavelength band
remained similar (Table 1). The spectral shift suggests that
the probes may be located in two regions of differing polari-
ty. Furthermore, the intense spot exhibited an excited-state
lifetime of 1.2 ns, which was much longer than the upper ex-
treme of the lifetime distribution curve centered at 0.6 ns
(Figure 5). From these results, we hypothesize that the
probes are located in two different environments, the more-
polar one is cytosol (red emission with a shorter lifetime)


Figure 2. a) TP action spectra of ACa2 (&), ACa3 (~), and OG1 (*) in
the presence of 39 mm free Ca2+. b) TP emission spectra of ACa2 (30 mm


MOPS, 100 mm KCl, 10 mm EGTA, pH 7.2) in the presence of free Ca2+


(0–39 mm). c) Hill plots for the complexation of ACa2 with free Ca2+ (0–
39 mm) measured by OP (*) and TP (*) processes. d) OP (*) and TP (*)
fluorescence titration curves for the complexation of ACa2 with various
concentrations (0–39 mm) of free Ca2+ . The excitation wavelengths for
OP and TP processes were 365 and 780 nm, respectively.


Figure 3. a) Relative fluorescence intensity of 1 mm ACa2 in the presence
of 2 mm Mg2+ and 100 mm Zn2+ , Fe2+ , Mn2+ , Cu2+ , or Co2+ (empty bars)
followed by addition of 100 mm of Ca2+ (filled bars). b) Effect of pH on
the OP fluorescence intensity of 1 mm ACa2 in the presence of 0.0 (*)
and 39 mm (*) of free Ca2+ in 30 mm MOPS and 100 mm KCl. The data
at [Ca2+]=0 mm were determined by adding 10 mm EGTA. These data
were measured in 30 mm MOPS buffer (100 mm KCl, 10 mm EGTA,
pH 7.2). The excitation wavelength was 365 nm.
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and the less-polar one is membrane-associated (blue emis-
sion with a longer lifetime).
The intracellular Ca2+ could be detected with minimum


errors from the membrane-bound probes. The spectrum of
the shorter-wavelength band in the dissected Gaussian func-
tion (Figure 4b, sky blue curve) decreased to baseline at
�500 nm, indicating that the TPEF emitted from the mem-
brane-bound probes contributes negligible interference at
l>500 nm. Similarly, if one considers ACa2-AM in DMF as
a model for the membrane-bound probe (see above), the
fluorescence at l>500 nm accounts for only 5% of the total
emission band (Figure S2 in the Supporting Information).
Consistently, the TPEF image collected at 500–620 nm is ho-
mogeneous without the intense spots (Figure 4d), whereas
that collected at 360–460 nm clearly shows them (Figure 4c).
Therefore, one can selectively detect the intracellular Ca2+


by using the detection window at 500–620 nm.
To demonstrate the utility of this probe, we monitored


[Ca2+]i waves in live cells and tissue. The TPM images of
cultured astrocytes labeled with 2 mm ACa2-AM revealed
spontaneous Ca2+ signal propagation from the astrocytic
process (1) to soma (3) to terminal (5) with a speed of 7.2�


2.2 ms�1 (n=8 astrocytes; Fig-
ure 6a and b, and Movie S1 in
the Supporting Information).
The spontaneous increase in
[Ca2+]i was also propagated be-
tween astrocytes, as indicated
by the delayed activity in the
neighboring astrocyte (Fig-
ure 6a and c). The speed of
propagation of spontaneously
occurring waves was 2.1�
1.5 ms�1 (n=10 astrocytes).
Nearly identical results were re-
ported for ACa1-AM-labeled
astrocytes.[14b] Furthermore, a
closer examination of Fig-
ure 6a–c reveals that ACa2 can
also detect Ca2+ in the nucleus.
Thus, these probes are clearly
capable of visualizing the intra-
and intercellular calcium waves
in cultured astrocytes by using
TPM.
We further investigated the


utility of this probe in tissue
imaging. Figure 7 reveals the
TPM images of individual as-
trocytes in acute hypothalamic
slices from postnatal one-day
rat incubated with 10 mm ACa2-
AM for 30 min at 37 8C. The
spontaneous Ca2+ waves in the
somas (1–3) of neurons and as-
trocytes could be simultaneous-
ly visualized with an average


frequency of about 11 mHz (n=4 slices) for more than
4000 s without appreciable decay (Supporting Information,
Movie S2). Both the intensity and the frequency of the sig-
nals varied significantly depending on the cells. Similarly,
ACa1 was capable of detecting the spontaneous Ca2+ waves
in the hypothalamic slice at a depth of �170 mm for longer
than 1100 s.[14b] In contrast, OPM images of the tetrodotox-
in-treated thalamus slice stained with fura-2[20] revealed
damaged cells on the tissue surface and was not as clear as
the TPM image presented here. Also, the fluorescence in-
tensity decayed appreciably after 500 s.[20] The improved
TPM image of ACa2-labeled tissue obtained at a depth of
�120 mm for a prolonged observation time underlines the
high photostability and low phototoxicity of this probe, in
addition to the capability of deep-tissue imaging. Finally, it
has to be mentioned that the use of laser power higher than
that of OP fluorescence microscopy (�10 mW versus
�20 mW) does not in any way cause appreciable damage to
the cell and tissue. This can be attributed to the negligible
absorption by the sample at 780 nm, which can only lead to
vibrational and not the electronic excitation.


Figure 4. Pseudocolored TPM images of ACa2-AM-labeled (2 mm) astrocytes collected at a) 360–620, c) 360–
460, and d) 500–620 nm. b) TPEF spectra from the hydrophobic (blue) and hydrophilic (red) domains of
ACa2-AM-labeled astrocytes. The excitation wavelength was 780 nm. Cells shown are representative images
from replicate experiments. Scale bar: 30 mm.
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Conclusions


We have developed a series of TP probes (ACa1–ACa3)
that show 23–50-fold TPEF enhancement in response to
Ca2+ , dissociation constants (KTP


d ) in the range of (0.14�
0.02)–(0.25�0.03) mm, and emit fourfold stronger TPEF
than OG1 upon complexation with Ca2+ . The TP probes
can selectively detect dynamic levels of intracellular free
Ca2+ in live cells and living tissues without interference
from other metal ions and membrane-bound probes. More-
over, these probes are capable of monitoring the calcium
waves at a depth of 120–170 mm in live tissues for longer
than 1100–4000 s by using TPM with no artifacts of photo-
bleaching.


Experimental Section


General methods : Synthetic reagents were purchased from Sigma-Al-
drich and TCI, and used without further purification. All solvents were
from Riedel-de HaLn and Sigma-Aldrich and were distilled prior to use.
NMR spectra were obtained on a Varian AS400 MHz spectrophotometer
operating at 283 K and both 1H and 13C NMR spectra were referenced to
internal probe standards. IR spectra were obtained by using a Nicolet
380 FTIR instrument, and samples were prepared as KBr pellets. Ele-
mental analyses were performed on a Carlo Erba 1108 element analyzer.
Absorption spectra were recorded on a Hewlett-Packard 8453 diode
array spectrophotometer, and fluorescence spectra were obtained with
Amico-Bowman series 2 luminescence spectrometer with a 1 cm standard
quartz cell. The fluorescence quantum yield was determined by using
Coumarin 307 as the reference by the literature method.[21]


Synthesis of ACa1–ACa3 : The synthe-
sis of ACa1 has been reported.[14b] 6-
Acyl-2-hydroxynaphthalene[22] and 5-
methyl-5’-formyl-BAPTA-tetramethyl
ester[6a] were prepared by literature
methods. The synthesis of other com-
pounds is described below.


6-Acyl-2-naphthylamine (B): A mix-
ture of 6-acyl-2-hydroxynaphthalene
(1; 5.2 g, 28 mmol), Na2S2O5 (13.3 g,
70 mmol), and NH4OH (150 mL) in a
steel-bomb reactor was stirred at
140 8C for 96 h. The product was col-
lected by filtration, washed with water,
and purified by flash-column chroma-
tography by using hexane/ethyl acetate
(1:1) as the eluent. It was further puri-
fied by recrystallization from MeOH.
Yield: 3.9 g (75%); m.p. 170 8C;
1H NMR (400 MHz, CDCl3): d=8.30
(d, J=1.6 Hz, 1H), 7.91 (dd, J=8.8,
2.0 Hz, 1H), 7.74 (d, J=8.6 Hz, 1H),
7.58 (d, J=9.2 Hz, 1H), 6.97 (dd, J=
8.6, 2.2 Hz, 1H), 6.95 (d, J=2.2 Hz,
1H), 4.05 (br s, 2H), 2.66 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d=


198.1, 147.0, 137.8, 131.6, 131.4, 130.7,
126.7, 126.2, 124.9, 118.9, 108.1,
26.7 ppm; IR (KBr): ñ = 3436, 3345,
1662 cm�1; elemental analysis calcd
(%) for C12H11NO: C 77.81, H 5.99, N
7.56; found: C 77.78, H 5.86, N 7.59.


Compound C : Sodium triacetoxyboro-
hydride (1.24 g, 5.85 mmol) was added to a mixture of B (0.64 g,
3.46 mmol) and 5-methyl-5’-formyl-BAPTA-tetramethyl ester (1.68 g,
2.92 mmol) in dichloroethane (30 mL), and the solution was stirred for
12 h under N2. The solvent was removed in vacuo and the product was
purified by column chromatography by using chloroform/ethyl acetate/
hexane (3:1:1) as the eluent. Yield: 1.6 g (74%); m.p. 86 8C; 1H NMR
(400 MHz, CDCl3): d=8.29 (d, J=1.8 Hz, 1H), 7.91 (dd, J=8.8, 2.0 Hz,
1H), 7.71 (d, J=8.6 Hz, 1H), 7.58 (d, J=8.6 Hz, 1H), 6.92 (m, 3H), 6.73
(m, 5H), 4.51 (br s, 1H), 4.36 (s, 2H), 4.25 (m, 4H), 4.15 (s, 4H), 4.10 (s,
4H), 3.58 (s, 6H), 3.52 (s, 6H), 2.66 (s, 3H), 2.25 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=198.0, 172.2, 172.1, 150.8, 150.5, 138.8, 138.1,
136.9, 132.6, 132.4, 131.2, 131.1, 130.6, 126.3, 125.0, 122.0, 120.7, 119.4,
119.1, 118.7, 114.3, 114.2, 112.7, 112.6, 104.8, 67.4, 67.1, 53.6, 53.5, 51.9,
51.7, 47.9, 26.7, 21.2 ppm; IR (KBr): ñ = 3343, 1756, 1663 cm�1; elemen-
tal analysis calcd (%) for C40H45N3O11: C 64.59, H 6.10, N 5.65; found: C
64.49, H 6.15, N 5.54.


ACa2 : A mixture of C (0.50 g, 0.67 mmol) and KOH (0.30 g, 5.36 mmol)
in EtOH/H2O (50/10 mL) was stirred for 6 h. The ethanol was evaporated
in vacuo, the residue was diluted with ice-water (30 mL), and concentrat-
ed HCl aq. was added slowly at <5 8C until pH 3 had been reached. The
resulting precipitate was collected and washed with distilled water. Yield:
0.27 g (59%); m.p. 151 8C; 1H NMR (400 MHz, CD3OD): d=8.33 (d, J=
1.6 Hz, 1H), 7.80 (dd, J=8.8, 1.6 Hz, 1H), 7.71 (d, J=9.2 Hz, 1H), 7.50
(d, J=8.6 Hz, 1H), 7.09 (d, J=2.0 Hz, 1H), 7.06 (dd, J=9.0, 2.0 Hz, 1H),
6.94 (dd, J=8.8, 2.0 Hz, 1H), 6.88 (d, J=8.8 Hz, 1H), 6.82 (d, J=9.0 Hz,
1H), 6.77 (d, J=1.6 Hz, 1H), 6.76 (d, J=2.0 Hz, 1H), 6.67 (dd, J=9.0,
2.0 Hz, 1H), 4.37 (s, 2H), 4.32 (t, 2H), 4.26 (t, 2H), 4.02 (s, 4H), 3.96 (s,
4H), 2.62 (s, 3H), 2.42 ppm (s, 3H); 13C NMR (100 MHz, CD3OD): d=


199.2, 174.8, 150.7, 149.4, 138.6, 138.0, 136.3, 134.1, 133.1, 130.9, 130.6,
130.1, 126.1, 125.8, 125.7, 124.0, 123.9, 121.5, 120.2, 119.4, 118.8, 118.2,
114.2, 112.7, 67.2, 66.9, 55.2, 55.0, 46.7, 25.3, 25.2, 19.8 ppm; IR (KBr): ñ


= 3350, 2915, 1750, 1662 cm�1; elemental analysis calcd (%) for
C36H37N3O11: C 62.87, H 5.42, N 6.11; found: C 62.64, H 5.90, N 6.02.


ACa2-AM : A mixture of ACa2 (0.12 g, 0.17 mmol), bromomethyl acetate
(0.21 g, 1.4 mmol), and Et3N (0.14 g, 1.4 mmol) in CHCl3 (5 mL) was


Figure 5. a) OP fluorescence intensity image and b) pseudocolored lifetime image of ACa2-AM-labeled (2 mm)
astrocytes. The excitation wavelength was 405 nm. c) Lifetime distribution; the average lifetime was �0.6 ns.
d) Single-point analysis of the region indicated by the white arrow gave a lifetime of 1.2 ns. Scale bar: 30 mm.


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2075 – 20832080


B. R. Cho et al.



www.chemeurj.org





stirred under N2 for 24 h. The solvent was removed in vacuo and the
crude product was purified by column chromatography by using ethyl
acetate/hexane (3:1) as the eluent. It was further purified by recrystalliza-
tion from MeOH. Yield: 85 mg (51%); m.p. 78 8C; 1H NMR (400 MHz,
CDCl3): d=8.30 (d, J=1.6 Hz, 1H), 7.91 (dd, J=8.8, 1.6 Hz, 1H), 7.72
(d, J=8.6 Hz, 1H), 7.59 (d, J=9.0 Hz, 1H), 6.95 (m, 3H), 6.75 (m, 5H),


5.61 (s, 4H), 5.56 (s, 4H), 4.65 (br s, 1H), 4.36 (s, 2H), 4.27 (s, 4H), 4.20
(s, 4H), 4.15 (s, 4H), 2.67 (s, 3H), 2.27 (s, 3H), 2.07 (s, 6H), 2.05 ppm (s,
6H); 13C NMR (100 MHz, CDCl3): d=198.1, 170.5, 170.4, 169.8, 169.7,
150.9, 150.6, 148.4, 138.2, 136.3, 135.4, 133.4, 133.1, 131.2, 131.1, 130.6,
130.4, 126.3, 125.0, 122.2, 121.1, 119.8, 118.8, 114.5, 114.4, 113.0, 104.0,
79.5, 79.4, 79.3, 67.4, 67.1, 53.6, 53.5, 47.9, 26.7, 22.9, 20.9 ppm; IR (KBr):


Figure 6. a) Pseudocolored TPM images of ACa2-AM-labeled astrocytes
taken after 20 s. b,c) Time courses of the calcium waves in different loca-
tions showing the spontaneous intracellular (b) and intercellular (c) Ca2+


propagation. All images were collected at 500–620 nm with 1.6 s intervals
and the excitation wavelength was 780 nm with femtosecond pulses. Scale
bar: 30 mm.


Figure 7. a,b) Pseudocolored TPM images of an acute rat hypothalamic
slice stained with 10 mm ACa2-AM taken after 40 (a) and 1460 s (b).
Magnification at 100N shows the hypothalamic area at a depth of
�120 mm. c) Spontaneous Ca2+ transients recorded in cells (1–3). The
TPEF images were collected at 500–620 nm with 1.6 s intervals and the
excitation wavelength was 780 nm with femtosecond pulses. Scale bar:
30 mm.
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ñ = 3345, 1750, 1710, 1662 cm�1; elemental analysis calcd (%) for
C48H53N3O19: C 59.07, H 5.47, N 4.31; found: C 58.80, H 5.78, N 4.12.


ACa3 : Compound C (0.80 g, 1.08 mmol) was dissolved in MeCN (30 mL)
and proton sponge (0.46 g, 2.15 mmol), NaI (0.032 g, 0.22 mmol), and
CH3I (0.46 g, 3.24 mmol) were added. The reaction mixture was refluxed
for 12 h under N2. The solvent was removed in vacuo and the product
was purified by column chromatography by using chloroform/ethyl ace-
tate/hexane (3:1:1) as the eluent. Yield: 0.73 g (90%); m.p. 82 8C;
1H NMR (400 MHz, CDCl3): d =8.30 (d, J=1.6 Hz, 1H), 7.91 (dd, J=
8.6, 1.8 Hz, 1H), 7.76 (d, J=8.8 Hz, 1H), 7.60 (d, J=9.0 Hz, 1H), 7.16
(dd, J=9.0, 2.0 Hz, 1H), 6.90 (d, J=2.0 Hz, 1H), 6.66 (m, 6H), 4.60 (s,
2H), 4.20 (s, 4H), 4.13 (s, 4H), 4.08 (s, 4H), 3.55 (s, 6H), 3.51 (s, 6H),
3.14 (s, 3H), 2.67 (s, 3H), 2.25 ppm (s, 3H); 13C NMR (100 MHz, CDCl3):
d=198.0, 172.3, 172.2, 150.8, 150.4, 138.5, 137.9, 136.9, 132.4, 132.2, 131.0,
130.6, 126.4, 125.4, 124.8, 121.9, 119.7, 119.3, 119.1, 116.6, 114.2, 111.4,
105.6, 67.2, 67.0, 58.7, 56.3, 53.6, 53.5, 51.8, 51.7, 39.0, 26.7, 21.2,
18.7 ppm; IR (KBr): ñ = 1756, 1662 cm�1; elemental analysis calcd (%)
for C41H47N3O11: C 64.98, H 6.25, N 5.54; found: C 65.04, H 6.19, N 5.59.


This ester (0.50 g, 0.66 mmol) was hydrolyzed by the method described
above. Yield: 0.24 g (52%); m.p. 141 8C; 1H NMR (400 MHz, CD3OD):
d=8.35 (d, J=1.8 Hz, 1H), 7.82 (dd, J=8.8, 1.6 Hz, 1H), 7.79 (d, J=
8.8 Hz, 1H), 7.59 (d, J=9.0 Hz, 1H), 7.26 (dd, J=9.0, 2.0 Hz, 1H), 6.98
(d, J=2.0 Hz, 1H), 6.82 (m, 6H), 4.67 (s, 2H), 4.25 (m, 4H), 3.96 (s,
4H), 3.90 (s, 4H), 3.16 (s, 3H), 2.63 (s, 3H), 2.24 ppm (s, 3H); 13C NMR
(100 MHz, CD3OD): d=199.0, 172.6, 172.5, 150.4, 150.2, 138.4, 138.1,
137.6, 135.3, 134.2, 130.8, 130.7, 125.1, 124.7, 121.3, 119.4, 119.1, 118.7,
118.4, 116.2, 114.3, 112.7, 112.1, 105.8, 67.3, 67.0, 58.3, 56.3, 54.5, 51.6,
39.2, 25.3, 19.0 ppm; IR (KBr): ñ = 2915, 1748, 1663 cm�1; elemental
analysis calcd (%) for C37H39N3O11: C 63.33, H 5.60, N 5.99; found: C
63.22, H 5.75, N 5.91.


ACa3-AM : This compound was prepared by using the procedure de-
scribed for ACa2-AM. Yield: 54%; m.p. 102 8C; 1H NMR (400 MHz,
CDCl3): d=8.30 (d, J=1.6 Hz, 1H), 7.92 (dd, J=8.6, 1.6 Hz, 1H), 7.77
(d, J=8.8 Hz, 1H), 7.62 (d, J=9.0 Hz, 1H), 7.17 (dd, J=9.0, 2.0 Hz, 1H),
6.93 (d, J=2.0 Hz, 1H), 6.74 (m, 6H), 5.60 (s, 4H), 5.58 (s, 4H), 4.60 (s,
2H), 4.22 (s, 4H), 4.17 (s, 4H), 4.14 (s, 4H), 3.15 (s, 3H), 2.67 (s, 3H),
2.26 (s, 3H), 2.05 (s, 6H), 2.04 ppm (s, 6H); d =198.0, 171.1, 170.8, 169.7,
169.6, 150.5, 150.2, 148.7, 138.6, 136.3, 135.4, 133.3, 133.2, 131.7, 131.6,
130.8, 130.5, 126.5, 125.2, 122.7, 121.1, 119.8, 118.8, 114.7, 114.6, 113.2,
104.0, 79.7, 79.5, 79.4, 68.4, 68.1, 54.6, 54.5, 47.9, 42.8, 26.7, 23.2,
21.0 ppm; IR (KBr): ñ = 1750, 1710, 1660 cm�1; elemental analysis calcd
(%) for C49H55N3O19: C 59.45, H 5.60, N 4.24; found: C 59.42, H 5.54, N
4.30.


Determination of apparent dissociation constants : A series of calibration
solutions containing various [Ca2+] was prepared by mixing two solutions
(solution A, containing 10 mm K2EGTA, and solution B, containing
10 mm CaEGTA) in various ratios.[3,23] Both solutions contained ACa1–
ACa3 (1 mm), KCl (100 mm), and MOPS (30 mm), and were adjusted to
pH 7.2.


To determine the Kd values for Ca
2+ complexes with ACa1–ACa3, the


fluorescence spectrum was recorded with solution A (2.0 mL; 0 mm free
Ca2+) at 20 8C. Then this solution (203 mL) was discarded and replaced
by solution B (203 mL; 39 mm free Ca2+), and the spectrum was recorded.
This brought the CaEGTA concentration to 1.00 mm and [Ca2+]free to
about 0.017 mm with no change in the concentration of the probe or of
the total EGTA. [Ca2+]free was calculated from the Kd of EGTA for Ca2+


(150.5 nm) by using Equation (1).[3,23]


½Ca2þ�free ¼ KEGTA
d � ½CaEGTA�½K2EGTA�


ð1Þ


Further iterations attained 0.038, 0.065, 0.101, 0.150, 0.230, 0.350, 0.601,
0.800, 1.00, 1.30, 2.50, 5.30, 10.0, and 20.0 mm free Ca2+ by successively
discarding 223, 251, 285, 327, 421, 479, 667, 420, 350, 412, 905, 1028, 926,
and 992 mL of solution A and replacing each with an equal volume of sol-
ution B.


When a 1:1 metal–ligand complex is formed between probe and Ca2+ ,
one can describe the equilibrium as follows, in which L and M represent


probe and Ca2+ , respectively. The total probe and metal-ion concentra-
tions are defined as [L]0= [L]+ [LM] and [M]0= [M]+ [LM], respectively.
With [L]0 and [M]0, the value of Kd is given by [Eq. (2)]:


½LM�2�ð½L�0 þ ½M�0 þKdÞ½LM� þ ½L�0½M�0


¼ 0, ½LM� ¼ ð½L�0 þ ½M�0 þKdÞ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½L�0 þ ½M�0 þKdÞ2�4½L�0½M�0


p
2


ð2Þ


or [Eq. (3)]:


ðF�FminÞ


¼
� ð½L�0 þ ½M�0 þKdÞ�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½L�0 þ ½M�0 þKdÞ2�4½L�0½M�0


p
2½L�0


�
ðFmax�FminÞ


ð3Þ


in which F is the observed fluorescence intensity, Fmin is the minimum
fluorescence intensity, and Fmax is the maximum fluorescence intensity.
The Kd value that best fits the titration curve (Figure 2d and Figure S3c
in the Supporting Information) with Equation (3) was calculated by using
the Excel program as reported.[18]


To determine KTP
d for the TP process, the TPEF spectra were obtained


with a DM IRE2 microscope (Leica) by using the xyl mode at a scan
speed of 800 Hz. They were excited by a mode-locked titanium–sapphire
laser source (Coherent Chameleon, 90 MHz, 200 fs) set at a wavelength
of 780 nm and output power 1180 mW, which corresponded to approxi-
mately 10 mW average power in the focal plane. The TPEF titration
curves (Figure 2d and Figure S3c in the Supporting Information) were
obtained and fitted to Equation (3).


Measurement of a two-photon cross-section : The TP cross-section (d)
was determined by using the femtosecond fluorescence measurement
technique as described previously.[24] ACa1–ACa3 and OG1 were dis-
solved in MOPS buffer (30 mm ; 100 mm KCl, 10 mm EGTA, pH 7.2) at
concentrations of 1.0N10�5m and then the TP-induced fluorescence in-
tensity was measured at 740–940 nm by using fluorescein (8.0N10�5m,
pH 11) as the reference, the TP property of which has been well charac-
terized in the literature.[25] The intensities of the TP-induced fluorescence
spectra of the reference and sample emitted at the same excitation wave-
length were determined. The TPA cross-section was calculated according
to Equation (4):


d ¼ SSFr�rcr
SrFS�ScS


dr ð4Þ


Cell culture : Astrocytes were taken from cerebral cortices of one-day-old
rats (Sprague–Dawley; SD). Cerebral cortices were dissociated in Hank0s
balanced salt solution (Gibco BRL, Gaithersburg, MD, USA), containing
papain (3 UmL�1; Worthington Biochemical Corporation, NJ, USA) and
plated in 75 mm flasks. To prepare a purified astrocyte culture, the flasks
were shaken for 6 h on a shaker at 37 8C and the floating cells that were
displaced into the medium were removed. Astrocytes were passaged with
5 min exposure to 0.25% trypsin, replated onto polyACHTUNGTRENNUNG(d-lysine)-coated
glass coverslips at 50–100 cells per mm2, and maintained in Dulbecco0s
modified Eagle0s medium (DMEM; Gibco) supplemented with penicillin/
streptomycin and 10% fetal bovine serum (FBS; Gibco) in a CO2 incuba-
tor at 37 8C. After 7–15 days in vitro, the astrocytes were washed three
times with serum-free medium, and then incubated with ACa2-AM
(2 mm) in serum-free medium for 20 min at 37 8C. The cells were washed
three times with phosphate-buffered saline (PBS; Gibco) and then
imaged after further incubation in colorless serum-free medium for
15 min.


Two-photon fluorescence microscopy : TP fluorescence microscopy
images of ACa2-AM-labeled astrocytes and tissues were obtained with
spectral confocal and multiphoton microscopes (Leica TCS SP2) with a
N100 oil objective and numerical aperture (NA)=1.30. The images were
obtained with a DM IRE2 microscope (Leica) by exciting the probes
with a mode-locked titanium–sapphire laser source (Coherent Chame-
leon, 90 MHz, 200 fs) set at a wavelength of 780 nm and output power
1180 mW, which corresponded to approximately 10 mW average power in
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the focal plane. To obtain images in the ranges 360–620, 360–460, and
500–620 nm, internal photomultiplier tubes were used to collect the sig-
nals in 8-bit unsigned 512N512 pixels at a scan speed of 400 Hz.


Fluorescence lifetime imaging microscopy (FLIM): Astrocytes were
grown on coverslips in 10% FBS that contained DMEM. The cells were
washed briefly in PBS and incubated with ACa2-AM (2 mm) for 20 min at
37 8C. The cells were washed with PBS three times, fixed with formalde-
hyde (3.7% in PBS) for 10 min, washed with PBS three times, and then
mounted with mounting solution. The fluorescence decays were resolved
by time-correlated single-photon counting by using an SPC830 acquisi-
tion board (Becker & Hickl, Berlin) synchronized with a Leica TSC-SP2-
AOBS confocal microscope.


Preparation and staining of acute rat hippocampal and hypothalamic
slices : Slices were prepared from the hippocampi and the hypothalmi of
two-day-old rats (SD). Coronal slices were cut into 400-mm-thick slices
by using a vibrating-blade microtome in artificial cerebrospinal fluid
(ACSF; 138.6 mm NaCl, 3.5 mm KCl, 21 mm NaHCO3, 0.6 mm NaH2PO4,
9.9 mm d-glucose, 1 mm CaCl2, and 3 mm MgCl2). Slices were incubated
with ACa2-AM (10 mm) in ACSF bubbled with 95% O2 and 5% CO2 for
30 min at 37 8C. The slices were then washed three times with ACSF,
transferred to glass-bottomed dishes (MatTek), and observed in a spec-
tral confocal multiphoton microscope.
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The Isomers of Gadolinium Scandium Nitride Clusterfullerenes
GdxSc3�xN@C80 (x=1, 2) and Their Influence on Cluster Structure


Shangfeng Yang,*[a] Alexey Popov,[a, b] Martin Kalbac,[a, c] and Lothar Dunsch*[a]


Introduction


As a new class of fullerenes with an encaged trimetallic ni-
tride cluster, the trimetallic nitride endohedral fullerenes
(clusterfullerenes) have attracted great interest due to their
feasibility of varying the trapped metal atoms and of stabi-
lizing a large variety of cage sizes and different isomeric
structures.[1–5] In particular, the mixed-metal nitride cluster-
fullerenes, that is, nitride clusterfullerenes with two different
metals in the encaged nitride, are recognized as minor mem-
bers of the clusterfullerene family.[1] The few mixed-metal


clusterfullerenes so far reported include ErxSc3�xN@C80 (x=


0–2),[1,2,6] AxSc3�xN@C68 (x=0–2; A=Tm, Er, Gd, Ho,
La),[7] Lu3�xAxN@C80 (x=0–2; A=Gd, Ho),[8] CeSc2N@
C80,


[9] and Sc3�xYxN@C80 (x=0–3).[10] The modest progress
achieved to date in the isolation of the mixed-metal cluster-
fullerenes is largely due to difficulties in their HPLC separa-
tion, as clusterfullerenes with different cluster composition
but the same carbon cage isomer exhibit a very similar
HPLC behavior.[1,6,9] Nevertheless, a noteworthy feature of
the mixed-metal nitride clusterfullerenes is that their yields
can exceed those of the homogeneous metal nitride cluster-
fullerenes.[1,2,7, 8] Such an advantage makes the mixed-metal
nitride clusterfullerenes a promising matrix to boost the
yield of clusterfullerenes, which is quite low in the form of
homogeneous metal nitride clusterfullerenes.


Fullerenes of larger cage sizes exist in isomeric forms.[11]


For C80-based homogeneous nitride clusterfullerenes, the co-
existence of a second isomer which shows quite a different
cage structure and electronic properties to the first isomer
(C80:Ih) has been already elucidated for M3N@C80 (M=Sc,
Tm, Gd, Dy).[1,4a,5a–c] However, in the case of mixed-metal
nitride clusterfullerenes, only the C80:Ih cage has been isolat-
ed within ErSc2N@C80, CeSc2N@C80, Er2ScN@C80, and
Sc3�xYxN@C80 (x=0–3), the structures of which were deter-
mined by X-ray crystallography or spectroscopy.[6,9,10] There-
fore, an open question is whether cage isomers other than


Abstract: The isomers of gadolinium
scandium mixed-metal nitride cluster-
fullerenes GdxSc3�xN@C80 [x=2 (1, 4);
x=1 (2, 5)] have been synthesized by
the “reactive gas atmosphere” method
and isolated facilely by recycling
HPLC. The yield of GdxSc3�xN@C80 (I,
II) (x=1, 2) relative to the homoge-
nous clusterfullerenes Sc3N@C80 [I (3),
II (6)] was determined. According to
the UV/Vis/NIR spectroscopic data, 1,
2, 4, and 5 are all stable fullerenes with
large optical gaps. Fullerene 1 has


greater similarity to Gd3N@C80 (I) and
2 seems to resemble Sc3N@C80 (I). The
quite similar overall absorption fea-
tures of 4 and 5 suggest pronounced
similarity in electronic structure. Vibra-
tional spectroscopic studies led to the
assignment of the cage symmetries of
GdxSc3�xN@C80 (I, II), that is, Ih for 1,


2 and D5h for 4, 5. The cluster–cage in-
teractions in GdxSc3�xN@C80 (I, II)
were analyzed by means of the low-
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the Ih isomer could be isolated for the mixed-metal nitride
clusterfullerenes. Furthermore, it is important to address
whether the yield of other isomers of C80-based mixed-metal
nitride clusterfullerenes is higher than that of the homoge-
nous metal nitride clusterfullerenes, as in the case of the Ih


isomer.
Recently we reported the isolation and characterization


of the first isomer of GdxSc3�xN@C80 (Ih) (x=1, 2), and
found an enhanced yield of GdSc2N@C80 (I) in comparison
to Sc3N@C80 (I), and a dramatically enhanced yield of
GdxSc3�xN@C80 (Ih) compared to Gd3N@C80 (I).


[12] More re-
cently, studies on pyrrolidino derivatives of GdxSc3�xN@C80


(I) (x=0–3) by Wang et al. revealed that the regioselectivity
of Gd3�xScxN@C80 (I) (x=0–3) in exohedral cycloadditions
depends remarkably on the size of the encaged cluster.[13]


Herein we report for the first time the synthesis and facile
HPLC isolation of two isomers of Sc/Gd mixed-metal ni-
tride clusterfullerenes GdxSc3�xN@C80 (I, II) (x=1, 2). The
yield of GdxSc3�xN@C80 (I, II) (x=1, 2) relative to the ho-
mogenous metal nitride clusterfullerenes Sc3N@C80 (I, II)
was calculated. The isolated GdxSc3�xN@C80 (I, II) (x=1, 2)
were characterized by mass spectrometry and UV/Vis/NIR,
FTIR, and Raman spectroscopy. The cage structures of
GdxSc3�xN@C80 (I, II) (x=1, 2) were determined by means
of their vibrational spectra. Based on scalar-relativistic DFT
calculations the structures and magnetic properties of the
encaged GdxSc3�xN mixed nitride clusters are discussed in
detail. An interplay of cage symmetry and cluster structure
is demonstrated for these mixed-metal nitride cluster ful-
lerenes.


Results and Discussion


Synthesis and isolation of GdxSc3�xN@C80 (I, II; x=1, 2)
clusterfullerenes : Figure 1a shows a typical chromatogram
of a GdxSc3�x@C2n fullerene extract mixture obtained under
optimized conditions (molar ratio of Gd:Sc:C=1:1:15) by
the “reactive gas atmosphere” method.[1,3–5,12] According to
the mass spectrometric (MS) analysis, the abundance of
the dominant products, which are two isomers of
GdxSc3�xN@C80 (I & II, x=0–3; see fractions A–C in the
inset of Figure 1a), reaches up to 97% of all the fullerenes.
Significantly, the yields of GdxSc3�xN@C80 (I & II, x=0–3) is
dramatically higher than that of Gd3N@C80, as revealed pre-
viously.[12]


Two isomers of GdxSc3�xN@C80 (x=1, 2) were isolated by
a two-step HPLC with recycling HPLC in the second step.
By using a linear combination of two Buckyprep columns in
the first-stage HPLC, fractions A–D were isolated, each of
which contains at least two different GdxSc3�xN@C2n (x=0–
3, 2n=78, 80) products. Fractions A–C were then subjected
to second-stage isolation by recycling HPLC on a Bucky-
prep-M column, as shown in Figure 1b. Thus, all three frac-
tions were isolated on recycling 13, 14, and 12 times for frac-
tions A, B, and C, respectively, as identified by laser-desorp-
tion time-of-flight (LD-TOF) MS analysis (Figure 2), which


confirmed their high purity (�99%) as well. The fairly good
agreement of the measured isotope distributions of
GdxSc3�xN@C80 (I, II; x=1, 2) with the theoretical calcula-
tions confirms the proposed chemical forms (see Figure 2b).
Among them, isomer I of GdxSc3�xN@C80 (1, x=2; 2, x=1)
is obtained in fraction A, while isomer II of GdxSc3�xN@C80


(4, x=2; 5, x=1) is co-eluted with Sc3N@C80 (I) (3) and
Sc3N@C80 (II) (6) in fractions B and C, respectively. This in-
dicates a distinct difference in retention time in the first-
stage HPLC on the Buckyprep columns because of their dif-
ferent molecular and electronic structures.


Under the optimized synthesis condition (molar ratio of
Gd:Sc:C=1:1:15), the sum of yields of 1 and 2 was 30–40
times higher than that of Gd3N@C80 (I).[12] In addition,
based on the integrated areas of the corresponding chroma-
tographic peaks (Figure 3), the relative yield of 1:2 :3 was
calculated to be about 0.56:2.2:1 in a previous study, that is
the mixed metals have a boosting effect on the yield of
GdxSc3�xN@C80 (I) compared to the homogeneous nitride
clusterfullerenes.[12] In the same way the relative yield of
4 :5 :6 was calculated to be 0.36:0.8:1 (see Figure 3), that is, 4
and 5 [i.e., GdxSc3�xN@C80 (II)] have a lower yield than
Sc3N@C80 (II) (6). These results suggest that the effect of
the mixed-metal composition and cluster size on the forma-


Figure 1. a) Chromatogram of a GdxSc3�xN@C2n fullerene extract mixture
synthesized by the “reactive gas atmosphere” method (linear combina-
tion of two 4.6P250 mm Buckyprep columns; flow rate 1.6 mLmin�1; in-
jection volume 100 mL; toluene as eluent; 40 8C). The inset shows the en-
larged chromatographic region of the dominant fractions A–D, which
correspond to GdxSc3�xN@C2n (I, II) (x=0–3, 2n=78, 80). b) Chromato-
grams of fractions A–C isolated by recycling HPLC (10P250 mm Bucky-
prep-M column; flow rate 5.0 mLmin�1; injection volume 5 mL; toluene
as eluent; 25 8C).
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tion of Sc/Gd clusterfullerenes varies for different isomer
structures.


Electronic absorption spectra of isolated GdxSc3�xN@C80 ACHTUNGTRENNUNG(I,
II) (x=1, 2): UV/Vis/NIR spectra of the isolated
GdxSc3�xN@C80 (I, II) (x=0–3, 1–6) dissolved in toluene are
shown in Figure 4, and their characteristic absorption data
are summarized in Table 1. Detailed analysis of the electron-
ic absorption features of 1 and 2 [GdxSc3�xN@C80 (I) (x=1,


2)] has been reported previously (see Figure 4a).[12] In brief,
the overall absorption pattern of Gd3N@C80 (I) is largely
preserved in 1, while the spectrum of 2 is more reminiscent
of that of Sc3N@C80 (I) (3). This shows how the electronic
structure of GdxSc3�xN@C80 (I) varies with the composition
of the GdxSc3�xN cluster.[12]


The electronic absorption spectra of GdxSc3�xN@C80 (II)
(4 and 5) are clearly different from those of isomer I, which
falls in line with the differences in the absorption spectra of
isomers I and II reported earlier for homogeneous clus-
ACHTUNGTRENNUNGters.[1,4a, 5a–c] Likewise, significant variation in electronic struc-
ture of the cage with changing composition of the GdxSc3�xN
cluster takes place in GdxSc3�xN@C80 (II) (Figure 4b). For
instance, the absorption peak at 705 nm observed in the
spectrum of 4 is red-shifted to about 724 nm in that of 5 and
becomes indistinguishable from that of Sc3N@C80 (II) (6)
(see inset of Figure 4b). In the higher energy range, the
shoulder peak at 629 nm in the spectrum of 4 undergoes
similar transformations in the spectra of 5 and 6, while the
strongest absorption peak in the visible range of 4 at 455 nm
is slightly blue-shifted to 450 nm in 5, whereas the shoulder
peak at about 408 nm in 4 remains unchanged in 5. In the
spectrum of 6 these two absorption peaks are both red-shift-
ed, with absorption maxima at 413 and 472 nm. The overall
absorption spectrum of 4 is quite similar to that of 5, and
this suggests strong resemblance of their electronic struc-
tures.


Besides the similarity/difference in the characteristic elec-
tronic absorptions of 4–6, their onsets of spectral absorption
are quite close: 980, 960, and 950 nm for 4, 5 and 6, respec-


Figure 2. a) Positive-ion LD-TOF mass spectra of isolated GdxSc3�xN@
C80 (I, II) (1–6). b) Measured and calculated isotope distributions of
GdxSc3�xN@C80 (I, II).


Figure 3. Chromatograms of fractions A–C in the final cycle by recycling
HPLC (based on Figure 1b).


Figure 4. UV/Vis/NIR spectra of the two isomers of GdxSc3�xN@C80


ACHTUNGTRENNUNG(x=0–3) dissolved in toluene (I, a; II, b). The insets show enlarged spec-
tral ranges.
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tively, so that 4–6 have comparable optical band gaps of
about 1.3 eV (see Table 1).


Vibrational spectra and assignment of the cage structures of
GdxSc3�xN@C80 ACHTUNGTRENNUNG(I, II) (x=1, 2): As we have shown in our
recent studies, the high structural sensitivity of IR spectros-
copy in combination with DFT calculations has been devel-
oped into a feasible method for structure elucidation of ni-
tride clusterfullerenes.[1,3–5,12] The FTIR spectra of
GdxSc3�xN@C80 (I) (x=0–3), which are compared in Fig-
ure 5a, clearly indicate the identity of their cage vibrational
modes (both tangential and radial).[12] This enables us to
assign the same cage isomer of the reported M3N@C80 (I)
(M=Gd, Sc), that is, C80:7 with Ih symmetry,[1,3–5,12] to the
carbon cages of 1 and 2 (see Figure 9 below). Likewise,
based on the close resemblances observed for the FTIR


spectra of ACHTUNGTRENNUNG 4–6 as shown in Figure 5b,[14] we conclude that
the cage of 4 and 5 have the same structure as that of
Sc3N@C80 (II), that is, C80 (6:D5h) (see Figure 9 below). Such
assignments are strongly supported by the good agreement
between the experimental and the DFT-computed IR spec-
tra (see Figure S1 in the Supporting Information).[12]


Figure 5 also clearly shows that the antisymmetric M�N
stretching vibrational modes of GdxSc3�xN@C80 (I, II) (x=


0–3), which are correlated to the most intense low-energy
IR lines in the region of 600–800 cm�1,[1,3–5,12] are sensitively
dependent on the composition of the encaged GdxSc3�xN
cluster. For GdxSc3�xN@C80 (I) (1 and 2), the antisymmetric
M�N (M=Gd, Sc) stretching vibrational mode, which is
twofold degenerate for a homogeneous cluster, was found to
be split for the mixed GdxSc3�xN clusters.[12] Similarly, when
the encaged Sc3N cluster is replaced by the mixed
GdxSc3�xN cluster within GdxSc3�xN@C80 (II) (4 and 5), such
M�N stretching vibrational modes experience a similar split-
ting (see Table 1 and Figure S2 in the Supporting Informa-
tion).


Figure 6 compares the experimental Raman spectra of
GdxSc3�xN@C80 (I, II) (x=0–3) obtained at 50 K.[15] Since
the excitation energy of the laser wavelength of 647 nm


Table 1. Characteristics of GdxSc3�xN@C80 (I, II) clusterfullerenes.


x No. Product m/z UV/Vis/NIR
absorption
peaks [nm]


Onset
[nm]


Band
gap[a]


[eV]


ñSc�N
[b]


ACHTUNGTRENNUNG[cm�1]
ñGd�N


[b]


ACHTUNGTRENNUNG[cm�1]
ñdef


[c]


ACHTUNGTRENNUNG[cm�1]
Cage
symmetry[d]


Cluster
structure


3 Gd3N@C80 (I) 1445 402, 554, 706, 676 780 1.59 657 165 7:Ih pyramidal
2 1 Gd2ScN@C80 (I) 1333 402, 555, 703, 672 810 1.53 759 649, 656 165, 210 7:Ih planar
1 2 GdSc2N@C80 (I) 1221 411, 712 820 1.51 694 647 167, 210 7:Ih planar
0 3 Sc3N@C80(I) 1109 424, 735 820 1.51 599 210 7:Ih planar
2 4 Gd2ScN@C80 (II) 1333 408, 455, 629, 705 980 1.26 743 647 6:D5h planar
1 5 GdSc2N@C80 (II) 1221 408, 450, 641, 724 960 1.29 687 634 164, 209 6:D5h planar
0 6 Sc3N@C80 (II) 1109 413, 472 950 1.30 595 209 6:D5h planar


[a] The band gap was estimated and converted from the onset (band gap [eV]�1240/onset [nm]). [b]Antisymmetric M�N stretching frequency.
[c]Cluster deformation mode of GdxSc3�xN. [d]The symbols of the C80 isomer are based on ref. [11]


Figure 5. FTIR spectra of the two isomers of GdxSc3�xN@C80 (x=0–3) (I,
a; II, b). For clarity, the spectra of 1–3 and 5 and 6 are shifted upwards.


Figure 6. Raman spectra of 3 (a), 2 (b), 1 (c), Gd3N@C80 (d), 6 (e), and 5
(f). The spectra were obtained at 50 K and an excitation wavelength of
647 nm.
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(1.92 eV) matches that of the lowest energetic electronic
transitions of GdxSc3�xN@C80 (I, II) (x=0–3), strong reso-
nance is observed for each fullerene and results in enhanced
Raman intensity.[1,16] As reported before, the Raman spec-
trum of Sc3N@C80 (I) (3) consists of four regions: the tan-
gential C80 modes between 1000 and 1600 cm�1, a gaplike
region of 815–1000 cm�1, the radial breathing C80 cage
modes in the range 200–815 cm�1 and the low-energy metal
cage modes below 200 cm�1.[16] Since the low-energy metal
cage modes below 200 cm�1 provide essential information
on the structure of the cluster and the cluster–cage interac-
tion, a detailed analysis of this region is given below.


For GdxSc3�xN@C80 (I) (x=0–3) (Figure 6, curves a–d),
despite the difference in the relative intensity of the Raman
bands owing to the different resonance effects of the specific
structures, both the tangential C80 modes and radial breath-
ing C80 cage modes exhibit detectable shifts when x increas-
es from 0 in Sc3N@C80 (I) to 3 in Gd3N@C80 (I). For in-
stance, the most intense line in the region of the tangential
C80 modes (1000–1600 cm�1) is found at 1531, 1530, 1527,
and 1520 cm�1 for Sc3N@C80 (I) (3), GdSc2N@C80 (I) (2),
Gd2ScN@C80 (I) (1), and Gd3N@C80 (I), respectively. More
dramatic differences in terms of the number of lines and
shifts of the vibrational energies of lines are observed in the
region of the radial breathing C80 cage modes (200–
815 cm�1), as clearly shown in Figure 6. These results indi-
cate that the vibrational structure of GdxSc3�xN@C80 (I)
ACHTUNGTRENNUNG(x=0–3) is dependent sensitively on the structure of the
encaged GdxSc3�xN cluster. In terms of the overall Raman
pattern, 1 is very close to Gd3N@C80 (I), while 2 exhibit
closer resemblance to 3 (Sc3N@C80 (I), see also Figure S3 in
the Supporting Information). In particular, the intensities of
the tangential modes are comparable with those of the
radial modes in the spectra of Gd3N@C80 (I) and 1, while
the further substitution of Gd by Sc atoms in 2 and 3 results
in a dramatic decrease in relative intensities of the tangen-
tial modes. As the resonant Raman intensities are deter-
mined by the electronic excitations in the molecules under
study, the changes in Raman intensity in the series of
GdxSc3�xN@C80 (I) compounds point to the similarity of the
electronic structures of Gd3N@C80 (I) and 1 on the one hand
and of 2 and 3 on the other. This result is consistent with
that obtained from the electronic absorption spectroscopic
study described above. The similarity/difference in the elec-
tronic and vibrational structures of GdxSc3�xN@C80 (I)
(x=0–3) is expected to result from the similarity/difference
in the interaction between the cluster and the C80 cage, as
discussed below.


A comparison of the Raman spectra of the isomer II of
GdxSc3�xN@C80 (x=0, 1) (5 and 6) is also presented in
Figure 6 (curves e, f).[15] With the decrease of the cage sym-
metry from Ih (isomer I) to D5h (isomer II), the number of
Raman lines increases in the region of both the tangential
and radial modes of the C80 cage. The Raman spectrum of 5
[GdSc2N@C80 (II)] largely resembles that of 6 [Sc3N@C80


(II)], and this suggests similarity in the cluster–cage interac-
tions in addition to the cage structures.


Cluster–cage interactions in GdxSc3�xN@C80 ACHTUNGTRENNUNG(I, II) (x=1, 2)
studied by low-energy Raman spectroscopy: To probe the
cluster–cage interaction in M3N@C80 nitride clusterfuller-
enes, the low-energy part of the vibrational pattern in the
Raman spectrum was studied, because it is directly correlat-
ed to bond formation between the M3N cluster and fullerene
cage.[1,16] Figure 7 shows the low-energy part of the Raman


spectra of GdxSc3�xN@C80 (I) (x=0–3) clusterfullerenes ob-
tained at 200 K, which in general consist of the radial C80


cage modes and of cluster-based modes ranging from 220 to
30 cm�1.[1,16, 17] While the radial C80 cage modes appear gen-
erally at frequencies down to 220 cm�1, the cluster-based
modes include the in-plane cluster deformation mode and
the frustrated translations and rotations of the M3N cluster,
which provide crucial information on the interaction be-
tween the encaged nitride cluster and the C80 cage and con-
sequently on the stability of the entire clusterfullerene.[1,4d,16]


As revealed in our previous study on the Raman spectra
of a series of homogenous M3N@C80 (I) (M=Sc, Y, Gd–
Tm) and DFT calculations, the medium-intensity Raman
lines of Sc3N@C80 (I) at 210 cm�1 and Gd3N@C80 (I) at
165 cm�1 can be assigned to the frustrated in-plane cluster
translation partially mixed with the in-plane M3N deforma-
tion.[4d] Since this mode is directly related to cluster–cage
bond formation, its frequency can serve as a measure of the
strength of the cluster–cage interaction in the further analy-
sis. As the cluster–cage force constant in Sc3N@C80 (I) was
found to be smaller than that in Gd3N@C80 (I), it was con-
cluded that the cluster–cage interactions in Sc3N@C80 (I) are
significantly weaker than those in Gd3N@C80 (I).[4d] This
mode, which is twofold degenerate for the homogeneous
cluster, is expected to be split into two components for the
GdxSc3�xN mixed cluster, as is the case for the antisymmet-
ric metal–nitrogen stretching vibrational mode observed in
the IR spectra. Indeed, in the Raman spectra of
GdxSc3�xN@C80 (I) the two lines at 178/165 cm�1 for 1 (x=


Figure 7. Low-energy Raman spectra of GdxSc3�xN@C80 (I) (x=0–3) ob-
tained at 200 K. The asterisks mark the in-plane GdxSc3�xN cluster defor-
mation modes (ndef).
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2) and at 210/167 cm�1 for 2 (x=1) are assigned to these
kind of vibrations. Recently, we have shown that the clus-
ter–cage modes of all lanthanide-based M3N@C80(I) cluster-
fullerenes with homogeneous clusters can be adequately de-
scribed by using the Y3N@C80 force field.[4d] Hence, to
confirm the assignment of the cluster–cage modes in
GdxSc3�x@C80(I), we computed their frequencies using the
force field of the corresponding YxSc3�x@C80(I) molecules[12]


and replacing the mass of Y by that of Gd. In good agree-
ment with the experimental spectra, the calculations predict
frequencies of 174/158 cm�1 in 1 and 205/160 cm�1 in 2.
Figure 8 shows the atomic displacement patterns for these


vibrations. As can be seen, the eigenvectors of the vibrations
at 205 cm�1 in 2 and at 158 cm�1 in 1 are essentially the
same as they would be in the homogeneous clusterfuller-
enes, and therefore their frequencies are close to those of
the cluster–cage vibrations in Sc3N@C80 (I) and Gd3N@C80


(I), respectively. The second
components are, however, more
sensitive to the mixed nature of
the cluster and occur at rela-
tively low frequencies for both
1 and 2.


To reveal the difference in
cluster–cage interactions for the
Sc- and Gd-bonding sites, we
also computed the cluster–cage
frequencies using the Sc3N@C80


(I) force field and replacing the
mass of Sc atoms by that of Gd.
The frequencies computed in
this way for 1 and 2 are 162/
143 cm�1 and 202/153 cm�1, re-
spectively. Clearly, the frequen-
cies of vibrations which include
displacements of Gd atoms are
10% smaller than those com-


puted with the use of YxSc3�xN@C80 (I) (x=1,2) force fields
and the experimental frequencies. This result confirms our
earlier conclusion about the stronger cluster–cage interac-
tions for the Y and lanthanide atoms than for Sc.[4d]


DFT calculations of the structures of GdxSc3�xN@C80 ACHTUNGTRENNUNG(x=1,
2): To establish the relation between cluster geometry and
vibrational spectra of the mixed clusterfullerenes, we per-
formed a series of DFT calculations for GdxSc3�xN@C80 (I,
II) and YxSc3�xN@C80 (I).


[12] The splitting of the metal–nitro-
gen stretching mode in GdxSc3�xN@C80 (I, II) is the antici-
pated consequence of the lowering of the effective symme-
try of the GdxSc3�xN mixed cluster, which no longer has the
threefold symmetry inherent to the homogeneous cluster.
Recently, we developed a phenomenological model to de-
scribe the antisymmetric metal–nitrogen mode in the metal
nitride clusters.[12] Using Y as a model for the lanthanide
atoms, we computed the structures and vibrational spectra
of a series of YxSc3�xN@C80 (I) clusterfullerenes at the PBE/
TZ2P level.[12] The results indicate that in the YxSc3�xN@C80


(I) clusterfullerenes the nitrogen atom is displaced from the
center of the molecule towards the Sc atoms, so that the Sc�
N bond is considerably shorter than in Sc3N@C80 (I).


[12] The
same peculiarity of the cluster geometry was also revealed
for CeSc2N@C80 (I) by X-ray crystallographic study.[9] As a
result of these geometrical changes, the Sc�N stretching vi-
bration experiences significant hardening on going from
Sc3N to M2ScN (M=Gd, Er) (see Table 1 and Figure 9a–c).
The same trend was also reported recently for a series of
YxSc3�xN@C80 (I) (x=0–3)[10] and observed in this work for
Sc3N@C80 (II), Gd2ScN@C80 (II), and GdSc2N@C80 (II).


In addition to hardening of the Sc�N mode, another con-
current effect of the aforementioned geometrical changes is
that the M�N mode is softened in the series from M3N to
M2ScN to MSc2N clusters (M=Y, Gd, Er). Indeed, such a
trend was observed for M=Er[3,12] (704/713!661!
647 cm�1) and recently for M=Y[10] (726/714!699!


Figure 8. Schematic presentation of eigenvectors and frequencies of the
mixed translation/deformation cluster modes (referred to as cluster-cage
modes in the text) in 1 and 2. The Sc, Gd, and N atoms are drawn in
violet, green, and blue, respectively.


Figure 9. DFT-optimized structures of Sc3N@C80 (Ih, a), GdSc2N@C80 (Ih, b), Gd2ScN@C80 (Ih, c), Gd3N@C80


(Ih, d), Sc3N@C80 (D5h, e), GdSc2N@C80 (D5h, f), Gd2ScN@C80 (D5h, g), and Gd3N@C80 (D5h, h). The structures
in a)–d) are viewed along the C3 axis of the Ih-C80 cage, and for those in e–h the C5 axis of D5h-C80 cage lies in
the plane of the paper. The Sc, Gd, and N atoms are drawn in violet, green, and blue, respectively.
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647 cm�1). However, the Gd�N mode does not show consid-
erable softening (657!649!647 cm�1, see Table 1 and Fig-
ure 9b–d), as expected on the basis of the calculations for
YxSc3�xN@C80 (I). This result was explained by pyramidali-
zation of the Gd3N cluster in Gd3N@C80 (I).


[12,18] Likewise, a
pyramidal structure of the Gd2ScN cluster was proposed
within Gd2ScN@C80 (I), despite the fact that for the
Y2ScN@C80 a planar structure of the cluster was predicted
by DFT (see Table 2).[10,12] Apparently, the ionic radius of Y
is smaller than that of Gd,[4d] and thus Y cannot be used as a
full analogue of Gd when the structural peculiarities of the
cluster are considered.


To study the structural peculiarities of the GdxSc3�xN clus-
ters within GdxSc3�xN@C80, we performed scalar-relativistic
calculations of the structures of Gd3N@C80, Sc3N@C80, and
GdxSc3�xN@C80 clusterfullerenes. For the structures based
on the C80 (Ih) cage, the cluster orientation with C3 symme-
try for the homogeneous clusters was used as found in our
previous works (Figure 9a-d).[12] For the C80 (D5h) cage our
preliminary calculations showed coexistence of several
almost isoenergetic minima, which considerably complicates
the analysis. Hence, we chose the cluster orientation with re-
spect to the carbon cage to be identical to that found by X-
ray crystallography on Tb3N@C80 (II) (the structure of
Tb3N@C80 (II) is disordered; the sites with the largest occu-
pancies were used)[19] as starting point for geometry optimi-
zation of all clusters. For Sc3N@C80 (II), the calculations
were also performed with coordinates revealed by X-ray
crystallography on Sc3N@C80 (II).[20] The DFT-optimized
structures are shown in Figure 9e–h, while their main struc-
tural features are summarized in Table 2 (note that the high-
est spin states were considered for Gd3N@C80 (M=22) and
Gd2ScN@C80 (M=15), as only these states can be described
by a single-determinant method such as DFT; see below).


In agreement with the X-ray data[18] and other DFT calcu-
lations,[21] the cluster in Gd3N@C80 (I) was found to be pyra-


midal with a pyramid height of h=0.468 R. Pyramidal clus-
ter configuration (h=0.505 R) is also predicted for Gd3N@
C80 (II), which has not yet been experimentally isolated (see
Table 2). In the GdxSc3�xN@C80 clusterfullerenes, both the
GdSc2N and Gd2ScN clusters adopt planar structures in
both Ih and D5h cage isomers. Therefore, the previously sug-
gested pyramidal structure of the cluster in Gd2ScN@C80


(I)[12] must be revised. In accordance with the IR spectra,
the Sc�N bonds in the Ih cage are subject to considerable
shortening in the sequence: Sc3N!GdSc2N!Gd2ScN
(2.026!1.964/1.968!1.910 R, respectively). Thus, explain-
ing the unprecedented increase in the Sc�N stretching fre-
quency by 150 cm�1 on going from the Sc3N to the Gd2ScN
cluster is straightforward. Similar but slightly longer Sc�N
distances are also predicted for the clusters in the cage
isomer II (Table 2), which is in line with the somewhat
lower Sc�N stretching frequencies in 4 and 5 as compared
to 1 and 2, respectively (see Table 1).


To reveal the difference between the Gd- and Y-based
mixed clusterfullerenes, we also optimized the geometric pa-
rameters for YxSc3�xN@C80 at the same level of theory.
Though in general the systems show a substantial degree of
similarity, the Sc�N bonds in YxSc3�xN@C80 are longer
(1.974/1.979 R for YSc2N and 1.929 R for Y2ScN, as com-
pared to those in GdxSc3�xN@C80 (1.964/1.968 R for GdSc2N
and 1.910 R for Gd2ScN), which is consistent with the lower
Sc�N stretching frequency in YSc2N (676 cm�1) and Y2ScN
(736 cm�1) compared to GdSc2N (694 cm�1) and Gd2ScN
(759 cm�1), respectively. Thus, a comparative analysis of
DFT-predicted geometric parameters and the experimental-
ly measured Sc�N stretching frequencies clearly demon-
strates the high structural sensitivity of this mode, and hence
semiquantitative estimations of the structural parameters of
the cluster can based on the analysis of the vibrational spec-
tra.


DFT calculations also support the dependence of the elec-
tronic structure of the mixed
metallofullerenes on cluster
composition, as discussed above
on the basis of UV/Vis/NIR
and Raman spectroscopic data.
They predict that the HOMO–
LUMO gaps for spin-up orbi-
tals[22] listed in Table 2 show a
gradual increase from Sc3N@C80


(I) (1.514 eV) to Gd3N@C80 (I)
(1.624 eV) with the mixed clus-
ters exhibiting intermediate
values. An analogous trend is
predicted for the clusterfuller-
enes based on the C80 (D5h)
cage (Table 2), albeit the
HOMO–LUMO gaps for these
molecules are systematically
smaller than for the isomers
based on C80(Ih). This is in
reasonable agreement with the


Table 2. Selected DFT-predicted geometric parameters, HOMO–LUMO gaps (Gap), and exchange coupling
constants J for MxSc3�xN@C80 (M=Gd, Y).


d ACHTUNGTRENNUNG(Sc�N)
[R]


d ACHTUNGTRENNUNG(M–N)
[R]


h[a]


[R]
Gap
[eV]


J
ACHTUNGTRENNUNG[cm�1]


Sc3N@C80 (I) (3) 2.026 0.009 1.514
GdSc2N@C80 (I) (2) 1.964, 1.968 2.168 0.009 1.559
Gd2ScN@C80 (I) (1) 1.910 2.105, 2.110 0.019 1.588 �0.696
Gd3N@C80 (I) 2.080 0.468 1.624 �4.165[b]
YSc2N@C80 (I) 1.974, 1.979 2.147
Y2ScN@C80 (I) 1.929 2.097, 2.100 0.012 1.573
Y3N@C80 (I) 2.051 0.006 1.589
Sc3N@C80 (II) (6)


[c] 2.012, 2.029, 2.040 0.022 1.322
GdSc2N@C80 (II) (5) 1.960, 1.982 2.173 0.043 1.344
Gd2ScN@C80 (II) (4) 1.924 2.108, 2.108 0.003 1.383 �0.777
Gd3N@C80 (II) 2.085, 2.086, 2.094 0.505 1.413 �2.046


[a] Displacement of N atom out of the MxSc3�x plane predicted by DFT. [b] For Gd3N@C80 (I), almost the
same J value was also computed with LSDA, mPBE, and OLYP functionals, that is, the form of exchange-cor-
relation functional used is relatively unimportant for predicting the magnetic properties of these molecules.
[c] The data listed for Sc3N@C80(II) (6) correspond to the structure shown in Figure 9e, in which the cluster
has the same orientation with respect to the cage as in Tb3N@C80 (II).


[19] . An alternative conformer obtained
by optimization of the X-ray structure of Sc3N@C80 (II)[20] is 1.7 kJmol�1 less stable and has a band gap of
1.350 eV.
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experimental data. Note that Wang et al. recently reported
similar changes in electronic properties for the YxSc3�xN@
C80 (I) family,[10] and our DFT calculations also predict that
the HOMO–LUMO gap increases in this system, up to
1.589 eV for Y3N@C80 (I).


Magnetic properties of GdxSc3�xN@C80 ACHTUNGTRENNUNG(x=1, 2) studied by
DFT calculations : The large magnetic moment of the Gd
atom localized on the 4f electrons implies that molecules
with two or more Gd atoms can have different spin states.
Within the limitation of a collinear alignment of the spin
moments, only the highest spin state, that is, the state in
which spin moments of all Gd atoms are parallel, can be de-
scribed by a single determinant wave function and hence
can be properly treated by DFT. At the same time, though
low-spin states are not single-determinant in nature, magnet-
ic properties of the system can still be predicted by DFT by
using a broken-symmetry method proposed by Noodle-
ACHTUNGTRENNUNGman.[23a] For a two-nucleus system it was shown that though
a determinant with antiparallel spins on two centers (so-
called broken-symmetry state, denoted as ›fl hereafter) is
not an eigenfunction of the spin Hamiltonian, the energy
difference between the high-spin state and a broken-symme-
try state can be expressed in terms of the exchange parame-
ter J of the Heisenberg spin Hamiltonian H=�JS1S2 by the
simple relation E(››)�E(›fl)=�2S2J (S=7/2 for Gd). An
analogous equation was also developed for a trinuclear sys-
tem:[23c] E ACHTUNGTRENNUNG(›››)�E ACHTUNGTRENNUNG(›fl›)=�2S2J, where ››› describes the
state with parallel spin alignment (M=22), while ›fl› is a
broken-symmetry state with two parallel and one antiparal-
lel spins (M=8). Therefore, to reveal the magnetic coupling
of Gd atoms in Gd3N@C80 and Gd2ScN@C80, we optimized
the geometry for broken-symmetry states and estimated ex-
change parameter J (Table 2) from the energy difference to
the highest spin states (M=22 and 15, respectively). Both
for Gd3N@C80 and Gd2ScN@C80, weakly antiferromagnetic
coupling is predicted by theory, with �J values of 2–4 cm�1


for Gd3N@C80 (I, II) and 0.7–0.8 cm�1 for Gd2ScN@C80 (I,
II). Our data agree with the recent DFT study of Lu
et al. ,[21a] who also predicted an antiferromagnetic ground
state for Gd3N@C80 (I) using either PBE or PBE+U meth-
ods and a numerical DNP basis set. At the same time, Qian
et al.[21b] found a ferromagnetic ground state for Gd3N@C80


(I) using the LDA+U approach and a plane-wave basis set
augmented with pseudopotentials. For Gd2ScN@C80, the
magnitude of the J values is comparable to but somewhat
higher than the values for a series of dinuclear Gd com-
plexes studied by Roy et al.[23b] Further experimental and
theoretical studies to clarify the magnetic properties of
GdxSc3�xN@C80 are underway.


Conclusion


In summary, we have reported the first synthesis of the two
isomers of Gd/Sc mixed-metal nitride clusterfullerenes
GdxSc3�xN@C80 (1, 2, 4, 5) and their facile isolation by recy-


cling HPLC. Based on the HPLC profile, the yield of
GdxSc3�xN@C80 (I, II) (x=1, 2) relative to the homogenous
clusterfullerenes Sc3N@C80 [I (3), II (6)] was calculated to
be 0.56:2.2:1 for 1:2 :3 and 0.36:0.8:1 for 4 :5 :6, that is, the
yield of 2 is enhanced in comparison with that of 3, whereas
the yield of GdxSc3�xN@C80 (II) (4 and 5) is decreased as
compared to 6. While 1, 2, 4, 5 are all stable fullerenes with
large optical band gaps, a UV/Vis/NIR spectroscopic study
revealed that 1 has greater similarity to Gd3N@C80 (I), while
2 seems to more closely resemble Sc3N@C80 (I). The quite
similar overall absorption features of 4 and 5 suggest close
resemblance of the their electronic structures. According to
vibrational (FTIR and Raman) spectroscopic studies and
DFT calculations, the cage structures of GdxSc3�xN@C80 (I)
(1 and 2) are assigned to the Ih isomer, while
GdxSc3�xN@C80 (II) (4 and 5) are shown to have a D5h cage.
The cluster–cage (GdxSc3�xN–C80) interactions in
GdxSc3�xN@C80 (I) (1, 2) were studied by low-energy
Raman spectroscopy, which led to the assignment of the
cluster–cage modes. The splitting of the metal–nitrogen
stretching vibrational mode in GdxSc3�xN@C80 (I, II) was
studied in detail and rationalized by the geometry parame-
ters of the cluster predicted by DFT calculations. Finally,
scalar-relativistic DFT calculations were performed to study
the magnetic properties of the GdxSc3�xN@C80 (I, II) mole-
cules. Detailed magnetic measurements on these and other
mixed-metal clusterfullerenes are underway.


Experimental Section


GdxSc3�xN@C80 (I, II) (x=1, 2) were produced by a modified KrTtschm-
er–Huffman DC arc-discharge method with the addition of NH3


(20 mbar), as described elsewhere.[1,3–5, 12] Briefly, a mixture of Gd2O3 and
Sc2O3 (99.9%, MaTeck GmbH, Germany) and graphite powder was used
(molar ratio of Gd:Sc:C=1:1:15). After DC arc discharge, the soot was
pre-extracted by acetone and further Soxhlet-extracted by CS2 for 20 h.
Fullerenes were isolated by two-step HPLC. In the first step running in a
Hewlett-Packard instrument (series 1050), a linear combination of two
analytical 4.6P250 mm Buckyprep columns (Nacalai Tesque, Japan) was
applied with toluene as eluent. The second-stage isolation was performed
by recycling HPLC (Sunchrom, Germany) on a semipreparative Bucky-
prep-M column (Nacalai Tesque, Japan) with toluene as eluent. A UV
detector set to 320 nm was used for fullerene detection in both stages.
The purity of the isolated products was checked by LD-TOF MS analysis
running in both positive- and negative-ion modes (Biflex III, Bruker,
Germany).


Sample preparation and experimental details for UV/Vis/NIR and FTIR
spectroscopic measurements were described previously.[3–5] For Raman
measurements, 100–200 mg of GdxSc3�xN@C80 (I, II) (x=1, 2) was drop-
coated onto single-crystal KBr disks. The residual toluene was removed
by heating the polycrystalline films in a vacuum of 2P10�6 mbar at
235 8C for 3 h. Raman scattering was excited by the 647 nm emission
lines of an Kr+ ion laser (Innova 300 series, Coherent, USA). The scat-
tered light was collected in a 1808 backscattering geometry and was ana-
lyzed by a T 64000 triple spectrometer (Jobin-Yvon, France) whose spec-
tral band pass was set to 2 cm�1.


Scalar-relativistic[24] DFT computations were performed with the PRIRO-
DA package[25] and PBE density functional.[26] A full-electron DZP-quali-
ty basis set (L1 in ref. [25c]) implemented in the code was used for all
atoms.
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Introduction


Optically active amines, such as chiral a-amino acids and b-
amino acids, as well as chiral amines, have been used in syn-
theses of natural products and physiologically active com-
pounds. The stereoselective nucleophilic addition reaction of
various nucleophiles to C=N bonds is one of the most effi-
cient methods for the preparation of chiral amines, and dia-
stereoselective reactions of imines possessing various chiral
auxiliaries have been extensively studied.[1] Enantioselective
additions of nucleophiles to imines have also been devel-
oped in the reactions of N-aryl- or N-alkyl-substituted
imines, diphenylphosphinoylimines, N-acylimines, and N-sul-
fonylimines.[2,3] There are several reports of asymmetric nu-
cleophilic addition reactions to imines through bidentate fix-
ation between activation groups and a chiral Lewis acid;[4]


however, it is often difficult to remove the protecting group
from the products in these reactions. The N-sulfonyl group
is attractive since it enhances the imine reactivity and high
crystallinity in the adducts; however, removal of the p-tolue-
nesulfonyl group is often problematic.[5] We have previously


reported chiral induction in radical reactions of benzimida-
zolyl or 2-pyridyl vinyl sulfones, for which we proposed the
discriminative coordination of a chiral Lewis acid between
one of the prochiral sulfonyl oxygens and the heteroaryl ni-
trogen as playing a key role in inducing enantioselectivity;[6]


namely, this induction can be termed a chiral relay process.[7]


We thus designed novel 2-pyridinesulfonylimines possessing
bifunctional coordinative sulfonyl groups, which can control
their conformational change by the chiral relay process. The
2-pyridinesulfonyl group has the following advantages: 1) its
electron-withdrawing properties increase the reactivity of
imines towards the nucleophilic addition, 2) coordination of
a Lewis acid to the pyridine nitrogen and one of the prochi-
ral sulfonyl oxygens controls the stereoselectivity as well as
the stereochemistry, and 3) the 2-pyridinesulfonyl group is
easily removable from the products. Carretero and co-work-
ers have independently reported excellent enantioselective
conjugate additions,[8] conjugate reductions,[9] 1,3-dipolar cy-
cloadditions,[10] and aza-Diels–Alder reactions of 2-pyridine-
sulfonyl substrates,[11] and have very recently disclosed Man-
nich-type reactions of N-(2-thiophenesulfonyl)imines in the
presence of their own chiral Lewis acid.[12] Shibasaki and co-
workers have reported outstanding stereocontrol in direct
asymmetric Mannich-type reactions in the presence of N-(2-
thiophenesulfonyl)imines.[13] Here we report catalytic enan-
tioselective C�C bond formation in N-(2-pyridinesulfonyl)i-
mines in the presence of commercially available chiral bi-
s(oxazoline) ligands (Figure 1).[14]
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Grignard reactions · Mannich-type
reactions · stereocontroller ·
Strecker-type reaction
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Results


We first examined enantioselective reactions between sulfo-
nylimines and Grignard reagents in the presence of various
chiral ligands. Sulfonylimines and chiral ligands examined
are shown in Figure 2. Although there are many reports of
enantioselective reactions between imines and organolithi-
um or organozinc reagents,[2a,15] there are no reports of
enantioselective reactions involving Grignard reagents, be-
cause of their low reactivities.[16] The reactions between vari-
ous sulfonylimines and CH3MgI (2.0 equiv) in the presence
of various chiral ligands (1.5 equiv) were examined, and the
results are shown in Table 1. Bis(oxazoline)-Ph A (Figure 2)
was found to be an efficient ligand for the reactions of N-


benzylidene-2-pyridinesulfonamide (1a) (entries 1–5).[17]


Performing the reaction at �95 8C increased enantioselectiv-
ity (entry 6). The reactions of 1a with CH3MgBr gave better
results than those with CH3MgI or CH3MgCl (entries 7 and
8).


A specific reaction feature of the 2-pyridinesulfonyl group
in reactions with Grignard reagents is shown by the follow-
ing results. The N-(2-pyridinemethyl)aldimine 1b did not
show enough reactivity toward CH3MgBr because of the
lack of a sulfonyl group (entry 9). In addition, N-benzyli-
dene-p-methoxyaniline (1c), which is often used in enantio-
selective additions of organolithium reagents, was inert to
the addition of CH3MgI (entry 10). Furthermore, N-benzyli-
dene-p-toluenesulfonamide (1d) and N-benzylidene-2,4,6-
triisopropylbenzenesulfonamide (1e) were also not suitable
choices as substrates, their reactions with CH3MgI at �78 8C
in the presence of A affording the products 2d and 2e, re-
spectively, but with low enantioselectivities (entries 11 and
12). The reaction of N-benzylidene-8-quinolinesulfonamide
(1 f) afforded the racemic product 2 f (entry 13).


The reactions of various N-(2-pyridinesulfonyl)imines 1 i–
p (R2 =p-tolyl, 4-methoxyphenyl, 3-methoxyphenyl, 4-chlor-
ophenyl, 1-naphthyl, cinnamyl, and 2-furyl) with CH3MgBr
were also examined, and it was found that the correspond-
ing sulfonamides 2 i–p were formed in good yields and with
good enantioselectivities (Table 2, entries 1–7). To the best
of our knowledge, these reactions are the first highly enan-
tioselective additions of Grignard reagents to imines.[18] The
reactions of 1a with EtMgBr, BuMgBr, and PhC�CMgBr
gave products 2q–s in good yields, but with lower enantiose-
lectivities than those achieved with CH3MgBr (entries 8–11
vs. Table 1, entry 7). The reactions of 1 i with PhMgI and
PhMgBr gave product 2 t in good yields and enantioselectiv-
ities (entries 12 and 13). The nucleophilic addition of Et2Zn
to sulfonylimine 1a did not proceed with high enantioselec-
tivity (entry 14), whereas the nucleophilic addition of MeLi
preferably gave the R isomer (entry 15). As most of the
products were crystalline, enantiomerically pure sulfon-
amides were easily obtainable by recrystallization. For ex-


Figure 1. The 2-pyridinesulfonyl group as a new coordinative protecting
and activating group and also as a stereocontroller.


Table 1. Enantioselective additions of organometallic reagents to imines
1a–f with MeMgI.


Entry 1 R1 Ligand T [8C] 2 Yield
[%]


ee[a]


[%]


1 1a 2-PySO2 A �78 2a 75 59
2 1a 2-PySO2 B �78 2a 31 7
3 1a 2-PySO2 C �78 2a 56 40
4 1a 2-PySO2 D �78 2a 77 0
5 1a 2-PySO2 E �78 2a 90 0
6 1a 2-PySO2 A �95 2a 27 72
7[b] 1a 2-PySO2 A �95 2a 87 83 (>99)[c]


8[d] 1a 2-PySO2 A �95 2a 53 86
9[b] 1b 2-PyCH2 A �95 2b 0 –
10 1c p-MeOC6H4 A �95 2c 0 –
11 1d p-TolSO2 A �78 2d 92 11
12 1e TipSO2 A �78 2e 69 20
13 1 f 8-QnSO2 A �78 2 f 52 0


[a] Determined by HPLC analysis. [b] CH3MgBr was used. [c] ee in pa-
rentheses is that obtained after a single recrystallization. [d] CH3MgCl
was used.


Figure 2. Structures of the sulfonylimines and chiral ligands.
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ample, recrystallization of 2a with 83% ee from hexane/
CH2Cl2 afforded enantiomerically pure (S)-2a (Table 1,
entry 7).


We next examined catalytic enantioselective Strecker-type
reactions of N-(2-pyridinesulfonyl)imines. The enantioselec-
tive Strecker-type reaction is one of the most important
methods for the synthesis of optically active a-amino acid
derivatives, so a variety of chiral catalysts with which to ach-
ieve high levels of asymmetric induction in the addition of
cyanide to imines have been developed.[2,3, 19] Although the
N-sulfonyl group certainly increases the electrophilicity of
the imino carbon center and enhances the reactivity toward
the attack of a cyanide, there have been only limited reports
on catalytic enantioselective Strecker-type reactions with N-
sulfonylimines.[20, 21]


Enantioselective Strecker-type reactions were carried out
in the presence of a variety of bis(oxazoline) ligands in com-
bination with Lewis acids; the results are shown in Table 3.
The reactions of N-aryl- and N-alkyl-substituted imines 1b
and 1c with TMSCN (1.3 equiv) in the presence of catalytic
amounts of Mg ACHTUNGTRENNUNG(OTf)2 (0.3 equiv) and bis(oxazoline) A
(0.31 equiv) as a chiral Lewis acid did not give products (en-
tries 2 and 3). On the other hand, the reaction of sulfonyli-
mine 1a afforded the product 3a with good enantioselectivi-
ty (entry 1).[22] N-(p-Toluenesulfonyl)-, N-(2,4,6-triisopropyl-
benzene)sulfonyl-, and N-(8-quinolinesulfonyl)imines 1d–f
did not give good results (entries 4–6). Chiral Lewis acids
derived from other magnesium salts such as Mg ACHTUNGTRENNUNG(ClO4)2 and
MgBr2·OEt2 were also examined in the reaction of 1a, and
gave 3a in high yields but with low enantioselectivities (en-
tries 7 and 8). When Cu ACHTUNGTRENNUNG(OTf)2 was used as a Lewis acid, 3a
was obtained with good enantioselectivity but in low yield


(entry 9).[23] Enantioselectivity was improved by the use of a
stoichiometric amount of the Cu ACHTUNGTRENNUNG(OTf)2/A complex or by the
addition of molecular sieves (4 M) to the reaction mixture,
although the yields still remained moderate to low (en-
tries 10 and 11).


It should be noted that 3a obtained with the Mg ACHTUNGTRENNUNG(OTf)2/F
complex in high yield and with high enantioselectivity has
the opposite configuration to that obtained with MgACHTUNGTRENNUNG(OTf)2/
Box A (entry 12).[24] The Mg ACHTUNGTRENNUNG(ClO4)2/DBFOX I complex also
catalyzed the reaction to give good enantioselectivity
(entry 15).[25] Carrying out the reaction with 1a in dichloro-
ethane improved the yield and enantioselectivity of 3a (en-
tries 16 and 17). In all these reactions, 30 mol% of the chiral
catalyst was used, but it was found that the catalyst loading
of the MgACHTUNGTRENNUNG(OTf)2/A complex can be reduced to 10 mol% in
dichloroethane (entry 18). Enantioselectivity was improved
when the reaction was performed at 0 8C (entry 19).


The reactions of various N-(2-pyridinesulfonyl)imines 1 i–
n with TMSCN in the presence of 10 mol% of the Mg-
ACHTUNGTRENNUNG(OTf)2/A complex also gave the products 3 i–n in good
yields and with good enantioselectivities (Table 4, entries 1–
6).[26]


Catalytic enantioselective Mannich-type reactions of N-
(2-pyridinesulfonyl)imines were also examined. b-Amino
acid derivatives have established utility as building blocks
for the preparation of pharmaceutical targets,[27] natural
products,[28] and peptidic materials with unique structural


Table 3. Catalytic enantioselective Strecker-type reactions with imines
1a–f and TMSCN.


Entry 1 R1 Lewis acid Ligand 3 Yield
[%]


ee
[%][a]


1 1a 2-PySO2 Mg ACHTUNGTRENNUNG(OTf)2 A 3a 81 75 (R)
2 1b 2-PyCH2 Mg ACHTUNGTRENNUNG(OTf)2 A 3b 0 –
3 1c p-MeOC6H4 Mg ACHTUNGTRENNUNG(OTf)2 A 3c 0 –
4 1d p-TolSO2 Mg ACHTUNGTRENNUNG(OTf)2 A 3d 70 0
5 1e TipSO2 Mg ACHTUNGTRENNUNG(OTf)2 A 3e 0 –
6 1 f 8-QnSO2 Mg ACHTUNGTRENNUNG(OTf)2 A 3 f 49 16
7 1a 2-PySO2 Mg ACHTUNGTRENNUNG(ClO4)2 A 3a 91 49 (R)
8 1a 2-PySO2 MgBr2OEt2 A 3a 92 21 (R)
9 1a 2-PySO2 Cu ACHTUNGTRENNUNG(OTf)2 A 3a 27 71 (R)
10[b] 1a 2-PySO2 Cu ACHTUNGTRENNUNG(OTf)2 A 3a 46 91 (R)
11[c] 1a 2-PySO2 Cu ACHTUNGTRENNUNG(OTf)2 A 3a 10 94 (R)
12 1a 2-PySO2 Mg ACHTUNGTRENNUNG(OTf)2 F 3a 99 80 (S)
13 1a 2-PySO2 Mg ACHTUNGTRENNUNG(OTf)2 G 3a 71 51 (S)
14 1a 2-PySO2 Mg ACHTUNGTRENNUNG(OTf)2 H 3a 82 13 (R)
15 1a 2-PySO2 Mg ACHTUNGTRENNUNG(ClO4)2 I 3a 89 66 (S)
16[d] 1a 2-PySO2 Mg ACHTUNGTRENNUNG(OTf)2 A 3a 99 72 (R)
17[d] 1a 2-PySO2 Cu ACHTUNGTRENNUNG(OTf)2 A 3a 48 86 (R)
18[d,e] 1a 2-PySO2 Mg ACHTUNGTRENNUNG(OTf)2 A 3a 99 75 (R)
19[d–f] 1a 2-PySO2 Mg ACHTUNGTRENNUNG(OTf)2 A 3a 99 79 (R)


[a] Determined by HPLC analysis with Chiralcel OD-H, Chiralpak AD-
H, or Chiralpak AS-H. [b] Lewis acid (1.0 equiv) was used with 3
(1.1 equiv). [c] MS (4M) were added. [d] Reaction was carried out in
ClCH2CH2Cl. [e] Catalyst loading is 10 mol%. [f] Reaction was carried
out at 0 8C.


Table 2. Enantioselective additions of organometallic reagents to imines
1a and 1 i–p.


Entry 1 R2 Nucleophile T
[8C]


2 Yield
[%]


ee[a]


[%]


1 1 i p-Tol CH3MgBr �95 2 i 67 83
2 1j p-MeOC6H4 CH3MgBr �95 2j 98 80 (85)[b]


3 1k m-MeOC6H4 CH3MgBr �95 2k 74 88
4 1 l p-ClC6H4 CH3MgBr �95 2 l 77 76
5[c] 1m 1-naphthyl CH3MgBr �95 2m 74 76 (95)[b]


6[c] 1o 2-furyl CH3MgBr �95 2o 38 87
7 1p cinnamyl CH3MgBr �95 2p 98 82
8 1a Ph EtMgBr �78 2q 74 50
9 1a Ph BuMgBr �95 2r 69 51
10 1a Ph PhC�CMgBr �78 2 s 46 76
11[d] 1a Ph PhC�CMgBr �78 2 s 60 78
12 1 i p-Tol PhMgI �95 2t 41 66
13 1 i p-Tol PhMgBr �95 2t 72 61
14[e] 1a Ph Et2Zn �78 2q 49 46
15 1a Ph MeLi �78 2a 35 35[f]


[a] Determined by HPLC analysis. [b] ee in parentheses is that obtained
after a single recrystallization. [c] Bis(oxazoline) A (2 equiv) was used.
[d] Diethyl-substituted Box A was used. [e] Et2Zn was added at �40 8C.
[f] The R isomer was obtained.
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properties.[29] Although various diastereoselective ap-
proaches to Mannich-type reactions have been reported for
the synthesis of b-amino acids, enantioselective additions of
ester enolate equivalents to imines are one of the most im-
portant methods for the synthesis of optically active b-
amino acids.[2,3, 30,31] However, only a few studies on catalytic
enantioselective Mannich-type reactions of N-sulfonylimines
without other electron-withdrawing groups have been re-
ported.[32]


Enantioselective Mannich-type reactions of various N-
(arenesulfonyl)imines 1 in the presence of catalytic amounts
of chiral Lewis acids prepared from various bis(oxazoline)s
and Lewis acids were examined, and the results are shown
in Table 5. The enantioselective reaction of 1a in the pres-
ence of 30 mol% of Mg ACHTUNGTRENNUNG(OTf)2/A afforded the product 4a
with low enantioselectivity, whereas the reaction in the pres-
ence of Cu ACHTUNGTRENNUNG(OTf)2/A gave the product with good enantiose-
lectivity (entries 1 and 2). However, N-(toluenesulfonyl)i-
mines 1d did not afford the product with CuACHTUNGTRENNUNG(OTf)2/A
(entry 3). The reactions in the presence of other N-(hetero-
arenesulfonyl)imines 1 f–h did not show good enantioselec-
tivities (entries 4–6). The yield of 4a in the reaction of 1a
was improved by use of a longer reaction time (entry 7).[33]


Other chiral Lewis acids derived from CuOTf and ZnACHTUNGTRENNUNG(OTf)2


also afforded the product 4a but with low enantioselectivi-
ties (entries 8 and 9). The chiral Lewis acids derived from
other bis(oxazoline) ligands C, F, and H also catalyzed the
reaction but with lower enantioselectivities than were ob-
tained with CuACHTUNGTRENNUNG(OTf)2/A (entries 10–13).


The reactions of various N-(2-pyridinesulfonyl)imines 1 i–
p in the presence of Cu ACHTUNGTRENNUNG(OTf)2/A were also found to give
products in moderate yields but with good enantioselectivi-
ties (Table 6, entries 1–7). Enantiomerically pure sulfona-
mides were easily obtainable by recrystallization.


To validate the synthetic potential of this stereoselective
preparation of chiral amines, we confirmed the easy removal
of the 2-pyridinesulfonyl group. Removal of arenesulfonyl
groups generally requires drastic reaction conditions.[5] The
optically active (S)-2a and (R)-4a were desulfonylated on


treatment with magnesium in MeOH[34] to give the chiral


Table 4. Catalytic enantioselective Strecker-type reactions with imines
1a–n and TMSCN.


Entry Imine R2 Product Yield
[%]


ee
[%][a]


1[b] 1 i p-tolyl 3 i 94 77 (R)
2 1j p-MeOC6H4 3 j 99 84 (R)
3[b] 1k m-MeOC6H4 3k 93 78 (R)
4 1 l p-ClC6H4 3 l 99 72 (R)
5 1m 1-naphthyl 3m 99 75 (R)
6 1n 2-naphthyl 3n 99 73 (R)


[a] ee values were determined by HPLC analysis with Chiralcel OD-H,
Chiralpak AD-H, or Chiralpak AS-H. [b] Reaction was carried out at
0 8C.


Table 5. Catalytic enantioselective Mannich-type reactions with imines
1a, 1d, and 1 f–h.


Entry 1 R1 Lewis acid Ligand 4 Yield
[%]


ee
[%][a]


1[b] 1a 2-PySO2 Mg ACHTUNGTRENNUNG(OTf)2 A 4a 37 29
2 1a 2-PySO2 CuACHTUNGTRENNUNG(OTf)2 A 4a 80 86 (>99)[c]


3 1d p-TolSO2 CuACHTUNGTRENNUNG(OTf)2 A 4d trace –
4 1 f 8-QnSO2 CuACHTUNGTRENNUNG(OTf)2 A 4 f 19 1
5 1g 2-thienylSO2 CuACHTUNGTRENNUNG(OTf)2 A 4g 47 0
6 1h 2-furylSO2 CuACHTUNGTRENNUNG(OTf)2 A 4h 59 8
7[d] 1a 2-PySO2 CuACHTUNGTRENNUNG(OTf)2 A 4a 55 86
8[b] 1a 2-PySO2 CuOTf A 4a 32 38
9[b] 1a 2-PySO2 ZnACHTUNGTRENNUNG(OTf)2 A 4a 16 62
10[b] 1a 2-PySO2 CuACHTUNGTRENNUNG(OTf)2 C 4a 41 2
11 1a 2-PySO2 CuACHTUNGTRENNUNG(OTf)2 F 4a 24 71
12 1a 2-PySO2 CuACHTUNGTRENNUNG(OTf)2 H 4a 30 64
13[b] 1a 2-PySO2 Sc ACHTUNGTRENNUNG(OTf)3 H 4a 42 62


[a] Determined by HPLC analysis with Chiralcel OD-H or Chiralpa-
k AD-H. [b] Catalyst loading is 30 mol%. [c] ee in parentheses is that ob-
tained after a single recrystallization. [d] The reaction was performed for
72 h.


Table 6. Catalytic enantioselective Mannich-type reactions with imines
1 i–p.


Entry Imine R2 Product Yield
[%]


ee
[%][a,b]


1 1 i p-tolyl 4 i 40 70 (95)
2[c] 1 j p-MeOC6H4 4j 58 83 (>99)
3[c] 1 l p-ClC6H4 4 l 52 75 (90)
4[c] 1m 1-naphthyl 4m 76 73 (94)
5 1n 2-naphthyl 4n 89 63 (>99)
6 1o 2-furyl 4o 86 81 (99)
7[c] 1p cinnamyl 4p 89 83 (>99)


[a] Determined by HPLC analysis with Chiralcel OD-H or Chiralpa-
k AD-H. [b] ee in parentheses are those obtained after single recrystalli-
zations. [c] Catalyst loading is 30 mol%.


Scheme 1. Desulfonylation of (S)-2a and (R)-4a.
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amine (S)-5 and the chiral b-amino acid (R)-6 without sig-
nificant loss of optical purity (Scheme 1).


Discussion


The enantioselective nucleophilic additions of Grignard re-
agents and the Strecker-type reactions of N-(2-pyridinesulfo-
nyl)imines 1a, 1 f, and 1 i–p gave the products in good yields
and with good enantioselectivities, but the reactions of N-
(p-toluenesulfonyl)imine 1d and of N-aryl- and N-alkyli-
mines 1b and 1c did not afford good results. From these
findings it was confirmed that the 2-pyridinesulfonyl group
acts not only as an activating group but also as an efficient
stereocontroller. If it is assumed that MgII forms a tetrahe-
dral bidentate-coordinating complex with the substrate
1a,[35,36] there are two types of coordination for the complex
that may be considered. One is the N,O-type complex, in
which MgII coordinates to the
pyridine nitrogen and to one of
the sulfonyl oxygens, while the
other is the N,N-type complex,
in which MgII coordinates to the
imino nitrogen and to the pyri-
dine nitrogen. In order to esti-
mate the stabilities of these
complexes, we studied MO cal-
culations of the complexes
formed between 1c and 3 with
Spartan ’06 PM3[37] and Gaussi-
an 03[38] HF/3-21+G*. Struc-
tures were first optimized with
Spartan ’06 PM3 and were then
fully optimized at the HF/3-
21+G* level of theory.[39,40] The
relative energies of the transi-
tion state structures and the op-
timized structures are depicted
in Figure 3. The calculation
showed that the N,O-type com-
plexes I, II, and III are more
stable than complex IV depict-
ed as one of the most stable
N,N-type complexes.


In order to exert high enan-
tioselectivity in the N,O-type
complex, one of the sulfonyl
oxygens should be selectively
coordinated. Indeed, complex I,
in which the pro-S sulfonyl
oxygen is coordinated to MgII,
was shown to be much more
stable than the pro-R sulfonyl
oxygen-coordinated complex
III, because more severe steric
interaction exists in the latter
complex. The pro-S oxygen-co-


ordinated complex I containing an (E)-imine was more
stable than the (Z)-imine complex II. Nucleophiles thus ap-
proach the Si face of the imine in complex I to form prod-
ucts with good ees. Dynamically induced chirality on the
sulfur indeed plays a definitive role in induction of enantio-
selectivity. It can be categorized as a new type of chiral
relay.[7]


The enantioselective Strecker-type reactions and Man-
nich-type reactions of N-(2-pyridinesulfonyl)imines in the
presence of CuACHTUNGTRENNUNG(OTf)2 as a Lewis acid gave the products
with good enantioselectivities. The CuII ion would form a
distorted square-planar bidentate-coordinated complex with
1a and Box A (Figure 4). In the most stable complex 1a–A,
optimized by the Spartan ’06 PM3 method, a sulfonyl
oxygen and a pyridine nitrogen coordinate to CuII. Further-
more, selective coordination between a pro-S sulfonyl
oxygen in 1a and CuII affords less steric interaction than in
other complexes. TMSCN and silyl ketene acetal thus ap-


Figure 3. Geometry optimization of 1a–A complexes with Spartan ’06 PM3 and Gaussian 03 HF/3-21+G*.


Figure 4. Proposed reaction direction in the most stable complex 1a–A optimized with Spartan ’06 PM3.
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proach the Si face of the imine, avoiding interaction with
the phenyl group in bis(oxazoline)-Ph A, to form (R)-3a
and (R)-4a.


Conclusion


We have found that the 2-pyridinesulfonyl group works not
only as a good activating group for the imino group in reac-
tions with nucleophiles, but also as a stereocontroller that
shows excellent enantioselectivity through dynamically con-
trolled chirality on the sulfur atom. The first highly enantio-
selective reactions between imines and Grignard reagents
have been achieved in the presence of bis(oxazoline)s. Cata-
lytic enantioselective Strecker-type reactions and Mannich-
type reactions with N-(2-pyridinesulfonyl)imines in the pres-
ence of bis(oxazoline)s afforded chiral sulfonamides with
good enantioselectivities. The MO calculations suggested
that these reactions each proceed through a complex in
which one of the sulfonyl oxygens is preferentially coordi-
nated to MgII and CuII. The 2-pyridinesulfonyl group was
shown to be an easily removable and efficient protective
group, which has notable properties of high chiral inducibili-
ty and activation of the imino group toward the addition of
nucleophiles. Further extension of work on 2-heteroarene-
sulfonyl groups as powerful stereocontrollers in combination
with chiral ligands is now in progress.


Experimental Section


General methods and additional synthesis details are available in the
Supporting Information.


Typical procedure for the preparation of N-benzylidene-2-pyridinesulfon-
amide (1a): A solution of 2-pyridinesulfonamide (501 mg, 3.17 mmol) in
THF (8 mL) was added at 0 8C to a solution of benzaldehyde (0.32 mL,
3.17 mmol), triethylamine (1.32 mL, 9.50 mmol), and titanium(iv) chlo-
ride (1.46 molL�1 in CH2Cl2, 2.25 mL, 3.17 mmol), and the mixture was
stirred for 2 h. The mixture was filtered through Celite and washed with
CH2Cl2. The combined organic solution was extracted with CH2Cl2,
washed with saturated aqueous NH4Cl, and dried over Na2SO4, and con-
centrated under reduced pressure to leave a residue that was recrystal-
lized with hexane/ethyl acetate to afford 1a (368 mg, 47%). Rf =0.35
(hexane/ethyl acetate 6:4); m.p. 103.8–105.0 8C; 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=7.48–7.67 (m, 4H), 7.96–8.02 (m, 3H), 8.24–8.28
(m, 1H), 8.72–8.75 (m, 1H), 9.27 ppm (s, 1H); 13C NMR: d=121.8, 125.8,
127.6, 130.1, 130.7, 133.9, 136.6, 148.8, 154.2, 172.7 ppm; IR (KBr): ñ=


1599, 1572, 1314, 1171, 1114, 816 cm�1; MS (70 eV): m/z (%): 246 [M]+


(6), 78 (100); elemental analysis calcd (%) for C12H10N2O2S: C 58.52, H
4.09, N 11.37; found: C 58.36, H 4.34, N 11.28.


Typical procedure for enantioselective addition of Grignard reagents to
1a—N-(1-Phenylethyl)-2-pyridinesulfonamide [(S)-2a]: MeMgBr
(1.04 molL�1 in Et2O, 0.937 mL, 0.974 mmol) was added at �95 8C to a
solution of bis(oxazoline)-Ph (244 mg, 0.731 mmol) and imine 1a
(120 mg, 0.487 mmol) in toluene (10 mL), and the reaction mixture was
stirred for 1 h. The reaction mixture was quenched with HCl (1m) and
extracted with Et2O, dried over Na2SO4, and concentrated under reduced
pressure to leave a residue that was purified by column chromatography
(silica gel 20 g, benzene/ethyl acetate 90:10) to afford (S)-2a (101 mg,
79%, 83% ee). Recrystallization from hexane/CH2Cl2 afforded (S)-2a
with 99% ee. Rf =0.35 (hexane/ethyl acetate 6:4); m.p. 103.8–105.0 8C;
[a]20


D =�42.3 (c=0.29, CHCl3, 99% ee); 1H NMR: d =1.48 (d, J=7.0 Hz,


3H), 4.61 (dq, J=7.0, 8.2 Hz, 1H), 5.18 (d, J=8.2 Hz, 1H), 7.11–7.20 (m,
5H), 7.33–7.40 (m, 1H), 7.70–7.80 (m, 2H), 8.56–8.59 ppm (m, 1H);
13C NMR: d =23.5, 54.3, 121.9, 126.0, 126.1, 127.2, 128.1, 137.4, 141.4,
149.5, 157.4 ppm; IR (KBr): ñ=3091, 1330, 1178, 1119, 614, 541 cm�1; MS
(70 eV): m/z (%): 262 [M]+ (4), 77 (40), 78 (28), 119 (100), 182 (15); ele-
mental analysis calcd (%) for C13H14N2O2S: C 59.52, H 5.38, N 11.37;
found: C 59.51, H 5.42, N 10.44; HPLC (Chiralcel OJ-H, hexane/iPrOH
70:30, flow rate 1.2 mLmin�1), tR =11 (S), 33 min (R).


General procedure for the reactions of imines with TMSCN—2-(2-Pyridi-
nesulfonyl)amino-2-phenylacetonitrile (3a): A solution of bis(oxazoline)-
Ph (3.0 mg, 11 mol%) and Mg ACHTUNGTRENNUNG(OTf)2 (2.6 mg, 10 mol%) in ClCH2CH2Cl
(1.0 mL) was stirred for 30 min at room temperature under nitrogen. A
solution of imine 1a (20.0 mg, 0.081 mmol) in ClCH2CH2Cl (1.0 mL) was
added to the reaction mixture. After the reaction mixture had been
stirred for 15 min at room temperature, trimethylsilyl cyanide (32 mL,
0.24 mmol) was added over a period of 5 min. The reaction mixture was
stirred for 12 h until complete by TLC. Sat. aqueous Na2CO3 (2.0 mL)
was added, and the mixture was stirred for 30 min at room temperature.
The organic phase was separated, and the aqueous phase was extracted
with CH2Cl2 (3P5 mL). The combined organic phase was dried over
MgSO4 and concentrated. The residue was purified by chromatography
(benzene/ethyl acetate 90:10) to afford 3a (22.1 mg, 99%, 74% ee) as a
white solid. Rf =0.32 (benzene/ethyl acetate 8:2); m.p. 158.0–159.0 8C;
[a]26


D =++35 (c=0.03, CHCl3, 74% ee); 1H NMR ([D6]DMSO): d=5.90 (d,
J=8.5 Hz, 1H), 7.36–7.40 (m, 5H), 7.64–7.70 (m, 1H), 7.92–7.96 (m,
1H), 8.03–8.12 (m, 1H), 8.71 (m, 1H), 9.58 ppm (d, J=8.5 Hz, 1H);
13C NMR ([D6]DMSO): d=47.8, 117.8, 121.6, 126.9, 127.4, 128.7, 128.9,
133.9, 149.9, 156.8 ppm; IR (KBr): ñ =3097, 1348, 1185 cm�1; MS (70 eV):
m/z (%): 273 [M]+ (0.4), 208 (11), 130 (12), 78 (100), 77 (24); elemental
analysis calcd (%) for C13H11N3O2S: C 57.13, H 4.06, N 15.37; found: C
57.24, H 3.99, N 15.33; HPLC (Daicel Chiralpak AS, hexane/iPrOH
75:25; 2.0 mLmin�1; tR =18.2 (minor), tR =27.7 min (major)).


General procedure for the Mannich-type reactions of imines—Methyl
(R)-2,2-dimethyl-3-phenyl-3-[(2-pyridinesulfonyl)amino]propionate (4a):
A solution of bis(oxazoline)-Ph (3.9 mg, 0.011 mmol, 11 mol%) and Cu-
ACHTUNGTRENNUNG(OTf)2 (3.8 mg, 0.010 mmol, 10 mol%) in CH2Cl2 (1.0 mL) was stirred for
30 min at room temperature under nitrogen. A solution of imine 1a
(25.0 mg, 0.104 mmol) in CH2Cl2 (1.0 mL) was added to the reaction mix-
ture. After the reaction mixture had been cooled to �78 8C, silylketene
acetal (27 mL, 0.135 mmol) was added over a period of 5 min. The reac-
tion mixture was stirred for 24 h until complete by TLC. Sat. aqueous
NH4Cl (10 mL) was added, the organic phase was separated, and the
aqueous phase was extracted with CH2Cl2 (5P5 mL). The combined or-
ganic phase was dried over Na2SO4 and concentrated. The residue was
purified by chromatography (benzene/ethyl acetate 85:15) to afford 4a
(28.9 mg, 80%, 86% ee) as a white solid. Rf =0.55 (benzene/ethyl acetate
7:3); m.p. 146.0–147.5 8C; [a]20


D =�26.6 (c=1.0, CHCl3, 99% ee);
1H NMR: d =1.08 (s, 3H), 1.39 (s, 3H), 3.65 (s, 3H), 4.42 (d, J=10 Hz,
1H), 6.50 (d, J=10 Hz, 1H), 6.88–6.99 (m, 5H), 7.14–7.17 (m, 1H), 7.41–
7.51 (m, 2H), 8.40 ppm (s, 1H); 13C NMR: d=22.5, 24.7, 47.1, 52.2, 65.0,
121.6, 125.6, 127.1, 127.4, 127.7, 136.3, 136.9, 149.2, 156.9, 175.8 ppm; IR
(KBr): ñ=3167, 1734, 1289, 1582, 1337, 1180, 1131, 710 cm�1; MS
(70 eV): m/z (%): 348 [M]+ (35), 315 (40), 256 (70), 247 ACHTUNGTRENNUNG(100), 199 (45);
elemental analysis calcd (%) for C17H20N2O4S: C 58.60, H 5.79, N 8.04;
found: C 58.90, H 5.49, N 7.91; HPLC (Chiralpak AD-H, hexane/iPrOH
80:20, 1.0 mLmin�1): tR = 11.3 (major), 14.8 min (minor).


(S)-1-Phenylethylamine hydrochloride [(S)-5]: A mixture of (S)-2a
(20.2 mg, 0.077 mmol) and Mg powder (9.3 mg, 0.385 mmol) in MeOH
(2 mL) and THF (0.5 mL) was stirred for 2 h at 0 8C. Then, diethyl ether
(3 mL) and saturated aq. NH4Cl (3 mL) were added, and the reaction
mixture was stirred for 2 h at room temperature. The aqueous layer was
extracted with Et2O, and the combined organic extracts were dried over
Na2SO4 and concentrated under reduced pressure to leave an oil that was
purified by column chromatography (CH2Cl2/MeOH/aq. NH3 90:10:0.5)
to afford the amine. The amine was dissolved in THF (2 mL), and HCl
solution (2n) was added to the solution. After stirring for 30 min at room
temperature, the solution was concentrated under reduced pressure to
give (S)-5 (10.9 mg, 90%). [a]25


D =�4.5 (c=0.36, MeOH) [lit.[41] [a]23
D =
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�4.6 (c=4, MeOH, 99% ee)]. In order to determine the enantiopurity,
(S)-5 was treated with benzoyl chloride and triethylamine in CH2Cl2 at
room temperature. N-Benzoyl-1-phenylethylamine was analyzed by
HPLC: 99% ee [Chiralcel OD-H hexane/iPrOH 90:10, 1.0 mLmin�1: tR
= 16 min (S)].


Methyl (R)-3-amino-2,2-dimethyl-3-phenylpropionate [(R)-6]: A mixture
of (R)-4a (200 mg, 0.574 mmol) and Mg powder (418.6 mg, 17.2 mmol) in
MeOH (10 mL) was stirred for 6 h at �30 8C. Then, diethyl ether
(10 mL) and saturated aq. NH4Cl (15 mL) were added to the reaction
mixture. The aqueous layer was extracted with CH2Cl2, and the combined
organic extracts were dried over Na2SO4 and concentrated under reduced
pressure to leave a white solid that was purified by column chromatogra-
phy (benzene/ethyl acetate 90:10) to afford product (R)-6 (159.2 mg,
91%). [a]20


D =++30.8 (c=1, 1m HCl, 87% ee) [lit.[42] [a]20
D =�32.4 (c=1,


1n HCl, 98% ee)]; 1H NMR: d =1.08 (s, 3H), 1.14 (s, 3H), 1.71 (s, 2H),
3.68 (s, 3H), 4.22 (s, 1H), 7.26 ppm (s, 5H); 13C NMR: d=19.5, 23.7,
47.8, 51.8, 61.9, 127.0, 127.5, 127.8, 141.5, 177.3 ppm; IR (KBr): ñ =2950,
1725, 1453, 1259, 1141, 705 cm�1; MS (70 eV): m/z (%): 207 [M]+ (70),
199 (60), 171 (56), 152 (100); elemental analysis calcd (%) for
C12H17NO2: C 69.54, H 8.27, N 6.76; found: C 69.65, H 8.36, N 6.85;
HPLC (Chiralcel AS-H, hexane/iPrOH 95:5, 0.30 mLmin�1): tR = 24.5
(major), 30.7 min (minor).
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Folding Control in Cyclic Peptides through N-Methylation Pattern Selection:
Formation of Antiparallel b-Sheet Dimers, Double Reverse Turns and
Supramolecular Helices by 3a,g Cyclic Peptides


Manuel Amor.n, Luis Castedo, and Juan R. Granja*[a]


Introduction


In pursuit of biomaterials with improved biocompatibility,
rigidity, responsiveness, specificity and other properties that
are desirable in medical devices and drug delivery systems,
increasing attention is being paid to nanostructures.[1] These
entities consist of hierarchies of substructures, the higher-
ranking members of which are formed by the same kinds of
self-assembly process as are involved in the formation of
natural biopolymers that carry out sophisticated chemical
operations such as catalysis or electron transport. To gain
deeper insight into how to control the three-dimensional
structures of such materials, chemists have in recent years
devoted increasing research effort to synthetic foldamers,
non-natural oligomers that exhibit the same kinds of secon-
dary structural motifs as natural biomolecules (helices,
sheets, loops etc.).[2–6]


A major goal of foldamer chemistry is to develop oligo-
mers that spontaneously adopt higher-order structure—indi-


vidually or by association—to form tertiary or even quater-
nary structures known as tyligomers.[2b,7] In this respect, al-
though the most intensively studied foldamers have been
helical, much attention has recently focused on sheet-form-
ing foldamers, because of their relevance to pathological
amyloid plaques[8] and their potential use for the manufac-
ture of nanotapes or nanotubes.[9] Sheet-forming foldamers
include certain types of cyclic peptides (CPs) designed to
stack spontaneously through arrays of hydrogen bonds simi-
lar to those found in b-sheets, to form nanotubes [SPNs
(self-assembling peptide nanotubes) such as CP-A Q SPN-
A (Figure 1)].[10]


Changes in the structure, number and distribution of the
CPs allow for the modulation of the properties of the result-
ing SPNs and their subsequent development for chemical
studies and technological applications.[10–13] For example, al-
ternating N-methylation on a CP (CP-B) makes it form
dimers DCP-B (CP-B Q DCP-B, Figure 1), the shortest possible
SPNs, which have been successfully employed to estimate
the relative stabilities of b-sheets3 parallel and antiparallel
arrangements.[14]


In recent years we have been exploring the possibilities of
CPs composed of a-amino acids (a-Aas) alternating with a
g-amino acid, more specifically a cis-3-aminocycloalkanecar-
boxylic acid (g-Aca).[15, 16] In these a,g-CPs (e.g., CP-1–3 in
Figure 1) the projection of one of the cycloalkane methyl-
enes into the lumen (space within the tube) creates a hydro-
phobic region, and the relative rigidity of the cyclohexane
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ring ensures that the g-amino
acid segments of the peptide
backbone have the all-trans
conformation necessary for the
peptide ring to be flat and
stackable.[15,17] This conforma-
tional rigidity means that in
CPs the cycloalkane ring of a g-
Aca can be regarded as a su-
peratom, and (1S,3R)- and
(1R,3S)-g-Aca residues as
equivalent to d- and l-a-amino
acid residues, respectively
(Figure 2).[18] Hereafter we avail
ourselves of this equivalence by
using d and l to describe the
stereochemistry of g-Aca resi-
dues.


In terms of the above equiva-
lence, the a,g-CPs with which
we have been working in recent
years can each be viewed as the
result of taking a parent nano-
tube-forming CP consisting of
alternating d- and l-a-Aas (d,l-


a-CP) and replacing alternate
a-Aa residues with g-Aca resi-


dues of the same chirality (Figure 2), or l-g-Aca residues for
only half the l-a-Aa residues. The overall symmetry of the
resulting a,g-CP, when flat, is Cn, where n is the number of
[l-g-Aca-d-a-Aa] or [d-g-Aca-l-a-Aa] units in the peptide
ring, and thus also depends on the size of the ring.[15] How-
ever, the cavity properties of SPNs composed of CPs with g-
Aca residues, and hence their technological applications,
may well depend not only on size and number or type of
substituents on their inner surfaces but also on their symme-
tries. It is therefore of interest to be able to control the over-
all symmetry of CPs independently of their size. As part of
an extensive program directed towards the design, synthesis
and structural and functional evaluation of novel homo- and
heterosupramolecular entities involving CPs,[15,16] but also
with aim of checking the possibility described above, we
have now synthesized a new class of CPs in which the a-
amino acids (a-Aas) and cis-3-aminocyclohexanecarboxylic
acid (g-Ach) are combined in a three to one ratio (“3a,g-
CPs”), resulting from substitution of g-Ach residues for only
half the a-Aa residues of identical chirality to the formal
d,l-a-CP parent. These CPs should retain the b-sheet-form-
ing propensity and at the same time would be a simple
model of novel SPNs with partial hydrophobic cavities of C2


symmetry.
Surprisingly, the full structural characterization of the new


CPs showed that their folding is dictated by their methyla-
tion patterns.[19,20] These novel 3a,g-CPs can either retain
their flat ring structures through hydrogen bonds in b-sheet-
like arrays, or they can fold into double reverse turn motifs,
which may associate as helical aggregates.[21]


Figure 1. SPN and dimer formation by stacking of cyclic peptides, and the
structures of a,g-CPs.


Figure 2. Equivalence between d-(l)-a-amino acids and (1S,3R)-[(1R,3S)]-g-aminocycloalkanecarboxylic acids
(a-Acas), and the generation of a,g- or 3a,g-CPs by substitution of d-g-Acas for selected d-g-Aas in a d,l-a-
CP. Solid dishes indicate cycloalkane superatoms.
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Results and Discussion


The replacement of a-Aa by g-Aca residues has the result
that in the flat conformation of the resulting CP (3a,g-
CPs)—as in a,g-CPs, in one of which all the amide NH and
C=O groups belong to a-Aas and on the other to g-Acas—
the two faces are distinct: at one face (a,a) all the amide
NH and C=O groups belong to a-Aas, while at the other
(a,g) they belong to equal numbers of a-Aa and g-Aca resi-
dues. All the residues with NH and C=O groups pointing to
the same side have the same chirality. Because of the differ-
ent spacings of the NH and C=O groups on the two faces,
the association of CPs in SPNs through b-sheet-like hydro-
gen bonding requires successive
CPs to lie antiparallel,[22] so that
like faces face each other: a,g-
faces bond to a,g-faces (AG-
type bonding) and a,a-faces
bond to a,a-faces (AA-type
bonding) (Figure 3). To investi-
gate these two types of associa-
tion separately and to avoid the
insolubility of multi-CP SPNs,
we adopted the same strategy
as in our work on a,g-CP-based
SPNs,[14,15] using CPs in which
the backbone NH groups of
either one CP face or the other
were methylated so as to limit
the b-sheet-like association of
CPs to the b-strand dimer stage
(Figure 4). Suspecting that
methylation of a-Aas might be
affecting dimerization efficiency
by preventing the CP from
adopting a sufficiently flat con-
formation, we also carried out
experiments in which only half
the NH groups of one face
were methylated. It was in
these latter experiments that
the alternative folding proper-
ties of 3a,g-CPs were manifest-
ed.


CPs with full amide N-methyla-
tion of one face : The C2-sym-
metric CPs cyclo-[(l-g-Ach-
d-MeN-Ala-l-Leu-d-MeN-Ala)2-]
(CP-4) and cyclo-[(l-MeN-g-
Ach-d-Phe-l-MeN-Ala-d-Phe)2-]
(CP-5), in which g-Ach is cis-3-
aminocyclohexanecarboxylic
acid, were prepared by standard
procedures and characterized
by NMR spectroscopy and
mass spectrometry. We started


our studies with peptide CP-4 in which the l-Aas, both the
g-Ach and Ala, were methylated. Their NMR spectra in
polar organic solvents showed the presence of several slowly
interconverting conformers, presumably the results of cis–
trans isomerization about peptide bonds. Under this assump-
tion, the temperature dependence of the NMR data allowed
the activation barrier for cis–trans isomerization in
[D6]DMSO be estimated as 16–17 kcalmol�1 at the coales-
cence temperature (358 K).


At room temperature the 1H NMR spectrum of CP-4 in
deuterochloroform showed a single set of signals that lacked
amide proton signals because of coalescence, but spectra re-
corded at below 253 K showed two species that intercon-


Figure 3. AA- and AG-type hydrogen bonding between cyclo-[(l-g-Ach-d-Aa-l-Aa-d-Aa)2-] units (for clarity,
most amino acid side chains have been omitted in the representation of the nanotube).


Figure 4. Cyclic peptides CP-4 and CP-5 and their corresponding dimers (for clarity, most amino acid side
chains have been omitted from the representations of the dimers).
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verted slowly on the NMR timescale. The assumption that
one of the two species was the monomer CP-4 and the
other the AG-bonded dimer D-4 is supported by the fact
that their relative concentrations depended on total peptide
concentration and by their interconversion rate, which was
moderately slow on the NMR timescale, as befits a process
involving the making or breaking of eight hydrogen
bonds.[23] Also, the presence of dimers was confirmed by
NOE cross-peaks between the a-carbon protons of the ala-
nines (at 5.47 and 5.95 ppm), which are in close proximity to
each other in the dimer but not in the monomer. 1H NMR
experiments in which total peptide concentration was varied
afforded a value of at least of 10m


�1 for the association con-
stant of the dimerization process at 243 K (see Table S1,
Supporting Information).[24] Although the poor solubility of
CP-4 in chloroform at low temperature prevented reliable
Van’t Hoff analysis, the strength of the dimerizing hydrogen
bonds is reflected by the downfield shifts of the Leu and g-
Ach N�H signals from 7.02 and 7.66 ppm, respectively, in
the monomer (CP-4) to 8.75 and 8.21 ppm, respectively, in
the dimer (D-4). Their antiparallel b-sheet nature is attested
to by the downfield shifts of the Ca


�H signals (5.51, 5.15
and 5.95 ppm in the dimer, as against 5.22, 4.95 and
4.38 ppm in the monomer; see Table 1),[25] and also by the
IR spectrum recorded in CHCl3, which shows amide I? , IIII
and A bands at 1542, 1632 and 3310 cm�1, respectively, close
to those of previously reported peptide nanotubes (the band
at 3413 cm�1 corresponds to the non-hydrogen-bonded
amide proton).[14,15, 22,26] Unfortunately no crystals suitable
for X-ray diffractometry were obtained, which prevented
crystallographic confirmation of dimerization.


Peptide CP-5 behaved in the same way as CP-4 in polar
solvents such as deuterated DMSO, its 1H NMR spectra
showing the presence of several slowly interconverting con-
formers. Spectra run in nonpolar solvents such as CDCl3
showed the presence of two slowly interconverting species,
and their 3JN,H coupling constants of 7.1–8.2 Hz were consis-
tent with the all-trans geometry required for dimerization.
As in the case of CP-4, the conjecture that one of the two


species was monomeric and the other dimeric was again
supported by the dependence of their relative concentra-
tions on total peptide concentration, which allowed the asso-
ciation constant in CDCl3 at 303 to be estimated as 62m


�1


(Table S1, Supporting Information).[24] Van’t Hoff plots over
the 263–303 K range afforded values of �47.9 kJmol�1 for
DHA298 and 123.8 JK�1mol�1 for DSA298. These values are
consistent with dimerization being essentially an enthalpy-
driven[27] hydrogen-bonding process.[14] The b-sheet hydro-
gen-bonding network is supported by the 3JNa values of the
dimer, which are substantially greater than those of the mo-
nomer, as well as by the downfield shifts (Table 1) of the
Phe N�H (8.31 and 8.80 ppm in the dimer as against 7.49
and 7.10 ppm, respectively, in the monomer) and a-carbon
signals (5.26–5.89 ppm in the dimer as against 4.86–5.16 ppm
in the monomer),[25] as well as by the amide bands at 1525,
1627 and 3310 cm�1 in the IR spectrum (Table 2).[15,22, 26]


Conclusive confirmation of the AA-type dimerization of
CP-5 was provided by X-ray crystallography of the colour-
less prismatic crystals obtained by equilibration of a solution
of the peptide in dichloromethane with hexane vapour.
These crystals consisted of b-sheet dimers composed of es-
sentially flat, slightly elliptical, antiparallel monomers linked
by a b-sheet-like array of eight hydrogen bonds with N···O
distances of 2.87–3.02 R (Figure 5). The lumen of one of the
monomers has approximate maximum and minimum van
der Waals diameters of 8.83 R (between Ala Cas) and
4.34 R (between Ach Cb protons), respectively, while those
of the other are 9.16 and 3.81 R. The cavity of the dimer has
a van der Waals volume of approximately 167 R3. The crys-
tals are body-centred, with the axes of the dimers approxi-
mately parallel to the a axis and each dimer making van der
Waals contacts with its neighbours in this direction through
its a,g-face carbonyl and N-methyl groups. This body-cen-
tred structure creates channels along the a axis that are
composed of two alternating types of segment with a period
of about 13.8 R: the dimer pore, and the space surrounded
by the external surfaces of four coplanar dimers (Figure 5b).


Table 1. Summary of NMR data for 3a,g-peptides CP-4 and CP-5.


Peptide[a] Aa H ddimer (
3JNa Hz) Dmon (3JNa Hz)


CP-4 MeN-Ala Ha 5.51 5.22
ACHTUNGTRENNUNG(233 K) N�Me 3.26–3.23 3.07–2.91


Leu N�H 8.75 7.02
Ha 5.15 4.95


MeN-Ala Ha 5.95 4.38
N�Me 3.26–3.23 3.07–2.91


Ach N�H 8.21 7.66
Hg 3.70 3.83


CP-5 Phe N�H 8.80 (7.5) 7.10
Ha 5.48 4.86


MeN-Ala Ha 5.89 (5.9) 5.16
N�Me 3.06 2.61


Phe N�H 8.31 (8.2) 7.49 (7.1)
Ha 5.26 4.86


MeN-Ach Hg 4.39 4.39
N�Me 2.72 2.52


Table 2. Summary of IR data for 3a,g-peptides CP-4–10.


Peptide CP-1[a] Amide I?
[a] Amide IIII Amide A[b]


CP-4/D-4 1632 (1673) 1542 3310
3413


CP-5/D-5 1627 (1669) 1525 3310
CP-6/D-6 1642 (1681) 1515 3296


3403
CP-7 1652, 1687 1537 3324


CP-8/D-8 1616, 1651 (1683) 1543 3312
3417


CP-9 1629 (1671) 1521 3326
3432


CP-10 1655, 1684 1530 3327


[a] Values in parentheses are for putative amide I? bands arising from
non-hydrogen-bonding N-methylated residues. [b] Upper values corre-
spond to hydrogen-bonded residues, lower values non-hydrogen-bonded
residues.
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As noted above, the spacing of the NH and C=O groups
of CP-4 and CP-5 (and their methylation) means that their
monomers must be antiparallel in their homodimers. By the
same token, heterodimers of these two species must be
formed as parallel monomers (Figure 6). To investigate the
possible parallel dimer formation and its relative stability
versus the antiparallel b-sheet-like dimer, we recorded the
1H NMR spectrum of an equimolecular mixture of CP-4 and
CP-5 in chloroform at 230 K. The spectrum showed the
presence of both D-4 and D-5, but no sign of heterodimer
D-4–5. This result clearly confirms the preference of SPN-
forming CPs for antiparallel dimerization.[22]


Effect of incomplete methylation on dimerization : In our
previous studies with eight-residue a,g-CPs, we found that
the CPs with N-methylated g-Achs dimerized through the
formation of eight hydrogen bonds between carbonyl and
N�H components of a-Aas with association constants typi-
cally greater than 105


m
�1,[28] at least a thousand times great-


er than those of eight-residue a,g-CPs with N-methylated a-
Aas.[15] This has tentatively been attributed to steric interac-
tions between the N-methyl and carbonyl groups of the
latter, which might prevent the CP from adopting as flat a
conformation as is required for strong dimerization in the b-
strand form (effects of this kind have been observed in com-
putational studies of b-conformations of model peptides).[29]


The fact that in this work both CP-4 and CP-5 had associa-
tion constants of the same order as eight-residue a,g-CPs
with N-methylated a-Aas was therefore tentatively attribut-
ed to their both having residues of this type. To investigate
this, we prepared two 3a,g-CPs that would both “theoreti-
cally” undergo AA-type dimerization, but which both had
just two N-methylated residues on their a,g-faces: cyclo-[(l-
Ser(Bn)-d-MeN-g-Ach-l-Phe-d-Ala)2-] (CP-6), in which the
g-Achs are methylated, and cyclo-[(l-g-Ach-d-Phe-l-MeN-
Ala-d-Phe)2-] (CP-7), in which the N-methylated Aas are
the two a-Aas (Figure 7).[30] Compound CP-6 was expected
to undergo strong AA-type dimerization to b-band D-6,
since it has no N-methylated a-AAs, while compound CP-7
was expected to dimerize more weakly to D-7, because it
does have such residues.


Our expectations for compound CP-6 were totally fulfil-
led. That it adopts a flat, all-trans conformation in chloro-
form was corroborated by its 1H NMR 3JNa values (9.1, 7.6
and 6.5 Hz for Phe, Ser and Ala, respectively). The b-sheet-
type hydrogen-bonded interaction to form D-6 was con-
firmed by the positions of its Phe and Ser NH signals (8.66
and 8.58 ppm, respectively) and by its IR bands at 1642,
1515 and 3296 cm�1.[15, 22,26] The strength of this bonding was
shown by the chemical shifts of all its NH groups being un-
changed by addition of up to 30% of methanol or by dilu-
tion with chloroform to a concentration below 1T10�3


m,
which suggests total dimerization and an association con-
stant of at least 104


m
�1. Also, there appeared to be no addi-


tional association through the unmethylated a,g-face Ala
NH, the 1H NMR signal and IR stretching band of which
lay at 6.49 ppm and 3403 cm�1, respectively.


Comparison of the results for CP-5 and CP-6 showed that
when the g-Ach was N-methylated, N-methylation of the
a,g-face a-Aas reduced the dimerization constant, as hy-
pothesized. There was no sign that the g-Ach N-methyl
groups of CP-6 hampered b-sheet formation. Quite different
results were obtained with CP-7 and no evidence of dimer
D-7 was found, suggesting that the g-Ach N-methyl groups
might not be irrelevant to CP conformation and dimeriza-
tion.[31] The 1H NMR spectrum of this compound in chloro-
form shows broad signals that are in some cases concentra-
tion-dependent (for example, the Phe CaH signal shifts from
5.00 to 4.60 ppm upon raising of the concentration from 3.75
to 15.0 mm). Notably, one of the concentration-dependent


Figure 5. a) Side view, and b) view down the axis, of dimer D-5, with the
dimers of the next layer in gold.


Figure 6. Theoretical heterodimer resulting from parallel b-sheet-like hy-
drogen bonding of cyclic peptides CP-4 and CP-5.
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signals is that of Ach NH, which shows that the a,g-face of
CP-7, which would be expected to be solvent-exposed, is
not fully protected against hydrogen bonding by its N-me-
thylated alanines and suggests that the peptide does not
adopt the flat conformation required for the b-sheet forma-
tion. CP-7 also exhibited unexpected behaviour in polar sol-
vents capable of acting as hydrogen bond acceptors. Though
its 1H NMR spectrum is well defined and concentration-in-
dependent, the signal of only two of its four Phe NH pro-
tons lies in the region expected for strong hydrogen bonding
(at 8.81 ppm in deuteromethanol), and the position of the g-
Ach NH signal (7.68 ppm in deuteromethanol) shows that
this proton is also involved in hydrogen bonding. Addition-
ally, the chemical shifts of both amide NH protons do not
significantly shift to higher magnetic field relative to the
other NH protons with elevation of temperature.[32] All
these data suggested that the species present appeared not
to be the result of the expected almost flat CPs and raised
the question of the identity of the CP structure. Unfortu-
nately, two-dimensional NMR experiments failed to throw
further light on the structure of CP-7 in either polar or non-
polar solvents, and the failure of attempts to crystallize this
CP precluded crystallographic characterization. We shall
return below to the issue of the conformation and interac-
tions of this CP.


The suspicion that the effects of N-methylation went
beyond protection against multi-CP stacking or slight distor-
tion of more or less flat CPs led us to extend our investiga-
tion to 3a,g-CPs that were partially N-methylated on their
a,a-faces. Specifically, we prepared cyclo-[(l-g-Ach-d-Ala-l-
Ser(Bn)-d-MeN-Ala)2-] (CP-8) and cyclo-[(l-g-Ach-d-


MeN-
Ala-l-Ser(Bn)-d-Ala)2-] (CP-9) (Figure 8).
CP-9 behaved similarly to CP-7. Its 1H NMR spectrum in


chloroform was well defined and concentration-independ-


ent, but the position of its Ser
NH signal—6.59 ppm—showed
that it was not involved in hy-
drogen bonding as it would be
in the AG-bonded dimer D-9.
Also, the unmethylated a-Aa
on its a,a-face, like the unme-
thylated g-Ach of CP-7
(7.97 ppm), appeared to be in-
volved in a weak hydrogen
bond, its NH signal lying at
7.3 ppm. An additional indica-
tion that CP-9 had not dimer-
ized was the location of its me-
thylated Ala CaH signal at sur-
prisingly high field: 3.54 ppm.


In contrast, the well defined
1H NMR spectrum of CP-8 in
chloroform showed that, like
CP-4, and apparently unlike
CP-9, it underwent AG-type di-
merization: Ser and g-Ach NH
signals appeared at positions in-


dicative of hydrogen bonding (8.70 and 7.91 ppm, respec-
tively), the corresponding 3JNa coupling constants (9.5 and
8.9 Hz, respectively) suggested that the hydrogen bonding
was of the b-sheet type, and the position and 3JNa value of
the NH signal of the unmethylated Ala (6.55 ppm and
6.5 Hz) furthermore showed that this a,a-face proton was
not involved in a hydrogen bond. The dimerization of CP-8
to D-8 was corroborated by its ROESY spectrum in CDCl3,


Figure 7. Compounds CP-6 and CP-7 and the corresponding theoretical AA-bonded dimers. Only peptide CP-
6 is able to form a stable dimer (D-6) in nonpolar solvents.


Figure 8. Compounds CP-8 and CP-9 and the corresponding theoretical
AG-bonded dimers (D-8 and D-9). Only peptide CP-8 is able to form a
stable dimer (D-8) in nonpolar solvents. Inset: Theoretical double reverse
turn-type structure (F-9) proposed for CP-9.
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which showed cross-peaks indicative of close spatial proxim-
ity between the Ca protons of the N-methylated and unme-
thylated Ala residues (Figure 8), while the presence of b-
sheet-like hydrogen bonding was corroborated by the results
of IR studies in chloroform, which showed amide I, IIII and
A bands at 1543, 1616, 1651 and 3312 cm�1 (as well as a
band at 3417 cm�1 attributed to the stretching mode of the
unmethylated Ala NH).[15,22,26] The bonding in D-8 was
much stronger than in D-4 : the chemical shifts of the Ser, g-
Ach and unmethylated Ala NH protons were unchanged by
dilution down to 2T10�4


m, showing that the association con-
stant for AG-type dimerization
by CP-8 is at least 104


m
�1.


Methylation of the a-Aa nitro-
gen adjacent to the serine C=O
thus appeared not to impede
AG-type dimerization, while in
the presence of this methyl
group, additional methylation
of the a-Aa nitrogen adjacent
to the g-Ach C=O reduced the
strength of dimerization in the
same way as N-methylation of
the a,g-face a-Aas appeared to
weaken the AA-type dimeriza-
tion of g-Ach-methylated CPs
such as CP-6.


Twisted CPs : Two-dimensional
NMR experiments carried out
to throw further light on the
structures adopted by CP-7 and
CP-9 failed to achieve their ob-
jective, and in both cases the
failures of attempts at crystalli-
zation also precluded crystallo-
graphic characterization. We
therefore investigated the be-
haviour of cyclo-[(l-Ser(Bn)-d-
g-Ach-l-Phe-d-MeN-Ala)2-]
(CP-10, Figure 9), in which two
of the Phe residues of CP-7 had
been replaced with benzylated
serines in the hope that it
would behave in the same way
as CP-7 but also provide struc-
tural information through the
chemical shifts of the protons
on Ser Ca and Cb and through
NOE cross-peaks.


In both polar and nonpolar
solvents the 1H NMR behaviour
of CP-10 was indeed similar to
that of CP-7 (Figure 10), with
broad, poorly resolved, concen-
tration-dependent signals in
chloroform and sharp, concen-


tration-independent signals in methanol, in which the Ser
NH signal lay at 8.56 ppm and the g-Ach NH signal at
7.49 ppm. In fact, as with compound CP-7, neither the NMR
spectrum nor NOE experiments with CP-10 afforded suffi-
cient information to allow unequivocal inference of its struc-
ture from the data. Fortunately, however, we were able to
crystallize compound CP-10 from methanol and chloroform.


In crystals of CP-10 obtained from a solution in methanol
Figure 11a, the peptide adopts a structure akin to a pair of
type II’ b-turns,[31c,33, 34] with a hydrogen bond between each
g-Ach carbonyl and the nonadjacent Ser(Bn) NH, and with


Figure 9. CP-10 and its folded structure (F-10).


Figure 10. Top: 1H NMR spectrum of a solution of peptide CP-10 in CDCl3 (7.4 mm) with the 4.0–5.5 ppm
region of the spectra of 74.0, 25.0 and 7.4 mm solutions, showing the downfield shift of Phe Ha. Bot-
tom: 1H NMR spectrum of a solution of peptide CP-10 in CD3OH (10 mm). [* CHCl3 (7.89 ppm), ** CH2Cl2
(5.48 ppm)].
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Ramachandran plot coordinates (f,y) of (60.4,�107.0) or
(55.3,�107.4) for Phe (the two turns are not exactly identi-
cal) and (�110.0,47.9) or (�105.4,38.0) for MeN-Ala.[35] This
double reverse turn structure avoids steric interactions be-
tween the N-methyl and carbonyl groups of MeN-Ala (the
N�Me and C=O bonds making an angle of 528 with each
other) and is stabilized not only by the b-turn hydrogen
bonds but also by a pair of hydrogen bonds between the two
g-Achs. Layers of these double reverse turn structure are
formed, in which methanol and water molecules form hy-
drogen bonds with carbonyl groups to stabilize the crystal
structure (See Figure S2 in the Supporting Information).


When crystallized from chloroform (10% CS2), CP-10
adopts a structure like a couple of g-turns (F-10), with a hy-
drogen bond between each Phe CO and the NH group of
the Ser(Bn) on the other side of the adjacent MeN-Ala,
which has (f,y) coordinates of (93.7,�75.0) (Fig-
ure 11b).[33,36] As in the crystals obtained from methanol,
there are also hydrogen bonds between the two g-Ach resi-
dues. The receptor of the Phe NH is a Ser(Bn) belonging to
another molecule of CP-10, giving rise, together with a
water molecule, to the formation of a helical supramolecular
structure with four CPs per turn (Figure 11c and d). A fast


equilibrium between F-10 and fragments of this helical
structure in chloroform may explain the concentration de-
pendence of NMR spectra of CP-10 in this solvent
(Figure 10); fitting of a LaPlanche model[37] of the relation-
ship between total peptide concentration and the chemical
shift of Phe CaH afforded an value of 420m


�1 for the associ-
ation constant at 298 K, and Van’t Hoff plots for the 273–
323 K range afforded values of �27.5 kJmol�1 for DHA298


and �42.0 JK�1mol�1 for DSA298 (Table S1 in the Supporting
Information).


The likelihood that CP-7 may adopt a double reverse turn
structure similar to that of CP-10 in chloroform is supported
by the similar concentration dependence of its 1H NMR sig-
nals, and by its IR spectrum in chloroform having a band at
1687 cm�1, a position typical of reverse turns and close to
the band at 1684 cm�1 in the IR spectrum of CP-10. The
possibility that CP-9 may also adopt a double reverse turn
conformation (F-9) is suggested by the positions (in chloro-
form solution) of its g-Ach NH signal (7.97 ppm) and its
a,g-face exposed Ala NH (7.3 ppm), which suggest that both
are involved in hydrogen bonding, while the Ser NH with its
signal at 6.59 ppm is not, which is consistent with the double
turn conformation adopted by CP-10. Interestingly, CP-9
does not display concentration dependence of its 1H NMR
signals in nonpolar solvent, suggesting that the differences
in the methylation patterns of those peptides (the methyl
group in peptide CP-9 is placed in the a-Aa after the g-Ach,
while in CP-10 it is in the middle of the three a-Aas) might
prevent the reverse turn structure self-assembling into a tyli-
gomeric structure. Additionally all three peptides (CP-7, 9
and 10) display dramatic conformational changes when dis-
solved in polar solvents such as methanol, denoted by
1H NMR spectra with sharp and well defined signals, with
some of the NH groups involved in strong hydrogen-bond-
ing interactions (Phe NH at 8.81 ppm for peptide CP-7, Ser
NH at 8.56 ppm and g-Ach NH at 7.49 ppm for peptide CP-
10, g-Ach NH at 9.20 ppm for peptide CP-9) and in all three
the g-Ach NH (7.68 ppm for 7, 7.49 ppm for CP-10, and
9.20 ppm for CP-9) are also involved in hydrogen-bonding
interactions. All these data are consistent with the double b-
turn conformation found for CP-10. These more closely tied
structures in polar solvents must result from hydrophobic in-
teraction between the two cyclohexyl moieties assisted by
the formation of hydrogen bonds by the C=O and NH
groups of the g-Ach residues.


Conclusion


In this work we studied the behaviour of a new class of
cyclic peptide—3a,g-CPs—that were designed with overall
C2 symmetry with a view to the formation of SPNs featuring
two functionalizable hydrophobic bands on opposite sides of
their cavities. NMR, IR, MS, and X-ray diffraction data
show that, depending on their backbone N-methylation pat-
terns and the medium, monomers of eight-residue 3a,g-CPs
can remain as flat rings or fold into double reverse turns,


Figure 11. a) A monomer of CP-10 as crystallized from methanol. b) A
monomer of CP-10 as crystallized from chloroform. c) Axial and d) lat-
eral views of the helical supramolecular structure of CP-10 as crystallized
from chloroform, showing each monomer of the four-monomer pitch in a
different colour, with the amide groups in blue (nitrogen), red (oxygen)
and white (hydrogen).
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that flat monomers dimerize through sets of hydrogen bonds
of antiparallel b-sheet type, forming a “b-band”, and that
monomers forming double g-turns associate to form helical
supramolecular structures.


N-Methylation just of their a,g-face g-Achs (as in CP-6),
or of their a,a-face a-Aas with backbone nitrogens that are
not adjacent to a g-Ach C=O (as in CP-8), appears to
ensure that eight-residue 3a,g-CP monomers are flat and
form tight dimeric b-bands. Additional N-methylation of the
other residues on the same face (as in CP-4 and CP-5)
weakens dimerization, probably due to deviation from flat-
ness caused by steric interaction between the N-methyl and
C=O groups of the “newly” methylated a-Aas. N-Methyla-
tion of these other residues in the absence of the flatness-
enforcing methyls (as in CP-7, 9 and 10) appears to result in
the monomers forming twisted, double reverse turn struc-
tures comprising a pair of b-turns (in methanol) or g-turns
(in chloroform). Monomers of CP-10 with g-turns associate
in helical supramolecular structures. Given the structural
and functional importance of reverse turns in molecular
biology,[38] it is possible that the reverse-turn-forming pro-
pensity of these 3a,g-CPs may find application in studies of
biologically significant peptides.


Experimental Section


General : 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluor-
ophosphate (HBTU), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluroni-
um tetrafluoroborate (TBTU), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate (HATU), Boc-phenylalanine, Boc-
serine and Boc-N-methylalanine were purchased from Novabiochem or
Advanced ChemTech. All reagents and solvents were used as received
unless otherwise noted. Proton nuclear magnetic resonance (1H NMR)
spectra were recorded on Varian Inova 750 MHz, Varian Mercury
300 MHz, Bruker AMX 500 MHz, or Bruker WM 250 MHz spectrome-
ters. Chemical shifts are reported in parts per million (ppm, d) relative to
tetramethylsilane (d=0.00 ppm). 1H NMR splitting patterns are designat-
ed as singlet (s), doublet (d), triplet (t), or quartet (q). All first-order
splitting patterns were assigned on the basis of the appearance of the
multiplet. Splitting patterns that could not easily be interpreted are desig-
nated as multiplet (m) or broad (br). Carbon nuclear magnetic resonance
(13C NMR) spectra were recorded on Varian Mercury 300 MHz or Bru-
ker WM 250 MHz spectrometers. Carbon resonances were assigned by
use of distortionless enhancement by polarization transfer (DEPT) spec-
tra obtained with phase angles of 1358. Mass spectra (MS) were obtained
with Bruker Autoflex MALDI-TOF and Micromass Autospec mass spec-
trometers. Crystallographic data were collected in a Bruker–Nonius
FR591-Kappa CCD2000 diffractometer or a Bruker SMART 1000 fitted
with a sealed tube (Mo Ka) and a highly ordered graphite monochroma-
tor. FTIR measurements with 5–10 mm solutions in CHCl3 placed in
NaCl solution IR cells were made on a JASCO FT/IR-400 spectropho-
tometer. Column chromatography was performed on EM Science silica
gel 60 (230–400 mesh). Solvent mixtures for chromatography are report-
ed as v/v ratios. HPLC was carried out on Phenomenex Maxsil 10 silica
columns with CH2Cl2/MeOH gradients between 100:0 and 90:10. CH2Cl2
and pyridine used as reaction solvents were distilled from CaH2 over
argon immediately prior to use.


Peptide synthesis : Unless otherwise noted, linear peptide synthesis was
carried out by Boc solution-phase synthesis as previously described.[15]


The resulting fully protected linear peptides were purified by flash
column chromatography (CH2Cl2/MeOH).


cyclo-[(l-g-Ach-d-MeN-Ala-l-Leu-d-MeN-Ala)2-] (CP-4): A solution of
Boc-[(l-Leu-d-MeN-Ala-l-g-Ach-d-MeN-Ala)2-]-OFm (124 mg, 0.10 mmol)
in piperidine in CH2Cl2 (20%, 1 mL) was stirred at RT for 30 min. After
removal of the solvent, the residue was dissolved in CH2Cl2 and washed
with citric acid (10%), dried over Na2SO4, filtered, and concentrated.
The resulting material was dissolved in TFA/CH2Cl2 (1:1) and stirred at
RT for 10 min. After removal of the solvent, the residue was dried under
high vacuum for 2 h and used without further purification. The linear
peptide was dissolved in CH2Cl2 (165 mL, 0.6 mm) and treated with
TBTU (35 mg, 0.11 mmol), followed by dropwise addition of DIEA
(75 mL, 0.44 mmol). After 12 h, the solvent was removed under reduced
pressure and the crude product was purified by HPLC (Phenomenex
Maxsil 10, CH2Cl2/MeOH), affording CP-4 as a white solid (27 mg,
33%). 1H NMR (CDCl3, 500 MHz, 233 K): d =8.75 (br s, 1–0H; NH-
Leudimer), 8.21 (br s, 1–0H; NH-g-Achdimer), 7.66 (br s, 0–1H; NH-g-
Achmon), 7.02 (br s, 0–1H; NH-Leumon), 5.95 (m, 0–1H; HaMeN-Aladimer),
5.51 (m, 0–1H; Ha-MeN-Aladimer), 5.22 (m, 0–1H; Ha-MeN-Alamon), 5.15
(m, 0–1H; Ha-Leudimer), 4.95 (m, 0–1H; Ha-MeN-Leumo), 4.38 (m, 0–1H;
Ha-Alamon), 3.83 (m, 0–1H; Hg-Achmon), 3.70 (m, 0–1H; Hg-Achdimer),
3.26 (s, 0–3H; NMedimer), 3.23 (s, 0–3H; NMedimer), 3.07 (s, 0–6H;
NMemon), 2.91 ppm (s, 0–6H; NMemon); FTIR (293 K, CHCl3): ñ = 3413
and 3310 (amide A), 2955, 2937, 2860, 1673, 1632 (amide I), 1542 cm�1


(amide IIII); MALDI-TOF: m/z (%): 817.5 (40) [M+H]+ , 839.6 (49)
[M+Na]+ , 855.6 (100) [M+K]+; MALDI-TOF-HRMS: m/z (%): calcd
for: 817.55461 [M+H]+ ; found: 817.55054.


cyclo-[(l-MeN-g-Ach-d-Phe-l-MeN-Ala-d-Phe)2-] (CP-5): This compound
was prepared in the same way as CP-4, from Boc-[(l-MeN-g-Ach-d-Phe-
l-MeN-Ala-d-Phe)2-]-OFm (210 mg, 0.158 mmol). Yield after HPLC pu-
rification: 35 mg (21%). 1H NMR (CDCl3, 500 MHz): d=8.80 (d, J=


7.5 Hz, 1–0H; NH-Phedimer), 8.31 (d, J=8.2 Hz, 1–0H; NH-Phedimer), 7.49
(d, J=7.1 Hz, 0–1H; NH-Phemon), 7.32–7.19 (m, 5H; Ar), 7.10 (0–1H;
NH-Phemon), 5.89 (d, J=5.9 Hz, 0–1H; Ha MeN-Aladimer), 5.48 (m, 0–1H;
Ha Phedimer), 5.26 (m, 0–1H; Ha Phedimer), 5.16 (m, 0–1H; Ha MeN-
Alamon), 4.86 (m, 0–2H; Ha Phemon), 4.39 (m, 0–1H; Hg g-Ach), 3.06 (s,
0–3H; MeN-Aladimer), 2.92 (m, 4H; CH2b Phe), 2.72 (s, 0–3H; MeN-g-
Achdimer), 2.61 (s, 0–3H; MeN-Alamon), 2.52 ppm (s, 0–3H; MeN-g-Achmon);
FTIR (293 K, CHCl3): ñ=3310 (amide A), 2934, 2860, 1669, 1627
(amide I), 1525 cm�1 (amide IIII); MS-FAB+ : m/z (%): 1037.7 (100)
[M+H]+ ; HRMS: m/z (%): calcd for: 1037.59454 [M+H]+ ; found:
1037.59087.


cyclo-[(l-Ser(Bn)-d-MeN-g-Ach-l-Phe-d-Ala)2-] (CP-6): This compound
was prepared in the same way as CP-4, from Boc-[(l-Ser(Bn)-d-MeN-g-
Ach-l-Phe-d-Ala)2-]-OFm (130 mg, 0.09 mmol). Yield after HPLC purifi-
cation: 46 mg (35%). 1H NMR (CDCl3, 750 MHz): d=8.66 (d, J=7.6 Hz,
1H; NH-Phe), 8.58 (d, J=9.1 Hz, 1H; NH-Ser), 7.23–7.11 (m, 10H; Ar),
6.49 (d, J=6.5 Hz, 1H; NH-Ala), 5.36 (q, J=7.7 Hz, 1H; Ha Ser), 4.68
(m, 1H; Ha Phe), 4.50 (m, 1H; Hg g-Ach), 4.43 (m, 1H; Ha Ala), 4.36
(d, J=12.3 Hz, 1H; CH2-Bn), 4.21 (d, J=12.3 Hz, 1H; CH2-Bn), 3.31 (m,
1H; CH2-Ser), 3.26 (m, 1H; CH2-Ser), 3.08 (m, 1H; CH2-Phe), 2.95 (s,
3H; NMe), 2.82 (m, 1H; Ha-Ach), 2.76 (m, 1H; CH2-Phe), 0.95 ppm (d,
J=5.4 Hz, 3H; Me-Ala); 13C NMR (CDCl3, 62.83 MHz): d=175.0 (C=


O), 171.5 (C=O), 170.3 (C=O), 168.9 (C=O), 137.7 (C), 136.6 (C), 129.4
(CH), 128.4 (CH), 128.3 (CH), 127.5 (CH), 126.8 (CH), 72.7 (CH2), 71.1
(CH2), 54.6 (CH), 51.6 (CH), 47.3 (CH), 47.3 (CH), 43.0 (CH), 41.1
(CH2), 32.5 (CH2), 29.9 (CH3), 28.9 (CH2), 27.5 (CH2), 24.3 (CH2),
21.3 ppm (CH3); FTIR (293 K, CHCl3): ñ=3403 and 3296 (amide A),
2934, 2863, 1681, 1642 ppm (amide I), 1515 cm�1 (amide IIII); MALDI-
TOF: m/z (%): 1069.6 (13) [M+H]+ , 1091.6 (100) [M+Na]+ , 1107.5 (46)
[M+K]+ ; MALDI-TOF-HRMS: m/z (%): calcd for: 1091.55768
[M+Na]+ ; found: 1091.55636.


cyclo-[(l-g-Ach-d-Phe-l-MeN-Ala-d-Phe)2-] (CP-7): This compound was
prepared in the same way as CP-4, from Boc-[(l-g-Ach-d-Phe-l-MeN-
Ala-d-Phe)2-]-OFm (354 mg, 0.27 mmol). Yield after HPLC purification:
130 mg (48%). 1H NMR (CD3OH, 750 MHz): d=8.81 (s, 1H; NH-Phe),
7.68 (d, J=8.0 Hz, 1H; NH-Ach), 7.3–7.0 (m, 11H; NH-Phe and Ar),
4.90 (m, 1H; Ha-MeN-Ala), 4.66 (m, 1H; Ha-Phe), 4.32 (m, 1H; Ha-
Phe), 3.77 (m, 1H; Hg-Ach), 3.2–2.90 (m, 4H; CH2-Phe), 2.59 (m, 1H;
Ha-Ach), 2.49 (s, 3H; NMe), 2.15 (d, J=11.9 Hz, 1H; Ach), 2.03 (d, J=
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11.7 Hz, 1H; Ach), 1.92 (d, J=13.1 Hz, 1H; Ach), 1.77 (d, J=10.0 Hz,
1H; Ach), 1.72 (d, J=12.2 Hz, 1H; Ach), 1.50 (d, J=13.1 Hz, 1H; Ach),
1.44 (d, J=12.1 Hz, 1H; Ach), 1.29 (d, J=10.1 Hz, 1H; Ach), 0.74 ppm
(d, J=7.1 Hz, 3H; Me-Ala); 13C NMR (CD3OD, 75.4 MHz): d=178.1
(C=O), 175.6 (C=O), 173.7 (C=O), 172.4 (C=O), 137.4 (C), 136.9 (C),
130.4 (CH), 129.9 (CH), 129.6 (CH), 129.5 (CH), 128.2 (CH), 128.0
(CH), 57.9 (CH), 53.7 (CH), 52.6 (CH), 48.9 (CH), 42.9 (CH), 40.9
(CH2), 38.3 (CH2), 35.5 (CH2), 32.4 (CH2), 31.9 (CH2), 31.4 (CH3), 25.8
(CH2), 12.6 ppm (CH3); FTIR (293 K, CHCl3): ñ=3324 (amide A), 2939,
2860, 1687, 1652 (amide I), 1537 cm�1 (amide IIII); MS-FAB+ : m/z (%):
1009.5 (100) [M+H]+ , 1031.5 (11) [M+Na]+; HRMS: m/z (%): calcd for:
1009.55514 [M+H]+ ; found: 1009.55409.


cyclo-[(l-g-Ach-d-Ala-l-Ser(Bn)-d-MeN-Ala)2-] (CP-8): This compound
was prepared in the same way as CP-4, from Boc-[(l-Ser(Bn)-d-MeN-Ala-
l-g-Ach-d-Ala)2-]-OFm (140 mg, 0.116 mmol). Yield after HPLC purifi-
cation: 74 mg (70%). 1H NMR (CDCl3, 250 MHz): d=8.70 (d, J=9.5 Hz,
1H; NH Ser), 7.91 (d, J=8.9 Hz, 1H; NH g-Ach), 7.26–7.15 (m, 10H;
Ar), 6.55 (d, J=6.5 Hz, 1H; NH-Ala), 5.54 (dd, J=7.0 Hz, 1H; Ha-Ser),
5.34 (q, J=7.1 Hz, 1H; Ha-MeN-Ala), 5.06 (t, J=6.6 Hz, 1H; Ha-Ala),
4.41 and 4.28 (d, J=12.5 Hz, 2H; CH2-Ser), 3.72 (m, 1H; Hg-Ach), 3.39
(5H; CH2-Ser and MeN-Ala), 2.09 (m, 1H; Ha-Ach), 1.30 (s, 3H; Me-
Ala) and 1.28 ppm (s, 3H; Me-MeN-Ala); 13C NMR (CDCl3, 62.83 MHz):
d= 173.9 (C=O), 172.3 (C=O), 171.5 (C=O), 169.9 (C=O), 137.5 (C),
128.4 (CH), 127.7 (CH), 127.1 (CH), 72.9 (CH2), 71.0 (CH2), 51.1 (CH),
48.9 (CH), 47.4 (CH), 46.4 (CH), 45.1 (CH), 34.4 (CH2), 32.7 (CH2), 31.4
(CH3), 29.0 (CH2), 24.1 (CH2), 20.0 (CH3), 17.2 ppm (CH3); FTIR
(293 K, CHCl3): ñ=3417 and 3312 (amide A), 2935, 2862, 1683, 1651,
1616 (amide I), 1543 cm�1 (amide IIII); MS-FAB+ : m/z (%): 917.4 (100)
[M+H]+ , 1833.4 (3) [M+H]+ ; HRMS: m/z (%): calcd for: 917.51367
[2M+H]+ ; found: 917.51484.


cyclo-[(l-g-Ach-d-MeN-Ala-l-Ser(Bn)-d-Ala)2-] (CP-9): This compound
was prepared in the same way as CP-4, from Boc-[(l-Ser(Bn)-d-Ala-l-g-
Ach-d-MeN-Ala)2-]-OFm (71.6 mg, 0.060 mmol). Yield after HPLC purifi-
cation: 15 mg (28%). 1H NMR (CDCl3, 500 MHz): d =7.97 (d, J=


8.80 Hz, 1H; NH-Ach), 7.37–7.27 (m, 6H; NH-Ala and Ar), 6.59 (d, J=


8.3 Hz, 1H; NH-Ser), 4.61 (m, J=6.4 Hz, 2H; CH2-Bn), 4.58–4.51 (m,
2H; Ha-Ala and Ser), 4.25 (m, 1H; Hg-Ach), 3.96 (dd, J=6.1 and
10.1 Hz, 1H; CH2-Ser), 3.78 (dd, J=5.1 and 10.1 Hz, 1H; CH2-Ser), 3.54
(q, J=7.0 Hz, 1H; Ha-MeN-Ala), 3.21 (s, 3H; NMe), 2.91 (m, 1H; Ha-
Ach), 1.50 (d, J=7.0 Hz, 3H; Me-MeN-Ala), 1.35 ppm (d, J=6.9 Hz, 3H;
Me-Ala); 13C NMR (CDCl3, 62.83 MHz): d = 179.2 (C=O), 173.2 (C=O),
170.5 (C=O), 169.2 (C=O), 137.7 (C), 128.5 (CH), 127.9 (CH), 127.8
(CH), 73.4 (CH2), 66.9 (CH2), 61.8 (CH3), 52.7 (CH), 49.0 (CH), 42.9
(CH), 38.7 (CH), 31.7 (CH), 29.5 (CH2), 29.2 (CH2), 26.7 (CH2), 17.6
(CH3), 16.7 (CH2), 13.6 ppm (CH3); FTIR (293 K, CHCl3): ñ=3432 and
3326 (amide A), 2935, 2855, 1671, 1629 (amide I), 1521 cm�1 (amide IIII);
MALDI-TOF: m/z (%): 917 (9) [M+H]+ , 939 (100) [M+Na]+ ; MALDI-
TOF-HRMS: m/z (%): calcd for: 939.4952 [M+Na]+ ; found: 939.4951.


cyclo-[(l-Ser(Bn)-d-g-Ach-l-Phe-d-MeN-Ala)2-] (CP-10): This compound
was prepared in the same way as CP-4, from Boc-[(l-Ser(Bn)-d-g-Ach-l-
Phe-d-MeN-Ala)2-]-OFm (71 mg, 0.05 mmol). Yield after HPLC purifica-
tion: 20 mg (37%). 1H NMR (CD3OH, 750 MHz): d=8.56 (s, 1H; NH-
Ser), 7.49 (d, J=8.5 Hz, 1H; NH-Ach), 7.4–7.2 (m, 11H; NH Ar), 5.15
(q, J=7.0 Hz, 1H; Ha-MeN-Ala), 4.63 (m, 1H; Ha-Ser), 4.50 (d, J=


12.7 Hz, 1H; CH2-Bn), 4.40 (m, 1H; Ha-Phe), 4.22 (d, J=12.7 Hz, 1H;
CH2-Bn), 3.66 (m, 1H; Hg-Ach), 3.42–3.35 (m, 4H; CH2-Phe), 3.12 and
3.00 (m, 2H; CH2-Ser), 2.53 (s, 3H; NMe), 2.33 (m, 1H; Ha-Ach), 1.95
(d, J=11.9 Hz, 1H; Ach), 1.83 (d, J=12.8 Hz, 1H; Ach), 1.78 (d, J=


12.5 Hz, 1H; Ach), 1.62 (d, 2H; Ach), 1.39 (d, 1H; Ach), 1.16 (d, J=


12.9 Hz, 1H; Ach), 0.86 ppm (d, J=7.0 Hz, 3H; Me-Ala); 13C NMR
(CD3OH, 75.4 MHz): d=178.0 (C=O), 175.7 (C=O), 172.9 (C=O), 171.3
(C=O), 138.9 (C), 137.2 (C), 130.4 (CH), 129.7 (CH), 129.5 (CH), 128.8
(CH), 128.7 (CH), 128.2 (CH), 73.8 (CH2), 70.0 (CH2), 56.4 (CH), 53.6
(CH), 52.5 (CH), 48.9 (CH) 43.1 (CH), 38.2 (CH2), 35.2 (CH2), 32.3
(CH2), 31.0 (CH3), 25.9 (CH2), 12.6 ppm (CH3); FTIR (293 K, CHCl3):
ñ=3327 (amide A), 2941, 2862, 1684, 1655 (amide I), 1530 cm�1 (ami-
de IIII); MALDI-TOF: m/z (%): 1069.5 (5) [M+H]+ , 1091.5 (100)


[M+Na]+ , 1107.5 (48) [M+K]+ ; MALFI-TOF-HRMS: m/z (%): calcd
for: 1091.5577 [M+Na]+ ; found: 1091.5527.
1H NMR assignments of cyclic peptides : The 1H NMR spectra of pep-
tides were identified with the aid of the corresponding double-quantum-
filled 2D COSY (2QF-COSY) and/or NOESY and ROESY spectra,
which were recorded at the indicated concentration and temperature.
Mixing times (�250 ms and 500 ms) were not optimized. Because of con-
formational averaging on the NMR timescale, CPs with C2 sequence sym-
metry generally have 1H NMR spectra that reflect the C2 symmetry of
the monomeric species and the D2 symmetry of the dimeric species.


Measurement of association constants by variable-concentration
1H NMR : The HPLC-purified peptides CP-4, CP-5 and CP-10 were dis-
solved in CDCl3 and their association constants (Ka) were estimated as
described in refs. [24,37].


Van’t Hoff analysis of dimerization : The HPLC-purified cyclic peptides
CP-4, CP-5 and CP-10 were each dissolved in CDCl3 at concentrations
ranging from 1 to 74 mm. 1H NMR spectra were recorded at intervals of
5–10 K over the 223–323 K temperature range. Ka was estimated at each
temperature as described in refs. [24, 37]. Analysis of a plot of 1/T (K) vs.
lnKa then afforded the values DHA298=�41.5 kJmol�1 and DSA298=


�152.5 JK�1 mol�1 for CP-4, DHA298=�47.8 kJmol�1 and DSA298=


�126.1 JK�1 mol�1 for CP-5, and DHA298 =�27.5 kJmol�1 and DSA298 =


�42.0 JK�1 mol�1 for CP-10.


Preparation of single crystals for X-ray analysis : HPLC-purified peptide
CP-5 (3 mg) was dissolved in CH2Cl2 (1 mL) and equilibrated by vapour-
phase diffusion against hexanes (5 mL), which resulted in spontaneous
crystallization after 2–4 d.


HPLC-purified peptide CP-10 (3 mg) was dissolved in a mixture of
CHCl3 and CS2 (10:1, 1 mL) and equilibrated by vapour-phase diffusion
against hexanes (5 mL), which resulted in spontaneous crystallization
after 3–4 d.


HPLC-purified peptide CP-10 (5 mg) was dissolved in MeOH (0.5 mL),
resulting in spontaneous crystallization after 2 d.


X-ray crystallographic analysis : Data were collected either on a Bruker
Nonius FR591 KappaCCD2000 fitted with an FR591 rotating anode
(CuKa) and Osmic multilayer confocal optics (CP-5 and CP-10 from
CHCl3) or on a Bruker SMART 1000 fitted with a sealed tube (MoKa)
and a highly ordered graphite monochromator at low temperature (CP-5
at 100 K, CP-10 (CHCl3) at 100 K and CP-10 (MeOH) at 120 K). All cal-
culations were performed on an IBM-compatible PC with use of the pro-
grams COLLECT,[40] HKL Denzo and Scalepack,[41] ORTEP3,[42]


PARST,[43] PLATON (SQUEEZE),[44] SORTAV,[45] SADABS and
SHELX-97,[46] SIR2002,[47] SMART[48] and WinGx.[49]


CCDC 612329 (CP-5), 612330 [CP-10·CHCl3] and 612331 [CP-10·MeOH]
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.
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Concise Enantioselective Total Syntheses of (+)-Homochelidonine, (+)-
Chelamidine, (+)-Chelidonine, (+)-Chelamine and (+)-Norchelidonine by a
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Introduction


The B/C hexahydrobenzo[c]phenanthridine alkaloids[1] are a
group of isoquinoline alkaloids that occur naturally in papa-
veraceous plants. They are characterized by the same basic
skeleton 1, which contains partially hydrogenated cis-fused
B and C rings, fully aromatic A and D rings, a hydroxy
group at C-11, and three contiguous syn stereogenic centers
(Figure 1). Out of this family of alkaloids, chelidonine[2] (4)
has received the most attention. Isolated from Chelidonium
majus L. as early as 1839,[3] chelidonine has a range of pro-
posed pharmacological activities including tubulin interac-


tion within target cells causing mitotic arrest.[4] Chelidonine
is also a major component of the drug Ukrain, a semisyn-
thetic antitumor preparation derived from C. majus alka-
loids.[5] O-Acyl and O-alkyl derivatives of chelidonine have
also shown antinociceptive and antiserotoninergic effects,
not reported for the parent alkaloid.[6] It has been isolated
from different plant sources in both enantiomeric forms[7]


and also as a racemic mixture[8] (for which a separate name-
“Diphylline” was coined). The absolute stereochemistry has
been unequivocally assigned by X-ray diffraction tech-
niques.[9] Other structurally similar, naturally occurring B/C
hexahydrobenzo[c]phenanthridine alkaloids include homo-
chelidonine[8a,10] (2), chelamidine[8a, 10c] (3), chelami-
ne[8a, 10c,d,11] (5) and norchelidonine[10d, 12] (6) (Figure 1). These
compounds contain the same basic skeleton 1 but differ in
either the oxidation state at C-12, the functionality on the
aromatic A ring and/or the degree of substitution on the ni-
trogen atom.


Limited efforts towards the syntheses of B/C hexahydro-
benzo[c]phenanthridine alkaloids have been reported. These
include racemic syntheses of homochelidonine,[13] chelamidi-
ne,[13c] chelidonine,[14] chelamine[14e] and norchelidonine.[14a, d]
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An asymmetric synthesis of the B/C hexahydrobenzo[c]phe-
nanthridine basic skeleton has also been described.[15]


We were attracted to this class of natural products since it
appeared the core structure could be prepared using our re-
cently developed PdII-catalyzed ring-opening reaction of
meso-azabicyclic-alkenes with aryl boronic acids.[16] In this
paper, we report the evolution of the asymmetric version of
this reaction into a strategy for the total synthesis of (+)-ho-
mochelidonine[17] and subsequently the 4 other hexahydro-
benzo[c]phenanthridine alkaloids, (+)-chelamidine, (+)-che-
lidonine, (+)-chelamine, and (+)-norchelidonine.


Racemic synthesis of cis-1-amino-2-aryldihydronaphtha-
lenes : We have previously reported the transition metal-cat-
alyzed ring-opening of strained N-Boc azabicyclic alkenes 7
by the addition of aryl boronic acids.[16a] Using the optimized
reaction conditions [[Pd ACHTUNGTRENNUNG(dppp)Cl2] (1 mol %), aq. Cs2CO3


(1 equiv) in MeOH at 60 8C], various azabicyclic alkenes, in-
cluding both electron rich and electron deficient, were
opened with a range of monosubstituted aryl and heteroaryl
boronic acids giving cis-1-amino-2-aryldihydronaphthalenes
8 in good to excellent yields (71–99 %, Scheme 1). The reac-


tion was highly stereoselective with only the cis-isomer
being observed. Catalyst loadings as low as 0.1 mol % were
possible, giving complete conversion for the reaction of N-
Boc-azabenzonorbornadiene with PhB(OH)2 within 24 h.
These reactions also proceeded in the absence of base but
reaction times were longer.


The proposed catalytic cycle begins with the transmetalla-
tion of the aryl group from the boronic acid to give aryl PdII


species A (Scheme 2). Association of A to the least hin-
dered exo-face of the azabicyclic alkene gives cationic com-


plex B, which undergoes syn-carbopalladation to give C fol-
lowed by b-heteroatom elimination and dissociation to fur-
nish the ring-opened product and regenerate the active PdII


catalyst. It is important to note that in this proposed catalyt-
ic cycle Pd remains in the + 2 oxidation state throughout.


Retrosynthetic analysis : Comparison between the basic B/C
hexahydrobenzo[c]phenanthridine alkaloid skeleton 1 and
generic compound 8 reveals that 8 contains the requisite tet-
ralin core with syn-stereochemistry of the aryl and amino
substituents at C-13 and C-14.


We envisaged that the key step in our retrosynthetic plan
would be the enantioselective metal-catalyzed addition of a
trisubstituted aryl boronic acid 12 to azabicyclic alkene 13
with concomitant ring opening to yield cis-1-amino-2-aryl di-
hydronaphthalene intermediate 11 (Scheme 3). A suitably
functionalized ortho-substituent (R4) on the boronic acid
would allow for cyclization to the B ring to give 10. Stereo-
selective epoxidization of the double bond in 10, followed
by regioselective ring-opening of the corresponding epoxide


Figure 1. Structures of some B/C hexahydrobenzo[c]phenanthridine alka-
loids.


Scheme 1. PdII-catalyzed ring-opening of azabicyclic alkenes with boronic
acids. Boc = tert-butyl carbamate. dppp =propane-1,3-diylbis(diphenyl-
phosphane).


Scheme 2. Proposed catalytic cycle for PdII-catalyzed ring-opening of aza-
bicyclic alkenes with aryl boronic acids.


Scheme 3. Retrosynthetic analysis for B/C hexahydrobenzo[c]phenanthri-
dine alkaloids.
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9 with a suitable nucleophile would add the desired func-
tionality on the C ring with the correct orientation to ulti-
mately lead to any of the B/C hexahydrobenzo[c]phenan-
thridine alkaloids 2–6.


Results and Discussion


Assessing the feasibility of an enantioselective ring-opening
reaction : At the outset of this project, the main challenge
was to develop a highly enantioselective PdII-catalyzed ring-
opening of the meso-azabicyclic alkene 13 with aryl boronic
acid 12. The related oxabicyclic alkene substrate reacted in
high yield and ee[16a] but the aza analogue proved to be a
more challenging substrate perhaps due to the orientation
of the Boc group or reduced activity in the ring-opening. In-
itial model-study reactions were carried out using readily
available azabicyclic alkene[16e] 14 and PhB(OH)2. Screening
a variety of ligands and reaction conditions (solvent, temper-
ature, base, boron source, PdII precursor and additives) re-
vealed that 15 could be obtained in quantitative yield and
up to 60 % ee when employing (S)-tol-binap as the chiral
ligand (Scheme 4).[18] Maximum enantiodiscrimination was


achieved by lowering the temperature to RT, while increas-
ing the catalyst loading to 5 mol% to improve the rate of
the reaction at this temperature.


Finding a suitable boronic acid : Though we observed mod-
erate stereoinduction using the unsubstituted azabicycle 14
and PhB(OH)2, we decided to test the real system with a nu-
cleophile bearing an ortho group, since subtle steric and
electronic effects often influence ee. Our attention turned
towards azabicycle 13, which could be used to prepare the
five B/C hexahydrobenzo[c]phenanthridine alkaloids 2–6.
Azabicycle 13 was readily prepared in three steps from cate-
chol 16 (Scheme 5). Treatment of 16 with Br2 gave dibro-
mide 17 in 85 % yield,[19] which was subsequently dialkylated
with ClCH2Br to give 18 in 75 % yield. Slow addition of
nBuLi to dibromide 18 generated an aryne intermediate,
which underwent an in situ Diels–Alder reaction with N-
Boc pyrrole to furnish N-Boc azabicycle 13 in 71 % yield.


We initially focused on the total synthesis of (+)-homo-
chelidonine (2) and (+)-chelamidine (3), which would re-
quire the aryl boronic acid 12 to contain meta and para-
OMe substituents and a viable ortho-substituent that could


be manipulated into the B ring. A variety of boronic acids
that fulfilled these criteria were synthesized (Scheme 6).
Boronic acid 21 was prepared in three steps from 2,3-dime-


thoxybenzoic acid 19 by conversion to the corresponding
acid chloride with oxalyl chloride. Directly treating the
crude product with iPr2NH gave benzamide 20 in 93 % yield
over two steps. Subsequent directed ortho-metallation of 20
with sBuLi and TMEDA, trapping the resulting aryl lithium
with B ACHTUNGTRENNUNG(OMe)3 and acidic hydrolysis provided the diisopro-
pylamide-substituted boronic acid 21 in 99 % yield.[20] Bor-
onic acid 25 was prepared by regioselectively brominating
commercially available 2,3-dimethoxybenzyl alcohol 22 with
NBS to give aryl bromide 23 in 83 % yield. The benzyl alco-
hol was then protected with a TIPS group in 94 % yield to
give 24, which was then converted to the corresponding bor-
onic acid 25 in 40 % yield by halogen-lithium exchange
using nBuLi and subsequent quenching with B ACHTUNGTRENNUNG(OiPr)3 fol-
lowed by acidic hydrolysis. Boronic acid 27 was prepared by
MOM-protection of the benzyl alcohol of aryl bromide 23
in 72 % yield by stirring 23 in dimethoxymethane in the


Scheme 4. Asymmetric ring-opening of azabicyclic alkene 14 with
PhB(OH)2. binap =2,2’bis(diphenylphosphanyl)-1,1’-binaphthyl.


Scheme 5. Synthesis of N-Boc azabicycle 13 a) Br2, CHCl3, RT, 20 h; b)
ClCH2Br, Cs2CO3, DMF, 110 8C, 3 h; c) N-Boc pyrrole, nBuLi, PhMe,
�78 8C to RT, 20 h. DMF=N,N-dimethylformamide, RT= room temper-
ature.


Scheme 6. Synthesis of boronic acids 21, 25 and 27: a) (COCl)2, CH2Cl2,
cat. DMF, RT, 2 h, then iPr2NH, Et3N, THF, 17 h; b) sBuLi, TMEDA,
THF, �78 8C, 1 h then B ACHTUNGTRENNUNG(OMe)3, �78 8C to RT, 18 h then NH4Cl (aq); c)
NBS, THF, RT, 30 min; d) TIPSCl, imidazole, DMF, RT, 17 h; e) nBuLi,
THF, �78 8C, 35 min, then B ACHTUNGTRENNUNG(OiPr)3, �78 8C to RT, 18 h, then NH4Cl
(aq); f) CH2ACHTUNGTRENNUNG(OMe)2, LiBr, p-TsOH, RT, 24 h. THF= tetrahydrofuran,
TMEDA = tetramethylethylenediamine, NBS=N-bromosuccinimide,
TIPS = triisopropylsilyl, Ts= toluenesulfonyl, MOM= methoxymethyl.
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presence of a catalytic amount of LiBr and p-TsOH.[21] Aryl
bromide 26 was converted to the corresponding boronic
acid 27 by halogen-lithium exchange, followed by quenching
with B ACHTUNGTRENNUNG(OiPr)3 and acidic hydrolysis in 63 % yield.[22]


With the required azabicycle 13 and a variety of ortho-
substituted boronic acids in hand, we set about further eval-
uating the enantioselective ring-opening reaction. Each bor-
onic acid was reacted with azabicycle 13 using the racemic
conditions and then the previously optimized enantioselec-
tive conditions (Table 1). In each case an excess (1.5 equiv)


of boronic acid was used as a significant amount of deboro-
nated product was typically observed. Employing diisopro-
pylamide-substituted boronic acid 21 and achiral ligand
dppp gave the desired 1,2-dihydronaphthalene 28 in 81 %
yield (entry 1). This compound co-eluted with the deboro-
nated product (20) thus NMR yields were reported. Using
(S)-tol-binap as ligand gave 28 in 43 % yield and 88 % ee
(entry 2). Boronic acid 25 and achiral ligand dppp gave di-
hydronaphthalene 29 in 55 % yield (entry 3) while (S)-tol-
binap gave 29 in only 29 % yield and 42 % ee (entry 4). Em-
ploying boronic acid 27 and dppp as ligand gave 30 in 82 %
yield (entry 5), while (S)-tol-binap gave 30 in 90 % yield and
91 % ee (entry 6). As boronic acid 27 provided the best reac-
tion efficiency and enantioselectivities, it was used for the
synthesis of (+)-homochelidonine (2) and (+)-chelamidine
(3). Further screening of ligands and reaction conditions
using boronic acid 27 were performed, however no improve-
ment in ee was observed.[23] Additional studies were also
performed on 1,2-dihydronaphthalene 28 but difficulties


were noted with manipulating the diisopropyl amide unit so
this route was abandoned.


Attempted selective deprotection of the MOM group : With
high enantioselectivity and reactivity for the PdII-catalyzed
ring-opening reaction between azabicycle 13 and boronic
acid 27, our attention turned to cyclization of the dihydro-
naphthalene product 30 and the formation of the B ring of
(+)-homochelidonine (2) and (+)-chelamidine (3).


Following literature precedent for selective MOM depro-
tection in the presence of an N-Boc group, dihydronaphtha-
lene 30 was reacted with TMSCl and Bu4NBr in CH2Cl2


[24]


and HCl in iPrOH/THF.[25] However, in both instances the
expected product was observed in low yield in addition to a
mixture of products, including aromatic compounds 32 and
33 formed via concomitant Boc removal and elimination of
ammonia (Scheme 7). Other methods commonly used for
MOM deprotection were also unsuccessful (LiBF4,


[26] B-bro-
mocatecholborane,[27] CBr4/iPrOH,[28] PPTS/tBuOH,[29] 20 %
aq. AcOH[30] and p-TsOH/MeOH[31]).


Elaboration of the alkene : To overcome the problems en-
countered in the attempted selective MOM deprotection of
dihydronaphthalene 30, we proposed to first elaborate the
alkene and introduce the required hydroxy group at the C-
11 position. The resulting product alcohol 37 would not be
as susceptible to aromatization.


We reasoned that the syn-hydroxy group could be intro-
duced by means of a three-step synthetic route involving
regio- and stereoselective bromohydrin formation, cycliza-
tion to the syn-epoxide 36 followed by regioselective ring-
opening using a hydride nucleophile for (+)-homochelido-
nine and a water nucleophile for (+)-chelamidine.


Dihydronaphthalene 30 was therefore reacted with NBS
in THF/H2O to give a mixture of bromohydrin regioisomers
34 and 35 (ratio 34/35 77:23) in 77 % yield (Scheme 8). Re-
action of the mixture of regioisomers 34 and 35 with a hin-
dered base yielded syn-epoxide 36 in 75 % yield. Reacting
epoxide 36 with LiAlH4 in Et2O resulted in selective hydride
attack at the benzylic position providing alcohol 37 in 44 %
yield. The syn-relationship between the three contiguous


Table 1. Evaluating boronic acids in the enantioselective ring-opening re-
action.


Entry Boronic
acid


R Ligand Product Yield
[%][c]


ee
[%][d]


1[a] 21 C(O)NiPr2 dppp 28 81[e] –
2[b] 21 C(O)NiPr2 (S)-tol-


binap
28 43[e] 88


3[a] 25 CH2OTIPS dppp 29 55 –
4[b] 25 CH2OTIPS (S)-tol-


binap
29 29 42


5[a] 27 CH2OMOM dppp 30 82 –
6[b] 27 CH2OMOM (S)-tol-


binap
30 90 91


[a] 1 mol % [Pd ACHTUNGTRENNUNG(MeCN)2Cl2], 1 mol % ligand, reaction carried out at
60 8C. [b] 5 mol % [Pd ACHTUNGTRENNUNG(MeCN)2Cl2], 5.5 mol % ligand, reaction carried
out at RT. [c] Isolated yield unless otherwise stated. [d] Determined by
chiral HPLC. [e] 1H NMR yield using mesitylene as internal standard.


Scheme 7. Attempted selective removal of the MOM group.
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stereogenic centers was confirmed by a 2D 1H NMR-
ROESY experiment.


Experiments were carried out in an effort to form the B
ring of 37. Unfortunately, attempts to selectively deprotect
the MOM group of alcohol 37 using a variety of methods re-
sulted in significant deprotection of the Boc group as well.
As the resulting amino alcohol proved difficult to cyclize we
subsequently abandoned this route.


Completion of the synthesis of (+)-homochelidonine and
(+)-chelamidine : Boronic acid 27 was found to be necessary
for high enantioselectivities and reaction efficiency for the
ring-opening of 13. However, selective removal of the
MOM group in the presence of the Boc group proved to be
problematic so it was decided to switch activating groups on
the azabicyclic alkene and to attempt the asymmetric ring-
opening reaction on N-Cbz azabicyclic alkene 38. The re-
sulting product, dihydronaphthalene 39, should be less sus-
ceptible to carbamate deprotection under the acidic condi-
tions required to remove the MOM group. An additional
advantage of the Cbz group is that we envisaged it as a
direct precursor to the N-Me targets as well as norchelido-
nine (6).


N-Boc azabicycle 13 was converted to N-Cbz azabicyclic
alkene 38 in 80 % yield, in a one pot reaction, using first
TMSI for Boc removal[32] then carbamate protection of the
resulting secondary amine by addition of CbzCl (Scheme 9).
It was necessary to interconvert protecting groups as the
aryne Diels–Alder reaction between N-Cbz pyrrole and di-
bromide 18 gave a poor yield of azabicyclic alkene 38


(<25 %). Pleasingly, the previously developed asymmetric
ring-opening reaction conditions with boronic acid 27 gave
dihydronaphthalene 39 in 89 % yield and 90 % ee. One re-
crystallization from Et2O gave dihydronaphthalene 39 in
80 % yield with 99 % ee. This reaction has been carried out
on a multigram scale without any loss of enantiodiscrimina-
tion.


It was now possible to selectively remove the MOM
group by stirring dihydronaphthalene 39 in conc. HCl and
THF/iPrOH to give benzyl alcohol 40 in 75 % yield
(Scheme 10). We were unable to cyclize the B ring using


Mitsunobu conditions[33] but it was possible to convert the
benzyl alcohol group to a benzyl bromide with CBr4 and
PPh3 and carry out a 6-exo-tet cyclization by addition of
NaH to the crude reaction mixture. Formation of the B ring
was achieved, giving dihydronaphthalene 41 in 90 % yield.
Our attention now turned to introducing the syn C-11 hy-
droxy group. A single bromohydrin regio- and stereoisomer
42 was obtained in 75 % by reaction of 41 with NBS in H2O/
THF. This reaction can be rationalized by the intermediate
bromonium ion being formed on the least hindered face of
the alkene followed by attack of water at the benzylic posi-
tion. Reaction of bromohydrin 42 with KOtBu in THF yield-
ed syn-epoxide 43 in quantitative yield. Having installed the
hydroxyl functionality on the correct side of the C ring it
was now necessary to carry out a regioselective hydride re-


Scheme 8. Installation of the syn-hydroxy group: a) NBS, H2O, THF, RT,
90 min; b) KOtBu, THF, �78 8C, 30 min; c) LiAlH4, Et2O, RT, 6 h.


Scheme 9. Synthesis of dihydronaphthalene 39 : a) TMSI, NEt3, CH2Cl2,
reflux, 15 min, then CbzCl, RT, 3 h; b) [Pd ACHTUNGTRENNUNG(MeCN2)Cl2] (5 mol %), (S)-
tol-binap (5.5 mol %), 27, Cs2CO3, MeOH, RT, 6 h. TMS= trimethylsilyl,
Cbz=benzyloxycarbonyl.


Scheme 10. Completion of the synthesis of (+)-homochelidonine (2) and
(+)-chelamidine (3): a) HCl, iPrOH/THF, RT, 8 h; b) CBr4, PPh3,
CH2Cl2, 0 8C, 1 h, then NaH, DMF, 0 8C, 3 h; c) NBS, H2O, THF, RT,
90 min; d) KOtBu, THF, �78 8C, 30 min; e) LiAlH4, 1,4-dioxane, reflux,
18 h; f) H2O, cat. BiCl3, MeCN, 0 8C, 30 min.
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duction of the epoxide followed by Cbz reduction to the
methylamine. This was achieved as a one pot reaction by
heating epoxide 43 with LiAlH4 in 1,4-dioxane to give (+)-
homochelidonine in 87 % yield. The spectroscopic properties
of the synthetic material were in agreement with those of
the natural product.[10c] The optical rotation ([a]25


D =++ 120
(c = 1.0 in EtOH)) confirmed the absolute stereochemis-
try.[10c] Chiral HPLC analysis of this compound gave an en-
antiomeric excess of 99 % indicating that the enantiopurity
of dihydronaphthalene 39 was maintained throughout the
final sequence.


Regioselectively ring-opening epoxide intermediate 43
with H2O in the presence of a catalytic amount of BiCl3


[34]


gave diol 44 in 85 % yield. Heating diol 44 with LiAlH4 re-
duced the Cbz group to the methylamine to give (+)-chela-
midine in 90 % yield. The compound matched previously
published spectroscopic data.[10c,13c]


Syntheses of (+)-chelidonine, (+)-chelamine and (+)-norch-
elidonine : We now had a straightforward strategy to com-
plete the synthesis of the other 3 B/C hexahydrobenzo[c]-
phenanthridine alkaloids using boronic acid 47. Three steps
were required from commercially available aldehyde 45
(Scheme 11). Aldehyde 45 was reduced using NaBH4 and
the corresponding benzylic alcohol protected as the MOM
ether in 73 % over two steps. The aryl bromide 46 was then
converted to boronic acid 47 by halogen–lithium exchange
and trapping out the aryl lithium with B ACHTUNGTRENNUNG(OiPr)3, followed by
acidic hydrolysis.[35]


Carrying out the asymmetric ring-opening reaction using
azabicyclic alkene 38 and boronic acid 47 under the devel-
oped conditions gave 1,2-dihydronaphthalene 48 in 89 %
yield and 90 % ee (Scheme 12). One recrystallization gave
48 in 75 % yield and 99 % ee. Using the same four-step syn-
thetic sequence on 1,2-dihydronaphthalene 48 (MOM re-
moval, B ring cyclization, bromohydrin formation and intra-
molecular SN2 substitution) gave the key epoxide intermedi-
ate 52.


Heating epoxide 52 with LiAlH4 in 1,4-dioxane gave (+)-
chelidonine (4) in 88 % yield (Scheme 13). The spectroscop-
ic properties of the synthetic material were in agreement
with those of the natural product.[2g,14d] Regioselectively
ring-opening epoxide intermediate 52 with H2O in the pres-
ence of a catalytic amount of BiCl3 gave diol 53 in 86 %
yield. Heating diol 53 with LiAlH4 reduced the carbamate
group to the methylamine to give (+)-chelamine (5) in 93 %


yield. The compound matched previously published spectro-
scopic data.[10c] Stirring epoxide 52 and catalytic Pd/C under
an H2 atmosphere regioselectively ring-opened the epoxide
and removed the Cbz protecting group to give (+)-norcheli-
donine (6) in 74 % yield. The compound matched previously
published spectroscopic data.[10d, 14d]


Scheme 11. Synthesis of boronic acid 47: a) NaBH4, MeOH, RT, 1 h then
CH2 ACHTUNGTRENNUNG(OMe)2, LiBr, p-TsOH, RT, 15 h; b) nBuLi, THF, �78 8C 45 min,
then B ACHTUNGTRENNUNG(OiPr)3, �78 8C to RT, 18 h, then NH4Cl (aq).


Scheme 12. Synthesis of key epoxide intermediate 52 : a) Pd ACHTUNGTRENNUNG(MeCN2)Cl2


(5 mol %), (S)-tol-BINAP (5.5 mol %), 47, Cs2CO3, MeOH, RT, 6 h; b)
HCl, iPrOH/THF, RT, 8 h; c) CBr4, PPh3, CH2Cl2, 0 8C, 1 h, then NaH,
DMF, 0 8C, 3 h; d) NBS, THF/H2O, RT, 90 min; e) KOtBu, THF, �78 8C,
30 min.


Scheme 13. Completion of the synthesis of (+)-chelidonine (4), (+)-chel-
amine (5) and (+)-norchelidonine (6): a) LiAlH4, 1,4-dioxane, reflux
18 h; b) H2O, cat. BiCl3, MeCN, 0 8C, 30 min; c) 1 atm H2, cat. Pd/C,
EtOH, RT, 2 h.
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Conclusion


In summary, we have developed a new and general strategy
for the synthesis of the hexahydrobenzo[c]phenanthridine
alkaloids with a novel and highly enantioselective PdII-cata-
lyzed ring-opening reaction of a meso-azabicyclic alkene
with an aryl boronic acid as the key step. In this way, we
have demonstrated the power of this methodology for the
first time in natural product synthesis and completed the
first enantioselective total syntheses of (+)-homochelido-
nine, (+)-chelamidine, (+)-chelidonine, (+)-chelamine and
(+)-norchelidonine. Due to the convergent nature of the
synthesis it is now possible to prepare structural analogues
of the hexahydrobenzo[c]phenanthridine alkaloids with po-
tentially improved pharmacological properties.


Experimental Section


General : All reactions were carried out under an argon atmosphere, in
flame-dried round bottom flasks fitted with rubber septa, with magnetic
stirring. Air- or water-sensitive liquids and solutions were transferred via
syringe. Organic solutions were concentrated by rotary evaporation at
23–40 8C at 40 Torr unless otherwise stated. Solvents and reagents: Tetra-
hydrofuran, 1,4-dioxane and toluene were purified by distillation under
N2 from Na/benzophenone immediately prior to use. Triethylamine was
purified by distillation under N2 from NaOH immediately prior to use.
Diethyl ether and dichloromethane were purified by the method of Pang-
born et al.[36] All other solvents were used as received. N-Bromosuccini-
mide was recrystallized from H2O prior to use. Analytical thin-layer
chromatography: Performed with Silicycle normal phase glass plates
(0.25 mm, 60 A pore size, 230–400 mesh). Visualization was accomplished
with 254 nm UV light and/or by immersion in potassium permanganate
or phosphomolybdic acid solution, followed by brief heating using a heat
gun. Chromatography: Flash and gradient column chromatography was
carried out using Silicycle Ultra-Pure 230–400 mesh silica gel. Melting
points were taken on a Fisher-Johns melting point apparatus and are un-
corrected. Optical rotations were measured in a 5.0 or 10.0 cm cell with a
Rudolph Autopol IV polarimeter digital polarimeter equipped with a
sodium lamp source (589 nm), and are reported as follows: [a]


T=�C


D = (c=


g100 mL�1, solvent). IR Spectroscopy: IR spectra were obtained using a
Perkin-Elmer Spectrum 1000 FT-IR spectrometer as neat films or as solu-
tions (CHCl3 or CH2Cl2) on a NaCl plate. Data is presented as follows:
frequency of absorption (cm�1) and intensity of absorption (s= strong,
m= medium, w=weak, br=broad). NMR spectroscopy: 1H and
13C NMR spectra were recorded at 23 8C in CDCl3 with a Varian 400
(400 MHz/100 MHz) NMR spectrometer equipped with ATB8123-400
probe, or a Varian Mercury 400 (400 MHz/100 MHz) NMR spectrometer
equipped with a Nalorac4N-400 probe. Recorded shifts for protons are
reported in parts per million (d scale) downfield from tetramethylsilane
and are referenced to residual proton in the NMR solvent (CHCl3: d


7.26). Chemical shifts for carbon resonances are reported in parts per
million (d scale) downfield from tetramethylsilane and are referenced to
the carbon resonances of the solvent (CDCl3: d 77.0). Data are represent-
ed as follows: chemical shift, multiplicity (s = singlet, d=doublet, t = trip-
let, q=quartet, sept= septet, m =multiplet, br=broad), coupling con-
stant (J, Hz) and integration. Mass spectrometry: High resolution mass
spectra were obtained from a SI2 Micromass 70S-250 mass spectrometer
(EI) or an ABI/Sciex Qstar mass spectrometer (ESI).


Dibromocatechol 17: A solution of Br2 (13.9 mL, 272 mmol) in CHCl3


(20 mL) was added dropwise over 1 h to a suspension of catechol 16
(15.0 g, 136 mmol) in CHCl3 (150 mL) at 0 8C. After stirring at RT for
20 h dibromocatechol 17 (31.0 g, 85%) was isolated by filtration as an
off-white solid. M.p. 97–98 8C (lit.[19] m.p. 119 8C); Rf =0.46 (50 % EtOAc
in hexane); 1H NMR: d = 7.14 (s, 2H), 5.29 ppm (s, 2 H); 13C NMR: d =


143.5, 119.9, 114.9 ppm; IR (CH2Cl2): ñ = 3582m, 3354s, 1589m, 1495s,
1415s, 1267m, 1173m, 860 cm�1 m; MS (EI): m/z : 268 (100) [M+], 159
(17), 77 (14); HRMS: m/z : calcd for C6H4


79Br2O2: 265.8578, found
265.8580 [M+].


Dibromide 18 : Bromochloromethane (4.36 mL, 65.3 mmol) was added to
a stirred solution of dibromocatechol 17 (8.76 g, 32.7 mmol) and Cs2CO3


(16.0 g, 49.0 mmol) in anhydrous DMF (50 mL). The resulting purple/
brown suspension was then heated to 110 8C for 3 h. After cooling to RT,
the reaction mixture was filtered through a pad of celite which was then
washed with EtOAc. Water (100 mL) was added to the filtrate, the organ-
ic layer was separated and the aqueous layer was extracted with EtOAc
(2 O 100 mL). The combined organic layers were dried (Na2SO4) and the
solvent removed under reduced pressure to give a brown solid. Purifica-
tion by column chromatography (10 % EtOAc in hexane) gave dibromide
18 (6.86 g, 75%) as a white solid. M.p. 82–83 8C; Rf =0.50 (10 % EtOAc
in hexane); 1H NMR: d = 7.07 (s, 2H), 6.00 (s, 2H); 13C NMR: d =


147.9, 115.4, 113.2, 102.3; IR (CH2Cl2): ñ = 3111s, 1700m, 1469m, 1378s,
1322m, 1138m, 930 cm�1 m; MS (EI): m/z : 280 (100) [M+], 143 (29), 62
(37); HRMS: m/z: calcd for C7H4


79Br2O2: 277.8578, found 277.8580 [M+].


N-Boc azabicyclic alkene 13 : A mixture of dibromide 18 (5.99 g,
21.4 mmol) and freshly distilled N-Boc-pyrrole (5.35 mL, 32.0 mmol) in
toluene (100 mL) was cooled to �78 8C. nBuLi (1.6 m in hexane; 29.4 mL,
47.0 mmol) was added dropwise over a period of 2.5 h. The resulting
bright orange solution was allowed to warm up to RT over 3 h and then
left for a further 17 h at RT. The reaction mixture was then quenched
with water (70 mL) and the phases were separated. The aqueous layer
was extracted with EtOAc (3 O 80 mL) and the organic layers were com-
bined, dried (MgSO4) and the solvent removed under reduced pressure
to give a brown oil. Purification by column chromatography (10 %
EtOAc in hexane) gave azabicycle 13 (4.37 g, 71 %) as an off-white solid.
M.p. 91–93 8C; Rf =0.10 (10 % EtOAc in hexane); 1H NMR: d = 6.97
(br s, 2H), 6.84, (s, 2 H), 5.91 (d, J=1.5 Hz, 1H), 5.87 (d, J=1.5 Hz, 1H),
5.40 (br s, 2H), 1.38 ppm (s, 9 H); 13C NMR: d = 154.8, 144.3, 142.5,
[104.7, 104.2], 101.4, 80.6, [66.9, 66.3], 28.1 ppm; IR (CH2Cl2): ñ =


3441w, 2975m, 2930m, 1705m, 1461s, 1345m, 1367m, 1321s, 1293m,
1252m, 1166m, 1037 cm�1 m; MS (EI): m/z : 287 (17) [M+], 231 (24), 205
(52), 187 (21), 161 (41); HRMS: m/z : calcd for C16H17NO4: 287.1157,
found 287.1155 [M+].


Diisopropylarylamide 20 : DMF (0.40 mL, 5.17 mmol) was added drop-
wise to a solution of 2,3-dimethoxybenzoic acid (19) (5.00 g, 27.4 mmol)
and oxalyl chloride (6.05 mL, 70.5 mmol) in CH2Cl2 (100 mL) at 0 8C.
After stirring at RT for 2 h the reaction mixture was concentrated under
reduced pressure to give a yellow solid. The solid was dissolved in THF
(10 mL) and the resulting solution added to NEt3 (3.82 mL, 27.4 mmol)
and iPr2NH (3.87 mL, 27.4 mmol) in THF (70 mL) at 0 8C. After stirring
at RT for 17 h the resulting suspension was filtered and washed with
THF. Recrystallization (Et2O/hexane) gave benzamide 20 (6.76 g, 93%)
as a yellow solid. M.p. 108–109 8C (lit.[37] m.p. 113–114 8C); Rf =0.30
(50 % EtOAc in hexane); 1H NMR: d = 7.05 (dd, J=8, 7.5 Hz, 1H),
6.88 (dd, J=8, 1.5 Hz, 1 H), 6.75 (dd, J=7.5, 1.5 Hz, 1 H), 3.87 (s, 3H),
3.85 (s, 3H), 3.69 (sept, J=7 Hz, 1 H), 3.49 (sept, J=7 Hz, 1H), 1.54 (d,
J=7 Hz, 3H), 1.53 (d, J=7 Hz, 3H), 1.16 (d, J=7 Hz, 3H), 1.04 ppm (d,
J=7 Hz, 3 H); 13C NMR: d = 167.9, 152.6, 144.6, 134.1, 124.6, 118.3,
111.9, 61.5, 55.7, 51.0, 45.5, 20.8, 20.7, 20.5, 20.2 ppm; IR (CH2Cl2): ñ =


3651m, 2964m, 1626s, 1439m, 1341 cm�1 s; MS (ESI): m/z : 266 (100)
[M+H+], 165 (50); HRMS: m/z : calcd for C15H24NO3: 266.1750, found
266.1748 [M+H+].


Boronic acid 21: A solution of benzamide 20 (2.00 g, 7.54 mmol) in THF
(15 mL) was added dropwise to a solution of sBuLi (1.0 m ; 8.29 mL,
8.29 mmol) and TMEDA (1.24 mL, 8.29 mmol) in THF (23 mL) at
�78 8C. After 1 h of stirring, B ACHTUNGTRENNUNG(OMe)3 (2.52 mL, 22.6 mmol) was added
in one portion and the reaction was allowed to warm to RT and then left
stirring for a further 18 h. The solution was acidified with aq. 1m HCl
(20 mL). The layers were separated and the aqueous layer was extracted
with CH2Cl2 (3 O 40 mL). The combined organic layers were dried
(MgSO4) and solvent removed under reduced pressure to leave a yellow
solid. Recrystallization (MeOH/H2O) gave boronic acid 21 (2.31 g, 99%)
as a white solid. M.p. 93–95 8C; Rf =0.20 (100 % EtOAc); 1H NMR: d =
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7.63 (d, J=8 Hz, 1H), 6.92 (d, J=8 Hz, 1 H), 5.77 (br s, 2H), 3.91 (s, 3H),
3.83 (s, 3H), 3.64 (sept, J=8 Hz, 1 H), 3.53 (sept, J=8 Hz, 1H), 1.58 (d,
J=8 Hz, 6H), 1.09 ppm (d, J=8 Hz, 6 H); 13C NMR: d = 170.9, 154.4,
143.9, 137.6, 132.6, 111.7, 104.8, 61.5, 55.7, 51.8, 46.1, 20.4, 20.2 ppm; IR
(CH2Cl2): ñ = 3386s, 3162s, 2978s, 1610s, 1443m, 1357m, 1298m,
1266 cm�1 m, MS (ESI): m/z : 310 (55) [M+H+], 292 (100); HRMS: m/z :
calcd for C15H25BNO5: 310.1820, found 310.1829 [M+H+].


Aryl bromide 23 : NBS (12.7 g, 71.4 mmol) was added to a solution of
2,3-dimethoxybenzyl alcohol 22 (10.0 g, 59.5 mmol) in THF (45 mL) and
stirred at RT until all the NBS had dissolved (approx. 30 min.). The THF
was removed under reduced pressure and the residue was taken up in
Et2O (110 mL). The resulting suspension was filtered to remove the in-
soluble succinimide and the filtrate was washed with aq. 2m NaOH (2 O
100 mL). The organic phase was dried (MgSO4) and concentrated under
reduced pressure to give a pale yellow oil. Purification by column chro-
matography (20 % EtOAc in hexane) gave benzyl alcohol 23 (12.2 g,
83%) as a white solid. M.p. 66–68 8C (lit.[22] 76 8C); Rf =0.10 (20 %
EtOAc in hexane); 1H NMR: d = 7.27 (d, J=8.5 Hz, 1H), 6.78 (d, J=


8.5 Hz, 1H), 4.82 (d, J=7 Hz, 2 H), 3.89 (s, 3H), 3.85 (s, 3H), 2.31 ppm
(t, J=7 Hz, 1H); 13C NMR: d = 152.3, 148.8, 133.9, 127.9, 114.8, 113.4,
61.7, 60.4, 56.0 ppm; IR (CH2Cl2): ñ = 3426w, 2938m, 1576s, 1474m,
1413s, 1271s, 1229m, 1171m, 1079m, 1009 cm�1 m; MS (ESI): m/z : 269
(100) [M+Na+], 127 (35), 79 (40); HRMS: m/z : calcd for C9H11BrNaO3:
268.9789, found 268.9780 [M+Na+].


Silyl ether 24 : A solution of benzyl alcohol 23 (1.00 g, 4.05 mmol), imida-
zole (551 mg, 8.09 mmol) and TIPSCl (1.04 mL, 4.86 mmol) in DMF
(2 mL) were stirred at RT for 17 h. The reaction was diluted with EtOAc
(10 mL) and aq. 1 m HCl (10 mL). The layers were separated and the
aqueous layer was extracted with EtOAc (2 O 20 mL). The organic layers
were combined, dried (Na2SO4) and concentrated under reduced pressure
to give a yellow oil. Purification by column chromatography (10 %
EtOAc in hexane) gave silyl ether 24 (1.54 g, 94 %) as a colorless oil.
Rf = 0.50 (20 % EtOAc in hexane); 1H NMR: d = 7.25 (d, J=8.5 Hz,
1H), 6.73 (d, J=8.5 Hz, 1H), 4.90 (s, 2 H), 3.88 (s, 3 H), 3.83 (s, 3 H),
1.20–1.06 ppm (m, 21 H); 13C NMR: d = 152.6, 149.3, 134.4, 128.1, 116.2,
113.3, 62.0, 60.7, 56.1, 18.3, 12.4 ppm; IR (neat): ñ = 2941s, 2864s, 1577w,
1474s, 1414m, 1278s, 1232s, 1060 cm�1 s; MS (ESI): m/z : 425 (50)
[M+Na+], 231 (30), 216 (95), 214 (100); HRMS: m/z : calcd for
C18H31


79BrNaO3Si: 425.1118, found 425.1117 [M+Na+].


Boronic acid 25 : Aryl bromide 24 (750 mg, 1.86 mmol) was dissolved in
THF (5 mL) and cooled to �78 8C. nBuLi (1.6 m in hexanes; 1.28 mL,
2.05 mmol) was added dropwise over a 20 min period and the reaction
mixture was stirred at this temperature for a further 15 min. BACHTUNGTRENNUNG(OiPr)3


(1.28 mL, 5.58 mmol) was added in a single portion and the reaction mix-
ture was allowed to warm up to RT over 6 h and then stirred at this tem-
perature for 12 h. The resulting orange suspension was cooled to 0 8C and
acidified to pH 5–6 with saturated aq. NH4Cl. The solvent was removed
under reduced pressure to leave an aqueous residue which was extracted
with CH2Cl2 (3 O 40 mL). The combined organic extracts were dried
(MgSO4) and concentrated under reduced pressure to give a yellow oil.
Purification by column chromatography (20 % EtOAc in hexane) gave
an off-white solid which was recrystallized (H2O) to give boronic acid 25
(274 mg, 40%) as a white solid. Rf =0.25 (25 % EtOAc in hexane);
1H NMR: d = 7.66 (d, J=8 Hz, 1H), 6.89 (d, J=8 Hz, 1H), 6.69 (s, 2 H),
5.00 (s, 2H), 3.89 (s, 3 H), 3.77 (s, 3H), 1.26–1.14 (m, 3 H), 1.06 (s, 9H),
1.04 ppm (s, 9 H); 13C NMR: d = 154.4, 146.4, 137.3, 132.7, 132.7, 111.2,
61.4, 59.2, 55.6, 17.8, 11.9 ppm; IR (CH2Cl2): ñ = 3375w, 2948s, 1580m,
1458m, 1261s, 1144m, 1095 cm�1 m, MS (ESI): m/z : 391 (22) [M+Na+],
195 (50), 180 (100), 165 (48); HRMS: m/z : calcd for C18H33BNaO5Si:
391.2082, found 391.2084 [M+Na+].


MOM-protected benzyl alcohol 26 : LiBr (695 mg, 8.09 mmol) and p-
TsOH·H2O (770 mg, 4.05 mmol) was added to a solution of the benzyl al-
cohol 23 (10.0 g, 40.5 mmol) in dimethoxymethane (80 mL). The resulting
mixture was then stirred at RT for 24 h. Brine (100 mL) was added to the
resulting white suspension and the mixture was extracted with Et2O (2 O
100 mL). The organic layers were combined, dried (Na2SO4) and concen-
trated under reduced pressure to give a yellow oil. Purification by
column chromatography (20 % EtOAc in hexane) gave bromide 26


(8.49 g, 72 %) as a colorless oil. Rf = 0.35 (20 % EtOAc in hexane);
1H NMR: d = 7.29 (d, J=9 Hz, 1H), 6.78 (d, J=9 Hz, 1H), 4.76 (s, 2 H),
4.74 (s, 2 H), 3.88 (s, 3 H), 3.85 (s, 3 H), 3.46 ppm (s, 3H); 13C NMR: d =


152.3, 149.4, 131.2, 127.9, 116.2, 113.6, 96.4, 64.0, 61.7, 55.9, 55.4 ppm; IR
(CH2Cl2): ñ = 2940w, 1577w, 1475m, 1418m, 1378m, 1276s, 1232m,
1150m, 1101m, 1041 cm�1 m; MS (ESI): m/z : 313 (100) [M+Na+], 244
(25), 64 (20); HRMS: m/z : calcd for C11H15BrNaO4: 313.0051, found
313.0048 [M+Na+].


Boronic acid 27: Following the procedure to prepare boronic acid 25, the
addition of nBuLi (1.6 m in hexanes; 9.0 mL, 14.4 mmol) to aryl bromide
26 (3.81 g, 13.1 mmol) in THF (14 mL) followed by the addition of B-
ACHTUNGTRENNUNG(OiPr)3 (9.05 mL, 39.2 mmol), then aq. NH4Cl work-up, column chroma-
tography (50 % EtOAc in hexane) and recrystallization (H2O) gave bor-
onic acid 27 (2.11 g, 63%) as a white solid. M.p. 63–65 8C; Rf = 0.20 (50 %
EtOAc in hexane); 1H NMR: d = 7.62 (d, J=8 Hz, 1H), 6.92 (d, J=


8 Hz, 1 H), 6.40 (br s, 2 H), 4.87 (s, 2H), 4.72 (s, 2H), 3.89 (s, 3 H), 3.83 (s,
3H), 3.41 ppm (s, 3H); 13C NMR: d = 154.4, 147.6, 134.1, 132.2, 126.8,
111.7, 95.3, 62.8, 61.3, 55.9, 55.6 ppm; IR (CH2Cl2): ñ = 3380w, 2949s,
1589m, 1452m, 1419m, 1355m, 1279s, 1154m, 1098m, 1072 cm�1 m; MS
(ESI): m/z : 279 (100) [M+Na+]; HRMS: m/z : calcd for C11H17BNaO6:
279.1010, found 279.1007 [M+Na+].


1,2-Dihydronaphthalene 29 (Table 1, entry 4 conditions): [Pd ACHTUNGTRENNUNG(MeCN)2Cl2]
(1.6 mg, 6.1 mmol) and (S)-tol-binap (4.5 mg, 6.7 mmol) were added to
MeOH (0.5 mL) and the resulting catalyst mixture was stirred at RT for
1 h giving an orange solution. To this was added a solution of azabicycle
13 (35 mg, 0.12 mmol) and boronic acid 25 (67 mg, 0.18 mmol) in MeOH
(0.5 mL) followed by Cs2CO3 (39 mg, 0.12 mmol) in one portion. The re-
action mixture was allowed to stir for 22 h at RT and then dry loaded
onto silica. Purification by column chromatography (15!25% EtOAc in
hexane) gave dihydronaphthalene 29 (22 mg, 29%) as a white solid with
an ee of 42% as determined by chiral HPLC analysis (Chiralpak AD,
hexane/2-propanol 90:10, flow rate 1 mL min�1; tR = 5.4 (minor), 6.2 min
(major)); m.p. 107–110 8C; Rf =0.20 (15 % EtOAc in hexane); 1H NMR:
d = 6.81 (d, J=8.5 Hz, 1 H), 6.73 (s, 1H), 6.68 (d, J=8.5 Hz, 1H), 6.63
(s, 1H), 6.47 (d, J= 9.5 Hz, 1 H), 6.00–5.91 (m, 3 H), 5.21 (t, J=8.5 Hz,
1H), 5.09 (d, J=11 Hz, 1 H), 4.78 (d, J=11 Hz, 1 H), 4.51–4.42 (m, 2H),
3.81 (s, 3 H), 3.80 (s, 3H), 1.35 (s, 9H), 1.19–0.97 ppm (m, 21H);
13C NMR: d = 155.1, 151.5, 147.1, 146.7, 133.6, 131.0, 130.0, 129.3, 127.2,
127.1, 124.5, 111.5, 107.2, 106.9, 100.9, 79.2, 61.5, 56.6, 55.6, 51.7, 39.2,
28.3, 18.0, 12.1 ppm; IR (CH2Cl2): ñ = 3432w, 2941s, 2892s, 2866s, 1714s,
1485s, 1366m, 1276m, 1166m, 1044 cm�1 m; MS (ESI): m/z : 634 (45)
[M+Na+], 321 (100); HRMS: m/z : calcd for C34H49NO7NaSi: 634.3170,
found 634.3162 [M+Na+].


1,2-Dihydronaphthalene 30 (Table 1, entry 6 conditions): Following the
procedure to prepare 1,2-dihydronaphthalene 29, the addition of the aza-
bicycle 13 (1.00 g, 3.48 mmol) and boronic acid 27 (1.34 g, 5.22 mmol) in
MeOH (10 mL) followed by Cs2CO3 (1.13 g, 3.48 mmol) to [Pd-
ACHTUNGTRENNUNG(MeCN)2Cl2] (45 mg, 0.17 mmol) and (S)-tol-binap (129 mg, 0.19 mmol)
in MeOH (10 mL) gave after column chromatography (10 % EtOAc in
hexane) dihydronaphthalene 30 (1.56 g, 90%) as a white solid with an ee
of 91 % as determined by chiral HPLC analysis (Chiralpak AD, hexane/
2-propanol 90:10, flow rate 1.0 mL min�1): tR = 15.2 (minor), 27.5 min
(major); m.p. 53–55 8C; [a]25


D = ++90 (c = 1.0 in CHCl3); Rf = 0.23
(20 % EtOAc in hexane); 1H NMR: d = 6.83 (d, J=8.5 Hz, 1H), 6.74 (s,
1H), 6.64 (s, 1 H), 6.50 (d, J=9.5 Hz, 1 H), 5.99–5.91 (m, 4 H), 5.17 (t, J=


8.5 Hz, 1H), 4.81 (d, J=11 Hz, 1 H), 4.74–4.62 (m, 4 H), 4.20 (ddd, J=7,
4.5 Hz, 2, 1H), 3.84 (s, 3H), 3.82 (s, 3H), 3.40 (s, 3H), 1.35 ppm (s, 9 H);
13C NMR: d = 155.1, 151.6, 148.0, 147.1, 146.8, 130.9, 130.4, 129.7, 129.2,
127.4, 127.2, 124.7, 112.3, 107.3, 106.9, 101.0, 96.1, 79.3, 61.4, 60.4, 55.7,
55.5, 52.0, 39.6, 28.3 ppm; IR (CH2Cl2): ñ = 3407w, 2923s, 1700s, 1507s,
1482s, 1364m, 1279s, 1244m, 1165m, 1037 cm�1 m; MS (ESI): m/z : 522
(100) [M+Na+]; HRMS (ESI): m/z : calcd for C27H33NNaO8: 522.2098,
found 522.2116 [M+Na+].


Bromohydrin regioisomers 34 and 35 : NBS (623 mg, 3.50 mmol) was
added to a solution of dihydronaphthalene 30 (1.44 g, 2.89 mmol) in THF
(27 mL) and H2O (3 mL) and the resulting orange solution was allowed
to stir at RT for 90 min. The reaction mixture was diluted with H2O
(50 mL) and EtOAc (50 mL) and the layers separated. The aqueous layer
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was extracted with EtOAc (2 O 50 mL), the combined organic layers were
dried (MgSO4) and concentrated under reduced pressure to give a yellow
oil. Purification by column chromatography (10!50% EtOAc in
hexane) gave pure regioisomer 34 (420 mg, 23 %) and a mixture of bro-
mohydrins 34 and 35 (925 mg, 54%, 34/35 66:34) as pale brown solids.
Rf = 0.44 (34), 0.42 (35) (50 % EtOAc in hexane); regioisomer 34 : m.p.
98–102 8C; 1H NMR: d = 7.11 (s, 1H), 6.83 (br d, 1H), 6.65 (br s, 2H),
5.97 (s, 2H), 5.06 (br s, 1H), 4.99 (dd, J= 8.5, 3.5 Hz, 1H), 4.81–4.73 (m,
2H), 4.68 (d, J=6.5 Hz, 1H), 4.66 (d, J=6.5 Hz, 1H), 4.42 (br s, 2H),
4.08 (br s, 1 H), 3.86 (s, 3H), 3.84 (s, 3H), 3.35 (s, 3 H), 3.02 (br s, 1H),
1.26 ppm (br s, 9 H); 13C NMR: d 154.6, 151.5, 147.9, 147.7, 132.0, 130.4,
129.4 (x3), 124.4, 111.8, 107.7, 106.4, 101.3, 95.6, 79.5, 75.2, 61.5, 60.9,
55.7, 55.6, 54.8, 52.1, 46.1, 28.2 ppm; IR (CH2Cl2): ñ = 3343m, 2936m,
1682w, 1582w, 1504w, 1366s, 1278s, 1237s, 1168 cm�1 s; MS (ESI): m/z :
620 (100) [M+Na+], 618 (100) [M+Na+], 401 (25), 399 (25), 320 (55);
HRMS: m/z : calcd for C27H34


79BrNNaO9: 618.1309, found 618.1314 [M+


Na+]; 1H NMR (regioisomer mixture 34/35 2:1): d = 7.11 (s, 1 H
(major)), 7.00 (br s, 1H, (minor)), 6.83 (br d, 1 H (major), 1 H (minor)),
6.74–6.72 (br m, 2H (minor)), 6.65 (br s, 2 H (major)), 5.99 (d, J=1.5 Hz,
1H (minor)), 5.97 (s, 2 H (major), 1 H (minor)), 5.63–5.60 (br m, 1H
(minor)), 5.07 (br s, 1H (major)), 5.02 (d, J=3.5 Hz, 1H (minor)), 4.99
(dd, J=9, 4 Hz, 1 H (major)), 4.86–4.41 (m, 6 H (minor)), 4.80–4.72 (m,
2H (major)), 4.68 (d, J=7 Hz, 1 H (major)), 4.65 (d, J=6.5 Hz, 1H
(major)), 4.41 (br s, 2H (major)), 4.33 (t, J=6 Hz, 1 H (minor)), 4.08–4.00
(br m, 1 H (major)), 3.86 (s, 3 H (major), 3H (minor)), 3.84 (s, 3 H
(major)), 3.83 (s, 3 H (minor)), 3.44 (s, 3 H (minor)), 3.35 (s, 3H (major)),
3.07 (br s, 1 H (major)), 2.4 (d, J= 8 Hz, 1H (minor)), 1.36 (s, 9 H
(minor)), 1.26 ppm (s, 9H (major)).


Epoxide 36 : A solution of bromohydrins 34 and 35 (870 mg, 1.46 mmol)
in THF (250 mL) was cooled to �78 8C. A solution of KOtBu (1 m in
THF; 1.46 mL, 1.46 mmol) was added dropwise via a syringe and the re-
sulting solution was stirred at this temperature for 30 min. The reaction
mixture was warmed to 0 8C and washed with cold water (100 mL). The
layers were separated and the organic layer was dried (Na2SO4) and con-
centrated under reduced pressure to give epoxide 36 (565 mg, 75 %) as a
pale yellow solid. M.p. 77–78 8C; Rf =0.38 (50 % EtOAc in hexane);
1H NMR (4:1 mixture of rotamers): d = 7.38 (d, J=8.5 Hz, 1 H (minor)),
7.32 (d, J= 8.5 Hz, 1H (major)), 6.99 (d, J=8.5 Hz, 1 H (minor)), 6.94 (d,
J=8.5 Hz, 1H (major)), 6.94 (s, 1H (minor)), 6.93 (s, 1H (major)), 6.88
(s, 1 H (major)), 6.73 (s, 1H (minor)), 6.01 (d, J=1.5 Hz, 1H (minor)),
5.99 (d, J=1.5 Hz, 1H (major)), 5.98 (d, J=1.5 Hz (minor)), 5.96 (d, J=


1.5 Hz, 1H (major)), 5.14 (d, J=10.5 Hz, 1H (major)), 5.00 (ddd, J=10.5,
5, 1.5 Hz, 1H (major)), 4.95 (d, J=10.5 Hz, 1H (minor)), 4.88 (d, J=


11 Hz, 1H (major)), 4.88–4.84 (m, 1H (minor)), 4.79 (d, J=10.5 Hz, 1H
(minor)), 4.73 (d, J=11 Hz, 1 H (major), 1H (minor)), 4.69 (d, J=6.5 Hz,
1H (major)), 4.68 (d, J= 6.5 Hz, 1H (minor)), 4.64 (d, J=6.5 Hz, 1 H
(major), 1 H (minor)), 3.94 (d, J=4.5 Hz, 1H (major)), 3.91 (d, J=4 Hz,
1H (minor)), 3.89 (s, 3H (minor)), 3.87 (s, 3H (major)), 3.85 (s, 3H
(major), 3.83 (m, 2H (major), 3 H (minor)), 3.79 (dd, J=4, 1.5 Hz, 1H
(minor)), 3.69 (d, J=4.5 Hz, 1H (minor)), 3.33 (s, 3H (minor)), 3.32 (s,
3H (major)), 1.17 (s, 9H (major)), 1.14 ppm (s, 9H (minor)); 13C NMR
(mixture of conformers): d = [154.8 (major), 154.1 (minor)], [151.8
(minor), 151.7 (major)], 148.3 (minor + major), [148.2 (major), 147.9
(minor)], 147.2 (major + minor), [132.5 (major), 132.2 (minor)], [131.1
(minor), 130.0 (major)], [130.2 (major), 129.6 (minor)], [125.8 (minor),
125.3 (major)], 125.2 (major + minor), [112.5 (minor), 112.1 (major)],
[110.3 (major), 109.9 (minor)], [109.8 (minor), 109.6 (major)], [101.43
(minor), 101.40 (major)], [96.4 (minor), 95.9 (major)], [79.01 (minor),
78.6 (major)], [61.5 (minor), 61.4 (major)], [60.8 (minor), 60.5 (major)],
[59.6 (major), 59.3 (minor)], [55.8 (major), 55.6 (minor)], 55.5 (major +


minor), [53.85 (minor), 53.76 (major)], [53.5 (minor), 51.7 (major)], [39.3
(minor), 39.2 (major)], [28.3 (major), 28.0 ppm (minor)]; IR (CH2Cl2): ñ


= 3434m, 2936m, 2250m, 1703s, 1488m, 1423m, 1366m, 1282m, 1246s,
1168 cm�1 s; MS (ESI): m/z : 538 (100) [M+Na+]; HRMS: m/z : calcd for
C27H33NNaO9: 538.2047, found 538.2053 [M+Na+].


Alcohol 37: A solution of epoxide 36 (515 mg, 1.00 mmol) in Et2O
(5 mL) was added dropwise to a suspension of LiAlH4 (57 mg,
1.50 mmol) in Et2O (5 mL) at 0 8C. The reaction mixture was allowed to
stir at this temperature for 1 h and then at RT for 5 h. The reaction was


quenched by the sequential addition of acetone (6 mL), Et2O (6 mL) and
water (6 mL) at 0 8C. The organic layer was separated and the aqueous
layer extracted with Et2O. The combined organic layers were dried
(Na2SO4) and concentrated under reduced pressure to give a pink solid.
Purification by column chromatography (50 % EtOAc in hexane) gave al-
cohol 37 (228 mg, 44%) as an off-white solid. M.p. 74–76 8C; Rf=0.33
(50 % EtOAc in hexane); 1H NMR: d = 6.92 (d, J= 8 Hz, 1 H), 6.85 (s,
1H). 6.78 (d, J=8.5 Hz, 1H), 6.61 (s, 1 H), 5.94 (d, J=1.5 Hz, 1 H), 5.93
(d, J=1.5 Hz, 1 H), 5.22 (t, J=8.5 Hz, 1H), 5.05 (d, J= 11 Hz, 1H), 4.89
(d, J=9.5 Hz, 1H), 4.75 (s, 2 H), 4.54 (d, J=11 Hz, 1 H), 4.45–4.40 (m,
1H), 4.03–3.98 (m, 1 H), 3.84 (s, 3H), 3.82 (s, 3 H), 3.57 (br s, 1H), 3.42 (s,
3H), 2.99 (dd, J=16.5, 5 Hz, 1H), 2.75 (dd, J=16.5, 9 Hz, 1 H), 1.34 ppm
(s, 9H); 13C NMR: d = 155.8, 151.6, 148.2, 147.0, 146.8, 131.7, 120.3,
130.2, 127.3, 124.1, 112.4, 108.8, 107.1, 101.0, 96.2, 79.4, 68.1, 61.5, 60.3,
55.9, 55.7, 51.7, 43.5, 35.5, 28.3 ppm; IR (CH2Cl2): ñ = 3421w, 2932m,
1684w, 1484m, 1366m, 1279s, 1228s, 1166s, 1088 cm�1 s; MS (ESI): m/z :
540 (100) [M+Na+]; HRMS: m/z : calcd for C27H35NNaO9: 540.2204,
found 540.2208 [M+Na+].


N-Cbz azabicyclic alkene 38 : Me3SiI (0.93 mL, 6.51 mmol) was added
dropwise to a refluxing mixture of azabicycle 13 (1.70 g, 5.92 mmol) and
NEt3 (0.99 mL, 7.10 mmol) in CH2Cl2 (25 mL). After 15 min, the reaction
was cooled to 0 8C and anhydrous MeOH (0.31 mL, 7.70 mmol) added.
After 10 min freshly distilled benzyl chloroformate (1.10 mL, 7.70 mmol)
was added and the reaction was left to stir for 3 h at RT. The reaction
mixture was diluted with water (50 mL) and CH2Cl2 (25 mL) and the
layers separated. The aqueous layer was extracted with EtOAc (2 O
50 mL), the combined organic layers were dried (MgSO4) and solvent
evaporated under reduced pressure to give a brown oil. Purification by
column chromatography (10 % EtOAc in hexane) gave azabicycle 38
(1.52 g, 80%) as a pale brown solid. M.p. 101 8C; Rf =0.33 (30 % EtOAc
in hexane); 1H NMR: d = 7.35–7.24 (m, 5H), 6.98 (br s, 2 H), 6.84 (br s,
2H), 5.89 (dd, J=16, 1.5 Hz, 2 H), 5.50 (s, 2 H), 5.06 ppm (s, 2H);
13C NMR: d = 155.0, 144.4, [143.7, 142.8], 142.3, 136.2, 128.4, 128.0,
127.8, [104.7, 104.6], 101.1, 67.2, 66.4 ppm; IR (CH2Cl2): ñ = 3053w,
2986w, 1711m, 1462m, 1265s, 1092 cm�1 w; MS (EI) m/z 321 (25) [M+],
251 (12), 91 (100); HRMS: m/z : calcd for C19H15NO4: 321.1001, found
321.1000 [M+].


1,2-Dihydronaphthalene 39 : Following the procedure to prepare 1,2-dihy-
dronaphthalene 29 (except the reaction was stirred for 6 h), the addition
of the azabicycle 38 (1.88 g, 5.86 mmol) and boronic acid 27 (2.25 g,
8.79 mmol) in MeOH (16 mL) followed by Cs2CO3 (1.91 g, 5.86 mmol) to
[Pd ACHTUNGTRENNUNG(MeCN)2Cl2] (75 mg, 0.29 mmol) and (S)-tol-binap (217 mg,
0.32 mmol) in MeOH (16 mL) gave after column chromatography (10 %
EtOAc in hexane) dihydronaphthalene 39 (2.78 g, 89%) as a pale brown
foam with an ee of 90% as determined by chiral HPLC analysis (Chiral-
pak AD, hexane/2-propanol 85:15, flow rate 1.0 mL min�1); tR = 18.0
(minor), 59.4 min (major); recrystallization (2 % CH2Cl2 in Et2O) gave
dihydronaphthalene 39 (2.50 g, 80%) as a white solid with an ee of 99 %
as determined by chiral HPLC analysis. M.p. 106 8C; [a]25


D =++97 (c =


1.0 in CHCl3); Rf =0.10 (20 % EtOAc in hexane); 1H NMR: d = 7.33–
7.24 (m, 5 H), 6.84 (d, J= 8.5 Hz, 1H), 6.76 (s, 1 H), 6.69 (d, J=8.5 Hz,
1H), 6.62 (s, 1 H), 6.48 (d, J=9.5 Hz, 1 H), 5.96 (dd, J=9.5, 4.5 Hz, 1H),
5.91 (d, J=1.5 Hz, 1 H), 5.89 (s, 1 H), 5.23 (t, J=9 Hz, 1H), 5.03 (d, J=


12.5 Hz, 1 H), 5.04–5.02 (m, 2 H), 4.73–4.61 (m, 4 H), 4.23–4.20 (m, 1 H),
3.82 (s, 3 H), 3.78 (s, 3 H), 3.40 ppm (s, 3H); 13C NMR: d = 155.7, 151.5,
148.0, 147.1, 146.8, 136.4, 130.8, 130.2, 129.4, 128.9, 128.9, 128.3, 127.9,
127.4, 126.9, 124.5, 112.2, 107.3, 106.9, 100.9, 95.9, 66.5, 61.3, 60.2, 55.5,
55.3, 52.6, 39.6 ppm; IR (CH2Cl2): ñ = 3430w, 2919w, 2253m, 1711m,
1651w, 1484m, 1379w, 1277m, 1040 cm�1 m; MS (ESI): m/z : 556 (52)
[M+Na+], 322 (20), 321 (100), 290 (19); HRMS: m/z : calcd for
C30H31NNaO8: 556.1942, found 556.1941 [M+Na+].


Benzyl alcohol 40 : HCl (conc., 17 mL) was added to a solution of dihy-
dronaphthalene 39 (1.50 g, 2.81 mmol) in iPrOH (70 mL) and THF
(70 mL) and the resulting mixture stirred at RT for 8 h. After careful
quenching with sat. aq. NaHCO3 (100 mL) the layers were separated.
The aqueous layer was extracted with EtOAc (2 O 100 mL), the combined
organic layers were dried (MgSO4) and solvent evaporated under re-
duced pressure. Purification by column chromatography (20!40%
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EtOAc in hexane) gave benzyl alcohol 40 (1.03 g, 75%) as a white solid.
M.p. 85 8C; [a]22


D =++29 (c = 1.0 in CHCl3); Rf =0.30 (50 % EtOAc in
hexane); 1H NMR: d = 7.35–7.28 (m, 3 H), 7.19–7.16 (m, 2H), 6.91 (d,
J=8.5 Hz, 1 H), 6.79 (s, 1H), 6.73 (d, J=8.5 Hz, 1 H), 6.64 (s, 1H), 6.53
(dd, J=9.5, 2.5 Hz, 1 H), 5.95–5.91 (m, 3H), 5.20 (dd, J=10, 7 Hz, 1H),
4.95–4.69 (m, 5H), 4.30–4.28 (m, 1H), 3.90 (s, 3 H), 3.82 (s, 3H),
3.07 ppm (br s, 1 H); 13C NMR: d = 155.7, 151.6, 147.9, 147.3, 147.1,
136.3, 133.5, 130.4, 128.7, 128.3, 128.1, 128.0, 127.9, 127.8, 126.7, 125.1,
111.9, 108.4, 106.9, 101.1, 66.6, 61.5, 56.5, 55.7, 52.5, 40.6 ppm; IR
(CH2Cl2): ñ = 3404br, 2938w, 1700s, 1484s, 1378m, 1276s, 1243s, 1082m,
1039 cm�1 s; MS (ESI): m/z : 512 (15) [M+Na+], 321 (100), 291 (20);
HRMS: m/z : calcd for C28H27NNaO7: 512.1679, found 512.1677 [M+Na+].


Dihydronaphthalene 41: A solution of benzyl alcohol 40 (670 mg,
1.37 mmol) and PPh3 (525 mg, 2.00 mmol) in CH2Cl2 (13 mL) was cooled
to 0 8C. CBr4 (663 mg, 2.00 mmol) was added in one portion and the re-
sulting solution was stirred at this temperature for 1 h. The reaction mix-
ture was then diluted with CH2Cl2 (10 mL) and washed with water (2 O
20 mL). The solvent was evaporated under reduced pressure to give the
crude benzyl bromide. This was dissolved in anhydrous DMF (23 mL)
and cooled to 0 8C. NaH (60 % in mineral oil; 80 mg, 2.00 mmol) was
added in one portion and the suspension stirred at 0 8C for 3 h. The reac-
tion mixture was quenched by the addition of cold water (15 mL) and
the layers separated. The aqueous layer was extracted with EtOAc (2 O
20 mL), the combined organic layers were dried (MgSO4) and solvent
evaporated under reduced pressure. Purification by column chromatogra-
phy (20 % EtOAc in hexane) gave dihydronaphthalene 41 (581 mg, 90%)
as a white solid. M.p. 169 8C; [a]25


D =++119 (c = 1.0 in CHCl3); Rf =0.46
(50 % EtOAc in hexane); 1H NMR: d = 7.50–7.35 (m, 5H), 6.93 (d, J=


8.5 Hz, 1 H), 6.72 (d, J=8.5 Hz, 1 H), 6.61 (s, 1H), 6.50 (s, 1H), 6.44–6.38
(m, 2H), 5.87 (s, 1H), 5.85 (s, 1 H), 5.81 (br s, 1 H), 5.28 (br s, 2H), 5.11
(d, J=18 Hz, 1 H), 4.41 (d, J=18 Hz, 1H), 3.80 (s, 3 H), 3.78 (s, 3H),
3.60 ppm (br s, 1 H); 13C NMR: d = 156.2, 150.4, 147.2, 146.4, 144.3,
136.5, 128.4, 128.0, 127.9, 127.9, 127.6, 127.6, 127.5, 127.3, 126.2, 121.8,
110.9, 107.5, 105.7, 100.8, 67.5, 60.0, 55.6, 52.6, 39.1, 34.3 ppm; IR
(CH2Cl2): ñ = 2985w, 1699s, 1558m, 1482m, 1418m, 1278m, 1110m,
1037 cm�1 m; MS (EI): m/z : 494 (90) [M+Na+], 363 (20), 354 (21), 322
(22), 321 (100), 290 (21); HRMS: m/z : calcd for C28H25NNaO6: 494.1574,
found 494.1579 [M+Na+].


Bromohydrin 42 : Following the procedure to prepare bromohydrins 34
and 35, the addition of NBS (226 mg, 1.27 mmol) to a solution of dihy-
dronaphthalene 41 (547 mg, 1.16 mmol) in THF (10.4 mL) and H2O
(1.20 mL) gave after work-up and column chromatography (20 % EtOAc
in hexane) bromohydrin 42 (495 mg, 75%) as a pale brown solid. Mp
75 8C; [a]25


D =++103 (c = 1.0 in CHCl3); Rf =0.33 (50 % EtOAc in
hexane); 1H NMR: d = 7.41–7.30 (m, 5 H), 7.24 (d, J=8.5 Hz, 1H), 6.82
(d, J=8.5 Hz, 1 H), 6.77 (s, 1 H), 6.70 (s, 1 H), 6.05 (d, J=6.5 Hz, 1H),
5.92 (s, 2H), 5.30–5.27 (m, 3 H), 5.14 (d, J=18 Hz, 1H), 4.79 (d, J=


8.5 Hz, 1 H), 3.92 (d, J=18 Hz, 1H), 3.88–3.85 (m, 1H), 3.80 (s, 3 H), 3.77
(s, 3H), 1.37 ppm (d, J=10.5 Hz, 1 H); 13C NMR: d = 155.9, 150.8, 148.9,
147.6, 144.9, 136.4, 128.9, 128.5, 128.1, 128.1, 127.7, 127.6, 125.6, 124.0,
111.1, 109.5, 105.8, 101.3, 72.5, 67.7, 60.1, 55.7, 53.4, 49.8, 39.7, 38.6 ppm;
IR (CH2Cl2): ñ = 3443br, 291s, 1682s, 1606m, 1504s, 1242s, 1039 cm�1 s;
MS (ESI) m/z 590 (100) [M+Na+], 550 (45), 470 (26), 343 (20), 320 (25),
241 (35); HRMS: m/z : calcd for C28H26


79BrNNaO7: 590.0784, found
590.0783 [M+Na+].


Epoxide 43 : Following the procedure to prepare epoxide 36, the addition
of a solution of KOtBu (1 m in THF; 0.87 mL, 0.87 mmol) to bromohy-
drin 42 (495 mg, 0.87 mmol) in THF (175 mL) gave after work-up epox-
ide 43 (424 mg, quant.) as a pale yellow solid. M.p. 60 8C; [a]25


D =++112
(c = 1.0 in CHCl3); Rf =0.38 (50 % EtOAc in hexane); 1H NMR: d =


7.37–7.30 (m, 5H), 7.05 (d, J=8.5 Hz, 1 H), 6.89 (s, 2 H), 6.84 (d, J=


8.5 Hz, 1H), 5.95 (d, J=1.5 Hz, 1 H), 5.91 (d, J=1.5 Hz, 1 H), 5.77 (d, J=


8 Hz, 1 H), 5.20–5.16 (m, 2 H), 5.15 (br s, 1H), 4.24 (d, J=16 Hz, 1H),
3.84–3.68 ppm (m, 9 H); 13C NMR: d = 156.6, 150.8, 148.6, 146.9, 144.6,
136.3, 128.7, 128.7, 128.7, 128.4, 128.0, 127.9, 125.2, 124.2, 111.1, 110.0,
101.2, 67.6, 60.5, 55.7, 52.4, 51.1, 38.1, 36.8 ppm; IR (CH2Cl2): ñ = 3441s,
1694s, 1488s, 1417m, 1236m, 1096m, 1036 cm�1 m; MS (ESI): m/z : 510


(100) [M+Na+], 488 (25); HRMS: m/z : calcd for C28H25NNaO7:
510.1523, found 510.1522 [M+Na+].


(+)-Homochelidonine (2):[10c] LiAlH4 (36 mg, 0.96 mmol) was added in
one portion to a solution of epoxide 43 (117 mg, 0.24 mmol) in 1,4-diox-
ane (5 mL) at RT and stirred at this temperature for 1 h. The reaction
mixture was then heated to reflux for 18 h. After cooling to 0 8C the
excess LiAlH4 was destroyed by successive addition of acetone (1 mL),
Et2O (1 mL) and H2O (10 mL). The layers were separated and the aque-
ous layer was extracted with EtOAc (2 O 20 mL); the combined organic
layers were dried (MgSO4) and solvent evaporated under reduced pres-
sure. Purification by column chromatography (30 % EtOAc in hexane)
gave (+)-homochelidonine (2) (77 mg, 87 %) as a white solid with an ee
of 99 % as determined by chiral HPLC analysis (Chiralcel OD, hexane/2-
propanol 85:15, flow rate 1.0 mL min�1; tR = 18.4 (minor), 26.6 min
(major)); m.p. 190–193 8C (lit.[10c] m.p. 187–188 8C); [a] =++120 (c = 1.0
in EtOH) (lit.[10c] [a]25


D =++128 (c = 1.1 in EtOH)); Rf =0.26 (50 %
EtOAc in hexane); 1H NMR: d = 7.75 (br s, 1H), 6.98 (d, J=8.5 Hz,
1H), 6.88 (d, J=8.5 Hz, 1H), 6.67 (s, 1H), 6.65 (s, 1 H), 5.95 (d, J=


1.5 Hz, 1 H), 5.94 (d, J=1.5 Hz, 1H), 4.27–4.25 (m, 1 H), 4.20 (d, J=


16 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3 H), 3.54 (br d, J=2 Hz, 1H), 3.44 (d,
J=16 Hz, 1H), 3.23 (dd, J=17.5, 1 Hz, 1H), 3.09 (dd, J=17.5, 4.5 Hz,
1H), 2.96 (t, J= 2.5 Hz, 1H), 2.30 ppm (s, 3 H); 13C NMR: d = 150.6,
147.9, 145.1, 144.6, 130.3, 128.7, 128.7, 125.7, 123.1, 111.9, 111.7, 109.4,
100.9, 71.9, 62.6, 60.1, 55.9, 55.1, 42.5, 41.8, 39.6 ppm; IR (CH2Cl2): ñ =


2914s, 1486m, 1278s, 1230m, 1081m, 1041m, 937 cm�1 m; MS (EI): m/z :
369 (56) [M+], 351 (100), 320 (35), 336 (20), 204 (22), 192 (19); HRMS
(EI): m/z : calcd for C21H23NO5: 369.1576, found 369.1575 [M+].


Diol 44 : BiCl3 (3 mg, 0.01 mmol) was added to a solution of epoxide 43
(60 mg, 0.12 mmol) in H2O (0.6 mL) and MeCN (0.6 mL) at 0 8C. After
30 min the reaction was diluted with H2O (5 mL) and CHCl3 (5 mL). The
layers were separated and the aqueous layer was extracted with CHCl3


(2 O 5 mL). The combined organic layers were dried (MgSO4) and con-
centrated under reduced pressure to give a yellow oil. Purification by
column chromatography (50 % EtOAc in hexane) gave diol 44 (53 mg,
85%) as a white solid. M.p. 103–104 8C; [a]26


D =++125 (c = 1.0 in
CHCl3); Rf =0.21 (70 % EtOAc in hexane); 1H NMR: d = 7.91 (d, J=


8.5 Hz, 1H), 7.40–7.30 (m, 5 H), 6.86 (s, 1H), 6.72 (d, J= 8.5 Hz, 1H),
6.52 (s, 1H), 5.85 (d, J=4 Hz, 2 H), 5.64 (d, J=5 Hz, 1H), 5.25 (s, 2H),
5.04 (d, J=18 Hz, 1H), 4.44 (dd, J=7.5, 7 Hz, 1H), 4.04 (d, J=9 Hz,
1H), 3.86 (d, J= 18 Hz, 1 H), 3.80–3.67 (m, 7H), 2.90 ppm (br s, 2H);
13C NMR: d = 156.3, 150.7, 148.0, 147.7, 144.4, 136.6, 131.3, 128.8, 128.4,
128.1, 127.7, 126.7, 126.0, 125.3, 111.2, 107.1, 105.9, 101.4, 76.4, 70.8, 68.0,
60.2, 55.8, 53.2, 40.6, 38.7 ppm; IR (CHCl3): ñ = 3436br, 3016m, 1700m,
1683m, 1496m, 1482m, 1215m, 1040 cm�1 m; MS (ESI): m/z : 528 (100)
[M+Na+], 506 (33) [M+H+], 355 (38), 337 (30); HRMS: m/z : calcd for
C28H28NO8: 506.1809, found 506.1820 [M+H+].


(+)-Chelamidine (3):[10c] LiAlH4 (17 mg, 0.44 mmol) was added in one
portion to a solution of diol 44 (55 mg, 0.11 mmol) in 1,4-dioxane (1 mL)
at RT. The reaction mixture was then heated to reflux for 18 h. After
cooling to 0 8C the excess LiAlH4 was destroyed by successive addition of
acetone (1 mL), Et2O (1 mL) and H2O (10 mL). The layers were separat-
ed and the aqueous layer was extracted with EtOAc (2 O 20 mL); the
combined organic layers were dried (MgSO4) and solvent evaporated
under reduced pressure. Purification by column chromatography (70 %
EtOAc in hexane) gave (+)-chelamidine (3) (38 mg, 90%) as a white
solid. M.p. 230–232 8C (lit.[10c] m.p. 231–232 8C); [a]24


D =++112 (c = 0.65 in
EtOH) (lit.[10c] [a]24


D =++120 (c = 0.3 in EtOH)); Rf =0.15 (70 % EtOAc
in hexane); 1H NMR: d = 7.65 (br s, 1H), 7.03 (d, J=8.5 Hz, 1 H), 6.95
(s, 1H), 6.88 (d, J=8.5 Hz, 1 H), 6.69 (s, 1 H), 5.97 (d, J=1.5 Hz, 1H),
5.95 (d, J=1.5 Hz, 1 H), 4.81 (d, J=2 Hz, 1 H), 4.20 (d, J=16 Hz, 1 H),
4.12–4.06 (m, 1H), 3.88 (s, 3H), 3.87 (s, 3 H), 3.50 (d, J=2 Hz, 1 H), 3.46
(d, J= 16 Hz, 1H), 3.26 (br s, 1 H), 2.28 (s, 3H), 2.05 ppm (br s, 1H);
13C NMR: d = 150.6, 148.4, 146.9, 144.5, 130.9, 129.5, 128.8, 127.0, 123.2,
111.8, 110.5, 110.5, 101.3, 73.0, 62.2, 60.2, 56.0, 55.0, 42.5, 42.4, 36.9 ppm;
IR (CHCl3): ñ = 3421br, 3017m, 1652w, 1496w, 1487 cm�1 m; MS (ESI):
m/z : 386 (100) [M+H+]; HRMS: m/z : calcd for C21H24NO6: 386.1598,
found 386.1598 [M+H+].
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MOM-benzyl ether 46 : NaBH4 (662 mg, 17.5 mmol) was added in one
portion to aryl aldehyde 45 (4.00 g, 17.5 mmol) in MeOH (80 mL) at RT.
After stirring for 1 h, the reaction was carefully diluted with H2O
(100 mL) and EtOAc (200 mL). The layers were separated and the aque-
ous layer was extracted with EtOAc (2 O 200 mL); the combined organic
layers were dried (MgSO4) and solvent evaporated under reduced pres-
sure to give the crude benzyl alcohol. Following the procedure to prepare
benzyl ether 26, the addition of LiBr (304 mg, 3.5 mmol) and p-
TsOH.H2O (333 mg, 1.75 mmol) to the crude benzyl alcohol in dime-
thoxymethane (40 mL) gave after work-up and column chromatography
(20 % EtOAc in hexane) aryl bromide 46 (3.51 g, 73%) as a colorless oil
which solidified on standing. M.p. 42–44 8C (lit.[34] 43–45 8C); Rf =0.33
(25 % EtOAc in hexane); 1H NMR: d = 7.05 (d, J=8.5 Hz, 1H), 6.65 (d,
J=8.5 Hz, 1 H), 6.01 (s, 2H), 4.72 (s, 2H), 4.67 (s, 2 H), 3.43 ppm (s, 3H);
13C NMR: d = 148.0, 146.9, 125.3, 119.0, 116.2, 109.4, 101.8, 96.1, 63.0,
55.5 ppm; IR (neat): ñ = 2884m, 2822w, 1499m, 1458s, 1378m, 1259s,
1238s, 1149s, 1046 cm�1 s; MS (EI): m/z : 276 (65) [M+], 274 (66) [M+],
213 (54), 215 (55), 135 (100); HRMS: m/z : calcd for C10H11


79BrO4:
273.9841, found 273.9843 [M+].


Boronic acid 47: Following the procedure to prepare boronic acid 25, the
addition of nBuLi (1.6 m in hexanes; 7.50 mL, 12.0 mmol) to aryl bromide
46 (3.00 g, 10.9 mmol) in THF (50 mL) followed by B ACHTUNGTRENNUNG(OiPr)3 (7.55 mL,
32.7 mmol), acidic work-up, column chromatography (50 % EtOAc in
hexane) and recrystallization (H2O) gave boronic acid 47 (1.91 g, 73%)
as a white solid. M.p. 148–150 8C; Rf =0.20 (50 % EtOAc in hexane);
1H NMR: d = 7.44 (d, J=8.5 Hz, 1 H), 6.82 (d, J=8.5 Hz, 1 H), 6.27 (s,
2H), 5.99 (s, 2H), 4.77 (s, 2H), 4.71 (s, 2H), 3.41 ppm (s, 3H); 13C NMR:
d = 149.0, 146.7, 130.6, 127.1, 121.1, 108.2, 100.9, 95.1, 62.1, 55.9 ppm; IR
(CH2Cl2): ñ = 3380br, 2949s, 1588m, 1451m, 1420m, 1355s, 1279 cm�1 s;
MS (EI) m/z 240 (10) [M+], 239 (98), 179 (86), 178 (100), 148 (36), 135
(75), 76 (48); HRMS: m/z : calcd for C10H13BO6: 240.0800, found
240.0808 [M+].


1,2-Dihydronaphthalene 48 : Following the procedure to prepare 1,2-dihy-
dronaphthalene 29 (except the reaction was stirred for 6 h), the addition
of the azabicycle 38 (1.39 g, 4.33 mmol) and boronic acid 47 (1.56 g,
6.50 mmol) in MeOH (12 mL) followed by Cs2CO3 (1.41 g, 4.33 mmol) to
[Pd ACHTUNGTRENNUNG(MeCN)2Cl2] (57 mg, 0.22 mmol) and (S)-tol-binap (161 mg,
0.24 mmol) in MeOH (12 mL) gave after column chromatography (15 %
EtOAc in hexane) dihydronaphthalene 48 (1.90 g, 85%) as a colorless oil
(which solidified on drying under high vacuum), with an ee of 90 % as de-
termined by chiral HPLC analysis (Chiralpak AD, hexane/2-propanol
85:15, flow rate 1 mL min�1; tR = 22.6 (minor), 40.2 min (major)); recrys-
tallization (hexane) gave dihydronaphthalene 39 (1.68 g, 75 %) as a white
solid with an ee of 99% as determined by chiral HPLC analysis. M.p. 55–
57 8C; [a]26


D =++ 6.1 (c = 1.2 in CHCl3); Rf = 0.35 (50 % EtOAc in
hexane); 1H NMR: d = 7.24–7.37 (m, 5H), 6.78 (s, 1 H), 6.64–6.58 (m,
3H), 6.50 (dd, J=9.5, 2 Hz, 1H), 5.96–5.91 (m, 5 H), 5.18–5.14 (m, 1H),
5.02–4.92 (m, 3H), 4.67–4.56 (m, 4H), 4.21 (br s, 1H), 3.36 ppm (s, 3H);
13C NMR: d = 155.6, 147.2, 147.1, 146.1, 136.4, 131.9, 129.6, 128.8, 128.5,
128.1, 127.8, 127.8, 127.8, 126.8, 122.2, 117.9, 108.2, 107.7, 107.0, 101.1,
101.1, 95.7, 66.6, 59.8, 55.5, 52.7, 40.0 ppm; IR (CHCl3): ñ = 3393m,
2891s, 1714s, 1603w, 1505s, 1380s, 1233 cm�1 s; MS (ESI): m/z : 540 (100)
[M+Na+], 413 (15), 395 (15), 305 (80), 275 (20); HRMS (ESI): m/z :
calcd for C29H27NNaO8: 540.1628, found 540.1615 [M+Na+].


Benzyl alcohol 49 : Following the procedure to prepare benzyl alcohol 40,
the addition of conc. HCl (14 mL) to dihydronaphthalene 48 (1.00 g,
1.93 mmol) in iPrOH (50 mL) and THF (50 mL) gave after work-up and
column chromatography (20 % EtOAc in hexane) benzyl alcohol 49
(667 mg, 75 %) as a oil which solidified as a white foam on drying under
high vacuum. M.p. 80–83 8C; [a]26


D =�69 (c = 2.7 in CHCl3); Rf =0.40
(50 % EtOAc in hexane); 1H NMR: d = 7.34–7.29 (m, 3H), 7.17–7.15
(m, 2 H), 6.80 (s, 1 H), 6.69 (d, J=8 Hz, 1 H), 6.64–6.62 (m, 2H), 6.52 (dd,
J=10, 3 Hz, 1H), 6.03 (d, J=1 Hz, 1 H), 5.97 (d, J=1 Hz, 1 H), 5.95 (s,
2H), 5.90 (dd, J= 10, 3 Hz, 1 H), 5.18 (dd, J=10, 6.5 Hz, 1 H), 4.94–4.91
(m, 2 H), 4.83–4.78 (m, 2 H), 4.72 (dd, J=12, 4 Hz, 1 H), 4.30–4.27 (m,
1H), 3.02 ppm (dd, J=6, 4.5 Hz, 1 H); 13C NMR: d = 155.7, 147.5, 147.2,
146.6, 146.3, 136.2, 131.6, 128.6, 128.4, 128.1, 128.0, 127.9, 127.8, 127.7,
126.6, 122.5, 121.2, 108.8, 107.8, 106.9, 101.1, 66.7, 56.2, 52.4, 40.8 ppm;


IR (CHCl3): ñ = 3429br, 3018m, 1703s, 1505s, 1484s, 1455s, 1215s,
1040 cm�1 s; MS (EI): m/z : 473 (3) [M+], 323 (22), 322 (100), 91 (55);
HRMS: m/z : calcd for C27H23NO7: 473.1475, found 473.1483 [M+].


1,2-Dihydronaphthalene 50 : Following the procedure to prepare dihydro-
naphthalene 41, the addition of CBr4 (501 mg, 1.51 mmol) to a solution
of benzyl alcohol 49 (478 mg, 1.01 mmol) and PPh3 (396 mg, 1.51 mmol)
in CH2Cl2 (10 mL) gave after work-up the crude benzyl bromide. The ad-
dition of NaH (60 % in mineral oil; 60 mg, 1.51 mmol) to the crude
benzyl bromide in DMF (17 mL) gave after work-up and column chro-
matography (20 % EtOAc in hexane) dihydronaphthalene 50 (414 mg,
90%) as a white foam. M.p. 87–90 8C; [a]25


D =++31 (c = 1.5 in CHCl3);
Rf = 0.20 (20 % EtOAc in hexane); 1H NMR: d = 7.52–7.28 (m, 5H),
6.70 (d, J=8 Hz, 1H), 6.63–6.61 (m, 2H), 6.52 (s, 1H), 6.42 (d, J=3.5 Hz,
1H), 6.41 (s, 1 H), 5.90 (d, J=1.5 Hz, 1H), 5.86 (s, 1 H), 5.85 (d, J=


1.5 Hz, 2 H), 5.76 (br s, 1 H), 5.30 (s, 2 H), 5.04 (br s, 1H), 4.43 (d, J=


13 Hz, 1H), 3.58 ppm (br s, 1H); 13C NMR: d = 156.1, 147.3, 146.5,
145.3, 142.8, 136.4, 128.5, 128.1, 128.0, 128.0, 127.9, 127.7, 127.5, 127.4,
119.2, 114.4, 107.6, 106.7, 105.6, 101.2, 100.9, 67.6, 53.1, 38.4, 34.7 ppm;
IR (CHCl3): ñ = 2896s, 1698s, 1600m, 1455m, 1312s, 1257s, 1105s,
1050 cm�1 m; MS (ESI): m/z : 478 (90) [M+Na+], 395 (100), 305 (100),
304 (100); HRMS: m/z : calcd for C27H21NNaO6: 478.1261, found
478.1271 [M+Na+].


Bromohydrin 51: Following the procedure to prepare bromohydrins 34
and 35, the addition of NBS (98 mg, 0.55 mmol) to a solution of dihydro-
naphthalene 50 (228 mg, 0.50 mmol) in THF (4.5 mL) and H2O (0.5 mL)
gave after work-up and column chromatography (20 % EtOAc in
hexane) bromohydrin 51 (207 mg, 75 %) as a pale brown solid. M.p.
146 8C; [a]25


D =++73 (c = 2.8 in CHCl3); Rf =0.20 (40 % EtOAc in
hexane); 1H NMR: d = 7.42–7.33 (m, 5 H), 7.01 (d, J=8 Hz, 1H), 6.79
(s, 1H), 6.71 (d, J=8 Hz, 1 H), 6.70 (s, 1 H), 6.09 (d, J=6 Hz, 1H), 5.93
(s, 3H), 5.87 (s, 1 H), 5.30 (d, J=12 Hz, 1 H), 5.26 (d, J=12 Hz, 1H), 5.05
(d, J=17 Hz, 1 H), 4.81 (d, J=8.5 Hz, 1 H), 3.96 (d, J=17 Hz, 1 H), 3.84
(br s, 1 H), 1.73 (br s, 1H), 1.62 ppm (d, J=9.5 Hz, 1H); 13C NMR: d =


155.8, 148.9, 147.6, 145.8, 143.8, 136.3, 129.0, 128.5, 128.1, 127.8, 126.2,
125.4, 121.5, 115.5, 109.6, 107.1, 105.7, 101.6, 101.3, 72.5, 67.8, 53.4, 49.9,
39.9, 37.8 ppm; IR (CHCl3): ñ = 3445br, 3013w, 2893w, 1699s, 1484m,
1261 cm�1 m; MS (ESI): m/z : 574 (50) [M+Na+], 552 (5), 536 (60), 454
(65), 304 (30), 244 (100); HRMS: m/z : calcd for C27H23


79BrNO7:
552.0655, found 552.0658 [M+H+].


Epoxide 52 : Following the procedure to prepare epoxide 36, the addition
of a solution of KOtBu (1 m in THF; 0.36 mL, 0.36 mmol) to bromohy-
drin 51 (200 mg, 0.36 mmol) in THF (70 mL) gave after work-up epoxide
52 (162 mg, 95%) as a pale yellow solid. M.p. 85 8C; [a]25


D =++101 (c =


1.03 in CHCl3); Rf =0.30 (50 % EtOAc in hexane); 1H NMR: d = 7.33–
7.29 (m, 5 H), 7.08 (br s, 1H), 6.89 (s, 1H), 6.82 (d, J=8 Hz, 1 H), 6.73 (d,
J=8 Hz, 1H), 5.96 (d, J=1.5 Hz, 1H), 5.93–5.91 (m, 3 H), 5.76 (d, J=


8 Hz, 1H), 5.19 (app q, J=12 Hz, 2 H), 4.99 (d, J=16 Hz, 1H), 4.32 (d,
J=16 Hz, 1 H), 3.85–3.77 ppm (m, 3H); 13C NMR: d = 152.0, 148.7,
147.0, 145.8, 143.1, 136.4, 128.6, 128.6, 128.4, 128.3, 128.1, 128.0, 127.6,
125.2, 121.5, 117.4, 110.0, 107.1, 101.2, 67.5, 58.2, 52.5, 51.4, 37.8,
37.0 ppm; IR (CHCl3): ñ = 2897w, 1699s, 1557w, 1504m, 1464s, 1317m,
1250s, 1111m, 1040 cm�1 s; MS (ESI): m/z : 472 (20) [M+H+], 428 (50),
411 (100), 321 (95), 320 (90), 293 (40); HRMS: m/z : calcd for C27H22NO7:
472.1390, found 472.1378 [M+H+].


Diol 53 : Following the procedure to prepare diol 44, the addition of
BiCl3 (3 mg, 8 mmol) to a solution of epoxide 52 (40 mg, 0.08 mmol) in
H2O (0.4 mL) and MeCN (0.4 mL) gave after work-up and column chro-
matography (50 % EtOAc in hexane) diol 53 (36 mg, 86%) as a white
solid. M.p. 120–122 8C; [a]25


D =++93 (c = 1.0 in CHCl3); Rf = 0.21 (70 %
EtOAc in hexane); 1H NMR: d = 7.74 (d, J=8.5 Hz, 1H), 7.40–7.32 (m,
5H), 6.89 (s, 1 H), 6.65 (d, J=8.5 Hz, 1 H), 6.55 (s, 1 H), 5.89–5.88 (m,
2H), 5.86 (d, J=16 Hz, 1 H), 5.85 (d, J= 16 Hz, 1H), 5.69 (br s, 1 H), 5.26
(s, 2H), 4.95–4.93 (m, 1H), 4.52 (t, J=7.5 Hz, 1 H), 4.06 (d, J=8 Hz,
1H), 3.87 (d, J=16 Hz, 1 H), 3.74 (s, 1 H), 3.15 (br s, 1 H), 2.43 ppm (br s,
1H); 13C NMR: d = 155.5, 147.9, 147.6, 145.3, 142.9, 136.2, 130.9, 128.6,
128.6, 128.2, 128.0, 128.0, 126.5, 122.3, 115.5, 106.9, 105.7, 101.2, 101.1,
76.4, 70.6, 67.9, 53.3, 40.7, 37.7 pppm; IR (CHCl3): ñ = 3419br, 2897w,
1684s, 1499m, 1481s, 1458m, 1321m, 1240m, 1042 cm�1 s; MS (ESI): m/z :
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512 (40) [M+Na+], 509 (50) [M+], 490 (38), 428 (35), 411 (90), 321
(100), 320 (95); HRMS: m/z : calcd for C27H23NNaO8: 512.1321, found
512.1320 [M+Na+].


(+)-Chelidonine (4):[14d] Following the procedure to prepare (+)-homo-
chelidonine (2), the addition of LiAlH4 (9 mg, 0.24 mmol) to epoxide 52
(30 mg, 0.06 mmol) in 1,4-dioxane (1.5 mL) gave after work-up and
column chromatography (50 % EtOAc in hexane) (+)-chelidonine (4)
(18 mg, 88%) as a white solid. M.p. 212–213 8C (lit.[14a] m.p. 217–218 8C);
[a]25


D =++109 (c = 0.9 in EtOH); Rf =0.20 (70 % EtOAc in hexane);
1H NMR: d = 7.62 (br s, 1 H), 6.77 (d, J=8 Hz, 1H), 6.75 (d, J=8 Hz,
1H), 6.67 (s, 1 H), 6.65 (s, 1H), 5.98 (d, J= 1.5 Hz, 1 H), 5.97 (d, J=


1.5 Hz, 1H), 5.94 (d, J=2.5 Hz, 1H), 5.93 (d, J=2.5 Hz, 1H), 4.25–4.23
(m, 1 H), 4.09 (d, J=15 Hz, 1 H), 3.59–3.57 (m, 1 H), 3.43 (d, J=15 Hz,
1H), 3.23 (dd, J= 17.5, 1.5 Hz, 1 H), 3.10 (dd, J =17.5, 4.5 Hz, 1 H), 2.99
(t, J=2.5 Hz, 1H), 2.28 ppm (s, 3H); 13C NMR: d = 148.0, 145.5, 145.2,
142.9, 131.2, 128.7, 125.5, 120.4, 117.0, 111.9, 109.5, 107.4, 101.2, 101.0,
72.3, 62.8, 53.9, 42.4, 42.0, 39.6 ppm; IR (CHCl3): ñ = 3430br, 2878m,
2770m, 1494m, 1460s, 1372s, 1305 cm�1 s, 1245; MS (ESI): m/z : 354 (100)
[M+H+]; HRMS: m/z : calcd for C20H20NO5: 354.1335, found 354.1348
[M+H+].


(+)-Chelamine (5):[10c] Following the procedure to prepare (+)-chelami-
dine (3), the addition of LiAlH4 (9 mg, 0.24 mmol) to diol 53 (30 mg,
0.06 mmol) in 1,4-dioxane (0.6 mL) gave after work-up and column chro-
matography (60 % EtOAc in hexane) (+)-chelamine (5) (21 mg, 93%) as
a white solid. M.p. 195 8C (lit.[10c] m.p. 201–202 8C); [a]25


D =++102 (c = 0.8
in EtOH) (lit.[10c] [a]21


D =++111 (c = 0.3 in EtOH)); Rf =0.20 (70 %
EtOAc in hexane); 1H NMR: d = 7.59 (br s, 1H), 6.96 (s, 1 H), 6.81 (d,
J=8 Hz, 1H), 6.77 (d, J=8 Hz, 1 H), 6.70 (s, 1 H), 6.00 (d, J=1.5 Hz,
1H), 5.99 (d, J=1.5 Hz, 1H), 5.98 (d, J=1.5 Hz, 1 H), 5.94 (d, J=1.5 Hz,
1H), 4.83 (s, 1 H), 4.09 (d, J=15.5 Hz, 1 H), 4.07 (s, 1H), 3.55 (d, J=


3 Hz, 1 H), 3.48 (d, J=15.5 Hz, 1H), 3.30 (t, J=2.5 Hz, 1 H), 2.27 (s, 3H),
1.88 ppm (br s, 1 H); 13C NMR: d = 148.5, 147.0, 145.5, 142.9, 130.9,
130.5, 126.9, 120.5, 117.0, 111.7, 110.5, 107.6, 101.4, 101.3, 77.8, 73.0, 62.4,
53.8, 42.4, 37.1 ppm; IR (CHCl3): ñ = 3387br, 3017m, 2915w, 1502m,
1487m, 1465m, 1263m, 1215 cm�1 s; MS (ESI): m/z : 370 (100) [M+H+];
HRMS: m/z : calcd for C20H20NO6: 370.1285, found 370.1298 [M+H+].


(+)-Norchelidonine (6):[14d] Epoxide 52 (30 mg, 0.06 mmol) and 10 % Pd/
C (6 mg, 6 mmol) were stirred in EtOH (0.6 mL) under an H2 atmosphere
(balloon) for 2 h. The reaction mixture was filtered through a pad of
celite and the solvent evaporated under reduced pressure to give a
yellow solid. Purification by column chromatography (25 % hexane in
EtOAc) gave (+)-norchelidonine (6) (16 mg, 75 %) as a white solid. M.p.
197 8C (lit.[10d] m.p. 198–199 8C); [a]24


D =++103 (c = 0.8 in EtOH) (lit.[10d]


[a]22
D =++112 (c = 0.4 in EtOH)); Rf =0.20 (100 % EtOAc); 1H NMR: d


= 6.81 (d, J=8 Hz, 1H), 6.78 (d, J=8 Hz, 1 H), 6.72 (s, 1H), 6.68 (s,
1H), 6.00 (d, J=1.5 Hz, 1 H), 5.95–5.94 (m, 3H), 4.34–4.31 (m, 1H), 4.20
(d, J=15 Hz, 1 H), 4.10 (d, J=15 Hz, 1 H), 4.00 (d, J=3.5 Hz, 1 H), 3.16
(dd, J=17, 2.5 Hz, 1H), 3.07 (dd, J= 17, 3.5 Hz, 1 H), 2.94 ppm (t, J=


2.5 Hz, 1H) (OH and NH signals not visible); 13C NMR: d = 147.7,
146.5, 145.4, 143.4, 130.7, 128.9, 127.4, 121.3, 117.3, 109.8, 108.4, 107.5,
101.2, 101.0, 72.3, 55.9, 43.8, 40.2, 39.1 ppm; IR (CHCl3): ñ = 3321br,
2891m, 1501m, 1483s, 1457m, 1354m, 1262s, 1231s, 1075 cm�1 m; MS
(ESI): m/z : 340 (100) [M+H+]; HRMS: m/z : calcd for C19H18NO5:
340.1179, found 340.1179 [M+H+].
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Dissecting the Differences between the a and b Anomers of the Oxidative
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Introduction


One of the most common DNA lesions that is found in cells
after oxidative stress or g radiation[1,2] is the 2,6-diamino-4-
hydroxy-5-formamidopyrimi-
dine (FaPydG).[3] This lesion 1
is a hydrolysis product of gua-
nine that features an opened
imidazole ring, which strongly
increases the reactivity and
flexibility of the compound.
This structural element also
leads to rapid anomerization of
1 via the ring-opened inter-
mediate 2, as depicted in


Scheme 1, to give a mixture of the a and b anomers 1 and
3.[4] Additionally, hydrolysis of the glycosidic bond can occur
at elevated temperatures. So far, it is neither known if such
an anomerization occurs in DNA, nor has the reactivity of


the lesion been fully explored. Because repair of a-config-
ured nucleobases is a well-known fact, it is essential to study
the mutagenic effect of the maybe rare but important a ver-
sions of lesions.
To clarify the mutagenic potential of the FaPydG lesion,


several attempts to prepare the compound have been re-
ported. Cadet et al. obtained the formamidopyrimidine
lesion by direct irradiation of an oxygen-free aqueous solu-
tion that contained the nucleotide dG with gamma rays.[5]


They obtained an a/b mixture of the pyranosyl-FaPydG in
low yields, which was the first direct proof of the instability
of the compound. Greenberg et al. reported an elegant syn-
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Scheme 1. Anomerization of the b-FaPydG lesion 1 via the open intermediate 2 to its configurational a-isomer
3.
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thesis of the lesion, and this group was also able to incorpo-
rate it into DNA.[6–8] To address the question of which
anomer is finally present in DNA, a biochemical repair
study was performed, which suggested that the lesion exists
in DNA mainly as the b anomer.[7,8] Experiments by our
group to introduce the lesion into DNA by solid-phase syn-
thesis were thwarted by the rapid anomerization of the com-
pound during its synthesis or handling. In all cases, we ob-
tained a mixture of both anomers, particularly in DNA
single strands.[9] To circumvent
this problem, we[10] and
others[11,12] developed different
non-hydrolyzable derivatives of
the FaPy-lesion. To minimize
the influence of the modifica-
tion on the base-pairing proper-
ties of the lesion, we designed a
stabilized isosteric analogue of
the b anomer (b-cFapydG), in
which the oxygen atom in the
ribose ring is replaced by a
methylene unit. This eliminates
any anomerization reaction.
The strategy also allows the
synthesis of both “anomers” in
a pure form for a direct com-
parison, as reported here. In
recent studies, b-cFapydG was
incorporated into DNA and its
influence on DNA structure
was evaluated.[10] In addition, a
crystal structure of the stabi-
lized lesion in DNA in complex
with the FPG repair enzyme
could be obtained; this shows
that the preparation of bioiso-
steric lesion analogues, such as
b-cFaPydG and a-cFaPydG,
provides detailed information
about the biological and bio-
physical properties of fragile
DNA lesions.[13]


Here, we report the synthesis of the a anomer of the
FaPydG lesion as its stabilized carbacyclic analogue, a-cFa-
PydG. We report the pairing properties of the a analogue
and primer-extension studies to decipher the mutagenic po-


tential of the a-configured analogue by using high and low-
fidelity polymerases.


Results and Discussion


Synthesis : Synthesis of a-cFaPydG was achieved in about 15
steps as depicted in Scheme 2. The cyclopentane core 4 was
available in only four steps in good yields.[14, 15] This inter-


mediate was subsequently transformed into azide 6 in two
steps, which included the tosylation of the hydroxyl group to
give 5, followed by a SN2 reaction with sodium azide. Depro-
tection of the benzyl ethers with boron trichloride in di-
chloromethane furnished compound 7.
After protecting the free hydroxyl groups as tert-butyldi-


methylsilanes (TBDMS) to afford compound 8, the azide
function was reduced to the amine 9. Compound 9 was sub-
sequently coupled with heterocycle 10[9,16] to give the lesion
precursor 11. The absolute configuration of this compound
was verified by using NOE NMR spectroscopy. Reduction
of the nitro group of 11 and subsequent formylation of the
amine intermediate to 12 required stringently anhydrous
and anaerobic conditions. The best yields were obtained


Scheme 2. Synthesis of the a-cFaPydG phosphoramidite building block 15. a) p-TsCl, pyridine, RT, 18 h, 79%;
b) NaN3, DMF, 60 8C, 16 h, 94%; c) BCl3, CH2Cl2, �78 8C!RT, 99%; d) TBDMSCl, imidazole, DMF, RT,
16 h, 86%; e) 10% Pd/C, H2, EtOH, 15 h, quant.; f) DIEA, 10, 30 min RT, then 45 min at 60 8C, 71%; g) 10%
Pd/C, H2, EtOH/CH2Cl2 6:1, EDC·HCl, formic acid, THF/pyridine 5:3, RT, 10 h, 79%; h) HF–pyridine com-
plex, pyridine, THF, RT, 15 h, quant.; j) DMTCl, pyridine, RT, 3.5 h, 74%; k) 2-cyanoethyl-tetraisopropylphos-
phordiamidite, tetrazolate, CH3CN, RT, 6 h, 84%. DIEA=diisopropylethylamine.
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with N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
(EDC) and formic acid. After completing the synthesis of
the silyl-protected lesion nucleotide analogue, compound 12
had to be transformed into the required solid-phase synthe-
sis building block. This involved deprotection of the hydrox-
yl groups in 12 with HF–pyridine complex in THF to yield
diol 13. Additional pyridine was needed for the transforma-
tion to protect the acid-labile formyl group from cleavage.
Compound 13 was finally converted into the dimethoxytrityl
(DMT)-protected phosphoramidite 15 by using standard
procedures. With this building block in hand, the stage was
set to perform solid-phase synthesis. The lability of the
formyl group, however, required us to change the standard
procedures. The coupling time of building block 15 was in-
creased, and the typical capping reagents, phenoxyacetyl or
acetic anhydride, were changed to isobutyryl anhydride to
avoid any transamidation of the formamidopyrimidine.
Cleavage of the DNA from the solid support was performed
with concentrated ammonia in water/ethanol 3:1 at 15 8C
overnight. All oligonucleotides were purified by reverse-
phase HPLC and characterized by ESI-FTICR mass spec-
trometry. The sequences of the oligonucleotides that were
prepared for this study are listed in Table 1. DNA that con-
tained b-cFaPydG was prepared by following previously
published procedures.[9,10]


Enzymatic digest : To clarify that the correct incorporation
of a-cFaPydG into oligonucleotides has taken place, an en-
zymatic digest of the DNA strand followed by HPLC-MS/
MS characterization is needed. For this experiment, DNA
(ODN 1) was treated with four different enzymes, which are
able to cleave the DNA into the corresponding nucleosides.
The obtained mixture was subsequently separated by HPLC
on a reversed-phase column that was coupled to a FTICR
mass spectrometer. In the HPLC chromatogram that is de-
picted in Figure 1, three sharp signals are seen, which could
be assigned, based on the molecular weights, to the three
normal nucleosides (dC, dG and dT) that are present in the
strand. The signal at 10.1 min possessed the same molecular
weight and retention time as the deacetylated derivative of
compound 13, which is the compound that is expected to be
the product from the enzymatic digest of an a-cFaPydG-
containing oligonucleotide. This result proves that a-cFa-
PydG was not modified during DNA synthesis or purifica-
tion. The cis/trans-isomerization of the formamide on the
column is responsible for the rather broad appearance of
the signal.


Thermodynamic measurements : After successful incorpora-
tion into oligonucleotides, the influence of the pseudo-a
anomer on duplex stability and its base-pairing properties
were addressed. Two strands (ODN 2 and ODN 3) were hy-
bridized with four different counter strands. The counter
strands contained all four of the canonical nucleobases op-
posite the lesion to form all possible base pairs. UV melting
points of these duplexes were measured with DNA concen-
trations ranging from 0.3 to 27 mm. The thermodynamic pa-
rameters DH8, DS8 and DG�298 K of the duplex dissociation
process were determined by using van’t Hoff plots (see the
Supporting Information).[17] For a better comparison,
Table 2 also contains data for b-cFaPydG, which were taken
from previous work.[10]


From the data listed in Table 2, it is evident that the pres-
ence of either of the two cFaPydG lesion anomers in DNA
induces large duplex destabilizations, but while b-cFaPydG
still favours base pairing with dC (DG�298 K=�10.2 kcal
mol�1), no preferred pairing partner was observed in the
case of a-cFaPydG. The absolute value of DG�298 K for the
melting process of duplexes that contain a a-cFaPydG:dN
base pair is strongly reduced compared even to a dG:dA
mismatch;[9] a-cFaPydG induces a large destabilization of
the DNA duplex regardless of the opposing base, and is not
able to form any stabilizing interaction with any of the can-
onical bases.


Primer-extension experiments : To measure the thermody-
namic properties of the lesion in double-stranded DNA
alone is not sufficient to evaluate how it influences DNA
replication, because the basis for the replication fidelity is
the base-pairing situation inside the polymerase. This, how-
ever, is influenced by the steric constraints that are estab-
lished by the active site of the DNA polymerase. To investi-
gate the mutagenic potential, we prepared a DNA template/


Table 1. DNA sequences that were prepared for melting-point studies
and primer-extension investigations. X=a-cFaPydG; Y=b-cFaPydG.


Name Sequence


ODN 1 5’-CTC TTT X TTT CTC G
ODN 2 5’-GCG ATX TAG CG
ODN 3 5’-TGC AGT XAC AGC
ODN 4 5’-TAC XCC TGG TCA TT
ODN 5 5’-TAG YCC TGG TCA TT


Figure 1. HPLC chromatogram and mass spectrum of an enzymatic
digest of ODN 1. The peak at 10.1 min was assigned to a-cFaPydG by co-
injection and by mass spectrometry.
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primer complex (Figure 2) that contains one of the two com-
pounds, b-cFaPydG (ODN 5) or a-cFaPydG (ODN 4), at
position X, respectively.


The template was hybridized to the fluorescently (Fl) la-
belled primer so that the first base that is read by the poly-
merase for replication is the DNA lesion analogue (standing
start conditions).[18,19] For the analysis of the fluorescence-la-
belled primer and its extension products, capillary electro-
phoresis that was coupled to a laser-induced fluorescence
detector was employed. This allows exact quantification of
the extension products with single-base resolution.
In the first experiments, we studied how the lesion ana-


logues influence the fidelity of the polymerase Bst Pol I
from Geobacillus stearothermophilus. The experiment was
conducted by using 0.2 mm primer, 0.4 mm template, 3 nm Bst
Pol I and 0.2 mm dNTP at 25 8C. Every 5 min, aliquots from
the assay were quenched and subsequently analyzed by
using capillary electrophoresis. Figure 2 depicts the chroma-
tograms of the primer extension reaction with the template


that contains b-cFaPydG with dATP and dCTP. The primer
strand was detected with a retention time of 25.2 min, while
the elongation products appear at a slightly longer retention


time. An efficient elongation is
clearly taking place in the pres-
ence of dCTP, which is nicely
inserted opposite b-cFaPydG.
This is in full agreement with
our earlier data.[10] The increas-
ing n+2 peak in the right part
of Figure 2 is caused by the se-
quence of the template strand
ODN 5. At the position after
the lesion analogue, a dG base
is instructing the incorporation
of a second dCTP, so that in
our case, the primer is elongat-
ed stepwise by two bases: First
the incorporation opposite the
b-cFaPydG lesion is observed,
then a second dC is incorporat-
ed in a regular extension step.
To avoid the n+2 peak, we
changed the base that follows
the lesion to dC, and indeed


only one incorporation step opposite the lesion analogue is
observed (data not shown). In experiments in which dATP
was used instead of dCTP, one observes only very inefficient
incorporation of dATP opposite the b-cFaPydG lesion.
These results are in agreement with a recent primer-exten-
sion study with a FaPydG triphosphate, which showed pre-
ferred incorporation of the FaPydG triphosphate opposite
dC.[20] The observation is also in agreement with our own
primer-extension data,[10] and with recent in vivo studies.[21]


In summary, b-cFaPydG has very low mutagenic potential in
the replication process.
To our surprise, when the primer extension was conducted


under the same conditions by using the DNA template that
contains a-cFaPydG (ODN 4), no primer extension could be
observed. Even extensive screening of different enzyme con-
centrations (1, 5, 10, 100 nm) at 50 mm dNTP revealed no


Table 2. Thermodynamic data for two different double strands, containing either a- or b-cFaPydG with all natural bases as pairing partners.[a] For b-cFa-
PydG, see also reference [10].


5’-GCGATXTAGCG 5’-TGCAGTXACGC
3’-CGCTAYATCGC 3’-ACGTCAYTGCG


base pair[a] X :Y DG�298 K
[kcalmol�1]


DH8
[kcalmol�1][b]


DS8
[calmol�1K�1][b]


DG�298 K
[kcalmol�1]


DH8
[kcalmol�1][b]


DS8
[calmol�1K�1][b]


a-cFaPydG:dA �7.0 �44�1.1 �125�7.8 �10.4 �70�1.3 �201�8.0
a-cFaPydG:dC �7.7 �41�1.7 �111�4.7 �10.7 �64�1.9 �180�6.5
a-cFaPydG:dG �7.7 �40�2.0 �109�3.2 �11.1 �74�1.0 �211�7.2
a-cFaPydG:dT �7.8 �38�1.6 �100�6.1 �11.4 �77�1.1 �219�3.7
b-cFaPydG:dA �7.0 �42�2.0 �118�7.0 �10.4 �64�1.6 �181�5.0
b-cFaPydG:dC �10.2 �51�1.0 �137 �3.2 �13.4 �80�1.8 �222�5.7
b-cFaPydG:dG �6.9 �43�2.0 �121�6.8 �9.9 �61�1.1 �173�3.7
b-cFaPydG:dT �8.3 �47�1.0 �129�3.4 �10.8 �68�1.1 �193�3.7


[a] Conditions: 150 mm NaCl, 10 mm Tris-HCl (pH 7.4, coligo=0.3–27 mm). [b] The error was calculated by propagation of the standard error of the linear
regression.


Figure 2. Capillary electrophoresis coupled to laser-induced fluorescence detection of the elongation reaction
of a fluorescent-labelled primer with a b-cFaPydG that contains a template by using Bst Pol I as the poly-
merase (conditions: 0.2 mm primer, template 0.4 mm ODN 5, 3 nm Bst Pol I, 0.2 mm dATP or dCTP).
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elongation within 3.0 min of the assay time regardless of the
dNTP that was used. We also studied the low-fidelity poly-
merases Pol h and DinB to investigate if the blocking char-
acter of a-cFaPydG is limited to high-fidelity polymerase.
These polymerases are able read through certain DNA le-
sions, and belong to the recently discovered Y-family of
polymerases.[22] To our surprise, the same blocking effect
was also observed with S. cerevisiae Pol h and with DinB
from Geobacillus stearothermophilus. Even after increasing
the enzyme concentration by a factor of 100, no primer ex-
tension was obtained; this shows that the a anomer is a very
efficient replication blocker for high- and low-fidelity poly-
merases.
We finally decided to drastically increase the reaction


time and the triphosphate concentration. Indeed at a final
concentration of 6.5 mm Bst Pol I (about 2100 times higher
than in case of the b-cFaPydG), 2 mm dNTPs and 1.5 h reac-
tion time we could measure an elongation past the lesion
(see Figure 3). After 90 min reaction time, 55% of the


primer starting material was elongated under these enforced
conditions with dCTP, but only 28% was elongated with
dATP. We observed 10% elongation if we used dGTP, and
only 4% elongation was observed with dTTP. To our sur-
prise, dCTP remained the “best” triphosphate, followed by
dATP. Under these extremely harsh conditions, the high-fi-
delity polymerase is able to read through the a-cFaPydG
compound. dCTP, and to a lesser extent dATP, are preferen-
tially inserted.


Outlook and Conclusions


In this publication, we report the synthesis of the a-cFa-
PydG cyclopentane analogue of the FaPydG lesion, its in-
corporation into DNA strands, base-pairing properties and
finally primer-extension data. As shown by previous studies
from our group and other laboratories, the favoured base
pair of the b-cFaPydG lesion is formed with dC. The b isom-
er destabilizes the DNA, but it does not stop the poly-


merase, and it fully retains the coding potential of dG. The
b version of the lesion is, therefore, not strongly mutagenic.
In the case of a-cFaPydG, we observed different properties:
The thermodynamic data show that this anomer strongly de-
stabilizes the duplex irrespective of the counter base. One
possible explanation for this behaviour is that the a-config-
ured base might be outside the helix, and, therefore, unable
to form a base pair inside the base stack. In primer exten-
sion studies, a-cFaPydG turned out to be a strong blocking
unit for high- (Bst Pol I) and low-fidelity polymerases (DinB
and Pol h), but if the enzyme, triphosphate concentrations
and the reaction time are strongly increased, dCTP is inco-
porated by Bst Pol I.
The presented data allow a direct comparison between


the a and b version of a lesion that is based on the studies
of appropriate model compounds for the first time. From
these analogue studies, it is clear that the b version of the
lesion is neither blocking nor mutagenic, but the a version is
mainly blocking. Because the role of the anomerization of
the natural FaPydG lesion is still unknown in biological sys-
tems, the results presented here indicate that the rate of
anomerization is an important parameter that needs to be
investigated in more detail in duplex DNA. This is in ac-
cordance with recent in vivo experiments in which a mixture
of both anomers was employed.


Experimental Section


Chemicals were purchased from Sigma–Aldrich, Acros or Lancaster and
were used without further purification. Solvents were of reagent grade
and were purified by standard methods. The reactions were monitored
on Merck Silica 60 F254 TLC plates. Detection was carried out by irradia-
tion with UV light (254 nm) and staining with 0.5% KMnO4 in aq.
NaOH (1n) or acidic anisaldehyde solution. Flash chromatography was
performed on Silica 60 (Merck, 230–400 mesh). NMR spectra were re-
corded on the following spectrometers: Varian Oxford 200, Bruker
AC 300, Varian XL 400 and Bruker AMX 600. Chemical shifts (d) are
given in ppm, the coupling constants (J) in Hz. Mass spectra were record-
ed on the following machines: Finnigan MAT 95 (EI), Bruker Autoflex II
(MALDI-TOF) and Thermo Finnigan LTQ-FT (ESI-ICR). IR spectra
were measured on a Nicolet 510 FTIR spectrometer in a KBr matrix or
with a diamond-ATR (attenuated total reflection) setup. DNA synthesis
was performed on a PerSeptive Biosystems Expedite 8900 Synthesizer
and an Pkta Oligopilot 10 (Amersham Biosciences). Analysis and purifi-
cation of the oligonucleotides was performed on Merck LaChrome
HPLC systems with UV and diode array detectors by using 5 m silica-C18


RP columns and 0.1m NEt3/AcOH in H2O/MeCN as eluent. UV spectra
and melting points were measured on a Cary 100 UV/Vis spectrometer
by using 1 mL quartz cuvettes with 1 cm pathlength. The samples con-
tained NaCl (150 mm), Tris-HCl (10 mm, pH 7.4) and 0.3–27 mm of each
oligonucleotide. For every strand, five temperature cycles from 85 to 0 8C
were recorded. The melting point was calculated computationally by
using Microcal Origin. ESI spectra of DNA strands were measured in
flow injection analysis mode or coupled to chromatographic separation
(eluent: 2 mm NEt3/AcOH in H2O/MeCN). In flow injection mode, a
2 mL sample (30 mM DNA, 100 mm NH4OAc) was injected in a steady
flow of H2O/MeCN (8:2; 200 mLmin�1). The capillary temperature was
300 8C, spray voltage 4–5 kV (negative mode).


ACHTUNGTRENNUNG(1R,3S,4R)-3-(Benzyloxy)-4-[(benzyloxy)methyl]cyclopentane-1-tosylate
(5): (1R,3S,4R)-3-Benzyloxy-4-benzyloxymethylcyclopentan-1-ol 4 (7 g,
22.4 mmol) was dissolved in dry pyridine (30 mL) and cooled to 0 8C. p-


Figure 3. Capillary electrophoresis with laser-induced fluorescence detec-
tion of the elongation reaction of a fluorescent-labelled primer with a-
cFaPydG that contained template by using Bst Pol I (conditions: 0.2 mm


primer, 0.4 mm template ODN 4, 6.5 mm Bst Pol I, 2 mm dNTP).
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Toluenesulfonyl chloride (6.4 g, 33.6 mmol) was added in portions over a
period of 30 min. After the addition, the reaction was stirred at room
temperature for 18 h. The suspension was diluted with ethyl acetate
(300 mL) and H2O (200 mL). The organic phase was separated, washed
with sat. NH4Cl solution (3Q200 mL), brine (100 mL) and dried over
MgSO4. The solvent was evaporated and the residue was purified by
flash chromatography (silica gel (500 mL), hexane/ethyl acetate 5:1) to
give 5 (8.2 g, 17.6 mmol, 79%) as a colourless oil. Rf=0.26 (20% ethyl
acetate in hexane); 1H NMR (400 MHz, CDCl3): d=7.79 (m, 2H), 7.38–
7.27 (m, 12H), 5.05–4.99 (m, 1H), 4.50 (s, 2H), 4.45 (s, 2H), 3.96–3.92
(m, 1H), 3.48–3.40 (td, 2H, J=6.3 Hz), 2.45 (s, 3H), 2.33–2.20 (m, 2H),
2.14–2.01 (m, 2H), 1.69–1.62 ppm (m, 1H); 13C NMR (100 MHz, CDCl3):
d=144.5, 138.2 (2C), 129.7, 128.3 (2C), 127.7 (4C), 127.5 (4C), 127.4
(4C), 82.1, 80.1, 73.0, 71.6, 71.2, 44.0, 38.8, 34.0, 21.5 ppm; IR (ATR): ñ=


3436 (br), 3063 (s), 3031 (m), 2927 (m), 2862 (m), 1598 (m), 1454 (m),
1360 (s), 1189 (s), 1175 (vs), 1096 (s), 988 (m), 894 (s), 668 cm�1; HRMS
(ESI+): m/z : calcd for C27H30O5S: 466.1814; found: 466.1799 [M]+ .


ACHTUNGTRENNUNG(1S,3S,4R)-3-(Benzyloxy)-4-[(benzyloxy)methyl]cyclopentane-1-azide (6):
Compound 5 (8.0 g, 17.1 mmol) was dissolved in dry DMF (30 mL) and
NaN3 (12.2 g, 18.8 mmol) was added. The mixture was stirred at 60 8C for
14 h. After the addition of ethyl acetate (300 mL), the organic layer was
washed with sat. NaHCO3 solution (2Q100 mL) and brine (100 mL) and
dried over MgSO4. The solvent was removed under reduced pressure.
The residue was purified by flash chromatography (silica gel (100 mL),
hexane/ethyl acetate/CHCl3 10:1:0.5) to give 6 (5.4 g, 16 mmol, 94%) as
a colourless oil. Rf=0.54 (20% ethyl acetate in hexane); 1H NMR
(400 MHz, CDCl3): d =7.39–7.25 (m, 10H), 4.52 (dd, J=26.0, 18.6 Hz,
2H), 4.49 (s, 2H), 3.97–3.89 (m, 1H), 3.86 (td, J=7.0, 5.1 Hz, 1H), 3.44
(d, J=5.5 Hz, 2H), 2.54–2.43 (m, 1H), 2.24 (td, J=13.8, 6.8 Hz, 1H),
1.99 (dddd, J=13.4, 8.7, 4.7, 1.3 Hz, 1H), 1.84 ppm (dddd, J=28.2, 20.8,
9.5, 4.2 Hz, 2H); 13C NMR (100 MHz, CDCl3): d =138.2 (2C), 129.7
(2C), 128.3 (2C), 127.7 (2C), 127.5 (3C), 127.4, 80.1, 73.0, 71.6, 71.2,
44.0, 38.8, 34.0, 21.5 ppm; IR (ATR): ñ=3064 (w), 3030 (w), 2931 (m),
2858 (m), 2097 (vs), 1730 (w), 1491 (w), 1454 (m), 1360 (m), 1263 (m),
1206 (w), 1097 (s), 1028 (m), 736 (s), 697 cm�1; HRMS (ESI+): m/z : calcd
for C20H23N3O2: 337.1790; found: 337.1591 [M]+ .


ACHTUNGTRENNUNG(1S,3S,4R)-3-(Hydroxy)-4-[(hydroxy)methyl]cyclopentan-1-azide (7):
Compound 6 (5.2 g, 15.4 mmol) was dissolved in dry CH2Cl2 (100 mL)
and cooled to �78 8C. A solution of 1m BCl3 (200 mL) in CH2Cl2 was
added by means of a dropping funnel over a period of 45 min and the
mixture was stirred at �78 8C for 3 h, then warmed up to room tempera-
ture. The reaction was quenched with dry MeOH (80 mL) at �78 8C and
was allowed to warm up to room temperature overnight. The solvents
were evaporated and the residue was purified on silica gel (10 cm pad of
350 mL silica gel, 10% MeOH in CHCl3). Product 7 (2.4 g, 15.3 mmol,
99%) was obtained as a yellow oil. Rf=0.27 (10% MeOH in CHCl3);
1H NMR (400 MHz, CDCl3): d=4.07 (dd, J=13.3, 6.0 Hz, 1H), 4.02–3.95
(m, 1H), 3.79 (ddd, J=10.4, 5.2, 3.0 Hz, 1H), 3.56 (dd, J=10.4, 8.0 Hz,
1H), 2.36–2.20 (m, 4H), 1.99–1.92 (m, 1H), 1.77 (dddd, J=14.0, 6.0, 4.5,
1.6 Hz, 1H), 1.58 ppm (ddd, J=13.9, 9.8, 6.8 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d =75.8, 65.0, 60.2, 48.4, 40.7, 33.3 ppm; IR (ATR):
ñ=3351 (vs), 2935 (s), 2499 (w), 2103 (vs), 1651 (w), 1442 (m), 1338 (m),
1261 (s), 1165 (m), 1076 (s), 1048 (s), 941 (m), 878 (w), 687 (m),
559 cm�1; HRMS (ESI�): m/z : calcd for C6H11N3O2Cl: 192.0545; found:
192.0544 [M+Cl]� .


ACHTUNGTRENNUNG(1S,3S,4R)-3-(tert-Butyldimethylsilanyloxy)-4-[(tert-butyldimethylsilanyl-
oxy)methyl]cyclopentane-1-azide (8): Compound 7 (2.4 g, 15.3 mmol)
was dissolved in dry DMF (20 mL), and imidazole (2.61 g, 38.3 mmol)
was added at room temperature. After the portionwise addition of
TBDMSCl (5.77 g, 38.3 mmol) at 0 8C, the mixture was stirred at room
temperature for 16 h. The reaction was diluted with CH2Cl2 (200 mL),
washed once with sat. NH4Cl (150 mL) and with brine (100 mL) and
dried over MgSO4. The solvent was removed in vacuo and the crude
product was purified by flash chromatography (300 mL silica gel, 5%
ethyl acetate in hexane) to give compound 8 (5.1 g, 13.2 mmol, 86%) as
colourless oil. Rf=0.59 (ethyl acetate/hexane 20:1); 1H NMR (400 MHz,
CDCl3): d=4.04 (q, J=6.5, 6.5, 6.5 Hz, 1H), 3.87–3.77 (m, 1H), 3.60–3.52
(m, 2H), 2.23 (td, J=13.7, 6.9, 6.9 Hz, 1H), 2.10 (tdt, J=8.6, 8.6, 6.2, 4.4,


4.4 Hz, 1H), 1.90–1.74 (m, 2H), 1.72–1.63 (m, 1H), 0.88 (s, 18H), 0.05 (s,
6H), 0.03 ppm (s, 6H); 13C NMR (100 MHz, CDCl3): d=73.1, 62.6, 59.5,
49.1, 41.2, 32.7, 25.9 (3C), 25.8 (3C), 18.3, 18.0, �4.6, �4.8, �5.4,
�5.5 ppm; IR (ATR): ñ =2956 (s), 2930 (s), 2896 (m), 2858 (s), 2098 (s),
1472 (m), 1464 (m), 1389 (w), 1361 (w), 1257 (s), 1108 (s), 1006 (m), 939
(w), 874 (m), 836 (vs), 813 (m), 776 (s), 669 cm�1 (w); HRMS (ESI+):
m/z : calcd for C18H39N3O2Si2: 385.2581; found: 385.2579 [M]+ .


ACHTUNGTRENNUNG(1S,3S,4R)-3-(tert-Butyldimethylsilanyloxy)-4-[(tert-butyldimethylsilanyl-
oxy)methyl]cyclopentane-1-amine (9): 10% Pd/C (300 mg) was added to
a suspension of compound 8 (2.94 g, 7.6 mmol) in dry EtOH (20 mL).
The reaction was evacuated twice to exchange the inert gas atmosphere,
and then connected to two balloons that were filled with H2. The suspen-
sion was vigorously stirred at room temperature for 15 h. The palladium
catalyst was removed by using a PTFE-Filter (Whatman Puradisc) and
the solvent was removed under reduced pressure. The amine 9 (2.73 g,
6.0 mmol, quant.) was obtained as a colourless liquid, and was used with-
out further purification. Rf=0.31 (10% MeOH in CHCl3);


1H NMR
(400 MHz, CDCl3): d=4.04 (dd, J=10.6, 5.1 Hz, 1H), 3.47 (ddd, J=28.0,
10.0, 5.4 Hz, 2H), 3.29 (ddd, J=11.7, 6.8, 4.9 Hz, 1H), 2.21–2.12 (m, 1H),
2.03 (td, J=12.8, 6.3, 6.3 Hz, 1H), 1.75–1.67 (m, 3H), 1.61 (ddd, J=13.5,
9.1, 4.4 Hz, 1H), 1.44 (td, J=13.0, 5.2, 5.2 Hz, 1H), 0.87 (s, 9H), 0.86 (s,
9H), 0.04 (s, 3H), 0.03 (s, 3H), 0.02 ppm (s, 6H); 13C NMR (100 MHz,
CDCl3): d =74.9, 64.0, 51.2, 49.6, 45.1, 37.7, 25.9 (3C), 25.8 (3C), 18.3,
18.0, �4.6, �4.8, �5.4, �5.5 ppm; IR (ATR): ñ =2956 (s), 2930 (s), 2887
(m), 2858 (s), 1472 (m), 1464 (m), 1389 (w), 1361 (w), 1257 (s), 1103 (s),
1006 (m), 939 (w), 874 (m), 836 (vs), 813 (m), 775 (s), 668 cm�1 (w);
HRMS (ESI+): m/z : calcd for C18H41NO2Si2: 359.2676; found: 359.2679
[M]+ .


N-{4-[3-(tert-Butyldimethylsilanyloxy)-4-[(tert-butyldimethylsilanyloxy)-
methyl]cyclopentylamino]-5-nitro-6-oxo-1,6-dihydropyrimidin-2-yl}acet-
amide (11): The amine 9 (2.73 g, 7.6 mmol) was dissolved in dry DMF
(50 mL) and treated with diisopropylethylamine (1.5 mL, 8.4 mmol) and
the heterocycle chloride 10 (1.77 g, 7.6 mmol, 1 equiv). This reaction was
first stirred at room temperature for 30 min then at 60 8C for 45 min.
TLC analysis with ninhydrin staining indicated the completion of the re-
action. The mixture was diluted with ethyl acetate (300 mL) and the or-
ganic phase was washed with brine (3Q). After drying over MgSO4, the
solvent was evaporated and the residue was dried overnight under high
vacuum. Purification by flash chromatography (silica gel (500 mL), 5%
MeOH in CHCl3) gave 11 (3.0 g, 5.4 mmol, 71%) as a yellow powder.
Rf=0.38 (10% MeOH in CHCl3); m.p. 220–225 8C; 1H NMR (400 MHz,
CDCl3): d=11.43 (br s, 1H), 10.36 (br s, 1H), 10.00 (d, J=7.8 Hz, 1H),
4.62–4.52 (m, 1H), 4.18 (td, J=5.5, 2.8, 2.8 Hz, 1H), 3.51 (dd, J=10.1,
5.8 Hz, 1H), 3.38 (dd, J=10.1, 6.1 Hz, 1H), 2.29 (s, 3H), 2.22 (m, 1H),
2.00 (ddd, J=13.7, 6.7, 5.6 Hz, 1H), 1.90–1.82 (m, 1H), 1.71 (m, 2H),
0.87 (s, 18H), 0.07 (s, 3H), 0.06 (s, 3H), 0.03 (s, 3H), 0.02 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d=172.6, 157.4, 155.2, 149.8, 112.9, 75.6,
64.0, 52.4, 49.9, 41.7, 35.0, 25.9 (6C), 18.3, 18.2, �4.6 (2C), �5.4,
�5.5 ppm; IR (ATR): ñ =3436 (m), 3214 (m), 2955 (s), 2931 (s), 2887
(m), 2858 (s), 1669 (vs), 1623 (vs), 1589 (vs), 1537 (s), 1472 (m), 1427
(m), 1373 (m), 1330 (m), 1232 (s), 1151 (w), 1108 (m), 1034 (w), 1005
(w), 939 (vw), 837 (s), 776 (m), 699 cm�1 (w); HRMS (ESI+): m/z : calcd
for C24H45N5O6Si2: 556.2987; found: 556.2993 [M+H]+ .


N-{4-[3-(tert-Butyldimethylsilanyloxy)-4-[(tert-butyldimethylsilanyloxy)-
methyl]cyclopentylamino]-5-formylamino-6-oxo-1,6-dihydropyrimidin-2-
yl}acetamide (12): Compound 11 (1.9 g, 3.4 mmol) was dissolved in dry
EtOH (30 mL) and CH2Cl2 (5 mL). The reaction was evacuated twice to
exchange the inert gas atmosphere and then connected to two balloons
that were filled with H2. The suspension was vigorously stirred at room
temperature for 15 h. The palladium catalyst was removed by using a
PTFE-Filter (Whatman Puradisc) and the solvent was removed under re-
duced pressure. The amine was obtained as a colourless powder, which
was directly converted into the formamide; the residue was dissolved in
dry THF (50 mL) and dry pyridine (30 mL). EDC·HCl (1.7 g, 8.8 mmol)
was added in one portion and after the majority of the suspension was
dissolved, formic acid (162 mL, 4.3 mmol) was introduced. The reaction
was stirred for 10 h, and then the solvent was removed under reduced
pressure. The obtained residue was dissolved in ethyl acetate (200 mL)
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and washed with H2O (2Q100 mL), sat. NaHCO3 solution (2Q100 mL)
and brine (100 mL). After drying over MgSO4, the solvent was evaporat-
ed and the residue was purified by flash chromatography (silica gel
(350 mL), 5% MeOH in CHCl3). Compound 12 (1.5 g, 2.7 mmol, 79%)
was isolated as yellow powder after recrystallization from heptane. Rf =


0.22 (10% MeOH in CHCl3); m.p. 115–119 8C; 1H NMR (400 MHz,
DMSO): d=11.27 (br s, 2H), 8.73 (d, J=1.6 Hz, 0.61H), 8.04 (d, J=


1.6 Hz, 0.39H), 8.04 (d, J=11.3 Hz, 0.61H), 7.80 (d, J=11.5 Hz, 0.39H),
6.55 (d, J=8.2 Hz, 1H), 6.18 (d, J=8.3 Hz, 1H), 4.37 (qd, J=14.3, 7.17,
7.17, 6.86 Hz, 1H), 3.98–3.90 (m, 1H), 2.15 (s, 3H), 2.18–2.02 (m, 2H),
1.77–1.61 (m, 2H), 1.53 (ddd, J=25.82, 12.87, 6.47 Hz, 1H), 0.86 (s, 9H),
0.85 (s, 9H), 0.03 (s, 3H), 0.03 (s, 3H), 0.03 (s, 3H), 0.02 ppm (s, 3H);
13C NMR (100 MHz, DMSO): d=174.1, 174.0, 166.8, 161.3, 158.5, 157.5,
157.4, 148.9, 148.8, 74.4, 63.8, 49.4, 49.1, 42.2, 34.6, 26.2 (3C), 24.3, 18.4,
18.2, �4.2, �4.4, �5.0 ppm (2C); IR (ATR): ñ =3436 (s), 2956 (m), 2950
(m), 2858 (m), 1652 (s), 1472 (w), 1254 (m), 1088 (w), 837 (m), 777 cm�1


(m); HRMS (ESI+): m/z : calcd for C25H47N5O5Si2: 554.3194; found:
554.3190 [M+H+]+ . The cis/trans isomers of the formyl group are re-
sponsible for the signals at d=8.67/8.04 and 8.04/7.8 ppm.


N-{4-[3-(hydroxy)-4-[(hydroxy)methyl]cyclopentylamino]-5-formylamino-
6-oxo-1,6-dihydropyrimidin-2-yl}acetamide (13): Compound 12 (250 mg,
0.45 mmol) was dissolved in dry THF (4.5 mL) and pyridine (125 mL) in a
10 mL plastic tube. After addition of HF–pyridine complex (125 mL), the
reaction was stirred overnight. The resulting orange precipitate was cen-
trifuged, and the supernatant was decanted off. The solvent was discard-
ed. Traces of HF–pyridine in the precipitate were quenched by adding
methoxytrimethylsilane (0.6 mL). The crude product was washed twice
with dry THF, and dried completely for 2 d under high vacuum. Com-
pound 13 (145 mg, 0.9 mmol, quant.) was obtained as a yellow powder.
Rf=0.67 (C18-TLC, MeOH/H2O 1:1); m.p. 152–155 8C; 1H NMR
(400 MHz, DMSO): d =11.34 (br s, 1H), 11.31 (br s, 1H), 8.75 (d, J=


1.4 Hz, 0.61H), 8.12 (d, J=11.5 Hz, 0.37H), 8.06 (d, J=1.5 Hz, 0.65H),
7.81 (d, J=11.5 Hz, 0.37H), 6.57 (d, J=8.2 Hz, 0.33H), 6.27 (d, J=


8.2 Hz, 0.62H), 4.76 (dd, J=11.5, 4.2 Hz, 1H), 4.49 (br s, 1H), 4.33 (sept.,
J=7.4, 7.4, 7.4, 7.4, 7.4 Hz, 1H), 3.83–3.74 (m, 1H), 3.43–3.23 (m, 2H),
2.15 (s, 3H), 2.07 (td, J=12.8, 6.4, 6.4 Hz, 1H), 2.01–1.91 (m, 1H), 1.73–
1.62 (m, 2H), 1.50 ppm (ddd, J=26.6, 13.1, 6.7 Hz, 1H); 13C NMR
(75 MHz, DMSO): d =202.7, 173.9, 161.1, 157.2, 113.6, 92.8, 67.4, 62.9,
49.6, 48.8, 35.0 (2C), 25.5, 24.2 ppm; IR (ATR): ñ =3420 (s), 2929 (w),
1645 (vs), 1587 (s), 1505 (m), 1440 (w), 1422 (m), 1375 (w), 1241 (s), 1152
(w), 1044 (m), 1013 (w), 879 (w), 710 (w), 563 cm�1 (w); HRMS (ESI�):
m/z : calcd for C13H18N5O5: 324.1308; found: 324.1315 [M�H]� .


N-{4-[3-(hydroxy)-4-[(dimethoxytrityloxy)methyl]cyclopentylamino]-5-
formylamino-6-oxo-1,6-dihydropyrimidin-2-yl}acetamide (14): Compound
13 (352 mg, 1.08 mmol) was dissolved in pyridine (15 mL) at room tem-
perature. DMTCl (477 mg, 1.41 mmol) was added in 3 portions (2Q
0.5 equiv + 1Q0.3 equiv) every 30 min. After 3.5 h stirring, TLC analysis
indicated that the reaction was complete and the mixture was quenched
with MeOH (3 mL). The solvent was evaporated under reduced pressure,
and the crude product was purified by flash chromatography (silica gel,
10% MeOH and 5% pyridine in CHCl3. The DMT-protected carbocycle
14 (500 mg, 7.97 mmol, 74%) was obtained as a powder. Rf=0.16 (10%
MeOH in CHCl3); m.p. 145–148 8C; 1H NMR (400 MHz, CDCl3): d=


11.34 (br s, 1H), 11.31 (br s, 1H), 8.75 (d, J=1.30 Hz, 0.61H), 8.12 (d, J=


11.5 Hz, 0.39H), 8.06 (d, J=1.5 Hz, 0.61H), 7.98 (d, J=11.5 Hz, 0.39H),
7.24–7.17 (m, 9H), 6.75–6.71 (m, 4H), 6.14 (d, J=8.2 Hz, 0.33H), 6.05 (d,
J=8.2 Hz, 0.62H), 4.46–4.30 (m, 1H), 3.99–3.89 (m, 1H), 3.70 (s, 6H),
3.00–2.89 (m, 2H), 2.10 (s, 3H), 2.35–2.25 (m, 1H), 2.13–1.98 (m, 2H),
1.83 (ddd, J=13.0, 8.9, 4.1 Hz, 1H), 1.63–1.52 ppm (m, 2H); 13C NMR
(100 MHz, CDCl3): d =172.6, 159.8, 157.8 (2C), 157.1, 155.2, 149.2, 144.6,
135.6, 135.4, 129.4 (4C), 127.5, 127.2, 126.1 (2C), 123.2, 12.5 (4C), 94.1,
85.2, 74.6, 64.9, 54.6, 49.8, 46.2, 41.4, 35.3, 23.5 ppm; IR (ATR): ñ =3436
(s), 2920 (s), 1732 (m), 1650 (m), 1445 (w), 1384 (m), 1249 (m), 1156 (w),
1070 (m), 612 cm�1 (w); HRMS (ESI+): m/z : calcd for C34H38N5O7:
628.2771; found: 628.2776 [M+H]+ .


N-{4-[3-(hydroxy)-4-[(dimethoxytrityloxy)methyl]cyclopentylamino]-5-
formylamino-6-oxo-1,6-dihydropyrimidin-2-yl}acetamide phosphorami-
dite (15): Compound 14 (420 mg, 0.67 mmol), tetrazolate (20 mg,


0.12 mmol) and 2-cyanoethyl-tetraisopropylphosphordiamidite (636 mL,
2.0 mmol) were suspended in acetonitrile (15 mL) and stirred for 6 h
under an argon atmosphere at room temperature. The acetonitrile was
evaporated under reduced pressure. The crude product was purified by
flash chromatography (50 mL of deactivated silica gel (the silica gel was
suspended in 1% pyridine in dichloromethane, stirred for 1 h, evaporated
and dried in an oven overnight) 8 cm pad, 5% MeOH in CHCl3 + 5%
pyridine). The phosphoramidite 15 (468 mg, 0.57 mmol, 84%) was ob-
tained as a colourless film. Rf=0.27 (10% MeOH in CHCl3);


1H NMR
(600 MHz, CDCl3): d=8.64–8.60 (m, 1H), 8.22 (s, 1H), 7.71 (m, 1H),
7.67 (tt, J=7.6, 7.6, 1.8, 1.8 Hz, 1H), 7.49–7.40 (m, 2H), 7.36–7.25 (m,
6H), 7.21 (t, J=7.4, 7.4 Hz, 1H), 6.86–6.76 (m, 3H), 6.33 (t, J=7.1,
7.1 Hz, 1H), 4.40–4.08 (m, 2H), 3.83–3.71 (m, 5H), 3.70–3.46 (m, 2H),
3.20–3.01 (m, 2H), 2.63 (m, 2H), 2.52 (t, J=6.0, 6.0 Hz, 1H), 2.39–2.30
(m, 2H), 2.21–2.05 (m, 3H), 2.05–1.80 (m, 2H), 1.75–1.60 (m, 1H), 1.53–
1.28 (m, 2H), 1.28–1.23 (m, 2H), 1.24–1.18 (m, 2H), 1.18–1.06 (m, 6H),
1.04 (d, J=6.8 Hz, 2H), 0.90 ppm (m, 1H); 13C NMR (150 MHz, CDCl3):
d=172.1, 171.8, 159.9, 168.6 (2C), 154.8, 154.7, 150.0, 145.5, 136.6, 136.2,
131.1, 130.4 (2C), 130.3, 128.5, 128.4 (2C), 126.9, 123.9, 118.2, 118.0,
113.4, 113.2, 86.0 (2C), 75.6, 75.5, 64.3, 64.1, 58.0, 57.9, 57.4, 57.3, 55.4,
50.7, 50.4, 50.3, 45.8, 45.5, 43.3 (2C), 43.2 (2C), 41.1, 41.0, 35.0, 34.7, 24.9
(2C), 24.8 (2C), 24.7 (2C), 24.6 (2C), 20.8, 20.6 ppm; 31P NMR (81 MHz,
CDCl3): d=147.5, 148,4 ppm; IR (ATR): ñ=3423 (s), 3242 (s), 2962 (m),
1655 (s), 1584 (s), 1510 (s), 1444 (m), 1415 (m), 1365 (w), 1250 (s), 977
(w), 728 cm�1 (w); HRMS (ESI�): m/z : calcd for C43H53N7O8P: 828.3693;
found: 828.3696 [M�H]� .


DNA synthesis : Oligonucleotide synthesis was performed on an PKTA
Oligopilot 10 from Amersham Biosciences by using standard DNA syn-
thesis conditions (deblocking solution: 2.5% dichloroacetic acid in tolu-
ene; activator: 0.25m 5-benzylmercaptotetrazole in acetonitrile; oxida-
tion: 150 mm I2 in 2,6-lutidine/MeCN/H2O 1:11:5; capping solutions: 1m


Ac2O, 2,6-lutidin (11%) in acetonitrile and N-methylimidazole (16%) in
MeCN. Ultra-mild phosphoramidites for dA, dC, dG, dT and CPG carri-
ers were obtained from Amersham, Glen Research or PE Biosystems.
Because oligonucleotides that contained the cFaPydG building block
were not compatible with the regular capping procedure, the standard
capping solutions were replaced by 2,6-lutidine/isobutyrylanhydride/THF
1:1:8, and N-methylimidazole (16%) in acetonitrile, and were used for all
couplings after the modification. The coupling of a-cFaPydG itself was
carried out by using an eight-fold excess of phosphoramidite in a double-
coupling protocol with 15 min for each step. After the modification, all
the phosphoramidites were also coupled with a double-coupling protocol
by using 10 equiv for 3 min. The DNA was cleaved off of the solid sup-
port by using EtOH and sat. NH3 solution (1:3) at 15 8C overnight. The
DNA was purified by RP-HPLC by using a gradient of 0.1m triethylam-
moniumacetate in H2O/0.1m triethylammoniumacetate in MeCN/H2O
80:20. The purity of the strands was verified by analytical RP-HPLC and
MALDI-TOF or ESI-FTICR mass spectrometry.


Enzymatic digestion of the DNA : For the enzymatic digestion, the DNA
(ca. 10 mg in 100 mL to clarify the mutagenic potential of the FaPydG
lesion) was incubated in 10 mL of buffer (300 mm ammonium acetate,
100 mm CaCl2, 1 mm ZnSO4, pH 5.7), 22 units Nuclease P1 (Penicilinum
citrium) and 0.05 units of calf spleen phosphodiesterase II. The sample
was shaken at 37 8C for 3 h. The digest was completed by adding 12 mL
buffer (500 mm Tris-HCl, 1 mm EDTA), 10 units of alkaline phosphatase
(CIP) and 0.1 units of snake venom phosphodiesterase I (Crotalus ada-
manteus venom). The sample was shaken for another 3 h at 37 8C. For
workup, 6 mL of 0.1m HCl was added and the probes were centrifuged
(6000 rpm, 5 min.). The digest was analyzed by HPLC (Interchim Inter-
chrom Uptisphere 3 HDO column (150Q2.1 mm), Buffer A: 2 mm NEt3/
HOAc in H2O; Buffer B: 2 mm NEt3/HOAc in H2O/MeCN 20:80; 0!
30 min; 0!30% B; 30!32 min; 30!100% B; 32!36 min; 100% B;
36!38 min; 100!0% B; 38!60 min; 0% B; flow: 0.2 mLmin�1). The
different peaks were assigned by co-injection, UV and FTICR-HPLC-
MS-MS, by using the same conditions. The incorporated cFaPydG could
be detected by LCMS/MS and FTICR-ESI; calcd mass for a-cFaPydG,
C13H20N5O6


� : m/z : 342.1419; found: 342.1416 [M+AcOH�H+]� ; further
signals of the lesion: FTICR-ESI+ : m/z : calcd for C11H16N5O4


� : 282.1208;
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found: 282.1225 [M�H+]� ; calcd for C10H16N5O3
� : 254.1259; found:


254.1221 [M�CO�H+]� .


Primer extensions : For primer extensions, a solution of template (4 mm)
and primer (2 mm) in buffer (KCl 50 mm, 10 mmK3PO4/HCl pH 7.5) was
heated to 80 8C and allowed to cool to 5 8C over several hours, then
stored at that temperature for the experiments. For the experiments with
concentrations as described in the text, primer/template solution (3 mL),
enzyme solution (3 mL) and dNTP solution (3 mL) were added to 21 mL
reaction buffer (Pol h : 100 mm KCl, 5 mm MgCl2, 10 mm DTT, 2.5 vol%
glycerin, 40 mm Tris-HCl pH 7.4, 2.5 vol% BSA (10 mgmL�1); DinB:
5 mm MgCl2, 10 mm DTT, 250 mgmL�1 BSA, 2.5 vol% glycerin, 40 mm,
pH 8 Tris-HCl; Bst Pol I: 10 mm KCl, 10 mm (NH4)2SO4, 2 mm MgSO4,
0.1% Triton X-100, 20 mm Tris-HCl buffer pH 8.8). The reaction was
quenched by adding 100 mm EDTA solution (30 mL, pH 7.4) and incuba-
tion at 95 8C for 15 min. After centrifugation at 5000 rpm, the DNA was
extracted from the supernatant by using ZipTip (Millipore). The eluted
probes (ca. 10 mL) were diluted with ddH2O (40 mL) and analyzed by
using capillary electrophoresis (9 kV for 30 min).
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Exploring the Relation between Amplification and Binding in Dynamic
Combinatorial Libraries of Macrocyclic Synthetic Receptors in Water
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Introduction


The design of successful synthetic receptors requires being
able to balance i) the strength of the non-covalent interac-
tions formed between the host and the guest; ii) the cost or
benefit of desolvating the host and the guest; iii) the entrop-
ic penalty associated with placing the host and guest in con-
formations suitable for binding; and iv) the benefit or cost
of any non-covalent intra-host[1] or intra-guest interactions
made or broken during binding. With our current imperfect
understanding of all these interactions this balancing act is


not always as successful as one would wish, prompting the
exploration of alternative approaches to synthetic receptors
that are less dependent on a detailed understanding.[2] One
such alternative is provided by dynamic combinatorial
chemistry.[3] In this method a set of relatively simple build-
ing blocks are designed, prepared and combined. A reversi-
ble reaction is used to link the building blocks together to
produce an equilibrium mixture of potential receptors (a dy-
namic combinatorial library or DCL). The binding energy
between host and guest can then be harnessed to drive the
synthesis of (ideally) the best receptor by shifting the equi-
librium of receptors towards those with the highest affinities
(Figure 1).
Dynamic combinatorial chemistry has spread into many


different areas, using an increasing number of reversible re-
actions to generate not only hosts but also guests for a wide
range of targets[3e,4] as well as sensors,[5] and catalysts.[6] In
some cases, spectacular levels of amplification of receptors
with exceptionally high affinity[4a] or remarkable structure[7]


Abstract: Herein we describe an exten-
sive study of the response of a set of
closely related dynamic combinatorial
libraries (DCLs) of macrocyclic recep-
tors to the introduction of a focused
range of guest molecules. We have de-
termined the amplification of two sets
of diastereomeric receptors induced by
a series of neutral and cationic guests,
including biologically relevant com-
pounds such as acetylcholine and mor-
phine. The host–guest binding affinities
were investigated using isothermal ti-
tration calorimetry. The resulting data-
set enabled a detailed analysis of the
relationship between the amplification
of selected receptors and host–guest
Gibbs binding energies, giving insight
into the factors affecting the design,
simulation and interpretation of DCL


experiments. In particular, two ques-
tions were addressed: Is amplification
by a given guest selective for the best
receptor? And does the best guest
induce the largest amplification of a
given receptor? Our experimental re-
sults and computer simulations showed
that the relative levels of amplification
of hosts by a guest are well-correlated
with their relative affinities, and simu-
lations have confirmed previous obser-
vations that amplification can be selec-
tive for the best receptor when only
modest amounts of guest are used. In
contrast, the correlation between guest


binding and the extent of amplification
of a given receptor across a wide range
of guests tends to be poorer, because
every guest has its own unique set of
affinities for competing receptors in
the DCL. This implies that the results
of screening a DCL for selective recep-
tors by comparing the response of the
mixture to two different guests should
be interpreted with caution. DCLs are
complex mixtures in which all com-
pounds are connected through a set of
equilibria. Obtaining quantitative infor-
mation about all host–guest binding
constants from such systems will re-
quire the explicit and simultaneous
consideration of all of the main equili-
bria within a DCL.
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have been observed. A fundamental understanding of the
complex and sometimes counterintuitive behavior of DCLs
in response to the introduction of the template has started
to emerge as a result of theoretical investigations by Severin
and co-workers[8] and ourselves.[9]


Key to most applications of DCLs is the presumption that
library members that bind strongly to a template get ampli-
fied efficiently. This paper describes a detailed study of the
binding and amplification of two pairs of diastereomeric re-
ceptors from a DCL by several different but structurally re-
lated guests, including biologically and pharmaceutically rel-
evant compounds such as acetylcholine and morphine alka-
loids. It represents the most extensive dynamic combinatori-
al dataset to date, allowing us, for the first time, to probe
the relationship between binding strength to a particular
host in a DCL and the guest-induced amplification of this
host across a wide range of guests. From the data obtained
in this study of selected hosts in DCLs of moderate com-
plexity, we can see where the results of DCL experiments
can be correctly analyzed and interpreted using relatively
simple techniques, and identify situations where more so-
phisticated methods are required.
In particular, two key questions will be addressed: Do the


best guests induce the strongest amplifications? Are the
best hosts the most amplified? Some results of these studies
have previously been communicated.[6a,9c,10] The paper is
structured as follows: We first describe the design and syn-
thesis of the building blocks, followed by the analysis of the
DCLs, their response to guest molecules, and the characteri-
sation of selected host molecules. We then describe the ther-
modynamics of host–guest binding. Finally, we come to the
essence of the investigation where we explore the relation
between binding and amplification.


Results and Discussion


Design and synthesis of building blocks : Building blocks
were designed to contain structural elements of previously
known successful synthetic receptors for specific guests.
These receptor fragments were equipped with suitable rever-
sible covalent attachment points. We reasoned that exposing


a DCL made from such building blocks to the original guest
should then lead to re-formation of the corresponding re-
ceptor, while different guests may lead to new receptors. We
chose reversible disulfide chemistry for constructing the
DCLs. We[11] and others[12] have demonstrated that disulfide
DCLs can be generated by mixing thiol building blocks in
aqueous solution at close to neutral pH. Oxygen from the
air is sufficient to irreversibly oxidize the thiols into the de-
sired disulfides, producing water as the only by-product.
While oxidation is taking place, the mixture contains disul-
fides and thiols, allowing for equilibration through nucleo-
philic attack of thiolate anions on the disulfides, displacing a
new thiolate anion in the process. Thus, exchange is catalytic
in thiolate anion; it can be switched off by allowing oxida-
tion to go to completion or by addition of acid to protonate
the thiolate.


Figure 1. Bifunctionalized building blocks combine to form a dynamic combinatorial library of macrocycles that are potential receptors. The amounts of
the individual macrocycles depend on their thermodynamic stabilities as represented by the depth of the corresponding well in the free energy landscape.
Addition of a guest or template that selectively binds to one of the macrocycles induces a shift in the equilibrium towards this species at the expense of
all other library members.


Scheme 1. Design of the dithiol building blocks was inspired by the Koga/
Breslow (1)[13] and Dougherty (2)[14] cyclophane receptors.
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We selected two previously
described water soluble hosts
1[13] and 2,[14] which were known
to bind strongly to anionic and
cationic guests, respectively.
The hosts were built up from
subunits that would allow the
introduction of two thiol groups
with minimal effect on the over-
all structure of the receptor
(Scheme 1). Both receptors
were known to be tolerant to
minor structural variations such
as changes to the length of the
alkyl spacer in 1[13b] and the
nature of the phenyl spacer in
2.[14e,n] We started our experi-
ments on the Koga/Breslow re-
ceptor 1, and successfully syn-
thesized the required dithiol
building block 3. Unfortunately,
when exposed to the conditions
required for disulfide oxidation
and exchange (pH 7–9), this
building block decomposed.[15]


We were more successful with
the building blocks 4 and 5 that
were inspired by the Dougherty
cyclophane 2.[6a, 9c,10]


Dithiol building block 4 was
synthesized as a racemic mix-
ture as outlined in Scheme 2.
The key step is a Diels–Alder
reaction between the protected
precursors 8 and dimethylacety-
lenedicarboxylate which pro-
ceeded in 84% yield. The thiol
groups were introduced starting
from aromatic alcohols through
a Newman–Kwart rearrange-
ment on the O-thiocarbamate
intermediate 7, following meth-
ods described by Field and En-
gelhardt.[16] A similar strategy
was used to synthesize building
block 5. Both compounds can
easily be obtained in 10–30 g
scale.


Guest-induced amplification of
hosts from DCLs of macrocy-
clic disulfides : In previous stud-
ies using disulfide DCLs made
from dithiol building blocks in-
cluding 4 and 5 we have ob-
served that introducing tem-
plates T2–T4 and T13 (Table 1)


Scheme 2. Building block synthesis. i) NaBH4, RT, aq Na2CO3; ii) Me2N-C(S)-Cl, DABCO, 0 8C!RT, DMF;
iii) 3 h at 240 8C, Ph2O; iv) dimethyl acetylenedicarboxylate, 1.25 h at 190 8C, Ph2O; v) 1.75m KOH in diethyle-
neglycol, 30 min at 105 8C.


Table 1. Experimentally observed binding constants and free energies, enthalpies and entropies of binding of
templates T1–T13 to hosts 12a and 13a and amplification factors (AFs) for hosts 12a and b and 13a and b in-
duced by the same templates (5 mm) in libraries A and B.[a]


Guest Host K[b]


ACHTUNGTRENNUNG[m�1]
DGo[b]


ACHTUNGTRENNUNG[kJmol�1]
DHo[b]


ACHTUNGTRENNUNG[kJmol�1]
TDSo[b]


ACHTUNGTRENNUNG[kJmol�1]
AF(A)[a] AF(B)[a]


12a 2.1K103 (0.3) �19.0 (0.3) �15.1 (7.6) 4.2 (2.1) 5 4.5
12b 3.2 3.4
13a 2.10K103 �18.9 �22.4 �3.6 5.7
13b 1.6


12a 4.5K104 (0.5) �26.5 (0.3) �23.8 (0.8) 2.8 (1.1) 4.2 1.8
12b 2.6 1.4
13a 2.0K105 (0.0) �30.2 (0.1) �38.3 (1.7) �8.1 (1.7) 16.2
13b 2.6


12a 1.30K105[c,d] �29.1[c,d] �23.7[c,d] 5.4[c,d]


12b
13a 6.40K105[c] �33.1[c] �40.6[c] �7.5[c]
13b


12a 3.6K105 (0.3) �31.7 (0.2) �19.0 (0.9) 12.7 (1.1) 10.6 6.2
12b 3.2 2.2
13a 3.3K105 (0.0) �31.5 (0.0) �30.8 (1.1) �1.0 (0.7) 10.9
13b 3.2


12a 8.5K102 (1.0) �16.7 (0.4) 0.6 0.7
12b 0.5 0.7
13a 6.5K103 (0.5) �21.7 (0.2) 5.5
13b 1.2


12a 5.6K104 (0.2) �27.1 (0.1) �18.5 (0.4) 8.7 (0.5) 11.2 9.1
12b 4 3.9
13a 3.2K104 (0.3) �25.7 (0.2) �30.6 (1.5) �4.9 (1.7) 14.9
13b 1.3


12a 7.1 3
12b 5.4 2.8
13a 9.9K104 (1.0) �28.5 (0.3) �12.6 (0.9) 16.0 (1.2) 9.7
13b 5.3
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induced dramatic changes in the library compositions, lead-
ing to the amplification of hosts 12 and 13.[6a,10] The struc-
ture of the selected dynamic combinatorial receptors differs
from the expected disulfide analogue of the Dougherty re-
ceptor 2. This difference may be due to the more flexible
nature of the -CH2-O- units in 2 as compared to the -S-S-
units in the disulfide analogues. Flexibility is important as
host 2 is reported to bind guest T2 in a partially collapsed
conformation[14] and it is likely that the more rigid disulfide
analogue of 2 is unable to adopt a similar collapsed confor-
mation. Alternatively, or additionally, the increased length
and different bond angles of the disulfide linkages may
cause a difference in binding.
Since building block 4 was used as a racemic mixture


hosts 12 and 13 were obtained as mixtures of stereoisomers.
Later we reported the unexpected observation that template
T5 amplifies receptor 14 containing four units of building
block 4.[17] Remarkably, a strong preference for one out of
four possible diastereomeric products was observed. This
observation prompted us to return to receptors 12 and 13


and investigate the stereoselec-
tivity of their amplification for
a wide range of guests. We suc-
ceeded in separating all isomer-
ic receptors from each other
and from the remaining library
members using an isocratic
HPLC method as shown in
Figure 2.
The assignments of the dia-


stereomers of hosts 12 and 13
were conducted by 1H NMR
spectroscopy. In case of host 12
the analysis was straightfor-
ward: the diastereomeric prod-
ucts have different symmetries
and give rise to different num-
bers of signals in the 1H NMR
spectrum. For the diastereomer
in which all three subunits have
the same chirality (12b) a
simple NMR spectrum very
similar to that of the building
block is expected, whereas the
trimer in which the subunits
have different chiralities (12a ;
RR,RR,SS or SS,RR,RR) all
three subunits are inequivalent.
Isolation of the predominant
stereoisomer by preparative
HPLC and subsequent analysis
by NMR showed three, rather
than one set of signals per mac-
rocycle, proving it to be 12a.
For host 13 a similar analysis


is inconclusive as both diaste-
reomers will give two sets of


signals. However, since one of the diastereomers (13b ;
RR,SS) is a meso compound while the other (13a) is pro-
duced as a racemic mixture of RR,RR and SS,SS, addition of
a suitable chiral shift reagent should give separate signals
for the two enantiomers of the racemate without producing
additional signals for the meso isomer. We have isolated a
mixture of both diastereomers of 13 by preparative HPLC
and analyzed this material by 1H NMR in D2O. Addition of
homochiral ammonium salt 15 induced marked changes in
the NMR spectrum as shown in Figure 3. The signals due to
the bridgehead protons (5.5–5.1 ppm) are most revealing, as
only two peaks are expected per diastereomer. Thus, four
signals are expected in the absence of the chiral guest (cf.
Figure 3a), and six in the presence of the guest. Although
some of the signals in Figure 3 overlap, this is indeed what is
observed. Integration of the signals indicates that 13a is the
predominant diastereomer.
Having established the stereochemistry of the diastereo-


mers of hosts 12 and 13 we set out to study the selectivity in
the amplification of these four compounds using a large


Table 1. (Continued)


Guest Host K[b]


ACHTUNGTRENNUNG[m�1]
DGo[b]


ACHTUNGTRENNUNG[kJmol�1]
DHo[b]


ACHTUNGTRENNUNG[kJmol�1]
TDSo[b]


ACHTUNGTRENNUNG[kJmol�1]
AF(A)[a] AF(B)[a]


12a 3.9K103 (0.9) �20.4 (0.6) �31.6 (0.7) �11.1 (1.2) 2.1 2
12b 1.6 1.9
13a 6.5K103 (2.0) �21.7 (0.6) 7.1
13b 2.3


12a 7.9K104 (0.2) �28.0 (0.1) �18.8 (0.6) 9.2 (0.5) 9.2 10.8
12b 4.7 6.7
13a 4.9K104 (0.0) �26.8 (0.0) �26.2 (0.2) 0.6 (0.2) 22
13b 3.6


12a 2.4K105 (0.0) �30.7 (0.1) �19.5 (0.3) 11.2 (0.4) 11.4 12.1
12b 5.5 6.9
13a 4.0K104 (0.0) �26.3 (0.0) �25.4 (1.8) 0.9 (1.7) 9.7
13b 1.1


12a 1.1K106 (0.2) �34.5 (0.6) �19.5 (0.6) 15.0 (1.1) 15.5 20.8
12b 3.8 6.1
13a 9.3K104 (1.0) �28.3 (0.4) �26.5 (1.3) 1.9 (1.6) 6.9
13b 0.4


12a 2.7K104 (0.2) �25.3 (0.2) �33.6 (3.6) �8.3 (3.4) 5.7 6.6
12b 2.8 3.4
13a 1.3
13b 1.4


12a 5.4K105 (0.4) �32.7 (0.2) �46.4 (0.7) �13.7 (0.9) 11.2 18.1
12b 7.2 13.9
13a 2.6K104 (0.6) �-25.1 (0.6) �42.9 (4.0) �17.8 (4.5) 3.7
13b 0.8


[a] The DCLs in set A contained 5 mm 4, and the libraries in set B contained 3.33 mm 4 and 1.67 mm 5. Errors
are shown in parentheses and are based on the reproducibility of the data over 2 or 3 separate experiments.
[b] Determined using isothermal titration calorimetry using 10 mm borate buffer pH 9.0 at 298 K. [c] Data
taken from ref. [6a]. [d] Data for a mixture of 12a and 12b.
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series of different but structurally related templates. The
choice of the templates was partially motivated by the ex-
tensive studies by the Dougherty laboratory,[14] which had
demonstrated that quaternary amines and imines were good


guests for receptor 2. Following
this precedent we selected
guests T1–T11 (Table 1). We
also included a number of bio-
logically relevant templates:
acetylcholine (T8) and two
morphine alkaloids: morphine
itself (T12), and the N-methy-
lated morphine derivative T13.
Two sets of 14 DCLs were


made: one biased towards the
formation of 12 (set A) and one
biased towards the formation of
13 (set B). The libraries in set
A contained 5 mm 4, and those
in set B contained 3.33 mm 4
and 1.67 mm 5. The libraries
were prepared by dispersing the
building block(s) in water and
adjusting the pH to 8.0. In each
set, 13 DCLs contained a tem-
plate (T1 to T13, respectively;
at 5 mm concentration), while
no template was added to the
14th DCL. The libraries were
allowed to oxidize in capped
HPLC vials and stirred at 25 8C
for three weeks. Precipitation
occurred in the libraries to
which T3 had been added, and
these libraries were therefore
not analyzed further. All of the
other libraries remained clear


Figure 2. Part of the HPLC analysis (Waters Symmetry reversed phase
C18 column 25.0 cmK4.6 mm, 5 mm particle size, 50:32:18:0.1 H2O/
MeCN/IPA/TFA) of a DCL made from 4 (3.33 mm), 5 (1.67 mm) and
5 mm quinuclidinium iodide (T9) showing separation of the diastereo-
mers of hosts 12 and 13. Additional minor library members can be ob-
served at 18.7 min and elsewhere in the trace.


Figure 3. Part of the 1H NMR spectra of a mixture of stereoisomers of
host 13 (in 49 mm pD 8.9 sodium borate buffer) in the presence of in-
creasing amounts of homochiral ammonium ion 15, showing the signals
of the racemic mixture of RR,RR and SS,SS 13a split in two while the
signals of the meso stereoisomer 13b are shifted but otherwise unaffect-
ed. a) [15]=0 mm ; b) 0.13 mm ; c) 0.63 mm ; d) 1.18 mm.
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solutions. The library compositions were analyzed by HPLC
and the amplification factors for receptors 12a and b and
13a and b were computed. Amplification factors are defined
as the concentration of a library member in a templated li-
brary, divided by its concentration in the corresponding un-
templated library, and can be calculated by dividing the
areas of the HPLC peaks corresponding to these compounds
in the templated libraries and the untemplated libraries. The
results are summarized in the last two columns of Table 1.
These four receptors represent the major amplified spe-


cies in most of the libraries. The tetramer 14 was the major
host in libraries templated by T5,[17] and a significant minor
constituent in libraries of set A templated by T9,[9a] and to a
lesser extent T10 and a few others. It was not possible to
identify 14 in the untemplated libraries of set B. Other hosts
were visibly amplified as minor constituents of the libraries,
accounting for a few percent of the total peak area in vari-
ous experiments. However, as the aim of the present study
is to compare binding and amplification across a wide range
of templates, we here only report results on the two most
widely amplified hosts 12 and 13.
Table 2 shows the selectivity of the amplification of hosts


12 and 13 induced by the templates in the libraries in set B.
Modest diastereoselectivities were observed: In almost all
cases, 12a is more strongly amplified than 12b, and 13a is
more strongly amplified than 13b suggesting that 12a and
13a are better hosts than their respective diastereomers, ir-
respective of the guest. In the untemplated libraries, the
ratios of 12a to 12b and 13a to 13b are 1.3:1 and 0.4:1, re-
spectively. In general, the preference for the amplification
of 13a over b is more pronounced than the preference for
12a over b. This difference may be due to hosts 13 present-
ing a smaller, more elongated cavity, leading to a tighter fit,
where steric interactions between the hosts and guests are
likely to be more important. In hosts 12, the cavities are
larger and more spherical, leading to a looser fit. Amongst
the templates that were analyzed the bulky and rigid T11
was the most diastereoselective, particularly in the case of
13. However, in all cases the diastereoselectivities were sig-
nificantly less than the more than 30-fold selectivity we pre-
viously observed for host 14.[17] We also analyzed the selec-
tivity in the amplification of receptor 12a versus 13a and
found that bulky guests preferred the larger host 12a.
In addition, we have studied the selectivity in the amplifi-


cation of receptor 12a vs 12b in the DCLs of set A (cf.
Table 1). As the ratio of the amplification factors for a pair
of diastereomers should be proportional to the ratio of their
binding constants (see the Supporting Information), this
ratio should remain the same across different DCLs. Indeed,
we observe a good correlation between the diastereoselec-
tivities in the amplification of 12 in libraries A and B
(Figure 4). This can interpreted as evidence that the DCLs
have all reached equilibrium and also provides an indication
of the accuracy of the experimental data.
In an attempt to probe whether enantioselective amplifi-


cation was occurring in the presence of homochiral template
T13, we equilibrated 10 mm of rac-4 in the presence of


1.6 mm T13. We deliberately used a sub-stoichiometric quan-
tity of the template. If amplification would be enantioselec-
tive, the preferred enantiomer of the building block would
be recruited by the template to give one enantiomer of the
trimer. No template would remain to amplify the remaining
building block, which should therefore form mostly macro-
cycles other than trimer. A 1H NMR spectrum of the result-
ing mixture was taken with T13 acting as a chiral shift re-
agent, giving separate peaks for the enantiomers of 12a and
b in approximately 1:1 ratio, indicating that the amplifica-
tion of 12 was not significantly enantioselective.


Host–guest binding : The binding of templates T1–T13 to the
hosts 12a and 13a was studied using isothermal titration mi-
crocalorimetry (ITC) in 10 mm borate buffer pH 9.0.[18] The
results are shown in Table 1 from which a number of trends
are apparent. Firstly, the unquaternised templates (T1 and
T12) both have binding constants more than an order of
magnitude lower than those of their quaternised counter-
parts (T2 and T13). Similar observations have been reported
by Dougherty et al.[14f,j] and are evidence for the involve-


Table 2. Experimentally observed selectivity in the amplification of hosts
12a vs 12b ; 13a vs 13b and 13a vs 12a by various templates (5 mm) in
DCLs of set B made from 4 (3.33 mm) and 5 (1.67 mm).


Template AF ACHTUNGTRENNUNG(12a)/AF ACHTUNGTRENNUNG(12b) AF ACHTUNGTRENNUNG(13a)/AF ACHTUNGTRENNUNG(13b) AF ACHTUNGTRENNUNG(13a)/AF ACHTUNGTRENNUNG(12a)


T1 1.3 3.6 1.3
T2 1.3 6.2 9.0
T4 2.8 3.4 1.8
T5 1.1 4.6 7.8
T6 2.3 11 1.6
T7 1.1 1.8 3.2
T8 1.0 3.1 3.6
T9 1.6 6.1 2.0
T10 1.7 8.7 0.75
T11 3.4 16 0.33
T12 2.0 0.90 0.20
T13 1.3 4.5 0.20


Figure 4. Ratios of the diastereomers of 12 in experimental DCLs of set
A (5 mm 4), vs those of set B (3.33 mm 4 and 1.67 mm 5) for various tem-
plates (5 mm).
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ment of cation–p interactions in host–guest binding. Second,
large guests tend to prefer the larger host 12a, while small
templates tend to prefer the smaller host 13a. Third, tem-
plates with rather elongated aromatic structures such as T2
and T3 are bound particularly strongly by 13a.
Binding by 12 and 13 can be expected to be driven by two


major contributors: cation–p and hydrophobic interactions,
each with their own enthalpic and entropic components.
Whereas cation–p interactions are most likely enthalpy
driven, hydrophobic interactions have a more complex ther-
modynamic signature which can vary from entropy driven
(small curved solutes) to enthalpy driven (planar solutes or
cavities).[19]


For most of the templates measured, the enthalpies of
binding to 13a are around �10 kJmol�1 stronger than the
corresponding enthalpies of binding to 12a (Figure 5). The
more favorable enthalpy contribution is almost completely
offset by an entropic penalty of around 10 kJmol�1. This
pattern is consistent with 13a presenting a tighter, more
elongated cavity than 12a, with greater conformational con-
straints on binding but also with the prospect of forming a
more intimate host–guest contact. The fact that the flatter,
aromatic guests tend to have more enthalpy-driven binding,
in particular to 13a, supports this notion.


Correlation between guest binding and amplification : The
original naLve conception of dynamic combinatorial chemis-
try was that the best hosts in a DCL would be most ampli-
fied upon addition of a guest. Conversely, when exposing a
given DCL to a variety of guests, one would expect that the
guest that elicits the strongest response from the library is
the one that is most strongly bound. Recent investigations
by Severin[8] and ourselves[9a,c] have demonstrated that the
first of these two presumptions is not always correct and de-
pends on experimental conditions in a predictable way.
Below we will present further evidence that supports this
notion. With the present dataset we are also, for the first
time, able to experimentally test the validity of the second


presumption by investigating the correlation between the
guest induced amplifications for a selected host and its bind-
ing to these guests.


Are the best hosts the most amplified? It is well established
that a breakdown of the correlation between binding and
amplification can occur when two or more library members
compete for a scarce building block.[8,9a,c] Library members
that use relatively small numbers of that building block per
host have a competitive advantage over those members that
contain larger numbers of the particular building block.
Thus, low oligomers tend to have an advantage over high
oligomers, and hetero oligomers over homo oligomers. An
intuitive way of rationalizing this behavior is illustrated by
the examples in Figure 6. Given a fixed amount of building
block a DCL can produce twice the number of cyclic dimers
than it can produce cyclic tetramers. Thus, for every four
building blocks the system can gain twice the guest–dimer
binding energy against only one guest–tetramer binding
energy, provided there is sufficient template available.
Hence, the system may prefer forming dimers even in cases
where the tetramer is actually the strongest binder. Similar
arguments apply in a mixed building block library, when
guest binding affinity is associated with one of the building
blocks. For example, if only the white building blocks in
Figure 6 bind the guest, the system tends to form heterodim-
ers even though the homodimer may be the strongest
binder. These effects will only occur in the presence of
excess template. When the template concentration is re-
duced to substoichiometric levels the system will revert to
selectively producing the best receptor.


The mixed building block DCLs of set B contain homo-
trimers 12 in competition with heterotrimers 13. In a previ-
ous study on the amplification induced by guest T9 at differ-
ent concentrations ranging from 0.5 to 10 mm we have
shown that at high concentrations of this guest the DCL
“misbehaves” and heterotrimer 13a is somewhat more am-
plified than homotrimer 12a despite the latter having a


Figure 5. Correlation between experimentally determined enthalpy and
entropy of binding of guests T1–T13 to hosts 12a (K) and 13a (&). The
lines connect data points corresponding to the same guest.


Figure 6. In the presence of excess guest (T) there is an inherent prefer-
ence for the formation of small oligomers over large oligomers and for
the formation of hetero oligomers over homo oligomers because, with a
fixed amount of building blocks, the system is able to produce more of
the small or hetero oligomers than of the large or homo oligomers.
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somewhat higher affinity for the guest.[9c] Upon reducing the
template concentration to a sub-stoichiometric level the
better receptor 12a is the most amplified.
The present dataset allows a more elaborate investigation


of the competition between 12a and 13a encompassing
guests T1–T13 and comparing binding affinities with am-
plification factors. In an ideal case of two isomeric receptors
R1 and R2 a plot of log(AFR1/AFR2) vs. log ACHTUNGTRENNUNG(KR1/KR2) for the
various guests will be a straight line passing through the
origin (when binding constants are equal, amplification fac-
tors should be equal) and having a slope of 1 (the ratio of
amplification factors equals the ratio of binding con-
stants).[20] Our experimental DCLs, in which we used build-
ing block and template concentrations of 5 mm, show a clear
deviation from this ideal behavior (Figure 7a). Data points
falling in the white quadrants of the plot represent DCLs
where the best binder of the two receptors has the higher
amplification factor. In the grey quadrants, the DCL selects
the “wrong” library member. This undesired behavior
occurs only for a relatively narrow range of binding events,
where K13a < K12a < 3.2KK13a.


Inspection of Figure 7a reveals that we still obtain an es-
sentially linear relationship between log(AF12a/AF13a) versus
log(K12a/K13a) but the y intercept (�0.37) is clearly not zero
and the gradient (0.74) is significantly less than 1. The non-
zero intercept reflects a systematic bias towards the amplifi-
cation of the heterotrimer 13a over the homotrimer 12a by
a factor 2.3 (i.e. 100.37), in line with the inherent preference
for the amplification of hetero oligomers over homo oligo-
mers. The reduced slope of the line indicates that the sensi-
tivity of the DCL (i.e., the extent to which a difference in
guest binding between 12a and 13a is reflected in a differ-
ence in amplification) is suboptimal. However, the correla-
tion between relative amplification and relative binding is
good (R 2=0.97), suggesting that if the binding constants for
a few host/guest combinations are known, it should be possi-
ble to deduce the relative affinities for other guests with rea-
sonable accuracy.


We have conducted computer simulations of these libra-
ries using our DCLSim software[9a,b] with the aim of investi-
gating how the values of the slope and intercept depend on
experimental conditions. Simplified versions of the DCLs
were simulated, where only the two species under consider-
ation (12a and 13a) were allowed to bind to the template,
using the experimentally observed binding constants from
Table 1. No other experimental values were incorporated in
the model, thus excluding any other host–guest interactions
which undoubtedly occur. This methodology has previously
been shown to reproduce the main trends in experimental
DCLs, and allows us to rapidly explore the key aspects of
their behavior.[9] Figure 7b shows the results of the simula-
tions (full details are given in the Supporting Information).
Comparing these data with that in Figure 7a shows that,
while the individual simulated data points deviate from their
experimental counterparts, the trends in the simulated data
closely match those of the experimental data. This agree-
ment is all the more remarkable for the fact that the model
does not include other major binding constants, such as
those to the tetramer 15 and to the minor diastereomers
12b and 13b, and serves to further validate the robustness
of simplified DCL simulations.
We have performed similar simulations for different guest


concentrations and found that, as expected, at lower guest
concentrations the bias towards hetero-oligomers disappears
and the intercept of plots of the type of Figure 7 approach
zero (Figure 8). Also the correlation between amplification
factor and binding constant (as reflected in the value of the
correlation coefficient R 2) improves upon reducing the
guest concentration, in line with previous observations.[8,9a,c]


However, the guest concentration appears to have little
effect on the slope of the lines (i.e., the sensitivity of the
DCL). The main experimental parameter that determines
the slope turned out to be the ratio of the building blocks 4
and 5 in the DCL.


In our experimental mixed building block DCLs we used
building blocks 4 and 5 in a 2:1 ratio and also the simula-
tions shown in Figure 8a were performed using this library
composition. Varying the ratio of 4 to 5 has profound effects


Figure 7. Correlation between ratios of amplification factors and binding
constants of 12a and 13a for a range of guests in (a) experimental and
(b) simulated DCLs of set B (3.33 mm 4 ; 1.67 mm 5 and 5 mm template).
The shaded parts of the graph signify “misbehaving” DCLs where the
most amplified of the two receptors is not the strongest binder.


Figure 8. Dependence of the slopes (~), intercepts (&) and correlation co-
efficients (K) of the plots of log(AF12a/AF13a) vs log(K12a/K13a) on a) the
concentration of the guests at a fixed 2:1 ratio of 4 and 5, and b) the 4 :5
ratio at a fixed guest concentration of 5 mm in simulated DCLs.
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on the slope, intercept and correlation coefficient of the re-
lationship between log(AF12a/AF13a) and log(K12a/K13a). In-
creasing the fraction of 5 brings the slope close to unity,
while the correlation between binding and amplification
reaches a maximum close to [4]/[5] ratio of 7:3 and the inter-
cepts is nearly zero at a [4]/[5] ratio of 8:2. Thus, the opti-
mum [4]/[5] ratio for a close to zero y intercept is not the
optimum for R 2, which in turn is different from the opti-
mum ratio that gives a slope close to unity. These results
suggest that there are no simple guidelines for choosing
building block ratios in mixed libraries when competing re-
ceptors are present. Thus, when screening mixed building
block libraries it may be beneficial to set up and analyze
several experiments at different building block ratios.


Do the best guests induce the strongest amplifications? This
question is key in assessing the potential of DCLs for the
development of selective receptors that specifically favor a
certain guest (X) over another (Y). Ideally one should be
able to identify selective receptors by comparing the prod-
uct distributions in a DCL exposed to X with that exposed
to Y. Inspection of the data in Table 1 reveals that a large
difference in amplification factors between two guests cor-
rectly predicts a large difference in binding constants in
some cases, but not in others. For example in library B guest
T1 amplifies host 12a 6.4 times better than guest T5, while
the difference in binding constant is only 2.5-fold. In con-
trast, in the same library guest T4 amplifies host 12a 8.9
times better than guest T1, while the difference in binding
constant is more than two orders of magnitude larger (a
factor of 424). We have analyzed the selectivity in the am-
plification for all possible guest combinations for hosts 12a
and 13a in libraries A and B. The results are shown in
Figure 9 and demonstrate that, while a correlation between
selectivity in binding and amplification is evident, considera-
ble scatter exists. Nevertheless, the instances where large se-
lectivities in amplification are observed are invariably asso-
ciated with highly selective receptors, although the reverse
may not necessarily be true.
In an attempt to understand the origin of the scatter ob-


served in Figure 9 we have analyzed the relationship be-
tween the guest-binding strength and the amplification
factor of a given receptor in more detail. In the absence of
complicating factors such as competition from other library
members, this relationship is expected to be sigmoidal: For
weakly binding guests the host will be essentially unampli-
fied, and so small changes in the binding energy will have
little effect, producing a flat region of the curve. For strong-
ly binding guests, the amplification of the host will be limit-
ed by the availability of the building blocks, again producing
a flat region. Only at intermediate binding energies will the
amplification factor vary significantly with the guest binding
energy.
Figure 10a shows the experimental results for the amplifi-


cation of 12a induced by guests T1–T13 (where available)
as a function of the host–guest binding constant in DCLs of
set A. Figure 10b and c show the corresponding data for


hosts 12a and 13a in the DCLs of set B. Amplification of
host 12a in the simple DCLs of set A, which contain only
one building block, appears to correlate fairly well with the
host–guest binding energy. Amplification of the same host
in the more complex DCLs of set B shows a somewhat in-
creased amount of scatter, while the amplification of host
13a in the same libraries is hardly correlated at all to the
guest binding energy. Thus, under the conditions of our ex-
periments, the correlation between host–guest binding
energy and amplification factor is different for different li-
braries and different for different receptors.
Although some scatter is expected through experimental


error, there is another more plausible cause for the variabili-
ty of the correlation: competition for the guest by other li-
brary members. Figure 11 shows the results of a simulation
of a simple model DCL made from a single building block,
consisting of one non-binding dimer, two trimers and one
non-binding tetramer (full details are given in the Support-
ing Information). The solid line shows how the amplification
of one of the trimers varies as a function of the affinity to-
wards a variety of guests, when the other trimer essentially
does not bind. As expected, a sigmoidal relationship is ob-
served. The dashed lines show the results of giving the com-
peting trimer a progressively higher but constant binding
energy. Thus, competition from a single library member
causes the sigmoidal curves to shift further left as the com-


Figure 9. Correlation between relative binding constants and relative am-
plification factors of receptors a) 12a and b) 13a comparing two guests X
and Y corresponding to any combination of T1–T13 in the experimental
DCLs of class A (&) and B (&).
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petitive binding becomes stronger. These shifts are caused
by a competitor which, rather unrealistically, binds all guests
with the same affinity. In experimental DCLs, the binding
strength of any competing species is likely to vary from one
guest to the next, resulting in considerable scatter.


In our experimental systems, there are many library mem-
bers that may compete with 12a and 13a : the diastereomers
12b and 13b, the homotetramer 14 and its diastereomers,
and in fact any other library member. Interestingly, the
minor diastereomers 12b and 13b do not appear to be a
major source of scatter. Treating the pairs of isomers as a


single species, with a single amplification factor, and weight-
ed average binding constants did not substantially improve
the correlations.
Reducing the template concentration can be expected to


improve the correlations of the type shown in Figures 9 and
10 to some extent by removing the competition from rela-
tively weakly binding small and/or hetero oligomers. How-
ever, using lower guest concentrations is unlikely to lead to
perfect correlations as the disruptive effect of truly competi-
tive binders in the DCL will be unaffected by reducing the
template concentration. These expectations were confirmed
by performing simulations of the DCLs at a reduced substoi-
chiometric template concentration of 1.5 mm. A comparable
drop in template concentration has been shown to be suffi-
cient to cause T9 to go from preferentially amplifying its
weaker binder 13a to preferentially amplifying the stronger
binder 12a.[9c] The simulations were based on a minimal
model system in which only a homo- and a heterotrimer had
affinities for the guests, using the free energies of binding in
Table 1 (see Supporting Information for details), which
varied only from the model used to generate Figure 7b in
the concentration of the template. The results for the DCLs
of set B (Figure 12) show only marginally better correlations
between selectivities of amplification and binding, as com-
pared to the experimental data in Figure 9, which was ob-
tained using a template concentration of 5 mm.


Figure 10. Experimentally observed amplification factors (AFs) as a func-
tion of the host–guest Gibbs binding energy of a) host 12a in DCLs of
set A (5 mm 4), b) host 12a and c) host 13a in DCLs of set B (3.33 mm 4
and 1.67 mm 5).


Figure 11. Amplification of a trimeric receptor in simple simulated DCLs,
in the presence of competitors with fixed free energies of binding. Full
details of the simulations are provided in the Supporting Information.


Figure 12. Correlation between relative binding constants and simulated
relative amplification factors of receptors a) 12a and b) 13a comparing
two guests X and Y corresponding to any combination of T1–T13 in
DCLs of class B using a template concentration of 1.5 mm.
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Conclusion


We have made dynamic combinatorial libraries (DCLs)
from dithiols 4 and 5 in water and analyzed the amplifica-
tion of diastereomeric receptors 12a and b and 13a and b in
response to the introduction of guests T1–T13. Nearly all
guests induced larger amplifications of receptor 12a as com-
pared to 12b. Similarly receptor 13a was preferred over its
diastereomer 13b, essentially irrespective of the guest. In
contrast, the selectivity in amplification between 12a and
13a depended on the nature of the guest, with larger spheri-
cal guests preferring 12a, while smaller more elongated
guests preferred the smaller receptor 13a. We have investi-
gated the thermodynamics of binding of guests T1-T13 to
receptors 12a and 13a. Affinities span three orders of mag-
nitude, ranging from 8.5K102m�1 for binding of T5 to host
12a to an impressive 5.4K105m�1 for binding of T13 to 12a.
By comparing binding and amplification data two key ques-
tions were addressed: Is amplification by a given guest se-
lective for the best receptor? And does the best guest
induce the largest amplification of a given receptor? We
performed computer simulations to further explore the be-
havior of the DCLs under different “experimental” condi-
tions. The results of the experimental and theoretical inves-
tigations show a good—albeit biased—correlation between
relative amplification and relative affinity for different hosts
for the same guests. Furthermore, the theoretical investiga-
tions were in line with other studies[8,9a,c] that showed that
this bias could be alleviated, leading to the reliably selective
amplification of the best binder, by using a modest amount
of guest. However, the correlation between host–guest bind-
ing and the amplification factor for a given host across a
wide range of guests (i.e. , the selectivity of the host for the
guests) was less satisfactory, largely as a result of every
guest having its own unique pattern of affinities for the vari-
ous competing receptors in the mixture. Thus, a plot of the
ratio of the amplification factors induced by guests X and Y
versus the ratio of the underlying host–guest binding con-
stants showed considerable scatter. Nevertheless the highest
guest selectivities were characterized by the biggest differ-
ence in amplification factor.
In conclusion, assessing the absolute binding affinity of a


certain guest for a certain host from the extent to which the
guest induces the amplification of this host is not necessarily
reliable in a quantitative sense, but is in most cases still
qualitatively useful. Most importantly, when strong amplifi-
cations or strongly selective amplifications are observed the
selected receptors are indeed strong or highly selective bind-
ers, even though the reverse is not necessarily true. To fur-
ther extend the information that can be obtained from
DCLs, we are currently developing methodology that allows
also quantitative information on host–guest binding to be
extracted from the amplification factors by analyzing the be-
havior of the entire DCL, instead of focusing on selected
amplification events.[21]


Experimental Section


Materials and methods : 1H NMR spectra were recorded on Bruker
DRX-500, DRX-400 or DPX-250 instruments or on a DRX instrument
fitted with a cryoprobe. 13C NMR spectra were recorded on Bruker
DPX-400 (100 MHz) or DRX-500 (125 MHz) instruments. Chemical
shifts are quoted in parts per million with reference to solvent signals.
All chemicals were purchased from Acros, Aldrich, Avocado or Fluka in
reagent grade quality or better and used without further purification. All
solvents used in synthesis were distilled prior to use and dry solvents
were freshly distilled from CaH2 under argon. Ultrapure water was ob-
tained from a Millipore water purification system, and when used for
HPLC, passed through a 0.45 mm Millipore filter. HPLC grade MeCN,
MeOH and 2-PrOH (Fisher, Romil) were passed through a 0.45 mm Mil-
lipore filter and used without further purification.


Analytical HPLC was carried out on Hewlett Packard 1050 and 1100 sys-
tems coupled to UV analyzers and the data were processed using HP
Chemstation software. Separations were performed on reversed phase
Waters Symmetry C18 columns (25.0 cmK4.6 mm, 5 mm particle size) for
analytical HPLC. Except where otherwise stated, the chromatography
was carried out at 45 8C using Jones Chromatography or Anachem
column ovens and using UV detection at 320 nm.


LC-MS was conducted on a Hewlett Packard 1050 system, coupled to a
diode array detector and a Micromass Platform LC quadrupole mass an-
alyser, controlled using a combination of MassLynx and OpenLynx soft-
ware. Separations were achieved using reversed phase columns in the
same manner as the analytical HPLC analyses. Mass analysis was con-
ducted in the negative ion mode.


Preparative HPLC was conducted on a Gilson preparative HPLC
system, equipped with a Gilson 305 pump, two Gilson 306 pumps, a
Gilson 806 manometric module, a Gilson 811C dynamic mixer, a Gilson
model 231 sample injector, a Gilson FC204 fraction collector, and a
Gilson 401 dilutor. UV detection was performed originally using a Gilson
115 UV detector, and later using a Shimadzu SPD-6 A UV detector. The
data were originally collected using a HP3395 integrator, and later a
computer running Gilson Unipoint software. Separation were performed
using a Nucleodur C18 preparative column (25.0 cmK2.1 cm, 100 R,
5 mm), with a Nucleodur C18 guard column (5.0 cmK2.1 cm, 100 R,
5 mm). Except where otherwise stated, a Grant water bath was used to
heat the column, and a length of tubing between the pump and the
column, to 45 8C. This arrangement ensured that the mobile phase was at
the correct temperature before it entered the column.


Microcalorimetry : Isothermal calorimetry measurements were conducted
by using a MCS-ITC calorimeter from MicroCal, LLC, Northampton,
MA, USA. A single 3 mL aliquot and 29 aliquots of 10 mL were titrated
into the calorimetric cell every 3 minutes. The data were analyzed using
the customized ITC module of the Origin 5.0 software package and a
least squares fitting procedure to fit the data to the appropriate binding
model. All measurements were carried out at 298 K.


Guests T1, T5–T8, T10 and T12 are commercially available. Guests
T2,[14a] T3,[6a] T4,[6a] T9,[22] T11,[22] and 15[23] were prepared as reported
previously.


N-Methylmorphinium iodide (T13): The compound was prepared by re-
acting morphine (0.50 g, 1.75 mmol) with methyl iodide (10 mL,
160 mmol) in acetonitrile (100 mL) for 72 h at room temperature fol-
lowed by recrystallization from acetonitrile. 1H NMR (500 MHz, D2O):
d=1.98 (d, 1H), 2.47 (dt, 1H), 2.83 (dd, 1H), 3.22 (s, 3H), 3.23–3.34 (m,
3H), 3.30 (s, 3H), 3.37 (t, 1H), 3.44 (d, 1H), 4.02 (t, 1H), 4.27 (m, 1H),
4.98 (dd, 1H), 5.30 (dt, 1H), 5.65 (dm, 1H), 6.56 (d, 1H), 6.65 ppm (d,
1H); 13C NMR (125 MHz, D2O): d=23.49, 29.30, 33.32, 41.34, 50.21,
54.15, 56.08, 65.41, 69.89, 90.03, 117.90, 120.20, 122.50, 125.55, 129.01,
133.13, 138.44, 145.31 ppm; elemental analysis calcd (%) for C 50.60, H
5.19, N 3.28; found: C 50.39, H 5.19, N 3.27.


Anthracene-2,6-diol (6):[24] Sodiumborohydride (9.6 g, 0.25 mol) was dis-
solved in a 1m solution (240 mL) of sodium carbonate in water. 2,6-Dihy-
droxyanthraquinone (4.8 g, 20 mmol) was added in portions while stirring
at room temperature. After the initial gas evolution had stopped the so-
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lution was gently refluxed for 15 min. The reaction mixture was trans-
ferred to a large beaker and acidified using 250 mL 3m HCl (caution: ex-
tensive foaming). The precipitated product was filtered and taken up in
acetone and filtered over a short pad of celite. The solvent was evaporat-
ed and the compound dried under vacuum overnight, yielding 3.99 g
(19 mmol, 95%) anthracene-2,6-diol. The product was used without fur-
ther purification in the next step. 1H NMR ([D6]DMSO, 400 MHz): d=


7.06 (dd, 2H), 7.12 (d, 2H), 7.80 (d, 2H), 8.11 (s, 2H), 9.63 ppm (s, 2H).


Dimethylthiocarbamic acid O-(6-dimethylthiocarbamoyloxyanthracen-2-
yl) ester (7): Crude anthracene-2,6-diol (6 ; 9.0 g, 42.8 mmol) was dis-
solved in 80 mL anhydrous DMF under a nitrogen atmosphere. The solu-
tion was cooled to 0 8C and DABCO (28.8 g, 257 mmol) was added in
portions. To the resulting suspension a solution of N,N-dimethylthiocar-
bamoyl chloride (suspect carcinogen!) (31.8 g, 257 mmol) in anhydrous
DMF (40 mL) was added dropwise at 0–5 8C. In cases where the suspen-
sion appeared to “solidify”, more DMF was added. The suspension was
allowed to warm to room temperature in a melting ice bath overnight
and stirred for a total of 24 h. The reaction was monitored by TLC (silica
gel, 1% methanol in chloroform; Rf starting material: 0.6; Rf product:
0.2). The reaction mixture was filtered and the residue was washed thor-
oughly with water and finally with a small amount of ethanol to give
9.65 g (25.1 mmol, 59%) of a yellow-brown powder. The product was
pure enough to be used in the next step, but can be recrystallized from
chloroform/acetone (m.p. 282–284 8C). 1H NMR (CDCl3, 400 MHz): d=


3.41 (s, 6H), 3.49 (s, 6H), 7.26 (dd, 2H), 7.61 (d, 2H), 7.97 (d, 2H),
8.37 ppm (s, 2H); 13C NMR (CDCl3, 100 MHz): d=41.41, 45.88, 121.42,
125.90, 128.86, 131.63, 132.78, 134.03, 153.69, 190.31 ppm; LC-MS: m/z :
calcd: 407.0864; found: 407.0859 [M+Na+].


Dimethylthiocarbamic acid S-(6-dimethylcarbamoylsulfanylanthracen-2-
yl) ester (8): Crude O-thiocarbamate 7 (8.0 g, 20.8 mmol) was suspended
in diphenyl ether (100 mL) under a nitrogen atmosphere and heated to
230 8C for 3 h. The reaction mixture was allowed to slowly cool to room
temperature. The product was isolated by filtration (gentle heating to
melt the diphenyl ether may be necessary) and washed extensively with
hexane to afford 7.0 g (18.2 mmol, 88%) of beige crystals. The product
was pure enough to be used in the next step, but can be recrystallized
from chloroform/acetone (m.p. 277–279 8C). 1H NMR (CDCl3, 400 MHz):
d=3.06 (br s, 6H), 3.14 (br s, 6H), 7.50 (dd, 2H), 7.98 (d, 2H), 7.97 (d,
2H), 8.37 ppm (s, 2H); 13C NMR (CDCl3, 125 MHz): d=36.69, 126.23,
126.27, 128.48, 130.98, 131.34, 131.83, 135.11, 166.58 ppm; LC-MS: m/z :
calcd: 407.0854; found: 407.0859 [M+Na+].


Dimethyl 2,6-bis(dimethylcarbamoylsulfanyl)-9,10-dihydro-9,10-ethe-
noanthracene-11,12-dicarboxylate (9): A mixture of the S-thiocarbamate
8 (7.0 g, 18.2 mmol) and dimethyl acetylenedicarboxylate (6.58 g,
46.3 mmol) in diphenyl ether (40 mL) under a nitrogen atmosphere was
heated for 75 min at 190 8C. The reaction was monitored by TLC (silica
gel, 10% acetonitrile in chloroform; Rf starting material: 0.35; Rf prod-
uct: 0.15). The reaction mixture was allowed to cool to room temperature
and hexane was added and the solvents were decanted to give an oily
product that solidified upon standing. The product was purified by chro-
matography (silica gel, gradient elution 5 to 10% acetonitrile in chloro-
form) yielding 8.08 g (15.3 mmol, 84%) of a yellow solid. Note: use of
ethanol-stabilized chloroform gives poor separation. An analytical
sample was obtained by recrystallization from acetone/petroleum ether
(60–80) (m.p. 195–196 8C). 1H NMR (CDCl3, 400 MHz): d=3.06 (br s,
6H), 3.14 (br s, 6H), 7.50 (dd, 2H), 7.98 (d, 2H), 7.97 (d, 2H), 8.37 ppm
(s, 2H); 13C NMR (CDCl3, 100 MHz): d=38.48, 53.50, 53.97, 77.61,
125.99, 127.23, 132.32, 134.65, 145.57, 146.10, 148.10, 167.05, 168.37 ppm;
LC-MS: m/z : calcd: 549.1130; found: 549.1129 [M+Na+].


2,6-Dimercapto-9,10-dihydro-9,10-ethenoanthracene-11,12-dicarboxylic
acid (4): Under a nitrogen atmosphere S-thiocarbamate 9 (2.0 g,
3.8 mmol) was suspended in a 1.75m solution (70 mL) of KOH in diethy-
leneglycol that had been purged with argon for 2 h. The solution was
heated at 105 8C for 30 min. After the solution had cooled down to room
temperature 500 mL of water (purged) was added followed by rapid ad-
dition of 10% HCl (55 mL). The very fine precipitate was centrifuged,
washed extensively with water and dried under vacuum overnight to give
1.15 g (18.8 mmol, 85%) of a beige powder (m.p. decomp). 1H NMR


(CD3OD, 400 MHz): d=5.53 (s, 2H), 6.94 (dd, 2H), 7.24 (d, 2H),
7.33 ppm (d, 2H); 13C NMR (CD3OD, 100 MHz): d=53.33, 125.23,
125.77, 126.83, 129.83, 142.52, 146.59, 148.99, 168.61 ppm; LC-MS: m/z :
calcd: 379.0075; found: 379.0060 [M+Na+].


3,5-Bis(dimethylthiocarbamoyloxy)benzoic acid methyl ester (10):
Methyl 3,5-dihydroxybenzoate (5.0 g, 29.7 mmol) was dissolved in anhy-
drous DMF (20 mL) under a nitrogen atmosphere. The solution was
cooled to 0 8C and DABCO (13.3 g, 119 mmol) was added in portions. To
the resulting suspension a solution of N,N-dimethylthiocarbamoyl chlo-
ride (14.7 g, 119 mmol) in DMF (20 mL) was added dropwise at 0–5 8C.
Where the reaction mixture “solidified” more DMF was added to enable
efficient stirring. The suspension was allowed to warm to room tempera-
ture and stirred for 24 h. The reaction mixture was poured into water
(200 mL), filtered and the residue was washed with ethanol to give 9.22 g
(26.9 mmol, 90%) a white crystalline powder. The product was pure
enough for most purposes, but can be recrystallized from ethanol (m.p.
135–136 8C). 1H NMR (CDCl3, 400 MHz): d=3.34 (s, 3H), 3.44 (s, 3H),
3.88 (s, 3H), 7.05 (t, 1H), 7.63 ppm (d, 2H); 13C NMR (CDCl3,
100 MHz): d=39.84, 44.33, 53.38, 122.66, 123.86, 134.25, 154.92, 166.41,
187.96 ppm; LC-MS: m/z : calcd: 365.0606; found: 365.0605 [M+Na+].


3,5-Bis(dimethylcarbamoylsulfanyl)benzoic acid methyl ester (11): O-Thi-
ocarbamate 10 (8.0 g, 23.3 mmol) was suspended in diphenyl ether
(80 mL) and heated under a nitrogen atmosphere on a sand bath to 230–
240 8C for 3 h. The reaction was monitored by TLC (silica gel, CHCl3/
CH3CN 9:1, Rf starting material: 0.4, Rf product: 0.15). After the reaction
mixture was allowed to cool to 30–40 8C it was poured into 160 mL
hexane and slowly allowed to cool to 4 8C. The product (7.37 g,
21.5 mmol, 92%) was obtained after filtration and extensive washing
with warm hexane as light beige crystals (m.p. 140–141.5 8C). 1H NMR
(CDCl3, 400 MHz): d=3.05 (brd, 6H), 3.88 (s, 3H), 7.82 (t, 1H),
8.16 ppm (d, 2H); 13C NMR (CDCl3, 100 MHz): d=36.42, 51.81, 129.64,
130.81, 136.65, 145.78, 165.07, 165.27 ppm; LC-MS: m/z : calcd: 365.0606;
found: 365.0616 [M+Na+].


3,5-Dimercaptobenzoic acid (5): Under a nitrogen atmosphere S-thiocar-
bamate 11 (7.0 g, 20.4 mmol) was suspended in a 1.75m solution (70 mL)
of KOH in diethyleneglycol that had been purged with argon for 2 h. The
solution was heated at 105 8C for 30 min. After the solution had cooled
down to room temperature 500 mL of water (purged) was added fol-
lowed by rapid addition of 10% HCl (55 mL). The precipitate was fil-
tered (or centrifuged in cases where the precipitate is fine), washed ex-
tensively with water and dried under vacuum overnight to give 3.50 g
(18.8 mmol, 92%) of a white powder. The product can be recrystallized
from degassed ethanol/water (2 g acid in a refluxing mixture of ethanol
(28 mL) and water (48 mL) under an inert atmosphere (m.p. 221–223 8C).
1H NMR (CD3OD, 400 MHz): d=7.40 (s, 1H), 7.64 ppm (s, 2H);
13C NMR (CD3OD, 100 MHz): d=126.97, 132.69, 133.06, 134.87,
168.13 ppm; LC-MS: m/z : calcd: 185.9809; found: 185.9808 [M+].


Dynamic combinatorial libraries : The relevant building blocks were dis-
solved in water, with sufficient 2.5m aqueous NaOH solution to fully de-
protonate the thiols and carboxylic acids on the building blocks, using
sonication where necessary. The pH was then adjusted to 8 using 1m


aqueous HCl and 2.5m aqueous NaOH solutions. Aliquots of 500 mL of
building block solutions were added to 2 mL HPLC vials, and mixed with
500 mL of a template solution and a magnetic stir bar. The vials were
then capped, and stirred for at least three weeks at 298 K.


Receptor 12a was isolated by preparative HPLC from DCLs prepared
using 10 mm 4 and 10 mm T13 or T11. Aliquots of 500 mL were chromato-
graphed (20 mLmin�1 50:50:0.1 H2O/MeCN/TFA, ambient temperature).
For each run, fractions were collected at 0.25 minute intervals, typically
from 14–17.75 minutes. Examination of the chromatograms of this region
revealed two overlapping peaks. Fractions containing pure 12a were
combined and the solvent was removed in vacuo. The material obtained
from 20 injections was re-constituted in 5 mL 1:1 MeCN/H2O, and re-
chromatographed (20 mLmin�1 50:50:0.1 H2O/MeCN/TFA, ambient tem-
perature) in one injection. The collected fractions corresponding to the
main peak were dried in vacuo, redissolved in 50 mm borate buffer using
the minimum number of 1.5 mL aliquots to achieve complete dissolution
(typically 1 mgmL�1), and separated into 1.5 mL centrifuge tubes. Ali-
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quots of 100 mL 2m HCl was added to each tube, the contents of the
tubes were vortexed, and the resultant suspensions were centrifuged for
15 minutes at 13,000 rpm. The pellets were washed twice by addition of
500 mL 40 mm HCl, resuspension by vortexing, and recentrifugation for
15 minutes at 13000 rpm. The final pellets were dried in vacuo overnight.
This procedure typically gave 4 mg of 12a per 10 mL of DCL solution.
1H NMR (500 MHz, CD3OD, 300 K): d=7.57 (s, 2H), 7.47 (s, 2H), 7.38
(s, 2H), 7.26 (d, 2H, J=7.6 Hz), 7.20 (m, 4H), 7.01 (d, 2H, J=7.9 Hz),
6.89 (m, 4H), 5.82 (s, 2H), 5.81 (s, 2H), 5.72 ppm (s, 2H); elemental
analysis calcd (%) for 12a + 6H2O: C 55.37, H: 3.61, N 0.00; found: C
55.37, H 3.46, N 0.00.


Receptor 13a was isolated by preparative HPLC from DCLs prepared
using 6.66 mm 4, 3.33 mm 5 and 10 mm T2. The DCLs were diluted 1:1
with MeCN + 0.4% TFA, and 5 mL aliquots were chromatographed
(20 mLmin�1 55:30:15:0.1 H2O/MeCN/IPA/TFA, retention time typically
15.5–20 min). The collected fractions from four such injections were com-
bined, dried in vacuo and redissolved in 10 mL 1:1 MeCN/H2O. Aliquots
of 500 mL of this solution were chromatographed again to separate 13a
from 13b (20 mLmin�1 50:50:0.1 H2O/MeCN/TFA). For each run, frac-
tions were collected at 0.25 minute intervals, from 12.5–20.0 minutes. Ex-
amination of the chromatograms of this region revealed two overlapping
peaks. Fractions containing pure 13a were combined and the solvent was
removed in vacuo. The material obtained from 20 injections was re-con-
stituted in 5 mL 1:1 MeCN/H2O, and rechromatographed a third time
(20 mLmin�1 50:50:0.1 H2O/MeCN/TFA) in a single injection. The col-
lected fractions corresponding to the main peak were dried in vacuo, and
reprecipitated as described for 12a. This procedure typically gave 1 mg of
13a per 10 mL of DCL solution. 1H NMR (500 MHz, CD3OD): d =5.62
(s, 2H), 5.67 (s, 2H), 7.11 (d, 2H), 7.19 (d, 2H), 7.24 (m, 4H), 7.56 (s,
2H), 7.61 (s, 2H), 7.91 (s, 2H), 8.07 ppm (s, 1H); elemental analysis
calcd (%) for 13a + 4H2O: C 53.51, H 3.34; found: C 53.27, H 3.39; LC-
MS: m/z : calcd for: 914.9591; found: 914.9602 [M+Na+].


The mixture of 13a and 13b for the experiments described in Figure 3
was obtained using only the first chromatographic step described above.
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Half-Sandwich o-N,N-Dimethylaminobenzyl Complexes over the Full Size
Range of Group 3 and Lanthanide Metals. Synthesis, Structural
Characterization, and Catalysis of Phosphine P�H Bond Addition to
Carbodiimides
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Introduction


Rare earth (group 3 and lanthanide) metal alkyl complexes
are an important class of organometallic compounds, which
can show novel activity in various stoichiometric and cata-
lytic processes.[1,2] Rare-earth metal alkyl complexes bearing
the silylene-linked cyclopentadienyl-amido ligand have
drawn considerable attention, because they are electronical-
ly less saturated and sterically more accessible than the ordi-
nary metallocene analogues that have two cyclopentadienyl
ancillary ligands.[2] The first silylene-linked cyclopentadien-


Abstract: The acid-base reactions be-
tween the rare-earth metal (Ln) tris-
ACHTUNGTRENNUNG(ortho-N,N-dimethylaminobenzyl) com-
plexes [Ln(CH2C6H4NMe2-o)3] with
one equivalent of the silylene-linked
cyclopentadiene-amine ligand (C5Me4H)-
ACHTUNGTRENNUNGSiMe2NH(C6H2Me3-2,4,6) afforded the
corresponding half-sandwich amino-
benzyl complexes [{Me2SiACHTUNGTRENNUNG(C5Me4)-
ACHTUNGTRENNUNG(NC6H2Me3-2,4,6)}Ln(CH2C6H4NMe2-
o) ACHTUNGTRENNUNG(thf)] (2-Ln) (Ln=Y, La, Pr, Nd, Sm,
Gd, Lu) in 60–87% isolated yields. The
one-pot reaction between ScCl3 and
[Me2Si ACHTUNGTRENNUNG(C5Me4)ACHTUNGTRENNUNG(NC6H2Me3-2,4,6)] ACHTUNGTRENNUNGLi2
followed by reaction with
LiCH2C6H4NMe2-o in THF gave the
scandium analogue [{Me2Si ACHTUNGTRENNUNG(C5Me4)-
(NC6H2Me3-2,4,6)}ACHTUNGTRENNUNGSc(CH2C6H4NMe2-o)]
(2-Sc) in 67% isolated yield. 2-Sc could
not be prepared by the acid-base reac-
tion between [Sc(CH2C6H4NMe2-o)3]
and (C5Me4H)SiMe2NH(C6H2Me3-2,4,6).
These half-sandwich rare-earth metal
aminobenzyl complexes can serve as
efficient catalyst precursors for the cat-


alytic addition of various phosphine P�
H bonds to carbodiimides to form a
series of phosphaguanidine derivatives
with excellent tolerability to aromatic
carbon-halogen bonds. A significant in-
crease in the catalytic activity was ob-
served, as a result of an increase in the
metal size with a general trend of La>
Pr, Nd>Sm>Gd>Lu>Sc. The reac-
tion of 2-La with 1 equiv of Ph2PH
yielded the corresponding phosphide
complex [{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-
2,4,6)}La ACHTUNGTRENNUNG(PPh2) ACHTUNGTRENNUNG(thf)2] (4), which, on re-
crystallization from benzene, gave the
dimeric analogue [{Me2SiACHTUNGTRENNUNG(C5Me4)-
ACHTUNGTRENNUNG(NC6H2Me3-2,4,6)}LaACHTUNGTRENNUNG(PPh2)]2 (5). Ad-
dition of 4 or 5 to iPrN=C=NiPr in
THF yielded the phosphaguanidinate
complex [{Me2Si ACHTUNGTRENNUNG(C5Me4)ACHTUNGTRENNUNG(NC6H2Me3-


2,4,6)}La ACHTUNGTRENNUNG{iPrNC ACHTUNGTRENNUNG(PPh2)NiPr} ACHTUNGTRENNUNG(thf)] (6),
which, on recrystallization from ether,
afforded the ether-coordinated struc-
turally characterizable analogue
[{Me2SiACHTUNGTRENNUNG(C5Me4) ACHTUNGTRENNUNG(NC6H2Me3-2,4,6)}La-
ACHTUNGTRENNUNG{iPrNC ACHTUNGTRENNUNG(PPh2)NiPr} ACHTUNGTRENNUNG(OEt2)] (7). The re-
action of 6 or 7 with Ph2PH in THF
yielded 4 and the phosphaguanidine
iPrN=C ACHTUNGTRENNUNG(PPh2)NHiPr (3a). These re-
sults suggest that the catalytic forma-
tion of a phosphaguanidine compound
proceeds through the nucleophilic ad-
dition of a phosphide species, which is
formed by the acid-base reaction be-
tween a rare-earth metal o-dimethyl-
aminobenzyl bond and a phosphine
P�H bond, to a carbodiimide, followed
by the proton ACHTUNGTRENNUNGolysis of the resultant
phosphaguanidinate species by a phos-
phine P�H bond. Almost all of the
rare earth complexes reported this
paper were structurally characterized
by X-ray diffraction studies.
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yl-amido rare-earth metal alkyl complex [{Me2SiACHTUNGTRENNUNG(C5Me4)-
ACHTUNGTRENNUNG(NtBu)}Sc{CH ACHTUNGTRENNUNG(SiMe3)2}] was reported in the early 1990s by
Bercaw et al. , which was obtained by salt metathesis be-
tween the scandium chloride complex [{Me2SiACHTUNGTRENNUNG(C5Me4)-
ACHTUNGTRENNUNG(NtBu)}ScCl] and LiCH ACHTUNGTRENNUNG(SiMe3)2.


[3] It was later found by
Okuda and our group that the acid-base reactions between
the rare-earth metal tris(trimethylsilyl)methyl complexes
[Ln(CH2SiMe3)3ACHTUNGTRENNUNG(thf)2] (Ln=Sc, Y, Yb, and Lu) and the silyl-
ene-linked cyclopenetadiene-amine ligands (C5Me4H)
SiMe2NHR (R=alkyl, aryl) can offer an excellent salt-free
route to the corresponding half-sandwich alkyl com-
plexes.[4,5] Marks and coworkers found that the similar acid-
base reaction between the bulkier trisACHTUNGTRENNUNG{bis ACHTUNGTRENNUNG(tri-
ACHTUNGTRENNUNGmethylsilyl)methyl} complexes [Ln{CH ACHTUNGTRENNUNG(SiMe3)2}3] (Ln=Yb
and Lu) and the neutral ligand (C5Me4H) ACHTUNGTRENNUNGMe2SiNHtBu
could also afford the corresponding analogues, albeit under
forcing conditions.[6] Harder and Carpentier reported that
the synthesis of yttrium aminobenzyl and alkyl complexes
bearing the silylene-linked fluorenyl-amido ligands, such as
[{Me2SiACHTUNGTRENNUNG(h


3-C13H8) ACHTUNGTRENNUNG(NtBu)}Y ACHTUNGTRENNUNG(CH2C6H4NMe2-o) ACHTUNGTRENNUNG(thf)]
[7a] and


[{Me2Si(h
3-3,6-tBu2C13H6) ACHTUNGTRENNUNG(NtBu)}YACHTUNGTRENNUNG(CH2SiMe3)ACHTUNGTRENNUNG(thf)2],


[7b] can
be achieved by the acid-base reaction of the tris(aminoben-
zyl) and tris ACHTUNGTRENNUNG(alkyl) precursors such as [Y(CH2C6H4NMe2-
o)3] and [YACHTUNGTRENNUNG(CH2SiMe3)3ACHTUNGTRENNUNG(thf)2] with the corresponding fluo-
rene-amine ligands. We recently found that the reaction of
the scandium tris(aminobenzyl) complex [Sc-
ACHTUNGTRENNUNG(CH2C6H4NMe2-o)3] with C5Me4ACHTUNGTRENNUNG(SiMe3)H can afford the
corresponding half-sandwich bis(aminobenzyl) complex
[(C5Me4SiMe3)ACHTUNGTRENNUNGSc ACHTUNGTRENNUNG(CH2C6H4NMe2-o)2], which can serve as a
novel catalyst precursor for the polymerization and copoly-
merization of various olefins.[8] Despite these extensive stud-
ies in this area, the rare-earth metal half-sandwich alkyl
complexes reported so far in the literature have been limit-
ed solely to those of relatively small metals (such as Sc, Y,
Yb, and Lu), whereas complexes that contain larger metal
ions (ranging from La to Gd) remained unknown. Previous
attempts to synthesize a samarium half-sandwich alkyl com-
plex by reaction of [Sm{CHACHTUNGTRENNUNG(SiMe3)2}3] with (C5Me4H)-
ACHTUNGTRENNUNGMe2SiNHtBu at high temperatures were unsuccessful, as a
result of the thermal instability of the tris ACHTUNGTRENNUNG(alkyl) samarium
complex.[6] The reactivity of rare-earth metal complexes is
usually greatly influenced by the ion size of the central
metals. Therefore, synthesis of half-sandwich rare-earth
metal alkyl complexes over the full size range of this series
of metals is of much interest and importance.


On the other hand, although the nucleophilic addition of
main group metal phosphides “R’2PM” to carbodiimides
RN=C=NR is a well-known method for the preparation of
the corresponding phosphaguanidinate complexes
“ ACHTUNGTRENNUNG[RNC ACHTUNGTRENNUNGACHTUNGTRENNUNG(PR’2)NR]M”,[9,10] the reaction of rare-earth metal
phosphides with carbodiimides has not been reported previ-
ously. Although catalytic addition of phosphine P�H bonds
across the C=N bond of carbodiimides could be an efficient
method for the synthesis of phosphaguanidines [RN=C-
ACHTUNGTRENNUNG(PR’2)NHR]—an important class of heteroatom-containing
compounds that may be used as building blocks for organic


synthesis and as unique ligands for various metal com-
plexes[9]—such a catalytic process remained scarce.[10]


We recently found that half-sandwich rare-earth metal
(trimethylsilyl)methyl complexes such as [{Me2SiACHTUNGTRENNUNG(C5Me4)-
ACHTUNGTRENNUNG(NR)}Y ACHTUNGTRENNUNG(CH2SiMe3)ACHTUNGTRENNUNG(thf)x] (R=Ph, C6H2Me3-2,4,6, tBu)
could serve as efficient catalysts for the catalytic addition of
terminal alkyne C�H and amine N�H bonds to carbodi-
ACHTUNGTRENNUNGimides to give the corresponding propiolamidines[5b] and
guanidines,[5c,e] respectively. We wish to report here that
such half-sandwich rare-earth metal complexes can also cat-
alyze the addition of phosphine P�H bonds to carbodiimides
to afford the corresponding phosphaguanidines. Moreover,
by using ortho-dimethylaminobenzyl CH2C6H4NMe2-o in-
stead of (trimethylsilyl)methyl CH2SiMe3 as an alkyl ligand,
we have successfully synthesized and structurally character-
ized the corresponding half-sandwich complexes over the
full size range of the rare-earth metal series (Sc, Y, La, Pr,
Nd, Sm, Gd, and Lu). Significant effects of the metal ion
size on the catalytic activity of these complexes in the cata-
lytic addition of phosphine P�H bonds to carbodiimides
were observed. Typical phosphide and phosphaguanidinate
reaction intermediates were isolated and their reactivity was
also investigated, which offers strong evidence for the un-
derstanding of the mechanistic aspects of this catalytic pro-
cess.


Results and Discussion


Synthesis and structural characterization of rare-earth metal
o-dimethylaminobenzyl complexes bearing silylene-linked
cyclopentadienyl-amido ligands : Similar to the synthesis of
the half-sandwich (trimethylsilyl)methyl complex [{Me2Si-
ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6))}Y ACHTUNGTRENNUNG(CH2SiMe3) ACHTUNGTRENNUNG(thf)] (1-Y),


[5b,e] the
analogous aminobenzyl complex [{Me2SiACHTUNGTRENNUNG(C5Me4)-
ACHTUNGTRENNUNG(NC6H2Me3-2,4,6)}Ln(CH2C6H4NMe2-o) ACHTUNGTRENNUNG(thf)] (2-Y) was
easily prepared by the reaction of [Y(CH2C6H4NMe2-o)3]
with 1 equivalent of (C5Me4H)SiMe2NH(C6H2Me3-2,4,6), as
shown in Scheme 1. More remarkably, such half-sandwich
aminobenzyl complexes 2-Ln (Ln=La, Pr, Nd, Sm, Gd, and
Lu) could be obtained over the whole size range of the lan-
thanide series in the same manner (Scheme 1). However, an
attempt to make the analogous Sc complex by the reaction


Scheme 1. Synthesis of half-sandwich o-dimethylaminobenzyl complexes
of La, Pr, Nd, Sm, Gd, Lu, and Y.
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of [Sc(CH2C6H4NMe2-o)3] with (C5Me4H) ACHTUNGTRENNUNGSiACHTUNGTRENNUNGMe2NH-
ACHTUNGTRENNUNG(C6H2Me3-2,4,6) was unsuccessful, probably because of the
much smaller size of the Sc ion, which could render the
metal center too crowded to result in a reaction between
the aminobenzyl unit and the bulky cyclopentadiene-amine
ligand. Alternatively, the metathetical reaction between
ScCl3 and [Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)]Li2 followed by
addition of LiCH2C6H4-NMe2-o in THF, afforded the corre-
sponding half-sandwich scandium aminobenzyl complex
[{Me2SiACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)} ACHTUNGTRENNUNGSc(CH2C6H4NMe2-o)] (2-
Sc) in 67% isolated yield (Scheme 2).


All of these aminobenzyl complexes 2-Ln, were structur-
ally characterized by X-ray diffraction analyses. Their select-
ed bond lengths and angles are summarized in Table 1, and
the ORTEP drawings of 2-La, 2-Lu, and 2-Sc are shown in
Figures 1–3, respectively. The complexes of Ln=Y, La, Pr,
Nd, Sm, Gd, and Lu contain a THF-coordination ligand,
while the smallest Sc complex is THF-free, reflecting the dif-
ference in ion size between Sc and other larger metals. All
these complexes adopt a similar overall structure. The o-di-
methylaminobenzyl group is bonded to the metal center in a
chelating fashion through both the benzyl unit and the
amino group. The cyclopentadienyl group adopts an h5-coor-
dinate mode in all of these complexes, in contrast with the
fluorenyl-ligated yttrium analogue [{Me2Si ACHTUNGTRENNUNG(h


3-C13H8)-
ACHTUNGTRENNUNG(NtBu)}Y(CH2C6H4NMe2-o) ACHTUNGTRENNUNG(thf)], in which the fluorenyl
ligand showed an h3-coordinate fashion.[7a] Almost all the
bond distances around the metal centers decreased as the
metal size decreased in the order of La>Pr>Nd>Sm>


Gd>Y>Lu>Sc (Table 1). The Lu�N (amino-group) bond
(2.714(4) P), however, is exceptionally longer than the
Gd�N(amino-group) bond (2.707(7) P) and the
Y�N(amino-group) bond (2.690(2) P), this can be explained


by the fact that although Lu is smaller than Gd and Y, they
all have the same coordination number.[11] These data may
suggest that the interaction between the metal center and
the dimethylACHTUNGTRENNUNGamino group in 2-Lu is weaker than that in
other larger metal complexes, probably because Lu is a little
too small to keep the same coordination number as other
larger metals do.


Scheme 2. Synthesis of a half-sandwich scandium o-dimethylaminobenzyl
complex.


Table 1. Selected bond lengths [P] and angles [8] for 2-Ln (Ln= La, Pr, Nd, Sm, Gd, Lu, Y, and Sc).


2-La 2-Pr 2-Nd 2-Sm 2-Gd 2-Lu 2-Y 2-Sc


Ln�N(Bz) 2.792(2) 2.767(2) 2.748(3) 2.730(4) 2.707(7) 2.714(4) 2.690(2) 2.2908(15)
Ln�N(Ar) 2.416(2) 2.384(2) 2.357(2) 2.343(4) 2.309(6) 2.227(4) 2.288(2) 2.0823(14)
Ln�O 2.564(2) 2.538(2) 2.511(3) 2.483(3) 2.445(5) 2.321(4) 2.4025(19) –
Ln�C(Bz) 2.609(3) 2.564(3) 2.537(3) 2.503(5) 2.486(7) 2.337(6) 2.445(3) 2.2570(18)
Ln�CpACHTUNGTRENNUNG(centroid) 2.505(3) 2.468(3) 2.447(3) 2.424(5) 2.392(8) 2.356(6) 2.369(3) 2.2570(17)
Ln�Cp(av) 2.782(3) 2.749(3) 2.728(3) 2.707(5) 2.675(8) 2.646(6) 2.659(3) 2.4708(17)
aN(Ar)�Ln�CpACHTUNGTRENNUNG(centroid) 91.43(8) 92.92(8) 93.20(10) 94.29(15) 95.43(2) 97.76(19) 96.40(9) 104.36(7)
aN(Ar)�Si�C(Cp) 98.50(11) 98.49(12) 97.81(13) 98.3(2) 97.8(3) 97.9(2) 97.89(11) 95.74(7)
aSi�N�Ln 105.59(10) 104.95(10) 105.40(12) 104.62(18) 104.2(3) 103.5(2) 103.89(11) 102.77(7)
aC�Ln�N(Bz) 63.01(8) 64.00(8) 64.14(10) 64.84(14) 65.3(2) 66.97(17) 66.04(8) 77.45(7)


Figure 1. ORTEP drawing of 2-La with 30% thermal ellipsoids. Hydro-
gen atoms are omitted for clarity.


Figure 2. ORTEP drawing of 2-Lu with 30% thermal ellipsoids. Hydro-
gen atoms are omitted for clarity.
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Catalytic addition of phosphines to carbodiimides : The reac-
tion of diphenylphosphine Ph2PH with N,N’-diisopropylcar-
bodiimide iPrN=C=NiPr was first examined under various
conditions. As a control experiment, iPrN=C=NiPr was
heated with Ph2PH in C6D5Cl at 140 8C for 12 h, but no reac-
tion was observed (Table 2, entry 1). In contrast, addition of
a small amount of the (trimethylsilyl)methyl complex 1-Y at
80 8C, led to rapid addition of Ph2PH to iPrN=C=NiPr to
give the corresponding phosphaguanidine 3a in 86% yield
in 1 h (Table 2, entry 2). The aminobenzyl analogue 2-Y
showed the same activity as that of 1-Y (Table 2, entry 3),
which showed that the catalytic activity was not affected by
the alkyl group under the present conditions. The scandium
complex 2-Sc showed a significantly lower activity than that
of 2-Y under the same conditions (Table 2, entry 4). Among
the lanthanide complexes from Lu to La, the activity in-


creased as the metal size becomes larger (Lu<Gd<Sm<


Nd<Pr<La) (Table 2, entries 5–10). The largest lanthanum
complex 2-La showed the highest activity. THF seemed to
be a better solvent than benzene or toluene for this reaction
(Table 2, entries 10–12). Thus, in the presence of 1 mol% of
2-La, the reaction of Ph2PH with iPrN=C=NiPr in THF at
80 8C yielded the corresponding phosphaguanidine 3a quan-
titatively within 1 h (Table 2, entry 13).


Table 3 summarizes some representative results of reac-
tions between various phosphines and carbodiimides cata-
lyzed by the lanthanum complex 2-La. A wide range of di-
ACHTUNGTRENNUNGarylphosphines could be used in this reaction. The reaction
was not affected by either electron-withdrawing or -donating
substituents, or their positions at the phenyl ring of the
phosphines (Table 3, entries 1–10). Aromatic C�Cl (entries 8
and 9) and C�Br (entry 10) bonds survived the catalytic
conditions to yield selectively the corresponding halogen-
substituted phosphaguanidines 3 i–k, which could serve as
useful building blocks for the construction of further larger
phosphaguanidine derivatives. The reaction of an alkyl/aryl
phosphine such as ethylphenylphosphine (entry 11) with
iPrN=C=NiPr required a longer time for completion, where-
as a dialkyl phosphine could not be utilized in this reaction,
probably owing to the weaker acidity of these phosphines
compared to that of diarylphosphines. The reaction of
PhPH2 with iPrN=C=NiPr afforded selectively the mono-ad-
dition product iPrN=C ACHTUNGTRENNUNG(PHPh)ACHTUNGTRENNUNG(NHiPr) (3m) (entry 12). In
most of the above reactions, the resulting phosphaguanidine
products could be isolated in excellent yields, simply by a
single recrystallization. The 1H and 13C NMR spectra of the
phosphaguanidine products 3a–n all showed only one
isomer in solution, which could be assigned as the Esyn


isomer according to literature.[12,9a–c]


Isolation and reactivity of the
lanthanum phosphide and phos-
phaguanidinate intermediates :
To gain information on the true
catalyst species and the reaction
mechanisms, the stoichiometric
reaction between 2-La and di-
phenylphosphine was first car-
ried out in THF at room tem-
perature for 5 h, which gave the
corresponding half-sandwich
phosphide complex [{Me2Si-
ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)} ACHTUNGTRENNUNGLa-
ACHTUNGTRENNUNG(PPh2) ACHTUNGTRENNUNG(thf)2] (4) in 92% isolat-
ed yield (Scheme 3). Complex 4
is highly soluble in THF but
sparingly soluble in n-hexane.
Recrystallization of 4 in THF/
ether at room temperature af-
forded light-yellow single crys-
tals. An X-ray analysis revealed
that 4 adopts a monomeric
structure in which the metal


Figure 3. ORTEP drawing of 2-Sc with 30% thermal ellipsoids. Hydrogen
atoms are omitted for clarity.


Table 2. Catalytic addition of diphenylphosphine to N,N’-diisopropylcarbodiimide.[a]


Entry Catalyst Ionic radius of Solvent T t Yield[c]


ACHTUNGTRENNUNG[mol%] Ln3+ [P][b] [8C] [h] [%]


1 0 – C6D5Cl 140 12 0
2 1-Y (3) 0.900 [D8]THF 80 1 86
3 2-Y (3) 0.900 [D8]THF 80 1 86
4 2-Sc (3) 0.745 [D8]THF 80 1 15
5 2-Lu (3) 0.861 [D8]THF 80 1 50
6 2-Gd (3) 0.938 [D8]THF 80 1 65
7 2-Sm (3) 0.958 [D8]THF 80 1 69
8 2-Nd (3) 0.983 [D8]THF 80 1 93
9 2-Pr (3) 0.990 [D8]THF 80 1 94
10 2-La (3) 1.032 [D8]THF 80 0.5 >99
11 2-La (3) 1.032 C6D6 110 18 85
12 2-La (3) 1.032 [D8]toluene 110 9 95
13 2-La (1) 1.032 [D8]THF 80 1 >99
14 2-La (0.5) 1.032 [D8]THF 80 2 98


[a] Conditions: diphenylphosphine (0.35 mmol), N,N(-diisopropylcarbodiimide (0.34 mmol), Ln catalyst.
[b] Ionic radius of six-coordination.[11] [c] Yields were determined by 31P NMR.
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center is bonded to one Cp’-amido ligand, one PPh2 ligand,
and two THF ligands (Figure 4). When 4 was recrystallized
in benzene, light yellow single crystals of [{Me2Si-
ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)} ACHTUNGTRENNUNGLa ACHTUNGTRENNUNG(m-PPh2)]2 (5) were obtained
(Scheme 3). An X-ray analysis showed that 5 adopts a di-


meric structure through the
phosphido bridges (Figure 5).
There is no THF ligand in 5. A
crystallographic inversion
center exists at the center of
the molecule. The phosphido
bridges are highly unsymmetri-
cal. The length of the bridging
La1�P1’ bond (3.0675(13) P) is
significantly shorter than that
of the La1�P1 bond
(3.1427(12) P), can be com-
pared even with the terminal
La�P bond found in 4
(3.0697(16) P). The La�Cp-
ACHTUNGTRENNUNG(centroid) bond distance in 5
(2.499(3) P) is significantly
shorter than that in 4
(2.541(6) P), probably because
the coordination number of the
La ion in 5 (six) is smaller than
that in 4 (seven). The La�N
bond distances in both 4
(2.372(5) P) and 5 (2.372(3) P),
however, are almost the same.


At room temperature, the di-
meric structure of 5 could
remain for about 24 h in THF.
It showed a broad 31P NMR
peak at 8.53 ppm in [D8]THF,
in contrast with that of the
monomeric 4, which gave a
sharp singlet at �14.5 ppm.
However, on heating in THF at
80 8C for 5 h, 5 was completely
converted into 4. The reaction
of 4 or 5 with iPrN=C=NiPr in
THF at room temperature gave
the phosphaguanidinate com-
plex [{Me2Si ACHTUNGTRENNUNG(C5Me4)-
ACHTUNGTRENNUNG(NC6H2Me3 ACHTUNGTRENNUNG-2,4,6)}La ACHTUNGTRENNUNG{iPrNC-
ACHTUNGTRENNUNG(PPh2)NiPr} ACHTUNGTRENNUNG(thf)] (6) in 93%
isolated yield (Scheme 3). Re-
crystallization of 6 in ether at
room temperature yielded the
ether-coordinated complex
[{Me2SiACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-
2,4,6)}La ACHTUNGTRENNUNG{iPrNC ACHTUNGTRENNUNG(PPh2)NiPr}-
ACHTUNGTRENNUNG(OEt2)] (7) as light-orange crys-
tals suitable for X-ray analysis.
A crystallographic study
showed that the phosphaguani-


dinate unit in 7 is bonded to the metal center through the
two N atoms, as observed in a normal guanidinate or amidi-
nate complex (Figure 6). The La�N bond distances (2.570(2)
and 2.557(2) P) of the phosphaguanidinate unit in 7 are
longer than those in the guanidinate complex [La ACHTUNGTRENNUNG{CyNC ACHTUNGTRENNUNG(N-


Table 3. Catalytic addition of phosphines to carbodiimides.[a]


Entry R’’R’’’PH RN=C=NR’ Product Yield[b] [%]


1 Ph2PH CyN=C=NCy 3b(99)


2 Ph2PH EtN=C=NtBu 3c(95)


3 ACHTUNGTRENNUNG(2-MeC6H4)2PH iPrN=C=NiPr 3d(99)


4 ACHTUNGTRENNUNG(3-MeC6H4)2PH iPrN=C=NiPr 3e(99)


5 ACHTUNGTRENNUNG(4-MeC6H4)2PH iPrN=C=NiPr 3f(99)


6 (3,5-Me2C6H3)2PH iPrN=C=NiPr 3g(98)


7 (4-MeOC6H4)2PH iPrN=C=NiPr 3h(99)


8 ACHTUNGTRENNUNG(4-ClC6H4)2PH iPrN=C=NiPr 3i(97)


9 (3,5-Cl2C6H3)2PH iPrN=C=NiPr 3j(95)


10 ACHTUNGTRENNUNG(4-BrC6H4)2PH iPrN=C=NiPr 3k(97)


11 PhEtPH iPrN=C=NiPr 3l(86)[c]


12 PhPH2 iPrN=C=NiPr 3m(96)[c]


[a] Conditions: phosphine (2.02 mmol), carbodiimide (2.00 mmol), catalyst (0.02 mmol), solvent (5 mL).
[b] Isolated yield. [c] Toluene, 110 8C, 12 h.
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ACHTUNGTRENNUNG(SiMe3)2)NCy}(OC6H3tBu2-2,6)2] (2.448(5) and
2.467(5) P),[13] but comparable with those found in the cat-
ionic amidinate complex [{(2,6-iPr2C6H3N)2CPh}La-
ACHTUNGTRENNUNG(CH2SiMe3)ACHTUNGTRENNUNG(thf)4]


+ (2.534(4) and 2.556(4) P).[14]


A reaction between 6 and diphenylphosphine was not ob-
served at room temperature in [D8]THF. However, when a
1:1 mixture of 6 and diphenylphosphine was heated to 80 8C,
the phosphaguanidine 3a and complex 4 were formed
almost quantitatively (Scheme 3). The catalytic formation of
3a was achieved if excess amounts of diphenylphosphine
and iPrN=C=NiPr (1:1) were added to 6 in [D8]THF and
heated at 80 8C. The analogous reaction between 7 and di-
phenylphosphine afforded 3a and complex 4 similarly.
These results clearly demonstrate for the first time that a


lanthanide phosphaguanidinate
species can be protonated by a
phosphine P�H bond.


Reaction mechanism : On the
basis of the experimental re-
sults described above, a possi-
ble reaction mechanism for the
catalytic addition of a phos-
phine P�H bond to a carbodi-
ACHTUNGTRENNUNGimide compound by 2-La could
be proposed, as shown in
Scheme 4. The acid-base meta-
thesis reaction between a phos-
phine P�H bond and the
La�benzyl bond should yield
straightforwardly a phosphide


species such as A. Nucleophilic addition of the phosphide
species to a carbodiimide would afford the phosphaguanidi-
nate species B, which on abstraction of a proton from anoth-
er molecule of phosphine would yield the phosphaguanidine
product and regenerate the phosphide A. The isolation of 4
and 6 and the transformation of 6 to 3a and 4 by reaction
with diphenylphosphine strongly support this mechanism
(see Scheme 3).


Scheme 3. Formation of a lanthanum phosphaguanidinate and its reaction with diphenylphosphine.


Figure 4. ORTEP drawing of 4 with 30% thermal ellipsoids. Hydrogen
atoms are omitted for clarity. Selected bond lengths [P] and angles [8]:
La1�P1 3.0697(16), La1�N1 2.372(5), La1�O1 2.560(3), La1�O2
2.583(3), La1�C1 2.670(5), La1�C2 2.772(5), La1�C3 2.9276, La1�C4
2.904(5), La1�C5 2.749(5), La1�CpACHTUNGTRENNUNG(centroid) 2.541(6); N1�La1�Cp-
ACHTUNGTRENNUNG(centroid) 92.02(13), P1�La1�Cp ACHTUNGTRENNUNG(centroid) 98.41(13), N1�La1�P1
119.71(10), O1�La1�O2 77.81(13). Figure 5. ORTEP drawing of 5 with 30% thermal ellipsoids. Hydrogen


atoms are omitted for clarity. Selected bond lengths [P] and angles [8]:
La1�P1 3.1427(12), La1�P1’ 3.0675(13), La1�N1 2.372(3), La1�C13
2.677(3), La1�C14 2.752(3), La1�C15 2.866(3), La1�C16 2.852(3), La1�
C17 2.734(3), La1�CpACHTUNGTRENNUNG(centroid) 2.499(3); N1�La1�Cp ACHTUNGTRENNUNG(centroid)
92.15(8), P1�La1�CpACHTUNGTRENNUNG(centroid) 110.80(8), P1’�La1�Cp ACHTUNGTRENNUNG(centroid)
162.35(8), N1�La1�P1 105.47(7), N1�La1�P(1’) 107.40(8), P1�La1�P1’
65.37(3), La1�P1�La1’ 114.63(3).
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Conclusion


Half-sandwich o-dimethylaminobenzyl complexes 2-Ln
(Ln=Sc, Y, La, Pr, Sm, Nd, Gd, Lu) bearing silylene-linked
cyclopentadienyl-amido ligands have been synthesized and
structurally characterized for the first time over the full size
range of the rare-earth metal series. Such complexes serve
as efficient catalyst precursors for the catalytic addition of
various phosphine P�H bonds to carbodiimides, and have
lead to the formation of a series of phosphaguanidine deriv-
atives with excellent tolerability to aromatic carbon-halogen
bonds. An increase in the rare-earth metal size, leads to a
significant increase in the catalytic activity. The isolation
and reactivity investigation of the phosphide (e.g., 4 and 5)
and phosphaguanidinate intermediates (e.g., 6) suggests that


the catalytic formation of a phosphaguanidine compound
proceeds through the nucleophilic addition of a phosphide
species, which is formed by the acid-base reaction between a
rare-earth-metal-alkyl bond and a phosphine P�H bond, to
a carbodiimide, followed by the protonolysis of the resultant
phosphaguanidinate species by a phosphine P�H bond.


Experimental Section


All reactions were carried out under a dry and inert atmosphere by using
either standard Schlenk techniques or under a nitrogen atmosphere in an
MBRAUN glovebox. The argon was purified by passage through a Dry-
clean column (4 P molecular sieves, Nikka Seiko) and a Gasclean GC-
XR column (Nikka Seiko). The nitrogen in the glovebox was constantly
circulated through a copper/molecular sieves catalyst unit. The oxygen
and moisture concentrations in the glovebox atmosphere were monitored
by an O2/H2O Combi-Analyzer (MBRAUN) to ensure both were always
below 1 ppm. Solvents were distilled from sodium/benzophenone ketyl,
and dried over fresh Na. [D6]Benzene, [D8]toluene, and [D8]THF (all
99+atom% D) were obtained from Acros Organics, and were dried over
fresh Na chips for NMR reactions. Ph2PH and PhPH2 were purchased
from TCI. (4-MeC6H4)2PH and (3,5-Me2C6H3)2PH were purchased from
Strem. Other phosphines were prepared according to literature.[15] (4-
BrC6H4)2PH (new compound) was synthesized analogously.[15a] Phospha-
guanidines 3a[9c] and 3b[9c] are known compounds. All other phosphagua-
nidines reported in this paper are new compounds. The amine ligands
(C5Me4H)SiMe2NH(C6H2Me3-2,4,6)


[5e] and [Sc(CH2C6H4NMe2-o)3]
[16]


were prepared according to their respective published procedures.


IR spectra were obtained by using a Shimadzu IRPrestige-21 spectropho-
tometer using Nujol mulls between KBr disks. The high-resolution mass
spectroscopy (HRMS) data were recorded by using a JEOL JMS-700 in-
strument operated in EF-FAB+ mode. Samples for NMR spectroscopic
measurements were prepared under a dry and oxygen-free argon atmos-
phere or in the glovebox by use of J. Young valve NMR tubes (Wilmad
528-JY). 1H NMR, 13C NMR, and 31P NMR spectra were recorded by
means of a JEOL-AL400 spectrometer (FT, 400 MHz for 1H; 100 MHz
for 13C; 160 MHz for 31P), a JEOL JNM-AL300 spectrometer (FT,
300 MHz for 1H; 75 MHz for 13C) or a JEOL JNM-AL270 spectrometer
(FT, 270 MHz for 1H; 68 MHz for 13C) at room temperature, unless oth-
erwise noted. Phosphorus chemical shifts were measured relative to an
external 85% aqueous solution of H3PO4. Micro elemental analyses were
performed by means of a MICRO CORDER JM10 apparatus (J-Science
Lab.).


ACHTUNGTRENNUNG(4-BrC6H4)2PH : This compound was prepared according to literature[15a]


via reduction of (4-BrC6H4)2POH by use of 3 equiv DIBAL-H/THF to
yield a colorless solid in 86% yield; 1H NMR (300 MHz, C6D6): d =4.80
(d, 1JPH=216.9 Hz, 1H; PH), 6.82–6.87 (m, 4H; C6H4), 7.11–7.14 ppm (m,
4H; C6H4);


13C NMR (75 MHz, C6D6): d =123.6, 132.0 (d, 3JPC=6.2 Hz),
133.6 (d, 1JPC=11.7 Hz), 135.6 ppm (d, 2JPC=17.9 Hz); 31P{1H} NMR
(160 MHz, C6D6): d =�43.5 ppm; HRMS: m/z: calcd for C12H10


79Br2P:
342.8887 [M+H]+ ; found: 342.8895.


[La(CH2C6H4NMe2-o)3]: This compound was prepared by a modified lit-
erature procedure.[7] LaBr3 instead of LaCl3 was used here. THF (20 mL)
was added to LaBr3 (900 mg, 2.377 mmol) at room temperature in a
Schlenk tube and sealed with a Teflon stopcock. This tube was taken out-
side and was heated at 70 8C for 5 h to form the thf-coordinated lantha-
num complex LaBr3ACHTUNGTRENNUNG(thf)4. After cooling down to room temperature, a
THF solution (10 mL) of KCH2C6H4NMe2-o (1.236 g, 7.131 mmol) was
added to a THF suspension of lanthanum bromide at room temperature
in the glove box. After stirring for 30 min, the solvent was removed
under reduced pressure to give an oily residue, which was then dissolved
in toluene (20 mL) and filtered to remove the potassium salt. The filtrate
was concentrated and cooled down to �30 8C to give yellow cubic crystals
(1.125 g, 2.068 mmol, 87% yield). 1H NMR (300 MHz, C6D6, 50 8C): d=


1.63 (s, 6H; CH2), 1.93 (s, 18H; NMe2), 6.28 (t, 3H; aryl), 6.61–6.69 ppm


Figure 6. ORTEP drawing of 7 with 30% thermal ellipsoids. Hydrogen
atoms are omitted for clarity. Selected bond lengths [P] and angles [8]:
La1�N1 2.570(2), La1�N2 2.557(2), La1�N3 2.382(3), La1�O1 2.667(3),
N1�C1 1.330(4), N2�C1 1.338(4), P1�C1 1.915(3), La1�C20 2.723(3),
La1�C21 2.827(3), La1�C22 2.948(3), La1�C23 2.929(3), La1�C24
2.791(3), La1�CpACHTUNGTRENNUNG(centroid) 2.574(3); N1�La1�Cp ACHTUNGTRENNUNG(centroid) 171.55(9),
N2�La1�Cp ACHTUNGTRENNUNG(centroid) 119.83(9), N3�La1�Cp ACHTUNGTRENNUNG(centroid) 90.52(9), O1�
La1�CpACHTUNGTRENNUNG(centroid) 99.44(9), N1�La1�N3 95.52(8), N2�La1�N3 106.37(9),
N1�La1�N2 52.67(8), C1�N1�La1 94.92(17), C1�N2�La1 95.31(17), N1�
C1�N2 117.0(3), N1�C1�P1 126.7(2), N2�C1�P1 116.3(2).


Scheme 4. A possible mechanism of the catalytic addition of a phosphine
P�H bond to a carbodiimide compound.
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(m, 9H; aryl); 1H NMR (300 MHz, [D8]THF, 25 8C): d=1.58 (s, 6H;
CH2), 2.34 (s, 18H; NMe2), 6.42 (t, J=7.5 Hz, 3H; aryl), 6.67 (d, J=


8.1 Hz, 3H; aryl), 6.82 (t, J=7.5 Hz, 3H; aryl), 7.04 ppm (d, J=8.1 Hz,
3H; aryl).


[Pr(CH2C6H4NMe2-o)3]: Starting from PrBr3 (3.806 g, 10 mmol),
[Pr(CH2C6H4NMe2-o)3] was obtained as yellow green cubic crystals
(yield, 5.018 g, 9.2 mmol, 92% yield) in a manner analogous to that de-
scribed for the synthesis of [La(CH2C6H4NMe2-o)3].


1H NMR (300 MHz,
[D8]THF, 50 8C): d=�23.37 (br s, 18H; NMe2), �9.50 (br s, 3H; aryl),
�0.85 (br s, 3H aryl), 8.59 (br s, 3H; aryl), 23.38 ppm (br s, 3H; aryl);
13C NMR (75 MHz, [D8]THF, 50 8C): d=�29.4, 78.5, 100.2, 113.1, 135.8,
162.4 ppm; elemental analysis calcd (%) for C27H36PrN3: C 59.67, H 6.68,
N 7.73; found: C 59.84, H 6.52, N 7.43. The 1H NMR signals for benzyl
protons was not observed.


[Nd(CH2C6H4NMe2-o)3]: Starting from anhydrous NdBr3 (1.919 g,
5 mmol), [Nd(CH2C6H4NMe2-o)3] was obtained as dark green cubic crys-
tals (2.261 g, 4.15 mmol, 83% yield) in a manner analogous to that de-
scribed for the synthesis of [La(CH2C6H4NMe2-o)3].


1H NMR (300 MHz,
[D8]THF, 50 8C): d=�11.94 (br s, 18H; NMe2), �1.02 (br s, 3H; aryl),
1.12 (br s, 3H aryl), 9.46 (br s, 3H; aryl), 14.69 (br s, 3H; aryl), 17.12 ppm
(br s, 6H; CH2);


13C NMR (68 MHz, [D8]THF, 50 8C): d=85.7, 98.6,
113.5, 139.3, 143.6, 161.2 ppm; elemental analysis calcd (%) for
C27H36NdN3: C 59.30, H 6.64, N 7.68; found: C 59.02, H 6.28, N 7.65.


[Y(CH2C6H4NMe2-o)3]: This compound was prepared by a modified liter-
ature procedure.[7] LiCH2C6H4NMe2-o instead of KCH2C6H4NMe2-o was
used here. Anhydrous yttrium chloride (976 mg, 5 mmol) was suspended
in THF ACHTUNGTRENNUNG(20 mL). A THF solution (20 mL) of LiCH2C6H4NMe2-o (2.117 g,
15 mmol) was slowly added at room temperature. After stirring for
30 min, the solvent was removed under reduced pressure. The residue
was dissolved in toluene (30 mL) and filtered to remove lithium salt. The
filtrate was concentrated and cooled down to �30 8C to give
[Y(CH2C6H4NMe2-o)3] as yellow cubic crystals (1.843 g, 75% yield).
1H NMR (400 MHz, C6D6): d=1.63 (s, 6H; CH2), 2.11 (s, 18H; NMe2),
6.66 (t, J=6.6 Hz, 3H; aryl), 6.83 (d, J=8.1 Hz, 3H; aryl), 7.00 (t, J=


8.1 Hz, 3H; aryl), 7.11 ppm (d, J=6.6 Hz, 3H; aryl).


[Sm(CH2C6H4NMe2-o)3]: Starting from anhydrous SmCl3 (1.283 g,
5 mmol), [Sm(CH2C6H4NMe2-o)3] was obtained as red purple cubic crys-
tals (2.530 g, 4.6 mmol, 92% yield) in a manner analogous to that de-
scribed for the synthesis of [Y(CH2C6H4NMe2-o)3].


1H NMR (300 MHz,
[D8]THF): d=�1.53 (s, 18H; NMe2), 4.79 (s, 3H; aryl), 7.05 (s, 3H;
aryl), 7.19 (s, 3H aryl), 9.60 (s, 3H; aryl), 13.94 ppm (s, 6H; CH2);
13C NMR (68 MHz, [D8]THF): d =40.0, 112.2, 123.6, 124.5, 128.2, 128.9,
131.5, 155.2 ppm; elemental analysis calcd (%) for C27H36SmN3: C 58.65,
H 6.56, N 7.60; found: C 59.14, H 6.56, N 7.41.


[Gd(CH2C6H4NMe2-o)3]: Starting from anhydrous GdCl3 (2.636 g,
10 mmol), [Gd(CH2C6H4NMe2-o)3] was obtained as yellow crystals
(4.759 g, 8.5 mmol, 85% yield) in a manner analogous to that described
for the synthesis of [Y(CH2C6H4NMe2-o)3]. The 1H NMR spectrum of
[Gd(CH2C6H4NMe2-o)3] was not informative because of the influence of
the paramagnetic Gd ACHTUNGTRENNUNG(III) ion. Elemental analysis calcd (%) for
C27H36GdN3: C 57.92, H 6.48, N 7.51; found: C 57.93, H 6.30, N 7.40.


[Lu(CH2C6H4NMe2-o)3]: Starting from anhydrous LuCl3 (2.251 g,
8 mmol), [Lu(CH2C6H4NMe2-o)3] was obtained as yellow cubic crystals
(3.558 g, 6.16 mmol, 77% yield) in a manner analogous to that described
for the synthesis of [Y(CH2C6H4NMe2-o)3].


1H NMR (300 MHz, C6D6):
d=1.48 (s, 6H; CH2), 2.17 (s, 18H; NMe2), 6.70–6.78 (m, 6H; aryl), 7.01
(t, J=7.5 Hz, 3H; aryl), 7.09 ppm (d, J=7.7 Hz, 3H; aryl); 13C NMR
(75 MHz, C6D6): d=44.8 (NMe2), 48.4 (CH2), 118.8, 119.1, 127.5, 129.6,
139.1, 142.8 ppm (aromatics); elemental analysis calcd (%) for
C27H36LuN3: C 56.15, H 6.28, N 7.28; found: C 56.18, H 6.18, N 7.14.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}La(CH2C6H4NMe2-o) ACHTUNGTRENNUNG(thf)] ACHTUNGTRENNUNG(2-La): To
a THF solution (10 mL) of [La(CH2C6H4NMe2-o)3] (1.083 g, 2 mmol) was
added a THF solution (2 mL) of (C5Me4H)SiMe2NH(C6H2Me3-2,4,6)
(0.627 g, 2 mmol) at room temperature. After stirring for 2 h at room
temperature, the solvent was removed under reduced pressure. The resi-
due was washed by ether and dissolved in toluene (50 mL). Slow evapo-
ration of the solvent gave 2-La as light yellow crystals (1.138 g,
1.74 mmol, 87% yield). 1H NMR (300 MHz, C6D6, 50 8C): d=0.70 (s, 6H;


SiMe2), 1.10 (br s, 4H; b-CH2,thf), 1.92 (s, 6H; C5Me4), 2.02 (br s, 6H;
NMe2), 2.20 (s, 2H; CH2), 2.31 (s, 3H; p-Me), 2.42, (s, 6H; C5Me4 or o-
Me), 2.49 (s, 6H; C5Me4 or o-Me), 2.83 (br s, 4H; a-CH2, thf), 6.25 (t, J=


7.8 Hz, 1H; aryl), 6.49 (d, J=7.2 Hz, 1H; aryl), 6.75 (t, J=8.1 Hz, 1H;
aryl), 6.86 (d, J=6.3 Hz, 1H; aryl), 6.97 ppm (s, 2H; aryl); 1H NMR
(300 MHz, [D8]THF): d =0.33 (s, 6H; SiMe2), 1.73 (s, 2H; CH2), 1.97
(br s, 6H; NMe2), 1.99 (s, 6H; C5Me4), 2.17 (s, 3H; p-Me), 2.27, (s, 6H;
C5Me4 or o-Me), 2.30 (s, 6H; C5Me4 or o-Me), 6.36 (t, J=8.7 Hz, 1H;
aryl), 6.65 (d, J=6.3 Hz, 1H; aryl), 6.73 (t, J=6.6 Hz, 1H; aryl), 6.76 (s,
2H; aryl), 6.83 ppm (d, J=8.3 Hz, 1H; aryl); 13C NMR (75 MHz,
[D8]THF): d=6.7, 11.4, 14.5, 20.8, 21.3, 26.4, 41.4 (NMe2), 44.5 (CH2),
68.2, 107.2, 116.7, 119.1, 121.8, 123.2, 126.89, 126.94 127.2, 127.6, 129.2,
131.6, 136.5, 144.5, 152.0 ppm; elemental analysis calcd (%) for
C33H49N2OSiLa: C 60.35, H 7.52, N 4.27; found: C 60.68, H 7.41, N 4.20.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}Pr(CH2C6H4NMe2-o) ACHTUNGTRENNUNG(thf)] ACHTUNGTRENNUNG(2-Pr): To a
THF solution (8 mL) of [Pr(CH2C6H4NMe2-o)3] (0.543 g, 1 mmol) was
added a THF solution (2 mL) of (C5Me4H)SiMe2NH(C6H2Me3-2,4,6)
(0.314 g, 1 mmol) at room temperature. After stirring for 2 h at 50 8C, the
solvent was removed under reduced pressure. The residue was washed by
hexane and dissolved in THF. Slow evaporation of the solvent gave 2-Pr
as light green crystals (0.396 g, 0.60 mmol, 60% yield). 1H NMR
(300 MHz, C6D6, 50 8C): d=�8.29 (br s, 4H; thf), 2.39 (br s, 6H; SiMe2),
3.19 (s, 3H; p-Me), 6.60 (br s, 2H; aryl), 7.07 (s, 1H; aryl), 14.52 (s, 1H;
aryl), 14.59 (s, 1H; aryl), 22.53 ppm (br s, 1H; aryl); 1H NMR (300 MHz,
[D8]THF, 50 8C): d=2.25 (br s, 6H; SiMe2), 3.01 (s, 3H; p-Me), 6.28 (s,
2H; aryl), 7.36 (s, 1H; aryl), 13.54 (s, 1H; aryl), 16.09 (s, 1H; aryl),
18.63 ppm (s, 1H; aryl), other signals were not observed because of the
influence of the paramagnetic Pr ACHTUNGTRENNUNG(III) ion; 13C NMR (75 MHz, [D8]THF,
50 8C): d =18.0, 26.6, 68.2, 108.4, 117.6, 123.5, 125.1, 134.9, 151.0, 155.7,
166.9 ppm; elemental analysis calcd (%) for C33H49N2OSiPr: C 60.17, H
7.50, N 4.25; found: C 60.26, H 7.60, N 4.34.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}Nd(CH2C6H4NMe2-o) ACHTUNGTRENNUNG(thf)] ACHTUNGTRENNUNG(2-Nd): To
a THF solution (5 mL) of [Nd(CH2C6H4NMe2-o)3] (0.547 g, 1 mmol) was
added a THF solution (2 mL) of (C5Me4H)SiMe2NH(C6H2Me3-2,4,6)
(0.314 g, 1 mmol) at room temperature. After stirring for 2 h at 50 8C, the
solvent was removed under reduced pressure. The residue was washed
with hexane and dissolved in toluene. Slow evaporation of the solvent
gave 2-Nd as green crystals (0.410 g, 0.61 mmol, 61% yield). 1H NMR
(300 MHz, C6D6, 50 8C): d=�6.30 (br s, 4H; thf), �2.98 (br s, 4H; thf),
3.66 (s, 3H; p-Me), 4.72 (s, 6H; SiMe2), 7.49 (s, 2H; aryl), 10.86 (s, 1H;
aryl), 13.35 (s, 1H; aryl), 16.71 ppm (s, 1H; aryl); 1H NMR (300 MHz,
[D8]THF, 50 8C): d =3.42 (s, 3H; p-Me), 4.35 (s, 6H; SiMe2), 4.86 (s, 1H;
aryl), 7.15 (s, 2H; aryl), 11.44 (s, 1H; aryl), 12.89 (s, 1H; aryl), 15.09 (s,
1H; aryl), other signals were not observed because of the influence of
the paramagnetic NdACHTUNGTRENNUNG(III) ion; 13C NMR (75 MHz, [D8]THF, 50 8C): d=


16.7, 26.6, 68.2, 98.4, 103.4, 117.7, 122.3, 129.1, 138.0, 154.3, 168.0 ppm; el-
emental analysis calcd (%) for C33H49N2OSiNd: C 59.86, H 7.46, N 4.23;
found: C 59.82, H 7.36, N 4.11.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}Sm(CH2C6H4NMe2-o) ACHTUNGTRENNUNG(thf)] ACHTUNGTRENNUNG(2-Sm): To
a THF solution (5 mL) of [Sm(CH2C6H4NMe2-o)3] (0.553 g, 1 mmol) was
added a THF solution (2 mL) of (C5Me4H)SiMe2NH(C6H2Me3-2,4,6)
(0.314 g, 1 mmol) at room temperature. After stirring for 2 h at 50 8C, the
solvent was removed under reduced pressure. The residue was washed by
hexane and recrystallization from THF gave 2-Sm as red crystals
(0.419 g, 0.62 mmol, 62% yield). 1H NMR (400 MHz, C6D6): d=�0.20
(br s, 4H; thf), 0.59 (br s, 4H; thf), 1.18 (s, 6H; SiMe2), 2.20 (s, 3H; p-
Me), 6.28 (d, J=7.5 Hz, 1H; aryl), 6.90 (s, 2H; aryl), 7.46 (t, J=7.1 Hz,
1H; aryl), 7.51 (br s, 2H; CH2), 7.70 (t, J=7.1 Hz, 1H; aryl), 10.15 ppm
(d, J=7.9 Hz, 1H; aryl), other signals were not observed because of the
influence of the paramagnetic Sm ACHTUNGTRENNUNG(III) ion; 13C NMR (75 MHz, [D8]THF,
50 8C): d=8.3, 14.8, 21.3, 22.5, 26.5, 43.9, 68.2, 102.9, 114.4, 125.7, 125.8,
127.2, 129.9, 132.0, 139.6, 160.0, 163.7 ppm; elemental analysis calcd (%)
for C33H49N2OSiSm: C 59.32, H 7.39, N 4.19; found: C 59.19, H 7.01, N
3.99.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}Gd(CH2C6H4NMe2-o) ACHTUNGTRENNUNG(thf)] ACHTUNGTRENNUNG(2-Gd): To
a THF solution (8 mL) of [Gd(CH2C6H4NMe2-o)3] (0.560 g, 1 mmol) was
added a THF solution (2 mL) of (C5Me4H)SiMe2NH(C6H2Me3-2,4,6)
(0.314 g, 1 mmol) at room temperature. After stirring for 3 h at 50 8C, the
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solvent was removed under reduced pressure. The residue was washed by
ether and dissolved in toluene (30 mL). Slow evaporation of the solvent
gave 2-Gd as yellow crystals (0.405 g, 0.6 mmol, 60%). The 1H NMR
spectrum of 2-Gd was not informative because of the influence of the
paramagnetic Gd ACHTUNGTRENNUNG(III) ion. Elemental analysis calcd (%) for
C33H49N2OSiGd: C 58.71, H 7.32, N 4.15; found: C 58.33, H 7.07, N 4.31.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}Lu(CH2C6H4NMe2-o) ACHTUNGTRENNUNG(thf)] ACHTUNGTRENNUNG(2-Lu): To
a THF solution (8 mL) of [Lu(CH2C6H4NMe2-o)3] (0.578 g, 1 mmol) was
added a THF solution (2 mL) of (C5Me4H)SiMe2NH(C6H2Me3-2,4,6)
(0.314 g, 1 mmol) at room temperature. After stirring for overnight at
70 8C, the solvent was removed under reduced pressure. The residue was
washed by hexane and dissolved in toluene (30 mL). Slow evaporation of
the solvent gave 2-Lu as colorless crystals (0.476 g, 0.69 mmol, 69%
yield). 1H NMR (300 MHz, C6D6): d=0.69 (s, 6H; SiMe2), 1.30 (br s, 4H;
b-CH2, thf), 1.68 (br s, 8H; NMe2 and CH2), 1.94 (s, 6H; C5Me4), 2.29 (s,
3H; p-Me), 2.36 (s, 6H; C5Me4 or o-Me), 2.42 (s, 6H; C5Me4 or o-Me),
3.37 (br s, 4H; a-CH2, thf), 6.39 (d, J=8.1 Hz, 1H; aryl), 6.58 (t, J=


6.9 Hz, 1H; aryl), 6.87 (t, J=6.9 Hz, 1H; aryl), 7.07 ppm (d, J=7.8 Hz,
1H; aryl); 1H NMR (300 MHz, [D8]THF): d=0.33 (s, 6H; SiMe2), 1.50
(br s, 2H; CH2), 2.02 (br s, 6H; NMe2), 2.14 (s, 6H; C5Me4 or o-Me), 2.22
(s, 3H; p-Me), 2.32 (s, 12H; C5Me4 or o-Me), 6.57 (t, J=7.5 Hz, 1H;
aryl), 6.65–6.85 ppm (m, 5H; aryl); 13C NMR (75 MHz, [D8]THF): d=


5.6, 12.0, 14.8, 20.8, 21.2, 26.4, 44.9 (br s, NMe2), 49.5 (CH2), 68.2, 105.3,
118.0, 119.5, 122.5, 126.6, 127.7, 128.4, 129.2, 132.6, 145.8, 146.2,
152.8 ppm; elemental analysis calcd (%) for C33H49N2OSiLu: C 57.21, H
7.13, N 4.04; found: C 56.58, H 6.78, N 3.89.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}Y(CH2C6H4NMe2-o)ACHTUNGTRENNUNG(thf)] ACHTUNGTRENNUNG(2-Y): To a
THF solution (5 mL) of [Y(CH2C6H4NMe2-o)3] (0.492 g, 1 mmol) was
added a THF solution (2 mL) of (C5Me4H)SiMe2NH(C6H2Me3-2,4,6)
(0.314 g, 1 mmol) at room temperature. After stirring for overnight at
50 8C, the solvent was removed under reduced pressure. The residue was
washed by ether and dissolved in toluene (30 mL). Slow evaporation of
the solvent gave 2-Y as light yellow crystals (0.534 g, 0.87 mmol, 87%
yield). 1H NMR (300 MHz, C6D6, 50 8C): d=0.66 (s, 6H; SiMe2), 1.15
(br s, 4H; b-CH2, thf), 1.92 (br s, 8H; NMe2 and CH2), 2.00 (s, 6H;
C5Me4), 2.29 (s, 3H; p-Me), 2.39 (s, 6H; C5Me4 or o-Me), 2.40 (s, 6H;
C5Me4 or o-Me), 3.00 (br s, 4H; a-CH2, thf), 6.40–6.47 (m, 2H; aryl),
6.78–6.82 (m, 1H; aryl), 6.95 (s, 2H; aryl), 7.01 ppm (d, J=7.8 Hz, 1H;
aryl); 1H NMR (300 MHz, [D8]THF): d=0.30 (s, 6H; SiMe2), 1.60 (br s,
2H; CH2), 2.00 (br s, 6H; NMe2), 2.10 (s, 6H; C5Me4 or o-Me), 2.17 (s,
3H; p-Me), 2.28 (s, 6H; C5Me4 or o-Me), 2.29 (s, 6H; C5Me4 or o-Me),
6.48 (t, J=6.9 Hz, 1H; aryl), 6.75 (s, 2H; aryl), 6.75–6.81 ppm (m, 3H;
aryl); 13C NMR (75 MHz, [D8]THF): d=5.9, 12.0, 14.8, 20.8, 21.5, 26.4,
43.9 (br s, NMe2), 47.0 (d, JY-C=31.1 Hz, CH2), 68.2, 106.1, 118.7, 119.1,
122.6, 123.6, 126.0, 127.0, 127.3, 128.0, 128.9, 129.2, 129.5, 132.0, 142.7,
145.3, 152.8 ppm; elemental analysis calcd (%) for C33H49N2OSiY: C
65.32, H 8.14, N 4.62; found: C 64.64, H 7.81, N 4.35.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}Sc(CH2C6H4NMe2-o)] ACHTUNGTRENNUNG(2-Sc): A THF
solution of [Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)]Li2, which was prepared by
the reaction of (C5Me4H)SiMe2NH(C6H2Me3-2,4,6) (0.879 g, 2.8 mmol)
with n-butyl lithium (5.6 mmol, 2.67 (M), 2.1 mL), was added to a THF
solution (15 mL) of ScCl3 (0.424 g, 2.8 mmol) at room temperature. After
stirring for overnight, a THF solution (10 mL) of LiCH2C6H4NMe2-o
(0.395 g, 2.8 mmol) was slowly added to the solution. After stirring for
2 h, the solvent was removed under reduced pressure. The residue was
dissolved in toluene (50 mL) and filtrated to remove Li salt. The solvent
was removed under reduced pressure to give orange oil. The product was
dissolved in small amount of toluene. Ether was slowly layered to the so-
lution to afford 2-Sc as yellow crystals (0.992 g, 1.876 mmol, 67% yield).
1H NMR (300 MHz, C6D6): d=0.64 (s, 3H; SiMe2), 0.71 (s, 3H; SiMe2),
1.15 (s, 3H; Me), 1.28 (d, 1H; J=10.5 Hz, CH2), 1.78 (s, 3H; Me), 1.87
(s, 3H; Me), 1.97 (d, 1H; J=10.5 Hz, CH2), 2.13 (s, 3H; Me), 2.16 (s,
3H; Me), 2.24, (s, 3H; Me), 2.30 (s, 3H; Me), 2.40 (s, 3H; Me), 2.41 (s,
3H; Me), 6.45 (d, J=8.1 Hz, 1H; aryl), 6.68 (t, J=7.5 Hz, 1H; aryl), 6.91
(s, 2H; m-H), 6.92 (t, J=7.5 Hz, 1H; aryl), 7.02 ppm (d, J=8.1 Hz, 1H;
aryl); 13C NMR (75 MHz, C6D6): d=4.5, 6.7, 10.2, 11.4, 14.2, 14.7, 20.4,
20.8, 20.9, 42.2, 44.1, 45.8, 46.9, 107.4, 118.4, 121.6, 124.2, 126.2, 127.6,
127.9, 128.2, 129.0, 129.5, 129.8, 131.3, 131.4, 132.2, 138.3, 141.3,


149.0 ppm; elemental analysis calcd (%) for C33H49N2OSiSc: C 70.98, H
8.42, N 5.71; found: C 70.89, H 8.39, N 5.37.


Typical procedures for catalytic addition reactions of phosphines to car-
bodiimides
NMR tube reaction : In the glovebox, a J. Young valve NMR tube was
charged with 2-La (7 mg, 0.01 mmol), [D8]THF (0.45 mL), diphenylphos-
phine (63 mg, 0.35 mmol), N,N’-diisopropylcarbodiimide (43 mg,
0.34 mmol). Release of o-dimethylaminotoluene was confirmed by
1H NMR. Formation of 3a and disappearance of diphenylphosphine were
easily monitored by 31P NMR. The conversion of diphenylphosphine was
determined by 31P NMR. No other coupling products were observed.


Preparative scale reaction : In the glovebox, a THF solution (3 mL) of di-
phenylphosphine (376 mg, 2.02 mmol) was added to a THF solution
(2 mL) of 2-La (13 mg, 0.02 mmol) in a Schlenk tube. Then N,N’-diiso-
propylcarbodiimide (252 mg, 2.00 mmol) was added to the above reaction
mixture. After 1 h of stirring at 80 8C, the solvent was removed under re-
duced pressure. The residue was extracted with hexane and filtered to
give a clean solution. After removing the solvent under vacuum, the resi-
due was recrystallized in hexane to provide a colorless solid 3a.


It should be pointed out that the phosphaguanidine compounds reported
in this paper are very sensitive to oxygen, and must be stored under an
inert atmosphere.


iPrN=CACHTUNGTRENNUNG(PPh2) ACHTUNGTRENNUNG(NHiPr) (3a): colorless solid, yield 99%; 1H NMR
(300 MHz, C6D6): d=0.94 (d, J=6.6 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.23 (d, J=


6.3 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 3.63 (d, 3J=6.3 Hz, 1H; NH), 4.28–4.43 (m, 2H;
CH), 7.03–7.05 (m, 6H; C6H5), 7.42–7.47 ppm (m, 4H; C6H5);


13C NMR
(75 MHz, C6D6): d =22.5, 25.3, 42.9, 52.2 (d, 3JPC=35.3 Hz), 129.0 (d,
3JPC=6.8 Hz), 129.3, 134.3 (d, 2JPC=19.8 Hz), 135.5 (d, 1JPC=13.7 Hz),
152.4 ppm (d, 1JPC=31.6 Hz); 31P{1H} NMR (160 MHz, C6D6): d=


�18.5 ppm; IR (Nujol): ñ =3431 (N�H), 1599 (C=N), 1462, 1377, 1173,
1026, 743, 696 cm�1; HRMS: m/z : calcd for C19H26N2P: 313.1834
ACHTUNGTRENNUNG[M+H]+ ; ACHTUNGTRENNUNG found: 313.1853.


CyN=CACHTUNGTRENNUNG(PPh2) ACHTUNGTRENNUNG(NHCy) (3b): colorless solid, yield 99%; 1H NMR
(300 MHz, C6D6): d=0.92–1.93 (m, 20H; Cy), 3.81 (d, 3J=6.9 Hz, 1H;
NH), 4.05–4.19 (m, 2H; CH), 7.02–7.13 (m, 6H; C6H5), 7.48–7.53 ppm
(m, 4H; C6H5);


13C NMR (75 MHz, C6D6): d=24.6, 25.2, 26.2, 26.3, 32.5,
35.7, 49.1, 60.3 (d, 3JPC=33.4 Hz), 129.0 (d, 3JPC=6.8 Hz), 129.3, 134.2 (d,
2JPC=19.2 Hz), 135.7 (d, 1JPC=14.9 Hz), 152.4 ppm (d, 1JPC=31.6 Hz);
31P{1H} NMR (160 MHz, C6D6): d=�18.1 ppm; IR (Nujol): ñ=3431 (N�
H), 1599 (C=N), 1461, 1377, 1153, 1027, 742, 695 cm�1; HRMS: m/z :
calcd for C25H34N2P: 393.2460 [M+H]+ ; found: 393.2455.


tBuN=C ACHTUNGTRENNUNG(PPh2)ACHTUNGTRENNUNG(NHEt) (3c): colorless solid, yield 95%; 1H NMR
(300 MHz, C6D6): d=1.27 (t, J=7.2 Hz, 3H; CH2CH3), 1.33 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 3.72–3.80 (m, 3H; NH and CH2CH3), 6.99–7.07 (m, 6H; C6H5),
7.42–7.47 ppm (m, 4H; C6H5);


13C NMR (75 MHz, C6D6): d =17.7, 28.7,
46.9 (d, 3JPC=36.5 Hz), 52.1, 129.1 (d, 3JPC=6.8 Hz), 129.3, 134.3 (d,
2JPC=19.2 Hz), 135.4 (d, 1JPC=14.3 Hz), 153.8 ppm (d, 1JPC=33.4 Hz);
31P{1H} NMR (160 MHz, C6D6): d=�16.0 ppm; IR (Nujol): ñ=3433 (N�
H), 1609 (C=N), 1462, 1377, 1219, 1028, 743, 696 cm�1; HRMS: m/z :
calcd for C19H26N2P: 313.1834 [M+H]+ ; found: 313.1840.


iPrN=C{PACHTUNGTRENNUNG(C6H4Me-2)2 ACHTUNGTRENNUNG}(NHiPr) (3d): colorless solid, yield 99%;
1H NMR (300 MHz, C6D6): d=0.93 (d, J=6.6 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.29
(d, J=6.0 Hz, 6H; CHACHTUNGTRENNUNG(CH3)2), 2.41 (s, 6H; Me), 3.70 (d, 3J=6.6 Hz, 1H;
NH), 4.32–4.43 (m, 2H; CH), 6.94–7.09 ppm (m, 8H; C6H4);


13C NMR
(75 MHz, C6D6): d=21.1 (d, 3JPC=21.7 Hz), 22.4, 25.5, 42.7, 52.8 (d,
3JPC=37.1 Hz), 126.8, 129.6, 130.6 (d, 3JPC=4.3 Hz), 133.3, 142.9 (d, 1JPC
or 2JPC=26.0 Hz, 2C), 151.9 ppm (d, 1JPC=30.3 Hz); 31P{1H} NMR
(160 MHz, C6D6): d =�33.5 ppm; IR (Nujol): ñ=3443 (N�H), 1594 (C=


N), 1455, 1377, 1168, 1088, 966, 763 cm�1; HRMS: m/z : calcd for
C21H30N2P: 341.2147 [M+H]+ ; found: 341.2153.


iPrN=C{PACHTUNGTRENNUNG(C6H4Me-3)2 ACHTUNGTRENNUNG}(NHiPr) (3e): colorless solid, yield 99%;
1H NMR (400 MHz, C6D6): d=0.85 (d, J=6.4 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.12
(d, J=6.0 Hz, 6H; CHACHTUNGTRENNUNG(CH3)2), 1.90 (s, 6H; Me), 3.63 (d, J=6.4 Hz, 1H;
NH), 4.16–4.33 (m, 2H; CH), 6.80 (d, J=7.6 Hz, 2H; C6H4), 6.93 (dd, J=


7.6 Hz, J=7.6 Hz, 2H; C6H4), 7.18–7.26 ppm (m, 4H; C6H4);
13C NMR


(100 MHz, C6D6): d=21.5, 22.8, 25.6, 43.0, 52.3 (d, 3JPC=35.5 Hz), 129.0
(d, 3JPC=6.6 Hz), 130.2, 131.3 (d, 2JPC=17.3 Hz), 135.0 (d, 2JPC=23.1 Hz),
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135.5 (d, 1JPC=14.0 Hz), 138.5 (d, 3JPC=7.4 Hz), 152.6 ppm (d, 1JPC=


32.1 Hz); 31P{1H} NMR (160 MHz, C6D6): d=�18.3 ppm; IR (Nujol): ñ=


3429 (N�H), 1599 (C=N), 1462, 1377, 1175, 1119, 777, 696 cm�1; HRMS:
m/z : calcd for C21H30N2P: 341.2147 [M+H]+ , found: 341.2150.


iPrN=C{PACHTUNGTRENNUNG(C6H4Me-4)2 ACHTUNGTRENNUNG}(NHiPr) (3 f): colorless solid, yield 99%;
1H NMR (300 MHz, C6D6): d=0.89 (d, J=6.3 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.16
(d, J=6.0 Hz, 6H; CHACHTUNGTRENNUNG(CH3)2), 1.94 (s, 6H; Me), 3.67 (d, J=6.0 Hz, 1H;
NH), 4.23–4.35 (m, 2H; CH), 6.85 (d, J=7.5 Hz, 4H; C6H4), 7.33 ppm
(dd, J=7.5 Hz, J=7.8 Hz, 4H; C6H4);


13C NMR (75 MHz, C6D6): d=


21.2, 22.6, 25.4, 42.8, 52.0 (d, 3JPC=34.6 Hz), 129.9 (d, 3JPC=6.8 Hz), 132.3
(d, 1JPC=12.4 Hz), 134.4 (d, 2JPC=19.2 Hz), 139.3, 153.0 ppm (d, 1JPC=


31.5 Hz); 31P{1H} NMR (160 MHz, C6D6): d=�20.0 ppm; IR (Nujol): ñ=


3429 (N�H), 1599 (C=N), 1460, 1377, 1175, 1020, 806, 721 cm�1; HRMS:
m/z : calcd for C21H30N2P: 341.2147 [M+H]+ ; found: 341.2173.


iPrN=C{P(C6H3Me2-3,5)2 ACHTUNGTRENNUNG}(NHiPr) (3g): colorless solid, yield 98%;
1H NMR (400 MHz, C6D6): d=1.02 (d, J=6.8 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.30
(d, J=6.0 Hz, 6H; CHACHTUNGTRENNUNG(CH3)2), 2.04 (s, 12H; Me), 3.89 (d, J=6.8 Hz,
1H; NH), 4.34–4.50 (m, 2H; CH), 6.75 (s, 2H; C6H3), 7.26 ppm (d, J=


8.0 Hz, 4H; C6H3);
13C NMR (100 MHz, C6D6): d=21.4, 22.8, 25.6, 43.0,


52.2 (d, 3JPC=34.6 Hz), 131.2, 132.1 (d, 2JPC=19.8 Hz), 135.4 (d, 1JPC=


14.0 Hz), 138.4 (d, 3JPC=7.4 Hz), 153.0 ppm (d, 1JPC=33.0 Hz);
31P{1H} NMR (160 MHz, C6D6): d=�18.0 ppm; IR (Nujol): ñ=3428 (N�
H), 1599 (C=N), 1462, 1377, 1175, 1123, 847, 692 cm�1; HRMS: m/z :
calcd for C23H34N2P: 369.2460 [M+H]+ ; found: 369.2453.


iPrN=C{P(C6H4OMe-4)2 ACHTUNGTRENNUNG}(NHiPr) (3h): colorless solid, yield 99%;
1H NMR (300 MHz, C6D6): d=1.01 (d, J=6.6 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.24
(d, J=6.3 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 3.26 (s, 6H; CH3O), 3.79 (d, J=6.6 Hz,
1H; NH), 4.30–4.49 (m, 2H; CH), 6.73 (d, J=8.7 Hz, 4H; C6H4),
7.43 ppm (dd, J=8.1 Hz, J=7.5 Hz, 4H; C6H4);


13C NMR (75 MHz,
C6D6): d=22.6, 25.4, 42.8, 51.8 (d, 3JPC=34.1 Hz), 54.7, 114.8 (d, 3JPC=


8.0 Hz), 126.4 (d, 1JPC=11.2 Hz), 135.9 (d, 2JPC=21.1 Hz), 153.6 (d, 1JPC=


33.0 Hz), 161.1 ppm; 31P{1H} NMR (160 MHz, C6D6): d=�21.2 ppm; IR
(Nujol): ñ=3427 (N�H), 1597 (C=N), 1498, 1459, 1377, 1285, 1249, 1177,
1092, 1035, 827, 798 cm�1; HRMS: m/z : calcd for C21H30N2O2P: 373.2045
[M+H]+ ; found: 373.2050.


iPrN=C{PACHTUNGTRENNUNG(C6H4Cl-4)2 ACHTUNGTRENNUNG}(NHiPr) (3 i): colorless solid, yield 97%; 1H NMR
(400 MHz, C6D6): d=0.91 (d, J=6.8 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.23 (d, J=


6.0 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 3.43 (d, J=5.6 Hz, 1H; NH), 4.24–4.29 (m, 2H;
CH), 7.00 (d, J=8.0 Hz, 4H; C6H4), 7.09 ppm (dd, J=8.0 Hz, J=7.6 Hz,
4H; C6H4);


13C NMR (75 MHz, C6D6): d=22.3, 25.3, 43.0, 52.3 (d, 3JPC=


35.3 Hz), 129.4 (d, 3JPC=6.8 Hz), 133.5 (d, 1JPC=15.5 Hz), 135.4 (d, 2JPC=


20.4 Hz), 136.1, 151.3 ppm (d, 1JPC=31.5 Hz); 31P{1H} NMR (160 MHz,
C6D6): d =�21.1 ppm; IR (Nujol): ñ=3431 (N�H), 1599 (C=N), 1479,
1383, 1173, 1099, 1015, 818, 743 cm�1; HRMS: m/z : calcd for
C19H24Cl2N2P: 381.1054 [M+H]+ ; found: 381.1050.


iPrN=C{P(C6H3Cl2-3,5)2 ACHTUNGTRENNUNG}(NHiPr) (3 j): colorless solid, yield 95%;
1H NMR (300 MHz, C6D6): d=0.86 (d, J=6.6 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.16
(d, J=6.0 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 3.37 (d, J=6.3 Hz, 1H; NH), 4.08–4.16
(m, 2H; CH), 7.01 (s, 2H; C6H3), 7.21 ppm (d, J=7.8 Hz, 4H; C6H3);
13C NMR (75 MHz, C6D6): d 22.1, 25.1, 43.3, 52.7 (d, 3JPC=37.1 Hz),
130.1, 131.7 (d, 2JPC=20.4 Hz), 136.2 (d, 3JPC=7.4 Hz), 138.4 (d, 1JPC=


21.6 Hz), 149.2 ppm (d, 1JPC=32.8 Hz); 31P{1H} NMR (160 MHz, C6D6):
d=�18.1 ppm; IR (Nujol): ñ=3436 (N�H), 1604 (C=N), 1555, 1457,
1378, 1135, 860, 799, 676 cm�1; HRMS: m/z : calcd for C19H22Cl4N2P:
449.0275 [M+H]+ ; found: 449.0283.


iPrN=C{PACHTUNGTRENNUNG(C6H4Br-4)2 ACHTUNGTRENNUNG}(NHiPr) (3k): colorless solid, yield 97%; 1H NMR
(400 MHz, C6D6): d=0.90 (d, J=6.0 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.22 (d, J=


6.4 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 3.42 (d, J=6.8 Hz, 1H; NH), 4.23–4.29 (m, 2H;
CH), 7.01 (dd, J=8.4 Hz, J=6.8 Hz, 4H; C6H4), 7.15 ppm (d, J=8.4 Hz,
4H; C6H4);


13C NMR (100 MHz, C6D6): d=22.5, 25.5, 43.2, 52.5 (d, 3JPC=


36.3 Hz), 124.4, 132.3 (d, 3JPC=6.6 Hz), 134.0 (d, 1JPC=15.7 Hz), 135.5 (d,
2JPC=20.6 Hz), 151.1 ppm (d, 1JPC=32.1 Hz); 31P{1H} NMR (160 MHz,
C6D6): d �21.2 ppm; IR (Nujol): ñ =3421 (N�H), 1601 (C=N), 1462,
1378, 1173, 1068, 1010, 814, 725 cm�1; HRMS:
m/z : calcd for C19H24


79Br2N2P: 469.0044 [M+H]+ ; found: 469.0052.


iPrN=CACHTUNGTRENNUNG(PEtPh) ACHTUNGTRENNUNG(NHiPr) (3 l): colorless liquid, yield, 86%; 1H NMR
(400 MHz, C6D6): d=0.94 (d, J=6.4 Hz, 3H; CH ACHTUNGTRENNUNG(CH3)2), 0.99 (d, J=


6.8 Hz, 3H; CH ACHTUNGTRENNUNG(CH3)2), 1.01–1.17 (m, 3H; CH2CH3), 1.27 (d, J=6.0 Hz,


3H; CH ACHTUNGTRENNUNG(CH3)2), 1.36 (d, J=6.0 Hz, 3H; CHACHTUNGTRENNUNG(CH3)2), 1.70–1.79 (m, 2H;
CH2CH3), 3.54 (d, J=6.4 Hz, 1H; NH), 4.25–4.30 (m, 1H; CH), 4.51–
4.56 (m, 1H; CH), 7.05–7.15 (m, 3H; C6H5), 7.39–7.43 ppm (m, 2H;
C6H5);


13C NMR (100 MHz, C6D6): d=10.7 (d, 2JPC=16.5 Hz), 18.6 (d,
1JPC=14.0 Hz), 22.5, 22.8, 25.8, 26.0, 42.6, 52.0 (d, 3JPC=36.3 Hz), 128.8
(d, 3JPC=8.2 Hz), 128.9, 132.7 (d, 2JPC=18.1 Hz), 137.0 (d, 1JPC=17.3 Hz),
154.4 ppm (d, 1JPC=34.6 Hz); 31P{1H} NMR (160 MHz, C6D6): d=


�29.0 ppm; IR (Nujol): ñ= 3432 (N�H), 1598 (C=N), 1464, 1377, 1174,
1118, 1028, 742, 697 cm�1; HRMS: m/z : calcd for C15H26N2P: 265.1834
[M+H]+ ; found: 265.1840.


iPrN=CACHTUNGTRENNUNG(PHPh) ACHTUNGTRENNUNG(NHiPr) (3m): colorless liquid, yield 96%; 1H NMR
(400 MHz, C6D6): d=0.97 (d, J=6.4 Hz, 3H; CH ACHTUNGTRENNUNG(CH3)2), 1.08 (d, J=


6.4 Hz, 3H; CH ACHTUNGTRENNUNG(CH3)2), 1.24 (d, J=6.4 Hz, 3H; CH ACHTUNGTRENNUNG(CH3)2), 1.36 (d, J=


6.4 Hz, 3H; CH ACHTUNGTRENNUNG(CH3)2), 4.28–4.39 (m, 4H; PH, NH and CH), 6.99–7.06
(m, 3H; C6H5), 7.51–7.55 ppm (m, 2H; C6H5);


13C NMR (100 MHz,
C6D6): d=22.6, 25.6 (d, 4JPC=8.2 Hz), 43.1, 52.9 (d, 3JPC=37.1 Hz), 129.3
(d, 3JPC=6.6 Hz), 129.6, 133.4 (d, 1JPC=18.1 Hz), 134.1 (d, 2JPC=19.0 Hz),
151.5 ppm (d, 1JPC=36.2 Hz); 31P{1H} NMR (160 MHz, C6D6): d=


�35.0 ppm; IR (Nujol): ñ=3414 (N�H), 1601 (C=N), 1462, 1377,
721 cm�1; HRMS: m/z : calcd for C13H22N2P: 237.1521 [M+H]+ ; found:
237.1526.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}La ACHTUNGTRENNUNG(PPh2) ACHTUNGTRENNUNG(thf)2] (4): In the glovebox, a
solution of 2-La (153 mg, 0.233 mmol) in THF (2 mL) was treated with a
solution of diphenylphosphine (43 mg, 0.233 mmol) in THF (3 mL).
After stirring at room temperature for 5 h, the solvent was removed
under reduced pressure, and the residue was extracted with THF fol-
lowed by filtering to give a clean solution. The solution volume was re-
duced under vacuum to precipitate 4 as light yellow crystalline powder
(167 mg, 0.214 mmol, 92% yield). Single crystals of 4 suitable for X-ray
analysis were grown in THF/ether at room temperature overnight.
1H NMR (400 MHz, [D8]THF): d =0.20 (s, 6H; SiMe2), 1.72 (br s, 8H; b-
CH2, THF), 1.99 (s, 6H; o- C6H2ACHTUNGTRENNUNG(CH3)3), 2.06 (s, 3H; p-C6H2ACHTUNGTRENNUNG(CH3)3), 2.21
(s, 6H; C5Me4), 2.23 (s, 6H; C5Me4), 3.57 (br s, 8H; a-CH2, THF), 6.58 (s,
2H; C6H2 ACHTUNGTRENNUNG(CH3)3), 7.20–7.25 (m, 6H; C6H5), 7.31–7.35 ppm (m, 4H;
C6H5);


13C NMR (100 MHz, [D8]THF): d=6.2, 10.9, 13.8, 19.9, 20.4, 25.5,
67.3, 107.0, 120.7, 123.8, 125.2, 127.7, 127.9, 128.0 (d, 3JPC=5.8 Hz), 130.6,
132.4 (d, 2JPC=18.1 Hz), 139.6 (d, 1JPC=14.8 Hz), 153.2 ppm;
31P{1H} NMR (160 MHz, [D8]THF): d=�14.5 ppm; IR (Nujol): ñ =2956,
2923, 2854, 1572, 1466, 1377, 1229, 1158, 1023, 898, 852, 767, 729 cm�1; el-
emental analysis calcd (%) for C40H55LaNO2PSi: C 61.61, H 7.11, N 1.80;
found: C 61.63, H 8.18, N 1.98.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}La ACHTUNGTRENNUNG(m-PPh2)]2 (5): In the glovebox, a
solution of 2-La (192 mg, 0.292 mmol) in THF (2 mL) was treated with a
solution of diphenylphosphine (55 mg, 0.292 mmol) in THF (3 mL).
After stirring at room temperature for 5 h, the solvent was removed
under reduced pressure, and the residue was washed with hexane and
dried in vacuum at room temperature for 0.5 h to provide light yellow
powder. The light yellow powder was dissolved in benzene and reduced
under vacuum to precipitate 5 as light yellow crystalline powder (167 mg,
0.131 mmol, 90% yield). Complex 5 could also be obtained by recrystalli-
zation of 4 in benzene. Single crystals of 5·2C6H6 suitable for X-ray anal-
ysis were grown in benzene at room temperature for one week. 1H NMR
(300 MHz, [D8]THF): d=0.27 (s, 12H; SiMe2), 2.06 (s, 6H; p-C6H2-
ACHTUNGTRENNUNG(CH3)3), 2.11 (s, 12H; C5Me4), 2.14 (s, 12H; C5Me4), 2.32 (s, 12H; o-
C6H2ACHTUNGTRENNUNG(CH3)3), 6.62 (s, 4H; C6H2 ACHTUNGTRENNUNG(CH3)3), 6.69–6.73 (m, 4H; C6H5), 6.91–
6.96 (m, 8H; C6H5), 7.23–7.28 ppm (m, 8H; C6H5);


13C NMR (75 MHz,
[D8]THF): d=5.2, 11.3, 14.2, 19.7, 20.5, 107.0, 122.1, 124.6, 126.4, 127.8
(d, 3JPC=5.0 Hz), 128.0, 128.1, 130.0, 130.3 (d, 2JPC=17.3 Hz), 149.3 (d,
1JPC=41.4 Hz), 151.4 ppm; 31P{1H} NMR (160 MHz, [D8]THF): d=


8.53 ppm (br s); IR (Nujol): ñ=2951, 2922, 2852, 1572, 1462, 1377, 1298,
1227, 1157, 1024, 899, 831, 764, 706 cm�1; elemental analysis calcd (%)
for C64H78La2N2P2Si2: C 60.47, H 6.18, N 2.20; found: C 60.90, H 6.40, N
2.42.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}La ACHTUNGTRENNUNG{iPrNC ACHTUNGTRENNUNG(PPh2)NiPr} ACHTUNGTRENNUNG(thf)] (6): In the
glovebox, a solution of 2-La (185 mg, 0.282 mmol) in THF (2 mL) was
treated with a solution of diphenylphosphine (52 mg, 0.282 mmol) in
THF (3 mL). After stirring at room temperature for 5 h, N,N’-diisopro-
pylcarbodiimide (36 mg, 0.282 mmol) was added to the above reaction
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mixture. After 5 h, the solvent was removed under reduced pressure, and
the residue was extracted with hexane followed by filtering to give a
clean solution. The solution volume was reduced under vacuum to pre-
cipitate 6 as light yellow crystalline powder (219 mg, 0.262 mmol, 93%
yield). 1H NMR (400 MHz, C6D6): d =0.68 (d, J=6.4 Hz, 12H; CH-
ACHTUNGTRENNUNG(CH3)2), 0.71 (s, 6H; SiMe2), 1.25 (br s, 4H; b-CH2, THF), 2.07 (s, 6H; o-
C6H2ACHTUNGTRENNUNG(CH3)3), 2.31 (s, 3H; p-C6H2 ACHTUNGTRENNUNG(CH3)3), 2.47 (s, 6H; C5Me4), 2.50 (s,
6H; C5Me4), 3.37 (br s, 4H; a-CH2, THF), 4.04–4.11 (m, 2H; CH ACHTUNGTRENNUNG(CH3)2),
7.02 (s, 2H; C6H2 ACHTUNGTRENNUNG(CH3)3), 7.05–7.08 (m, 2H; C6H5), 7.12–7.16 (m, 4H;
C6H5), 7.49–7.53 ppm (m, 4H; C6H5);


13C NMR (100 MHz, C6D6): d =6.4,
12.4, 14.5, 21.1, 21.7, 25.6, 26.1, 50.4 (d, 3JPC=21.5 Hz), 68.6, 109.1, 124.0,
127.1, 128.0, 128.6 (d, 3JPC=5.8 Hz), 128.7, 129.3, 130.6, 132.2 (d, 2JPC=


18.9 Hz), 136.0 (d, 1JPC=20.7 Hz), 151.2, 171.0 ppm (d, 1JPC=59.3 Hz);
31P{1H} NMR (160 MHz, C6D6): d =�17.3 ppm; IR (Nujol): ñ =2955,
2924, 2853, 1584, 1459, 1438, 1377, 1357, 1331, 1298, 1233, 1177, 1005,
892, 766, 708 cm�1; elemental analysis calcd (%) for C43H61LaN3OPSi
C46H70LaN3OPSi: C 61.93, H 7.37, N 5.04; found: C 61.60, H 7.58, N 4.81.


ACHTUNGTRENNUNG[{Me2Si ACHTUNGTRENNUNG(C5Me4)(NC6H2Me3-2,4,6)}La ACHTUNGTRENNUNG{iPrNC ACHTUNGTRENNUNG(PPh2)NiPr} ACHTUNGTRENNUNG(OEt2)] (7): In
the glovebox, a solution of 2-La (185 mg, 0.282 mmol) in THF (2 mL)
was treated with a solution of diphenylphosphine (52 mg, 0.282 mmol) in
THF (3 mL). After stirring at room temperature for 5 h, N,N’-diisopro-
pylcarbodiimide (36 mg, 0.282 mmol) was added to the above reaction


mixture. After 5 h, the solvent was removed under reduced pressure, and
the residue was extracted with hexane/ether followed by filtering to give
a clean solution. The solution volume was reduced under vacuum to pre-
cipitate 7 as light yellow crystalline powder (212 mg, 0.254 mmol, 90%
yield). 7 could also be obtained by recrystallization of 6 in ether. Single
crystals of 7·0.5hexane suitable for X-ray analysis were grown in hexane/
ether at room temperature for 2 days. 1H NMR (400 MHz, C6D6): d=


0.68 (d, J=6.4 Hz, 12H; CH ACHTUNGTRENNUNG(CH3)2), 0.70 (s, 6H; SiMe2), 0.89 (t, J=


7.2 Hz, 3H; CH3 (hexane)), 0.96 (t, J=7.2 Hz, 6H; CH3 (ether)), 1.23–
1.27 (m, 4H; CH2 (hexane)), 2.07 (s, 6H; o-C6H2ACHTUNGTRENNUNG(CH3)3), 2.31 (s, 3H; p-
C6H2ACHTUNGTRENNUNG(CH3)3), 2.47 (s, 6H; C5Me4), 2.50 (s, 6H; C5Me4), 3.16 (q, J=


7.2 Hz, 4H; CH2 (ether)), 4.04–4.11 (m, 2H; CH ACHTUNGTRENNUNG(CH3)2), 7.02 (s, 2H;
C6H2ACHTUNGTRENNUNG(CH3)3), 7.05–7.08 (m, 2H; C6H5), 7.12–7.16 (m, 4H; C6H5), 7.49–
7.53 ppm (m, 4H; C6H5);


13C NMR (100 MHz, C6D6): d=6.5, 12.4, 14.0,
14.5, 15.3, 21.1, 21.7, 23.2, 26.1, 32.1, 50.4 (d, 3JPC=21.5 Hz), 66.6, 109.1,
124.0, 127.1, 128.0, 128.6 (d, 3JPC=5.8 Hz), 128.7, 129.3, 130.6, 132.2 (d,
2JPC=18.9 Hz), 136.0 (d, 1JPC=20.7 Hz), 151.2, 171.0 ppm (d, 1JPC=


59.3 Hz); 31P{1H} NMR (160 MHz, C6D6): d=�17.3 ppm; IR (Nujol): ñ=


2955, 2924, 2854, 1584, 1459, 1438, 1376, 1357, 1331, 1298, 1233, 1176,
1005, 893, 766, 707 cm�1; elemental analysis calcd (%) for
C46H70LaN3OPSi: C 62.85, H 8.03, N 4.78; found: C 63.20, H 7.66, N 4.71.


Table 4. Crystallographic data and structure refinement details for 2-Ln (Ln: La, Pr, Nd, Sm, Gd, Lu, Y, and Sc).


2-La 2-Pr 2-Nd 2-Sm


formula C33H49LaN2OSi C33H49N2OPrSi C33H49N2NdOSi C33H49N2OSiSm
Mw 656.74 658.74 662.07 668.18
crystal system monoclinic monoclinic monoclinic monoclinic
space group P2(1)/n P2(1)/n P2(1)/n P2(1)/n
a [P] 8.7539(6) 8.7244(11) 8.7016(14) 8.6635(19)
b [P] 18.0371(12) 17.969(2) 17.918(3) 17.891(4)
c [P] 20.3696(13) 20.404(3) 20.392(3) 20.430(5)
b [8] 92.0520(10) 92.054(2) 91.935(2) 92.027(3)
V [P3] 3214.2(4) 3196.7(7) 3177.5(9) 3164.7(12)
Z 4 4 4 4
1calcd [gcm


�3] 1.357 1.369 1.384 1.402
m [mm�1] 1.393 1.588 1.698 1.920
F ACHTUNGTRENNUNG(000) 1360 1368 1372 1380
q range [8] 1.51–26.018 1.51–25.078 1.51–25.038 1.99–25.128
no. of reflns collected 18050 13923 15087 12622
no. of indep reflns 6302 5460 5614 5500
no. of variables 354 354 354 354
GOF 1.005 1.035 0.982 0.980
R [I>2s(I)] 0.0285 0.0261 0.0289 0.0384
Rw 0.0414 0.0599 0.0416 0.0877


2-Gd 2-Lu 2-Y 2-Sc
formula C33H49GdN2OSi C33H49LuN2OSi C33H49N2OSiY C29H41N2ScSi
Mw 675.08 692.80 606.74 490.69
crystal system monoclinic orthorhombic monoclinic monoclinic
space group P2(1)/n P2(1)2(1)2(1) P2(1)/n P2(1)/n
a [P] 8.6251(17) 11.0631(13) 8.6019(13) 8.5252(5)
b [P] 17.800(3) 15.2989(18) 17.748(3) 15.5402(10)
c [P] 20.426(4) 18.893(2) 20.434(3) 21.2446(13)
b [8] 91.861(3) 90 92.061(2) 90.7630(10)
V [P3] 3134.3(11) 3197.8(6) 3117.6(8) 2814.3(3)
Z 4 4 4 4
1calcd [gcm


�3] 1.431 1.439 1.293 1.158
m [mm�1] 2.181 3.151 1.936 0.322
F ACHTUNGTRENNUNG(000) 1388 1416 1288 1056
q range [8] 1.52–25.088 1.71–26.51 1.52–26.578 1.62–25.028
no. of reflns collected 14832 17331 15264 14436
no. of indep reflns 5536 6546 6423 4945
no. of variables 354 343 354 309
GOF 1.070 1.025 1.008 1.085
R [I>2s(I)] 0.0626 0.0346 0.0377 0.0376
Rw 0.1066 0.0662 0.0751 0.1074
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X-ray crystallographic studies : Crystals for X-ray analyses of 2-Ln (Ln:
La, Pr, Nd, Sm, Gd, Lu, Y, and Sc), 4, 5, and 7 were obtained as de-
scribed in the preparations. The crystals were manipulated in the glove-
box and were sealed in thin-walled glass capillaries. Data collections
were performed at �100 8C on a Bruker CCD APEX diffractometer with
a CCD area detector, using graphite-monochromated MoKa radiation
(l=0.71069 P). The determination of crystal class and unit cell parame-
ters was carried out by the SMART program package. The raw frame
data were processed using SAINT and SADABS to yield the reflection
data file.[17] These structures were solved by use of SHELXTL pro-
gram.[18] Refinement was performed on F2 anisotropically for all the non-
hydrogen atoms by the full-matrix least-squares method. The hydrogen
atoms were placed at the calculated positions and were included in the
structure calculation without further refinement of the parameters. Crys-
tal data, data collection and processing parameters for compounds 2-Ln
(Ln: La, Pr, Nd, Sm, Gd, Lu, Y, and Sc), 4, 5, and 7 are summarized in
Table 4 and Table 5. Crystallographic data (excluding structure factors)
have been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication nos. CCDC 658060 (2-La), 658063 (2-Pr),
658062 (2-Nd), 658065 (2-Sm), 658059 (2-Gd), 658061 (2-Lu), 658066 (2-
Y), 658064 (2-Sc), 658067 (4), 658068 (5·2C6H6), and 658069
(7·0.5hexane). These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Acknowledgements


This work was partly supported by a Grant-in-Aid for Scientific Research
on Priority Areas (No. 18065020, “Chemistry of Concerto Catalysis”)
from the Ministry of Education, Culture, Sports, Science and Technology
of Japan, a Grant-in-Aid for Scientific Research (A) (No. 18205010)
from the Japanese Society for the Promotion of Science, and the National
Natural Science Foundation of China (No. 20328201).


[1] Selected reviews: a) P. M. Zeimentz, S. Arndt, B. R. Elvidge, J.
Okuda, Chem. Rev. 2006, 106, 2404–2433; b) Z. Hou, Y. Luo, X. Li,
J. Organomet. Chem. 2006, 691, 3114–3121; c) Z. Hou, Y. Wakatsu-
ki, Coord. Chem. Rev. 2002, 231, 1–22; d) G. A. Molander, J. A. C.


Romero, Chem. Rev. 2002, 102, 2161–2185; e) H. Schumann, J. A.
Meese-Marktscheffel, L. Esser, Chem. Rev. 1995, 95, 865–986.


[2] Selected reviews: a) S. Arndt, J. Okuda, Adv. Synth. Catal. 2005,
347, 339–354; b) S. Hong, T. J. Marks, Acc. Chem. Res. 2004, 37,
673–686; c) M. Nishiura, Z. Hou, J. Mol. Catal. A 2004, 213, 101–
106; d) Z. Hou, Bull. Chem. Soc. Jpn. 2003, 76, 2253–2266; e) J.
Okuda, Dalton Trans. 2003, 2367–2378; f) S. Arndt, J. Okuda,
Chem. Rev. 2002, 102, 1953–1976; g) Z. Hou, Y. Wakatsuki, J. Orga-
nomet. Chem. 2002, 647, 61–70.


[3] a) P. J. Shapiro, W. D. Cotter, W. P. Schaefer, J. A. Labinger, J. E.
Bercaw, J. Am. Chem. Soc. 1994, 116, 4623–4640; b) P. J. Shapiro, E.
Bunel, W. P. Schaefer, J. E. Bercaw, Organometallics 1990, 9, 867–
869.


[4] a) K. C. Hultzsch, T. P. Spaniol, J. Okuda, Angew. Chem. 1999, 111,
163–165; Angew. Chem. Int. Ed. 1999, 38, 227–230; b) K. C.
Hultzsch, P. Voth, K. Beckerle, T. P. Spaniol, J. Okuda, Organome-
tallics 2000, 19, 228–243; c) S. Arndt, P. Voth, T. P. Spaniol, J.
Okuda, Organometallics 2000, 19, 4690–4700; d) A. A. Trifonov,
T. P. Spaniol, J. Okuda, Organometallics 2001, 20, 4869–4874.


[5] a) M. Nishiura, Z. Hou, Y. Wakatsuki, T. Yamaki, T. Miyamoto, J.
Am. Chem. Soc. 2003, 125, 1184–1185; b) W.-X. Zhang, M. Nish-
iura, Z. Hou, J. Am. Chem. Soc. 2005, 127, 16788–16789; c) W.-X.
Zhang, M. Nishiura, Z. Hou, Synlett 2006, 1213–1216; d) Y. Liu, M.
Nishiura, Y. Wang, Z. Hou, J. Am. Chem. Soc. 2006, 128, 5592–
5593; e) W.-X. Zhang, M. Nishiura, Z. Hou, Chem. Eur. J. 2007, 13,
4037–4051.


[6] S. Tian, V. M. Arredondo, C. L. Stern, T. J. Marks, Organometallics
1999, 18, 2568–2570.


[7] a) S. Harder, Organometallics 2005, 24, 373–379; b) E. Kirillov, L.
Toupet, C. W. Lehmann, A. Razavi, J.-F. Carpentier, Organometal-
lics 2003, 22, 4467–4479.


[8] X. Li, M. Nishiura, K. Mori, T. Mashiko, Z. Hou, Chem. Commun.
2007, 4137–4139.


[9] a) N. E. Mansfield, J. Grundy, M. P. Coles, A. G. Avent, P. B. Hitch-
cock, J. Am. Chem. Soc. 2006, 128, 13879–13893; b) N. E. Mansfield,
M. P. Coles, A. G. Avent, P. B. Hitchcock, Organometallics 2006, 25,
2470–2474; c) J. Grundy, M. P. Coles, P. B. Hitchcock, Dalton Trans.
2003, 2573–2577; d) N. E. Mansfield, M. P. Coles, P. B. Hitchcock,
Dalton Trans. 2006, 2052–2054; e) N. E. Mansfield, M. P. Coles, P. B.
Hitchcock, Dalton Trans. 2005, 2833–2841; f) J. Grundy, M. P. Coles,
A. G. Avent, P. B. Hitchcock, Chem. Commun. 2004, 2410–2411;
g) M. P. Coles, P. B. Hitchcock, Chem. Commun. 2002, 2794–2795;


Table 5. Crystallographic data and structure refinement details for 4, 5, and 7.
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m [mm�1] 1.195 1.336 1.024
F ACHTUNGTRENNUNG(000) 1616 732 922
q range [8] 1.43–25.018 1.70–26.538 2.01–26.538
no. of reflns collected 20353 8311 13565
no. of indep reflns 6835 6509 9238
no. of variables 424 388 479
GOF 0.640 0.992 0.990
R [I>2s(I)] 0.0387 0.0362 0.0350
Rw 0.0444 0.0549 0.0871
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Supramolecular Gels Formed by Amphiphilic Low-Molecular-Weight
Gelators of Na,Ne-Diacyl-l-Lysine Derivatives


M. Suzuki,* M. Yumoto, H. Shirai, and K. Hanabusa[a]


Introduction


When organic compounds are dissolved in a solvent and the
solution is cooled, most organic compounds crystallize
(> saturated concentration) or keep dissolving (dilute solu-
tion). Some compounds form a supramolecular gel and are
known as low-molecular-weight gelators; more specifically,
they are known as organogelators for organic solvents and
oils and hydrogelators for aqueous solutions.[1–3] A number
of low-molecular-weight gelators have been found, and their
gelation abilities and mechanisms have been reported.[1–6]


Most supramolecular gels are composed of long nanofibers
(supramolecular polymers) that are self-assembled as a
result of the usual array of noncovalent forces, such as hy-
drogen bonding, van der Waals, p-stacking, coordination,
electrostatic, and charge-transfer interactions. Noncovalent
crosslinks and physical entanglements among the supra-


molecular polymers create a three-dimensional network
with solvent molecules immobilized in the nanospaces.


Recently, low-molecular-weight gelators have been of in-
terest not only for their gelation behavior, but also because
they form nanostructures in the supramolecular gels, such as
nanofibers, nanoribbons, nanosheets, nanoparticles, helical,
and bundle structures. The nanostructure can be controlled
by choosing suitable gelators and solvents. Nanostructures
have been used as an organic template for the fabrication of
mesoporous polymer materials[7] and the nanoscale design
of inorganic materials.[8,9] Sol–gel polymerization of metal
alkoxides (Si, Ti, Ta, V, Ge, etc.) in solvents that contain ge-
lators produces nanostructured metal oxides, such as nano-
tubes, helical nanofibers, and bundled nanofibers.[8] The re-
duction of metal ions (Ag, Au, etc.) in the presence of gela-
tors forms an array of metal nanoparticles.[9] In addition, ge-
lators are used as a scaffold for the mineralization of hy-
droxyapatite[10] and as a matrix for the growth of calcite
crystals.[11] Other applications include their use as gel elec-
trolytes,[12] liquid crystals,[13] photochemicals,[14] pharmaceuti-
cals,[15] drug and gene delivery,[16] and so on.[17]


We have focused on the gelation behavior and self-assem-
bling properties of organogelators and have developed some
hydrogelators based on l-lysine according to a concept
based on the conversion of organogelators into hydrogela-
tors.[5a,18,19] The strategy involves introducing charged or un-


Abstract: Simple l-lysine derivatives,
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alkali metal salts (2–4), and two-com-
ponent compounds that consist of 1
with 2 to 4, were synthesized and their
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properties were studied. Addition of
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a carboxylic acid. On the other hand,
two-component low-molecular-weight
gelators exhibited amphiphilic gelation
behavior and functioned as not only
hydrogelators, but also as organogela-
tors. FTIR studies revealed that lateral


ionic interactions between the carbox-
ylate, alkali metal cation, carboxylic
acid, and protons, in addition to hydro-
gen-bonding and van der Waals inter-
actions play a very important role in
hydrogelation. Furthermore, it was
found that the water-insoluble carbox-
ylic acid compound underwent a pre-
cipitation–dissolution transition with a
thermally reversible sol–gel transition
in the two-component gelator systems.


Keywords: gels · lysine · nanostruc-
tures · sol–gel processes · supra-
molecular chemistry


[a] Dr. M. Suzuki, M. Yumoto, Prof. Dr. H. Shirai,
Prof. Dr. K. Hanabusa
Graduate School of Science and Technology
Shinshu University
Ueda, Nagano 386-8567 (Japan)
Fax: (+81)268-21-5608
E-mail : msuzuki@shinshu-u.ac.jp


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Chem. Eur. J. 2008, 14, 2133 – 2144 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2133


FULL PAPER







charged hydrophilic groups into organogelators. l-Lysine
compounds with a positively charged pyridinium or un-
charged aldonamide functionality are excellent hydrogela-
tors, whereas the negatively charged l-lysine derivatives are
not necessarily good hydrogelators. To improve the hydroge-
lation ability of the negatively charged hydrogelators, many
derivatives have been synthesized. Carboxylic acid deriva-
tive 1 is water-insoluble, whereas its alkali metal salts (2–4)
are readily soluble in water. These compounds have no hy-
drogelation abilities by themselves. Very interestingly, it was
found that the compounds prepared from 1 to 4 had good
hydrogelation abilities. In addition, these compounds exhib-
ited pH-triggered hydrogelation and amphiphilic gelation,
thus forming not only hydrogels, but also organogels.
Herein, we describe the simple preparation of two-compo-
nent amphiphilic gelators based on l-lysine, their gelation
properties in aqueous solutions and organic solvents, and
pH-triggered hydrogelation.


Results and Discussion


Acid-triggered hydrogelation : When a specific amount of
0.1m aqueous HCl was added to an aqueous solution of 2
(10 mgmL�1) at 25 8C with vigorous stirring, the aqueous so-
lution changed to a translucent hydrogel that was stable to
inversion. The reaction conditions are listed in Table 1. Hy-


drogelation occurs on adding 0.134 to 0.356 mL (samples C–
H) of aqueous HCl. The addition of 0.044 and 0.089 mL of
0.1m HCl produces a viscous aqueous solution, whereas the
opaque hydrogels that contain a water-insoluble white pre-
cipitate are obtained by adding 0.267, 0.312, and 0.356 mL
HCl (samples F–H). The translucent hydrogels are obtained
by adding 0.134 to 0.223 mL HCl (samples C–E). Because
the addition of aqueous HCl to the aqueous solution of 2
partly forms 1, hydrogelation will be induced by a mixture
of 2 and 1. On the other hand, the hydrogels formed
changed into an isotropic solution at 25 8C on stirring fol-
lowed by the addition of a molar equivalent of aqueous
NaOH with respect to the aqueous HCl previously added.
The sol–gel transition is thus reversible by repeating the ad-


dition of aqueous HCl and aqueous NaOH above the mini-
mum gel concentration (MGC).


Because the formation of supramolecular hydrogels in-
volves the self-organization of gelators, a heating process
needs to dissolve and disperse gelators into an aqueous solu-
tion. In the present system, however, note that hydrogela-
tion occurs at room temperature.


Hydrogelation in two-component hydrogelators : Detailed
studies were carried out by using two-component com-
pounds 2e, 3a–3 i, and 4e. These compounds were prepared
by partial neutralization of 1 with aqueous NaOH for 3a to
3 i, aqueous LiOH for 2e, and aqueous KOH for 4e. The hy-
drogelation properties of these compounds are listed in
Table 2. Compounds 3a (1/3=1:9) and 3 i (1/3=9:1) had no


hydrogelation ability, whereas 3b to 3h (1/3=2:8–8:2)
formed hydrogels. Compounds 3b to 3e (1/3=2:8–5:5) com-
pletely dissolved in pure water during heating and then pro-
duced translucent hydrogels after standing at 25 8C for 6 h.
In contrast, 3 f to 3h (1/3=6:4–8:2), which had an excess of
1 compared with 3, were partly soluble in pure water and
formed hydrogels that contained a water-insoluble white
solid. These results are almost the same as those in Table 1.
Therefore, acid-triggered hydrogelation is induced by the
partial formation of 1. The water-insoluble solid in 3 f to 3h
was identified by FTIR, 1H NMR, and elemental analysis,
and these data were consistent with those of 1. This fact in-
dicates that 1 and 3 form a water-soluble 1:1 complex. On
the other hand, the hydrogelation ability was independent
of the alkali metal ions and similar MGC values were ob-
served for 2e, 3e, and 4e. These hydrogelators also formed
hydrogels in aqueous solutions that contain inorganic salts,
such as saline, NaCl, and KCl.


Table 1. Reaction conditions for pH-triggered hydrogelation at 25 8C.[a]


Sample H/Na[b] H2O [mL] 0.1m HCl [mL] Aspect[c]


A 1:9 1.956 0.044 VS
B 2:8 1.911 0.089 VS
C 3:7 1.866 0.134 TL gel
D 4:6 1.822 0.178 TL gel
E 5:5 1.777 0.223 TL gel
F 6:4 1.733 0.267 OP gel
G 7:3 1.688 0.312 OP gel
H 8:2 1.644 0.356 OP gel
I 9:1 1.600 0.400 PG


[a] [3]=20 mg (4.46J10�2 mmol). [b]Ratios of H+ and 3. [c]Gels con-
tain a white precipitate. TL: translucent, OP: opaque, VS: viscous solu-
tion, PG: partial gel.


Table 2. Hydrogelation properties of 1–4 at 25 8C.[a]


Gelators H/M[b] H2O Saline[d] NaCl[e] KCl[e]


1 10:0 ins ins ins ins
2 0:10 Sol sol sol sol
2e 5:5 GTL (7) GTL (10) GTL (7) GTL (7)
3 10:0 Sol sol sol sol
3a 1:9 PG PG PG PG
3b 2:8 GTL (20) GTL (17) GTL (17) GTL (20)
3c 3:7 GTL (9) GTL (9) GTL (7) GTL (7)
3d 4:6 GTL (9) GTL (8) GTL (5) GTL (7)
3e 5:5 GTL (8) GTL (8) GTL (5) GTL (7)
3 f 6:4 GO (8)[c] GO (10) GO (8) GO (10)
3g 7:3 GO (8)[c] GO (10) GO (8) GO (12)
3h 8:2 GO (15)[c] GO (15) GO (15) GO (20)
3 i 9:1 PG PG PG PG
4 10:0 sol sol sol sol
4e 5:5 GTL (7) GTL (10) GTL (7) GTL (7)


[a] MGC [gL�1] value given in parentheses. [b] Molecular ratios of 1 and
its alkali metal salts. [c] Gels contain a white precipitate. [d] Saline con-
tains NaCl (8.6 gL�1, �0.147m), KCl (0.3 gL�1, �4.02J10�3


m), and
CaCl2 (0.33 gL�1, �2.97J10�3


m). [e] [NaCl]= [KCl]=0.1m. GTL: trans-
lucent gel; GO: opaque gel; ins: insoluble; sol: solution; PG: partial gel.
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Organogelation properties : These two-component com-
pounds (2e–4e) have not only hydrogelation ability, but also
organogelation ability, as listed in Table 3. For all com-


pounds, they were insoluble in n-hexane and readily soluble
in alcohols. Compared with 1, its alkali metal salt com-
pounds (2–4) have a better organogelation property, and
two-component gelators (2e–4e) demonstrate similar prop-
erties. Compounds 2e to 4e can form organogels in esters,
ketones, cyclic ethers, aromatic solvents, CCl4, vegetable
oils, and mineral oils. It is generally known that organogela-
tion often depends on the balance between hydrophilicity
and hydrophobicity of gelator molecules.[1–6] Because the
two-component gelators (2e–4e) consist of hydrophobic
compound 1 and hydrophilic compounds (2–4), their suita-
ble hydrophobic–hydrophilic balances lead to a high organo-
gelation ability; for example, although 2 to 4 have no gela-
tion ability for vegetable oils, derivatives 2e to 4e gel them.
In addition, compound 4e showed a lower organogelation
ability than 2e and 3e. Such different organogelation ability
is exemplified by that of 4. It is likely that 4 has a lower hy-
drophilicity than 2 and 3.


TEM studies : It is known that a gelator molecule constructs
nanoscale superstructures, such as nanofibers, nanoribbons,
and nanosheets, in a supramolecular gel.[1] Figure 1 shows
the transmission electron microscopy (TEM) images of
dried gels prepared from a pure water gel, a saline gel, a
0.1m aqueous NaCl gel, a benzene gel, a 1,4-dioxane gel,
and a CCl4 gel of 3e. In all of the supramolecular gels, com-
pound 3e formed supramolecular nanofibers (10–40 nm in
diameter) whose entanglements created a three-dimensional
network. Similar images were observed for other gelators.
Therefore, organogelation and hydrogelation occur by im-
mobilizing solvents in the nanospaces in the three-dimen-
sional networks.


On the other hand, the TEM images of 3 in pure water
and a partial gel of pure water based on 3a are shown in
Figure 2. Compound 3 formed spherical micelles with a di-


Table 3. Organogelation properties of 1–4 and 2e–4e at 25 8C[a]


Solvents 1 2 3 4 2e 3e 4e


n-hexane ins ins ins ins ins ins ins
cyclohexane PG PG PG PG PG PG PG
EtOH sol sol sol sol sol sol sol
AcOEt 15 P PG ins 15 12 ins
acetone 45 ins PG ins 15 20 ins
cyclohexanone S 3 10 3 3 25 5
dioxane 55 6 7 5 3 7 10
Ph�H 25 12 3 30 7 3 20
Ph�CH3 PG 3 3 30 5 3 15
Ph�Cl 20 4 3 30 3 3 10
Ph�NO2 3 8 5 7 10 7 10
DMSO sol 25 sol 45 PG sol sol
CHCl3 sol 30 sol sol sol sol 25
CCl4 3 15 30 25 10 30 PG
oleic acid 15 sol sol sol 40 20 40
linoleic acid 15 sol sol sol 40 20 40
diesel oil PG 12 5 5 3 5 3
kerosene PG 12 5 5 8 5 8


[a] Values denote MGC [gL�1]. ins: insoluble, PG: partial gel, P: precipi-
tate after dissolution, sol: solution at 30 gL�1.


Figure 1. TEM images of dried samples prepared from A) pure water gel, B) saline gel, C) 0.1m aqueous NaCl gel, D) benzene gel, E) CCl4 gel, and
F) 1,4-dioxane gel of 3e. Scale bar: 200 nm (in A–C, E, F) and 100 nm (in D).


Figure 2. TEM images of dried samples prepared from A) a pure water
solution of 3 and B) a partial gel of 3a. Scale bar: 100 nm (in A) and
200 nm (in B).
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ameter of 30–100 nm that did not lead to hydrogelation. In
contrast, the TEM image of 3a showed that it formed spher-
ical micelles (30–100 nm in diameter) and self-assembled
nanofibers (30–80 nm in diameter). Considering the ratio of
1 and 3 (1:9) in 3a, compound 1 and some of 3 form a com-
plex and self-assemble into nanofibers, whereas excess 3a
forms the micelles. Note that the presence of a little 1 leads
to the formation of nanofibers.


FTIR studies : The FTIR spectra of 1, 3, and 3a to 3 i in the
solid state revealed similar absorption bands at around ñ=


1640 (amide I) and 1550 cm�1 (amide II), thus providing im-
portant data for the interaction between 1 and 3 at ñ=


1740–1700 cm�1 that arises from the C=O stretching vibra-
tion of the carboxylic acid.[20] The absorption band of nC=O


(CO2H) appeared at 1734 cm�1 for 1, but not for 3 because
it does not have a carboxylic acid group. For two-component
compounds 3 f to 3 i, the absorption band shifted to a lower
wavenumber and a new peak at �1709 cm�1 was observed
as the proportion of 3 increased. Compounds 3a to 3e
showed one IR band at 1709 cm�1. It is known that the IR
spectrum of a dimerized carboxylic acid is observed at
around ñ=1700–1710 cm�1.[21] Considering the solubility of
3a to 3 f in water, it indicates that 1 and 3 form a dimer be-
tween the carboxylic acid and the carboxylate mediated by
a sodium ion and a proton; therefore, the hydrogelation
ability arises from the formation of a water-soluble dimer.
Moreover, dimer formation between 1 and 3 is independent
of the countercations, and 2e (Li+) and 4e (K+) show the
same hydrogelation abilities as 3e.


It is generally known that a low-molecular-weight gelator
forms self-assembled nanofibers in a supramolecular gel
through hydrogen bonding and van der Waals (hydrophobic)
interactions, which can be analyzed by NMR and FTIR
spectroscopies, and X-ray analysis.[1–8] FTIR spectroscopy, in
particular, is a powerful tool for structural analysis and has


been extensively used to investigate organogelation because
the IR spectrum of the gel state in addition to solution and
solid states can be obtained. In many cases, however, the
FTIR spectrum has only been roughly analyzed owing to
the overlap of some IR peaks. In the present study, the re-
corded FTIR spectra were resolved by using a curve-fitting
technique (JASCO FTIR Plus Series Curve Fitting ver-
sion 2.00F). Figure 3 shows the FTIR spectra of 3 and 3a (as
solutions in D2O) and 3b to 3e (as D2O gels).[22] The FTIR
spectra showed two (3 and 3a) or three (3b–3e) broad IR
bands in D2O at 1726, 1625 (or 1617), and 1587 cm�1, arising
from the stretching vibration of the carboxylic acid, amide I,
and carboxylate groups, respectively. These bands were fur-
ther resolved into five or six individual spectra by using the
curve-fitting program. With respect to the ratio of band
areas, the main IR bands are at 1625 and 1613 cm�1 (nC=O,
amide I) and 1587 cm�1 (nC�O, -COO�) for 3 and 3a as well
as at 1726 cm�1 (nC=O, -COOH), 1626 and 1609 to 1613 cm�1


(nC=O, amide I) and 1586 cm�1 (nC�O, -COO�) for 3b to
3e.[20,23] It is interesting that hydrogen-bonded amide I is re-
solved into two spectra, which indicates that these com-
pounds have at least two hydrogen bonding modes in the
micelles or nanofibers. This result is consistent with the fact
that 3 and 3a to 3e have two amide bonds at the Na and Ne


amide nitrogen atoms in the lysine. The amide group of the
Ne position is close to the hydrophobic alkyl group, whereas
that of the Na position neighbors the hydrophilic carboxyl-
ate group. In water (or hydrogel), the amide group of the Ne


position is located in a more hydrophobic area and under-
goes a stronger hydrogen-bonding interaction than that of
the Na position; therefore, it is assumed that the IR peaks at
around 1610 and 1626 cm�1 correspond to the amide groups
of the Ne position and Na position, respectively.


As mentioned above, compounds 3b to 3e form the
dimer between the carboxylic acid and the sodium carboxyl-
ate groups in the solid states, which is supported by the


Figure 3. FTIR spectra and their curve-fitting results of 3 and 3a–3e in D2O (20 gL�1). A) Solution of 3 in D2O, B) solution of 3a D2O, C) D2O gel of
3b, D) D2O gel of 3c, E) D2O gel of 3d, F) D2O gel of 3e. IR peaks: a) nC=O, -COOH, b) nC=O, amide I, c) nC=O, amide I, d) nC�O, -COO�.
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FTIR result. In the D2O gel,
however, the IR peak appears
at 1725 cm�1, which is similar to
the lateral hydrogen-bonded
carboxylic acid. This indicates
that the carboxylic acid and car-
boxylate groups in 3b to 3e in-
teract through a lateral hydro-
gen-bonding mode in the D2O
gel and it is likely that they
have alternative interactions
(···Na···OCO···H···O). Note that
the structure of the gelators
changes from the cyclic dimer
to linear interactions.


In addition, the FTIR meas-
urements also provide informa-
tion on the alkyl groups. The
absorption bands of the asym-
metric (nasym) and symmetric
(nsym) CH2 stretching vibrations
of 3e were observed at 2921
and 2851 cm�1 in the D2O gel.
These bands appear at a lower
frequency than those of free
alkyl chains in CHCl3
(2928 cm�1 (nasym, C�H) and
2856 cm�1 (nsym, C�H)). Such a
low frequency shift indicates a
strong interaction between the
alkyl chains (hydrophobic inter-
action).[5a] Therefore, the driv-
ing forces for self-assembly into
nanofibers (leading to the hy-
drogelation) are hydrogen
bonding between the amide groups, interactions between
the carboxylic acid and alkyl carboxylate, and hydrophobic
interactions.


The FTIR spectra of the CCl4 gel based on 1, 3 and 3a to
3 i are shown in Figure 4A, and the resolved spectra and
their data in the amide I region are shown in Figure S4 and
Table S3 in the Supporting Information.[20] Typical IR bands
were observed around 1635 cm�1 (nC=O, amide I) and
1548 cm�1 (dN�H, amide II) in addition to 3300 cm�1 (nN�H,
amide A), arising from hydrogen-bonded amide groups. This
indicates hydrogen-bonding-induced organogelation similar
to a common organogelator previously reported.[1] The
curve-fitting results of the amide I region demonstrated that
the IR band of amide I for these gelators was resolved into
a number of bands (at around 1655, 1637, and 1620 cm�1).[20]


This result indicates that these gelators self-assemble into
nanofibers through a number of hydrogen-bonding modes.
Furthermore, the IR band of the C=O stretching vibration
of the carboxylic acid at around 1740 to 1700 cm�1 was also
interesting and almost the same as that of the solid state.
For 1 and 3 i, the IR band was observed at 1733 cm�1,
whereas 3 and 3a showed no bands between 1700 and


1800 cm�1. Compounds 3 f to 3h showed two peaks at 1724
and 1709 cm�1 and 3b to 3e had a peak at around
1708 cm�1. These results indicate that 3b to 3h have a cyclic
dimer structure with carboxylic acid and sodium carboxylate
as a platform in the self-assembled nanofibers in the CCl4
gels.[24] In the present case, both 1 and 3 have gelation ability
for CCl4 and can form self-assembled nanofibers. Except for
3e, therefore, organogelation of 3a to 3 i occurs through the
formation of at least two self-assembled nanofibers; 3e
forms only the self-assembled nanofiber based on the cyclic
dimer structure. Although it is not clear that 3 and 3e in 3a
to 3d or 1 and 3e in 3 f to 3 i form a hybrid nanofiber or a
separated one, compounds 3a to 3d that contain excess 3
form CCl4 gels that consist of nanofibers of 3e and 3, and
the gels of 3 f to 3 i are formed by nanofibers of 3e and 1.
Such differences in interaction modes between carboxylic
acid and carboxylate groups should cause the complex hy-
drogen-bonding modes between the amide groups.


Compounds 1 and 3 f to 3 i did not exhibit organogelation
with CHCl3 at 30 gL�1, and the FTIR spectra showed typical
bands for non-hydrogen-bonded amide groups at 3446 cm�1


(amide A), 1654 to 1658 cm�1 (amide I), and 1520 cm�1


Figure 4. FTIR spectra of 1, 3 and 3a–3 i in A) CCl4 gels and B) CHCl3 solution; [gelator]=30 gL�1.
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(amide II) in addition to 1725 cm�1 (Figure 4B). In contrast,
the IR spectra of 3 and 3a to 3e shifted to a lower wave-
number with an increasing ratio of 3, and those of 3, 3a, and
3b appeared at 1642 cm�1 and 1543 cm�1, which correspond-
ed to the IR bands of hydrogen-bonded amide I and II.
However, the IR band of amide A was also observed around
3446 cm�1 (free amide A). To elucidate these IR spectra, the
broad IR band in the amide I region was resolved.[20] As ex-
pected, the IR spectra of 1 and 3 f to 3 i exhibited the IR
band of non-hydrogen-bonded amide I (at 1658 cm�1). In
contrast, the IR spectra of 3 and 3a to 3e consisted of both
hydrogen-bonded amide I bands (at 1625 and 1639 cm�1)
and a non-hydrogen-bonded amide I band (at 1658 cm�1).
This result indicates that part of the amide groups in 3 and
3a to 3e undergoes a hydrogen-bonding interaction in
CHCl3. The 1H NMR spectroscopy study of 1, 3, and 3a to
3 i in CDCl3 demonstrates a low magnetic field shift and
peak broadening of the proton in the amide group with the
increasing ratio of 3, and this is one piece of evidence for
the presence of a hydrogen-bonding interaction.[20] The orga-
nogelation property for CHCl3 of these gelators was exam-
ined at a high concentration. Compounds 1 and 3 f to 3 i
have no gelation ability for CHCl3 at 100 gL�1, and 3c to 3e
cannot form a CHCl3 gel at 100 gL�1, but produce a viscous
solution. Compounds 3, 3a, and 3b function as an organoge-
lator for CHCl3 at 80 gL�1, although the MGC value is very
high.


Gel strength and thermal stability of the hydrogels : The gel
strength, which is an important factor in the wide applica-
tion of gels, has been evaluated by measuring the elastic
storage modulus G’ and loss modulus G’’ at different gelator
concentrations.[25] In our study, however, we evaluated the
gel strength as the power that is required to sink a cylindri-
cal bar (10 mm in diameter) 4 mm deep into the gel.
Figure 5 shows the gel strength of hydrogels and saline gels
based on 3c and 3e at the various concentrations. The gel
strengths increased with the increasing concentrations of ge-
lators. This is the reason why the hydrogelators create more
closely three-dimensional networks at high concentrations.


The gel strength of a pure water gel of 3e was almost the
same as that of the saline gel. In contrast, the gel strength of
3c gels was significantly affected by the ionic strength: the
saline gel was more rigid than the hydrogel. The gel
strength, which corresponds to the hardness of a gel, is
chiefly dependent on the density of the three-dimensional
network in the gels. Because 3c is more ionic than 3e, the
gel strength is more likely to be influenced by ionic strength.
It is assumed that the high ionicity of the 3c molecule leads
to a closely packed three-dimensional network in the pres-
ence of ions.


The physical properties of supramolecular hydrogels were
evaluated further on the basis of their thermal stability.
Figure 6 shows the thermal stabilities for pure water gels


(A) and saline gels (B) based on 3b (*), 3c (&), 3d (~), 3e
(^), 2e (*), and 4e (&), and their sol–gel transition temper-
atures (Tgel) are listed in Table 4. The MGC values of pure
water gels did not change between 25 and 50 8C, and they
then increased with temperature. Above 65 8C, these hydro-
gelators cannot form a hydrogel, at even 80 gL�1. On the
other hand, although these gelators did not form a saline gel
above 65 8C, the MGC values of saline gels exhibited little


Figure 5. Gel strengths of hydrogels and saline gels based on 3c and 3e
as a function of the gelator concentration. A) hydrogel (&) and saline gel
(&) of 3c ; B) hydrogel (*) and saline gel (*) of 3e.


Figure 6. Thermal stabilities of A) pure water gels and B) saline gels
based on 3b (*), 3c (&), 3d (~), 3e (^), 2e (*), and 4e (&).


Table 4. Physical data of pure water gels and saline gels of 2e, 3b–3e,
and 4e.[a]


Pure water gel Saline gel
strength
ACHTUNGTRENNUNG[kPa]


Tgel


[8C]
DHgel


ACHTUNGTRENNUNG[kJmol�1]
strength
ACHTUNGTRENNUNG[kPa]


Tgel


[8C]
DHgel


ACHTUNGTRENNUNG[kJmol�1]


3b 7.6 50 61 13.2 35 30
3c 7.2 55 163 12.4 65 36
3d 6.6 60 127 6.8 65 37
3e 6.1 60 130 6.5 65 37
2e 6.3 60 171 6.7 65 11
4e 6.2 60 168 6.3 65 11


[a] [Gelator]=20 gL�1 for gel strength and sol–gel transition temperature
(Tgel).
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change on increasing the temperature to 65 8C. These saline
gels had higher Tgel values at the lower concentration than
those of pure water gels (Table 4). To elucidate the thermal
behavior, a thermodynamic analysis of the sol–gel transition
was carried out by using van Mt Hoff relationships.[26] From
the relationship between MGC and Tgel, the sol–gel transi-
tion enthalpy (DHgel) was determined from the slope of ln
ACHTUNGTRENNUNG[gelator ACHTUNGTRENNUNG(molL�1)] versus 1/Tgel.


[20] Surprisingly, the DHgel


values of the saline gels were much lower than those of pure
water gels, although the saline gels showed high Tgel values
at low concentrations. These results indicate that the saline
gels are more thermally stable and their sol–gel transition
energies are less than those of pure water gels. We have re-
ported that the l-lysine hydrogelator with a sugar (non-ionic
hydrogelator) forms a supramolecular hydrogel with high
Tgel and DHgel values in the presence of ions because the hy-
drophobic interaction becomes stronger.[19] In the present
systems, the ionic interaction between carboxylate, alkali
metal, proton, and carboxylic acid, in addition to hydropho-
bic and hydrogen-bonding interactions, play an important
role in self-assembly into nanofibers (hydrogelation);
namely, if the ionic interaction is absent, it is impossible to
self-assemble into nanofibers (alternatively, micelles will
form). The high ionic strength in the saline gel increases the
intermolecular hydrophobic interaction and the thermal sta-
bility increases, which gives a high Tgel value. In the presence
of many ions, the ionic interaction deceases and exchange
between bulk cations and gelator cations is promoted. Pre-
sumably, the ionic interaction is destroyed by the attack of
bulk ions, meanwhile the nanofibers are broken (collapse of
the hydrogel), which results in the low DHgel value for the
sol–gel transition. The sol–gel transition of pure water gels
occurs through almost simultaneous destruction of hydro-
phobic, hydrogen bonding, and ionic interactions (high Tgel


and DH) by a thermal effect, whereas it occurs through de-
struction of hydrophobic and hydrogen-bonding interactions
induced by breaking ionic interactions. The DHgel values of
the saline gels are therefore low compared with those of
pure water gels.


Turbidity during the sol–gel transition : During the sol–gel
transition experiments, the solutions exhibited interesting
behavior. It is generally known that the dissolution of gela-
tors by heating produces a clear solution.[1–2,4–5] In the pres-
ent systems, clear solutions could not be obtained for 3d,
3e, 2e, and 4e, even on heating at 100 8C for more than
10 min. As shown in Figure 7, the hot opaque solution of 3e
(80 8C) changes to a translucent hydrogel (25 8C) during
cooling. This behavior is thermally reversible. The behavior
was studied by UV-visible spectroscopy. The transmittance
at 600 nm was more than 80% up to 70 8C and less than
0.4% above 70 8C. From 25 8C to 65 8C, 3e forms a translu-
cent hydrogel and produces an opaque milky solution above
70 8C. These results indicate that hydrogelators form aggre-
gates above 70 8C, which differs from the hydrogel.


Field emission scanning electron microscopy (FE-SEM)
studies were carried out to elucidate the difference in nano-


structures between hydrogels and opaque solutions. Figure 8
shows the FE-SEM images of samples of the opaque solu-
tion (A), a solution that contains a translucent hydrogel (B
and C), and an opaque solution and translucent hydrogel


(D) of 3e (as shown in Figure 7). Here, samples B and C
were obtained from the interface between the gel and
opaque solution. The FE-SEM image of the hydrogel
showed the formation of three-dimensional networks of the
self-assembled nanofibers of 3e (Figure 8D). Interestingly,
the FE-SEM image of the opaque solution was quite differ-
ent, it contained spherical aggregates and their interconnec-
tions. These aggregates differ from the micelles, shown in
Figure 2A, and resemble precipitates. This result indicates
that 3e forms some spherical aggregates, similar to a colloid,
in the hot solution at 80 8C, and these colloids are dispersed
in the milky solution. Similar SEM images were observed
with two-phase samples during hydrogelation (Figure 7):
nanofibers from the hydrogel phase and spherical aggregates
from the opaque solution phase.[20] On the other hand, the
SEM images of the interface between the opaque solution
and the hydrogel showed a mixture of nanofibers and spher-
ical aggregates (Figure 8B and C). It is clear that the spheri-


Figure 7. Hydrogelation process from an opaque solution to a translucent
gel.


Figure 8. FE-SEM images of aggregates of 3e (10 gL�1). A) Samples pre-
pared from an aqueous solution at 80 8C. B) and C) Samples of the inter-
face between the gel and a solution of xerogel prepared from a solution
containing translucent hydrogel and opaque solution at 50 8C. D) Xerogel
prepared from translucent hydrogel (25 8C). All samples were prepared
by freeze-drying. Scale bar: 200 nm (in A) and 500 nm (in B–D).
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cal aggregates change to nano-
fibers during cooling, and this
leads to hydrogelation.


Comparing the IR spectra of
the hydrogel (25 8C) with that
of the opaque solution (80 8C)
shows that the absorbance at
1585 cm�1 decreases and the IR
peak at 1726 cm�1 broadens
into 1710 cm�1.[20] This change
is caused by breaking the inter-
actions between the carboxyl-
ate, Na+ , H+ , and carboxylic
acid; namely, 1 and 3 are sepa-
rated. As mentioned above, be-
cause 1 does not dissolve in
water unless it interacts with 3,
the opaque solution is a sus-
pended precipitate of 1. During
cooling, compounds 1 and 3
again have ionic interactions,
which leads to self-assembled
nanofibers. Further experiments
were carried out to confirm this
mechanism. We first tried a dis-
solution test of 1 and 3. Com-
pound 3 was very soluble in
water at room temperature, and
1 was insoluble in water, even
on heating at 100 8C for 5 min.
Addition of an equimolar quan-
tity of 1 to the aqueous solution
of 3, and heating the solution to 90 8C, produced the opaque
solution. The translucent hydrogel was then formed by cool-
ing the hot opaque solution to 25 8C. This transition from a
translucent hydrogel to an opaque solution is thermally re-
versible. This fact indicates that water-insoluble 1 dissolves
in an aqueous solution in the presence of 3. The next test
was to identify the opaque solution. The hot opaque solu-
tion was filtered three times. The resulting white solid was
washed with water and dried at 40 8C in a vacuum for 24 h.
The 1H NMR spectrum in CDCl3 demonstrated that the
white solid consisted of 1. Therefore, the opaque milky solu-
tion obtained at 90 8C is a suspended precipitate of 1. Note
that the precipitate of 1 redissolves in water in the presence
of 3 during cooling.


Hydrogelation mechanism : These results enable us to pro-
pose a hydrogelation mechanism for the two-component sys-
tems (Scheme 1). In the solid state, compound 3e has hydro-
gen-bonding and van der Waals interactions in addition to
dimeric ionic interactions. On heating 3e and water at 90 8C,
compound 3e dissolves in water and separates into 1 and 3 ;
this is followed by precipitation of 1 (to produce an opaque
milky solution). During cooling, compound 1 redissolves in
water by forming lateral ionic interactions with 3 to produce
3e, which self-assembles into nanofibers through hydrogen-


bonding and van der Waals interactions, thus leading to hy-
drogelation. The transition from an opaque solution to a
translucent hydrogel is thermally reversible. Similarly, heat-
ing an aqueous solution of 3 and 1 to 90 8C produces an
opaque solution, which forms a translucent hydrogel on
cooling to 25 8C.


For pH-triggered hydrogelation, compounds 2 to 4 form a
nanostructure of spherical micelles in water. The addition of
aqueous HCl to the aqueous micelle solution with vigorous
stirring results in partial protonation of the carboxylate
groups, and the nanostructure changes to nanofibers. This
creates a three-dimensional network, which results in hydro-
gelation.


Conclusion


In conclusion, we have shown that pH-triggered hydrogela-
tion and amphiphilic gelation of two-component low-molec-
ular-weight gelators that consist of a water-soluble alkali
metal salt (2–4) and a water-insoluble carboxylic acid com-
pound (1). The addition of aqueous HCl to aqueous solu-
tions of 2 to 4 results in hydrogelation at room temperature.
Partial protonation of the carboxylate to carboxylic acid in-
duces lateral ionic interactions. Three-dimensional networks


Scheme 1. Tentative illustration of hydrogelation mechanism of two-component hydrogelators.
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are created by entanglement of nanofibers self-assembling
through hydrogen-bonding and van der Waals interactions,
which leads to the formation of supramolecular hydrogels.
On the other hand, two-component low-molecular-weight
gelators, which consist of 2 to 4 with 1, functioned as amphi-
philic gelators that were able to form not only hydrogels for
pure water, saline, and aqueous solutions that contain inor-
ganic salts, but also organogels for esters, ketones, cyclic
ethers, aromatic solvents, and oils. At high temperatures
(>70 8C), the two-component gelators produce a milky
opaque aqueous solution that changes to a translucent hy-
drogel during cooling. Such behavior can be explained by
the precipitation of 1. The two-component gelators separate
in the aqueous solution owing to thermal dissociation of
ionic interactions, hydrogen bonds, and van der Waals inter-
actions. The separated molecules of 1 form a spherical ag-
gregate that involves their precipitation. During cooling to
25 8C, compound 1 dissolves in water as a result of ionic in-
teractions with 3 to form a supramolecular hydrogel. Note
that ionic interactions between 1 and 3 occur during cooling
and 1 induces a thermally reversible precipitation–dissolu-
tion transition.


Experimental Section


Materials : Ne-Lauroyl-l-lysine was kindly obtained from Ajinomoto. The
other chemicals were of the highest grade commercially available and
used without further purification. All solvents used in the syntheses were
purified, dried, or freshly distilled, as required.


Na-Hexanoyl-Ne-lauroyl-l-lysine (1): Ne-Lauroyl-l-lysine (19.7 g,
60 mmol) was dissolved in water (500 mL) containing NaOH (12 g,
300 mmol), and ethyl ether (300 mL) was added. Hexanoyl chloride
(13.5 g, 100 mmol) was added to the ether layer. The biphasic solution
was vigorously stirred at 0 8C for 1 h and for a further 23 h at room tem-
perature. The resulting solution was acidified with concentrated HCl (pH
�1). The white precipitate was filtered, washed with water, and dried.
The product was obtained by recrystallization (J2) from ethanol/ethyl
ether (85%). 1H NMR (400 MHz, CDCl3, TMS, 25 8C): d=0.86–0.90 (m,
6H; CH3), 2.18 (t, J=7.3 Hz, 2H; CH2CONH), 2.24 (t, J=7.0 Hz, 2H;
NHCOCH2), 3.19–3.26 (m, 2H; NHCH2), 4.42–4.47 (m, 1H; CHNH),
6.30 (t, J=5.6 Hz, 1H; NaHCO), 6.85 (d, J=7.3 Hz, 1H; CONeH),
9.37 ppm (br s, 1H; COOH); IR (KBr): ñ =3311 (nN�H, amide A), 1733
(nC=O, -COOH), 1638 (nC=O, amide I), 1555 cm�1 (nN�H, amide II); elemen-
tal analysis calcd (%) for C24H46N2O4: C 67.57, H 10.87, N 6.57; found: C
67.88, H 10.99, N 6.58.


Na-Hexanoyl-Ne-lauroyl-l-lysine lithium salt (2): A 4m aqueous solution
of LiOH (5 mL) was added to a stirred solution of 1 (8.5 g, 20 mmol) in
ethanol (500 mL). Stirring was continued for 30 min, and the resulting so-
lution was evaporated to dryness. The product was obtained by recrystal-
lization from ethanol/ether (99%). 1H NMR (400 MHz, CDCl3/
[D6]DMSO/TMS, 25 8C): d=0.86–0.90 (m, 6H; CH3), 2.10–2.17 (m, 4H;
NHCOCH2), 3.05–3.13 (m, 2H; NHCH2), 4.20 (q, J=5.1 Hz, 1H; CH),
7.27 (d, J=7.1 Hz, 1H; NeH), 7.39 ppm (t, J=5.3 Hz, 1H; NaH); IR
(KBr): ñ =3312 (nN�H, amide A), 1640 (nC=O, amide I), 1597 (dC�O,
COO�), 1551 cm�1 (dN�H, amide II); elemental analysis calcd (%) for
C24H45N2O4Li: C 66.64, H 10.49, N 6.48; found: C 66.68, H 11.03, N 6.51.


Na-Hexanoyl-Ne-lauroyl-l-lysine sodium salt (3): The product was ob-
tained by the same procedure as 2 with a 4m aqueous solution of NaOH
(5 mL) (99%). 1H NMR (400 MHz, CDCl3, TMS, 25 8C): d =0.88 (t, J=


6.7 Hz, 6H; CH3), 2.16 (t, J=7.7 Hz, 4H; NHCOCH2), 3.11 (br s, 2H;
NHCH2), 4.07 (br s, 1H; CH), 6.96 (br s, 1H; NeH), 7.47 ppm (br s, 1H;
NaH); IR (KBr): ñ=3302 (nN�H, amide A), 1642 (nC=O, amide I), 1592


(dC�O, COO�), 1556 cm�1 (dN�H, amide II); elemental analysis calcd (%)
for C24H45N2O4Na: C 64.25, H 10.11, N 6.24; found: C 64.31, H 10.34, N
6.26.


Na-Hexanoyl-Ne-lauroyl-l-lysine potassium salt (4): The product was ob-
tained by the same procedure as 2 with a 4m aqueous solution of KOH
(5 mL, 99%). 1H NMR (400 MHz, CDCl3/[D6]DMSO=8:2, TMS, 25 8C):
d=0.86–0.90 (m, 6H; CH3), 2.12–2.20 (m, 4H; NHCOCH2), 3.07–3.18
(m, 2H; NHCH2), 4.02 (q, J=5.1 Hz, 1H; CH), 7.28 (t, J=5.3 Hz, 1H;
NeH), 7.34 ppm (d, J=7.1 Hz, 1H; NaH); IR (KBr): ñ =3301 cm�1 (nN�H,
amide A), 1643 (nC=O, amide I), 1590 (dC�O, COO�), 1555 cm�1 (dN�H, ami-
de II); elemental analysis calcd (%) for C24H45N2O4K: C 62.03, H 9.76, N
6.03; found: C 62.11, H 10.04, N 6.06.


Na-Hexanoyl-Ne-lauroyl-l-lysine and its sodium salt (3a; 1/2=1:9): A 1m


aqueous solution of NaOH (18 mL) was added to a stirred solution of 1
(8.5 g, 20 mmol) in methanol (500 mL). Stirring was continued for
30 min, and the resulting solution was evaporated to dryness. The product
was obtained by recrystallization from methanol/ether (99%). 1H NMR
(400 MHz, CDCl3, TMS, 25 8C): d=0.86–0.90 (m, 6H; CH3), 2.18 (t, J=


7.7 Hz, 4H; CH2CONeH), 2.25 (t, J=7.7 Hz, 4H; NaHCOCH2), 3.15–3.32
(m, 2H; NeHCH2), 4.49 (q, J=6.7 Hz, 1H; CHNaH), 6.17 (t, J=5.6 Hz,
1H; NaH), 6.86 (d, J=7.3 Hz, 1H; NeH), 10.55 ppm (br s, 1H; COOH);
IR (KBr): ñ=3310 (nN�H, amide A), 1734 (nC=O, -COOH), 1639 (nC=O,
amide I), 1553 cm�1 (dN�H, amide II); elemental analysis calcd (%) for
(C24H46N2O4)0.1(C24H45N2O4Na)0.9 : C 67.21, H 10.88, N 6.54; found: C
67.57, H 11.01, N 6.54.


Na-Hexanoyl-Ne-lauroyl-l-lysine and its sodium salt (3b; 1/2=2:8): The
product was obtained by the same procedure as 3 with a 1m aqueous so-
lution of NaOH (16 mL, 99%). 1H NMR (400 MHz, CDCl3, TMS, 25 8C):
d=0.86–0.90 (m, 6H; CH3), 2.17 (t, J=7.7 Hz, 4H; CH2CONeH), 2.23 (t,
J=7.6 Hz, 4H; NaHCOCH2), 3.16–3.23 (m, 2H; NeHCH2), 4.41 (q, J=


6.6 Hz, 1H; CHNaH), 6.34 (br s, 1H; NaH), 6.96 ppm (br s, 1H; NeH),
10.18 (br s, 1H; COOH); IR (KBr): ñ =3309 cm�1 (nN�H, amide A), 1732
(nC=O, -COOH), 1642 (nC=O, amide I), 1549 cm�1 (dN�H, amide II); elemen-
tal analysis calcd (%) for (C24H46N2O4)0.2(C24H45N2O4Na)0.8 (444.21): C
66.91, H 10.72, N 6.50; found: C 67.00, H 10.88, N 6.50.


Na-Hexanoyl-Ne-lauroyl-l-lysine and its sodium salt (3c; 1/2=3:7): The
product was obtained by the same procedure as 3 with a 1m aqueous so-
lution of NaOH (14 mL) (99%). 1H NMR (400 MHz, CDCl3, TMS,
25 8C): d=0.86–0.90 (m, 6H; CH3), 2.15–2.24 (m, 4H; CH2CONeH,
NaHCOCH2), 3.19 (q, J=6.6 Hz, 2H; NeHCH2), 4.37 (q, J=6.7 Hz, 1H;
CHNaH), 6.47 (br s, 1H; NaH), 7.06 (br s, 1H; NeH), 10.12 ppm (br s, 1H;
COOH); IR (KBr): ñ=3306 (nN�H, amide A), 1727 (nC=O, -COOH), 1643
(nC=O, amide I), 1547 cm�1 (dN�H, amide II); elemental analysis calcd (%)
for (C24H46N2O4)0.3(C24H45N2O4Na)0.7: C 66.57, H 10.64, N 6.47; found: C
66.63, H 10.91, N 6.47.


Na-Hexanoyl-Ne-lauroyl-l-lysine and its sodium salt (3d; 1/2=4:6): The
product was obtained by the same procedure as 3 with a 1m aqueous so-
lution of NaOH (12 mL) (99%). 1H NMR (400 MHz, CDCl3, TMS,
25 8C): d=0.86–0.90 (m, 6H; CH3), 2.15–2.23 (m, 4H; CH2CONeH,
NaHCOCH2), 3.18 (br s, 2H; NeHCH2), 4.34 (br s, 1H; CHNaH), 6.56
(br s, 1H; NaH), 7.11 (br s, 1H; NeH), 9.07 ppm (br s, 1H; COOH); IR
(KBr): ñ =3305 (nN�H, amide A), 1725 (nC=O, -COOH), 1643 (nC=O,
amide I), 1548 cm�1 (dN�H, amide II); elemental analysis calcd (%) for
(C24H46N2O4)0.4(C24H45N2O4Na)0.6 : C 66.24, H 10.57, N 6.44; found: C
66.30, H 10.84, N 6.44.


Na-Hexanoyl-Ne-lauroyl-l-lysine and its sodium salt (3e; 1/2=5:5): The
product was obtained by the same procedure as 3 with a 1m aqueous so-
lution of NaOH (10 mL) (99%). 1H NMR (400 MHz, CDCl3, TMS,
25 8C): d=0.88 (t, J=6.8 Hz, 6H; CH3), 2.15–2.21 (m, 4H; CH2CONeH,
NaHCOCH2), 3.16 (br s, 2H; NeHCH2), 4.26 (br s, 1H; CHNaH), 6.70
(br s, 1H; NaH), 7.22 ppm (br s, 1H; NeH); IR (KBr): ñ=3306 (nN�H,
amide A), 1710 (nC=O, -COOH), 1643 (nC=O, amide I), 1579 (dC�O,
-COO�), 1548 cm�1 (dN�H, amide II); elemental analysis calcd (%) for
(C24H46N2O4)0.5(C24H45N2O4Na)0.5 : C 65.91, H 10.49, N 6.41; found: C
65.99, H 10.77, N 6.41.


Na-Hexanoyl-Ne-lauroyl-l-lysine and its sodium salt (3 f; 1/2=6:4): The
product was obtained by the same procedure as 3 with a 1m aqueous so-
lution of NaOH (8 mL) (99%). 1H NMR (400 MHz, CDCl3, TMS, 25 8C):
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d=0.88 (t, J=6.9 Hz, 6H; CH3), 2.14–2.20 (m, 4H; CH2CONeH,
NaHCOCH2), 3.15 (br s, 2H; NeHCH2), 4.23 (br s, 1H; CHNaH), 6.72
(br s, 1H; NaH), 7.23 ppm (br s, 1H; NeH); IR (KBr): ñ=3305 (nN�H,
amide A), 1708 (nC=O, -COOH), 1643 (nC=O, amide I), 1595 cm�1 (dC�O,
-COO�), 1550 cm�1 (dN�H, amide II); elemental analysis calcd (%) for
(C24H46N2O4)0.6(C24H45N2O4Na)0.4 : C 65.58, H 10.41, N 6.37; found: C
65.67, H 10.66, N 6.37.


Na-Hexanoyl-Ne-lauroyl-l-lysine and its sodium salt (3g; 1/2=7:3): The
product was obtained by the same procedure as 3 with a 1m aqueous so-
lution of NaOH (6 mL) (99%). 1H NMR (400 MHz, CDCl3, TMS, 25 8C):
d=0.88 (t, J=6.8 Hz, 6H; CH3), 2.14–2.20 (m, 4H; CH2CONeH,
NaHCOCH2), 3.15 (br s, 2H; NeHCH2), 4.21 (br s, 1H; CHNaH), 6.78
(br s, 1H; NaH), 7.28 ppm (br s, 1H; NeH); IR (KBr): ñ=3304 (nN�H,
amide A), 1708 (nC=O, COOH), 1643 (nC=O, amide I), 1596 (dC�O, -COO�),
1550 cm�1 (dN�H, amide II); elemental analysis calcd (%) for
(C24H46N2O4)0.7(C24H45N2O4Na)0.3 : C 65.25, H 10.34, N 6.34; found: C
65.29, H 10.55, N 6.34.


Na-Hexanoyl-Ne-lauroyl-l-lysine and its sodium salt (3h; 1/2=8:2): The
product was obtained by the same procedure as 3 with a 1m aqueous so-
lution of NaOH (4 mL) (99%). 1H NMR (400 MHz, CDCl3, TMS, 25 8C):
d=0.88 (t, J=6.8 Hz, 6H; CH3), 2.12–2.23 (m, 4H; CH2CONeH,
NaHCOCH2), 3.13 (br s, 2H; NeHCH2), 4.16 (br s, 1H; CHNaH), 6.85
(br s, 1H; NaH), 7.34 ppm (br s, 1H; NeH); IR (KBr): ñ =3305
(nN�H, amide A), 1643 (nC=O, amide I), 1597 (dC�O, -COO�), 1551 cm�1


(dN�H, amide II); elemental analysis calcd (%) for (C24H46N2O4)0.8-
(C24H45N2O4Na)0.2 : C 64.91, H 10.26, N 6.31; found: C 64.99, H 10.34, N
6.31.


Na-Hexanoyl-Ne-lauroyl-l-lysine and its sodium salt (3 i; 1/2=9:1): The
product was obtained by the same procedure as 3 with a 1m aqueous so-
lution of NaOH (2 mL) (99%). 1H NMR (400 MHz, CDCl3, TMS, 25 8C):
d=0.88 (t, J=6.8 Hz, 6H; CH3), 2.16 (t, J=7.7 Hz, 4H; CH2CONeH,
NaHCOCH2), 3.13 (br s, 2H; NeHCH2), 4.10 (br s, 1H; CHNaH), 6.88
(br s, 1H; NaH), 7.40 ppm (br s, 1H; NeH); IR (KBr): ñ =3305
(nN�H, amide A), 1643 (nC=O, amide I), 1597 (dC�O, -COO�), 1553 cm�1


(dN�H, amide II); elemental analysis calcd (%) for (C24H46N2O4)0.9-
(C24H45N2O4Na)0.1: C 64.85, H 10.19, N 6.27; found: C 64.92, H 10.29, N
6.27.


Na-Hexanoyl-Ne-lauroyl-l-lysine and its lithium salt (2e; H/Li=5:5): The
product was obtained by the same procedure as 3 with a 1m aqueous so-
lution of LiOH (10 mL) (99%). 1H NMR (400 MHz, [D6]DMSO, TMS,
25 8C): d=0.86–0.90 (m, 6H; CH3), 2.13 (t, J=7.6 Hz, 4H; CH2CONeH,
NaHCOCH2), 3.13 (q, J=6.1 Hz, 2H; NeHCH2), 4.32 (q, J=5.1 Hz, 1H;
CHNaH), 7.12 (t, J=5.6 Hz, 1H; NaH), 7.20 ppm (d, J=7.3 Hz, 1H;
NeH); IR (KBr): ñ=3313 (nN�H, amide A), 1734 (nC=O, -COOH), 1641
(nC=O, amide I), 1600 (dC�O, -COO�), 1552 cm�1 (dN�H, amide II); elemen-
tal analysis calcd (%) for (C24H46N2O4)0.5(C24H45N2O4Li)0.5 : C 67.11, H
10.68, N 6.53; found: C 67.21, H 10.77, N 6.53.


Na-Hexanoyl-Ne-lauroyl-l-lysine and its lithium salt (4e; H/K=5:5): The
product was obtained by the same procedure as 3 with a 1m aqueous so-
lution of KOH (10 mL) (99%). 1H NMR (400 MHz, CDCl3, TMS, 25 8C):
d=0.86–0.90 (m, 6H; CH3), 2.19 (t, J=7.7 Hz, 4H; CH2CONeH,
NaHCOCH2), 3.12–3.18 (m, 2H; NeHCH2), 4.25 (q, J=6.7 Hz, 1H;
CHNaH), 6.99 (t, J=5.5 Hz, 1H; NaH), 7.13 ppm (d, J=7.3 Hz, 1H;
NeH); IR (KBr): ñ=3306 (nN�H, amide A), 1704 (nC=O, -COOH), 1643
(nC=O, amide I), 1596 (dC�O, -COO�), 1550 cm�1 (dN�H, amide II); elemen-
tal analysis calcd (%) for (C24H46N2O4)0.5(C24H45N2O4K)0.5 : C 64.80, H
10.32, N 6.30; found: C 64.90, H 10.66, N 6.30.


Apparatus for measurements : The elemental analyses were performed
with a Perkin–Elmer series II CHNS/O analyzer2400. The variable tem-
perature IR (VT-IR) spectra were recorded by using a JASCO FS-420
spectrometer. The TEM observations were carried out with a JEOL
JEM-2010 electron microscope at 200 kV. The FE-SEM observation was
carried out with a Hitachi S-5000 field emission scanning electron micro-
scope. The 1H NMR spectra were measured with a Bruker AVANCE400
spectrometer with TMS as the standard. The UV/Vis spectra were mea-
sured with a JASCO V-570 UV/Vis/NIR spectrophotometer with a tem-
perature controller (JASCO ETC-505T). The gel strengths were mea-
sured with a Sun Science Sun Rheo Meter CR-500DX.


pH-Triggered hydrogelation : A specific amount of 0.1m aqueous HCl
was added to an aqueous solution of 3 (20 mg) at 70 8C with stirring. The
resulting solution was allowed to stand at 25 8C for 6 h. The reaction con-
ditions are listed in Table 1.


Gelation test : A weighed gelator in solvent (1 mL) was heated in a
sealed test tube until the gelator dissolved. After allowing the solution to
stand at 25 8C for 6 h, its was evaluated by the “test-tube inversion”
method.


Transmission electron microscope (TEM): Samples of hydrogels were
prepared as follows: an aqueous solution of the gelator was dropped on a
collodion- and carbon-coated 400 mesh grid, and the grid was quickly
frozen in a liquid nitrogen. The frozen sample was dried in a vacuum for
24 h. The dried sample was negatively stained by osmic acid overnight,
and then dried under reduced pressure for 2 h just before the measure-
ment. Samples of organogels were prepared as follows: the gelator in
benzene, 1,4-dioxane, or tetrachloromethane was dropped on a collodion-
and carbon-coated 400 mesh grid and quickly dried in a vacuum for 24 h.
After negative staining by osmic acid overnight, the grid was dried under
reduced pressure for 2 h.


Field emission scanning electron microscopy (FE-SEM): Samples were
prepared as follows: the aqueous solution of 3e (10 gL�1) in a capped
test tube was heated at 80 8C for 5 min until the solution became opaque.
The hot solution (80 8C), or the solution consisting of hydrogel and
opaque solution (cooling to 50 8C), or the hydrogel (standing at 25 8C for
1 h) were quickly frozen in a dry ice/acetone bath (��70 8C) for 20 min,
and then freeze-dried with a vacuum pump for 24 h. These samples were
sputtered with Pt-Pd.


Gel strength : Samples were prepared as follows: a mixture of a weighed
gelator in water (2 mL) in a sealed vial (15 mm in diameter) was heated
at 90 8C for 5 min. The resulting opaque solution was allowed to stand at
25 8C for 6 h. The gel strength was evaluated as the force required to sink
a cylinder bar (10 mm in diameter) to a depth of 4 mm in the gel.


FTIR study : FTIR spectroscopy was performed in a spectroscopic cell
with a CaF2 window and 50 mm spacers operating at a 2 cm�1 resolution
with 32 scans for solution and gel states and the KBr method for solid
states.


VT-IR study : An automatic temperature-controlled cell unit (Specac
Inc., P/N 20730) with a vacuum-tight liquid cell (Specac Inc., P/N 20502,
path length 50 mm) fitted with CaF2 windows was used to measure the IR
spectra at different temperatures.


UV/Vis spectroscopy: UV/Vis spectra were measured as the transmit-
tance at 600 nm in a spectroscopic quartz cell (path length 1 mm) after
holding for 30 min at each temperature.
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Gas-Phase Study on the C�C Coupling of Naphthol Catalyzed by
CuII·TMEDA: Evidence for the Key Role of ACHTUNGTRENNUNGBinuclear Clusters
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Introduction


Transition-metal-mediated oxidative coupling of aryl com-
pounds is an important process in chemical synthesis.[1–3] In
particular, oxidative C�C coupling is the major approach for
preparation of 2,2’-disubstituted 1,1’-binaphthyls, which are
important ligands in enantioselective synthesis.[4–7] The spec-
trum of transition metals that can be used for naphthol cou-
pling ranges from the most frequently used copper[8] via
iron[9] and manganese[10] as the classical reagents for phenol
oxidation to more recent approaches using vanadium[11] and
titanium.[12] Traditional preparations of substituted binaph-


thols (BINOLs) employ stoichiometric amounts of metal-
based oxidants, but processes with catalytic amounts of
metal-based oxidants have also been developed.[13] Another
aspect is that binaphthyl compounds are usually prepared as
racemic mixtures, which must be subsequently resolved into
the enantiomers.[14,15] Modern strategies aim at direct syn-
thesis of pure binaphthyl enantiomers.[16–22] For an efficient
design of novel coupling catalysts,[23] a profound mechanistic
understanding of the reaction sequence is of huge advant-
age. However, current knowledge is still far from complete
and a comprehensive picture has not been emerged so far.


Scheme 1 summarizes mechanisms in which the transition
metal acts merely as an electron acceptor.[4–7,23,24] Even in
this seemingly simple case, however, four fundamentally dif-
ferent routes for the generation of the reactive species and
the coupling reaction must be considered. Mechanism (i) in-
volves recombination of two naphthoxy radicals and is often
considered as the least important due to the low concentra-
tion of free radicals in solution. Mechanism (ii), a cation/
anion recombination, does also not appear likely, because it
involves an unstable a-carbonyl carbenium ion as intermedi-
ate. Mechanisms (iii) and (iv) involve coupling of naphthoxy
radicals with either intact naphthol or its anion and are thus
more probable scenarios; nevertheless, both routes require
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formation of open-shell intermediates, which are expected
to be not particularly favored.


The already quite complex situation shown in Scheme 1
becomes a mechanistic dilemma if active participation of
the metal catalyst in the coupling process is assumed. How,
for example, would the presence of a coordinating metal ion
influence the generation of naphthoxy radicals, and would
these be liberated as free radicals or be stabilized by coordi-
nation to the metal? If coordination of the metal is in-
volved, it may play a role in one or both naphthol reactants
which couple to form BINOL, and this leads to the obvious
question whether mono- or polynuclear metal complexes
are the catalytically active species. These questions are
indeed relevant to some recent results on the metal-mediat-
ed coupling of naphthols. Thus, a number of chiral variants
of the coupling reaction were developed in which chirality is
induced by a ligand attached to a transition metal. The mere
observation of an asymmetric induction implies that at least
one metal ion is bound to the reactants or is at least present
in the vicinity. Coordination of a metal to the reactants can
influence their stability and reactivity, and this can have a
major impact on the mechanistic considerations above.
Moreover, in the presence of a redox-active metal com-
pound, several of the mechanistic pathways proposed in
Scheme 1 are connected to each other via single-electron
transfer (SET) between the metal and the naphtholato
ligand (e.g., Scheme 2).[25–27]


More recently, it has been shown that naphthol coupling
proceeds efficiently with binuclear copper[23,28] and vanadi-
um[21,22] catalysts, which results in yet another possible mech-
anistic manifold.[29] Thus, both reacting naphthol molecules
can be bound to the metal centers of the binuclear cluster,
which in part renders the distinction between the suggested


mechanisms in Scheme 1 re-
dundant, because one or sever-
al SET processes in binuclear
clusters can connect all path-
ways in Scheme 1.[30]


This kind of mechanistic di-
lemma in copper-mediated
naphthol coupling is also re-
flected in the literature. In a
systematic investigation of
mixed cross-coupling reactions
of naphthols, based on the se-
lectivities Hovorka and
ZAvada suggested mechanisms
with free napthoxy radicals
and mononuclear or binuclear
copper clusters.[30] Smrčina
et al. found that selectivities in
naphthol cross-coupling reac-


tions correlate with the stabilities of the respective naph-
thoxy radicals, but meanwhile they also excluded the in-
volvement of free radicals.[24] Further evidence for direct
participation of copper came from the observation of chiral
induction in copper-mediated naphthol coupling. Smrčina
et al. explained the observed enantioselectivities by using a
mononuclear copper complex as a model system, in which
the copper center is assumed to be coordinated in a square-
planar fashion by a bidentate chiral diamine base and both
naphthol molecules.[19] Kozlowski et al. reported that chiral
induction in the course of the coupling reaction requires the
naphthol molecule to bear an additional coordinating func-
tionality in the 3-position. Accordingly, these authors pro-
posed coupling between free naphthol and a mononuclear
copper complex in which the metal has a tetrahedral coordi-
nation sphere with a bidentate, chiral diamine base and a bi-
dentate naphthol molecule as a rationale for the observed
enantioselectivities.[17,18, 32] Similarly, Nakajima et al. pro-
posed that a complex with a bidentate chiral diamine and a
bidentate naphthol is formed; according to their scheme,
however, the coupling reaction occurs between two of these
complexes.[31] Finally, Gao et al. used polydentate Schiff
base macrocycles as ligands and could thus fully support the
coupling mechanism via binuclear, bridged copper clus-
ters;[23] note, however, that the particular construction of the
ligand also hardly offers alternatives to a dicopper complex.


In summary, the amount of experimental information is
huge, but specific evidence for a particular mechanism is
still limited, and systematic kinetic studies have not been
performed so far. This is the point at which gas-phase stud-
ies may complement research in the condensed phase. Here
we report a gas-phase model study on the mechanism of the
coupling reaction between two naphthol molecules catalyzed
by the complex Cu(OH)Cl·TMEDA (TMEDA=N,N,N’,N’-
tetramethylethylenediamine), which proceeds efficiently in a
catalytic manner.[31] This reaction has also a chiral variant in
which the TMEDA ligand is replaced by a chiral dia-
mine.[18,32]


Scheme 1. Mechanistic manifold for C�C coupling of two 2-naphthol molecules.


Scheme 2. SET between CuII/naphtholate and CuI/naphthoxy.
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Experimental Section


The experiments were performed with a TSQ Classic mass spectrometer,
which has been described elsewhere.[33,34] Briefly, the TSQ Classic consists
of an electrospray ionization (ESI) source combined with a tandem mass
spectrometer of QOQ configuration (Q stands for quadrupole, and O for
octopole). The investigated ions were generated by ESI on solutions of
the precursor naphthols or binaphthols in water, methanol, CH2Cl2, or
mixtures thereof after addition of aqueous solutions of CuCl2, Cu ACHTUNGTRENNUNG(NO3)2,
Cu(OH)Cl·TMEDA, CuACHTUNGTRENNUNG(NO3)2/TMEDA, or CuBr2/TMEDA. The first
quadrupole was used as a mass filter to scan the ion spectrum or to select
a certain ion of interest; the mass resolution of the quadrupole was suffi-
cient to fully resolve the studied ions according to their m/z ratios. The
mass-selected ions were then guided through the octopole serving as col-
lision chamber followed by mass analysis of the ionic reaction products
by means of the second quadrupole and subsequent detection. Reactant
or collision gases were leaked into the octopole at typical pressures of
the order of 10�4 mbar. The lower border of this range corresponds to ap-
proximate single-collision conditions, as verified by investigation of the
pressure dependences. For collision-induced dissociation (CID), xenon
was used at variable collision energies Elab =0–20 eV, whereas the reactiv-
ity studies with dimethyl disulfide were conducted with Elab nominally set
to zero. Natural isotope distributions and possible isobaric interferences
were carefully considered in all experiments; the results reported below
refer to the most abundant isotope 63Cu.


Results and Discussion


As outlined in the introduction, concise mechanistic conclu-
sions about copper-catalyzed oxidative coupling of naph-
thols to form BINOLs are anything but trivial. Moreover,
consideration of macroscopic effects in catalytic reactions
(e.g., reaction order) may be fairly remote from the elemen-
tary reaction steps. Our strategy for investigating the cou-
pling mechanism therefore relies on the generation of possi-
ble reactive complexes by electrospray ionization (ESI) and
then studying their unimolecular or bimolecular reactivity
by means of mass spectrometry.[35, 36] Our goal is thus to
identify particularly reactive species which could be active
with respect to the C�C coupling reaction, but we neither
aim to study the origin of chiral effects in the presence of
chiral ligands,[37] nor do we explicitly address the effects of
solvation.


First, the complexes formed from an aqueous solution of
naphthol (1) and Cu ACHTUNGTRENNUNG(NO3)2 are discussed. This combination
is the simplest system and thus forms the basis for under-
standing the further studies. Electrospray ionization of this
solution leads to the formation of [(1�H)Cu ACHTUNGTRENNUNG(H2O)]+ ,
[(1�H)Cu(1)]+ , and [(1)2Cu]+ as the main ions which con-
tain a naphthol unit and copper; here 1�H stands for 2-
naphtholate, and this notation is also used for the deproton-
ated forms of the other naphthols and BINOLs. Collision-in-
duced dissociation (CID) spectra of the mass-selected ions
support the indicated composition. The ion [(1�H)Cu-
ACHTUNGTRENNUNG(H2O)]+ almost exclusively loses water (99.5%), with elimi-
nation of the naphthoxy unit as a minor channel (0.4%).
Similarly, [(1�H)Cu(1)]+ predominantly loses the closed-
shell naphthol ligand (87%), whereas loss of naphthoxy rad-
ical comprises only 13%, and [(1)2Cu]+ exclusively loses
naphthol, as expected. Hence, water and naphthol are much


more weakly bound to copper than the naphtholato ligand.
Further, no evidence for the occurrence of C�C coupling
was obtained for these mononuclear complexes, and poly-
nuclear copper clusters with naphthol or naphtholato ligands
were not formed under the conditions of the experiment.


Electrospray ionization of an aqueous solution of naph-
thol and Cu(OH)Cl·TMEDA gives an abundant signal for
[(1�H)CuACHTUNGTRENNUNG(TMEDA)]+ . The CID of this ion predominantly
results in loss of a naphthoxy radical (98%), whereas the
competitive loss of TMEDA amounts to only 1%. The
stronger complexation of TMEDA to copper(II) compared
to water or naphthol is clear: the nitrogen base TMEDA is
a better ligand for copper than oxygen bases, and moreover
a bidentate ligand.[38] With respect to the liberation of free
naphthoxy radicals, it can be concluded that the interaction
of TMEDA with copper destabilizes the bonding between
copper and naphtholato ligand. Thus, at similar collision en-
ergies, loss of naphthoxy radical from the complexes
[(1�H)CuACHTUNGTRENNUNG(H2O)]+ and [(1�H)Cu(1)]+ , respectively, ac-
counts for less than 1% relative to the parent-ion intensity,
whereas this channel is more than one order of magnitude
more abundant (11%) upon CID of [(1�H)Cu ACHTUNGTRENNUNG(TMEDA)]+ .


Investigation of the complexes formed from CuII/naphthol
and CuII/naphthol/TMEDA shows that the TMEDA ligand
has a dramatic effect on the bonding between copper and
the naphtholato ligand. The weaker bonding in the presence
of TMEDA can be interpreted in terms of stabilization of
CuI by interaction with the base, and hence a significant
change in the redox properties of the CuI/CuII couple. This
in turn leads to a more pronounced radicaloid character of
the naphtholato unit, which could explain why coordinating
nitrogen bases make the coupling reactions more efficient.
This scenario would be consistent with the previously pro-
posed reaction mechanisms according to which interaction
with copper leads to the generation of a naphthoxy radical,
which subsequently reacts with a naphtholate anion or with
neutral naphthol present in solution. The degree of localiza-
tion of the radical center at the aromatic moiety was tested
in the reaction of mass-selected [(1�H)Cu ACHTUNGTRENNUNG(TMEDA)]+ with
dimethyl disulfide. Distonic ion radicals with carbon-cen-
tered radical sites are prone to abstract CH3SC from this re-
agent.[39] However, the reaction of [(1�H)Cu ACHTUNGTRENNUNG(TMEDA)]+


only affords the adduct [(1�H)Cu ACHTUNGTRENNUNG(TMEDA) ACHTUNGTRENNUNG(CH3SSCH3)]
+


as well as the ligand-exchange product [(CH3SSCH3)Cu-
ACHTUNGTRENNUNG(TMEDA)]+ . This finding indicates that the naphtholato
ligand does not readily react as a carbon-centered radical.[40]
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With regard to the mechanism of the coupling reaction,
no appreciable amounts of ions containing two naphthol or
naphtholato ligands are produced from aqueous, methanolic,
or CH2Cl2 solutions of 1 and Cu(OH)Cl·TMEDA. Due to
the low solubility of naphthol in water, the aqueous solution
yields primarily clusters of copper, TMEDA, and water
without participation of naphthol. When the reactants are
dissolved in methanol, naphthol dissolves readily, but the
coupling reaction proceeds so fast that ESI yields mainly
complexes with BINOL. Finally, ESI of a CH2Cl2 solution of
naphthol and Cu(OH)Cl·TMEDA leads preferentially to
clusters of copper and TMEDA without participation of
naphtholato ligands. This unfavorable situation can be
changed by appropriate variation of the substrate molecule.
It is desired that the substrate has better complexation capa-
bility towards copper in competition with the solvent mole-
cules water and methanol, and it should be less reactive
with respect to the coupling reaction than pure naphthol.
Both requirements are fulfilled by the methyl ester of 2-hy-
droxy-3-naphthoic acid (2), which contains a carboxymethyl
group in the position ortho to the hydroxyl group, so that
both groups can participate in binding to copper.[18] More-
over, the electron-withdrawing ester group should slow
down the coupling reaction. Furthermore, this substrate has
also been used in many studies on C�C coupling reactions
in the condensed phase.[18,19,30–32]


Electrospray ionization of 2 and CuACHTUNGTRENNUNG(NO3)2 dissolved in
methanol/water yields the ions [(2�H)Cu ACHTUNGTRENNUNG(CH3OH)]+ ,
[(2�H)Cu(2)]+ , [(2�H)2Cu2NO3]


+ , and [(2�H)3Cu2]
+


(spectra are shown in the Supporting Information). The
CID of [(2�H)Cu ACHTUNGTRENNUNG(CH3OH)]+ and [(2�H)Cu(2)]+ reveals
that the binding of the naphtholato ligand is much stronger
than that of either methanol or neutral 2. In the dissociation
of dicopper complex [(2�H)2Cu2NO3]


+ , elimination of neu-
tral [(2�H)CuNO3] dominates (58%), which suggests that
the cluster is composed of two [(2�H)Cu]+ units bound via
an NO3


� anion. Interestingly, loss of CuNO3 (6%) and con-
secutive elimination of CuNO3 and H2O (5%) are also ob-
served, which both correspond to CuII/CuI redox steps and
thus possibly indicate the occurrence of C�C coupling with
formation of the desired BINOL 4.[41,42] Fragmentation of
the dicopper cluster with three naphtholate ions
[(2�H)3Cu2]


+ leads to preferential losses of naphthol and
naphthoxy radical (2 and (2�H)C, respectively). Minor disso-
ciation channels include losses of methanol and neutral
[(2�H)2Cu].


The loss of CuNO3, observed as a minor side reaction in
the dissociation of [(2�H)2Cu2NO3]


+ , is thus a first indica-
tion for the occurrence of coupling in a cluster with two
copper ions, two naphtholato ligands, and one counterion. A
possible scenario is suggested in Scheme 3: The coupling re-
action is initiated by reduction of both copper ions from
CuII to CuI, followed by C�C bond formation and subse-
quent cluster cleavage with elimination of neutral copper ni-
trate. Note that the product ion can also formally corre-
spond to the complex of CuIII with two separate naphtholato
ligands (i.e., [(2�H)2Cu]+); according to preliminary DFT
calculations, however, the unpaired electrons in such a com-
plex are localized at the aromatic rings of the naphtholato li-
gands, and therefore this arrangement is again likely to lead
to the coupling reaction.


In the structure of [(2�H)2Cu2NO3]
+ , obviously the car-


boxymethyl group also participates in bonding with copper,
in particular with CuII, and the ester moiety may even act as
bridging ligand.[18] Throughout this work, however, we pres-
ent simplified structures in which these interactions are
omitted. Other speculations about possible structural details
of the reaction complexes are also not provided, and the for-
mulas presented should be considered only as conceptual,
mechanistically relevant models representing one of several
plausible bonding possibilities. The mechanisms proposed
are based solely on the observed experimental results and
are not expected to be significantly influenced by the true
most stable structure of the reported reaction complexes.


Electrospray ionization of a methanolic solution of 2 and
Cu(OH)Cl·TMEDA yields [(2�H)Cu ACHTUNGTRENNUNG(TMEDA)]+ as the
dominant ion (Figure 1a). In addition, significant amounts
of dinuclear copper complexes such as [(2�H)2Cu2Cl-
ACHTUNGTRENNUNG(TMEDA)]+ and [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+ are formed.
Similar to the analogous complex of naphthol, the TMEDA
ligand facilitates elimination of a (2�H)C radical from
[(2�H)CuACHTUNGTRENNUNG(TMEDA)]+ as the almost exclusive fragmenta-
tion path. Interestingly, although 2 is a better ligand than 1
due to its carboxymethyl group, which participates in bind-
ing to copper, it is still much more weakly bound to copper
than the diamine ligand TMEDA.


The CID of [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)]+ revealed three sig-
nificant dissociation channels (Scheme 4, Figure 1b). The
major one leads to cluster degradation to afford neutral
[(2�H)CuCl] and [(2�H)Cu ACHTUNGTRENNUNG(TMEDA)]+ as ionic fragment.
The second channel leads to [Cu2Cl ACHTUNGTRENNUNG(TMEDA)]+ + (2�H)2,
whereby the neutral product formally corresponds to the


Scheme 3. Proposed pathway for BINOL formation via dinuclear complex [(2�H)2Cu2NO3]
+ .
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coupling product 4 ; the third channel is loss of TMEDA.
The dominant fragmentation is consistent with a structure
which contains the cations [(2�H)Cu ACHTUNGTRENNUNG(TMEDA)]+ and
[(2�H)Cu]+ , bound via a Cl� counterion. Alternatively,
TMEDA can also act as a bridging ligand, as suggested in
Scheme 4. As shown above, fragmentation of the mononu-
clear species [(2�H)Cu ACHTUNGTRENNUNG(TMEDA)]+ leads preferentially to
the loss of (2�H)C. In marked contrast, no loss of (2�H)C is
observed for [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)]+ ; instead, elimina-
tion of TMEDA takes place and is the third most populated
fragmentation channel. It is thus suggested that the occur-
rence of the coupling reaction prevents the competition be-
tween the loss of the monomeric (2�H)C radical and
TMEDA, and competition between two bidentate ligands,
that is, newly formed BINOL and TMEDA, is observed in-
stead. Given that the elimination of (2�H)C is not observed
at all, the coupling reaction appears to proceed quite effi-
ciently.


The major fragmentation channel of the cluster with two
TMEDA ligands [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+ leads to sepa-
ration into the subunits [(2�H)CuCl ACHTUNGTRENNUNG(TMEDA)] and
[(2�H)CuACHTUNGTRENNUNG(TMEDA)]+ (Scheme 5, Figure 1c). Accordingly,
a structure in which two [(2�H)Cu ACHTUNGTRENNUNG(TMEDA)]+ cations are
bound via a chloride counterion is implied for the parent
compound. Like above, besides the simple cluster cleavage,
also the coupling reaction can occur. The leading mecha-
nism is associated with the formation of [Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+


concomitant with release of the coupled product 4 (Fig-
ure 1c). Another abundant fragmentation corresponds to
elimination of TMEDA from the parent cluster. The thus-
formed ion [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)]+ shows the same reac-
tivity as suggested in Scheme 4. Interestingly, loss of the


Figure 1. a) ESI mass spectrum of a methanolic solution of 2 and
Cu(OH)Cl·TMEDA. b) CID spectrum of [(2�H)2Cu2ClACHTUNGTRENNUNG(TMEDA)]+ at
Ecoll =1.6 eV. c) CID spectrum of [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+ at Ecoll =


1.4 eV ([(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)]+ m/z 679, ([(2�H)Cu2ClACHTUNGTRENNUNG(TMEDA)2]
+


m/z 594, ([(2�H)2CuACHTUNGTRENNUNG(TMEDA)]+ m/z 581). Collision energies are given
in the center-of-mass (CM) frame; collision gas: xenon.


Scheme 4. Fragmentation pathways of [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)]+ .


Scheme 5. Fragmentation pathways of [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]
+
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(2�H)C radical is also observed to a small extent in Fig-
ure 1c, that is, the coupling reaction in [(2�H)2Cu2Cl-
ACHTUNGTRENNUNG(TMEDA)2]


+ does not entirely prevent the competition be-
tween loss of TMEDA and loss of (2�H)C, as is observed for
the complex with only one TMEDA ligand. The last note-
worthy process is elimination of CuCl·TMEDA (either at
once or sequentially) leading to the formation of
[(2�H)2CuACHTUNGTRENNUNG(TMEDA)]+ , in which (2�H)2 presumably is C�
C coupling product 4, because otherwise a formal CuIII com-
pound would be involved. This observation suggests that C�
C coupling in [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+ can also proceed
in analogy with the coupling sequence proposed for
[(2�H)2Cu2NO3]


+ (Scheme 3), with the only difference that
each copper center also carries a TMEDA ligand. This cou-
pling mechanism ends with cluster degradation. However,
the higher abundance of [Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+ with respect
to [(2�H)2Cu ACHTUNGTRENNUNG(TMEDA)]+ indicates that the first mecha-
nism for C�C coupling, which proceeds without cluster
cleavage, is probably more efficient.


It could be proposed that the coupling reaction to form
neutral product 4 does not occur, and instead fast sequential
elimination of two (2�H)C radicals takes place.[43] To dis-
prove this scenario, the CID behavior of [(2�H)Cu2Cl-
ACHTUNGTRENNUNG(TMEDA)2]


+ (m/z 594) was investigated (Ecoll =1.4 eV, CM
frame). This complex is the putative intermediate in the
fragmentation of [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+ after loss of
the first naphthoxy radical (Scheme 5, “radical loss”). If the
scenario of rapid sequential losses of two (2�H)C radicals
from [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+ were true, complex
[(2�H)Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+ should readily release a (2�H)C
radical. Instead, cluster degradation to yield neutral [CuCl-
ACHTUNGTRENNUNG(TMEDA)] and [(2�H)Cu ACHTUNGTRENNUNG(TMEDA)]+ (m/z 380) is ob-
served almost exclusively, and elimination of (2�H)C is
about 300 times less abundant (see Figure 1S in the Support-
ing Information). Moreover, another minor fragmentation
channel leading to the elimination of the TMEDA ligand,
that is, formation of [(2�H)Cu2Cl ACHTUNGTRENNUNG(TMEDA)]+ (m/z 478), is
observed, which is not at all present in the spectrum shown
in Figure 1c. Hence, the scenario of rapid sequential loss of
two naphthoxy radicals can be safely excluded. Another in-
dication for the elimination of (2�H)2 from [(2�H)2Cu2Cl-
ACHTUNGTRENNUNG(TMEDA)2]


+ being due to a coupling reaction was obtained
by analysis of the CID of isovalent binuclear cluster
[(2�H)Cu2Cl2ACHTUNGTRENNUNG(TMEDA)2]


+ , in which one of the naphthoxo
ligands is replaced by a chloride anion. Fragmentation of
this cluster leads almost exclusively to cluster degradation
(formation of [(2�H)CuCl ACHTUNGTRENNUNG(TMEDA)]+ and [CuCl-
ACHTUNGTRENNUNG(TMEDA)]), whereas elimination of the naphthoxy radical
amount to only about 1% (see Figure 2S in the Supporting
Information). In agreement with the finding that the
TMEDA ligand is more strongly coordinated to copper than
the naphtholato ligand, no TMEDA elimination is observed
for [(2�H)Cu2Cl2 ACHTUNGTRENNUNG(TMEDA)2]


+ . In marked contrast, elimi-
nation of TMEDA constitutes the second most abundant
fragmentation of the proposed reactive complex
[(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+ and greatly exceeds elimination
of the bare naphthoxy radical. Accordingly, formation of a


chelating ligand derived from BINOL 4 is proposed as the
most convincing scenario to account for the various experi-
mental observations.


With regard to the structure of the [(2�H)2Cu2Cl-
ACHTUNGTRENNUNG(TMEDA)2]


+ complex, each TMEDA ligand can chelate
one copper atom (Scheme 5), or the copper centers can be
bridged by both TMEDA ligands. Note that structures sug-
gested in Schemes 4–6 represent only one of several con-
ceivable arrangements of the complexes. The most favorable
structures for the given complexes will be the result of deli-
cate equilibria between the bridging and chelating abilities
of TMEDA, of the substrate 2, and the resulting BINOL 4,
and also the steric demands of the given geometrical ar-
rangements. However, the most favored structures of the
studied complexes do not qualitatively influence the key
features of the experimentally observed mechanism of the
coupling reaction, and thus we restrict ourselves to showing
only one of the possibilities for each complex discussed.
Exact determination of the most stable structures of the re-
active complexes will require rather extensive modeling and
represents a challenge for future theoretical studies.


The effect of the counterion was investigated by compar-
ing fragmentations of mass-selected [(2�H)2Cu2X-
ACHTUNGTRENNUNG(TMEDA)2]


+ (X=Cl, Br, or NO3) upon collisional activa-
tion at Ecoll =1.4 eV (CM frame). While the complex with
X=NO3 shows almost exclusive cluster degradation, that in
which X=Br reveals enhanced reactivity towards C�C cou-
pling compared to the system with X=Cl discussed so far.
For the complex bound via chlorine, the branching between
cluster degradation and C�C coupling amounts to 80:20,
whereas for the complex bound via bromine this ratio is
60:40. This trend clearly demonstrates that poorly bridging
ligands such as nitrate do not yield sufficiently stable dicop-
per complexes in the gas phase. As a consequence, only
cluster degradation is observed and the coupling reaction
hardly can occur. Better bridging anions such as chloride
and even more so bromide provide stable dicopper com-
plexes and thus allow the coupling reaction to take place.
This rationale is in perfect agreement with experimental ob-
servations of Kozlowski et al. in the condensed phase, in
which the effect of the counterions on the coupling of naph-
thol 2 catalyzed by CuX2/diamine was investigated for X=


Cl, Br, NO3, and others.[18] For X=NO3 the yield of isolated
4 was less than 10%, but it increased to 74% for X=Cl,
and to even 93% in case of X=Br. The matching trends
with regard to the counterion effect strongly support that
the binuclear clusters play key role also in condensed
media.


To further substantiate the proposed mechanism, the frag-
mentation of analogous complexes of the coupling product 4
were also studied. The ESI of a dilute solution of 4 and
Cu(OH)Cl·TMEDA in CH3OH/CH2Cl2 yields
[(4�2H)Cu2Cl ACHTUNGTRENNUNG(TMEDA)]+ and [(4�2H)Cu2Cl-
ACHTUNGTRENNUNG(TMEDA)2]


+ . These ions are not observed in the analogous
spectrum of naphthol 2 (Figure 1a); hence, this is unambigu-
ous proof that the C�C coupling does not proceed already
in solution, but corresponds to a genuine gas-phase reaction.
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Fragmentation of
[(4�2H)Cu2Cl ACHTUNGTRENNUNG(TMEDA)]+ re-
veals a competition between
the elimination of (4�2H) and
TMEDA (Figure 2a). Al-
though 4�2H is an oxidized
form of BINOL, and hence
different complexation abilities
are expected, the fragmenta-
tion clearly shows that the cou-
pled product can compete with
the TMEDA ligand in bonding
to copper, as suggested above.
The fragmentation of the
larger complex [(4�2H)Cu2Cl-
ACHTUNGTRENNUNG(TMEDA)2]


+ leads to elimina-
tion of TMEDA and of the
neutral complex CuCl·TME-
DA, respectively (Figure 2b).
The latter represents the redox
reaction in [(4�2H)Cu2Cl-
ACHTUNGTRENNUNG(TMEDA)2]


+ .
The above findings provide


a consistent picture for the re-
action mechanism in the gas-
phase model system
(Scheme 6). Thus, the reaction
sequence starts with the formation of [Cu2X3 ACHTUNGTRENNUNG(TMEDA)2]


+ ,
where X are counterions from the employed CuII catalyst or
anions formed on deprotonation of the solvent. In the next
step, exchange of the counterions by naphtholate ions
occurs, which, as an inherent side effect of clustering, brings
the reactant molecules into proximity. In the further course
of the sequence, formation of this complex then induces
coupling of the two naphthol moieties concomitant with


transfer of two electrons to the copper centers. The coupling
product can be released either in the keto form, which can
subsequently rearrange to the more stable enol, or rear-
rangement can occur already in the complex prior to dissoci-
ation.[44] On release of the coupled product, a cluster with
two CuI ions, namely, [Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+ , is formed. In so-
lution, this dicopper complex can be readily re-oxidized by
molecular oxygen to regenerate the reactive species [Cu2X3-
ACHTUNGTRENNUNG(TMEDA)2]


+ .[45] Alternatively, the reaction sequence can
begin with loss of the TMEDA ligand such that the coupling
step occurs in the complex [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)]+


(Scheme 4; for the catalytic cycle see the Supporting Infor-
mation).


Besides these two major pathways, the coupling reaction
can also proceed in analogy to the reaction shown in
Scheme 3. In this reaction sequence, the product is not re-
leased from the bicopper complex after the coupling step,
but instead it binds to one copper atom only and the cluster
dissociates. For coupling in the [(2�H)2Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+


complex, this reaction mechanism is probably less efficient,
but it becomes the major one when the coupling reaction is
performed with copper(II) salts alone, that is, in the absence
of TMEDA or other amine ligands which support cluster-
ing.[46]


While our gas-phase studies cannot directly be translated
to solution chemistry, the present findings still suggest some
objectives for the design of naphthol coupling catalysts in
applied synthesis. First, our results demonstrate that, at least
in the case of the CuI/CuII redox system, formation of binu-
clear complexes facilitates the coupling process. Second, ni-


Figure 2. a) CID spectrum of [(4�2H)Cu2Cl ACHTUNGTRENNUNG(TMEDA)]+ at Ecoll =1.6 eV.
b) CID spectrum of [(4�2H)Cu2Cl ACHTUNGTRENNUNG(TMEDA)2]


+ at Ecoll =1.4 eV. Colli-
sion energies given in the CM frame; collision gas: xenon.


Scheme 6. Catalytic cycle for BINOL formation via a Cu2 complex with two TMEDA ligands.
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trogen ligands promote cluster formation and thus also ac-
celerate the coupling step. At the same time, coordination
of a nitrogen base to the metal center weakens the bond be-
tween the metal and the naphtholato ligand, which again
supports the coupling reaction. The key role of nitrogen li-
gands is emphasized when a chiral nitrogen base is used to
obtain enantiomerically enriched or pure BINOLs. Review-
ing the overall process also implies that efficient enantiose-
lective coupling in the condensed phase requires an opti-
mum ratio between copper and nitrogen base. Too low con-
centration of the base could lead to coupling on bare copper
clusters, which would yield a racemic product. Too high con-
centration of the base could lead to poisoning of the cata-
lyst, because nitrogen bases are much better ligands for
copper than naphthol. Our model study further shows that
the stability of copper clusters in the gas phase depends on
particular counterions. Thus, poor bridging counterions do
not provide sufficiently stable dicopper complexes, and
therefore the coupling reaction is not observed. Better
bridging counterions such as Cl or Br yield stable dicopper
complexes and thereby promote the coupling reaction. As
strong support for the proposed binuclear mechanism, the
same trend was observed for various counterions in the con-
densed phase.[18] Finally, all the proposed aspects of the pre-
sented mechanism seem to be fulfilled for the recently re-
ported catalyst of Gao et al. ,[23] which contains two copper
ions in the rigid framework of a macrocycle in which each
copper atom is coordinated in a N2O2 compartment. Finally,
several efficient vanadium catalysts with similar binuclear
structures have been reported and, although containing a
different metal, seem to work on an analogous basis.[22]


Conclusion


The experiments reported here demonstrate that binuclear
CuII complexes are crucial for promoting oxidative C�C
coupling of naphthols in the gas phase. The key role of the
diamine ligand TMEDA consists of 1) supporting formation
of dicopper complexes and 2) enhancing naphthol reactivity
in the binuclear complex, which synergistically make the
coupling reaction more efficient. Hence, a concise and ex-
perimentally supported mechanistic rationale for naphthol
coupling is proposed. While the detailed structural analysis
of the reactive complexes may remain a task for future theo-
retical calculations, the present gas-phase data provide solid
evidence for the coupling mechanism and thus provide
useful guidelines for condensed-phase synthesis which may
help in the design of new catalysts for the oxidative coupling
of naphthols.
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Introduction


The development of efficient methodologies for the synthe-
sis of scalemic nitrogen-containing heterocycles is of high
importance in the context of the economical and environ-
mental preparation of sophisticated substrates with biologi-
cal activities. Intramolecular asymmetric catalytic hydroami-
nation can readily answer this challenge by the efficient cyc-


lisation of functionalised substrates. Until now, various
amino–alkene, amino–diene and amino–allene derivatives
were successfully enantioselectively transformed into the
corresponding heterocycles by using lanthanide complexes.[1]


This research field was initiated by the group of Marks at
the beginning of the nineties, who proved that scalemic pyr-
rolidines (up to 74% ee)[2] and a piperidine (up to 67% ee)[3]


could be obtained in the presence of chiral metallocenes.
Almost ten years later, the first use of chiral non-metallo-
cene lanthanide complexes was reported by Scott et al. for
promoting the cyclisation of 2,2-dimethylpent-4-enylamine
as a test substrate. They synthesised chiral bisarylamines[4]


and bisaryloxides[5] as ligands for the preparation of yttrium
and lanthanum complexes, respectively. The latter promoted
the formation of the corresponding pyrrolidine albeit with
low activity (reaction performed at 70 8C) and 61% enantio-
meric excess. At the same time, the group of Hultzsch pre-
pared various rare-earth bisphenolate and bisnaphtholate
derivatives.[6] The corresponding yttrium complex afforded
moderate activities in this transformation with enantiomeric
excesses up to 57% for the intramolecular hydroamination
of pent-4-enylamine. Hultzsch also described the kinetic res-
olution of 2-aminohex-5-ene with this catalyst. Simultane-
ously, we published the preparation of lanthanide amide ate
complexes and obtained up to 53% ee for the cyclisation of
a new substrate (C-(1-allylcyclohexyl)methylamine) at low
temperature by using an ytterbium catalyst.[7] In 2003,


Abstract: New chiral binaphthylamido
yttrium and ytterbium ate complexes
with lithium and potassium counterions
have been synthesised and character-
ised. X-ray structures have been ob-
tained for [Li ACHTUNGTRENNUNG(thf)4][Ln{(R)-C20H12-
ACHTUNGTRENNUNG(NC5H9)2}2] (Ln=Yb, Y) and [K ACHTUNGTRENNUNG(thf)5]
[Yb{(R)-C20H12ACHTUNGTRENNUNG(NCH2CMe3)2}2] as iso-
structural complexes. The efficiency of
these complexes for the enantioselec-
tive intramolecular hydroamination


was examined. [LiACHTUNGTRENNUNG(thf)4][Yb{(R)-
C20H12 ACHTUNGTRENNUNG(NC5H9)2}2] afforded the highest
enantiomeric excess (up to 87%) for
the synthesis of a spiropyrrolidine,
while [Li ACHTUNGTRENNUNG(thf)4][Y{(R)-C20H12-
ACHTUNGTRENNUNG(NC5H9)2}2] proved to be slightly more


active. The role of the counter cation
in the active catalytic species was evi-
denced by the comparison between
lithium and potassium ate complexes.
The most active catalyst of this series,
[Li(thf)4][Yb{(R)-C20H12(NCH2CMe3)2}2],
was successfully used for the cyclisation
of aminopentenes with internal double
bonds.


Keywords: asymmetric catalysis ·
heterocycles · hydroamination ·
lanthanides


[a] I. Aillaud, Dr. J. Collin, Dr. E. Schulz
Laboratoire de Catalyse Mol>culaire, ICMMO
UMR CNRS 8182, Universit> Paris-Sud, 91405 Orsay (France)
Fax: (+33)169-154-680
E-mail : jacollin@icmo.u-psud.fr


emmaschulz@icmo.u-psud.fr


[b] Dr. C. Duhayon
Laboratoire de Chimie de Coordination
205 route de Narbonne, 31077 Toulouse (France)


[c] Dr. R. Guillot
ICMMO, Universit> Paris-Sud
91405 Orsay (France)


[d] D. Lyubov, Prof. A. Trifonov
G. A. Razuvaev Institute of Organometallic Chemistry of
Russian Academy of Sciences
Tropinia 49, 603600 Nizhny Novgorod GSP-445 (Russia)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. NMR spectra for
ligand (R)-(+)-2,2’-bis(cyclopentylamino)-1,1’-binaphthyl and com-
plexes Li-5b and K-5b.


Chem. Eur. J. 2008, 14, 2189 – 2200 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2189


FULL PAPER







Marks reported the easy synthesis of enantioselective cata-
lysts by the reaction of lanthanide amides with commercially
available C2-symmetric bisoxazolines.[8] These complexes
proved to be active at room temperature (up to 67% ee for
the test substrate) and promoted the hydroamination/cycli-
sation of several aminopentenes, aminohexenes and amino-
dienes.


Based on these preliminary results, these authors and
other groups attempted both to find new active and enantio-
selective complexes to promote the asymmetric intramolecu-
lar hydroamination reaction, but also to extend their appli-
cation to the transformation of other substrates. We have
synthesised ytterbium and lutetium ionic complexes derived
from enantiopure, substituted (R)-binaphthylamine ligands
with isopropyl or cyclohexyl substituents; these complexes
proved to be efficient catalysts for the cyclisation of various
aminopentene derivatives (with up to 78% ee) and also to
promote the formation of a piperidine (45% ee at 60 8C).[9]


Kim and Livinghouse[10] have synthesised amido yttrium
complexes from [Y{NACHTUNGTRENNUNG(tms)2}3] and chiral bis ACHTUNGTRENNUNG(thiolate) li-
gands that catalysed the cyclisation of various aminopen-
tenes and an aminohexene at 60 8C, but with enantiomeric
excesses above 80% for several substrates. Interestingly the
cyclisation of 2,2-dimethyl-5-phenylpent-4-enylamine was
considered and performed with success together with the
transformation of a secondary amine, which occurred albeit
with a longer reaction time. For the hydroamination/cyclisa-
tion of such methylaminoalkenes, much more efficient cata-
lysts were prepared by Scott et al. as chiral zirconium–alkyl
cations.[11] Chiral thiophosphinic amides were also proven by
Livinghouse and co-workers to promote the cyclisation of
the test substrate (up to 61% ee at room temperature) in
the presence of a yttrium–trisamide precatalyst.[12] A chiral-
bridged alkylaminotroponiminate complex of lutetium was
reported by Roesky et al. as active catalyst for the prepara-
tion of the usual pyrrolidines and a piperidine.[13] However,
the reactions had to be performed at high temperature to
afford complete conversion in reasonable time and the en-
antiomeric excesses remained moderate (up to 44% ee for
the piperidine). The best results in terms of enantioselectivi-
ty were very recently described by Hultzsch and co-work-
ers.[14] The preparation of type 3,3’-bis(trisarylsilyl)-substitut-
ed binaphthol ligands led to corresponding rare-earth-metal
complexes (Sc, Lu and Y) as active and enantioselective cat-
alysts for the cyclisation of amino-olefins towards several
pyrrolidines and piperidines; 2-methyl-4,4-diphenylpyrroli-
dine was prepared with up to 95% ee. The more demanding
methylpent-4-enyl-amine, as a secondary amine, was cyclised
with up to 53% ee with a scandium catalyst. Zirconium cata-
lysts were further prepared aimed at promoting the intramo-
lecular hydroamination reaction. The group of Bergman
synthesised zirconium–bis ACHTUNGTRENNUNG(amido) catalysts from an in situ
combination of diphosphinic amides and Zr ACHTUNGTRENNUNG(NMe2)4.


[15]


Those catalysts were active (at high temperature) for the
transformation of the usual substrates with up to 80% ee. A
methyl-2,3-dihydro-1H-indole derivative was also isolated
with high enantioselectivity (70% ee) under those condi-


tions. The group of Schafer[16] reported the synthesis of neu-
tral, chiral, zirconium amidate complexes and their efficient
use for the preparation of various pyrrolidines (up to
93% ee). Simultaneously, Scott et al. published very similar
zirconium complexes and reported up to 91% ee.[17] Finally,
Hultzsch et al. reported the first example of a chiral main-
group metal as an efficient catalyst for the preparation of
pyrrolidines.[18] A dimeric, proline-derived, diamidobi-
naphthyl dilithium salt was synthesised and promoted the
cyclisation of various primary aminopentenes at room tem-
perature with up to 75% ee. The development of new lan-
thanide catalysts in the last four years has thus allowed im-
portant improvement in terms of activity and enantioselec-
tivity for obtaining some pyrrolidines with up to 95% ee.
There is nevertheless always the need for the preparation of
catalysts able to promote the cyclisation of more demanding
substrates. The hydroamination procedure is indeed known
to be considerably slowed down, if di- (or more-) substituted
double bonds are involved, relative to the corresponding un-
substituted substrates. Hence, the higher temperature re-
quired to achieve a convenient conversion is sometimes det-
rimental to the enantioselectivity of the reaction if asymmet-
ric processes are considered. To the best of our knowledge,
only the group of Marks has studied the asymmetric cyclisa-
tion of 2,2-dimethylhex-4-enylamine in the presence of
chiral metallocenes and afforded the corresponding pyrroli-
dine in up to 28% ee by performing the reaction at 80 8C.[19]


An analogous piperidine was interestingly isolated with
68% ee.


In such a context, we report here the preparation, charac-
terisation of new lanthanide amide ate complexes and their
use for promoting various hydroaminations/cyclisations with
different aminopentene and aminohexene derivatives.


Results and Discussion


We have previously reported the preparation and the char-
acterisation of a new family of lanthanide ate complexes
[Li ACHTUNGTRENNUNG(thf)4][Ln{(R)-C20H12(NR)2}2] (Ln=Nd (Li-1), Sm (Li-2),


Yb (Li-3), Lu (Li-4), Y (Li-5) R=CH2CMe3, CH2CHMe2,
CH2Ph, iPr, Cy, Ph) derived from chiral disubstituted (R)-bi-
naphthylamido ligands.[7,9,20, 21] These compounds consist of a
complex anion resulting from coordination of two (R)-bi-
naphthylamine ligands to the lanthanide atom and a discrete
counterion [Li ACHTUNGTRENNUNG(thf)4]


+ and they are efficient catalysts for in-
tramolecular hydroamination.
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Both the influence of the nature of the lanthanide and of
the alkyl substituent on the nitrogen atoms were evaluated
on the cyclisation of various aminopentene derivatives.[9,20]


The ytterbium and lutetium complexes with bulky substitu-
ents on the nitrogen atom (isopropyl, cyclohexyl) led to the
highest enantioselectivities (up to 78% ee for a spiropyrroli-
dine), while ytterbium showed higher activities than luteti-
um complexes. We further prepared a similar yttrium ate
complex Li-5 (R= iPr) and the corresponding neutral com-
plex coordinated with the same chiral ligand, which led to
different results in terms of activity and/or enantioselectivity
for several hydroamination reactions, indicating that differ-
ent active species were involved. With the neutral, chiral
complex, higher rates of reaction and/or higher asymmetric
inductions were generally observed for the formation of sev-
eral pyrrolidines.[21] Yet, the synthesis of ate complexes is
much more straightforward and we maintained our efforts
towards more enantioselective and more active catalysts for
widening the scope of substrates suitable for hydroamina-
tion reactions.


New lanthanide amide ate complexes are presented here
with a special emphasis on the influence of the structure of
the ligand, and the nature of the lanthanide and the alkaline
cation on the rates and asymmetric inductions of hydroami-
nation reactions. Particularly, optimised complexes have
been tested for the intramolecular hydroamination of more
demanding aminoalkenes.


Preparation and characterisation of lanthanide lithium ate
complexes : The ate complexes [Li ACHTUNGTRENNUNG(thf)4][Ln{(R)-
C20H12(NR)2}2] (R=C6H11, Ln=Yb (Li-3a); R=C5H9, Ln=


Yb (Li-3b), Y (Li-5b)) were synthesised by metathesis reac-
tions of anhydrous LnCl3 with two equivalents of Li2{(R)-
C20H12(NR)2} in THF at ambient temperature (Scheme 1).


The preparation of complex Li-3a was previously report-
ed.[9] Complexes Li-3b and Li-5b were purified by extrac-
tion of the solid residue after evaporation of THF with tolu-
ene and subsequent recrystallisation from THF/hexane mix-
tures. Complexes Li-3b and Li-5b were isolated in 52 and
53% yields, respectively. Both complexes were obtained as
highly air- and moisture-sensitive crystalline solids that are
soluble in THF and toluene and insoluble in hexane.


Clear single-crystal samples of complexes Li-3b (green)
and Li-5b (orange) suitable for X-ray investigation were ob-


tained by slow condensation of hexane into the concentrated
solutions of the complexes in THF at room temperature.
Both complexes crystallise in the monoclinic space group
P21 (Z=2). Complex Li-5b crystallises as a THF solvate
with half a molecule of THF per molecule of complex
[Li ACHTUNGTRENNUNG(thf)4][Y{(R)-C20H12ACHTUNGTRENNUNG(NC5H9)2}2]·0.5 ACHTUNGTRENNUNG(C4H8O). Complex
Li-5b crystallises with two crystallographically independent
molecules in the asymmetric unit.


The molecular structures of complexes Li-3b and Li-5b
are depicted in Figure 1; the crystal and structural refine-


Scheme 1. Synthesis of ytterbium and yttrium N-substituted-(R)-binaph-
thylamine lithium ate complexes.


Figure 1. Top: ORTEP drawing of complex [Li ACHTUNGTRENNUNG(thf)4][Yb{(R)-C20H12-
ACHTUNGTRENNUNG(NC5H9)2}2] (Li-3b) with the atom-labelling scheme. Ellipsoids are drawn
at the 30% probability level. The [Li ACHTUNGTRENNUNG(thf)4]


+ ion and the hydrogen atoms
are omitted for the sake of clarity. Selected bond lengths [Q] and angles
[8]: Yb�N1 2.258(7), Yb�N2 2.268(9), Yb�N3 2.245(8), Yb�N4 2.252(7),
Yb�C1 2.692(9), Yb�C2 2.775(10), Yb�C3 2.820(9), Yb�C4 2.755(8),
Yb�C5 2.669(10), Yb�C6 2.808(9), N1-Yb-N2 121.8(3), N3-Yb-N4 120.1
(3). Bottom: ORTEP drawing of complex [Li ACHTUNGTRENNUNG(thf)4][Y{(R)-C20H12-
ACHTUNGTRENNUNG(NC5H9)2}2] (Li-5b) with the atom-labelling scheme. Ellipsoids are drawn
at the 30% probability level. The [Li ACHTUNGTRENNUNG(thf)4]


+ ion and the hydrogen atoms
are omitted for the sake of clarity. Selected bond lengths [Q] and angles
[8]: Y1�N1 2.28(2), Y1�N2 2.35(3), Y1�N3 2.30(2), Y1�N4 2.26(2), Y1�
C1 2.77(2), Y1�C2 2.88(2), Y1�C3 2.83(3), Y1�C4 2.56(3), Y1�C5
2.65(2), Y1�C6 2.79(2), Y1�C7 2.84(3), Y1�C8 2.74(3), Y2�N5 2.27(2),
Y2�N6 2.28(2), Y2�N7 2.269(19), Y2�N8 2.290(19), Y2�C9 2.78(2), Y2�
C10 2.93(2), Y2�C11 2.82(2), Y2�C12 2.73(3), Y2�C13 2.83(2), Y2�C14
2.82(2), Y2�C15 2.80(2), Y2�C16 2.79(3), N1-Y1-N2 119.8(8), N3-Y2-N4
119.1(8), N7-Y2-N8 117.6(7), N5-Y2-N6 116.8(8).
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ment data are listed in Table 1. X-ray single crystal structure
analysis has revealed that the compounds are isostructural
ionic complexes, containing a discrete cation [Li ACHTUNGTRENNUNG(thf)4]


+ and
a discrete complex anion [Ln{(R)-C20H12ACHTUNGTRENNUNG(NC5H9)2}2]


� , result-
ing from coordination of two diamido ligands to the triva-
lent lanthanide atom. The main geometric parameters of
complexes Li-3b and Li-5b are very similar to those previ-
ously reported for related complexes.[7,20,21] The average
Yb�N bond length (2.255(8) Q) and N-Yb-N bond angle
(121.0(3)8) in complex Li-3b fall into the region observed
for ytterbium ate complexes [Li ACHTUNGTRENNUNG(thf)4][Yb{(R)-
C20H12(NR)2}2]: R=CH2CMe3, 2.261(2) Q;[7] R=


CH2CHMe2, 2.252(4) Q, 121.87(17)8 ;[20] R= iPr, 2.246(4) Q,
119.87(17)8.[21] For complex Li-5b the average Y�N bond
length (2.29(2) Q) and N-Y-N bond angle (118.3 (8)8) are
close to the values found for yttrium ate complexes
[Li ACHTUNGTRENNUNG(thf)4][Y{(R)-C20H12(NR)2}2]: R= iPr, 2.284(5) Q,
118.5(2)8 ;[21] R=Ph, 2.275(2) Q, 118.31(8)8.[21]


Catalytic hydroamination tests with lanthanide lithium ate
complexes : In our initial studies on the synthesis of lantha-
nide ate complexes for the catalysis of hydroamination reac-
tions we used a two-step procedure. The lithium binaphthyl-
amine salts were first isolated and in a second step they af-
forded the lanthanide ate complexes by reaction with lan-
thanide chlorides. The complexes were separated from lithi-


um chloride by extraction in toluene and recrystallised from
THF/hexane mixtures before their use in catalytic hydro-
ACHTUNGTRENNUNGamination reactions. We observed then that higher activities
were obtained for the cyclisation of C-(1-allyl-cyclohexyl)-
methylamine if the catalysts were used without purifica-
tion.[9] For the following results the catalysts were prepared
from binaphthylamine in an improved procedure with short-
er reaction times for the formation of both the dilithium salt
(in hexanes) and the lanthanide ate complex (in THF). The
hydroamination reactions were initiated immediately after
the evaporation of the solvent from the lanthanide ate com-
plex containing an admixture of LiCl. Such a procedure was
applied to the synthesis of catalyst Li-3a, bearing (R)-N-cy-
clohexyl binaphthyl amine substituents. Tested for the cycli-
sation of C-(1-allylcyclohexyl)methylamine, it afforded the
pyrrolidine 7a (Scheme 2) in 24 h at room temperature with


78% ee, an increase in enan-
tioselectivity with respect to
our previous results (65% ee).
With the aim to increase the
enantiomeric excess we decid-
ed to examine another ligand,
(R)-N-cyclopentylbinaphthyl-
amine, as a possible sterically
more-demanding chelating
group on the lanthanide. We
synthesised this ligand accord-
ing to the method described in
our previous reports and the
corresponding ytterbium ate
complex Li-3b was prepared
by the above-mentioned pro-
cedure.[9] Gratifyingly this cat-
alyst promoted the cyclisation
of C-(1-allylcyclohexyl)methyl-
amine into the corresponding
pyrrolidine 7a within 20 h at
room temperature with
87% ee. The study of hydroa-
mination reactions catalysed
by Li-3b was thus widened to
several amino-olefins and the
results are given in Table 2.


The influence of the temper-
ature on the cyclisation of


Table 1. Crystallographic data and structure refinement details for Li-3b, Li-5b, and K-3d.


Li-3b Li-5b K-3d


formula C76H92LiN4O4Yb C156H192Li2N8O9Y2 C80 H108 K N4 O5 Yb
Mr 1305.52 2514.88 1417.84
T [K] 180(1) 180(1) 180(1)
crystal system monoclinic monoclinic orthorhombic
space group P21 P21 P212121
a [Q] 10.6012(9) 17.360(3) 11.059(5)
b [Q] 17.6720(15) 10.6930(18) 17.209(5)
c [Q] 18.9000(13) 37.347(4) 39.121(5)
b [8] 99.830(2) 91.330(3) 90
V [Q3] 3488.8(5) 6930.8(18) 7445(4)
Z 2 2 4
1calcd [mgm�3] 1.243 1.205 1.265
m [mm�1] 1.390 0.894 1.363
F ACHTUNGTRENNUNG(000) 1362 2680 2980
crystal size [mm] 0.22R0.16R0.07 0.11R0.07R0.03 0.25R0.10R0.10
q range [8] 1.59–26.45 1.58–20.17 1.91–24.21
index ranges �13�h�13 �9�h�14 �12�h�12


�22�k�22 �4�k�9 �19�k�19
�16� l�23 �22� l�23 �44� l�45


reflns collected 35486 7946 48104
independent reflns 13975 [Rint=0.0469] 5960 [Rint=0.0280] 11546 [Rint=0.1730]
completeness [%] (to q [8]) 98.6 (26.45) 65.1 (20.17) 98.5 (24.2)
absorption correction Sadabs Sadabs multiscan
max/min transmission 0.751/0.911 0.928/0.974 0.8508/0.8391
flack parameter 0.070(15) 0.18(2) 0.01(2)
data/restraints/parameters 13975/0/775 5960/1580/1559 11546/1015/760
goodness-of-fit on F2 1.084 1.019 0.898
final R indices [I>2s(I)] R1=0.0671


wR2=0.0868
R1=0.0969
wR2=0.0978


R1=0.0626
wR2=0.1113


R indices (all data) R1=0.1653
wR2=0.1752


R1=0.2480
wR2=0.2486


R1=0.1566
wR2=0.1456


largest diff. peak/hole [eQ�3] 0.809/�0.436 0.664/�0.742 1.361/�3.056


Scheme 2. Synthesis of nitrogen heterocycles by catalysis with lanthanide
lithium ate complexes.
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C-(1-allylcyclohexyl)methylamine (6a) by catalyst Li-3b was
first examined (Table 2, entries 1–3). At 0 8C hydroamina-
tion was performed with 85% ee, a value close to that ob-
tained at room temperature, but needed a long reaction
time to be completed, while at 60 8C a small decrease in the
enantiomeric excess was observed. The cyclisation of 2,2-di-
methylpent-4-enylamine (6b) was interestingly realised with
high conversion after one night at 60 8C and only a very
slight decrease in enantioselectivity compared to the reac-
tion at room temperature (entries 4, 5). With the gem-diphe-
nylaminopentene (6c) a total conversion was observed after
one night with a high value for the enantiomeric excess
(76%), which is not modified when the reaction is run at
lower temperature (entries 6,7). The best conditions for the
preparation of the spiropyrrolidine 7d are to perform the re-
action at 60 8C for a total conversion and 73% ee (entries 8,
9). The variation of the temperature did not either modify
the asymmetric induction for the transformation of the
amino ACHTUNGTRENNUNGhexene 6e and the piperidine is formed with complete
conversion and 50% ee after one night at 80 8C (entries 10–
12). These results are significantly improved relative to
those previously reported for the ytterbium ate complex
Li-3a.[9] With catalyst Li-3b the pyrrolidines and piperidine


are indeed cyclised with higher asymmetric inductions. Fur-
thermore, the temperature marginally influences the enan-
tiomeric excess of hydroamination reactions. All pyrroli-
dines could be synthesised with enantiomeric excesses over
70%.


Till now, there are very few examples of enantioselective
reactions involving sterically hindered substrates such as
amines with disubstituted double bonds. For performing the
cyclisation of such amino-olefins, very active catalysts are
needed and we aimed at testing the performance of the lan-
thanide amide ate complexes for such reactions. In the
course of our previous studies concerning the comparison of
neutral and ate complexes, we prepared the yttrium ate
complex coordinated by (R)-N-isopropylbinaphthylamine
ligand [Li ACHTUNGTRENNUNG(thf)4][Y{(R)-C20H12ACHTUNGTRENNUNG(NiPr)2}2] (Li-5c).[21] This com-
plex catalysed the hydroamination of 6a within 20 h with
67% ee. When the ytterbium ate complex prepared with the
same ligand [Li ACHTUNGTRENNUNG(thf)4][Yb{(R)-C20H12 ACHTUNGTRENNUNG(NiPr)2}2] (Li-3c) was
used in this reaction, an identical enantiomeric excess was
obtained but six days were necessary for a complete conver-
sion, indicating the higher activity of the yttrium ate com-
plex relative to the corresponding ytterbium one. This result
prompted us to compare the activity and enantioselectivity
of the ytterbium complex Li-3b with that of the yttrium
complex Li-5b, coordinated by (R)-N-cyclopentylbinaph-
thylamine. The yttrium catalyst Li-5b afforded the three
pyrrolidines 7a, 7b and 7c with good enantioselectivities
(Table 2, entries 13–18). The comparison with the corre-
sponding ytterbium catalyst Li-3b showed that at the same
temperature the activity is higher with yttrium. At room
temperature the cyclisation of 6b is promoted with yttrium
(entry 15), while a lower conversion is only observed with
ytterbium (entry 4). Similarly, reaction times are shorter
with substrate 6c using catalyst Li-5b (entries 17, 18) rather
than Li-3b (entries 6, 7). A slight decrease of the enantio-
meric excess with the temperature was observed for pyrroli-
dine 7a using yttrium catalyst Li-5b, while no significant
variation was observed for pyrrolidines 7b and 7c. The hy-
droamination of aminohexene 6e was achieved in a shorter
time with yttrium catalyst Li-5b, but with a decrease in the
enantiomeric excess relative to Li-3b (entries 19 and 11).


We previously described the cyclisation of 6a in 1 h, cata-
lysed by an ytterbium ate complex Li-3d coordinated with
(R)-N-neopentylbinaphthylamine.[7] Thus complex Li-3d
proved to be more active for the cyclisation of 6a than the
other lanthanide ate complexes studied so far and the evalu-
ation of this catalyst was extended to the preparation of
other pyrrolidines and piperidines. To check its stability,
complex Li-3d was tested in the hydroamination reaction of
6a at 60 8C, which afforded the expected product with
40% ee, as at room temperature (Table 2, entries 21 and 22).
A total conversion of aminopentenes 6b and 6d in the cor-
responding pyrrolidines was observed at room temperature
with catalyst Li-3d (entries 23 and 25), while with catalysts
Li-3b or Li-5b, coordinated with a more bulky ligand, a
temperature of 60 8C was necessary. The piperidine 7e was
prepared at 60 8C with the three ytterbium and yttrium cata-


Table 2. Enantioselective hydroamination reactions catalysed by ytterbi-
um and yttrium N-substituted-(R)-binaphthylamine lithium ate com-
plexes.


Cata-
lyst


Sub-
strate


T
[8C][a,b]


Cat. ratio
ACHTUNGTRENNUNG[mol%]


t
[h]


Conver-
sion [%][c]


ee
[%]


1 Li-3b 6a 0 6 168 92 85
2 Li-3b 6a 25 6 20 90 87
3 Li-3b 6a 60 6 15 92 78
4 Li-3b 6b 25 8 144 14 72
5 Li-3b 6b 60 6 17 94 69
6 Li-3b 6c 0 6 168 100 78
7 Li-3b 6c 25 6 18 100 76
8 Li-3b 6d 25 4 84 30 76
9 Li-3b 6d 60 4 15 100 73


10 Li-3b 6e 40 8 144 100 50
11 Li-3b 6e 60 4 40 100 51
12 Li-3b 6e 80 6 15 100 50


13 Li-5b 6a 0 6 144 54 75
14 Li-5b 6a 25 8 15 93 81
15 Li-5b 6b 25 6 180 49 64
16 Li-5b 6b 60 6 22 96 68
17 Li-5b 6c 0 6 96 94 75
18 Li-5b 6c 25 6 5 100 75
19 Li-5b 6e 60 6 24 100 41


20 Li-3d 6a 0 6 17 81 47
21 Li-3d 6a 25 7 1 91 41
22 Li-3d 6a 60 6 0.3 90 40
23 Li-3d 6b 25 8 17 84 10
24 Li-3d 6c 25 6 1.3 100 �17[d]
25 Li-3d 6d 25 6 17 95 10
26 Li-3d 6e 25 6 72 100 27
27 Li-3d 6e 60 4 16 100 30


[a] Reactions performed at 0 8C in C7H8. [b] Reactions performed at
25 8C, 60 8C and 80 8C in C6D6. [c] Conversion was measured by 1H NMR
spectroscopy. [d] The absolute configuration of product 7c was opposite
to that obtained with catalysts Li-3b and Li-5b.
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lysts, but the reaction was faster with Li-3d (entries 11, 19
and 27). Interestingly, catalyst Li-3d proved to be active
enough for promoting this transformation at 25 8C (entry 26)
and the spiropiperidine was prepared with 27% ee and a
complete conversion within three days. However, all hydro-
ACHTUNGTRENNUNGamination reactions performed with Li-3d exhibited only
poor enantioselectivity. From the results gathered in Table 2
it appears that the ytterbium ate complex coordinated by
(R)-N-neopentylbinaphthylamine (Li-3d) showed the high-
est activity, while ytterbium ate complex Li-3b with the
bulkier (R)-N-cyclopentyl binaphthyl amine ligand afforded
the highest enantiomeric excesses. However, the (R)-N
cyclopentylbinaphthylamine yttrium ate complex Li-5b al-
lowed us to prepare the pyrrolidines and piperidine with
good enantiomeric excesses within short times.


Preparation and characterisation of lanthanide potassium
ate complexes : So far, our efforts towards the improvement
of the activity and enantioselectivity of lanthanide ate com-
plexes for hydroamination reactions have been directed to-
wards the choice of the lanthanide and the optimisation of
the size of the nitrogen substituent. The differences in activi-
ty and enantioselectivity of hydroamination reactions cata-
lysed by an yttrium ate complex and a neutral yttrium com-
plex coordinated by (R)-N-isopropylbinaphthylamine ligand
have indicated that probably both catalysts are not trans-
formed in the same active species.[21] This suggested a possi-
ble participation of the alkaline cation in the catalytic cycle.
Lanthanide potassium ate complexes have thus been syn-
thesised and studied as intramolecular hydroamination cata-
lysts.


The ate complexes containing the potassium counterion
[KACHTUNGTRENNUNG(thf)5][Ln{(R)-C20H12(NR)2}2] (R=C5H9, Ln=Yb (K-3b);
Y (K-5b); R=CH2CMe3, Ln=Yb (K-3d)) have been syn-
thesised by the reaction of anhydrous LnCl3 with two equiv-
alents of K2{(R)-C20H12(NR)2} in THF at ambient tempera-
ture. The potassium derivatives K2{(R)-C20H12(NR)2} were
prepared by treatment of binaphthylamine ligands with two
equivalents of Ph2CHK in THF (20 8C) (Scheme 3).


Complexes K-3b, K-5b and K-3d were purified following
the standard procedure described above for compounds Li-
3b and Li-5b. They were isolated in 43, 57 and 64% yields,
respectively, as highly air- and moisture-sensitive crystalline
solids. They are soluble in THF and toluene and insoluble in
hexane.


Clear deep-red single-crystalline samples of the complex
K-3d suitable for X-ray investigation were obtained by slow


condensation of hexane into a concentrated solution of K-
3d in THF at room temperature. It crystallises in the ortho-
rhombic space group P212121 with four molecules in the unit
cell. The molecular structure of complex K-3d is depicted in
Figure 2; the crystal and structural refinement data are


listed in Table 1. X-ray single crystal structure analysis re-
veals that compound K-3d is an ionic complex, containing
discrete [KACHTUNGTRENNUNG(thf)5]


+ ions and discrete complex [Yb{(R)-
C20H12ACHTUNGTRENNUNG(NCH2CMe3)2}2]


� ions, resulting from coordination of
two diamido ligands to the trivalent lanthanide atom. Sur-
prisingly despite their identical nature and composition and
similar geometry of the anionic fragment [Yb{(R)-C20H12-
ACHTUNGTRENNUNG(NCH2CMe3)2}2]


� in complexes K-3d and Li-3d[7] the Yb�N
bonds in complex K-3d are noticeably shorter (the average
Yb�N bond length: 2.178(13) Q) compared to those in Li-
3d (the average Yb�N bond length: 2.261(2) Q).[7] The
N�Yb�N bond angles in complex K-3d (120.9(4), 116.8(4)8)
are also smaller than the related angles in complex Li-3d
(120.92(10), 122.13(11)8).[7] The potassium cation in K-3d is
coordinated by five THF molecules, which is consistent with
the bigger ionic radius of potassium relative to that of lithi-
um.[22] Continuous drying of complex K-3d in vacuo at am-
bient temperature resulted in the loss of one THF molecule
that was proved by the results of microanalysis.


Catalytic hydroamination tests with lanthanide potassium
ate complexes : The activity and enantioselectivity of the
three potassium ate complexes K-3b, K-5b and K-3d were
further examined for the hydroamination reactions leading
to the pyrrolidines and the piperidine described above and
the results are gathered in Table 3. With the ytterbium po-
tassium ate complex K-3b, coordinated by (R)-N-cyclopen-
tylbinaphthylamine, the formation of pyrrolidines 7a and 7c


Scheme 3. Synthesis of ytterbium and yttrium N-substituted-(R)-binaph-
thylamine potassium ate complexes.


Figure 2. ORTEP drawing of complex [K ACHTUNGTRENNUNG(thf)5][Yb{(R)-C20H12-
ACHTUNGTRENNUNG(NCH2CMe3)2}2] (K-3d) with the atom-labelling scheme. Ellipsoids are
drawn at the 30% probability level. The [K ACHTUNGTRENNUNG(thf)5]


+ ion and the hydrogen
atoms are omitted for the sake of clarity. Selected bond lengths [Q] and
angles [8]: Yb1�N1 2.234(10) , Yb1�N2 2.148(13), Yb1�N3 2.175(13),
Yb1�N4 2.158(12), Yb1�C111 2.671(17), Yb1�C112 2.798(14), Yb1�
C211 2.749(13), Yb1�C212 2.834(14), Yb1�C311 2.689(15), Yb1�C312
2.794(11), Yb1�C411 2.806(14), Yb1�C412 2.980(15), N1-Yb1-N2
120.9(4), N3-Yb1-N4 116.8(4).
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could be realised at room temperature with 75% and
55% ee, respectively (entries 1 and 3). However, both activi-
ty and enantioselectivity were lower than those furnished by
the corresponding lithium ate complex Li-3b. Substrates 6b
and 6e could not be cyclised at room temperature with cata-
lyst K-3b and the hydroamination reactions had to be per-
formed at 40 8C (entries 2 and 4). At higher temperature the
potassium ate complexes are not stable and very low conver-
sions are obtained. The potassium ate complex catalyst
K-3b afforded the gem-dimethylpyrrolidine 7b with higher
enantiomeric excess (76%) than that obtained with the simi-
lar lithium ate complex. In contrast, the formation of the pi-
peridine was slow and the asymmetric induction very low;
these results might be explained by a lack of stability of the
catalyst at this temperature. The comparison of the ytterbi-
um and yttrium ate potassium complexes coordinated with
the same ligand, (R)-N-cyclopentylbinaphthylamine, gave
the same trend as that observed with the analogous lithium
ate complexes. For the cyclisation of substrates 6a (entries 1
and 5), 6b (entries 2 and 6), 6c (entries 3 and 7) and 6e (en-
tries 4 and 8) the reaction times were shorter for the yttrium
complex K-5b and the enantiomeric excesses lower for pyr-
rolidines 7a and 7b, while no variation was noticed for pyr-
rolidine 7c and piperidine 7e. The comparison of the yttri-
um based catalyst Li-5b and K-5b (Table 2, entry 14 and
Table 3 entry 5; Table 2, entry 18 and Table 3 entry 7) indi-
cated an increase in the reaction time and a decrease in en-
antiomeric excesses from lithium to potassium. For yttrium
and ytterbium ate complexes coordinated by (R)-N-cyclo-
pentylbinaphthylamine, a similar variation of the catalytic
properties for hydroamination reactions were observed
when lithium is replaced by potassium (comparison of Li-5b
with K-5b and Li-3b with K-3b). Next the ytterbium potas-
sium ate complex K-3d coordinated by (R)-N-neopentylbi-
naphthylamine was tested in various hydroamination reac-
tions (entries 9–13). As indicated above for lithium ate com-


plexes, cyclisations in pyrrolidines and piperidines with cata-
lyst K-3d were more rapid than with ytterbium and yttrium
potassium K-3b and K-5b coordinated by a bulkier ligand :
reaction time was shorter for spiropyrrolidine 7a (see en-
tries 1, 5, 9), while the formation of pyrrolidine 7b and pi-
peridine 7e were realised at room temperature with K-3d.
Surprisingly with this potassium ate complex for almost all
pyrrolidines (except 7c) the major enantiomer is different
from that obtained using the similar ate complex Li-3d.
Only moderate enantiomeric excesses are found, as for the
corresponding lithium ate complex.


This inversion of the sense of asymmetric induction in the
case of (R)-N-neopentylbinaphthylamine ligand clearly indi-
cates that the active species in hydroamination reactions cat-
alysed by ate complex is not a neutral species and the alka-
line metal atom is somehow involved in the catalytic cycle.
We have previously proposed structures for the intermediate
catalytic species involved in the asymmetric hydroamination
promoted by lanthanide ate complexes.[21] Our new results
are in accordance with those hypotheses, but further studies
are still needed for more precise explanations of the role of
the second chiral ligand and of the associated alkaline
cation.


Catalytic hydroamination tests with more demanding sub-
strates : To widen the scope of the utilisation of our new
chiral ate amide complexes, we have chosen to test the hy-
droamination/cyclisation of disubstituted amino-olefins
(Scheme 4). We were furthermore interested in the prepara-


tion of 2,3-dihydro-1H-indole as an important substrate
structure variation. To perform these challenging reactions,
the more active catalyst of our series, the ytterbium ate
complex Li-3d, was selected to expect convenient conver-
sion. The results obtained are summarised in Table 4.


The intramolecular hydroamination of 2-(1-but-2-enylcy-
clohexyl)ethylamine (6 f) was first examined at different
temperatures, and the use of toluene at 110 8C yielded the
expected ethyl-substituted pyrrolidine with 90% conversion
(58% isolated yield) albeit with a four-day reaction time
(Table 4, entry 1). Product 7 f was obtained with 27% ee,
which is one of the best values reported to date for such a
cyclisation. Analogously, and under the same conditions, the


Table 3. Enantioselective hydroamination reactions catalysed by ytterbi-
um and yttrium N-substituted-(R)-binaphthylamine potassium ate com-
plexes.


Cata-
lyst


Sub-
strate


T
[8C][a]


Cat. ratio
ACHTUNGTRENNUNG[mol%]


t
[h]


Conver-
sion [%]


ee
[%][b]


1 K-3b 6a 25 4 63 92 75
2 K-3b 6b 40 7 108 80 76
3 K-3b 6c 25 6 63 100 55
4 K-3b 6e 40 7 336 87 9


5 K-5b 6a 25 7 40 95 63
6 K-5b 6b 40 6 40 96 59
7 K-5b 6c 25 6 16 100 56
8 K-5b 6e 40 6 64 92 7


9 K-3d 6a 25 2 3 92 �45
10 K-3d 6b 25 6 144 71 �9
11 K-3d 6c 25 6 17 100 �31
12 K-3d 6d 25 6 68 96 �32
13 K-3d 6e 25 7 288 100 0


[a] Reactions performed in C6D6. [b] In entries 9–12, the negative sign in-
dicates opposite configurations to those obtained with K-3b and K-5b.


Scheme 4. Asymmetric intramolecular hydroamination of more demand-
ing substrates.
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gem-diphenyl substituted derivative led to 2-ethyl-4,4-diphe-
nylpyrrolidine (7g) with only a 40% conversion within four
days. This result is in contrast with those previously de-
scribed (Table 2) in which the cyclisation of the gem-diphen-
yl substrate always occurred faster than that of the corre-
sponding cyclohexyl derivative. Moreover, in this case the
ate ytterbium catalyst furnished a nearly racemic compound
(Table 4, entry 2). The transformation of 2,2,5-triphenylpent-
4-enylamine (6h) was also considered. In this case, however,
the presence of the phenyl substituent on the double bond
promoted the reaction, which could thus be smoothly per-
formed at room temperature. A complete conversion was
observed within 40 min (Table 4, entry 3) but 2-benzyl-4,4-
diphenylpyrrolidine was unfortunately obtained as a racemic
mixture. Finally, 2-allyl-phenylamine was submitted to the
hydroamination procedure as a good model for bicyclic ni-
trogen heterocycles. The cyclisation occurred slowly at
110 8C, and a conversion of 68% was achieved after four
days (Table 4, entry 4). The neopentyl ytterbium ate catalyst
nevertheless did not induce any selectivity for this transfor-
mation.


Even if evident improvements are needed in terms of
enantioselectivity for achieving these delicate transforma-
tions, their feasibility was here unambiguously demonstrated
with lanthanide amide ate complexes.


Conclusion


We have presented the in-situ preparation of new lanthanide
amide ate complexes bearing chiral N-cyclopentyl-substitut-
ed binaphthylamine ligands. The ytterbium complex Li-3b
proved to be the most enantioselective catalyst we have
published so far and the spiropyrrolidine 7a was isolated
with 87% ee after 20 h reaction at room temperature. As al-
ready noted in the isopropyl-substituted series,[21] the yttri-
um catalyst proved to be more active than its ytterbium
counterpart for all the substrates tested. This enhanced ac-
tivity is unfortunately accompanied with a slight decrease in
the enantioselectivity. Both catalysts allowed the cyclisation
for the synthesis of a piperidine, albeit by heating the reac-
tion mixture, and 3-methyl-2-azaspiro ACHTUNGTRENNUNG[5.5]undecane (7e)
was isolated with up to 51% ee.


Complex Li-3d, an amide ate complex bearing the less
hindered neopentyl substituent at the nitrogen atom, was by


far the more active complex of this series, since 2,2-dime-
thylpent-4-enylamine (6b) and the aminohexene derivative
6e were efficiently transformed at room temperature. The
enantiofacial discrimination with this catalyst was unfortu-
nately diminished for all the substrates.


The role of the countercation was examined by the syn-
thesis of analogous complexes K-3b, K-5b and K-3d. These
complexes proved to be less stable than their lithium coun-
terparts and crystals suitable for X-ray analysis were only
obtained for K-3d. All these complexes promoted hydro-
ACHTUNGTRENNUNGamination cyclisations, albeit in a less efficient way than the
analogous lithium ate complexes. Longer reaction times
were required for achieving satisfying conversions and the
enantiomeric excesses were generally lower. Moreover for
several substrates, hydroamination transformations catalysed
by K-3d afforded the products with a change of configura-
tion in contrast to Li-3d. A similar observation was made
for the hydroamination/cyclisation catalysed by organophos-
phine oxide substituted lanthanides that a small structural
variation in the catalytic precursor, such as a slight decrease
in the ionic radius, could promote an inversion in the sense
of enantioselectivity.[23] In a previous report, we initiated a
study of the mechanism of hydroamination reactions cata-
lysed by lanthanide ate complexes.[21] The decoordination of
one binaphthylamine ligand leading to a neutral trisamide
species was envisaged. The comparison of the efficiency of
an yttrium lithium ate and a neutral trisamide yttrium com-
plex coordinated by the same N-isopropylbinaphthylamine
ligand in various hydroamination reactions led to the con-
clusion that different active species were involved. This im-
plies that the total decoordination of one binaphthylamine
ligand in ate-catalysed reactions cannot be considered. The
different results provided herein by lithium and potassium
ate complexes similarly indicate that the active catalytic spe-
cies is not the same in both cases. We thus assume that both
ligands in ate complexes are in some way involved in the
stereodifferentiating course of the transformation. The exact
role of the counter cation is still unclear, but is certainly of
major importance since it interestingly allows in some cases
(compare in particular the catalytic results obtained by
Li-3d and K-3d) to obtain the cyclised products with the op-
posite configurations. In this context, Shibasaki demonstrat-
ed that for enantioselective carbon–carbon bond formation
promoted by heterobimetallic catalysts both lanthanide and
alkali metals were involved in the reaction mechanism.[24]


The most active catalyst of our series, complex Li-3d,
which posseses less bulky substituents on the nitrogen
atoms, was involved in the transformation of more demand-
ing substrates such as internal alkenes. Unhindered catalysts
are more effective for the cyclisation of such alkenes as was
already demonstrated with non-chiral lanthanide hydroami-
nation catalysts by Molander et al.[25] and chiral catalysts by
Marks et al.[19] To our delight the ate complex Li-3d indeed
allowed the synthesis of 3-ethyl-2-azaspiro ACHTUNGTRENNUNG[4,5]decane with
27% ee. The synthesis of this type of product has been
seldom described by intramolecular asymmetric hydro-
ACHTUNGTRENNUNGamination and similar enantiomeric excesses were reported


Table 4. Hydroamination/cyclisation of more demanding substrates with
catalyst Li-3d.


Substrate T [8C][a,b] Cat. ratio
ACHTUNGTRENNUNG[mol%]


t [h] Conversion [%] ee [%]


1 6 f 110 4 96 90 27
2 6g 110 6 96 40 5
3 6h 25 6 0.7 100 0
4 8 110 4 96 68 0


[a] Reactions performed at 110 8C in C7H8. [b] Reactions performed at
25 8C in C6D6.
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for pyrrolidines resulting from aminoalkenes with internal
double bonds.[19]


Research is presently ongoing for the preparation of more
active catalysts for widening the scope of substrates and syn-
thesising structurally different nitrogen heterocycles by the
atom-efficient hydroamination transformation.


Experimental Section


General considerations : All manipulations were carried out under an
argon atmosphere by using standard Schlenk or glove box techniques.
THF and diethyl ether were distilled from sodium benzophenone ketyl
and degassed immediately prior to use. Hexane and toluene were dis-
tilled from CaH2 and degassed immediately prior to use. Deuterated ben-
zene was dried with sodium benzophenone ketyl and was transferred
under vacuum. Anhydrous YbCl3 and YCl3 and (R)-(+)-1,1’-binaphthyl-
2,2’-diamine were purchased. Compounds Y[N ACHTUNGTRENNUNG(tms)2]3,


[26] (R)-(+)-2,2’-
Bis(cyclopentylamino)-1,1’-binaphthyl,[27] and Ph2CHK[28] were prepared
according to reported procedures. The bis(N-neopentyl)binaphthylamine
ligand and the complex Li-3d [Li ACHTUNGTRENNUNG(thf)4][Yb{(R)-20H12N2 ACHTUNGTRENNUNG(C5H11)}2] were
prepared according to the procedure we previously described.[20] The sub-
strates 6a–h for the hydroamination/cyclisation reactions were prepared
as previously reported.[9] Substrate 8 was synthesised according to the
procedure described by Marks.[29] All other commercially available chem-
icals were used after the appropriate purification. Bruker AM250,
Bruker AV300 and AV360 NMR spectrometers, (operating at 250, 300
and 360 MHz, respectively) were used for recording the NMR spectra.
Chemical shifts for 1H and 13C spectra were referenced internally accord-
ing to the residual solvent resonances and reported relative to tetrame-
thylsilane. Infrared spectra were recorded on a Perkin–Elmer FT-IR
spectrometer as Nujol mulls and are reported in cm�1. Optical rotations
are reported as follows: [a]RT


D (c in g per 100 mL in solvent). Elemental
analyses were performed by the Microanalytical Laboratory of the Insti-
tute of Organometallic Chemistry of RAS. Enantiomeric excesses of the
products have been determined by GC (GC Fisons 800, column DB1
30 mR0.32 mmR0.5 mm) or HPLC (Thermo Separation Product Spectra
Series tsp 100P100/UV100 or Perkin–Elmer Pump Series 200/DAD200)
analyses after derivatisation, and compared to racemic products prepared
with Y[N ACHTUNGTRENNUNG(TMS)2]3. The methods are detailed for each compound below.


Preparation of (R)-(+)-2,2’-bis(cyclopentylamino)-1,1’-binaphthyl : An
aqueous solution of H2SO4 (20%, 8 mL) was added to a solution of cy-
clopentanone (4.1 g, 49.24 mmol) in THF (15 mL). A solution of (R)-bi-
naphthylamine (1.0 g, 3.52 mmol) in THF (30 mL) was then slowly added
by syringe. After one hour at room temperature, NaBH4 (1.9 g,
49.24 mmol) was added in portions at 0 8C. The reaction mixture was al-
lowed to warm up to room temperature overnight. It was then poured
into an aqueous solution of KOH (2%, 320 mL) and the aqueous phase
was extracted with diethyl ether (3R300 mL). The combined organic
layers were dried (MgSO4), filtered and concentrated in vacuo. The
crude product was purified by flash chromatography on silica gel (hep-
tanes/ethyl acetate=9/1) to give a white powder (1.5 g, 3.46 mmol, 98%
yield). [a]20D =++96.9 (c=0.84 in chloroform); 1H NMR (250 MHz, C6D6,
25 8C, TMS): d =7.84 (d, 3J ACHTUNGTRENNUNG(H,H)=9.5 Hz, 2H; CH Ar), 7.75 (d, J=


7.6 Hz, 2H; CH Ar), 7.28 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H; CH Ar), 7.24 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.8 Hz, 2H; CH Ar), 7.02–7.12 (m, 4H; CH Ar), 3.81 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H; NH), 3.65–3.75 (m, 2H; CH), 1.49–1.71 (m, 4H;
CH2), 1.15–1.25 (m, 8H; CH2), 0.92–1.12 ppm (m, 4H; CH2);


13C NMR
(62.5 MHz, C6D6, 25 8C, TMS): d=144.93 (2C Ar), 134.68 (2C Ar),
129.96 (2CH Ar), 128.62 (2CH Ar), 128.26 (2C Ar), 127.21 (2CH Ar),
124.46 (2CH Ar), 122.36 (2CH Ar), 115.26 (2CH Ar), 112.82 (2C Ar),
55.02 (2CH), 33.71 (2CH2), 33.63 (2CH2), 23.88 ppm (4CH2); IR (KBr):
ñ=3400, 3049, 2954, 2867, 1616, 1595, 1510, 1492, 1422, 818, 807,
746 cm�1; HRMS (ESI): calcd for C30H32N2Na: 443.2463; found:
443.2458.


Preparation of the bislithium salt of (R)-(+)-2,2’-bis(cyclopentylamino)-
1,1’-binaphthyl : In an argon-filled glove box, (R)-(+)-2,2’-bis(cyclopentyl-
amino)-1,1’-binaphthyl (50.0 mg, 0.12 mmol) was solubilised in hexanes
(2 mL) in a Schlenk flask equipped with a magnetic stirring bar. nBuLi
(1.6m in hexanes, 0.15 mL, 0.24 mmol) was introduced by a micro syringe
and the reaction mixture was stirred for 10 min to give a yellow suspen-
sion. The solvent was evaporated in vacuo to afford the corresponding
lithium amide salt as a yellow powder (40.0 mg, 0.09 mmol, 79% yield).
1H NMR (360 MHz, [D8]THF, 25 8C, TMS): d=7.47 (d, 3J ACHTUNGTRENNUNG(H,H)=9.1 Hz,
2H; 2CH Ar), 7.35 (d, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 2H; 2CH Ar), 7.14 (d, 3J-
ACHTUNGTRENNUNG(H,H)=9.0 Hz, 2H; 2CH Ar), 6.65 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3J ACHTUNGTRENNUNG(H,H)=


6.7 Hz, 2H; 2CH Ar), 6.56 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H;
2CH Ar), 6.41 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 2H; 2CH Ar), 3.84–3.90 (m, 2H;
2CH), 2.09–2.14 (m, 2H; 2CH2), 1.99–2.03 (m, 2H; 2CH2), 1.61–1.63 (m,
8H; 4CH2), 1.22–1.30 ppm (m, 4H; 2CH2);


13C NMR (90 MHz,
[D8]THF, 25 8C, TMS): d=156.89 (2C Ar), 137.36 (2C Ar), 128.07 (2CH
Ar), 126.73 (2CH Ar), 124.47 (2CH Ar), 124.01 (2C Ar), 123.83 (2CH
Ar), 116.32 (2CH Ar), 115.81 (2CH Ar), 112.13 (2C Ar), 59.41 (2CH),
35.93 (2CH2), 34.29 (2CH2), 24.10 ppm (4CH2); IR (KBr, Nujol): ñ=


1611, 1592, 1497, 1421, 1337, 1287, 1242, 812, 748 cm�1.


Preparation of complex [Li ACHTUNGTRENNUNG(thf)4][Yb{(R)-C20H12N2 ACHTUNGTRENNUNG(C10H18)}2] (Li-3b): In
an argon-filled glove box, YbCl3 (50.3 mg, 0.18 mmol) was added to a so-
lution of the bislithium salt of (R)-(+)-2,2’-bis(cyclopentylamino)-1,1’-bi-
naphthyl (155.6 mg, 0.36 mmol) in THF (2 mL). The reaction mixture
was stirred at room temperature for 45 min and THF was evaporated in
vacuo. The resulting solid was extracted with toluene (5 mL), the solution
was centrifuged and the filtrate was concentrated in vacuo. The product
was obtained as a green powder (117.5 mg, 0.09 mmol, 52% yield). The
powder was dissolved in THF (1 mL) and a slow condensation of hexanes
in the THF solution resulted in green crystals, suitable for X-ray analysis.
IR (KBr, Nujol): ñ =1609, 1591, 1539, 1495, 1420, 1333, 1247, 1209, 1043,
885, 809, 743 cm�1; elemental analysis calcd (%) for C76H92LiN4O4Yb: C
69.92, H 7.10; found: C 69.74, H 7.10.


Preparation of [Li ACHTUNGTRENNUNG(thf)4][Y{(R)-C20H12N2ACHTUNGTRENNUNG(C10H18)}2] (Li-5b): In an argon-
filled glove box, YCl3 (58.1 mg, 0.30 mmol) was added to a solution of
the bislithium salt of (R)-(+)-2,2’-bis(cyclopentylamino)-1,1’-binaphthyl
(259.2 mg, 0.60 mmol) in THF (5 mL). The reaction mixture was stirred
at room temperature for 45 min and THF was evaporated in vacuo. The
resulting solid was extracted with toluene (5 mL), the solution was centri-
fuged and the filtrate was concentrated in vacuo. The product was ob-
tained as an orange powder (195.4 mg, 0.16 mmol, 53% yield). The
powder was dissolved in THF (1 mL) and a slow condensation of hexanes
in the THF solution resulted in orange crystals, suitable for X-ray analy-
sis. 1H NMR (250 MHz, C6D6, 25 8C, TMS): d=7.91 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz,
2H; 2CH Ar), 7.70–7.73 (m, 4H; 4CH Ar), 7.54–7.56 (m, 2H; 2CH Ar),
7.37–7.41 (m, 4H; 4CH Ar), 6.82–7.03 (m, 12H; 12CH Ar), 3.75–3.82
(m, 4H; 4CH), 3.33 (br s, 16H; 8aCH2-THF), 2.41–2.57 (m, 2H; CH2),
2.04–2.14 (m, 2H; CH2), 1.58–1.69 (m, 2H; CH2), 1.39–1.46 (m, 8H;
4CH2), 1.28 (br s, 16H; 8bCH2-THF), 1.12–1.21 (m, 8H; 4CH2), 0.87–
0.92 (m, 2H; CH2), 0.59–0.65 ppm (m, 8H, 4CH2);


13C NMR (62.5 MHz,
C6D6, 25 8C, TMS): d=150.87 (4C Ar), 135.60 (4C Ar), 131.74 (4CH
Ar), 131.27 (4CH Ar), 127.31 (4C Ar), 126.97 (4CH Ar), 124.65 (4CH
Ar), 120.44 (4CH Ar), 119.17 (4CH Ar), 116.51 (4C Ar), 68.03 (aCH2-
THF), 58.95 (2CH), 58.41 (2CH), 35.65 (2CH2), 35.09 (2CH2), 34.93
(2CH2), 34.33 (2CH2), 25.55 (bCH2-THF), 24.86 (2CH2), 24.40 (2CH2),
23.86 (2CH2), 23.60 ppm (2CH2); IR (KBr, Nujol): ñ =1608, 1590, 1537,
1488, 1419, 1340, 1284, 1245, 1207, 1170, 1041, 953, 913, 883, 850, 808,
739 cm�1; elemental analysis calcd (%) for C76H92LiN4O4Y: C 74.73, H
7.59, Y 7.28; found: C 75.03, H 7.62, Y 7.57.


Preparation of [K ACHTUNGTRENNUNG(thf)5][Yb{(R)-C20H12N2 ACHTUNGTRENNUNG(C10H18)}2] (K-3b): In an
argon-filled glove box, (R)-(+)-2,2’-bis(cyclopentylamino)-1,1’-binaphthyl
(302.4 mg, 0.72 mmol) was solubilised in THF (5 mL) in a Schlenk flask
equipped with a magnetic stirring bar. Ph2CHK (296.6 mg, 1.44 mmol) in
THF (1 mL) was added slowly and the reaction mixture was stirred for
10 min, forming the bispotassium salt. YbCl3 (99.7 mg, 0.36 mmol) was
then added to this solution. The reaction mixture was stirred at room
temperature for 45 min and THF was evaporated in vacuo. The resulting
solid was extracted with toluene (5 mL), the solution was centrifuged and
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the filtrate was concentrated in vacuo. The product was obtained as a
reddish brown powder (215.0 mg, 0.15 mmol, 43% yield). The powder
was dissolved in THF (1 mL) and a slow condensation of hexanes in the
solution resulted in reddish brown crystals, not suitable for X-ray analy-
sis. IR (KBr, Nujol): ñ =1616, 1595, 1507, 1491, 1421, 1349, 1327, 1248,
1210, 1185, 1050, 1019, 857, 808, 745 cm�1; elemental analysis calcd (%)
for C76H92KN4O4Yb: C 68.24, H 6.93, Yb 12.94; found: C 68.48, H 6.94,
Yb 13.00.


Preparation of complex [K ACHTUNGTRENNUNG(thf)5][Y{(R)-C20H12N2 ACHTUNGTRENNUNG(C10H18)}2] (K-5b): In
an argon-filled glove box, YCl3 (69.7 mg, 0.36 mmol) was added slowly to
a solution of the bispotassium salt of (R)-(+)-2,2’-bis(cyclopentylamino)-
1,1’-binaphthyl in THF, prepared as described above for K-3b. The reac-
tion mixture was stirred at room temperature for 45 min and THF was
evaporated in vacuo. The resulting solid was extracted with toluene
(5 mL), the solution was centrifuged and the filtrate was concentrated in
vacuo. The product was obtained as an orange powder (256.0 mg,
0.20 mmol, 57% yield). The powder was dissolved in THF (1 mL) and a
slow condensation of hexanes into the solution resulted in orange crystals
not suitable for X-ray analysis. 1H NMR (250 MHz, C6D6): d=7.84 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.8 Hz, 2H; 2CH Ar), 7.76 (d, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 2H; 2CH Ar),
7.28 (d, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 2H; 2CH Ar), 7.23 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 2H;
2CH Ar), 7.02–7.12 (m, 16H; 16CH Ar), 3.70–3.82 (m, 4H; 4CH), 3.55–
3.60 (m, 16H; 8aCH2-THF), 1.47–1.70 (m, 8H; 4CH2), 1.39–1.44 (m,
16H; 8bCH2-THF), 1.30–1.36 (m, 4H; 2CH2), 1.17–1.23 (m, 8H; 4CH2),
0.89–1.13 ppm (m, 12H, 6CH2);


13C NMR (90 MHz, C6D6, 25 8C, TMS):
d=138.43 (4C Ar), 134.69 (4C Ar), 129.95 (2CH Ar), 129.30 (2CH Ar),
128.73 (2CH Ar), 128.61 (2CH Ar), 128.35 (4CH Ar), 127.23 (2CH Ar),
127.08 (4C Ar), 126.33 (2CH Ar), 124.46 (2CH Ar), 122.35 (2CH Ar),
117.52 (4C Ar), 115.25 (4CH Ar), 67.82 (aCH2-THF), 55.01 (4CH),
42.19 (4CH2), 33.71 (4CH2), 33.61 (4CH2), 25.81 (bCH2-THF),
23.87 ppm (4CH2); IR (KBr, Nujol): ñ =1605, 1591, 1538, 1493, 1419,
1367, 1350, 1327, 1291, 1247, 1052, 812, 742 cm�1; elemental analysis
calcd (%) for C76H92KN4O4Y: C 72.82, H 7.40; found: C 72.26, H 7.00.


Preparation of [K ACHTUNGTRENNUNG(thf)5][Yb{(R)-C20H12N2 ACHTUNGTRENNUNG(CH2CMe3)}2] (K-3d): In an
argon-filled glove box, (R)-(+)-2,2’-bis(neopentylamino)-1,1’-binaphthyl
(200.0 mg, 0.47 mmol) was solubilised in THF (3 mL) in a Schlenk flask
equipped with a magnetic stirring bar. Ph2CHK (195.3 mg, 0.95 mmol) in
THF (1 mL) was added slowly and the reaction mixture was stirred for
2h forming the bispotassium salt. YbCl3 (66.2 mg, 0.24 mmol) was then
slowly added to this solution, the reaction mixture was stirred at room
temperature overnight and THF was evaporated in vacuo. The resulting
solid was extracted with toluene (5 mL), the solution was centrifuged and
the filtrate was concentrated in vacuo. The product was obtained as a
reddish brown powder (206.2 mg, 0.15 mmol, 64% yield). The powder
was dissolved in THF (1 mL) and a slow condensation of hexanes in the
solution resulted in reddish brown crystals, suitable for X-ray analysis. IR
(KBr, Nujol): ñ=1607, 1590, 1538, 1496, 1421, 1364, 1336, 1317, 1283,
1244, 1210, 1094, 1055, 896, 810, 775, 744; elemental analysis calcd (%)
for C76H88KN4O4Yb: C 67.83, H 7.49, Yb 12.86; found: C 68.02, H 8.82,
Yb 13.16.


Synthesis of C-(1-but-2-enylcyclohexyl)methylamine (6 f): n-Buli 2.5m


(32.80 mL, 82.00 mmol) was added dropwise to a solution of diisopropyl-
amine (12.00 mL, 85.38 mmol) in THF (70 mL) at 0 8C and the reaction
mixture was stirred for 2 h. A solution of cyclohexane carbonitrile
(8.2 mL, 68.32 mmol) in THF (15 mL) was added dropwise at 0 8C and
the reaction mixture was stirred for three additional hours. A solution of
but-2-enyl bromide (9.6 mL, 78.75 mmol) in THF (15 mL) was added
dropwise at 0 8C and the reaction mixture was allowed to warm up to
room temperature overnight. It was hydrolysed with water (100 mL) and
the aqueous phase extracted with diethyl ether (3R100 mL). The com-
bined organic layers were dried (MgSO4), filtered and concentrated in
vacuo. The crude product was not isolated but used in the following step
without purification. It was solubilised in diethyl ether (30 mL) and
added dropwise to a suspension of LiAlH4 (2.60 g, 68.32 mmol) in diethyl
ether (120 mL) at 0 8C. The reaction mixture was allowed to warm up to
room temperature overnight and then hydrolysed with water until the
formation of white hydroxide aluminium salts. The solid was separated
from the mixture by filtration. The organic layer was dried (MgSO4), fil-


tered and concentrated. The residue was distilled (100 8C, 0.4 mbar) to
afford a colourless liquid (6.04 g, 36.17 mmol, 53% yield). The product is
a mixture of the cis/trans isomers (10:90). 1H NMR (250 MHz, CDCl3,
25 8C, TMS) trans isomer: d =5.30–5.36 (m, 2H; 2CH), 2.39 (s, 2H;
CH2), 1.87 (d, 3J ACHTUNGTRENNUNG(H,H)=6.1 Hz; CH2), 1.56 (d, 3J ACHTUNGTRENNUNG(H,H)=4.3 Hz, 3H;
CH3), 1.31–1.34 (m, 6H; 3CH2), 1.15–1.22 (m, 4H; 2CH2), 0.77–0.82 ppm
(br s, 2H; NH2);


13C NMR (62.5 MHz, C6D6, 25 8C, TMS): d=127.25
(CH), 127.15 (CH), 48.89 (CH2), 38.52 (CH2), 37.10 (C), 33.31 (2CH2),
26.50 (CH2), 21.58 (2CH2), 18.09 ppm (CH3); IR (CaF2): ñ =3391, 3308,
3019, 2923, 2853, 1615, 1454, 1377, 968 cm�1; HRMS (ESI): calcd for
C11H22N: 168.1752; found: 168.1747.


Catalytic tests


General procedure for NMR-scale racemic hydroamination–cyclisation :
For the cyclisations of aminoalkenes performed from 25 8C to 80 8C, in
the glove box, the appropriate aminoalkene (0.20 mmol) was dissolved in
C6D6 (0.1 mL) and dried on 4 Q molecular sieves for 2h at room temper-
ature. [Y{N ACHTUNGTRENNUNG(SiMe3)2}3] (11.2 mg, 0.02 mmol) was dissolved in C6D6


(0.7 mL) and introduced into a J. Young NMR tube equipped with a
teflon valve, and the aminoalkene solution was then introduced. The
NMR tube was heated out of the glove box at the appropriate tempera-
ture. The hydroamination reaction was monitored by 1H NMR spectros-
copy by observation of the decrease of the olefinic protons signals. After
the appropriate time, the reaction was quenched with CH2Cl2.


For the cyclisations of aminoalkenes performed at 110 8C the appropriate
aminoalkene (0.20 mmol) was dissolved in toluene (0.1 mL) in the glove
box and dried on 4 Q molecular sieves for 2h at room temperature. This
solution was added to [Y{N ACHTUNGTRENNUNG(SiMe3)2}3] (11.2 mg, 0.02 mmol) in solution in
toluene (0.7 mL) in a sealed tube which was sealed and heated at 110 8C
for the appropriate time. The reaction was quenched with CH2Cl2.


Typical procedure for the in-situ preparation of the Li ate complexes Li-
3a, Li-3b, Li-3d and Li-5b : In an argon-filled glove box, the ligand
(0.12 mmol) was solubilised in hexanes (2 mL) in a Schlenk flask
equipped with a magnetic stirring bar. nBuLi (1.6m in hexanes, 0.15 mL,
0.24 mmol) was introduced through a microsyringe and the reaction mix-
ture was stirred for 10 min (30 min for Li-3d) to give a yellowish suspen-
sion. The solvent was evaporated in vacuo. LnCl3 (0.06 mmol) was added
to the solution of the bislithium salt of the ligand in THF (2 mL). The re-
action mixture was stirred at room temperature for 45 min (3 h for Li-
3d) and THF was evaporated in vacuo. The crude mixture was directly
used for the catalytic tests.


Typical procedure for the preparation of the K ate complexes K-3b, K-3d
and K-5b : In an argon-filled glove box, the ligand (0.12 mmol) was solu-
bilised in THF (2 mL) in a Schlenk flask equipped with a magnetic stir-
ring bar. Ph2CHK (49.0 mg, 0.24 mmol) in THF (0.5 mL) was added
slowly and the reaction mixture was stirred for 10 min (2 h for K-3d).
LnCl3 (0.06 mmol) was then slowly added to the solution of the bis potas-
sium salt of the ligand in THF. The reaction mixture was stirred at room
temperature for 45 min (overnight for K-3d) and THF was evaporated in
vacuo. The crude mixture was directly used for the catalytic tests.


General procedure for NMR-scale asymmetric hydroamination–cyclisation
of aminoalkenes : For the cyclisation of aminoalkenes performed from
25 8C to 80 8C the appropriate aminoalkene (0.20 mmol) was dissolved in
C6D6 (0.1 mL) in the glove box and dried on 4 Q molecular sieves for 2 h
at room temperature. The lanthanide catalyst was dissolved in C6D6


(0.7 mL) and introduced into a J. Young NMR tube equipped with a
teflon valve and the aminoalkene solution was then introduced. The
NMR tube was heated out of the glove box at the appropriate tempera-
ture. The hydroamination reaction was monitored by 1H NMR spectros-
copy by observation of the decrease of the olefinic protons signals. After
the appropriate time, the reaction was quenched with CH2Cl2.


For the cyclisation of aminoalkenes performed at 0 8C the appropriate
aminoalkene (0.20 mmol) was dissolved in toluene (0.1 mL) in the glove
box and dried on 4 Q molecular sieves for 2 h at 0 8C. The lanthanide cat-
alyst was dissolved in toluene (0.5 mL) and cooled at 0 8C for 30 min.
The aminoalkene solution was added at 0 8C to the catalyst solution and
maintained at 0 8C during the appropriate time. The reaction mixture was
quenched with CH2Cl2.
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For the cyclisation of aminoalkenes performed at 110 8C the appropriate
aminoalkene (0.20 mmol) was dissolved in toluene (0.1 mL) in the glove
box and dried on 4 Q molecular sieves for 2 h at room temperature. The
lanthanide catalyst was dissolved in toluene (0.7 mL) and introduced into
an ampoule which was sealed and heated at 110 8C during the appropri-
ate time. The reaction was quenched with CH2Cl2.


3-Ethyl-2-azaspiro ACHTUNGTRENNUNG[4,5]decane (7 f): Colourless oil; b.p. 100 8C, 0.4 mbar;
[a]20D =++3.6 (c=0.12 in chloroform) for 27% ee, 58% isolated yield;
1H NMR (400 MHz, C6D6, 25 8C, TMS): d=3.17–3.28 (m, 1H; CH), 3.07
(d, 3J ACHTUNGTRENNUNG(H,H)=11.3 Hz, 1H; CH2), 2.94 (d, 3J ACHTUNGTRENNUNG(H,H)=11.3 Hz; 1H; CH2),
1.89–2.04 (m, 1H; CH2), 1.09–1.63 (m, 13H; 6CH2 + NH), 0.98 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.6 Hz, 3H; CH3), 0.86–0.89 ppm (m, 1H, CH2);


13C NMR
(100 MHz, C6D6, 25 8C, TMS): d =60.44 (CH), 42.54 (C), 37.62 (2CH2),
36.37 (CH2), 27.18 (CH2), 26.07 (CH2), 24.06 (CH2), 23.46 (2CH2),
11.78 ppm (CH3); IR (CaF2): ñ =2926, 2854, 1623, 1450 cm�1; HRMS
(ESI): m/z calcd for C18H22N: 252.1747; found: 252.1749.


2-Ethyl-4,4-diphenylpyrrolidine (7g): Colourless oil; 1H NMR (250 MHz,
C6D6, 25 8C, TMS): d =7.06–7.28 (m, 10H; 10CH Ar), 3.56 (d, 3J ACHTUNGTRENNUNG(H,H)=


10.7 Hz, 1H; CH2), 3.33 (d, 3J ACHTUNGTRENNUNG(H,H)=10.7 Hz, 1H; CH2), 2.94–3.00 (m,
1H; CH2), 2.48–2.55 (m, 1H; CH2), 1.82–1.91 (m, 1H; CH), 1.47–1.50
(m, 1H; NH), 1.31–1.44 (m, 2H; CH2), 0.90 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz,
3H; CH3);


13C NMR (62.5 MHz, CDCl3, 25 8C, TMS): d=148.70 (C Ar),
147.92 (C Ar), 128.53 (4CH Ar), 127.59 (4CH Ar), 126.12 (2CH Ar),
59.50 (CH), 58.26 (CH2), 56.93 (C), 45.51 (CH2), 30.62 (CH2), 11.79 ppm
(CH3); IR (CHCl3): ñ=2918, 2877, 2710, 2553, 1601, 1493, 1456,
1380 cm�1; HRMS (ESI): m/z calcd for C11H21N: 167.1669; found:
167.1671.


Determination of enantiomeric excesses for the amine 7 f, 7g, 7h and 9


3-Ethyl-2-azaspiro ACHTUNGTRENNUNG[4,5]decane (7 f): Dimethylaminopyridine (6.0 mg,
0.04 mmol), triethylamine (27.5 mL, 0.20 mmol) and Mosher chloride
(37.0 mL, 0.20 mmol) were added to a solution of pyrrolidine 7 f
(0.20 mmol) in CH2Cl2 (5 mL). The reaction mixture was stirred at room
temperature for 2 h and then hydrolysed with water (5 mL). The aqueous
phase was extracted with CH2Cl2 (3R5 mL). After drying, the crude
product was dissolved in diethyl ether and injected on a GC capillary
column DB-1 (80 8C (5 min) then 10 8Cmin�1 until 200 8C (20 min),
t1(major)=28.86 min, t2(minor)=29.57 min).


2-Ethyl-4,4-diphenylpyrrolidine (7g): Dimethylaminopyridine (6.0 mg,
0.04 mmol), triethylamine (27.5 mL, 0.20 mmol) and naphthoyl chloride
(29.5 mL, 0.20 mmol) were added to a solution of pyrrolidine 7g,
(49.2 mg, 0.20 mmol) in CH2Cl2 (5 mL). The reaction mixture was stirred
at room temperature for 2 h and then hydrolysed with water (5 mL). The
aqueous phase was extracted with CH2Cl2 (3R5 mL). The combined or-
ganic layers were washed with a saturated solution of NH4Cl, dried
(MgSO4), filtered and concentrated in vacuo. The crude product was pu-
rified by preparative silica plate (cyclohexane/AcOEt 75/25). The ee was
determined by HPLC analysis using a (S,S)-Whelk O1 column (hexane/
EtOH 75/25; flow: 0.9 mLmin�1, t1(minor)=8.10 min, t2(major)=15.01 min).


2-Benzyl-4,4-diphenylpyrrolidine (7h): The same procedure for the prep-
aration of the amide was used as described for 7g. The ee was deter-
mined by HPLC analysis using a (S,S)-Whelk O1 column (hexane/EtOH
75/25; flow: 0.9 mLmin�1, t1=9.90 min, t2=20.83 min).


2-Methylindoline (9): The same procedure for the preparation of the
amide was used as described for 7g. The ee was determined by HPLC
analysis using a (S,S)-Whelk O1 column (hexane/EtOH 75/25; flow:
0.7 mLmin�1, t1=24.67 min, t2=26.70 min).


X-ray crystallography : Low-temperature diffraction data of Li-3b, Li-
5b[30] were collected on a Kappa X8 APPEX II Bruker diffractometer
with graphite-monochromated MoKa radiation (l =0.71073 Q), by per-
forming f and w scans. The temperature of the crystal was maintained at
the selected value (180 K) by means of a 700 series Cryostream cooling
device to within an accuracy of �1 K. For complex K-3d[30] the data
were collected on Stoe IPDS diffractometer operating with monochro-
matic MoKa radiation (l=0.71073). The data were corrected for Lorentz,
polarisation, and absorption effects. The structures were solved by direct
methods with SHELXS-97[31] and refined against F2 by full-matrix least-
squares techniques with SHELXL-97[32] with anisotropic displacement


parameters for all non-hydrogen atoms. Hydrogen atoms were located on
a difference Fourier map and introduced into the calculations as a riding
model with isotropic thermal parameters. All calculations were per-
formed by using the Crystal Structure crystallographic software package
WINGX.[33] The absolute configuration was determined by refining the
FlackSs[34] parameter using a large number of FriedelSs pairs.
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Strong Dissimilarities Between the Gas-Phase Acidities of Saturated and a,b-
Unsaturated Boranes and the Corresponding Alanes and Gallanes


Jos) A. G*mez,[a] Jean-Claude Guillemin,*[b] Otilia M1,[a] and Manuel Y*Çez*[a]


Introduction


Since the discovery in 1989 of the dramatic increase of acidi-
ty of ethynol relative to the corresponding saturated deriva-
tive, ethanol, reported by Radom et al.[1] through the use of
theoretical calculations, similar gas-phase acidity enhance-
ments have been reported for a large set of a,b-unsaturated
heterocompounds, on both experimental (Fourier transform


ion cyclotron resonance (FT-ICR) mass spectrometry) and
theoretical grounds. The sets investigated included amines,
phosphines,[2] arsines,[3] silanes, germanes, stannanes,[4] thiols,
selenols, and tellurols.[5] Theoretical calculations also pre-
dicted unsaturated stibines to exhibit the same behavior.[5] It
has also been demonstrated that the acidity of hetero-
ACHTUNGTRENNUNGcompounds bearing the same substituent depends mainly on
the nature of the unsaturated group and on the hetero ACHTUNGTRENNUNGatom.
Accordingly, good linear correlations were found between
the gas-phase acidities of homologous compounds of
Groups 14, 15, and 16.[5] However, these results, which only
concern the heteroatoms of Groups 14–16, are not sufficient
to conclude safely that the aforementioned increase in acidi-
ty is a general rule for any a,b-unsaturated derivatives of a
divalent (or more) heteroatom of the periodic table, because
these sets only include heteroatoms of the carbon group or
groups to the right of carbon. The aim of this paper is to
extend the study of intrinsic acidities to derivatives in which
the heteroatoms belong to Group 13 of the periodic table.


Among organoborane compounds, special attention was
devoted to borirene (CH)2BH,[6,7] which can be considered


Abstract: The effect that unsaturation
has on the intrinsic acidity of boranes,
alanes, and gallanes, was analyzed by
B3LYP and CCSD(T)/6–311+G-
ACHTUNGTRENNUNG(3df,2p) calculations on methyl-, ethyl-,
vinyl-, and ethynylboranes, -alanes and
-gallanes, and on the corresponding hy-
drides XH3. Quite unexpectedly, meth-
ylborane, which behaves as a carbon
acid, is predicted to have an intrinsic
acidity almost 200 kJmol�1 stronger
than BH3, reflecting the large rein-
forcement of the C�B bond, which
upon deprotonation becomes a double
bond through the donation of the lone
pair created on the carbon atom into
the empty p orbital of the boron. Also
unexpectedly, and for the same reason,


the saturated and a,b-unsaturated bor-
anes are much stronger acids than the
corresponding hydrocarbons, in spite of
being carbon acids as well. The Al de-
rivatives also behave as carbon acids,
but in this case the most favorable de-
protonation process occurs at Cb, lead-
ing to the formation of rather stable
three-membered rings, again through
the donation of the Cb lone pair into
the empty p orbital of Al. For Ga-con-
taining compounds the deprotonation
of the GaH2 group is the most favora-


ble process. Therefore only Ga deriva-
tives behave similarly to the analogues
of Groups 14, 15, and 16 of the period-
ic table, and the saturated derivatives
exhibit a weaker acidity than the unsa-
turated ones. Within Group 13, boranes
are stronger acids than alanes and gal-
lanes. For ethyl and vinyl derivatives,
alanes are stronger acids than gallanes.
We have shown, for the first time, that
acidity enhancement for primary
hetero ACHTUNGTRENNUNGcompounds is not only dictated
by the position of the heteroatom in
the periodic table and the nature of the
substituent, but also by the bonding re-
arrangements triggered by the
deprotonACHTUNGTRENNUNGation of the neutral acid.
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the smallest aromatic molecule. This molecule was detected
and identified, together with ethynylborane and borallene
(HBCCH2), by reactions of laser-ablated boron atoms with
ethylene and ethane.[8] Other small organoborane species,
such as CH3BH, HCBH, H2CBH, H2CBH2, and HBCBH,
were also generated by pulsed-laser evaporated boron atom
reactions with methane.[9] Systematic theoretical investiga-
tions on BC2H2, BC2H4, and BC2H5 species, including vinyl-
borane, have been also reported by different groups.[10–15]


However, the information on anionic species is very scarce.
The properties of [H2BC=CH2]


� and the rearrangements of
[BH2C�C]� have been described in two different theoretical
papers.[16,17] Particular attention was also paid to AlC2H2 and
AlC2H4 complexes,[10,11,18–24] but the information on similar
Ga derivatives is much more scarce[25,26] and, to the best of
our knowledge, almost completely absent for the corre-
sponding anions.[17]


Boranes, alanes, and gallanes are usually considered as hy-
drides in the condensed phase, but the development of gas-
phase ion chemistry in the last three decades of the twenti-
eth century has led to a significant change in our view of
chemical reactivity. The absence of solute–solvent and coun-
terion interactions revealed the existence of reactivity
trends very different from those usually accepted and ob-
tained in condensed media. Thus, similarly to what was
found for the hydrides of Groups 14, 15, and 16, the acidities
of which follow the trends:[27] CH4<SiH4<GeH4; NH3<


PH3<AsH3; H2O<SH2<SeH2, in a recent paper,[28] it was
found by means of high-level theoretical calculations, that
AlH3 and GaH3 were more acidic in the gas phase than BH3


or the corresponding alkane (CH4). Surprisingly, however,
the experimental gas-phase acidity of borane (BH3) is slight-
ly stronger than that of methane,[27] even though B is to the
left of C in the periodic table. In the light of these results,
one would expect that for alkylboranes, alkylalanes, or al-
kylgallanes the most acidic hydrogen atoms should be those
linked to the heteroatom. However, as shown in this paper,
this is only the case when dealing with Ga derivatives.


Not surprisingly, in saturated and a,b-unsaturated deriva-
tives containing substituent groups from columns 14, 15, and
16 in the periodic table, deprotonation takes place preferen-
tially at the heteroatom, which is better prepared to accom-
modate an excessive electron density. However, the situa-
tion may be different when dealing with compounds from
Group 13, which have an ns2np1 configuration, and behave
as electron-deficient systems. As for compounds from
Groups 14, 15, and 16, the proton can be lost from the
hetero ACHTUNGTRENNUNGatom, but if the deprotonation takes place at one of
the carbon atoms, the lone pair so created can be donated
into the empty p orbital of the heteroatom, X, forming a
new C�X bond or reinforcing an already existing C�X
bond. Therefore, in organic compounds containing Group 13
hetero ACHTUNGTRENNUNGatoms, a critical competition between how effectively
this new dative bond stabilizes the anion, and the natural
tendency of the systems to lose the proton from the hetero-
ACHTUNGTRENNUNGatom,[28] comes into play. We show, through a theoretical
study of the gas-phase acidity of methyl-, ethyl-, vinyl-, and


ethynylboranes, -alanes, and -gallanes (Scheme 1), that in
fact there is no straightforward answer to the question of
which of the two effects dominates, since the behavior of
the system upon deprotonation depends on the nature of
the heteroatom (X=B, Al, Ga).


Computational Methods


The theoretical treatment of the various systems under study was per-
formed by using the Gaussian-03 suite of programs.[29] In the first step,
we optimized the geometries of all the different conformers of both neu-
tral and anionic species, considering deprotonation from any possible po-
sition to yield all possible isomers. These calculations were performed at
the B3LYP/6-31+G ACHTUNGTRENNUNG(d,p) level, which usually yields accurate geometries,
while being not too computationally demanding. To obtain reliable ener-
gies, single-point calculations at higher levels were carried out, in a
second step, for the most stable structures. These high-level calculations
were performed by using two different approaches: the already men-
tioned B3LYP hybrid functional, and the coupled cluster CCSD(T)
method that includes single and double excitations and perturbative tri-
ples. Both methods were used in association with two different basis set
expansions: 6–311+G ACHTUNGTRENNUNG(3df,2p), and aug-cc-pVTZ.


Harmonic vibrational frequencies were obtained at the B3LYP/6-31+G-
ACHTUNGTRENNUNG(d,p) level in order to confirm that the structures found corresponded to
local minima of the potential-energy surface and to evaluate the zero-
point energy (ZPE) and other thermal corrections.


To gain some insight into the electronic structure and into the bonding of
the systems under investigation we also used the Atoms-In-Molecules
(AIM) theory[30] to analyze the topology of the electron density. For this
purpose we evaluated the electron density at the different bond critical
points (bcp) which would help us to understand the changes occurring on
going from the neutral to the anionic compounds.


Results and Discussion


Structural effects of deprotonation and relative stability : In
Table 1 we have summarized the relative stability of the dif-
ferent anions that can be formed by deprotonation of satu-
rated and a,b-unsaturated derivatives containing B, Al, and
Ga as heteroatoms. In this table, only the most stable con-
former in each case is reported. The structures of all the
conformers investigated are schematized in the Supporting
Information. The first conspicuous fact is that the most
stable anion dramatically depends on the nature of the het-
eroatom, and is different for B, Al, and Ga.


As far as the methyl derivatives are concerned, the
carbon deprotonation is strongly favored compared to de-
protonation at the heteroatom in the case of the boron de-
rivative, while for Al both processes involve essentially the
same amount of energy. Conversely, for the Ga derivative,
deprotonation of the GaH2 group is clearly favored.


Scheme 1.
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For the ethyl and vinyl boron derivatives, deprotonation
occurs preferentially at Ca, while for the corresponding Al
derivatives, Cb deprotonation is clearly favored, leading to
the cyclization of the anion. Fascinatingly, gallium com-
pounds exhibit completely different behavior from the two
previous elements of its group, since in this case deprotona-
tion from the heteroatom gives rise to the most stable
anion.


These dissimilarities also appear as far as the deprotona-
tion of the ethynyl derivatives is concerned. As shown in
Table 1, deprotonation at Cb is strongly favored for the
boron derivative, but only weakly for the Al-containing
compound, whereas the gallium derivative loses the proton
from the GaH2 group.


These strong dissimilarities may be explained in terms of
the electron-density redistribution undergone by the system
upon deprotonation. Let us consider the boron compounds
in the first place. Ca deprotonation is strongly favored by
the formation of a double bond between B and Ca, through
a do ACHTUNGTRENNUNGnation of the carbon lone pair created in the deprotona-
tion process into the empty p orbital of B. Consistently, for
the methyl, ethyl, and vinyl derivatives there is a remark-
able shortening of the C�B bond and a concomitant in-
crease of the electron density of the corresponding bond
critical point (bcp) on going from the neutral species to the
corresponding anion (see Table 2). The aforementioned
dative bond from Ca towards the boron atom enhances the
electronegativity of the former, which, according to the
bond activation–reinforcement (BAR) rule,[31] results in a
slight shortening of the C�C bond in both ethyl and vinyl
derivatives (see Table 2).


For the ethynyl derivative, Cb deprotonation is much
more favorable than B deprotonation (note that Ca deproto-
nation is not possible in this case), leading to an anion with
a significant contribution from the allene-type structure
shown in Scheme 2, as suggested previously in the litera-
ture.[16] Accordingly, the C�C bond lengthens, and its bcp
electron density decreases, while the C�B bond shortens
and the electron density at the bcp increases (see Table 2).


When deprotonation occurs at Cb, a three-membered ring
structure is formed. As mentioned previously, boron is an
electron-deficient system and therefore behaves as a very
good electrophilic centre able to accommodate the lone pair


Table 1. B3LYP/6–31+G ACHTUNGTRENNUNG(d,p) relative stabilities in terms of DG [kJmol�1], for
the most stable conformers obtained by deprotonation at the heteroatom, at Ca


or at Cb, of R�XH2 (X=B, Al, Ga) derivatives.


Deproton ACHTUNGTRENNUNGation
site


Structure DG


X=B X=Al X=Ga


R=methyl neutral


X 236 0 0


Ca 0 2 20


R=ethyl neutral


X 224 27 0


Ca 0 33 18


Cb 13 0 13


R=vinyl neutral


X 192 12 0


Ca 0 27 23


Cb 136 0 50


R=ethynyl neutral


Table 1. (Continued)


Deproton ACHTUNGTRENNUNGation
site


Structure DG


X=B X=Al X=Ga


X 139 3 0


Cb 0 0 28
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created on the Cb carbon atom after deprotonation, which
behaves accordingly as a good nucleophilic centre. The in-
teraction between both centers leads to the cyclization of
the molecule through the formation of a new C�B covalent
bond (see Figure 1). However, this three-membered ring is
less stable than its doubly-bonded counterpart produced
upon Ca deprotonation. The situation is similar to that of
propene and cyclopropane, the enthalpies of formation of
which clearly show that the latter is less stable than the
former, due to ring strain.[32–34]


If we move now to the aluminum series, a different situa-
tion arises. As indicated above, deprotonation takes place
preferentially at the Cb position due to two concomitant ef-


fects. On the one hand, the
tendency to form multiple
bonds is smaller for second-
row elements than for first-row
elements, as has been discussed
previously in the literature.[23,24]


On the other hand, the stabili-
ties of three-membered cycles
containing Al are larger, in rel-
ative terms, than those contain-
ing B, because of a more effi-
cient interaction of the radial
p orbitals of Al with the C or-
bitals in the corresponding a1


bonding molecular orbitals
(MOs) (see Scheme 3). Both
effects make Cb deprotonation
for Al derivatives energetically
more favorable than Ca depro-
tonation.


For gallium compounds one
would expect behavior rather
similar to that observed for
aluminum, in the sense that
cyclic structures produced by
Cb deprotonation should be
more stable than the structures


with a formal C=Ga double bond obtained by Ca deprotona-
tion. However, for this heteroatom, the deprotonation of
GaH2 is systematically the
most favorable process, in
spite of the fact that Ga-con-
taining three-membered rings
are not very different from Al-
containing ones (see Figure 2).
Since the apparent relatively
smaller stability of these cyclic
structures does not correspond
to geometrical features, we
must invoke other factors to
explain why the deprotonation of the GaH2 group becomes
the most favorable process. This seems to indicate a non-
negligible role of the electronegativity of the heteroatom, as
we shall show in the subsequent sections.


Acidity trends : To investigate the influence of the intrinsic
properties of the heteroatom on the acidity of these com-
pounds it would be convenient to investigate the behavior
of systems in which the connectivity of the heteroatom
cannot change, either by changing a single bond to a double
bond, or by forming a new bond. The best candidates for
this purpose would be the corresponding hydrides, XH3


(X=B, Al, Ga), which fulfill this condition. Furthermore,
the systems we are dealing with can be regarded as deriva-
tives of these hydrides. At the same time, we considered it
advisable to compare the acidities of these three systems
with that of methane, the simplest carbon hydride, since in


Table 2. Bond lengths [S] and electron densities at the bond critical points [a.u., within parentheses] for the
most stable anions, obtained by deprotonation of R�XH2 (X=B, Al, Ga) derivatives.


R Bond Neutral Anions (Deprotonation site)
X[a] Ca Cb


boron compounds
CH3 C�B 1.559 (0.193) 1.613 (0.167) 1.465 (0.209)
CH3�CH2 C�B 1.560 (0.195) 1.607 (0.165) 1.461 (0.210) 1.621 (0.145)


C�C 1.537 (0.236) 1.551 (0.231) 1.518 (0.243) 1.539 (0.223)
CH2=CH C�B 1.542 (0.195) 1.504 (0.193) 1.429 (0.209) 1.617 (0.138)


C�C 1.350 (0.341) 1.376 (0.336) 1.329 (0.346) 1.323 (0.342)
CH�C C�B 1.505 (0.188) 1.413 (0.213) 1.473 (0.200)


C�C 1.220 (0.402) 1.305 (0.360) 1.266 (0.392)
aluminum compounds
CH3 C�Al 1.966 (0.087) 2.082 (0.069) 1.853 (0.097)
CH3�CH2 C�Al 1.974 (0.087) 2.085 (0.070) 1.857 (0.097) 2.002 (0.070)


C�C 1.541 (0.231) 1.540 (0.234) 1.519 (0.246) 1.566 (0.216)
CH2=CH C�Al 1.951 (0.088) 2.068 (0.069) 1.834 (0.094) 1.959 (0.070)


C�C 1.348 (0.339) 1.350 (0.337) 1.328 (0.349) 1.354 (0.330)
CH�C C�Al 1.913 (0.083) 2.045 (0.062) 1.852 (0.093)


C�C 1.222 (0.402) 1.234 (0.393) 1.266 (0.394)
gallium compounds
CH3 C�Ga 1.957 (0.119) 2.074 (0.094) 1.846 (0.137)
CH3�CH2 C�Ga 1.963 (0.119) 2.067 (0.085) 1.845 (0.137) 2.012 (0.094)


C�C 1.535 (0.236) 1.531 (0.237) 1.511 (0.245) 1.552 (0.230)
CH2=CH C�Ga 1.934 (0.123) 2.029 (0.099) 1.829 (0.135) 1.991 (0.095)


C�C 1.344 (0.343) 1.348 (0.336) 1.324 (0.350) 1.346 (0.337)
CH�C C�Ga 1.906 (0.115) 2.055 (0.083) 1.855 (0.127)


C�C 1.218 (0.403) 1.232 (0.394) 1.262 (0.393)


[a] X=B, Al, or Ga.


Scheme 2.


Figure 1. B3LYP/6-31+G ACHTUNGTRENNUNG(d,p) optimized structures of the cyclic anions
obtained by Cb deprotonation processes of R�BH2 (R=ethyl, vinyl).
Bond lengths in S and bond angles in degrees.


Scheme 3.
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the organic derivatives under investigation in this paper
sometimes a competition between deprotonation at X or at
carbon is predicted. Only the gas-phase acidity of CH4 is ex-
perimentally known (see Table 3), but, as expected, previous


high-level ab initio and DFT calculations, in agreement with
our estimates, indicate[28] that BH3 is significantly less acidic
than both AlH3 and GaH3, while GaH3 is a slightly stronger
acid than AlH3. However, taking into account that along the
first row the hydride acidity increases with electronegativity
(CH4<NH3<H2O<FH) it would be reasonable to expect
BH3 to be less acidic than CH4, which is not the case. In this
respect, it is worth mentioning that acidity trends in a large
series of hydrides have been analyzed in terms of the elec-
tron reorganization energy[28] defined as the energy required
to create an A�H+ pair of ions, without having to pay the
enthalpy price for separating them. However, although the
correlation between the electron reorganization energy so
defined and the electronegativity of A is very good for a
large series of hydrides, those of CH4, BH3, and AlH3 devi-
ate significantly.[28]


To understand these findings we evaluated the intrinsic
acidities of these hydrides with a reasonably high accuracy,


through CCSD(T)/aug-cc-pVTZ and CCSD(T)/6–311+G-
ACHTUNGTRENNUNG(3df,2p) calculations. The values so obtained, independently
of the basis set used, are in fairly good agreement with the
experimental values or with previous theoretical esti-
mates,[28,35] the only exception being the CCSD(T)/aug-cc-
pVTZ value for GaH3 which is too high with respect to the
previous G3ACHTUNGTRENNUNG(MP2) reported value,[28] which in contrast is in
very good agreement with our CCSD(T)/6–311+GACHTUNGTRENNUNG(3df,2p)
estimate. In what follows we always refer to the CCSD(T)/
6–311+GACHTUNGTRENNUNG(3df,2p) results in our discussion.


The apparent contradiction between the acidity trends
and the electronegativity trends can be understood assuming
that the deprotonation reaction can be considered as a two-
step process defining the thermodynamic cycle shown in
Figure 3, which has been widely used in the literature to


answer similar questions.[36–40] The first step corresponds to
the homolytic cleavage of the X�H bond, and the second
one to the formation of the corresponding ion pair by an
electron transfer from the hydrogen atom towards the
XHn�1 fragment. This second step is characterized energeti-
cally by the ionization energy of hydrogen (IE(H)) and the
electron affinity of the XHn�1 moiety (EA ACHTUNGTRENNUNG(XHn�1)).


Taking into account that IE(H) is a constant in the pro-
cess, the acidities of the XHn compounds depend exclusively
on two factors: the strength of the X�H linkage, and the
electron affinity of the radical produced by the X�H bond
cleavage. The calculated values obtained for the homolytic
dissociation of the X�H bonds as well as for the electron af-
finities of the XHn�1 systems are summarized in Table 4. It
can be observed that, as expected, the acidity gaps between
the four compounds under investigation are essentially
equal to the differences between the DH ACHTUNGTRENNUNG(X�H) and EA-


Figure 2. B3LYP/6-31+G ACHTUNGTRENNUNG(d,p) optimized structures of the cyclic anions
obtained by Cb deprotonation processes of R�XH2 (X=Al, Ga; R=


ethyl, vinyl). Bond lengths in S and bond angles in degrees.


Table 3. Theoretical and experimental acidity enthalpies (DHacid) and
free energies (DGacid) of XH3 (B, Al, Ga) and CH4. Values in kJmol�1.


CCSD(T) Literature
aug-cc-pVTZ 6-311+G ACHTUNGTRENNUNG(3df,2p)


Molecule DHacid DGacid DHacid DGacid DHacid


CH4 1743 1709 1748 1714 1744�3[b]


BH3
[a] 1724 1689 1725 1690 1720[c]


AlH3 1556 1522 1559 1525 1561.5[d] 1553.9[c]


GaH3 1555 1524 1536 1505 1536.4[c]


[a] To estimate the acidity values we considered the triplet electronic
state of BH2


�, which lies lower in energy than the singlet state. [b] Exper-
imental values taken from reference [27]. [c] G3 ACHTUNGTRENNUNG(MP2) calculated values
taken from reference [28]. [d] B3LYP/aug-cc-pVTZ calculated value
taken from reference [35].


Figure 3. Thermodynamic cycle decomposing the deprotonation of XHn


species into a two-step process involving a homolytic cleavage of the X�
H bond and an electron transfer from hydrogen to the remaining frag-
ment.


Table 4. Acidity enthalpies (DHacid), X�H bond dissociation enthalpies,
and XHn�1 electron affinities (EA) calculated at the CCSD(T)/6–311+G
(3df,2p) level. All values are in kJmol�1.


DHACHTUNGTRENNUNG(X�H) EA ACHTUNGTRENNUNG( XHn�1) DH ACHTUNGTRENNUNG(X�H) + EA(X) DHacid


CH4 429 -6 435 1748
BH3 431 19 413 1725
AlH3 346 100 246 1559
GaH3 327 103 224 1536
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ACHTUNGTRENNUNG(XHn�1) terms, demonstrating the consistency of our calcula-
tions.


More importantly, our results, in agreement with previous
theoretical estimates,[41, 42] indicate that in methane and
borane the X�H bond dissociation energies are rather simi-
lar, and therefore the difference in their acidities essentially
reflects the fact that the BH2C radical has a much higher
electron affinity than the CH3C radical. When we move to
the aluminum and gallium hydrides there is a great acidity
enhancement due to two concomitant factors: a great in-
crease of the electron affinity of the AlH2C and GaH2C radi-
cals, which shows the ability of second- and third-row atoms
to accommodate excessive electron density, and a decrease
of the X�H bond dissociation energy. Hence, the main con-
clusion is that the acidities of the hydrides of the three first
elements of Group 13 of the periodic table are stronger than
that of methane, even though carbon is more electronega-
tive than B, Al, and Ga.


From the acidity values in Table 4, it would be logical to
expect that the RXH2 organic derivatives of B, Al, and Ga
should lose the proton from the XH2 (X=B, Al, Ga) group
rather than from the carbon. Nonetheless, this is not the
case when X=B or Al, since, as we have shown above, B
and Al derivatives behave as carbon acids because the elec-
tron-deficient nature of these heteroatoms favors the forma-
tion of double bonds or of new bonds between the hetero-
atom and the deprotonated carbon atom. Consequently, it is
this factor, and only this, which is responsible for the carbon
deprotonation for those compounds, whereas gallium ana-
logues follow the natural trend dictated by the intrinsic elec-
tronegativity of the heteroatom and the strength of the X�
H bonds.


One of the most important consequences of this is the
large acidity enhancement on going from the boron hydride
to its organic derivatives (see Table 5). However, even more
important is the fact that, although the organic derivatives
behave as carbon acids, their acidities are much stronger
than those of the corresponding purely organic analogues.
For instance, the acidity of methylborane is 1519 kJmol�1,
whereas the acidity of ethane is much weaker,
1758 kJmol�1.[4] The same occurs if one compares vinylbor-
ane (DHacid=1524 kJmol�1) and propene (DHacid =


1623 kJmol�1[4]). This reflects the extent of the stabilization
produced by the formation of the Ca=B double bond after
deprotonation. There is at least one experimental indication
that our conclusion is correct: trimethylboron is a much


stronger acid (DHacid=1532�26 kJmol�1)[27] than any
alkane.[43] As a matter of fact, the acidity of a methyl group
in an alkane with a structure similar to trimethylboron [2,2-
dimethyl-propane] is significantly weaker (DHacid =


1711 kJmol�1) than that of Me3B. Furthermore, the acidity
predicted for trimethylboron using the theoretical scheme
adopted in this work agrees with the experimental value
within the error limits (DHacid=1552 kJmol�1).


It is also interesting to note that the intrinsic acidities of
Ga derivatives follow the trend dictated by the electronega-
tivity of the organic moiety attached to the GaH2 group, so
the observed acidity trend is ethynyl>vinyl>ethyl>methyl.
However, this trend is not observed for B and Al deriva-
tives, which behave essentially as carbon acids. In fact, the
vinyl derivatives are predicted to be slightly less acidic than
the ethyl ones due to a slightly lower stability of the anion
as a consequence of its allene-like structure, in the case of
the B derivatives.


It is also worth noting the good agreement between
B3LYP and CCSD(T) results. This indicates that the former
method can be a reliable alternative for calculating acidities
of systems of much larger size than those investigated here,
and for which the CCSD(T) calculations can be prohibitive-
ly expensive.


As far as aluminum and gallium derivatives are con-
cerned, it is observed that the variation in acidity from the
hydrides to the organic derivatives is not as dramatic as for
boron. This, again, shows the very different behavior of
first-row elements compared to the remaining elements of
the same group. On the one hand, AlH3 and GaH3 already
have a much stronger acidity than BH3, and on the other
hand the stabilization of the system due to the formation of
C=X double bonds is much lower for Al and Ga than for B.


These dissimilarities also have remarkable consequences
as far as the acidity pattern within the group is concerned.
With the exception of the hydride, boron derivatives are
more acidic than the corresponding aluminum and gallium
partners, reflecting the greater stability of the C=B double
bonds. When Al and Ga derivatives are compared, one
should expect the latter to be more acidic, since Ga is not
only a third-row atom, but is also slightly more electronega-
tive than Al. However, ethyl- and vinylalane are slightly
more acidic than the Ga-containing analogues due to the en-
hanced stability of the Al cyclic anions.


Conclusion


The high-level DFT and ab
initio calculations presented
here lead to the conclusion
that, although carbon is more
electronegative than boron,
BH3 is a slightly stronger acid
than methane, reflecting the
fact that the electron affinity
of the BH2C radical is greater


Table 5. Acidity enthalpy (DHacid) and acidity GibbTs free energy (DGacid, within parentheses) for RXH2 deriv-
atives calculated using a 6–311+G ACHTUNGTRENNUNG(3df,2p) basis set. All values are in kJmol�1.


CCSD(T) B3LYP
DHacid (DGacid) DHacid (DGacid)


R X=B X=Al X=Ga X=B X=Al X=Ga


H 1725 (1690) 1559 (1525) 1536 (1505) 1725 (1690) 1563 (1529) 1530 (1499)
CH3 1519 (1491) 1569 (1543) 1545 (1517) 1520 (1492) 1577 (1550) 1542 (1514)
CH2CH3 1511 (1484) 1524 (1498) 1540 (1509) 1513 (1483) 1530 (1505) 1539 (1508)
CH=CH2 1524 (1493) 1529 (1501) 1534 (1502) 1518 (1488) 1539 (1511) 1534 (1502)
C�CH 1524 (1492) 1535 (1501) 1515 (1481) 1520 (1490) 1532 (1499) 1519 (1483)
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than that of the methyl radical. On going from BH3 to AlH3


and GaH3 a large increase in acid strength occurs, because
the X�H bonds becomes weaker and the electron affinities
of the AlH2C and GaH2C radicals are much larger than that of
BH2.


Quite unexpectedly, however, for boron there is a dramat-
ic increase of the acidity by methyl substitution, and methyl-
borane is predicted to have an intrinsic acidity almost
200 kJmol�1 larger than BH3, because it behaves as a carbon
acid. Hence, this acidity enhancement reflects the large rein-
forcement of the C�B bond, which upon deprotonation be-
comes a double bond through the donation of the lone pair
created on the carbon atom into the empty p orbital in
boron. Also unexpectedly, and for the same reason, the satu-
rated and a,b-unsaturated boranes are much stronger acids
than the corresponding hydrocarbons, in spite of also being
carbon acids.


Al derivatives also behave as carbon acids in the gas
phase, although in this case the most favorable deprotona-
tion process occurs at Cb, leading to the formation of rather
stable three-membered rings, again through the donation of
the Cb lone pair into the empty p orbital of Al. For Ga-con-
taining compounds the deprotonation of the GaH2 group is
the most favorable process. Therefore only Ga derivatives
behave similarly to the analogues of Groups 14, 15, and 16
of the periodic table, in the sense that deprotonation takes
place at the heteroatom. The main consequence is that an
acidity enhancement on going from the saturated to the un-
saturated compounds, similar to that found for the ana-
logues of Groups 14, 15 and 16, is observed only for Ga de-
rivatives.


Within Group 13, boranes are stronger acids than alanes
and gallanes, and for ethyl and vinyl derivatives alanes are
stronger acids than gallanes, due to the cyclization of the
anion formed upon deprotonation.


In spite of the unambiguous correlations observed for the
derivatives with a heteroatom of Groups 14–16 of the peri-
odic table,[5] the results presented here indicate, for the first
time, that the increase of acidity for primary heterocom-
pounds is not only dictated by the position of the hetero-
atom in a column of the periodic table and the nature of the
substituent, because this property may strongly depend on
bonding rearrangements triggered by the deprotonation of
the neutral acid.
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Introduction


Catalysis in water is a field of increasing interest in modern
chemistry, because of the substantial environmental and eco-
nomical gains.[1] As a solvent for organic reactions, water
bears a number of attractive physicochemical properties
over traditional organic molecular solvents: it is non-flam-
mable, non-explosive, non-toxic and non-carcinogenic. In
addition, water is also one of the least expensive solvents.
Not surprisingly, a great number of aqueous phase catalytic
reactions have been documented. A disadvantage often as-
sociated with catalysis in water is the need for water soluble


ligands/catalysts and the decrease in catalytic activity and/or
stereoselectivity on going from organic solvents to water.[1]


A surprising exception has recently arisen from the ATH of
ketones and significantly,[2] a commercial aqueous phase
ATH process has been launched.


ATH provides a powerful alternative to asymmetric hy-
drogenation for catalytic reduction because of its versatility
and practical simplicity.[2–7] Among the various chiral cata-
lysts reported, the most notable is the Ru-TsDPEN
[TsDPEN = N-(p-toluenesulfonyl)-1,2-diphenylethylenedi-
ACHTUNGTRENNUNGamine] complex developed by Noyori, Ikariya, Hashiguchi
and co-workers.[8] The complex and related variants have
since been applied to a wide range of prochiral ketones and
imines.[2–4] However, with the most commonly used reduc-
tants and solvents, isopropanol and the azeotropic HCOOH/
NEt3 (molar ratio 5:2), reactions catalyzed by Ru-TsDPEN
appear to be slow.[3] The work by Blacker,[3f] Blackmond,[4i]


and Okano[5] shows that the reaction rates increase when
the HCOOH/Et3N ratio is lowered. We recently reported
that the ATH of aromatic ketones with the Ru-(R,R)-
TsDPEN catalyst[7a] or its polymer-supported analogue[7b]


can be greatly accelerated by using water as solvent. Of fur-
ther interest is that the ATH reaction is found to be pH-
controlled, with higher pH favoring higher rates and enan-


Abstract: Asymmetric transfer hydro-
genation (ATH) of ketones by formate
in neat water is shown to be viable
with Rh-TsDPEN and Ir-TsDPEN cat-
alysts, derived in situ from [Cp*MCl2]2
(M=Rh, Ir) and TsDPEN. A variety of
ketones were reduced, including non-
functionalized aryl ketones, heteroaryl
ketones, ketoesters, and unsaturated
ketones. In comparison with Ir-
TsDPEN and the related RuII catalyst,
the RhIII catalyst is most efficient in
water, affording enantioselectivities of
up to 99% ee at substrate/catalyst (S/


C) ratios of 100–1000 even without
working under an inert atmosphere.
The aqueous phase reduction is shown
to be highly pH-dependent; the opti-
mum pH windows for TOF greater
than 50 molmol�1 h�1 for Rh- and Ir-
TsDPEN are 5.5–10.0 and 6.5–8.5, re-
spectively. Outside the pH window, the
reduction becomes slow or stagnant de-


pending on the pH. However, the
enantioselectivities erode only under
acidic conditions. At a higher S/C ratio,
the aqueous ATH by Rh-TsDPEN is
shown to be product- as well as by-
product-inhibited; the product inhibi-
tion appears to stem at least partly
from the reaction being reversible. The
aqueous phase reduction is simple, effi-
cient and environmentally benign, thus
presenting a viable alternative for
asymmetric reduction.
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tioselectivities.[7c] We now disclose that the analogous, usual-
ly much less effective M-(R,R)-TsDPEN (M=Rh, Ir) cata-
lysts[9] also displays remarkably enhanced activities and ex-
cellent enantioselectivities in the reduction of a wide range
of ketones in neat water with no ligand modification, even
in the open air with no need for inert gas protection
throughout (Scheme 1).


The Rh-TsDPEN and Ir-TsDPEN complexes,[9] mainly de-
scribed by the groups of Tani,[9a] Blacker,[9c,d] Ikariya[9f] and
Baker,[9b] have previously been shown to be highly effective
in the reduction of a-chlorinated ketones and some imi-
nes;[9b,f] but they are less active than the isoelectronic Ru-
TsDPEN in the reduction of other ketones. For instance, the
reduction of acetophenone (acp) by Rh-TsDPEN in isopro-
panol (0.1m) led to a 95% conversion and 84% ee at room
temperature in 48 h with a S/C ratio of 100.[9a] The Ir-
TsDPEN was less active still. In the HCOOH/NEt3 azeo-
trope, these catalysts appear to be inactive. Replacing the
TsDPEN ligand with some chiral 1,2-aminoalcohols yields
much more active catalysts in isopropanol as shown by
Blacker.[3f, 9d] However, these catalysts tend to be less enan-
tioselective than Ru-TsDPEN and, as with other catalysts
using isopropanol as a reductant, their effect often depends
on the use of a low concentration of substrate[2–4,9] unless
the resulting products are removed in situ.[3f] Herein, we
report that the M-TsDPEN catalyst (M=Rh, Ir) effects effi-
cient ATH of ketones by formate in water, with the perfor-
mance strongly depending on the solution pH.


Aqueous-phase transfer hydrogenation (TH) has been
studied for more than two decades,[1e,2, 10,11] with pioneering
work being carried out by Joo,[12] Sasson[13] and Sinou.[14] In
spite of the well-established aqueous-phase hydrogenation,
TH in water had been less developed until a few years ago.
Sasson and co-workers reported the aqueous-organic bipha-
sic TH of C=C double bonds and carbonyl groups in the
1980s.[13] Up to 76% conversion was obtained for the alde-
hyde reduction with a [RuCl2ACHTUNGTRENNUNG(PPh3)3] catalyst in 30 min; the
reduction was less effective for ketones, however. The first
example of TH of aldehydes catalyzed by transition metal in
neat water was described by Joo and co-workers,[12] who re-
ported the reduction of unsaturated aldehydes to the corre-
sponding unsaturated alcohols by HCOONa with a water-
soluble ruthenium–phosphine catalyst. Shortly after, Sinou
et al. reported the TH and ATH of unsaturated carboxylic
acids to saturated carboxylic acids by formates in water with
rhodium catalysts bearing water-soluble phosphines.[14] In


1991, BMckvall et al. reported that the TH reaction of ke-
tones in biphasic system with a ruthenium catalyst, [RuCl2-
ACHTUNGTRENNUNG(PPh3)3], the same catalyst used by Sasson, could be acceler-
ated 103–104 times by adding a small amount of a base,
NaOH.[15]


These aqueous TH reactions can be pH dependent as in
the case of hydrogenation,[1e,16] and this has been demon-
strated by Ogo, Watanabe and co-workers[17] in the achiral
reduction of ketones and aldehydes by formate in water
with water-soluble half-sandwich [Ru ACHTUNGTRENNUNG(h6-C6Me6)ACHTUNGTRENNUNG(bipy)-
ACHTUNGTRENNUNG(H2O)]2+ , [Cp*Ir ACHTUNGTRENNUNG(H2O)3]


2+ , and [Cp*Ir ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(H2O)]2+ com-
plexes. A water-soluble molybdocene monohydride,
[Cp2Mo(H)OTf], was found to catalyze the TH of ketones
and aldehydes in water, again with pH-controlled proper-
ties.[18] More recently, SNss-Fink and co-workers reported a
series of water-soluble ruthenium–arene complexes contain-
ing 1,10-phenanthroline ligands;[19] these complexes can be
used as catalyst for TH of ketones in aqueous solution using
HCOOH as hydrogen source, with TONs up to 164 obtai-
ned.[19d] Very recently, we demonstrated that diamine ligands
exert a remarkable accelerating effect on the iridium-cata-
lyzed reduction of a wide range of aldehydes by HCOONa
in neat water. The TOFs were up to 1.3O105 molmol�1h�1.
The catalyst works for aromatic, a,b-unsaturated and ali-
phatic aldehydes and for those bearing functional groups
such as halo, acetyl, alkenyl and nitro groups, and is highly
chemoselective towards the formyl group.[7f]ATH in the
presence of water with the Noyori–Ikariya-type Ru-
TsDPEN catalysts was first reported by Williams, Blacker
and co-workers;[6a, 9c] the reaction was performed using a cat-
alyst containing a modified, water-soluble TsDPEN ligand
in isopropanol with water (up to 51%) being added. At
about the same time, Chung et al.[6b,c] communicated the
ATH of aromatic ketones by formate in neat water cata-
lyzed by [RuCl2ACHTUNGTRENNUNG(p-cymene)]2 and a (S)-proline amide ligand.
SNss-Fink and co-workers[6n,19] have recently synthesized a
series of water-soluble arene–ruthenium complexes contain-
ing a trans-1,2-diaminocyclohexane ligand, which were ex-
amined in the ATH of ketones in aqueous media with vari-
ous degree of success.[19b] In parallel research, the groups of
Deng and Tu developed water-soluble, amino-functionalized
and supported TsDPEN ligands, which were shown to be ef-
fective for the ATH of various aromatic ketones in water in
the presence of surfactants.[6d,e,h,l,o] More recently, Wills and
co-workers synthesized a series of novel tethered catalysts
for ATH of ketones for both organic (HCOOH/NEt3) and
aqueous-phase reduction of ketones; the RhIII catalyst acts
as an excellent catalyst for the reduction of a wide range of
ketones, including aliphatic ones.[6j] A tetradentate PNNP
ligand in combination with [IrHCl2ACHTUNGTRENNUNG(cod)]2 was shown to cat-
alyze ATH of ketones in water by Gao and co-workers very
recently.[6i,m] In 2004, we discovered that the unmodified Ru-
TsDPEN catalyzes ATH of ketones in neat water with great
rate acceleration.[7a] However, the application of M-
TsDPEN (M=Rh, Ir) and related catalysts, without any
ligand modification, to the aqueous-phase ATH reactions
has rarely been attempted.[4s,7] Given these two catalysts


Scheme 1. Catalysts investigated in this study.
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often show performance different from that of RuII,[3f,j] it
would be of both fundamental and practical significance to
develop the aqueous-phase ATH chemistry of RhIII and IrIII


catalysts.


Results and Discussion


Comparison of aqueous ATH by Ru-, Rh- and Ir-TsDPEN
catalysts: Having demonstrated the efficacy of Ru-TsDPEN
in the aqueous reductions of aromatic ketones,[7a–c,e,g] we
were interested in extending the chemistry to the isoelec-
tronic RhIII and IrIII catalysts. We set out by investigating
the ATH of acp with HCOONa in water. For comparison,
the reactions in isopropanol, the azeotropic HCOOH/NEt3
mixture, and an azeotrope/water mixture were also carried
out. We also compared the catalytic performance of Rh-
and Ir-TsDPEN with that of Ru-TsDPEN in these solvents
for the reduction of acp. In each case, the precatalyst was
generated in situ by reacting (R,R)-TsDPEN with [RuCl2ACHTUNGTRENNUNG(p-
cymene)]2 or [Cp*MCl2]2 (M=Rh, Ir) in a solvent at 40 8C
for 1 h. The ATH was initiated by introducing 1 mmol of
substrate. Table 1 summarizes the results obtained. Remark-


ably, in the aqueous HCOONa system with Rh-TsDPEN as
catalyst, the ketone was almost fully converted into (R)-1-
phenylethanol in 97% ee within half an hour (entry 1,
Table 1). This compares favorably with the results observed
with Ru-TsDPEN, which afforded a 95% ee and required
1 h to deliver the same conversion. However, the iridium
catalyst was less active and enantioselective, furnishing a
99% conversion in 93% ee within 3 h under the similar con-
ditions (entry 1, Table 1). A comparison of the kinetic pro-
files of these three catalysts for the ATH of acp in aqueous
HCOONa has also been made. As shown in Figure 1, the in-
itial activity of the Rh-TsDPEN catalyst was much higher
than those obtained with Ru- and Ir-TsDPEN catalyst. The
Ir-TsDPEN catalyst was least active and the rate with the
catalyst appears to show no dependence on the substrate


concentration under the conditions used. The initial TOFs
were 690, 220, 64 molmol�1 h�1 for Rh-, Ru- and Ir-
TsDPEN, respectively. Recently, Deng and co-workers re-
ported that the Rh-TsDPEN catalyst is also very efficient
for the ATH of a-bromomethyl aryl ketones by HCOONa
in water in the presence of a phase transfer catalyst.[4s]


In sharp contrast to the excellent performance in aqueous
HCOONa, the Rh- and Ir-TsDPEN catalysts were much


less effective in the other reduc-
tion systems. Thus, in isopropa-
nol the reaction afforded only a
45% conversion (89% ee) with
Rh-TsDPEN and 48% conver-
sion (87% ee) with Ir-TsDPEN
at 40 8C in 24 h (entry 2,
Table 1). In the HCOOH/NEt3
azeotrope,[3j] there was little re-
duction with these two catalysts
in 16 h, although with the
ruthenium catalyst a 98% con-
version (97% ee) was observed
in 10 h under the same reaction
conditions (entry 3, Table 1).
Switching to a mixture of water
and the azeotrope, somewhat
improved conversion was no-
ticed for the RhIII and IrIII cata-


lysts; but neither the conversions nor the ee values can be
compared with those obtained with HCOONa in water
(entry 4, Table 1).


We and others have recently shown that the solution pH
plays a critical role in affecting the rates and ee values in
aqueous ATH with Ru-TsDPEN.[4n,s, 6l,o,7c,9e,19] For the Rh-
and Ir-TsDPEN, the same could be true and this would ex-
plain why the reaction is sluggish with HCOOH/NEt3 in
water. The initial pH values for the HCOONa/H2O and the
azeotrope (HCOOH/NEt3)/H2O systems indeed differed sig-
nificantly, being 7 for the former and 3 for the latter. How-
ever, the pH of the reaction mixture is likely to change in
the course of the reaction because of the decomposition of
formate by the catalyst.[7c] To address these issues further
and to find out the best pH window for practical ATH reac-


Table 1. Comparison of the asymmetric reduction of acp with M-TsDPEN under various conditions.[a]


Entry Reductant/ Ru-TsDPE Rh-TsDPEN Ir-TsDPEN
Solvent t


[h]
Conv.
[%][f]


ee
[%][f]


t
[h]


Conv.
[%][f]


ee
[%][f]


t
[h]


Conv.
[%][f]


ee
[%][f]


1 HCOONa/
H2O


[b]
1 99 95 0.5 99 97 3 99 93


2 isopropanol[c] 24 81 89 24 45 89 24 48 87
3 azeotrope[d] 10 98 97 16 <1 – 16 no[g] –
4 azeotrope/


H2O
[e]


16 98 97 24 18 64 24 39 83


[a] Reactions were carried out at 40 8C, using 1 mmol of acp and a S/C ratio of 100 in 2 mL of a solvent.
[b] 5 equiv HCOONa. [c] 0.01 equiv KOH was added. [d] Azeotropic mixture of HCOOH/NEt3 with a molar
ratio of 5:2. [e] Vazeotrope =VH2O =1 mL. [f] Determined by GC. The alcohol configuration was R. [g] No reaction
was observed.


Figure 1. Comparison of the ATH of acp catalyzed by Rh-TsDPEN (&),
Ru-TsDPEN (*) and Ir-TsDPEN (~) in HCOONa/H2O. Reactions were
carried out at 40 8C, using 1 mmol of acp, 5 equiv HCOONa, and at a S/C
ratio of 100 in 2 mL of water.
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tions, we then investigated the effect of solution pH on the
ATH of acp in water.


Effect of solution pH on the ATH by Rh- and Ir-TsDPEN
in water : The Ru-TsDPEN-catalyzed ATH of acp by for-
mate in water has been shown to vary with solution pH
values; it barely took place below pH 4 and accelerated rap-
idly thereafter with the acceleration leveling off at pH >7,
but the rate did not appear to decrease until about pH 9.[7c]


To probe the effect of pH on the Rh- and Ir-TsDPEN-cata-
lyzed ATH, we measured the initial TOFs at various initial
pH values by adjusting the ratios of HCOOH/NEt3 and
HCOONa/NaOH. The HCOOH/NEt3/water mixtures were
used as both hydrogen source and solvent for reactions per-
formed at pH < 7, while HCOONa/water was used for re-
actions at pH �7 with the pH being adjusted by varying the
quantity of NaOH. The same results at pH < 7 were ob-
tained when the pH was adjusted by using HCOONa/
HCOOH instead of HCOOH/NEt3.


As shown in Figure 2, the reduction of acp with Rh-
TsDPEN and Ir-TsDPEN is indeed pH-dependent. In both
cases, the reaction rates versus pH showed a volcano curve,
with the highest rate being observed under neutral condi-
tions, that is, at about pH 7.0–7.5. Deviating from pH 7 for
Rh-TsDPEN and from pH 7.5 for Ir-TsDPEN resulted in
rapid decrease in the reduction rates, and when the pH was
varied by more than 2 units, the reaction slowed down by as
much as two orders of magnitude. Clearly the pH window
for optimum rates is narrow with both catalysts under the
current conditions. This is somehow in contrast with the ob-
servation made with the Ru-TsDPEN and related cata-
lysts,[7c,19] but is reminiscent of that observed with similar
catalysts that contain a bipy ligand[17b] and with Ru-amino
alcohol catalysts.[7g] Figure 2 also reveals that in order to
obtain a TOF of higher than 50 molmol�1 h�1, the pH needs
to be within 5.5–10.0 for Rh-TsDPEN and 6.5–8.5 for Ir-
TsDPEN. These numbers should be of value for practical
applications.


Whilst the initial reduction is sluggish at both low and
high pH values, further studies show that the kinetic profiles
differ considerably under these conditions for both Rh- and
Ir-TsDPEN. The reduction of acp with the rhodium catalyst
is illustrated in Figure 3. As can be seen, the reduction is ex-
tremely slow when starting from pH 3, affording a conver-
sion of less than 15% in 50 h (Figure 3a). Thereafter the re-
duction accelerated, reaching a full conversion in the subse-
quent about 20 h time. Significantly, the enantioselectivity
varied as well, increasing from less than 10% at the begin-
ning of the reaction to 85% when the reaction was com-
plete, suggesting a competitive reaction pathway involving
protonation of the diamine ligand in operation (see
below).[7c]


At an initial pH 5, the reduction rate with Rh-TsDPEN
became faster and the long induction period at pH 3 appears
to have gone (Figure 3b). For example, over 40% conver-
sion was observed in 4 h. In contrast, this level of conversion
requires more than 40 h at pH 3 (Figure 3a). Furthermore,


the enantioselectivity was much higher and varied only
slightly with time, at 84% ee in 1 h and 87% ee in 32 h, at
which time the conversion had reached 97%.


In contrast, the reduction performed at nearly neutral
conditions proceeds in much faster rate. Thus, the reduction
with Rh-TsDPEN reached 95% conversion within 3 h at an
initial pH 6, nearly 100% conversion within 0.5 h at a pH 7,
and 95% conversion within 4.5 h at a pH 8, with the enan-
tioselectivities at about 97% regardless of the initial pH.
Figure 3c shows the conversion/ee%–time diagram for pH 7.


Interestingly, when the same reaction was performed at a
higher initial pH 11, the Rh-TsDPEN catalyst gave a conver-
sion of only 7% with 96% ee in 30 min, hence resulting in a
low initial TOF that is comparable with that obtainable at
about pH 4.5 (Figures 3d and 2a). However, the reaction ac-
celerated thereafter, affording a 23% conversion within
60 min and a 95% conversion within 6 h, with enantioselec-
tivity remaining approximately constant during the whole
reaction (Figure 3d). This is in stark contrast to the reaction
performed at low pH values where much prolonged reaction
times are necessary for complete conversion. It is worthy
noting that the onset of the acceleration coincided with a
drop of the solution pH from 11 to about 9. This is true for
both Rh- and Ir-TsDPEN catalysts, although in the case of
the latter a longer time was required for the pH to drop by
2 units and so for the reduction to take off. One possible ex-
planation for this is that a higher HO� concentration results
in a lower concentration of active catalyst and hence a
lower reduction rate (see below). In line with this presump-
tion, the reduction with Ir-TsDPEN was extremely low at a
higher initial pH 12; but it accelerated after 22 h reaction


Figure 2. TOF–pH correlations for a) Rh-TsDPEN and b) Ir-TsDPEN
catalyzed ATH of acp in water; the TOF was based on the conversion
observed at 30 min reaction time. The reactions were carried out at 40 8C,
using 1 mmol of acp and a S/C ratio of 100 in 2 mL of water.
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when the pH dropped from 12 to about 9 and completed
after a prolonged time of 48 h. However, the reduction with
Rh-TsDPEN at pH 12 was not complete under similar con-
ditions and interestingly, this coincided with the solution pH
remaining unchanged throughout this period of time.


The aforementioned pH drop is a result of formate de-
composition. The resulting CO2 is hydrated to form carbonic
acid and then neutralized by HO� to give HCO3


�, or reacts
with HO� to give the same at pH >8. The hydrogencarbon-
ate is further neutralized by HO� at pH >10.[20] These reac-
tions lead to decrease in the HO� concentration and thus
the pH of the solution. The formation of the carbonate in


the reduction of acp by Rh-TsDPEN with sodium formate
at a S/C ratio of 1000 was confirmed by adding Ca(OH)2 to
the aqueous phase after workup, which showed that 85% of
formate had been converted into CO3


2� or HCO3
� during


the ATH reaction.
Throughout the pH values of 3–12 examined, the Ir-


TsDPEN catalyst behaved in a similar manner to the rhodi-
um analogue, although it is generally less active and less
enantioselective. As an example, Figure 4 shows the conver-
sion/ee%–time diagram for Ir-TsDPEN at pH 7, comparing
which with Figure 3c reveals the iridium catalysts to be less
efficient.


Proposed mechanisms : The observations made at the vari-
ous pH values could be accounted for by the mechanism
suggested in Scheme 2. The formato complex A, formed
from the corresponding chloride precatalyst, is likely to be
in equilibrium with the aqua complex B.[19, 21] At around the
neutral conditions, the reduction proceeds via the catalytic
cycle I, in which the ketone is reduced by the hydride E via
NoyoriPs concerted mechanism.[22,23] When the solution is
made acidic, protonation of the TsDPEN ligand takes place,
giving rise to the ring-opened formato species C. This opens
up the possibility of cycle II, which is expected to be less ef-
ficient in terms of both TOF and enantioselectivity, as a
highly organized six-membered pericyclic transition state
would be more difficult to form with the hydride F than E.
We have recently provided evidence that supports the possi-
ble involvement of the cycle II at low pH.[7c] This cycle is in
competition with the cycle I under acidic conditions. The
more acidic the solution, the more likely will the cycle II
become; this leads to slower and less enantioselective reduc-
tion. There also exists a possibility of the hydrides E and F
being protonated to form M-(H2) or H2 under acidic condi-
tions, reducing the reduction rate by the hydrides.[17c,24]


When the solution becomes basic, a new scenario emerg-
es. The aqua species B can be deprotonated to form a hy-
droxo species D under basic conditions. The pKa of closely
related RhIII and IrIII complexes are about 8 {[RhCp* ACHTUNGTRENNUNG(bipy)-
ACHTUNGTRENNUNG(H2O)]2+ , 8.2; [IrCp* ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(H2O)]2+ , 7.5};[25] B may be ex-
pected to display a somewhat higher value. The equilibrium
between B and D should becomes in favor of the latter
when the solution pH increases, and at the pH of about 11,
D is presumably the dominated metal species in solution.


Figure 3. Conversion (*) and enantioselectivity (*) vs. time plots at dif-
ferent initial pH values for the ATH of acp with Rh-TsDPEN; a) pH 3;
b) pH 5; c) pH 7; d) pH 11. See Figure 2 for conditions.


Figure 4. Conversion (*) and enantioselectivity (*) vs. time plot at the
initial pH value of 7 for the ATH of acp with Ir-TsDPEN. See Figure 2
for conditions.
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The low concentration in A thus explains the low initial
TOFs shown in Figure 2. Unlike the reaction at the low
pH 3, however, the reduction at pH 9–11 has no negative
impact on the enantioselectivity. This is because species D is
not involved in the catalytic cycle and serves only as a reser-
voir of the active species A. Further support for the pH-de-
pendent equilibrium involving A and D comes from the ob-
servation made with the reduction at pH 11, which acceler-
ated only after the pH dropped to about 9 as aforemen-
tioned. This drop in pH leads to an increase in the concen-
tration of A and consequently the reduction rate. In
addition, compound A contains an acidic NH2 group (the
NH2 group is estimated to have a pKa 14 in [RuCl2ACHTUNGTRENNUNG(dpen)-
ACHTUNGTRENNUNG(binap)][26]),[22,23] and so its concentration could also decrease
as a result of NH2 deprotonation at high pH values.


ATH of ketones around neutral conditions : To broaden the
scope of the aqueous rhodium and iridium catalysis, we then
extended the ATH to a range of non-functionalized aromat-
ic ketones. Based on the studies presented above, we chose
the aqueous HCOONa as the reduction system, which is ap-
proximately pH neutral under the conditions employed. No
organic cosolvent was added. As shown in Table 2, the Rh-
and Ir-TsDPEN catalyst delivered high conversions for most
of the ketones in a short reaction time and in most cases the
enantioselectivities were good to excellent, with ee values
reaching up to 99%. Exceptions were encountered for aryl
ketones bearing strongly electron-donating groups. This is
evident by comparing entries 3, 6, 11, and 12 with 7 and 10;
the 4’-Me and 4’-OMe substituted acetophenones were
much less active. The reaction rates appear to correlate with
the LUMOs of the ketones, with lower values giving rise to
faster reactions. For example, of the three MeO-substituted
acetophenones, 3’-methoxyacetophenone, which has the
lowest LUMO, displayed the highest rate, suggesting that
the slow rates for the other two could result from a weaker
bonding interaction between the M�H hydride and the car-


bonyl carbon at the six-membered pericyclic transition
state.[22, 23,27] Steric and potential chelating effects might have
also contributed in the case of 2-substituted ketones (en-
tries 5 and 8, Table 2). In line with the observation made
with acp, the rhodium catalyst is generally more active and
more enantioselective than the iridium analogue (entries 1–
7, 9–14, 16, Table 2). Thus, the reduction of 2’-acetonaph-
thone with Rh-TsDPEN led to a 97% conversion and 96%
ee within 45 min; with Ir-TsDPEN a complete conversion
and a lower ee of 80% were obtained in 3 h (entry 13,
Table 2).


It is noteworthy that, in comparison with the reactions
performed in isopropanol, the HCOOH/NEt3 azeotrope, or
the azeotrope/water mixture, the reduction by HCOONa
with Rh-TsDPEN and Ir-TsDPEN in water is much faster
and more enantioselective. For example, the reduction of 1-
tetralone with Rh-TsDPEN in isopropanol furnished a 79%
conversion and 97% ee in 48 h at room temperature (S/C=


100),[9f] and the reduction of 2’-acetonaphthone in an isopro-
panol/water mixture led to a 81% conversion and 82% ee in
64 h with a water-soluble analogue of Rh-TsDPEN; the cor-
responding iridium catalyst was even less effective.[9d] Of fur-
ther interest is that the RhIII-catalyzed reactions require nei-
ther pre-degassing of the solvent nor protecting by inert gas
throughout the entire operation (entries 2, 4, and 14,
Table 2).


The protocol works particularly well for some heteroaryl
ketones, as shown by the examples in Table 3. Thus, for in-
stance, the reduction of 2-acetylfuran with Rh-TsDPEN was
complete within 5 min, yielding (R)-1-(2-furyl) ethanol in
99% ee. Excellent ee values were obtained with the same
catalyst for the other ketones except 3-acetylpyridine; these
represent one of the best enantioselectivities registered for
these ketones.[3g] As in the case of aryl ketones, the corre-
sponding iridium catalyst was less efficient, and there again
appears to be a correlation between the rates and the
LUMOs of the acetylpyridines.[27]


Scheme 2. Proposed catalytic cycles for ATH in water at different pH values.
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The aqueous phase catalysis with M-TsDPEN was also
applied to other synthetically valuable ketones. Some of the
reactions are shown in Scheme 3. For the ATH of benzil cat-


alyzed by Rh-TsDPEN, both
the conversion and enantiose-
lectivity reached more than
99% within 1 h, while for the
same reaction catalyzed by Ir-
TsDPEN, it took a longer time,
3.5 h, to obtain comparable re-
sults. The same phenomenon
was also observed in the ATH
of other ketones, such as 1-(3-
(trifluoromethyl)phenyl)pro-
pan-2-one, ethyl 3-oxo-3-phe-
nylpropante, (E)-chalcone, and
1,2-diphenylethanone. In all
cases, good to excellent ee
values and about 99% conver-
sions were obtained with Rh-
TsDPEN within a short reac-
tion time. However, the Ir-
TsDPEN was less effective in
the case of the ATH of 1,2-di-
phenylethanone, only affording
a conversion of 22% with 90%
ee within 3 h. It should be em-
phasized that both the C=C
double bond and the carbonyl
group of (E)-chalcone were re-
duced with either Rh- or Ir-
TsDPEN. GC monitoring
showed that the C=C double
bond was first reduced. In fact
when the reduction with Rh-
TsDPEN was terminated after
1 h reaction, the saturated
ketone was isolated in 35%
yield (63% total conversion).
The ease of C=C bond satura-
tion results probably from po-
larization of the double bond
by the electron-withdrawing
carbonyl group, facilitating the
hydride addition at the 3-posi-
tion. However, it has been rare
to reduce both the carbonyl
group and C=C bond under
ATH conditions.[28] Additional-
ly, it is also unusual that a b-ke-
toester (ethyl 3-oxo-3-phenyl-
propanoate) could be transfer-
hydrogenated to the secondary
alcohol with Rh- or Ir-TsDPEN
catalyst. These results indicate
that the aqueous ATH cata-
lyzed by M-TsDPEN using


sodium formate can be applied to a broad spectrum of sub-
strates.


Table 2. ATH of ketones by HCOONa with Rh- and Ir-TsDPEN in water.[a]


Entry Ketone Rh-TsDPEN Ir-TsDPEN
t [h] Conv [%][b] ee [%][b] t [h] Conv [%][b] ee [%][b]


1 0.5 99 97 3.5 99 93


2 0.5[c] 99 97 12 95 92


3 0.4 >99 94 3 >99 82


4 0.4[c] >99 94 4 99 84


5 1 97 71 5 98 47


6 0.5 98 95 4 97 89


7 6 98 93 15 96 88


8 24 66 81 20 90 71


9 0.5 97 98 8 97 90


10 20 90 97 24 97 91


11 0.5 98 88 2 98 73


12 0.17 98 91 0.5 98 84


13 0.75 97 96 3 100 80


14 0.75[c] 98 96 10 99 80


15 9 91 97 9 98 95


16 3 96 99 9 96 97


[a] Conditions: 40 8C, 1 mmol of ketone, 3–8 equiv HCOONa, S/C=100, in 2 mL of water. [b] Determined by
GC. The alcohol configuration was R. [c] Reactions were performed without nitrogen protection throughout.
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ATH at higher S/C ratios : In the ATH of ketones with Rh-
TsDPEN in HCOONa/H2O, a higher S/C ratio is also feasi-
ble. Table 4 shows the results obtained for some ketones
which were reduced with Rh-TsDPEN at a higher S/C ratio
of 1000. The reduction finishes in general in a few hours
with no decrease in ee values in comparison with the reac-
tion at a S/C of 100. An example of particular note is the re-
duction of 2-acetylfuran, which completed in 1 h with 99%
ee in the open air with no degas ACHTUNGTRENNUNGsing or nitrogen protection
during the entire reaction (entry 11, Table 4).


The reduction of 4’-bromo-
ACHTUNGTRENNUNGacetophenone, 3’-methoxylace-
tophenone and 2’-acetonaph-
thone is, however, sluggish (en-
tries 3, 7 and 9, Table 4). For
these substrates, the reaction is
fast at the beginning but decel-
erates significantly with time.
Of further note is that the
enantioselectivities of the prod-
ucts decrease with time as well.
For instance, the conversion
of 3’-methoxyacetophenone in-
creased from 17% at 3 h to
22% at 22 h reaction time ac-
companied with a change in ee
from 90% to 86%. Figure 5 il-
lustrates the variation of con-
version/ee with time for the re-
duction of 2’-acetonaphthone.
However, these substrates can
be readily reduced with excel-
lent ee values by a simple
switch of ligand, that is using
Rh-TsCYDN [TsCYDN=N-(p-
toluenesulfonyl)-1,2-diaminocy-
clohexane] instead of Rh-
TsDPEN (entries 4, 8 and 10,
Table 4).[7d]


Factors affecting reaction rates


Effect of substrate concentra-
tion : The sluggish reaction rate
at a high S/C ratio could be due
to high substrate concentra-
tions. The ATH reaction was
therefore examined at the con-
centrations of acp ranging from
0.25 to 5.0m.[29] At initial [acp]
< 1m, the initial reaction rate
increased with the initial con-
centration of acp (Figure 6).
However, at initial [acp] > 1m,
the initial reaction rate indeed
decreased proportionally with
increasing initial acp concentra-
tion.


This seems to suggest a substrate inhibition effect. How-
ever, it does not explain the results above (Figure 5), as the
initial rates were high and the concentration of ketone was
low (0.5m). The substrate inhibition shown in Figure 6 prob-
ably results from phase separation. With more acp added,
diffusion may become a problem and reduction at the oil/
water interface will be less likely. The latter could give rise
to high rates according to a recent study by Marcus.[30] A
substrate inhibition effect has been reported recently by


Table 3. ATH of heteroaryl ketones by HCOONa with M-TsDPEN (M=Rh, Ir) in H2O.[a]


Ketone Rh-TsDPEN Ir-TsDPEN
t [h] Conv. [%][b] ee [%][b] t [h] Conv. [%][b] ee [%][b]


0.08 >99 99 1.5 >99 96


0.25 >99 95 1.5 99 90


1.5 92 99 16 98 93


0.5 99 98 1.5 >99 60


24 98 98 20 100 87


16 99 78 16 99 56


[a] See Table 2 for conditions. [b] By GC. R alcohols obtained.


Scheme 3. ATH of ketones of more diversity in water.
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Noyori for the asymmetric hydrogenation of acp catalyzed
with [Ru ACHTUNGTRENNUNG(OTf)ACHTUNGTRENNUNG(p-cymene)ACHTUNGTRENNUNG(TsDPEN)] (OTf=CF3SO3


�)
under slightly acidic conditions.[31] This substrate inhibition
effect could partly result from a C�H activation reaction be-
tween ketone and reactive catalytic intermediate as pro-
posed by Ikariya.[32]


Effect of product inhibition : Another possible explanation
for the stagnant reduction with Rh-TsDPEN at high S/C
ratio is product inhibition. To shed light on this proposition,
we first carried out the ATH of 2’-acetonaphthone with Rh-
TsDPEN in aqueous HCOONa, under exactly the same
conditions as those employed in Table 4, except that
2.4 mmol of the product, (R)-1-(naphthalene-2-yl)ethanol
(97% ee), was introduced together with the ketone at the
beginning. Surprisingly, GC analysis showed that there was
no increase in the alcohol content in the mixture after a
long reaction time of 48 h, showing that 2’-acetonaphthone
is not reduced at all under such conditions, and this is likely
to be a result of product inhibition.


The ATH of an easy-to-reduce acetophenone in the pres-
ence of the same alcohol was also examined. As shown in
Table 5, when 4’-trifluoromethylacetophenone was mixed
with 1-(naphthalene-2-yl)ethanol in a molar ration of 2:1
(with a total S/C ratio of 1500), the reduction of the ketone
M practically stopped at a conversion of about 86%. In the
absence of the alcohol additive N, the reduction reached
99% conversion in 1.5 h. Interestingly, about 10% of N was
converted into the corresponding ketone in 6 h. These re-
sults show that the aqueous phase ATH with Rh-TsDPEN
can be inhibited by the product, and the reduction is reversible.


To gain further evidence to the suggestion that the reac-
tion is reversible, deuterated (R)-1-(naphthalene-2-yl)etha-
nol was introduced into the reduction of acp under other-
wise the same conditions as those for Table 5. The reaction
led to a 60% conversion of acp with 96% ee in 15 h, and at
the same time, 9% of the deuterated (R)-1-(naphthalene-2-
yl)ethanol was de-deuterated to give 2’-acetonaphthone
[Eq. (1)]. Analysis of the MS spectrum shows that (R)-1-
phenylethanol contains about 2% deuterium, which ac-
counts for about 67% of the deuterium released from the


Table 4. ATH of ketones by HCOONa with Rh-TsDPEN at a S/C ratio
of 1000 in water.[a]


Entry Ketone t [h] Conv. [%][b] ee [%][b]


1[c] 3 87 97


2 3 98 94


3[d] 4 64 95


4 2[g] >99 92


5 1.5 99 94


6 4.5 98 92


7[e] 3 17 90


8 2[g] 98 93


9[f] 1 26 97


10 3[g] 99 97


11 1 99 99


[a] Conditions: 40 8C, 5 mmol of ketone, 5–8 equiv HCOONa, S/C=1000,
in 10 mL of water. [b] Determined by GC; the alcohol configuration was
R. [c] The conversion was 70% with 97% ee in 30 min. [d] The conver-
sion was 66% with 95% ee in 22 h. [e] The conversion was 22% with
86% ee in 22 h. [f] The conversion was 39% with 95% ee in 18 h. [g] The
reactions were carried out with Rh-TsCYDN under the same condi-
tions.[7d]


Figure 5. Conversion (*) and enantioselectivity (*) vs. time plot for the
ATH of 2’-acetonaphthone with Rh-TsDPEN. See Table 4 for conditions.


Figure 6. Initial reaction rate vs. initial substrate concentration plot for
ATH of acp with Rh-TsDPEN in water. Conditions: Rh-TsDPEN
(0.01 mmol, prepared in situ), acp (0.5–10 mmol), HCOONa (5 mmol) in
H2O (2 mL) at 40 8C.
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de-deuteration, showing that the ATH reaction is indeed re-
versible. The reverse reaction is likely to be brought about
by a 16-electron rhodium species (possibly the amide species
derived from E, Scheme 2), which results in the formation
of 2’-acetonaphthone and a deuteride analogue of E. The
latter reduces acp affording the deuterated alcohol.


Effect of byproduct : Apart from the alcohol product, the
ATH reaction produces hydrogencarbonate and carbonate.
They could compete with formate for coordination to RhIII.
In order to test this, we performed the ATH of acp in the
presence of sodium carbonate. Figure 7 compares the kinetic
profile of the reduction with that in the absence of the salt.
Clearly, the carbonate byproduct exerts a significant inhibi-
tion effect on the ATH rate.


The inhibition of carbonate is also seen in the ATH of 4’-
trifluoromethylacetophenone. As shown in Figure 8, the re-


action afforded a 95% conver-
sion with 95% ee in 1 h and fin-
ished in 1.5 h without Na2CO3


being added; however, the
same reaction gave only a 61%
conversion in 1.5 h and 78%
conversion in 4 h in the pres-
ence of the carbonate salt. Sim-
ilar observations were also
made when using NaHCO3 as
additive, showing that the by-
products of ATH in water also
contribute to the slowing down
of rates at higher S/C ratios.


Taken together, these results
establish that there exists prod-
uct and byproduct inhibition in
the aqueous ATH by Rh-
TsDPEN catalysis and this in-
hibition becomes particularly
significant at higher S/C ratios
for ketones that appears to dis-
play lower reduction poten-
tials.[33] As indicated, the inhib-
iting effect of the carbonate


and hydrogencarbonate byproduct could probably be traced
to their competition with formate for coordination to RhIII.
The alcohols derived from these ketones should be easier to
oxidize, and indeed the reactions involving these ketones
and alcohols are reversible. Thus, the observed product in-
hibition can be at least partly ascribed to the reverse reac-
tion of alcohol with the active rhodium species. The reversi-
bility of ketone reduction in isopropanol is well known[3,34]


and product inhibition by potentially chelating alcohols has
been suggested to explain some sluggish ATH reactions.[35]


Considering the transition state for ketone reduction may
involve the Rh�H-based HOMO interacting with the
LUMO of the carbonyl group,[22] a more electron-rich rhodi-
um center could be expected to facilitate the hydride trans-
fer from RhIII to a carbonyl carbon that is attached to an
electron-rich aryl group and by the same argument, to inhib-
it the process of hydride transfer from the corresponding al-
cohol to RhIII. This may offer an explanation for the re-


Figure 7. Comparison of ATH of acp with Rh-TsDPEN in water [no
Na2CO3 added (&), Na2CO3 added after 5 min reaction (*)]. The reac-
tions were carried out at 40 8C in 8 mL H2O, S/C=1000, 5 mmol ketone,
25 mmol HCOONa, and 15 mmol Na2CO3 when added.


Figure 8. Comparison of ATH of 4-CF3-acp with Rh-TsDPEN in water
[without initial addition of Na2CO3 (*), with initial addition of Na2CO3


(3 equiv, ~)]. For reaction conditions, see Figure 7.


Table 5. ATH of 4-CF3-acetophenone with Rh-TsDPEN by HCOONa in water in the presence of an alcohol
additive.[a]


M to S N to T
Entry t [min] Conv [%][b] ee [%][b] Conv [%][b,c]


Without N With N Without N With N


1 5 10 9 96 95 no[d]


2 10 20 11 96 95 0.2
3 20 42 23 95 94 1.2
4 30 62 43 95 93 3.5
5 45 90 63 94 94 3.3
6 90 99 85 94 93 3.4
7 240 – 86 – 93 9


[a] Conditions: 40 8C, 10.0 mmol of 4’-CF3-acetophenone, 5.0 mmol of 1-(naphthalene-2-yl)ethanol when N
present, 5 equiv HCOONa, S/C=1000, in 10 mL of water. [b] Determined by GC; The alcohol configuration
was R. [c] Relative to (R)-1-(naphthalene-2-yl)ethanol. [d] Not detected.
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markable activity observed with Rh-TsCYDN (Table 4);
TsCYDN is expected to be more electron-rich than
TsDPEN.[7d]


Conclusion


The results presented in this paper show that the M-
TsDPEN (M=Rh, Ir) complexes are excellent catalysts for
the aqueous ATH of a wide range of ketones including non-
functionalized aromatic ketones, heteroaryl ketones, ketone
esters and unsaturated ketones, affording enantioselectivities
of up to 99% ee. In most cases, the Rh-TsDPEN catalyst is
more effective than Ir-TsDPEN; the initial TOFs in the
ATH of acp at a S/C ratio of 100 were 690, 220 and 64 mol
mol�1 h�1 for Rh-, Ru- and Ir-TsDPEN, respectively. The
rhodium catalysis is viable in air at a high S/C ratio as well,
circumventing the need for nitrogen protection. Thus, 2-ace-
tylfuran was reduced in 99% ee at S/C=1000 in 1 h in the
open air during the entire operation. However, product and
byproduct inhibition is observed for some substrates that
are difficult to reduce, and this is likely to result from the
competitive reverse reaction of alcohols and the coordina-
tion to rhodium by carbonates.


As with the aqueous ATH by Ru-TsDPEN,[7c] both the
Rh- and Ir-TsDPEN catalyzed ATH by formate in water are
pH-dependent, with the optimum pH windows for TOF
greater than 50 molmol�1 h�1 being 5.5–10.0 and 6.5–8.5 for
Rh-TsDPEN and Ir-TsDPEN, respectively. When the ATH
was performed at either a lower (<4) or a higher (>11) ini-
tial pH, the initial rates were slow. However, low enantiose-
lectivities, which varied with solution pH, were observed
only at low pH values, suggesting that the reduction mecha-
nism varies with pH.


ATH reactions have gone through a period of significant
development in the past few years.[2–9] The aqueous phase
ATH developed by us and other groups offers another easy
entry to practical production of chiral secondary alco-
hols.[2,6,7] It requires no modification of the ligands/catalysts,
no organic cosolvent, no surfactants to increase substrate
solubility, and often no inert gas protection. Importantly, it
can give fast reaction rates alongside excellent enantioselec-
tivities and thus has substantial environmental as well as
economical gains to offer.


Experimental Section


General : [Cp*RhCl2]2, [Cp*IrCl2]2, and ketones were obtained from Al-
drich, Fluka or Lancaster and were used as received. The products of the
ATH were analyzed by a Varian CP-3380 GC equipped with a Chrom-
pack Chirasil-Dex CB column (25 mO0.25 mm, 80 psi helium carrier gas,
60 psi hydrogen gas and 250 8C injector temperature) or by a GILSON
UV/VIS-151 HPLC equipped with a Chiral OD, OD-H or OB-H column
(2-propanol/hexane, ambient temperature, 254 nm detection). When nec-
essary, the products were isolated by flash chromatography (silica gel,
hexane/ethyl acetate 8:1).


The precatalyst was prepared from [Cp*RhCl2]2 or [Cp*IrCl2]2 and
1.2 equiv (R,R)-TsDPEN in water. After stirring at 40 8C for 1 h, the sus-
pension was directly used for the following reduction reactions. The pH
was measured by a Microprocessor pH Meter with H1 1311 probe
(HANNA Instruments).


Typical procedure for acp reduction : After preparing the precatalyst,
HCOONa (340 mg, 5.0 mmol) and acp (120 mg, 1.0 mmol, S/C=100)
were added to the solution. Following quickly degassing three times, the
solution was allowed to react at 40 8C for a certain period of time. After
cooling to room temperature, the organic phase was extracted with Et2O
(3O2 mL) and passed through a short silica gel column before being sub-
jected to GC analysis. For isolation, the mixture was then dried over
Na2SO4, concentrated, and purified by silica gel column to give the prod-
uct (R)-1-phenylethanol.[7b,36]


The reduction with the rhodium catalyst can be performed in the air
during the entire operation including catalyst preparation (using distilled
water without degassing); little change in conversions and ee values was
observed.


The ATH of acp with Rh-TsDPEN can also be performed at a S/C of
1000 in air: The procedure was the same as before except that acp (0.6 g,
5 mmol), HCOONa (1.7 g, 25 mmol), and H2O (10 mL) were used. The
reduction led to 87% conversion and 97% ee at 40 8C in 3 h.


The ATH of other ketones with M-TsDPEN was carried out using the
same standard procedure as for acp and the products were routinely ana-
lyzed by comparing their GC/HPLC and NMR (1H and 13C) data with
the literature, and by polarimetry, MS and elemental analysis when nec-
essary. The stereochemistry of products was assigned by comparing the
GC/HPLC retention time or the [a]D values with the literature data.


Analytic data of sample products : While all the products under question
have previously been reported in the literature,[7b,36–45] the analytic details
of some sample products and related procedures are given below.


(R)-1-Phenylethanol :[7b, 36] [Cp*RhCl2]2 (3.1 mg, 0.005 mmol) or
[Cp*IrCl2]2 (4.0 mg, 0.005 mmol), (R,R)-TsDPEN (4.4 mg, 0.012 mmol)
and acp (120 mg, 1.0 mmol). Results: 40 8C, 30 min, 99% conversion and
97% ee with Rh-TsDPEN, and 40 8C, 3.5 h, 99% conversion and 93% ee
with Ir-TsDPEN. GC (120 8C column temperature): 6.27 min (R);
6.90 min (S). 1H NMR (400 MHz, CDCl3/TMS): d=1.49 (d, J=6.5 Hz,
3H), 1.83 (br s, 1H), 4.88 (q, J=6.5 Hz, 1H), 7.24–7.28 (m, 2H), 7.32–
7.38 ppm (m, 3H); 13C NMR (100 MHz, CDCl3/TMS): d=25.5, 70.8,
125.8, 127.8, 128.9, 146.2 ppm; MS CI: m/z (%): 140 (29) [M+NH4


+], 122
(100) [M+]; elemental analysis calcd (%) for C8H10O (122.16): C 78.65, H
8.25; found: C 78.47, H 8.35.


(R)-1-(Benzofuran-2-yl)ethanol :[37a, 38, 39] [Cp*RhCl2]2 (3.1 mg,
0.005 mmol) or [Cp*IrCl2]2 (4.0 mg, 0.005 mmol), (R,R)-TsDPEN
(4.4 mg, 0.012 mmol) and 1-(benzofuran-2-yl)ethanone (160 mg,
1.0 mmol). Results: 40 8C, 15 min, >99% conversion in 95% ee with Rh-
TsDPEN and 40 8C, 1.5 h, 99% conversion in 90% ee with Ir-TsDPEN.
HPLC (2-propanol/hexane 5:95, 0.5 mLmin�1 flow rate): 16.80 min (R);
31.43 min (S). 1H NMR (400 MHz, CDCl3/TMS): d=1.63 (d, J=6.5 Hz,
3H), 2.17 (br s, 1H), 5.02 (m, 1H), 6.61 (s, 1H), 7.20 (ddd, J=7.5, 7.3,
1.1 Hz, 1H), 7.26 (ddd, J=8.0, 7.2, 1.6 Hz, 1H), 7.45 (m, 1H), 7.53 ppm
(m, 1H); 13C NMR (100 MHz, CDCl3/TMS): d=21.8, 64.6, 102.2, 111.6,
121.4, 123.2, 124.6, 128.5, 155.2, 160.6 ppm; MS CI: m/z (%): 162 (8)
[M+], 145 (100); elemental analysis calcd (%) for C10H10O2 (162.19): C
74.06, H 6.21; found: C 73.80, H 6.16.


(R)-1-(4’-Nitrophenyl)ethanol :[37,40] [Cp*RhCl2]2 (3.1 mg, 0.005 mmol) or
[Cp*IrCl2]2 (4.0 mg, 0.005 mmol), (R,R)-TsDPEN (4.4 mg, 0.012 mmol)
and 4’-nitroacetophenone (165 mg, 1.0 mmol). Results: 40 8C, 30 min,
98% conversion in 88% ee with Rh-TsDPEN and 40 8C, 2 h, 98% con-
version in 73% ee with Ir-TsDPEN. GC (175 8C column temperature):
8.56 min (R); 9.36 min (S). 1H NMR (400 MHz, CDCl3/TMS): d =1.52 (d,
J=6.5 Hz, 3H), 2.10 (br s, 1H), 5.03 (q, J=6.5 Hz, 1H), 7.55 (m, 2H),
8.21 ppm (m, 2H); 13C NMR (100 MHz, CDCl3/TMS): d=25.9, 69.9,
124.2, 126.5, 147.6, 153.4 ppm; elemental analysis calcd (%) for C8H9NO3


(167.16): C 57.48, H 5.43, N 8.38, found: C 57.30, H 5.50, N 8.44.


(R)-1-(2’-Naphthtyl)ethanol :[7b,36] [Cp*RhCl2]2 (3.1 mg, 0.005 mmol) or
[Cp*IrCl2]2 (4.0 mg, 0.005 mmol), (R,R)-TsDPEN (4.4 mg, 0.012 mmol)
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and 2-acetonaphthone (170 mg, 1.0 mmol). Results: 40 8C, 45 min, 97%
conversion in 96% ee with Rh-TsDPEN and 40 8C, 3 h, 100% conversion
in 80% ee with Ir-TsDPEN. GC (165 8C column temperature): 10.20 min
(R); 10.58 min (S). 1H NMR (400 MHz, CDCl3/TMS): d=1.59 (d, J=
6.5 Hz, 3H), 1.98 (br s, 1H), 5.07 (q, J=6.5 Hz, 1 H), 7.25–7.52 ppm (m,
7H); 13C NMR (100 MHz, CDCl3/TMS): d=25.6, 71.0, 124.2, 126.2,
126.6, 128.1, 128.4, 128.7, 133.3, 133.7, 143.6 ppm; MS CI: m/z (%): 172
(35) [M+], 155 (100); elemental analysis calcd (%) for C12H12O (172.22):
C 83.69, H 7.02; found: C 83.63, H 7.06.


(2S)-1-(3’-Trifluoromethylphenyl)propan-2-ol :[41] [Cp*RhCl2]2 (3.1 mg,
0.005 mmol) or [Cp*IrCl2]2 (4.0 mg, 0.005 mmol), (R,R)-TsDPEN
(4.4 mg, 0.012 mmol) and 3’-(trifluoromethyl)phenylacetone (202 mg,
1.0 mmol). Results: 40 8C, 30 min, >99% conversion and 98% ee with
Rh-TsDPEN and 40 8C, 2 h, >99% conversion and 95% ee with Ir-
TsDPEN. [a]25D +24.58 (c=1.1 in ethanol) with Rh-TsDPEN, and [a]25D =


+23.68 (c=1.4 in ethanol) with Ir-TsDPEN {lit. [a]D = ++24.98 (c=1.0 in
ethanol)[41]}; 1H NMR (400 MHz, CDCl3/TMS): d =1.26 (d, J=6.0 Hz,
3H), 1.53 (br s, 1H), 2.77 (dd, J=14.0, 8.0 Hz, 1H), 2.84 (dd, J=14.0,
4.8 Hz, 1H), 4.05 (m, 1H), 7.39–7.51 ppm (m, 4H); 13C NMR (100 MHz,
CDCl3/TMS): d=23.4, 45.8, 69.1, 124.6 (q, 1JC,F=270.0 Hz), 123.7 (q,
3JC,F=4.0 Hz), 126.5 (q, 3JC,F=4.0 Hz), 129.3, 131.2 (q, 2JC,F=32.0 Hz),
133.2, 140.0 ppm; MS CI: m/z (%): 222 (100) [M+NH4


+]; elemental
analysis calcd (%) for C10H11F3O (204.19): C 58.82, H 5.43; found: C
59.22, H 5.54.


ACHTUNGTRENNUNG(S,S)-1,2-Diphenylethanediol:[42] [Cp*RhCl2]2 (3.1 mg, 0.005 mmol) or
[Cp*IrCl2]2 (4.0 mg, 0.005 mmol), (R,R)-TsDPEN (4.4 mg, 0.012 mmol)
and benzil (210 mg, 1.0 mmol). Results: 40 8C, 1 h, >99% conversion in
>99% ee with Rh-TsDPEN and 40 8C, 3.5 h, >99% conversion in 97%
ee with Ir-TsDPEN. [a]25D = �94.98 (c=1.08 in ethanol) with Rh-
TsDPEN and [a]25D = �92.88 (c=1.26 in ethanol) with Ir-TsDPEN {lit.
[a]D �95.28 (c=1.28 in ethanol)[42]}; m.p. 148–150 8C; 1H NMR
(400 MHz, CDCl3/TMS): d=2.90 (br s, 2H), 4.71 (s, 2H), 7.10–7.14 (m,
4H), 7.21–7.32 ppm (m, 6H); 13C NMR (100 MHz, CDCl3/TMS): d=


79.5, 127.3, 128.3, 128.5, 140.2 ppm; MS CI m/z (%): 232 (100)
ACHTUNGTRENNUNG[M+NH4


+], 214 (36) [M+], 197 (16); elemental analysis calcd (%) for
C14H14O2 (214.26): C 78.48, H 6.59; found: C 78.27, H 6.61.


(R)-1,2-Diphenylethan-1-ol :[37,43] [Cp*RhCl2]2 (3.1 mg, 0.005 mmol) or
[Cp*IrCl2]2 (4.0 mg, 0.005 mmol), (R,R)-TsDPEN (4.4 mg, 0.012 mmol)
and deoxybenzoin (196 mg, 1.0 mmol). Results: 40 8C, 3 h, >99% conver-
sion in 93% ee with Rh-TsDPEN and 40 8C, 72 h, 56% conversion in
96% ee with Ir-TsDPEN. HPLC (2-propanol/hexane 5:95; 1.0 mLmin�1


flow rate): 12.23 min (R); 15.13 min (S). 1H NMR (400 MHz, CDCl3/
TMS): d =1.96 (br s, 1H), 2.99 (dd, J=14.0, 8.0 Hz, 1H), 3.05 (dd, J=
14.0, 5.2 Hz, 1H), 4.90 (dd, J=8.0, 4.8 Hz, 1H), 7.19–7.38 ppm (m, 10H);
13C NMR (100 MHz, CDCl3/TMS): d=47.0, 76.2, 126.8, 127.5, 128.5,
129.3, 129.4, 130.4, 138.9, 144.7 ppm; MS CI: m/z (%): 198 (100) [M+],
181 (32); elemental analysis calcd (%) for C14H14O (198.26): C 84.81, H
7.12; found: C 84.70, H 7.18.


(R)-Ethyl 3-hydroxy-3-phenylpropanoate :[44] [Cp*RhCl2]2 (3.1 mg,
0.005 mmol) or [Cp*IrCl2]2 (4.0 mg, 0.005 mmol), (R,R)-TsDPEN
(4.4 mg, 0.012 mmol) and ethyl 3-oxo-3-phenylpropanoate (192 mg,
1.0 mmol). Results: 40 8C, 3 h, 99% conversion in 80% ee with Rh-
TsDPEN and 40 8C, 7 h, 99% conversion in 67% ee with Ir-TsDPEN.
HPLC (2-propanol/hexane 10:90; 0.5 mLmin�1 flow rate): 19.82 min (R);
22.60 min (S). 1H NMR (400 MHz, CDCl3/TMS): d=1.27 (t, J=7.1 Hz,
3H), 2.71 (dd, J=16.4, 4.1 Hz, 1H), 2.77 (dd, J=16.4, 8.9 Hz, 1H), 3.33
(br s, 1H), 4.19 (q, J=7.1 Hz, 2H), 5.14 (dd, J=8.8, 4.0 Hz, 1H), 7.26–
7.39 ppm (m, 5H); 13C NMR (100 MHz, CDCl3/TMS): d=14.5, 43.7, 61.3,
70.7, 126.1, 127.8, 128.2, 129.0, 142.8, 172.9 ppm; MS CI: m/z (%): 194
(100) [M+], 177 (47); elemental analysis calcd (%) for C11H14O3 (194.22):
C 68.02, H 7.27; found: C 67.66, H 7.33.


(R)-1,3-Diphenylpropan-1-ol :[37a,45] [Cp*RhCl2]2 (3.1 mg, 0.005 mmol) or
[Cp*IrCl2]2 (4.0 mg, 0.005 mmol), (R,R)-TsDPEN (4.4 mg, 0.012 mmol)
and (E)-chalcone (208 mg, 1.0 mmol). Results: 40 8C, 2.5 h, 99% conver-
sion in 93% ee with Rh-TsDPEN and 40 8C, 6 h, >99% conversion in
65% ee with Ir-TsDPEN. HPLC (2-propanol/hexane 5:95; 1.0 mLmin�1


flow rate): 16.60 min (S); 22.89 min (R). 1H NMR (400 MHz, CDCl3/
TMS): d =1.86 (br s, 1H), 1.99–2.08 (m, 1H), 2.09–2.19 (m, 1H), 2.63–


2.79 (m, 2H), 4.69 (dd, J=7.9, 5.4 Hz, 1H), 7.19–7.21 (m, 2H), 7.26–7.32
(m, 3H), 7.35–7.36 ppm (m, 5H); 13C NMR (100 MHz, CDCl3/TMS): d=


32.9, 41.3, 74.8, 126.7, 128.5, 129.3, 129.4, 142.7, 145.4 ppm; MS CI: m/z
(%): 212 (100) [M+], 194 (13); elemental analysis calcd (%) for C15H16O
(212.19): C 84.87, H 7.60; found: C 84.66, H 7.58.


1,3-Diphenylpropan-1-one :[28] [Cp*RhCl2]2 (3.1 mg, 0.005 mmol) or
[Cp*IrCl2]2 (4.0 mg, 0.005 mmol), (R,R)-TsDPEN (4.4 mg, 0.012 mmol)
and (E)-chalcone (208 mg, 1.0 mmol). Results: 40 8C, 1 h, 35% yield with
Rh-TsDPEN. 1H NMR (400 MHz, CDCl3/TMS): d=3.07 (t, J=8.0 Hz,
2H), 3.30 (t, J=8.0 Hz, 2H), 7.18–7.32 (m, 5H), 7.43–7.47 (m, 2H), 7.53–
7.94 (m, 1H), 7.95 ppm (d, J=2.0 Hz, 2H); 13C NMR (100 MHz, CDCl3/
TMS): d =30.6, 40.8, 126.5, 128.4, 128.8, 128.9, 129.0, 133.4, 137.3, 141.7,
199.6 ppm; MS CI: m/z (%): 228 (100) [M+NH4


+], 211 (42) [M++H]; el-
emental analysis calcd (%) for C15H14O (210.27): C 85.68, H 6.71; found:
C 85.48, H 6.74.
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Introduction


In recent years, the concept of bifunctional catalysis has
been successfully applied to asymmetric catalytic reactions,
in which catalysts consist of LALB (Lewis acid/Lewis base)
or LABB (Lewis acid/Brønsted base) moieties capable of si-
multaneously activating both an electrophile and a nucleo-


phile.[1] Such bifunctional catalysis can facilitate the reaction
in a synergistic manner similar to enzymatic processes, thus
controlling the kinetics of the chemical reaction as well as
the orientation of the substrates. Among the most impres-
sive examples, 1,1’-bi-2-naphthol (BINOL)-based monome-
tallic bifunctional chiral catalysts have received particular
attention following the pioneering work of Shibasaki and
co-workers.[2] These bifunctional catalysts generally incorpo-
rate one LA center connected to two naphthoxide moieties
and two LB or BB side arms attached at the 3- and 3’-posi-
tions thereof by flexible linkers (Figure 1).[2–4]


Abstract: A monometallic bifunctional
catalyst, in which only one imidazolyl
moiety is directly attached at the 3-po-
sition of a binaphthol moiety, has been
developed. The ligand (R)-1, which
lacks C2-symmetry and flexible linkers,
in combination with Ti ACHTUNGTRENNUNG(OiPr)4, has
been demonstrated to promote the
enantioselective cyanation of aldehydes
with trimethylsilylcyanide (TMSCN),
giving excellent enantioselectivities of
up to 98 % ee and high yields of up to
99 %. The use of this bifunctional cata-
lytic system obviates the need for addi-


tives and is extremely simple as the re-
agents are added in one portion at the
beginning of the reaction. The protocol
has been found to tolerate a relatively
wide range of aldehydes when
10 mol% of the (R)-1/Ti ACHTUNGTRENNUNG(OiPr)4 com-
plex is deployed in CH2Cl2 at �40 8C,
the conditions which proved most prac-


tical and effective. The asymmetric cy-
anations also proceeded with lower cat-
alyst loadings (5 mol %, or even
2 mol %), still giving satisfactory enan-
tiomeric excesses and yields. Interest-
ingly, the use of freshly distilled
TMSCN dried over CaH2 gave a low
enantioselectivity and only a moderate
yield of the adduct as compared with
direct use of the commercial reagent.
The results of 13C NMR spectroscopic
studies implicate HCN as the actual re-
active nucleophile.


Keywords: asymmetric catalysis ·
bifunctional catalysis · BINOL ·
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Figure 1. Strategy for designing non-C2-symmetric monometallic bifunc-
tional catalysts.
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One of the key issues in the design of bifunctional cata-
lysts is how to avoid internal coordination of the LB or BB
to the LA.[1a,2a,g] This problem might be overcome by either
shortening or reducing the flexibility of the linker, and/or by
using a donor additive such as phosphine oxide or hexame-
thylphosphoramide (HMPA) and/or 4 K molecular sieves
(MS). For example, the aluminum complexes of C2-symmet-
ric L1, L2, and L4, incorporating methylene linkers at C3
and C3’, are capable of catalyzing the enantioselective cyan-
ation of aldehydes with trimethylsilyl cyanide (TMSCN),
whereas their analogues bearing more flexible ethylene link-
ers are not effective in promoting this reaction. Notably, L1,
L2, and L4 work very well in the presence of Bu3PO,
CH3P(O)Ph2, Ph3PO, or HMPA as additives.[2a,g,3a,4] This
effect might be the result of coordination of the external ad-
ditive to the Lewis acid center, thereby suppressing internal
complexation of the LB or BB to the LA. Clearly, however,
it is highly desirable to develop a class of bifunctional cata-
lysts capable of catalyzing a number of reactions without the
assistance of extra additives.


The above-mentioned BINOL-based bifunctional catalysts
bear two identical basic units. However, in the generally ac-
cepted catalytic mechanism only one side arm is presumed
to function as a Lewis or Brønsted base.[2–4] It is reasonable
to assume that the other might only serve as a steric hin-
drance.[2a,g,3c] Recently, optically pure, non-C2-symmetric 3-
monosubstituted BINOL has been demonstrated to catalyze
the cyanation of aldehydes with TMSCN to afford products
with low enantioselectivities.[4] Thus, the question arose as to
whether the C2-symmetric structure is indispensable for the
design of BINOL-based monometallic bifunctional catalysts.


Imidazole (Im) and its derivatives play key roles in the
synergistic catalytic mechanisms of many enzymes.[5] Some
recent examples have demonstrated that imidazoles can
serve as the base moiety in dual activation or as co-catalysts
in some catalytic reactions.[6,7] Quite recently, we also pre-
sented facile, mild, and highly enantioselective additions of
alkynylzinc reagents to aromatic aldehydes under BINOL/
N-methylimidazole dual catalysis.[8] In continuation of our
ongoing interest in the development of imidazole chemis-
try,[9] we present herein a new strategy for the design of
monometallic bifunctional catalysts that lack C2-symmetry
and flexible linkers, in which only one imidazolyl moiety is
directly attached at the 3-position of the binaphthol moiety
(Figure 1). Molecular modeling studies suggested that intra-
molecular complexation of the 3-N of the imidazolyl unit of
(R)-1 to the internal Lewis acid center would be unfavora-
ble on torsional grounds. On the other hand, this geometry
would allow close approach of the two reaction partners. In
our quest for highly efficient asymmetric syntheses of bio-
logically active compounds, we expected that this novel class
of bifunctional catalysts would serve as miniaturized artifi-
cial metalloenzymes.


Results and Discussion


The syntheses of the target ligands involved N-arylation re-
actions of nitrogen-containing heterocycles with binaphthol
derivatives bearing the notoriously recalcitrant, sterically
hindered, and deactivated ortho-substituted alkyloxy group.
It is worth noting that such N-arylation reactions involving
hindered and deactivated substrates have hitherto proved
difficult to achieve. Therefore, one of the key issues was to
devise highly efficient protocols to carry out coupling reac-
tions of a number of N-heterocycles so as to incorporate
them at the 3-position of the binaphthol.


The synthesis of 3-imidazolyl-substituted BINOL [(R)-1]
was accomplished by a straightforward process starting from
2,2’-dimethoxy-1,1’-dinaphthyl [(R)-6]. Treatment of (R)-6
with nBuLi and B ACHTUNGTRENNUNG(OMe)3 afforded (R)-3-hydroxyborane-
2,2’-dimethoxy-1,1’-dinaphthyl [(R)-7], which could then be
subjected to the N-arylation reaction with imidazole accord-
ing to our previously described simple copper salt catalyzed
procedure.[9b] The desired ligand was finally obtained by de-
protection of (R)-8 with BBr3 (Scheme 1).


To investigate the influence of the linker that connects
the BINOL unit and the N-heterocycle on the catalytic ac-
tivity and stereoselectivity, we designed the ligand (R)-2
containing a flexible methylene linker at the C3 position of


Scheme 1. Synthesis of the 3-imidazolyl-substituted BINOL (R)-1.
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BINOL. As shown in Scheme 2, the synthesis of (R)-2 made
use of the same starting material as described above. Formy-
lation of (R)-6 in the presence of nBuLi and DMF afforded
(R)-2,2’-dimethoxy-1,1’-binaphthyl-3-carbaldehyde [(R)-9],
which was then subjected to reduction with NaBH4, chlori-
nation with SOCl2, and coupling with imidazole. The result-
ing (R)-3-(1H-imidazol-1-ylmethyl)-2,2’-dimethoxy-1,1’-bi-
naphthyl [(R)-12] was deprotected with BBr3 to afford the
expected product (R)-2.


To further illustrate our concept, several analogues of
(R)-1 have been synthesized for comparison (Scheme 3). We
first designed the pyrrole-derived ligand (R)-3 that lacks the


3-nitrogen atom of the imida-
zolyl moiety. Additionally, we
also synthesized (R)-4 and (R)-
5, which bear basic pyrazole
and triazole rings, respectively.
All three of these ligands were
synthesized by N-arylation of
the corresponding N-heterocy-
cle with 3-iodo-2,2’-bis(meth-
oxymethyl)-1,1’-bi-2-naphthol
[(R)-14], which was easily pre-
pared from readily available
(R)-13 through a lithiation–io-
dination sequence. It is note-
worthy that initial attempts to
synthesize (R)-3 using either a
catalytic system prepared in
situ from N,N-dimethylglycine/
CuI as reported by Ma and co-
workers[10] or our simple copper
salt catalyzed procedure[9b] were
unsuccessful. Fortunately, the


arylation could be achieved in the presence of pyrrolidinyl-
methylimidazole/CuI, as described quite recently by our
group.[9c] Thus, various bifunctional BINOL ligands were
prepared by structural variation of the linker and the N-het-
erocycle.


The catalytic enantioselective cyanation of aldehydes rep-
resents a very useful route to the corresponding enantiomer-
ically pure cyanohydrins, which have been identified as
highly versatile synthetic building blocks. It is therefore not
surprising that great efforts have recently been directed to-
wards the development of this important asymmetric reac-
tion.[11] The majority of the catalytic systems reported to


Scheme 2. Synthesis of the 3-imidazolylmethyl-substituted BINOL (R)-2.


Scheme 3. Synthesis of the 3-(N-heterocycle)-substituted BINOL derivatives (R)-3, (R)-4, and (R)-5.
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date have consisted of chiral metal complexes, and titaniu-
m(IV) catalysts have undoubtedly received the most atten-
tion among these Lewis acid systems.[11c,12, 13] However, tita-
nium(IV) complexes of BINOL and its derivatives suffer
from issues of inadequate general applicability to aldehydes
and non-ideal enantioselectivity in the asymmetric cyanohy-
drin synthesis, despite being excellent chiral catalysts.[11c,13a–c]


For example, BINOL, 6,6’-dibromo-, 3,3’-dibromo-, 3,3’-di-
phenyl-, and 3,3’-dimethyl-BINOL in combination with Ti-
ACHTUNGTRENNUNG(OiPr)4 have all been found to provide much lower %ee val-
ues.[13d] The Ti-BINOL-based bifunctional catalysts proved
not to be completely satisfactory even for the cyanation of
aldehydes with TMSCN in terms of chemical yield and
enantioselection, despite the excellent catalytic performan-
ces of their Al complex analogues.[2g,3a] In continuation of
our interest in the development of new Ti-BINOL catalytic
systems,[8,14] we chose to focus initial studies on evaluation
of the behavior of (R)-1 in combination with Ti ACHTUNGTRENNUNG(OiPr)4 in
the asymmetric cyanation of aldehydes.


This work commenced with a preliminary survey of the
reaction conditions using benzaldehyde and trimethylsilyl
cyanide as model reagents in the presence of (R)-1 in com-
bination with Ti ACHTUNGTRENNUNG(OiPr)4 (Table 1). The catalytic system was


first prepared in situ by stirring (R)-1 and Ti ACHTUNGTRENNUNG(OiPr)4 at room
temperature for 1 h in the appropriate solvent, and then
benzaldehyde and TMSCN were added at the selected tem-
perature. To our great delight, in the presence of TiACHTUNGTRENNUNG(OiPr)4


at �40 8C the non-C2-symmetric (R)-1 smoothly promoted
the asymmetric cyanation with excellent enantioselectivities
of up to 98 % ee and in high yields of up to 97 %. However,
the catalytic performance proved to be significantly influ-
enced by the solvent, the reaction temperature, and the
ratio of (R)-1 and Ti ACHTUNGTRENNUNG(OiPr)4. A series of anhydrous solvents
(e.g., diethyl ether, THF, toluene, and dichloromethane) was
first investigated (Table 1, entries 1–4), of which dichlorome-


thane turned out to be most favorable for the catalytic reac-
tion. A screening of the TiACHTUNGTRENNUNG(OiPr)4/(R)-1 ratio indicated that
a 1:1 ratio was the best choice in terms of enantioselectivity
(Table 1, entries 4–7). In addition, the reaction temperature
was found to have a significant effect on the enantioselectiv-
ity of the adduct, although the yield of the product was not
very sensitive to temperature (Table 1, entries 8 and 11).
Thus, lowering the reaction temperature could dramatically
improve the ee values. As indicated in Table 1, the best
result was achieved with three equivalents of trimethylsilyl
cyanide in the presence of 10 mol% of (R)-1 and 10 mol %
of Ti ACHTUNGTRENNUNG(OiPr)4 in CH2Cl2 (2 mL) at �40 8C after a reaction
time of 48 h (Table 1, entry 8).


To shed light on the possible origin of the remarkable per-
formance of (R)-1, (R)-3 lacking the base moiety was first
chosen for comparison. It was found that the reaction cata-
lyzed by 0.1 equivalents of (R)-3 in combination with
0.1 equivalents of Ti ACHTUNGTRENNUNG(OiPr)4 gave only a 7 % yield of the
product with 20 % ee, similar to the results obtained with
(R)-BINOL, indicating the key role of the 3-nitrogen atom
of the imidazole ring (compare entries 6 and 9 in Table 2).
This finding suggests that the highly enantioselective cataly-
sis by (R)-1 stems from the dual activation mechanism, a
view which is further supported by the results of the follow-
ing control experiments. First, in the presence of 10 mol %
of N-methylimidazole (NMI) and 10 mol % of TiACHTUNGTRENNUNG(OiPr)4, the
reaction of benzaldehyde with TMSCN gave the racemic cy-
anohydrin in 80 % yield at �40 8C, whereas the reaction pro-
ceeded to an almost negligible extent in the absence of NMI
(Table 2, entries 2 and 4). Second, 10 mol % of NMI alone
also promoted the cyanation to afford the racemic adduct in
68 % yield in the absence of TiACHTUNGTRENNUNG(OiPr)4 (Table 2, entry 3).
Third, 10 mol % of (R)-1 afforded the nearly racemic prod-
uct without the assistance of TiACHTUNGTRENNUNG(OiPr)4 (Table 2, entry 5). It


Table 1. Some representative results from the screening of reaction con-
ditions for the addition of TMSCN to benzaldehyde.[a]


Entry Ti ACHTUNGTRENNUNG(OiPr)4


ACHTUNGTRENNUNG[mol %]
Solvent
ACHTUNGTRENNUNG(2 mL)


T
[8C]


Time
[h]


Yield
[%][b]


ee
[%][c]


1 20 Et2O �40 10 70 23
2 20 THF �40 10 95 36
3 20 toluene �40 10 99 9
4 20 CH2Cl2 �40 10 99 58
5 15 CH2Cl2 �40 36 99 75
6 12 CH2Cl2 �40 36 90 89
7 10 CH2Cl2 �40 36 88 97
8 10 CH2Cl2 �40 48 97 98
9 [d] 10 CH2Cl2 �40 48 98 95


10 5 CH2Cl2 �40 48 51 54
11 10 CH2Cl2 �20 48 98 87


[a] Reactions were carried out on a 0.5 mmol scale with 3.0 equivalents
of TMSCN and 0.1 equivalents of (R)-1 in CH2Cl2 (2 mL). [b] Yield of
isolated product based on the cyanohydrin after acidic hydrolysis. [c] En-
antiomeric excess was determined by chiral HPLC analysis (Chiralcel
OD-H). [d] The reaction was carried out in CH2Cl2 (1.0 mL).


Table 2. Catalytic enantioselective addition of TMSCN to benzaldehyde
in the presence of different ligands in combination with Ti ACHTUNGTRENNUNG(OiPr)4.


[a]


Entry Ligand
ACHTUNGTRENNUNG(10 mol %)


TiACHTUNGTRENNUNG(OiPr)4


ACHTUNGTRENNUNG[mol %]
Yield
[%][b]


ee
[%][c]


1[d] (R)-BINOL 10 5 7
2 NMI 10 80 –
3 NMI none 68 –
4 none 10 trace –
5 (R)-1 none 52 7
6 (R)-1 10 97 98
7 (R)-2 10 21 50
8[d] (R)-2 10 44 51
9[e] (R)-3 10 7 20


10 (R)-4 10 trace –
11[f] (R)-5 10 19 �32


[a] Reaction conditions: aldehyde/ligand/TiACHTUNGTRENNUNG(OiPr)4/TMSCN=


1.0:0.1:0.1:3.0 (molar ratio) on a 0.5 mmol scale in CH2Cl2 (2.0 mL) at
�40 8C for 48 h. [b] Yield of isolated product based on the cyanohydrins.
[c] Enantiomeric excess was determined by chiral HPLC analysis (Chiral-
cel OD-H). [d] 40 mol % of triphenylphosphane oxide as additive. [e] Iso-
lated yield of the corresponding cyanohydrin trimethylsilyl ether. [f] The
absolute configuration of this adduct is R.
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is therefore reasonable to sug-
gest that our catalyst, generated
in situ from (R)-1 and Ti-
ACHTUNGTRENNUNG(OiPr)4, would serve as an
LABB or LALB bifunctional
catalyst, in which the Ti metal
center is coordinated by the al-
dehyde while at the same time
the 3-nitrogen atom of the imi-
dazole ring is coordinated by
cyanide. Then, cooperative in-
teraction between the respec-
tive components of the catalyst
could lead to excellent chemical
yields and high enantioselectivi-
ties of the cyanohydrin prod-
ucts, largely circumventing the
trouble potentially arising from
the NMI-initiated background
reaction (compare entries 3 and
6 in Table 2).


Interestingly, (R)-2, bearing
an imidazolyl ring attached to a flexible methylene linker,
displayed much lower catalytic activity (21% yield) and
gave only moderate enantioselectivity (50 % ee), whereas its
analogue (R)-1 that lacks an additional linker was a particu-
larly effective ligand (compare entries 6 and 7 in Table 2).
We speculated that the poor catalytic activity is most likely
a consequence of internal coordination of the titanium by
the 3-nitrogen atom of the imidazolyl moiety. As a conse-
quence of this, the catalyst is unable to bring the two reac-
tion partners into favorably close proximity, and therefore
the enantioselectivity is reduced. Additionally, we also in-
vestigated the catalytic performances of (R)-4 and (R)-5
containing basic pyrazole and triazole rings, respectively. As
expected, replacement of the imidazole with both the pyra-
zole and triazole rings led to dramatic decreases in both
yield and enantioselectivity (compare entries 6, 10, and 11 in
Table 2). We assume that the 2-nitrogen atom of the pyra-
zole or triazole ring lies close to metal center, thus favoring
internal complexation, which is in good accordance with the
proposal based on molecular modeling.


Although more detailed investigations of the reaction
mechanism are currently underway, the proposed transition
state model is consistent with experimental observations and
accounts for the absolute configurations of some selected
products (Scheme 4). A complex that simultaneously binds
the two reaction partners should position the activated alde-
hyde at a perpendicular site close to the internal base unit,
while the nucleophile, which interacts with the 3-N position
of the imidazolyl moiety, could transfer cyanide to the alde-
hyde. A further question then arises as to whether the reac-
tive nucleophile is HCN or TMSCN. Evidence in favor of
the former was that the use of freshly distilled TMSCN
dried over CaH2, from which the release of HCN is far less
likely, gave a low enantioselectivity and a moderate yield of
the adduct (52 % ee and 68 %, respectively) in comparison


with direct use of the commercial reagent. These results
thus appear to implicate HCN as the actual reactive nucleo-
phile. A small amount of HCN present in commercial
TMSCN should be sufficient to give the corresponding inter-
mediate. At this point, the 13C NMR spectrum of a commer-
cial sample of TMSCN (97 % purity according to the suppli-
er) was recorded, which revealed that it indeed contained a
trace amount of HCN (d=108.9 ppm, CDCl3) (Figure 2),
whereas no such signal was observed for the freshly distilled
TMSCN.[3c,e] In this context, it is notable that successful sim-
ulation of the stereospecificity of an enzyme (oxynitrilase)
has also been realized in the enantioselective reaction of
HCN with aldehydes via the dual activation pathway by em-
ploying cyclic dipeptides com-
posed of (S)-histidine, in which
the imidazolyl moiety activates
HCN to accelerate proton
transfer while the carbonyl
group is simultaneously activat-
ed by a hydrogen bond from
the peptide hydrogen.[6]


The present bifunctional cata-
lytic system proved to be capa-
ble of tolerating a relatively
wide range of aldehydes when
the reactions were conducted in
the presence of 10 mol % of the
(R)-1/Ti ACHTUNGTRENNUNG(OiPr)4 complex in
CH2Cl2 at �40 8C for 48 h
(Table 3). A number of aromat-
ic aldehydes with sterically hin-
dered, electron-poor, electron-
neutral or electron-rich sub-
stituents afforded the corre-
sponding cyanohydrins in excel-


Scheme 4. Proposed catalytic cycle.


Figure 2. The 13C NMR spec-
trum of a commercial sample
of TMSCN.
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lent yields with enantiomeric excesses in the range 91–98 %
(Table 3, entries 1–5, 7). The heteroaromatic aldehyde furfu-
ral also underwent highly efficient enantioselective cyana-
tion with 91 % ee in 88 % yield (Table 3, entry 8). In general,
the asymmetric cyanation of aliphatic aldehydes with
TMSCN remains elusive despite a number of highly enan-
tioselective catalysts for aromatic aldehydes. It is therefore
highly desirable to develop a more general asymmetric cata-
lyst that is applicable to a wider variety of aldehydes. Nota-
bly, our catalytic system efficiently promoted the reactions
of TMSCN with a variety of aliphatic aldehydes, including
linear and branched ones, in excellent yields (91–99%) and
with high enantiomeric excesses (95–98 % ee) (Table 3, en-
tries 9–13, 16). It should be pointed out that the a,b-unsatu-
rated aliphatic aldehyde (E)-2-methyl-2-butenal exclusively
yielded the 1,2-addition product in excellent yield and with
a high ee value (Table 3, entry 18).


Although not yet investigated in detail, the asymmetric
cyanations also proceeded with lower catalyst loadings than
under our standard conditions of 10 mol% of (R)-1. With
5 mol % of (R)-1/Ti ACHTUNGTRENNUNG(OiPr)4, cyanations of aldehydes with
TMSCN were accomplished with satisfactory enantiomeric
excesses and yields (Table 3, entries 6, 14, and 17). In partic-
ular, even in the presence of 2 mol % of catalyst, the reac-
tion of iBuCHO with TMSCN gave an excellent enantiose-
lectivity of 91 % ee, albeit with a somewhat lower yield of
64 % (Table 3, entry 15).


From a practical viewpoint, three notable advantages of
our catalytic system may be highlighted. First, our procedure
efficiently obviates the need for additives to afford cyanohy-
drins in good chemical yields and with excellent ee values.[2a,


g,3a, 4,15] Second, our protocol is extremely simple as the re-
agents are added in one portion at the beginning of the re-
action (no slow pump addition is necessary[2a]). Third, our
methodology presented here has proved applicable to a
wide range of aldehydes, making it among the most practical
and effective of strategies.


Conclusion


In summary, we have developed a new addition to the ra-
tional design of non-C2-symmetric BINOL-based bifunction-
al ligands. The use of (R)-1 in combination with Ti ACHTUNGTRENNUNG(OiPr)4


has been demonstrated to promote the general and highly
enantioselective cyanation of aldehydes with TMSCN.
13C NMR spectroscopic studies have suggested that HCN is
likely to be the actual reactive nucleophile. Detailed mecha-
nistic studies aimed at elucidating the origin of the excellent
catalytic performance and further investigations into other
versions of the asymmetric catalysis are currently underway
and the results will be reported in due course.


Experimental Section


General remarks : 1H and 13C NMR spectra were recorded on a Bruker
AV-300 (1H: 300 MHz; 13C: 75 MHz), a Varian Inova-400 (1H: 400 MHz;
13C: 100 MHz), or a Varian Inova-600 (1H: 600 MHz; 13C: 150 MHz)
spectrometer. Elemental analyses were performed using a Heraeus
CHN-O-Rapid instrument. Mass spectra were recorded with BioTOF Q
or Finnigan-LCQDECA spectrometers. GC-MS analyses were performed
using an Agilent 6890–5973 set-up. High-resolution FAB mass spectra
and EI mass spectra were obtained using a JEOL JMS-SX/SX 102 A in-
strument. Optical rotations were determined with a WZZ-2B polarime-
ter. Melting points were determined with XRC-1 and are uncorrected.


Materials : (R)-1,1’-Bi-2-naphthol [(R)-BINOL] (>99% ee) was pur-
chased from Lian YunGang Chiral Chemicals (China) Co., Ltd. TMSCN
(97 % purity) was purchased from Lancaster and was used as received
without further purification except where stated otherwise. Ti ACHTUNGTRENNUNG(OiPr)4 was
purchased from Aldrich Chemical Co. and was freshly distilled under re-
duced pressure prior to use. Aldehydes were purchased from Aldrich,
Lancaster, Acros, and AstatTech in China; all liquid reagents were dis-
tilled before use, while the others were used without further purification.
Solvents were dried by heating at reflux for at least 24 h over CaH2 (di-
chloromethane, DMF) or sodium/benzophenone (tetrahydrofuran, tolu-
ene, and diethyl ether) and were freshly distilled prior to use. Except
where noted, commercial reagents were used as received without further
purification. Unless otherwise indicated, all syntheses and manipulations
were carried out under a dry nitrogen atmosphere. nBuLi in Et2O was
prepared according to the literature.[16]


Procedures for the preparation of chiral ligands (R)-1–(R)-5


(R)-3-Hydroxyborane-2,2’-dimethoxy-1,1’-dinaphthyl [(R)-7]: A flame-
dried three-necked flask was charged with (R)-6 (4.72 g, 15 mmol) and
dry THF (250 mL) under N2. nBuLi (1.5 m in diethyl ether, 12 mL,
18 mmol) was then slowly added over a period of 1 h at 0 8C and the mix-
ture was stirred for 5 h at the same temperature. B ACHTUNGTRENNUNG(OMe)3 (5.1 mL,
45 mmol) was then added to the resulting light-brown suspension by
means of a syringe over a period of 30 min at �78 8C. The solution was


Table 3. Enantioselective synthesis of cyanohydrins catalyzed by (R)-1-
Ti.[a]


Entry Catalyst
loading
ACHTUNGTRENNUNG[mol %]


Aldehyde (R) Yield
[%][b]


ee
[%][c]


1 10 Ph 97 98
2 10 4-ClC6H4 92 92
3 10 2-MeOC6H4 94 91
4 10 4-MeC6H4 87 92
5 10 3-MeC6H4 93 93
6[d] 5 3-MeC6H4 86 93
7 10 2-naphthyl 94 94
8 10 2-furyl 88 91
9 10 PhCH2CH2 98 97


10 10 cyclohexyl 99 95
11 10 iPr 93 98
12 10 nBu 97 97
13 10 iBu 91 97
14[d] 5 iBu 90 97
15[e] 2 iBu 64 91
16 10 nOct 95 96
17[d] 5 nOct 93 91
18 10 (E)-CH3CH=CCH3 85 90


[a] General reaction conditions: see Table 2. [b] Yield of isolated product
based on the cyanohydrins. [c] Enantiomeric ratio was determined by
chiral HPLC analysis (Chiralcel OD-H) or GC. The absolute configura-
tion of the adduct was assigned by comparison with literature data.
[d] The reaction was carried out on a 1.0 mmol scale in CH2Cl2 (4.0 mL)
at �40 8C for 48 h. [e] The reaction was carried out on a 2.5 mmol scale
in CH2Cl2 (10.0 mL) at �40 8C for 48 h.
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allowed to warm to room temperature and was then stirred overnight.
After being cooled to 0 8C, 1 m HCl (100 mL) was added. The reaction
mixture was stirred for 2 h, and then concentrated under reduced pres-
sure. Et2O (300 mL) was added to the residue and the phases were al-
lowed to separate. The organic phase was washed with 1 m HCl (2 P
40 mL) and with saturated aqueous NaCl (100 mL) and then dried over
Na2SO4. The solvent was removed under reduced pressure, and the re-
sulting white solid was purified by flash column chromatography on silica
gel eluting with ethyl acetate/petroleum ether (1:2) to give (R)-7 (4.41 g,
82%) as white crystals. 1H NMR (600 MHz, CDCl3): d=3.41 (s, 3H),
3.81 (s, 3H), 6.34 (br s, 2H), 7.14 (t, J= 8.4 Hz, 2H), 7.25–7.30 (m, 2H),
7.33–7.36 (m, 1 H), 7.39–7.42 (m, 1 H), 7.47 (d, J=9.6 Hz, 1 H), 7.88 (d,
J=8.4 Hz, 1H), 7.95 (d, J=8.4 Hz, 1H), 8.03 (d, J= 9.0 Hz, 1H),
8.57 ppm (s, 1 H); 13C NMR (150 MHz, CDCl3): d=56.5, 61.5, 113.4,
118.7, 123.6, 123.8, 124.9, 125.1, 125.3, 126.8, 127.5, 128.0, 128.9, 129.0,
130.1, 130.6, 133.8, 135.9, 138.6, 154.9, 160.3 ppm; MS (ESI): m/z : 314
[M+�B(OH)2+H].


(R)-3-(1H-Imidazol-1-yl)-2,2’-dimethoxy-1,1’-dinaphthyl [(R)-8]:[9b] Com-
pound (R)-7 (7.17 g, 20 mmol) was added in one portion to a vigorously
stirred mixture of imidazole (2.72 g, 40 mmol) and a catalytic amount of
CuCl (198.0 mg, 2 mmol) in absolute methanol (250 mL). The mixture
was then refluxed for 3 h under dry air. It was then passed through a pad
of Celite, the filtrate was concentrated under reduced pressure, and the
residue was purified by flash column chromatography on silica gel eluting
with CH2Cl2/C2H5OH (40:1 to 25:1) to give (R)-8 (7.00 g, 92%) as a
yellow semi-solid. m.p. 83.0–84.0 8C; 1H NMR (400 MHz, CDCl3): d=


3.13 (s, 3 H), 3.82 (s, 3 H), 7.12–7.18 (m, 2H), 7.25–7.31 (m, 3 H), 7.33–
7.37 (m, 1 H), 7.44–7.49 (m, 3 H), 7.88–7.91 (m, 3H), 8.01–8.05 ppm (m,
2H); 13C NMR (75 MHz, CDCl3): d =56.5, 60.4, 113.5, 118.1, 120.5, 123.8,
123.9, 124.8, 125.8, 126.0, 126.9, 127.0, 127.7, 127.9, 128.1, 129.1, 129.5,
130.3, 130.4, 133.2, 133.8, 137.8, 149.6, 154.9 ppm; MS (ESI): m/z : 381
[M++H].


(R)-3-(1H-Imidazol-1-yl)-1,1’-bi-2-naphthol [(R)-1]: A flame-dried
Schlenk flask was charged with (R)-8 (5.71 g, 15 mmol) and anhydrous
CH2Cl2 (200 mL) under N2. The solution was cooled to 0 8C, and then
BBr3 (1.0 m in CH2Cl2, 75 mL, 75 mmol) was added over a period of 1 h.
The mixture was allowed to warm to room temperature and stirred for
24 h. Thereafter, water (20 mL) was carefully added at 0 8C to quench the
reaction, followed by MeOH (10 mL) and solid NaHCO3 to neutralize
the mixture. The resulting mixture was stirred for a further 12 h at room
temperature and then filtered through a pad of Celite. The filtrate was
washed with saturated aqueous NaCl solution (100 mL). The organic
layer was separated, and the aqueous phase was extracted with CH2Cl2


(2 P 50 mL). The combined organic layers were dried over Na2SO4 and
concentrated under reduced pressure. The resulting residue was purified
by flash column chromatography on silica gel eluting with CH2Cl2/MeOH
(20:1 to 16:1) to give (R)-1 (4.76 g, 90 %) as a pale-yellow solid. m.p.
205.5–207.5 8C; [a]20


D =++132.4 (c=0.5 in DMSO); 1H NMR (400 MHz,
[D6]DMSO): d= 6.88 (d, J= 8.4 Hz, 1 H), 6.97 (d, J=8.4 Hz, 1 H), 7.11 (s,
1H), 7.21–7.29 (m, 3 H), 7.32–7.38 (m, 2H), 7.61 (s, 1H), 7.89–7.95 (m,
3H), 8.07 (s, 2H), 8.97 (br s, 1 H), 9.50 ppm (br s, 1 H); 13C NMR
(150 MHz, [D6]DMSO): d= 113.0, 118.5, 118.8, 121.1, 122.5, 123.6, 123.8,
123.9, 124.5, 126.3, 126.6, 127.2, 127.8, 128.0, 128.1, 128.3, 129.8, 132.9,
134.2, 137.7, 146.6, 154.0 ppm; HRMS (FAB): calcd for C23H17N2O2 [M+


+H]: 353.1290, found: 353.1283; elemental analysis calcd (%) for
C23H16N2O2: C 78.39, H 4.58, N 7.95; found: C 78.21, H 4.69, N 7.75.


(R)-2,2’-Dimethoxy-1,1’-binaphthyl-3-carbaldehyde [(R)-9]: A flame-
dried three-necked flask was charged with (R)-6 (4.72 g, 15 mmol) and
dry THF (250 mL) under N2. nBuLi (1.5 m in diethyl ether, 12 mL,
18 mmol) was then slowly added over a period of 1 h at 0 8C and the mix-
ture was stirred for 4 h at the same temperature. DMF (2.4 mL,
31 mmol) in anhydrous THF (20 mL) was then added dropwise over a
period of 30 min and the resulting mixture was stirred for 90 min. There-
after, 1m HCl (100 mL, 100 mmol) was slowly added with vigorous stir-
ring. The resulting mixture was stirred for 30 min and then concentrated
under reduced pressure. Et2O (300 mL) was added to the residue and the
phases were allowed to separate. The organic layer was washed sequen-
tially with 0.5 m HCl (100 mL), saturated NaHCO3 solution (100 mL),


and brine (100 mL), dried over Na2SO4, and concentrated under reduced
pressure to give a yellow solid. The crude product was filtered through a
short column (silica gel, Et2O) and then recrystallized from 95% EtOH
to give (R)-9 (3.60 g, 70%) as pale-yellow crystals. 1H NMR (300 MHz,
CDCl3): d= 3.49 (s, 3H), 3.81 (s, 3 H), 7.10–7.18 (m, 2 H), 7.24–7.37 (m,
3H), 7.41–7.49 (m, 2 H), 7.88 (d, J=8.1 Hz, 1H), 8.03 (t, J=6.5 Hz, 2H),
8.56 (s, 1H), 10.57 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d=56.5,
62.5, 113.4, 117.9, 123.8, 124.9, 125.7, 126.2, 127.0, 128.1, 128.5, 129.0,
129.1, 130.0, 130.2, 130.3, 131.2, 133.9, 137.3, 155.0, 156.6, 190.9 ppm.


(R)-3-Hydroxymethyl-2,2’-dimethoxy-1,1’-binaphthyl [(R)-10]: NaBH4


(0.83 g, 22.0 mmol) was added to a solution of (R)-9 (6.85 g, 20.0 mmol)
in absolute ethanol (150 mL) and THF (20 mL) at room temperature.
After being stirred for 4 h, the reaction mixture was concentrated under
reduced pressure. The residue was partitioned between CH2Cl2 (200 mL)
and 3m HCl (150 mL), stirring vigorously until the solid had dissolved.
The organic layer was separated, and the aqueous layer was extracted
with CH2Cl2 (2 P 100 mL). The combined organic layers were dried over
MgSO4 and concentrated under reduced pressure to give (R)-10 (6.61 g,
96%) as a white foam. The compound thus obtained was sufficiently
pure for use in the next reaction without further purification. 1H NMR
(300 MHz, CDCl3): d=2.29 (br s, 1H), 3.37 (s, 3H), 3.77 (s, 3H), 4.87,
4.95 (AB system, J=13.2 Hz, 2H), 7.11–7.39 (m, 6 H), 7.43 (d, J=9.1 Hz,
1H), 7.84 (s, 1H), 7.87 (s, 1 H), 7.93 (s, 1 H), 7.99 ppm (d, J=9.1 Hz,
1H); 13C NMR (75 MHz, CDCl3): d=56.6, 60.7, 62.5, 113.6, 119.0, 123.8,
124.5, 124.9, 125.2, 125.4, 126.1, 126.8, 127.8, 127.9, 128.0, 129.1, 130.0,
130.7, 133.7, 133.8, 134.0, 154.7, 155.0 ppm.


(R)-3-Chloromethyl-2,2’-dimethoxy-1,1’-binaphthyl [(R)-11]: SOCl2


(23.2 mL, 320 mmol) was added dropwise to a stirred solution of (R)-10
(5.51 g, 16 mmol) in anhydrous CH2Cl2 (80 mL) at 0 8C. The reaction mix-
ture was then allowed to warm to room temperature and stirring was
continued for 12 h. Thereafter, the volatiles were removed under reduced
pressure to afford the crude product. Purification by column chromatog-
raphy on silica gel, eluting with petroleum ether/CH2Cl2 (1:1), gave (R)-
11 (5.52 g, 95 %) as a white solid. 1H NMR (300 MHz, CDCl3): d=3.41
(s, 3 H), 3.80 (s, 3 H), 4.91 (s, 2H), 7.11 (s, 1 H), 7.14 (s, 1 H), 7.20–7.28
(m, 2H), 7.30–7.41 (m, 2H), 7.45 (d, J=9.1 Hz, 1H), 7.86 (s, 1 H), 7.89 (s,
1H), 8.00 (s, 1H), 8.03 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d=


42.5, 56.6, 61.2, 113.6, 118.9, 123.7, 125.0, 125.1, 125.2, 125.4, 126.7, 126.8,
128.0, 128.1, 129.1, 130.0, 130.3, 130.5, 130.8, 134.0, 134.4, 154.6,
155.0 ppm.


(R)-3-(1H-Imidazol-1-ylmethyl)-2,2’-dimethoxy-1,1’-binaphthyl [(R)-12]:
A flame-dried three-necked flask was charged with imidazole (1.43 g,
21 mmol) and NaH (60 % in mineral oil, 1.04 g, 26 mmol) under nitrogen,
and then dry THF (200 mL) was added at 0 8C. After the mixture had
been stirred for 3 h at room temperature, (R)-11 (5.81 g, 16 mmol) was
added in one portion, and the resulting mixture was refluxed for a further
18 h. Thereafter, water (60 mL) was slowly added at 0 8C, and the mixture
was stirred for 20 min and then concentrated under reduced pressure.
CH2Cl2 (200 mL) was added to the residue and the biphasic mixture was
stirred until the solid had dissolved. The organic layer was separated, and
the aqueous layer was extracted with CH2Cl2 (2 P 50 mL). The combined
organic layers were washed with brine (100 mL), dried over Na2SO4, and
concentrated in vacuo. The crude product was purified by flash column
chromatography on silica gel eluting with CH2Cl2/MeOH (30:1) to give
(R)-12 (5.81 g, 92%) as a white powder. m.p. 180.5–182.5 8C; 1H NMR
(300 MHz, CDCl3): d= 3.16 (s, 3 H), 3.79 (s, 3H), 5.36 (s, 2H), 7.06–7.14
(m, 4H), 7.20–7.28 (m, 2 H), 7.30–7.40 (m, 2H), 7.44 (d, J=9.1 Hz, 1H),
7.58 (s, 1 H), 7.67 (s, 1H), 7.78 (d, J=8.2 Hz, 1H), 7.86 (d, J=7.8 Hz,
1H), 8.00 ppm (d, J=9.0 Hz, 1 H); 13C NMR (75 MHz, CDCl3): d=47.2,
56.5, 60.3, 113.5, 118.6, 119.6, 123.8, 124.7, 125.0, 125.2, 125.4, 126.6,
126.9, 127.9, 128.0, 128.4, 129.1, 129.5, 130.2, 130.4, 133.7, 134.2, 137.7,
154.2, 155.0 ppm; MS (ESI): m/z : 395 [M++H].


(R)-3-(1H-Imidazol-1-ylmethyl)-1,1’-bi-2-naphthol [(R)-2]: This com-
pound was prepared following the same procedure as described above
for [(R)-1] but using (R)-12 as the starting material. (R)-2 was obtained
in 88% yield as a pale-yellow solid after purification by column chroma-
tography on silica gel eluting with CH2Cl2/MeOH (18:1 to 16:1). m.p.
167.0–168.5 8C; [a]20


D =++104.9 (c=0.5 in DMSO); 1H NMR (600 MHz,
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[D6]DMSO): d= 5.41 (s, 2H), 6.87 (d, J=8.4 Hz, 1H), 6.90 (d, J=8.4 Hz,
1H), 6.97 (s, 1H), 7.15–7.20 (m, 2H), 7.23–7.27 (m, 2H), 7.30 (s, 1H),
7.36 (d, J=9.0 Hz, 1 H), 7.55 (s, 1H), 7.77 (d, J= 8.4 Hz, 1 H), 7.80 (s,
1H), 7.88 (d, J=7.8 Hz, 1H), 7.91 (d, J=9.0 Hz, 1H), 9.11 ppm (br s,
2H); 13C NMR (150 MHz, [D6]DMSO): d=46.1, 113.3, 116.2, 118.8,
119.9, 122.4, 123.0, 124.0, 124.3, 126.0, 126.1, 127.3, 127.7, 127.9, 128.0,
128.2, 128.3, 129.6, 133.6, 134.3, 137.7, 150.7, 154.0 ppm; HRMS (FAB):
calcd for C24H19N2O2 [M++H]: 367.1447, found: 367.1445; elemental
analysis calcd (%) for C24H18N2O2: C 78.67, H 4.95, N 7.65; found: C
78.48, H 5.04, N 7.51.


(R)-3-Iodo-2,2’-bis(methoxymethyl)-1,1’-bi-2-naphthol [(R)-14]: A flame-
dried three-necked flask was charged with (R)-13 (7.50 g, 20 mmol) and
dry THF (300 mL) under N2. nBuLi (1.5 m in diethyl ether, 16 mL,
24 mmol) was slowly added over a period of 1 h at �78 8C and the mix-
ture was stirred for 5 h at the same temperature. A solution of iodine
(6.09 g, 24 mmol) in dry THF (30 mL) was then added dropwise to the
chilled solution over a period of 1 h. After being stirred for 1 h at �78 8C,
the solution was allowed to warm to room temperature and stirring was
continued for 12 h. Aqueous Na2SO3 solution (5 %, 100 mL) was then
slowly added at 0 8C and the resulting mixture was stirred for 2 h. The
mixture was subsequently concentrated under reduced pressure, and the
residue was partitioned between ethyl acetate (250 mL) and H2O
(100 mL), stirring vigorously until the solid had dissolved. The organic
layer was separated, and the aqueous layer was extracted with ethyl ace-
tate (2 P 100 mL). The combined organic layers were washed with brine
(150 mL) and dried over anhydrous Na2SO4. After removal of the sol-
vent, the residue was purified by recrystallization from hexane/ethyl ace-
tate (8:1) to give (R)-14 (8.21 g, 82%) as white crystals. m.p. 124.0–
125.0 8C; 1H NMR (400 MHz, CDCl3): d= 2.71 (s, 3 H), 3.19 (s, 3H), 4.68,
4.72 (AB system, J=5.2 Hz, 2H), 5.03, 5.12 (AB system, J= 6.8 Hz, 2H),
7.14–7.19 (m, 2 H), 7.24–7.31 (m, 2H), 7.34–7.42 (m, 2 H), 7.57 (d, J=


9.2 Hz, 1H), 7.78 (d, J=8.4 Hz, 1 H), 7.86 (d, J=8.0 Hz, 1 H), 7.95 (d, J=


8.8 Hz, 1H), 8.51 ppm (s, 1H); 13C NMR (100 MHz, CDCl3): d =55.9,
56.7, 92.9, 94.8, 99.1, 116.2, 120.1, 124.1, 125.4, 125.6, 126.1, 126.3, 126.7,
126.8, 126.9, 127.8, 129.5, 130.1, 132.4, 133.8, 139.8, 151.6, 152.9 ppm; MS
(ESI): m/z : 523 [M++Na].


(R)-3-(1H-Pyrrol-1-yl)-2’-methoxymethyl-1,1’-bi-2-naphthol [(R)-16]:[9c]


A flame-dried Schlenk test tube fitted with a magnetic stirring bar was
charged with CuI (76.0 mg, 0.4 mmol), pyrrolidinylmethylimidazole 15
(204.0 mg, 0.8 mmol), Cs2CO3 (2.6 g, 8 mmol), pyrrole (0.55 mL, 8 mmol),
(R)-14 (2.0 g, 4 mmol), and DMF (10 mL) under N2. A rubber septum
was replaced with a glass stopper, and the system was evacuated twice
and back-filled with N2. The reaction mixture was stirred for 30 min at
room temperature, and then heated to 110 8C for 48 h. It was then cooled
to ambient temperature, diluted with CH2Cl2 (15 mL), and filtered
through a plug of silica gel. The silica was washed with CH2Cl2 (50 mL)
and the combined filtrate and washing was concentrated. The resulting
residue was purified by column chromatography on silica gel, eluting
with petroleum ether/acetone (8:1) to afford the desired product (R)-16
(506 mg, 32%) as a pale-yellow solid. m.p. 49.0–50.5 8C; 1H NMR
(400 MHz, CDCl3): d =3.21 (s, 3H), 5.09, 5.12 (AB system, J=6.8 Hz,
2H), 5.23 (br s, 1 H), 6.39 (t, J=2.2 Hz, 2 H), 7.07–7.09 (m, 1 H), 7.20–7.26
(m, 4 H), 7.29–7.43 (m, 3 H), 7.61 (d, J=9.2 Hz, 1 H), 7.85 (d, J=8.4 Hz,
1H), 7.90 (s, 1H), 7.91 (d, J= 8.0 Hz, 1 H), 8.04 ppm (d, J=8.8 Hz, 1H);
13C NMR (100 MHz, CDCl3): d=56.1, 95.0, 109.6, 116.9, 117.3, 117.7,
122.3, 123.7, 124.3, 124.8, 124.9, 125.0, 126.5, 127.4, 127.8, 128.2, 128.7,
129.7, 130.2, 131.1, 132.3, 133.8, 145.5, 153.6 ppm; MS (ESI): m/z : 396
[M++H].


(R)-3-(1H-Pyrrol-1-yl)-1,1’-bi-2-naphthol [(R)-3]: Aqueous HCl (6 m,
1.1 mL) was added to a solution of (R)-16 (435 mg, 1.1 mmol) in THF
(15 mL) and methanol (3 mL). The resulting solution was refluxed for
12 h until the conversion of (R)-16 was complete. The solution was then
cooled to room temperature and neutralized by the addition of saturated
aqueous NaHCO3 solution. The resulting mixture was concentrated
under reduced pressure, and the residue was extracted with ethyl acetate
(3 P 20 mL). The combined organic layers were dried over anhydrous
Na2SO4, filtered, and concentrated to give the crude product, which was
purified by flash chromatography on silica gel eluting with petroleum


ether/acetone (1:6) to afford (R)-3 (367 mg, 95%) as a white solid. m.p.
55.5–57.0 8C; [a]20


D =++106.4 (c=0.5 in CH2Cl2); 1H NMR (400 MHz,
CDCl3): d =5.11 (br s, 1 H), 5.43 (br s, 1 H), 6.39 (t, J=2.2 Hz, 2H), 7.14–
7.19 (m, 4H), 7.28–7.33 (m, 2H), 7.35–7.43 (m, 3 H), 7.87–7.89 (m, 2H),
7.95 (s, 1H), 7.98 ppm (s, 1H); 13C NMR (100 MHz, CDCl3): d =110.1,
110.9, 113.6, 117.8, 122.2, 124.1, 124.3, 125.1, 127.5, 127.6, 128.2, 128.5,
129.1, 129.5, 129.9, 131.6, 131.8, 133.2, 146.9, 152.6 ppm; HRMS (ESI):
calcd for C24H18NO2 [M++H]: 352.1338, found: 352.1337; elemental anal-
ysis calcd (%) for C24H17NO2: C 82.03, H 4.88, N 3.99; found: C 81.68, H
4.81, N 3.60.


(R)-3-(1H-Pyrazol-1-yl)-2’-methoxymethyl-1,1’-bi-2-naphthol [(R)-17]:[10]


A flame-dried three-necked flask was charged with CuI (570.0 mg,
3.0 mmol), N,N-dimethylglycine (619.0 mg, 6.0 mmol), K2CO3 (16.5 g,
120 mmol), (R)-14 (10.0 g, 20 mmol), pyrazole (2.8 g, 41 mmol), and
DMSO (150 mL) at room temperature under nitrogen. After being
heated at 110 8C for 60 h, the mixture was concentrated under reduced
pressure. The resulting residue was then partitioned between water
(100 mL) and CH2Cl2 (200 mL). The organic layer was separated, and the
aqueous layer was extracted with CH2Cl2 (3 P 30 mL). The combined or-
ganic layers were dried over Na2SO4 and concentrated in vacuo. The
crude product was purified by chromatography on a silica gel column
eluting with petroleum ether/acetone (6:1 to 3:1). (R)-17 was obtained in
44% yield (3.51 g) as a white solid. m.p. 188.0–189.0 8C; 1H NMR
(400 MHz, CDCl3): d =3.19 (s, 3H), 5.01, 5.14 (AB system, J=6.8 Hz,
2H), 6.56, 6.57 (AB system, J=2.0 Hz, 1 H), 7.13–7.37 (m, 6 H), 7.59 (d,
J=9.2 Hz, 1 H), 7.73 (d, J=1.6 Hz, 1H), 7.83–7.99 (m, 4 H), 8.24 (d, J=


2.0 Hz, 1H), 11.36 ppm (br s, 1 H); 13C NMR (75 MHz, CDCl3): d=55.9,
95.3, 107.4, 116.4, 117.4, 119.9, 120.6, 124.1, 124.2, 125.1, 125.3, 126.4,
126.5, 127.6, 127.7, 128.0, 128.1, 129.7, 130.1, 132.9, 133.8, 139.6, 145.9,
152.8 ppm; MS (ESI): m/z : 397 [M++H].


(R)-3-(1H-Pyrazol-1-yl)-1,1’-bi-2-naphthol [(R)-4]: Aqueous HCl (6 m,
22.0 mL) was added to a solution of (R)-17 (3.50 g, 8.8 mmol) in THF
(150 mL) and methanol (50 mL). The resulting solution was refluxed for
12 h until the conversion of (R)-17 was complete. The solution was then
cooled to room temperature and neutralized by the addition of saturated
aqueous NaHCO3 solution. The resulting mixture was stirred for a fur-
ther 12 h, then concentrated under reduced pressure, and the residue was
extracted with ethyl acetate (3 P 60 mL). The combined organic layers
were dried over anhydrous Na2SO4, filtered, and concentrated to give the
crude product, which was further purified by flash chromatography on
silica gel eluting with petroleum ether/ethyl acetate (1:5 to 1:2) to afford
(R)-4 (3.05 g, 98%) as white crystals. m.p. 188.0–189.0 8C; [a]28


D =++82.8
(c= 0.5 in CH2Cl2); 1H NMR (400 MHz, CDCl3): d=5.08 (br s, 1 H), 6.60
(t, J=2.0 Hz, 1 H), 7.15–7.40 (m, 7 H), 7.76 (d, J=1.6 Hz, 1H), 7.86 (d,
J=8.0 Hz, 2H), 7.92 (d, J=8.8 Hz, 1 H), 8.04 (s, 1 H), 8.27 (d, J=2.8 Hz,
1H), 11.63 ppm (br s, 1H); 13C NMR (100 MHz, CDCl3): d =107.6, 114.4,
116.1, 117.3, 117.7, 123.3, 124.6, 124.7, 124.8, 126.6, 127.3, 127.8, 127.9,
128.0, 128.2, 129.2, 130.1, 132.6, 133.5, 139.7, 147.0, 151.4 ppm; HRMS
(ESI): calcd for C23H17N2O2 [M++H]: 353.1290, found: 353.1291; elemen-
tal analysis calcd (%) for C23H16N2O2: C 78.39, H 4.58, N 7.95; found: C
78.44, H 4.49, N 7.77.


(R)-3-(1H-1,2,4-Triazol-1-yl)-2’-methoxymethyl-1,1’-bi-2-naphthol [(R)-
18]:[10] A flame-dried three-necked flask was charged with CuI (454.0 mg,
2.4 mmol), N,N-dimethylglycine (495.0 mg, 4.8 mmol), K2CO3 (13.2 g,
96 mmol), (R)-14 (8.0 g, 16 mmol), triazole (2.3 g, 33 mmol), and DMSO
(150 mL) at room temperature under nitrogen. After being heated at
110 8C for 60 h, the mixture was concentrated under reduced pressure.
The resulting residue was then partitioned between water (100 mL) and
ethyl acetate/THF (1:3, 200 mL). The organic layer was separated, and
the aqueous layer was extracted with ethyl acetate/THF (1:3, 3P 30 mL).
The combined organic layers were dried over Na2SO4 and concentrated
in vacuo. The residue was loaded onto a silica gel column and eluted
with petroleum ether/acetone (3:1 to 1:1) to afford the corresponding
coupling product (R)-18 (3.88 g, 61 %) as a white solid. m.p. 193.5–
195.0 8C; 1H NMR (400 MHz, CDCl3): d=3.19 (s, 3H), 5.07, 5.12 (AB
system, J=6.8 Hz, 2 H), 7.13 (d, J=8.4 Hz, 1 H), 7.19 (d, J=8.8 Hz, 1H),
7.27–7.31 (m, 2H), 7.36–7.41 (m, 2 H), 7.60 (d, J=9.2 Hz, 1H), 7.91 (t,
J=6.8 Hz, 2H), 8.00 (d, J= 9.2 Hz, 1H), 8.13 (s, 1H), 8.22 (br s, 1H), 8.25
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(s, 1H), 8.89 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d =56.1, 95.1,
117.0, 118.3, 119.5, 120.2, 124.6, 124.7, 124.9, 125.1, 127.1, 127.3, 128.0,
128.2, 130.1, 130.7, 133.2, 133.8, 143.3, 144.2, 151.4, 153.3 ppm; MS (ESI):
m/z : 397 [M+].


(R)-3-(1H-1,2,4-Triazol-1-yl)-1,1’-bi-2-naphthol [(R)-5]: This compound
was prepared following the same procedure as described above for (R)-4,
but with (R)-18 as the starting material. (R)-5 was obtained in 96 % yield
as white crystals after purification by column chromatography on silica
gel eluting with CH2Cl2/MeOH (20:1 to 16:1). m.p.>224.0 8C (dec.);
[a]28


D =++98.0 (c=0.5 in THF); 1H NMR (400 MHz, [D6]DMSO): d=6.91
(d, J=8.4 Hz, 1 H), 6.95 (d, J=8.4 Hz, 1H), 7.20–7.29 (m, 3H), 7.34–7.38
(m, 2 H), 7.89 (d, J=8.4 Hz, 1H), 7.93 (d, J=9.2 Hz, 1H), 8.00 (d, J=


8.0 Hz, 1 H), 8.32 (d, J=9.2 Hz, 2 H), 9.11 (s, 1 H), 9.26 (br s, 1H),
9.58 ppm (br s, 1H); 13C NMR (100 MHz, [D6]DMSO): d=113.2, 118.9,
119.0, 122.8, 123.0, 124.2, 124.3, 124.8, 126.6, 127.0, 127.2, 127.9, 128.4,
128.6, 130.1, 133.3, 134.4, 145.4, 145.8, 151.8, 154.1 ppm; HRMS (ESI):
calcd for C22H14N3O2 [M+�H]: 352.1086, found: 352.1086; elemental
analysis calcd (%) for C22H15N3O2: C 74.78, H 4.28, N 11.89; found: C
74.86, H 3.64, N 11.89.


General procedure for the asymmetric cyanosilylation of aldehydes : A
flame-dried reaction vessel was charged with (R)-1 (0.05 mmol, 17.6 mg)
under nitrogen, and then dry CH2Cl2 (2 mL) and Ti ACHTUNGTRENNUNG(OiPr)4 (0.05 mmol,
15 mL) were added. After stirring the mixture at room temperature for
1 h, TMSCN (200 mL, 1.5 mmol) was added at �40 8C, followed, after
10 min, by the requisite aldehyde (0.5 mmol). After stirring the reaction
mixture at �40 8C for 48 h, aqueous hydrochloric acid (2 m, 3 mL) and
ethyl acetate (3 mL) were added at the same temperature. The resulting
mixture was stirred vigorously for 3 h at room temperature and then ex-
tracted with ethyl acetate (3 P 12 mL). The organic layers were combined,
dried over MgSO4, and concentrated under reduced pressure. Purification
of the residue by flash chromatography eluting with petroleum ether/
ethyl acetate (6:1) afforded the pure cyanohydrins.


Each pure cyanohydrin was treated with acetyl chloride (0.5 mL) and
TEA (0.5 mL) in CH2Cl2 (4 mL). After stirring the mixture for 1 h, the
reaction was quenched by the addition of water and the resulting mixture
was extracted with ethyl acetate (3 P 8 mL). The combined organic ex-
tracts were washed with brine, dried over anhydrous sodium sulfate, and
concentrated in a rotary evaporator. The residue was purified by column
chromatography on silica gel eluting with petroleum ether/ethyl acetate
(15:1) to give the cyanoacetate. Enantiomeric excess was determined by
chiral HPLC (Chiralcel OD-H) or chiral GC.
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Introduction


The ongoing evolution of supramolecular chemistry has
been, and still is, inextricably linked to the study of recep-
tors for ionic substrates.[1] Historical developments in the
field of cation recognition and sensing[2] have been recently
emulated in the emergence of a large number of systems for
the recognition and sensing of anions.[3] The continued inter-
est in such receptor systems is stimulated by the multifarious
roles of ions in natural and artificial systems, in both benefi-
cial and deleterious manners. However, the designs of ion
receptors studied to date are almost universally focused on
the selective recognition of either a cation or an anion,
which may be achieved through careful consideration of the


size, geometry, and solvation properties of the target guest
species. This approach, therefore, implicitly neglects the ob-
viously important role of the counterion in controlling the
strength and selectivity of the recognition process; such a
shortcoming is commonly compensated for by making the
counterion “non-coordinating”.


An alternative paradigm for ion recognition exists, howev-
er, and involves the design of systems wherein the binding
of both the cation and anion, an ion pair, can be achieved.
Such an approach offers considerable benefits as the overall
receptor/ion-pair complex is charge neutral and should, thus,
prove advantageous in salt solubilization, extraction, detec-
tion, and membrane-transport applications.[4] Currently, this
approach is reliant on two key motifs (Figure 1), wherein
ion-pair recognition is achieved either through the cascade


Abstract: A new family of heteroditop-
ic calix[4]diquinone receptors capable
of the cooperative recognition of ion-
pair species through a contact binding
mechanism has been developed. The
receptors bind contact ion pairs coop-
eratively, with an unprecedented AND
recognition phenomenon being ob-
served to operate in certain cases, in
which receptors display no affinity for
either of the individual “free” cation or


anion, but bind the cation and anion
ion-pair strongly. X-ray crystallograph-
ic, solution-state, and computational
methods rationalize the observed rec-
ognition behavior of the receptors. It is
shown that the contact ion-pair interac-
tion occurs through a p-stacking-medi-


ated folding of the receptors such that
the anion and cation binding sites are
arranged in close proximity, while in
the solid state an unusual ion-mediated
receptor dimerization is observed. Mo-
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Figure 1. Different approaches for ion-pair recognition. a) Cascade,
b) heteroditopic, and c) contact motifs.
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approach or the use of heterotopic receptors. The former
(Figure 1a) utilizes the recognition of two ions of one
charge by a receptor to mediate the “trapping” of the coun-
terion between the two recognition sites.[5] The latter (Fig-
ure 1b) relies on the incorporation of distinct anion and
cation binding sites within the same molecule to achieve the
recognition of multiple ions.[6] The ion-pair recognition pro-
cess is ideally cooperative in nature, such that the binding of
one ion enhances the binding of the other and vice versa.


The design of these heteroditopic receptors commonly
relies on the separation of the two ions, which incurs an un-
favorable Coulombic energy penalty. To circumvent this
event, it is desirable to coordinate the ion pair such that the
components are in contact (Figure 1c). Such a requirement
places severe restrictions on the receptor design that can be
employed, and consequently such systems are extremely
rare, but recently Smith et al.[7] and Rissanen et al.[8] demon-
strated the power of such an approach.


We report herein the design, synthesis, ion-binding prop-
erties, and solid-state and computational analysis of a new
class of contact ion-pair receptors reliant on the proximal in-
clusion of calix[4]diquinone cation binding and isophthala-
mide-based anion binding fragments, within the same mac-
robicycle. In addition to supporting a contact ion-pair bind-
ing process, some of these receptors demonstrate an unpre-
cedented binding behavior consistent with AND logic,[9] in
which the receptor displays no affinity for either of the
“free” cation or anion yet binds the cation and anion ion
pair strongly.[10]


Results and Discussion


Receptor design and synthesis : The designs of heteroditopic
receptors 1–5 (Scheme 1) have certain key features in
common. They may all be generally described as polyether-
based macrocycles that are capped at one end by an iso-
phthalamide-based anion-binding fragment, which has been


shown previously to bind halide anions in nonpolar organic
solvents,[11,12] and anchored at the other end to a calix[4]di-
quinone moiety. Such calix[4]diquinone fragments have re-
ceived attention previously because of their ability to bind
cation species through the provision of a convergent array
of electron-rich oxygen donor atoms.[13] The size of the poly-
ether macrocycles increases in the order 1, 2<3, 4<5 ; pre-
liminary molecular mechanics simulations indicated that the
smaller macrocycles 1 and 2 should provide an optimal spa-
tial arrangement of the cation- and anion-binding sites for
the binding of simple alkali halide ion pairs (e.g., KCl),
while it was hoped that the tuning of selectivity could be
achieved by increasing the macrocycle size in 3–5. Finally,
receptors 2 and 4 incorporate a nitro functionality into the
anion-binding cleft of the macrocycle, which should lead to
increased anion, and therefore ion pair, affinity by increas-
ing the acidity of the amide protons.


The syntheses of these new receptors were accomplished
by employing a general strategy for the formation of amide-
containing macrocycle derivatives at the lower rim of the
calix[4]arene and calix[4]diquinone species (Scheme 2). This
strategy relies first on the selective 1,3-disubstitution of a
para-tert-butylcalix[4]arene with a suitable asymmetric pre-
cursor (i.e., 6–8), followed by hydrazine-mediated cleavage
of the phthalimide protecting groups. The resulting bisa-
mines 12–14 were cyclized with suitable bis(acid chloride)s
in moderate to high yields to afford the macrobicycles 15–
19. Oxidation of these macrobicycles with thallium ACHTUNGTRENNUNG(III) tri-
fluoroacetate[14] gave the new heteroditopic calix[4]diqui-
none receptors 1–5 in yields of 42–89%.


Single-crystal X-ray structures of 1 and 2 : Crystals of 1 suit-
able for single-crystal X-ray structure determination were
grown by slow diffusion of diethyl ether into a solution of
the receptor in acetonitrile (Figure 2). The calix[4]arene
does not adopt the cone conformation, but exists instead as
a partial cone. The two tert-butylphenyl rings are approxi-
mately parallel, with an angle between them of 1.08. The


two quinone rings are not par-
allel, however, and are oriented
divergently with an interplanar
angle of 30.58. Interestingly, the
polyether loop of the pendant
macrocycle adopts an extended
conformation such that the two
amide NH groups can form rel-
atively long intramolecular hy-
drogen bonds to one of the
oxygen atoms in the quinone
unit (N···O distances: 3.171 and
3.237 O). This intramolecular
interaction suggests that the
ion-binding properties of recep-
tors 1–5 may be restricted by
hydrogen-bond-mediated self-
inhibition (see below).


Scheme 1. Design of receptors 1–5 and proton labeling.
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Single crystals of 2 were grown at the interface of a bipha-
sic mixture of a solution of 2 in dimethyl sulfoxide (DMSO)
and diisopropyl ether. The crystal structure is illustrated in
Figure 3. It is notable that in the solid state 2 adopts a some-
what different structure to that of 1. Once again the calix[4]-
diquinone unit adopts a partial-cone conformation, as the
two tert-butylphenyl rings are virtually parallel and have an
interplanar angle of 2.9o, while the quinone C6 rings are ar-
ranged divergently, with an interplanar angle of 43.9o. In this
case, the nitrophenyl ring undergoes p stacking over one of
these quinone rings, with a separation between the two rings
of approximately 3.4 O. Importantly, this p-stacking interac-
tion arranges the anion and cation binding sites in proximity,
which is vital to support the ion-pair recognition process.
The existence of such a conformation in solution for recep-


tors 1 and 5 (and by inference 2) is also suggested by solu-
tion NMR spectroscopic evidence (see below). Furthermore,
the oxygen atom of a guest molecule of solvent DMSO is
forms hydrogen bonds with the amide group and aromatic
CH donors of the receptor, with N···O separations of 3.123
and 3.07 O, and an unusually short C···O distance of 3.04 O.


Solution-state ion-binding properties : The study of ion-pair
binding by heteroditopic receptors is complicated by the
possibility of numerous solution equilibria, some of which
are displayed in Scheme 3.[15] The affinity of the receptor for
a single ion is defined by the processes K1(cation) and K3(anion),


Scheme 2. Synthesis of receptors 1–5.


Figure 2. Single-crystal X-ray structure of 1. Note the partial-cone confor-
mation of the calixarene center and the presence of hydrogen-bonding
interactions between the downwards facing quinone unit and isophthala-
mide NH units. All protons aside from those involved in hydrogen bond-
ing have been omitted for clarity. Figure 3. Single-crystal X-ray structure of 2·DMSO. The guest DMSO


molecule arises from the solvent mixture of crystallization; no DMSO
was present when conducting the binding studies. Another molecule of
DMSO is disordered within the structure (not shown). Hydrogen atoms
not involved in hydrogen bonding have been omitted for clarity.
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in which the counterion is non-
coordinating, for example tetra-
butylammonium (TBA) or per-
chlorate. The observed associa-
tion constant Kobs(ion) is general-
ly assumed to be defined solely
by these individual equilibria,
in which the energetic cost of
separating the anion and cation
may be neglected, thus allowing
the derivation of the anion and
cation association constants by
measuring the changes in a
macroscopic observable of the
receptor on addition of the ana-
lyte. Herein, such binding is as-
sumed to represent pure cation


or anion binding. The counterion is treated as completely
“innocent” and therefore the anion and cation may be treat-
ed as being “free”, although obviously even these non-coor-
dinating counterions will influence ion binding to an extent.
When both the cation and anion coordinate, however, these
simplifications may no longer be applied, as it is no longer
possible to assume that Kobs is representative of either K1 or
K3, as both these processes and the extra ion-pair associa-
tion equilibrium defined by K2 are now in operation. Fur-
thermore, the “free” ion binding properties of the receptor
will be hindered in this case as the stronger ion pairing in
MX renders the separation of charge implicit in the process-
es defined by K1 and K3 less likely. The commonly observed
result of this is a decrease in the value of Kobs(ion) relative to
the case in which the counterion is non-coordinating; such
anti-cooperative behavior occurs when the receptor design
is not optimal for ion-pair binding.[16] However, when the re-
ceptor is capable of binding an ion pair, Kobs(ion) may in-
crease. Such a phenomenon must a result from a binding
process defined by K2, in which, for example, Kobs(anion) may
be thought of as a conflation of K2 and K3. This cooperative
behavior indicates that the receptor is capable of binding an
ion-pair species, with this capability compensating for the
decrease in the single-ion affinity otherwise expected
through ion pairing outside the receptor. Importantly, the
direct measurement of K2 cannot be achieved in this
manner. To assess the ability of the receptors presented
above to bind ion-pair species, it was therefore necessary to
measure their anion and cation binding properties in the
presence and absence of coordinating counterion species.


Receptors 1 and 2 were expected to provide optimal size
and shape complementarity to contact ion-pair species,
namely alkali metal halides. The anion-binding properties of
these heteroditopic receptor systems were first assessed by
1H NMR spectroscopic titration methods in [D3]acetonitrile,
and the addition of one equivalent of tetrabutylammonium
chloride (TBACl) was found to induce only very small
(Dd=0.01 ppm) downfield shifts in the signals arising from
the amide (d) and isophthalyl C�H (c) protons of the re-
spective receptors. The dependence of the chemical shift on


the concentration of the added chloride revealed a linear re-
lationship, thus indicating that no anion binding was occur-
ring; the change in chemical shift was attributed to an in-
crease in the ionic strength of the solution. However, on the
addition of one equivalent of TBACl to 1:1 mixtures of 1 or
2 and a Group 1 metal or ammonium salt, the signals arising
from the amide (d) and isophthalyl (c) protons were found
to broaden and shift downfield considerably (Dd�1 ppm).
This 1:1 interaction was too strong (logK>4) to allow the
accurate determination of the association constant through
winEQNMR[17] analysis of the titration binding curves. The
same was found to be the case for sodium, potassium, and
ammonium cationic guest species, although importantly no
chloride ion recognition was observed in the presence of
one equivalent of a non-coordinating cationic species, such
as TBA or tetramethylammonium. The results illustrate a
“switching on” of chloride recognition in both receptors,
which appear to display absolutely no affinity for chloride in
the absence of a suitable cationic guest, but which bind the
halide anion very strongly when this coordinating cationic
species is present.


The cation-binding properties of these systems were also
probed by UV/Vis spectroscopic analysis of the respective
n–p* absorption of quinone in solution with acetonitrile.
With the exception of 1 and potassium, no response to the
metal salts of non-coordinating anions was observed. How-
ever, when the cation salts were added to a 1:1 solution of
the receptor and TBACl, significant perturbations were seen
(Figure 4). SPECFIT[18] analysis of the spectra obtained al-
lowed the calculation of 1:1 association constant values
(Table 1). The cooperativity effect for 1 is most noteworthy
for the binding of ammonium and sodium ions, as in these
cases cation binding can only be detected in the presence of
the chloride anion. No significant changes in the absorption
spectra of 1 were induced on the addition of TBACl. Thus,
the chloride ion can be said to “switch on” the recognition
of sodium and ammonium cations through the quinone
groups of 1. Furthermore, it seems that 1 will, in some cases
(e.g., for NH4Cl and NaCl), bind the ion pair very strongly
where no affinity for either of the discrete ions is observed
(Scheme 3). This behavior is to our knowledge unprecedent-


Figure 4. Enhancement of the n–p* absorbance in response to the ammo-
nium cation. a) Absorbance response of 1 to ten equivalents of NH4PF6


and b) absorbance response of 1·TBACl to ten equivalents of NH4PF6.
Solvent: CH3CN, temperature: 298 K, [1]i=0.0001 moldm�3.


Scheme 3. Some potential solu-
tion equilibria of the interac-
tion of a heteroditopic recep-
tor (L) with a salt (MX). Note
that further processes that cor-
respond to the solution separa-
tion of the ion pair have been
excluded for the sake of sim-
plicity, as has the possibility of
precipitation.
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ed and can be treated through Boolean logic to show that
this receptor behaves in a manner consistent with an AND
gate. This finding may be rationalized thus: in the absence
of a guest, 1 may be said to be in the OFF state and remains
in this state (there is no perturbation of the NMR or UV/
Vis spectral behavior) on the addition of the salts of “free”
anions or cations with non-coordinating counterions. How-
ever, when both the cation and anion are coordinating, a
strong spectral response is observed. Such behavior is con-
sistent with the receptor functioning as an AND logic gate
in which the inputs are coordinating ions.[19] A possible
reason for this phenomenon could be the self-inhibition of
the cation- and anion-binding sites of the molecule by intra-
molecular hydrogen bonding of the quinone unit with the
isophthalamide motif (illustrated in the solid-state structure
of 1; Figure 2), which is disrupted only by interaction with a
suitable ion pair. The enthalpic gain associated with the
binding of either the anion or cation alone is not sufficient
recompense to disrupt this intramolecular hydrogen-bonding
interaction. Similarly for 2, “switching on” of the cation rec-
ognition properties of the receptor occurs when the chloride
anion is present. It is also interesting to note that the cation
binding properties of 2·TBACl are stronger than those of
1·TBACl (Table 1). This behavior is most likely because of
the increased acidity of the amide groups of 2, which en-
hance chloride recognition, therefore leading to an improve-
ment in the association of the MCl ion pair.


The ion-pair binding of both receptors in [D3]acetonitrile
detailed above was too strong to allow quantitative analysis
of the 1H NMR spectroscopic titration binding isotherms ob-
tained. Changing to the more competitive solvent system
98:2 [D3]acetonitrile/D2O decreased the strength of the
host–guest interaction, thus allowing the calculation of asso-
ciation constants. Peak broadening was also decreased sig-
nificantly. Unsurprisingly, 1 demonstrated no affinity for
TBA salts in this solvent system, as minute changes in the
chemical shift arising from the amide proton (d) were ob-
served. However, in the presence of one equivalent of a
range of coordinating cations, significant downfield shifts
were observed on anion addition (Figure 5), and the associa-
tion constants for the 1:1 interaction could be calculated
through winEQNMR analysis (Figure 6).[17]


A number of trends may be observed in these data. First,
the cooperative binding of simple metal halide salts is ach-


ieved by 1 in this more competitive solvent mixture. Second,
this enhancement occurs for all of the coordinating cations
studied, with the halide affinity of 1 remaining chloride >


bromide> iodide in all cases, as was expected on electrostat-
ic and size–fit grounds. For iodide-containing ion pairs, only
small alterations in the anion-binding properties are induced
by varying the nature of the coordinated metal cation. For
the anion binding of the chloride and bromide ions, howev-
er, important cation-dependent trends can be discerned. The
strength of the anion association is dependent on the nature
of the cation in the order TBA+ !Li+<Rb+<Cs+ <K+ <


Na+ <NH4
+ . Lithium induces the smallest enhancements in


anion binding, which is probably as a result of a combina-
tion of the strong solvation of “free” Li+ and a strong LiX
ion-pairing competing interaction that leads to ion-pair asso-
ciation outside of the receptor. There is less order to the re-
mainder of the series; such trends arise presumably as a
result of the interplay of three factors: the strength of the
ion pairing of MX, hydration energies, and the size–fit rela-
tionship between the contact ion-pair MX and 1. Thus, rubi-
dium and cesium ions lead to weaker anion binding than po-
tassium and sodium ions, as the latter match the size of the
receptor more closely and the enthalpic gain on contact ion
pairing is maximized. Through this argument, cesium chlo-


Table 1. Enhancement of cation recognition by cobound chloride ions in
1 and 2 (logK11).


[a]


Na+ [b] K+ [c] NH4
+ [c]


1 –[d] –[d] –[d]


1·TBACl 3.13 4.13 4.65
2 –[d] –[d] –[d]


2·TBACl 4.34 4.57 5.06


[a] Measurements carried out at 298 K in dry CH3CN, spectra analyzed
using the SPECFIT computer program. Errors <15%. In the case of lith-
ium, SPECFIT analysis of the titration data failed to give an association
constant. [b] Perchlorate salt. [c] Hexafluorophosphate salt. [d] Insuffi-
cient changes in the absorption spectrum to infer cation binding.


Figure 5. 1H NMR spectra of a) 1·NH4PF6 and b) 1·NH4Cl in D2O/
CD3CN (2:98) at 298 K. See Scheme 1 for proton assignments.


Figure 6. Anion-binding behavior of 1·M+ in D2O/CD3CN (2:98) at
298 K. WinEQNMR association constants of 1:1 were derived from mon-
itoring proton c; error: <10%. See the Supporting Information for a full
tabulation of the chemical shifts and binding constants.
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ride and cesium bromide should be bound more weakly
than the rubidium analogues, but this is not the case. This
behavior may be as a result of the weaker ion pairing in
CsX, thus providing a less effective competing pathway to
binding, or as a result of the weaker solvation of the “free”
Cs+ ion, thus allowing this large cation to bind more readily.
Finally, ammonium halides are the most strongly bound,
which is because of extra hydrogen-bonding interactions in
the contact ion-paired species 1·NH4X between the bound
ammonium cation and the halide anion.


Analogous 1H NMR spectroscopic titration experiments
with 2 produced similar results. The 1:1 association constant
data derived from the winEQNMR analysis (Table 2)[17]


reveal that 2 binds anions more strongly than 1 in the pres-
ence of coordinating cations, which is of course as a result
of the incorporation of the electron-withdrawing nitro-func-
tionality increasing the amide acidity. As for 1, chloride
anions are bound most strongly, followed by bromide then
iodide anions, on the grounds of size and basicity. It is clear
from these anion- and the above cation-association experi-
ments (Table 1) that 2 can also behave as an AND receptor
for contact ion-pair binding, for example, binding ammoni-
um bromide where no affinity for free bromide or ammoni-
um ions is observed. In this case, however, the behavior ap-
plies also to potassium chloride ion pairs.


The anion-binding properties of receptors 3–5 were
probed in [D6]acetone, as initial investigations using
[D3]acetonitrile-based solvent mixtures did not produce
meaningful chemical-shift data. The addition of TBA salts
to these receptors in [D6]acetone induced downfield shifts in
the amide (d) and isophthalyl (c) protons, thus revealing a
1:1 receptor/anion stoichiometry. The treatment of the con-
centration dependence of these shifts on the added anion
salt yielded values of the association constants through
winEQNMR analysis (Table 3).[17] These values revealed
that all four receptors bound halide anions with varying
strengths, although always in the expected order of Cl�>
Br�> I�.


The anion-binding constants increase in the order 3<5<
4. The observation that receptor 4 binds halides most strong-
ly out of these systems is not particularly surprising, given
that the hydrogen atoms of the amide group in this com-
pound are rendered more acidic by the presence of the nitro


group and thus are more available for hydrogen-bond dona-
tion. That 5 binds more effectively than 3 is interesting as it
runs contrary to expectation based on preorganization argu-
ments. It was postulated that the carbonyl functionality of
the quinone acted as an effective hydrogen-bond acceptor
unit, and thus bound to the amide hydrogen-bond donors of
the isophthalamide cleft, as seen in the single-crystal X-ray
structure of 1 (Figure 2). The energetic cost of folding the
longer ether macrocycle in the latter receptor will decrease
the likelihood of this competing intramolecular hydrogen-
bond interaction, which should be weaker and therefore
easier to break on ion binding.


As in the other ion-pair receptors described above, the
halide affinities of 3–5 were probed by 1H NMR spectro-
scopic methods in [D6]acetone, in the presence of one equiv-
alent of various coordinating cation salts. On the addition of
chloride ions, the observed spectral changes were not simple
to interpret. Rather than inducing a downfield shift in the
protons involved in anion binding, the amide and isophtha-
lamide signals arising from protons c and d broadened then
disappeared completely after the addition of one equivalent
of TBACl. New broad signals, which presumably arise from
these protons, then reappeared slightly downfield after the
addition of an excess of anion. This behavior could be ascri-
bed to the equilibration between receptor and receptor·MCl
being slow on the NMR timescale.[20] No chloride ion-pair
association constants could therefore be obtained.


Conversely, on the addition of TBABr and TBAI salts to
1:1 mixtures of receptors 3–5 and metal cation salts, down-
field shifts in the amide and isophthalyl protons d and c
were observed. These shifts were larger than the corre-
sponding changes in the chemical shift induced on the addi-
tion of the anion to the free receptors, thus suggesting an in-
creased strength of interaction. Job-plot analysis indicated a
1:1 binding stoichiometry, and by monitoring the depend-
ence of the chemical shift of the amide proton d as a func-
tion of the added anion concentration it was possible to
obtain values for winEQNMR-derived association constants
(Figure 7).[17]


It is immediately apparent from these association con-
stants that, as for 1 and 2, a dramatic enhancement of bro-
mide and iodide recognition is achieved by 3–5 when a suit-
able coordinating cation is present. The trends in these asso-
ciation constants are less simple to explain, although a con-
sideration of the cooperativity factors, which are defined by


Table 2. Change in chemical shift induced in the 5-nitroisophthalyl H2


proton (c) on addition of one equivalent of anion to 2 and 2·M+ and the
relevant association constants K11.


[a]


Chloride Bromide Iodide
Dd


ACHTUNGTRENNUNG[ppm]
K11


ACHTUNGTRENNUNG[m�1]
Dd


ACHTUNGTRENNUNG[ppm]
K11


ACHTUNGTRENNUNG[m�1]
Dd


ACHTUNGTRENNUNG[ppm]
K11


ACHTUNGTRENNUNG[m�1]


2 0.03 – 0.05 – 0.01 –
2·NaClO4 0.56 >104 0.33 2000 0.09 380
2·KPF6 0.95 >104 0.53 2760 0.13 400
2·NH4PF6 0.90 >104 0.58 3320 0.10 320


[a] Interaction: 1:1, solvent: D2O/CD3CN (2:98), temperature: 298 K; as-
sociation constant errors: <10%.


Table 3. Change in chemical shift induced in the amide proton (d) on ad-
dition of one equivalent of TBA salt to receptors 3–5 and the relevant as-
sociation constants K11.


[a]


3 4 5
Dd


ACHTUNGTRENNUNG[ppm]
K11


ACHTUNGTRENNUNG[m�1]
Dd


ACHTUNGTRENNUNG[ppm]
K11


ACHTUNGTRENNUNG[m�1]
Dd


ACHTUNGTRENNUNG[ppm]
K11


ACHTUNGTRENNUNG[m�1]


chloride 0.42 280 0.86 1150 0.73 690
bromide 0.12 120 0.27 250 0.19 140
iodide �0.01 –[b] 0.01 45 0.03 35


[a] Interaction: 1:1, solvent: [D6]acetone, temperature: 298 K; associa-
tion-constant error: <10%. [b] No association.
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the division of Kobs(anion, ion pair) by Kobs(anion, free), is informative
(Table 4). For the bromide-containing ion pairs, 4 binds very
strongly, which is explicable as a result of the increased acid-
ity of the amide units of the anion-binding cleft. It is, howev-
er, notable that the cooperativity factors exhibited by 4 are
lower than for either of the other quinone-based receptors
as it has the highest anion affinity to begin with. The binding
properties of 3 and 5, which differ only in the sizes of the
cavities of the polyether macrocycle, are very similar. For
potassium-, rubidium-, and cesium-containing ion pairs, 3
binds more strongly, while bromide binding by 5 is depen-


dent on the metal cation in the order ammonium� sodium<


potassium< rubidium�cesium. This order is roughly size
dependent, presumably as a result of a combination of a
better size–fit relationship and decreased ion pairing outside
of the macrocycle cavity. Recognition of iodide-containing
ion pairs does not seem to follow any real trends, although
it is notable that 3 binds ammonium iodide particularly
strongly, which potentially arises as a result of the cavity
size being readily amenable to a hydrogen-bond interaction
between the two bound ions.


The n–p* absorbance bands of 3–5 observed in UV/Vis
spectroscopic analysis were altered by the presence of
bound cations, and the perturbations observed were large
enough to allow the calculation of the association constants
through the use of the SPECFIT[18] computer program.
(Table 5). Unfortunately, when cation salts were added to a


1:1 mixture of these quinone receptors and TBA salts (chlo-
ride, bromide) in a variety of solvents (acetone, acetonitrile,
4:1 acetonitrile/dichloromethane) SPECFIT analysis of the
resulting spectral perturbations did not yield acceptable as-
sociation-constant data. Thus, for these systems this method
of investigating ion-pair binding cooperativity was not possi-
ble. Unlike 1 and 2, 3–5 do not demonstrate AND receptor
characteristics.


This cooperative ion-pair binding by heteroditopic cal-
ix[4]diquinone-based receptors is, therefore, a general phe-
nomenon and tolerant of changes in the macrocycle size
and/or ion-binding functionality. The strength of the ion-pair
binding, coupled with the additional solid-state and solu-
tion-phase evidence detailed below, is consistent with the re-
ceptors interacting with a contact ion pair.


Single-crystal X-ray structure of 1·NH4Cl : The existence and
mechanism of the contact ion-pair binding process were
probed further through comparison of the single-crystal X-
ray structures of the free receptors (see above) and the
structure of the ion-pair complex 1·NH4Cl. Orange single
crystals of 1·NH4Cl were grown by slow evaporation of a so-
lution of the receptor and ion pair in acetonitrile/water to
give the single-crystal X-ray structure (Figure 8). This struc-
ture has a number of interesting features. The calix[4]diqui-
none portion of 1 is in a pinched-cone conformation, thus
orienting the oxygen donor moieties of the quinone towards
the bound cation, with interplanar angles of 2.78 between


Figure 7. WinEQNMR-derived 1:1 association constants [m�1] for the as-
sociation of 3–5 with anions in the presence and absence of one equiva-
lent of the metal salt of a non-coordinating anion. Solvent: [D6]acetone,
temperature: 298 K, error: <10%. Association constants of a) bromide
and b) iodide ions in the presence of various cations. In certain cases
binding was too strong to be calculated accurately (K11>104). See the
Supporting Information for a full tabulation of the chemical shifts and
binding constants.


Table 4. Cooperativity factors for anion association.[a]


3 4 5
Br� I� Br� I� Br� I�


lithium – –[b] 1.0 0.0 1.7 2.9
sodium 29.1 79.0[b] 16.8 16.9 28.1 12.4
potassium >83.0 95.0[b] >40.0 11.7 49.6 30.1
rubidium >83.0 74.0[b] >40.0 21.1 65.6 22.1
cesium >83.0 108.0[b] >40.0 21.1 72.2 21.7
ammonium 25.5 265.0[b] 20.6 15.6 23.1 24.6


[a] Calculated by Kobs, ion pair/Kanion, free. [b] As the binding of iodide ions by
3 was very weak, an arbitrary value of K11=5m


�1 was assigned for the
purpose of this analysis.


Table 5. UV/Vis logK11 values for the interaction of 3–5 with various cat-
ions.[a]


Lithium[b] Sodium[b] Potassium[c] Ammonium[c]


3 –[d] –[d] 3.84 3.60
4 –[d] –[d] 3.56 3.40
5 –[d] 4.06 4.91 4.21


[a] Solvent: CH3CN/CH2Cl2 (4:1), temperature: 298 K; spectra were ana-
lyzed using the SPECFIT computer program; error: <15%. [b] Perchlo-
rate salt. [c] Hexafluorophosphate salt. [d] Insufficient changes in the ab-
sorption spectrum to infer cation binding.


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2248 – 22632254


P. D. Beer et al.



www.chemeurj.org





the phenyl rings and 53.98 between the quinone C6 units.
The cation resides in proximity to the oxygen atoms in the
quinone unit with ammonium N···O distances of 2.85 and
2.68 O, although this interaction is not supported by hydro-
gen bonding and is purely electrostatic in nature. However,
hydrogen bonds do exist between the ammonium cation and
the oxygen atoms of the macrocycle ether unit, with N···O
distances of 2.98 and 3.00 O. The chloride anion is coordi-
nated through two amide NH···Cl and one isophthalyl
CH···Cl hydrogen bonds (N···Cl: 3.29 and 3.39 O; C···Cl:
3.49 O), which is the expected mode of interaction within
this binding cleft.[12] Furthermore, the macrocycle unit is not
“planar”, as initially forecast, but instead bends round to
allow a p-stacking interaction between the isophthalamide
aryl unit and the quinone C6 ring. The interplanar separa-
tion is approximately 3.45 O. This bent macrocycle allows
the orientation of the cation- and anion-binding sites to
allow an extremely close, or contact, ion-pair interaction be-
tween the ammonium and chloride ions (ammonium N···Cl:
3.24 O). This close range interaction is supported by a
simple hydrogen bond, with the hydrogen atom residing be-
tween the two nuclei. The chloride anion is additionally co-


ordinated by a water molecule, with an O···Cl distance of
3.16 O. The water molecule also forms hydrogen bonds to
an oxygen atom of the quinone unit of another receptor
molecule (O···O: 2.78 O), which forces the adoption of a
chain-like structure. Most remarkably, the crystal structure
also demonstrates the ion-pair-mediated centrosymmetric
dimerization of two molecules of receptor 1. This dimeriza-
tion occurs through two identical ammonium NH···Cl hydro-
gen bonds, with N···Cl distances of 3.16 O. Coupled with the
hydrogen bonding between the ion pairs bound by the indi-
vidual macrocycles, this motif can be described as a
“square” with the formula (NH4Cl)2, although the vertex
angles are slightly off perpendicular (N-Cl-N: 84.58 ; Cl-N-
Cl: 95.58). Two molecules of 1 are then arranged about this
“ionic square”. Such a “dimerization” of ion-paired species
is not unprecedented, but is rare.[8] Each chloride anion,
thus, accepts six hydrogen bonds in total, in a pseudo-octa-
hedral manner.


Solution-state conformational analysis: The preceding solu-
tion-phase and solid-state studies raise questions about the
mechanism of the contact ion-pair interaction. In particular,
the crystal structure of 1·NH4Cl suggests that the solution-
state binding phenomenon may be controlled by p stacking
of the receptor to arrange the anion- and cation-binding
sites in proximity, coupled with dimerization of two receptor
units around an ion-pair “square”. The former hypothesis
was tested by 1H NMR ROESY experiments conducted on
1, 1·NH4Cl, and 5. In all three cases, coupling interactions
could be observed between the isophthalamide aromatic
and calixquinone CH protons (see the Supporting Informa-
tion). As such interactions have a distance dependence re-
lated to r�6, where r is the internuclear separation, these
couplings strongly suggest that the “folded” conformation of
these cyclic receptors, wherein the isophthalamide unit
forms p stacks above the quinone calix[4]diquinone func-
tionality, is dominant in solution in the both “free” and ion-
pair bound species. It should also be noted, however, that
the single-crystal X-ray structure of 1 clearly indicates that
other conformations in which hydrogen bonding rather than
p stacking is the key energetic directing factor also exist.
This p stacking seems to be vitally important in aiding the
ion-pair recognition process by closely aligning the anion-
and cation-binding motifs.


To ascertain whether or not the recognition phenomenon
in solution was dimeric in nature, as suggested by the crystal
structure of 1·NH4Cl, DOSY NMR spectroscopic experi-
ments were carried out. The diffusion properties of two sol-
utions of 1 and 1·NH4Cl in [D3]acetonitrile were measured
by using this method, which depends on the signal decay of
individual peaks as a function of different pulsed-field gradi-
ent strengths. It was expected that if the species was dimeric
in solution the diffusion coefficients measured by this
method would vary considerably as a result of the considera-
ble difference in the size of the two species. The diffusion
constants obtained from the decay of different proton sig-
nals within the molecule (see the Supporting Information)


Figure 8. Single-crystal X-ray structure of 1·NH4Cl illustrating a) one re-
ceptor unit, NH4Cl shown in stick representation and b) the full dimeric
nature of the complex, with NH4Cl represented as space-filling. Noninter-
acting hydrogen atoms have been excluded for clarity.
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clearly demonstrate that there is very little difference be-
tween the diffusion properties of 1 and 1·NH4Cl, therefore it
can be inferred that the species are of similar size. This find-
ing strongly suggests that the receptor binds the ion pair in
a monomeric fashion in solution, possibly as a result of sol-
vation of the bound ion pair, but dimerizes on crystallization
to maximize electrostatic and hydrogen-bonding interac-
tions.


These NMR experiments, therefore, suggest that any cal-
ix[4]diquinone macrocycle containing an aromatic anion-
binding cleft should be capable of supporting a contact ion-
pair binding process through the proximal arrangement of
anion- and cation-binding sites by p stacking. No evidence
for the solution-state dimerization of the receptors was ob-
served. A computational investigation into the process was
carried out to gain further insight into the mechanism of
ion-pair recognition and the trends in the observed ion-pair
association.


Computational studies : Molecular modeling simulations
were performed with receptors 1, 3, and 5 using the
AMBER9[21] software package (Gaff force field).[22] The
binding affinity of these three receptors towards the halide
ion pairs was investigated in the gas phase and in solutions
of acetonitrile or acetone by conventional molecular dynam-
ics and free-energy calculations
using the thermodynamic-inte-
gration method.


Conformational analysis in the
gas phase : The lowest-energy
conformations of receptor 1
and complexes 1·KCl, 1·NH4Cl,
3·KBr, and 5·KBr were ob-
tained through molecular-dy-
namics simulations at high tem-
perature, followed by molecu-
lar-mechanics minimization.
Free-receptor 1 demonstrated numerous accessible low-
energy structures, consistent with a conformationally mobile
species. However, in the bound ion-pair systems a striking
commonality was observed between the ground-state con-
formations in all four cases. These confirmations were ob-
served to be directly analogous to the single-crystal X-ray
structure of 1·NH4Cl (Figure 8), with the ion pair bound by
hydrogen bonding from the isophthalamide moiety and
cation coordination by the oxygen units of the calix[4]diqui-
none species and polyether loop. Furthermore, even in the
case of the long polyether macrocycles 3 and 5, the iso-
phthalamide unit forms p stacks above one of the calix[4]di-
quinone rings, thus allowing the close arrangement of
cation- and anion-binding sites and thus the binding of con-
tact ion-pair species. These results and the above-outlined
experimental evidence suggest that this conformation is
adopted on ion-pair binding, although the free receptors are
conformationally mobile.


Molecular-dynamics simulations : The binding interaction of
the ion pairs to receptors 1, 3, and 5 was investigated by mo-
lecular-dynamics simulations, wherein ion-pair MX (M=


Na+ , Li+ , K+ , Rb+ , Cs+ , and NH4
+ ; X=Cl�, Br�, and I�


for 1 and X=Br� and I� for 3 and 5) was inserted into the
cavity of the macrocycle of the lowest-energy conformation,
as found from the conformational analyses of 1·KCl,
1·NH4Cl, 3·KBr, and 5·KBr, and allowed to equilibrate for
150 ps. The choice of the ion-pair complexes to be simulated
was governed by the available experimental data (see
above). Simulations were carried out in a solution of aceto-
nitrile for 1 and acetone for 3 and 5 over 2 ns at 300 K using
a NPT (constant number of particles, pressure and tempera-
ture) ensemble and a timestep of 2 fs. During the entire
time of simulation, all the cations were connected to 1, 3,
and 5 through M···O intramolecular interactions established
with two carbonyl groups and two oxygen atoms of the
ether unit from the calix[4]diquinone and M···O interactions
with one or two oxygen atoms of the ether species from the
loops. The recognition of the halides occurred through hy-
drogen-bonding interactions established with two N�H
binding sites of the isophthalamide cleft. The average M···O,
M�X, and N�H···X distances calculated over the simulation
period are given in Tables 6–11, which were measured as il-
lustrated in Figure 9 for the 1·KCl complex.


Table 6. Average M···O distances [O] to the carbonyl groups of the calix[4]diquinone moiety.[a]


1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�


Li+ 2.30(28) 2.37(38) 2.19(3) – 2.30(21) 2.24(6) – 2.25(9) 2.19(5)
Na+ 2.60(25) 2.50(9) 2.51(8) – 2.53(11) 2.50(5) – 2.51(5) 2.49(3)
K+ 2.83(13) 2.84(13) 2.83(6) – 2.81(7) 2.83(6) – 2.76(2) 2.76(3)
Rb+ 3.00(16) 2.98(13) 2.95(6) – 2.96(5) 2.95(1) – 2.88(1) 2.91(5)
Cs+ 3.18(10) 3.19(14) 3.16(6) – 3.14(3) 3.14(4) – 3.16(8) 3.14(1)
NH4


+ 2.92(12) 2.90(9) 2.89(6) 2.91(9) 2.93(12) 2.90(7) 2.87(2) 2.85(1) 2.85(4)


[a] Obtained from 2 ns of molecular-dynamics simulations in solution. Values in parenthesis correspond to the
standard deviation of the mean, with n=10000. For the definition of the distances, see Figure 9.


Figure 9. Molecular-mechanics structure of the 1·KCl complex showing
the measured distances: a) M···O ACHTUNGTRENNUNG(carbonyl) b) M···O ACHTUNGTRENNUNG(ether) of the cal-
ix[4]arene moiety, c) M···O ACHTUNGTRENNUNG(ether) of loop 1, d) M···O ACHTUNGTRENNUNG(ether) of loop 2,
e) M�X, and f) N�H···X. CH hydrogen atoms have been excluded for
clarity.
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For the three macrocycles
and all the alkali cation ion
pairs the distances between the
metal center and the oxygen
donor atoms of the calix[4]di-
quinone unit increase when
going from Li+ to Cs+ , thus re-
flecting the fitting between the
cavity size of this moiety and
the ion size of each cation. The
cation interactions with the car-
bonyl groups were stronger
than those with the oxygen
atoms of the ether species
along the course of the simula-
tions. Consequently, the aver-
age M···O ACHTUNGTRENNUNG(carbonyl) distances
were approximately 0.4 O
shorter than the average M···O-
ACHTUNGTRENNUNG(ether) distances, thus following
the general trend found in our
previous molecular-dynamics
simulations between alkali cat-
ions and bis ACHTUNGTRENNUNG(calix[4]diquinone)-
related receptors.[23] An equiva-
lent trend in the M···O intramo-
lecular distances was observed
for the ammonium complexes,
which formed N�H···O hydro-
gen bonds during the course of
the simulation. Furthermore,
for both types of M···O distan-
ces (Tables 6 and 7), it is evi-
dent that these distances are
almost independent of the
halide ion and the dimensions
of the macrocycle, which is con-
sistent with the apparently rigid
cavity of the calix[4]diquinone
unit. Indeed, the most pro-
nounced variation in the aver-
age M···O distances is found in
the LiBr complexes, thus result-
ing in a decrease in the M···O-
ACHTUNGTRENNUNG(ether) and M···O ACHTUNGTRENNUNG(carbonyl)
distances as the macrocyclic di-
mensions increase, (ca. 0.07 O
for both distances). The distan-
ces found for the M···O interac-
tions (Tables 8 and 9), with
oxygen atoms from both ether
linkages, show clearly that in
the three receptors the Li+ ion
is not bonded to these donor
atoms, no matter the size of the
ion pair. In contrast, the M···O-
ACHTUNGTRENNUNG(ether) distances between re-


Table 7. Average M···O distances [O] to the oxygen atoms of the calix[4]diquinone ether moieties.[a]


1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�


Li+ 2.81(54) 2.87(64) 2.73(37) – 2.82(65) 2.81(3) – 2.75(44) 2.71(25)
Na+ 2.96(22) 2.96(23) 2.96(23) – 2.98(3) 2.96(6) – 2.90(13) 2.89(8)
K+ 3.19(16) 3.21(25) 3.18(2) – 3.18(15) 3.21(5) – 3.10(3) 3.13(2)
Rb+ 3.31(25) 3.31(23) 3.30(23) – 3.29(21) 3.32(8) – 3.21(1) 3.23(14)
Cs+ 3.49(12) 3.50(25) 3.48(21) – 3.46(18) 3.51(6) – 3.45(2) 3.45(1)
NH4


+ 3.24(1) 3.23(13) 3.22(15) 3.22(1) 3.23(7) 3.23(11) 3.17(5) 3.16(1) 3.17(7)


[a] Obtained from 2 ns of molecular-dynamics simulations in solution. Values in parenthesis correspond to the
standard deviation of the mean, with n=10000. For the definition of the distances, see Figure 9.


Table 8. Average M···O distances [O] to the oxygen atoms of the ether unit in loop 1.[a]


1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�


Li+ 4.25(39) 4.12(54) 4.19(46) – 4.88(36) 4.79(45) – 4.26(50) 4.86(46)
Na+ 3.08(38) 3.80(58) 3.84(67) – 3.92(55) 4.18(71) – 3.27(55) 3.46(69)
K+ 3.18(38) 3.53(59) 3.58(61) – 4.45(62) 3.60(73) – 3.20(36) 3.29(37)
Rb+ 3.50(54) 3.40(48) 3.61(55) – 3.75(66) 4.36(92) – 3.25(36) 3.38(42)
Cs+ 3.67(33) 3.36(26) 3.43(32) – 3.63(50) 3.44(44) – 3.83(59) 3.52(55)
NH4


+ 3.37(69) 3.37(58) 3.42(58) 3.17(47) 3.08(36) 3.18(61) 3.12(43) 3.15(35) 3.41(83)


[a] Obtained from 2 ns of molecular-dynamics simulations in solution. Values in parenthesis correspond to the
standard deviation of the mean, with n=10000. For the definition of the distances, see Figure 9.


Table 9. Average M···O distances [O] to the oxygen atoms of the ether unit in loop 2.[a]


1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�


Li+ 4.59(26) 4.16(29) 4.47(31) – 4.63(34) 4.66(58) – 4.79(51) 5.38(36)
Na+ 4.61(50) 4.90(29) 4.52(33) – 4.81(44) 4.97(48) – 4.90(51) 5.18(51)
K+ 4.91(40) 4.49(31) 4.62(35) – 4.84(45) 5.16(45) – 3.86(71) 4.7 ACHTUNGTRENNUNG(1.1)
Rb+ 4.39(44) 4.50(31) 4.59(31) – 5.02(42) 4.34(83) – 4.43(86) 4.7 ACHTUNGTRENNUNG(1.1)
Cs+ 4.41(40) 4.49(31) 4.61(30) – 5.07(43) 4.53(73) – 3.54(54) 6.15(40)
NH4


+ 4.54(79) 4.78(47) 4.68(31) 4.86(53) 4.91(51) 5.11(45) 3.9 ACHTUNGTRENNUNG(1.1) 3.06(38) 5.91(35)


[a] Obtained from 2 ns of molecular-dynamics simulations in solution. Values in parenthesis correspond to the
standard deviation of the mean, with n=10000. For the definition of the distances, see Figure 9.


Table 10. Average M···X distances [O].[a]


1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�


Li+ 2.18(6) 2.20(6) 2.55(9) – 2.21(6) 2.54(9) – 2.21(6) 2.55(9)
Na+ 2.48(7) 2.49(7) 2.78(9) – 2.49(7) 2.77(9) – 2.50(7) 2.79(9)
K+ 2.74(8) 2.75(8) 3.00(10) – 2.75(8) 2.99(10) – 2.75(8) 2.99(10)
Rb+ 2.84(9) 2.85(9) 3.10(10) – 2.84(9) 3.08(10) – 2.84(8) 3.08(10)
Cs+ 3.02(9) 3.02(10) 3.25(12) – 3.00(9) 3.23(11) – 3.00(9) 3.23(11)
NH4


+ 3.00(8) 3.04(8) 3.39(11) 3.01(8) 3.04(8) 3.40(11) 3.01(8) 3.04(8) 3.40(11)


[a] Obtained from 2 ns of molecular-dynamics simulations in solution. Values in parenthesis correspond to the
standard deviation of the mean, with n=10000. For the definition of the distances, see Figure 9.


Table 11. Average X···H distances [O] to the amide hydrogen atoms.[a]


1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�


Li+ 2.53(1) 2.55(8) 4.93(18) – 2.53(3) 2.90(4) – 2.63(13) 2.99(1)
Na+ 2.50(21) 2.55(4) 2.92(5) – 2.49(1) 2.91(7) – 2.58(7) 2.95(4)
K+ 2.49(11) 2.54(11) 2.91(6) – 2.50(4) 2.90(11) – 2.60(1) 2.93(1)
Rb+ 2.50(8) 2.53(8) 2.90(4) – 2.50(2) 2.87(1) – 2.58(1) 2.92(1)
Cs+ 2.50(2) 2.52(7) 2.89(5) – 2.49(3) 2.88(11) – 2.54(1) 2.92(4)
NH4


+ 2.50(7) 2.53(6) 2.89(6) 2.45(7) 2.49(8) 2.85(1) 2.54(5) 2.58(1) 2.94(8)


[a] Obtained from 2 ns of MD simulations in solution. Values in parenthesis correspond to the standard devia-
tion of the mean, with n =10000. For the definition of the distances, see Figure 9.
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ceptor 5 and the NH4Br ion pair suggest it is likely that both
oxygen atoms contribute to the cooperative binding in this
case. In the remaining complexes, the interactions of the cat-
ions with the polyether linkages occur mainly through one
oxygen atom. The average X···H intramolecular distance
shows that the halides are bonded to the N�H binding sites
of the isophthalamide moiety through N�H···X hydrogen-
bonding interactions. A unique exception is reported for the
1·LiI complex, in which the binding of the iodide ion to the
cleft fragment is interrupted after the first 800 ps of the sim-
ulation. The bonding interaction between the cations and
halide anions is of an electrostatic nature and is therefore
independent of the receptor dimensions, as clearly shown by
data in Table 10. Thus, for the alkali metals, the M···Cl,
M···Br, and M···I distances in the complexes increase as the
size of the cation increases.


In addition to the oxygen atoms of the receptor and the
halide anion, there are a significant number of acetonitrile
or acetone molecules present in the first solvent shell, which
can be bonded to the complex. The coordination numbers
of the cations (metal or nitrogen atom of the ammonium
ion) were therefore determined by establishing limits for the
bond distances of 3.4 O to the oxygen atoms of the carbonyl
groups and solvent donor atoms and 3.8 O to the oxygen
atoms in the polyether linkage.[24] Three important observa-
tions may be made from these results for receptors 1, 3, and
5 (see the Supporting Information): First, for Li+-containing
ion-pair complexes, the coordination number of the metal
cation is low (ca. 5) when considering only donors from the
receptor and halide anion. This low coordination number is
because the small size of this cation prevents the concomi-
tant coordination of the oxygen atoms of the calix[4]diqui-
none unit and the polyether linkages. Second, bromide-con-
taining ion pairs (except for lithium) are more tightly bound
to 5 than to the smaller receptors 1 and 3, with coordination
numbers in the range 6–7. This behavior is because the mac-
rocycle flexibility allows the adoption of a p–p-stacked con-
formation, which permits cooperative ion-pair binding. Fi-
nally, 1–2 solvent molecules on average form part of the
cation coordination sphere, except for complexes of 1 with
NH4Cl, NH4I, and NH4Br, in which the ammonium cation is
not coordinated by acetonitrile.


The analyses of the intramolecular bonding distances and
coordination numbers show that the binding affinity of 1, 3,
and 5 to the ions pairs is not primarily dictated by a rigid fit-
ting between the receptor cavity and ion-pair size. For a fur-
ther understanding of the binding affinities of different ion
pairs to these macrocycles, it is necessary to obtain accurate
estimates of the relative binding free-energy values in solu-
tion, as described below.


Free-energy calculations: Molecular dynamics coupled to in-
tegration methods have been successfully used to estimate
the relative binding affinities of single ions towards a signifi-
cant number of synthetic receptors. The values found in-
clude the binding of H2PO4


� and halide (Cl�, Br�, and F�)
anions to calix[4]pyrrole and octafluorocalix[4]pyrrole[25] in


water and organic solvents (CH2Cl2 and CH3CN) and the
binding of alkali cations to bis ACHTUNGTRENNUNG(calix[4]diquinone) iono-
phores in DMSO.[23] Herein, we extend the perturbation-
energy calculations to the cooperative-recognition phenom-
enon of ion pairs by 1, 3, and 5. To the best of our knowl-
edge, our modeling study is the first example in which this
methodology is used extensively for this purpose.


The differential binding affinities of 1, 3, and 5 to the MX
ion pairs (M=Na+ , Li+ , K+ , Rb+ , Cs+ , and NH4


+ ; X=Cl�,
Br�, and I� for 1 and X=Br� and I� for 3 and 5) were ob-
tained by means of thermodynamic integration and standard
thermodynamic cycles. Receptor 1 was examined in acetoni-
trile and 3 and 5 in acetone. The alkali cations were mutat-
ed, thus keeping the anions unchanged in solution (ion pair
in the unbound state) and in complexes (ion pair in the
bound state; see the Supporting Information), following the
perturbation order: Na+!Li+,Na+!K+!Rb+!Cs+, and
NH4


+!K+ . Equivalent mutations were performed for the
anions (keeping the cation constant) in the following se-
quence Cl�!Br�!I� for 1 and Br�!I� for 3 and 5. The
choice of the ion pairs to be mutated was governed by the
available experimental binding data. To check the hysteresis
of the perturbation simulations, selected complexed ion pairs
(i.e., 3·LiI!LiBr, 3·CsI!RbI!KI!NaI, 5·LiBr!NaBr,
5·CsBr!RbBr, and 5·CsI!RbI) were mutated in the reverse
mode.[26] Identical interaction free-energy values, within
0.3 kcalmol�1, were obtained for the forward and reverse sim-
ulations. In addition, the NaCl!KCl transformation was re-
peated in solution and in complexes (with 1) with a longer
equilibration period of 50 ps. The differences in solvation and
interaction free-energy values for this ion-pair mutation, not
exceeding 0.5 kcalmol�1, were negligible. These outcomes are
a clear indication of the accuracy obtained in each mutation
simulation. Indeed, the use of a sufficiently large collection
window allows the system to span a large amount of configu-
rations and thus be statistically representative. Furthermore,
the 20-ps equilibration period used resulted in small correla-
tion times (average 0.1 ps) which, coupled to large data col-
lection intervals (100 ps), led to small errors associated to the
free-energy values of each window.[27]


The combination of the free-energy values obtained from
the individual molecular-dynamics simulations allowed the
construction of thermodynamic cycles for complexed and
uncomplexed ion pairs (see the Supporting Information). It
was therefore also possible to estimate the relative solvation
energy (DGsolvation) and interaction free-energy (DGinteraction)
for each transformation using at least two independent
values. The values of these energies obtained from both
direct simulations and thermodynamic cycles are given in
the Supporting Information. The agreement between these
two sets of results obtained for DGsolvation and DGinteraction is
excellent, with energy discrepancies not exceeding
0.7 kcalmol�1. An estimate of the relative free energy of
binding of the receptor to the ion pair (DDGbinding) could
then be obtained from these results. The resulting DDGbinding


values of 1, 3, and 5 to the halide ion pairs are summarized
in Figures 10 and 11.
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Overall, there is good general agreement between the
DDGbinding values directly obtained from perturbation simu-
lations and the experimental quantitative binding-constant
data.[28] For example, perturbation studies in acetonitrile in-
dicate that the selectivity for receptor 1 towards the halide
ion pairs follows the order NH4


+>Na+ >K+ >Rb+>Cs+ >


Li+ , which is consistent with the experimental results for the
MCl and MBr ion-pair complexes. However, the theoretical
values for the Rb+!Cs+ mutation for the chloride and bro-
mide ion pairs are contrary to those observed experimental-
ly, which shows that the receptor has a binding preference
for CsCl over RbCl and CsBr over RbBr. This inconsistency
between the experimental and theoretical data was also
found for the binding affinities of 3 to RbI and CsI and 5 to
RbBr and CsBr. However, it is important to note that the
experimental DDGbinding values for all RbX!CsX transfor-
mations are marginal (small), and therefore such discrepan-


cies do not allow great discussion. The calculated relative
free-energy values for the 1·RbI!CsI and 5·RbI!CsI
transformations follow the same trend as the experimental
data. Concerning the NH4X!KX mutations, the theoretical
results are again largely consistent with experiment (al-
though overestimated by ca. 1 kcalmol�1) except for the bro-
mide complexes of 3 and 5 and iodide complexes of 5, in
which the preference of the receptor for the ion pair is the
opposite of that given by experiment. The theoretical calcu-
lations indicate that the NH4X complexes are systematically
more stable than the KX complexes, which was expected as
the interactions between the ammonium cation and the cal-
ix[4]arene unit are moderated by electrostatic interactions
and N�H···O hydrogen bonds, namely, with the oxygen
atoms of the carbonyl groups, as seen from the molecular-
dynamics simulations (see above), whereas interactions with
the K+ ion are only electrostatic.


It can therefore be clearly seen that apart from certain
RbX!CsX and NH4X!KX mutations the calculated and
experimental DDG values that correspond to the cationic
mutation are in clear agreement (Figure 10). Other impor-
tant trends may be discerned. Thus, for the LiBr!NaBr mu-
tation, the theoretical results clearly reflect the cavity size of
the receptor, since the DDG values decrease on going from
1 to 5. In fact, this size is further reflected in the most stable


Figure 10. Relative free-energy values of binding of 1 (left column), 3
(center column), and 5 (right column) to a) MCl, b) MBr, and c) MI ion
pairs (mutating cation). Values obtained directly from simulations (sim.)
and the experimentally (exp.) determined binding constants. In certain
cases no experimental values could be obtained. Binding constants for 1
in acetonitrile and for 3 and 5 in acetone. See the Supporting Information
for the error.


Figure 11. Relative free-energy values of binding of 1 (left column), 3
(center column), and 5 (right column) to a) MCl, b) MBr, and c) MI ion
pairs (mutating anion). Values obtained directly from the simulations
(sim.) and experimentally (exp.) determined binding constants. In certain
cases no experimental values could be obtained. Binding constants for 1
in acetonitrile and for 3 and 5 in acetone. See the Supporting Information
for the error.
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complex of each receptor (i.e., 1·NaBr, 3·KBr, and 5·RbBr),
in which the receptor accommodates a larger cation as the
cavity size increases.


The results obtained from anion mutation are similarly
concordant with experiment. For example, the theoretical
DDG values for the 1·MCl!MBr transformations shown in
Figure 11a are in perfect agreement with the experimental
values. In all mutations, the discrepancy between the values
is typically within 0.4 kcalmol�1, and both results indicate
that the MCl complexes are more stable than the MBr com-
plexes. Note that in the NH4Cl!NH4Br mutation, in which
the NH4


+ ion is kept unchanged, the calculated DDG value
is now underestimated by only 0.34 kcalmol�1. This is not
the case for the NH4Br!NH4I mutations within 1, 3, and 5
(Figure 11b), with the calculated DDG values for all these
mutations being systematically overestimated by approxi-
mately 3 kcalmol�1. As for the other results, however, these
transformations agree with experiment, since both indicate
that the MBr complexes are the most stable.


These modeling results therefore show that 1 is the most
appropriate receptor for the efficient recognition of small
ion pairs, such as NaX and LiX (X=Cl�, Br�, and I�) de-
spite suggesting that the recognition of the latter is not ther-
modynamically favored relative to NaX. For larger ion
pairs, such as KX (X=Br� and I�), receptor 3 is revealed to
be the most suitable for selective recognition but is not ca-
pable of distinguishing KX from RbX. The preferential
binding of the RbBr ion pair occurs with the largest recep-
tor 5. The efficient recognition of NH4


+ halide ion pairs
occurs almost identically by all three receptors.


Conclusion


Novel heteroditopic calix[4]diquinone receptors 1–5 demon-
strate a new general motif for the cooperative recognition of
ion pairs, with the interaction strength mediated by contact
between the anion and cation. For receptors 1 and 2, an un-
precedented new phenomenon of ion-pair cooperativity
termed AND recognition was discovered to operate, in
which the receptor bound certain ion pairs extremely strong-
ly (such as 1·NH4Cl and 2·NaBr) where no affinity for either
of the “free” ions was observed. The AND nature of the
recognition is postulated to arise from the self-inhibition of
the receptor by intramolecular hydrogen bonds, which may
only be disrupted by the presence of both a suitable cation
and anion. Although changing the ring size of the macrocy-
cle and nature of the anion-binding site did lead to subtle
differences between the binding properties of receptors 1–5,
the contact ion-pair interaction was not particularly discrim-
inative between different anions. Molecular-dynamics simu-
lations, however, provided a rationalization of the trends in
the observed strength of the ion-pair binding, with the
larger macrocycles preferring larger ion pairs. Further solu-
tion-phase, solid-state, and computational analyses of the re-
ceptors and the receptor/ion pair interactions provided ex-
planation and corroboration of these results by elucidating


the mechanism of ion-pair binding. This process involves the
folding of the receptors to allow p-stacking interactions be-
tween the calix[4]diquinone unit and the isophthalamide
fragment, thus leading to the proximal arrangement of the
anion- and cation-binding sites independently of the size of
the appended macrocycle. The ion pair may then bind in
contact, with the differences in selectivity being determined
by small differences in the rearrangement energies of the re-
ceptors. Although the solid-state evidence indicated that the
process may involve dimerization of two receptors around a
“square” of formula (MX)2, no evidence for this arrange-
ment could be discerned in solution. Therefore, a new class
of ion-pair receptor has been elucidated. These receptors
are capable of the recognition of contact ion pairs and dem-
onstrate unprecedented AND binding behavior in certain
cases.


Experimental Section


All commercial-grade chemicals were used without further purification.
TBA, metal hexafluorophosphate, and perchlorate salts were stored prior
to use under vacuum in a desiccator containing phosphorus pentoxide
and self-indicating silica. Where quoted as dry, solvents were degassed by
purging with nitrogen then dried by passing through a column of activat-
ed alumina using Grubbs apparatus. Elemental analyses were carried out
by the service at the Inorganic Chemistry Laboratory, University of
Oxford. Mass spectra were obtained on a Micromass LCT (ESMS) in-
strument. NMR spectra were recorded on a Varian Mercury 300, Oxford
Instruments Venus 300, or Varian Unity Plus 500 spectrometer with the
solvent serving as the lock and internal reference.


The syntheses of compounds 1, 6, 9, 12, and 15 have been described pre-
viously.[10]


2-Nitroisophthalamide diether calix[4]diquinone macrobicycle (2): This
material was prepared in an analogous manner to the preparation of 1
from 16 (0.15 g, 0.15 mmol) and [Tl ACHTUNGTRENNUNG(O2CF3)3]·TFA solution (4 mL). The
crude product was purified by recrystallization from CH2Cl2/hexane to
give the desired product 2 as a yellow solid (0.11 g, 79%). 1H NMR
(300 MHz, CDCl3): d =1.23 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 3.29 (d, 2J =12.9 Hz, 4H;
ArHinHoutQu), 3.68–3.73 (m, 12H; CH2OCH2 and ArHinHoutQu), 3.81 (m,
8H, ArOCH2 and CH2NH), 6.84 (s, 4H, QuH), 7.06 (s, 4H; ArH), 8.56
(br, 2H; NH), 9.05 (s, 2H; isoph ArH4 and ArH6), 9.12 ppm (s, 1H,
isoph ArH2); 13C NMR (75.5 MHz, CDCl3): d =197.15, 190.73, 185.48,
165.35, 154.395, 149.05, 147.47, 146.64, 135.95, 133.25, 129.27, 128.87,
126.68, 74,24, 71.59, 70.11, 41.37, 34.09, 32.58, 31.40 ppm; ESMS: m/z
calcd for C52H59N4O12: 931.4136; found: 931.4129 [M+NH4]


+ ; elemental
analysis (%) calcd for C52H55N3O12·2/3CH2Cl2: C 65.2, H 5.9, N 4.3;
found: C 65.3, H 5.9, N 4.1.


Isophthalamide triether calix[4]diquinone macrobicycle (3): This material
was prepared in an analogous manner to the preparation of 1 from 17
(0.33 g, 0.32 mmol) and Tl ACHTUNGTRENNUNG(O2CF3)3·TFA solution (5 mL). The crude
product was recrystallized from diethyl ether to give the yellow receptor
3 (0.20 g, 60%). 1H NMR (300 MHz, CDCl3): d=1.07 (s, 18H; C ACHTUNGTRENNUNG(CH3)3),
3.25 (d, 2J=13.2 Hz, 4H; ArCHinHoutAr), 3.71 (m, 20H;
CH2OCH2CH2OCH2CH2N), 3.81 (m, 8H; ArOCH2, ArCHinHoutAr), 6.77
(s, 4H; QuH), 6.86 (s, 4H; calix ArH), 7.42 (s, 2H; NH), 7.54 (t, 3J=


7.7 Hz, 1H; isoph ArH5), 8.07 (d, 2J=7.7 Hz, 2H; isoph ArH4 and
ArH6), 8.10 ppm (s, 1H; isoph ArH2); 13C NMR (75.5 MHz, CDCl3): d=


31.41, 33.12, 34.02, 40.46, 69.69, 70.13, 70.28, 70.59, 73.22, 73.28, 123.77,
127.18, 128.98, 129.08, 131.25, 132.85, 134.40, 146.17, 147.46, 166.95,
186.59, 190.02 ppm; ESMS: m/z : 979.44 [M+Na]+ ; elemental analysis
(%) calcd for C56H64N2O12·2H2O: C 67.7, H 6.9, N 2.8; found: C 67.5, H
6.8, N 2.7.


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2248 – 22632260


P. D. Beer et al.



www.chemeurj.org





5-Nitroisophthalamide triether calix[4]diquinone macrobicycle (4): This
material was prepared in an analogous manner to the preparation of 1
from 18 (0.15 g, 0.13 mmol) and [Tl ACHTUNGTRENNUNG(O2CF3)3]·TFA solution (5 mL). The
crude product was recrystallized from diethyl ether to give the yellow re-
ceptor 4 (0.08 g, 50%). 1H NMR (300 MHz, CDCl3): d=1.12 (s, 18H; C-
ACHTUNGTRENNUNG(CH3)3), 3.25 (d, 2J =12.9 Hz, 4H, ArCHinHoutAr), 3.71–3.85 (m, 28H;
ArOCH2CH2OCH2CH2OCH2CH2N, ArCHinHoutAr), 6.80 (s, 4H; QuH),
6.85 (s, 4H; calix ArH), 7.72 (br, 2H; NH), 8.58 (s, 1H; isoph ArH2),
8.93 ppm (s, 2H; isoph ArH4 and H6); 13C NMR (75.5 MHz, CDCl3): d=


31.38, 32.97, 34.02, 40.65, 69.48, 70.05, 70.21, 70.62, 73.31, 125.98, 127.14,
128.89, 128.94, 132.74, 132.82, 136.38, 146.25, 147.68, 154.02, 164.56,
185.51, 190.13 ppm; ESMS: m/z : 1002.49 [M+H]+ , 1024.46 [M+Na]+ ; el-
emental analysis (%) calcd for C56H63N3O14·2H2O: C 64.8, H 6.5, N 4.0;
found: C 65.0, H 6.1, N 3.9.


Isophthalamide tetraether calix[4]diquinone macrobicycle (5): This mate-
rial was prepared in an analogous manner to the preparation of 1 from
19 (0.20 g, 0.17 mmol) and [Tl ACHTUNGTRENNUNG(O2CF3)3]·TFA solution (5 mL). The crude
product was recrystallized from diethyl ether to give the yellow receptor
5 (0.16 g, 89%). 1H NMR (300 MHz, CDCl3): d=1.05 (s, 18H; C ACHTUNGTRENNUNG(CH3)3),
3.18 (d, 2J=13.5 Hz, 4H; ArCHinHoutAr), 3.45–3.72 (m, 36H; CH2O,
CH2N and ArCHinHoutAr), 6.60 (s, 4H; QuH), 6.78 (s, 4H; calix ArH),
7.20 (t, 3J =7.7 Hz, 1H; isoph ArH5), 7.61 (s, 2H; NH), 7.99 (d, 3J=


7.7 Hz, 2H; isoph ArH4 and ArH6), 8.31 ppm (s, 1H; isoph ArH2);
13C NMR (75.5 MHz, CDCl3): d=31.37, 32.77, 34.02, 40.08, 69.69, 69.97,
70.43, 70.49, 70.64, 72.92, 125.19, 126.90, 129.04, 129.25, 130.75, 132.77,
134.62, 146.29, 147.46, 153.73, 167.03, 189.07; ESMS: m/z : 1067.48
[M+Na]+ ; elemental analysis (%) calcd for C60H72N2O14·1.1CHCl3: C
62.4, H 6.3, N 2.4; found: C 62.2, H 6.6, N 2.2.


5,11,17,23-Tetra-tert-butyl-25,27-bis{2-[2-(2-phthalimidoethoxy)ethoxy]-
ACHTUNGTRENNUNGethoxy}-26,28-dihydroxycalix[4]arene (10): para-tert-Butylcalix[4]arene
(4.70 g, 7.24 mmol) and K2CO3 (2.10 g, 15.2 mmol) were suspended in dry
CH3CN (200 mL). Compound 7 (7.85 g, 18.1 mmol) was added, and the
resulting mixture was heated to reflux for four days under a nitrogen at-
mosphere. After this time, the suspension was allowed to cool to room
temperature, and the solvent carefully removed in vacuo to give a solid
which was triturated with 1m HCl(aq) (200 mL). The resulting suspension
was extracted with CH2Cl2 (3S100 mL), after which the aqueous phase
had cleared and the combined organic extracts were washed with H2O
(2S100 mL), dried over MgSO4, filtered, and the filtrate concentrated in
vacuo. Purification by chromatography on silica gel (CHCl3/acetone=


95:5, v/v) gave the pure white solid 10 (4.97 g, 60%). 1H NMR
(300 MHz, CDCl3): d=0.93 (s, 18H; CACHTUNGTRENNUNG(CH3)3), 1.26 (s, 18H; C ACHTUNGTRENNUNG(CH3)3),
3.24 (d, 2J=13.2 Hz, 4H; ArCHinHoutAr), 3.72 (m, 12H;
OCH2CH2OCH2CH2O), 3.85 (t, 3J =6.6 Hz, 4H; ArOCH2), 3.89 (t, 3J =


4.6 Hz, 4H; CH2CH2N), 4.07 (t, 3J=4.6 Hz, 4H; CH2N), 4.31 (d, 2J =


13.2 Hz, 4H; ArCHinHoutAr), 6.75 (s, 4H; calix ArH), 7.07 (s, 4H; calix
ArH), 7.67 (dd, 3J=5.5 Hz, 4J=3.0 Hz, 2H; PhthH), 7.80 ppm (dd, 3J=


5.5 Hz, 4J =3.0 Hz, 2H; PhthH); ESMS: m/z : 1193.61 [M+Na]+ .


5,11,17,23-Tetra-tert-butyl-25,27-bis(2-{2-[2-(2-
phthalimidoethoxy)ethoxy]eth ACHTUNGTRENNUNGoxy}ethoxy)-26,28-dihydroxycalix[4]arene
(11): This material was prepared in an analogous method to the prepara-
tion of 10 from para-tert-butylcalix[4]arene (1.36 g, 2.1 mmol), K2CO3


(0.70 g, 5.1 mmol), and 8 (2.52 g, 5.3 mmol) in CH3CN (75 mL). Purifica-
tion by chromatography on silica gel (CHCl3/acetone=90:10, v/v) gave
the pure white solid 11 (0.79 g, 33%). 1H NMR (300 MHz, CDCl3): d=


0.87 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.21 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 3.20 (d, 2J =13.1 Hz, 4H;
ArCHinHoutAr), 3.60 (m, 20H; CH2OCH2CH2OCH2CH2O), 3.81 (m, 8H;
ArOCH2, CH2CH2N), 4.06 (t, 3J =4.7 Hz, 4H; CH2N), 4.27 (d, 2J=


13.1 Hz, 4H; ArCHinHoutAr), 6.69 (s, 4H; calix ArH), 6.96 (s, 4H; calix
ArH), 7.62 (dd, 3J=5.5 Hz, 4J=3.1 Hz, 2H; PhthH), 7.76 ppm (dd, 3J=


5.5 Hz, 4J =3.1 Hz, 2H; PhthH); ESMS: m/z : 1281.62 [M+Na]+ .


5,11,17,23-Tetra-tert-butyl-25,27-bis{2-[2-(2-aminoethoxy)ethoxy]ethoxy}-
26,28-dihydroxycalix[4]arene (13): Hydrazine monohydrate (3 mL,
excess) was added to 10 (3.40 g, 2.9 mmol) was suspended in ethanol
(70 mL). This suspension was then heated under reflux for 18 h, during
which time the solid was seen to dissolve. The reaction mixture was al-
lowed to cool, then added to H2O (200 mL) to give a white suspension,
which was extracted with ethyl acetate (3S50 mL). The combined organ-


ic extracts were subsequently dried over MgSO4, filtered, and concentrat-
ed in vacuo to give the white solid 13 (2.51 g, 95%). 1H NMR (300 MHz,
CDCl3): d=0.78 (s, 18H; CACHTUNGTRENNUNG(CH3)3), 1.23 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 3.06 (m, 4H;
CH2NH2), 3.24 (d, 2J=13.1 Hz, 4H; ArCHinHoutAr), 3.76 (m, 12H;
OCH2CH2OCH2CH2N), 3.85 (m, 4H; ArOCH2CH2), 4.12 (m, 4H;
ArOCH2), 4.26 (d, 2J =13.1 Hz, 4H; ArCHinHoutAr), 6.58 (s, 4H; calix
ArH), 7.02 ppm (s, 4H; calix ArH); ESMS: m/z : 911.61 [M+H]+ , 937.58
[M+Na]+ .


5,11,17,23-Tetra-tert-butyl-25,27-bis(2-{2-[2-(2-aminoethoxy)ethoxy]-
ACHTUNGTRENNUNGethoxy}ethoxy)-26,28-dihydroxycalix[4]arene (14): This material was pre-
pared in an analogous method to the preparation of 13 from 11 (0.79 g,
0.63 mmol), ethanol (25 mL), and hydrazine monohydrate (1 mL, excess).
A white solid 14 was isolated (0.52 g, 91%). 1H NMR (300 MHz, CDCl3):
d=0.83 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.23 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 3.05 (t, 3J =4.4 Hz,
4H; CH2NH2), 3.23 (d, 2J=13.5 Hz, 4H; ArCHinHoutAr), 3.52 (m, 4H;
CH2CH2N), 3.60 (m, 8H; OCH2CH2O), 3.68 (m, 4H; CH2O), 3.77 (m,
4H; OCH2), 3.88 (m, 4H; ArOCH2CH2), 4.13 (m, 4H; ArOCH2), 4.26
(d, 2J=13.5 Hz, 4H; ArCHinHoutAr), 6.63 (s, 4H; calix ArH), 7.00 ppm
(s, 4H; calixArH); ESMS: m/z : 999.72 [M+H]+ .


5-Nitroisophthalamide diether calix[4]arene macrobicycle (16): 5-Nitroi-
sophthaloyl dichloride (1.14 mmol) was dissolved in dry CH2Cl2 (175 mL)
and added dropwise to a stirred solution of 9 (0.98 g, 1.19 mmol) and
NEt3 (0.66 mL) in dry CH2Cl2 (225 mL) at 0 8C under a nitrogen atmos-
phere. The reaction mixture was stirred at room temperature for 3 h. The
resulting solution was washed with 1m HCl(aq) (2S100 mL), H2O (2S
100 mL), 1m NaOH(aq) (2S100 mL), H2O (100 mL), and brine (100 mL).
The organic layer was dried over MgSO4 and filtered. The filtrate was
concentrated in vacuo and the residue purified by chromatography on
silica gel (acetone/Et2O=20:80, v/v) to give a pure green solid (0.38 g,
32%). 1H NMR (300 MHz, CDCl3): d =0.95 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.15 (s,
18H; C ACHTUNGTRENNUNG(CH3)3), 3.25 (d, 2J =3.24 Hz, 4H; ArCHinHoutAr), 3.64–3.71 (m,
4H; OCH2CH2NH and ArOCH2CH2O), 3.77 (t, 3J =4.5 Hz, 4H;
OCH2CH2N), 4.28–4.34 (m, 8H; ArOCH2CH2O and ArCHinHoutAr), 6.95
(s, 4H; calix ArH), 6.99 (s, 4H; calix ArH), 7.47 (s, 2H; OH), 8.02 (br,
2H; NH), 8.60 (s, 2H; isoph ArH4 and ArH6), 8.95 ppm (s, 1H; isoph
ArH2); ESMS: m/z calcd for C60H76N3O10: 998.5531; found: 998.5521
[M+H]+ , 1020.54 [M+Na]+ ; elemental analysis (%) calcd for
C60H75N3O10·0.2CHCl3: C 70.7, H 7.4, N 4.1; found: C 70.6, H 7.4, N 4.1.


Isophthalamide triether calix[4]arene macrobicycle (17): This material
was prepared in an analogous manner to the preparation of 15: Solutions
of 13 (1.0 g, 1.1 mmol) in dry CH2Cl2 (100 mL) and isophthaloyl chloride
(0.22 g, 1.1 mmol) in dry CH2Cl2 (100 mL) were added to a solution of
triethylamine (1 mL, excess) in dry CH2Cl2 (800 mL). Purification by
chromatography on silica gel (EtOAc/acetone=95:5, v/v) gave the prod-
uct 17 as a white solid (0.79 g, 69%). 1H NMR (300 MHz, CDCl3): d=


0.89 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.30 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 3.25 (d, 2J =13.1 Hz, 4H;
ArCHinHoutAr), 3.69 (m, 20H; CH2OCH2CH2OCH2CH2N), 4.03 (m, 4H;
ArOCH2), 4.28 (d, 2J=13.1 Hz, 4H; ArCHinHoutAr), 6.70 (s, 4H, calix
ArH), 7.05 (s, 4H; calix ArH), 7.58 (t, 3J =7.6 Hz, 1H; isoph ArH5), 7.69
(br, 2H; NH), 8.11 (d, 3J=7.6 Hz, 2H; isoph ArH4 and ArH6), 8.39 ppm
(s, 1H; isoph ArH2); ESMS: m/z 1041.63 [M+H]+ , 1063.60 [M+Na]+ ; el-
emental analysis (%) calcd for C64H84N2O10·2H2O: C 71.4, H 8.2, N 2.6;
found: C 71.7, H 7.9, N 2.5.


5-Nitroisophthalamide triether calix[4]arene macrobicycle (18): This ma-
terial was prepared in an analogous manner to the preparation of 15 : Sol-
utions of 13 (0.55 g, 0.60 mmol) in dry CH2Cl2 (75 mL) and 5-nitroisoph-
thaloyl chloride (0.60 mmol) in dry CH2Cl2 (75 mL) were added to a so-
lution of triethylamine (1 mL, excess) in dry CH2Cl2 (400 mL). The crude
product was purified by chromatography on silica gel (EtOAc/acetone=


90:10, v/v) to give the pale-yellow solid product 18 (0.28 g, 50%).
1H NMR (300 MHz, CDCl3): d=0.84 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.31 (s, 18H; C-
ACHTUNGTRENNUNG(CH3)3), 3.21 (d, 2J =12.9 Hz, 4H; ArCHinHoutAr), 3.72 (m, 20H;
CH2OCH2CH2OCH2CH2N), 4.02 (m, 4H; ArOCH2), 4.20 (m, 4H; Ar-
CHinHoutAr), 6.62 (s, 4H; calix ArH), 7.02 (s, 4H; calix ArH), 7.78 (br,
2H; NH), 8.62 (s, 1H; isoph ArH2), 8.79 ppm (s, 2H; ArH4 and ArH6);
ESMS: m/z 1086.63 [M+H]+ .


Isophthalamide tetraether calix[4]arene macrobicycle (19): This material
was prepared in an analogous manner to the preparation of 15 : Solutions
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of 14 (0.53 g, 0.53 mmol) in dry CH2Cl2 (75 mL) and isophthaloyl chlo-
ride (0.11 g, 0.53 mmol) in dry CH2Cl2 (75 mL) were added to a solution
of triethylamine (1 mL, excess) in dry CH2Cl2 (400 mL). Purification by
chromatography on silica gel (EtOAc/acetone=70:30, v/v) gave the
product 19 as a white solid (0.43 g, 71%). 1H NMR (300 MHz,
CDCl3): d=0.85 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.22 (s, 18H; C ACHTUNGTRENNUNG(CH3)3),
3.19 (d, 2J=13.1 Hz, 4H; ArCHinHoutAr), 3.60 (m, 28H;
CH2OCH2CH2OCH2CH2OCH2CH2N), 3.92 (m, 4H; ArOCH2), 4.22 (d,
2J=13.1 Hz, 4H; ArCHinHoutAr), 6.67 (s, 4H; calix ArH), 6.98 (s, 4H;
calix ArH), 7.48 (t, 3J =7.6 Hz, 1H; isoph ArH5), 7.78 (br, 2H; NH), 8.04
(d, 3J =7.6 Hz, 2H; isoph ArH4 and ArH6), 8.34 ppm (s, 1H; isoph
ArH2); ESMS: m/z 1151.58 [M+Na]+ ; elemental analysis (%) calcd for
C68H92N2O12·0.67CH2Cl2: C 69.6, 7.9, N 2.4; found: C 69.6, H 8.0, N 2.2.
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The Total Synthesis of (+)-Tedanolide—A Macrocyclic Polyketide from
Marine Sponge Tedania ignis


Gunnar Ehrlich, Jorma Hassfeld, Ulrike Eggert, and Markus Kalesse*[a]


Introduction


Currently five members of tedanolides are known, tedano-
lide (1), 13-deoxytedanolide (2), tedanolide C (3) and candi-
daspongiolides (4, 5). Tedanolide (1) was isolated by
Schmitz et al.[1] in 1984 from the Caribbean sponge Tedania
ignis and the structure as well as the absolute configuration
was unambiguously assigned by X-ray analysis. It attracted
very much attention due to its high cytotoxicity against
tumor cell lines and was shown to arrest the growth of P338
cells in the S-phase.[1] In 1991 the isolation of a structural re-
lated compound, 13-deoxytedanolide (2) from the sponge
Mycale adhaerens, exhibiting a deoxygenated position at
C13, was reported by Fusetani et al.[2] Even though only lim-
ited studies on the biological profile have been performed
so far, first data indicate a similar biological profile com-
pared with tedanolide (1).[3] These biological tests unraveled
a strong binding to the 60S subunit of ribosomes leading to
an efficient inhibition of peptide elongation in eukaryotic
cells.[4] As a matter of fact, 13-deoxytedanolide (2) is the
first known macrolide binding efficiently to eukaryotic ribo-
somes, whereas other macrolide antibiotics such as erythro-


mycin or carbomycin exclusively bind to procaryontic ribo-
somes. A third member of this family, tedanolide C (3) was
isolated in 2005 by Ireland et al.[5] from the marine sponge
Ircinia sp. collected near Papua New Guinea. Very recently,
the group of candidaspongiolides (4, 5) was isolated by
McKee et al. from the sponge of the genus Candidaspongi.[6]


A unique structural element of all these natural products is
a primary alcohol which is incorporated in the macrolac-
tone. The chemical stability of tedanolides 1 and 2 is limited
by the highly acid sensitive b-hydroxy ketone moieties and
the epoxide in the side chain which is prone to acid-cata-
lyzed opening. Since its first publication by the Schmitz


Abstract: Tedanolide, which was isolat-
ed by Schmitz in 1984 from the marine
sponge Tedania ignis, is a highly cyto-
toxic macrolide leading to strong
growth inhibition of P338 tumor cells
in bioassays. A unique structural fea-
ture of the known tedanolides is the
primary hydroxyl group incorporated
in the macrolactone. This unusual


motif for macrolactones originated
from PKS biosynthesis might arise
through lactonizations others than
those derived by the thioesterase reac-


tion. First experimental data that sup-
port this hypothesis and reflect the in-
herent preference of PKS-induced
macrolactonization were obtained
during this synthesis. The inherent
preference for the formation of a 14-
membered macrocyclization is dis-
cussed together with the pivotal steps
in the synthesis.
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group in 1984 a large variety of synthetic efforts have been
put forward, leading to advanced fragment syntheses.[7] In
the course of these synthetic endeavors the first total synthe-
sis of 13-deoxytedanolide (2) was presented by Smith et al.
in 2003,[8] aiming to provide synthetic access to compounds
1, 2 through a unified approach. Very recently, their concept
resulted in a total synthesis for tedanolide (1) as well.[9]


Short after the first synthesis of 13-deoxytedanolide (2) had
been completed a second total synthesis of 2 by the Roush
group was published.[10] Here we describe the synthetic de-
tails that led to our total synthesis of tedanolide (1).[11] The
key features are an aldol coupling to set up the carbon back-
bone and a final stage epoxidation. Additionally, it turned
out that correct choice of the configuration at C15 was pivo-
tal for the successful synthesis.


Results and Discussion


Retrosynthetic analysis : As a consequence of the labile ep-
oxide moiety in tedanolide (1) we decided to introduce this
functional group as the last step of the synthesis. The stereo-
selective epoxidation of the D18-allylic alcohol moiety using
mCPBA has already been demonstrated in the Smith syn-
thesis of 13-deoxytedanolide (2).[8] Nevertheless, in their
synthesis the second D8-allylic alcohol was blocked through
protection as the TIPS ether. Since both segments represent
a pseudo-enantiomeric relationship we envisioned to use the
Sharpless asymmetric epoxidation as a fall-back position in
order to discriminate between both allylic alcohols as it has
been successfully applied by Mulzer et al.[12] in their laulima-
lide synthesis. Consequently, we envisioned to perform the
epoxidation after global TBS deprotection of macrolactone
6. This triketo lactone 6 in turn is generated by a macrolac-
tonization of hydroxy acid 7 followed by stepwise deprotec-
tion and oxidation at C5 and C15. To achieve a convergent
synthesis of C1–C23 hydroxy acid 7 we decided to perform
an aldol coupling of methyl ketone 8, previously synthesized
in our group,[7y] and aldehyde 9 (Scheme 1).
Another essential issue was the appropriate choice of or-


thogonal protecting groups for the C29 hydroxy group and
the carboxylate. After substantial variations we found the
monomethoxytrityl group (MMTr) to be ideal as a protect-
ing group for C29 hydroxyl since its installation and chemi-
cal stability was compatible with the operations employed.
Additionally, the very mild conditions for its removal,
namely treatment with hexafluoroisopropanol[13] allow re-
moval even in the presence of unprotected b-hydroxy ke-
tones.


Synthesis of aldehyde 9 : In 2005 we reported a first-genera-
tion synthesis of C13–C23 aldehyde 13[7z] using an anti selec-
tive aldol coupling between C15 and C16 (Scheme 2).
This route had its drawbacks due to a relatively long


number of 18 linear steps and occasionally uncontrolled mi-
gration of protecting groups. These disadvantages led to an
improved synthesis to the C13–C23 aldehyde 9, using a


more convergent aldol coupling between C16 and C17 that
parallels the fragment synthesis presented by Loh and co-
workers.[7t] The synthesis starts with known trityl protected
Roche aldehyde 14.[14] Subsequent olefination with ethyli-
dene triphenylphosphorane yielded alkene 15 with high Z
selectivity (92:8). The acid-catalyzed cleavage of trityl ether
15 in methanol/CH2Cl2 turned out to be the optimal proce-
dure and separation of the so-obtained alcohol 16 by
column chromatography required careful evaporation of sol-
vents in order to prevent significant loss of volatile 16. On
larger scale the isolation of alcohol 16 first required removal
of the solvents by fractionated distillation over a Vigreux
column. Then the residue was heated to 100 8C at a pressure
of 1 mbar, while 16 was collected in a cooling trap at
�190 8C together with some residual CH2Cl2. For the subse-
quent transformation it was not necessary to obtain 16 in
pure form. Thus the solution of 16 in CH2Cl2 was used in
the subsequent Swern oxidation[15] to generate aldehyde 17
which was directly subjected to Wittig olefination providing
unsaturated ester 18. Conversion of ester 18 to aldehyde 10
was achieved in a stepwise sequence using DIBAL-H reduc-
tion and subsequent oxidation with manganese dioxide
(Scheme 3).
Ketone 24 was synthesized in four steps according to the


route described by Loh.[7t] Therefore PMB-protected alde-


Scheme 1. Retrosynthesis of tedanolide (1).


Scheme 2. First-generation synthesis of 13.
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hyde 20 was subjected to an unselective acetate aldol reac-
tion to generate hydroxy ester 21 as a 1:1 mixture of diaste-
reomers. Reduction of 21 yielded 1,3-diol 22 and the pri-
mary hydroxy group was selectively TBS-protected. In the
last step alcohol 23 was oxidized to give ketone 24 and pro-
viding enantiomerically pure material again.
In order to set the desired anti-relationship between the


C17 hydroxy and the C16 hydroxymethyl group we envi-
sioned using an anti-selective aldol addition between com-
pounds 10 and 24. When ketone 24 was enolized with dicy-
clohexylboron chloride the (E)-enolate was formed predom-
inately and the absolute configuration of both new formed
stereocenters was induced by the chiral ketone 24.[7t, 16] Al-
though the aldol addition succeeded with an acceptable
yield of 68%, the diastereomeric ratio was only 2:1 in favor
of the desired isomer 25. Subsequently, hydroxy ketone 25
was reduced to avoid retro aldol reaction. In principal, both
configurations at C15 can be used in the synthesis since this
hydroxy group will be oxidized to the ketone during the
endgame of the synthesis. Nevertheless, in fragments exhib-
iting an anti-orientation both centers would be Felkin en-
forcing, thus potentially enhancing the selectivity of the
aldol step. Based on this analysis Roush’s synthesis used the
(15R)-configuration for the synthesis of 13-deoxytedanolide
(2).[10] Unfortunately, the R configuration in combination
with the presence of a carbonyl group at C5 led to the for-
mation of a stable hemiketal that inhibited oxidation of the
hydroxyl group. Based on experiences in our synthesis of
callystatin[17] we realized that the inherent stereochemistry
of methyl ketone 8 would be a substitute for a chiral auxili-
ary that would override the stereochemical preferences of
the aldehyde 9. Consequently, we decided to apply a syn-re-
duction of 25 to generate the (15S)-configured 1,3-syn-diol
26. For this reduction the use of DIBAL-H provided exclu-
sively syn-diol 26 (dr> 95:5) in good yields. In order to
assign the configuration of diol 26 applying RychnovskyLs
acetonide method[18] 26 was transformed into acetonide 27
using 2,2-dimethoxy propane. 1H NMR analysis showed for
all three indicative hydrogen atoms (H15, H16, H17) large
coupling constants of approximately 10 Hz suggesting an


axial position for these hydrogens. The 13C NMR analysis
unraveled two characteristic signals at d 19.9 and 30.0 ppm
indicative of axial and equatorial methyl groups in acetonide
27. After removing the TBS group in 26 with TBAF triol 28
was obtained. This could be used for introducing the re-
quired protecting groups selectively. We focused particularly
on identifying a suitable protecting group for the primary
C29 alcohol which would allow selective removal prior to
macrolactonization. After substantial screening of protecting
groups we decided to use the monomethoxytrityl (MMTr)
group,[19] which can be removed under very mild acidic con-
ditions, required for this sensitive intermediate. The intro-
duction of this protecting group is known to be highly selec-
tive for primary hydroxy groups and diol 29 was obtained in
acceptable yield. Next, the allylic hydroxy group was pro-
tected as the TBS ether 30 and the PMB group was put on
to the secondary alcohol using the sequence of oxidation
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)[20]


and reductive opening of the intermediate PMP acetal[21]


with DIBAL-H. Overall, a shift of the PMB group was ach-
ieved to furnish alcohol 32. Oxidation of 32 with TPAP/
NMO[22] proceeded smoothly and provided aldehyde 9
(Scheme 4).


Aldol reaction : For the pivotal aldol coupling of methyl
ketone 8 and aldehyde 9 careful screening of different bases
for the enolization of 8 identified KHMDS to provide the
highest selectivities for obtaining Felkin product 33.[7y] A


Scheme 3. Synthesis of fragments 10 and 24 : a) EtPPh3
+Br�, nBuLi,


85%, Z/E 92:8; b) p-TsOH, MeOH; c) Swern oxidation; d) EtO2CC-
ACHTUNGTRENNUNG(CH3)=PPh3, 43% from 15 ; e) DIBAL-H, 87%; f) MnO2, 90%; g) LDA,
CH3CO2Et, 88%; h) LiAlH4, 95%; i) TBSCl, imidazole, 93%; k) Swern
oxidation, 98%.


Scheme 4. Synthesis of 9 : a) Cy2BCl, Et3N, then 10, 68%, dr 2:1; b)
DIBAL-H, 76%, dr >95:5; c) (MeO)2C ACHTUNGTRENNUNG(CH3)2, PPTS, quant.; d) TBAF,
91%; e) MMTrCl, Et3N, 69%; f) TBSCl, imidazole, 92%; g) DDQ, 85%;
h) DIBAL-H, 81%; i) TPAP, NMO, 90%.
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preparative separation of 33 from its complex mixture of
diastereomers using chromatography was not successful, but
an analytically pure sample of 33 could be isolated using
HPLC.[23] Next, we analyzed compound 33 for its potential
to undergo macrolactonization. Based on Smith’s synthesis
of 13-deoxytedanolide (2)[8] in which an unprotected triol
was successfully subjected to
macrolactonization we conclud-
ed that in our case the primary
hydroxy group at C29 should
be subjected more readily to
ring closure compared with the
sterically hindered secondary
C13 alcohol. So we continued
the synthesis with liberating the
C29 alcohol. For this conversion
a very mild acid-catalyzed de-
protection of monomethoxytri-
tyl ethers using hexafluoroiso-
propanol had been described by
Leonard and Neelima.[13] In our
case hexafluoroisopropanol did
cleave only the MMTr ether
while all other protecting
groups remained unchanged
and no retro aldol products
were detected. Addition of a
small amount of methanol was
necessary to trap the trityl
cation. Gratifyingly, with the di-
hydroxy compound 34 it was
possible to separate the minor
diastereomers resulting from
the aldol coupling by simple
column chromatography. Next,
the transformation of 34 to free
carboxylic acid 35 was per-
formed by palladium(0)-cata-
lyzed cleavage of the allyl ester
and reduction of the p-allyl pal-
ladium species with Bu3SnH.[24]


The subsequent screening of different conditions for macro-
lactonization started with the Mitsunobu protocol,[25] thus
taking advantage of the carboxylate as the nucleophile and
displacement of the primary C29 hydroxy group. Unfortu-
nately the Mitsunobu method proved to be unsuitable for
substrate 35 leading only to complex mixtures of side prod-
ucts. Other lactonization strategies such as Keck–Boden
protocol[26] or Trost–Kita method[27] were also unsuccessful.
On the other hand the Yamaguchi protocol[28] which was al-
ready employed in both syntheses of 13-deoxytedanolide (2)
provided under high dilution conditions between 10–35% of
a macrolactone and best results were obtained when freshly
prepared dihydroxy acid 35 was used immediately. Even
though it was expected that the desired macrolactone 37
had been formed, assignment of the alcohol incorporated in
the lactone was difficult to perform. Investigations via 2D-


NMR methods (HMBC, NOE) did not indicate any NMR
contact between the carboxylic carbon C1 and the two pos-
sible hydrogens at H13 or H29. One argument in favor of
the 14-membered lactone 36 was the chemical shift of
nearly 6 ppm for H13, indicating acylation at the secondary
C13 alcohol (Scheme 5).


As a consequence of the unknown ring size of the macro-
lactone we decided to carry on with the planned synthesis
and hoped to elucidate the ring size at an advanced inter-
mediate. NMR analysis at a later stage then clearly identi-
fied the prepared lactone to be the undesired 14-membered
lactone 36.
This result obtruded the question about the biosynthetic


origin of the unusual primary lactone of the tedanolides.
Since the primary alcohols in polyketides are originated
after PKS biosynthesis, it is feasible to assume that the lac-
tone of the tedanolides is preformed afterwards either from
the open chain form or through transesterification from a
different lactone. The formation of 14-membered lactone 36
may serve as a first chemical indication that transient lac-
tones may be formed in the course of tedanolides biosynthe-
ses. Protection of the remaining primary alcohol at C29 was


Scheme 5. Aldol coupling and lactonization: a) KHMDS, then 9, 59%; b) (CF3)2CHOH, MeOH, 85%; c) [Pd-
ACHTUNGTRENNUNG(PPh3)2Cl2], Bu3SnH; d) 2,4,6-Cl3C6H2COCl, DMAP, iPr2NEt, 34% over 2 steps.
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achieved with TBSCl and imidazole yielding completely
protected macrolactone 38. The next transformations re-
quired a subsequent deprotection and oxidation of the C15
and C5 hydroxy groups to install ketones at these positions.
Deprotection of the PMB ether was achieved using DDQ,
followed by Dess–Martin oxidation[29] to generate ketone 40.
For cleavage of the C5 TES ether in the presence of four
TBS groups we decided to apply mild acidic conditions in
contrast to fluoride-based desilylations. A mixture of acetic
acid in water/THF (3.5:1:3.5) proved suitable for a selective
removal of the TES ether. Since compound 40 shows low
solubility in this very polar solvent mixture a significant
amount of starting material 40 (50%) could be re-isolated
after 4 d. Deprotection was followed by Dess–Martin oxida-
tion to give lactone 42. At this stage we were able to assign
the connectivity of the macrolactone ring based on an un-
ambiguously strong HMBC contact between carboxylic
carbon C1 and H13 (Scheme 6).


Lactonization of monohydroxy acid 7: When attempting the
lactonization of dihydroxy acid 35 instead of the 18-mem-
bered lactone 37 exclusively the 14-membered isomer 36
was formed and unfortunately we were not able to change
the selectivity of this lactonization. To avoid the undesired
lactonization the secondary alcohol at C13 was protected
with TBS triflate and 2,6-lutidine. The moderate yield of
55% in the conversion of 33 to 43 could be attributed to
considerable retro aldol processes of 33. Additionally, the
MMTr-protecting group was not completely stable under
these conditions as indicated by the appearance of an inten-
sive yellow color caused by the trityl cation. Again, it was
possible to start with the diastereomeric mixture of aldol
products 33. The separation of undesired isomers was ach-
ieved by simple column chromatography after acid-catalyzed
removal of the MMTr ether to hydroxy ester 44. After
cleavage of the allyl ester, free carboxylic acid 7 was subject-
ed to different lactonization
methods. Interestingly, careful
investigations of the Yamaguchi
reaction showed that the mixed
anhydride had been formed but
no further lactonization was ob-
served, consistent with the fail-
ure of generating the desired
lactone 37 from compound 35
under these conditions. Gratify-
ingly, now the Mitsunobu pro-
tocol led to the desired macro-
lactone 45 in good yields
(Scheme 7).
In the endgame of the syn-


thesis the introduction of the
carbonyl groups at C5 and C15
followed the line described for
the 14-membered lactone,
albeit the yields for the PMB
deprotection of 45 were signifi-


cantly lower compared to compound 38. The maximum
yield of 68% for alcohol 46 was reached when DDQ was
added in small portions over a period of 4 h. The oxidation
conditions for transforming the C15 hydroxy group into
ketone 47 also required careful optimization. Only with high
excess (10 equiv) of Dess–Martin reagent oxidation proceed-
ed slowly in moderate yield. For the deprotection of the
TES ether the use of pyridinium p-toluenesulfonate (PPTS)
in methanol[3] was superior (16 h, 75%) to other reagents
such as trifluoroacetic acid or acetic acid in THF/water. The
concluding oxidation of C5 alcohol 48 to triketo lactone 6
was matched with Dess–Martin reagent in very good yield.
The global deprotection of all TBS ethers was supposed to
be a delicate transformation because the partially formed b-
hydroxy ketone moieties were prone to retro aldol reactions.


Scheme 6. a) TBSCl, imidazole, 79%; b) DDQ, 83%; c) Dess–Martin ox-
idation, 82%; d) HOAc/THF/H2O, 40% (95% BORSM); e) Dess–
Martin oxidation, 87%.


Scheme 7. Cyclization of hydroxy acid 7: a) TBSOTf, lutidine 60%; b) (CF3)2CHOH, MeOH, 85%; c) [Pd-
ACHTUNGTRENNUNG(PPh3)2Cl2], Bu3SnH; d) PPh3, DEAD, 68% over 2 steps.


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2232 – 22472236


M. Kalesse et al.



www.chemeurj.org





For this conversion we followed the protocol established by
Roush for the synthesis of 13-deoxytedanolide (2).[10]


3HF·Et3N was described to be only slightly acidic and a
combination of this reagent and additional triethylamine
proved suitable for deprotection of lactone 6. The deprotec-
tion followed a statistical loss of TBS groups and after 4 d
one defined compound with only one remaining TBS group
was isolated together with 32% of completely deprotected
lactone 49. The removal of the last remaining TBS group
proceeded very slowly and when the partially TBS protected
compound was re-subjected to same deprotection conditions
only half conversion to 49 was observed after 4 d, accompa-
nied by side products (Scheme 8).


For the final epoxidation we intended to use unprotected
lactone 49. When 49 was treated with substoichiometric
amounts of mCPBA at �45 8C preferentially the D18 allylic
alcohol was epoxidized to give tedanolide (1).[31] Unfortu-
nately a separation of 49 and epoxide 1 via column chroma-
tography was not successful, even when RP-18 silica gel was
used. The only way to achieve higher purity of 1 was to in-
crease conversion of 49 by adding three equivalents of
mCPBA. With this excess of mCPBA consumption of 49
was nearly completed but competitively further epoxidation
of 1 proceeded, explaining the low yield of isolated 1. Final-
ly a separation of 1 and over-oxidized products via simple
column chromatography was possible (Scheme 9). Compari-
son of the NMR data of synthetic tedanolide (1) was identi-
cal in all respect to the data published by Schmitz.[1]


Conclusions


We have presented a convergent total synthesis of tedano-
lide (1) that provides substantial material which enables a
detailed analysis of SAR data in particular probing the role
of the epoxide moiety. Additionally, concluding the experi-


mental results it materialized that subtle changes in configu-
rations and hybridizations are reflected by dramatic changes
in reactivity. It can be expected that these changes will be


transmitted to the biological ac-
tivity of derivatives and that
cellular tests can answer the
questions in connection with
the prerequisites of fine-tuning
the pharmacophoric parame-
ters.
The fact that compound 35


readily generated the 14-mem-
bered macrolactone 36 is a
strong indication that indeed
the observed macrolactone of
tedanolide (1) is generated at a
later stage, most likely through
a transesterification from a dif-
ferent lacton originated through
catalysis by the polyketide’s thi-
oesterase. Further studies on
the biological activity of ana-
logues and the function of the
epoxide moiety will be reported
in due course.


Experimental Section


General methods : NMR spectra were recorded with Bruker AVS-500,
AVS-400 or AM-200 spectrometers. Corresponding solvent signal served
as an internal standard: for 1H NMR spectra in CDCl3—the singlet of
CHCl3 at d 7.26 ppm, in C6D6—the singlet of C6D5H at d 7.16 ppm; for
13C NMR spectra in CDCl3—the triplet at d 77.00 ppm, in C6D6—the
triplet at d 128.40 ppm. Values of the coupling constant, J, are given in
Hertz (Hz). High-resolution electrospray-mass spectra (HRMS-ESI)
were recorded with Waters Micromass LCT spectrometer with a Lock-
Spray unit. All air- and moisture sensitive reactions were performed
under argon in heat gun-dried glassware. All experiments were moni-
tored by thin layer chromatography (TLC) performed on Merck 60 F-254
(0.2 mm thick) silica gel aluminium supported plates. Spots were visual-
ized by exposure to ultraviolet light (254 nm) or by staining with vanillin
reagent (85 mL MeOH, 5 mL H2SO4, 10 mL AcOH, 0.5 g vanillin, cer re-
agent (10 g Ce ACHTUNGTRENNUNG(SO4)2, 25 g phosphomolybdenic acid, 80 mL H2SO4, H2O
to 1 L), followed by heating. Tetrahydrofuran (THF) was distilled under
argon from sodium/benzophenone. Dichloromethane was distilled from
calcium hydride under argon. Commercially available reagents were used
as supplied. Flash chromatography was performed with J. T. Baker brand
silica gel (40–60 mm, 60 R pores). Eluents used for flash chromatography
were distilled prior to use. Additional experimental procedures, 1H and


Scheme 8. Synthesis of tetrahydroxy lactone 49 : a) DDQ, 68%; b) Dess–Martin oxidation, 64%; c) PPTS,
MeOH, 67%; d) Dess–Martin oxidation, 91%; e) 3HF·Et3N, CH3CN/Et3N, 32%.


Scheme 9. Concluding epoxidation to 1: mCPBA, �45 8C, 3 d, 28%.
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13C NMR spectra and Ortep plot of 13 are available in the Supporting In-
formation.


ACHTUNGTRENNUNG(4S,2Z)-4-Methyl-5-trityloxypent-2-ene (15): Ethyltriphenylphosphonium
bromide (48.5 g, 131 mmol, 1.6 equiv) was suspended in THF (150 mL)
and cooled to �78 8C. Then nBuLi solution (49.0 mL, 123 mmol;
1.5 equiv 2.5m in hexane) was added slowly. The orange colored suspen-
sion was warmed up and stirred for 30 min at RT while the most part of
the white solids became dissolved. Then the dark red solution was cooled
again to �78 8C and a solution of aldehyde 14 (27.0 g, 81.7 mmol,
1.0 equiv) in THF (150 mL) was added rapidly. After complete addition
the reaction was allowed to warm up und stirring was continued for 3 h
at RT. Then water was added and the organic layer was separated. The
aqueous layer was extracted with ethyl acetate and the combined organic
layers were dried over MgSO4 and filtered. The solvent was removed
under vacuum to give a brownish residue. Purification was performed by
column chromatography (hexane/ethyl acetate 10:1 + 1% Et3N) to yield
alkene 15 (23.8 g, 69.5 mmol, 85%) as a highly viscous oil. [a]25D =++37.9
(c=0.99, CHCl3);


1H NMR (400 MHz, CDCl3): d = 7.49 (d, J=7.5 Hz,
6H), 7.32 (t, J=7.7 Hz, 6H), 7.25 (t, J=7.3 Hz, 3H), 5.51 (dq, J=10.9,
6.7 Hz, 1H), 5.25 (ddq, J=10.7, 9.4, 1.5 Hz, 1H), 3.02 (dd, 1H, J=8.4,
6.5 Hz, H-6), 2.94 (dd, J=8.3, 7.0 Hz, 1H), 2.83 (m, 1H), 1.69 (dd, J=


6.8, 1.5 Hz, 3H), 1.05 ppm (d, J=6.7 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d = 144.5 (s, 3C), 133.9 (d), 128.8 (d, 6C), 127.6 (d, 6C), 126.8
(d, 3C), 123.9 (d), 86.2 (s), 68.1 (t), 32.4 (d), 17.9 (q), 13.1 ppm (q); IR
(ATR): ñ = 3059 (m), 3021 (m), 2059 (m), 2917 (m), 2864 (m), 1597 (w),
1491 (s), 1448 (s), 1405 (w), 1317 (w), 1221 (w), 1182 (w), 1154 (w), 1066
(s), 1033 (m), 986 (w), 896 (w), 774 (s), 763 (s), 746 (s), 705 cm�1 (ss);
HRMS (EI): m/z : calcd for C25H26O: 342.1984 [M]+ , found 342.1987.


ACHTUNGTRENNUNG(2S,3Z)-2-Methylpent-3-ene-1-ol (16): p-Toluene sulfonic acid (1.0 g) was
added to a solution of alkene 15 (23.5 g, 68.6 mmol) in CH2Cl2/methanol
2:1 (150 mL) and the yellow solution was stirred at RT for 24 h. Then
sat. NaHCO3 solution was added to wash out methanol and to neutralize
p-toluene sulfonic acid, and the organic layer was separated. The aqueous
layer was extracted with CH2Cl2 and the combined organic layers were
dried over MgSO4 and the solvent was removed for the most part by dis-
tillation over a Vigreux column at normal pressure yielding a brownish
residue. Then a cooling trap (cooled with liquid nitrogen) was connected
and at a pressure of 1 mbar the residue was slowly heated to 100 8C. Al-
cohol 16 was collected in a cooling trap together with remaining CH2Cl2.
The obtained solution of 16 in CH2Cl2 was directly used for oxidation.
An analytically pure sample was prepared by column chromatography
(pentane/Et2O 2:1). [a]25D =�26.6 (c=1.10, CHCl3);


1H NMR (400 MHz,
CDCl3): d = 5.61 (dq, J=11.0, 6.7 Hz, 1H), 5.17 (ddq, J=10.9, 9.5,
1.5 Hz, 1H), 3.50 (dd, J=10.4, 5.9 Hz, 1H), 3.35 (dd, J=10.4, 8.1 Hz,
1H), 2.72 (m, 1H), 1.67 (dd, J=6.6, 1.8 Hz, 3H), 0.96 ppm (d, J=6.8 Hz,
3H); 13C NMR (100 MHz, CDCl3): d = 133.0 (d), 126.1 (d), 67.6 (t), 34.3
(d), 16.7 (q), 13.1 ppm (q); IR (ATR): ñ = 3328 (br, ss), 3010 (m), 2958
(s), 2922 (s), 2872 (s), 1453 (m), 1405 (m), 1374 (m), 1260 (w), 1222 (w),
1030 (ss), 984 (m), 947 (m), 715 cm�1 (ss).


ACHTUNGTRENNUNG(2S,3Z)-2-Methylpent-3-ene-1-al (17): DMSO (10.7 g, 138 mmol,
2.0 equiv) was added at �78 8C to a stirred solution of oxalyl chloride
(13.1 g, 103 mmol, 1.5 equiv, calc. based on alkene 15) in CH2Cl2
(100 mL). After 30 min a solution of alcohol 16 in CH2Cl2 (volume ca.
20 mL) was added and the reaction mixture was kept at �78 8C for 1 h.
Then triethylamine (34.7 g, 343 mmol, 5.0 equiv) was added and the tem-
perature was raised to RT, leading to precipitation of white solids. Water
was added until solids became dissolved. The organic layer was separated
and the aqueous layer was washed with CH2Cl2. The combined organic
layers were dried over MgSO4 and filtered. Due to the highly volatile al-
dehyde 17 the filtrate was used directly without concentration under re-
duced pressure.


ACHTUNGTRENNUNG(4S,2E,5Z)-Ethyl 2,4-dimethylhepta-2,5-dienoate (18): EtO2CC ACHTUNGTRENNUNG(CH3)=
PPh3


[32] (74.6 g, 206 mmol, 3.0 equiv, calcd for olefin 15) was added to the
solution of crude aldehyde 17 in CH2Cl2 (ca. 300 mL) and the yellow so-
lution was stirred at RT for 24 h. Then the reaction mixture was carefully
concentrated under reduced pressure. The precipitated solids were
washed several times with MTB ether whereby triphenylphosphine oxide
and ylide remained as solids and the ester 18 remained in solution. The


yellow filtrate was concentrated again under reduced pressure to dryness
and subjected to column chromatography (hexane/ethyl acetate 10:1).
Ester 18 (5.38 g, 29.5 mmol, 43% over 3 steps) was isolated as a colorless
liquid. [a]25D =++138.2 (c=1.08, CHCl3);


1H NMR (400 MHz, CDCl3): d =


6.61 (dd, J=9.7, 1.3 Hz, 1H), 5.44 (dq, J=10.8, 6.7 Hz, 1H), 5.29 (ddq,
J=10.7, 9.1, 1.6 Hz, 1H), 4.19 (q, J=7.2 Hz, 2H), 3.49 (m, 1H), 1.89 (d,
J=1.3 Hz, 3H), 1.65 (dd, J=6.7, 1.6 Hz, 3H), 1.30 (t, J=7.1 Hz, 3H),
1.09 ppm (d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 168.4
(s), 145.6 (d), 133.2 (d), 125.8 (d), 60.4 (t), 31.5 (d), 14.3 (q), 13.0 (q),
12.4 ppm (q); IR (ATR): ñ = 3012 (m), 2967 (s), 2929 (s), 2871 (m),
1708 (ss), 1647 (m), 1449 (m), 1390 (w), 1367 (m), 1291 (s), 1261 (s), 1229
(ss), 1146 (s), 1098 (s), 1034 (s), 989 (m), 951 (m), 750 (s), 719 cm�1 (s);
HRMS (EI): m/z : calcd for C11H18O2: 182.1307 [M]+ , found 182.1306.


ACHTUNGTRENNUNG(4S,2E,5Z)-2,4-Dimethylhepta-2,5-diene-1-ol (19): A solution of ester 18
(5.20 g, 28.5 mmol, 1.0 equiv) in THF (100 mL) was cooled to �78 8C and
DIBAL-H solution (47.5 mL, 71.3 mmol, 2.5 equiv, 1.5m in toluene) was
added. After 1 h the temperature was raised to RT and sat. K/Na tartrate
solution was added slowly under intensive stirring. When gas evolution
ceased the reaction mixture turned gelatinous. Addition of sat. K/Na tar-
trate solution was continued under intensive stirring until the aluminium
hydroxide gels were resolved. The reaction mixture was diluted with
ethyl acetate and the organic layer was separated. The aqueous layer was
extracted with ethyl acetate and the combined organic layers were dried
over MgSO4, filtered and concentrated under reduced pressure
(20 mbar). Purification by column chromatography (hexane/ethyl acetate
4:1) provided allyl alcohol 19 (3.48 g, 24.8 mmol, 87%) as a colorless
liquid. [a]25D =++74.2 (c=1.12, CHCl3);


1H NMR (400 MHz, CDCl3): d =


5.37 (dq, J=11.1, 6.6 Hz, 1H), 5.27 (dd, J=8.9, 1.1 Hz, 1H), 5.24 (ddq,
J=10.6, 9.1, 1.6 Hz, 1H), 3.96 (s, 2H), 3.40 (m, 1H), 1.71 (d, J=1.0 Hz,
3H), 1.66 (dd, J=6.7, 1.6 Hz, 3H), 1.60 (br s), 1.02 ppm (d, J=6.8 Hz,
3H); 13C NMR (100 MHz, CDCl3): d = 135.1 (d), 1329 (s), 130.8 (d),
121.9 (d), 68.8 (t), 30.4 (d), 21.4 (q), 13.7 (q), 12.9 ppm (q); IR (ATR): ñ


= 3299 (br, ss), 3010 (m), 2963 (s), 2921 (s), 2867 (s), 1653 (w), 1451 (s),
1402 (m), 1371 (m), 1258 (w), 1224 (w), 1068 (m), 1008 (ss), 951 (s), 855
(m), 814 (w), 719 cm�1 (ss); HRMS (EI): m/z : calcd for C9H15O: 139.1123
[M�H]+ , found 139.1118.


ACHTUNGTRENNUNG(4S,2E,5Z)-2,4-Dimethylhepta-2,5-diene-1-al (10): Manganese(IV)oxide
(16.5 g, 190 mmol, 20 equiv) was added to a solution of alcohol 19
(1.33 g, 9.46 mmol, 1.0 equiv) in Et2O (25 mL) and the suspension was
stirred intensively for 4 h. Then the suspension was filtered over celite.
The residue was washed with ethyl acetate and the combined filtrates
were concentrated under reduced pressure (20 mbar). The obtained alde-
hyde 10 (1.18 g, 8.52 mmol, 90%) was used without further purification.
An analytically pure sample was prepared by column chromatography
(hexane/ethyl acetate 6:1). [a]25D =++120.8 (c=0.96, CHCl3);


1H NMR
(400 MHz, CDCl3): d = 9.36 (s, 1H), 6.31 (dd, J=9.5, 1.1 Hz, 1H), 5.49
(dq, J=10.8, 6.8 Hz, 1H), 5.31 (ddq, J=10.6, 9.0, 1.6 Hz, 1H), 3.67 (m,
1H), 1.79 (d, J=1.1 Hz, 3H), 1.65 (dd, J=6.8, 1.7 Hz, 3H), 1.14 ppm (d,
J=6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 195.5 (d), 157.8 (d),
137.0 (s), 132.2 (d), 124.6 (d), 31.7 (d), 20.4 (q), 13.0 (q), 9.2 ppm (q); IR
(ATR): ñ = 3013 (m), 2967 (m), 2926 (m), 2871 (m), 2710 (w), 1686 (ss),
1638 (s), 1453 (m), 1403 (m), 1376 (m), 1355 (m), 1279 (m), 1209 (m),
1014 (s), 956 (w), 878 (w), 830 (w), 722 cm�1 (s); HRMS (EI): m/z : calcd
for C9H13O: 137.0966 [M�H]+ , found 137.0951.


ACHTUNGTRENNUNG(2R,3R/S)-Ethyl 3-hydroxy-1-(p-methoxybenzyloxy)-2-methylpentanoate
(21): Diisopropylamine (8.72 g, 86.4 mmol, 1.4 equiv) was dissolved in
THF (200 mL) and cooled to �78 8C. Then under stirring a solution of
nBuLi (32.0 mL, 80.0 mmol, 1.3 equiv, 2.5m in hexane) was slowly added
and the reaction was allowed to warm up. After stirring for additional
30 min at RT the temperature was lowered to �78 8C and ethyl acetate
(8.15 g, 92.5 mmol, 1.5 equiv) was added. After 30 min a solution of alde-
hyde 20 (12.8 g, 61.7 mmol, 1.0 equiv) in THF (20 mL) was added. The
reaction was quenched after 30 min by addition of sat. NH4Cl solution
and allowed to warm up to RT. Small amounts of solids were dissolved
by addition of water. The organic layer was separated and the aqueous
layer was extracted with ethyl acetate. The combined organic layers were
dried over MgSO4, filtered and concentrated under vacuum. Purification
by column chromatography (hexane/ethyl acetate 1:1) yielded hydroxy
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ester 21 (16.1 g, 54.3 mmol, 88%, dr 1:1) as a slightly yellow oil. [a]25D =


�2.5 (c=0.98, CHCl3);
1H NMR (400 MHz, CDCl3): d = 7.27, 7.26 (d,


J=8.5 Hz, 2H), 6.90, 6.89 (d, J=8.5 Hz, 2H), 4.46 (s, 2H), 4.23 (m,
0.5H), 4.19, 4.18 (q, J=7.2 Hz, 2H), 4.01 (m, 0.5H), 3.82 (s, 3H), 3.57–
3.47 (m, 2H), 2.57–2.40 (m, 2H), 1.93 (m, 1H), 1.29 (t, J=7.2 Hz, 3H),
0.97, 0.95 ppm (d, J=7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3): d =


172.9, 172.7, (s), 159.2 (s), 130.2, 130.0 (s), 129.2 (d, 2C), 113.8 (d, 2C),
73.4, 73.3, 73.0, 73.0, 71.8, 69.9, 60.6 (t), 55.3 (q), 39.6, 39.0, 38.3, 37.9,
14.2 (q), 13.7, 11.2 ppm (q); IR (ATR): ñ = 3436 (br, ss), 2964 (s), 2924
(s), 2869 (m), 1734 (ss), 1718 (ss), 1448 (m), 1406 (m), 1370 (m), 1328
(m), 1270 (s), 1243 (s), 1158 (ss), 1014 (ss), 954 (m), 872 (m), 721 cm�1


(s); HRMS (LC-MS): m/z : calcd for C15H22O5Na: 319.1521 [M+Na]+ ,
found 319.1524.


ACHTUNGTRENNUNG(2R,3R/S)-1-(p-Methoxybenzyloxy)-2-methylpentane-3,5-diol (22): A so-
lution of hydroxy ester 21 (16.1 g, 54.1 mmol, 1.0 equiv) in THF (100 mL)
was added dropwise at RT over a period of 30 min to a stirred suspension
of lithium aluminum hydride (2.05 g, 54.0 mmol, 1.0 equiv) in THF
(50 mL). After completion of addition the suspension was warmed to
40 8C and kept at this temperature for 2 h. Then the suspension was
cooled to RT and under intensive stirring sat. Na2SO4 solution was added
dropwise until hydrogen evolution ceased. Addition of Na2SO4 solution
was continued until precipitated aluminium hydroxides became aggregat-
ed. The organic layer was separated and the white residue was washed
with ethyl acetate. The combined organic layers were directly concentrat-
ed under vacuum. After purification via column chromatography
(hexane/ethyl acetate 2:1) diol 22 (13.1 g, 51.4 mmol, 95%) was obtained
as a colorless oil. [a]25D =�4.2 (c=1.06, CHCl3);


1H NMR (400 MHz,
CDCl3): d = 7.23 (d, J=8.5 Hz, 2H), 6.88 (d, J=8.5 Hz, 2H), 4.46 (d,
J=11.6 Hz, 1H), 4.42 (d, J=11.6 Hz, 1H), 3.97 (m, 0.5H), 3.85–3.81 (m,
2H), 3.80 (s, 3H), 3.79–3.73 (m, 0.5H), 3.59 (dd, J=9.1, 4.1 Hz, 0.5H),
3.51 (dd, J=9.1, 4.7 Hz, 0.5H), 3.48 (dd, J=9.0, 6.5 Hz, 0.5H), 3.42 (dd,
J=9.2, 8.0 Hz, 0.5H), 1.89 (m, 1H), 1.81–1.49 (m, 2H), 0.92, 0.85 ppm (d,
J=7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 159.3 (s), 129.9 (s),
129.6, 129.3 (d, 2C), 113.9, 113.8 (d, 2C), 75.1, 74.1, 73.2, 73.1, 62.2, 61.7
(t), 55.2 (q), 38.5, 38.3, 36.0, 35.0, 13.6, 11.4 ppm (q); IR (ATR): ñ =


3313 (br, ss), 2957 (ss), 2923 (ss), 2868 (ss), 1450 (s), 1402 (s), 1370 (m),
1316 (m), 1286 (m), 1051 (ss), 987 (s), 860 (m), 720 cm�1 (ss); HRMS
(LC-MS): m/z : calcd for C14H22O4Na: 277.1416 [M+Na]+ , found
277.1426.


ACHTUNGTRENNUNG(2R,3R/S)-5-(tert-Butyldimethylsilyloxy)-1-(p-methoxybenzyloxy)-2-
methylpentane-3-ol (23): Imidazole (5.25 g, 77.1 mmol, 1.5 equiv) and
TBS chloride (8.52 g, 56.5 mmol, 1.1 equiv) were added in small portions
to a stirred solution of diol 22 (13.1 g, 51.4 mmol, 1.0 equiv) in CH2Cl2
(100 mL). The suspension was stirred for 1 h at RT and sat. NaHCO3 so-
lution was added. Stirring was continued for 5 min until the precipitate
was resolved. The organic layer was separated and the aqueous layer was
washed with CH2Cl2. The combined organic layers were dried over
MgSO4, filtered and concentrated under vacuum. After purification via
column chromatography (hexane/ethyl acetate 4:1) TBS-protected alco-
hol 23 (17.7 g, 47.9 mmol, 93%) was obtained as a colorless oil. [a]25D =


�1.5 (c=1.14, CHCl3);
1H NMR (400 MHz, CDCl3): d = 7.27 (d, J=


9.2 Hz, 2H), 6.89 (d, J=8.7 Hz, 2H), 4.46 (s, 2H), 3.91–3.83 (m), 3.82 (s,
3H), 3.76–3.70 (m, 1H), 3.56–3.48 (m, 1H), 3.52 (dd, J=5.5, 4.4 Hz, 1H),
3.44 (dd, J=9.0, 5.4 Hz, 1H), 1.89 (m, 1H), 1.78–1.54 (m, 2H), 0.96, 0.95
(d, J=7.2 Hz, 3H), 0.92 (s, 9H), 0.09 ppm (s, 6H); 13C NMR (100 MHz,
CDCl3): d = 159.1 (s), 130.4, 130.3 (s), 129.2 (d, 2C), 113.7 (d, 2C), 74.2,
72.6 (d), 73.5 (t), 72.9 (t), 62.4, 62.1 (t), 55.2 (q), 38.9, 38.7 (d), 36.3, 36.1
(t), 25.9 (q, 3C), 18.2 (s), 13.8, 11.3 (q), �5.5 ppm (q, 2C); IR (ATR): ñ


= 3493 (br, s), 2954 (ss), 2930 (ss), 2857 (ss), 1613 (m), 1513 (ss), 1464
(s), 1388 (w), 1361 (m), 1302 (w), 1248 (ss), 1173 (m), 1083 (ss), 1037 (s),
938 (w), 832 (ss), 776 (ss), 739 cm�1 (m); HRMS (LC-MS): m/z : calcd for
C20H36O4NaSi: 391.2281 [M+Na]+ , found 391.2293.


(2R)-5-(tert-Butyldimethylsilyloxy)-1-(p-methoxybenzyloxy)-2-methyl-
pentane-3-one (24): Oxalyl chloride (0.85 g, 6.71 mmol, 1.5 equiv) was
dissolved in CH2Cl2 (15 mL) and cooled to �78 8C. Under stirring DMSO
(0.70 g, 8.94 mmol, 1.7 equiv) was slowly added. The slightly turbid solu-
tion was stirred for further 15 min and then a solution of alcohol 23
(1.64 g, 4.47 mmol, 1.0 equiv) in CH2Cl2 (10 mL) was slowly added. The


reaction was stirred at �78 8C for 1 h and then triethylamine (2.52 g,
22.3 mmol, 5.0 equiv) was rapidly added, leading to precipitation of white
salts. The suspension was allowed to warm up and water was added until
all salts were resolved. The organic layer was separated and the aqueous
layer was washed with CH2Cl2. The combined organic layers were dried
over MgSO4, filtered and concentrated under vacuum to give ketone 24
(1.52 g, 4.14 mmol, 98%) as a slightly yellow oil, which was used without
further purification. [a]25D =�8.1 (c=1.15, CHCl3);


1H NMR (400 MHz,
CDCl3): d = 7.21 (d, J=8.5 Hz, 2H), 6.86 (d, J=8.8 Hz, 2H), 4.43 (d,
J=11.6 Hz, 1H), 4.39 (d, J=11.6 Hz, 1H), 3.89 (dd, J=6.5, 2.4 Hz, 1H),
3.87 (dd, J=6.3, 2.2 Hz, 1H), 3.79 (s, 3H), 3.60 (dd, J=8.9, 7.5 Hz, 1H),
3.43 (dd, J=9.0, 5.6 Hz, 1H), 2.87 (m, 1H), 2.72 (dd, J=6.5, 3.8 Hz, 1H),
2.68 (dd, J=6.1, 3.8 Hz, 1H), 1.07 (d, J=6.8 Hz, 3H), 0.87 (s, 9H),
0.04 ppm (s, 6H); 13C NMR (100 MHz, CDCl3): d = 211.7 (s), 159.2 (s),
130.2 (s), 129.1 (d, 2C), 113.7 (d, 2C), 72.8 (t), 71.7 (t), 58.1 (t), 55.2 (q),
47.0 (d), 44.8 (t), 25.8 (q, 3C), 18.1 (s), 13.1 (q), �5.5 ppm (q, 2C); IR
(ATR): ñ = 2954 (s), 2930 (s), 2856 (s), 1713 (ss), 1613 (m), 1587 (w),
1515 (ss), 1463 (m), 1361 (m), 1302 (w), 1247 (ss), 1211 (s), 1173 (m),
1089 (ss), 1036 (ss), 1005 (s), 917 (w), 829 (ss), 776 (ss), 664 cm�1 (w);
HRMS (LC-MS): m/z : calcd for C20H34O4NaSi: 389.2124 [M+Na]+ ,
found 389.2143.


(2R,4R,5S,6E,8S,9Z)-4-(tert-Butyldimethylsilyloxymethyl)-5-hydroxy-1-
(p-methoxybenzyloxy)-2,6,8-trimethylundeca-6,9-diene-3-one (25): Dicy-
clohexylboron chloride solution (15.0 mL, 15.0 mmol, 1.9 equiv, 1.0m in
CH2Cl2) was diluted with Et2O (30 mL) and cooled to �78 8C. Under stir-
ring triethylamine (1.72 g, 17.0 mmol, 2.1 equiv) was added. After 15 min
a solution of ketone 24 (3.66 g, 10.0 mmol, 1.3 equiv) in Et2O (15 mL)
was slowly added. The reaction mixture was stirred for further 30 min at
�78 8C and then stored over night in a fridge at �5 8C, leading to precipi-
tation of white salts. Then the suspension was cooled again to �78 8C and
a solution of aldehyde 10 (1.10 g, 8.0 mmol, 1.0 equiv) in Et2O (5 mL)
was slowly added. The reaction mixture was stirred at �78 8C for further
30 min and quenched at this temperature by addition of cold methanol
(10 mL), then pH 7 buffer (5 mL) and hydrogen peroxide (30%, 5 mL)
were added. The mixture was allowed to warm up and intensively stirred
at RT for 1 h. The organic layer was separated and the aqueous layer was
extracted with ethyl acetate. The combined organic layers were dried
over MgSO4, filtered and concentrated under vacuum. The crude prod-
ucts were purified via column chromatography (hexane/ethyl acetate 4:1)
to give a diastereomeric mixture of aldol product 25 (2.77 g, 5.50 mmol,
68%, dr 2:1) as a colorless oil. Both diastereomers of 25 were separated
by a further chromatography (hexane/ethyl acetate 6:1). Major diastereo-
mer (25a): [a]25D =++38.5 (c=1.01, CHCl3);


1H NMR (400 MHz, CDCl3):
d = 7.22 (d, J=8.5 Hz, 2H), 6.86 (d, J=6.7 Hz, 2H), 5.32 (ddq, J=10.6,
6.8, 0.6 Hz, 1H), 5.24 (d, J=9.0 Hz, 1H), 5.19 (ddq, J=10.7, 9.2, 1.6 Hz,
1H), 4.47 (d, J=11.7 Hz, 1H), 4.42 (d, J=11.8 Hz, 1H), 4.20 (d, J=


8.0 Hz, 1H), 3.80 (s, 3H), 3.72 (dd, J=9.0, 7.2 Hz, 1H), 3.70 (dd, J=10.2,
8.5 Hz, 1H), 3.52 (dd, J=10.1, 5.1 Hz, 1H), 3.37 (m, 1H), 3.35 (dd, J=


9.0, 6.4 Hz, 1H), 3.11 (dd, J=8.2, 5.1 Hz, 1H), 3.07–2.98 (m, 2H), 1.66
(d, J=1.3 Hz, 3H), 1.63 (dd, J=6.7, 1.7 Hz, 3H), 1.08 (d, J=7.0 Hz, 3H),
1.00 (d, J=6.8 Hz, 3H), 0.84 (s, 9H), �0.02 (s, 3H), �0.03 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d = 215.8 (s), 159.2 (s), 134.8 (d), 132.8
(d), 132.7 (s), 129.8 (s), 129.3 (d, 2C), 121.8 (d), 113.8 (d, 2C), 75.8 (d),
72.9 (t), 71.4 (t), 62.4 (t), 57.2 (d), 55.2 (q), 46.5 (d), 30.3 (d), 25.8 (q,
3C), 21.2 (q), 18.2 (s), 13.4 (q), 12.9 (q), 11.6 (q), �5.7 (q), �5.70 ppm
(q); IR (ATR): ñ = 3448 (br, m), 3054 (w), 3007 (w), 2956 (s), 2932 (s),
2858 (m), 1710 (s), 1613 (m), 1514 (s), 1464 (m), 1363 (m), 1302 (m),
1266 (s), 1250 (s), 1174 (m), 1092 (s), 1037 (m), 837 (ss), 778 (m), 741
(ss), 706 cm�1 (w); HRMS (LC-MS): m/z : calcd for C29H48O5NaSi:
527.3169 [M+Na]+ , found 527.3159; minor isomer 25a : [a]25D =�6.7 (c=


1.05); 1H NMR (400 MHz, CDCl3): d = 7.24 (d, J=8.5 Hz, 2H), 6.88 (d,
J=8.5 Hz, 2H), 5.35 (dq, J=11.1, 6.7 Hz, 1H), 5.27 (d, J=9.9 Hz, 1H),
5.23 (ddq, J=10.9, 9.2, 1.6 Hz, 1H), 4.46 (d, J=11.7 Hz, 1H), 4.41 (d, J=


11.7 Hz, 1H), 4.21 (d, J=6.7 Hz, 1H), 3.79 (s, 3H), 3.75 (dd, J=10.1,
8.2 Hz, 1H), 3.70 (dd, J=9.2, 7.0 Hz, 1H), 3.60 (dd, J=9.9, 5.3 Hz, 1H),
3.39 (m, 1H), 3.36 (dd, J=9.1, 6.5 Hz, 1H), 3.17 (dt, J=7.8, 5.4 Hz, 1H),
3.02 (m, 2H), 1.69 (d, J=1.1 Hz, 3H), 1.64 (dd, J=6.8, 1.6 Hz, 3H), 1.08
(d, J=6.9 Hz, 3H), 1.01 (d, J=6.9 Hz, 3H), 0.85 (s, 9H), 0.00 (s, 3H),
�0.01 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d = 215.8 (s), 159.2
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(s), 134.8 (d), 132.8 (s), 132.4 (d), 129.9 (s), 129.3 (d, 2C), 121.9 (d), 113.7
(d, 2C), 75.6 (d), 72.8 (t), 71.3 (t), 62.4 (t), 56.7 (d), 55.2 (q), 47.0 (d),
30.4 (d), 25.6 (q, 3C), 21.4 (q), 18.1 (s), 13.1 (q), 12.9 (q), 11.9 (q), �5.7
(q), �5.7 ppm (q); IR (ATR): ñ = 3452 (br, m), 3054 (w), 3007 (w), 2956
(s), 2932 (s), 2858 (m), 1710 (s), 1613 (m), 1515 (s), 1464 (m), 1362 (m),
1302 (m), 1266 (s), 1250 (s), 1174 (m), 1092 (s), 1037 (m), 837 (ss), 778
(m), 741 (ss), 706 cm�1 (w); HRMS (LC-MS): m/z : calcd for
C29H48O5NaSi: 527.3169 [M+Na]+ , found 527.3162.


(2R,3S,4S,5S,6E,8S,9Z)-4-(tert-Butyldimethylsilyloxymethyl)-1-(p-me-
thoxybenzyloxy)-2,6,8-trimethylundeca-6,9-diene-3,5-diol (26): A stirred
solution of hydroxy ketone 25 (1.23 g, 2.42 mmol, 1.0 equiv) in THF
(25 mL) was cooled to �78 8C and DIBAL-H solution (4.1 mL,
6.06 mmol, 2.5 equiv 1.5m in toluene) was added. After stirring for 2 h at
this temperature sat. K/Na tartrate solution was added and the reaction
mixture was warmed to RT. When reaching RT the reaction mixture
became solid due to precipitated aluminum hydroxides. By addition of
sat. K/Na tartrate solution under intensive stirring the precipitated gels
were dissolved and the organic layer was separated. The aqueous layer
was extracted with ethyl acetate and the combined organic layers were
dried over MgSO4, filtered and concentrated under vacuum. Purification
was performed via column chromatography (hexane/ethyl acetate 5:1) to
give diol 26 (0.94 g, 1.85 mmol, 76%, dr >95:5) as a colorless oil. [a]25D =


+25.0 (c=1.16, CHCl3);
1H NMR (400 MHz, CDCl3): d = 7.26 (d, J=


8.7 Hz, 2H), 6.90 (d, J=8.6 Hz, 2H), 5.35–5.26 (m, 2H), 5.22 (ddq, J=


10.7, 9.3, 1.5 Hz, 1H), 4.49 (d, J=11.7 Hz, 1H), 4.44 (d, J=11.7 Hz, 1H),
4.31 (d, J=9.3 Hz, 1H), 4.25 (d, J=7.0 Hz, 1H), 3.80 (s, 3H), 3.60 (dd,
J=9.0, 4.2 Hz, 1H), 3.54 (dd, J=9.0, 4.6 Hz, 1H), 3.50 (dd, J=10.4,
2.9 Hz, 1H), 3.42 (m, 1H), 3.39 (dd, J=10.4, 3.4 Hz, 1H), 2.07 (m, 1H),
1.75 (m, 1H), 1.65–1.61 (m, 6H), 1.04 (d, J=6.7 Hz, 6H), 0.85 (s, 9H),
�0.04 (s, 3H), �0.05 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d =


159.2 (s), 135.2 (d), 134.0 (s), 133.2 (d), 130.0 (s), 129.1 (d, 2C), 121.4 (d),
113.8 (d, 2C), 79.8 (d), 76.3 (d), 75.5 (t), 73.0 (t), 61.8 (t), 55.2 (q), 44.5
(d), 35.3 (d), 30.3 (d), 25.7 (q, 3C), 21.3 (q), 18.0 (s), 12.9 (q), 11.1 (q),
10.5 (q), �5.6 (q), �5.9 ppm (q); IR (ATR): ñ = 3380 (br, s), 2955 (s),
2928 (s), 2857 (s), 1613 (w), 1514 (s), 1463 (m), 1361 (w), 1302 (w), 1248
(ss), 1173 (w), 1100 (ss), 1038 (m), 1006 (w), 961 (m), 834 (ss), 777 (s),
725 cm�1 (m); HRMS (LC-MS): m/z : calcd for C29H50O5NaSi: 529.3325
[M+Na]+ , found 529.3323.


(1’E,2’’R,3’S,4S,4’Z,5S,6S)-5-(tert-Butyldimethylsilyloxymethyl)-4-(1’,3’-
dimethylhexa-1’,4’-dienyl)-6-[2’’-(p-methoxybenzyloxy)-1’-methylethyl]-
2,2-dimethyl-[1,3]dioxane (27): 2,2-Dimethoxy propane (0.2 mL) and
PPTS (5 mg) were added to a stirred solution of diol 26 (31 mg, 61 mmol)
in acetone (1.5 mL). After 30 min the reaction was stopped by addition
of sat NaHCO3 solution. The organic layer was diluted with ethyl acetate
and separated. The aqueous layer was washed with ethyl acetate and the
combined organic layers were dried over MgSO4 and filtered. The filtrate
was concentrated under vacuum and purified via column chromatography
(hexane/ethyl acetate 12:1). Acetonide 27 (30 mg, 55 mmol, 90%) was ob-
tained as a colorless oil. [a]25D =++31.8 (c=0.83, CHCl3);


1H NMR
(400 MHz, CDCl3): d = 7.27 (d, J=7.9 Hz, 2H), 6.89 (d, J=8.5 Hz, 2H),
5.38–5.28 (m, 2H), 5.20 (ddq, J=10.7, 9.4, 1.5 Hz, 1H), 4.47 (d, J=


11.7 Hz, 1H), 4.42 (d, J=11.6 Hz, 1H), 4.36 (d, J=10.5 Hz, 1H), 4.25
(dd, J=10.5, 1.6 Hz, 1H), 3.82 (s, 3H), 3.51 (dd, J=10.5, 2.4 Hz, 1H),
3.50–3.39 (m, 1H), 3.46 (dd, J=8.8, 7.8 Hz, 1H), 3.39 (dd, J=10.4,
3.1 Hz, 1H), 3.32 (dd, J=8.9, 6.8 Hz, 1H), 2.17 (m, 1H), 1.69–1.63 (m,
6H), 1.58 (m, 1H), 1.45 (s, 3H), 1.36 (s, 3H), 1.05 (d, J=6.7 Hz, 3H),
0.92–0.86 (m, 3H), 0.89 (s, 9H), 0.00 ppm (s, 6H); 13C NMR (100 MHz,
CDCl3): d = 158.9 (s), 135.1 (d), 134.8 (d), 131.6 (s), 131.1 (s), 129.0 (d,
2C), 121.5 (d), 113.6 (d, 2C), 97.6 (s), 76.9 (d), 73.0 (t), 72.5 (t), 68.6 (d),
59.0 (t), 55.3 (q), 38.6 (d), 34.0 (d), 30.4 (d), 30.0 (q), 25.8 (q, 3C), 21.2
(q), 19.9 (q), 18.0 (s), 12.9 (q), 11.2 (q), 9.9 (q), �5.6 (q), �5.8 ppm (q);
IR (ATR): ñ = 2954 (ss), 2929 (ss), 2856 (ss), 1728 (w), 1614 (w), 1513
(m), 1463 (m), 1379 (m), 1362 (m), 1249 (ss), 1201 (m), 1172 (m), 1138
(w), 1102 (ss), 1040 (s), 1007 (m), 834 (ss), 776 (s), 741 cm�1 (m); HRMS
(LC-MS): m/z : calcd for C32H54O5NaSi: 569.3638 [M+Na]+ , found
569.3631.


(2R,3S,4S,5S,6E,8S,9Z)-4-Hydroxymethyl-1-(p-methoxybenzyloxy)-2,6,8-
trimethylundeca-6,9-diene-3,5-diol (28): TBAF solution (2.2 mL,


2.2 mmol, 1.2 equiv, 1.0m in THF) was added dropwise to a stirred solu-
tion of diol 26 (0.93 g, 1.83 mmol, 1.0 equiv) in THF (10 mL). The color
of the solution turned to yellow. After 30 min the reaction was quenched
by addition of sat NaHCO3 solution. The organic layer was separated
and the aqueous layer was extracted with ethyl acetate. The combined or-
ganic layers were dried over MgSO4, filtered and concentrated under
vacuum. Purification via column chromatography (hexane/ethyl acetate
1:2) yielded triol 28 (0.67 g, 1.67 mmol, 91%) as a colorless oil. [a]25D =


+40.4 (c=1.13, CHCl3);
1H NMR (400 MHz, CDCl3): d = 7.28 (d, J=


8.5 Hz, 2H), 6.87 (d, J=8.7 Hz, 2H), 5.39–5.29 (m, 2H), 5.19 (ddq, J=


10.8, 9.2, 1.7 Hz, 1H), 4.46 (d, J=11.6 Hz, 1H), 4.42 (d, J=11.6 Hz, 1H),
4.27 (d, J=8.9 Hz, 1H), 4.16 (dd, J=9.0, 2.2 Hz, 1H), 3.79 (s, 3H), 3.59
(dd, J=9.0, 4.0 Hz, 1H), 3.52 (dd, J=9.0, 5.0 Hz, 1H), 3.46 (dd, J=11.8,
3.8 Hz, 1H), 3.42 (dd, J=11.6, 3.1 Hz, 1H), 3.43–3.38 (m, 1H), 2.05 (m,


1H), 1.77 (m, 1H), 1.68 (d, J=1.3 Hz, 3H), 1.64 (dd, J=6.8, 1.6 Hz, 3H),
1.03 (d, J=6.8 Hz, 3H), 1.00 ppm (d, J=7.0 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d = 159.2 (s), 134.7 (s), 134.7 (d), 132.9 (d), 129.8 (s),
129.3 (d, 2C), 122.1 (d), 113.8 (d, 2C), 80.1 (d), 75.7 (d), 75.2 (t), 73.1 (t),
61.1 (t), 55.2 (q), 45.3 (d), 35.4 (d), 30.3 (d), 21.1 (q), 12.9 (q), 11.4 (q),
10.4 ppm (q); IR (ATR): ñ = 3360 (br, ss), 2960 (s), 2919 (s), 2867 (s),
1612 (m), 1586 (m), 1513 (ss), 1454 (s), 1363 (m), 1302 (m), 1265 (s), 1247
(ss), 1174 (m), 1076 (s), 1035 (ss), 978 (m), 821 (m), 738 cm�1 (ss);
HRMS (LC-MS): m/z : calcd for C23H36O5Na: 415.2460 [M+Na]+, found
415.2472.


(2R,3S,4S,5S,6E,8S,9Z)-1-(p-Methoxybenzyloxy)-4-[(p-methoxyphenyl)-
diphenyl-methoxymethyl]-2,6,8-trimethylundeca-6,9-diene-3,5-diol (29):
Triol 28 (0.67 g, 1.67 mmol, 1.0 equiv) was dissolved in CH2Cl2 (10 mL)
and the solution was cooled to 0 8C. Then MMTr-chloride (0.57 g,
1.84 mmol, 1.1 equiv) and triethylamine (0.25 g, 2.51 mmol, 1.5 equiv)
were added under stirring. After 5 min the solution was allowed to warm
up to RT and the brownish solution was stirred for 2 h. Then sat.
NaHCO3 solution was added and the mixture was vigorously stirred for
5 min. The organic layer was separated and the aqueous layer was
washed with CH2Cl2. The combined organic layers were dried over
MgSO4, filtered and concentrated under vacuum. Column chromatogra-
phy (hexane/ethyl acetate 2:1 + 1% Et3N) yielded MMTr protected diol
29 (0.77 g, 1.15 mmol, 69%) as a slightly yellow oil. [a]25D =++37.0 (c=


1.28, CHCl3);
1H NMR (400 MHz, C6D6): d = 7.55 (d, J=7.5 Hz, 4H),


7.39 (d, J=8.8 Hz, 2H), 7.15–7.12 (m, 6H), 7.03 (t, J=7.5 Hz, 3H), 6.77
(d, J=8.5 Hz, 2H), 6.72 (d, J=8.8 Hz, 2H), 5.35 (d, J=8.9 Hz, 1H), 5.26
(dq, J=10.7, 6.4 Hz, 1H), 5.19 (ddq, J=10.9, 9.5, 1.0 Hz, 1H), 4.49 (d,
J=8.4 Hz, 1H), 4.43 (dd, J=7.8, 2.1 Hz, 1H), 4.24 (s, 2H), 3.43–3.32 (m,
1H), 3.43 (dd, J=8.8, 5.4 Hz, 1H), 3.38 (dd, J=8.9, 4.5 Hz, 1H), 3.30 (s,
6H), 3.29 (dd, J=9.7, 3.6 Hz, 1H), 3.12 (dd, J=9.7, 5.6 Hz, 1H), 2.24 (m,
1H), 1.92 (m, 1H), 1.73 (s, 3H), 1.47 (dd, J=6.4, 0.8 Hz, 3H), 1.07 (d,
J=6.9 Hz, 3H), 1.02 ppm (d, J=6.7 Hz, 3H); 13C NMR (100 MHz,
C6D6): d = 159.8 (s), 159.2 (s), 145.2 (s), 145.1 (s), 136.0 (s), 135.9 (s),
135.8 (d), 132.6 (d), 131.1 (d, 2C), 130.8 (s), 129.5 (d, 2C), 129.2 (d, 4C),
128.4 (d), 128.2 (d, 4C), 127.2 (d), 121.6 (d), 114.2 (d, 2C), 113.5 (d, 2C),
87.3 (s), 79.5 (d), 75.7 (d), 75.4 (t), 73.3 (t), 63.5 (t), 54.8 (q, 2C), 44.8 (d),
36.3 (d), 30.8 (d), 21.7 (q), 13.0 (q), 12.1 (q), 11.1 ppm (q); IR (ATR): ñ


= 3395 (br, m), 3007 (w), 2960 (m), 2931 (m), 2868 (m), 1610 (m), 1511
(s), 1447 (m), 1301 (m), 1249 (ss), 1217 (m), 1179 (m), 1076 (m), 1035 (s),
830 (m), 757 (ss), 708 cm�1 (m); HRMS (LC-MS): m/z : calcd for
C43H52O6Na: 687.3662 [M+Na]+ , found 687.3663.


(2R,3S,4S,5S,6E,8S,9Z)-5-(tert-Butyldimethylsilyloxy)-1-(p-methoxyben-
zyloxy)-4-[(p-methoxyphenyl)diphenylmethoxymethyl]-2,6,8-trimethylun-
deca-6,9-diene-3-ol (30): Imidazole (0.31 g, 4.60 mmol, 4.0 equiv) and
TBS chloride (0.43 g, 2.88 mmol, 2.5 equiv) were added to a stirred solu-
tion of diol 29 (0.77 g, 1.15 mmol, 1.0 equiv) in CH2Cl2 (8 mL). After 16 h
stirring at RT sat. NaHCO3 solution was added. Then the organic layer
was separated and the aqueous layer was washed with CH2Cl2. The com-
bined organic layers were dried over MgSO4, filtered and concentrated
under vacuum. After purification via column chromatography (hexane/
ethyl acetate 4:1 + 1% Et3N) TBS-protected diol 30 (0.83 g, 1.06 mmol,
92%) was isolated as a colorless foam. [a]25D =++12.8 (c=1.12, CHCl3);
1H NMR (400 MHz, C6D6): d = 7.62 (d, J=8.3 Hz, 4H), 7.44 (d, J=


8.8 Hz, 2H), 7.28 (d, J=8.5 Hz, 2H), 7.19–7.14 (m, 4H), 7.04 (t, J=


7.2 Hz, 2H), 6.82 (d, J=8.7 Hz, 2H), 6.74 (d, J=8.9 Hz, 2H), 5.30 (dq,
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J=10.7, 6.5 Hz, 1H), 5.18 (ddq, J=10.7, 9.2, 1.5 Hz, 1H), 5.04 (d, J=


8.9 Hz, 1H), 4.59 (d, J=7.4 Hz, 1H), 4.54 (dt, J=8.0, 2.4 Hz, 1H), 4.56
(d, J=11.7 Hz, 1H), 4.52 (d, J=11.7 Hz, 1H), 3.88 (d, J=2.1 Hz, 1H),
3.81 (dd, J=8.5, 7.5 Hz, 1H), 3.51 (dd, J=8.6, 5.8 Hz, 1H), 3.37 (dd, J=


9.5, 4.0 Hz, 1H), 3.32 (s, 3H), 3.31 (s, 3H), 3.15 (dd, J=9.6, 4.5 Hz, 1H),
2.38 (m, 1H), 2.32 (m, 1H), 1.65 (d, J=0.8 Hz, 3H), 1.46 (dd, J=6.7,
1.6 Hz, 3H), 1.11 (d, J=6.9 Hz, 3H), 1.02 (s, 9H), 1.03–0.98 (m, 3H),
0.20 (s, 3H), 0.09 ppm (s, 3H); 13C NMR (100 MHz, C6D6): d = 159.6
(s), 159.2 (s), 145.3 (s), 145.1 (s), 136.0 (s), 135.4 (d), 135.1 (s, C-7), 132.6
(d), 131.8 (s), 131.2 (d, 2C), 129.3 (d, 2C), 129.3 (d, 2C), 129.1 (d, 2C),
128.4 (d, 2C), 128.2 (d, 2C), 128.1 (d, 2C), 127.2 (d, 2C), 122.0 (d), 114.1
(d, 2C), 113.5 (d, 2C), 87.2 (s), 80.2 (d), 74.5 (t), 73.1 (t), 71.2 (d), 62.3
(t), 54.8 (q, 2C), 46.4 (d), 36.1 (d), 30.8 (d), 26.2 (q, 3C), 21.2 (q), 18.5
(s), 13.0 (q), 11.9 (q), 11.1 (q), �3.9 (q), �4.6 ppm (q); IR (ATR): ñ =


3502 (br, m), 3058 (w), 3003 (w), 2955 (s), 2929 (s), 2856 (m), 1611 (m),
1511 (s), 1463 (m), 1448 (m), 1362 (w), 1301 (w), 1249 (ss), 1179 (m),
1074 (s), 1036 (ss), 1003 (s), 879 (m), 834 (ss), 775 (s), 708 cm�1 (m);
HRMS (LC-MS): m/z : calcd for C49H66O6NaSi: 801.4526 [M+Na]+ ,
found 801.4554.


(2S,3S,4E,4’S,5’R,6S,7Z)-3-(tert-Butyldimethylsilyloxy)-1-[(p-methoxy-
phenyl)-diphenylmethoxy]-2-[2’-(p-methoxyphenyl)-5’-methyl-
[1,3]dioxan-4’-yl]-4,6-dimethylnona-4,7-diene (31): Powdered molecular
sieve (4 R) (0.10 g) was added to a stirred solution of PMB-ether 30
(0.83 g, 1.06 mmol, 1.0 equiv) in CH2Cl2 (8 mL) and the suspension was
stirred at RT for 30 min. Then the temperature was decreased to 0 8C
and DDQ (0.29 g, 1.27 mmol, 1.2 equiv) was added in small portions. The
color of the suspension changed from green to brown and stirring was
continued for 2 h. Then sat. NaHCO3 solution and Na2S2O5 (50 mg) were
added. After stirring for 5 min the organic layer was separated and the
aqueous suspension was extracted with CH2Cl2. The combined organic
layers were dried over MgSO4, filtered and concentrated under vacuum.
Purification via column chromatography (hexane/ethyl acetate 6:1 + 1%
Et3N) yielded PMP acetal 31 (0.70 g, 0.90 mmol, 85%) as a colorless
foam. [a]25D =++28.2 (c=1.04, CHCl3);


1H NMR (400 MHz, C6D6): d =


7.67 (d, J=8.9 Hz, 2H), 7.64 (d, J=7.7 Hz, 4H), 7.48 (d, J=8.9 Hz, 2H),
7.22–7.15 (m, 6H), 7.06 (t, J=7.3 Hz, 1H), 7.05 (t, J=7.3 Hz, 1H), 6.95
(d, J=8.7 Hz, 2H), 6.87 (d, J=8.9 Hz, 2H), 5.50 (s, 1H), 5.38 (d, J=


8.5 Hz, 2H), 5.35–5.28 (m, 2H), 4.89 (d, J=4.1 Hz, 1H), 3.88–3.80 (m,
2H), 3.77–3.71 (m, 2H), 3.32 (m, 1H), 3.31 (s, 3H), 3.25 (s, 3H), 3.00
(dd, J=9.1, 7.6 Hz, 1H), 2.81 (m, 1H), 1.72 (m, 1H), 1.59–1.55 (m, 6H),
1.47 (d, J=5.0 Hz, 3H), 1.01 (s, 9H), 0.95 (d, J=6.7 Hz, 3H), 0.11 (s,
3H), 0.10 ppm (s, 3H); 13C NMR (100 MHz, C6D6): d = 160.4 (s), 159.2
(s), 145.7 (s), 145.3 (s), 136.5 (s), 135.9 (d), 133.3 (s), 132.6 (s), 132.2 (d),
130.9 (d, 2C), 129.2 (d, 2C), 129.1 (d, 2C), 128.2 (d, 2C), 128.1 (d, 2C),
127.9 (d, 2C), 127.2 (d), 127.1 (d), 122.4 (d), 113.9 (d, 2C), 113.5 (d, 2C),
102.3 (d), 87.8 (s), 81.2 (d), 75.1 (d), 74.3 (t), 62.7 (t), 54.8 (q), 54.7 (q),
48.4 (d), 31.9 (d), 30.8 (d), 26.4 (q, 3C), 21.3 (q), 18.7 (s), 13.4 (q), 13.3
(q), 12.9 (q), �4.4 (q), �4.7 ppm (q); IR (ATR): ñ = 3060 (w), 3003 (w),
2955 (s), 2928 (s), 2855 (m), 1960 (w), 1878 (w), 1614 (m), 1510 (s), 1463
(m), 1447 (m), 1301 (m), 1249 (ss), 1179 (m), 1159 (m), 1113 (s), 1035
(ss), 1003 (s), 832 (s), 774 (m), 707 cm�1 (m); HRMS (LC-MS): m/z :
calcd for C49H64O6NaSi: 799.4370 [M+Na]+ , found 799.4390.


(2R,3S,4S,5S,6E,8S,9Z)-5-(tert-Butyldimethylsilyloxy)-3-(p-methoxyben-
zyloxy)-4-[(p-methoxyphenyl)diphenylmethoxymethyl]-2,6,8-trimethylun-
deca-6,9-diene-1-ol (32): PMP-acetal 31 (0.70 g, 0.90 mmol, 1.0 equiv)
was dissolved in toluene (8 mL) and cooled under stirring to 0 8C. Then a
solution of DIBAL-H (1.50 mL, 2.25 mmol, 2.5 equiv, 1.5m in toluene)
was added followed after 1 h by an additional amount of DIBAL-H solu-
tion (0.50 mL, 0.75 mmol, 0.83 equiv). The reaction was kept at 0 8C for
3 h and then sat. NaHCO3 solution was added and the suspension was al-
lowed to warm up. After reaching RT the reaction mixture became solid
due to precipitated alumina gels. By addition of sat. K/Na tartrate solu-
tion and intensive stirring the precipitate was dissolved and the organic
layer was separated. The aqueous layer was extracted with ethyl acetate
and the combined organic layers were dried over MgSO4 and filtered.
After concentration the filtrate under vacuum chromatography (hexane/
ethyl acetate 5:1 + 1% Et3N) yielded alcohol 32 (0.57 g, 0.73 mmol,
81%) as a colorless foam. [a]25D =++14.1 (c=1.10, CHCl3);


1H NMR
(400 MHz, C6D6): d = 7.66 (d, J=8.4 Hz, 2H), 7.63 (d, J=8.8 Hz, 2H),


7.48 (d, J=8.8 Hz, 2H), 7.21–7.14 (m, 6H), 7.05 (t, J=7.2 Hz, 1H), 7.05
(t, J=7.0 Hz, 1H), 6.81 (d, J=8.5 Hz, 2H), 6.76 (d, J=8.8 Hz, 2H), 5.26
(dq, J=10.7, 6.7 Hz, 1H), 5.15 (ddq, J=10.7, 9.4, 1.4 Hz, 1H), 4.98 (d,
J=9.2 Hz, 1H), 4.51 (d, J=11.0 Hz, 1H), 4.44 (d, J=11.0 Hz, 1H), 4.36
(d, J=8.2 Hz, 1H), 4.18 (dd, J=7.3, 1.2 Hz, 1H), 3.76 (dd, J=10.6,
4.3 Hz, 1H), 3.69 (dd, J=10.4, 6.3 Hz, 1H), 3.32–3.24 (m, 2H), 3.30 (s,
6H), 3.13 (t, J=9.2 Hz, 1H), 2.86 (m, 1H), 2.52 (m, 1H), 2.04–1.95 (br s,
1H), 1.71 (d, J=0.5 Hz, 3H), 1.36 (dd, J=6.7, 1.5 Hz, 3H), 1.17 (d, J=


6.9 Hz, 3H), 0.99 (s, 9H), 0.94 (d, J=6.7 Hz, 3H), 0.13 (s, 3H), 0.05 ppm
(s, 3H); 13C NMR (100 MHz, C6D6): d = 159.6 (s), 159.3 (s), 145.7 (s),
145.3 (s), 136.4 (s), 135.2 (d), 134.5 (s), 132.1 (d), 132.0 (s), 131.0 (d, 2C),
129.5 (d, 2C), 129.2 (d, 2C), 129.0 (d, 2C), 128.2 (d), 128.1 (d, 2C), 127.2
(d, 2C), 127.1 (d, 2C), 121.8 (d), 114.0 (d, 2C), 113.5 (d, 2C), 87.2 (s),
80.4 (d), 78.1 (d), 74.5 (t), 66.9 (t), 63.0 (t), 54.8 (q, 2C), 44.8 (d), 39.8
(d), 30.6 (d), 26.4 (q, 3C), 21.0 (q), 18.6 (s), 15.1 (q), 12.9 (q), 12.0 (q),
�3.8 (q), �4.3 ppm (q); IR (ATR): ñ = 3458 (br, m), 3057 (w), 2954 (s),
2927 (s), 2856 (s), 1717 (w), 1611 (m), 1586 (w), 1511 (s), 1463 (m), 1447
(m), 1300 (m), 1248 (ss), 1177 (m), 1034 (ss), 880 (m), 834 (ss), 774 (s),
740 (ss), 707 cm�1 (s); HRMS (LC-MS): m/z : calcd for C49H66O6NaSi:
801.4526, found 801.4551 [M+Na]+ .


(2S,3R,4S,5S,6E,8S,9Z)-5-(tert-Butyldimethylsilyloxy)-3-(p-methoxyben-
zyloxy)-4-[(p-methoxyphenyl)diphenylmethoxymethyl]-2,6,8-trimethylun-
deca-6,9-diene-1-al (9): Powdered molecular sieves (4 R, 0.40 g) and
NMO (0.165 g, 1.41 mmol, 2.5 equiv) were added to a solution of alcohol
32 (0.44 g, 0.57 mmol, 1.0 equiv) in CH2Cl2 (8 mL) and the suspension
was stirred for 20 min at RT. Then TPAP (5 mg, 14 mmol) was added and
the color turned dark green. After 30 min the suspension was directly fil-
tered over silica gel. After concentration of the solution under vacuum,
aldehyde 7 was used without further purification. For analysis purifica-
tion via column chromatography (hexane/ethyl acetate 8:1 + 1% Et3N)
yielded aldehyde 9 (0.40 g, 0.51 mmol, 90%) as a white foam. [a]25D =++


8.1 (c=1.03, CHCl3);
1H NMR (400 MHz, C6D6): d = 9.72 (d, J=0.8 Hz,


1H), 7.66 (d, J=8.2 Hz, 2H), 7.63 (d, J=8.7 Hz, 2H), 7.47 (d, J=8.8 Hz,
2H), 7.20–7.14 (m, 6H), 7.04 (t, J=7.4 Hz, 2H), 6.80 (d, J=8.7 Hz, 2H),
6.75 (d, J=8.9 Hz, 2H), 5.29 (dq, J=10.9, 6.5 Hz, 1H), 5.19 (ddq, J=


10.6, 9.3, 1.4 Hz, 1H), 5.09 (d, J=9.2 Hz, 1H), 4.49 (dd, J=5.2, 3.2 Hz,
1H), 4.41–4.36 (m, 3H), 3.37 (dd, J=9.3, 6.0 Hz, 1H), 3.32–3.26 (m, 1H),
3.30 (s, 6H), 3.24–3.17 (m, 2H), 2.70 (m, 1H), 1.64 (d, J=0.6 Hz, 3H),
1.40 (dd, J=6.7, 1.5 Hz, 3H), 1.20 (d, J=7.2 Hz, 3H), 0.97–0.93 (m, 3H),
0.95 (s, 9H), 0.05 (s, 3H), 0.03 ppm (s, 3H); 13C NMR (100 MHz, C6D6):
d = 203.4 (d), 159.8 (s), 159.3 (s), 145.6 (s), 145.2 (s), 136.3 (s), 135.2 (d),
133.9 (s), 132.1 (d), 131.3 (s), 130.9 (d, 2C), 129.6 (d, 2C), 129.2 (d, 2C),
129.0 (d, 2C), 128.2 (d, 2C), 127.2 (d), 127.2 (d), 122.1 (d), 114.0 (d, 2C),
113.6 (d, 2C), 87.4 (s), 77.2 (d), 76.1 (d), 73.3 (t), 62.5 (t), 54.8 (q, 2C),
50.3 (d), 46.1 (d), 30.7 (d), 26.3 (q, 3C), 21.2 (q), 18.5 (s), 13.0 (q), 12.6
(q), 10.4 (q), �3.9 (q), �4.6 ppm (q); IR (ATR): ñ = 3058 (w), 2954 (s),
2929 (s), 2857 (s), 2709 (w), 1724 (s), 1611 (m), 1511 (ss), 1462 (m), 1448
(m), 1300 (m), 1249 (ss), 1178 (m), 1114 (w), 1036 (ss), 834 (ss), 775 (s),
740 (ss), 707 cm�1 (s); HRMS (LC-MS): m/z : calcd for C49H64O6NaSi:
799.4370 [M+Na]+ , found 799.4388.


(2R,3S,4R,5R,6S,7R,8E,10S,13S,14R,15S,16S,17S,18E,20S,21Z)-Allyl-
2,7,17-tris-(tert-butyldimethylsilyloxy)-13-hydroxy-3-methoxy-15-(p-me-
thoxybenzyloxy)-16-[(p-methoxyphenyl)-diphenylmethoxymethyl]-
4,6,8,10,14,18,20-heptamethyl-11-oxo-5-triethylsilyloxytricosa-8,18,21-tri-
enoate (33): A solution of KHMDS (1.40 mL, 0.69 mmol, 1.45 equiv,
0.5m in toluene) was slowly added at �78 8C to a stirred solution of
ketone 8 (388 mg, 0.53 mmol, 1.1 equiv) in THF (14 mL). After 1 h a so-
lution of aldehyde 9 (0.33 g, 0.43 mmol, 1.0 equiv) in THF (4 mL) was
slowly added. Then the reaction was stirred for further 30 min at �78 8C
and was quenched by addition of sat. NH4Cl solution and warmed up to
RT. To dissolve precipitated NH4Cl a small amount of water was added,
and the organic layer was separated. The aqueous layer was extracted
with ethyl acetate. The combined organic layers were dried over MgSO4,
filtered and concentrated under vacuum. The crude product was purified
by two consecutive column chromatography. After the first chromatogra-
phy (hexane/ethyl acetate 20:1 + 1% Et3N) ketone 8 (57 mg, 78 mmol)
was reisolated. The other fractions were purified again (hexane/ethyl ace-
tate 8:1 + 1% Et3N) to give a diastereomeric mixture of aldol product
33 (384 mg, 0.26 mmol, 59%) as a colorless oil. An analytical sample of
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diastereomerically pure 33 was obtained after semipreparative HPLC
(eluent MeOH 100%, Merck licrospher100 RP-18 column, detection via
UV absorption at 250 nm). [a]25D =++21.1 (c=1.10, CHCl3);


1H NMR
(400 MHz, C6D6): d = 7.72 (d, J=7.4 Hz, 2H), 7.68 (d, J=7.4 Hz, 2H),
7.52 (d, J=8.8 Hz, 2H), 7.25–7.19 (m, 6H), 7.07 (t, J=7.3 Hz, 1H), 7.06
(t, J=7.3 Hz, 1H), 6.83 (d, J=8.7 Hz, 2H), 6.79 (d, J=8.8 Hz, 2H), 5.78
(ddt, J=16.9, 10.6, 6.1 Hz, 1H), 5.70 (d, J=9.0 Hz, 1H), 5.27 (dq, J=


10.7, 6.6 Hz, 1H), 5.20–5.11 (m, 1H), 5.14 (dd, J=17.1, 1.4 Hz, 1H),
5.06–4.99 (m, 1H), 5.01 (dd, J=10.4, 1.3 Hz, 1H), 4.71 (d, J=9.3 Hz,
1H), 4.57 (d, J=10.5 Hz, 1H), 4.55 (d, J=6.8 Hz, 1H), 4.49–4.39 (m,
5H), 4.12 (d, J=10.0 Hz, 1H), 3.79 (d, J=8.3 Hz, 1H), 3.66 (dd, J=7.0,
0.9 Hz, 1H), 3.63 (s, 3H), 3.51–3.48 (s, 1H), 3.38 (dd, J=9.2, 7.0 Hz, 1H),
3.35–3.26 (m, 2H), 3.33 (s, 3H), 3.32 (s, 3H), 3.13 (t, J=9.2 Hz, 1H),
2.93–2.84 (m, 2H), 2.61 (dd, J=16.9, 2.9 Hz, 1H), 2.53 (m, 1H), 2.11 (m,
1H), 2.00 (m, 1H), 1.75 (d, J=0.2 Hz, 3H), 1.71 (d, J=0.2 Hz, 3H), 1.38
(dd, J=6.7, 1.5 Hz, 3H), 1.29 (d, J=7.0 Hz, 3H), 1.26 (d, J=6.9 Hz, 6H),
1.15 (t, J=7.9 Hz, 9H), 1.15 (d, J=6.9 Hz, 3H), 1.03 (s, 18H), 1.02 (s,
9H), 0.97 (d, J=6.7 Hz, 3H), 0.87–0.79 (m, 6H), 0.21 (s, 3H), 0.18 (s,
3H), 0.16 (s, 6H), 0.11 (s, 3H), 0.07 ppm (s, 3H); 13C NMR (100 MHz,
C6D6): d = 211.6 (s), 171.6 (s), 159.7 (s), 159.3 (s), 145.8 (s), 145.3 (s),
139.3 (s), 136.4 (s), 135.2 (d), 134.6 (s), 132.3 (d), 132.2 (d), 131.8 (s),
131.1 (d, 2C), 129.7 (d, 2C), 129.2 (d, 2C), 129.1 (d, 2C), 128.4 (d, 2C),
128.3 (d), 128.2 (d, 2C), 127.2 (d, 2C), 121.8 (d), 119.0 (t), 114.0 (d, 2C),
113.5 (d, 2C), 87.2 (s), 83.1 (d), 81.4 (d), 80.5 (d), 78.2 (d), 76.6 (d), 74.6
(t), 74.4 (d), 69.7 (d), 65.6 (t), 63.0 (t), 61.1 (q), 54.8 (q, 2C), 46.8 (t), 46.5
(d), 44.5 (d), 41.8 (d), 40.3 (d, 2C), 30.7 (d), 26.5 (q), 26.2 (q), 26.1 (q),
21.0 (q), 18.6 (s, 3C), 17.0 (q), 12.9 (q), 12.1 (q), 12.0 (q), 11.7 (q), 10.7
(q), 10.6 (q), 7.7 (q), 6.6 (t, 3C), �3.8 (q), �3.9 (q), �4.2 (q), �4.5 (q),
�4.7 (q), �4.8 ppm (q); IR (ATR): ñ = 2954 (s), 2930 (s), 2881 (m),
2857 (m), 1740 (m), 1715 (m), 1611 (w), 1511 (m), 1462 (m), 1361 (w),
1300 (w), 1249 (ss), 1106 (s), 1036 (ss), 1005 (s), 834 (ss), 774 (ss), 726
(m), 708 cm�1 (m); HRMS (LC-MS): m/z : calcd for C87H140O13NaSi4:
1527.9269 [M+Na]+ , found 1527.9273.


(2R,3S,4R,5R,6S,7R,8E,10S,13S,14R,15S,16S,17S,18E,20S,21Z)-Allyl-
2,7,17-tris-(tert-butyldimethylsilyloxy)-13-hydroxy-16-hydroxymethyl-3-
methoxy-15-(p-methoxybenzyloxy)-4,6,8,10,14,-18,20-heptamethyl-11-
oxo-5-triethylsilyloxytricosa-8,18,21-trienoate (34): The diastereomeric
mixture of aldol products 33 (384 mg, 0.26 mmol) was dissolved in
CH2Cl2 (2 mL) and hexafluoroisopropanol (3 mL) was added. After stir-
ring for a few min an intensive orange color appeared. After 10 min
methanol was added dropwise until a slight yellow color remained and
stirring was continued for 16 h at RT. Then sat. NaHCO3 solution was
added and the organic layer was diluted with CH2Cl2 and separated. The
aqueous layer was extracted with CH2Cl2 and the combined organic
layers were dried over MgSO4 and filtered. After removing the solvent
under vacuum the diastereomeric mixture of diols could be easily sepa-
rated via column chromatography (hexane/ethyl acetate 10:1 + 1%
Et3N) to yield major diastereomer 34 (213 mg, 0.17 mmol, 68%) as a col-
orless oil. [a]25D =++29.1 (c=0.66, CHCl3);


1H NMR (400 MHz, C6D6): d


= 7.30 (d, J=8.5 Hz, 2H), 6.82 (d, J=8.4 Hz, 2H), 5.77 (ddt, J=17.0,
10.6 Hz, 6.1 Hz, 1H), 5.71 (d, J=9.7 Hz, 1H), 5.37 (dq, J=10.3, 6.7 Hz,
1H), 5.32–5.26 (m, 2H), 5.15 (dd, J=17.2, 1.4 Hz, 1H), 5.01 (dd, J=10.3,
1.0 Hz, 1H), 4.65 (d, J=11.0 Hz, 1H), 4.54 (d, J=6.9 Hz, 1H), 4.51–4.41
(m, 3H), 4.50 (d, J=10.8 Hz, 1H), 4.24–4.18 (m, 2H), 4.11 (d, J=9.9 Hz,
1H), 3.85–3.75 (m, 1H), 3.77 (d, J=8.5 Hz, 1H), 3.68–3.62 (m, 1H), 3.65
(d, J=6.9 Hz, 1H), 3.59 (s, 3H), 3.44–3.35 (m, 2H), 3.32 (s, 3H), 2.76
(dd, J=16.7, 8.9 Hz, 1H), 2.58–2.49 (m, 1H), 2.50 (dd, J=16.8, 3.2 Hz,
1H), 2.27 (m, 1H), 2.10 (m, 1H), 2.00 (m, 1H), 1.73 (s, 3H), 1.69 (s, 3H),
1.56 (dd, J=6.4, 1.1 Hz, 1H), 1.26 (d, J=6.8 Hz, 3H), 1.24 (d, J=7.3 Hz,
3H), 1.23 (d, J=6.9 Hz, 3H), 1.18–1.12 (m, 3H), 1.15 (t, J=7.8 Hz, 9H),
1.08 (d, J=6.8 Hz, 3H), 1.05 (s, 9H), 1.03 (s, 9H), 1.02 (s, 9H), 0.83 (q,
J=7.7 Hz, 6H), 0.21 (s, 3H), 0.19 (s, 3H), 0.17 (s, 3H), 0.15 (s, 3H), 0.11
(s, 3H), 0.09 ppm (s, 3H); 13C NMR (100 MHz, C6D6): d = 211.1 (s),
171.6 (s), 159.9 (s), 139.3 (s), 135.1 (d), 134.8 (s), 132.4 (d), 132.2 (d),
130.9 (s), 128.7 (d, 2C), 128.2 (d), 122.6 (d), 119.0 (t), 114.3 (d, 2C), 83.1
(d), 81.6 (d), 81.4 (d), 78.0 (d), 76.5 (d), 74.4 (d), 72.4 (t), 71.4 (d), 65.6
(t), 61.7 (t), 61.1 (q), 54.8 (q), 46.6 (d), 46.6 (t), 46.5 (d), 40.3 (d, 2C),
39.9 (d), 30.8 (d), 26.4 (q, 3C), 26.2 (q, 3C), 26.1 (q, 3C), 21.2 (q), 18.6
(s, 3C), 17.1 (q), 13.2 (q), 12.4 (q), 12.0 (q), 11.7 (q), 10.6 (q), 9.5 (q), 7.7


(q, 3C), 6.6 (t, 3C), �3.9 (s), �4.0 (s), �4.5 (s), �4.7 (s), �4.7 (s),
�4.8 ppm (s); IR (ATR): ñ = 3494 (br, m), 2954 (ss), 2929 (ss), 2884 (s),
2857 (s), 1738 (m), 1716 (m), 1613 (w), 1514 (m), 1462 (m), 1361 (w),
1250 (ss), 1173 (w), 1108 (s), 1038 (ss), 1006 (s), 836 (ss), 776 (ss),
738 cm�1 (ss); HRMS (LC-MS): m/z : calcd for C67H124O12NaSi4:
1255.8068 [M+Na]+ , found 1255.8048.


(1’R,2’S,3R,3’S,4S,4’S,5S,5’E,6R,7S,7’S,8R,8’Z,9E,11S,14S)-3,8-Bis-(tert-
butyldimethylsilyloxy)-14-[4’-(tert-butyldimethylsilyloxy)-3’-hydroxymeth-
yl-2’-(p-methoxybenzyloxy)-1’,5’,7’-trimethyldeca-5,8-dienyl]-4-methoxy-
5,7,9,11-tetramethyl-6-triethylsilyloxy-oxacyclotetradec-9-ene-2,12-dione
(36)


a) Cleavage of allyl ester 34 : [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] (5 mg, 7 mmol) and tri-n-bu-
tyltin hydride (0.24 mL, 0.91 mmol, 6.0 equiv) were added to a solution
of allyl ester 34 (188 mg, 0.15 mmol, 1.0 equiv) in CH2Cl2 (10 mL). The
color of the solution rapidly changed to dark red and gas evolution oc-
curred. After 20 min sat. NaHCO3 solution was added. The aqueous
layer was separated and the organic layer was washed with brine and sat.
NH4Cl solution. The combined aqueous layers were washed again with
CH2Cl2. The combined organic layers were dried over MgSO4 and fil-
tered. The brownish filtrate of 35 was carefully concentrated under
vacuum at 20 8C and used immediately without further purification.


b) Yamaguchi lactonization : Crude dihydroxy acid 35 was diluted with
CH2Cl2 (50 mL) and diisopropylamine (1.2 mL, solution in CH2Cl2, c=


0.5m, 0.60 mmol, 4.0 equiv), DMAP (1.5 mL, solution in CH2Cl2, c=


0.1m, 0.15 mmol, 1.0 equiv) and 2,4,6-trichlorobenzoyl chloride (1.5 mL,
solution in CH2Cl2, c=0.2m, 0.30 mmol, 2.0 equiv) were added. The reac-
tion mixture was stirred for 3 h at RT and then sat. NaHCO3 solution was
added. The organic layer was separated and the aqueous layer was
washed with CH2Cl2. The combined organic layers were dried over
MgSO4, filtered and concentrated under vacuum. After purification via
column chromatography (hexane/ethyl acetate 15:1) macrolactone 36
(61 mg, 52 mmol, 34% over 2 steps) was obtained as a colorless oil.
[a]25D =++66.8 (c=0.84, CHCl3);


1H NMR (400 MHz, C6D6): d = 7.44 (d,
J=8.5 Hz, 2H), 6.85 (d, J=8.5 Hz, 2H), 5.71 (m, 1H), 5.57 (d, J=9.6 Hz,
1H), 5.38 (dq, J=10.8, 6.4 Hz, 1H), 5.33–5.28 (m, 2H), 4.78 (d, J=


10.9 Hz, 1H), 4.74 (d, J=10.6 Hz, 1H), 4.46 (d, J=4.8 Hz, 1H), 4.42 (d,
J=6.8 Hz, 1H), 4.06 (d, J=7.9 Hz, 1H), 3.98 (dd, J=5.5, 2.0 Hz, 1H),
3.82 (t, J=4.3 Hz, 1H), 3.75 (dd, J=10.6, 7.2 Hz, 1H), 3.69–3.65 (m,
2H), 3.59 (s, 3H), 3.39 (m, 1H), 3.31 (s, 3H), 3.21 (m, 1H), 2.97 (dd, J=


17.1, 6.5 Hz, 1H), 2.72 (m, 1H), 2.52–2.45 (m, 2H), 2.08 (m, 1H), 1.92
(m, 1H), 1.75 (s, 3H), 1.69 (s, 3H), 1.56 (dd, J=6.5, 1.0 Hz, 3H), 1.36 (d,
J=6.8 Hz, 3H), 1.33 (d, J=7.2 Hz, 3H), 1.29 (d, J=6.8 Hz, 3H), 1.22 (d,
J=6.8 Hz, 3H), 1.12 (t, J=8.0 Hz, 9H), 1.08–1.03 (m, 3H), 1.06 (s, 9H),
1.04 (s, 9H), 1.01 (s, 9H), 0.81 (q, J=8.0 Hz, 6H), 0.26 (s, 3H), 0.20 (s,
3H), 0.17 (s, 3H), 0.17 (s, 3H), 0.10 (s, 3H), 0.07 ppm (s, 3H); 13C NMR
(100 MHz, C6D6): d = 207.1 (s), 172.8 (s), 159.8 (s), 141.4 (s), 135.2 (d),
135.0 (s), 132.1 (d), 131.6 (s), 129.8 (d, 2C), 127.9 (d), 122.5 (d), 114.2 (d,
2C), 84.9 (d), 81.3 (d), 79.0 (d), 77.9 (d), 77.7 (d), 75.9 (d), 74.4 (d), 73.9
(t), 62.1 (t), 59.9 (q), 54.8 (q), 46.6 (t), 46.6 (d), 46.5 (d), 45.0 (d), 43.2
(d), 42.3 (d), 30.8 (d), 26.5 (q, 3C), 26.2 (q, 3C), 26.2 (q, 3C), 21.3 (q),
18.6 (s, 3C), 15.6 (q), 15.2 (q), 13.2 (q), 12.7 (q), 11.7 (q), 11.5 (q), 10.7
(q), 7.6 (q, 3C), 6.0 (t, 3C), �3.9 (q), �4.0 (q), �4.0 (q), �4.4 (q), �4.5
(q), �4.6 ppm (q); IR (ATR): ñ = 3520 (w), 2954 (s), 2928 (s), 2856 (s),
1740 (m), 1721 (m), 1514 (w), 1462 (m), 1386 (w), 1302 (w), 1249 (s),
1151 (m), 1111 (s), 1039 (ss), 1005 (s), 835 (ss), 775 (ss), 724 (m),
672 cm�1 (w); HRMS (LC-MS): m/z : calcd for C64H118O11NaSi4:
1197.7649 [M+Na]+ , found 1197.7607.


(1’R,2’S,3R,3’S,4S,4’S,5S,5’E,6R,7S,7’S,8R,8’Z,9E,11S,14S)-3,8-Bis-(tert-
butyldimethylsilyloxy)-14-[4’-(tert-butyldimethylsilyloxy)-3’-(tert-butyldi-
methylsilyloxymethyl)-2’-(p-methoxybenzyloxy)-1’,5’,7’-trimethyldeca-5,8-
dienyl]-4-methoxy-5,7,9,11-tetramethyl-6-triethylsilyloxyoxacyclotetradec-
9-ene-2,12-dione (38): Imidazole (45 mg, 0.66 mmol, 30 equiv) and TBS-
chloride (30 mg, 0.20 mmol, 9.0 equiv) were added to a solution of hy-
droxy macrolactone 36 (25.7 mg, 21.9 mmol, 1.0 equiv) in CH2Cl2 (1 mL).
After 1 h sat. NaHCO3 solution was added. The organic layer was diluted
with CH2Cl2 and separated, the aqueous layer was washed with CH2Cl2.
The combined organic layers were dried over MgSO4, filtered and con-
centrated under vacuum. After purification via column chromatography
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(hexane/ethyl acetate 50:1) TBS-protected macrolactone 38 (22.3 mg,
17.3 mmol, 79%) was obtained as a colorless oil. [a]25D =++46.1 (c=0.90,
CHCl3);


1H NMR (400 MHz, C6D6): d = 7.52 (d, J=8.5 Hz, 2H), 6.86
(d, J=8.5 Hz, 2H), 5.65 (d, J=9.2 Hz, 1H), 5.59 (ddd, J=7.7, 6.1, 1.7 Hz,
1H), 5.52 (d, J=8.9 Hz, 1H), 5.46–5.38, (m, 2H), 4.84 (d, J=10.6 Hz,
1H), 4.74 (d, J=10.9 Hz, 1H), 4.67 (d, J=3.4 Hz, 1H), 4.50 (d, J=


5.5 Hz, 1H), 4.12–4.07 (m, 1H), 4.11 (d, J=7.5 Hz, 1H), 3.97–3.92 (m,
2H), 3.83 (t, J=4.6 Hz, 1H), 3.73 (dd, J=5.5, 3.4 Hz, 1H), 3.61 (s, 3H),
3.48 (m, 1H), 3.35 (m, 1H), 3.31 (s, 3H), 3.02 (dd, J=17.4, 5.8 Hz, 1H),
2.79–2.71 (m, 2H), 2.40 (m, 1H), 2.13 (m, 1H), 2.02 (m, 1H), 1.81 (s,
3H), 1.71 (s, 3H), 1.60 (d, J=5.1 Hz, 3H), 1.35 (d, J=7.5 Hz, 3H), 1.32
(d, J=6.8 Hz, 1H), 1.31 (d, J=7.2 Hz, 3H), 1.29 (d, J=6.5 Hz, 3H), 1.14
(d, J=6.8 Hz, 3H), 1.12 (t, J=7.9 Hz, 9H), 1.06 (s, 9H), 1.03 (s, 18H),
1.00 (s, 9H), 0.81 (q, J=8.0 Hz, 6H), 0.22 (s, 3H), 0.19 (s, 3H), 0.17 (s,
3H), 0.15 (s, 3H), 0.14 (s, 6H), 0.13 (s, 3H), 0.06 ppm (s, 3H); 13C NMR
(100 MHz, C6D6): d = 207.4 (s), 172.1 (s), 159.8 (s), 141.6 (s), 135.6 (d),
134.8 (s), 131.7 (s), 131.1 (d), 129.8 (d, 2C), 127.9 (d), 122.2 (d), 114.2 (d,
2C), 85.3 (d), 81.3 (d), 78.2 (d), 77.0 (d), 76.4 (d), 75.5 (d, 2C), 72.7 (t),
60.9 (t), 60.2 (q), 54.8 (q), 47.9 (d), 46.9 (d), 46.8 (t), 45.3 (d), 42.1 (d),
41.8 (d), 30.9 (d), 26.5 (q, 3C), 26.3 (q, 3C), 26.2 (q, 3C), 26.2 (q, 3C),
21.8 (q), 18.7 (s), 18.6 (s, 2C), 18.5 (s), 16.0 (q), 14.9 (q), 14.1 (q), 13.2
(q), 12.2 (q), 11.6 (q), 11.0 (q), 7.7 (q, 3C), 6.0 (t, 3C), 5.1 (q), �3.8 (q),
�4.1 (q), �4.2 (q), �4.6 (q), �4.6 (q), �4.7 (q), �5.0 ppm (q); IR (ATR):
ñ = 2954 (s), 2929 (s), 2884 (s), 2857 (s), 1742 (m), 1721 (m), 1614 (w),
1514 (m), 1463 (m), 1250 (s), 1152 (m), 1111 (s), 1041 (s), 1005 (s), 836
(ss), 776 (ss), 724 (m), 671 cm�1 (w); HRMS (LC-MS): m/z : calcd for
C70H136NO11Si5: 1306.8960 [M+NH4]


+ , found 1306.8948.


(1’S,2’S,3R,3’S,4S,4’S,5S,5’E,6R,7S,7’S,8R,8’Z,9E,11S,14S)-3,8-Bis-(tert-
butyldimethylsilyloxy)-14-[4’-(tert-butyldimethylsilyloxy)-3’-(tert-butyldi-
methylsilyloxymethyl)-2’-hydroxy-1’,5’,7’-trimethyldeca-5,8-dienyl]-4-me-
thoxy-5,7,9,11-tetramethyl-6-triethylsilyloxy-oxacyclotetradec-9-ene-2,12-
dione (39): Water (0.1 mL) was added to a solution of PMB ether 38
(11.2 mg, 8.7 mmol, 1.0 equiv) in CH2Cl2 (1 mL) and under intensive stir-
ring at 0 8C DDQ (2.5 mg, 10.5 mmol, 1.2 equiv) was added. Stirring was
continued for 2 h and sat NaHCO3 solution and Na2S2O5 (5 mg) were
added. The organic layer was diluted with CH2Cl2 and separated, while
the aqueous layer was washed with CH2Cl2. The combined organic layers
were dried over MgSO4, filtered and concentrated under vacuum. After
chromatography (hexane/ethyl acetate 50:1) alcohol 39 (8.5 mg, 7.3 mmol,
83%) was obtained as a colorless oil. [a]25D =++45.2 (c=0.85, CHCl3);
1H NMR (400 MHz, C6D6): d = 5.76 (dt, J=7.1, 2.8 Hz, 1H), 5.60 (d, J=


9.3 Hz, 1H), 5.42–5.29 (m, 3H), 4.56 (d, J=8.2 Hz, 1H), 4.37 (d, J=


5.0 Hz, 1H), 4.24 (d, J=7.9 Hz, 1H), 4.14 (s, 1H), 4.08 (d, J=8.2 Hz,
1H), 3.82 (t, J=3.8 Hz, 1H), 3.71 (t, J=4.5 Hz, 1H), 3.60 (s, 3H), 3.57
(dd, J=6.8, 3.7 Hz, 1H), 3.46 (dd, J=10.3, 3.7 Hz, 1H), 3.39 (m, 1H),
3.29 (m, 1H), 3.18 (dd, J=17.1, 7.2 Hz, 1H), 2.92 (dd, J=17.2, 2.8 Hz,
1H), 2.49 (m, 1H), 2.04 (m, 1H), 1.98 (m, 1H), 1.88 (m, 1H), 1.80 (s,
3H), 1.65 (s, 3H), 1.56 (d, J=5.3 Hz, 3H), 1.32 (d, J=7.2 Hz, 3H), 1.30
(d, J=6.8 Hz, 3H), 1.29 (d, J=7.0 Hz, 3H), 1.21 (d, J=6.8 Hz, 3H), 1.13
(t, J=8.0 Hz, 9H), 1.08 (s, 9H), 1.05 (d, J=6.8 Hz, 3H), 1.01 (s, 27H),
0.82 (q, J=7.9 Hz, 6H), 0.28 (s, 3H), 0.22 (s, 3H), 0.21 (s, 3H), 0.18 (s,
3H), 0.11 (s, 3H), 0.10 (s, 3H), 0.09 (s, 3H), 0.07 ppm (s, 3H); 13C NMR
(100 MHz, C6D6): d = 207.8 (s), 172.2 (s), 140.8 (s), 135.2 (d), 134.7 (s),
133.3 (d), 128.1 (d), 122.4 (d), 84.5 (d), 81.4 (d), 80.9 (d), 76.7 (d), 76.2
(d), 75.6 (d), 71.3 (d), 61.5 (t), 60.0 (q), 46.8 (d), 46.6 (d), 45.2 (t), 45.1
(d), 44.1 (d), 39.7 (d), 30.9 (d), 26.3 (q), 26.2 (q, 3C), 21.2 (q), 18.7 (s),
18.6 (s), 18.5 (s), 18.4 (s), 15.7 (q), 14.7 (q), 13.2 (q), 11.8 (q, 2C), 10.8
(q), 10.5 (q), 7.7 (q, 3C), 6.1 (t, 3C), �3.8 (q), �3.9 (q), �4.0 (q), �4.3
(q), �4.6 (q), �4.8 (q), �5.3 ppm (q, 2C); IR (ATR): ñ = 3498 (w), 2954
(s), 2928 (ss), 2856 (s), 1743 (m), 1721 (m), 1462 (m), 1407 (w), 1387 (w),
1253 (s), 1151 (m), 1100 (s), 1043 (s), 1005 (s), 835 (ss), 776 (ss), 725 (m),
672 cm�1 (w); HRMS (LC-MS): m/z : calcd for C62H124O10NaSi5:
1193.8097 [M+Na]+ , found 1193.7958.


(1’R,3R,3’R,4S,4’S,5S,5’E,6R,7S,7’S,8R,8’Z,9E,11S,14S)-3,8-Bis-(tert-bu-
tyldimethylsilyloxy)-14-[4’-(tert-butyldimethylsilyloxy)-3’-(tert-butyldime-
thylsilyloxymethyl)-2’-oxo-1’,5’,7’-trimethyldeca-5,8-dienyl]-4-methoxy-
5,7,9,11-tetramethyl-6-triethylsilyloxyoxacyclotetradec-9-ene-2,12-dione
(40): A sat. solution of Dess–Martin reagent in CH2Cl2 (0.1 mL) was
added to a solution of alcohol 39 (8.5 mg, 7.3 mmol) in CH2Cl2 (1 mL),


and the turbid solution was stirred for 1 h at RT. Then sat. NaHCO3 solu-
tion and Na2S2O3 (30 mg) were added. Intensive stirring was continued
until the organic layer became clear. The organic layer was diluted with
CH2Cl2 and separated. The aqueous layer was washed with CH2Cl2 and
the combined organic layers were dried over MgSO4 and filtered. After
removing the solvent under vacuum the residue was purified via column
chromatography (hexane/ethyl acetate 50:1) to give diketo lactone 40
(7.0 mg, 6.0 mmol, 82%) as a colorless oil. [a]25D =++87.1 (c=1.61, CHCl3);
1H NMR (400 MHz, C6D6): d = 6.00 (dt, J=7.6, 2.1 Hz, 1H), 5.53 (dd,
J=9.5, 0.7 Hz, 1H), 5.35 (dq, J=10.8, 6.8 Hz, 1H), 5.20 (ddq, J=10.8,
9.3, 1.5 Hz, 1H), 5.08 (d, J=8.9 Hz, 1H), 4.39 (d, J=8.9 Hz, 1H), 4.34 (d,
J=5.0 Hz, 1H), 4.05 (d, J=8.2 Hz, 1H), 3.79 (t, J=3.7 Hz, 1H), 3.68
(dd, J=16.1, 9.4 Hz, 1H), 3.66 (t, J=4.3 Hz, 1H), 3.57 (s, 3H), 3.51 (dd,
J=9.9, 5.0 Hz, 1H), 3.38–3.25 (m, 3H), 3.21 (qui, J=7.3 Hz, 1H), 3.01
(dd, J=17.3, 7.8 Hz, 1H), 2.73 (dd, J=17.2, 2.3 Hz, 1H), 2.00 (m, 1H),
1.85–1.79 (m, 1H), 1.81 (d, J=0.8 Hz, 3H), 1.67 (d, J=0.9 Hz, 1H), 1.57
(dd, J=6.7, 1.7 Hz, 3H), 1.44 (d, J=7.4 Hz, 3H), 1.30 (d, J=7.0 Hz, 3H),
1.26 (d, J=7.0 Hz, 3H), 1.16 (d, J=7.7 Hz, 3H), 1.13 (t, J=8.0 Hz, 9H),
1.08 (s, 9H), 1.01 (s, 9H), 1.00–0.97 (m), 0.98 (s), 0.95 (s, 9H), 0.82 (q,
J=7.9 Hz, 6H), 0.33 (s, 3H), 0.25 (s, 3H), 0.17 (s, 3H), 0.13 (s, 3H), 0.12
(s, 3H), 0.12 (s, 3H), 0.07 (s, 3H), 0.06 ppm (s, 3H); 13C NMR (100 MHz,
C6D6): d = 211.4 (s), 206.5 (s), 172.1 (s), 140.8 (s), 135.2 (d), 133.4 (s),
133.3 (d), 128.1 (d), 122.1 (d), 84.4 (d), 81.4 (d), 77.6 (d), 76.7 (d), 76.1
(d), 72.7 (d), 64.4 (t), 59.9 (q), 56.6 (d), 52.9 (d), 46.4 (d), 46.1 (t), 45.1
(d), 44.3 (d), 30.7 (d), 26.3 (q, 3C), 26.3 (q, 3C), 26.2 (q, 3C), 26.2 (q,
3C), 21.0 (q), 18.7 (s), 18.7 (s), 18.6 (s), 18.5 (s), 15.7 (q), 14.4 (q), 13.2
(q), 12.3 (q), 11.9 (q), 11.3 (q), 10.6 (q), 7.7 (q, 3C), 6.1 (t, 3C), �3.9 (q),
�3.9 (q), �4.3 (q), �4.4 (q), �4.4 (q), �4.6 (q), �5.2 (q), �5.3 ppm (q);
IR (ATR): ñ = 2955 (s), 2929 (ss), 2885 (m), 2857 (s), 1747 (m), 1720
(m), 1471 (m), 1463 (m), 1387 (w), 1362 (w), 1253 (s), 1146 (m), 1105
(m), 1048 (s), 1006 (m), 836 (ss), 777 (ss), 725 cm�1 (m); HRMS (LC-
MS): m/z : calcd for C62H126NO10Si5: 1184.8228 [M+NH4]


+ , found
1184.8191.


(1’R,2’S,3R,3’S,4S,4’S,5R,5’E,6R,7S,7’S,8R,8’Z,9E,11S,14S)-3,8-Bis-(tert-
butyldimethylsilyloxy)-14-[4’-(tert-butyldimethylsilyloxy)-3’-(tert-butyldi-
methylsilyloxymethyl)-2’-oxo-1’,5’,7’-trimethyldeca-5,8-dienyl]-6-hydroxy-
4-methoxy-5,7,9,11-tetramethyloxacyclotetradec-9-ene-2,12-dione (41):
TES ether 40 (19.3 mg, 16.5 mmol) was dissolved in a mixture of HOAc/
THF/H2O (3.5:3.5:1, 3 mL) and some drops of CH2Cl2 were added to im-
prove solubility of the TES ether. The solution was stirred for 5 d at RT
and then sat NaHCO3 solution was added carefully. After the gas evolu-
tion ceased, the organic layer was diluted with ethyl acetate and separat-
ed. The aqueous layer was extracted with ethyl acetate and the combined
organic layers were dried over MgSO4, filtered and concentrated under
vacuum. After column chromatography (hexane/ethyl acetate 25:1) alco-
hol 41 (7.0 mg, 6.6 mmol, 40%, 95% borsm) was obtained as a white
solid as well as reisolated TES ether 40 (10.8 mg, 9.2 mmol, 56%). [a]25D =


+127.3 (c=0.62, CHCl3);
1H NMR (400 MHz, C6D6): d = 5.97 (q, J=


4.8 Hz, 1H), 5.36 (dq, J=10.9, 6.7 Hz, 1H), 5.28–5.20 (m, 2H), 5.15 (d,
J=9.2 Hz, 1H), 4.58 (d, J=5.9 Hz, 1H), 4.44 (d, J=8.4 Hz, 1H), 4.13 (d,
J=9.9 Hz, 1H), 3.76–3.71 (m, 2H), 3.59 (dd, J=9.9, 5.3 Hz, 1H), 3.41–
3.30 (m, 4H), 3.24–3.15 (m, 2H), 3.22 (s, 3H), 3.07 (dd, J=18.8, 4.1 Hz,
1H), 2.54 (dd, J=18.7, 5.5 Hz, 1H), 1.96 (m, 1H), 1.83–1.73 (m), 1.80 (d,
J=0.9 Hz, 3H), 1.75 (d, J=0.8 Hz, 3H), 1.57 (dd, J=6.8, 1.6 Hz, 1H),
1.41 (d, J=6.8 Hz, 3H), 1.39 (d, J=6.4 Hz, 3H), 1.37 (d, J=6.5 Hz, 3H),
1.16 (d, J=6.5 Hz, 3H), 1.02–0.98 (m, 3H), 1.01 (s, 9H), 0.99 (s, 18H),
0.98 (s, 9H), 0.25 (s, 3H), 0.17 (s, 3H), 0.16 (s, 3H), 0.16 (s, 6H), 0.11 (s,
3H), 0.10 (s, 3H), 0.02 ppm (s, 3H); 13C NMR (100 MHz, C6D6): d =


210.7 (s), 205.5 (s), 173.3 (s), 140.0 (s), 135.2 (d), 133.6 (s), 133.1 (d),
128.5 (d), 122.1 (d), 86.9 (d), 82.2 (d), 77.7 (d), 72.8 (d), 70.5 (d), 67.5 (d),
63.8 (t), 58.6 (q), 56.6 (d), 51.7 (d), 46.3 (d), 44.4 (t), 44.4 (d), 43.1 (d),
30.8 (d), 26.4 (q, 3C), 26.3 (q, 3C), 26.2 (q, 3C), 26.0 (q, 3C), 21.1 (q),
18.7 (s), 18.6 (s), 18.5 (s), 18.5 (s), 15.0 (q), 13.2 (q), 12.4 (q), 11.6 (q,
2C), 11.6 (q), 10.5 (q), �4.1 (q), �4.3 (q), �4.4 (q), �4.6 (q), �4.7 (q),
�5.5 (q), �5.3 (q), �5.4 ppm (q); IR (ATR): ñ = 3521 (w), 2955 (s),
2929 (s), 2857 (s), 1722 (s), 1463 (m), 1408 (w), 1388 (w), 1361 (w), 1252
(s), 1205 (w), 1127 (m), 1098 (m), 1050 (s), 1005 (m), 835 (ss), 776 cm�1


(ss); HRMS (LC-MS): m/z : calcd for C56H108O10NaSi4: 1075.6917
[M+Na]+ , found 1075.6917.
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(1’R,2’S,3R,3’S,4S,4’S,5S,5’E,7R,7’S,8R,8’Z,9E,11S,14S)-3,8-Bis-(tert-bu-
tyldimethylsilyloxy)-14-[4’-(tert-butyldimethylsilyloxy)-3’-(tert-butyldime-
thylsilyloxymethyl)-2’oxo-1’,5’,7’-trimethyldeca-5,8-dienyl]-4-methoxy-
5,7,9,11-tetramethyloxacyclotetradec-9-ene-2,6,12-trione (42): Alcohol 41
(6.1 mg, 5.8 mmol) was dissolved in CH2Cl2 (1 mL) and a sat. solution of
Dess–Martin-periodinane in CH2Cl2 (0.1 mL) was added. The turbid solu-
tion was stirred for 6 h at RT and sat. NaHCO3 solution and Na2S2O3


(30 mg) were added. Stirring was kept on until the organic layer became
clear. The organic layer was diluted with CH2Cl2 and separated, the aque-
ous layer was washed with CH2Cl2. The combined organic layers were
dried over MgSO4, filtered and concentrated under vacuum. Purification
via column chromatography (hexane/ethyl acetate 25:1) yielded triketone
42 (5.3 mg, 5.0 mmol, 87%) as a white solid. [a]25D =++108.8 (c=0.51,
CHCl3);


1H NMR (400 MHz, C6D6): d = 6.14 (dt, J=9.0, 1.0 Hz, 1H),
5.35 (dq, J=10.5, 6.5 Hz, 1H), 5.19 (ddq, J=10.7, 9.2, 1.8 Hz, 1H), 5.11
(d, J=9.8 Hz, 1H), 5.06 (d, J=9.2 Hz, 1H), 4.39 (d, J=9.2 Hz, 1H), 4.35
(d, J=9.3 Hz, 1H), 4.26 (d, J=9.5 Hz, 2H), 3.68 (t, J=9.8 Hz, 1H), 3.63
(s, 3H), 3.49 (dd, J=9.9, 4.8 Hz, 1H), 3.40 (m, 1H), 3.34–3.22 (m, 3H),
3.17–3.08 (m, 1H), 3.16 (dd, J=19.2, 9.3 Hz, 1H), 2.97 (dd, J=19.1,
1.5 Hz, 1H), 2.37 (dq, J=7.5, 0.8 Hz, 1H), 1.84 (d, J=1.0 Hz, 3H), 1.66
(d, J=0.9 Hz, 3H), 1.57 (dd, J=6.8, 1.6 Hz, 3H), 1.47 (d, J=7.4 Hz, 3H),
1.31 (d, J=7.4 Hz, 3H), 1.20 (d, J=6.7 Hz, 3H), 1.08 (s, 9H), 0.99–0.94
(m, 6H), 0.98 (s, 9H), 0.95 (s, 18H), 0.26 (s, 3H), 0.22 (s, 3H), 0.14 (s,
3H), 0.11 (s, 6H), 0.06 (s, 6H), �0.05 ppm (s, 3H); 13C NMR (100 MHz,
C6D6): d = 212.1 (s), 211.9 (s), 104.8 (s), 171.3 (s), 137.9 (s), 135.2 (d),
133.4 (d), 133.4 (s), 128.4 (d), 122.0 (d), 80.9 (d), 78.6 (d), 77.6 (d), 75.5
(d), 71.7 (d), 64.7 (t), 61.7 (q), 56.4 (d), 51.8 (d), 50.4 (d), 47.4 (d), 46.5
(t), 45.2 (d), 30.7 (d), 26.3 (q, 3C), 26.2 (q, 3C), 26.2 (q, 3C), 26.1 (q,
3C), 21.0 (q), 18.7 (s), 18.7 (s), 18.6 (s), 18.4 (s), 16.4 (q), 15.5 (q), 13.2
(q), 13.0 (q), 11.2 (q), 11.1 (q), 9.7 (q), �4.4 (q), �4.5 (q), �4.5 (q), �4.6
(q), �4.7 (q), �4.9 (q), �5.2 (q), �5.3 ppm (q); IR (ATR): ñ = 2955 (m),
2929 (s), 2857 (m), 1766 (w), 1727 (m), 1713 (m), 1462 (m), 1388 (w),
1362 (w), 1254 (s), 1145 (m), 1114 (m), 1082 (s), 1053 (s), 989 (m), 878
(w), 835 (ss), 777 cm�1 (ss); HRMS (LC-MS): m/z : calcd for
C56H106O10NaSi4: 1073.6761 [M+Na]+ , found 1073.6743.


(2R,3S,4R,5R,6S,7R,8E,10S,13S,14S,15S,16S,17S,18E,20S,21Z)-Allyl-
2,7,13,17-tetrakis-(tert-butyldimethylsilyloxy)-3-methoxy-15-(p-methoxy-
benzyloxy)-16-[(p-methoxyphenyl)-diphenylmethoxymethyl]-
4,6,8,10,14,18,20-heptamethyl-11-oxo-5-triethylsilyloxytricosa-8,18,21-tri-
enoate (43): 2,6-Lutidine (48 mL, 0.41 mmol, 10 equiv) und TBS triflate
(47 mL, 0.21 mmol, 5.0 equiv) were added at 0 8C to a solution of aldol
product 33 (62 mg, 41 mmol, 1.0 equiv) in CH2Cl2 (5 mL). During the ad-
dition of TBS triflate the solution rapidly turned to intensive orange
color. After stirring for 4 h sat. NaHCO3 solution was added and the so-
lution turned colorless. The organic layer was separated and the aqueous
layer was washed with CH2Cl2. The combined organic layers were dried
over MgSO4 and filtered. The solvent was removed under vacuum and
purification via column chromatography (hexane/ethyl acetate 20:1 +


1% Et3N) yielded TBS protected aldol product 43 (37 mg, 23 mmol,
55%) as a colorless oil. [a]25D =++29.08 (c=1.38, CHCl3);


1H NMR
(400 MHz, C6D6): d = 7.71 (d, J=7.3 Hz, 2H), 7.69 (d, J=7.0 Hz, 2H),
7.51 (d, J=8.8 Hz, 2H), 7.26–7.20 (m, 4H), 7.17–7.12 (m, 2H), 7.09 (t,
J=7.3 Hz, 1H), 7.08 (t, J=7.3 Hz, 1H), 6.82 (d, J=8.7 Hz, 2H), 6.77 (d,
J=8.9 Hz, 2H), 5.83–5.72 (m, 2H), 5.33–5.16 (m, 3H), 5.15 (dd, J=17.1,
1.4 Hz, 1H), 5.01 (dd, J=10.4, 1.2 Hz, 1H), 4.73 (m, 1H), 4.77 (d, J=


10.5 Hz, 1H), 4.72 (d, J=10.5 Hz, 1H), 4.56 (d, J=6.9 Hz, 1H), 4.54 (d,
J=6.5 Hz, 1H), 5.33–5.16 (m, 2H), 4.20 (dd, J=7.5, 2.6 Hz, 1H), 4.13 (d,
J=9.5 Hz, 1H), 3.82–3.74 (m, 1H), 3.76 (d, J=8.4 Hz, 1H), 3.71 (dd, J=


6.9, 1.0 Hz, 1H), 3.60 (s, 3H), 3.40–3.26 (m, 3H), 3.34 (s, 6H), 3.09 (dd,
J=16.3, 8.1 Hz, 1H), 2.90 (m, 1H), 2.67 (dd, J=16.3, 4.5 Hz, 1H), 2.33
(m, 1H), 2.13 (m, 1H), 1.99 (m, 1H), 1.75 (s, 3H), 1.73 (s, 3H), 1.44 (dd,
J=6.8, 0.8 Hz, 3H), 1.33 (d, J=6.8 Hz, 3H), 1.26 (d, J=6.4 Hz, 3H), 1.25
(d, J=6.9 Hz, 3H), 1.21 (d, J=7.0 Hz, 3H), 1.16 (t, J=7.8 Hz, 9H), 1.13
(s, 9H), 1.05 (s, 9H), 1.04 (s, 18H), 0.98 (d, J=6.8 Hz, 3H), 0.83 (q, J=


8.0 Hz, 6H), 0.38 (s, 3H), 0.34 (s, 3H), 0.28 (s, 3H), 0.21 (s, 3H), 0.20 (s,
3H), 0.19 (s, 3H), 0.17 (s, 3H), 0.13 ppm (s, 3H); 13C NMR (100 MHz,
C6D6): d = 208.9 (s), 171.6 (s), 159.5 (s), 159.3 (s), 245.9 (s), 145.3 (s),
139.3 (s), 136.4 (s), 135.6 (s), 135.5 (d), 132.1 (d, 2C), 131.3 (d, 2C), 129.5
(d, 2C), 129.4 (d, 2C), 129.3 (d, 2C), 128.2 (d, 2C), 128.1 (d, 2C), 127.7


(d), 127.2 (d), 127.1 (d), 121.9 (d), 119.1 (t), 113.8 (d), 113.5 (d), 87.5 (s),
83.0 (d), 81.3 (d), 79.5 (d), 76.9 (d), 76.6 (d), 74.8 (t), 74.7 (d), 70.7 (d),
65.6 (t), 62.9 (t), 61.0 (q), 54.8 (q, 2C), 48.3 (d), 47.8 (d), 47.1 (d), 42.1
(d), 40.4 (d), 40.1 (d), 30.7 (d), 26.6 (q, 3C), 26.5 (q, 3C), 26.3 (q, 3C),
26.2 (q, 3C), 21.4 (q), 18.7 (s), 18.6 (s, 2C), 18.5 (s), 17.3 (q), 13.5 (q),
13.0 (q), 12.1 (q), 11.7 (q), 10.9 (q), 10.6 (q), 7.8 (q, 3C), 6.7 (t, 3C), �3.4
(q), �3.5 (q), �3.8 (q), �3.9 (q), �4.1 (q), �4.5 (q), �4.6 (q), �4.8 ppm
(q); IR (ATR): ñ = 2955 (s), 2930 (s), 2881 (m), 2857 (m), 1740 (m),
1715 (m), 1611 (w), 1511 (m), 1461 (m), 1361 (w), 1300 (w), 1248 (ss),
1106 (s), 1034 (ss), 1008 (s), 834 (ss), 776 (ss), 726 (m), 709 cm�1 (m);
HRMS (LC-MS): m/z : calcd for C93H158NO13Si5: 1637.0580 [M+NH4]


+ ,
found 1637.0571


(2R,3S,4S,5R,6S,7R,8E,10S,13S,14S,15S,16S,17S,18E,20S,21Z)-Allyl-
2,7,13,17-tetrakis-(tert-butyldimethylsilyloxy)-16-hydroxymethyl-3-me-
thoxy-15-(p-methoxybenzyloxy)-4,6,8,10,14,18,20-heptamethyl-11-oxo-5-
triethylsilyloxytricosa-8–18–21-trienoate (44): MMTr ether 43 (28.0 mg,
17.3 mmol) was dissolved in a mixture of CH2Cl2 (0.5 mL) and hexafluor-
oisopropanol (0.5 mL). After a short period the stirred solution changed
from colorless to an intensive orange color. After 10 min methanol was
added dropwise until a slight yellow color remained, and the solution was
stirred for 16 h at RT. Subsequently sat. NaHCO3 solution was added,
then the organic layer was diluted with CH2Cl2 and separated. The aque-
ous layer was extracted with CH2Cl2 and the combined organic layers
were dried over MgSO4 and filtered. After removing the solvent under
vacuum column chromatography (hexane/ethyl acetate 25:1 + 1% Et3N)
provided alcohol 44 (20.0 mg, 14.8 mmol, 85%) as a colorless oil. [a]25D =++


51.0 (c=1.01, CHCl3);
1H NMR (400 MHz, C6D6): d = 7.38 (d, J=


8.5 Hz, 2H), 6.85 (d, J=8.7 Hz, 2H), 5.77 (ddt, J=17.0, 10.5, 6.0 Hz,
1H), 5.72 (d, J=8.3 Hz, 1H), 5.37 (dq, J=10.8, 6.7 Hz, 1H), 5.31–5.24
(m, 2H), 5.15 (dd, J=17.2, 1.4 Hz, 1H), 5.01 (dd, J=10.4, 1.1 Hz, 1H),
4.69 (d, J=10.7 Hz, 1H), 4.65 (d, J=10.8 Hz, 1H), 4.60–4.55 (m, 1H),
4.56 (d, J=6.9 Hz, 1H), 4.52–4.40 (m, 3H), 4.13 (d, J=9.7 Hz, 1H), 3.86
(dd, J=8.2, 1.3 Hz, 1H), 3.77–3.68 (m, 1H), 3.76 (d, J=7.5 Hz, 1H), 3.70
(dd, J=7.0, 0.9 Hz, 1H), 3.60–3.57 (m, 1H), 3.64 (s, 3H), 3.41 (m, 1H),
3.36 (m, 1H), 3.31 (s, 3H), 3.04 (dd, J=16.5, 8.7 Hz, 1H), 2.56 (dd, J=


16.4, 4.1 Hz, 1H), 2.45–2.36 (m, 2H), 2.13 (m, 1H), 1.99 (m, 1H), 1.88 (d,
J=0.6 Hz, 3H), 1.76 (d, J=0.6 Hz, 3H), 1.57 (dd, J=6.7, 1.5 Hz, 3H),
1.34 (d, J=6.9 Hz, 3H), 1.26 (d, J=6.7 Hz, 3H), 1.25 (d, J=6.8 Hz, 3H),
1.24 (d, J=6.7 Hz, 3H), 1.16 (t, J=8.1 Hz, 9H), 1.08 (s, 9H), 1.05–1.02
(m, 3H), 1.04 (s, 9H), 1.04 (s, 18H), 0.83 (q, J=8.0 Hz, 6H), 0.31 (s,
3H), 0.26 (s, 3H), 0.22 (s, 3H), 0.21 (s, 3H), 0.19 (s, 3H), 0.17 (s, 3H),
0.14 (s, 3H), 0.15 ppm (s, 3H); 13C NMR (100 MHz, C6D6): d = 208.5
(s), 171.6 (s), 159.8 (s), 139.4 (s), 136.1 (s), 135.3 (d), 132.5 (d), 132.1 (d),
131.9 (s), 129.8 (d, 2C), 128.0 (d), 122.4 (d), 119.1 (t), 114.1 (d, 2C), 83.0
(d), 81.4 (d), 81.3 (d), 78.9 (d), 76.6 (d), 74.9 (t), 74.6 (d), 69.8 (d), 65.6
(t), 63.7 (t), 61.0 (q), 54.8 (q), 48.4 (d), 47.7 (d), 47.0 (d), 43.1 (d), 40.3
(d), 40.1 (d), 30.8 (d), 26.5 (q, 3C), 26.4 (q, 3C), 26.2 (q, 3C), 26.1 (q),
21.1 (q), 18.7 (s), 18.6 (s), 18.6 (s), 18.5 (s), 17.2 (q), 13.2 (q), 12.5 (q),
12.1 (q), 11.7 (q), 10.6 (q), 9.8 (q), 7.7 (q, 3C), 6.6 (t, 3C), �3.6 (q), �3.8
(q), �4.0 (q), �4.1 (q), �4.2 (q), �4.5 (q), �4.6 (q), �4.8 ppm (q); IR
(ATR): ñ = 3502 (br, w), 2954 (s), 2930 (s), 2884 (m), 2857 (m), 1741
(w), 1741 (w), 1614 (w), 1514 (w), 1462 (m), 1361 (w), 1249 (s), 1105 (m),
1037 (ss), 1005 (s), 938 (w), 869 (m), 835 (ss), 775 (ss), 727 cm�1 (m);
HRMS (LC-MS): m/z : calcd for C73H138O12NaSi5: 1369.8932 [M+Na]+ ,
found 1369.8929.


(1’S,2’E,3R,4S,4’S,5S,5’Z,6R,7S,8R,9E,11S,14S,15S,16S,17S)-3,8,14-Tris-
(tert-butyldimethylsilyloxy)-17-[1’-(tert-butyldimethylsilyloxy)-2’,4’-dime-
thylhepta-2’,5’-dienyl]-4-methoxy-16-[p-methoxybenzyloxy)-5,7,9,11,15-
pentamethyl-6-triethylsilyloxy-oxacyclooctadec-9-ene-2,12-dione (45)


a) Cleavage of allyl ester 44 : [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] (3.0 mg, 4 mmol) and
Bu3SnH (68 mL, 0.26 mmol, 6.0 equiv) were added to a stirred solution of
hydroxy allylester 44 (58 mg, 43 mmol, 1.0 equiv) in CH2Cl2 (6 mL). The
color of the solution rapidly changed from yellow to dark red and gas
evolution occurred. After 15 min the reaction mixture was diluted with
CH2Cl2 and transferred into sat. NaHCO3 solution. The organic layer was
separated and washed with sat. NH4Cl solution and brine. The combined
aqueous layers were additionally extracted with CH2Cl2. The combined
organic layers were dried over MgSO4 and filtered. After concentration
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under vacuum the crude hydroxy acid 7 was obtained as a grey residue
which was used without further purification.


b) Mitsunobu lactonization : PPh3 (0.113 g, 0.43 mmol, 10 equiv) and
DEAD (67 mL, 0.43 mmol 10 equiv) were dissolved in toluene (5 mL).
After stirring for 30 min a slight yellow color remained. The crude hy-
droxy acid 7 was dissolved in toluene (3 mL) and slowly added to the so-
lution. After 5 h the reaction was quenched by adding water. The organic
layer was separated and the aqueous layer was extracted with ethyl ace-
tate. After drying the combined organic layers with MgSO4 and filtration
the solvents were evaporated under vacuum to give a brown oil. A mix-
ture of hexane/ethyl acetate (50:1, 1 mL) was added and under continu-
ous stirring CuCl was added in portions leading to precipitation of
Ph3PO and complexation of PPh3. After 30 min the resulting clear solu-
tion was directly subjected to column chromatography (hexane/ethyl ace-
tate 50:1). Macrolactone 45 (38 mg, 29 mmol, 68%) was obtained as a col-
orless oil. [a]25D =++41.0 (c=0.83, CHCl3);


1H NMR (400 MHz, C6D6): d


= 7.47 (d, J=8.5 Hz, 2H), 6.90 (d, J=8.5 Hz, 2H), 5.47 (d, J=8.9 Hz,
1H), 5.36 (dq, J=10.8, 6.5 Hz, 1H), 5.30–5.22 (m, 2H), 4.78 (d, J=


10.9 Hz, 1H), 4.65 (d, J=10.9 Hz, 1H), 4.64 (d, J=7.5 Hz, 1H), 4.55–4.50
(m, 3H), 4.23 (t, J=10.8 Hz, 1H), 4.00 (d, J=10.2 Hz, 1H), 3.75 (d, J=


2.0 Hz, 1H), 3.69 (t, J=4.8 Hz, 1H), 3.63 (dd, J=7.9, 2.4 Hz, 1H), 3.45
(s, 3H), 3.44–3.34 (m, 2H), 3.32 (s, 3H), 2.89–2.83 (m, 2H’), 2.64 (m,
1H), 2.45 (m, 1H), 2.17 (m, 1H), 2.06 (m, 1H), 1.80 (s, 3H), 1.78 (s, 3H),
1.59 (dd, J=6.7, 1.6 Hz, 3H), 1.32 (d, J=7.2 Hz, 3H), 1.28 (d, J=6.8 Hz,
3H), 1.24 (d, J=6.8 Hz, 6H), 1.14 (t, J=7.7 Hz, 9H), 1.13 (s, 9H), 1.05
(s, 9H), 1.02 (s, 9H), 1.01–0.98 (m, 1H), 1.00 (s, 9H), 0.79 (d, 6H), 0.40
(s, 3H), 0.36 (s, 3H), 0.28 (s, 3H), 0.22 (s, 3H), 0.19 (s, 3H), 0.18 (s, 3H),
0.10 (s, 3H), 0.08 ppm (s, 3H); 13C NMR (100 MHz, C6D6): d = 208.3
(s), 172.7 (s), 159.9 (s), 141.5 (s), 135.2 (d), 134.5 (s), 133.9 (d), 131.4 (s),
129.5 (d, 2C), 127.7 (d), 122.4 (d), 114.3 (d, 2C), 84.4 (d), 82.1 (d), 79.8
(d), 77.7 (d), 74.9 (t), 74.6 (d), 72.4 (d), 72.0 (d), 65.5 (t), 60.3 (q), 54.8
(q), 48.5 (d), 47.4 (d), 46.6 (t), 44.8 (d), 43.2 (d), 43.1 (d), 30.8 (d), 26.7
(q, 2C), 26.4 (q), 26.1 (q), 21.1 (q), 19.3 (s), 18.7 (s), 18.6 (s), 18.5 (s),
16.4 (q), 13.2 (q), 12.4 (q, 2C), 12.1 (q, 2C), 10.6 (q), 7.7 (q, 3C), 6.5 (t,
3C), �2.8 (q), �3.6 (q, 3C), �3.9 (q), �4.1 (q), �4.2 (q), �4.6 ppm (q);
IR (ATR): ñ = 2955 (s), 2930 (s), 2883 (m), 2857 (m), 1758 (m), 1715
(m), 1614 (w), 1514 (m), 1462 (m), 1388 (w), 1361 (w), 1249 (ss), 1153
(m), 1099 (s), 1042 (ss), 1006 (s), 955 (w), 880 (w), 835 (ss), 776 (ss),
725 cm�1 (m); HRMS (LC-MS): m/z : calcd for C70H132O11NaSi5:
1311.8514 [M+Na]+ , found 1311.8518.


(1’S,2’E,3R,4S,4’S,5S,5’Z,6R,7S,8R,9E,11S,14S,15S,16S,17S)-3,8,14-Tris-
(tert-butyldimethylsilyloxy)-17-[1’-(tert-butyldimethylsilyloxy)-2’,4’-dime-
thylhepta-2’,5’-dienyl]-16-hydroxy-4-methoxy-5,7,9,11,15-pentamethyl-6-
triethylsilyloxyoxacyclooctadec-9-ene-2,12-dione (46): Water (0.4 mL)
was added to a solution of PMB-ether 45 (38.0 mg, 29.5 mmol, 1.0 equiv)
in CH2Cl2 (4 mL). After cooling to 0 8C DDQ (8.0 mg, 35.3 mmol,
1.2 equiv) was added and the solution was stirred vigorously. After 2 h an
additional portion of DDQ (0.7 mg, 3.1 mmol, 0.5 equiv) was added.
After 4 h the reaction was stopped by addition of sat. NaHCO3 solution
and Na2S2O5 (10 mg). The organic layer was diluted with CH2Cl2 and sep-
arated. The aqueous layer was extracted with CH2Cl2. The combined or-
ganic layers were dried over MgSO4 and filtered. After removing the sol-
vents under vacuum purification via column chromatography (hexane/
CH2Cl2 2:1) provided alcohol 46 as a colorless oil (23.5 mg, 20.1 mmol,
68%). [a]25D =++25.4 (c=0.65, CHCl3);


1H NMR (400 MHz, C6D6): d =


5.45–5.33 (m, 4H), 4.74 (m, 1H), 4.61 (d, J=9.3 Hz, 1H), 4.54 (d, J=


5.1 Hz, 1H), 4.41 (s, 1H), 4.22–4.16 (m, 2H), 4.10 (dd, J=11.9, 1.5 Hz,
1H), 4.02 (d, J=10.3 Hz, 1H), 3.89 (d, J=6.1 Hz, 1H), 3.82 (t, J=4.3 Hz,
1H), 3.52 (s, 3H), 3.37 (m, 2H), 2.95 (dd, J=17.4, 6.7 Hz, 1H), 2.85 (dd,
J=17.3, 3.0 Hz, 1H), 2.12–1.93 (m, 4H), 1.93 (s, 3H), 1.58–1.56 (m, 6H),
1.29 (d, J=6.8 Hz, 3H), 1.25 (d, J=7.0 Hz, 3H), 1.20 (d, J=6.8 Hz, 3H),
1.17 (t, J=8.1 Hz, 9H), 1.07 (d, J=6.5 Hz, 3H), 1.08–1.06 (m, 3H), 1.07
(s, 9H), 1.05 (s, 9H), 1.03 (s, 9H), 0.97 (s, 9H), 0.79 (q, J=8.0 Hz, 6H),
0.40 (s, 3H), 0.31 (s, 3H), 0.27 (s, 3H), 0.20 (s, 9H), 0.10 (s, 3H),
0.07 ppm (s, 3H); 13C NMR (100 MHz, C6D6): d = 207.5 (s), 172.3 (s),
141.6 (s), 135.0 (d), 134.5 (d), 133.6 (s), 128.1 (d), 123.1 (d), 83.1 (d), 81.8
(d), 81.6 (d), 74.7 (d), 74.3 (d), 73.7 (d), 72.1 (d), 63.3 (t), 59.8 (q), 47.2
(d), 46.8 (t), 44.8 (d), 41.6 (d), 41.3 (d), 40.8 (d), 30.9 (d), 26.8 (q, 3C),
26.3 (q, 3C), 26.2 (q, 3C), 26.0 (q, 3C), 21.1 (q), 18.8 (s), 18.8 (s), 18.6


(s), 18.3 (s), 16.7 (q), 13.2 (q), 12.2 (q), 11.4 (q), 11.3 (q, 2C), 8.9 (q), 7.7
(q, 3C), 6.5 (t, 3C), �3.5 (q), �3.6 (q), �3.9 (q), �4.1 (q), �4.1 (q), �4.5
(q), �4.6 (q), �4.9 ppm (q); IR (ATR): ñ = 3491 (br, w), 2955 (s), 2930
(s), 2884 (m), 2858 (s), 1753 (m), 1718 (m), 1463 (m), 1409 (w), 1383 (m),
1362 (m), 1252 (s), 1104 (s), 1042 (s), 1005 (s), 938 (w), 836 (ss), 776 (ss),
726 (m), 673 cm�1 (w); HRMS (LC-MS): m/z : calcd for C64H124O10NaSi5:
1191.7939 [M+Na]+ , found 1191.7937.


(1’S,2’E,3R,4S,4’S,5S,5’Z,6R,7S,8R,9E,11S,14S,15R,17R)-3,8,14-Tris-(tert-
butyldimethylsilyloxy)-17-[1’-(tert-butyldimethylsilyloxy)-2’,4’-dimethyl-
hepta-2’,5’-dienyl]-4-methoxy-5,7,9,11,15-pentamethyl-6-triethylsilyloxy-
oxacyclooctadec-9-ene-2,12,16-trione (47): Dess–Martin-periodinane
(40 mg, 94 mmol, 5 equiv) was added to a stirred solution of alcohol 46
(22.0 mg, 18.8 mmol) in CH2Cl2 (2 mL). After 2 h an additional portion of
Dess–Martin-periodinane (40 mg, 94 mmol, 5 equiv) was added and stir-
ring of the suspension was continued for 4 h. If the reaction showed no
complete conversion the reaction time could be prolonged. The reaction
was quenched by addition of sat. NaHCO3 solution and Na2S2O3 (0.10 g)
and stirring was continued until the turbid organic layer became clear.
The organic layer was diluted with CH2Cl2 and separated. The aqueous
layer was extracted with CH2Cl2. The combined organic layers were
dried over MgSO4, filtered and concentrated under vacuum. After purifi-
cation via column chromatography (hexane/CH2Cl2 2:1) diketone 47 was
obtained as a colorless oil (14.1 mg, 12.1 mmol, 64%). [a]25D =++48.7 (c=


0.86, CHCl3);
1H NMR (400 MHz, C6D6): d = 5.43–5.34 (m, 2H), 5.22


(ddq, J=10.4, 9.0, 1.5 Hz, 1H), 5.09 (d, J=9.2 Hz, 1H), 4.79 (dd, J=10.2,
5.5 Hz, 1H), 4.55 (d, J=4.4 Hz, 1H), 4.37 (d, J=9.6 Hz, 1H), 4.34 (dd,
J=11.1, 3.9 Hz, 1H), 4.08 (t, J=10.9 Hz, 1H), 3.97 (d, J=9.9 Hz, 1H),
3.77 (d, J=2.4 Hz, 1H), 3.63–3.55 (m, 2H), 3.50–3.41 (m, 1H), 3.44 (s,
3H), 3.34 (m, 1H), 3.19 (m, 1H), 2.86 (dd, J=16.2, 4.3 Hz, 1H), 2.71 (dd,
J=16.2, 6.0 Hz, 1H), 1.94 (m, 1H), 1.87 (m, 1H), 1.76 (s, 3H), 1.72 (s,
3H), 1.60 (dd, J=6.8, 1.7 Hz, 3H), 1.45 (d, J=7.5 Hz, 3H), 1.25–1.20 (m,
9H), 1.11 (t, J=7.9 Hz, 9H), 1.06 (s, 9H), 1.06 (s, 9H), 1.01 (s, 9H), 0.97
(d, J=6.8 Hz, 3H), 0.96 (s, 9H), 0.78 (q, J=8.0 Hz, 6H), 0.36 (s, 3H),
0.30 (s, 3H), 0.25 (s, 3H), 0.17 (s, 6H), 0.13 (s, 3H), 0.07 (s, 3H),
0.06 ppm (s, 3H); 13C NMR (100 MHz, C6D6): d = 213.2 (s), 208.0 (s),
172.0 (s), 141.3 (s), 134.7 (d), 134.6 (d), 132.8 (s), 128.0 (d), 123.1 (d), 84.5
(d), 82.0 (d), 78.8 (d), 75.4 (d), 73.4 (d), 69.2 (d), 65.5 (t), 60.6 (q), 55.3
(d), 53.6 (d), 47.9 (d), 46.7 (d), 43.9 (d), 43.1 (d), 30.7 (d), 26.6 (q, 3C),
26.4 (q, 3C), 26.3 (q, 3C), 26.2 (q, 3C), 20.7 (q), 18.9 (s), 18.7 (s), 18.6
(s), 18.5 (s), 16.2 (q, C-14), 13.3 (q), 12.4 (q), 12.1 (q), 11.9 (q), 10.9 (q),
10.1 (q), 7.7 (q, 3C), 6.5 (t, 3C), �3.6 (q), �3.8 (q), �3.9 (q), �4.0 (q),
�4.2 (q), �4.3 (q), �4.4 (q), �4.6 ppm (q); IR (ATR): ñ = 2955 (s), 2930
(s), 2884 (m), 2858 (m), 1742 (w), 1716 (m), 1462 (m), 1388 (w), 1361
(w), 1252 (s), 1147 (m), 1099 (s), 1062 (s), 1005 (s), 836 (ss), 776 (ss),
730 cm�1 (m); HRMS (LC-MS): m/z : calcd for C62H122O10NaSi5:
1189.7782 [M+Na]+ , found 1189.7788.


(1’S,2’E,3R,4S,4’S,5R,5’Z,6R,7S,8R,9E,11S,14S,15R,17R)-3,8,14-Tris-(tert-
butyldimethylsilyloxy)-17-[1’-(tert-butyldimethylsilyloxy)-2’,4’-dimethyl-
hepta-2’,5’-dienyl]-6-hydroxy-4-methoxy-5,7,9,11,15-pentamethyloxacy-
clooctadec-9-ene-2,12,16-trione (48): TES ether 47 (14.1 mg, 12.1 mmol)
was dissolved in a mixture of MeOH (1.5 mL) and CH2Cl2 (0.3 mL).
Then PPTS (5 mg) was added and the clear solution was stirred at RT for
16 h. Under continued stirring sat. NaHCO3 solution was carefully added
and the organic layer was diluted with CH2Cl2 and separated. The aque-
ous layer was washed with CH2Cl2 and the combined organic layers were
dried over MgSO4 and filtered. After concentration under vacuum purifi-
cation was performed via column chromatography (hexane/ethyl acetate
25:1) to provide alcohol 48 (8.4 mg, 8.0 mmol, 67%) as a colorless oil.
[a]25D =++111.6 (c=0.58, CHCl3);


1H NMR (400 MHz, C6D6): d = 5.43
(dq, J=10.4, 6.8 Hz, 1H), 5.25 (ddq, J=10.7, 9.0, 1.7 Hz, 1H), 5.15 (d,
J=10.2 Hz, 1H), 5.13 (d, J=9.0 Hz, 1H), 4.76 (ddd, J=7.6, 5.2, 3.9 Hz,
1H), 4.46 (dd, J=10.6, 3.6 Hz, 1H), 4.44 (d, J=6.0 Hz, 1H), 4.36 (d, J=


9.5 Hz, 1H), 4.00 (t, J=11.1 Hz, 1H), 3.91 (d, J=9.8 Hz, 1H), 3.74 (t, J=


1.6 Hz, 1H), 3.62 (t, J=5.5 Hz, 1H), 3.56 (ddd, J=11.0, 9.9, 3.6 Hz, 1H),
3.49–3.42 (m, 1H), 3.44 (s, 3H), 3.39–3.25 (m, 2H), 2.88 (dd, J=16.0,
3.8 Hz, 1H), 2.61 (dd, J=16.0, 5.5 Hz, 1H), 2.12 (d, J=3.8 Hz, 1H),
1.76–1.69 (m, 2H), 1.72 (d, J=0.9 Hz, 3H), 1.65–1.61 (m, 6H), 1.41 (d,
J=7.3 Hz, 3H), 1.24 (d, J=6.8 Hz, 3H), 1.22 (d, J=6.7 Hz, 3H), 1.15 (d,
J=7.0 Hz, 3H), 1.03 (s, 18H), 0.99–0.96 (m, 3H), 0.98 (s, 9H), 0.94 (s,
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9H), 0.31 (s, 3H), 0.28 (s, 3H), 0.24 (s, 3H), 0.18 (s, 3H), 0.09 (s, 3H),
0.06 (s, 3H), 0.03 (s, 3H), �0.03 ppm (s, 3H); 13C NMR (100 MHz,
C6D6): d = 213.5 (s), 207.8 (s), 171.1 (s), 140.5 (s), 134.9 (d), 134.5 (d),
132.6 (s), 128.2 (d), 123.4 (d), 87.6 (d), 83.1 (d), 78.5 (d), 75.9 (d), 72.5
(d), 71.2 (d), 64.9 (t), 61.0 (q), 56.3 (d), 54.0 (d), 49.4 (t), 46.6 (d), 43.6
(d), 40.9 (d), 30.7 (d), 26.5 (q, 3C), 26.2 (q, 3C), 26.1 (q, 6C), 20.8 (q),
18.7 (s), 18.6 (s), 18.5 (s), 18.4 (s), 15.2 (q), 14.2 (q), 13.3 (q), 11.5 (q),
11.3 (q), 10.8 (q), 8.8 (q), �3.6 (q), �4.1 (q), �4.2 (q), �4.2 (q), �4.3 (q),
�4.5 (q), �4.5 (q), �4.8 ppm (q); IR ACHTUNGTRENNUNG(ATR): ñ = 3548 (br, w), 2956 (s),
2930 (s), 2857 (s), 1747 (w), 1716 (m), 1463 (m), 1389 (w), 1361 (w), 1253
(s), 1150 (m), 1065 (s), 1004 (s), 836 (ss), 777 cm�1 (ss); HRMS (LC-MS):
m/z : calcd for C56H108O10NaSi4: 1075.6917 [M+Na]+ , found 1075.6929.


(1’S,2’E,3R,4S,4’S,5S,5’Z,7R,8R,9E,11S,14S,15R,17R)-(3,8,14-Tris-(tert-
butyldimethylsilyloxy)-17-[1’-(tert-butyldimethylsilyloxy)-2’,4’-dimethyl-
hepta-2’,5’-dienyl]-4-methoxy-5,7,9,11,15-pentamethyloxacyclooctadec-9-
ene-2,6,12,16-tetraone (6): The Dess–Martin-reagent (20 mg, 47 mmol)
was added to a stirred solution of alcohol 48 (6.0 mg, 5.7 mmol) in CH2Cl2
(1.5 mL). After stirring for 30 min at RT the oxidation was completed
and sat. NaHCO3 solution and Na2S2O3 (0.10 g) were added. Stirring was
continued until the organic layer became clear. Then the organic layer
was diluted with CH2Cl2 and separated. The aqueous layer was extracted
with CH2Cl2. The combined organic layers were dried over MgSO4, fil-
tered and concentrated under vacuum. After purification via column
chromatography (hexane/ethyl acetate 25:1) triketone 6 (5.5 mg,
5.2 mmol, 91%) was obtained as a colorless oil. [a]25D =++111.6 (c=0.58,
CHCl3);


1H NMR (400 MHz, C6D6): d = 5.39 (dq, J=10.8, 6.7 Hz, 1H),
5.32 (dd, J=9.7, 0.5 Hz, 1H), 5.21 (ddq, J=10.6, 8.9, 1.7 Hz, 1H), 5.02
(d, J=9.6 Hz, 1H), 4.92 (q, J=5.0 Hz, 1H), 4.50 (t, J=11.1 Hz, 1H), 4.30
(d, J=4.1 Hz, 1H), 4.22–4.17 (m, 2H), 4.04–3.99 (m, 2H), 3.79 (ddd, J=


11.3, 9.9, 3.1 Hz, 1H), 3.47 (s, 3H), 3.37 (dq, J=7.1, 5.5 Hz, 1H), 3.28 (m,
1H), 3.20–3.09 (m, 2H), 2.99 (dq, J=6.8, 6.7 Hz, 1H), 2.76 (dd, J=18.3,
4.3 Hz, 1H), 2.61 (dd, J=18.1, 5.5 Hz, 1H), 1.68 (d, J=1.0 Hz, 3H), 1.59
(d, J=0.7 Hz, 3H), 1.57 (dd, J=6.8, 1.7 Hz, 3H), 1.30 (d, J=6.8 Hz, 3H),
1.28 (d, J=6.8 Hz, 3H), 1.23 (d, J=6.8 Hz, 3H), 1.15 (d, J=6.8 Hz, 3H),
1.12 (s, 9H), 1.11 (s, 9H), 0.96–0.91 (m, 3H), 0.94 (s, 18H), 0.40 (s, 3H),
0.39 (s, 3H), 0.38 (s, 3H), 0.33 (s, 3H), 0.06 (s, 3H), 0.08 (s, 3H), �0.01
(s, 3H), �0.07 ppm (s, 3H); 13C NMR (100 MHz, C6D6): d = 213.7 (s),
213.5 (s), 208.1 (s), 171.3 (s), 138.1 (s), 134.7 (d), 134.5 (d), 132.8 (s),
129.3 (d), 123.1 (d), 82.3 (d), 80.8 (d), 79.3 (d), 75.9 (d), 70.4 (d), 65.2 (t),
60.7 (q), 55.8 (d), 54.1 (d), 50.0 (d), 48.9 (d), 47.8 (t), 46.5 (d), 30.7 (d),
26.7 (q, 3C), 26.5 (q, 3C), 26.1 (q, 3C), 26.0 (q, 3C), 20.7 (q), 19.2 (s),
18.8 (s), 18.4 (s), 18.4 (s), 15.5 (q), 15.3 (q), 13.4 (q), 13.3 (q), 12.9 (q),
11.0 (q), 10.7 (q), �3.3 (q), �3.8 (q), �4.0 (q), �4.2 (q), �4.2 (q), �4.6
(q), �4–6 (q), �5.0 ppm (q); IR (ATR): ñ = 2956 (s), 2930 (s), 2896 (m),
2857 (s), 1761 (m), 1708 (s), 1462 (m), 1389 (w), 1362 (w), 1253 (s), 1162
(s), 1102 (m), 1068 (ss), 1004 (s), 885 (w), 837 (ss), 777 (ss), 719 cm�1 (w);
HRMS (LC-MS): m/z : calcd for C56H106O10NaSi4: 1073.6761 [M+Na]+ ,
found 1073.6721.


(1’S,2’E,3R,4S,4’S,5S,5’Z,7R,8R,9E,11S,14S,15R,17R)-3,8,14-Trihydroxy-
17-(1’-hydroxy-2’,4’-dimethylhepta-2’,5’-dienyl)-4-methoxy-5,7,9,11,15-
pentamethyloxacyclooctadec-9-ene-2,6,12,16-tetraone (49): HF·NEt3
(1.1 mL) was added followed by triethylamine (1.2 mL) to a solution of
triketone 6 (10.8 mg, 10.3 mmol) in dry acetonitrile (2.5 mL) in a Nalgene
vessel. Stirring was continued for 5 d at RT. After this period the reaction
mixture was diluted with ethyl acetate and carefully transferred into sat.
NaHCO3 solution. The organic layer was separated and the aqueous
layer was extracted with ethyl acetate. The combined organic layers were
dried over MgSO4, filtered and concentrated under vacuum. Purification
via column chromatography (CH2Cl2/methanol 20:1) yielded completely
deprotected macrolactone 49 (2.1 mg, 3.5 mmol, 32%) as a colorless oil
and a partially deprotected macrolactone with one remaining TBS group
(2.3 mg, 3.2 mmol, 30%). [a]25D =++72.3 (c=0.16, CHCl3);


1H NMR
(400 MHz, C6D6): d = 5.52 (dd, J=9.5, 0.9 Hz, 1H), 5.35 (dq, J=10.4,
6.9 Hz, 1H), 5.20 (ddq, J=10.7, 9.0, 1.6 Hz, 1H), 5.02 (d, J=9.2 Hz, 1H),
4.52 (m, 1H), 4.43 (t, J=11.2 Hz, 1H), 4.14 (dd, J=10.5, 4.0 Hz, 1H),
3.97 (dd, J=9.0, 1.4 Hz, 1H), 3.97–3.93 (m, 1H), 3.92 (dd, J=9.3, 3.6 Hz,
1H), 3.75 (dd, J=9.1, 1.4 Hz, 1H), 3.67 (ddd, J=11.7, 9.1, 4.0 Hz, 1H),
3.44 (d, J=3.6 Hz, 1H), 3.28 (m, 1H), 3.16–3.07 (m, 1H), 3.12 (s, 3H),
3.04 (dq, J=9.3, 7.0 Hz, 1H), 2.95 (dq, J=8.8, 7.3 Hz, 1H), 2.92 (dq, J=


10.0, 7.0 Hz, 1H), 2.78 (d, J=9.2 Hz, 1H), 2.64 (dd, J=17.4, 9.4 Hz, 1H),
2.94 (dd, J=17.4, 2.6 Hz, 1H), 1.60 (d, J=1.0 Hz, 3H), 1.55 (dd, J=6.8,
1.6 Hz, 3H), 1.49 (d, J=1.1 Hz, 3H), 1.27 (d, J=7.0 Hz, 3H), 1.17 (d, J=


6.9 Hz, 3H), 1.00 (d, J=7.2 Hz, 3H), 0.98 (d, J=7.0 Hz, 3H), 0.95 ppm
(d, J=6.8 Hz, 3H); 13C NMR (125 MHz, C6D6): d = 215.2 (s), 214.4 (s),
212.2 (s), 172.2 (s), 137.3 (s), 134.7 (d), 133.9 (d), 133.3 (s), 129.3 (d),
122.8 (d), 84.0 (d), 79.4 (d), 78.0 (d), 71.6 (d), 69.1 (d), 65.6 (t), 60.3 (q),
54.0 (d), 52.9 (d), 50.1 (d), 48.4 (d), 45.8 (t), 45.6 (d), 30.7 (d), 21.3 (q),
16.6 (q), 15.4 (q), 14.6 (q), 13.2 (q), 11.8 (q), 10.8 (q), 10.2 ppm (q); IR
(ATR): ñ = 3467 (br s), 2957 (s), 2924 (ss), 2854 (s), 1739 (s), 1707 (ss),
1458 (s), 1376 (m), 1273 (s), 1203 (w), 1123 (m), 1084 (m), 995 (m), 860
(w), 722 cm�1 (w); HRMS (LC-MS): m/z : calcd for C32H50O10Na:
617.3302 [M+Na]+ , found 617.3306.


(+)-Tedanolide (1): NaHCO3 (1.0 mg) and mCPBA (0.7 mg, 4.2 mmol)
were added to a cooled solution (�40 8C) of completely deprotected mac-
rolactone 49 (2.1 mg, 3.5 mmol) in CH2Cl2 (0.4 mL). After 24 h the tem-
perature was raised to �30 8C and an additional equivalent of mCPBA
(0.6 mg, 3.5 mmol) was added. The reaction progress was monitored by
reversed phase TLC (RP-18 F254S, MeOH/H2O 3:1) and showed complete
consumption of all starting material after 2–3 d. The reaction mixture
was diluted with CH2Cl2 and then transferred into sat. NaHCO3 solution.
The organic layer was separated and the aqueous layer was extracted
with CH2Cl2. After drying over MgSO4 the solution was filtered and con-
centrated under vacuum. Purification via column chromatography
(hexane/ethyl acetate 1:1) gave (+)-tedanolide (1) (0.6 mg, 1.0 mmol,
28%) as a colorless oil. [a]25D =++14.0 (c=0.05, CHCl3);


1H NMR
(400 MHz, CDCl3): d = 5.47 (dd, J=8.5, 1.0 Hz, 1H), 5.46 (dq, J=10.8,
6.8 Hz, 1H), 5.23 (ddq, J=10.6, 10.4, 1.7 Hz, 1H), 4.31 (m, 1H), 4.26 (dd,
J=10.6, 4.1 Hz, 1H), 4.12 (t, J=11.1 Hz, 1H), 4.11 (dd, J=7.5, 1.0 Hz,
1H), 3.89 (dd, J=7.9, 0.7 Hz, 1H), 3.68 (dd, J=8.5, 1.4 Hz, 1H), 3.54
(ddd, J=11.6, 9.4, 3.9 Hz, 1H), 3.44–3.37 (m, 1H), 3.30 (s, 3H), 3.24 (dd,
J=9.4, 3.6 Hz, 1H), 3.07–3.00 (m, 3H), 2.76 (d, J=8.5 Hz, 1H), 2.61 (d,
J=9.2 Hz, 1H), 2.57 (dd, J=16.7, 9.2 Hz, 1H), 2.47 (dd, J=17.0, 3.1 Hz,
1H), 2.48–2.40 (m, 1H), 2.14 (d, J=4.1 Hz, 1H), 1.62 (d, J=1.4 Hz, 3H),
1.61 (dd, J=8.2, 1.4 Hz, 3H), 1.39 (s, 3H), 1.28 (d, J=7.2 Hz, 3H), 1.23
(d, J=7.2 Hz, 3H), 1.12 (d, J=6.5 Hz, 3H), 1.11 (d, J=7.2 Hz, 3H),
1.09 ppm (d, J=7.2 Hz, 3H); 13C NMR (125 MHz, CDCl3): d = 215.6
(s), 214.2 (s), 212.8 (s), 171.4 (s), 136.3 (s), 130.0 (d), 129.3 (s), 125.2 (d),
83.0 (d), 79.6 (d), 77.0 (d), 71.2 (d), 68.3 (d), 66.7 (d), 63.9 (t), 62.8 (s),
60.5 (q), 53.3 (d), 52.0 (d), 49.6 (d), 48.3 (d), 45.5 (d), 44.8 (t), 31.1 (d),
18.5 (q), 16.6 (q), 15.3 (q), 14.3 (q), 13.4 (q), 11.4 (q), 10.6 (q), 10.2 ppm
(q); HRMS (LC-MS): m/z : calcd for C32H50O11Na: 633.3251 [M+Na]+ ,
found 633.3244.
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Reaction Mechanism of Apocarotenoid Oxygenase (ACO): A DFT Study


Tomasz Borowski,*[a] Margareta R. A. Blomberg,[b] and Per E. M. Siegbahn[b]


Introduction


Carotenoids are natural fat-soluble pigments found in nu-
merous fruits and vegetables, and play multiple protective
and regulatory roles in plant and animal physiology.[1,2] For
example, b-carotene is used by animals as a precursor of vi-
tamin A, which is indispensable for growth, embryonal de-
velopment, and visual function. Retinal (vitamin A), like
some other biologically important compounds, belongs to a
group of apocarotenoids that are synthesized from the


parent carotenoids by the oxidative cleavage reaction cata-
lyzed by a family of iron-dependent enzymes.[1,3] Existence
of specific carotenoid oxygenases was postulated as early as
1965,[4] however, the identification of the first member of
this group, named VP14, was accomplished first in 1997.[5]


VP14 is a plant enzyme responsible for the oxidative cleav-
age of 9-cis-violaxanthin (Scheme 1A), the first step in the
biosynthesis of abscisic acid, a plant-growth regulator.
In animals, two kinds of b-carotene oxygenases have been


identified. First, b-carotene 15,15’-dioxygenase (b-CD) that
catalyzes the symmetric cleavage of b-carotene into two
molecules of retinal (Scheme 1B), was identified in Droso-
phila melanogaster, mouse, and chicken.[6–9] Second, an
enzyme responsible for an asymmetric cleavage of b-caro-
tene to b-apo-10’-carotenal and b-ionone (b-carotene 9’,10’-
dioxygenase, Scheme 1C) was found in mouse.[10] Carotenoid
oxygenase was also identified in cyanobacterium Synecho-
cystis sp. PCC 6803, however, this retinal synthesizing
enzyme (apocarotenoid oxygenase, ACO) converts b-apo-
carotenalsACHTUNGTRENNUNG(ols) and not b-carotene (Scheme 1D).[11] Further
information concerning biological and commercial roles of
carotenoid cleavage enzymes and products can be found in
recent reviews.[1,3, 12–14]


With respect to the mechanism of the reaction catalyzed
by carotenoid oxygenases, monooxygenase and dioxygenase
mechanisms were proposed based on interpretations of
oxygen-labeling experiments. In the study utilizing b-CD
from chicken intestinal mucosa, the products of the enzy-


Abstract: The mechanism of the oxida-
tive cleavage catalyzed by apocarote-
noid oxygenase (ACO) was studied by
using a quantum chemical (DFT:
B3LYP) method. Based on the avail-
able crystal structure, relatively large
models of the unusual active-site
region, in which a ferrous ion is coordi-
nated by four histidines and no nega-
tively charged ligand, were selected
and used in the computational investi-
gation of the reaction mechanism. The
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motes one-electron oxidation of carote-
noid leading to a substrate radical
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different ways, yields a reactive peroxo
species that subsequently evolves into
either a dioxetane or an epoxide inter-
mediate. The former easily decays into
the final aldehyde products, whereas
the oxidation of the epoxide to the
proper products of the reaction re-
quires involvement of a water mole-
cule. The calculated activation barriers
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matic reaction contained almost equal quantities of oxygen
derived from O2 and H2O, and this result was interpreted as
evidence for a monooxygenase mechanism.[15] In the first
step of the proposed mechanism, an epoxide is formed with
an involvement of the O2-derived oxygen (Scheme 2).


Then, in an unselective ring opening, the epoxide reacts
with water yielding a diol intermediate, which is finally oxi-
datively cleaved to the aldehyde products. The second study


used a plant oxygenase (AtCCD1 from Arabidopsis thali-
ana) catalyzing an excentric cleavage of apocarotenoids.[16]


In this case, 96% of the ketone (b-ionone) and 27% of the
aldehyde product was labeled with O2-derived oxygen.
Moreover, it was shown that under the experimental condi-
tions, aldehyde oxygen readily exchanges with water, and
thus, it was claimed that the lower level of the label detected
for the aldehyde product is due to such an exchange reac-
tion. These results were proposed to support a dioxygenase
reaction mechanism (Scheme 2), in which O2 adds to the
double bond forming a dioxetane intermediate, which subse-
quently decays to the products. Notably, both of these iso-
tope-labeling experiments have been claimed to be not
100% conclusive.[12]


ACO is the only enzyme from the family of carotenoid
oxygenases for which the structural data is currently avail-
able.[17] The crystal structure of the ACO–FeII-substrate
((3R)-3-hydroxy-8’-apo-b-carotenol) complex, at 2.4 J reso-
lution, reveals that the ferrous ion is bound by four histi-
dines and one water molecule (Figure 1).
Notably, such a coordination, in which protein provides


only histidines to coordinate the ferrous ion, is very rare.
Three of these histidines hydrogen-bond with second-shell
glutamates. The sixth coordination site (trans to His304) re-
mains unoccupied, and it was suggested that this accommo-
dates one oxygen atom of the O2 molecule when it binds to
the active site. Moreover, it was argued that this site is not
suitable for a water molecule, because it is lined by the hy-
drophobic methyl group of Thr136. Most of the substrate
molecule, its central part, is visible in the X-ray structure,
and it is bound in the extended hydrophobic tunnel passing
the FeII ion. Interestingly, the all-trans substrate changes its


Scheme 1. Reactions catalyzed by selected carotenoid oxygenases.


Scheme 2. Two reaction mechanisms proposed for carotenoid oxygenases.
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configuration to cis at the two double bonds (C13=C14 and
C13’=C14’) flanking the central bond (C15’=C15), which is
cleaved by ACO. Based on this structure, it was proposed
that dioxygen displaces the water ligand and binds to the
ferrous ion side-on occupying the positions trans to His183
and His304. The distance be-
tween the water ligand and the
C15 or C15’ atom of the sub-
strate is around 3.2 J, and thus,
the oxygen atom replacing this
water would be in a suitable
place for an attack on the sub-
strate.
This report describes a com-


putational study undertaken
with the hope to provide new
insights into the reaction mech-
anism of the oxidative cleavage
of carotenoids. The computa-
tional model was based on the
available crystal structure of
ACO, and the results suggest
that mechanisms involving an
epoxide or a dioxetane inter-
mediate have comparable rate-
limiting barriers. Thus, it is
quite plausible that subtle dif-
ferences in the architecture of
the active sites could fine-tune
the reaction energetics, so that
one or the other mechanism is
favored by a given carotenoid
oxygenase. For example, in
ACO the presence of the hy-
drophobic side chain of Thr136
probably favors the side-on
binding of dioxygen and the di-
oxetane mechanism.


Computational Details


Quantum chemical models of the active-site region in the ACO–FeII-sub-
strate complex were based on the available crystal structure (PDB code:
2BIW). Two models were used, one with a water molecule coordinated
to iron (model 1), and the second, without this ligand (model 2). In all
other respects the two models are equivalent. The four histidines coordi-
nated to iron (His183, His238, His304, and His484) were modeled with
methylimidazoles, whereas the second-shell glutamates (Glu150 and
Glu370), that hydrogen-bond to His238 and His304, were replaced with
acetates. Glu426, which hydrogen-bonds with His484, also forms a salt
bridge with Arg52. For this reason, it is considered to be much less basic
than Glu150 and Glu370, and thus, it was not included in the models. For
the substrate molecule, the whole methyl-substituted p-conjugated
system was included in the models, and only the saturated part of the
ionone ring was replaced with two methyl groups. The models consist of
126 or 129 atoms, excluding dioxygen, their total charge is 0, and the spin
state is quintet (high-spin FeII). Positions of several atoms, marked with
asterisks in Figure 2, were constrained to their coordinates from the crys-
tal structure.


All quantum chemical calculations employing these models were per-
formed with hybrid DFT. The B3LYP exchange-correlation functional in
the Jaguar and Gaussian03 programs was used.[18–21] Geometry optimiza-
tions were done with a valence double-zeta basis set coupled with an ef-


Figure 1. Close-up view of the active-site region in the ACO crystal struc-
ture (2BIW).


Figure 2. Optimized structures for the two models of the active-site region in the ACO–FeII-substrate complex.
Spin populations are in italics, atoms marked with asterisks were constrained to their positions in the crystal
structure.
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fective core potential describing the innermost electrons on iron. This
particular basis set is labeled lacvp in Jaguar, and like in our previous
studies, the same basis set was used in optimizations performed with
Gaussian03. For the optimized structures, the electronic energy was com-
puted with a bigger basis set of triple-zeta quality with polarization func-
tions on all atoms except iron (lacv3p for iron and cc-pVTZ(�f) for the
other atoms).


Due to the size of the system, in most cases only approximate transition
structures (TS) were optimized. This was accomplished in the following
way: for selected approximate reaction coordinates (interatomic distan-
ces) relaxed scans were performed with a step of 0.1 J for bonds not in-
volving hydrogens and 0.05 J for X–H distances. Once the maximum
energy point (approximate TS) was found, optimizations starting from
two points on both sides of the maximum were performed in order to
check if the TS found connects the right reactant and product. However,
for the rate-limiting step in a given mechanism or model the transition
state was fully optimized with Gaussian03, and the character of the sta-
tionary point was checked by a frequency analysis.


To reproduce the polarization effects of the enzyme environment, the
self-consistent reaction field implemented in Jaguar was employed.[22,23]


The solvent is modeled as a homogenous macroscopic continuum with di-
electric constant [e]=4.0 and the solute is placed in a cavity contained in
this continuous medium. The probe radius used to build the cavity was
1.4 J. Final energies of the optimized structures were corrected for sol-
vent effects by employing the B3LYP functional and the lacvp basis set.


The zero-energy level corresponds to the separate ACO–FeII-substrate
complex and O2 in their ground electronic state. Histidine ligands pro-
duce a weak ligand field,[24] which results in a high-spin (quintet, S=2)
ground state of the ACO–FeII-substrate complex, whereas dioxygen has a
triplet ground state. Here, a few comments should be made about the cal-
culated energetics of dioxygen binding. First, the energy profiles present-
ed in this contribution do not include entropy effects. Entropy effects are
expected to be very similar for all points except the starting point with a
free dioxygen. The additional entropy of this point should be around
10 kcalmol�1. When dioxygen becomes bound there is a compensating
effect that should be added to the energy curve. In contrast to accurate
calculations and experiments, experience has shown that the electronic-
structure method employed in this study has a tendency to underestimate
the enthalpy of binding of dioxygen and other small molecules.[25] An ad-
ditional effect comes from protein restrain and van der Waals interac-
tions.[26,27] For simplicity, we have assumed that entropy and these other
additional effects essentially cancel each other out, which is why entropy
has not been included in the figures. For a more detailed discussion of
the accuracy of the computational methodology employed in this work,
the Reader is referred to recent reviews.[28,29]


For the two models (model 1 and 2) separate zero-energy levels were
used, which means that a sum of energies calculated for 1 and O2 is the
zero level for model 1, whereas for model 2 a sum of energies of 13 and
O2 is the reference (zero) point. Thus, it is assumed that the reactants of
the two models (species 1 and 13) have equal stabilities, which is to a
good approximation true, because the calculated energy for the reaction:
1!13+H2O is only +0.7 kcalmol�1.


Results and Discussion


Here, the results obtained with model 1, in which the water
ligand is coordinated to iron, are presented and discussed
first. The data obtained for model 2 is described in less
detail, because the two models gave rather similar results.


Model 1


Binding of dioxygen : The structure of the optimized model
for the ACO–FeII–H2O-substrate complex 1 is presented in


Figure 2A. In this structure the electronic state of the fer-
rous ion is a high-spin (quintet, S=2) state, whereas the
electronic configuration of the apocarotenoid is a closed-
shell singlet, as can be deduced from the calculated atomic
spin populations. Because in this model the water ligand is
retained when dioxygen binds, two modes of O2 binding can
be envisioned. First, in species 2 the water molecule is shift-
ed to the position trans to His304, and dioxygen binds in an
end-on fashion at the site trans to His183, that is, the site
originally occupied by water (Figure 3A). Second, the water
molecule remains at its original site and O2 binds trans to
His304 (species II shown in Figure S3A). In the first binding
mode dioxygen is positioned close to the carotenoid sub-
strate, and such an arrangement leads to mechanisms with
low activation barriers. On the other hand, binding of O2


trans to His304 is energetically less favorable and it also
leads to larger separation between the carotenoid and the
dioxygen ligand.
Binding of O2 trans to His183 affords a complex that fea-


tures a short hydrogen bond between the distal oxygen
atom and the water ligand, and an O–O distance typical for
a superoxide group (Figure 3A). These geometrical charac-
teristics are paralleled by the atomic spin populations show-
ing that already in the septet spin state (structure not
shown), which is directly available for the ground-state reac-
tants, binding of dioxygen promotes one-electron oxidation
of carotenoid to a radical cation (carC+). The gross spin pop-
ulation for the main-chain carbon atoms of the carotenoid
substrate is 0.9, whereas for the O2 ligand it is 1.1. The cal-
culated energy of this septet complex is +1.8 kcalmol�1.
Changing the spin orientation, form alpha to beta, of the un-
paired electron on carC+ leads to a quintet complex, with
energy of +1.4 kcalmol�1, and gross spin populations on
carC+ and O2 of �1.0 and +1.0, respectively (Figure 3A).
This antiparallel spin arrangement of the unpaired electrons
on carC+ and O2 will facilitate formation of a bond between
the two radicals. Besides the proper spin polarization, also
the geometrical structure of 2 suggests that the progress of
the catalytic reaction should be relatively straightforward. It
can be noticed in Figure 3A that the distances between the
distal (O2) and proximal (O1) atoms of O2 and C15’ are
2.99 and 3.12 J, respectively, and O2 is only 1.52 J away
from the hydrogen of the water molecule. Reaction mecha-
nisms taking advantage of these close contacts are described
below.


Dioxetane mechanism : The most straightforward mecha-
nism for carotenoid cleavage starts from the quintet com-
plex 2 and involves an attack of the proximal oxygen atom
O1 on C15’ (Scheme 3, Figure 4).
The structure of the fully optimized transition state for


this process (TS1) is shown in Figure 5A and its energy is
15.9 kcalmol�1.
The bond lengths and spin populations reported in this


figure indicate that the attack of O1 on C15’ is accompanied
by an electron transfer from carC+ to the superoxide: relative
to 2, the total spin population decreased from �0.99 to
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�0.56 and from 1.1 to 0.48 for carC+ and O2, respectively,
whereas the O�O bond lengthened from 1.39 to 1.45 J.


In the rather unstable product afforded by this attack (3,
15.0 kcalmol�1), the bond length and the total spin popula-
tion for the O2 group is 1.52 J and 0.08, whereas the gross
spin population on the conjugated p system is only �0.26
(Figure S1A), which indicates that the transfer of an elec-
tron from carC+ to O2 is almost complete.
Importantly for the progress of the reaction, in 3 the dis-


tance between the distal oxygen O2 and C15 is only 3.00 J,
and decreasing it to 2.74 J gives TS2, that is, the transition
state for the formation of dioxetane (Figure S1B). The
energy of TS2 is 15.8 kcalmol�1, which is only 0.1 kcalmol�1


less than for TS1.
Closing the four-membered ring totally quenches the spin


populations on O2 and the carotenoid, and yields the dioxe-
tane intermediate (4, �0.3 kcalmol�1). One can notice in
Figure 5B that in 4, one oxygen atom of the dioxetane
group (O1) is in contact with the ferrous ion (distance of
2.31 J), whereas the second oxygen (O2) forms a hydrogen
bond with the water ligand. This FeII�O1 contact is catalyti-
cally relevant because in the first step of the decomposition
of the dioxetane the O�O bond is cleaved and the presence
of the metal ion facilitates this process by lowering the bar-
rier by 13.8 kcalmol�1. More specifically, for the isolated di-
oxetane intermediate derived from the apocarotenoid sub-
strate, O–O cleavage is homolytic and involves a barrier of
18.4 kcalmol�1. On the other hand, for the ACO active-site
model, the O–O cleavage is accompanied by an electron
transfer from iron to oxygen O1, which is reduced to the O�


anion coordinating FeIII, and this process reduces the barrier
from 18.4 to 4.6 kcalmol�1. The structure of the transition
state for the O�O bond cleavage (TS3, 4.3 kcalmol�1) is
presented in Figure S1C and demonstrates that a small spin
population on O1 and a short Fe–O1 distance are consistent
with the Fe!O1 electron transfer during the O�O bond
rapture.
Once the O�O bond is cleaved, an intermediate 5 is


formed (�20.7 kcalmol�1, Figure 5C) in which the distal
oxygen atom (O2) has a clear radical character. From the
calculated energy profile (Figure 4) it can be recognized that
5 is a very reactive species. A modest elongation of the
C15’�C15 bond, from 1.56 to 1.76 J, accompanied by an
energy increase of only 0.3 kcalmol�1, leads to transition
state TS4 (�20.4 kcalmol�1) for the final cleavage of the or-
ganic substrate into the aldehyde products (Figure S1D). In
this step a homolytic cleavage of the C15’�C15 bond is con-
certed with an electron transfer from the organic intermedi-
ate back to iron, which recovers the FeII catalyst previously
oxidized to FeIII during the O�O bond cleavage step. The
product complex (6, �82.9 kcalmol�1) features two closed-
shell aldehyde molecules interacting with the ferrous ion,
one directly, and the second one through a hydrogen bond
with the water ligand (Figure 5D).
The initial steps of the mechanism described above can be


slightly modified by a proton transfer between the water
and O2 ligands (Scheme 3, Figure 4). Starting from the quin-
tet complex 2, a shift of a proton from the water ligand to
the distal oxygen atom O2 involves a small activation barri-


Figure 3. Optimized structures for the dioxygen-bound complexes in the
quintet spin state: A) end-on bound complex 2 (model 1), B) side-on
bound complex 14 (model 2), C) end-on bound complex 18 (model 2).
Distances in J are in bold, spin populations are in italics. Only the most
relevant part of the model is presented.
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er (3.8 kcalmol�1) and leads through TS5 (Figure S1E) to
intermediate 7 (0.5 kcalmol�1, Figure S1F). A substantial
spin population on HOO (0.47) indicates that the hydroper-
oxo ligand has a noticeable radical character. As for 2, in 7
the proximal oxygen atom O1 is suitably positioned for an
attack at C15’ (O1–C15’ distance of 2.95 J), but notably,
this reaction, leading through TS6 (Figure S1G, 11.8 kcal
mol�1), involves a markedly lower barrier (Figure 4). Also,
the product of the HOO transfer (8, 10.9 kcalmol�1) is more
stable than the unprotonated (on the O2 group) counterpart
(3, 15.0 kcalmol�1). To transform 8 (Figure S1H) into the di-


oxetane intermediate, the
proton has to be transfered
back form the OOH group to
the water-derived hydroxide,
and the C15�O2 bond has to be
formed. The exploration of the
potential-energy surface indi-
cates that the proton transfer
takes place first. Notably, no TS
was found for the proton trans-
fer, because during the scan of
the O–H distance the energy in-
creased slowly and monotoni-
cally until structure 3 was
reached. Thus, it is concluded
that 3 is not a stable intermedi-
ate, but rather a plateau on the
energy surface. Nevertheless,
once this structure is formed,
the variant of the dioxetane
mechanism involving a proton
shuttle converges back to the
original one. Importantly, from
the energy profile shown in
Figure 4 it follows that both


variants of the dioxetane mechanism feature comparable
rate-limiting barriers connected with TS1 (15.9 kcalmol�1)
and TS2 (15.8 kcalmol�1) for the mechanism not involving
and involving proton shuttle, respectively.
In addition to the proton transfers during the initial stages


of the dioxetane mechanism, also the final steps can be
modified in an analogous way (Scheme 3, Figure 4). Thus, in
the O-radical species 5 (Figure 5C), the distal oxygen atom
O2 forms a hydrogen bond with the water ligand, and a
proton transfer form the water to this oxygen is very easy. A


Scheme 3. Dioxetane reaction mechanism investigated for model 1.


Figure 4. Calculated energy profiles for the mechanisms investigated for model 1. Left: dioxetane mechanism, right: epoxide mechanism. For the dioxe-
tane mechanism, steps involving proton exchange between the H2O and O2 ligands are shown in small print.
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TS for this process was located (�22.6 kcalmol�1), but the
small activation energy calculated in vacuum (0.9 kcalmol�1)
is overcompensated by the negative solvent effect (�2.8 kcal
mol�1), and it is concluded that this reaction (5!9) is spon-
taneous. The product of the proton transfer (9, �33.7 kcal
mol�1) is a complex between the high-spin FeIII�OH form of
the active site and a monodeprotonated diol whose p system
is one-electron oxidized (Figure S1I). Concerted cleavage of
the C15’�C15 bond and a proton transfer back to the water-
derived OH ligand leads from 9 through TS7 (�23.2 kcal
mol�1, Figure S1J) to the final product complex 6.
Thus, the presence and the acid–base activity of the water


ligand slightly modifies the dioxetane mechanism, yet the
rate-limiting barrier connected with formation of the dioxe-
tane ring remains unaffected. This is in contrast to the criti-
cal role played by the water ligand in the epoxide mecha-
nism discussed below.


Epoxide mechanism : The mechanism involving the epoxide
intermediate starts from the quintet species 2 with an attack
of the distal oxygen O2 on C15’ (Scheme 4).
In 2 the distance between these two atoms is 2.99 J and


shortening it to 1.80 J leads to a transition state for the for-


mation of the peroxo bridge be-
tween Fe and C15’ (TS8,
8.1 kcalmol�1, Figure S2A).
Already for TS8 the total


spin population on the carote-
noid backbone is reduced to
�0.8, and it is �0.58 for the
product of this attack (10,
6.5 kcalmol�1, Figure 6A).
These numbers show that the
attack of the superoxide group
on C15’ is accompanied by a
partial oxidation of carC+ , so
that in 10 the C15 branch of the
carotenoid has a mixed radical/
carbocation character
(Scheme 4).
Important geometric features


of the peroxo-bridged inter-
mediate 10 are as follows: the
proximal oxygen O1 binds to
iron with a relatively short
bond (1.95 J), the distal
oxygen is only 2.44 J away
from the carbon C15, and the
C15-C15’-O2-O1 dihedral angle
is �1348. These metric charac-
teristics are important because
relatively small changes in their
values lead to the transition
state for the formation of the
epoxide intermediate (TS9,


16.6 kcalmol�1, Figure 6B). As can be noticed in the figure,
in TS9 the O�O bond is cleaved concertedly with closing
the epoxide ring and formation of the oxoferryl group. The
value of the C15-C15’-O2-O1 dihedral angle is �1518, which
means that the bonds cleaved (O�O) and formed (O�C15)
are nearly coplanar at the transition state. A similar ar-


Figure 5. Key structures for the dioxetane reaction mechanism investigated for model 1: A) transition state
TS1 for the attack of the proximal oxygen O1 on C15’, B) dioxetane intermediate 4, C) diolate radical inter-
mediate 5, D) product complex 6. Distances in J are in bold, spin populations are in italics. Only the most rel-
evant part of the model is presented.


Scheme 4. Epoxide reaction mechanism investigated for model 1.
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rangement was found previously for the Criegee rearrange-
ment, which is a key step in the reaction mechanism of in-
tradiol dioxygenases.[25]


In the epoxide intermediate (11, �8.5 kcalmol�1, Fig-
ure 6C) the carotenoid derivative has a closed-shell charac-
ter (null atomic spin populations), whereas the spin popula-
tions on the Fe=O group are typical for the quintet oxoferr-
yl species.[30] Notably, in 11 the epoxide oxygen atom hydro-
gen-bonds with the water ligand, which suggests that open-
ing of the epoxide ring could be facilitated by a proton
transfer from this water. Indeed, the cleavage of the C15’�O
bond is coupled to the proton transfer from the water
ligand. In the transition state for this reaction (TS10,
3.3 kcalmol�1, Figure S2B), the C15’–O2 distance is 1.98 J,
whereas the separation between O2 and the water-ligand hy-
drogen is only 1.43 J.
The product of this ring opening (12, �9.5 kcalmol�1, Fig-


ure 6D) is a hydrogen-bonded complex between a carote-
noid-derived carbocation species and a reactive oxoferryl
complex, and it is slightly more stable than the epoxide pre-
cursor. The distance between the oxo atom O1 and C15’ is


only 2.73 J, and by reducing it to 1.98 J a transition state
for the formation of the C15’�O1 bond is achieved (TS11,
�4.3 kcalmol�1, Figure S2C). This easy step thus leads to
the diolate species 9 (Scheme 4), also encountered in the
variant of the dioxetane mechanism involving a proton shut-
tle, and thus, the following steps of the epoxide mechanism
proceed as described in the previous subsection (dioxetane
mechanism).
Notably, in the epoxide intermediate 11 the oxo group is


rather close to the carotenoid, that is, the O1–C14’ distance
is only 2.86 J, and this opens the possibility for an incorpo-
ration of the oxygen across the C14’–C13’ double bond, a re-
action that might lead to products not observed for ACO.
This alternative reaction channel was investigated for model
2, and is discussed below.
Finally, the epoxide ring of 11 could be opened with the


participation of an external water molecule, which corre-
spond to the monooxygenase-type reaction previously pro-
posed (Scheme 2). This would most likely follow a general
acid-/general base-catalyzed mechanism analogous to that
proposed for the limonene-1,2-epoxide hydrolase;[31] that is,


Figure 6. Key structures for the epoxide reaction mechanism investigated for model 1: A) peroxo-bridged intermediate 10, B) transition state for synchro-
nous O�O bond cleavage and the epoxide ring formation TS9, C) epoxide intermediate 11, D) product of the epoxide ring opening 12. Distances in J
are in bold, spin populations are in italics. Only the most relevant part of the model is presented.
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a water-derived hydroxide attacks carbon C15 (or C15’)
from the site opposite to the epoxide oxygen, and the O2
oxyanion produced by opening of the epoxide ring is pro-
tonated by the iron-bound water. Such a reaction would
lead to a diol intermediate, which could be oxidized subse-
quently by the oxoferryl species to the aldehyde products
(Scheme 2). However, this mechanism requires that the ex-
ternal water is activated by some base, and in the active site
of ACO such a group is missing. The site opposite to the ep-
oxide oxygen is lined by hydrophobic residues unable to ac-
tivate the water molecule. Thus, it is proposed that the mon-
ooxygenase mechanism, which involves formation of the
diol intermediate through the epoxide hydrolysis, is not real-
ized by ACO, yet some other carotenoid oxygenases might
use it, provided they have a necessary basic residue activat-
ing a water molecule for a nucleophilic attack on the epox-
ide.


OH attack : Binding of dioxygen at the site trans to His304
leads to species II (5.8 kcalmol�1), in which the water ligand
is positioned very close (3.10 J) to carbon C15’ (Fig-
ure S3A). Such an arrangement suggests that a water-de-
rived hydroxide could attack carC+ leading to the monooxy-
genase-type reaction mechanism (Scheme 5).


The first step of this mechanism would involve a proton
transfer from the water to the dioxygen ligand leading to
species III (0.7 kcalmol�1, Figure S3B). However, despite
the fact that in this intermediate the distance between C15’
and the OH ligand is rather short (3.06 J), formation of a
chemical bond between these two groups is a difficult pro-
cess. During the scan of the C15’–OH distance the energy
rose monotonically, up to 16.3 kcalmol�1 for the C–O dis-
tance of 1.53 J (IV, Figure S3 C). Thus, IV is not a stable in-
termediate, and a transition state leading from III to the
next intermediate could be sought starting form the struc-
ture of IV. The energy of such a TS would most likely be at
least a few kcalmol�1 higher than the energy of IV, which
means a barrier of at least 19 kcalmol�1 and a process mark-


edly slower than the two mechanisms discussed above. For
this reason, the mechanism involving the attack of the
water-derived hydroxide on carC+ was not studied further
and it is considered to be unlikely.
In summary, the computational results obtained for model


1 indicate that the dioxetane mechanism (Scheme 3) in-
volves the lowest rate-limiting barrier (15.8 kcalmol�1), al-
though the barrier in the epoxide mechanism is only slightly
higher (16.6 kcalmol�1). In addition, the epoxide mechanism
involves the reactive oxoferryl species, which poses a risk of
compromising the product specificity, as discussed below.


Model 2


Binding of dioxygen : If the dioxygen binding is accompa-
nied by the release of the water molecule from the first co-
ordination shell of the iron (model 2), the O2 molecule can
bind to Fe in either an end-on or a side-on fashion. For the
reactive quintet state, the two binding modes lead to com-
plexes with energies of 9.4 and 4.0 kcalmol�1, for the end-on
and side-on complex, respectively. In the end-on complex 18
(Figure 3C), the distal oxygen atom O2 is 2.99 J away from
C15’, whereas for the side-on complex the corresponding
O1–C15’ distance is 2.96 J (Figure 3B). Like in model 1,
two different mechanisms are initiated by the attack of
these oxygen atoms on C15’ and they are presented in the
two subsequent subsections.


Dioxetane mechanism : The absence of the water ligand in
model 2 modifies only slightly the dioxetane mechanism
presented above for model 1. The most notable difference is
the absence of a stable peroxide intermediate, analogous to
3, that is, as shown in Scheme 6 and Figure 7, the dioxetane
intermediate 15 is formed directly from the side-on complex
14.
This reaction goes through TS12 (16.4 kcalmol�1, Fig-


ure 8A) connecting the side-on intermediate 14 with the di-
oxetane species 15 (4.4 kcalmol�1, Figure 8B).
Concerning the structure and the electronic state, TS12


resembles TS2, that is, in both cases the O1�C15’ bond is al-
Scheme 5. Initial steps of the alternative mechanism involving attack of
the OH anion on the carotenoid radical cation.


Scheme 6. Dioxetane reaction mechanism investigated for model 2.


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2264 – 22762272


T. Borowski et al.



www.chemeurj.org





Figure 7. Calculated energy profiles for the mechanisms investigated for model 2. Left: dioxetane mechanism, right: epoxide mechanism.


Figure 8. Key structures for the dioxetane reaction mechanism investigated for model 2 : A) transition state TS12 for the attack of the oxygen on carC+ ,
B) dioxetane intermediate 15, C) transition state for the O�O bond cleavage TS13, D) transition state for the C�C bond cleavage TS14. Distances in J
are in bold, spin populations are in italics. Only the most relevant part of the model is presented.
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ready developed and the organic substrate has a carbocat-
ionic character, as can be inferred from the small total spin
population. The chemistry that occurs at those points on the
potential-energy surfaces is a nucleophilic attack of the per-
oxide anion (O2) on the carbocation (C15).
In the dioxetane intermediate (15, 4.4 kcalmol�1, Fig-


ure 8B) one oxygen atom from the four-membered ring
(O1) makes a close contact with the ferrous ion (2.22 J),
which, as discussed at length for model 1, facilitates the O�
O bond cleavage. This easy reaction, proceeding through
TS13 (12.0 kcalmol�1, Figure 8C), leads to a diolate radical
species 16 (�15.2 kcalmol�1, Figure S4A), which in turn,
decays through the C15’�C15 bond cleavage (TS14,
�11.2 kcalmol�1, Figure 8D) to the final dialdehyde product
complex 17 (�74.9 kcalmol�1, Figure S4B).


Epoxide mechanism : In similarity to the dioxetane mecha-
nism (model 2), the absence of the water ligand destabilizes
the peroxo-bridged intermediate, analogous to 10, and in
the epoxide mechanism for model 2 the end-on complex 18
is connected directly with the epoxide intermediate 19 via
TS15 (Scheme 7, Figures 7 and 9A).


This step involves an activation barrier of 17.6 kcalmol�1,
which is only 1 kcalmol�1 higher than for model 1. However,
this is not the only difference compared to the epoxide


Scheme 7. Epoxide reaction mechanism investigated for model 2.


Figure 9. Key structures for the epoxide reaction mechanism investigated for model 2 : A) transition state TS15 for the synchronous O–O cleavage and
the epoxide ring formation, B) epoxide intermediate 19, C) biradical species 21, D) double epoxide product 22. Distances in J are in bold, spin popula-
tions are in italics. Only the most relevant part of the model is presented.
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mechanism for model 1. Most importantly, in model 1 the
cleavage of the C15’�O2 bond in the epoxide ring is facili-
tated by a proton transfer from the water ligand (Scheme 4,
reaction: 11!TS10!12) and involves a modest barrier of
11.8 kcalmol�1. The lack of the water ligand in model 2
practically disables this reaction, because the unsupported
opening of the epoxide ring (Scheme 7, 19!20) is endother-
mic by 23.4 kcalmol�1. Similarly, the homolytic cleavage of
the C15’�C15 bond in the epoxide intermediate, 19!21, in-
volves a prohibitively high activation barrier of 28.2 kcal
mol�1. On the other hand, in 19 (Figure 9B), the reactive
oxo atom lies very close to the C13’�C14’ double bond, sug-
gesting that another reaction channel might be possible.
Indeed, insertion of the oxo atom (O1) across the C13’�C14’
bond involves a modest barrier of 10.1 kcalmol�1 connected
with TS17 (Figure S5C) and it is irreversible, because the
double epoxide product 22 (Figure 9D) is more stable by
25.2 kcalmol�1 than the epoxide intermediate 19 (Figure 7).
In summary, the results obtained for model 2 suggest that


if the water ligand is absent in the iron coordination shell,
the most favorable reaction path for carotenoid cleavage
follows the dioxetane mechanism, which involves the lowest
activation barrier and guarantees the necessary product spe-
cificity.


Conclusions


The reaction mechanism for the oxidative cleavage of apoc-
arotenoids was investigated by applying the DFT (B3LYP)
computational method to two realistic models of the ACO
active site, that differ by the presence (model 1) or absence
(model 2) of the water ligand in the coordination shell of
iron. The results presented in this work suggest that the di-
oxetane mechanism (Scheme 3 or Scheme 6), which corre-
sponds to the dioxygenase mechanism proposed by Schmidt
et al. (Scheme 2),[16] is the slightly preferred mechanism for
the studied apocarotenoid oxygenase. This mechanism in-
volves the lowest activation barrier and in a straightforward
way guarantees the proper product specificity. However, the
epoxide mechanism involves a barrier only slightly higher,
and when the water ligand binds to iron (model 1,
Scheme 4), it may also lead to the proper products of the
cleavage. In the specific case of ACO, the presence of the
Thr136 side chain close to the site trans to His304 (Figure 1)
most likely disfavors binding of a water molecule at this site,
and thus, the water is released upon O2 binding and the re-
action follows the dioxetane mechanism for model 2
(Scheme 6).
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Introduction


During the past decade the photoisomerization properties of
azobenzene derivatives have stimulated research efforts di-
rected towards exploration of their use as materials for digi-
tal data storage,[1–5] as central building blocks in molecular
rotors,[6,7] and as molecular on–off switches in nanomolecu-
lar devices[8] and in ion channels.[9,10] Accordingly, several
studies have assessed the structural and spectral properties
of cis and trans isomers of azobenzene compounds and their
isomerization mechanism.[11–15] Azobenzene dyes have also
been used as biomarkers, due to their ability to undergo
azo–hydrazone tautomerism.[16–22] One of the most interest-
ing azobenzene dyes is 2-(4’-hydroxyphenylazo)benzoic acid
(HABA), which can bind to proteins such as avidin[23] and
streptavidin[24–26] at the same binding site as the natural
ligand, biotin,[27] in spite of the structural dissimilarity of
these compounds (Scheme 1). At neutral pH, at which
HABA exists as a monoanion (HB�), binding to avidin or
streptavidin shifts the absorption band from 347 nm in the
free state to 500 nm in the complexed state, which has been
interpreted in terms of a change between azo (AT) and hy-


Abstract: The tautomeric equilibria of
2-(4’-hydroxyphenylazo)benzoic acid
(HABA) and 2-(3’,5’-dimethyl-4’-hy-
droxyphenylazo)benzoic acid (3’,5’-di-
methyl-HABA) have been studied by a
combination of spectroscopic and com-
putational methods. For neutral HABA
in solvents of different polarity (tolu-
ene, chloroform, DMSO, DMF, buta-
nol, and ethanol) the azo tautomer
(AT) is largely predominant. For mon-
oanionic HABA, the hydrazone tauto-
mer (HT) is the only detected species
in apolar solvents such as toluene and


chloroform, while the AT is the only
detected species in water and a mixture
of both tautomers is detected in etha-
nol. Comparison of the results obtained
for HABA and its 3’,5’-dimethylated
derivative shows that dimethylation of
the hydroxybenzene ring shifts the tau-
tomeric preferences towards the hydra-


zone species. These findings have been
used to examine the differences in
binding affinity to streptavidin, as the
lower affinity of HABA can be ex-
plained in terms of the larger energetic
cost associated with the tautomeric
shift to the bioactive hydrazone spe-
cies. Overall, these results suggest that
a balanced choice of chemical substitu-
ents, embedding environment, and pH
can be valuable for exploitation of the
azo–hydrazone tautomerism of HABA
biomimetics in biotechnological appli-
cations.


Keywords: ab initio calculations ·
azo–hydrazone tautomerism · bio-
mimetics · hydrogen bonds · solvent
effects
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drazone (HT) tautomers in the
free and bonded states
(Scheme 2).[28] HABA also
binds albumin with a shift of
the absorption band to 480 nm,
which has also been ascribed to
the predominance of the HT in
the bound state.[29–32] This spec-
tral change forms the basis for
a spectrophotometric assay for
measuring the ligand-binding
activities of avidin and strepta-
vidin solutions.[28,33]


Understanding of the tautomeric preferences of HABA is
important not only for identifying the factors that modulate
its binding to proteins, but also for the design of biomimetic
compounds with potential biotechnological applications.[25,26]


Accordingly, a detailed knowledge of the tautomeric de-
pendence of HABA on both pH and solvation is necessary.
However, the available experimental data are controversial.
Thus, even though the AT of the neutral species (H2B) pre-
dominates in a variety of organic solvents of different polar-
ity, the main absorption band at 506 nm in DMF has been
ascribed to the HT.[34] Moreover, the low solubility of neu-
tral HABA in water precludes the study of its tautomeric
equilibration, though this problem can be alleviated by
means of co-solvents,[34] or by the addition of an acid or a
base.[35] However, it is clear that the predominant tautomer
of the cationic (H3B


+) or anionic (HB�) species might not
necessarily be the same for the neutral form.


This study pursues the examination of the tautomeric
equilibria of several 4’-hydroxyphenylazo derivatives
(Scheme 3) in order to understand the influence of pH and
solvation on the tautomerism of HABA (3) and related
compounds. The results, which provide a detailed descrip-
tion of the tautomeric preferences of neutral and mono-


anionic species of HABA derivatives, should be valuable for
tuning of the biotechnological properties of these com-
pounds.


Results and Discussion


Neutral HABA species (H2B): To clarify the assignment of
the spectroscopic signals of HABA (3) to either the AT or
the HT, compound 5, which can only exist in the AT form,
was used as reference. The wavelengths of the absorption
maxima of 3 and 5 in different media are summarized in
Table 1.


Without added base, the UV/Vis spectra of HABA in tol-
uene, chloroform, DMSO, butanol, and ethanol each have
an absorption maximum similar to that of 5 in the same sol-
vent, showing that the predominant species in both com-
pounds is the AT. The hypsochromic shift experienced by 3
and 5 on going from apolar solvents (lmax=372–378 nm) to
polar ones (lmax=342–364 nm) could be explained by in-
creased conjugation of 3 and 5 in apolar solvents, due to an
intramolecular hydrogen bond between the carboxylic acid
O�H group and the proximal nitrogen atom of the azo
group, as noticed in the crystal structure of HABA (3).[36]


Polar solvents, however, should weaken such a hydrogen
bond and possibly favor a more twisted conformation with
reduced conjugation.


Scheme 1. Representation of
HABA (top) and biotin
(bottom).


Scheme 2. Acid–base and tautomeric equilibria of HABA.


Scheme 3.


Table 1. Wavelengths of the absorption maxima of HABA (3) and com-
pounds 5 and 6 in different media.


Solvent Base/pH UV/Vis absorption maxima [nm]
5 HABA (3) 6


toluene – 376 372 391 (450 sh)
1 equiv DBU 330 471 473


CHCl3 – 378 373 388 (450 sh)
1 equiv DBU 337 481 479


DMSO – 342 354 359 and 487
BuOH – 345 364 480
EtOH – 350 355 471


1 equiv DBU 343 350 and 481 481
70 equiv DBU 343 406 481


H2O pH 7.0 345 347[28] 352 and 476[35]


pH 10.0 345 400 444
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The data shown in Table 1 cast doubt on the previously
reported predominance of the HT of HABA in DMF in the
absence of added base.[34] However, since DMF usually con-
tains small amounts of dimethylamine as an impurity, the re-
ported spectrum of HABA in DMF might correspond to the
monoanion (HB�) instead of the neutral species (H2B). To
check this hypothesis, the UV/Vis absorption spectrum of
HABA in analytical grade DMF was recorded, and a main
absorption band at 352 nm and a less intense band at
506 nm were observed. Addition of triethylamine to this so-
lution increased the 506 nm band at the expense of the
352 nm one, while addition of acetic acid had the reverse
effect. These results therefore point to the AT (lmax=


352 nm) being the predominant species of neutral HABA in
DMF, and so the absorption band at 506 nm should be as-
signed to the HT of the monoanion (HB�HT).


To gain further insight into the tautomerism of neutral
HABA, theoretical calculations were first performed to de-
termine the intrinsic tautomeric preferences of 1, 2, and 4,
in which the relative stabilities between the ATs and the
HTs are simply modulated by the natures of the R4 substitu-
ent (CH3 in 1, C6H5 in 2, p-C6H5-CO2H in 4 ; see Scheme 4


and Table 2). In the case of 1 the AT is nearly planar, but in
the HT the methyl group is twisted around 15 degrees due
to the pyramidalization of the nitrogen atom bonded to the
methyl group, which thus minimizes the steric repulsion be-
tween the hydrazone N�H group and the benzene C�H unit
ortho to the azo group (H···H distance of 2.02 P). In con-
trast, both the ATs and the HTs adopt planar geometries in
2 and 4, which reflects the stabilizing effects due to the ex-
tended conjugation of the mole-
cules. In the case of compound
1, the AT is around
13 kcalmol�1 more stable than
the HT both in the gas phase
and in solution (Table 2). Re-
placement of methyl (1) by
phenyl (2) reduces the relative
stability gap between AT and
HT by 3 kcalmol�1, but the
latter species is still disfavored
(by ca. 10 kcalmol�1). Finally,
addition of a carboxylic group
at the para position of the ben-
zene ring (4) leads to a very
slight stabilization (by 0.5–
1.1 kcalmol�1) of the hydrazone
species (Table 2).


The tautomerism in HABA was explored by consideration
of eight different azo–hydrazone species, shown in
Scheme 5. In contrast with the results obtained for 4, the
structure of HABA deviates significantly from planarity,
even though twisting of the chemical skeleton varies be-
tween the different tautomers (Table 3). The repulsion be-
tween the lone pairs of the Nazo and OCOOH atoms in AT I
and AT III provides grounds for the deviation of the o-car-
boxybenzene ring from planarity, while the twisting in
AT IV is related to the formation of the seven-membered
hydrogen-bonded ring. In AT II, the small twisting observed
in the azo unit can be attributed, at least in part, to the
Nazo···H�OCOOH hydrogen bond (N···O distance: 2.66 P). As
a result, AT II is found to be the most stable azo tautomer,
being favored by more than 2 kcalmol�1 relative to the


Scheme 4. Representation of the azo (AT) and hydrazone (HT) tauto-
mers in compounds 1, 2, and 4.


Table 2. Selected geometrical parameters for the azo and hydrazone tautomers of compounds 1, 2, and 4, and
free energy differences[a] (at 298 K; kcalmol�1) in the gas phase and in solution.


Compound Tautomer Geometrical parameters[b] Relative stability[c]


t1 t2 t3 Gas CCl4 HCCl3 Octanol Water


1 AT �179.9 180.0 – 0.0 0.0 0.0 0.0 0.0
ACHTUNGTRENNUNG(R4=CH3) HT 179.1 164.2 – 13.4 13.9 13.3 13.2 12.8


2 AT 180.0 180.0 0.0 0.0 0.0 0.0 0.0 0.0
ACHTUNGTRENNUNG(R4=C6H5) HT 180.0 180.0 0.0 10.5 11.0 10.3 10.1 9.3


4 AT 180.0 180.0 0.0 0.0 0.0 0.0 0.0 0.0
(R4=p-C6H5�CO2H) HT 180.0 180.0 0.0 10.0 10.5 9.5 9.3 8.2


[a] See Scheme 4 for nomenclature. The most stable trans orientation of the substituent R4 (relative to the
benzene ring) was considered in computations. [b] Dihedral angles (degrees) are defined as t1: N8-N7-C1-C2;
t2 : C9-N8-N7-C1; t3 : C10-C9-N8-N7. [c]Values determined from MP2/aug-cc-pVDZ+[CCSD-MP2/6-31G(d)]
calculations in the gas phase, and combined with the relative solvation free energies to estimate the relative
stability in solution. In all cases the azo tautomer is used as reference.


Scheme 5. Representation of the azo and hydrazone species considered
in the tautomeric equilibrium of HABA (3).
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other azo species in the gas phase, even though the relative
stabilities between tautomers with (AT II) and without
(AT I and AT III) intramolecular hydrogen bonds decrease
as the polarity of the solvent is increased. For the hydrazone
forms, while HT III and HT IV strongly deviate from pla-
narity, the most favored species—HT I and HT II—are
planar, due to the Nhydrazone�H···OCOOH hydrogen bond
(Table 3), which also explains the higher stability of these
forms.


The azo form AT II is more stable than the hydrazone
species HT II by 3.2 kcalmol�1 in the gas phase. Comparison
with the results obtained for 4 (Table 2) shows that moving
the carboxylic group from the para position (4) to the ortho
position (3) has a dramatic effect on the tautomerism, since
the azo form is destabilized by around 6 kcalmol�1. Howev-
er, solvation tends to stabilize the azo form of neutral
HABA (see Table 3), and the population of the hydrazone
species can be expected to decrease significantly as the po-
larity of the solvent is increased. Overall, in agreement with
the spectroscopic data, these results indicate that the neutral
form of HABA should mainly exist as the azo tautomer
AT II.


Monoanionic species of HABA (HB�): Since the second
pKa value of HABA in water is 8.2,[37] at neutral pH HABA
exists as a monoanion. The similarity between the spectra
found for 3 and 5 in water at neutral pH (lmax=345–347 nm;
Table 1) indicates that the predominant species of the mono-
anionic HABA is the AT.[35]


In contrast, a completely different tautomeric scenario is
seen in chloroform or toluene. When 1 equiv of DBU was
added to a solution of 5, the absorption maximum at 337
(chloroform) or 330 nm (toluene) revealed the formation of
a new species, which corresponds to the AT of the monoan-
ion (Table 1). In contrast, when 1 equiv of DBU was added
to a chloroform solution of HABA, the absorption band was
shifted to 481 nm (Figure 1), a wavelength similar to that of


HABA complexed to avidin or albumin, which was assigned
to the HT. A similar absorption band (lmax=471 nm) ap-
peared after addition of DBU to a solution of HABA in tol-
uene. Addition of large excesses (1000 equiv) of DBU to
solutions of 3 and 5 in chloroform did not cause any further
change in the UV/Vis spectra, which means that DBU is not
basic enough to generate the dianionic species of HABA.
Likewise, addition of 5 equiv of a weak base such as imida-
zole led only to a small decrease in absorbance, without any
shift in the absorption band, which indicates that imidazole
is not basic enough to deprotonate the carboxylic acid group
and generate the monoanionic species.


To confirm that the 481 nm absorption band was due to
the HT of monoanionic HABA, the Raman spectra of 3 and
5 under similar experimental conditions were recorded. As
expected, the Raman spectrum of the anion of 5 contained a
band at 1416 cm�1 assigned to the N=N stretching,[35] while
no significant bands were found near 1615 cm�1. However,
the Raman spectrum of the monoanion of HABA featured
an intense band at 1624 cm�1, which can be attributed to the
HT, but no band was detected near 1400 cm�1 (Figure 1).
Overall, these findings support the supposition that the HT
is the predominant tautomer of the monoanionic HABA in
chloroform and toluene.


The different tautomeric behavior observed for HABA in
chloroform (or toluene) and in water, where the HT and the
AT predominate, respectively, led us to investigate its tauto-
meric preferences in ethanol, which has an intermediate po-
larity. DBU was therefore added to an ethanolic solution of
5 to generate its anion, which can only exist as the AT, and
the absorption maximum (343 nm) was similar to that of the
anion in water and after addition of DBU to a chloroform
solution (Table 1). Nevertheless, when either 1 equiv of
DBU or a large excess of DABCO were added to an etha-
nolic solution of HABA, the absorption band split into two
bands at 350 and 481 nm, which should be attributable to
the AT and the HT, respectively (Figure 2). The monoanion


Table 3. Selected geometrical parameters for the azo and hydrazone tautomers of HABA (3), and free energy differences (at 298 K; kcalmol�1) in the
gas phase and in solution.


Tautomer[a] Geometrical parameters[b] Relative stability[c]


t1 t2 t3 t4 dYH/dYX Gas CCl4 HCCl3 Octanol Water


AT I �170.6 178.5 �32.3 148.5 – 2.4 2.8 2.8 2.7 1.5
AT II �165.0 �178.2 2.2 �175.1 1.75/2.66 0.0 0.0 0.0 0.0 0.0
AT III 174.2 177.3 �30.7 135.1 – 2.3 2.5 2.4 2.3 1.0
AT IV 173.7 179.0 29.1 147.7 1.70/2.63 7.8 7.7 7.6 7.5 7.3
HT I 180.0 180.0 0.0 180.0 1.88/2.66 6.1 7.6 7.6 8.0 8.0
HT II 180.0 180.0 0.0 180.0 1.86/2.68 3.2 5.1 5.5 6.2 6.6
HT III 175.7 179.9 32.9 136.5 – 13.6 14.5 13.6 13.4 11.4
HT IV �179.6 �163.9 60.2 144.2 1.78/2.70 16.7 17.1 16.2 15.9 14.8


[a] See Scheme 5 for nomenclature. [b] Dihedral angles (degrees) are defined as t1: N8-N7-C1-C2; t2 : C9-N8-N7-C1; t3 : C10-C9-N8-N7; t4: O(=C)-C-
C10-C9. Lengths (P) of the intramolecular X�H···Y hydrogen bonds (left: H···Y; right: X···Y). [c] Values determined from MP2/aug-cc-pVDZ+ [CCSD-
MP2/6-31G(d)] calculations in the gas phase, and combined with the relative solvation free energies to estimate the relative stability in solution.
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of HABA in ethanol thus exists as a mixture of both tauto-
mers, an intermediate situation between that found in
chloroform and in water.


Unlike in chloroform, DBU (but not DABCO) in etha-
nolic medium is basic enough to generate the dianion of
HABA. Thus, on addition of an excess of DBU to the mono-
anion of HABA in ethanol, the absorption bands of the two
tautomers (350 and 481 nm) were transformed into a single
band at 406 nm corresponding to the dianion (Figure 2).
This assignment is supported by the similar wavelength of
the absorption maximum of HABA in water at pH 10
(lmax=400 nm), in which the dianion should be the main
species.


To explore the main tautomers of monoanionic HABA
further, the relative stabilities of azo and hydrazone species
(Scheme 6) were determined by theoretical computations.
For the HT, however, only one hydrazone form (HT V) was
considered, since geometry optimization of HT VI yielded
HT V, as would be expected in view of the stabilizing contri-
bution due to the hydrogen bond between the hydrazone
N�H group and the carboxylic oxygen, which favors a
planar structure (see Table 4). In contrast, the optimized
structure of the azo tautomers exhibits a large twisting due


to the repulsion between the
lone pairs of nitrogen (azo) and
oxygen (carboxy) atoms.
HT V is the most stable form


in the gas phase, the azo species
being destabilized by around
15 kcalmol�1 (see Table 4). Sol-
vation, however, has an enor-
mous influence on the tauto-
merism, since the preference
for the hydrazone species is
drastically reduced as the polar-
ity of the solvent increases, and
AT V is then predicted to be
slightly more stable (by
0.7 kcalmol�1) in aqueous solu-
tion. This latter finding was cor-
roborated by additional cluster-
continuum computations[38] in
which two water molecules
were specifically placed around
the carboxylate group (data not
shown), thus providing support-
ing evidence for the reversal of
the tautomeric preference in
water, which agrees with the ex-
perimental data reported in
Table 1.


In summary, both experimen-
tal and theoretical results agree
in predicting that the monoa-
nionic form of HABA mainly
populates the hydrazone species
HT V except in the most polar


solvent (water), in which the azo species AT V is the main
tautomeric form.


Neutral and monoanionic species of the 3’,5’-dimethylated
derivative 6 : The tautomeric equilibrium of 6 is more favor-
able than that of HABA to the HT (see Table 1). Thus, for
the neutral species, whereas the AT is still the predominant
form in apolar solvents, the HT is also detectable as a
shoulder around 450 nm. Moreover, single absorption bands
at 471–480 nm are observed for 6 in polar solvents, and
should be assigned to the HT form.


The tautomerism of the monoanionic form of 6 is also
more favorable to the HT than in the case of HABA. Thus,
single absorption bands between 473 and 481 nm were
found in toluene, chloroform, and ethanol, and should be as-
signed to the HT. Only in water at pH values between 5 and
8 were mixtures of both AT (lmax=352 nm) and HT (lmax=


476 nm) found.[35] On increasing the pH, these two bands
were transformed into a single band with lmax=444 nm,
which should correspond to the dianion (Figure 3). In etha-
nol solution, a very large excess of DBU was required to
generate a similar absorption band (lmax=454 nm) attributa-
ble to the dianion of 6.


Figure 1. Top) UV/Vis titration of HABA (4.0U10�5m in chloroform) with DBU. Bottom) Raman spectra of
equimolar mixtures of a) 5 and DBU in chloroform (c=1.6U10�3m), and b) HABA (3) and DBU in chloro-
form (c=8.0U10�4m). Excitation wavelength: 488 nm.
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Both experimental and theoretical results demonstrate
that the tautomeric scenario for HABA is extremely sensi-
tive to the nature of the solvent and to the ionization state
of the compound. In the neutral compound, HABA mainly
exists as the azo tautomer AT II. However, upon deprotona-
tion, the monoanionic form of HABA turns out to populate
the hydrazone species HT V, even though the relative stabil-
ity between azo and hydrazone forms is drastically reduced


in the most polar solvents. In
fact, the azo species AT V is
the main tautomeric form in
aqueous solution (see Table 1),
which can be explained by
water-induced destabilization of
the intramolecular hydrogen
bond formed between the N�H
group and the carboxylate
anion in the hydrazone tauto-
mer. Accordingly, in addition to
the switching strategies that
rely on the photochemical cis Q


trans isomerization of azoben-
zene derivatives, these com-
pounds could also be exploita-
ble as molecular switches by
triggering azo Q hydrazone tau-
tomerism through a simple
chemical effector such as (de)-
protonation under suitable en-
vironmental conditions.


Chemical modification also
exerts a notable influence on
the azo–hydrazone tautomer-
ism. Though the results ob-
tained for the neutral HABA
and its isomeric compound 4 in-
dicate that the AT is the main
tautomer in the two cases, the
intrinsic (gas-phase) tautomeric
preference of the AT in 4 is di-
minished by around 6 kcalmol�1


when the carboxylic group is at-
tached to the ortho position in
HABA. This effect can be at-
tributed to the different ener-


getic stabilization originating from the intramolecular hydro-
gen bonds formed in both AT (AT II) and HT (HT II),
where the nitrogen atom of the azo/hydrazone group acts as
hydrogen bond acceptor and donor, respectively (see
Scheme 5). Accordingly, it can be expected that the relative
stability between azo and hydrazone tautomers should be
modulatable by manipulation of the relative strengths of
those hydrogen bonds. At this point, it is worth noting that
the strength of related resonance-assisted hydrogen bond-
ing[39,40] can be affected not only by altering the nature of
the hydrogen bond donor and acceptor groups, but also
through the aromaticity of the benzene ring,[41–43] thus open-
ing the possibility of influencing the tautomeric preference
by chemical modification of the aromatic system with both
donor and acceptor atoms.


Besides chemical modification at the carboxybenzene
unit, here we have also explored the effect of a different
chemical modification, which consists of the dimethylation
of the phenolic ring of HABA. The results indicate that this
apparently minor chemical change has a delicate, but clear,


Figure 2. UV/Vis titration of HABA (3.6U10�5m in ethanol) with DBU.


Scheme 6. Representation of the azo and hydrazone species considered
in the tautomeric equilibrium of monoanionic HABA (3).
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influence on the azo–hydrazone tautomerism of HABA, as
noted in the fact that both azo and hydrazone tautomers are
detected for the monoanionic form of 6 in aqueous solution,
whereas the monoanion of HABA is found to exist only in
the azo form (see Table 1). This effect can be attributed to
the steric hindrance between the methyl substituents at posi-
tions 3’ and 5’ and the hydroxy group of the azo tautomer of
HABA. In turn, these findings suggest that the balance be-
tween azo and hydrazone tautomers of azobenzene deriva-
tives can be altered through the incorporation of specific
functional groups into suitably preorganized azobenzene
scaffolds, thus paving the way to tune the biotechnological
applications of these compounds.


On the basis of the preceding discussion, it is worth revis-
iting the differences between HABA and its 3’,5’-dimethy-
lated derivative 6 in their binding affinities towards strepta-
vidin in light of their azo–hydrazone tautomerism, as the
subtle, but distinctive, trends in the tautomeric preferences
of these compounds could play a role in modulating their
binding affinities. HABA binds to streptavidin with minimal
alteration of the binding site geometry (see ref. [26] for de-
tails). One of the benzoate oxygen atoms of HABA occu-
pies the same position as the biotin ureido oxygen, and the
carboxylate anion forms several interactions with Asn23,
Ser27, Tyr43, and Ser45, thus mimicking the network of in-


teractions found for biotin. The
remainder of the linked ring
system of HABA delineates the
orientation of the fused biotin
ring and valerate side chain.
However, whereas the terminal
carboxylate group of the valer-
ate chain interacts with Asn49
and Ser88, the hydroxybenzene
unit of HABA does not form
specific contacts with protein
residues, but a stacking interac-
tion with the indole ring of
Trp79. These trends might ex-
plain why HABA does not
completely immobilize the loop
comprising residues 46–50, in


contrast with the binding of biotin. A similar interaction pat-
tern has also been reported for the complex formed between
HABA and avidin,[23,44] and for the binding of 3’,5’-dimethyl
HABA to streptavidin.[24,25,44]


The low-dielectric protein environments that define the
binding sites in avidin or streptavidin have been assumed to
bind the hydrazone form of monoanionic HABA,[25,26] which
should correspond to the species HT V. However, as our re-
sults also indicate that the monoanion of HABA in aqueous
solution mainly exists as the azo tautomer AT V, binding to
streptavidin implies an energetic penalty due to a tautomer-
ic change between free (azo) and complexed (hydrazone)
states. This detrimental contribution to the binding affinity
should be less significant for 3’,5’-dimethyl HABA (6), due
to the displacement of the tautomeric equilibrium towards
the hydrazone species (see above), thus enhancing binding
to streptavidin. In fact, this conclusion is supported by the
experimentally determined binding affinities of 3 and 6
(�5.27 and �8.29 kcalmol�1,[25,26] respectively), which indi-
cates that the dimethylated derivative binds to streptavidin
around 160 times better than HABA does (binding con-
stants of 7.3U103m


�1 for 3 and 1.2U106m
�1 for 6). Interest-


ingly, this ratio agrees with the difference between the rela-
tive stabilities of azo (AT V) and hydrazone (HT V) species
determined in aqueous solution for the monoanion of


Table 4. Selected geometrical parameters for the azo and hydrazone tautomers of monoanionic HABA (3), and free energy differences (at 298 K; kcal
mol�1) in the gas phase and in solution.


Tautomer[a] Geometrical parameters[b] Relative stability[c]


t1 t2 t3 t4 dYH/dYX Gas CCl4 HCCl3 Octanol Water


AT V 152.1 176.9 19.7 �137.6 – 15.5 10.5 7.3 4.3 �0.7
AT VI 138.6 �173.8 34.6 38.9 – 18.6 17.9 17.7 16.6 15.3
HT V 180.0 180.0 180.0 0.0 1.53/2.52 0.0 0.0 0.0 0.0 0.0


[a] See Scheme 6 for nomenclature. [b] Dihedral angles (degrees) are defined as t1: N8-N7-C1-C2; t2 : C9-N8-N7-C1; t3 : C10-C9-N8-N7; t4: O(=C)-C-
C10-C9. Lengths (P) of the intramolecular X�H···Y hydrogen bonds (top: H···Y; bottom: X···Y). [c]Values determined from MP2/aug-cc-pVDZ+


[CCSD-MP2/6-31G(d)] calculations in the gas phase, and combined with the relative solvation free energies to estimate the relative stability in solution.


Figure 3. UV/Vis spectra of 3’,5’-dimethyl-HABA (6) [5.3U10�5m in phosphate buffer (0.1m)] at different pH
values.
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HABA (�0.7 kcalmol�1; see Table 4) and of its 3’,5’-dime-
thylated derivative 6 (+1.9 kcalmol�1; see Table S1 in the
Supporting Information).


The fact that HABA binds to avidin and streptavidin
(binding constants of 1.7U105m


�1 and 7.3U103m
�1, respec-


tively) as the HT prompted us to investigate the binding af-
finity of a HABA derivative that lacked the capability to
tautomerize to HT. For that purpose, compound 5, which
can only exist as the AT, was used. By means of a competi-
tion experiment with HABA, compound 5 was found to
bind to avidin with a binding constant approximately two
orders of magnitude lower than that of HABA (see Sup-
porting Information), which gives support to the biological
implications of the tautomerism between the AT and the
HT in mediating the binding affinities of HABA and related
compounds. According to these results, it is reasonable to
expect that derivatives of HABA with a labile protecting
group on the phenolic hydroxy group—which, like com-
pound 5, could only exist in their azo tautomeric forms—
should have low binding affinities for avidin and streptavi-
din. Deprotection of the phenolic hydroxy group under mild
conditions would then unfreeze the azo–hydrazone tauto-
merism, leading to a ligand with a high binding affinity for
those proteins. In this way, a mild deprotection step could
trigger the azo!hydrazone tautomerism, increasing the in-
terest of these compounds as switches of the binding affinity
towards avidin and streptavidin.


In the context of the preceding discussion, it can be con-
cluded that the introduction of suitable substituents and
labile protecting groups, together with the embedding of
HABA in environments of different polarity and pH, can be
regarded as valuable strategies for modulation of the bal-
ance between azo and hydrazone species, and in turn for
switching of binding affinities to avidin and streptavidin.
These strategies might contribute to exploitation of the bio-
technological applications of HABA biomimetics.


Conclusion


The tautomeric equilibration of 2-(4’-hydroxyphenylazo)-
benzoic acid (HABA) and its derivatives is strongly influ-
enced by the protonation state (neutral vs. monoanionic) of
the compound, the polarity of the medium, and the substitu-
tion pattern on the hydroxyphenyl ring and presumably on
the carboxybenzene moiety. Both spectroscopic and compu-
tational data indicate that the tautomerism behavior of the
monoanion of HABA is more complex than that of the neu-
tral species. Thus, whereas the azo form AT II is found to be
the main species of the neutral HABA in all the solvents, its
monoanion exists predominantly as the hydrazone species
HT V in apolar solvents, but the tautomeric preference
changes to the azo tautomer AT V as the polarity of the sol-
vent is increased. Moreover, these results also indicate that
on increasing the substitution on the hydroxyphenyl ring, as
in 3’,5’-dimethyl-HABA (6), there is a tendency to favor the
HT. This trend should explain the better binding affinity of


this latter compound, which mainly stems from a decrease
in the energy cost required to bind the bioactive tautomer.


In conclusion, the introduction of appropriate substituents
and labile protecting groups, and the embedding of HABA
in environments of different polarity and pH, can be regard-
ed as valuable strategies with which to modulate the bio-
technological applications of azobenzene biomimetics.


Experimental Section


General : NMR spectra were obtained with a Varian–Gemini spectrome-
ter (200 MHz for 1H and 50.3 MHz for 13C) and a Varian–Mercury spec-
trometer (400 MHz for 1H and 100 MHz for 13C) at 25 8C. Chemical shifts
are reported in ppm relative to TMS as internal standard. UV/Vis spectra
were recorded with a Varian CARY 500 spectrophotometer. Infrared
spectra were recorded with a FT-IR Nicolet instrument. Mass spectra
were recorded on a ZQ Micromass instrument for ES spectra, a HP-
5988 A instrument for CI spectra, and a VG-QUATTRO Micromass in-
strument for FAB spectra. Raman spectra were recorded on a Jobin
Yvon T64000 Raman spectrophotometer with use of the 488.0 nm excita-
tion line of a Coherent INNOVA 300 Ar+ laser. pH values were mea-
sured on a Cyberscan 510 pH-meter. Melting points were determined on
a Kofler Reichert Thermovar instrument with polarized light and are not
corrected.


Anhydrous chloroform was obtained by distillation from potassium car-
bonate and filtered through activated basic alumina. DMSO was purified
by partial freezing. The water used in UV measurements was purified in
a Millipore system (Milli-Q). All others solvents were dried and purified
by standard procedures described in the literature.[45]


Methyl 2-(4’-methoxyphenylazo)benzoate : This compound was synthe-
sized from HABA by a literature procedure[46] in 71% yield. 1H NMR as
described; 13C NMR (50.3 MHz, [D6]DMSO): d =168.1, 162.9, 151.2,
146.7, 132.5, 130.4, 129.7, 129.0, 125.4, 119.8, 115.3, 56.3, 52.9 ppm; IR
(KBr): ñ=3070, 2925, 1717, 1252 cm�1; MS-FAB (+): m/z : 271.4 [M+H]+


, 239.3 [M�31]+ .


2-(4’-Methoxyphenylazo)benzoic acid (5): This compound was synthe-
sized from methyl 2-(4’-methoxyphenylazo)benzoate by a literature pro-
cedure[46] in 76% yield. M.p. 150–153 8C (lit.[46] 149–150 8C); 1H NMR as
described; 13C NMR (50.3 MHz, [D6]DMSO): d =169.0, 163.0, 151.2,
147.0, 132.1, 131.0, 130.4, 123.0, 125.5, 118.5, 115.3, 56.4 ppm; EM-CI (+):
m/z : 256.0 [M]+ , 134.9 [M�CH3OC6H4N]+ .


2-(4’-Hydroxy-3’,5’-dimethylphenylazo)benzoic acid (6): This compound
was synthesized by coupling the diazonium salt of 2-aminobenzoic acid
to 2,6-dimethylphenol, by a general method reported in the litera-
ture,[25, 35] in 46% yield. M.p. 190–192 8C; 1H NMR (200 MHz,
[D6]DMSO): d =2.24 (s, 6H; CH3), 7.48–7.76 ppm (m; 6H); EM-CI (+):
m/z : 270.0 [M]+ , 149.0 [M�C6H4CO2H]+ , 121.0 [M�N2C6H2 ACHTUNGTRENNUNG(CH3)2OH]+.


Computational details : Full geometry optimizations were performed at
the MP2/6-31G(d) level. The natures of the stationary points were veri-
fied by inspection of the vibrational frequencies within the harmonic os-
cillator approximation, which were positive in all cases. Single-point
MP2/aug-cc-pVDZ calculations were subsequently performed to deter-
mine the relative energy differences between tautomers, and the contri-
butions of higher-order electron correlation effects were estimated from
the differences between CCSD and MP2 energies by use of the 6-31G(d)
basis set. The best estimates of the energy differences between stationary
points was determined by combining the relative energies computed at
the MP2/aug-cc-pVDZ level and the differences between the energies
obtained from CCSD and MP2 calculations. Zero point, thermal, and en-
tropic corrections evaluated within the framework of the harmonic oscil-
lator-rigid rotor at 1 atm and 298 K were added to the relative energies
to obtain the free energy differences in the gas phase. To estimate the in-
fluence of solvation, QM SCRF continuum calculations were performed
by using the HF/6-31G(d) (neutral compounds) and HF/6-31+G(d)
(ionic species) optimized versions of the MST model,[47,48] which is based
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on the polarizable continuum model.[49, 50] The relative stabilities in solu-
tion were estimated by combining the free energy difference in the gas
phase and the differences in free energy of solvation determined from
MST calculations. Gas-phase calculations were carried out with Gaussi-
an 03.[51] MST calculations were performed with a locally modified ver-
sion of Monstergauss.[51]
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