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… of cofacial bis-porphyrins has
been synthesized based on the effi-
cient combination of calixarene
spacers and acetylenic porphyrin
derivatives. In the Full Paper on
page 4199 ff., M. Gross, J. Weiss
et al. describe the synthesis and
characterization (UV-visible and
NMR spectroscopy and electro-
chemical studies) of pac-man-type
porphyrins that adapt their shape
to the size of bidentate guests.


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.


Coordination Chemistry
Trivalent lanthanide-like metal ions coordinate nine water
oxygen atoms, which form a tricapped trigonal prism in a
large number of crystalline hydrates. The structure elucida-
tion of the hydrated triflate salts for M= Sc, Lu, Yb, Tm,
and Er, displaying lack of and mobility of coordinated
water, and metal ion displacements are reported in the Full
Paper on page 4065 ff. by M. Sandstrçm et al.


Multicomponent Reactions
In the Full Paper on page 4210 ff. by U. Bornscheuer,
M. Beller et al., a simple and direct approach to a variety of
O-functionalized cyclohexene derivatives through multi-
component reactions is described. Kinetic resolution of the
racemic esters by using hydrolases afforded the correspond-
ing products with high enantioselectivity (>99 % ee).


Supramolecular Chemistry
In their Concept article on page 4054 ff., Yagai et al. discuss
how azobenzene can be effectively used to construct self-
assemblies in which the supramolecular structure and for-
mation/dissociation can be altered by light.
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Photocontrollable Self-Assembly


Shiki Yagai,* Takashi Karatsu, and Akihide Kitamura[a]


Introduction


Beyond scientific curiosity, molecular self-assembly is cur-
rently recognized as the most powerful strategy in the devel-
opment of new functional materials requiring nanometer-
scaled molecular manipulation that is not achievable by a
conventional top-down approach.[1] Synthetically well-pro-
grammed molecular building blocks, with respect to the po-
sition of the noncovalent interactive sites, molecular shape,
rigidity, and amphiphilicity, provide sophisticated self-assem-
blies through noncovalent interactions.[2]


One ultimate goal for supramolecular chemists may be to
control molecular self-assembly under ambient conditions
by external inputs such as electricity, pH, redox potential,
magnetic field, and light. Control of the molecular self-as-
sembly by external light stimulus is advantageous, because


photochemical reactions occur very rapidly and thereby a
fast response can be obtained. Light is also advantageous in
view of its ready availability as a mild energy source.[3] As
epitomized by the vision, the use of the light-powered isom-
erization of organic molecules is the most reliable strategy
to convert photochemical energy to reversible physical
motion without waste.[4] Pertinent molecular design of the
building blocks, especially focusing on the orthogonal func-
tion of the binding sites and the photoresponsive units, re-
sults in smart self-assemblies with large photoresponses in
the structures and the assembling process. In this article, we
describe how we can use photoswitching molecules to con-
trol the self-assemblies with several illustrations of the azo-
benzene-introduced systems.


Photoresponsive Molecular Recognition Systems
Guide the Design Strategy toward the Creation of


Photocontrollable Self-Assemblies


The primary requirement for the power unit in photorespon-
sive supramolecular systems is the presence of large changes
in its molecular geometry or physical properties as a result
of the photochemical reaction. Synthetic accessibility is also
quite important. Azobenzene fulfills the above requirements
and is the most widely employed power unit in photorespon-
sive supramolecular systems. Since self-assembly is the accu-
mulation of the molecular recognition events between the
building blocks, the design strategies employed in photores-
ponsive molecular recognition systems can be directly ap-
plied to create photocontrollable self-assembly. With the fol-
lowing examples we describe how the isomerization of azo-
benzene can be applied to construct smart photoresponsive
molecular recognition systems.


Strategy 1: If the two phenyl rings of the azobenzene mole-
cule are modified with noncovalent binding sites, the rela-
tive position of the two binding sites is altered dramatically
by trans–cis isomerization. This strategy has been widely ap-
plied in photoresponsive molecular recognition systems,[5]


and is exemplified by the azobenzene/crown ether molecule


Abstract: The incorporation of photoswitching mole-
cules into molecular building blocks creates the possibil-
ity of photoresponsive self-assemblies in which the self-
assembled architecture or self-assembling process can
be controlled by external light stimulus. Among the
photoswitching molecules, azobenzene has been used
most widely by virtue of the large photoinduced
changes in its molecular geometry and physical proper-
ties. This article reviews how azobenzene can be effec-
tively used to construct the self-assemblies in which
supramolecular structure and formation/dissociation can
be altered by light.
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1 used in the pioneering work of Shinkai (Scheme 1).[5a]


Molecule 1 shows butterfly-like motion accompanying the
trans–cis isomerization, in which only the cis isomer captures
large alkali-metal cations by the formation of sandwich-type
1:1 complex.


Strategy 2 : The second strategy is the use of aromatic stack-
ing interactions that occur favorably in the planar trans
isomer. A good example based on this strategy is the photo-
controlled hydrogen-bond-directed molecular recognition
system by Rotello et al. (Scheme 2).[6] Naphthaldiimide de-


rivative 3 complexes with photoresponsive receptor 2, which
contains trans-azobenzene. A relatively high association con-
stant (Ka =9750 m


�1 in CDCl3) indicates the cooperation of
DAD·ADA (D=donor, A =acceptor) hydrogen-bonding
and aromatic-stacking interactions between the trans-azo-
benzene moiety and naphthaldiimide 3. When the complex
is irradiated with UV-light, Ka decreases 16-fold due to the


depletion of the effective aromatic stacking interaction be-
tween the two chromophores.


Strategy 3 : If azobenzene can be incorporated into the posi-
tion neighboring the binding site, its large morphological
changes in isomerization will control the degree of steric
crowding around the binding site. The photoresponsive
pseudorotaxane system shown in Scheme 3 is a good exam-


ple based on this strategy.[7,8] Xanthene derivative 4, featur-
ing trans-azobenzene, cannot function as a host molecule for
the lactam guest 5 (Ka<1 m


�1 in CDCl3), because the azo-
benzene moiety sterically blocks the amide binding sites of
4. Upon irradiation with UV-light, 4 converts to a suitable
host molecule for 5 (Ka =5200 m


�1), because the amide bind-
ing sites are now in an “open” state concomitantly with the
trans!cis photoisomerization of the azobenzene moiety. In
contrast to this example, careful molecular design makes it
possible to construct photoresponsive molecular recognition
systems, in which the trans isomer acts as a sterically favor-
able substituent and the cis isomer as an unfavorable one. In
both the cases, the introduction of sterically demanding sub-
stituents at the end of azobenzene may enhance the differ-
ence of steric crowding between the trans and cis states.


Scheme 1. Butterfly-like motion of the azobenzene-crown ether 1. A
large alkali-metal cation is selectively captured by the cis isomer.


Scheme 2. Photocontrolled molecular recognition between 2 and 3.


Scheme 3. Photocontrolled pseudorotaxane formation between 4 and 5.
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Photocontrollable Self-Assemblies Based on
Strategy 1: Photoswitchable Self-Assembling


Architecture


Under the ambient conditions, well-designed molecular
building blocks usually self-assemble into one supramolec-
ular architecture. Alteration of the supramolecular architec-
ture requires modification of the building blocks. If two (or
more) geometrical isomers of a photoresponsive molecular
building block are capable of forming distinct supramolec-
ular structures, then strategy 1 enables the creation of specif-
ic self-assemblies, the supramolecular structures of which
are photochemically switchable. Ghadiri et al. established a
prominent photoswitchable self-assembly based on this
strategy.[9] Azobenzene derivative 6 tethering two cyclic oc-
tapeptides as multiple hydrogen-bonding sites was designed
and synthesized (Scheme 4). The trans isomer of 6 forms
linear and polydisperse hydrogen-bonded assemblies in
chloroform. UV-light irradiation of the solution of the linear
species resulted in switching to the intramolecularly hydro-
gen-bonded closed species with butterfly-like motion of the
molecule, as evidenced by NMR studies. Interestingly, pho-
togenerated closed species showed remarkable resistence to
cis!trans thermal isomerization, owing to the multiple in-
tramolecular hydrogen-bonding interactions. An analogous
effect was found in the photochemistry of 1.[5a]


Sleiman and co-workers also established an excellent pho-
toswitchable self-assembly based on strategy 1, yet the mo-
lecular building block is very simple (Scheme 5).[10] In this
system, two geometrical isomers of azobenzene dicarboxylic
acid derivative 7 form dramatically different superstructures
by using intermolecular hydrogen-bonding as well as aro-
matic stacking interactions. In noncompeting solvents such
as chloroform and dichloromethane, the trans isomer forms
linear tapelike aggregates. In contrast, the photogenerated
cis isomer was found to form discrete tetramer, which hier-
archically associates into rodlike superstructures through ef-
fective aromatic stacking. The rodlike superstructures were
visualized by transmission electron microscopy. This is a
rare example in which the bent conformation of cis-azoben-
zene is dexterously utilized to construct a well-defined self-
assembly that can persist in solution.[11] As a consequence of
the formation of the hydrogen-bonded tetramer, thermal
cis!trans isomerization of 7 in noncompeting solvents
showed large enthalpic barriers in comparison with those in
competing solvents such as dimethylsulfoxide and methanol.
It should be emphasized that thermally unstable cis-azoben-
zene derivatives can be stabilized if they are successfully
embedded in self-assembled scaffolds.


Scheme 4. Schematic representation for the photoswitchable self-assembly of azobenzene/cyclic octapeptide 6.
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Photocontrollable Self-Assemblies Based on
Strategy 2: Photoregulated Formation of


Biomolecular Assemblies and Synthetic Extended
Assemblies


Strategy 2 has been effectively utilized to photocontrol the
association and dissociation of biomolecular aggregates. In
1985, Pieroni et al. reported photocontrolled aggregation of
poly(l-glutamic acid) containing azobenzene side chains.[12]


The polypeptide undergoes intermolecular aggregation in
aqueous solution by means of hydrophobic interactions be-
tween the planar, nonpolar trans-azobenzene side chains as
the main driving force. UV-light irradiation induces the isom-
erization of side chains to the bent, polar cis isomers, disso-
ciating the polypeptide aggregates through the decrease of
solvophobicity as well as the depletion of the effective aro-
matic stacking interaction.


As a related example, Asanuma and Komiyama establish-
ed the photocontrolled self-assembly of DNA duplex[13a] and
triplex[13b] using synthetic oligonucleotides featuring azoben-
zene side chains (Scheme 6). In the case of the duplex
system, they showed that the melting temperature (Tm) of
the duplex between the oligonucleotide 5’-AAAXAAAA-3’
(X denotes the residue bearing azobenzene side chain) and
the complementary strand 5’-TTTTTTTT-3’ changed drasti-
cally accompanying the trans–cis photoisomerization of the
azobenzene moiety (Tm =24.8 8C in trans and 15.9 8C in cis).
It was suggested that the absence of sufficient aromatic
stacking interaction between the cis-azobenzene with the ad-
jacent DNA bases destabilizes the duplex. Based on this ob-
servation, phototriggered dissociation/reconstitution of the
duplex was realized at the temperature between Tm (trans)
and Tm (cis).


The linear and planar morphology of trans-azobenzene is
compatible with the molecular requirements for the amphi-
philic molecules, creating membranous assemblies such as
micelles and vesicles. The introduction of amphiphilic azo-
benzene derivatives into membranous systems thus offers
the possibility to photochemically control the structure and
destruction/reconstitution of membranous assembly based
on strategy 2; trans-azobenzene amphiphiles stabilize the
membrane by the effective aromatic stacking interaction,
while bent morphology of cis-azobenzene amphiphiles is un-
favorable for regular alignment required for the formation
of membrane.


Several groups have reported azobenzene-containing am-
phiphilic molecules as exemplified in Scheme 7.[14–18] Amphi-
phile 8 forms membranous globular aggregates, which can
be observed by electron microscope measurements.[14] Upon
irradiation of UV-light, globular aggregates were trans-
formed to the short rodlike aggregates accompanying the
trans!cis photoisomerization. The globular aggregates were


Scheme 5. Schematic representation for the photoswitchable self-assembly of azobenzene dicarboxylic acid derivative 7.


Scheme 6. Photoisomerization of azobenzene-incorporated DNA.
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recovered by subsequent visible-light irradiation (or thermal
isomerization).


Amphiphiles 9–12 were used by mixing in vesicles com-
posed of nonchromophoric amphiphiles in the aim of photo-
regulation of vesicle destruction and reconstitution.[15–18] In
all cases, UV-light-induced destruction of the vesicles was
confirmed by a leakage experiment of the entrapped mole-
cules. In the cases of 9–11, photoinduced destruction of the
vesicles was visually observed in electron microscopic mea-
surements. The authors who studied amphiphiles 11 and 12
suggested that the photoresponse of the azobenzene amphi-
philes in the vesicles are strongly dependent on their aggre-
gated state.[17,18]


As counterparts of the self-assembly of azobenzene am-
phiphiles in aqueous conditions, self-assemblies of the azo-
benzenes 13[19] and 14[20] (Scheme 8) possessing crystalliza-
tion-avoiding aliphatic side chains in organic solvents afford
photoresponsive organogels.[21] In these systems, the photo-
response of the assemblies was visibly discernible by the re-
versible gel–sol transition upon the irradiation of UV (gel!
sol) and visible light (sol!gel). In both 13 and 14, CD stud-
ies revealed that the cis isomers cannot regularly align. In-
terestingly, in the case of 14, photoinduced hydrogen-bond
breaking (gel!sol) and reforming (sol!gel) of the amide
groups was confirmed by IR measurements.


Photocontrollable Self-Assemblies Based on
Strategy 3: Photoregulated Formation of Discrete


Aggregates


In spite of the successful photocontrol of the polydisperse
extended self-assemblies described above, studies on the
photocontrol of monodisperse discrete self-assembly with
well-defined shape, such as dendritic architecture, have not
appeared so far except for our examples described
below.[22,23] Indeed, it seems difficult to construct discrete
self-assemblies with azobenzene as a main molecular scaf-
fold. In this context, for discrete systems, strategy 3 is reli-
able, because azobenzene can be introduced to the already-
established self-assemblies as a “substituent”. To effectively
transduce the photoinduced motion of azobenzene to the
change of steric information in the molecular recognition
event, self-assemblies that are under the control of severe
substituent effects are desired. From this viewpoint, hydro-
gen-bonded self-assembly between melamine and barbitu-
rate (or cyanurate) is a reasonable system to fulfill such a
requirement (Scheme 9). This system shows interesting sub-
stituent effect on the aggregate formation, which was in-
tensely studied by Whitesides and co-workers.[24] Briefly, the
introduction of sterically demanding substituents to mel-
amine (R’ in Scheme 9) leads to the preferential formation
of the cyclic hexamer (rosette) over the competing linear
tapelike aggregates (tape). The mechanism of this substitu-
ent effect remains controversial.[25] It is possible to photo-
control the aggregate species if azobenzene is introduced as
a steric-crowding-controllable substituent.


Thus, azobenzene-appended melamine 15 was prepared
and its co-aggregation with 5,5’-diethylbarbituric acid (17) in
CDCl3 was investigated (Scheme 10).[22] For 15, steric crowd-
ing of the N-substituents increases with trans!cis isomeriza-
tion in the aggregated state (Scheme 11). When two azoben-
zene moieties were in the trans conformation, formation of
rosette 153·173 was confirmed by NMR investigation. Ro-
sette 153·173 was found to be thermodynamically unstable
and slowly transformed into insoluble tapelike aggregates,
giving rise to irreversible precipitation. The 100 h aging re-
sulted in the transformation of 80 % of rosette into tapes.
This observation demonstrates that the steric crowding of
the trans-azobenzene moiety in 15 is not enough to retain


Scheme 7. Molecular structures of the azobenzene-containing amphiphilic
molecules 8 by Kunitake,[14] 9 by Sakai,[15] 10 by Yianni,[16] 11 by Whit-
ten,[17] and 12 by Engberts.[18]


Scheme 8. Molecular structures of the photoresponsive organogelators 13
by Shinkai[19] and 14 by Tamaoki.[20]
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the rosette structure in the solution, allowing the formation
of linear tapes as thermodynamic products.


In the conventional synthetic approach, this irreversible
rosette!tape transformation can be avoided by the intro-
duction of more sterically demanding substituents such as a
4-tert-butylphenyl group into the amino groups of mel-
amines.[24a] For melamine 15, however, the steric crowding
of the substituents can be increased by external light input
even after the preparation of the assembly. UV-light irradia-
tion of the freshly prepared solution of 153·173 converted


80 % of trans-azobenzene into
the cis isomer at the photosta-
tionary state, without sacrificing
the rosette structure. The re-
sulting cis-azobenzene thermal-
ly isomerized to the trans
isomer with a half decay period
of 70 h. Remarkably, no precip-
itation was observed over 300 h
after the UV-light irradiation.
This result strikingly demon-
strates that the cis-azobenzene
moiety in 15 acts as a sterically
demanding substituent, avoid-
ing the irreversible rosette!
tape transformation (Scheme 12).


Having established the fact
that the isomerization of the
azobenzene introduced to the
melamine component indeed
affects its aggregation with its
complementary partner, our


study was directed toward more direct photocontrol of the
hydrogen-bonded assembly. The discrete nature of the ro-
sette assembly is quite intriguing from its applicability to the


Scheme 9. Two supramolecular architectures formed from the coaggregation between N,N’-disubstituted mel-
amine and barbiturate.


Scheme 10. Molecular structures of azobenzene-appended melamines 15
and 16 and barbiturates 17 and 18.


Scheme 11. Isomerization of azobenzene-appended melamine 15.


Scheme 12. Schematic illustration of the photoresponsive aggregation be-
tween 15 and 17.
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core of self-assembling dendrimers.[26] Since dendrimers act
as hosts for guest encapsulation,[27] the stimuli-induced for-
mation and deformation[28] of the dendritic architectures
have significant meaning. Self-assembling dendrimers are
capable of achieving such functions in an effective manner,
that is, formation/dissociation of the dendrimers from/into
the dendrons. With the achievement of the stimuli-induced
formation of dendrimers in our mind as a final goal, we in-
troduced tris(dodecyloxy)phenyl (TDP) wedges into the
melamine and barbiturate components (15!16 and 17!18).
The introduction of this bulky substituent enhances the
effect of the azobenzene isomerization on their aggregation
based on strategy 3. On the one hand, trans-azobenzene in
16 directs the TDP wedge toward the opposite side of the
hydrogen-bonding site (Figure 1, left), thereby allowing the


formation of the rosette with complementary 18. On the
other hand, bent cis-azobenzene in 16 inhibits the complexa-
tion with 18 by directing the bulky TDP wedge toward the
interactive site (Figure 1, right).


When the two azobenzene moieties were the trans isomer,
melamine 16 aggregated with 18 to form remarkably stable
rosette 163·183 in chloroform, toluene, and methylcyclohex-
ane as confirmed by 1H NMR spectroscopy, size-exclusion
chromatography (SEC), dynamic light scattering, and UV-
visible measurements. In sharp contrast to the rosette
163·183, no irreversible rosette!tape transformation was ob-
served over a period of one month. In sharp contrast to ro-
sette 153·173, trans!cis isomerization of azobenzene arms in
163·183 upon irradiation of UV-light (370 nm) is drastically
suppressed; the trans/cis ratio was only 76:24 at the photo-
stationary state. The solvent and the concentration had no
effect on the trans/cis ratio as long as the stoichiometric for-
mation of the rosette was established. This indicates that the
suppression of the trans!cis isomerization comes from in-
trinsic steric crowding in a rosette accommodating a total of
27 of the exterior dodecyl side chains.


The above results suggests that when compound 16 pos-
sesses two cis-azobenzene (cis,cis-16) moieties, it cannot ag-


gregate with 18. Thus, preliminary photogenerated cis,cis-16
(94 % isomeric purity) was mixed with 18 in toluene and the
formation of rosette species was analyzed by SEC. As ex-
pected, no peak corresponding to the rosette was detected,
indicating cis,cis-16 and 18 existed in a monomeric pool. The
formation of the rosette is supposed to be hampered by the
severe intermolecular steric interaction between the TDP
wedges. This result closely relates to the self-assembling
dendrimer systems in which increasing generation of den-
drons destabilizes the stability of dendrimers by steric inter-
action between the dendrons.[26b,c] The monomeric pool of
cis,cis-16 and 18 could be retained by keeping the solution
at 0 8C, which suppresses the thermal cis!trans isomeriza-
tion.


The high (SEC-detectable) stability of the rosette 163·183


enable us to chase the phototriggered formation of the ro-
sette by SEC. Figure 2 shows the SEC data obtained upon


irradiation of the monomeric pool of cis,cis-16 and 18 with
visible light (450 nm). The concentration of the rosette in
the solution is completely controlled by the irradiation of
the visible light. Owing to this large photoinducible morpho-
logical change of 16, phototriggered self-assembly of dis-
crete aggregates could be achieved (Scheme 13).


Perspectives


Given the desire to control dynamic molecular self-assembly
by facile external input, creation of photoresponsive supra-
molecular systems is emerging as an active research topic.
Careful incorporation of photoswitching molecules, one of
which was described in this article, imparts great photores-
ponse to the self-assemblies without spoiling their intrinsic
association ability. If we can impart some function to the
self-assembled state, the desired function can be achieved in
a controlled manner.


Figure 1. Morphological change of 16 on the trans–cis isomerization of
the azobenzene moieties (energy-minimized by MM + force-field calcula-
tion).


Figure 2. Phototriggered self-assembly of the rosette 163·183 detected by
SEC.
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Recently, molecular-level tools have been fabricated from
photoswitching molecules. As examples of azobenzene use,
molecular scissors[29] and hinges[30] have been exploited. In
these molecular-size tools, the geometrical changes in the
isomerization of azobenzene are converted to more precise
mechanical motions by covalent modification. Use of these
molecular tools as photoresponsive units may facilitate
more precise photochemical control of self-assemblies.


Our further interest is in imparting the wavelength-de-
pendent photoresponse (more than three wavelength re-
gions) to the assembly, so that stimulation by one specific
wavelength moves the assembly to a specific state. Such a
“multi-input” function requires 1) self-assemblies capable of
forming diverse supramolecular structures or superstructures
(including hierarchical association) and 2) conjugation of
different photoswitching molecules stimulated by different
light energy.[31] Moreover, sequential signal transfer initiated
by phototriggered self-assembly, mimicking the principle of
vision, is a target and will be exploited in the foreseeable
future.
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Highly Hydrated Cations: Deficiency, Mobility, and Coordination of Water in
Crystalline Nonahydrated Scandium(iii), Yttrium(iii), and Lanthanoid(iii)
Trifluoromethanesulfonates


Alireza Abbasi,[a] Patric Lindqvist-Reis,[b] Lars Eriksson,[a] Dick Sandstrçm,[a]


Sven Lidin,[a] Ingmar Persson,[c] and Magnus Sandstrçm*[a]


Introduction


The coordination geometry, the hydration number and the
water-exchange reactions of metal ions in solution are of
primary importance in interpreting the thermodynamic and
kinetic properties. For solutions, investigations of the struc-
ture and dynamic behaviour must often rely on comparisons
with three-dimensional information from crystal structures
and computer simulations.[1] However, when compounds
with strongly hydrated metal ions crystallise from saturated
solutions even anions regarded as noncoordinating are fre-
quently found attached to the metal ion. Striking examples
of such anion effects on the hydrated metal ion are found
for the isoelectronic mercury(ii) and thallium(iii) ions, which
are hexahydrated in solution and in their perchlorate salts
but which crystallise from trifluoromethanesulfonate solu-
tions with lower hydration numbers in the compounds bis-


Abstract: Trivalent lanthanide-like
metal ions coordinate nine water
oxygen atoms, which form a tricapped
trigonal prism in a large number of
crystalline hydrates. Water deficiency,
randomly distributed over the capping
positions, was found for the smallest
metal ions in the isomorphous nonahy-
drated trifluoromethanesulfonates, [M-
(H2O)n](CF3SO3)3, in which M=ScIII,
LuIII, YbIII, TmIII or ErIII. The hydration
number n increases (n=8.0(1), 8.4(1),
8.7(1), 8.8(1) and 8.96(5), respectively)
with increasing ionic size. Deuterium
(2H) solid-state NMR spectroscopy re-
vealed fast positional exchange be-
tween the coordinated capping and
prism water molecules; this exchange
started at temperatures higher than


about 280 K for lutetium(iii) and below
268 K for scandium(iii). Similar posi-
tional exchange for the fully nonahy-
drated yttrium(iii) and lanthanum(iii)
compounds started at higher tempera-
tures, over about 330 and 360 K, re-
spectively. An exchange mechanism is
proposed that can exchange equatorial
and capping water molecules within
the restrictions of the crystal lattice,
even for fully hydrated lanthanoid(iii)
ions. Phase transitions occurred for all
the water-deficient compounds at
�185 K. The hydrated scandium(iii)


trifluoromethanesulfonate transforms
reversibly (DH8=�0.80(1) kJ mol�1 on
cooling) to a trigonal unit cell that is
almost nine times larger, with the scan-
dium ion surrounded by seven fully oc-
cupied and two partly occupied oxygen
atom positions in a distorted capped
trigonal prism. The hydrogen bonding
to the trifluoromethanesulfonate
anions stabilises the trigonal prism of
water ligands, even for the crowded hy-
dration sphere of the smallest metal
ions in the series. Implications for the
Lewis acid catalytic activity of the hy-
drated scandium(iii) and lanthanoid(iii)
trifluoromethanesulfonates for organic
syntheses performed in aqueous media
are discussed.
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aquamercury(ii) trifluoromethanesulfonate, [Hg(OH2)2-
(CF3SO3)2]¥, and trisaquathallium(iii) trifluoromethanesulfo-
nate, [Tl(OH2)3(CF3SO3)3], respectively.[2–5]


The lanthanoid(iii) ions, LaIII to LuIII, have surprisingly
been proposed to form hexahydrated perchlorates, isostruc-
tural to the hexaaquathallium(iii) perchlorate.[5] However,
from trifluoromethanesulfonate solutions they crystallise
with higher hydration numbers in a series of nonahydrated
trifluoromethanesulfonate salts, as do the isostructural
Group 3 metal ions, scandium(iii), yttrium(iii) and
lanthanum(iii).[6–8] The isomorphous series of
nonaaqualanthanoid(iii) ethylsulfates belongs to the same
space group P63/m,[9–11] in which the metal ions are located
in a crystallographic site that is surrounded by six equidis-
tant water molecules in a trigonal prism with the rectangular
sides capped by three more-distant water molecules.


The rapidly growing technological importance for cataly-
sis, liquid–liquid extraction, organic synthesis, etc. of the tri-
valent ions of Group 3, scandium, yttrium and lanthanum,
as well as the series of lanthanoid(iii) ions, has stimulated
experimental and theoretical activity that aims to explain
the basic properties.[12,13] The series of lanthanoid(iii) ions, in
which the size decreases with increasing atomic number,[14]


provides unique possibilities for experimentally testing and
verifying theoretical models of coordination and bonding.
For example, while the size decreases the difference be-
tween the two groups of LnIII�O distances in the tricapped
trigonal prism (TTP) increases from lanthanum (atomic
no. 57) to lutetium (atomic no. 71).[15]


The currently favoured description of the primary hydra-
tion number of the lanthanoid(iii) ions in solution interprets
trends in physical properties of the aqueous solutions, for
example, partial molar volumes or water exchange rates, by
assuming a distinct change in the hydration number from
nine to eight somewhere in the middle of the series.[1] For
example, results from molecular dynamics (MD) simulations
have been used to describe a structural transition at the
samarium(iii) ion in aqueous solution.[16] However, the same
MD studies also showed that the proposed transition from
the TTP to square antiprismatic configuration critically de-
pends on the type of force field used to describe the coordi-
nated water molecules, particularly that used for the hydro-
gen bonding.


This view of an abrupt transition in the hydration polygon
has been questioned, and similar experimental results have
been interpreted without such an assumption.[17] Also, a
recent MD simulation of dilute aqueous solutions of
neodymium(iii), gadolinium(iii) and ytterbium(iii) ions by
Floris and Tani, with ab initio effective pair potentials
within a polarisable continuum, favours the TTP configura-
tion for all three aqua ions, even though more frequent
distortions appear for the smallest of those ions, ytterbi-
um(iii).[18]


The mean MIII�O distance from crystal structures of the
trifluoromethanesulfonate salts of the hydrated d0 ions of
Group 3 (2.55, 2.40 and 2.28 � for M=La, Y and Sc, respec-
tively) changes substantially for nine coordination in the


TTP configuration.[10,19, 20] However, in aqueous solution
only the largest ion, lanthanum(iii), coordinates nine water
molecules;[21] the yttrium(iii) ion coordinates eight,[19] while
the hydration number of the relatively small scandium(iii)
ion is probably around seven,[1] with the mean M�O distan-
ces being 2.54–2.58,[21] 2.37[19] and 2.17–2.18 �,[22,23] respec-
tively, in asymmetric radial distributions.


To investigate the reason for the high stability of the TTP
configuration in crystal structures, which is evident even for
some rather small trivalent ions with very crowded hydra-
tion spheres, we compared structural relationships, including
hydrogen bonding and anion effects, for the hydrated triva-
lent Group 3 and lanthanoid(iii) metal ions in isostructural
crystalline hydrates. The combination of temperature-depen-
dent crystallography and 2H solid-state NMR spectroscopy
information in the present study revealed unexpected results
concerning deficiency and positional exchange of the coordi-
nated water for the highly hydrated trifluoromethanesulfo-
nate compounds. Further work is in progress, and we have
recently performed vibrational and extended X-ray absorp-
tion fine-structure (EXAFS) spectroscopy studies of the M�
O coordination and bonding in a series of lanthanoid(iii)
ions solvated with several oxygen-donor solvents, both in so-
lution and in the solid state.[24,25] The trends we observe do
not support the previously proposed abrupt structural transi-
tion in the series of lanthanoid(iii) aqua ions in aqueous so-
lution,[1] and we will discuss the structures in solution in a
forthcoming paper.


Scandium(iii) and lanthanoid(iii) trifluoromethanesulfo-
nates are efficient and water-tolerant Lewis acid catalysts,
which allow many organic syntheses to be performed, even
in aqueous media.[12, 13] The reason why the solvated
scandium(iii) trifluoromethanesulfonate often shows the
highest catalytic activity was another point of interest for
the structure studies.


Results and Discussion


Water deficiency in crystal structures : X-ray diffraction data
were collected at ambient temperature for the hydrated tri-
fluoromethanesulfonates [M(H2O)n](CF3SO3)3, in which
M=Sc (1), Lu (2), Yb (3), Tm (4), Er (5) or Tb (6), and the
parameters of the crystal structures were refined. The triva-
lent metal ions are located in the (2c) site of 6̄ symmetry of
the space group P63/m. Six surrounding water oxygen atoms
(Op) are located at the vertices of a trigonal prism, with
three capping water oxygen atoms (Oc) slightly displaced
from the centre of the rectangular surfaces. The crystallo-
graphically determined positions correspond to two groups
of M�O bond lengths, 6 M�Op and 3 M�Oc (Table 1). All
water molecules form single hydrogen bonds to oxygen
atoms of trifluoromethanesulfonate ions (Figure 1). The
structures of the isomorphous yttrium(iii) and lanthanoid(iii)
compounds, [M(H2O)9](CF3SO3)3 (M=Y and La to Lu,
except Tm, Er and Pm), have been discussed in detail else-
where.[6,7]
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The analyses (Table 2) showed that the water/metal molar
ratio increases from about 8.0 up to 9.0 for the crystalline
compounds 1–6. Refinement of the site-occupancy factors in
all cases resulted in full occupancy of the prism positions,
with 6.0 Op atoms, while occupancy numbers of 0.67(1),


0.82(3), 0.91(1), 0.945(14) and 0.988(17) were obtained for
the three capping (Oc) positions of the scandium(iii),
lutetium(iii), ytterbium(iii), thulium(iii) and erbium(iii) TTP
hydrates, respectively. The occupancy factor obtained from
refinements on data collected for ytterbium(iii) crystals at
different occasions varied from 0.87 to 0.95. The numbers
obtained were somewhat correlated to the weighting of the
data sets but could also reflect some variation in the water
content for different preparations.


Residual electron-density maps : The refined occupancy fac-
tors for the crystal structures located the water deficiency to
the capping positions of the scandium(iii), lutetium(iii),
ytterbium(iii), thulium(iii) and erbium(iii) TTP hydrates (1–
5). The site symmetry 6̄ imposed by the space group P63/m
on the metal ions requires a random distribution of the va-
cancies. The U11 component of the thermal ellipsoid in the
plane of the capping waters is abnormally high for the metal
ions in the water-deficient compounds 1–5, with the highest
value occurring with scandium, while the perpendicular U33


component on average shows the slight decrease expected
for decreasing ionic radii (Figure 2). The U11 value of scandi-
um remains high even at lower temperatures (293, 250 and
200 K), a fact revealing positional disorder of the metal
atoms in the equatorial plane containing the capping oxygen
atoms, rather than high thermal motion. A difference elec-
tron-density map of this region illustrates the disorder
(Figure 3). Three domains of electron deficiency occur along
the Sc�Oc bond directions, with three intermediate regions
of excess electron density. The three maxima, symmetrically
located about 0.7 � from the crystallographic position (1/3,
2/3, 1/4) of scandium, correspond to the expected directions
of displacement of the scandium atom induced by an oppo-
site empty capping (Oc) position. Similar successively less
pronounced electron density features are also observed
around the lutetium, ytterbium, thulium and erbium ions,
but these features are absent for the fully hydrated terbium
ion (Figure 3). Such a pattern in the difference electron-den-
sity map has previously been observed for the two smallest
lanthanoid ions, lutetium(iii) and ytterbium(iii), in a study of
a series of [M(H2O)9](CF3SO3)3 compounds, and it was then
proposed to be a 4f–5d contribution to the electron densi-
ty.[7] However, for scandium(iii), without f or d electrons, the
residual electron density in the high-symmetry space group


Table 1. Metal–oxygen bond lengths in the tricapped trigonal prism, hydrogen-bond lengths from water molecules to trifluoromethanesulfonate ions and
closest oxygen–oxygen contact distances.[a]


M�Op M�Oc Op�H···Ot Oc�H···Ot Op···Op
[d] , Op···Op


[e] Oc···Op


Sc[b] (1) 2.169(3) 2.439(6) 2.781(4), 2.796(4) 2 � 2.989(4) 2 � 2.748(4), 2.959(6) 2 � 2.561(6), 2� 2.649(6)
Lu[b] (2) 2.287(4) 2.499(8) 2.734(6), 2.796(6) 2 � 2.993(6) 2 � 2.846(7), 3.182(9) 2 � 2.641(8), 2� 2.788(8)
Yb[b] (3) 2.304(2) 2.523(4) 2.756(3), 2.802(3) 2 � 3.011(3) 2 � 2.842(4), 3.234(5) 2 � 2.663(4), 2� 2.827(4)
Tm[b] (4) 2.322(3) 2.522(5) 2.745(4), 2.812(4) 2 � 3.006(3) 2 � 2.844(6), 3.283(6) 2 � 2.663(5), 2� 2.855(5)
Er[b] (5) 2.340(2) 2.518(4) 2.740(4), 2.814(4) 2 � 2.999(3) 2 � 2.865(4), 3.309(5) 2 � 2.677(4), 2� 2.855(4)
Y[c] 2.344(3) 2.525(6) 2.750(6), 2.830(3) 2 � 3.004(5) 2 � 2.862(4), 3.324(5) 2 � 2.688(4), 2� 2.861(6)
Tb[b] (6) 2.383(2) 2.530(3) 2.749(3), 2.829(3) 2 � 2.979(3) 2 � 2.904(3), 3.387(4) 2 � 2.699(3), 2� 2.901(3)
La[c] 2.519(2) 2.619(5) 2.755(5), 2.840(2) 2 � 2.932(4) 2 � 3.082(4), 3.551(3) 2 � 2.793(3), 2� 3.041(5)


[a] Oxygen atoms: p=prism, c=capping, t= trifluoromethanesulfonate. [b] Results from this work. [c] Results from ref. [6]. [d] Side of triangular sur-
face. [e] Side of rectangular surface of the trigonal prism.


Figure 1. The trigonal prism (Op) and capping (Oc) water oxygen atoms
around the nonahydrated erbium(iii) ion and the bridging hydrogen
bonds (O···O distances given in �) formed to the oxygen atoms (Ot) of
the trifluoromethanesulfonate ions, displayed with 50 % probability ellip-
soids for non-hydrogen atoms.


Table 2. The average number of water molecules, n, in the TTP hydrates
[M(H2O)n](CF3SO3)3 from the X-ray diffraction site-occupancy factors,
TGA analysis and crystal density.


M XRD TGA Density


Sc (1) 8.02(4) 8.1(1) 8.0(1)
Lu (2) 8.46(9) 8.4(1) 8.4(1)
Yb (3) 8.72(3) –[a] 8.7(1)
Tm (4) 8.84(5) –[a] 8.7(1)
Er (5) 8.96(5) –[a] 8.8(1)
Tb (6) 9.00 –[a] 9.0(1)


[a] Further decomposition prevented accurate analysis. See Figure S2 in
the Supporting Information.
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P63/m is clearly a disorder effect, and this is certainly also
the case for all the water-deficient [M(H2O)n](CF3SO3)3 hy-
drates (M =Sc, Lu, Yb, Tm or Er).


We recorded EXAFS spectra of the metal ions in these
water-deficient solid hydrates and modelled the data with


two groups of M�O bond lengths.[25] The displacement of
the metal ion resulting in asymmetric distributions of the
distances in the two groups requires careful EXAFS data
evaluation. Our preliminary results show a mean value of
the first group closely similar to the crystallographic M�Op


distance, but for the second group the EXAFS mean value
is somewhat shorter, up to 0.1 �, than the crystallographic
M�Oc distance. The shorter average M�Oc value probably
reflects the displacement of the metal atoms in sites with
water deficiency towards the two remaining capping waters,
while the closest M�Op bond lengths to the prism water
oxygen atoms change less. This is consistent with difference
electron-density maps in the plane through the metal and
two Op atoms for the scandium(iii) structure 1 (Figure S1 in
the Supporting Information), in which excess electron densi-
ty both at the metal and the Op positions indicates a corre-
lated displacement of the metal and the Op atoms. The ther-
mal parameters of the Op atoms increase with increasing
water deficiency, compared, for example, to the fully hydrat-
ed terbium compound 6 (see Table S1 in the Supporting In-
formation). Thus, some distances given in Table 1, which are
based on crystallographically averaged values for the atom
sites, will deviate from the true interatomic distances, espe-
cially for the highly water-deficient scandium(iii) compound
1.


The most favourable polyhedron formed by minimising
the total repulsion energy for nine equidistant ligand atoms
around a central metal ion is a tricapped trigonal prism.[26]


Compressing the trigonal prism along the threefold axis de-
creases all four ligand–ligand distances for each capping
atom, but two ligand–ligand distances increase and two de-
crease for each prism atom. Hence, each Oc capping oxygen
atom in a TTP hydrate will experience greater repulsion
from its oxygen neighbours than each Op prism atom, a fact
resulting in a longer M�Oc distance and a decreasing differ-
ence between the M�Oc and M�Op distances with increas-
ing ionic size (see Table 1). For six coordination, the M�Op


distances in a trigonal prism generally become longer than
the M�O distances in an octahedral configuration, because
of the shorter Op···Op distances. Thus, oxygen atoms capping
the rectangular surfaces, which approach the highly charged
central ion rather closely, are required to stabilise the trigo-
nal prism configuration from an electrostatic point of view.


Scandium(iii) hydration : Conflicting results have been re-
ported for the scandium(iii) hydration in aqueous solution,
and the hydration numbers for scandium(iii) aqua ions re-
ported for crystal structures also span an unexpectedly large
range of 6–9. Several computational studies have been per-
formed on the isolated “gas-phase” hydrates of scandium(iii)
with the aim of providing a better understanding of the hy-
dration structure, the water exchange rate and the mecha-
nisms in aqueous solution.[27–29] �kesson et al. found the
heptahydrated scandium(iii) ion (in C2 symmetry) to be
more stable than the hexahydrated ion (Th),[27] while Rot-
zinger proposed that hexa- and heptahydrated ions may co-
exist in aqueous solution.[28] Rudolph and Pye claimed that


Figure 2. Anisotropic displacement parameters for the MIII ion (ionic
radius given in � for nine coordination) in the TTP hydrates, [M(H2O)n]-
(CF3SO3)3, at room temperature for M =Sc (0.925), Lu (1.032), Yb
(1.042), Tm (1.052), Er (1.062), Ho (1.072), Dy (1.083), Tb (1.095), Gd
(1.107), Eu (1.120), Sm (1.132), Nd (1.163), Pr (1.179), Ce (1.196), Y
(1.075) and La (1.216). U11 (*) is the equatorial thermal ellipsoid compo-
nent, with the U33 component (&) being perpendicular to the plane of the
capping waters (see refs. [6, 7] and Table S1 in the Supporting Informa-
tion). The dashed line displays the slight increase in the U33 values ex-
pected for increasing ionic radii. For water-deficient compounds, posi-
tional disorder of the metal atom in the equatorial plane induces an ab-
normally large U11 value.


Figure 3. Residual electron density in the plane of the capping oxygen
atoms (Oc) for [M(H2O)n](CF3SO3)3 in which M =Sc, Lu, Yb, Tm, Er or
Tb, with positive (solid line) and negative (dotted line) contours (inter-
val= 0.20 �). Min, max values (e ��3): Sc �0.60, 1.00; Lu �3.20, 1.40; Yb
�1.60, 1.80; Tm �2.40, 1.20; Er �1.00, 1.00; Tb �0.40, 1.00. Water defi-
ciency in Oc positions (n<9) displaces the metal ion.
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the hexaaquascandium(iii) ion, for which they calculated a
surprisingly long Sc�O bond length of 2.18 �, would be the
most stable, also in aqueous solution.[29]


For structural studies of aqua ions in solution, the mean
metal–oxygen bond length is often a more reliable indicator
of the coordination number than direct determinations of
the number of coordinated ligands.[30] The hydration number
for the yttrium(iii) ion in aqueous solution could be deter-
mined by comparing X-ray absorption spectra with those
from carefully chosen solid hydrates, supported by results
from X-ray diffraction studies on solutions.[19] A similar
study of the hydrated scandium(iii) ion in solution is less
straightforward, since only a few well-determined crystal
structures are known of suitable solid hydrates[13,31, 32] and
the low atomic number causes experimental difficulties. The
effective ionic radii for scandium(iii) in six, seven and eight
coordination (0.745, 0.80 and 0.87 �, respectively) are de-
rived from scandium(iii) compounds with oxygen-donor li-
gands.[13] The Sc�O bond length for a hexaaquascandium(iii)
ion is expected to be around 2.08–2.09 �, by adopting a
radius of 1.34 � for water as a ligand to the trivalent ion.[33]


This estimate agrees well with the mean Sc�O distance of
2.08 � obtained for octahedrally solvated scandium(iii) ions,
for example, in the crystal structures of [Sc(H2O)6]-
[Sc(CH3SO3)6] and [Sc((CH3)2SO)6]I3.


[23,34] However, X-ray
diffraction and EXAFS studies on the scandium(iii) ion in
aqueous solution result in a considerably longer mean Sc�O
bond length, 2.17–2.18 �, than that expected for six coordi-
nation, and the unusual hydration number of seven was pro-
posed.[22,23] This interpretation is supported by the average
Sc�O bond length of 2.16 � that is found for the heptahy-
drated Sc3+ ions in the crystal structures of the hydrated ha-
lides, ScX3·nH2O (X=Cl, Br, I),[32] and in the “triflide” salt,
[Sc(H2O)7][C(SO2SCF3)3]3·H2O, with the coordination figure
described as a distorted monocapped trigonal prism.[35] Also,
in the dimeric hydrolysis products, [Sc(OH)2(OH2)5]2X4


(X=Cl� ,Br� and PhSO3
�), seven oxygen atoms surround


the scandium(iii) ion in monocapped trigonal prisms with
mean Sc�O bond lengths of around 2.16 �.[36, 37]


With bidentate ligands, scandium(iii) coordinates eight
oxygen atoms in coordination polyhedra described as dis-
torted dodecahedral or irregular bicapped trigonal prisms;[38]


this occurs, for example, in the HSc(O2C7H5)4 compound
with a mean Sc�O bond length of about 2.21 �.[39] Ninefold
oxygen coordination also requires bidentate ligands,[20,31]


even though a ninefold-hydrated [Sc(H2O)9]
3+ ion is as-


sumed to exist, based on a previous crystal-structure deter-
mination for nonaaquascandium(iii) trifluoromethanesulfo-
nate.[8] In this hydrate, the site symmetry is consistent with a
tricapped trigonal prism around the central scandium(iii) ion
with six short Sc�Op bond lengths of 2.171(6) �, and three
Sc�Oc distances reported to be 2.47(2) �. However, the stoi-
chiometric composition was deduced only from the structur-
al characterisation, and our redetermination of the structure
revealed water deficiency.[23,25] Also, in a previous crystallo-
graphic study of the hydrated lutetium(iii) trifluoromethane-
sulfonate a high thermal parameter of the capping oxygen


atoms was suggested to reflect a decrease in the coordina-
tion number.[6]


The low-temperature phase of the scandium hydrate, 1*:
The refined thermal parameters of the scandium atom in
the crystal structure of the hydrated scandium(iii) trifluoro-
methanesulfonate 1 were remarkably high, as were those of
the capping oxygen atoms. To explore this, the temperature
was decreased stepwise and single-crystal data were collect-
ed at 293, 250, 200, 150 and 100 K. The thermal parameters
decreased relatively uniformly for all atoms in the structure
except for scandium, which showed a considerably smaller
rate of change until about 188 K when a phase transition oc-
curred. Examination of the reciprocal lattice of this low-
temperature phase, 1*, at 150 K and 100 K revealed a rhom-
bohedrally centred unit cell approximately nine times larger
than the one at ambient temperature. The unit-cell dimen-
sions then increased three times in the c direction and by a
factor of about


ffiffiffi


3
p


in the a and b directions (Figure 4).


Weak superstructure reflections in the layers l=2n+1 and
l=2n+2 required the larger cell, while the strong main-
structure reflections are only present in the l= 3n layers.
Several of the superstructure reflections were formally vio-


Figure 4. Relation between the unit cells of 1 at 293 K (smaller cell) and
the low-temperature phase 1* at 150 K (larger cell), projected along the c
axis. The cell edges increase by approximately three times in the c direc-
tion and with a factor of


p
3 in the a and b direction at the 188 K phase


transition.
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lating the reflection conditions for the chosen space group
R3̄. However, all symmetry-forbidden reflections could be
explained by twinning, and the model in the space group R3̄
is expected to adequately represent the structure.


Alternatively, it was possible to describe 1* in the space
group P63/m, with the scandium atoms in two crystallo-
graphically different Sc sites. In one site, seven fully occu-
pied and two less-than-half-occupied oxygen-atom positions
would surround the scandium ion, while the other site dis-
played eight fully occupied oxygen positions and a ninth po-
sition with 27 % occupancy. In the choice between the space
groups R3̄ and P63/m the former is preferred, although a
twin law has to be invoked in order to explain some of the
reflections. However, the peculiar noncrystallographical ab-
sences exhibited (no superstructure reflections in the planes
l=3n) strongly suggest twinning, and the model in the R3̄


space group also yields a better R value, despite far fewer
parameters (Table 3).


At 150 and 100 K, in the chosen space group R3̄, seven
oxygen atoms in fully occupied positions form a distorted
monocapped trigonal prism with a mean Sc�O bond length
of 2.19 �, which is only slightly longer than the mean value
of 2.16 � found for heptahydrated scandium(iii) ions in
other structures.[32,35] Two more-distant capping water
oxygen sites, Sc�Oc(8) at 2.536(5) � and Sc�Oc(9) at
2.582(5) �, with occupancy factors refined to 0.50 and 0.43,
respectively, complete a distorted TTP polyhedron
(Table 4).


The original unit cell was restored when the temperature
was raised. Distinct features recorded with differential scan-
ning calorimetry (DSC) confirmed the reversibility of the
phase transition (Figure 5). Similar DSC measurements


Table 3. Crystallographic data for compounds 1, 1*, 2, 3, 4, 5 and 6.


1 1* 2 3 4 5 6


formula C3H16.0F9O17S3Sc C3H16.0F9O17S3Sc C3H16.92F9O17.46S3Lu C3H17.4F9O17.7S3Yb C3H17.7F9O17.83S3Tm C3H18F9O18S3Er C3H18F9O18S3Tb
formula weight 636.30 636.30 774.60 776.99 775.34 776.61 768.27
crystal system hexagonal trigonal hexagonal hexagonal hexagonal hexagonal hexagonal
space group P63/m R3̄ P63/m P63/m P63/m P63/m P63/m
a[a] [�] 12.999(2) 22.411(2) 13.217(2) 13.290(3) 13.3984(10) 13.4622(16) 13.6599(11)
c[a] [�] 7.7680(10) 23.070(2) 7.7440(10) 7.7810(10) 7.6955(5) 7.6672(10) 7.5589(5)
a,b,g [8] 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120
V [�3] 1136.7(3) 10034.6(15) 1171.6(3) 1190.2(4) 1196.38(15) 1203.4(3) 1221.47(16)
Z 2 18 2 2 2 2 2
T [K] 293 150 293 293 293 293 293
1calcd [gcm�1] 1.859 1.895 2.196 2.168 2.152 2.143 2.089
1exptl [gcm�1] 1.86(2) – 2.19(2) 2.17(1) 2.14(2) 2.13(1) 2.09(1)
m [mm�1] 0.742 0.756 4.622 4.332 4.110 3.887 3.290
min/max 2q 5.2/51.7 4.0/51.9 5.3/51.8 3.5/71.2 8.1/59.9 5.3/52.2 5.4/51.8
measured reflns 8734 12202 7717 14789 8955 9310 9541
unique reflns 786 4353 819 1848 1196 853 852
observed reflns 525 2663 746 860 792 780 797
R1/wR2


[I>2s(I)][b]
0.047/0.118 0.053/0.124[c] 0.033/0.064 0.026/0.047 0.032/0.055 0.024/0.054 0.018/0.044


R1/wR2 (all data) 0.073/0.130 0.088/0.137[c] 0.039/0.066 0.094/0.052 0.068/0.060 0.028/0.056 0.020/0.045


[a] The standard deviation for unit-cell edges is as obtained from the refinements and does not include systematic errors (which were estimated from re-
peated measurements on 3 with different diffractometers to be about one magnitude larger). [b] R1 =� j jFo j� jFc j j /� jFo j ; wR2 = [�[w(F2


o�F2
c)


2]/
�[w(F2


o)
2]]1/2. [c] Modelling in space group P63/m at 150 K resulted in R1 =0.073, wR2 =0.200 for I>2s(I) and R1 =0.245, wR2 =0.260 for all data.


Table 4. Sc�O bond lengths to prism (Op) and capping (Oc) water ligands, hydrogen-bond lengths to trifluoromethanesulfonate oxygen atoms (Ot), and
closest oxygen–oxygen contact distances Op···Op and Oc···Op in the distorted capped trigonal prism of 1*, [Sc(H2O)8.0](CF3SO3)3, at 150 K (see Figure S3
in the Supporting Information).


Water
oxygen
O(x)


Sc�O(x)
[�]


O(x)�H···Ot


[�]
O(x)···O(y) within


triangular surfaces [�]
O(x)···O(y)


between
triangles [�]


Op(1) 2.169(2) 2.757(5), 2.769(4) O(1)�O(3): 2.675(4), O(1)�O(5): 2.703(5) O(1)�O(2): 2.729(3)
Op(2) 2.171(2) 2.790(4), 2.804(5) O(2)�O(4): 2.688(5), O(2)�O(6): 2.704(5)
Op(3) 2.193(3) 2.727(4), 2.784(3) O(3)�O(1): 2.675(4), O(3)�O(5): 2.796(3)[c] O(3)�O(4): 3.092(4)[c]


Op(4) 2.176(3) 2.717(4), 2.738(4) O(4)�O(2): 2.688(5), O(4)�O(6): 2.790(4)[c]


Op(5) 2.146(3) 2.722(4), 2.728(4) O(5)�O(1): 2.703(5), O(5)�O(3): 2.796(3) O(5)�O(6): 3.089(4)[c]


Op(6) 2.165(3) 2.729(4), 2.776(4) O(6)�O(2): 2.704(5), O(6)�O(4): 2.790(4)
Oc(7) 2.291(3) 2.892(4), 2.893(4) O(7)�O(5): 2.603(5), O(7)�O(3): 2.746(4), O(7)�O(6): 2.627(5), O(7)�O(4): 2.735(4)
Oc(8)[a] 2.536(5) 3.028(5), 3.055(5) O(8)�O(5): 2.530(6), O(8)�O(1): 2.675(4), O(8)�O(6): 2.566(6), O(8)�O(2): 2.679(4)
Oc(9)[b] 2.582(5) 2.954(6), 2.963(5) O(9)�O(3): 2.472(7), O(9)�O(1): 2.754(5), O(9)�O(4): 2.450(7), O(9)�O(2): 2.753(5)


[a] Occupancy factor refined to 0.50(1). [b] Occupancy factor refined to 0.43(1). [c] Edges (bold) of the enlarged rectangular surface allowing the close
approach of Oc(7) to the scandium(iii) ion.
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were then performed for the lanthanoid(iii) compounds [M-
(H2O)n](CF3SO3)3 with M=Lu, Yb, Tm, Er, Ho, Dy, Y and
La; phase transitions were found to occur at about 190 K
for all the water-deficient compounds (M=Sc, Lu, Yb, Tm
and Er), with a weak effect also observed for the holmi-
um(iii) compound, while no phase transitions were indicated
in this low-temperature range for the fully hydrated
dysprosium(iii), yttrium(iii) and lanthanum(iii) compounds.


Hydrogen bonding and steric interactions : The bridging hy-
drogen bonds contribute to stabilise the TTP geometry of
the hydrated ions in the present isomorphous compounds.
Two different oxygen atoms (Ot) of each trifluoromethane-
sulfonate group accept hydrogen bonds from two TTP water
molecules and form symmetric bridges between two Op


atoms along the threefold axis or asymmetric bridges be-
tween one Op and one Oc atom, as shown in Figure 1. The
significantly longer hydrogen bonds from the less-polarised
water molecule in the capping position are still strong
enough to pull the Oc atoms off the centre of the rectangu-
lar surfaces of the prism, an effect corresponding to a slight
rotational displacement in the plane of the equatorial cap-
ping water molecules. The result is two longer and two
shorter Oc···Op ligand–ligand contact distances (Table 1).


With decreasing radius in the series of lanthanoid(iii) ions,
the edge of the equatorial triangle of the prism decreases
until the Op···Op ligand–ligand repulsion resists further con-
traction. The axial contraction of the trigonal prism contin-
ues, with the bridging axial hydrogen bonds donated by Op


atoms holding the triangular surfaces in an eclipsed align-
ment. The effect can be seen in Table 1, in which the closest
Op···Op distance obtained within the triangular sides of the
prism decreases from 2.865(4) �, through 2.844(6), 2.842(4)
and 2.846(7) �, to 2.748(4) � for Er, Tm, Yb, Lu, and Sc,
respectively. This can be compared with the contact Oc···Op


distances, which are even shorter (2.677(4), 2.663(5),
2.663(4), 2.641(8) and 2.561(6) �, respectively). The Op···Op


and Oc···Op distances are those obtained for the crystallo-
graphic TTP positions.


The increasing Oc···Op ligand–ligand repulsion of the con-
tracting trigonal prism even causes the M�Oc distance to in-


crease for some of the smallest lanthanoid ions (Table 1).
Eventually, the release of one capping water, thereby allow-
ing the metal ion to approach the remaining capping oxygen
atoms while keeping the M�Op distances almost unchanged
by distorting the trigonal prism, becomes more favourable
than the fully occupied regular TTP coordination geometry.
The phase transitions shown by DSC measurements for all
the water-deficient hydrates probably reflect a transforma-
tion from a regular TTP prism to a distorted capped config-
uration at low temperature (�190 K), as for the scandium
1* compound. This is consistent with the almost constant
O···O contact distances for the smallest lanthanoid(iii) ions
in the series, for which the inherent instability for coordinat-
ing three equidistant capping oxygen atoms should decrease
with increasing ionic radii. The smallest stable TTP cage of
water molecules around a trivalent metal ion should then be
given by Op···Op distances of 2.87 and 3.31 � within and be-
tween the triangular surfaces of the trigonal prism, respec-
tively, and by an Oc···Op contact distance of 2.68 � for the
capping oxygen atoms, that is, slightly larger dimensions
than those for the hydrated erbium(iii) ion.


In the low-temperature phase 1* of the hydrated
scandium(iii) trifluoromethanesulfonate, one rectangular
surface of the distorted trigonal prism has expanded (see
Tables 1 and 4) to allow the close approach of one capping
water oxygen (Sc�Oc(7): 2.291(3) �). The contraction of the
two other sides of the prism then forces the two correspond-
ing capping sites outward (Sc�Oc(8) and Sc-Oc(9): 2.536(5)
and 2.582(5) �, respectively). The mean contact distance be-
tween the capping oxygen atom for the fully occupied site
and the four atoms of the rectangular surface (Oc(7)···Op:
2.68 �) is actually equal to the Oc···Op distance established
for a stable TTP cage (see above), while for both the half-
occupied sites, Oc(8) and Oc(9), a shorter mean Oc···Op dis-
tance of 2.61 � is obtained (see Table 4).


The hydrogen bonding in 1* also reflects the different Sc�
O bond strengths in the distorted coordination polyhedron.
The 12 hydrogen bonds, Op�(H)···Ot, from the tightly
bonded prism water molecules to the surrounding trifluoro-
methanesulfonate oxygen atoms remain short and are all in
the range of 2.72–2.80 � (see Table 4 and Figure S3 in the
Supporting Information). However, the hydrogen bonds
from the fully occupied capping water site, Oc(7)�(H)···Ot


(2 �2.89 �), are shorter than those from the more distant
sites Oc(8)�(H)···Ot (2.95 and 2.96 �) and Oc(9)�(H)···Ot


(3.03 and 3.06 �). This is consistent with the shortening of
the Sc�Oc(7) bond, which increases the polarisation of the
Oc(7) water molecule and thereby the hydrogen-bond
strength.


2H NMR spectroscopy studies of water mobility : The rever-
sible phase transition of the scandium hydrate and the
equivalent capping positions in the crystal structure above
the transition temperature indicated that the coordinated
water molecules could exchange positions in the TTP hy-
drates, even in the solid state. The water mobility was there-
fore studied by means of 2H solid-state NMR spectroscopy


Figure 5. Differential scanning calorimetry (DSC) of [Sc(H2O)8.0]-
(CF3SO3)3 displays a reversible phase transition 1 Ð 1*, at about 188 K,
which is exothermic when cooling; DH8=�0.80(1) kJ mol�1.
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on the diamagnetic [M(2H2O)n](CF3SO3)3 salts with M=Sc,
Lu, Y or La, within the temperature range 268–358 K. The
isomorphous fully hydrated yttrium(iii) and lanthanum(iii)
hydrates of Group 3 with closed-shell electron structures
were chosen for comparison with the water-deficient
scandium(iii) and lutetium(iii) compounds, since we could
not obtain useful spectra of the ytterbium(iii), thulium(iii)
and holmium(iii) hydrates because of the paramagnetism of
the unpaired 4f electrons.


The 2H NMR spectra of the four hydrates exhibit three
types of spectral features (Figure 6):


a) A sharp peak at zero frequency in all spectra indicates
isotropically reorientating deuterons and can be ascribed
to noncoordinated water on the surface of the crystals.
These sharp peaks are of comparable magnitude in all
spectra, a result indicating that the amount of noncoordi-
nated water stays the same during the temperature varia-
tions for compounds in the closed containers.


b) The broad powder pattern, with an overall width of
�170 kHz and an asymmetry parameter of �1, that
occurs at low temperatures for the yttrium(iii) and
lanthanum(iii) hydrates is characteristic of a rapid two-


fold rotational twist around the M�O bond of the coor-
dinated water molecule.[40]


c) For all scandium(iii) and most lutetium(iii) spectra, and
also for the high-temperature yttrium(iii) and
lanthanum(iii) spectra, rather narrow powder patterns
with widths of �40 kHz and asymmetry parameters of
�0 are observed.


In order to interpret these spectra in terms of water mobil-
ity, we consider first the yttrium and lanthanum compounds.
At low temperature, the broad line shape (feature b) ap-
pears when the coordinated water molecules perform a fast
rotational-flip motion in their lattice positions. When the
temperature increases, the intensity of this broad spectral
feature decreases. This indicates the onset of a new dynamic
process with a rate comparable to the strength of the rigid-
lattice 2H quadrupolar interaction, which is �105 s�1.[41]


Eventually, when the temperature is sufficiently high, the
rate of this motion becomes fast (@ 105 s�1) on the 2H NMR
timescale and the relatively narrow powder pattern (fea-
ture c) emerges. In accordance with the assignments in pre-
vious investigations of hydrated solids,[42] we associate this
feature with positional exchange of the water molecules.


The single exchange-averaged 2H pattern (feature c) indi-
cates that the water molecules in all TTP sites, prism and
capping, become mobile around the metal ions when the
temperature is raised. For the yttrium(iii) and lanthanum(iii)
hydrates, fast exchange begins at about 330 and 360 K, respec-
tively. The water dynamics observed for the scandium(iii)
and lutetium(iii) hydrates are similar, even though fast ex-
change has already started at about 280 K for lutetium(iii)
and below the lowest measuring temperature of 268 K for
the hydrated scandium(iii) ion. Hence, for these two com-
pounds the higher number of vacant capping positions cor-
responds to a higher water mobility at a given temperature.


Positional exchange of water molecules : The results from
the 2H NMR spectroscopy studies indicate an inversion
mechanism in all of the investigated solid hydrates that
allows, at sufficiently high temperature, rapid positional ex-
change of water molecules between the prism and capping
oxygen atom positions in the TTP configuration. The prism
positions are more favoured because of the stronger M�Op


bonds,[24] and will always appear fully occupied in the crystal
structure, while the distribution of vacancies in the capping
positions becomes equivalent due to the mobility. Even
though water deficiency appears to lower the temperature
required for fast exchange, vacancies are not necessary for
exchanging the positions of the coordinated water mole-
cules. The reason why rapid water exchange for the fully
nonahydrated lanthanum(iii) ion starts at a higher tempera-
ture than that for the smaller, likewise-nonahydrated
yttrium(iii) ion with higher electrostatic M�O attraction
may be the stronger hydrogen bonding to the capping water
molecules (Table 1). The hydrogen-bonded distances from
the capping water molecules to the oxygen atoms of the tri-
fluoromethanesulfonate ions, Oc···Ot, are shorter for


Figure 6. 2H solid-state NMR spectra of [M(2H2O)n](CF3SO3)3 hydrates,
with M= Sc, Lu, Y and La, in the temperature range 268–358 K. The
sharp peak at zero frequency originates from noncoordinated surface
water. The broad features at low temperatures for the yttrium(iii) and
lanthanum(iii) hydrates are characteristic of a rapid twofold rotation of
coordinated water. The narrow powder patterns, with a width �40 kHz,
indicate positional exchange of the water molecules.
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lanthanum(iii) (2.932(4) �) than for yttrium(iii)
(3.004(5) �), and the distances are most equal for the prism
water molecules, with Op···Ot distances of 2.755(5) and
2.840(2) � for lanthanum(iii) and of 2.750(6) and 2.830(3) �
for yttrium(iii).


The MD simulation studies of Kowall et al. of the dynam-
ic behaviour of the first hydration shell of the lanthanoid(iii)
aqua ions described the polarisable potential of the water
molecules by scaling the cation–water and water–water Cou-
lomb interactions with a distance-dependent factor.[16] In a
preliminary step the energies were minimised for coordina-
tion polyhedra with nine water molecules arranged in C2v


symmetry on the surface of a sphere, with the water mole-
cules strictly radially aligned. The energy minima corre-
spond to different orientations of the trigonal axis in TTP
hydrates and are separated by a saddle point with only
1.2 kJ mol�1 higher energy, a point corresponding to the
monocapped square antiprismatic geometry. An inversion
movement along the valley in the potential energy surface
between the trigonal prismatic configurations would scram-
ble all nine atoms in such a model, since any one of the
three capping atoms of the trigonal prism can become the
capping atom of the square antiprism. However, such a
change from one TTP orientation to another would corre-
spond to a 908 reorientation of the sixfold inversion axis of
the prism, which is not allowed within the lattice of the crys-
tal structure. In the MD study by Floris and Tani, in which
ab initio effective pair potentials were used, other internal
rearrangements of the hydrating water molecules were also
found to occur; these molecules were performing rather lo-
calised motions due to the combination of strong ion–water
attraction and harsh water–water repulsion.[18]


For the TTP hydrated ions with water deficiency, a prism
oxygen atom moving to a vacant capping position would
leave a hole which then can be filled with the adjacent cap-
ping oxygen atom (Figure 7). However, for the nonaaqua
yttrium(iii) and lanthanum(iii) ions and for other fully hy-
drated ions, for example part of the hydrated lutetium(iii)
ions, a conceivable mechanism for the observed water mobi-
lity would require a simultaneous 908 twist of the atoms in
the lower square plane in an antiprism capped by the top-
most water molecule, as indicated in Figure 7. When the hy-
drated metal ion relaxes back to the crystallographic TTP
position, the twist would have caused an exchange between
prism and capping water molecules consistent with the
2H NMR spectra.


Lewis acidity and capping sites : The ytterbium(iii) trifluo-
romethanesulfonate (“triflate”) is the most useful of the
lanthanoid(iii) trifluoromethanesulfonates as a water-toler-
ant Lewis acid for catalysing many types of organic synthe-
ses, although in the last decade the lanthanide-like
scandium(iii) trifluoromethanesulfonate has been found to
be even more efficient.[12, 13] For example, solutions of the
small scandium(iii) and ytterbium(iii) ions were found to be
significantly more efficient as recyclable catalysts in the ni-
tration of aromatic compounds in organic solvents than the


lanthanum(iii), praseodymium(iii) and europium(iii) trifluo-
romethanesulfonates.[35,43] The reaction produces water mol-
ecules that will expel trifluoromethanesulfonate ions from
the first coordination sphere in a mixed reaction medium.[44]


“The compatibility of lanthanoid(iii) triflate salts with water
and yet their apparent ability to function as strong Lewis
acids is somewhat paradoxical.”[43] Bridging hydrogen bond-
ing from the coordinated water molecules to trifluorometh-
anesulfonate ions could be able to stabilise a trigonal prism
around such partially hydrated scandium and lanthanoid(iii)
ions. Especially for the small scandium(iii) and ytterbium(iii)
ions, the donor atoms of the substrate molecules would be
able to compete favourably with the bulky organic solvent
molecules for ligating the metal ion in the capping positions.


This is also indicated by an MD study of the ytterbium(iii)
hydration, which concluded that “even a light perturbation
could rather easily remove the capping water in the hydra-
tion shell of Yb3+ .”[18] When trifluoromethanesulfonate is
exchanged for the bulky tris(trifluoromethanesulfonyl)me-
thide (“triflide”) anion for ytterbium(iii) and scandium(iii),
[Yb/Sc(OH2)n]·H2O units encapsulated by the triflide anions
can crystallise from aqueous solutions, in isomorphous salts
with n=8 for ytterbium(iii) and n=7 for scandium(iii).[34]


The arrangement of water around these hydrated cations
can be described as distorted bi- and monocapped trigonal
prisms, respectively. There is a “dramatic increase in activity
of the triflide salts versus the corresponding triflates for the
aromatic nitration of the electron-deficient arene o-nitrotol-
uene”.[35] Presumably, this higher catalytic activity is an
effect of the more flexible coordination sphere increasing
the accessibility to the metal ion and thus increasing the
ion�s effectiveness as a Lewis acid.


Competition between anions and capping water molecules
is probably the reason why the hydration number of the
lutetium(iii) ion shows strong concentration dependence in


Figure 7. Proposed mechanism for positional exchange of the prism (Op)
and capping (Oc) water molecules in TTP hydrates. The monocapped
square antiprismatic configuration allows twisting of the lower plane, fa-
cilitated by water deficiency, as displayed for the Lu(H2O)9


3+ ion. The el-
lipsoids enclose 50 % electron density.
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water/acetone mixtures, as found by the NMR spectroscopy
peak-area method.[17] When the aqueous concentration of
Lu(ClO4)3 was increased, from relatively dilute
(0.49 mol dm�3) to highly concentrated (2.9 mol dm�3) solu-
tions, the number of water molecules coordinated to the
lutetium(iii) ion decreased gradually from 8.7�0.45 to 6.3�
0.12.


Conclusion


This study provides very clear-cut examples that ionic size
and ligand–ligand interactions are the main factors deter-
mining the arrangement of aqua ligands around highly hy-
drated trivalent metal ions. However, for crystalline hy-
drates, directed hydrogen bonding to the neighbouring
anionic species is shown to influence not only the configura-
tion but also the hydration number.


Water deficiency was found for the smallest hydrated tri-
valent metal ions surrounded by tricapped trigonal prisms of
nine water molecules in the isomorphous series of trifluoro-
methanesulfonates, [M(H2O)n](CF3O3)3 in which M= Sc, Lu,
Yb, Tm or Er. Crystallographic refinement of occupancy
factors at ambient temperature yielded the number of water
molecules per metal ion (the hydration number, n=8.02(4),
8.43(8), 8.72(3), 8.84(5) and 8.96(5), respectively) and locat-
ed the water deficiency to the capping positions. Residual
electron density in the plane of the capping oxygen atoms in
the prism indicates that the vacancies are randomly distrib-
uted in the crystal structure. The repulsion from the prism
oxygen atoms hampers the approach of the capping oxygen
atoms toward the trivalent metal ions. Lanthanoid(iii) ions
with a lower atomic number than erbium(iii) are sufficiently
large to keep a regular TTP geometry with three capping
water molecules by expanding the sides of the prism. How-
ever, for the smaller ions, including scandium(iii), a configu-
ration with one vacant capping position and with the metal
ion displaced toward the remaining capping water oxygen
atoms in a distorted prism can become more favourable.


DSC measurements showed exothermic phase transitions
for all the water-deficient trifluoromethanesulfonate com-
pounds, [M(H2O)n](CF3O3)3 with M=Sc, Lu, Yb, Tm or Er,
when they were cooled below about 190 K. Single-crystal
data at 150 and 100 K showed that the [Sc(H2O)8.0]-
(CF3SO3)3 compound reversibly transformed to a trigonal
cell that was almost nine times larger, with the scandium ion
surrounded by seven fully occupied oxygen atom positions
(mean Sc�O distance of 2.19 �) and another two half-occu-
pied distant positions, in a distorted capped trigonal prism
(see Figures 4 and 5 and Figure S3 in the Supporting Infor-
mation). The phase transitions are probably triggered by the
instability of the TTP configuration around the small metal
ions, with the three equidistant capping oxygen atoms being
strongly repelled by the prism oxygen atoms.


The high symmetry, with equivalent water deficiency in
the capping oxygen positions at ambient temperature,
prompted a 2H solid-state NMR spectroscopy study of the


mobility of the water molecules in the coordination sphere,
which was feasible for the diamagnetic compounds [M-
(H2O)n](CF3SO3)3 with M= Sc, Lu, Y and La. The tempera-
ture for which the positional exchange of coordinated water
molecules between capping and prism positions became
rapid on the 2H NMR timescale (@ 105 s�1) was lowest for
the scandium(iii) compound, at below 268 K. For lutetium-
(iii), with fewer vacant oxygen positions, the positional ex-
change becomes rapid above about 280 K; for the large
yttrium(iii) and lanthanum(iii) ions, without vacancies, the
NMR spectra indicate rotational-flipping motions of the
water molecules at temperatures below about 283 K but also
rapid exchange of their positions at elevated temperatures,
above 330 and 360 K, respectively. In crystallographic stud-
ies over the phase-transition temperature, the more fav-
oured prism positions, with shorter M�O bond lengths and
longer residence times, will always appear fully occupied for
the water-deficient compounds.


The relatively strong hydrogen bonding to the anions evi-
dently has an important role in stabilising the TTP cage
around trivalent metal ions with such a large range of ionic
radii as in the series of isomorphous trifluoromethanesulfo-
nate hydrates. Two oxygen atoms of each sulfonate group
bridge hydrogen bonds from two water molecules in the
TTP hydrate, and the coordinated water molecules are held
together in pairs along the threefold axis in the trigonal
prism (see Figure 1). Such a hydrogen-bond arrangement
certainly favours the trigonal prism of six water molecules
as a building block for hydration numbers exceeding six, by
allowing close approach of capping waters or other ligands
at the rectangular surfaces. This is probably the main reason
why the relatively small scandium(iii) ion can obtain the
high hydration number of about eight in the hydrated
scandium(iii) trifluoromethanesulfonate, while the hydration
number is only seven in the halides with weaker hydrogen
bonds[32] and six for the hydrated methanesulfonate [Sc-
(H2O)6][Sc(CH3SO3)6] with strong hydrogen bonding but in
a different arrangement.[19] Also, the efficiency especially of
scandium(iii) trifluoromethanesulfonate as a water-tolerant
Lewis acid catalyst for many organic syntheses[12, 13] is possi-
bly connected to the potential for the donor atoms of the
substrate molecules to bind to the metal ion in the capping
positions of a trigonal prism.


Experimental Section


Syntheses and analyses : Colourless hexagonal rodlike crystals, [M-
(H2O)n](CF3SO3)3 in which M=Sc (1), Lu (2), Yb (3), Tm (4), Er (5) or
Tb (6), formed when slowly evaporating acidic (pH�1) aqueous solu-
tions of the trifluoromethanesulfonate salts. The solutions were prepared
by dissolving the oxides, M2O3, in diluted trifluoromethanesulfonic acid,
HCF3SO3 (Fluka), whilst stirring and heating. The slightly hygroscopic
crystals were enclosed in glass capillaries during the diffraction experi-
ment. For 2H solid-state NMR measurements, crystals of [M(2H2O)n]-
(CF3SO3)3 in which M =Sc, Lu, Y or La, with >99 % deuteration were
prepared by repeated (>3 times) evaporation and recrystallisation of
2H2O solutions of the hydrated trifluoromethanesulfonate salts.
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The number of water molecules per metal ion was determined by several
methods. Crystallographic refinement of the oxygen occupancy parame-
ters and density measurements by means of flotation in CCl4+CBr4 mix-
tures were performed in all cases (Table 2), and thermogravimetric analy-
sis (TGA) was also carried out by using a Perkin–Elmer TGA7 Analyzer
(Figure S2 in the Supporting Information). The weight loss was moni-
tored when heating the sample (about 20 mg) at a rate of 10 K min�1


from 293 to 573 K, under a constant flow of dry air. DSC, by means of a
Perkin–Elmer DSC Pyris 1 instrument, was used to detect phase transi-
tions by monitoring the energy absorbed or released when small amounts
of the crystalline samples (�10 mg) were cooled from 293 to 133 K at a
rate of 10 Kmin�1 and then the temperature was allowed to increase to
293 K.
2H NMR spectroscopy: Deuterium solid-state NMR spectra were ac-
quired with a Chemagnetics Infinity 400 MHz spectrometer (9.4 T) by
using the quadrupolar echo sequence.[45] The 2H p/2 pulse duration was
1.8 ms, and the recycle delay was always at least 5 times the spin-lattice
relaxation time. The first echo delay was set to 50 ms, and the second
delay was carefully chosen so that the first point in the free induction
decay was digitised at the spin-echo maximum. The deuterated crystalline
samples were contained in a closed Teflon container and checked to
ensure that no weight loss occurred. The temperature was cycled to
ensure that the same spectra were obtained when returning to the start-
ing temperature. A detailed discussion of motional effects on 2H solid-
state NMR spectra can be found elsewhere.[41]


X-ray crystallography : Data were collected at ambient temperature with
single crystals of 1–6 and at low temperature (100 and 150 K) with [Sc-
(H2O)8.0](CF3SO3)3 (1*) by means of a STOE IPDS diffractometer equip-
ped with an imaging-plate detector. For the ytterbium(iii) hydrate (3),
data were also collected with a STOE AED2 four-circle diffractometer;
for the thulium(iii) hydrate (4), an Oxford Instruments Xcalibur diffrac-
tometer equipped with a CCD detector and CrysAlis software was em-
ployed. The STOE IPDS software package was used for indexing and in-
tegrating the single-crystal reflections. Absorption corrections were per-
formed with the programs X-RED and X-SHAPE, by using symmetry-
equivalent reflections to model crystal shape and size.[46] The structures
were solved by using SHELXS97 direct methods and were refined with
SHELXL97 program by applying full-matrix least squares on F2.[47] All
non-hydrogen atoms were refined anisotropically. The hydrogen atoms of
the water molecules were located from the residual density map and
their positional parameters were refined. For 1 and 1*, a tight restraint of
the O�H bond length was introduced and the H···H distance was kept at
a value corresponding to the H�O�H angle of 104.58. This way of model-
ling allows reorientations of almost rigid water molecules, as no riding
atom model is available for water molecules in the SHELXL97 program.
Molecular structure visualisations were performed by means of the DIA-
MOND program,[48] and the electron density maps were obtained by
means of the PLATON program.[49] Selected crystallographic and experi-
mental details are summarised in Table 4.


The Supporting Information for this article contains anisotropic tempera-
ture factors (�2) for the non-hydrogen atoms of the tricapped trigonal
[M(H2O)9]


3+ ions (Table S1), excess electron-density maps around prism
oxygen atoms for the scandium compound (Figure S1), TGA and DSC
curves for the hydrated scandium(iii), yttrium(iii) and lanthanum(iii) tri-
fluoromethanesulfonates (Figure S2) and a DIAMOND[48] picture of the
hydrogen bonding in the low-temperature phase 1* of the hydrated
scandium(iii) trifluoromethanesulfonate (Figure S3).


Further details of the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax: (+49) 7247-808-666; e-mail : crysdata@fiz-
karlsruhe.de) on quoting the depository CSD numbers (filename):
415177 (Sc-triflate-293.cif), 415178 (Sc-triflate-250.cif), 415179 (Sc-trif-
late-200.cif), 415180 (Sc-triflate-150.cif), 415181 (Sc-triflate-100.cif),
415182 (Lu-triflate.cif, 415183 (Yb-triflate.cif), 415184 (Tm-triflate.cif),
415185 (Er-triflate.cif) and 415186 (Tb-triflate.cif).
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Self-Supported Heterogeneous Titanium Catalysts for Enantioselective
Carbonyl–Ene and Sulfoxidation Reactions


Xisheng Wang, Xingwang Wang, Hongchao Guo, Zheng Wang, and Kuiling Ding*[a]


Introduction


The asymmetric catalysis of organic reactions to provide
enantiomerically enriched products is central to modern syn-
thetic and pharmaceutical chemistry.[1] The development of
chiral catalysts for the enantioselective reactions is a funda-
mental aspect in asymmetric catalysis.[2] Homogeneous
asymmetric catalysis has the advantages of high enantiose-
lectivity and catalytic activity in various asymmetric trans-
formations under mild reaction conditions. The catalyst
loadings employed in most cases have been in the range of
5–10 mol %,[2] which is impractical due to the high costs of
noble chiral catalysts and difficulties associated with their
recovery and reuse.[3] The heterogenization of the homoge-
neous catalysts provides a convenient approach to catalyst


separation and recycling.[4] Immobilization of the homogene-
ous asymmetric catalyst is commonly achieved by the uti-
lization of inorganic materials, organic polymers, or mem-
branes as supports through either covalent bonding or non-
covalent anchoring.[5] However, the catalysts immobilized by
these approaches often display reduced enantioselectivity or
activity relative to their homogeneous counterparts.


Metal–organic self-assembled frameworks exhibit perma-
nent porosity and absorption capacity for organic guest mol-
ecules.[6] The design and synthesis of chiral metal–organic
frameworks (chiral zeolite) may, therefore, provide a new
strategy for asymmetric heterogeneous catalysis, as the
chiral ligand can spontaneously form a chiral environment
and the metal ion may act as the catalytically active center.
Such molecular assemblies would have the advantage of
both robust chiral frameworks and high density of the cata-
lytically active units. Seo and co-workers demonstrated the
enantioselective catalytic activity of a homochiral metal–or-
ganic porous material composed of tartaric acid-derived li-
gands and Zn ions for transesterification, despite low enan-
tioselectivity (~8 % ee).[7] More recently, Lin and co-workers
reported the heterogenization of Noyori�s catalyst with a zir-
conium phosphonate framework, which promotes the asym-
metric hydrogenation of aromatic ketones with remarkably


Abstract: A new strategy for the heter-
ogenization of chiral titanium com-
plexes was developed by the in situ as-
sembly of bridged multitopic BINOL
ligands with [Ti(OiPr)4] without using a
support. The assembled heterogeneous
catalysts (self-supported) showed excel-
lent enantioselectivity in both the car-
bonyl–ene reaction of a-methylstyrene
with ethyl glyoxylate (up to 98 % ee)
and the oxidation of sulfides (up to
>99 % ee). The catalytic performance
of these heterogeneous catalytic sys-
tems was comparable or even superior
to that attained with their homogene-


ous counterparts. The spacers between
the two BINOL units of the ligands in
the assembled catalysts had significant
impact on the enantioselectivity of the
carbonyl–ene reaction. This demon-
strates the importance of the supra-
molecular structures of the assemblies
on their catalytic behavior. In the catal-
ysis of sulfoxidation, the self-supported
heterogeneous titanium catalysts were


highly stable and could be readily recy-
cled and reused for over one month (at
least eight cycles) without significant
loss of activity and enantioselectivity
(up to >99.9 % ee). The features of
these self-supported catalysts, such as
facile preparation, robust chiral struc-
ture of solid-state catalysts, high densi-
ty of the catalytically active units in the
solids, as well as easy recovery and
simple recycling, are particularly im-
portant in developing methods for the
synthesis of optically active compounds
in industrial processes.
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high activity, enantioselectivity, and reusability.[8] Sasai and
our group independently reported a new strategy for the im-
mobilization of homogeneous catalysts. This involved using
homochiral metal–organic coordination polymers, formed by
the self-assembly of chiral multitopic ligands and catalytical-
ly active metal ions, as “self-supported” chiral catalysts.[9]


The application of the assembled titanium catalysts to the
asymmetric carbonyl–ene reaction exhibited high activity
and enantioselectivity.[9b] In particular, the self-supported
heterogeneous titanium catalysts were highly stable and
could be readily recycled and reused for over one month
without significant loss of activity and enantioselectivity (up
to >99.9 % ee) in the catalysis of asymmetric sulfoxidation.
Here, we report the heterogenization of titanium catalysts
with a self-supporting strategy for the heterogeneous enan-
tioselective carbonyl–ene reaction and the oxidation of sul-
fides.


Results and Discussion


The principle of chiral catalyst immobilization : In the classi-
cal immobilization of homogeneous catalysts with organic
polymers,[4,5] the chiral ligands or the catalytically active
units are usually anchored randomly onto irregular poly-
mers, or are incorporated into the main polymer chain, as
highlighted by Dai.[10] Although these strategies have yield-
ed some success,[4,5] the polymeric ligands must be prepared
before the active metallic species is uploaded, and the pro-
cedures for their syntheses are usually somewhat tedious. In
contrast, the assembly of chiral multitopic ligands with cata-
lytically active metal ions can afford coordination polymers
(or oligomers) conveniently, without the use of support
(Scheme 1).


The resultant coordination polymers (or oligomers) often
display low solubility in common organic solvents, which
provides an excellent opportunity for performing asymmet-
ric catalysis heterogeneously. This mode of chiral catalyst
immobilization was called a self-supporting strategy.[9c,10] Ac-
cordingly, the key issue for the generation of self-supported
chiral catalysts is the design and synthesis of multitopic li-
gands. The bridging linker of the ligand should be rigid to
avoid the intramolecular interaction of two chiral units and
to guarantee the formation of intermolecular coordination
polymers.


Synthesis of multitopic BINOL ligands : To demonstrate the
feasibility of our strategy, four bridged BINOL ligands were
designed (4 a–d), in which the spacers were assembled at the
6-position of the 1,1’-binaphthyl backbone to avoid the in-
tramolecular interaction of two chiral units. The synthesis of
4 a–d was quite straightforward (Scheme 2). Suzuki cou-
pling[11] reactions of (S)-6-bromo-2,2’-dimethoxymethoxy-
1,1’-binaphthyl (1 a) with 1,4- or 1,3-phenlene diboric acid
(2 a–b) in ethylene glycol dimethyl ether (DME), under the
catalysis of [Pd(PPh3)4], afforded 3 a and 3 b in 62 and 67 %
yields, respectively. The acidic deprotection of methoxyme-
thoxy (MOM) groups of 3 a–b furnished the expected bridg-
ed BINOL ligands 4 a and 4 b in >99 % yields. The synthesis
of 4 c was accomplished by the coupling of 1 a with (S)-6-
(MeO)2B-2,2’-dimethoxymethoxy-1,1’-binaphthyl (2 c), fol-
lowed by acidic deprotection of the methoxymethyl groups.
The Suzuki coupling of (S)-6,6’-dibromo-2,2’-dimethoxyme-
thoxy-1,1’-binaphthyl (1 b) with 1,4-phenlene diboric acid 2 a
afforded 3 d, which was then hydrolyzed under acidic condi-
tions to give 4 d in 37 % overall yield.


Self-supported titanium catalysts for enantioselective car-
bonyl–ene reactions : The asymmetric carbonyl–ene reaction
is an important means of C�C bond formation in organic
synthesis.[12] Among various chiral Lewis acids, such as Al,
Ti, Ni, Pt, Pd, Yb, and Cu metallic complexes, titanium com-
plexes of BINOL derivatives are among the most widely
used for asymmetric carbonyl–ene reactions.[12–14] According
to Mikami�s asymmetric activation concept, an enantiopure
[(R)-BINOL-Ti(OiPr)2] (10 mol %) catalyst could be activat-
ed by the further addition of (R)-BINOL(H2), affording the
product of the carbonyl–ene reaction in higher enantioselec-
tivity (96.8 % ee vs 94.5 % ee).[14] Results of a kinetic study
showed that the reaction catalyzed by the [(R)-BINOL-Ti-
(OiPr)2-(R)-BINOL(H2)] complex was 25.6 times faster than
that catalyzed by [(R)-BINOL-Ti(OiPr)2].[14a] We have dem-
onstrated that the catalysts prepared by the homocombina-
tion of (R)-6,6’-I2-BINOL with Ti(OiPr)4, or by the hetero-
combination of (R)-6,6’-I2-BINOL and (R)-6,6’-(CF3)2-
BINOL with [Ti(OiPr)4], show exceptionally high efficien-
cies for the carbonyl–ene reaction under nearly solvent-free


Scheme 1. Schematic representation of the self-supporting strategy for
the immobilization of chiral catalysts.
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conditions, affording a-hydroxy ester derivatives in good
yields and excellent enantioselectivities.[15] These phenom-
ena facilitated the design of assembled catalysts for this re-
action by the assembly of bridged BINOL ligands with [Ti-
(OiPr)4] (Scheme 3).


The catalysts 5 a–d were prepared by mixing ligands 4 a–d
with [Ti(OiPr)4] (molar ratio 1:1) in CH2Cl2. The mixtures
were stirred at room temperature for 4 h and then the sol-
vent was removed under reduced pressure. The resultant
solids were washed with diethyl ether three times and then
dried in a vacuum. Elemental analyses showed that the com-
position of the resulting solids was consistent with the ex-
pected structures of 5 a–d. These solids had very poor solu-
bility in the reaction system (Figure 1a and b). SEM images
showed that they were composed of micrometer-sized parti-
cles (Figure 1c), and powder X-ray diffraction (PXD) pat-
terns indicated that they were noncrystalline solids (see Sup-
porting Information).


Catalysts 5 a–d were then submitted to the carbonyl–ene
reaction of a-methylstyrene (6) with ethyl glyoxylate (7) in
toluene, diethyl ether, or in the absence of solvent. The cata-
lyst loading employed in the reaction was 1 mol %. As
shown in Table 1, the carbonyl–ene reaction proceeded
smoothly at room temperature under the catalysis of 5 a to
give a-hydroxy ester (S)-8 in 91 % yield and 94.4 % ee
(entry 1). Lowering the reaction temperature to 0 8C caused
a decrease in reactivity with a slight improvement of the
enantioselectivity (entry 2 vs entry 1). The addition of 4 �
molecular sieve (MS) had no significant impact on catalysis
in terms of both enantioselectivity and reactivity of the reac-
tion (entries 4 and 5 vs entries 1 and 2). The reaction could
also be conducted under solvent-free conditions by using 5 a
to afford the product (S)-8 in 75 % yield with 94 % ee
(entry 6). By contrast, the catalyst 5 b, prepared from ligand
4 b with a 1,3-phenylene spacer, showed poor catalytic activ-
ity and enantioselectivity under the same experimental con-
ditions (entries 7 and 8). This implies that changing the
linker moieties of the ligands probably alters the supra-
molecular structure of the assemblies. Interestingly, the cata-
lyst 5 c obtained from a simple dimer of BINOL (4 c)
showed enhanced enantioselectivity and dramatically in-
creased catalytic activity, giving product (S)-8 in >99 %
yield and 96 % ee (entry 9). Similarly, neither the addition ofScheme 2. Synthesis of bridged multitopic BINOL ligands 4a–d.


Scheme 3. Heterogenization of BINOL-Ti catalysts by using the self-sup-
porting strategy for the enantioselective carbonyl–ene reaction.
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4 � MS nor a reduction in the reaction temperature had ad-
vantage over the reaction at room temperature in the ab-
sence of 4 � MS. Again, the reaction in solvent-free condi-
tions could proceed smoothly under the catalysis of 5 c, af-
fording the product in slightly decreased yield and enantio-
selectivity (entry 13). The solids of the catalyst 5 c were
found to be gradually dissolved in the reaction mixture
under solvent-free conditions, which suggests that the nature
of the reaction in this case was homogenous.


As we reported previously,[15] the introduction of an elec-
tron-withdrawing substituent to the backbone of BINOL
could significantly improve catalytic activity, due to the in-
crease in Lewis acidity of titanium(iv) complexes. Accord-
ingly, the assembled titanium catalyst, composed of ligands
4 d and having bromo substituents at the 6-positions of
bridged BINOL, was examined for the catalysis of the car-
bonyl–ene reaction. As expected, the reaction promoted by
catalyst 5 d always afforded the product in high yields
(99 %) with excellent enantioselectivities (95–98 % ee)
under various conditions (entries 15–18). Diethyl ether was
an optimal solvent for running the heterogeneous catalysis
of 5 d, due to the latter�s lower solubility in this solvent
(entry 18). On the basis of these results, the recovery and re-
cycling of this type of self-supported titanium catalyst was
conducted by using the catalyst 5 d in diethyl ether. After
the reaction was complete, simple filtration of the reaction
mixture enabled separation of the solid-state catalyst from
the product-containing solution. The separated solids were
recharged with diethyl ether and substrates in preparation
for the next run. As shown in Table 2, the catalyst 5 d could


be used for five cycles in the carbonyl–ene reaction. Clearly,
both the activity and enantioselectivity of catalysis dropped
gradually with each recycling step. This is probably due to
the partial decomposition of the assemblies during catalysis,
and as a result, the active titanium(iv) species may leach
into the solution phase of the reaction mixture. Indeed, in
the course of catalysis, the reaction mixture developed a
pale yellow color.


Self-supported titanium catalysts for enantioselective sulfox-
idation : Optically active sulfoxides are important chiral aux-
iliaries in organic synthesis, and valuable intermediates in
the syntheses of pharmaceuticals and biologically active


Figure 1. a) Self-supported chiral titanium catalyst 5a (orange solids) in
diethyl ether containing substrates 6 and 7. b) The liquid phase obtained
after catalyst recovery by filtration. c) SEM image of the self-supported
titanium catalyst 5a. The scale bar represents 5 mm.


Table 1. Enantioselective catalysis of carbonyl–ene reactions with the as-
sembled catalysts 5 a–d.[a]


Entry Catalyst Solvent 4 � Stirring Temp. Time Yield ee
MS[b] [8C] [h] [%][c] [%][d]


1 5 a toluene – + RT 48 91 94
2 5 a toluene – + 0 120 85 95
3 5 a toluene – – 0 120 96 95
4 5 a toluene + + RT 120 93 92
5 5 a toluene + + 0 120 65 92
6 5 a free – – 0 120 75 94
7 5b toluene – + RT 48 32 9
8 5b toluene – + 0 120 9 24
9 5c toluene – + RT 30 99 96


10 5c toluene – + 0 96 95 91
11 5c toluene + + RT 96 85 92
12 5c toluene + + 0 96 90 95
13 5c free – + 0 96 90 92
14 5c diethyl


ether
– + RT 120 99 95


15 5d toluene – + RT 96 99 95
16 5d toluene – + 0 96 99 98
17 5d toluene – + �10 96 99 98
18 5d diethyl


ether
– + RT 96 99 97


[a] The reaction was performed by using 3.0m of 6 with the ratio of 6/7/
5= 1:2:0.01 on a 1.25 mmol scale. [b] 15 mg of 4 � MS (dried in vacuo at
400 8C for 8 h) was added. [c] Isolated yield. [d] The ee was determined
by performing HPLC using a Chiralcel OJ column, and the absolute con-
figuration was assigned to be S by comparing their optical rotations with
literature data.[15]


Table 2. Recovery and reuse of the heterogeneous catalyst 5 d for the
carbonyl–ene reaction of 6 with 7.[a]


Run Time [h] Yield [%][b] ee [%]


1 96 87 97
2 96 85 94
3 96 75 84
4 96 73 76
5 120 70 70


[a] The reaction was performed at a substrate concentration of 1.0 m with
the ratio of 6/7/5d =1:1:0.01 in diethyl ether.[12] [b] Isolated yield.
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compounds.[16] The asymmetric oxidation of sulfides in the
presence of various chiral catalysts,[16a,17] such as Ti,[18] Mn,[19]


V,[20] Nb,[21] W,[22] Zr[23] and Fe[24] complexes, is one of the
most convenient routes for obtaining sulfoxides. The use of
titanium complexes based on C2-symmetric diol ligands has
been key to achieving the homogeneous catalytic, asymmet-
ric oxidation of prochiral sulfides.[18] Although various ho-
mogeneous enantioselective catalyses of oxidation of sul-
fides have been successful, little attention has been paid to
the heterogeneous processes.[20i, 22,25] As described above, the
assembled titanium catalysts 5 a–d have been successfully
applied to the catalysis of the asymmetric carbonyl–ene re-
action. However, under some experimental conditions, the
pale yellow color observed in the liquid phase of the reac-
tion mixture suggested possible leaching of the heterogene-
ous active species into the solution phase during catalysis.
Here, we demonstrate the development of truly heterogene-
ous self-supported titanium catalysts for the enantioselective
oxidation of aryl alkyl sulfides. The catalysts developed for
asymmetric sulfoxidation were highly stable and could be
recycled at least eight times without loss of enantioselectivi-
ty, affording the corresponding optically active sulfoxides
with up to >99.9 % ee.


Kagan and Uemura have shown that the addition of
water in the titanium catalyst systems is crucial for the catal-
ysis of sulfide oxidation.[18a–c] The preparation of heterogene-
ous catalysts 9 a–c was similar to that of 5 a–d, except for the
addition of water in the former (Scheme 4). The reaction of


bridged BINOL ligands 4 a–c with [Ti(OiPr)4] (1:1 molar
ratio) was conducted in CCl4 (12 h), followed by addition of
H2O (40 equiv relative to ligand). The mixture was stirred
for an additional 12 h to afford the self-supported catalysts
9 a–c as orange or red solids. These solids were collected by
filtration and washed with CCl4 to remove the trace amount
of soluble, low-molecular-weight species. As exemplified by
catalyst 9 a in Figure 2a and b, these polymeric solids were
completely insoluble in CCl4, and accordingly, fulfilled one
of the basic prerequisites for heterogeneous catalysis. Ele-
mental analyses showed that the composition of the result-
ing solids was consistent with the expected structures of 9 a–
c containing five or six molecules of water. SEM images re-
vealed that these solids were composed of micrometer-sized
particles (Figure 2c), and powder X-ray diffraction (PXD)


patterns indicated that they were noncrystalline solids (see
Supporting Information).


The self-supported heterogeneous catalysts 9 a–c were
then tested in the enantioselective oxidation of sulfides 10 a–
i (Table 3), and CCl4 was chosen as the solvent after a pre-
liminary examination of the solvent effect. The reaction was
conducted at room temperature by using 5 mol % of cata-
lysts 9 a–c. The impact of oxidants on the reactivity and
enantioselectivity of catalysis was investigated initially with
thioanisole 10 a as the substrate. As shown in Table 3, the
decane solution of tert-butyl hydroperoxide (TBHP, 5–6 m in
decane) was superior to its aqueous solution (70% solution
in water) in terms of enantioselectivity (entry 2 versus
entry 1). However, the oxidation of 10 a with hydrogen per-
oxide (H2O2, 30 % aqueous solution) as oxidant in the pres-
ence of 9 a drastically decreased the enantioselectivity of the
reaction (entry 3, 31.1 % ee), even though the reaction could
proceed smoothly with complete conversion of sulfide 10 a.
This was probably caused by the partial decomposition of
the catalyst in the presence of a large excess of water in the
reaction system. By using less explosive and less reactive
cumene hydroperoxide (CMHP, 80 % in cumene) as oxidant
instead of TBHP, excellent enantioselectivity (99.2% ee)
was achieved with 38 % yield (entry 4). A catalyst prepared


Scheme 4. Heterogenization of BINOL-Ti catalysts by using the self-sup-
porting strategy for enantioselective sulfoxidation.


Figure 2. a) Self-supported chiral titanium catalyst 9a (orange solids) in
CCl4 containing substrate 10a. b) The liquid phase obtained after catalyst
recovery by filtration. c) SEM image of the self-supported titanium cata-
lyst 9 a. The scale bar represents 3 mm.
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from 4 a in the absence of water, under conditions otherwise
identical to those mentioned above, displayed lower enan-
tioselectivity (87.7 %, entry 5), demonstrating the critical
effect of water during catalyst preparation on the enantiose-
lectivity of catalysis. Under the optimized conditions, cata-
lysts 9 b and 9 c were also highly effective in the oxidation of
10 a, affording 11 a in 37–38 % yield with 99.5 % ee (entry 6)
and 98.7 % ee (entry 7), respectively. The enantioselectivity
of the heterogeneous sulfoxidation was extremely high, al-
though the yield of the product was only low to moderate.
This might be attributable to the kinetic resolution in the
further oxidation of sulfoxide to sulfone, which may enrich
the enantiopurity of the primary oxidation product and si-
multaneously decrease sulfoxide yields, as reported in the
literature.[18c, j, 26] To confirm this speculation, the kinetic res-
olution of racemic phenyl methyl sulfoxide by using hetero-
geneous catalysts 9 a–c was investigated under the experi-
mental conditions mentioned above. As shown in Table 4, at
25 8C and after 24 h of reaction, the selectivity factor S, a
measure of the effectiveness of a kinetic resolution process
under a particular set of conditions,[28] was calculated to be


6.76–7.34, which was comparable to the values obtained
through an analogous homogeneous process reported re-
cently by Chan.[18j]


Encouraged by our preliminary results described above,
we next investigated the heterogeneous catalysis of the
enantioselective oxidation of a variety of aryl alkyl sulfides
by using catalysts 9 a–c with CMHP as oxidant. As shown in
Table 3, the oxidation of both para-substituted (entries 8–
16) and meta-substituted (entries 17–19) aryl methyl sulfides
10 b–e afforded very high enantioselectivities (from 96.4 to
>99.9 % ee) in about 40 % yields. Notably, in the oxidation
of the para-nitro-substituted substrate 10 f (entry 20), al-
though the enantioselectivity (89.1%) was inferior to that
for other substrates, it is still higher than the highest value
reported thus far for Ti-catalyzed homogeneous asymmetric
sulfoxidation of the same substrate.[29] In particular, the het-
erogeneous catalyst 9 b demonstrated significant improve-
ment in enantioselectivity for the oxidation of 10 f, relative
to that achieved by the homogeneous BINOL/Ti/H2O cata-
lyst under otherwise identical conditions.[30] The increase in
steric bulk of the alkyl group in the substrate (10 g) resulted
in a moderate enantioselectivity (75.5% ee, entry 21). By
following Chan�s modified homogeneous procedure,[18j] the
yield of this heterogeneous catalysis of sulfoxidation could
be improved to some extent (45.7 %), with same level of
enantioselectivity (99.9 %, entry 22).


The heterogeneous nature of the above catalytic systems
was further confirmed by using the supernatant of 9 a in
CCl4 for the catalysis of sulfoxidation of 10 a under the
same conditions. The isolated product was racemic, similar
to that obtained from the control experiment in the absence
of catalyst under otherwise identical conditions. The induc-
tively coupled plasma (ICP) spectroscopic analyses of the
liquid phase after filtration of the insoluble catalysts indicat-
ed that no detectable titanium (<0.1 ppm) was leached into
the organic solution, which again supported the heterogene-
ous nature of the present system.


The facile recovery and remarkable stability are two
other features exhibited by this type of heterogeneous cata-
lyst. After the reaction was complete, simple filtration in
open air enabled the separation of the solid-state catalyst
from the product-containing solution. The separated solids
were recharged with CCl4, substrate, and oxidant for the
next run. As shown in Table 5, the catalyst 9 a could be used


Table 3. Enantioselective oxidation of sulfides catalyzed by self-support-
ed catalysts 9a–c.[a]


Entry Substrate Catalyst Oxidant Yield ee[c] [%]
[%][b] (configuration)[d]


1 10 a 9a TBHP[e] 68.8 74.5 (S)
2 10 a 9a TBHP[f] 32.9 97.5 (S)
3 10 a 9a H2O2


[g] 32.8 31.1 (S)
4 10 a 9a CMHP 38.6 99.2 (S)
5 10 a 9a[h] CMHP 35.7 87.7 (S)
6 10 a 9b CMHP 37.8 99.5 (S)
7 10 a 9c CMHP 37.1 98.7 (S)
8 10b 9a CMHP 36.6 >99.9 (S)
9 10b 9b CMHP 41.5 99.8 (S)


10 10b 9c CMHP 41.5 99.1 (S)
11 10c 9a CMHP 30.7 >99.9 (S)
12 10c 9b CMHP 30.1 99.8 (S)
13 10c 9c CMHP 31.0 >99.9 (S)
14 10d 9a CMHP 41.0 98.6 (S)
15 10d 9b CMHP 38.5 96.4 (S)
16 10d 9c CMHP 44.9 97.0 (S)
17 10 e 9a CMHP 32.9 >99.9 (S)
18 10 e 9b CMHP 36.5 >99.9 (S)
19 10 e 9c CMHP 34.7 >99.9 (S)
20[i] 10 f 9b CMHP 20.5 89.1 (S)
21 10 g 9a CMHP 36.3 75.5 (S)
22[j] 10 a 9a CMHP 45.7 99.9 (S)


[a] Unless otherwise stated, all of the reactions were performed at 25 8C
with 2 equivalents of oxidant in CCl4 for 72 h. [b] Isolated yields of prod-
ucts. [c] Determined by performing HPLC using a Chiralcel column.
[d] Absolute configurations were determined by comparison of their opti-
cal rotations with literature data.[20h, 27] [e] 70% solution in water. [f] 5–6 m


in decane. [g] 30% aqueous H2O2, reaction time 36 h. [h] Without addi-
tion of H2O in the preparation of catalyst. [i] Reaction time 60 h. [j] The
reaction was run for 24 h at 0 8C, then for 48 h at 25 8C.


Table 4. Kinetic resolution of racemic phenyl methyl sulfoxides by using
heterogeneous titanium catalysts 9a–c with CMHP as the oxidant in
CCl4.


[a]


Entry Catalyst Yield [%][b] ee [%][c] S [d]


1 9a 46.3 65.0 (S) 6.76
2 9b 48.0 64.0 (S) 7.33
3 9 c 44.8 69.9 (S) 7.34


[a] Unless otherwise stated, all of the reactions were performed at 25 8C
with 1 equivalent of oxidant in CCl4 for 24 h. [b] Isolated yields. [c] The
enantiomeric excess was determined by performing HPLC using a Chir-
alcel OD column and the absolute configuration was determined by com-
parison of optical rotations with literature data. [d] The selectivity factor
was calculated according to the equation reported by Kagan et al.[28]
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for at least eight cycles in the sulfoxidation of thioanisole
without any loss of enantioselectivity. Moreover, no signifi-
cant deterioration in activity of the recovered catalyst was
observed after eight runs that covered a period of more
than one month. Again, the titanium leaching during recy-
cling of the catalysts was determined to be negligible (less
than 0.1 ppm by ICP).


Conclusion


We have developed a new strategy for the heterogenization
of titanium catalysts by the in situ assembly of bridged mul-
titopic BINOL ligands and [Ti(OiPr)4], in the absence of
support. The assembled heterogeneous catalysts showed ex-
cellent enantioselectivity in both the carbonyl–ene reaction
of a-methylstyrene with ethyl glyoxylate and the oxidation
of sulfides. The results achieved in these heterogeneous cat-
alytic systems were comparable or even superior to those at-
tained by using their homogeneous counterparts. The linkers
between the two BINOL units of the ligands had a signifi-
cant impact on the enantioselectivity of the carbonyl–ene re-
action, which demonstrates the importance of the supra-
molecular structures of the assemblies on their catalytic be-
havior. Particularly, in the catalysis of asymmetric sulfoxida-
tion, the self-supported heterogeneous titanium catalysts
were highly stable and could be readily recycled and reused
for over one month with no apparent loss of activity and
enantioselectivity (up to >99.9 % ee). This represents a re-
markable example of the heterogeneous catalysis of enantio-
selective reactions by using titanium catalysts. The features
of self-supported catalysts, such as facile preparation, robust
chiral structure of solid-state catalysts, high density of the
catalytically active units in the solids, as well as easy recov-
ery and simple recycling, are particularly important in devel-
oping methods for the synthesis of optically active com-
pounds in industrial processes. The strategy described here
indicates a possible new direction in the design of chiral cat-
alysts for asymmetric synthesis. Ongoing work includes in-
vestigations of an extended range of substrates, particularly
those of pharmaceutical importance, and further optimiza-
tion of the reaction medium and oxidants.


Experimental Section


General considerations : NMR spectra were recorded by using a Varian
Mercury 300 spectrometer. Chemical shifts are reported in ppm relative
to an internal standard: tetramethylsilane (0 ppm) for 1H NMR and deu-
teriocholorform (77.0 ppm) for 13C NMR spectra. EI (70 ev) and ESI
mass spectra were obtained by using HP5989 A and Mariner LC-TOF
spectrometers, respectively. HRMS spectra were recorded by using either
a Kratos Concept instrument, a Q-Tof micro instrument or an APEX-
III 7.0 TESLA FTMS. Elemental analysis was preformed by using an El-
emental VARIO EL apparatus. Optical rotations were measured by
using a Perkin–Elmer 341 automatic polarimeter. Infrared spectra were
obtained by using a BIO-RAD FTS-185 Fourier transform spectrometer
in KBr pellets. Scanning electron micrographs were obtained by using a
Hitachi S-2150 scanning electron microscope. Powder X-ray diffraction
(PXD) was performed by using a D8 Discover GADDS. Liquid chroma-
tographic analyses were conducted by using a JASCO 1580 system. All
experiments sensitive to moisture or air were conducted under an argon
atmosphere by using standard Schlenk techniques. Commercial reagents
were used as received without further purification, unless otherwise
noted. Dichloromethane, chloroform and tetrachloromethane were fresh-
ly distilled from calcium hydride and THF, diethyl ether and toluene
from sodium benzophenone ketyl.


(S)-6-Bromo-2,2’-bismethoxmethoxy-1,1’-binaphthyl (1 a): (S)-6-Bromo-
1,1’-bi-2-naphthol[31] was added to a suspension of NaH (1.40 g, 60% in
mineral oil, 35 mmol) in THF (30 mL), and the mixture was stirred at
room temperature for 30 min. Methoxymethylchloride (1.30 mL,
17.5 mmol) was added dropwise to the reaction system and the mixture
was stirred for an additional 2 h. The reaction was carefully quenched
with methanol/H2O (3:1) and the resultant solution was extracted with
diethyl ether (40 mL � 3). The combined organic phase was washed se-
quentially with saturated aqueous NaHCO3 (30 mL), water (30 mL), and
brine (30 mL). The organic phase was dried over Na2SO4 and then con-
centrated. The residue was purified by performing column chromatogra-
phy on silica gel with hexane/ethyl acetate (20:1) as eluent to afford 1 a
in 97% yield as a white solid. M.p. 78–79 8C; [a]20


D =�58.8 (c=1.00 in
CHCl3); 1H NMR (300 MHz, CDCl3): d=8.03 (d, J= 2.1 Hz, 1H), 7.96
(d, J =8.7 Hz, 1H), 7.84–7.89 (m, 2H), 7.60 (d, J =9.3 Hz, 1 H), 7.57 (d,
J =7.8 Hz, 1 H), 7.23–7.35 (m, 3H), 7.10 (d, J =8.4 Hz, 1H), 7.03 (d, J =


9.3 Hz, 1 H), 5.07–5.11 (m, 2H), 4.96–4.99 (m, 2H), 3.15 (s, 3 H),
3.14 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d =153.2, 152.8, 133.9,
132.7, 131.0, 130.4, 130.1, 120.0, 129.9, 129.2, 128.6, 127.6, 127.1, 125.1,
124.6, 120.7, 119.9, 118.3, 117.6, 117.2, 94.6, 94.5, 56.0, 55.9 ppm; FTIR
(KBr pellet): ñ =3053, 2956, 2901, 1622, 1585, 1493, 1238, 1148, 1014, 923,
811, 749 cm�1; MS (MALDI-TOF): m/z : 475.1 [M+H]+ ; elemental analy-
sis calcd (%) for C24H21O4Br2: C 63.59, H 4.67; found: C 63.78, H 4.45.


Synthesis of 3 a : Compound 1a (1.0 g, 2.2 mmol), [Pd(PPh3)4] (0.153 g,
0.132 mmol), and DME (10 mL) were added to a 50 mL three-necked
flask. The mixture was degassed and stirred for 30 min, and then 1,4-
phenylene-diboronic acid (2a) (0.166 g, 1 mmol) and degassed aqueous
NaHCO3 (1.0 m, 6.5 mL, 6.5 mmol) were added. The resulting mixture
was refluxed for 24 h until the starting material was almost consumed, as
monitored by performing TLC (hexane/ethyl acetate =3:1). After cooling
to room temperature, the reaction mixture was passed through a pad of
Celite and the filtrate was extracted with ethyl acetate (10 mL � 3). The
combined organic phase was washed with brine and dried over Na2SO4.
After removal of the solvent under vacuum, the residue was purified by
subjecting it to flash column chromatography on silica gel with hexane/
ethyl acetate (5:1) as eluent to afford 3a in 65 % yield as a white solid.
M.p. 176–177 8C; [a]20


D =�22.9 (c=1.00 in CHCl3); 1H NMR (300 MHz,
CDCl3): d= 8.15 (s, 2H), 7.97–8.02 (m, 4 H), 7.90 (d, J =8.4 Hz, 2H), 7.78
(s, 4 H), 7.54–7.64 (m, 6H), 7.34–7.38 (m, 2H), 7.23–7.27 (m, 6 H), 5.11–
5.14 (m, 4 H), 5.00–5.04 (m, 4H), 3.20 (s, 6 H), 3.17 ppm (s, 6H);
13C NMR (75 MHz, CDCl3): d=152.7, 152.6, 139.6, 136.0, 133.9, 133.2,
130.1, 129.8, 129.7, 129.4, 127.9, 127.4, 126.3, 126.1, 125.7, 125.5, 125.4,
124.0, 121.1, 121.0, 117.5, 117.1, 95.0, 55.7 ppm; FTIR (KBr pellet): ñ=


2923, 1593, 1494, 1345, 1240, 1197, 1149, 1072, 1014, 958, 920, 806, 748,
692 cm�1; MS (MALDI-TOF): m/z : 823.9 [M+H]+ ; HRMS (MALDI-


Table 5. Recycling and reuse of the heterogeneous catalyst 9a in the
enantioselective oxidation of thioanisole (10a).[a]


Run Time [h] Yield [%][b] ee [%][c]


1 72 38.6 98.2
2 72 34.3 99.1
3 72 42.1 99.2
4 72 38.5 99.2
5 96 29.3 99.0
6 96 37.8 99.1
7 96 32.1 >99.9
8 96 33.6 99.1


[a] All of the reactions were performed at 25 8C with 2 equivalents of
CMHP (80 % in cumene) in CCl4. [b] Isolated yields. [c] Determined by
performing HPLC using a Chiralcel OD column.
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DHB): m/z calcd for C54H47O8 [M+H]+ : 823.3266; found: 823.3242; ele-
mental analysis calcd (%) for C48H42O8: C 77.19, H 5.67; found: C 76.92,
H 5.79.


Synthesis of 3 b : By following the same procedure as for the preparation
of 3 a, 3 b was obtained as a white solid in 62 % yield. M.p. 184–185 8C;
[a]20


D =�37.3 (c =1.00 in CHCl3); 1H NMR (300 MHz, [D6]DMSO): d=


8.34 (s, 2H), 8.01–8.13 (m, 5H), 7.93 (d, J =7.5 Hz, 2 H), 7.55–7.71 (m,
9H), 7.31–7.36 (m, 2H), 7.21–7.26 (m, 2H), 6.95–7.02 (m, 4H), 5.04–5.14
(m, 8H), 3.05 ppm (d, J =5.4 Hz, 12H); 13C NMR (75 MHz, CDCl3): d=


152.8, 152.6, 141.5, 136.6, 133.9, 133.2, 130.0, 129.8, 129.6, 129.4, 129.2,
127.8, 126.3, 126.1, 125.9, 125.8, 125.4, 124.0, 121.1, 117.6, 117.2, 95.1,
95.0, 55.7 ppm; FTIR (KBr pellet): ñ =2924, 1622, 1592, 1506, 1336, 1239,
1197, 1149, 1073, 1031, 1015, 921, 806, 749, 693 cm�1; MS (MALDI-TOF):
m/z : 845.5 [M+Na]+; HRMS (MALDI-DHB): m/z calcd for C54H47O8


[M+Na]+ : 845.3085; found: 845.3090.


Synthesis of 3c : nBuLi (9 mL, 1.6m in hexane, 14.4 mmol) was added
slowly to a solution of 1 a (3.3 g, 7.3 mmol) in THF (60 mL) at �78 8C.
After stirring for 2 h, the mixture was added to a solution of B(OMe)3


(5.5 mL, 47.67 mmol) in THF (20 mL) at �78 8C. The resulting mixture
was allowed to warm to room temperature and then stirred at room tem-
perature overnight. The reaction mixture was quenched with water
(20 mL) at 0 8C and then extracted with ethyl acetate (30 mL � 3). The
combined organic phase was dried on anhydrous Na2SO4, filtered, and
concentrated to afford a solid of 2c in 53 % yield. Compound 2 c was
used directly for next step of the coupling reaction without further purifi-
cation. [Pd(PPh3)4] (150 mg, 0.13 mmol) was added to a solution of 2 c
(0.89 g, 2.1 mmol) in DME (150 mL), and the mixture was degassed and
stirred for 30 min. Compound 1a (1.04 g, 2.3 mmol) and degassed aque-
ous NaHCO3 (1 m, 30 mL, 30 mmol) were then added. The resulting mix-
ture was refluxed for 16 h until the staring material was almost consumed
(monitored by performing TLC, hexane/ethyl acetate =5:1). After cool-
ing to room temperature, the reaction mixture was passed through a pad
of Celite and the filtrate was extracted with ethyl acetate (30 mL � 3).
The combined organic phase was washed with saturated aqueous
NaHCO3, water, and brine, and then dried over Na2SO4. After removal
of the solvent under vacuum, the residue was purified by performing
flash column chromatography on silica gel with hexane/ethyl acetate
(5:1) as eluent to afford 3c as a white solid in 67 % yield. M.p. 187–
188 8C; [a]20


D =�28.4 (c =1.00 in CHCl3); 1H NMR (300 MHz, CDCl3):
d=8.15 (s, 2 H), 7.87–8.03 (m, 6 H), 7.58–7.62 (m, 6H), 7.34–7.38 (m,
2H), 7.19–7.26 (m, 6H), 5.09–5.12 (m, 4H), 4.98–5.02 (m, 4 H), 3.16–
3.20 ppm (m, 12H); 13C NMR (75 MHz, CDCl3): d =152.7, 152.6, 136.4,
134.0, 133.1, 130.1, 129.8, 129.6, 129.4, 127.8, 126.3, 126.1, 126.0, 125.7,
125.5, 124.1, 121.1, 117.6, 117.2, 95.2, 95.1, 55.83, 55.80 ppm; FTIR (KBr
pellet): ñ =2953, 1621, 1591, 1505, 1470, 1328, 1243, 1198, 1151, 1070,
1039, 1015, 921, 820, 749, 690 cm�1; EIMS (70 ev): m/z : 746 [M]+ ; HRMS
(MALDI-DHB): m/z calcd for C48H43O8 [M+H]+ : 747.2952; found:
747.2966.


Synthesis of 4 a : Aqueous HCl (6 m, 0.5 mL) was added to a solution of
3a (450 mg, 0.61 mmol) in chloroform (15 mL) and methanol (3 mL).
The resulting solution was refluxed for 6 h until the conversion of 3 a was
complete. The solution was then cooled to room temperature, and satu-
rated aqueous NaHCO3 solution was added to neutralize the reaction
mixture. The resulting mixture was then extracted with ethyl acetate
(30 mL � 3). The combined organic phase was dried over anhydrous
Na2SO4, filtered, and concentrated to give the crude product, which was
further purified by performing flash chromatography on silica gel
(hexane/ethyl acetate =2:1) to afford 4 a as a white solid (390 mg, >99 %
yield). M.p. 192–193 8C; [a]20


D =++133.4 (c=1.00 in CHCl3); 1H NMR
(300 MHz, [D6]DMSO): d =9.30 (s, 2H), 9.24 (s, 2H), 8.19 (s, 2H), 7.93
(d, J=9.3 Hz, 2 H), 7.80–7.86 (m, 8 H), 7.55 (d, J =9.0 Hz, 2H), 7.29–7.34
(m, 4 H), 7.14–7.24 (m, 4 H), 6.94–7.01 ppm (m, 4 H); 13C NMR (75 MHz,
CDCl3): d =152.8, 152.7, 139.6, 136.1, 133.4, 132.6, 131.5, 131.3, 129.6,
129.3, 128.3, 127.6, 127.4, 126.8, 126.1, 124.8, 124.1, 124.0, 118.2, 117.7,
110.9, 110.8 ppm; FTIR (KBr pellet): ñ=3501, 3056, 1700, 1620, 1597,
1498, 1383, 1344, 1253, 1214, 1145, 1042, 931, 819, 749, 610 cm�1; ESI-MS:
m/z : 647 [M+H]+ ; HRMS (MALDI-DHB): m/z calcd for C46H30NaO4


[M+Na]+ : 669.2036; found: 669.2047; elemental analysis calcd (%) for
C44H26O4: C 84.19, H 4.59; found: C 84.26, H 4.74.


Synthesis of 4 b : By following the same procedure as for the preparation
of 4a, 4 b was obtained as a white solid in >99 % yield. M.p. 206–207 8C;
[a]20


D =++118.2 (c =1.00 in CHCl3); 1H NMR (300 MHz, [D6]DMSO): d=


9.29 (s, 2H), 9.23 (s, 2H), 8.22 (s, 2H), 8.00 (s, 1 H), 7.93 (d, J =9.0 Hz,
2H), 7.81–7.85 (m, 4H), 7.49–7.66 (m, 5H), 7.28–7.34 (m, 4H), 7.13–7.23
(m, 4H), 6.94–7.01 ppm (m, 4 H); 13C NMR (75 MHz, CDCl3): d=152.9,
152.7, 141.5, 136.7, 133.4, 132.7, 131.6, 131.4, 129.6, 129.4, 128.4, 127.5,
127.1, 126.4, 126.3, 126.2, 124.9, 124.2, 124.0, 118.3, 117.8, 111.0,
110.9 ppm; FTIR (KBr pellet): ñ=3501, 3055, 1704, 1620, 1595, 1506,
1465, 1384, 1342, 1270, 1215, 1145, 1041, 943, 884, 815, 749, 690 cm�1;
ESI-MS m/z : 647.0 [M+H]+ ; HRMS (MALDI-DHB): m/z calcd for
C46H31O4 [M+H]+ : 647.2217; found: 647.2203.


Synthesis of 4c : By following the same procedure as for the deprotection
of MOM, described in the synthesis of 4 a, 4 c was obtained as a white
solid in >99 % yield. M.p. 195–196 8C; [a]20


D =++136.2 (c =1.00 in CHCl3);
1H NMR (300 MHz, CDCl3): d=8.16 (s, 2H), 7.98–8.06 (m, 4H), 7.91 (d,
J =8.1 Hz, 2 H), 7.63–7.66 (m, 2H), 7.19–7.43 (m, 12 H), 5.11 ppm (s,
4H); 13C NMR (75 MHz, CDCl3): d=152.8, 152.7, 136.4, 133.4, 132.6,
131.6, 131.4, 129.7, 129.4, 128.4, 127.5, 127.1, 126.4, 124.9, 124.2, 124.0,
118.3, 117.8, 110.9, 110.7 ppm; FTIR (KBr pellet): ñ =3497, 2923, 1702,
1620, 1595, 1507, 1465, 1383, 1341, 1273, 1214, 1145, 1041, 928, 818, 749,
667 cm�1; EIMS (70 ev): m/z : 570 [M]+ ; HRMS (MALDI-DHB): m/z
calcd for C40H27O4 [M+H]+ : 571.1904; found: 571.1917.


Synthesis of 4 d : (S)-6,6’-Dibromo-2,2’-dimethoxymethoxy-1,1’-binaphthyl
(1b)[32] (4.00 g, 7.5 mmol), [Pd(PPh3)4] (0.17 g, 0.15 mmol), and DME
(125 mL) were added to a 250 mL three-necked flask. The mixture was
degassed and stirred for 30 min, then 1,4-phenylenediboronic acid (2 a)
(0.42 g, 2.5 mmol) and degassed aqueous NaHCO3 (1 m, 20 mL) were
added. The resulting mixture was refluxed for 24 h and the reaction pro-
cess was monitored by conducting TLC (eluent: hexane/ethyl acetate =


4:1). After cooling to room temperature, the reaction mixture was passed
through a pad of Celite, and the filtrate was extracted with ethyl acetate
(40 mL � 3). The combined organic phase was washed with saturated
aqueous NaHCO3, water, and brine, and then dried over anhydrous
Na2SO4. After removal of the solvent under vacuum, the residue was pu-
rified by subjecting it to flash column chromatography on silica gel with
hexane/ethyl acetate (5:1) as eluent to afford crude 3d as a white solid
(0.90 g). Because the purification of this compound proved to be difficult,
3d was submitted directly to acidic hydrolysis. Aqueous HCl (6 m,
0.6 mL) was added to a solution of the above crude product in chloro-
form (25 mL) and methanol (5 mL). The mixture was refluxed for 6 h
until the staring material was completely converted (monitored by per-
forming TLC, hexane/ethyl acetate = 2:1). The solution was cooled to
room temperature and neutralized by the addition of saturated aqueous
NaHCO3 solution. The resulting mixture was then extracted with ethyl
acetate (30 mL � 3). The combined organic phase was washed with satu-
rated NaHCO3, water, and brine. The organic phase was dried over anhy-
drous Na2SO4, filtered, and concentrated. The residue was submitted to
column chromatography on silica gel (hexane/ethyl acetate = 2:1) to
afford 4d as a white solid (0.72 g, 37.0 % overall yield for two steps).
M.p. 211–212 8C; [a]20


D =++198.4 (c =1.00 in CHCl3); 1H NMR (300 MHz,
[D6]DMSO): d= 9.48 (s, 2 H), 9.40 (s, 2H), 8.22 (s, 2 H), 8.13 (s, 2H), 7.97
(d, J =9.0 Hz, 2H), 7.88 (d, J =8.7 Hz, 2H), 7.83 (s, 4 H), 7.62–7.58 (m,
2H), 7.39–7.30 (m, 6 H), 7.0 (d, J =9.3 Hz, 2 H), 6.92 ppm (d, J =9.0 Hz,
2H); 13C NMR (75 MHz, CDCl3): d=152.8, 152.6, 139.4, 136.1, 132.4,
131.9, 131.7, 130.6, 130.3, 130.2, 129.5, 127.5, 126.9, 126.1, 126.0, 124.6,
118.8, 118.2, 117.7, 111.2, 110.3 ppm; FTIR (KBr pellet): ñ =3506, 1702,
1588, 1497, 1381, 1345, 1252, 1215, 1146, 930, 880, 815, 670, 420 cm�1; MS
(MALDI-DHB): m/z : 803.0 [M+H]+ ; HRMS (MALDI-DHB): m/z calcd
for C46H29O4Br2 [M+H]+ : 803.0427; found: 803.0436.


General procedure for the preparation of catalysts 5a–d : [Ti(OiPr)4]
(25 mL, 0.5 m in CH2Cl2, 0.0125 mmol) was added to a solution of ligand
4a (8.1 mg, 0.0125 mmol) in CHCl3 (0.2 mL) under stirring at room tem-
perature in a Schlenk tube. The orange solid appeared immediately upon
addition of [Ti(OiPr)4]. After stirring for 4 h, the solvent in the mixture
was removed under reduced pressure. The orange solid catalyst 5 a was
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washed with diethyl ether and isolated in >95 % yield by filtration. Data
for 5a : FTIR (KBr pellet): ñ= 3517, 3056, 1619, 1595, 1500, 1459, 1338,
1239, 1146, 1078, 975, 819, 783, 749, 619 cm�1; elemental analysis cald
(%) for (C52H42O6Ti·CH2Cl2)n : C 71.07, H 4.95; found: C 70.45, H 4.27.


By following the same procedure as for the preparation of 5a, 5b–d were
obtained from 4b, 4c, and 4 d, respectively, in >99 % yield. The SEM
images and PXD patterns of 5 a–d are included in the Supporting Infor-
mation.


5b : FTIR (KBr pellet): ñ=3512, 3052, 1619, 1587, 1500, 1460, 1337, 1238,
1145, 1078, 974, 816, 791, 749, 604 cm�1; elemental analysis calcd (%) for
(C52H42O6Ti·0.5 CH2Cl2)n : C 73.90, H 5.08; found: C 73.26, H 4.78.


5c : FTIR (KBr pellet): ñ= 3517, 3055, 1619, 1584, 1500, 1459, 1336, 1265,
1239, 1145, 1079, 975, 820, 785, 749, 602 cm�1; elemental analysis calcd
(%) for (C46H38O6Ti·0.5 CH2Cl2)n : C 71.87, H 5.06; found: C 72.25, H
4.37.


5d : FTIR (KBr pellet): ñ=3523, 2969, 1586, 1487, 1462, 1336, 1238, 1148,
1068, 998, 972, 936, 879, 815, 684, 624 cm�1; elemental analysis calcd (%)
for (C52H40Br2O6Ti·0.5 CH2Cl2)n : C 62.37, H 4.09; found: C 62.15, H 4.04.


Typical procedure for heterogeneous carbonyl–ene reactions and catalyst
recycling : Anhydrous toluene (50 mL), a-methylstyrene (6) (165 mL,
1.25 mmol), and freshly distilled ethyl glyoxylate (7) (200 mL, 2.5 mmol)
were added to a Schlenk tube containing the catalyst 5 a prepared above.
After the heterogeneous mixture was stirred at room temperature for a
specific period shown in Table 1, freshly distilled anhydrous ethyl ether
(1 mL) was added and stirred for several minutes. The clear supernatant
was removed by using a syringe and the catalyst remained at the bottom
of the tube. This operation was repeated three times. The remaining in-
soluble catalyst was recharged with solvent, freshly distilled ethyl glyoxy-
late, and a-methylstyrene for the next run. The combined ethyl ether so-
lution was concentrated and purified by performing flash chromatogra-
phy on silica (ethyl acetate/hexane=1:5) to afford the carbonyl–ene
product 8 ;[15] [a]20


D =++21.8 (c =1.00 in CHCl3), 95% ee with S configura-
tion of major enantiomer; 1H NMR (300 MHz, CDCl3): d=7.44–7.28 (m,
5H), 5.40 (s, 1H), 5.21 (s, 1 H), 4.30–4.24 (m, 1H), 4.15–4.00 (m, 2H),
3.07 (dd, J =4.5, 13.5 Hz, 1 H), 2.84 (dd, J =8.1, 13.5 Hz, 1H), 2.73 (d, J=


6.30 Hz, 1 H), 1.24 ppm (t, J =7.2 Hz, 3H); FTIR (neat): ñ =3475, 3084,
3058, 2984, 2939, 1737, 1630, 1496, 1446, 1372, 1267, 1210, 1114, 1030,
905, 780 cm�1; EIMS (70 ev): m/z : 220 [M]+ . The enantiomeric excess of
8 was determined by performing HPLC using a Chiralcel OJ column:
eluent, hexane/2-propanol (97:3); flow rate, 1 mL min�1; UV detection at
l= 254 nm; tR =18.68 min (major), 29.36 min (minor).


General procedure for the preparation of catalysts 9 a–c : [Ti(OiPr)4] solu-
tion in CH2Cl2 (0.5 m, 50 mL, 0.025 mmol) was added dropwise to a solu-
tion of ligand 4 a (16.5 mg, 0.025 mmol) in CCl4 (3 mL), and the red
solids appeared immediately. The mixture was stirred at room tempera-
ture for 12 h, followed by addition of water (18 mL, 1 mmol). The resul-
tant suspension was stirred for an additional 12 h, the red solids (9 a)
were collected in almost quantitative yield by filtration and washed twice
with CCl4 (1 mL). Data for 9a : FTIR (KBr pellet): ñ =3509, 3053, 1587,
1459, 1338, 1238, 1078, 975, 819, 785 cm�1; elemental analysis calcd (%)
for (C46H26O4Ti·5H2O)n : C 70.78, H 4.61; found: C 71.03, H 4.28.


By following the same procedure as for the preparation of 9 a, 9 b, and 9 c
were obtained from 4b and 4c, respectively, in >99% yield. The SEM
images and PXD patterns of 9a–c are included in the Supporting Infor-
mation.


9b : FTIR (KBr pellet): ñ=3522, 3056, 1587, 1463, 1338, 1240, 1079, 975,
819, 791 cm�1; elemental analysis calcd (%) for (C46H26O4Ti·6H2O)n : C
69.17, H 4.76; found: C 69.31, H 4.19.


9c : FTIR (KBr pellet): ñ= 3518, 3055, 1585, 1459, 1336, 1239, 1078, 975,
819, 783 cm�1; elemental analysis calcd (%) for (C40H22O4Ti·6H2O)n : C
66.48, H 4.70; found: C 66.56, H 4.09.


Typical experimental procedure for heterogeneous asymmetric sulfoxida-
tion and catalyst recycling : CCl4 (3 mL) and thioanisole (0.5 mmol) were
added to the solid-state catalyst 9 a obtained above. The mixture was stir-
red for 15 min before CMHP (80 % in cumene, 180 mL, 1 mmol) was
added dropwise at 0 8C, and the heterogeneous mixture was stirred at
room temperature for 72 h. After the isolation of the solids by filtration,


the insoluble catalyst was recharged with CCl4 (3 mL), substrates
(0.5 mmol), and oxidant (1 mmol) for the next run. The filtrate was con-
centrated and the residue was submitted to column chromatography on
silica gel using hexane/ethyl acetate (1:1) as eluent to give the sulfoxide
(S)-11a as colorless oil in 38 % yield; [a]20


D =�133.5 (c =1.1, acetone) (in
reference [27]; [a]20


D =++135 (c=1, acetone), (R)-enantiomer, 99.2 % ee);
1H NMR (300 MHz, CDCl3): d=2.74 (s, 3 H), 7.52–7.55 (m, 3H), 7.64–
7.68 ppm (m, 2 H); EIMS: m/z (%): 140 (100) [M]+ , 125 (98), 97 (58), 77
(45), 51 (63). The ee value was determined by performing HPLC (Waters
515–2487) using a Chiralcel OD column: UV detection at l=254 nm;
20 8C; hexane/iPrOH, 9:1; flow rate, 1.0 mL min�1; tR1 =12.4 min (minor
isomer), tR2 =15.6 min (major isomer).


(S)-11b :[24f] [a]20
D =�185.8 (c =1.08, acetone), >99.9 % ee ; 1H NMR


(300 MHz, CDCl3): d=2.42 (s, 3H), 2.71 (s, 3H), 7.32–7.35 (d, 2 H, J=


7.8 Hz), 7.53–7.56 ppm (d, J =7.8 Hz, 2H); EIMS: m/z (%): 154 (83)
[M]+ , 139 (100).


(S)-11c :[24f] [a]20
D =�151.1 (c =0.43, acetone), >99.9 % ee ; 1H NMR


(300 MHz, CDCl3): d= 2.74 (s, 3 H), 7.53–7.55 (d, J =8.4 Hz, 2H), 7.67–
7.70 ppm (d, J= 8.4 Hz, 2H); EIMS: m/z (%): 220 (66) [M+1]+ , 218 (65)
[M�1]+ , 205 (100), 203 (98).


(S)-11d :[20h] [a]20
D =�129.6 (c =1.5, acetone), 98.6 % ee ; 1H NMR


(300 MHz, CDCl3): d=2.72 (s, 3H), 7.20–7.26 (m, 2H), 7.63–7.68 ppm
(m, 2 H); EIMS: m/z (%): 158 (60) [M]+ , 143 (100), 115 (1), 95 (36), 75
(39).


(S)-11e :[20h] [a]20
D =�110.4 (c =1.33, acetone), >99.9 % ee ; 1H NMR


(300 MHz, CDCl3): d =2.74 (s, 3H), 7.40–7.43 (m, 1H), 7.53–7.54 (m,
1H), 7.62 (m, 1H), 7.80–7.81 ppm (m, 1 H); EIMS: m/z (%): 220 (81)
[M+1]+ , 218 (81) [M�1]+ , 205 (93), 203 (96).


(S)-11 f :[24f] [a]20
D =�126.5 (c =1.2, acetone), 89.1 % ee ; 1H NMR


(300 MHz, CDCl3): d=2.79 (s, 3H), 7.82–7.85 (m, 2H), 8.38–8.40 ppm
(m, 2 H); EIMS: m/z (%): 185 (100) [M]+ , 170 (29), 140 (11).


(S)-11g :[24f] [a]20
D =�97.1 (c=1.3, acetone), 75.5 % ee ; 1H NMR


(300 MHz, CDCl3): d =1.19–1.24 (t, J=7.5 Hz, 3 H), 2.75–2.96 (m, 2H),
7.51–7.65 ppm (m, 5 H); EIMS: m/z (%): 154 (20) [M]+ , 126 (54), 97
(15), 78 (100), 51 (32).
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Cyanide-Bridged Vitamin B12–Cisplatin Conjugates


Stefan Mundwiler, Bernhard Spingler, Philipp Kurz, Susanne Kunze, and
Roger Alberto*[a]


Introduction


In inorganic medicinal chemistry, cisplatin, cis-[PtCl2-
(NH3)2], and some of its derivatives are well established an-
ticancer drugs.[1] They are potent, therapeutic pharmaceuti-
cals but are also toxic to normal, healthy cells. The relatively
large doses administered to a patient cause severe side ef-
fects. Enhanced selectivity by targeting cancer cells would
be beneficial for the therapeutic index and the life quality of
the patient. Site-specific uptake can be achieved by combin-
ing biologically active molecules with a chelating moiety for
PtII. Some attempts have been described but, so far, have
not shown the expected improvements.[2] A bioactive mole-
cule that merits more attention is cyanocobalamin (vitamin
B12).[3,4] Fast-proliferating cancer cells are high B12 consum-
ers. This very high demand makes B12 a potential “Trojan
horse” for delivering therapeutic agents.[5,6,7,8]


Combining B12 and PtII compounds has been the subject
of earlier studies. Wilson et al. described a B12 derivative
with a diamino chelator covalently attached to the corrin
ring yielding a cobinamide-[N2PtCl2] unit.[9] This conjugate


was expected to transport cisplatin into cancer cells by spe-
cific surface receptors for the cobalamin–trans-cobalamin
protein complex. A more direct way is the use of native B12


as a ligand. Some metal complexes, for example, [PdCl4]
2�


or a mixture of PtII and PtIV species, react quite strongly
with cobalamins and demethylate methylcobalamin to aquo-
or chlorocobalamin.[10,11] Interaction of the activated form of
cisplatin, cis-[Pt(NH3)2(OH2)2]


2+ , with alkyl cobalamins is
milder. cis-[Pt(NH3)2(OH2)2]


2+ binds to N 3 of the dimethyl-
benzimidazole unit in the B12-backloop, yielding an alkylco-
balamin base-off form. It also binds to adenosylcobalamin at
the N 7 or N 1 position of the nucleoside ligand.[12] As it is
known that the least sensitive position in B12 for recognition
by the B12 transport proteins is the b ligand, we aimed at in-
troducing the cis-{Pt(NH3)2}


2+ moiety at this site.[13, 14] In vi-
tamin B12, this ligand is a cyanide group. The cyanide is an
artifact of the isolation process and is enzymatically re-
placed by an adenosyl or methyl group in the cell.[15,16, 17] In
addition to being a transporter for PtII, derivatized cyanides
could, therefore, act as inhibitors for the enzymes involved
in the alkylating reactions or act as inhibitors for gene regu-
lation (riboswitches).[18] Although cyanide bridges between
two metal centers belong to the most common motifs in in-
organic chemistry, the cyanide ligand in vitamin B12 has not
yet been exploited for derivatization; the only cyanide-
bridged platinum–B12 species that has been described is the
adduct of tetracyanoplatinate(ii) to hydroxycobalamin.[19]


We recently reported the coordination of ReI and TcI com-


Abstract: cis-[PtCl(OH2)(NH3)2]
+ , the


monoactivated form of cisplatin, reacts
with the cyano ligand of cobalt in vita-
min B12 (cyanocobalamin) to form a
Co�C�N�Pt conjugate (1). Compound
1 is prepared in good yield directly in
aqueous solution. The remaining chlo-
ride ligand of PtII is labile. It hydro-
lyzes slowly in aqueous solution and
can be exchanged by stronger coordi-
nating ligands, such as 9-methylguanine


or 2’-deoxyguanosine, to yield vitamin
B12–nucleobase conjugates. X-ray struc-
tures of the vitamin B12–cisplatin conju-
gate 1 as well as of the product with
coordinated 9-methylguanine (2) are
presented. The coordination geometry


at PtII is almost perfectly square-
planar. The structure of the cobalamin
compound remains essentially un-
changed when compared with the origi-
nal B12 structure. The guanine moiety
of compound 2 binds in a 458 angle to
the cisplatin molecule and interacts
with neighboring molecules by means
of p stacking and hydrogen bonds.


Keywords: bioinorganic chemistry ·
bridging ligands · cobalamins ·
nucleobases · platinum


[a] Dr. S. Mundwiler, Dr. B. Spingler, P. Kurz, Dr. S. Kunze,
Prof. Dr. R. Alberto
Institute of Inorganic Chemistry, University of Z�rich
Winterthurerstrasse 190, 8057 Z�rich (Switzerland)
Fax: (+41) 1-635-6803
E-mail : ariel@aci.unizh.ch


Chem. Eur. J. 2005, 11, 4089 – 4095 DOI: 10.1002/chem.200500117 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4089


FULL PAPER







plexes directly to the cyanide in vitamin B12 and anticipated
that other robust complexes would behave similarly.[20] We
have now studied the direct interaction of monoactivated
cisplatin with cyanocobalamin (vitamin B12) to use B12 as a
ligand and a targeting molecule for PtII at the same time
(Scheme 1).


Results and Discussion


The B12–cisplatin conjugate 1 can be prepared in good yield
by the reaction of vitamin B12 with cis-[PtCl(NH3)2(OH2)]+ ,
the monoactivated form of cisplatin. It could be expected
from previous work that the cis-[PtCl(NH3)2(OH2)]+ species
would coordinate preferentially to displaced benzimidazole.
We found a straightforward and almost exclusive coordina-
tion to the cyano group in B12, resulting in a heterodinuclear
complex, with {Co�C�N�Pt} as a central, structural unit.
The progress of the reaction was monitored by HPLC. The
traces recorded during the reaction exhibited the formation
of one single species in quantitative yield. The UV/Vis spec-
trum was almost identical to the one of native vitamin B12.
This confirms that benzimidazole is not displaced from the
cobalt center. IR spectroscopy showed a nCN band at
2199 cm�1, which is 55 cm�1 higher than that in vitamin B12.
Such shifts to higher energies are characteristic for bridging
cyanides.[21] The 195Pt NMR spectrum gave a broad peak at
�2340 ppm, which is in the region where signals of cisplatin
complexes bound to one purine base with one remaining
chloride ligand are usually found.[22] The electrochemical
properties of 1 are quite different from those of vitamin B12.


We found a partially reversible reduction wave at �515 mV
(versus Ag+/AgCl), which is at a significantly more positive
potential than vitamin B12 (�670 mV). The increased oxida-
tion power of the CoIII center is understood to be a conse-
quence of the electron-withdrawing properties of the PtII


center, competing for the electrons localized in the cyanide
bridge.


It was possible to grow X-ray quality crystals of 1 to eluci-
date its structure. Surprisingly, it crystallized in the space
group P1 and not, as is usual for cobalamin structures, in
P212121. Two monocationic B12–platinum conjugates (1) and
only one trifluoroacetate group could be found in the asym-
metric unit. The cobalamin structure is essentially identical
to that of native vitamin B12. The platinum center is almost
perfectly square-planar, with angles ranging from 898 to 928
(Figure 1). The bond lengths of the bridging cyanide and


from the cobalt atom to the cyanide carbon atom, in particu-
lar, are not significantly different to the corresponding
values for vitamin B12 or an {Fe�CN�Pt} model complex.[23]


There are two hydrogen bonds formed with the cisplatin
moiety: one between the chloride ligand and N29, the nitro-
gen atom of the a-acetamide side chain of cobalamin, the
other between N93, the amine ligand trans to the chloride,
and O39, the oxygen atom of the c-acetamide side chain of
cobalamin. The bond angles along the bridge are very close
to 1808 (Figure 2), unlike in the case of the Fe-CN-Pt
angle.[23]


Knowledge about some basic physicochemical properties,
such as stability in water and human serum or interaction
with nucleobases and other ligands, is crucial to estimate the
versatility of such new B12–cisplatin complexes for applica-
tion in biology. Compound 1 is stable in water and saline.
After one day at room temperature, no release of cis-[PtCl-


Scheme 1. Formation of conjugate 1 by reaction of monoactivated cispla-
tin with vitamin B12 and subsequent coordination of 9’-methylguanine or
2’-deoxyguanosine to PtII to give the conjugates 2 or 3, respectively. Re-
agents and conditions: a) cis-[PtCl(NH3)2(OH2)]+ , water, 16 h at 50 8C,
72%; b) 9-methylguanine, 4 days at 50 8C, 79%; c) 2’-deoxyguanosine,
water, 4 days at 50 8C, 67%.


Figure 1. Depiction of one of the two cations found in the crystal struc-
ture of 1.
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(NH3)2(OH2)]+ or cis-[PtCl(NH3)2(NC)] species could be
observed, confirming the kinetic and thermodynamic stabili-
ty of 1. The chloride ligand was, however, slowly exchanged
by water. Measurements with a Cl�-sensitive electrode
showed about a 10 % release of Cl� ions after one day and
about 65 % after four days. This labile coordination site de-
termines the behavior towards bovine serum albumin.
Whereas native vitamin B12 and 3 (see below) did not show
significant interaction with the same proteins in aqueous
phosphate buffer solution, the weakly bound chloride ligand
in 1 was exchanged for potential coordinating sites from the
protein. After two and six days, 34 % and 47 %, respectively,
of 1, freshly dissolved in phosphate buffer solution, associat-
ed with the protein. Protein binding most likely occurs by
ligand exchange on the platinum with competing coordinat-
ing sites in the side chains of the amino acid molecules,
either by direct exchange of the chloride ligand or by the
aqua species.


The main target for cisplatin is DNA, with the platinum
atom coordinating preferentially to N 7 of two adjacent gua-
nosine units. Although it is not expected that a B12–cisplatin
conjugate would enter the cell nucleus, it is known that ade-
nosylcobalamin plays an important role in mitochondria
and, as riboswitch, in gene regulation.[18] It was therefore of
interest to determine whether 1 retains its ability to bind to
nucleobases. For this reason, the reactivity of 1 towards 9-
methylguanine, representing the basic coordinating unit en-
countered in DNA or RNA, and towards 2’-deoxyguanosine,
a more complete model comprising the sugar unit of DNA
bases, was investigated. Other monodentate ligands are, of
course, also of interest. In particular, we anticipate that PtII


can mediate the conjugation of, for example, a cytotoxic
agent in B12 by PtII binding, a strategy that represents anoth-
er attractive aspect of the chemistry presented herein.


Complex 1 reacted slowly under mild conditions in aque-
ous solution with 9-methylguanine to form 2 quantitatively
(Scheme 1). NMR analysis of the product indicated the for-
mation of a 1:1 adduct of 1 and 9-methylguanine. The down-
field part of the 1H NMR spectrum shows the characteristic
five signals of B12 and a singlet for the H 8 proton of guanine
(Figure 3). None of the signals have shifted significantly.


Figure 2. ORTEP presentation of a close-up of the corrin ring and the
cisplatin moiety of 1. Selected bond lengths [�] and angles [8]: Co1�C90
1.879(9), C90�N91 1.17(1), N91�Pt1 1.953(7), Pt1�Cl1 2.300(3), Pt1�N92
2.000(8), Pt1�N93 1.982(9), N29�Cl1 3.40(1), O39�N93 2.96(1); N91-
C90-Co1 174.2(9), C90-N91-Pt1 173.4(9).


Figure 3. 1H NMR (500 MHz, D2O) of 1 (top), 2 (middle), and 3
(bottom). Signal legend: a =benzimidazole signals of the cobalamin unit;
b= ribose H 1 of the cobalamin unit; c =corrin H 10 of the cobalamin unit;
d=guanine H 8 ; e= CH3 group of the guanine unit and ribose H 1 of the
2’-dG unit.


Chem. Eur. J. 2005, 11, 4089 – 4095 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4091


FULL PAPERB12–Cisplatin Conjugates



www.chemeurj.org





The guanine H 8 proton shows an NOE signal to the peak of
the methyl group of 9-methylguanine at 3.7 ppm.


The structure of 2 has been confirmed by single-crystal X-
ray analysis (Figure 4). The asymmetric unit contains one


molecule of 2, 8.5 molecules of water, and two molecules of
methanol. The counterions could not be detected. Coordina-
tion of 9-methylguanine to the platinum atom does not
induce drastic changes in the Co�C�N�Pt unit; only a sig-
nificant, slight shortening of the Co�C bond and a signifi-
cant, slight lengthening of the Pt�N bond trans to the meth-
ylguanine are observed (Figure 5). The torsion angle be-


tween the guanine plane and the square-planar platinum
moiety is 45(1)8. The amide groups on the corrin ring do not
show any hydrogen-bond interaction with the platinum unit
any more and are instead turned outwards.


As in the case of 1, 2 did not crystallize in the typical co-
balamin space group (P212121) but, this time, in P21212. This
is probably due to the numerous interactions of the cispla-
tin-methylguanine moiety with three different neighboring
molecules of 2 (Figure 6). The two molecules of 2 (labeled
#1 and #3 in Figure 6) that are related to each other by the


twofold axis interact by p stacking of the guanine bases.
This interaction is enforced by hydrogen bonds between the
O 6 carbonyl oxygen atoms of the guanine units and one of
the amine ligands of the opposing molecule as well as be-
tween the two opposing O 6 carbonyl oxygen atoms, through
two water molecules. The same amine ligand also binds to
the phosphate group of a third molecule (#4 in Figure 6) of
2, and an amide group of a corrin side chain of a fourth mol-
ecule (#2 in Figure 6) of 2 forms a dual hydrogen bond to
N 2 and N 3 of the methylguanine unit. The dashed lines,
shown in Figure 6, between the two oxygen atoms of the
water molecules and between the O 6 carbonyl oxygen
atoms and the water molecules represent the corresponding
hydrogen bridges, rationalized from the mutual distances
but not localized in the X-ray structure analysis.


Figure 4. Depiction of the cation found in the crystal structure of 2.


Figure 5. ORTEP presentation of a close-up of the corrin ring and the
cisplatin moiety of 2. Selected bond lengths [�] and angles [8]: Co1�C64
1.80(2), C64�N65 1.21(2), Pt1�N65 1.978(18), Pt1�N92 1.996(15), Pt1�
N91 2.013(12), Pt1�N90 2.077(12); N65-C64-Co1 173.4(14), C64-N65-Pt1
175.1(14).


Figure 6. Interactions between molecules in the crystal packing of 2. Sym-
metry operations needed to generate the fragments surrounding #1, #2:
x, y, z +1; #3: �x +1, �y, z ; #4: �x+1/2, y +1/2, �z+1. See text for
more detailed explanation of hydrogen bonds (dashed lines).
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In parallel to the preparation of 2, the reaction of 1 with
2’-deoxyguanosine (2’-dG) gave the conjugate 3 in very
good yield. The reaction was relatively slow with an approx-
imate second-order rate constant of about 0.2–0.3 m


�1 s�1 at
38 8C determined under pseudo-first-order conditions (disap-
pearance of 1). In contrast to product 2, the H 8 resonance
of the coordinated 2’-dG was split into three signals, a main
product integrating for 0.65 and two isomers, or side-prod-
ucts, integrating for 0.1 and 0.25 protons (Figure 3). The 1H
NMR signals of the main product with the H 8 resonance at
about 8.3 ppm confirmed the formation of 3, because an
NOE signal with the peak of H 1’ of the deoxyribose unit of
2’-deoxyguanosine could be observed at about 6.25 ppm.


Prolonged stirring of an aqueous solution of 3 increased
the relative amount of the compound with the H 8 signal at
8.1 ppm from 0.25 to 0.5, indicating a decomposition product
of 3. An additional sign of decomposition was the absence
of a resonance for the proton at the 1’-position of the ribose
in 2’-deoxyguanosine and the absence of any NOE interac-
tion of this H 8 resonance. We anticipate that the ribose
moiety is cleaved from the purine base, but this assumption
needs further confirmation. The 195Pt NMR spectrum
showed a broad peak at �2475 ppm, in the range of DNA-
bound cisplatin.[22]


Compounds 2 and 3 can be considered as models for a
monobound cisplatin-to-DNA analogue. Compound 3
showed only very weak interaction with bovine serum albu-
min, thus confirming the formation of a very stable base-to-
platinum coordination. Chemical competition reactions gave
a similar picture: stirring an aqueous solution of 3 with a
tenfold excess of imidazole for one day did not show the re-
lease of 2’-deoxyguanosine or the formation of any new PtII


complex. Obviously, one can not expect from this chemical
behavior that cisplatin is simply released from 1 to start its
well-known interaction with DNA. However, one must con-
sider that the platinum moiety could be cleaved from vita-
min B12 intracellularly by reducing agents or enzymes in-
volved in the reduction of cobalamins, such as cobalamin re-
ductase, methionine synthase reductase, or adenosyl trans-
ferase, just as cyanide and other known axial ligands
are.[15,16,17]


Further studies are currently underway to elucidate the
cytotoxicity and in vivo behavior of these conjugates. It is,
of course, of special interest to determine whether the plati-
num complex will be cleaved from the cobalamin or if it
reacts as an entity with B12-dependent enzymes or DNA.


Conclusion


Vitamin B12 (cyanocobalamin) can act as a ligand for cispla-
tin by the formation of a cyanide-bridged species (1). The
platinum(ii) unit neither influences the structure nor the
spectroscopic properties of B12 significantly, but facilitates
the electrochemical reduction of the cobalt center. The re-
maining chloride ligand in 1 is labile and can be exchanged
by stronger coordinating ligands, such as guanine deriva-


tives. The vitamin B12–cisplatin–methylguanine conjugate 2
and compound 3 can be regarded as simple models of a vita-
min B12–cisplatin–DNA adduct. Adduct 3 shows unexpected
instability of the deoxyribose unit of 2’-dG, which merits
closer examination.[24]


Experimental Section


General procedures : All chemicals were purchased from Fluka, Buchs
(Switzerland). Chemicals were of reagent grade and used without further
purification. HPLC analyses were performed on a Merck-Hitachi L-7000
system equipped with a diode array UV/Vis spectrometer and Macherey
Nagel Nucleosil C-18ec RP columns (5 mm particle size, 100 � pore size,
250 � 3 mm). HPLC solvents were 0.1% aqueous trifluoroacetic acid (A)
and methanol (B). Preparative HPLC separations were performed on a
Varian Prostar system equipped with two Prostar 215 pumps, a Prostar
320 UV/Vis detector, and Macherey Nagel Nucleosil C-18ec RP columns
(7 mm particle size, 100 � pore size, 250 � 20 mm, 13 mL min�1 flow rate,
and 250 � 40 mm, 40 mL min�1 flow rate). MALDI-TOF mass spectra
were measured on a Voyager-DE PRO with a-cyano-4-hydroxycinnamic
acid as matrix. UV/Vis spectra were recorded on a Varian Cary 50 spec-
trometer. IR spectra were recorded on a Perkin–Elmer Spectrum BX
spectrometer with the samples in compressed KBr pellets. NMR spectra
were recorded on a Bruker DRX 500 MHz spectrometer. The chemical
shifts are reported relative to TMS using the residual solvent protons as
internal reference. Cyclic voltammetry (CV) was carried out on a Met-
rohm 757 VA Computrace system with a glassy carbon working electrode,
a glassy carbon counter electrode, and a Ag+/AgCl reference electrode.
Compound 1 was measured as a solution (1 mm) in tetrabutylammonium
hexafluorophosphate in methanol (0.1 m), the sweep rate for CV being
0.1 Vs�1


.


Vitamin B12–cisplatin adduct 1: A mixture of cis-diaminedichloroplatin(ii)
(66.4 mg, 0.221 mmol) and silver nitrate (37.6 mg, 0.221 mmol) in water
(6 mL) was stirred at 35 8C for 2 h. The precipitate was removed by cen-
trifugation and washed with water (4 mL). The solutions were added to
cyanocobalamin (300 mg, 0.221 mmol), and the resulting solution was
stirred at 50 8C for 16 h. HPLC analysis exhibited full conversion of the
cobalamin. The solvent was removed in vacuo, and the crude product
was purified by preparative HPLC (gradient: linear from 100 % A to
20% B in 5 min, then linear to 65% B in 40 min). Lyophilization of the
product fraction gave 1 as a red powder. Yield: 259.8 mg (72.6 %);
1H NMR (500 MHz, D2O): see Figure 3a; 31P NMR (121 MHz, D2O): d=


�0.38 ppm; 195Pt NMR (107 MHz, D2O): d=�2340 ppm; IR: ñ=


2199 cm�1 (CN); UV/Vis (H2O): l (loge) =279.9 (4.1), 361.9 (4.4), 519.9
(3.8), 550.9 nm (3.8 mol L�1 cm�1); MALDI-TOF MS: m/z : 1607
[M�Cl+Na]+, 1591 [M�Cl�NH3+Na]+ , 1571 [M�Cl�2 NH3+Na]+ ; CV:
E1/2 =�515 mV versus Ag+/AgCl, ca. 50% reversible.


Vitamin B12–cisplatin–methylguanine adduct 2 : A solution of 1 (37.4 mg,
23.1 mmol) and 9-methylguanine (4.2 mg, 25 mmol) in water (2 mL) was
stirred at 50 8C. After four days, HPLC analysis showed almost complete
conversion of the starting materials. The solvent was removed in vacuo,
and the crude product was purified by preparative HPLC (gradient: 20%
B for 10 min, then linear from 20% B to 40% B in 20 min). Lyophiliza-
tion of the product fraction gave 2 as a red powder. Yield: 32.0 mg
(79 %); 1H NMR (500 MHz, D2O): see Figure 3b; 31P NMR (202 MHz,
D2O): d=0.73 ppm; UV/Vis (H2O): l (loge)=279.0 (4.1), 361.9 (4.1),
520.0 (3.6), 548.0 nm (3.6 mol L�1 cm�1); MALDI-TOF MS: m/z : 1736
[M�CH3]


+ , 1715 [M�NH3�CH3]
+ .


Vitamin B12–cisplatin–2’deoxyguanosine adduct 3 : A solution of 1
(58.5 mg, 36.1 mmol) and 2’-deoxyguanosine (11.6 mg, 43.3 mmol) in water
(5 mL) was stirred at 30 8C. After four days, HPLC analysis showed
almost complete conversion of the starting materials. The solvent was re-
moved in vacuo, and the crude product was purified by preparative
HPLC (gradient: linear from 25% B to 65% B in 30 min). Lyophilization
of the product fraction gave 3 as a red powder. Yield: 45.3 mg (67.7 %);
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1H NMR (500 MHz, D2O): see Fig-
ure 3c; 31P NMR (202 MHz, D2O): d=


0.71 (94), 0.21 ppm (6 %); 195Pt NMR
(107 MHz, [D4]methanol): d=


�2475 ppm (line width ca. 1.5 kHz);
UV/Vis (H2O): l (loge)= 278.0 (4.2),
361.9 (4.2), 521.0 (3.7), 546.0 nm
(3.7 mol L�1 cm�1); MALDI-TOF MS:
m/z : 1723 [M�ribose�2NH3+Na]+ .


Chloride release of compound 1: Re-
lease of chloride ions from compound
1 was measured potentiometrically
with a chloride sensitive electrode
(Metrohm 6.0502.120), by using an
Ag+/AgCl reference electrode and a
Metrohm 713 pH meter. All measure-
ments were done in aqueous potassi-
um hexafluorophosphate (10 mm) to
keep the ion strength constant. Cali-
bration curves were done with sodium
chloride solutions (0.005–5 mm), and
compound 1 was kept at room temper-
ature as a 0.55 mm solution and mea-
sured after 20 min, 1 day, and 4 days.
The following chloride concentrations
were measured: 0.01 mm after 20 min,
0.06 mm after 1 day, 0.36 mm after
4 days, 0.37 mm after 7 days.


Binding of vitamin B12, 1, and 3 to
bovine serum albumin : Bovine serum
albumin (13 mg, 0.2 mmol) was dis-
solved in phosphate buffer (pH 7.4,
0.1m, 1.0 mL). Aliquots of the freshly
dissolved cobalamin derivatives
(0.2 mmol) were added, and the solu-
tions were stirred at room tempera-
ture. Binding to the albumin was mea-
sured by HPLC with detection at
360 nm. The following amounts of protein-bound cobalamin were found:
vitamin B12: no binding after 6 days; 1: 4.8% after 4 h, 34.3 % after
2 days, 47.2 % after 6 days; 3 : 1.3% after 4 h, 1.6 % after 2 days, 1.9 %
after 6 days (most likely binding of an impurity).


Imidazole challenge : An aqueous solution of 3 (0.5 mm) and imidazole
(5.0 mm) was stirred at room temperature. After 1 day, HPLC analysis ex-
hibited less than 1 % of free 2’-dG. After 4 days, about 4% of 2’-dG as
well as unknown cobalamin-free products in the same range were detect-
ed. Additionally, after this time about 50% of the starting material 3 had
converted to the product in which the ribose is presumably cleaved.


Crystallographic details : Crystals of 1 and 2 were obtained by vapor dif-
fusion of acetone into an aqueous solution of 1 or 2. Suitable crystals for
X-ray diffraction were covered with Paratone N oil, mounted on top of a
glass fiber, and immediately transferred to a Stoe IPDS diffractometer.
Data was collected at 183(2) K using graphite-monochromated Mo radia-
tion (0.71073 �). Data was corrected for Lorentz and polarization effects,
as well as for absorption. Structures were solved with direct methods by
using SIR97[25] and were refined by full-matrix least-squares methods on
F2 with SHELXL-97.[26] In compound 1, apart from the two cationic B12


derivatives in the asymmetric unit, one trifluoroacetate (from the prepa-
rative HPLC purification), 18 water, three methanol, and two acetone
molecules were found. The second anion could not be located, most
likely due to disorder. Appropriate restraints were applied. In compound
2, additional 8.5 water and two methanol molecules were found. The two
anions could not be located, most likely due to disorder. Appropriate re-
straints and constraints were applied. The crystal data and refinement pa-
rameters of compounds 1 and 2 are summarized in Table 1. CCDC-
261001 (for 1) and CCDC-261002 (for 2) contain the supplementary crys-
tallographic 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. ORTEP plots were drawn with the
program ORTEP-3 for Windows at a probability of 30%.[27]
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Spectroscopic Evidence for a Dinitrogen Complex of Gallium and Estimation
of the Ga�N2 Bond Strength


Hans-Jçrg Himmel* and Nicole Hebben[a]


Introduction


The detailed mechanism for formation of solid, crystalline
III/V semiconductor materials, such as AlN and GaN, by
means of chemical vapour deposition (CVD) or molecular
beam epitaxy (MBE)[1] still remains largely unknown, de-
spite numerous experimental and theoretical investigations
in these fields. Thus, for example, in the case of MBE, it has
to be differentiated between N-enriched and Ga-enriched
conditions.[1c] In contrast to the bulk phases, discrete AlN
and GaN molecules are highly reactive, unstable species ex-
hibiting triplet electronic ground states [3P in the case of
AlN (configuration …p3s1) and 3S in the case of GaN (con-
figuration …p2s2)].[2,3] Thus, it is unlikely that solid AlN or
GaN is formed via these molecules. In addition, the formal
dimers Al2N2 and Ga2N2 have been calculated to be essen-
tially weak complexes of the metal atoms or dimers with di-
nitrogen. The minimum-energy structures of molecules with
the formula Al2N2 and Ga2N2 are, according to quantum
chemical calculations, complexes of M2 (M =Al, Ga) or two
M atoms with N2, resulting in either linear MMNN or


MNNM molecules or a D2h-symmetric M(m-N)2M molecule.
The relative energies of these three possible isomers are
very difficult to calculate. The D2h-symmetric Ga(m-N)2Ga
molecule seems to be more stable than linear GaNNGa.[4]


Other calculations also argue for a D2h-symmetric ground-
state geometry for both Al2N2 and Ga2N2.


[3] However, imagi-
nary frequencies were obtained for the other possible iso-
mers so that the level of theory of these calculations might
not have been sufficient to characterize molecules such as
GaGaNN. With other groups, we have shown already that
any accurate calculations involving the metal atom dimers
(Al2 or Ga2) themselves require the use of multireference
methods.[5,6]


As the results of many experiments show that N2 can
easily leave the composite at high temperatures,[7] the inter-
action between the Group-13 metals and N2 is likely to be
only weak. This has stimulated several gas-phase studies on
the interaction of Al,[8,9] Ga[10] or In[11] atoms and small clus-
ters of these elements with N2. With the help of gas-phase
studies on Al·N2, the bond energy has been estimated to be
about 6 kJ mol�1. For an excited state of Ga·N2 (which is
presumably the 2D state of the linear GaNN complex), a
slightly higher bond energy of 15 kJ mol�1 has been estimat-
ed.[10] According to those authors, this value should be re-
garded as a lower limit to the true dissociation energy.
Quantum chemical calculations (using the RCCSD(T)
method) suggest a significantly lower interaction energy of


Abstract: Matrix-isolation experiments
were performed to study the interac-
tion between Ga atoms and N2 by
using Raman and UV/Vis spectroscop-
ies for detection and analysis. It was re-
vealed that a weak complex is formed,
for which resonance Raman spectra
were obtained. Several overtones were
sighted, allowing a rough estimate of
the Ga�N2 fragmentation energy to be
made (~19 kJ mol�1). The excitation
profile obtained from the spectra at


different laser wavelengths agrees with
the UV/Vis spectrum and shows that
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sition at around 410 nm. At the Ga
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4.6 kJ mol�1 in the case of the electronic ground state of
linear Ga·N2 (2P state).[12] Matrix-isolation experiments
have been used previously to study the reactions of laser-ab-
lated Ga atoms with N2 in solid N2 matrices.[13] However, be-
cause of the energy of the laser used for ablation, some of
the Ga atoms were highly excited, and N atoms were also
generated by laser-induced dissociation of N2. Under these
conditions, linear NGaN and GaN molecules were among
the products. Up to now, there exists, to the best of our
knowledge, no Raman study of the interaction of Al or Ga
atoms with N2 under matrix conditions.


One of us has previously studied several complexes of Al
and Ga atoms using the matrix-isolation technique.[14–16] For
example, it has been shown that Ga forms a relatively
strong complex with NH3.


[14] According to quantum chemi-
cal calculations, the Ga�NH3 bond energy amounts to as
much as about 50 kJ mol�1. As a result of a Jahn–Teller
effect, the complex is slightly distorted from C3v symme-
try.[17] The corresponding Al complex, Al·NH3, has also been
studied, and EPR spectroscopy has been applied in this
case,[18] which gave evidence for a charge transfer from an N
atom to the Al atom carrying the unpaired electron. UV/Vis
data for the Ga·NH3 complex showed an intense absorption
around 440 nm, which was tentatively assigned to a pertur-
bed, metal-centered 2S !2P transition. Photolysis with light
of this energy brings about insertion of the Ga atom into
one of the N�H bonds, with the formation of the bent GaII


radical, HGaNH2. Additional photolysis leads to conversion
of this into the GaI amide, GaNH2, and the GaIII amide,
H2GaNH2 (see Figure 1).


Results and Discussion


Below, the results obtained from Raman and UV/Vis studies
are reported and discussed in turn.


Raman spectroscopy : The Raman spectrum of a solid 14N2


matrix at 12 K is shown in Figure 2a. It consists of a very in-
tense signal at 2327.5 cm�1 due to the n(N�N) stretching
fundamental.[19] At very low wavenumbers (ca. 32 cm�1) an-
other strong signal appears, which has been assigned previ-
ously to a lattice mode of N2.


[20]


Figure 2b compares the Raman spectrum measured for a
pure 14N2 matrix with that measured for a matrix containing
Ga. In the low-wavenumber region (not shown), no changes
could be monitored. In the n(N�N) stretching region, how-
ever, a new signal (at 2324.2 cm�1) was observed, which be-
longs in all probability to a complex between Ga atoms and
N2. The relatively small shift with respect to the band due to


Figure 1. Pathway for the spontaneous and photolytically activated reac-
tions taking place if Al or Ga atoms (M) are co-condensed together with
NH3 in an excess of solid Ar at 12 K. One of the photoproducts is the MI


amide, MNH2, which possibly represents the first intermediate on the
way to solid MN in CVD processes.


Figure 2. a) Raman spectrum measured for a solid 14N2 matrix at 12 K.
b) Comparison of the Raman spectra measured for a pure 14N2 matrix
and a 14N2 matrix that contains gallium. Spectra were measured with an
excitation radiation at 457.9 nm. The inset shows the same spectra magni-
fied in the region around 2290 cm�1.
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unperturbed N2 (�3.3 cm�1) already indicates that the inter-
action is only weak. The inset shows the same spectra mag-
nified in the region around 2290 cm�1. The small signal
traced in the spectrum of 14N2 at 2289.6 cm�1 belongs to the
isotopomer 14N15N, which is present in small quantities. The
spectrum measured for a 14N2 matrix that contains Ga atoms
shows an additional signal at 2285.5 cm�1, which can again
be assigned to a complex between Ga and an N2 species (in
this case 14N15N).


The experiments were repeated with different concentra-
tions of Ga in the matrix. We deliberately chose evaporator
conditions for which strong Ga2 signals are observable in Ar
matrices.[5] We also annealed the N2 matrix after deposition
to allow diffusion. However, no additional bands were ob-
served in our Raman experiments. There was, in particular,
no sign of the presence of Ga2 molecules.[5] A possible ex-
planation is that the complexation with N2 prevents the Ga
atoms in the matrix from dimerizing. Almost all the Ga2


dimers observed in Ar matrices are formed in the course of,
or after, deposition of the matrix and are absent from the
gas phase.[6]


To obtain more information about the N2 complex, ex-
periments were carried out using different isotopomers of
dinitrogen (15N2 and a 1:1 mixture of 14N2 and 15N2). Figure 3


illustrates the Raman spectra measured in these experi-
ments. In the case of a 15N2 matrix, the n(N�N) stretching
mode of unperturbed dinitrogen is red-shifted to
2249.6 cm�1 [n(14N2)/n(15N2)= 1.0346]. The presence of Ga in
the matrix leads again to the detection of a second signal at
2246.5 cm�1, slightly red-shifted with respect to n(N�N) of
unperturbed dinitrogen. Measuring 1.0346, the ratio of n-
(14N2)/n(15N2) for the complex is identical to that of free di-
nitrogen, indicating that this mode does not couple signifi-
cantly with other modes of the complex. In the experiment


involving a 1:1 mixture of 14N2 and 15N2, four strong signals
appear. Two of these can be assigned to unperturbed dini-
trogen. The other two belong to the complex and have
wavenumbers that match exactly the wavenumbers mea-
sured for the complex with 14N2 or 15N2 alone. The half
widths of the two signals due to the complex are also almost
exactly the same as those measured for the experiments
using 14N2 or 15N2 alone. Thus all indications are that the
complex has the overall formula GaN2.


[21]


Although the data immediately shows that the complex
between Ga atoms and N2 is only very weakly bound, the
Raman signal of the complex shows an interesting and dis-
tinct resonance effect. Figure 4a shows three Raman spectra


measured for the same matrix but produced by excitation
radiation of different wavelengths, that is, 514.5, 488.0, and
457.9 nm. The intensity of the scattering was multiplied by a
factor to keep the intensity of the reference signal, n(N�N)
of unperturbed N2 at 2327.5 cm�1, constant. It can be seen
that the intensity of the signal due to the complex between
Ga atoms and N2 depends strongly on the excitation wave-


Figure 3. Raman spectra taken for Ga in solid dinitrogen matrices con-
sisting of different dinitrogen isotopomers: a) 14N2; b) 1:1 mixture of 14N2


and 15N2; c) 15N2. Spectra were measured with an excitation radiation at
457.9 nm.


Figure 4. a) Raman spectra for Ga in a solid 14N2 matrix produced by
using different laser lines as the excitation source (514.5, 488.0, and
457.9 nm). b) Comparison between the experimental and calculated exci-
tation profiles.
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length. Thus, the signal is very intense if the 457.9 nm line of
the Ar+ ion laser is used, and relatively weak in the case of
the 514.5 nm line. From this trend it follows directly that the
electronic transition responsible for the resonance effect is
located at wavelengths shorter than 457.9 nm. The measured
intensities can be used to estimate the position of the elec-
tronic transition on the basis of an analysis of the excitation
profile.[22] The intensity Icomplex (measured relative to the ref-
erence signal) depends on the wavenumbers of the electron-
ic band maximum, nr, and of the exciting radiation, n0, ac-
cording to Equation (1).


Icomplex /
ðnr


2 þ n0
2Þ2


ðnr
2�n0


2Þ4 ð1Þ


An additional factor (ncomplex/nref)
4 can be ignored, because


it shows almost no variations. In Figure 4b, the intensities, as
calculated using Equation (1) and assuming the electronic
band maximum nr to be located at 410 nm, are compared to
the experimentally observed intensities. It can be seen that
the agreement is excellent. This confirms that a resonance-
Raman effect is indeed operative, and that the electronic
transition of the Ga·N2 complex is close to 410 nm.


It also proved possible to detect overtones of the n(N�N)
fundamental of the complex. Figures 5a and b show the re-
gions of the Raman spectra around 4620 and 6890 cm�1. A
signal at 4628.9 cm�1 can be assigned to 2·n(N�N) of free
N2, and signals at 4620.3 and 6885.2 cm�1 can be assigned to
2·n(N�N) and 3·n(N�N) of the complex between the gallium
atom and N2, respectively. In addition, we have measured
spectra for matrices of 15N2 and a 1:1 mixture of 14N2 and
15N2 in the regions of the first overtones. The signal due to
the complex between gallium and 15N2 is located at
4466 cm�1. The spectrum measured for the 1:1 mixture of
14N2 and 15N2 shows both the signals of Ga14N2 and Ga15N2,
but no additional signals due to the same species. This is a
further indication that only one N2 molecule is coordinated
to the Ga atom. There are some extra weak signals in the
spectra at 4632 and 4512 cm�1, but these must belong to a
different species since their intensities change relative to the
signals due to GaN2 in experiments with different concentra-
tions of gallium in the matrix.


The observed overtones can be used to estimate the dif-
ference in the N�N dissociation energy, DDe, between the
complex and free N2. Applying Equation (2) (where we and
w0e denote the harmonic frequency (in cm�1) of uncoordinat-
ed N2 and coordinated N2, respectively) gives a value of
about 14.5 kJ mol�1 (wex= 13.5 cm�1 and w0ex’= 14.2 cm�1).


DDe ¼
w2


e


4 we � x
� w0 2e


4 w0e � x0
ð2Þ


In other words, relaxation of the N2 unit from its equilibri-
um distance in the GaN2 complex to that in uncoordinated
N2 is accompanied by an energy change of �14.5 kJ mol�1.
This energy will be named relaxation energy, DErelax, in the
following discussion. Equation (3) expresses the relation be-


tween the relaxation energy, the dissociation energy, and the
fragmentation energy.[23]


DEdiss ¼ DEfrag þ DErelax ð3Þ


The fragmentation energy is the energy needed to cleave
the Ga�N2 bond, but keeping the N�N bond length as it is
in the complex. It is thus the difference between the dissoci-
ation energy and the relaxation energy. Because the relaxa-
tion energy should always be negative, the fragmentation
energy is generally larger than the dissociation energy. Pre-
vious calculations using high-level quantum chemical calcu-
lations suggested the dissociation energy to be about
4.6 kJ mol�1.[12] With this value, a fragmentation energy of
approximately 19.1 kJ mol�1 can be deduced for GaN2.


UV/Vis spectroscopy: Figure 6a shows the UV/Vis spectrum
recorded for gallium atoms isolated in an Ar matrix, togeth-
er with those obtained for gallium in an N2 matrix at differ-
ent deposition times. In the first case, a strong and sharp
feature appears at 340 nm, which has been assigned previ-
ously to the 2S !2P transition of Ga atoms.[24] In addition, a
weak, broad band shows at about 420 nm (indicated by the
dotted line). This band almost certainly belongs to Ga2.


[6]


Figure 5. Regions of the Raman spectra measured for Ga in a solid 14N2


matrix: a) around 4620 cm�1, excited by the 514.5 nm laser line, and
b) around 6890 cm�1, excited by the 457.9 nm line of the Ar+ ion laser.
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The spectra recorded with an N2 matrix are significantly dif-
ferent. In these, the sharp, intense band due to Ga atoms
has completely disappeared. Instead, a broad band centred
at around 410 nm (ca. 290 kJ mol�1) is visible. This is proba-
bly due to what is predominantly a metal-based electronic
transition of the GaN2 complex. The electronic band maxi-
mum at 410 nm is in full agreement with the analysis of the
excitation profile as measured in the Raman spectra, there-
by confirming that the 410 nm band belongs to the complex
Ga·N2.


For comparison, Figure 6b shows the UV/Vis spectrum re-
corded for the Ga·NH3 complex formed by Ga atoms and
NH3 molecules isolated together in an Ar matrix. Because
of the low concentration of NH3 molecules in the matrix,
the band due to unperturbed Ga atoms is still present. The
band due to Ga·NH3 is located at 440 nm (indicated by an
arrow).


The electronic absorptions of free Ga atoms in this region
occur at approximately 340 nm (ca. 350 kJ mol�1) for the
2S !2P transition and at about 270 nm (ca. 440 kJ mol�1) for
the 2D !2P transition. Unfortunately, it is not possible to
assign with certainty the observed absorption of the Ga·N2


complex, but the results imply that the complexation energy
is larger for one of these two excited states than for the
ground state. The point is illustrated in Figure 7, on the as-
sumption that the corresponding electronic state is indeed
the 2S state. Our resonance data has shown that the frag-
mentation energy of Ga·N2 with Ga in its 2P ground state
amounts to approximately 19 kJ mol�1. Very roughly, there-
fore, the stabilization of the former 2P level might amount
to about 19 kJ mol�1. The stabilization of the excited level,
DE(2S)stabil, can then be estimated. The difference in the ex-


citation energy between uncoordinated and coordinated Ga
is around 60 kJ mol�1. The excited state appears thus to be
stabilized by approximately 79 kJ mol�1 [see Equation (4)].


DEð2PÞstabil þ 350 kJ mol�1 ¼ DEð2SÞstabil þ 290 kJ mol�1 ð4Þ


Although only a very rough estimate, this indicates that
the interaction of N2 with the excited state of Ga is much
larger than with the ground state. Such a trend is in accord
with estimates based on quantum chemical calculations for
the ground-state interaction energy and the gas-phase esti-
mates of the excited-state interaction energy.[10]


In the case of Ga·NH3, the interaction energy for Ga in
its 2P electronic ground state should amount to about
50 kJ mol�1 according to quantum chemical calculations. Be-
cause of this high-energy value and the energy measured for


Figure 6. a) UV/Vis spectra of Ga atoms contained in either an Ar or an N2 matrix
(at different deposition times). b) UV/Vis spectra measured for Ga and NH3 iso-
lated in Ar after deposition (bottom), after 10 min of photolysis at l=440 nm
(middle), and after broad-band photolysis (l =200–800 nm, top). The arrow indi-
cates the band due to Ga·NH3.


Figure 7. Effect of complexation on the electronic states of a Ga atom.
The interaction between the excited electronic state of Ga and N2 is
much stronger than that between the ground electronic state of Ga and
N2.
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the electronic transition (see Figure 6b), the interaction
energy between Ga in its excited electronic state and NH3


should be even larger. Thus, for both Ga·N2 and Ga·NH3,
the interaction energy is higher than for the excited state of
Ga. NH3 forms a s-dative bond with Ga in the Ga·NH3


complex. In the case of the Al·NH3 system, calculations sug-
gest that at the first stages of the approach between Al and
NH3 the unpaired electron resides in a p orbital with A1


symmetry (being thus oriented in the Al···N internuclear di-
rection).[18] However, at Al···NH3 separations of about
300 pm, the unpaired orbital changes to a p orbital perpen-
dicular to the Al···N internuclear direction. Thus, as expect-
ed, the bond is established between the filled orbital at the
N atom and an empty p orbital at the Al or Ga atom. In the
case of Ga in its 2S excited electronic state, the unpaired
electron is removed from the p orbital. This might lead to a
stronger s bond between NH3 and Ga.


Conclusions


The interaction between N2 and Ga was studied using the
matrix-isolation technique, with resonance Raman and UV/
Vis spectroscopic measurements being applied to the char-
acterization of the products. The data measured for several
isotopomers indicates that a 1:1 Ga·N2 complex is formed.
The resonance Raman data allow an estimate of the Ga�N2


fragmentation energy. A value of 19 kJ mol�1 results for the
interaction between Ga in its ground electronic state and
N2. The excitation profile was calculated on the basis of the
Raman spectra excited at different wavelengths. This profile
indicates that the Ga·N2 complex has an electronic transition
at around 410 nm. The UV/Vis spectra do indeed give evi-
dence for a relatively broad band at this position. The exci-
tation energy can be related to the strength of the interac-
tion between an excited Ga atom (presumably 2S, but 2D
cannot be excluded) and N2. The analysis indicates that the
Ga�N2 interaction is much stronger in the excited state of
Ga than in its ground state. In the case of the Ga·NH3 com-
plex, the data also suggests a much stronger interaction in
the excited state than in the ground state. In the excited 2S
state of Ga, the electron is removed from the p orbital
which possibly leads to a stronger s bond with NH3.


Our data is of importance for a better understanding of
dinitrogen complexes of main group elements. They might
also help to increase the knowledge about MBE processes
designed to fabricate III/V semiconductor devices, where
the formation of N2, which might lead to nitrogen-deficient
III/V materials, has to be avoided.


Experimental Section


In our matrix-isolation experiments, gallium vapour was codeposited on
a copper block together with dinitrogen, in a high vacuum apparatus. The
block was kept at 12 K with the aid of a closed-cycle refrigerator (Ley-


bold, LB115). Details of the matrix-isolation technique[25] and of the ap-
paratus used here[26] can be found elsewhere.


Raman spectra were recorded with a Jobin Yvon XY spectrometer
equipped with a CCD camera (Wright Instruments, England). The spec-
trometer contained two pre-monochromators and a spectrograph, and
the measurements were performed in the subtractive mode. The Raman
spectra were produced by excitation with the 513.5, 488.0, and 457.9 nm
lines of an Ar+-ion laser (Coherent, Innova90). All spectra were mea-
sured with a resolution of 0.5 cm�1.


UV-visible spectra were recorded by using an Xe arc lamp (Oriel), an
Oriel multispec spectrograph, and a photodiode array detector. A resolu-
tion of 0.5 nm was used.


Quantum chemical (DFT) calculations were carried out with the aid of
the TURBOMOLE program.[27] The BP method in combination with an
SVP basis set was used.
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Optically Inactive Carotenoid Phospholipid
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Introduction


The chiroptical properties of glycerolipids have been rarely
investigated, while the two other groups of vital biomole-
cules, carbohydrates and proteins with their well-established
exclusive building blocks of d-sugars and l-amino acids,
have received a lot of attention. Despite the fact that the
biosynthesis of lipids also results in only one specific enan-
tiomer, a chiral, functional discrimination of enantiomeric
lipids has rarely been found. Membranes consist of pure
phospholipid enantiomers, but with respect to penetration
and other physical properties, phosphocholines behave as
achiral molecules.[1–3] It was only recently that a decisive
enantiomeric interaction between odorants and lipids was


detected in the olfactoric system.[4] Another reason for ne-
glecting chiroptical investigations of glycerolipids is their in-
visibility. (Phospho)lipids show notoriously low or no specif-
ic rotations, likewise, electronic optical activity (EOA) is
weak or absent due to the lack of chromophores.[5]


The few natural chromophoric lipids contain ajenoic acids
C12:5, C14:5 in triglycerides[6] and parinaric acid C18:4 in
phophatidylcholines.[7] The circular dichroism (CD), or fluo-
rescence-detected CD (FDCD), of these lipids has not yet
been measured, nor have chiral lipids been prepared from
synthetic conjugated tetraenic fatty acids.[8] The acyl chains
in these unsaturated lipids are only partly accessible by
EOA spectroscopy. In various attempts to introduce chro-
mophores, phospholipids with stilbene, biphenyl, terphenyl,
and azobenzene fatty acids have been synthesized.[9–11] Like-
wise, a glycerophosphatidylcholine enantiomer with styryl-
thiophene acyl groups was synthesized, which was devoid of
optical activity.[12] Undoubtedly, the mentioned lipids con-
tain rather xenobiotic acyl groups and are, therefore, differ-
ent from lipids of naturally occurring fatty acids.


For historical reasons optical activity is restricted to wave-
lengths from 200–800 nm. Although the accessible chiropti-
cal spectral range has successively been extended to both
lower and higher wavelengths, enantiomers continue to be
defined as “optically inactive” when no signal in the classical
wavelength scale is detected. Thus, the highly unsaturated
carotenoylphospholipid (R)-5 (in MeOH), which does not
exhibit EOA in the usual accessible range of the dichro-
graph, (see Figure 1a, c), is considered optically inactive.
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observed with the R enantiomer of a
highly unsaturated carotenoyl lyso-
phospholipid in solution. In spite of
this, strong Cotton effects are detected
in water. The amphiphilic carotenoid–


phospholipid monomers associate to
form aggregates, whose optical activity
is attributed to oligomeric entities.


These small helical assemblies cannot
exist independently. Yet, the calculated
octamer represents the simplest repeat-
ing primary unit that sufficiently ex-
presses the absorption properties and
supramolecular optical activity.


Keywords: carotenoids · helical
structures · molecular modeling ·
phospholipids


[a] B. J. Foss, H.-R. Sliwka, V. Partali
Norges Teknisk Naturvitenskapelige Universitet (NTNU) Institutt for
Kjemi
7491 Trondheim (Norway)
Fax: (+47) 73-59-6255
E-mail : hrs@nvg.ntnu.no


[b] C. Kçpsel, B. Mayer, H.-D. Martin
Institut f�r Organische Chemie und Makromolelulare Chemie
Heinrich-Heine-Universit�t, 40225 D�sseldorf (Germany)
Fax: (+49) 211-81-14324
E-mail : martin@uni-duesseldorf.de


[c] F. Zsila, Z. Bikadi, M. Simonyi
Department of Bioorganic Chemistry, Chemical Research Center
1525 Budapest (Hungary)
Fax: (+361) 325-9188
E-mail : msimonyi@chemres.hu


Chem. Eur. J. 2005, 11, 4103 – 4108 DOI: 10.1002/chem.200401191 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4103


FULL PAPER







However, (R)-5 shows optical activity in water (Figure 1a).
The chiroptical properties of (R)-5 result from the self-as-
sembly of optically inactive monomers to give supramolec-
ular structures.[13,14] By calculating the absorption and CD
spectra of a manifold of oligomeric structures, we found that
a helical oligomer composed of eight monomers may serve
as a basic unit that explains satisfactorily the spectroscopic
properties of (R)-5 aggregates.


We report here on the synthesis of lysophospholipid (R)-
5, on its chiroptical properties, and the calculation of a basic
aggregation unit.


Results and Discussion


Lysocarotenoylphosphatidyl choline ((R)-5) was synthesized
in low yield by reacting the natural (+)-(2R)-glycero-3-phos-
phocholine (3-sn-GPC) ((R)-1) with the rigid and fully chro-
mophoric carotenoic acid (C30-acid)[15,16] 2 in the presence
of the imidazole derivative 3 and 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU; 4)[17] (Scheme 1). Dissolved in
methanol, the carotenoid derivative (R)-5 did not show
EOA (Figure 1a, c).[18] A chiral perturbation of the polyene
chain is not expected to occur in (R)-5 and, in addition,
Cotton effects in the absorption region of the polyene chain
above 400 nm are difficult to detect.[19, 20] In some colorless
glycerides, weak Cotton effects were observed around
220 nm (n–p* transitions of the ester group),[21–24] sometimes
with opposite signs for the same enantiomer.[25] The meas-
urement of the weak specific rotation of lysophospholipids
requires high compound concentrations (3–5 %).[26] Such
deep orange colored solutions of (R)-5 are not transparent
and, therefore, hardly detectable in the polarimeter.[27]


Optically inactive enantiomers[28,29] have been, incorrectly,
called “cryptochiral”, because “chirality” frequently, but in-
admissibly, is considered to be equivalent with electronic op-
tical activity.[30–34] The more appropriate and descriptive
term “cryptoactive” for glyceride enantiomers without de-
tectable electronic optical activity has been largely ignor-


ed.[5] Nevertheless, we will rank the carotenoylglycerophos-
pholipid (R)-5 to the class of cryptoactive compounds or to


compounds with accidental opti-
cal inactivity.[35]


In water, the amphiphilic car-
otenoylphospholipid (R)-5
forms clear, orange-colored dis-
persions, mostly of aggregates
with an average size of
6 nm.[13,14] The strong absorp-
tion band of the monomeric so-
lution observed at 445 nm in
methanol (p–p* transitions of
the polyene chain, Figure 1b),
splits in water into two exciton
bands, a prominent signal at
380 nm in the H-aggregate and
a slightly visible shoulder at
510 nm in the J-aggregate
region.[36,37] The association ofScheme 1.


Figure 1. CD spectra (a) and absorptions spectra (b) of (R)-5 in the range
300–600 nm and c) CD and absorption spectra of (R)-5 in the range 200–
400 nm; path length =1 cm, c=2 � 10�5


m (critical micelle concentration
of (R)-5 : cM =1.5 � 10�3


m).[13]
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monomers into aggregates accelerated at higher tempera-
ture, the intensity of the Cotton effect increased when the
sample was left to stand at 35 8C (Figure 1a). While the flat
line in the CD spectrum convincingly proves the lack of
Cotton effects in the molecular solution of (R)-5 (in metha-
nol) the CD spectrum of (R)-5 in water showed strong
Cotton effects (Figure 1a), a positive signal at 410 nm, a
strong negative band in the absorption region of the polyene
chain (445 nm), and again a positive band at 520 nm. Since
simply water was added to optically inactive (R)-5 the ob-
tained Cotton effects can only be generated from induced
optical activity, originating from a chiral association of (R)-5
monomers. In principle, the observed optical activity of the
aggregates could arise from a handed orientation of all mon-
omers in a possibly existing unilamellar vesicle.[13,14] Howev-
er, it is also possible that a few monomers first associate to
give small primary units, which then constitute the supra-
molecular structure. To determine the origin of EOA in the
aggregates, we tried to simulate the absorption and CD
spectra. At first sight, the experimental CD spectrum seems
to be a mixture of blue-shifted negative and red-shifted pos-
itive exciton couplets. The most simple model that explains
such spectral behavior would be a tetramer with both right-
and left-handed overlay angles. Molecular mechanics calcu-
lations were performed using the Sybyl 6.6 program[38] to
find a minimum-energy conformation. The calculated tet-
ramer (Figure 2) appeared to be in accordance with the
spectral data.


However, the tetramer arrangement did not fully account
for the exciton interactions according to the excitation
model of Buss et al.[39] To account for these interactions two
tetrameric substructures were combined and optimized
using molecular dynamics (MD) and force-field-CVFF[40–42]


calculations in the Discover program.[43] The UV/Vis and
CD spectra of the aggregates could then be simulated with
the carotenoid acid 2 in the AM1-model by applying a con-
figuration interaction (CI) with three occupied and two un-
occupied MOs and considering singly as well as doubly ex-
cited configurations. The lowest excitation was calculated at
519 nm with a transition moment of 2.74 D. These values
were then used within the excitation model by employing
the dipole–dipole approximation. The computation resulted
finally in a structure (Figure 3), which satisfactorily explains
the recorded spectra (see Figure 4).


We conclude therefore that octamers form the primary
units leading to the observed chiroptical absorption.[44] The
configuration of these octamers is determined by the stereo-
genic center in the hydrophilic part of monomeric (R)-5.
The CD spectra express supramolecular chirality of the ag-
gregates resulting from a helical P orientation of the poly-
ene chain in the calculated oligomer (Figure 3).


Basic units in aggregates have rarely been reported,[45,46]


for example, the monomers of the mentioned styrylthio-
phene phospolipid create a tet-
ramer unit.[12] The formation of
aggregation units is consistent
with the observation of quan-
tized aggregation numbers
(AN),[47] where the total aggre-
gation number can only be a
multiple of monomers in the
primary aggregation unit.


Aggregates of chiral carote-
noids often show characteristic
exciton couplets in the CD
spectra, which are caused by
chromophores overlapping in


specific, ordered arrangements.[48–51] Such ordered arrange-
ments are not encountered in the oligomer discussed here.
The inadequate agreement of the maxima, minima, and
zero-point crossings of the CD spectrum with that of the ab-
sorption spectrum reflects the rather irregular structure of
the calculated oligomer. Further, it follows from Figure 3
that no defined H- or J-arrangements exist in the depicted
octamer. The interchromophoric geometry of the molecules
in the octamer causes a shift of the absorption maxima to
shorter as well as to longer wavelengths.


A basic unit, such as the selected octamer, cannot exist as
an independent entity in water, since the polar and nonpolar
groups are oriented in an unfavorable way. In addition, dy-
namic light scattering measurements did not detect oligo-
meric particles corresponding in size to the association of


Figure 2. The simplest unit with both negative H-type and positive J-type arrangements.


Figure 3. Optically active P-oligomer unit, built from eight optically inac-
tive (R)-5 monomers.
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eight monomers.[13,14] Therefore, we define the oligomer unit
as the lowest spatial extent of monomer association that dis-
plays all the spectroscopic and chiroptical properties of the
aggregate. Such basic units in aggregates could possibly be
compared with elementary (Bravais) units in crystals.


Aggregate formation is sensitive to subtle experimental
conditions. Besides the absorption at 380 nm, (Figure 1b),
aggregate dispersions absorbing at 390 or 400 nm were
sometimes observed suggesting the possible presence of
other oligomer structures in these higher absorbing aggre-
gates.[14]


The few known Cotton effects of glycerophospholipid ag-
gregates arise from the ester carbonyl group located in the
hydrophilic part of molecules at the exterior of the aggre-
gates.[22,23] In contrast, the Cotton effects of (R)-5 are
formed by the hydrophobic polyene chromophores and cor-
respond to molecular interactions inside the aggregates (mi-
celles) or inside the membrane (lamellar vesicles). Aggre-
gates of (R)-5 should possess an enantiomorphous mem-
brane with the potential to differentiate enantiomeric reac-


tants. In a preliminary experiment, the membrane-opening
protein melittin[52] did not disrupt the membrane of (R)-5, as
demonstrated by the absence of energy and electron transfer
in flash photolysis experiments.


Conclusion


Reviewing our experimental results and molecular calcula-
tions, we conclude that the highly unsaturated, optically in-
active glycerophospholipid (R)-5 forms enantiomeric pri-
mary units of moderate size in water: an octameric oligomer
may represent the simplest repeating unit, satisfactorily ex-
pressing absorption properties and supramolecular EOA.


It appears reasonable to hypothesize that other (cryp-
to)optically active glycerolipid monomers also may associate
to give small, enantiomeric units within supramolecular as-
semblies.


Experimental Section


The product [(R)-5] was isolated by means of flash chromatography
(Silica 60 A 40–63 mm, SDS). The column was prepared with CHCl3, the
product dissolved in CHCl3 and eluted with CHCl3/CH3OH (80/20), grad-
ually increasing the amount of water and methanol to CHCl3/CH3OH/
H2O (40:50:10). Smaller amounts were purified on analytical DC plates
(Silika 60 F254, Merck) with CHCl3/CH3OH/H2O (40:50:10) as eluent.
The product yield was determined from the UV/Vis spectrum.[53]


(R)-1-(b-Apo-8’-carotenoyl)-3-glycerophosphocholin [(R)-5]: The inter-
mediate carotenoylimidazole was synthesized by reacting b-apo-8’-carote-
noic acid (2 ;[16] 77 mg, 0.18 mmol) with 1,1’-carbonyldiimidazole (3)
(292 mg, 1.8 mmol) dissolved in CHCl3 (10 mL). The reaction mixture
was stirred under nitrogen (20 8C, 4 h). sn-1-Glycerophosphocholine ((R)-
1 ; 100 mg, 0.39 mmol), [a18


D ]=� 2.58, c =0,05 g mL�1 H2O, p =0.88,
([a19


D ] =�2.848, c =0.088 gmL�1 H2O
[54]) and 1,8-diazabicyclo[5.4.0]undec-


7-ene (4) (119 mg, 0.78 mmol), dissolved in DMSO, were added to the so-
lution, and the reaction mixture was stirred under nitrogen (40 8C, 24 h).
The solution was washed with saturated NaCl (aq) to remove most of the
DMSO and then dried over Na2SO4. After evaporation of the solvent
under reduced pressure chromatographic work-up gave (R)-5 (5 mg,
4%). UV/Vis in MeOH and H2O: see Figure 1b, c. CD in MeOH and
H2O: see Figure 1a, c. The 1H, 13C, and 31P NMR spectra are given in ref-
erence [55]. No isomerization by acyl migration was detected.


Attempt at membrane disruption: Phospholipid (R)-5 in water was irradi-
ated with rose bengal as senzitizer. The transient absorption spectra of
carotenoid triplets (3car) or of carotenoid cation radicals (carC+) could
not be observed. Melittin (Bachem) was added and, after few minutes,
the solution was irradiated. Again, no energy or electron transfer occur-
red. The photophysics of (R)-5 and other water-dispersible carotenoids
will be published elsewhere.


Description of the calculation methods :


Calculation of the tetrameric structure : Molecular mechanics (MM) calcu-
lations were performed by using the Sybyl 6.6 program[38] on a Silicon
Graphics Octane workstation with an Irix 6.5 operating system. The MM
calculations were based on MMFF94 force field,[56] in which energy mini-
mization was applied by the conjugate gradient technique with
0.001 kcal mol�1 ��1 gradient. Tetramers were built up from energy-mini-
mized monomers using the dock command of Sybyl.[38]


Calculation of the octameric structure : Molecular dynamics (MD) calcula-
tions were performed by using the Discover 2.9.7 program[43] on an SGI
ORIGIN 2000 mainframe with an Irix 5.1 operating system. The applied
force filed was CVFF.[40–42] To determine the conformational space, the


Figure 4. Calculated and experimental CD (top) and absorption (bottom)
spectra of (R)-5 ; the calculated spectra are shifted by +40 nm for better
adjustment.
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starting geometry was first equilibrated at 300 K for 500 ps followed by
slowly cooling to 100 K. The final geometry was obtained by applying the
steepest descent technique for 1000 steps and finally by applying the con-
jugate gradient with a 0.001 kcal mol�1 ��1 gradient. The AM1 (MOPAC
93, Fujitsu Limited, Pentium III, 700 MHz, Windows NT4.0) method
with a CI of the three highest occupied and the two lowest unoccupied
MOs was used to calculate the excitation energies and transition mo-
ments. The individual transition moments were superimposed on the indi-
vidual molecules within the aggregates. Applying the principle of dipole–
dipole interactions,[57] an energy matrix was constructed and diagonalized
as usual. In this way the eigenvalues and, thus, the excitation energies of
the aggregates and the corresponding oscillatory and rotatory strengths
were obtained.
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Introduction


The chemistry of polyhedral boron compounds, potentially
as extensive and rich as the organic chemistry of carbon,
provides an important bridge between well-behaved organic
molecules and the chemistry of metals, which is still insuffi-
ciently understood. In boron hydrides, which stand out due
to their unique architecture, chemical bonding, and physical
properties, the boron atoms can be substituted by almost
any element affording heteroboranes such as carbaboranes


(or carboranes) and metallaboranes. Even though a plethora
of such derivatives are known, these constitute just a small
fraction of theoretically possible compounds. The unique
properties of these compounds and the possibility of their
systematic variation by substitution of skeletal B atoms (be-
sides that of exohedral H atoms) make them an important
and very attractive class of materials.


A major part of the huge area of deltahedral compounds
comprises the metallaheteroborane clusters, most prominent
among which are the commo-bis(icosahedral)metallacarba-
boranes of the type [M(C2B9H11)2]


n�.[1–3] Each family can
contain as many as 48 isomers (including diastereomers) dif-
fering in mutual arrangements of the carbon atoms. Of
these just two isomers are known: one with adjacent, the
other with nonadjacent carbon vertices.[2] There are over ten
families with different central metal atoms sandwiched be-
tween two deltahedral eleven-vertex ligands.


The most investigated and best known is the [3-Co-(1,2-
C2B9H11)2]


� ion, mostly referred to as the cobalt bis(dicar-
bollide) ion (1, see Figure 1).[3] This species can be consid-
ered as an archetype of all metallaheteroboranes. Hundreds


Abstract: A density functional study at
the BP86/AE1 level is presented for
the cobalt bis(dicarbollide) ion [3-Co-
(1,2-C2B9H11)2]


� (1) and selected iso-
mers and rotamers thereof. Rotation of
the two dicarbollide moieties with re-
spect to each other is facile, as judged
by the small energetic separation of the
three rotamers located (within
11 kJ mol�1) and by the low barriers for
their interconversion (at most
41 kJ mol�1). Among the isomers differ-
ing in carbon atom positions that con-
tain two equivalent dicarbollide li-
gands, the 1,7 (“carbon apart”) form
[2-Co-(1,7-C2B9H11)2]


� is the most


stable, 121 kJ mol�1 below 1. The elec-
tronic structure of 1 is characterized in
terms of molecular orbitals, population
analysis, and excitation energies from
time-dependent density functional
theory, relevant to UV/Vis spectrosco-
py. Experimental 11B NMR chemical
shifts of 1 are reproduced to better
than 5 ppm at the GIAO-B3LYP/II’
level, and the computed d(11B) values
are only little affected by rotational


averaging or the presence of a polariza-
ble continuum. Larger such effects are
found for the as-yet unknown 59Co
chemical shift, for which a value in the
range between �1800 and �2400 ppm
is predicted. Even though the accuracy
achieved for the theoretical d(11B)
values is somewhat lower than that for
heteroboranes at conventional ab initio
levels, the level of density functional
employed can afford qualitatively relia-
ble chemical shifts, which can be useful
in assignments and structural refine-
ments of heteroboranes containing
transition metal.
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of derivatives were prepared and dozens of X-ray structures
have been established.[4] Essentially all species of this kind
have been characterized by multinuclear NMR spectroscopy.
However, no modern computational analysis even of the
parent archetype ion has been reported.[5] This situation is
rather deplorable, because several derivatives of 1 became
the most prominent solvent extraction agents for separation
and isolation of fission radionuclides from nuclear waste,
which is their only application on an engineering scale so
far.[6] Other species of this kind have been suggested for
modification of various plastics to obtain selective color fil-
ters, ferroelectric composites, potential devices showing non-
linear optical phenomena, and so on.


We now report a computational study on this prototypical
metallacarborane, with special attention to energetics of its
isomers and conformers, as well as their NMR chemical
shifts. In particular, 11B NMR spectroscopy is one of the
principal means of characterization for boron-based com-
pounds. The combination of observed and theoretically cal-
culated d(11B) values has been developed into a structural
tool for boranes and heteroboranes.[7–9] The methodology es-
tablished for these classes of compounds, that is, optimiza-
tion of geometries at correlated ab initio levels and chemical
shift computations at IGLO-SCF, GIAO-SCF, or GIAO-
MP2 levels, is being routinely applied as an independent
tool for characterization of newly synthesized borane and
carbaborane derivatives,[9] and the credibility of structural
assigments based on this method has been attested to “rival
that of X-ray crystallography”.[10]


These assignments rely on an accuracy of about 2–3 ppm
that can be achieved for the computed 11B chemical shifts.
To approach similar accuracy for molecules containing tran-
sition-metal atoms, it may be necessary to go beyond these
low ab initio levels (Hartree–Fock or MP2) in the chemical-
shift computation. Even though, in some favorable cases, 11B
and even the more demanding transition-metal chemical
shifts themselves have been reproduced reasonably well at
such levels,[11] the modern tools of density functional theory


(DFT) are now the established method of choice for this
kind of substances.[12–14] The impressive performance for d-
(13C), d(17O), and d(1H) of ligands in the coordination
sphere of transition metals was one of the early successes of
DFT-based approaches for chemical-shift calculations.[12] We
now test the applicability of these tools to metallacarbor-
anes such as 1. As it turns out, DFT methods can pass this
test, and this has important implications for their future ap-
plication to this class of compounds.


Computational and Experimental Details


Stationary points were optimized at the BP86/AE1 level, that is, by em-
ploying the exchange and correlation functionals of Becke[15] and
Perdew,[16] respectively, together with a fine integration grid (75 radial
shells with 302 angular points per shell) and an all-electron basis consist-
ing of the augmented Wachters� basis[17] on Co (8s7p4d, full contraction
scheme 62111111/3311111/3111) and 6-31G* basis on all other ele-
ments.[18] This and comparable DFT levels have proven quite successful
for transition-metal compounds and are well suited for the description of
structures, energies, barriers, and so on.[19] The nature of the stationary
points was verified by computations of the harmonic frequencies at that
level. Transition states were characterized by a single imaginary frequen-
cy, and visualization of the corresponding vibrational modes ensured that
the desired minima are connected. Unless otherwise noted, energies are
reported at the BP86/AE1 level. Zero-point corrections afforded only
minor changes in relative energies: less than 1 kJ mol�1 for minima and
less than 2 kJ mol�1 for transition states. Natural population analysis[20]


and topological analysis of the total electron density[21] were performed
at the BP86/AE1 level. Optimized coordinates of each isomer (single ro-
tamer only) are provided as Supporting Information.


Magnetic shieldings were computed for BP86/AE1 geometries by em-
ploying gauge-including atomic orbitals (GIAOs),[22] the B3LYP[23, 24]


hybrid functional, together with basis II’, which consists of the same
Wachters� basis set on Co as described above, a contracted (5s4p1d) Hu-
zinaga basis of polarized triple-zeta quality on C and B, and a double-
zeta basis (2s) on H.[25] This particular combination of density functionals
and basis sets has proven to perform well for the computation of transi-
tion-metal chemical shifts.[13a] With the same combination of functional
and basis set, excitation energies and oscillator strengths have been com-
puted with time-dependent density functional theory (TDDFT).[26]


13C chemical shifts are reported relative to TMS, computed at the same
level (C shielding constant 181.1 ppm). 11B chemical shifts were calculat-
ed relative to B2H6 (B shielding constant 81.4 ppm) and converted to the
usual BF3·OEt2 scale by using the experimental d(11B) value of B2H6 of
16.6 ppm.[27] Likewise, 59Co chemical shifts were calculated relative to the
cobalticenium ion [Co(C5H5)2]


+ (Co shielding constant �3089 ppm) and
converted to the usual aqueous K3[Co(CN)6] reference by using the ex-
perimental d(59Co) value of [Co(C5H5)2]


+ of �2410 ppm.[28]


In some exploratory calculations, other functionals were also tested:
LDA (in the SVWN5 implementation in Gaussian),[29] PBE,[30] and
BHLYP (with Becke�s half-and-half exchange part).[31] All computations
were performed with the Gaussian 03 program,[32] except for the topologi-
cal analysis, which was performed with Morphy.[33]


11B and 13C NMR spectra of Cs[3-Co-(1,2-C2B9H11)2] and Cs[2-Co-(1,7-
C2B9H11)2] in CD3CN solution were measured in Řež on a Varian Mercu-
ry Plus 400 NMR spectrometer under standard conditions on samples
kindly provided by J. Plešek and J. Bačkovský. 13C chemical shifts are
given relative to TMS with the nitrile signal of the deuterated lock sol-
vent (at d= 118.2 ppm) as internal reference; 11B chemical shifts are
given relative to BF3·OEt2 and referenced to (CH3O)3B (at d= 18.1 ppm)
as external standard.


Figure 1. Skeletal structure and numbering scheme of [Co(C2B9H11)2]
� ; B


and C atoms in light and dark gray, respectively, H atoms not shown.
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Results and Discussion


Throughout this paper, individual isomers are designated by
the positions of the carbon atoms, whereby we have adopted


the single numbering scheme depicted in Figure 1, which is
the commonly accepted one for the 1,2-isomer shown. Only
symmetrical isomers with two equivalent dicarbollide moiet-
ies are considered; most of these have a C2 axis, so that the


Table 1. BP86/AE1 optimized geometrical parameters [�, 8] for 1 and its rotamers. In italics: experimental X-ray values, where available.


qideal
[a] q[a] Co�C1 Co�C2 Co�B4 Co�B7 Co�B8 C1�C2 C1�B4


180 180.0 2.027 2.027 2.112 2.112 2.160 1.639 1.721
Exptl[b] 180.0 2.024 2.017 2.111 2.082 2.141 1.632 1.708
Exptl[c] 180.0 2.136 2.097 2.125 2.115 2.184 1.574 1.706


108 114.1 2.029 2.049 2.092 2.117 2.146 1.631 1.724
Exptl[d] 110.6 2.063/2.028 2.061/2.031 2.061/2.116 2.067/2.169 2.063/2.083 1.622/1.582 1.701/1.633


36 41.2 2.045 2.052 2.094 2.108 2.131 1.627 1.721
Exptl[e] 37.9 2.042/2.058 2.038/2.041 2.098/2.099 2.090/2.078 2.109/2.102 1.625/1.621 1.709/1.686


144 146.8 2.039 2.051 2.120 2.129 2.171 1.628 1.715
72 75.0 2.053 2.067 2.108 2.130 2.161 1.622 1.720
0 0.0 2.070 2.070 2.122 2.122 2.147 1.619 1.712


qideal C1�B5 C1�B6 C2�B6 C2�B7 C2�B11 B4�B5 B4�B8 B4�B9


180 1.707 1.726 1.726 1.721 1.707 1.796 1.792 1.787
Exptl[b] 1.697 1.714 1.729 1.717 1.704 1.776 1.786 1.776
Exptl[c] 1.694 1.726 1.747 1.712 1.703 1.805 1.774 1.789


108 1.701 1.733 1.722 1.705 1.706 1.806 1.808 1.796
Exptl[d] 1.701/1.726 1.694/1.747 1.689/1.679 1.706/1.709 1.690/1.679 1.798/1.848 1.803/1.824 1.803/1.772


36 1.696 1.734 1.727 1.713 1.702 1.812 1.811 1.790
Exptl[e] 1.709/1.687 1.744/1.707 1.737/1.720 1.697/1.699 1.695/1.673 1.790/1.793 1.785/1.766 1.762/1.771


144 1.706 1.736 1.725 1.710 1.708 1.801 1.801 1.793
72 1.700 1.738 1.726 1.706 1.707 1.812 1.806 1.793
0 1.701 1.733 1.733 1.712 1.701 1.810 1.808 1.787


qideal B5�B6 B5�B9 B5�B10 B6�B10 B6�B11 B7�B8 B7�B11 B7�B12


180 1.773 1.781 1.785 1.775 1.773 1.792 1.796 1.787
Exptl[b] 1.765 1.775 1.773 1.769 1.778 1.775 1.783 1.779
Exptl[c] 1.756 1.778 1.777 1.755 1.766 1.766 1.794 1.789


108 1.772 1.784 1.784 1.776 1.769 1.798 1.797 1.782
Exptl[d] 1.804/1.783 1.809/1.871 1.807/1.798 1.801/1.803 1.802/1.744 1.815/1.809 1.798/1.758 1.811/1.742


36 1.769 1.784 1.783 1.775 1.769 1.809 1.804 1.780
Exptl[e] 1.758/1.767 1.758/1.777 1.769/1.793 1.754/1.791 1.739/1.763 1.827/1.816 1.788/1.808 1.799/1.783


144 1.768 1.783 1.784 1.774 1.769 1.792 1.798 1.786
72 1.768 1.780 1.783 1.772 1.769 1.801 1.802 1.781
0 1.766 1.779 1.782 1.772 1.766 1.808 1.810 1.787


qideal B8�B9 B8�B12 B9�B10 B9�B12 B10�B11 B10�B12 B11�B12


180 1.796 1.796 1.789 1.788 1.785 1.789 1.781
Exptl[b] 1.781 1.786 1.788 1.774 1.786 1.787 1.777
Exptl[c] 1.785 1.785 1.783 1.769 1.776 1.781 1.773


108 1.794 1.804 1.791 1.791 1.784 1.789 1.779
Exptl[d] 1.806/1.839 1.806/1.856 1.808/1.898 1.811/1.788 1.807/1.825 1.802/1.838 1.810/1.786


36 1.802 1.811 1.790 1.794 1.783 1.791 1.781
Exptl[e] 1.810/1.786 1.818/1.794 1.770/1.787 1.784/1.773 1.767/1.762 1.779/1.776 1.792/1.769


144 1.796 1.802 1.789 1.787 1.783 1.790 1.779
72 1.800 1.810 1.788 1.788 1.783 1.790 1.777
0 1.811 1.811 1.789 1.788 1.782 1.789 1.779


[a] q : dihedral angle B8’-Co-B10-B8; qideal : idealized value (see text). [b] QAJNAQ (as in H-relaxed geometry); experimental geometries from refer-
ence [4]. [c] RINMIK. [d] WEZHOY. [e] BEVBUZ.
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label x,y denotes an isomer with carbon atoms shifted from
positions 1,2,1’,2’ to x,y,x’,y’. When each dicarbollide unit is
chiral, not only the symmetrical C2 form was considered
(designated as x,ys), but also its diastereomer with one di-
carbollide unit changed to its mirror image (denoted x,ya).
Rotamers are identified by a suitable dihedral angle given
in the text.


Geometries and energies : A number of solids containing 1
and various counterions and cocrystallized molecules have
been analyzed by X-ray crystallography.[4] In the majority of
cases, the metallaborane adopts the trans conformation de-
picted in Figure 1 with exact or idealized C2h symmetry. At
the BP86/AE1 level, the pristine anion is indeed a minimum
in this symmetry. Salient optimized geometrical parameters
are collected in Table 1 and are compared to selected exper-
imental data. Overall, the optimized bond lengths reproduce
the solid-state data fairly well, usually within a few picome-
ters, a degree of agreement which is typical for the DFT
level employed.[19] Note that the experimental values can
vary substantially from one crystal to another (e.g., compare
the two sets of experimental data for q=1808 in Table 1), or
from one dicarbollide unit to the other if they are inequiva-
lent due to lower symmetry in the crystal.


Occasionally, 1 adopts different conformations in the solid
state, in which the two carborane moieties are rotated with
respect to each other along the axis passing through B10
and B10’. As a measure for this rotation, we use the B8-
Co3-B10-B8 dihedral angle q, which is 1808 for C2h-symmet-
ric 1. The other rotamers observed are characterized by q=


110.6 and 37.98, values which are close to the idealized
angles for rotation about a fivefold axis (108 and 368, re-
spectively) and are reasonably well reproduced in the BP86
minima (q=114.1 and 42.18, respectively). As expected, the
bond lengths are very similar for all three rotamers (see
Table 1).


Relative energies of these rotamers are collected in
Table 2 (see entry 1,2 with label 1). The minima at q=1808
and q�1088 are very similar in energy, and the rotamer


with q�368 is slightly less stable, by about 10 kJ mol�1.
These results are consistent with the observation that more
than one conformation can be found in the same crystal.[4a]


We also studied the full rotational profile by locating all
transition states along this path. As expected, transition
states are found at q values around 0, 72, and 1448 (see
Table 1 for the exact values), where the two C2B3 rings con-
nected to the metal atom are in an eclipsed conformation.
In these conformations, the Co�C and Co�B distances are
somewhat elongated with respect to the corresponding ones
in the staggered minima (Table 1). The main factor contribu-
ting to this destabilizing effect is probably mutual repulsion
of the hydrogen atoms attached to the two C2B3 rings (not
shown in Figure 1), which approach each other to about 2.2–
2.3 � in the transition structures (2.5–2.7 � in the minima).
This repulsion is absent in the related cobalticenium cation
[Co(C5H5)2]


+ due to the much larger Co-X-H angles than in
the metallacarborane, and this ferrocene analogue adopts an
eclipsed equilibrium conformation.[34]


The computed rotational barriers, relative to the lowest
minimum, are between about 15 and 37 kJ mol�1 (see entries


with q�1448, 728, and 08 for 1
in Table 2, and Figure 2 for a
plot); the highest value occurs
for the C2v-symmetric form with
q= 08. In this rotamer, another
destabilizing effect comes to
the fore, namely, electrostatic
repulsion of the C and B atoms
with their respective like partial
charges. Even with this highest
barrier, rotation is quite facile
at ambient temperature, and is
essentially unhindered on the
NMR timescale.


Isomerism is not as frequent-
ly encountered in borane


Table 2. Relative energies [kJ mol�1] of 1 (Erel =0) and selected isomers and rotamers (BP86/AE1 level).


Isomer[a] q[b]\qideal : 1808 1088 368 1448 728 08


5,10 (9,1,2) B7’-Co-B10-B7 102.2 102.9 104.9 119.6 120.5 122.0
5,6 (8,1,2) B1’-Co-B10-B1 68.9 70.5 73.7 84.9 88.5 91.1
1,5s (4,1,2) C1’-Co-B10-C1 35.8 42.4 45.0 56.8 60.3 68.5
1,5a (4,1,2) C1’-Co-B10-C1 34.9 39.0 43.3 53.5 56.9 70.1
1,2 (3,1,2) 1 B8’-Co-B10-B8 0.0 1.6 10.6 15.2 24.0 36.5
1,10 (2,1,9) C1’-Co-C10-C1 �50.9 �50.4 �49.4 �30.7 �34.1 �23.4
5,11 (9,1,7) B8’-Co-B10-B8 �54.3 �52.2 �52.1 �37.0 �36.3 �35.0
1,9s (2,1,8) C1’-Co-B10-C1 �81.4 �80.9 �81.1 �61.4 �67.0 �62.0
1,9a (2,1,8) C1’-Co-B10-C1 �83.1 �85.2 �83.2 �66.8 �71.6 �59.6
1,12 (2,1,12) C1’-Co-B10-C1 �100.7 �101.7 �105.8 �81.7 �90.7 �82.8
1,7 (2,1,7) B2’-Co-B10-B2 �111.7 �120.6 �118.0 �92.0 �110.1 �77.0


[a] Isomers labeled according to the numbering in Figure 1; in parentheses: official numbering scheme in
which one C atom is assigned position 1 (number in the middle), and the other C and Co atoms, which are de-
noted by the third and first number, respectively, are given the lowest possible values in a spiral counting
scheme. [b] Definition of rotation angle; idealized values with 180, 108, and 368 denote minima, those with
144, 72, and 08 denote transition states (see text).


Figure 2. Schematic energy profile for rotation about the B10�B10’ axis
in 1 (BP86/AE1 level; q : 8’-3-10-8 dihedral angle).
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chemistry as in the organic chemistry of carbon compounds,
because barriers between isomers tend to be lower in the
former case than in the latter. Thus, boranes and heterobor-
anes are often isolated solely in form of the corresponding
global minima. Icosahedral heteroboranes are notable ex-
ceptions, and the most prominent examples are the well-
known ortho-, meta-, and para-carboranes C2B10H12. Isomers
are also known for the title compound, formally a derivative
of ortho-carborane. The 1,7- (or “carbons-apart”) form has
been characterized spectroscopically,[35] and exohedrally sub-
stituted variants thereof also by X-ray crystallography.[36] In
conjunction with other coligands, essentially all isomeric
[Co(C2B9)] cores have been realized;[37,38] in some cases they
arose from skeletal rearrangement at elevated tempera-
tures.[38,39]


We subsequently computed all symmetric (x,y,x’y’) iso-
mers that contain a pair of equivalent carborane moieties
(in total eleven forms, out of the much larger number of
possible isomers that include nonequivalent ligands), as well
as their rotamers and the corresponding transition states.
The resulting rotational profiles of these isomers, assessed
by suitable B’-Co-B10-B dihedral angles, show similar char-
acteristics to that of the 1,2 parent, namely, three staggered
minima separated by three eclipsed transition states
(Table 2). The corresponding barriers (up to 41 kJ mol�1 for
the 1,7 isomer) are all of the same order of magnitude as
those in the 1,2 parent 1 and are low enough to allow facile
rotation, which is again essentially free on the NMR time-
scale. The spread in relative energies between the isomers is
much larger, covering more than 200 kJ mol�1 (Table 2). In
this set, the 1,7 isomer is predicted to be the most stable and
is likely to be the global minimum. The almost ubiquitous
1,2 isomer 1 is thus only metastable and its predominance is
rooted in the way of its preparation, which uses the inexpen-
sive ortho-carborane as starting material. Isomers with adja-
cent C atoms are the least stable (see first five entries in
Table 2). This result is fully consistent with empirical stabili-
ty rules, according to which heteroatoms prefer nonadjacent
positions in deltahedral cages.[40] These rules have recently
been quantified in terms of DFT-derived increment sys-
tems.[41]


Electronic structure : This section focuses on selected aspects
of bonding and electron distribution in the title compound,
with restriction to the C2h-symmetric 1,2-isomer 1. With
formal CoIII (d6) and C2B9H11


2� units, the latter being isolo-
bal with C5H5


� , the bonding between metal and ligands in 1
resembles that in ferrocene to a large degree.[42] Highest oc-
cupied and lowest unoccupied Kohn–Sham MOs (Figure 3)
exhibit the expected predominant d(metal) and pronounced
ligand character, respectively.


Owing to the electronegativity difference between boron
and carbon, the electrons are not equally distributed within
the dicarbollide ligand, but are concentrated near the C
atoms. This polarization of electron density is visible in the
computed electrostatic potential (not shown), as well as in
atomic charges, derived by using various definitions. Those


resulting from natural population analysis (NPA)[20] are col-
lected in Table 3. As can be seen from the similarity of the
BP86/AE1 and B3LYP/II’ data, the overall qualitative elec-
tron distribution is not overly sensitive to theoretical level
and basis set.


Topological analysis[21] of the BP86/AE1 total electron
density 1 reveals a bond path and a bond critical point
(BCP) between the metal atom and each of the ten adjacent
C and B atoms. The relatively low values of 1 and its Lapla-
cian 521 at these BCPs of 0.08–0.09 and 0.07–0.26 a.u., re-
spectively, are indicative of notable ionic bonding, rather
than predominantly shared (covalent) interactions. Similar
results are obtained for the ferrocene-like cobalticenium
cation. Bond indices according to Wiberg�s definition,[43] a
measure for covalent bonding, are about 0.19–0.25 between
Co and C or B in 1, consistent with pronounced ionic char-
acter.


The optical excitations of 1 were computed with time-de-
pendent DFT, which has been shown to hold great promise
for transition-metal complexes.[44] Since in many cases


Figure 3. HOMO (left) and LUMO (right) of 1 (BP86/AE1 level).


Table 3. Atomic charges of 1 from natural population analysis (NPA).


Atom q(NPA) q(NPA)
BP86/AE1 B3LYP/II’


Co 0.21 0.32
C(1,2) �0.52 �0.44
B(4,7) �0.06 �0.05
B(8) �0.23 �0.21
B(5,11) �0.04 �0.11
B(6) 0.11 0.02
B(9,12) �0.19 �0.23
B(10) �0.18 �0.20
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hybrid functionals perform very well for low-lying electronic
transitions,[26a] also for transition-metal compounds,[44b] we
computed the excitation energies at the B3LYP level, em-
ploying the same basis (II’) as used in the NMR computa-
tions discussed below. As can be seen from the results sum-
marized in Table 4, many transitions are computed in the


visible region above 380 nm, consistent with the HOMO–
LUMO gap (4.53 eV at B3LYP/II’) and close spacing of the
Kohn–Sham MOs. All of these excitations, however, have
zero computed intensity, and the lowest band with nonvan-
ishing oscillator strength is no. 7 at 350 nm, which results es-
sentially from the (HOMO�1)!LUMO transition
(Table 4).


The largest intensity is computed for band no. 11 in the
near-UV at 277 nm, in very good agreement with the very
strong absorption observed in the same region.[35, 45] In terms
of excitations from Kohn–Sham MOs, this band is mainly a
transition from high-lying borane-skeleton bonding MOs
into the LUMO/LUMO+1 pair. The shoulder observed[35]


at 345 nm is also very well reproduced (see entry no. 8 in
Table 4). The second strong absorption observed in the UV
region at 219 nm[35] is also well reproduced (see entry no. 34
in Table 4) and is indicated to be essentially an excitation
from a low-lying skeleton bonding MO (with large coeffi-
cients at the C atoms and the “antipodal” BH units at B10
and B10’) into the LUMO + 1.


The orange color of solids and solutions containing the
cobalt bis(dicarbollide) ion stems from an absorption at
445 nm,[35] which is very weak compared to these strong


bands in the UV region. For C2h-symmetric 1, two bands are
computed in the same region (entries no. 3 and 4 in
Table 4), but both with zero intensity. Quite possibly, one or
more of these transitions becomes allowed when the symme-
try is reduced, for instance, in vibrating 1 or in the C2-sym-
metric rotamers, which may be populated under experimen-
tal conditions. In fact, for the rotamer with q�368, a band
at lmax = 451 nm with a small but nonzero rotational strength
(0.001 a.u.) is computed, in very good agreement with ex-
periment. Thus, the salient features of the UV/Vis spectrum
of 1 are well reproduced by TDDFT at the B3LYP level,
and this allow for the theoretical interpretation of this spec-
trum and, presumably, those of other members of the large
family of metal carbollide complexes as well. Deviations
from experiment can amount to 10–20 nm for 1 (0.1–
0.2 eV), similar to or even slightly better than what has been
achieved for other transition-metal complexes, for which
errors of several tenths of an electron volt are common.[44c]


Chemical shifts : Chemical shifts of 1 and of selected isomers
and rotamers are summarized in Table 5. For comparison,
the d(11B) and d(13C) values of the three carboranes
C2B10H12 are given in Table 6.


11B : When comparing the d(11B) data computed for pristine
1 (q=1808) to the observed[46] values, it appears that most
of them are systematically shifted to higher field (i.e., to
lower frequency). The unweighted mean absolute deviation
from experiment (Cs+ salt) is 3.3 ppm, with a maximum
error of 4.7 ppm for the B(5,11) signal (Table 5). Similar re-
sults are obtained for the metal-free carborane isomers,[47]


for which the overall mean absolute and maximum errors
are 2.4 and 4.1 ppm, respectively (Table 6). Somewhat better
accuracy was obtained for smaller carboranes at suitable ab
initio levels, with maximum deviations from experiment on
the order of 3 ppm.[7a] It thus appears that the errors in the
theoretical d(11B) values of 1 are due to inherent shortcom-
ings of the DFT approach in describing the basic closo-car-
borane motif, rather than complications brought about by
the presence of the transition metal.[48]


Since the deviations are rather systematic, the theoretical
d(11B) values could be improved by using a different pri-
mary standard. For instance, if 1,12-C2B10H12 were used in-
stead of B2H6 (see Computational Details), all calculated
11B data would be shifted to lower field by 2.3 ppm (the dif-
ference between calculated and experimental values for the
1,12-isomer in Table 6), which would lead to a noticeably
better accord with experiment in the majority of cases.[49]


Even with such an adjustment, however, one problem
would remain for the computed 11B chemical shifts of 1,
namely, the large difference between the B(4,7) and B(9,12)
resonances, which amounts to 5.6 ppm (see Table 5). Experi-
mentally, in contrast, these signals are observed very close
to each other and can even be, as in the Cs+ salt in aceto-
ne,[46b] accidentally degenerate. To test whether this apparent
inconsistency could arise from possible shortcomings in the
underlying DFT geometry (sometimes small changes in geo-


Table 4. Electronic transitions in 1 at the TDDFT/B3LYP/II’ level.


No. Main contributions[a] lmax [nm][b] Exptl[c,d] Exptl[c, e]


1 80!83/82!84 542.1 (0.000)
2 80!84/82!83 535.9 (0.000)
3 80!84/75!84/82!83 458.2 (0.000)
4 80!83 455.7 (0.000) 445 (440)
5 75!84/76!84 360.8 (0.000)
6 75!83/76!83 351.6 (0.000)
7 81!83 349.6 (0.001)
8 81!84/79!83 334.7 (0.015) 345 (2 200)
9 79!84 314.3 (0.006)


10 77!84 275.8 (0.000)
11 79!83/81!84 275.6 (0.559) 293 (45 000) 287 (30 980)
12 78!83 265.8 (0.008)
14 78!84 265.0 (0.065)
21 73!83/74!84 242.8 (0.001)
22 73!84 242.4 (0.043)
23 73!84 239.3 (0.007)
27 69!84 229.9 (0.003)
29 69!83 229.1 (0.027)
31 70!84 227.1 (0.001)
32 66!83 218.5 (0.002)
34 66!84 213.9 (0.178) 216 (36 300)
40 81!85 194.4 (0.006)


[a] Kohn–Sham MO numbers (HOMO: no. 82); only contributions larger
than 0.3 are listed. [b] In parentheses: oscillator strengths in a.u. For
states higher than no. 10, only those with nonzero oscillator strengths are
given. [c] Cs+ salt in methanol; in parentheses: el in m


�1 cm�1. [d] Ref-
erence [35]. [e] Reference [45].
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metrical parameters can have a large impact on computed
chemical shifts[7b]), we also evaluated the d values using the
experimental X-ray geometry. Since the positions of the pro-
tons are frequently ill-determined with the latter technique,
we took just the coordinates of the non-hydrogen atoms
from experiment[4a] and optimized the hydrogen positions at
the BP86/AE1 level. The performance of such “H-relaxed”
experimental geometries in energy and chemical-shift calcu-
lations has been used to assess the quality of these geome-


tries.[8] For the H-relaxed X-ray and the fully optimized
BP86 geometry of 1, very similar d(11B) values are comput-
ed, within about 1 ppm of each other. The good mutual
accord between (H-relaxed) experimental and optimized ge-
ometry of 1 is also illustrated by the fact that they differ by
only 4 kJ mol�1 in energy (BP86/AE1 level). It is thus un-
likely that the underlying DFT geometry is the source of the
apparent problem with the theoretical d(11B) pattern of 1.


To test whether this pattern is sensitive to the rotational
dynamics, in particular to the population of individual ro-
tamers in an equilibrium mixture, we computed the chemi-
cal shifts of the rotamers with q�36 and 1088 and included
the results in Table 5. Due to the lower symmetry in these
rotamers, all atoms in one carbollide moiety are inequiva-
lent, and nine signals would be expected in the 11B NMR
spectrum. However, as the populations of each rotamer and
its enantiomer (e.g., with q�108 and �1088) are identical,
and since interconversion between these enantiomers is
rapid on the NMR timescale, the B(9)/B(12), B(4)/B(7), and
B(5)/B(11) signals would appear pairwise averaged with
double intensity and thus produce a spectrum with apparent
C2h (or C2v) symmetry. These averaged spectra of the rotam-
ers differ noticeably from that of C2h-symmetric 1, relative
to which individual signals can change up to almost 4 ppm


Table 5. Chemical shifts [ppm] of 1 and selected rotamers and isomers (GIAO-B3LYP/II’//BP86/AE1 level).[a] In italics: Experimental data, where avail-
able.


Isomer qideal Nuclei
B(8) B(10) B(4,7) B(9,12) B(5,11) B(6) C(1,2) Co


1,2 (1) 1808 3.9 �2.4 �3.9 �9.5 �21.9 �26.0 61.1 �1843
1088 7.8 �3.0 �6.2 (�8.0/�4.3) �9.0 (�9.8/�8.1) �21.3(�23.1/�19.4) �27.8 61.6 (62.7/60.4) �1918
368 8.8 �3.2 �5.6 (�6.1/�5.0) �7.3 (�8.7/�5.8) �22.1(�22.9/�21.3) �28.5 60.1 (58.2/61.9) �2042


Exptl[b] 6.5 1.4 �6.0 �6.0 �17.2 �22.7 51.5[c] –
Exptl[c] 5.8 0.9 �6.0 �6.6 �17.6 �23.0 51.9 –
{Exptl[d]} 5.6 1.7 �5.9 �5.9 �16.4 �22.2


B(4,8) B(10) B(2) B(9) B(5,12) B(6,11) C(1,7) Co


1,7 1808 �2.3 �2.8 �8.9 �15.8 �16.0 �21.2 61.8 �1555
1088 �3.1(�4.3/�1.9) �3.4 �12.1 �15.3 �15.2(�16.0/�14.3) �21.7(�21.3/�22.1) 68.3 (70.1/66.5) �1855
368 �2.0 (0.1/�4.2) �3.8 �10.1 �15.4 �14.5(�15.1/�13.9) �22.4(�22.8/�22.1) 62.8 (61.3/64.3) �1647


Exptl[c] 0.8 �2.6 �9.2 �12.3 �12.3 �17.9 56.4 –
{Exptl[d]} �2.9 1.2 �9.2 �11.1 �11.8 �16.8


1,9s B(2) B(7) B(8) B(10) B(4) B(12) B(11) B(6) B(5) C(1) C(9) Co


1808 2.8 1.1 �4.7 �7.7 �9.0 �14.4 �17.3 �21.5 �24.6 58.0 52.3 �2568
1088 �0.8 3.6 �4.7 �8.4 �11.1 �13.8 �16.0 �21.7 �26.1 62.8 51.5 �2716
368 2.1 �0.5 �1.6 �7.9 �10.5 �12.6 �16.2 �23.0 �25.5 59.9 51.3 �2758


1,9a B(2) B(7) B(8) B(10) B(4) B(12) B(11) B(6) B(5) C(1) C(9) Co


1808 2.6 0.0 �3.9 �7.6 �8.5 �14.3 �17.3 �22.0 �24.1 57.9 52.2 �2567
1088 �0.4 3.0 �5.1 �8.4 �10.7 �13.8 �16.3 �21.3 �26.1 63.6 51.4 �2737
368 2.9 �0.7 �2.3 �7.9 �10.9 �12.8 �15.9 �22.6 �25.6 61.9 51.3 �2779


{Exptl[c]} 0.4 �0.2 �1.9 �3.0 �8.3 �10.3 �12.7 �18.4 �19.9


1,12 B(5,6) B(2,4) B(10) B(9,11) B(5,6) C(1) C(12) Co


1808 �5.5 �6.4 �8.5 �20.7 �22.8 70.6 59.8 �2711
1088 �4.3 (�2.9/�5.6) �7.9 (�8.0/�7.8) �8.5 �20.5(�21.3/�19.8) �23.0(�24.2/�21.8) 74.2 61.6 �2815
368 �4.2 (�5.1/�3.3) �7.1 (�6.5/�7.7) �8.4 �20.6(�21.1/�20.1) �23.6(�24.1/�23.1) 72.1 62.6 �2888


{Exptl[c]} �4.2 �6.4 �2.6 �16.1 �19.3


[a] Averaged under the assumption of rapid rotation, where applicable (in parentheses: values in static minima). [b] Cs+ salt, from references. [46, 56].
[c] From reference [56]. [c] This work. [d] Experimental data for Co(C5H5)(x,y-C2B9H11) from ref. [38]; tentative assignments based on relative intensities
and best accord with computed values.


Table 6. Chemical shifts [ppm] of the isomeric carboranes C2B10H12


(GIAO-B3LYP/II’//BP86/AE1 level). In italics: experimental values.[a]


Isomer Nuclei
C1,2 B9,12 B8,10 B4,5,7,11 B3,6


1,2 calcd 59.8 �3.0 �11.2 �16.4 �18.1
exptl 55.5 �3.1 �9.6 �13.7 �14.0


C1,7 B5,12 B9,10 B4,6,8,11 B2,3


1,7 calcd 61.4 �8.3 �12.3 �15.9 �20.2
exptl 55.1 �6.6 �10.4 �12.9 �16.3


C1,12 B2–11


1,12 calcd 71.5 �17.4
exptl 63.5 �15.2


[a] From reference [47].
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(e.g., see B(8) for q�368 and
1808 in Table 5).[50] This rota-
tional dependence is illustrated
in Figure 4.


In the rotamers with q�108
and 368, the B(9,12) and B(4,7)
resonances are indeed shifted
closer to each other (e.g., for q


�368 they differ by merely
2.3 ppm, see Table 5), which
would improve accord with experiment. However, devia-
tions for other resonances are increased, so that the overall
mean absolute error remains almost constant at around 3.2–
3.3 ppm for all rotamers. The maximum deviation from ex-
periment even increases from 4.1 ppm (q= 1808) to 5.1 and
5.8 ppm (B(6) for q�108 and 368, respectively). Even more
striking is the wider spread of the signals, that is, the differ-
ence D between the most shielded and deshielded signals,
B(6) and B(8), respectively, on rotation. For q=1808, this
spread (D= 29.9 ppm) is in excellent accord with experiment
(D=29.2 ppm for the Cs+ salt), whereas much larger values
are obtained for q�108 and 368 (D=35.6 and 37.2 ppm, re-
spectively). This increase in spread is clearly visible in the
schematic sketches in Figure 4. Thus, the overall agreement
with experiment is not improved over that achieved for C2h-
symmetric 1 when the predominance or partial population
of other rotamers is assumed.


We also assessed the effect of the density functional em-
ployed in the NMR computations. The B3LYP functional
was initially chosen because of its good performance for
chemical shifts of transition-metal complexes, in particular


for those of the metal nuclei themselves.[13a,b, 14] For C2h-sym-
metric 1 we tested some other popular functionals, such as
LDA, PBE, and BHLYP (always employing the same BP86/
AE1 geometry). As can be inferred from the results in
Table 7 and Figure 5, little qualitative change in the d(11B)
NMR pattern occurs on switching the functional. Only at
the Hartree–Fock (HF) level, are completely unreliable re-
sults obtained, as expected, and the BHLYP functional,
probably due to its large contribution of HF exchange, af-
fords a slightly different 11B NMR pattern. Even though for
1, apparently, none of the functionals tested performs better
than B3LYP, the general superiority of this functional for
metallaboranes has yet to be established.


Figure 4. Schematic representations of experimental (bottom) and theo-
retical 11B NMR spectra for 1 and its rotamers.


Table 7. Dependence of the computed chemical shifts [ppm] of 1 on the choice of density functional.[a]


Functional B(8) B(10) B(4,7) B(9,12) B(5,11) B(6) C(1,2) Co


HF[b] �26.6 �17.3 �27.0 �7.4 �35.6 �40.6 �26.9 4106
PBE 3.2 �0.3 �5.2 �12.7 �23.3 �28.4 66.7 �1952
LDA 2.5 �0.6 �6.8 �14.8 �25.8 �31.6 73.0 �1872
BHLYP 0.8 �6.9 �5.7 �7.3 �22.8 �25.6 48.0 �1500
B3LYP 3.9 �2.4 �3.9 �9.5 �21.9 �26.0 61.1 �1843
Exptl[c] 5.8 0.9 �6.0 �6.6 �17.6 �23.0 51.9


[a] II’ basis, BP86/AE1 geometry. [b] Hartree–Fock data for comparison. [c] Cs+ salt, this work.


Figure 5. Schematic representations of experimental (bottom) and theo-
retical 11B NMR spectra for 1, computed with different density function-
als.
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Finally, we probed the sensitivity of the computed chemi-
cal shifts to a surrounding medium using a popular polariza-
ble continuum model (PCM)[51] and employing the dielectric
constant of the solvent used in the experiments, acetone.[46]


Occasionally, notable such “direct” solvation effects on
chemical shifts (i.e. , through the response of the electronic
wavefunction) can be found.[52] More often, however, such
direct effects are small and can be superseded by “indirect”
effects, that is, by changes in the molecular geometry on sol-
vation.[53] These latter effects (which could be modeled by
optimizing the geometry in the presence of a continuum)
are expected to be small for 1, given the slight sensitivity of
the computed d(11B) values toward the details of the geo-
metrical parameters (see above). Thus, a single-point PCM
calculation was performed for the gas-phase BP86/AE1 ge-
ometry. On going from the vacuum into the continuum, no
qualitative and only minor quantitative changes in the 11B
chemical shifts (up to ca. 1.5 ppm) occurred. Likewise, coun-
terion effects should be small,[54] so that the values comput-
ed for the pristine ion in the gas phase (as discussed in the
preceding part) should be comparable to experiments in so-
lution.


Even though the 1,7 isomer of 1 has been known for a
long time,[35] no 11B NMR data seem to have been reported
yet. We have now (re)determined the 11B and 13C chemical
shifts of this species, which are included with the computed
values in Table 5. The degree of agreement between theory
and experiment is very good, and the mean and maximum
absolute deviations of 2.4 and 3.7 ppm, respectively (for the
1808 isomer) are similar to those found for 1.


Table 5 also contains the predicted d values for the 1,9
and 1,12 isomers, which are the most stable according to the
energetics in Table 2. These data may be compared to exper-
imental values obtained for the corresponding, related Co-
(C5H5)(C2B9H11) isomers,[38] which are included in Table 5.
Assuming no significant changes in d(11B) between the
mono- and bis-dicarbollide species (which is borne out by
the data for the 1,2 and 1,7 forms), it appears that the 11B
chemical shifts are described with a similar accuracy for 1
and its isomers, with a slightly larger maximum deviation of
about 6 ppm for the latter (see B(10) in the 1,12 isomer,
Table 5). The deviations are not systematic in all cases, so
that the relative ordering of close-lying signals can differ be-
tween theory and experiment (e.g., for B(2,4) and B(10) in
the 1,12-form, Table 5).


In summary, the experimental 11B chemical shifts of 1 are
qualitatively well reproduced at the GIAO-B3LYP/II’//
BP86/AE1 level. At this and other DFT levels, a somewhat
lower quantitative accuracy is obtained, as compared to ear-
lier ab initio data on boranes and carboranes, and errors as
large as about 5 ppm can occur. These errors are not rem-
edied by allowing for changes in geometrical parameters
(bond lengths, dihedral angles) or inclusion of solvation ef-
fects, and appear to be inherent to the density functionals
employed. Further development of new functionals and as-
sessment of their performance in NMR computations is thus
warranted.


13C : The 13C chemical shifts, included in Tables 5 and 6, are
rather unremarkable. For the 1,2- and 1,7-carboranes, as
well as for C2h-symmetric 1 and its 1,7-isomer, very similar
d(13C) values around 60 ppm are computed. While these
data are in reasonable agreement with experiment for the
carboranes,[55] with a largest deviation of 8 ppm for 1,12-
C2B10H12 (Table 6), a somewhat larger error of more than
10 ppm is found for 1.[56] More metallacarboranes should be
computed to test whether such errors are common and, pos-
sibly, systematic. A somewhat smaller error of about 5 ppm
is found for the 1,7 isomer of 1 (Table 5). As with the 11B
shifts discussed above, only minor changes in d(13C) are in-
troduced by employing the H-relaxed X-ray geometries,
other rotamers, other density functionals, or a polarizable
continuum.


59Co : Among the transition metals, 59Co is a relatively well-
behaved NMR nucleus,[57] which can be observed in a wide
variety of compounds, including fairly large biomolecules
such as vitamin B12.


[58] In metallacarboranes such as 1, the
presence of quadrupolar boron nuclei adjacent to 59Co may
render the observation of the latter nucleus difficult, if not
impossible. To our knowledge, no 59Co NMR data have
been reported for any cobaltaborane to date. Such data
would be desirable, as NMR spectroscopy of the metal
center can be a valuable probe for structures and reactivities
of transition-metal complexes.[59] We therefore report pre-
dictions for the d(59Co) values of 1 and its isomers, to pro-
vide some guidance for eventual detection. For a number of
inorganic and organometallic Co compounds, the 59Co
chemical shifts (which cover a total range of ca. 20 000 ppm)
have been well reproduced by suitable DFT methods,[13b,c,g]


including the B3LYP/II’//BP86/AE1 level employed here.[13g]


At this level, d(59Co)=�1843 ppm is predicted for pris-
tine C2h-symmetric 1 (Table 5), that is, shielded by 567 ppm
with respect to the cobalticenium ion [Co(C5H5)2]


+ , with d-
(59Co)=�2410�25 ppm.[28]


Geometrical changes affect the computed 59Co chemical
shift much more than d(11B) or d(13C), consistent with the
much larger shift range of the metal. In the H-relaxed X-ray
geometry of 1, the 59Co nucleus is shielded by about
200 ppm relative to that in the fully optimized BP86 geome-
try. Likewise, in the rotamers with q�108 and 368, the
metal is shielded relative to the C2h form by about 75 and
200 ppm, respectively. A slight deshielding, by less than
20 ppm, results from the PCM calculation. The dramatic
effect of the particular density functional employed on tran-
sition-metal chemical shifts in general,[14] and on d(59Co) in
particular,[13b,c] has been noted before. The superiority of
hybrid functionals such as B3LYP is well established in this
case, and we will refrain from discussion of results obtained
with other functionals (which are inlcuded in Table 7). We
will also not go into zero-point and classical thermal correc-
tions, which, according to suitable approaches based on per-
turbation theory and molecular dynamics simulations,[13g,h]


can be quite sizeable for d(59Co), for which they can amount
to several hundreds of ppm.[13h] Corresponding simulations
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for 1 would be a formidable task, beyond the scope of the
present paper.[60]


Taking into account all uncertainties in the theoretical d-
(59Co) value of 1 that arise from the deficiencies of the
methodology applied,[13h] and from possible effects of rota-
tional (and molecular) dynamics, an error margin of 500–
600 ppm would seem conservative. We are confident that
the 59Co chemical shift of 1, if it is ever be recorded, will be
found in the region between �1800 and �2400 ppm. Such
an error margin may seem large at first sight, but it should
be kept in mind that this is just a few percent of the total
59Co chemical shift range.


For the 1,7-isomer of 1, d(59Co)=�1555 ppm is computed
(Table 5), that is, 288 ppm less shielded than in 1, which
would correspond, with the same primary reference and
error margin, to a predicted range between �1500 and
�2100 ppm. Increased shielding of the 59Co nucleus is com-
puted for the other isomers that have only one carbon atom
of each carbollide moiety attached to the metal (1,5, 1,9,
1,10, and 1,12 isomers), with d values between �1918 and
�2888 ppm. Even more shielded d(59Co) values, between
�2879 and �3566 ppm, are obtained for forms that have
only B atoms as nearest neighbors of cobalt (5,6, 5,11, and
5,10 isomers, not included in Table 5). 59Co NMR spectros-
copy of cobaltaboranes could thus be a very sensitive analyt-
ical probe for the coordination sphere about the metal
atom.


Conclusion


We have presented the first computational characterization
of the cobalt bis(dicarbollide) ion [3-Co-(1,2-C2B9H11)2]


� (1)
using the modern tools of density functional theory. The
BP86/AE1 potential energy surface of 1 is characterized by
three different rotamers with staggered conformation of the
two dicarbollide moieties. These minima are separated by
three distinct eclipsed transition states. The minima are
close in energy and the barriers between them are low (less
than 37 kJ mol�1), consistent with facile rotation about the
long molecular axis. In keeping with empirical stability
rules, 1 is not the most stable form, and other positional iso-
mers with nonadjacent carbon atoms are found to be lower
in energy. As most stable form we identified the 1,7 isomer
[2-Co-(1,7-C2B9H11)2]


� , which has also been isolated and
which is probably the global minimum, 121 kJ mol�1 lower
in energy than 1.


The observed 11B chemical shifts of 1 and its 1,7 isomer
can be reproduced with an accuracy of about 3–5 ppm at the
GIAO-B3LYP/II’level. The computed d(11B) values are little
affected (on the order of only 1 ppm) by rotational mobility
or by embedding the pristine ions in a polarizable continu-
um. A similar accuracy was found for the metal-free carbor-
anes C2B10H12. As far as 11B chemical shifts of heteroboranes
are concerned, the performance of conventional ab initio
methods is somewhat better than that of the density-func-
tional approaches employed in this study. Apparently, how-


ever, the quality of the DFT-based d(11B) values does not
degrade in the presence of a transition metal. This finding,
together with the qualitatively reasonable description of 11B
chemical shifts at that level, suggests that the huge family of
transition-metal-containing heteroboranes should be amena-
ble to 11B NMR computations and applications thereof. The
point appears within reach, at which structural assignments
and refinements of such metallaheteroboranes can be aided
by chemical-shift calculations, in much the same way as it is
now routinely being done for metal-free heteroboranes.
Given that properties of transition-metal compounds can
pose severe problems for many theoretical methods, this
broadened array of targets for NMR applications represents
not only a gain in quantity, but also in quality. Further vali-
dation studies along these lines, comprising a larger set of
transition metals, are in progress.


A 59Co chemical shift between �1800 and �2400 ppm is
predicted for 1, close to that of the cobalticenium ion with
its related electronic structure. Experimental verification of
this prediction will certainly be a challenge, but efforts in
that direction may be rewarding: According to our computa-
tions, 59Co NMR should be a very sensitive probe for the
geometrical and electronic structure of 1 and its isomers,
and, possibly, for the large family of other cobaltaboranes.
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Efficient Solid-Phase Synthesis of Peptide-Based Phosphine Ligands:
Towards Combinatorial Libraries of Selective Transition Metal Catalysts


Christian A. Christensen and Morten Meldal*[a]


Introduction


In Nature enzymes achieve their excellent efficiency and se-
lectivity in the catalysis of biological processes through a
combination of binding affinity and a delicate catalytic ma-
chinery. Hence, it is obvious to mimic Nature by designing
peptidic catalysts for asymmetric synthesis.[1,2] This strategy
has been explored by several groups. Peptides have been ap-
plied for asymmetric azidation and for regioselective func-
tionalisation of carbohydrates by Miller and co-workers.[3,4]


Functionalised peptides complexing transition metals, have
been utilised for a number of asymmetric addition and sub-
stitution reactions in the group of Hoveyda,[5–12] and peptidic


catalysts for the Strecker reaction have been developed by
Jacobsen and co-workers.[13–15]


However, because of the expected high chemo-, regio-
and stereoselectivity of peptide-based catalysts, there is a
need for the development of a method for the identification
of the most efficient catalyst for any specific reaction. The
solution to this problem could be high-throughput screening
of combinatorial libraries of potential catalysts, thereby, for
each new reaction/synthetic challenge, being able to rapidly
pick the best catalyst.[16–19] Immobilisation of library mem-
bers on individual beads would greatly facilitate this screen-
ing. Thus it is important to be able to synthesise combinato-
rial libraries of peptide-based catalysts, preferentially on
solid support.


Resin bound catalysts based upon phosphine functional-
ised peptides combines the excellent catalytic properties
known from phosphine transition metal complexes with the
selectivity and possibly increased reactivity imposed by a
folded peptide scaffold, due to binding of the substrate. In
this context it is important for the phosphines to be situated
near the peptide backbone, so as to most efficiently transfer


Abstract: A new methodology for the
solid-phase synthesis of peptide-based
phosphine ligands has been developed.
Solid supported peptide scaffolds pos-
sessing either primary or secondary
amines were synthesised using com-
mercially available Fmoc-protected
amino acids and readily available
Fmoc-protected amino aldehydes for
reductive alkylation, in standard solid-
phase peptide synthesis (SPPS). Phos-
phine moieties were introduced by
phosphinomethylation of the free
amines as the final solid-phase synthet-
ic step, immediately prior to complexa-
tion with palladium(ii), thus avoiding
tedious protection/deprotection of the
phosphine moieties during the synthe-


sis of the ligands. The extensive use of
commercial building blocks and stan-
dard SPPS makes this methodology
well suited for the generation of solid-
phase combinatorial libraries of novel
ligands. Furthermore, it is possible to
generate several different phosphine
ligand libraries for every peptide scaf-
fold library synthesised, by functional-
ising the scaffold libraries with differ-
ent phosphine moieties. The synthes-
ised ligands were characterised on solid
support by conventional 31P NMR spec-


troscopy and, cleaved from the sup-
port, as their phosphine oxides by
HPLC, 1H NMR, 31P NMR and high
resolution ESMS. Palladium(ii) allyl
complexes were generated from the
resin bound ligands and to demonstrate
their catalytic properties, palladium
catalysed asymmetric allylic substitu-
tion reactions were performed. Good
yields and moderate enantioselectivity
was obtained for the selected combina-
tion of catalysts and substrate, but
most importantly the concept of this
new methodology was proven. Screen-
ing of ligand libraries should afford
more selective catalysts.
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the chiral information to the transition metal.[20] Two types
of catalysts can be envisaged (Figure 1). For type I the che-
lating phosphines are attached to the chiral peptide back-
bone via substitution on a single side chain, which not neces-
sarily guaranties the transition metal to be embedded in a
chiral environment. On the other hand, when the chelating
phosphines are positioned at two different sites of the pep-
tide chain (type II), complexation can assist the folding of
the peptide, increasing the possibility for the active site to
be surrounded by a chiral architecture.


Recently Landis et al.[21] reported the incorporation of a
3,4-diazaphospholane moiety into a tetrapeptide, furnishing
a monodentate solid supported phosphine ligand, which was
applied in palladium catalysed allylic substitution. However,
the pioneering work of Gilbertson and co-workers,[22–31] re-
ported over the last ten years, constitutes the most impor-
tant examples of resin bound peptide-based phosphine tran-
sition metal catalysts. Gilbertson�s diphenyl- and dicyclohex-
ylphosphinoserine building blocks contain an Fmoc-protect-
ed amine and a sulfide-protected phosphine.[22, 23] They have
been used for the parallel synthesis of small libraries of
resin bound peptides containing sulfide-protected phosphine
moieties. Subsequent reduction[24] of the phosphine sulfides
and complexation with transition metals such as palladium
and rhodium afforded resin bound catalysts of type II
(Figure 1). Some of these catalysts were found to show good
selectivity in transformations such as hydrogenations,[25,26] al-
lylic substitutions[27,28] and desymmetrisation of meso-
diols.[29] However, although the synthesis of the diphenyl-
and dicyclohexylphosphinoserine building blocks was re-
cently improved,[30] resulting also in a series of new aryl
phosphinoserine building blocks,[28,31] it still involves several
steps and protection of the phosphine moiety. Furthermore,
incorporation of different phosphinoserine residues in the
peptide sequence, requires new building block synthesis for
each type of phosphine moiety.


Alternatively, if a peptide scaffold could be synthesised
on solid support and, as the final synthetic step, immediately
prior to complexation with transition metals, be functional-


ised with phosphine moieties, several advantages could be
obtained. There would be no tedious protection/deprotec-
tion of the phosphine moieties and by using different phos-
phine reagents for functionalisation, several different ligands
and complexes thereof could be obtained from the same
peptide scaffold. Ideally, it should be possible to synthesise
such a scaffold from mainly commercially available building
blocks, combined with building blocks requiring a minimum
amount of simple solution-phase synthesis. Importantly, the
phosphine functionalisation of the peptide scaffolds should
position the phosphine moieties close to the chiral peptide
backbone and preferentially afford type II catalysts.


The new methodology presented is based upon this strat-
egy, with the ultimate goal of synthesising combinatorial li-
braries of resin bound highly selective catalysts. The meth-
odology is demonstrated by solid-phase synthesis of four dif-
ferent peptide-based phosphine ligands, the formation of
palladium(ii) allyl complexes on solid support and the
screening of these complexes in the palladium catalysed
asymmetric allylic substitution reaction.


Results and Discussion


Solid-phase synthesis of peptide-based bidentate phosphine
ligands : Initially, a reagent suitable for functionalising a
solid supported peptide scaffold with phosphine moieties
was investigated. Hydroxymethylphosphines can be easily
obtained in situ, by heating a neat mixture of paraformalde-
hyde and a secondary phosphine,[32] and have been shown to
react efficiently with both primary and secondary amines, af-
fording the phosphinomethylated species in a Mannich type
condensation. Furthermore, these very mild conditions
allows for the presence of several unprotected functional
groups like carboxylic acids, alcohols, phenols, esters and al-
kenes.[33] The most commonly used hydroxymethylphosphine
reagent has been the diphenyl derivative. In solution it has
been applied in the synthesis of spectacular dendritic struc-
tures,[34–37] as well as of more simple phosphine ligands made
from amino acids[38,39] and aminopyridines.[40,41] By phosphi-
nomethylation of primary amines, Alper, Arya and co-work-
ers[42–46] have illustrated the use of hydroxymethyldiphenyl-
phosphine as a reagent also suitable for solid-phase synthe-
sis. In this manner, dendrimers have been functionalised
with phosphine moieties and the derived palladium and rho-
dium complexes used for carbonylation reactions and selec-
tive hydroformylation, respectively. Two examples of non-
selective solid supported catalysts, made using hydroxyme-
thyldiphenylphosphine, were reported during the course of
this work.[47,48] These catalysts did not posses a peptide struc-
ture rather the primary amines of amino-resins were phos-
phinomethylated directly.


Initially the diphenyl derivative was selected as the hy-
droxymethylphosphine reagent which should be used for the
phosphinomethylation of solid supported amino-functional-
ised peptide scaffolds, well aware that the use of other com-
mercially available secondary phosphines could be a source


Figure 1. Peptide-based phosphine-transition metal catalysts of type I and
II. In type II the folding of the peptide is assisted by the complexation.
M = transition metal.
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for randomisation in a future library synthesis. Reaction of a
primary amine with two equivalents or an excess of a hy-
droxymethylphosphine derivative affords a bidentate phos-
phine ligand, which upon complexation with a transition
metal furnishes a favoured six-membered chelate. Thus
solid-phase synthesis of peptide 6 (Scheme 1), possessing a
primary amine as a side-chain, provides a resin bound scaf-
fold suitable for the subsequent synthesis of peptide-based
bidentate phosphine ligands. Accordingly, complexation
with transition metals affords catalysts of type I (Figure 1).


As solid support, the PEGA1900 resin was selected due to
excellent swelling in organic solvents (acetonitrile, dichloro-
methane, N,N-dimethylformamide, dioxane, tetrahydrofuran
and toluene) as well as in water.[49] This would allow the use
of standard organic transformations during the synthesis of
the ligands and later the screening of the catalysts to be per-
formed in a range of solvents, including water, which is
timely in the light of the development of green chemistry.


The free primary amines of the PEGA1900 resin were func-
tionalised with Fmoc-glycine by N-[(1H-benzotriazol-1-yl)-
(dimethylamino)methylene]-N-methylmethanaminium tetra-
fluoroborate N-oxide (TBTU) activation in N,N-dimethyl-
formamide. Deprotection using 20 % (v/v) piperidine in
N,N-dimethylformamide and subsequent TBTU coupling of
the hydroxymethylbenzoic acid (HMBA) linker furnished
the functionalised solid support 1 (Scheme 1), which was
used for the synthesis of all the ligands included in this
work. The HMBA linker is efficiently cleaved under mild
basic conditions and has proven to be ideal for the analysis
of split/mix combinatorial libraries.[50] Also the HMBA
linker is suitable for on-bead NMR analysis, since it possess-
es no stereocenter. In contrast, most chiral linkers (e.g. the
Rink linker) are only commercially available as racemic
mixtures, which would give rise to two sets of resonances in
the NMR spectrum.


Ligand precursor peptide 6 was synthesised following the
Fmoc protocol,[51] using commercially available Fmoc-amino
acid derivatives. Phenylalanine was selected as the main res-
idue, to increase the steric bulk around the primary amine
side chain, which in turn should increase the selectivity of
the derived catalyst. The first Fmoc-phenylalanine was at-
tached to the HMBA linker by 1-(mesitylene-2-sulfonyl)-3-
nitro-1,2,4-triazole (MSNT) activation in dichloromethane.
Removal of the Fmoc group and TBTU coupling of a
second Fmoc-phenylalanine yielded resin 3. To position the
primary amine and hence the reactive site of the catalyst as
close as possible to the chiral backbone of the peptide, a,b-
diaminopropionic acid (Dap) was incorporated as the b-ami-
nopropionic acid, affording a primary amine side chain.
Thus Boc-Dap(Fmoc)-OH was coupled using TBTU to give
resin 4 and elongation by another Fmoc-phenylalanine af-
forded resin 5, which was Fmoc deprotected and capped by
TBTU coupling of benzoic acid. Subsequently, the Boc pro-
tecting group of the side chain primary amine was removed
by trifluoroacetic acid (TFA) treatment, which yielded pep-
tide scaffold 6 in high purity.[52] The resin bound bidentate
phosphine ligand 7 was furnished by overnight treatment of
6 with a solution of hydroxymethyldiphenylphosphine. The
formation of 7 was indicated by the presence of only a
single resonance at �29.7 ppm in the 31P NMR spectrum of
the resin bound ligand. However, to investigate the purity of
the cleaved product in solution, the phosphines were oxi-
dised to their phosphine oxides before cleavage and HPLC
analysis. In this manner partial oxidation of the ligand
during analysis was avoided. The HPLC showed only a
single peak, proving a clean and quantitative conversion of
the amine 6, and the structure of the oxidised ligand 8 was
confirmed by HRMS and NMR spectroscopy.[52] Thus hy-
droxymethyldiphenylphosphine proved to be a reagent com-
patible with both peptide scaffolds and the PEGA resin.
Furthermore, excess hydroxymethyldiphenylphosphine was
easily washed out of the resin. This is a very important fea-
ture, since excess reagent trapped in the resin could other-
wise compete for catalysis of reactions and thus reduce the
selectivity of the immobilised peptide-based catalyst.


Scheme 1. Solid-phase synthesis and oxidation of peptide-based bidentate
phosphine ligand 7. a) Fmoc-Phe-OH, MSNT, methylimidazole, CH2Cl2;
b) piperidine/DMF 2:8; c) Fmoc-Phe-OH, TBTU, NEM, DMF; d) Boc-
Dap(Fmoc)-OH, TBTU, NEM, DMF; e) benzoic acid, TBTU, NEM,
DMF; f) TFA/CH2Cl2 1:1; g) Ph2PCH2OH, MeCN; h) 3% aqueous H2O2.
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With the methodology for the synthesis and analysis of bi-
dentate ligands such as resin 7 in hand, the more challenging
peptide scaffolds 18 a–c could be pursued (Schemes 3 and
4). Scaffolds 18 a–c contain two reduced amide bonds and
the secondary amines are able to accommodate one phos-
phinomethyl moiety each, upon reaction with hydroxyme-
thyldiphenylphosphine. Thus, not only do scaffolds 18 a–c
bring the phosphine moieties closer to the chiral peptide
backbone, they also provide catalysts of the desired type II.


To prepare peptide scaffold 18 a, a reduced bond dipep-
tide building block 14, which could be used in standard
Fmoc-based solid-phase peptide synthesis, was synthesised
in solution (Scheme 2). It was known that reduced peptide
bonds could be made by reductive alkylation of an amino
acid employing a Fmoc-protected amino aldehyde.[53] Thus
Fmoc-protected phenylalaninal 11 was synthesised from the
corresponding Fmoc-protected amino acid 9 via the Weinreb
amide[54] 10. The Weinreb amide was reduced to the alde-
hyde 11 using lithium aluminumhydride, following the pro-
cedure of Wen and Crews.[55] However, in our hands the
near quantitative yields could only be reproduced by paying
special attention to the quenching of the reaction.[56] The re-
action mixture was poured onto a large volume of stirred
ice water, to quickly dilute the generated base and in this
way prevent cleavage of the Fmoc group, a problem also de-
scribed by other groups[57] following the Wen and Crews
procedure. The tert-butyl ester of leucine 12 was alkylated,
generating a sterically hindered secondary amine 13 possess-
ing two stereocenters. To avoid dialkylation, the reductive
alkylation was carried out by slow addition of the aldehyde
to a small excess of the amine, in the presence of sodium cy-
anoborohydride and acetic acid. The amine 13 was purified
by column chromatography, however, evaporation to com-
plete dryness of the fractions containing pure 13 was avoid-
ed, since this caused self-cleavage of the Fmoc protecting
group by the free secondary amine. Instead the secondary
amine of 13 was immediately protected using Fmoc-chloride
in the presence of diisopropylethylamine, followed by de-
protection of the tert-butyl ester using TFA. This afforded
building block 14 in good yield after column chromatogra-
phy.


For the solid-phase peptide synthesis of the diamine pep-
tide scaffold 18 a (Scheme 3), the HMBA functionalised
PEGA1900 resin 1 was utilised, and again the first amino acid
in the sequence was phenylalanine. Building block 14 was
coupled to the free amine of resin 2 using TBTU activation,
and after 3 h a Kaiser test[58] showed complete reaction. The
subsequent Fmoc deprotection also liberated the secondary
amine of 15, however, as expected, due to its sterically hin-
dered nature, the secondary amine did not react in the fol-
lowing coupling reactions. Before the second incorporation
of building block 14 into the peptide sequence, a proline
was introduced to give 16. A proline between the two re-
duced bonds in the scaffold was expected to induce a turn
that together with the flexibility of the reduced bonds would
facilitate chelation of the metal. After coupling of the
second building block 14, the peptide 17 was deprotected


and capped with benzoic acid to give 18 a in high purity, ac-
cording to HPLC.[52] Benzoic acid proved to be an appropri-
ate capping reagent, since it did not react with the secon-
dary amines of 18 a.


In a more direct approach the reductive alkylation was
performed on solid support, as previously reported for the
synthesis of mouse melanocortin receptor agonists.[59] How-
ever, in that work racemisation of the aldehydes during the


Scheme 2. Synthesis of dipeptide building block 14 possessing a reduced
amide bond.


Scheme 3. Solid-phase synthesis of diamine 18a using building block 14.
a) Piperidine/DMF 2:8; b) 14, TBTU, NEM, DMF; c) Fmoc-Pro-OPfp,
DhbtOH, DMF; d) benzoic acid, TBTU, NEM, DMF.
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synthesis resulted in some formation of diastereomers,
which could only be separated after cleavage from the sup-
port. This is detrimental to the synthesis of the phosphine li-
gands, since they should remain bound to the solid support.
Thus the problem of racemisation was investigated.


It was already known from the literature that silica gel
chromatography caused racemisation of a-amino alde-
hydes.[60] However, for the synthesis of building block 14 the
aldehydes could be obtained in an optically pure form and
be used for further reaction without chromatography. The
other critical factor for racemisation was the actual reduc-
tive alkylation. It was found that prolonged reaction times,
sometimes needed to complete the reductive alkylations on
solid support, but not in solution, lead to increased racemi-
sation. If however the reaction time was restricted to 3 h,
only negligible (<5 % by HPLC) racemisation was ob-
served, even when Fmoc-phenylalaninal, prone to racemisa-
tion, was used. To drive the reductive alkylation to comple-
tion within 3 h, the number of equivalents of Fmoc-amino
aldehyde was increased (typically from three to six equiva-
lents).


The synthesis of the two peptide scaffolds 18 b and 18 c
was carried out starting from resin 2 (Scheme 4). Fmoc-ala-
nine was coupled to the phenylalanine residue of 2 by
TBTU activation to give 19. Subsequent reductive alkylation
using aldehyde 11 afforded compound 20 possessing the first
of the two reduced amide bonds. The variation was intro-
duced before the next reductive alkylation. For series b and
c a proline and an alanine was incorporated, respectively, to
investigate the effect of the proline for catalyst stability and
selectivity. Coupling of another Fmoc-alanine to give 22 b, c,
this time using the pentafluorophenyl (Pfp) ester with 1
equivalent of 3-hydroxy-3,4-dihydro-4-oxo-1,2,3-benzotria-
zine (DhbtOH), followed by reductive alkylation to give
23 b, c, and capping with benzoic acid, afforded the two dia-
mine peptide scaffolds 18 b, c in high purity. Only a single
peak was observed in HPLC and from the 1H NMR spec-
trum it was clear that racemisation during the reductive al-
kylations had not been a problem with a reaction time less
than 3 h.[52]


Batches of resin bound diamines 18 a–c were treated over-
night with hydroxymethyldiphenylphosphine, followed by
hydrogen peroxide oxidation to give the oxidised phosphine
ligands 25 a–c (Scheme 5).[52] HPLC showed full and clean
conversion of the diamines 18 a–c, in spite of their limited
reactivity in peptide couplings, due to steric hindrance.
Again 31P NMR spectra of batches of resin bound ligands
24 a–c, recorded prior to oxidation, showed that no oxida-
tion of the phosphines took place during the synthesis, as
evidenced by only two resonances in the range �26 to
�29 ppm, typical for phosphines (Figure 2a). For compari-
son, the solution 31P NMR spectra of the oxidised ligands
25 a–c showed resonances in the range from 32 ppm to
35 ppm (Figure 2b).


Formation of resin bound palladium(ii) complexes and their
application in asymmetric synthesis : To investigate the abili-


ty of the peptide-based phosphine ligands 7 and 24 a–c to
form complexes with transition metals for asymmetric syn-
thesis, palladium(ii) complexes were synthesised on solid


Scheme 4. Synthesis of diamines 18 b, c by reductive alkylation on solid
support. a) Piperidine/DMF 2:8; b) Fmoc-Ala-OPfp, DhbtOH, DMF;
c) 11, NaCNBH3, AcOH, DMF; d) Fmoc-Pro-OPfp (for 18b) or Fmoc-
Ala-OPfp (for 18c), DhbtOH, DMF; e) benzoic acid, TBTU, NEM,
DMF.


Scheme 5. Phosphinomethylation and oxidation of the diamines 18a–c on
solid support. a) Ph2PCH2OH, MeCN; b) 3% aqueous H2O2.
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support. Batches of the phosphine ligands were freshly pre-
pared and immediately after removal of excess hydroxyme-
thyldiphenylphosphine, a degassed solution of allyl palladi-
um chloride dimer (1 equivalent palladium) was added
(Scheme 6). Within minutes the resin batches attained


yellow to reddish-brown colours, and after 3 h the resins
were drained and washed, affording resin bound allyl palla-
dium(ii) complexes 26–27 a–c.


In Figure 3 molecular dynamics modelling of complex 26
and complex 27 c are presented. It is clear that the active
metal in type II catalyst 27 c is much closer to and more em-
bedded in the chiral environment of the peptide backbone
than that of type I catalyst 26. However, it was not con-
firmed by spectroscopy that all the ligand molecules in the
resin form the complex represented by the model, but the
low loading and the excellent swelling properties of the
PEGA1900 resin favour 1:1 complexes rather than larger
cross linked aggregates of ligands and palladium ions.


To study the catalytic properties of the resin bound com-
plexes, the palladium catalysed asymmetric allylic substitu-
tion reaction[61] was performed. Not only is this a common
model reaction for evaluation of new ligands for palladium
catalysed asymmetric synthesis, also used to assay the pep-
tide-based phosphine catalysts synthesised by Gilbertson
and co-workers,[27,28, 31] it has also found widespread use in
the synthesis of a vast array of bioactive targets.[62] Thus sup-
ported catalysts 26 and 27 a–c were used in 5 mol % (relative
to the initial resin loading) for the reaction of 1,3-diphenyl-
propenyl acetate 28 with dimethylmalonate 29 under basic
conditions[63] (Scheme 7). After 3 h the reactions were
worked up and 30 isolated as a mixture of enantiomers. The
enantiomeric excess was determined by 1H NMR, using the
chiral shift reagent [Eu(hfc)3].[64] Isolated yields after
column chromatography, and ee values are listed in Table 1.


Type I catalyst 26 afforded 30 in excellent yield, which
could be expected due to its stable six-membered chelate.
The enantioselectivity was modest, affording the S enantio-
mer in 15 % excess, which could be a consequence of the
metal being only partially embedded in a chiral environment
in the open type I structure. Type II catalysts 27 a and 27 b,
both possessing a proline residue between the phosphine
moieties, showed a disappointingly low selectivity, yielding
the S enantiomer in 9 and 8 % ee, respectively. Furthermore,
the sterically hindered leucine containing catalyst 27 a only
converted 22 % of substrate 28 compared to a conversion of
73 % for the less hindered 27 b. Presumably this is due to
steric congestion around the metal, preventing a geometry
appropriate for the formation of a stable palladium(ii) com-
plex. The exchange of proline for alanine in 27 c did not
seem to lower the stability compared to 27 b, in fact 27 c
converted the substrate quantitatively within 3 h. Further-
more, the selectivity was better, unexpectedly affording the
S enantiomer in 21 % ee. Thus, prediction of the most selec-
tive catalyst was not possible, and even the relative stability
of the complexes 26 and 27 a–c was not clear prior to synthe-
sis, in spite of computer modelling, which underlines the im-
portance of being able to synthesise the ligands in a combi-
natorial manner. Only screening of combinatorial catalyst li-
braries will allow for the selection of both stable and highly
selective catalysts. This is in agreement with the unpredicta-
ble observations made by Gilbertson and co-workers[28] for
their peptide-based phosphine palladium catalysts. Com-


Figure 2. 31P NMR of a) resin bound ligand 24a in CDCl3 and b) cleaved
oxidised ligand 25a in [D6]DMSO. The spectra were referenced against
H3PO4.


Scheme 6. Formation of palladium(ii) allyl complexes on solid support.
a) [PdCl(h3-C3H5)]2, MeCN.
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plexes based upon b-turn motifs catalysed the allylic substi-
tution of cyclic allyl acetates with high selectivity, but could
not catalyse substitution of linear substrates such as 28 at
all. Furthermore, in the desymmetrisation of meso diols the
selectivities of the b-turn based catalysts were inferior to
catalysts possessing no particular secondary structure, illus-
trating the need for a catalyst screening for every new sub-
strate or type of reaction considered.[29]


The effect of the solvent was investigated by performing
the catalytic allylic substitution of 28 in acetonitrile, using


the two most effective type II
catalysts 27 b and 27 c (entries 5
and 6). However, changing the
solvent did not affect the yields,
nor did it alter the enantioselec-
tivity significantly. Two control
experiments were also per-
formed. Unsubstituted
PEGA1900 resin 31 was treated
with allyl palladium chloride
dimer and used in catalysis
under the same conditions as
for the catalysts 26–27 a–c. As
expected no background reac-
tion was observed. Palladium(ii)
complex 32, made from
PEGA1900 functionalised direct-


ly with phosphinomethyl moieties, was used for the second
control experiment. Again the stable six-membered chelate
afforded 30 in near quantitative yield, but this time as a rac-
emic mixture, due to lack of ligand chirality.


Conclusion


This work paves the way for the synthesis of peptide-based
phosphine transition metal catalyst libraries. An efficient
and direct route from commercially available Fmoc-protect-
ed amino acids to elaborate peptide-based phosphine li-
gands has been developed. Solution-phase synthesis is limit-
ed to that of Fmoc-protected amino aldehydes needed for
formation of backbone secondary amines as attachment
points for phosphine moieties. In that context the choice of
different phosphinomethylation reagents, made from differ-
ent commercially available secondary phosphines, can afford
sublibraries of phosphine ligands from the same library of
ligand precursor scaffolds. Furthermore, protection/depro-
tection of phosphine moieties can be completely avoided.
The building block approach (Schemes 2 and 3) may be con-
sidered for large-scale synthesis of identified catalysts, par-
ticularly when bulky amino acids more prone to racemisa-
tion are used in the reductive alkylation.


It was shown that ligands 7 and 24 b, c could form palla-
dium(ii) allyl complexes suitable for the palladium catalysed
asymmetric allylic substitution reaction, whereas ligand 24 a
seemed too sterically hindered. Although the enantioselec-
tivities obtained using substrate 28 were only moderate, the
concept of this new methodology was successfully proven. It
is expected that screening of catalyst libraries will afford
more selective catalysts. Furthermore, screening of other
substrates could reveal catalysts 26–27 a–c to be more selec-
tive. New high-throughput screening methods are currently
being developed for the screening of single-bead split/mix
catalyst libraries, with the aim of discovering highly selective
catalysts for several different reactions.


Figure 3. Molecular dynamics modelling of a) palladium(ii) complex 26 and b) palladium(ii) complex 27 c, gen-
erated using the Insight-Discover package from MSI. The chloride counter ions have been omitted for clarity.
The structures were constructed and subjected to several rounds of MD-calculation at 650 and 350 K using
CVFF forcefield and 1 fs steps to finally yield a structure that was stable for 100 000 steps.


Scheme 7. Application of the complexes 26 and 27 a–c in palladium cata-
lysed asymmetric allylic substitution.


Table 1. Palladium catalysed asymmetric allylic substitution.[a]


Entry Catalyst Solvent Yield 30 [%][b] ee 30 [%][c]


1 26 THF 93 15 (S)
2 27a THF 22 9 (S)
3 27b THF 73 8 (S)
4 27c THF 97 21 (S)
5 27b MeCN 95 10 (S)
6 27c MeCN 90 18 (S)


7 THF 0 -


8 THF 96 0


[a] All reactions were performed at room temperature using 5 mol % Pd,
relative to the initial resin loading. [b] Isolated yield. [c] Determined by
1H NMR using a chiral shift reagent.
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Experimental Section


General methods : ESMS spectra were recorded on a Micromass QTOF
Global Ultima instrument and high-resolution MS determined using an
appropriate internal reference. 1H NMR and 31P NMR spectra were re-
corded on a Bruker DRX250 250 MHz instrument. Chemical shifts for
1H spectra are reported in ppm relative to the internal solvent peak
(2.50 ppm for [D6]DMSO and 7.26 for CDCl3) and for 31P spectra refer-
enced against H3PO4. NMR spectra of reduced bond ligand precursors
18a–c were recorded under acidic conditions to allow full protonation.
Solid-phase reactions were performed in flat-bottomed polyethylene sy-
ringes equipped with sintered Teflon filters (50 mm pores), Teflon tubing,
Teflon valves for flow control, and suction to drain the syringes from
below. For solid-phase reactions carried out under argon, the syringes
were equipped with a rubber septum and an argon inlet. TLC plates used
were Merck silica gel 60 F254 on aluminium. Column chromatography was
performed on silica gel 60H (230–400 mesh). Analytical reverse-phase
HPLC was performed on a Waters system (490E detector at 215 nm, two
510 pumps with gradient controller and a Zorbax RP-18 column, 300 �,
0.45 � 50 mm) with a flow rate of 1 mL min�1. Eluents A (0.1 % TFA in
water) and B (0.1 % TFA in acetonitrile/water 9:1 v/v) were used in a
linear gradient (0 % B ! 100 % B in 25 min) and retention times refer to
this solvent system. PEGA1900 was purchased from VersaMatrix. All sol-
vents were HPLC grade. Anhydrous solvents were obtained by storing
over 3 � activated molecular sieves. Degassed solutions were obtained
by bubbling with argon for 30 min. All other starting materials were pur-
chased from commercial suppliers and used without further purification.


General procedure for cleavage of resin supported peptides : Cleavage of
peptides was achieved with 0.1 m aqueous NaOH for 2 h followed by neu-
tralisation with 0.1 m aqueous HCl.


General procedures for peptide couplings : TBTU couplings were per-
formed by dissolving the acid (3 equiv) in N,N-dimethylformamide with
NEM (4 equiv), followed by addition of TBTU (2.9 equiv). The resulting
solution was left for preactivation for 5 min before being added to the
resin (reaction time 2–3 h). Coupling of Pfp esters were performed by
dissolving the Pfp ester (3 equiv) and DhbtOH (1 equiv) in N,N-dimeth-
ylformamide, whereupon the solution was added to the resin (reaction
time 3 h). Peptide couplings were generally run in an amount of solvent
just enough to cover the resin. After reaction, the resin was washed with
N,N-dimethylformamide (� 6) and methanol (� 2) and finally checked
using the Kaiser test.[58]


General procedure for Fmoc deprotection : Fmoc deprotection was ach-
ieved with 20 % piperidine in N,N-dimethylformamide (v/v) for 2 +


18 min, followed by washing of the resin with N,N-dimethylformamide
(�6) and methanol (�2). The cleavage was checked using the Kaiser test.[58]


General procedure for reductive alkylation : Two solutions of the same
volume were prepared, so that the total volume was just enough to cover
the resin. Solution 1: Sodium cyanoborohydride (10 equiv) and 2% (v/v)
glacial acetic acid were dissolved in N,N-dimethylformamide. Solution 2:
Fmoc-phenylalaninal (3–6 equiv) were dissolved in N,N-dimethylforma-
mide. Solution 1 was added to the resin bound free amine, swollen in
N,N-dimethylformamide. The resin was stirred for 1 min, whereupon so-
lution 2 was added whilst stirring. The resin was left to react for 3 h,
drained, and washed with N,N-dimethylformamide (� 6) and methanol
(� 2). The reaction was checked using the Kaiser test.[58]


General procedure for phosphinomethylation : Neat paraformaldehyde
(1 equiv) and diphenylphosphine (1 equiv) were heated at 110 8C for
1.5 h under argon, affording hydroxymethyldiphenylphosphine. The resin
was dried in vacuo overnight and flushed with argon. To the resin was
added a 0.15 m solution of hydroxymethyldiphenylphosphine in degassed
acetonitrile (two times the volume needed to swell the resin, ca.
20 equiv). The resin was left to react under argon for 12 h at room tem-
perature, drained and washed with degassed acetonitrile (� 3) under
argon.


General procedure for preparation of oxidised phosphine ligands : The
freshly prepared resin bound phosphine ligand was washed with a 3%
aqueous solution of hydrogen peroxide (� 1), whereupon the hydrogen


peroxide solution was added to cover the resin for 1 h. The resin was
washed with methanol (� 2), N,N-dimethylformamide (� 6), methanol
(� 2) and with dichloromethane (� 2), whereupon it was dried in vacuo.


General procedure for recording 31P NMR spectre of resin bound li-
gands : The freshly prepared resin bound ligand was washed with de-
gassed dichloromethane (� 3) and with degassed 1 % diisopropylethyla-
mine in CDCl3 (� 1) under argon. The resin was swollen in a second
volume of degassed 1% diisopropylethylamine in CDCl3 and transferred
to a standard 5 mm NMR tube under argon, whereupon the spectrum
was recorded.


Procedure for determining enantioselectivity : The chiral shift reagent
tris[3-(heptafluoropropylhydroxymethylene)-d-camphorato]europium(iii)
(0.4 equiv) was added to the NMR sample of 30 and the spectrum re-
corded. The two CO2Me singlets at about 4 ppm were now split into two
singlets for each of the two antipodes (see Supporting Information). One
CO2Me singlet was well-resolved into the R- and S-singlet, whereas the
other was seen as an unresolved doublet. Using the d-antipode of the
shift reagent, the singlet with the highest ppm value corresponds to the
R-enantiomer.[64]


Preparation of functionalised resin 1: PEGA1900
[49] (2.00 g, loading


0.23 mmol g�1, 0.46 mmol) was washed with N,N-dimethylformamide
(� 6), methanol (x 6) and dichloromethane (x 2) and dried in vacuo. Cou-
pling of Fmoc-Gly-OH using TBTU activation according to the general
procedure was performed twice, whereupon the Fmoc groups were re-
moved. The HMBA linker was attached by TBTU coupling.


Ligand precursor 6 : Resin 1 (0.50 g, 0.11 mmol) was dried in vacuo in the
presence of phosphorous pentaoxide overnight. A solution of Fmoc-Phe-
OH (3 equiv) and methylimidazole (2.25 equiv) in dry dichloromethane
was added to MSNT (3 equiv), and the resulting solution was added to
the dry resin and reacted for 1 h. The resin was washed with dry dichloro-
methane (� 3) and the MSNT coupling repeated to give 2. Resin 2 was
washed with dichloromethane (� 6) and N,N-dimethylformamide (� 6),
whereupon the Fmoc groups were removed. Fmoc-Phe-OH, Boc-Dap-
(Fmoc)-OH and Fmoc-Phe-OH were coupled successively to the resin by
using TBTU activation followed by Fmoc cleavage, to obtain resin bound
peptide 5. The Fmoc groups were removed and benzoic acid was coupled
by TBTU activation. The resin was washed with N,N-dimethylformamide
(� 6) and dichloromethane (� 6) and the Boc group was removed by
treating the resin with TFA-dichloromethane 1:1 (v/v) for 15 min, which
yielded ligand precursor 6. The resin was washed with dichloromethane
(� 6), N,N-dimethylformamide (� 6), methanol (� 2) and dichloromethane
(� 2), whereupon it was dried in vacuo overnight. A sample of 6 (100 mg
resin, 0.019 mmol) was cleaved for analysis, affording an amorphous col-
ourless solid (11 mg, 89%). Analytical HPLC: tR =14.7 min, >95%
purity; 1H NMR ([D6]DMSO): d=8.76 (d, 3J(H,H) =8 Hz, 1H; amide),
8.51 (br s, 1H; amide), 8.26 (d, 3J(H,H) = 8 Hz, 1H; amide), 8.20 (d, 3J-
(H,H) =9 Hz, 1 H; amide), 7.84 (d, 3J(H,H) =7 Hz, 2 H; arom. H), 7.55–
7.12 (m, 18 H; arom. H), 4.70 (br s, 3 H; NH3


+), 4.69–4.60 (m, 1 H; CHa),
4.56–4.48 (m, 1 H; CHa), 4.45–4.36 (m, 1 H; CHa), 3.44–3.38 (m, 1 H;
CHa), 3.22–2.76 (m, 8 H; PhCH2, Dap CH2); HRMS (ES): m/z : calcd for
C37H40N5O6: 650.2973, found: 650.2947 [M+H]+ .


Phosphine ligand 7: Phosphinomethylation of resin 6 was carried out ac-
cording to the general procedure, to give resin bound phosphine ligand 7.
31P NMR (CDCl3): d=�29.7.


Oxidised phosphine ligand 8 : Freshly prepared resin 7 was oxidised fol-
lowing the general procedure to give the resin bound oxidised ligand 8.
Oxidised ligand 8 (100 mg resin, 0.018 mmol) was cleaved, affording an
amorphous colourless solid (17 mg, 88 %). Analytical HPLC: tR =


19.5 min, >95% purity; 1H NMR ([D6]DMSO): d=8.61 (d, 3J(H,H) =


9 Hz, 1H; amide), 8.50 (d, 3J(H,H) = 9 Hz, 1 H; amide), 8.42 (d, 3J-
(H,H) =8 Hz, 1H; amide), 8.07 (br s, 1H; amide), 7.84 (d, 3J(H,H) =


7 Hz, 2H; arom. H), 7.65–6.86 (m, 38H; arom. H), 4.82–4.73 (m, 1H;
CHa), 4.53–4.40 (m, 2 H; CHa), 3.90–3.71 (m, 3 H; CHa, CH2P), 3.49–3.19
(m, 2 H; Dap CH2), 3.12–2.62 (m, 8H; CH2P, PhCH2); 31P NMR
([D6]DMSO): d =32.8; HRMS (ES): m/z : calcd for C63H62N5O8P2:
1078.4068, found: 1078.4037 [M+H]+ .


Fmoc-Phe-y[CH2N]-Leu-OtBu (13): The hydrochloride salt of the tert-
butylester of leucine 12 (839 mg, 3.75 mmol) and sodium cyanoborohy-


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4121 – 41314128


M. Meldal and C. A. Christensen



www.chemeurj.org





dride (471 mg, 7.50 mmol) were dissolved in dry N,N-dimethylformamide
(10 mL) and glacial acetic acid (200 mL) was added. The reaction mixture
was stirred at room temperature whilst a solution of Fmoc-phenylalani-
nal[55, 56] 11 (929 mg, 2.50 mmol) in N,N-dimethylformamide (10 mL) was
added drop-wise over 1 h. Stirring was continued for 2 h, whereupon the
reaction mixture was poured onto water. The mixture was extracted with
dichloromethane (� 3) and the combined organic phases washed with
water (� 2) and brine (� 1), dried (MgSO4) and concentrated to a pale
yellow oil. The oil was purified by column chromatography (silica gel,
acetone/dichloromethane 5:95) and the fractions containing pure 13 were
combined and concentrated to a viscous colourless oil, but not to com-
plete dryness. Since loss of Fmoc by self-cleavage was observed upon
concentration and storage, 13 was not characterised any further, but used
immediately in the next reaction.


Building block 14 : Amine 13 (from 929 mg, 2.50 mmol 11) was dissolved
in dichloromethane (20 mL) and diisopropylethylamine (642 mL,
3.75 mmol) was added. The solution was cooled to 0 8C and stirred under
argon. Fmoc-chloride (745 mg, 2.88 mmol) was added as a solid in one
portion and the reaction mixture was left to stir for 2 h, whereupon it
was allowed to attain room temperature. The reaction mixture was
poured onto water and extracted with dichloromethane (� 3). The com-
bined organic phases were washed with water (� 3), dried (MgSO4) and
concentrated. The resulting oil was redissolved in a 1:1 (v/v) mixture of
TFA and dichloromethane (10 mL) and left to stir at room temperature
for 12 h. Toluene (10 mL) was added and the reaction was concentrated
to a viscous oil in vacuo. Purification by column chromatography (silica
gel, methanol/dichloromethane 5:95) afforded 14 as an amorphous col-
ourless solid (1.38 g, 78 % from 11). Analytical HPLC: tR =23.0 min,
>95% purity; 1H NMR ([D6]DMSO): d =7.85 (d, 3J(H,H) =7 Hz, 4 H;
arom. H), 7.63–7.55 (m, 4H; arom. H), 7.38–7.17 (m, 14H; arom. H,
NH), 4.41–4.10 (m, 7 H; Fmoc CH2CH, CHa), 3.89–3.85 (m, 1H; CHa),
3.43–3.06 (m, 2H; NCH2), 2.87–2.59 (m, 2 H; PhCH2), 1.78–1.46 (m, 3 H;
Leu CHCH2), 0.82 (br s, 6H; Leu CH3); 13C NMR ([D6]DMSO): d=


173.9, 156.8, 155.8, 155.5, 143.71, 143.68, 140.67, 140.57, 139.0, 138.8,
129.0, 127.9, 127.5, 126.9, 125.8, 125.1, 124.9, 120.0, 66.7, 66.5, 65.2, 59.3,
58.5, 52.3, 52.1, 50.1, 49.4, 46.65, 46.58, 38.2, 37.7, 24.7, 24.6, 22.9, 22.7,
21.73, 21.67;[65] HRMS (ES): m/z : calcd for C45H45N2O6: 709.3272, found:
709.3253 [M+H]+ .


Ligand precursor 18a : Fmoc-Phe-OH was attached to the HMBA linker
of resin 1 (0.50 g, 0.11 mmol) to give resin 2, in a MSNT coupling per-
formed as described in the procedure for the synthesis of 6. The Fmoc
groups of 2 were removed and the resin reacted with building block 14
using TBTU activation, to give 15. The Fmoc groups of 15 were removed
before elongation by reaction with Fmoc-Pro-OPfp affording 16. Remov-
al of Fmoc groups and successive TBTU couplings of building block 14
and benzoic acid afforded ligand precursor 18a. A sample of 18a
(100 mg resin, 0.019 mmol) was cleaved for analysis, yielding an amor-
phous colourless solid (14 mg, 86 %). Analytical HPLC: tR =15.6 min,
>95% purity; 1H NMR ([D6]DMSO): d=9.03 (br s, 4 H; R2NH2


+), 9.01
(d, 3J(H,H) =8 Hz, 1H; amide), 8.46 (d, 3J(H,H) = 8 Hz, 1 H; amide),
8.23 (d, 3J(H,H) =7 Hz, 1H; amide), 7.77 (d, 3J(H,H) =7 Hz, 2 H; arom.
H), 7.55–7.41 (m, 3H; arom. H), 7.30–7.16 (m, 15H; arom. H), 4.63–4.46
(m, 2H; CHa), 4.35–4.19 (m, 2H; CHa), 4.10–3.99 (m, 1 H; CHa), 3.83–
3.64 (m, 2 H; CHa, Pro CH2N), 3.42–2.54 (m, 11H; PhCH2, NCH2C


a, Pro
CH2N), 2.06–1.49 (m, 10 H; Pro CaCH2CH2, Leu CaCH2CH), 0.94–0.81
(m, 12H; Leu CH3); HRMS (ES): m/z : calcd for C51H67N6O6: 859.5117,
found: 859.5119 [M+H]+ .


Ligand precursor 18 b : Fmoc-Phe-OH was attached to the HMBA linker
of resin 1 (0.50 g, 0.11 mmol) to give resin 2, in a MSNT coupling per-
formed as described in the procedure for the synthesis of 6. The Fmoc
groups of 2 were removed and the resin reacted with Fmoc-Ala-OPfp to
give 19. Cleavage of the Fmoc groups followed by reductive alkylation
using Fmoc-phenylalaninal[55, 56] 11 (6 equiv) afforded 20. Removal of the
Fmoc groups of 20 and coupling with Fmoc-Pro-OPfp and Fmoc-Ala-
OPfp successively, afforded 22b. The Fmoc groups of 22 b were removed
and reductive alkylation using Fmoc-phenylalaninal[55, 56] 11 (3 equiv) af-
forded 23 b. Cleavage of the Fmoc groups of 23b followed by TBTU cou-
pling of benzoic acid, afforded 18b. A sample of 18 b (100 mg resin,


0.019 mmol) was cleaved from the resin to give an amorphous colourless
solid (12 mg, 82 %). Analytical HPLC: tR =13.6 min, >95% purity;
1H NMR ([D6]DMSO): d =9.15 (br s, 2H; R2NH2


+), 8.98 (br s, 2 H;
R2NH2


+), 8.87 (d, 3J(H,H) =8 Hz, 1 H; amide), 8.43 (d, 3J(H,H) =8 Hz,
1H; amide), 8.30 (d, 3J(H,H) =8 Hz, 1H; amide), 7.78 (d, 3J(H,H) =


8 Hz, 2H; arom. H), 7.55–7.41 (m, 3H; arom. H), 7.32–7.15 (m, 15H;
arom. H), 4.57–4.46 (m, 2H; CHa), 4.33–4.05 (m, 3 H; CHa), 3.91–3.77
(m, 1 H; CHa), 3.66–2.64 (m, 12 H; PhCH2, NCH2C


a, Pro CH2N), 2.04–
1.76 (m, 4 H; Pro CaCH2CH2), 1.40 (d, 3J(H,H) =7 Hz, 3H; Ala CH3),
1.36 (d, 3J(H,H) =7 Hz, 3H; Ala CH3); HRMS (ES): m/z : calcd for
C45H55N6O6: 775.4178, found: 775.4182 [M+H]+ .


Ligand precursor 18c : The synthesis of 18 c from resin 1 (0.50 g,
0.11 mmol) was similar to the synthesis of 18b, except that resin 20 was
Fmoc deprotected and reacted with Fmoc-Ala-OPfp to give 21 c, instead
of reaction with Fmoc-Pro-OPfp to give series b. A sample of 18 c
(100 mg resin, 0.019 mmol) was cleaved from the resin, affording an
amorphous colourless solid (13 mg, 91 %). Analytical HPLC: tR =


13.4 min, >95% purity; 1H NMR ([D6]DMSO): d =8.94 (br s, 4 H;
R2NH2


+), 8.87 (d, 3J(H,H) =8 Hz, 1 H; amide), 8.66 (d, 3J(H,H) =8 Hz,
1H; amide), 8.42 (d, 3J(H,H) =8 Hz, 1H; amide), 8.09 (d, 3J(H,H) =


8 Hz, 1 H; amide), 7.80 (d, 3J(H,H) =8 Hz, 2 H; arom. H), 7.55–7.41 (m,
3H; arom. H), 7.31–7.14 (m, 15 H; arom. H), 4.57–4.47 (m, 2H; CHa),
4.25–4.07 (m, 2 H; CHa), 3.94–3.80 (m, 2H; CHa), 3.17–2.63 (m, 10 H;
PhCH2, NCH2), 1.37 (d, 3J(H,H) =7 Hz, 3H; Ala CH3), 1.33 (d, 3J-
(H,H) =7 Hz, 3 H; Ala CH3), 1.17 (d, 3J(H,H) =7 Hz, 3H; Ala CH3);
HRMS (ES): m/z : calcd for C43H53N6O6: 749.4021, found: 749.4069
[M+H]+ .


Phosphine ligands 24 a–c : Phosphinomethylation of resins 18 a–c was car-
ried out according to the general procedure, to give resin bound phos-
phine ligands 24 a–c.


Compound 24 a : 31P NMR (CDCl3): d=�27.2, �28.7.


Compound 24 b : 31P NMR (CDCl3): d=�27.2, �28.9.


Compound 24 c : 31P NMR (CDCl3): d=�26.8, �28.2.


Oxidised phosphine ligands 25a–c : Freshly prepared resins 24 a–c were
oxidised following the general procedure to give the resin bound oxidised
ligands 25 a–c. The oxidised ligands 25a–c (100 mg resin, 0.017 mmol)
were cleaved to give amorphous colourless solids.


Compound 25 a : (19 mg, 87 %). Analytical HPLC: tR =22.5 min, >95%
purity; 1H NMR ([D6]DMSO): d=9.25 (d, 3J(H,H) =5 Hz, 1H; amide),
8.03 (br s, 1 H; amide), 7.94–7.71 (m, 6H; amide, arom. H), 7.66–6.91 (m,
35H; arom. H), 4.54–4.43 (m, 1H; CHa), 4.21–4.08 (m, 1 H; CHa), 3.95–
3.83 (m, 1 H; CHa), 3.70–2.33 (m, 18 H; CHa, PhCH2, PCH2NCH2, Pro
CH2N), 1.93–1.69 (m, 2 H; Pro CH2), 1.38–0.25 (m, 9H; Pro CH2, Leu
CaCH2CH), 0.65 (d, 3J(H,H) =6 Hz, 3H; Leu CH3), 0.54 (d, 3J(H,H) =


6 Hz, 3 H; Leu CH3), 0.52 (d, 3J(H,H) = 6 Hz, 3H; Leu CH3), 0.42 (d, 3J-
(H,H) =6 Hz, 3H; Leu CH3); 31P NMR ([D6]DMSO): d= 35.0, 33.8;
HRMS (ES): m/z : calcd for C77H90N6O8P2: 644.3142, found: 644.3143
[M+2H]2+.


Compound 25 b : (17 mg, 83 %). Analytical HPLC: tR =19.7 min, >95 %
purity; 1H NMR ([D6]DMSO): d=9.18 (d, 3J(H,H) =6 Hz, 1H; amide),
8.09 (d, 3J(H,H) = 8 Hz, 1H; amide), 7.92–6.99 (m, 41H; arom. H,
amide), 4.54–4.45 (m, 1H; CHa), 4.24–4.11 (m, 1 H; CHa), 3.93–3.80 (m,
1H; CHa), 3.67–2.13 (m, 19H; CHa, PhCH2, PCH2NCH2, Pro CH2N),
1.08–0.44 (m, 4H; Pro CaCH2CH2), 0.87 (d, 3J(H,H) =6 Hz, 3 H; Ala
CH3), 0.81 (d, 3J(H,H) =6 Hz, 3H; Ala CH3); 31P NMR ([D6]DMSO):
d=34.9, 33.2; HRMS (ES): m/z : calcd for C71H77N6O8P2: 1203.5278,
found: 1203.5186 [M+H]+ .


Compound 25 c : (16 mg, 80 %). Analytical HPLC: tR = 19.7 min, >95%
purity; 1H NMR ([D6]DMSO): d=8.49 (d, 3J(H,H) =8 Hz, 1H; amide),
8.14 (d, 3J(H,H) = 8 Hz, 1H; amide), 7.86–7.02 (m, 42H; arom. H,
amide), 4.57–4.48 (m, 1H; CHa), 4.34–4.26 (m, 1 H; CHa), 3.99–3.83 (m,
2H; CHa), 3.74–2.18 (m, 16H; CHa, PhCH2, PCH2NCH2), 0.98 (d, 3J-
(H,H) =7 Hz, 3H; Ala CH3), 0.83 (d, 3J(H,H) =7 Hz, 3 H; Ala CH3),
0.75 (d, 3J(H,H) =7 Hz, 3H; Ala CH3); 31P NMR ([D6]DMSO): d =33.9,
33.2; HRMS (ES): m/z : calcd for C69H75N6O8P2: 1177.5122, found:
1177.5029 [M+H]+ .
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General procedure for formation of resin bound palladium(ii) allyl com-
plexes : The freshly prepared resin bound phosphine ligand, still under
argon and swollen in acetonitrile, was washed further with dry degassed
acetonitrile (� 3). To the drained resin was added a solution of allyl palla-
dium chloride dimer (1 equiv) in dry degassed acetonitrile, whereupon it
was left under argon for 3 h, in which time the resin attained a yellow
(for 26) or reddish-brown (for 27a–c) colour. The resin was drained,
washed with dry degassed acetonitrile (� 3) and dried in vacuo overnight.
The dry resin was used immediately for palladium catalysed asymmetric
allylic substitution.


General procedure for palladium catalysed asymmetric allylic substitu-
tion—Synthesis of 30 : Dimethyl malonate 29 (3 equiv) was dissolved in
dry degassed tetrahydrofuran (4.0 mL mmol�1) under argon. To the solu-
tion was added tetrabutylammonium fluoride (3 equiv of a 1.0m solution
in tetrahydrofuran) and N,O-bis(trimethylsilyl)acetamide (3 equiv)
whereupon the solution was stirred for 15 min at room temperature. To
the freshly prepared dry catalyst resin 26 or 27a–c (5 mol % Pd, relative
to the initial resin loading), now under argon, was added 1,3-diphenylpro-
penyl acetate 28 (1 equiv, typically 38 mg, 0.15 mmol) and then the malo-
nate solution. The resin mixture was shaken under argon for 3 h, where-
upon it was drained and washed with ethyl acetate (� 3). The combined
organic phases were concentrated in vacuo and purified by column chro-
matography (silica gel, pentane/diethyl ether 3:1) affording compound 30
as a colourless oil which solidified upon standing. 1H NMR (CDCl3): d=


7.17–7.33 (m, 10H; Ph), 6.46 (d, 3J(H,H) =16 Hz, 1 H; C1 CH), 6.31 (dd,
3J(H,H) =16 Hz, 3J(H,H) = 8 Hz, 1 H; C2 CH), 4.25 (dd, 3J(H,H) =11 Hz,
3J(H,H) =8 Hz, 1 H; C3 CH), 3.93 (d, 3J(H,H) = 11 Hz, 1H; C4 CH), 3.69
(s, 3 H; CO2CH3), 3.50 (s, 3 H; CO2CH3). The 1H NMR spectrum was
identical to that described in the literature.[64]


For catalyst 26 : Using 28 (43 mg, 0.17 mmol) and 26 (0.0085 mmol Pd),
compound 30 was isolated in 93% yield, 51 mg, and 15% ee (S).


For catalyst 27a : Using 28 (43 mg, 0.17 mmol) and 27a (0.0085 mmol
Pd), compound 30 was isolated in 22% yield, 12 mg, and 9 % ee (S).


For catalyst 27b : Using 28 (43 mg, 0.17 mmol) and 27b (0.0085 mmol
Pd), compound 30 was isolated in 73% yield, 40 mg, and 8 % ee (S).


For catalyst 27 c : Using 28 (48 mg, 0.19 mmol) and 27c (0.0076 mmol Pd),
compound 30 was isolated in 97% yield, 60 mg, and 21% ee (S).


For catalyst 27b (acetonitrile as solvent): Using 28 (33 mg, 0.13 mmol)
and 27b (0.0065 mmol Pd), compound 30 was isolated in 95% yield,
40 mg, and 10% ee (S).


For catalyst 27c (acetonitrile as solvent): Using 28 (33 mg, 0.13 mmol)
and 27 c (0.0065 mmol Pd), compound 30 was isolated in 90% yield,
38 mg, and 18% ee (S).


For catalyst 32 : Using 28 (44 mg, 0.175 mmol) and 32 (0.0088 mmol Pd),
compound 30 was isolated in 96% yield, 55 mg, and 0% ee.
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An Efficient Three-Step Synthesis of Cyclopenta[b]pyrans via 2-Donor-
Substituted Fischer Ethenylcarbenechromium Complexes


Armin de Meijere,*[a] Heiko Schirmer,[a] Frank Stein,[a] Frank Funke,[a]


Michael Duetsch,[a] Yao-Ting Wu,[a] Mathias Noltemeyer,[b] Thomas Belgardt,[b] and
Burkhard Knieriem[a]


Introduction


In recent years, Fischer carbene complexes have developed
into readily accessible starting materials for the straightfor-
ward syntheses of numerous carbo- and heterocycles.[1] De-
pending on the substituents and reaction conditions they
can be used to form hydroquinones[1b] and cyclohexadieno-
nes,[1g] cyclopentadienes,[1i,j,k] vinylcyclopropanes,[2a] cyclo-
pentenones,[2b,c] pyrroles,[3a–d] pyridines,[3e] furans,[4a–c] g-buty-
rolactones,[4d] b-lactams,[5] oxazolines,[6] phosphahydroqui-
nones[7] as well as various azaoligocyclic systems.[8] In a pre-
liminary communication we have previously reported the
conversion of {[2-(dialkylamino)ethenyl]carbene}chromium
complexes 2 to cyclopenta[b]pyrans 4, in which twofold in-
termolecular insertion of an alkyne into the chromium–
carbon double bond was observed only for the second
time,[9] apart from an intramolecular example reported by
Wulff et al. ,[10] which led to indane derivatives. There are


only a few preparative accesses to cyclopenta[b]pyrans 4[11]


which possess a 10p-electron system. As such, they are elec-
tronic analogues of azulene and have therefore been termed
pseudoazulenes.[12] Here we report the full scope of the new
synthesis of these interesting heterobicycles.


Results and Discussion


Previous results[9] indicated that increased yields of cyclo-
penta[b]pyrans were obtained from carbine-complexes 2
with more bulky substituents in the 3-position. Consequent-
ly, two possibilities to optimize the yields of formed cyclo-
penta[b]pyrans 4 were tested. On the one hand, the bulk of
the substituents in the 3-position, and on the other hand the
nature of the donor groups in the 1- and 3-positions of com-
plex 2 were varied. For all these possibilities new b-donor-
substituted ethenylcarbene complexes of type 2 had to be
prepared, and this was readily achieved by Michael-type ad-
ditions of nucleophiles to alkynylcarbene complexes 1 (see
Table 1).[13]


Systematic studies of the reaction conditions showed that
(3-aminoallenylidene)chromium complexes of type 3 were
found as by-products,[14] when secondary amines were added
to the alkynylcarbene complexes. The access to the {[2-(di-
alkylamino)ethenyl]carbene}chromium complexes 2 was im-
proved to give excellent yields at low temperatures (�115 to
20 8C) by exploring the temperature dependence of the ratio
between the competing formation of the Michael adduct


Abstract: A wide range of cyclopen-
ta[b]pyrans 4 has been synthesized in a
one-pot reaction by treatment of differ-
ent 2-donorsubstituted ethenylcarbene-
chromium complexes 2 with alkynes in
THF in moderate to excellent yields
(41–90 % for 14 out of 25 examples).
The starting materials 2 are readily


available in good to excellent yields
(76–99% for 25 out of 36 examples) by
Michael addition of amines, alcohols
and thiols, respectively, to the corre-


sponding alkynylcarbenechromium
complexes 1. Due to their 10 p-elec-
trons in a cross-conjugated bicyclic
system, cyclopenta[b]pyrans have been
termed pseudoazulenes, as they indeed
have similar UV/Vis-spectroscopic
properties.
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and the ethoxide elimination product.[14b] Room temperature
was sufficient to give high yields of 2 (Table 1) from most of
the complexes 1. Numerous NOESY-NMR measurements
indicated that the newly formed C=C double bond in most
cases had (Z)-configuration, when R was a tertiary substitu-
ent, with the complexes 2 bd, 2 bg, 2 bi, and 2 bl being the
only exceptions to the rule.


Crystals suitable for X-ray diffraction were obtained by
slow evaporation of a solution of 2 ca in a mixture of diethyl


ether and hexane. This constitutes the first crystal structure
analysis of a (Z)-configured b-donorsubstituted, a,b-unsatu-
rated carbene complex (Figure 1). The bond lengths found
for C(1)–C(2) 140.3, C(2)–C(3) 141.6 and C(3)–N(3)
132.7 pm indicate a significant delocalization of the double
bond between C(1) and C(3). The interplanar angles C(1)-
C(2)-C(3)-N(3) and C(1)-C(2)-C(3)-C(4) were found to be
�42.1 and 140.88, respectively.


Table 1. Reaction of (alkynylcarbene)chromium complexes 1a–k with nucleophiles.


Starting R X T Product[a] Yield Product Yield Ref.
material [8C] (%) (%)


1a Ph NMe2 20 (E)-2aa 94 3 aa 0 [14a, b]


1a Ph NBn2 20 (E)-2ab 99 3 ab 0 [14a, b]


1a Ph 20 (E)-2ac 98 3 ac 0 [14a, b]


1a Ph 20 (E)-2ad 98 3 ad 0 [14a, b]


1a Ph N(iPr)2 20 (E)-2ae 44 3 ae 53 [14a, b]


1b CMe2OEt NMe2 20 (Z)-2ba 80 3 ba 13 [14a, b]


1b CMe2OEt NBn2 20 (Z)-2bb 23 3 bb 74 [14a, b]


1b CMe2OEt 20 (Z)-2bc 30 3 bc 64 [14a, b]


1b CMe2OEt 20 (E/Z)-2bd 92 3 bd 0 [14a]


1c CMe2OSiMe3 NMe2 20 (Z)-2ca 87 3 ca 12 [14b]


1c CMe2OSiMe3 NBn2 20 (Z)-2cb 41 3 cb 59 new
1c CMe2OSiMe3 NBn2 �78 (Z)-2cb 91 3 cb 4 new
1c CMe2OSiMe3 NEt2 20 (Z)-2cf 60 3 cf 38 new


1d NMe2 20 (Z)-2da 85 3 da 13 [14a]


1d NBn2 20 (Z)-2 db 53 3 db 45 [14b]


1e NMe2 20 (Z)-2ea 97 3 ea 0 new


1 f CHMe(OSitBuPh2) NMe2 20 (E)-2 fa 95 3 fa 3 new
1 f CHMe(OSitBuPh2) NBn2 20 (E)-2 fb 72 3 fb 14 new
1g CHMe(OSitBuMe2) NMe2 20 (E)-2ga 96 3 ga 0 new
1g CHMe(OSitBuMe2) NBn2 20 (E)-2gb 82 3 gb 13 new
1h CHMe(OSiMe3) NMe2 20 (E)-2ha 98 3 ha 0 new
1h CHMe(OSiMe3) NBn2 20 (E)-2hb 79 3 hb 17 new
1h CHMe(OSiMe3) NBn2 �78 (E)-2hb 91 3 hb 4 new


1 i NMe2 20 (Z)-2 ia 92 3 ia 0 new


1 i NBn2 �115 (Z)-2 ib 88 3 ib 0 new


1j adamantyl NMe2 20 (Z)-2ja 90 3 ja 0 [16b]


1j adamantyl NBn2 20 (Z)-2jb 72 3 jb 0 [16b]


1k tBu NMe2 20 (Z)-2ka 63 3 ka 8 [8]


1b CMe2OEt OEt 20 (Z)-2bg 76 3 bg 0 [14a]


1b CMe2OEt OPh 20 (Z)-2bh 91[b,c] 3 bh 0 [14a]


1b CMe2OEt OBn 20 (E/Z)-2bi 99[b] 3 bi 0 new
1b CMe2OEt O-pNO2C6H4 20 2 bj 0 3 bj 0 new
1b CMe2OEt O-pFC6H4 20 (Z)-2bk 98 3 bk 0 new
1b CMe2OEt SPh 20 (E/Z)-2bl 98[c] 3 bl 0 [14a]


1b CMe2OEt S-pNO2C6H4 20 (Z)-2bm 17[d] 3 bm 0 new
1b CMe2OEt SEt 20 (Z)-2bn 93 3 bn 0 new


[a] (E/Z) ratio established on the basis of NOESY NMR measurements. [b] The products 2bh, 2bi were obtained only—yet within 5 s—when the reac-
tion was carried out with 2 equiv of the alcohol in the presence of 0.1 equiv of the corresponding sodium alkoxide. [c] Ratio 5:1. [d] In addition to (Z)-
2bm, tetracarbonyl[(1,4-diethoxy-4-methylpentyn-1-ylidene)-4-nitrothiophenol-S)chromium was isolated in 7% yield.
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The adamantyl-substituted complexes 2 ja and 2 jb were
isolated in a four-step, single-pot operation directly from
adamantylethyne.[16]


The aryloxy- and benzyloxyethenylcarbene complexes
were obtained by reaction of
the complexes 1 with a catalytic
amount of sodium phenoxide
and benzyloxide dissolved in
phenol and benzyl alcohol, re-
spectively.[14a] Whereas 2 bh was
obtained as the pure (Z)-dia-
stereomer as indicated by NOE
measurements, 2 bi was a 5:1
mixture of (E)- and (Z)-diaste-
reomers. The additions of aryl-
thiols and alkylthiols to penta-
carbonyl(1,4-diethoxy-4-methyl-
2-pentyn-1-ylidene)chromium
(1 b) were performed in the
same manner. A mixture of the
diastereomeric adducts (E)-
and (Z)-2 bl (ratio 5:1) was also
isolated in the case of added
thiophenol.


Upon treatment of the com-
plex 2 da with phenylethyne, a
purple color appeared, and
after the usual work-up, none
of the expected 3-ethoxy-5-di-
methylaminocyclopentadie-
ne,[1i,j,l, 16b] but a completely new
type of product was isolated.
The mass spectrum disclosed
that this product must have
been formed after incorpora-
tion of two molecules of the
alkyne, and the molecular struc-
ture was eventually established
as the cyclopenta[b]pyran 4 d-
Ph by X-ray diffractometry.[9]


After optimization of the condi-
tions, that is, mainly by using a


fourfold excess of phenylethyne, 4 d-Ph was accessible in
41 % yield.


After this observation, a whole series of complexes of
type 2 was treated with phenylethyne and 1-pentyne. In all
cases, the correspondingly substituted cyclopenta[b]pyrans
of type 4 were isolated in yields ranging from 5 to 90 %
(Table 2).


In several cases, the yields were higher when the starting
material 2 contained a dibenzylamino or a diallylamino
rather than a dimethylamino group (compare entries 1 with
2 and 3, 8 with 9, 18 with 19), but this is not a general trend
(compare entries 14 with 15, 23 with 24). The highest yields
of products 4 were obtained from starting materials 2 with
the most bulky substituents R1 at the alkenyl terminus, and
phenylethyne as the alkyne. The record yield of 90 % was
reached for 4 c-Ph from pentacarbonyl(2Z)-3-dimethylami-
no-1-ethoxy-4-methyl-4-(trimethylsilyloxy)-2-penten-1-ylide-
ne]chromium (2 ca) (Table 2, entry 14). The diallylamino-
substituted complexes 2 ac and 2 bc were observed to partly


Figure 1. Structure of 2ca in the crystal.[15]


Table 2. Cocyclizations of (E)- and [(Z)-2-(dialkylamino)ethenyl]carbenechromium complexes 2, phenyl-
ethyne or 1-pentyne to yield cyclopenta[b]pyrans 4-R2.


Entry Starting R1 X R2 Product Yield Ref.
material (%)


1 2 aa Ph NMe2 Ph 4a-Ph 24 [9]


2 2 ab Ph NBn2 Ph 4a-Ph 48
3 2 ac Ph Ph 4a-Ph 43


4 2 ad Ph Ph 4a-Ph 5


5 2 ae Ph N(iPr)2 Ph 4a-Ph 17
6 2 aa Ph NMe2 nPr 4a-nPr 19 [9]


7 2 ae Ph N(iPr)2 nPr 4a-nPr 11
8 2 ba CMe2OEt NMe2 Ph 4b-Ph 51
9 2 bb CMe2OEt NBn2 Ph 4b-Ph 68
10 2 bc CMe2OEt Ph 4b-Ph 42


11 2 bd CMe2OEt Ph 4b-Ph 7


12 2 ba CMe2OEt NMe2 nPr 4b-nPr 59 [9]


13 2 bb CMe2OEt NBn2 nPr 4b-nPr 23[a]


14 2 ca CMe2OSiMe3 NMe2 Ph 4c-Ph 90
15 2 cb CMe2OSiMe3 NBn2 Ph 4c-Ph 78
16 2 cf CMe2OSiMe3 NEt2 Ph 4c-Ph 87
17 2 cf CMe2OSiMe3 NEt2 nPr 4c-nPr 25


18 2 da NMe2 Ph 4d-Ph 41 [9]


19 2 db NBn2 Ph 4d-Ph 47


20 2 da NMe2 nPr 4d-nPr 33 [9]


21 2 ea NMe2 Ph 4e-Ph 84


22 2 ea NMe2 nPr 4e-nPr 5


23 2 ja adamantyl NMe2 Ph 4j-Ph 56
24 2 jb adamantyl NBn2 Ph 4j-Ph 47
25 2 ka tBu NMe2 Ph 4k-Ph 52 [9]


26 2 ka tBu NMe2 nPr 4k-nPr 43 [9]


[a] In addition to 4 b-nPr, 2-dibenzylamino-5-(1’-ethoxy-1’-methylethyl)furan (5) was isolated in 50% yield.
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decompose before they reacted. The (ethoxyisopropyl)-sub-
stituted complex 2 bb upon treatment with 1-pentyne gave
2-dibenzylamino-5-(1’-ethoxy-1’-methylethyl)furan (5) as an
interesting product in 50 % yield in addition to the expected
cyclopenta[b]pyran 4 b-nPr (23 %).


Another interesting second product was isolated in 38 %
yield from the reaction of (trimethylsilyloxyisopropyl)-sub-
stituted complex 2 ca with 1-pentyne and was identified by
X-ray diffraction as the tricarbonyl(fulvene)chromium com-
plex 6-nPr.[17] Analogous reactions of 2 ca with propyne and
cyclopropylethyne (Table 3) also gave the corresponding ful-
vene complexes 6-Me and 6-cPr (7 and 14 %, respectively),
but the cyclopenta[b]pyrans 4 c-Me and 4 c-cPr, respectively,
were obtained as the main products.


Cyclopenta[b]pyrans 4 were not only obtained from 2-di-
alkylaminoethenylcarbenechromium complexes, but also
from 2-alkoxyethenyl-substituted analogues. Thus, 2 bg re-
acted with phenylethyne to give 4 b-Ph in 27 % yield. Hence
a series of 2-organyloxyethenyl- and of 2-organylthioethen-
yl-substituted complexes of type 2 b was tested for the reac-
tion with phenylethyne.


All of them except 2 bm did indeed provide the cyclopen-
ta[b]pyran 4 b-Ph, albeit in low yields (18–37 %) (Table 4).
With the p-fluorophenyloxy substituent in 2 bk constituting
a better leaving group at a later stage, the yield of the cyclo-
penta[b]pyran 4 b-Ph was highest (37%).


The phenylthio- 2 bl and ethylthio-substituted complex
2 bn also gave the cyclopenta[b]pyran 4 b-Ph in 23 and 27 %
yield, respectively, whereas the p-nitrophenylthio-substituted
complex 2 bm yielded only decomposition products. In the
reaction of 2 bl and 2 bn, the chelated complexes 7 l and 7 n
were obtained as major products (Table 4). In principle,
these chelates would be expected to undergo cocyclizations
with alkynes as well, as had been demonstrated for the dial-
kylamino-substituted analogues in the synthesis of 5-dialkyl-
amino-3-ethoxycyclopentadienes.[18]


It is also noteworthy that (3-trialkylsilyloxy)butenylcar-
benechromium complexes of type 2 upon reaction with al-
kynes not only gave the 5,7-disubstituted cyclopenta[b]pyr-


ans 4 c,f,g, h-R2, but also the 5,6-disubstituted regioisomers
8 c,f,g,h-R2 in low yields (see Table 5). It is remarkable that
complex 2 fb gave a total of 96 % of the two isomers 4 f-Ph
and 8 f-Ph in its reaction with phenylethyne in contrast to its
dimethylamino counterpart 2 fa providing a total yield of
only 41 %. This indicates once more that dibenzylamino-
substituted complexes 2 usually give the highest yields of cy-
clopenta[b]pyrans. Likewise, these results confirm that ethe-
nylcarbene complexes 2 with bulky substituents in the 2-po-
sition like the tert-butyldiphenylsilyloxy-substituted ones
consistently give higher yields than those with the less bulky
substituents like the tert-butyldimethylsilyloxy-substituted
complexes. The trimethylsilyloxy-substituted complex 2 hb
did not afford any of the normal product 4 h-Ph, but only
8 h-Ph. Whereas pentacarbonyl[(2Z)-3-dibenzylamino-1-
ethoxy-3-(2’-methyldioxolan-2’-yl)propenylidene]chromium
(2 ib) gave a high total yield (81 %) of both regioisomeric
cyclopenta[b]pyrans 4 i-Ph and 8 i-Ph, 2 ia afforded only 4 i-
Ph in 56 % yield (Table 5).


Crystals of the regioisomer 4 i-Ph, suitable for X-ray dif-
fraction, were grown and subjected to a structure analysis in
order to prove the regiochemistry, as both isomers had
rather similar spectroscopic data. The structure analysis of
4 i-Ph (Figure 2) disclosed virtually planar rings (0.3 pm de-
viation from planarity for the five-membered ring, and
0.6 pm deviation for the six-membered ring). The interpla-
nar angle between the two rings was found to be 1.98.


Finally, the influence of the nature of the donor group in
the 1-position of the starting complexes was examined. In-
stead of alkoxy(2-aminoethenyl)carbene complexes 2, dime-
thylamino(2-dibenzylaminoethenyl)carbene complexes
9 b[14b] and 9 c were cocyclized with phenylethyne. The start-
ing materials were synthesized by 1,2-addition of dimethyla-
mine (Scheme 1) to the 3-dibenzylaminoallenylidenechromi-
um complexes 3 bb and 3 cb, respectively, in excellent yields
in close analogy to protocols by Fischer et al. and Berke


Table 3. Reactions of 2ca with propyne, 1-pentyne, and cyclopropyle-
thyne.


R2 4c-R2 (%) 6-R2 (%)


Me 18 7
nPr 21 38
cPr 20 14


Table 4. Reactions of 2b-X with phenylethyne.


Starting X Yield of Second Yield of 7
material 4b-Ph (%) product (%)


2bg OEt 27 – –
2bh OPh 28 – –
2bi OBn 18 – –
2bk OC6H4-4-F 37 – –
2bl SPh 23 7 l 69
2bm SC6H4-4-NO2 0 7m 0
2bn SEt 27 7n 55[a]


[a] In addition to 4b-Ph and 7n, ethyl 4-ethoxy-3-ethylthio-4-methylpen-
tenoate was isolated in 9% yield.
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et al.[19] These a,b-unsaturated
complexes 9 b,c were identified
as mixtures of (E)- and (Z)-dia-
stereomers with the (E)-isomers
predominating.


The reaction of dimethylami-
no(2-dibenzylaminoethenyl)car-
bene complexes 9 b and 9 c with
phenylethyne afforded the 4-di-
methylaminocyclopenta[b]pyr-
ans 10 b-Ph and 10 c-Ph in mod-
erate yields. Surprisingly, even
from the trimethylsilyloxyiso-
propyl-substituted complex 9 c
the 5,7-disubstituted cyclopen-
ta[b]pyran 10 c-Ph was isolated
exclusively (28 %).


As for the mechanism of the
cyclopenta[b]pyran formation,
the reaction certainly starts
with the loss of a carbonyl
ligand to form 12, followed by
alkyne insertion, which in this
case must lead to the (Z)-con-
figured complex 14, since with
the (E)-configuration subse-


quent 6p-electrocyclization (with[20] or without CO inser-
tion) would take place. A second alkyne insertion apparent-
ly follows which presumably gives a 1-chroma-(2Z,4Z)-octa-
tetraene 15. Insertion of CO must ensue to form the dienyl-
substituted alkenylketene complex 16 which, by subsequent
intramolecular [4+ 2] cycloaddition, can give the dihydrocy-
clopenta[b]pyran 17. The cyclopenta[b]pyran 4 finally re-
sults by 1,4-elimination of HX (HNMe2 in the case of the
leaving group NMe2) (Scheme 2).


Table 5. Cocyclizations of 2 c, f–i-X with phenylethyne and 1-propyne.


Starting R1 X R2 Product Yield Product Yield
material (%) (%)


2cb CMe2OSiMe3 NBn2 nPr 4c-nPr 0 8c-nPr 16[a]


2 fa CHMe(OSitBuPh2) NMe2 Ph 4 f-Ph 39 8 f-Ph 2
2 fb CHMe(OSitBuPh2) NBn2 Ph 4 f-Ph 74 8 f-Ph 22
2 fa CHMe(OSitBuPh2) NMe2 nPr 4 f-nPr 13 8 f-nPr 0
2 fb CHMe(OSitBuPh2) NBn2 nPr 4 f-nPr 23 8 f-nPr 0
2ga CHMe(OSitBuMe2) NMe2 Ph 4g-Ph 27 8g-Ph 14
2gb CHMe(OSitBuMe2) NBn2 Ph 4g-Ph 41 8g-Ph 23
2gb CHMe(OSitBuMe2) NBn2 nPr 4g-nPr 11 8g-nPr 0
2hb CHMe(OSiMe3) NBn2 Ph 4h-Ph 0 8h-Ph 21


2 ia NMe2 Ph 4 i-Ph 56 8 i-Ph 0


2 ib NBn2 Ph 4 i-Ph 44 8 i-Ph 37


[a] In addition to 8c-nPr, 6-dibenzylamino-4-ethoxy-7-oxa-1-oxo-2-n-propyl-6-[1’-methyl-1’-(trimethylsilyl-
oxy)ethyl-2,4-cycloheptadiene was isolated in 9% yield.


Figure 2. Structure of 4 i-Ph in the crystal.[15]


Scheme 1.
Scheme 2. Proposed mechanism for the formation of cyclopenta[b]pyrans
4 (for the definition of R1 see Table 2).
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This rationalization does not include the formation of the
regioisomeric cyclopenta[b]pyrans 8-R. However, the phe-
nomenon of an apparently “wrong” insertion of an alkyne
into the chromium–carbene double bond has been observed
lately,[16b, 21] and has been attributed to steric factors. The
bulky substituent on the alkyne would be too close to the
cis-positioned CO ligand on chromium. According to this
hypothesis, the first alkyne would insert with the “normal”
regiochemistry in all cases. The cyclization products, result-
ing from an inverse insertion of the second alkyne, were iso-
lated even as major products in some cases, which has never
been observed for single insertions. This is understandable,
as the second alkyne does not insert into a Fischer-type, but
into a Schrock-type carbene complex which has completely
different electronic features. This and a different steric envi-
ronment may explain the formation of the observed re-
gioisomers. However, it is not at all understood, why both
regioisomers were isolated only for some examples and not
for all of them.


In order to be able to widen the spectrum of accessible
cyclopenta[b]pyrans with respect to types of substituents,
the possibility of liberating the ethylene acetal-protected
ketone moiety in 4 i-Ph was examined. It turned out that the
4 i-Ph is extraordinarily stable under a variety of conditions
that usually lead to clean acetal cleavage. Eventually, the
acetyl-substituted cyclopenta[b]pyran 18 was obtained in
16 % yield after treatment of 4 i-Ph with 5 % hydrochloric
acid in methanol/tetrahydrofuran for 3 d. Obviously, the sta-


bility of the acetal in 4 i-Ph stems from the fact that the posi-
tive charge in the protonated species is delocalized over the
cyclopenta[b]pyran moiety. It is conceivable that a dimethyl
acetal corresponding to 4 i-Ph would be hydrolyzed to 18
more readily and with better yields.


Conclusion


This new three-step synthesis of cyclopenta[b]pyrans from
easily prepared starting materials is superior to previously
developed accesses to such so-called pseudoazulenes. Fur-
ther studies, examining the recently found fluorescence
anomaly as well as dual fluorescence of this type of com-
pounds are in progress and will be published separately.


Experimental Section


General methods : All operations were performed under nitrogen. Sol-
vents were dried by distillation from sodium or potassium/benzophenone.
1H NMR: Bruker AM 250 (250 MHz). 13C NMR: Bruker AM 250
(62.9 MHz), multiplicities were determined by DEPT (Distortionless En-


hancement by Polarization Transfer) measurements. Chemical shifts refer
to dTMS =0.00 according to the chemical shifts of residual solvent signals.
IR: Bruker IFS 66, Perkin–Elmer 298. MS: Finnigan MAT 95, MAT 731.
HRMS: Finnigan MAT 731. Melting points: B�chi 510 melting point ap-
paratus, values are uncorrected. Elemental analysis: Mikroanalytisches
Laboratorium des Instituts f�r Organische und Biomolekulare Chemie
der Universit�t Gçttingen. Molecular composition and bulk purity were
determined by microanalysis for representative examples of new com-
pounds, for all others molecular masses were confirmed by high-resolu-
tion mass spectrometry with preselected ion peak matching at R �10 000
to be within 2 ppm of the exact masses.


General procedure for the preparation of pentacarbonyl[3’-(dialkylami-
no)-, [3’-(aryloxy)-, [3’-(benzyloxy)-, [3’-(arylthio)-, and [3’-(alkylthio)-
propenyl]carbenechromium complexes (2) from pentacarbonyl(1-ethoxy-
2-alkynylidene)chromium complexes (1) (GP 1): To a stirred solution of
complex 1 (10 mmol) in Et2O (50 mL) was added dropwise (liquid
amines) or by bubbling (gaseous amines) at 20 8C the respective amine
until the starting material could not be detected any more by thin-layer
chromatography (TLC). When phenols, thiophenols or thiols were used
as nucleophiles, 10 mmol of the complex 1 was dissolved in 50 mL of
Et2O/ethanol (1:1). After the nucleophile (20 mmol) had been added
dropwise to this solution, the mixture was added to 5 mol % of a solution
of the corresponding sodium phenolate or thiolate in Et2O/ethanol (1:1),
respectively. The reaction mixture was stirred at ambient temperature
until the starting material could not be detected any more by TLC. It
was then neutralized by addition of a saturated ammonium chloride solu-
tion, and the aqueous phase was extracted with Et2O (3 � 25 mL). The
solvents were removed under reduced pressure, and the residue was puri-
fied by chromatography on silica gel to afford the pure complex.


General procedure for the preparation of cyclopenta[b]pyrans (4)
(GP 2): A 25 mL thick-walled Pyrex bottle with a screw cap equipped
with a magnetic stirring bar was charged with a solution of an ethenylcar-
benechromium complex 2 or 9 (1.00 mmol) and an alkyne (8.00 mmol) in
THF (20 mL). The mixture was then heated at 55 8C until no complex 2
or 9 could be detected by TLC. After cooling to ambient temperature,
the reaction mixture was filtered. The solvents were removed under re-
duced pressure, and the residue was purified by chromatography on silica
gel.


Pentacarbonyl[1-ethoxy-3-(1’-chlorocyclopropyl)-2-propyn-1-ylidene]-
chromium (1 e): Variant A : To 1-chloro-1-(trichloroethenyl)cyclopro-
pane[22] (4.12 g, 20.0 mmol) in Et2O (100 mL) was added at �78 8C meth-
yllithium (25.0 mL, 1.60 n in Et2O, 40.0 mmol), and the solution was stir-
red at the same temperature for 30 min and at 20 8C for an additional
1 h. Then, hexacarbonylchromium (4.40 g, 20.0 mmol) was added to the
solution at 0 8C, and the mixture was stirred at the same temperature for
1 h. It was diluted with THF (15 mL) and stirred at 0 8C for 13 h and at
20 8C for 3 h. Triethyloxonium tetrafluoroborate (4.75 g, 25.0 mmol) was
added to the orange solution. After stirring at 0 8C for an additional
30 min and at 20 8C for 3 h, the dark-red solution was filtered over Celite,
and the solvent was removed under reduced pressure. The residue was
purified by chromatography [150 g silica gel, elution with pentane] to
give 1 e (Rf =0.44) as a dark-red oil (1.60 g, 23%). 1H NMR (250 MHz,
CDCl3): d =1.52 (t, 3J =7.0 Hz, 3 H, OCH2CH3), 1.71–1.80 (m, 4H, cPr-
H), 4.63 (q, 3J =7.0 Hz, 2H, OCH2CH3); 13C NMR (62.9 MHz, CDCl3,
plus DEPT): d =14.9 (+ , OCH2CH3), 23.7 (�, cPr-C), 28.0 (Cquat, cPr-C),
76.5 (�, OCH2CH3), 85.6 (Cquat, C-2), 140.1 (Cquat, C-3), 216.0, 224.9
(Cquat, C=O), 312.6 (Cquat, C-1); IR (film): ñ=2980, 2940, 2144 (C=C),
2058 (C=O), 1945 (C=O), 1420, 1368 cm�1; MS (70 eV): m/z (%): 350/348
(17/37) [M +], 294/292 (9/23) [M +�2 CO], 266/264 (4/20) [M +�3CO],
238/236 (2/8) [M +�4CO], 210/208 (38/100) [M +�5 CO], 182/180 (11/25)
[M +�5 CO�C2H4], 144 (70), 115 (43), 86 (19), 80 (15), 52 (79) [Cr+];
HRMS (EI): m/z : calcd for C13H9ClCrO6: 347.9492 (correct HRMS).


Pentacarbonyl[4-(tert-butyldiphenylsiloxy)-1-ethoxy-2-pentyn-1-ylidene]-
chromium (1 f): Complex 1 f was prepared according to a previously pub-
lished protocol[14a, b] from 3-(tert-butyldiphenylsilyloxy)-1-butyne[23]


(3.08 g, 10.0 mmol) in Et2O (50 mL), n-butyllithium (4.24 mL, 2.36 n in
hexane, 10.0 mmol), hexacarbonylchromium (2.20 g, 10.0 mmol), THF
(20 mL) and triethyloxonium tetrafluoroborate (2.18 g, 11.5 mmol). After
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chromatography [200 g silica gel, elution with pentane], 1 f (Rf =0.58)
was obtained as a black-red oil (4.61 g, 83%). 1H NMR (250 MHz,
CDCl3): d=1.10 [s, 9H, SiC(CH3)3], 1.39 (t, 3J= 7.0 Hz, 3H, OCH2CH3),
1.62 (d, 3J=7.2 Hz, 3H, CHCH3), 4.32 (q, 3J= 7.0 Hz, 2H, OCH2CH3),
5.40 (q, 3J =7.2 Hz, 1 H, CHCH3), 7.32–7.49 (m, 6H, Ph-H), 7.62–7.73 (m,
4H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d =14.8 (+ ,
OCH2CH3), 19.1 [Cquat, SiC(CH3)3], 24.3 (+ , CHCH3), 27.7 [ + , SiC-
(CH3)3], 60.8 (+ , CHCH3), 76.1 (�, OCH2CH3), 86.9 (Cquat, C-2), 127.5,
127.6, 130.1 (+ , Ph-C), 132.9, 133.1 (Cquat, Ph-C), 135.7, 135.8 (+ , Ph-C),
139.0 (Cquat, C-3), 216.0, 225.4 (Cquat, C=O), 316.3 (Cquat, C-1); IR (film):
ñ= 3074, 2932, 2160 (C�C), 2060 (C=O), 1991 (C=O), 1948 (C=O), 1429,
1368 cm�1; MS (70 eV): m/z (%): 251 (42), 207 (100), 181 (14), 147 (27),
129 (4), 105 (11) [SiC6H5


+], 77 (17) [C6H5
+], 52 (6) [Cr+], 45 (10).


Pentacarbonyl[4-(tert-butyldimethylsiloxy)-1-ethoxy-2-pentyn-1-ylidene]-
chromium (1 g): Complex 1g was prepared according to a previously pub-
lished protocol[14a, b] from 3-(tert-butyldimethylsilyloxy)-1-butyne[24]


(1.84 g, 10.0 mmol) in Et2O (50 mL), n-butyllithium (4.24 mL, 2.36 n in
hexane, 10.0 mmol), hexacarbonylchromium (2.20 g, 10.0 mmol), THF
(20 mL) and triethyloxonium tetrafluoroborate (2.18 g, 11.5 mmol). After
chromatography [200 g silica gel, elution with pentane], 1g (Rf =0.53)
was obtained as a black-red oil (2.72 g, 63%). 1H NMR (250 MHz,
CDCl3): d =0.12 (s, 3H, SiCH3), 0.13 (s, 3H, SiCH3), 0.91 [s, 9H, SiC-
(CH3)3], 1.52 (t, 3J =7.0 Hz, 3H, OCH2CH3), 1.58 (d, 3J =7.2 Hz, 3 H,
CHCH3), 4.67 (q, 3J =7.0 Hz, 2 H, OCH2CH3), 5.08 (q, 3J =7.2 Hz, 1 H,
CHCH3); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=�5.1, �4.9 (+ ,
SiCH3), 14.9 (+ , OCH2CH3), 18.1 [Cquat, SiC(CH3)3], 24.4 (+ , CHCH3),
25.6 [+ , SiC(CH3)3], 59.9 (+ , CHCH3), 76.1 (�, OCH2CH3), 86.4 (Cquat,
C-2), 138.5 (Cquat, C-3), 216.1, 225.4 (Cquat, C=O), 316.8 (Cquat, C-1); IR
(film): ñ =2975, 2925, 2059 (C=O), 1951 (C=O), 1460, 1382, 1361 cm�1;
MS (70 eV): m/z (%): 432 (6) [M +], 376 (5) [M +�2CO], 320 (8) [M +


�4CO], 292 (19) [M +�5 CO], 211 (8), 199 (44), 171 (30), 155 (78), 147
(57), 126 (25), 111 (58), 103 (53), 75 (100), 52 (18) [Cr+]; HRMS (EI): m/
z : calcd for C18H24CrO7Si: 432.0696 (correct HRMS).


Pentacarbonyl[1-ethoxy-4-(trimethylsilyloxy)-2-pentyn-1-ylidene]chromi-
um (1 h): Complex 1h was prepared according to a previously published
protocol[14a,b] from 3-(trimethylsiyloxy)-1-butyne[25] (1.42 g, 10.0 mmol) in
Et2O (50 mL), n-butyllithium (4.24 mL, 2.36 n in hexane, 10.0 mmol),
hexacarbonylchromium (2.20 g, 10.0 mmol), THF (20 mL) and triethyl-
oxonium tetrafluoroborate (2.18 g, 11.5 mmol). After chromatography
[200 g silica gel, elution with pentane], 1 h (Rf = 0.62) was obtained as a
black-red oil (3.08 g, 79%). 1H NMR (250 MHz, CDCl3): d=0.16 (s, 9H,
SiCH3), 1.52 (t, 3J=7.0 Hz, 3H, OCH2CH3), 1.59 (d, 3J =7.2 Hz, 3 H,
CHCH3), 4.64 (q, 3J =7.0 Hz, 2 H, OCH2CH3), 5.06 (q, 3J =7.2 Hz, 1 H,
CHCH3); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=�0.2 [+ , Si-
(CH3)3], 14.9 (+ , OCH2CH3), 24.4 (+ , CHCH3), 59.3 (+ , CHCH3), 76.2
(�, OCH2CH3), 85.3 (Cquat, C-2), 139.0 (Cquat, C-3), 216.0, 225.4 (Cquat, C=


O), 316.8 (Cquat, C-1); IR (film): ñ= 2961, 2165 (C�C), 2063 (C=O), 1940
(C=O), 1712, 1444 cm�1; MS (70 eV): m/z (%): 390 (2) [M +], 334 (9)
[M +�2 CO], 278 (19) [M +�4 CO], 250 (7) [M +�5CO], 235 (5), 206 (4),
191 (20), 126 (100), 75 (17), 52 (21) [Cr+]; HRMS (EI): m/z : calcd for
C15H18CrO7Si: 390.0226 (correct HRMS).


Pentacarbonyl[1-ethoxy-3-(2’-methyldioxolan-2’-yl)-2-pentyn-1-ylidene]-
chromium (1 i): Complex 1 i was prepared according to a previously pub-
lished protocol[14a,b] from 2-ethynyl-2-methyldioxolane (2.24 g,
20.0 mmol) in Et2O (100 mL), n-butyllithium (12.5 mL, 2.36 n in hexane,
20.0 mmol), hexacarbonylchromium (4.40 g, 20.0 mmol), THF (40 mL)
and triethyloxonium tetrafluoroborate (4.37 g, 23.0 mmol). After chroma-
tography [300 g silica gel, elution with pentane], 1 i (Rf =0.45) was ob-
tained as a black-red oil (6.71 g, 93%). 1H NMR (250 MHz, CDCl3): d=


1.52 (t, 3J= 7.0 Hz, 3H, OCH2CH3), 1.81 (s, 3 H, CH3), 4.11 (s, 4 H,
OCH2CH2O), 4.68 (q, 3J =7.0 Hz, 2 H, OCH2CH3); 13C NMR (62.9 MHz,
CDCl3, plus DEPT): d=14.6 (+ , OCH2CH3), 25.4 (+ , CH3), 64.4 (�,
OCH2CH2O), 76.2 (�, OCH2CH3), 83.7 (Cquat, C-2), 101.5 [Cquat, C-
(OCH)2], 130.8 (Cquat, C-3), 215.7, 225.2 (Cquat, C=O), 316.6 (Cquat, C-1);
IR (film): ñ=2985, 2170 (C�C), 2064 (C=O), 1936 (C=O), 1442,
1376 cm�1; MS (70 eV): m/z (%): 360 (2) [M +], 304 (2) [M +�2 CO], 220
(16) [M +�5CO], 154 (32), 108 (50), 80 (82), 52 (100) [Cr+], 41 (29);
HRMS (EI): m/z : calcd for C14H12CrO8: 359.9937 (correct HRMS).


(2E)- and (2Z)-Pentacarbonyl[3-benzyloxy-1,4-diethoxy-4-methyl-2-
penten-1-ylidene]chromium [(E/Z)-2 bi]: According to GP 1, a solution
of complex 1 b (681 mg, 1.89 mmol), and benzyl alcohol (409 mg,
3.78 mmol) in Et2O/ethanol (1:1, 20 mL) was treated at 20 8C with a 1 n


solution (0.19 mL) of sodium benzylate in Et2O/ethanol (1:1). After chro-
matography [50 g silica gel, elution with pentane/Et2O (10:1)], (E/Z)-2 bi
(Rf =0.35; E/Z 5:1) was obtained as orange crystals (876 mg, 99%). M.p.
96 8C; 1H NMR (250 MHz, CDCl3): d=1.02–1.20 (m, 3H, OCH2CH3),
1.27 and 1.32 [s, 6 H, C(CH3)2], 1.40–1.62 (m, 3H, OCH2CH3), 3.33–3.56
(m, 2H, OCH2CH3), 4.56 and 4.68 (br s, 2H, OCH2Ph), 4.74–4.92 (m, 2 H,
OCH2CH3), 5.56 and 5.79 (s, 1H, 2-H), 7.18–7.41 (m, 5 H, Ph-H);
13C NMR (62.9 MHz, CDCl3, plus DEPT): (E/Z)-2 bi : d =14.0, 14.6, 15.5,
15.6 (+ , OCH2CH3), 22.3, 25.7 [ + , C(CH3)2], 57.8, 57.9 (�, OCH2CH3),
65.4, 70.6 [Cquat, C(CH3)2], 76.3, 76.5 (�, OCH2CH3), 77.5, 82.0 (�,
OCH2Ph), 120.1, 120.4 (+ , C-2), 127.1, 127.3, 127.5, 127.8, 128.2, 128.4 (+ ,
C-Ph), 134.5, 136.3 (Cquat, C-Ph), 157.9, 158.7 (Cquat, C-3), 217.0, 217.2,
224.0 (Cquat, C=O), 334.3, 334.7 (Cquat, C-1); IR (KBr): ñ =3024, 2941,
2870, 2042 (C=O), 1977 (C=O), 1930 (C=O), 1500, 1451 cm�1; MS
(70 eV): m/z (%): 468 (<1) [M +], 412 (9) [M +�2CO], 384 (30) [M +


�3CO], 356 (<1) [M +�4 CO], 328 (26) [M +�5 CO], 238 (100), 91 (38)
[PhCH2


+], 52 (16) [Cr+].


Pentacarbonyl[(2Z)-1,4-diethoxy-3-(1-fluorophenoxy)-4-methyl-2-penten-
1-ylidene]chromium [(Z)-2 bk]: According to GP 1, a solution of complex
1b (400 mg, 1.11 mmol) and 4-fluorophenol (249 mg, 2.22 mmol) in Et2O/
ethanol (1:1, 10 mL) was treated at 20 8C with a 1 n solution (0.11 mL) of
sodium 4-fluorophenolate in Et2O/ethanol (1:1). After chromatography
[30 g silica gel, elution with pentane/Et2O (10:1)], (Z)-2bk (Rf =0.18)
was obtained as orange crystals (513 mg, 98 %). M.p. 108 8C; 1H NMR
(250 MHz, CDCl3): d=1.12–1.33 (m, 6H, OCH2CH3), 1.42 [s, 6 H, C-
(CH3)2], 3.52 (q, 3J =7.0 Hz, 2H, OCH2CH3), 4.49 (q, 3J=7.0 Hz, 2 H,
OCH2CH3), 6.72–6.86 (m, 2 H, Ph-H), 6.90–7.11 (m, 2 H, Ph-H), 7.40 (s,
1H, 2-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d =14.8 (+ ,
OCH2CH3), 15.7 (+ , OCH2CH3), 25.6 [ + , C(CH3)2], 58.9 (�,
OCH2CH3), 65.9 [Cquat, C(CH3)2], 77.1 (�, OCH2CH3), 116.54 (+ , d, 2JC-F =


17.2 Hz, Ph-C), 117.03 (+ , C-2), 123.1 (+ , d, 3JC-F =9.2 Hz, Ph-C), 151.1
(Cquat, C-3), 153.1 (Cquat, d, 4JC-F =3.0 Hz, Ph-C), 158.2 (Cquat, d, 1JC-F =


266.1 Hz, Ph-C), 216.5, 223.8 (Cquat, C=O), 333.0 (Cquat, C-1); IR (KBr):
ñ= 3055, 2987, 2880, 2050 (C=O), 1980 (C=O), 1930 (C=O), 1585, 1500,
1462 cm�1; MS (70 eV): m/z (%): 472 (4) [M +], 388 (6) [M +�3 CO], 360
(2) [M +�4CO], 332 (17) [M +�5CO], 252 (10), 209 (79), 191 (19), 163
(18), 113 (20), 87 (78), 59 (100), 52 (40) [Cr+]; HRMS (EI): m/z : calcd
for C21H21CrFO8: 472.0626 (correct HRMS).


Pentacarbonyl[(2Z)-1,4-diethoxy-4-methyl-3-(4’-nitrophenylthio)-2-
penten-1-ylidene]chromium [(Z)-2 bm] and tetracarbonyl[(1,4-diethoxy-
4-methyl-2-pentyn-1-ylidene)-4-nitrothiophenol-S]chromium : According
to GP 1, a solution of complex 1 b (313 mg, 0.87 mmol) and 4-nitrothio-
phenol (260 mg, 1.68 mmol) in 10 mL of Et2O/ethanol (1:1) was treated
at 20 8C with a 0.5n solution of 4-nitrothiophenolate (0.18 mL) in Et2O/
ethanol (1:1), and the mixture was stirred for 10 min. After chromatogra-
phy [30 g silica gel, elution with pentane/Et2O (10:1)], 75 mg (17 %) of
(Z)-2bm (Rf =0.11) and tetracarbonyl[(1,4-diethoxy-4-methyl-2-pentyn-1-
ylidene)-4-nitrothiophenol-S]chromium (Rf =0.02) were obtained as an
orange oil and a red oil, respectively (total 31 mg, 7 %). (Z)-2bm :
1H NMR (250 MHz, CDCl3): d= 0.71 (t, 3J= 7.0 Hz, 3H, OCH2CH3), 1.18
(t, 3J =7.0 Hz, 3H, OCH2CH3), 1.52 [s, 6H, C(CH3)2], 3.41 (q, 3J =7.0 Hz,
2H, OCH2CH3), 4.38 (q, 3J =7.0 Hz, 2H, OCH2CH3), 6.67 (s, 1H, 2-H),
7.62 (d, 3J =8.4 Hz, 2 H, Ph-H), 8.16 (d, 3J=8.4 Hz, 2 H, Ph-H); 13C NMR
(62.9 MHz, CDCl3, plus DEPT): d=14.3, 15.7 (+ , OCH2CH3), 26.2 [ + ,
C(CH3)2], 59.1, 74.8 (�, OCH2CH3), 77.8 [Cquat, C(CH3)2], 117.1 (+ , C-2),
120.7, 124.1 (+ , C-Ph), 130.8 (Cquat, C-Ph), 145.9, 146.5 (Cquat, C-Ph, C-3),
218.0, 224.0 (Cquat, C=O), 309.5 (Cquat, C-1); IR (film): ñ= 2980, 2961,
2033 (C=O), 1882 (C=O), 1480, 1129 cm�1.


Tetracarbonyl[(1,4-diethoxy-4-methyl-2-pentyn-1-ylidene)-4-nitrothiophe-
nol-S]chromium : 1H NMR (250 MHz, CDCl3): d=1.20 (t, 3J =7.0 Hz,
3H, OCH2CH3), 1.33 (t, 3J=7.0 Hz, 3 H, OCH2CH3), 1.64 [s, 6H, C-
(CH3)2], 3.48 (q, 3J =7.0 Hz, 2H, OCH2CH3), 3.62 (q, 3J=7.0 Hz, 2 H,
OCH2CH3), 7.53 (d, 3J =8.1 Hz, 2H, Ph-H), 8.03 (d, 3J=8.4 Hz, 2 H, Ph-
H), 10.10 (s, 1 H, SH); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=
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15.2, 15.9 (+ , OCH2CH3), 25.6 [ + , C(CH3)2], 59.5, 65.8 (�, OCH2CH3),
81.1 [Cquat, C(CH3)2], 120.9 (Cquat, C-2), 124.4, 126.5 (+ , C-Ph), 136.1,
144.1, 152.3 (Cquat, C-Ph, C-3), 216.7, 218.1, 224.0 (Cquat, C=O), 251.2
(Cquat, C-1); IR (film): ñ=2984, 2920, 1965 (C=O), 1903 (C=O), 1570,
1500, 1451 cm�1; MS (70 eV): m/z (%): 220 (38) [M +


�C6H5NO2S�4 CO], 170 (8), 108 (42), 86 (100), 59 (43).


Pentacarbonyl[(2Z)-1,4-diethoxy-3-ethylthio-4-methyl-2-penten-1-ylide-
ne]chromium [(Z)-2 bn]: According to GP 1, a solution of complex 1b
(440 mg, 1.22 mmol) and ethanethiol (152 mg, 2.45 mmol) in Et2O/etha-
nol (1:1, 12 mL) was at 20 8C treated with a 0.5 n solution (0.24 mL) of
sodium ethanethiolate in Et2O/ethanol (1:1). After chromatography [30 g
silica gel, elution with pentane/Et2O (10:1)], (Z)-2 bn (Rf =0.39) was ob-
tained as a red oil (479 mg, 93 %). 1H NMR (250 MHz, CDCl3): d =1.20
(t, 3J= 7.0 Hz, 3H, CH2CH3), 1.24 (t, 3J =7.0 Hz, 3H, CH2CH3), 1.49 [s,
6H, C(CH3)2], 1.65 (t, 3J= 7.0 Hz, 3H, CH2CH3), 2.80 (q, 3J=7.0 Hz, 2H,
SCH2CH3), 3.41 (q, 3J=7.0 Hz, 2 H, CH2CH3), 4.86 (q, 3J=7.0 Hz, 2 H,
CH2CH3), 7.29 (s, 1H, 2-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT):
d=14.2, 15.0, 15.5 (+ , CH2CH3), 27.2 [+ , C(CH3)2], 29.5 (�, SCH2CH3),
58.6, 76.3 (�, CH2CH3), 79.6 [Cquat, C(CH3)2], 139.9 (+ , C-2), 140.7 (Cquat,
C-3), 216.9, 224.1 (Cquat, C=O), 292.2 (Cquat, C-1); IR (film): ñ =2972,
2920, 2054 (C=O), 1981 (C=O), 1930 (C=O), 1440, 1361 cm�1; MS
(70 eV): m/z (%): 422 (1) [M +], 394 (6) [M +�CO], 338 (9) [M +�3CO],
310 (2) [M +�4CO], 282 (23) [M +�5CO], 246 (8), 238 (7), 202 (3), 179
(6), 156 (19), 87 (100), 59 (61), 52 (5) [Cr+]; HRMS (EI): m/z : calcd for
C17H22CrO7S: 422.0491 (correct HRMS).


Pentacarbonyl[(2Z)-3-dimethylamino-1-ethoxy-4-methyl-4-(trimethylsi-
lyloxy)-2-penten-1-yliden]chromium [(Z)-2 ca] and pentacarbonyl[3-di-
methylamino-4-(trimethylsilyloxy)-4-methyl-1,2-pentadienylidene]chro-
mium (3 ca): According to GP 1, complex 1c (500 mg, 1.24 mmol) in
Et2O (14 mL) was at 20 8C treated with dimethylamine. After chromatog-
raphy [50 g silica gel, elution with pentane/Et2O (5:1)], (Z)-2 ca (Rf =


0.26) and 3 ca (Rf =0.04) were obtained as yellow (486 mg, 87 %) and
orange crystals (58 mg, 12 %). The spectral data have previously been re-
ported.[14a]


Pentacarbonyl[(2Z)-3-dibenzylamino-1-ethoxy-4-methyl-4-(trimethylsi-
lyloxy)-2-penten-1-ylidene]chromium [(Z)-2 cb] and pentacarbonyl[3-di-
benzylamino-4-methyl-4-(trimethylsilyloxy)-1,2-pentadienylidene]chromi-
um (3 cb): According to GP 1, complex 1 c (983 mg, 2.43 mmol) in Et2O
(12 mL) was treated at 20 8C with dibenzylamine (594 mg, 3.01 mmol).
After chromatography [50 g silica gel, elution with pentane/Et2O (5:1)],
(Z)-2cb (Rf =0.42) and 3 cb (Rf =0.24) were obtained as a yellow oil
(596 mg, 41%) and red crystals (794 mg, 59 %), m.p. 79 8C. (Z)-2cb :
1H NMR (250 MHz, CDCl3): d=0.11 [s, 9H, Si(CH3)3], 1.12 (t, 3J =


7.0 Hz, 3H, OCH2CH3), 1.76 [s, 6 H, C(CH3)2], 4.43 [br s, 4 H, N(CH2-)2],
4.71 (q, 3J =7.0 Hz, 2H, OCH2CH3), 6.68 (s, 1 H, 2-H), 7.08–7.12 (m, 4 H,
Ph-H), 7.31–7.40 (m, 6 H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus
DEPT): d =2.3 [ + , Si(CH3)3], 15.9 (+ , OCH2CH3), 31.8 [+ , C(CH3)2],
57.9 [�, N(CH2-)2], 74.4 (�, OCH2CH3), 77.8 [Cquat, C(CH3)2], 115.5 (+ ,
C-2), 128.2, 128.3, 128.7 (+ , C-Ph), 136.2 (Cquat, C-Ph), 164.3 (Cquat, C-3),
219.1, 223.4 (Cquat, C=O), 286.9 (Cquat, C-1); IR (film): ñ= 3073, 2980,
2012 (C=O), 1936 (C=O), 1896 (C=O), 1590, 1520, 1494, 1353, 1345 cm�1;
MS (70 eV): m/z (%): 363 (9) [M +�Cr(CO)5�C2H5OH], 348 (41), 273
(42), 258 (12), 230 (76), 192 (23), 117 (5), 108 (45), 91 (7) [C7H7


+], 77
(13) [C6H5


+], 44 (100); elemental analysis calcd (%) for C30H35CrNO7Si
(601.7): C 59.89, H 5.86, N 2.33; found C 59.95, H 5.87, N 2.43.


Compound 3 cb : 1H NMR (250 MHz, CDCl3): d=�0.03 [s, 9H, Si-
(CH3)3], 1.81 [s, 6H, C(CH3)2], 5.08 (s, 2 H, NCH2), 5.22 (s, 2 H, NCH2),
7.15–7.21 (m, 2H, Ph-H), 7.32–7.49 (m, 8H, Ph-H); 13C NMR (62.9 MHz,
CDCl3, plus DEPT): d=1.9 [ + , Si(CH3)3], 31.2 [+ , C(CH3)2], 53.6, 58.2
[�, N(CH2-)2], 78.2 [Cquat, C(CH3)2], 122.6 (Cquat, C-2), 127.2, 128.1, 128.4,
128.8, 129.1, 129.2 (+ , C-Ph), 134.0, 134.1 (Cquat, C-Ph), 161.0 (Cquat, C-3),
217.3, 223.8 (Cquat, C=O), 233.3 (Cquat, C-1); IR (KBr): ñ =3048, 2960,
2933, 2060, 1999, 1930 (C=O), 1521 cm�1; MS (70 eV): m/z (%): 555 (5)
[M +], 471 (<1) [M +�3 CO], 443 (13) [M +�4CO], 415 (10) [M +


�5CO], 400 (39) [M +�5 CO�CH3], 325 (4), 275 (4), 234 (3), 219 (22),
184 (47), 142 (12), 107 (25), 91 (100) [C7H7


+], 73 (65) [C3H9Si+], 52 (73)
[Cr+]; HRMS (EI): m/z : calcd for C28H29CrNO6Si: 555.1169 (correct
HRMS).


The same experiment, when carried out at �78 8C, gave (Z)-2cb (1.32 g,
91%) and 3cb (53.8 mg, 4 %).


Pentacarbonyl[(2Z)-3-diethylamino-1-ethoxy-4-methyl-4-(trimethylsilyl-
oxy)-2-penten-1-ylidene]chromium [(Z)-2 cf] and pentacarbonyl[3-diethy-
lamino-4-methyl-4-(trimethylsilyloxy)-1,2-pentadienylidene]chromium
(3 cf): According to GP 1, complex 1 c (776 mg, 1.92 mmol) in Et2O
(15 mL) was treated at 20 8C with diethylamine (174 mg, 2.38 mmol).
After chromatography [40 g silica gel, elution with pentane/Et2O (5:1)],
(Z)-2cf (Rf =0.48) and 3cf (Rf =0.16) were obtained as yellow crystals
(313 mg, 38 %), m.p. 103 8C and a red oil (313 mg, 38%), respectively.
(Z)-2cf : 1H NMR (250 MHz, CDCl3): d=0.12 [s, 9 H, Si(CH3)3], 1.19 [t,
3J=7.0 Hz, 6 H, N(CH2CH3)2], 1.41 (t, 3J =7.0 Hz, 3H, OCH2CH3), 1.60
[s, 6 H, C(CH3)2], 3.72 [q, 3J=7.0 Hz, 4 H, N(CH2CH3)2], 4.62 (q, 3J =


7.0 Hz, 2H, OCH2CH3), 6.29 (s, 1H, 2-H); 13C NMR (62.9 MHz, CDCl3,
plus DEPT): d =2.1 [ + , Si(CH3)3], 13.7 [ + , N(CH2CH3)2], 15.9 (+ ,
OCH2CH3), 30.9 [+ , C(CH3)2], 47.4 [�, N(CH2CH3)2], 72.8 (�,
OCH2CH3), 77.0 [Cquat, C(CH3)2], 114.4 (+ , C-2), 166.4 (Cquat, C-3),
219.7, 224.4 (Cquat, C=O), 274.8 (Cquat, C-1); IR (KBr): ñ =2981, 2950,
2062 (C=O), 1976 (C=O), 1920 (C=O), 1530, 1455, 1445 cm�1; MS
(70 eV): m/z (%): 477 (4) [M +], 421 (1) [M +�2 CO], 393 (9) [M +


�3CO], 337 (24) [M +�5CO], 291 (26) [M +�5 CO�C2H6O], 242 (19),
224 (61), 196 (60), 170 (36), 152 (53), 131 (65), 110 (13), 75 (100)
[C2H7OSi+], 59 (72), 52 (11) [Cr+], 45 (92); HRMS (EI): m/z : calcd for
C20H31CrNO7Si: 477.1274 (correct HRMS).


Compound 3cf : 1H NMR (250 MHz, CDCl3): d=0.19 [s, 9H, Si(CH3)3],
1.35 (t, 3J =7.0 Hz, 3 H, NCH2CH3), 1.41 (t, 3J =7.0 Hz, 3H, NCH2CH3),
1.70 [s, 6H, C(CH3)2], 3.92 (q, 3J= 7.0 Hz, 2 H, NCH2CH3), 4.18 (q, 3J=


7.0 Hz, 2 H, NCH2CH3); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=


2.1 [+ , Si(CH3)3], 11.8, 13.9 [+ , N(CH2CH3)2], 31.0 [+ , C(CH3)2], 46.6,
51.2 [�, N(CH2CH3)2], 77.4 [Cquat, C(CH3)2], 119.9 (Cquat, C-2), 160.1
(Cquat, C-3), 217.6, 223.9 (Cquat, C=O), 225.7 (Cquat, C-1); IR (Film): ñ=


2980, 2957, 2040 (C=O), 1914 (C=O), 1872 (C=O), 1520 cm�1; MS
(70 eV): m/z (%): 431 (23) [M +], 375 (1) [M +�2 CO], 347 (2) [M +


�3CO], 319 (43) [M +�4CO], 291 (100) [M +�5CO], 276 (38) [M +


�5CO�CH3], 247 (5), 201 (26), 170 (5), 150 (24), 131 (30), 102 (4), 73
(31) [C3H9Si+], 52 (12) [Cr+]; HRMS (EI): m/z : calcd for C18H25CrNO6-
Si: 431.0856 (correct HRMS).


Pentacarbonyl[(2Z)-3-(1’-chlorocyclopropyl)-3-dimethylamino-1-ethoxy-
propen-1-ylidene]chromium [(Z)-2 ea]: According to GP 1, complex 1 e
(711 mg, 2.04 mmol) in Et2O (23 mL) was treated with dimethylamine at
20 8C. After chromatography [60 g silica gel, elution with pentane/Et2O
(5:1)], (Z)-2ea (Rf =0.26) was obtained as yellow crystals (780 mg, 97%).
M.p. 104 8C; 1H NMR (250 MHz, CDCl3): d =1.13 (m, 2 H, cPr-H), 1.44
(m, 2 H, cPr-H), 1.62 (t, 3J =7.0 Hz, 3H, OCH2CH3), 3.21 [br s, 6 H, N-
(CH3)2], 4.80 (br s, 2 H, OCH2CH3), 6.12 (s, 1H, 2-H); 13C NMR
(62.9 MHz, CDCl3, plus DEPT): d=15.6 (+ , OCH2CH3), 20.6 (�, cPr-C),
37.9 (Cquat, cPr-C), 41.8 [ + , N(CH3)2], 74.6 (�, OCH2CH3), 117.2 (+ , C-
2), 155.0 (Cquat, C-3), 219.0, 224.5 (Cquat, C=O), 296.7 (Cquat, C-1); IR
(KBr): ñ=2928, 2041 (C=O), 1900 (C=O), 1518, 1472 cm�1; MS (70 eV):
m/z (%): 395/393 (4/11) [M +], 367/365 (<1/1) [M +�CO], 339/337 (<1/
1) [M +�2CO], 311/309 (<1/2) [M +�3 CO], 283/281 (<1/1) [M +


�4CO], 255/253 (1/7) [M +�5 CO], 227/225 (8/23) [M +�5CO�C2H4],
166 (100), 138 (19), 111 (52), 84 (90), 69 (21), 52 (16) [Cr+], 44 (69);
HRMS (EI): m/z : calcd for C15H16ClCrNO6: 393.0071 (correct HRMS).


Pentacarbonyl[(2E)-4-(tert-butyldiphenylsilyloxy)-3-dimethylamino-1-
ethoxypenten-1-ylidene]chromium [(E)-2 fa] and pentacarbonyl[4-(tert-
butyldiphenylsilyloxy)-3-dimethylamino-1,2-pentadienylidene]chromium
(3 fa): According to GP 1, complex 1 f (2.78 g, 5.00 mmol) in Et2O
(25 mL) was treated at 20 8C with dimethylamine. After chromatography
[100 g silica gel, elution with pentane/Et2O (5:1)], (E)-2 fa (Rf =0.36) and
3 fa (Rf =0.07) were obtained as yellow crystals (2.85 g, 95%), m.p.
131 8C, and a red oil (83 mg, 3%), respectively. (E)-2 fa : 1H NMR
(250 MHz, CDCl3): d =0.96 (t, 3J=7.0 Hz, 3H, OCH2CH3), 1.07 [s, 9 H,
SiC(CH3)3], 1.39 (d, 3J=7.2 Hz, 3H, CHCH3), 3.23 [br s, 6H, N(CH3)2],
4.07 (m, 1 H, OCH2CH3), 4.50 (m, 1H, OCH2CH3), 5.68 (q, 3J =7.2 Hz,
1H, CHCH3), 6.16 (s, 1 H, 2-H), 7.32–7.47 (m, 6 H, Ph-H), 7.53–7.65 (m,
4H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d =14.8 (+ ,
OCH2CH3), 19.2 [Cquat, SiC(CH3)3], 21.2 (+ , CHCH3), 26.9 [ + , SiC-
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(CH3)3], 42.8 [+ , N(CH3)2], 68.1 (+ , CHCH3), 73.6 (�, OCH2CH3),
117.1 (+ , C-2), 127.7, 127.8, 130.0, 130.2 (+ , C-Ph), 132.4, 133.2 (Cquat, C-
Ph), 135.58, 135.62 (+ , C-Ph), 159.28 (Cquat, C-3), 219.1, 224.3 (Cquat, C=


O), 290.0 (Cquat, C-1); IR (KBr): ñ=3061, 3002, 2039 (C=O), 1964 (C=


O), 1919 (C=O), 1533, 1475 cm�1; MS (70 eV): m/z (%): 601 (1) [M +],
573 (3) [M +�CO], 545 (1) [M +�2 CO], 517 (3) [M +�3 CO], 489 (6)
[M +�4 CO], 461 (100) [M +�5 CO], 415 (23), 359 (7), 308 (6), 251 (18),
199 (98), 186 (17), 154 (9), 110 (24), 52 (9) [Cr+].


Compound 3 fa : 1H NMR (250 MHz, CDCl3): d =1.10 [s, 9 H, SiC(CH3)3],
1.51 (d, 3J =7.2 Hz, 3H, CHCH3), 3.08 (s, 3 H, NCH3), 3.32 (s, 3 H,
NCH3), 4.70 (q, 3J= 7.2 Hz, 1H, CHCH3), 7.38–7.50 (m, 6H, Ph-H), 7.62–
7.75 (m, 4 H, Ph-H); IR (Film): ñ=3069, 2958, 2080 (C=C=C), 2001 (C=


O), 1992 (C=O), 1930 (C=O), 1570, 1427, 1408 cm�1; MS (70 eV): m/z
(%): 555 (7) [M +], 471 (18) [M +�3CO], 415 (4) [M +�5CO], 363 (2)
[M +�5 CO�Cr], 199 (100), 52 (29) [Cr+]; HRMS (EI): m/z : calcd for
C28H29CrNO6Si: 555.1169 (correct HRMS).


Pentacarbonyl[(2E)-4-(tert-butyldiphenylsilyloxy)-3-dibenzylamino-1-
ethoxy]-2-penten-1-ylidene]chromium [(E)-2 fb] and pentacarbonyl[4-
(tert-butyldiphenylsilyloxy)-3-dibenzylamino-1,2-pentadienylidene]chro-
mium (3 fb): According to GP 1, complex 1 f (2.78 g, 5.00 mmol) in Et2O
(25 mL) was treated at 20 8C with dibenzylamine (1.28 g, 6.49 mmol).
After chromatography [100 g silica gel, elution with pentane/Et2O (5:1)],
(E)-2 fb (Rf =0.37) and 3 fb (Rf =0.13) were obtained as yellow crystals
(2.71 g, 72%), m.p. 115 8C, and a purple oil (492 mg, 14%), respectively.
(E)-2 fb : 1H NMR (250 MHz, CDCl3): d=0.98 (t, 3J =7.0 Hz, 3 H,
OCH2CH3), 1.13 [s, 9H, SiC(CH3)3], 1.30 (d, 3J= 7.2 Hz, 3H, CHCH3),
4.11 (m, 1 H, OCH2CH3), 4.52 (m, 3H, OCH2CH3, NCH2), 5.73 (q, 3J=


7.2 Hz, 1H, CHCH3), 6.11 (br s, 2H, NCH2), 6.53 (s, 1H, 2-H), 7.12–7.25
(m, 4 H, Ph-H), 7.28–7.51 (m, 12H, Ph-H), 7.59–7.70 (m, 4 H, Ph-H);
13C NMR (62.9 MHz, CDCl3, plus DEPT): d= 14.8 (+ , OCH2CH3), 19.2
[Cquat, SiC(CH3)3], 22.0 (+ , CHCH3), 27.0 [+ , SiC(CH3)3], 55.5 [�, N-
(CH2-)2], 68.4 (+ , CHCH3), 73.9 (�, OCH2CH3), 118.3 (+ , C-2), 127.9,
129.0, 130.1, 130.2 (+ , C-Ph), 132.3, 135.7 (Cquat, C-Ph), 135.7, 135.8 (+ ,
C-Ph), 158.3 (Cquat, C-3), 218.5, 224.2 (Cquat, C=O), 296.3 (Cquat, C-1); IR
(KBr): ñ =3064, 3020, 2041 (C=O), 1966 (C=O), 1923 (C=O), 1510,
1480 cm�1; MS (70 eV): m/z (%): 753 (0.3) [M +], 697 (2) [M +�2CO],
641 (0.8) [M +�4 CO], 613 (17) [M +�5 CO], 561 (8) [M +�5CO�Cr+],
515 (22), 458 (26), 352 (89), 260 (100), 199 (58), 135 (24), 91 (23) [C7H7


+],
52 (11) [Cr+]; elemental analysis calcd for C42H43CrNO7Si (753.9): C
66.92, H 5.75, N 1.86; found C 66.85, H 5.77, N 1.93.


Compound 3 fb : 1H NMR (250 MHz, CDCl3): d=1.04 [s, 9H, SiC-
(CH3)3], 1.39 (d, 3J=7.2 Hz, 3H, CHCH3), 4.18 (d, 2J =21.2 Hz, 1 H,
NCH2), 4.50 (d, 2J=21.2 Hz, 1H, NCH2), 4.66 (q, 3J =7.2 Hz, 1 H,
CHCH3), 4.96 (d, 2J =21.2 Hz, 1H, NCH2), 5.19 (d, 2J= 21.2 Hz, 1 H,
NCH2), 6.78–6.90 (m, 2 H, Ph-H), 7.24–7.47 (m, 14H, Ph-H), 7.55–7.69
(m, 4H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=19.1 [Cquat,
SiC(CH3)3], 22.7 (+ , CHCH3), 26.6 [ + , SiC(CH3)3], 52.3 (�, NCH2), 58.1
(�, NCH2), 69.2 (+ , CHCH3), 122.6 (Cquat, C-2), 126.8, 127.1, 127.5,
127.8, 127.9, 128.0, 128.2, 128.5, 128.9, 129.0 (+ , C-Ph), 132.3, 132.7,
133.1, 133.5 (Cquat, C-Ph), 135.6, 135.7 (+ , C-Ph), 157.7 (Cquat, C-3), 217.3,
223.8 (Cquat, C=O), 234.7 (Cquat, C-1); IR (Film): ñ=3080, 3057, 2851,
1984 (C=O), 1932 (C=O), 1538, 1492, 1450 cm�1; MS (70 eV): m/z (%):
256 (5), 205 (23), 199 (100), 52 (2) [Cr+].


Pentacarbonyl[(2E)-4-(tert-butyldimethylsilyloxy)-3-dimethylamino-1-
ethoxy-2-penten-1-ylidene]chromium [(E)-2 ga]: According to GP 1, com-
plex 1 g (2.16 g, 5.00 mmol) in Et2O (25 mL) was treated at 20 8C with di-
methylamine. After chromatography [100 g silica gel, elution with pen-
tane/Et2O (5:1)], (E)-2ga (Rf =0.28) was obtained as orange crystals
(2.29 g, 96 %). M.p. 109 8C; 1H NMR (250 MHz, CDCl3): d=0.08 (s, 3 H,
SiCH3), 0.14 (s, 3 H, SiCH3), 0.96 [s, 9 H, SiC(CH3)3], 1.49 (d, 3J =7.2 Hz,
3H, CHCH3), 1.58 (t, 3J =7.0 Hz, 3H, OCH2CH3), 3.31 [br s, 6 H, N-
(CH3)2], 4.80 (m, 2H, OCH2CH3), 5.23 (q, 3J= 7.2 Hz, 1 H, CHCH3), 6.29
(s, 1 H, 2-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=�5.3, �5.1
(+ , SiCH3), 15.5 (+ , OCH2CH3), 18.0 [Cquat, SiC(CH3)3], 21.3 (+ ,
CHCH3), 25.7 [ + , SiC(CH3)3], 42.8 [+ , N(CH3)2], 67.1 (+ , CHCH3),
73.7 (�, OCH2CH3), 117.4 (+ , C-2), 160.3 (Cquat, C-3), 219.2, 224.4 (Cquat,
C=O), 289.7 (Cquat, C-1); IR (KBr): ñ =2956, 2935, 2046 (C=O), 1960 (C=


O), 1939 (C=O), 1911 (C=O), 1885 (C=O), 1537 cm�1; MS (70 eV): m/z


(%): 477 (4) [M +], 449 (2) [M +�CO], 421 (1) [M +�2 CO], 393 (8) [M +


�3CO], 365 (3) [M +�4CO], 337 (46) [M +�5 CO], 293 (22), 256 (18),
218 (10), 150 (41), 126 (38), 110 (56), 85 (46), 75 (93), 69 (100), 57 (61)
[C4H9


+], 41 (99); HRMS (EI): m/z : calcd for C20H31CrNO7Si: 477.1274
(correct HRMS).


Pentacarbonyl[(2E)-4-(tert-butyldimethylsilyloxy)-3-dibenzylamino-1-
ethoxy-2-penten-1-ylidene]chromium [(E)-2 gb] and pentacarbonyl[4-
(tert-butyldimethylsilyloxy)-3-dibenzylamino-1,2-pentadienylidene]chro-
mium (3 gb): According to GP 1, complex 1g (2.16 g, 5.00 mmol) in Et2O
(25 mL) was treated at 20 8C with dibenzylamine (1.28 g, 6.50 mmol).
After chromatography [100 g silica gel, elution with pentane/Et2O (5:1)],
(E)-2gb (Rf =0.33) and 3 gb (Rf =0.09) were obtained as yellow crystals
(2.58 g, 82 %), m.p. 95 8C, and orange crystals (379 mg, 13 %), m.p. 78 8C,
respectively. (E)-2gb : 1H NMR (250 MHz, CDCl3): d =0.11 (s, 3 H,
SiCH3), 0.14 (s, 3 H, SiCH3), 0.94 [s, 9 H, SiC(CH3)3], 1.50 (d, 3J =7.2 Hz,
3H, CHCH3), 1.58 (t, 3J=7.0 Hz, 3H, OCH2CH3), 4.52 [brs, 4H, N(CH2)2],
4.83 (m, 2H, OCH2CH3), 5.78 (q, 3J= 7.2 Hz, 1 H, CHCH3), 6.53 (s, 1 H,
2-H), 7.12–7.22 (m, 4 H, Ph-H), 7.30–7.46 (m, 6H, Ph-H); 13C NMR
(62.9 MHz, CDCl3, plus DEPT): d=�5.1, �4.8 (+ , SiCH3), 15.6 (+ ,
OCH2CH3), 18.1 [Cquat, SiC(CH3)3], 22.4 (+ , CHCH3), 25.7 [ + , SiC-
(CH3)3], 55.1 [�, N(CH2-)2], 67.3 (+ , CHCH3), 74.0 (�, OCH2CH3),
118.4 (+ , C-2), 126.6, 127.7, 129.0 (+ , C-Ph), 136.7 (Cquat, C-Ph), 159.2
(Cquat, C-3), 218.5, 224.2 (Cquat, C=O), 296.6 (Cquat, C-1); IR (KBr): ñ=


3080, 3048, 3018, 2032 (C=O), 1960 (C=O), 1905 (C=O), 1500, 1459 cm�1;
MS (70 eV): m/z (%): 629 (0.1) [M +], 573 (0.4) [M +�2 CO], 545 (2)
[M +�3 CO], 517 (0.3) [M +�4CO], 489 (19) [M +�5CO], 391 (11), 376
(27), 334 (18), 260 (46), 228 (16), 159 (14), 91 (100) [PhCH2


+], 73 (58),
65 (17), 52 (10) [Cr+]; HRMS (EI): m/z : calcd for C32H39CrNO7Si:
629.1900 (correct HRMS).


Compound 3gb : 1H NMR (250 MHz, CDCl3): d =0.10 (s, 3 H, SiCH3),
0.12 (s, 3H, SiCH3), 0.63 [s, 9H, SiC(CH3)3], 1.60 (d, 3J =7.2 Hz, 3 H,
CHCH3), 4.91–5.19 [m, 5H, CHCH3, N(CH2-)2], 7.12–7.23 (m, 4 H, Ph-
H), 7.30–7.50 (m, 6 H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT):
d=�4.6, �4.5 (+ , SiCH3), 18.1 [Cquat, SiC(CH3)3], 22.5 (+ , CHCH3), 25.6
[+ , SiC(CH3)3], 52.5 (�, NCH2), 57.5 (�, NCH2), 71.6 (+ , CHCH3),
123.8 (Cquat, C-2), 127.0, 128.7, 128.9, 129.0, 129.1, 129.5 (+ , C-Ph), 133.5,
133.7 (Cquat, C-Ph), 157.5 (Cquat, C-3), 217.3, 223.3 (Cquat, C=O), 235.4
(Cquat, C-1); IR (KBr): ñ =3048, 3021, 2840, 1974 (C=O), 1933 (C=O),
1522 cm�1; MS (70 eV): m/z (%): 583 (3) [M +], 471 (11) [M +�4CO],
443 (3) [M +�5CO], 428 (22) [M +�5CO�CH3], 386 (13) [M +


�5CO�C4H9], 337 (32), 309 (64), 291 (78), 149 (35), 91 (59) [PhCH2
+],


75 (100), 52 (21) [Cr+]; elemental analysis calcd for C30H33CrNO6Si
(583.7): C 61.73, H 5.70, N 2.40; found C 62.26, H 6.01, N 2.47; calcd
583.1537 (correct HRMS).


Pentacarbonyl[(2E)-3-dimethylamino-1-ethoxy-4-(trimethylsilyloxy)-2-
penten-1-ylidene]chromium [(E)-2 ha]: According to GP 1, complex 1 h
(1.95 g, 5.00 mmol) in Et2O (25 mL) was treated at 20 8C with dimethyla-
mine. After chromatography [100 g silica gel, elution with pentane/Et2O
(5:1)], (E)-2 ha (Rf =0.32) was obtained as yellow crystals (2.13 g, 98%).
M.p. 134 8C; 1H NMR (250 MHz, CDCl3): d=0.08 [s, 9H, Si(CH3)3], 1.41
(d, 3J =7.2 Hz, 3H, CHCH3), 1.51 (t, 3J=7.0 Hz, 3 H, OCH2CH3), 3.22
[br s, 6 H, N(CH3)2], 4.72 (m, 2 H, OCH2CH3), 5.68 (q, 3J =7.2 Hz, 1 H,
CHCH3), 6.22 (s, 1 H, 2-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT):
d=�0.4 [ + , Si(CH3)3], 15.6 (+ , OCH2CH3), 21.4 (+ , CHCH3), 42.8 [ + ,
N(CH3)2], 66.7 (+ , CHCH3), 77.0 (�, OCH2CH3), 117.3 (+ , C-2), 160.2
(Cquat, C-3), 219.2, 224.3 (Cquat, C=O), 298.9 (Cquat, C-1); IR (KBr): ñ=


2961, 2045 (C=O), 1957 (C=O), 1937 (C=O), 1905 (C=O), 1630, 1537,
1479 cm�1; MS (70 eV): m/z (%): 435 (12) [M +], 407 (5) [M +�CO], 379
(2) [M +�2 CO], 351 (15) [M +�3CO], 323 (11) [M +�4CO], 295 (63)
[M +�5 CO], 251 (39) [M +�5CO�N(CH3)2], 205 (6), 154 (75), 126 (51),
110 (100), 95 (11), 84 (19), 72 (21), 52 (6) [Cr+], 44 (20) [N(CH3)2


+];
HRMS (EI): m/z : calcd for C17H25CrNO7Si: 435.0805 (correct HRMS).


Pentacarbonyl[(2E)-3-dibenzylamino-1-ethoxy-4-(trimethylsilyloxy)-2-
penten-1-ylidene]chromium [(E)-2 hb] and pentacarbonyl[3-dibenzylami-
no-4-(trimethylsilyloxy)-1,2-pentadienylidene]chromium (3 hb): Accord-
ing to GP 1, complex 1 h (1.95 g, 5.00 mmol) in Et2O (25 mL) was treated
at 20 8C with dibenzylamine (1.28 g, 6.50 mmol). After chromatography
[100 g silica gel, elution with pentane/Et2O (5:1)], (E)-2hb (Rf =0.27)
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and 3hb (Rf =0.11) were obtained as yellow crystals (2.32 g, 79%), m.p.
122 8C, and a red oil (460 mg, 17 %), respectively. (E)-2hb : 1H NMR
(250 MHz, CDCl3): d=0.02 [s, 9 H, Si(CH3)3], 1.51 (d, 3J=7.2 Hz, 3H,
CHCH3), 1.57 (t, 3J= 7.0 Hz, 3 H, OCH2CH3), 4.35–5.12 [m, 6H,
OCH2CH3, N(CH2-)2], 5.86 (q, 3J =7.2 Hz, 1H, CHCH3), 6.50 (s, 1H, 2-
H), 7.11–7.19 (m, 4 H, Ph-H), 7.31–7.42 (m, 6H, Ph-H); 13C NMR
(62.9 MHz, CDCl3, plus DEPT): d =�0.4 [+ , Si(CH3)3], 15.6 (+ ,
OCH2CH3), 22.6 (+ , CHCH3), 55.2 [�, N(CH2-)2], 66.8 (+ , CHCH3),
74.1 (�, OCH2CH3), 118.0 (+ , C-2), 126.5, 127.6, 128.8 (+ , C-Ph), 135.1
(Cquat, C-Ph), 159.2 (Cquat, C-3), 218.6, 224.5 (Cquat, C=O), 295.3 (Cquat,
C-1); IR (KBr): ñ=3033, 2963, 2047 (C=O), 1924 (C=O), 1684 cm�1; MS
(70 eV): m/z (%): 587 (5) [M +], 503 (6) [M +�3CO], 445 (11), 395 (11),
334 (12), 320 (38), 304 (22), 261 (9), 147 (13), 117 (12), 91 (100) [PhCH2


+],
73 (82) [Si(CH3)3


+], 57 (20), 52 (19) [Cr+], 43 (24); HRMS (EI): m/z :
calcd for C29H33CrNO7Si: 587.1431 (correct HRMS).


Compound 3 hb : 1H NMR (250 MHz, CDCl3): d=0.09 [s, 9H, Si(CH3)3],
1.62 (d, 3J =7.2 Hz, 3H, CHCH3), 4.75–5.22 [m, 5 H, CHCH3, N(CH2-)2],
7.08–7.53 (m, 10 H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=


0.1 [ + , Si(CH3)3], 22.6 (+ , CHCH3), 52.6, 57.4 [�, N(CH2-)], 71.1 (+ ,
CHCH3), 123.4 (Cquat, C-2), 127.1, 128.6, 128.8, 129.0, 129.1, 129.3 (+ , C-
Ph), 133.5, 133.7 (Cquat, C-Ph), 157.5 (Cquat, C-3), 217.2, 223.8 (Cquat, C=


O), 235.7 (Cquat, C-1); IR (film): ñ =3071, 3033, 2155 (C=C=C), 2076 (C=


O), 1984 (C=O), 1938 (C=O), 1652 cm�1; MS (70 eV): m/z (%): 541 (14)
[M +], 485 (0.3) [M +�2 CO], 429 (39) [M +�4CO], 401 (25) [M +


�5CO], 386 (100) [M +�5 CO�CH3], 310 (6), 295 (16), 126 (19), 91 (61)
[C7H7


+], 73 (14) [Si(CH3)3
+], 53 (21); HRMS (EI): m/z : calcd for


C27H27CrNO6Si: 541.1012 (correct HRMS).


The same experiment, when carried out at �78 8C, gave (E)-2 hb (2.67 g,
91%) and 3hb (108.2 mg, 4%).


Pentacarbonyl[(2Z)-3-dimethylamino-1-ethoxy-3-(2’-methyldioxolan-2’-
yl)-2-propen-1-ylidene]chromium [(Z)-2 ia]: According to GP 1, complex
1 i (500 mg, 1.39 mmol) in Et2O (14 mL) was treated at 20 8C with dime-
thylamine. After chromatography [50 g silica gel, elution with pentane/
Et2O (5:1)], (Z)-2 ia (Rf = 0.19) was obtained as yellow crystals (519 mg,
92%). M.p. 134 8C; 1H NMR (250 MHz, CDCl3): d =1.48 (t, 3J =7.0 Hz,
3H, OCH2CH3), 1.61 (s, 3 H, CH3), 3.11 [s, 6H, N(CH3)2], 3.92 (m, 4 H,
OCH2CH2O), 4.71 (q, 3J =7.0 Hz, 2H, OCH2CH3), 6.64 (s, 1 H, 2-H);
13C NMR (62.9 MHz, CDCl3, plus DEPT): d= 15.8 (+ , OCH2CH3), 25.0
(+ , CH3), 45.5 [+ , N(CH3)2], 64.7 (�, OCH2CH2O), 73.3 (�,
OCH2CH3), 107.6 [Cquat, C(OCH2)2], 114.5 (+ , C-2), 158.0 (Cquat, C-3),
219.2, 224.5 (Cquat, C=O), 288.8 (Cquat, C-1); IR (KBr): ñ =2994, 2049 (C=


O), 1977 (C=O), 1935 (C=O), 1659 cm�1; MS (70 eV): m/z (%): 405 (16)
[M +], 377 (5) [M +�CO], 349 (4) [M +�2CO], 321 (7) [M +�3 CO], 293
(12) [M +�4CO], 265 (40) [M +�5CO], 235 (41), 205 (100), 191 (11), 161
(11), 121 (15), 96 (27), 87 (84) [C4H7O2


+], 73 (19), 52 (24) [Cr+], 43 (45);
HRMS (EI): m/z : calcd for C16H19CrNO8: 405.0515 (correct HRMS).


Pentacarbonyl[(2Z)-3-dibenzylamino-1-ethoxy-3-(2’-methyldioxolan-2’-
yl)-2-propen-1-ylidene]chromium [(Z)-2 ib]: According to GP 1, complex
1 i (500 mg, 1.39 mmol) in Et2O (14 mL) was treated at �115 8C with di-
benzylamine (335 mg, 1.70 mmol). After chromatography [50 g silica gel,
elution with pentane/Et2O (5:1)], (Z)-2 ib (Rf = 0.43) was obtained as an
orange oil (680 mg, 88%). 1H NMR (250 MHz, CDCl3): d=1.23 (t, 3J=


7.0 Hz, 3H, OCH2CH3), 1.68 (s, 3 H, CH3), 4.02 (br s, 4H, OCH2CH2O),
4.35 [br s, 4H, N(CH2-)2], 4.79 (q, 3J=7.0 Hz, 2 H, OCH2CH3), 7.10 (br s,
5H, 2-H, Ph-H), 7.35 (br s, 6 H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus
DEPT): d=15.6 (+ , OCH2CH3), 26.3 (+ , CH3), 57.1 [�, N(CH2-)2], 65.1
(�, OCH2CH2O), 74.6 (�, OCH2CH3), 108.1 [Cquat, C(OCH2)2], 115.9 (+ ,
C-2), 128.2, 128.8 (+ , C-Ph), 136.2 (Cquat, C-Ph), 155.0 (Cquat, C-3), 218.7,
224.4 (Cquat, C=O), 298.0 (Cquat, C-1); IR (film): ñ=3064, 3026, 2982, 2049
(C=O), 1973 (C=O), 1919 (C=O), 1638 cm�1; MS (70 eV): m/z (%): 557
(2) [M +], 529 (3) [M +�CO], 501 (1) [M +�2 CO], 445 (<1) [M +


�4CO], 417 (1) [M +�5 CO], 365 (3) [M +�Cr(CO)5], 319 (45), 304
(100), 115 (6), 108 (35), 91 (84) [C7H7


+], 52 (43) [Cr+]; HRMS (EI):
m/z : calcd for C28H27CrNO8: 557.1141 (correct HRMS).


Pentacarbonyl[(2Z)-3-adamantyl-3-dimethylamino-1-ethoxy-2-propen-1-
ylidene]chromium [(Z)-2 ja]: According to the one-pot procedure as pre-
viously reported,[16] complex (Z)-2ja was prepared from adamantylethyne
(624 mg, 3.89 mmol) in THF (40 mL), n-butyllithium (1.60 mL, 2.36 m in


n-hexane, 3.78 mmol), hexacarbonyl-chromium (880 mg, 4.00 mmol), trie-
thyloxonium tetrafluoroborate (855 mg, 4.50 mmol) and then gaseous di-
methylamine. After chromatography [50 g silica gel, elution with pen-
tane/Et2O (3:1)], (Z)-2ja (Rf = 0.55, Et2O) was obtained as yellow crys-
tals (1.59 g, 90 %). M.p. 102 8C; 1H NMR (250 MHz, CDCl3): d =1.40 (t,
3J=7.0 Hz, 3 H, OCH2CH3), 1.72 (br s, 6 H, 4’-H), 2.02 (br s, 6H, 2’-H),
2.09 (br s, 3H, 3’-H), 3.19 [br s, 6H, N(CH3)2], 4.58 (q, 3J= 7.0 Hz, 2 H,
OCH2CH3), 6.21 (s, 1H, 2-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT):
d=15.9 (+ , OCH2CH3), 28.4 (+ , C-3’), 36.2 (�, C-4’), 39.4 (�, C-2’), 41.3
(Cquat, C-1’), 46.4 [+ , N(CH3)2], 72.2 (�, OCH2CH3), 116.6 (+ , C-2),
170.6 (Cquat, C-3), 219.8, 224.6 (Cquat, C=O), 283.3 (Cquat, C-1); IR (KBr):
ñ= 2909, 2044 (C=O), 1961 (C=O), 1878 (C=O), 1540 cm�1; MS (70 eV):
m/z (%): 453 (2) [M +], 425 (4) [M +�CO], 397 (6) [M +�2CO], 369 (10)
[M +�3 CO], 341 (13) [M +�4CO], 313 (100) [M +�5CO], 267 (25), 256
(50), 215 (40), 185 (10), 158 (49), 135 (17), 95 (19), 79 (23), 52 (71) [Cr+];
elemental analysis calcd for C22H27CrNO6 (453.5): C 58.27, H 6.00; found
C 58.42, H 6.14.


Pentacarbonyl[(2Z)-3-adamantyl-3-dibenzylamino-1-ethoxy-2-propen-1-
ylidene]chromium [(Z)-2 jb]: According to the one-pot procedure as pre-
viously reported,[16] complex (Z)-2jb was prepared from adamantyl-
ethyne (416 mg, 2.61 mmol) in THF (40 mL), n-butyllithium (1.1 mL,
2.36 m in n-hexane, 2.6 mmol), hexacarbonyl-chromium (572 mg,
2.60 mmol), triethyloxonium tetrafluoroborate (570 mg, 3.00 mmol) and
dibenzylamine (985 mg, 5.00 mmol). After chromatography [50 g silica
gel, elution with pentane/Et2O (3:1)], (Z)-2 jb (Rf =0.58, Et2O) was ob-
tained as yellow crystals (1.15 g, 72 %). M.p. 126 8C; 1H NMR (250 MHz,
CDCl3): d =1.05 (t, 3J =7.0 Hz, 3H, OCH2CH3), 1.76 (br s, 6H, 4’-H),
2.12 (br s, 3H, 3’-H), 2.20 (br s, 6 H, 2’-H), 4.31 [br s, 4 H, N(CH2-)2], 4.68
(q, 3J =7.0 Hz, 2H, OCH2CH3), 6.70 (s, 1 H, 2-H), 7.10–7.20 (m, 4 H, Ph-
H), 7.35–7.48 (m, 6 H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT):
d=15.8 (+ , OCH2CH3), 28.6 (+ , C-3’), 36.2 (�, C-4’), 41.2 (�, C-2’), 41.7
(Cquat, C-1’), 57.8 [�, N(CH2-)2], 74.3 (�, OCH2CH3), 118.3 (+ , C-2),
128.3, 128.7 (+ , C-Ph), 136.1 (Cquat, C-Ph), 166.6 (Cquat, C-3), 219.0, 224.4
(Cquat, C=O), 283.4 (Cquat, C-1); IR (KBr): ñ =2901, 2046 (C=O), 1928
(C=O), 1894 (C=O), 1479, 1453 cm�1.


Pentacarbonyl[(2E)- and (2Z)-3-dibenzylamino-1-dimethylamino-4-
methyl-4-(trimethylsilyloxy)-2-penten-1-ylidene]chromium [(E/Z)-9 c]:
According to GP 1, complex 3cb (400 mg, 0.72 mmol) in Et2O (6 mL)
was treated at 20 8C with dimethylamine. After filtration on silica gel
(3 g) and washing with Et2O, (E/Z)-9c (Rf =0.43; E/Z 2:1) was obtained
as yellow crystals (432 mg, 100 %). 1H NMR (250 MHz, CDCl3): (E)-9 c :
d=0.18 [s, 9 H, Si(CH3)3], 1.12 [s, 3H, CCH3], 1.59 [s, 3H, CCH3], 3.09
(s, 3H, NCH3), 3.73 (d, 2J =14.1 Hz, 2 H, NCH2), 3.78 (s, 3 H, NCH3),
4.38 (d, 2J =14.1 Hz, 2 H, NCH2), 6.22 (s, 1 H, 2-H), 7.23–7.44 (m, 10H,
Ph-H); (Z)-9 c : d=0.30 [s, 9 H, Si(CH3)3], 1.88 [s, 3 H, CCH3], 1.90 [s,
3H, CCH3], 2.79 (s, 3H, NCH3), 3.62 (d, 2J =14.4 Hz, 2 H, NCH2), 3.66 (s,
3H, NCH3), 4.70 (d, 2J=14.4 Hz, 2 H, NCH2), 5.96 (s, 1H, 2-H), 7.23–
7.44 (m, 10 H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): (E)-9 c :
d=2.8 [+ , Si(CH3)3], 27.7, 28.7 [+ , C(CH3)2], 45.8, 50.8 (+ , NCH3), 59.7
[�, N(CH2-)2], 78.1 [Cquat, C(CH3)2], 116.3 (+ , C-2), 127.1, 128.1, 130.1
(+ , C-Ph), 138.8 (Cquat C-Ph), 139.7 (Cquat, C-3), 217.9, 223.0 (Cquat, C=O),
264.6 (Cquat, C-1); (Z)-9c : d=3.3 [ + , Si(CH3)3], 32.2, 32.7 [+ , C(CH3)2],
45.4, 50.1 (+ , NCH3), 52.8 [�, N(CH2-)2], 78.2 [Cquat, C(CH3)2], 116.3 (+ ,
C-2), 127.3, 128.2, 131.0 (+ , C-Ph), 138.8 (Cquat C-Ph), 143.6 (Cquat, C-3),
217.8, 223.6 (Cquat, C=O), 267.7 (Cquat, C-1); IR (KBr): ñ =3044, 3010,
2981, 2942, 2020 (C=O), 1966 (C=O), 1921 (C=O), 1540, 1490, 1448 cm�1;
MS (70 eV): m/z (%): 600 (3) [M +], 572 (3) [M +�CO], 544 (1) [M +


�2CO], 516 (7) [M +�3CO], 488 (10) [M +�4CO], 460 (37) [M +


�5CO], 406 (43), 391 (13), 363 (19), 348 (52), 319 (51), 131 (19), 106
(24), 91 (58) [C7H7


+], 86 (65), 84 (100), 75 (38), 52 (12) [Cr+]; HRMS
(EI): m/z : calcd for C30H36CrN2O6Si: 600.1747 (correct HRMS).


4-Ethoxy-2,5,7-triphenylcyclopenta[b]pyran (4 a-Ph): Variant A : Accord-
ing to GP 2, complex (E)-2aa (437 mg, 1.10 mmol) in THF (22 mL) was
treated with phenylethyne (900 mg, 8.81 mmol), and the mixture was
heated for 16 h. After chromatography [50 g silica gel, elution with
hexane/chloroform (2:1)], 4 a-Ph (Rf = 0.49) was obtained as red crystals
(103 mg, 24%). M.p. 179 8C; 1H NMR (250 MHz, CDCl3): d=1.35 (t, 3J =


7.0 Hz, 3H, OCH2CH3), 4.28 (q, 3J=7.0 Hz, 2H, OCH2), 6.72 (s, 1H, 6-
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H), 7.06–7.20 (m, 3 H, Ph-H, 3-H), 7.22–7.48 (m, 7H, Ph-H), 7.59 (d, 3J=


7.1 Hz, 2 H, Ph-H), 7.81–7.93 (m, 4H, Ph-H); 13C NMR (62.9 MHz,
CDCl3, plus DEPT): d=14.5 (+ , OCH2CH3), 65.0 (�, OCH2), 91.8 (+ ,
C-6), 108.0, 109.7, 117.3 (Cquat, C-4a,5,7), 124.3, 124.9, 125.6, 126.0, 127.4,
128.6, 129.16, 129.19, 130.7 (+ , C-3, C-Ph), 132.7, 135.7, 138.3 (Cquat, C-
Ph), 148.3, 159.5, 160.3 (Cquat, C-2,4,7a); IR (KBr): ñ =3015, 2980, 1622,
1600, 1490, 1428 cm�1; MS (70 eV): m/z (%): 390 (100) [M +], 362 (62)
[M +�C2H4], 259 (31), 181 (24), 129 (22); elemental analysis calcd for
C28H22O2 (390.5): C 86.13, H 5.68; found C 86.06, H 5.60.


Variant B : According to GP 2, complex (E)-2ab (400 mg, 0.73 mmol) in
THF (15 mL) was treated with phenylethyne (596 mg, 5.84 mmol) and
the mixture was heated for 14 h. 4 a-Ph (137 mg, 48%) was obtained
after chromatography on silica gel (50 g).


Variant C : According to GP 2, complex (E)-2 ac (190 mg, 0.42 mmol) in
THF (8.5 mL) was treated with phenylethyne (343 mg, 3.36 mmol) and
the mixture was heated for 15 h. 4 a-Ph (71 mg, 43%) was obtained after
chromatography on silica gel (50 g).


Variant D : According to GP 2, complex (E)-2ad (459 mg, 1.09 mmol) in
THF (22 mL) was treated with phenylethyne (891 mg, 8.72 mmol) and
the mixture was heated for 3 d. Compound 4 a-Ph (21 mg, 5 %) was ob-
tained after chromatography on silica gel (15 g).


Variant E : According to GP 2, complex (E)-2ae (100 mg, 0.22 mmol) in
THF (5 mL) was treated with phenylethyne (180 mg, 1.76 mmol) and the
mixture was heated for 3 d. Compound 4a-Ph (15 mg, 17%) was ob-
tained after chromatography on silica gel (10 g).


4-Ethoxy-2-phenyl-5,7-dipropylcyclopenta[b]pyran (4 a-nPr): Variant A :
According to GP 2, complex (E)-2aa (416 mg, 1.05 mmol) in THF
(20 mL) was treated with 1-pentyne (690 mg, 10.1 mmol), and the mix-
ture was heated for 37 h. After chromatography [50 g silica gel, elution
with pentane/Et2O (10:1)], 4 a-nPr (Rf =0.44) was obtained as a red oil
(67 mg, 19%). 1H NMR (250 MHz, CDCl3): d=1.00 (t, 3J =7.4 Hz, 3H,
CH2CH2CH3), 1.04 (t, 3J =7.4 Hz, 3 H, CH2CH2CH3), 1.54 (t, 3J =7.0 Hz,
3H, OCH2CH3), 1.70 (tq, 3J =7.4, 3J =7.4 Hz, 2 H, CH2CH2CH3), 1.77 (tq,
3J=7.4, 3J =7.4 Hz, 2 H, CH2CH2CH3), 2.72 (t, 3J=7.4 Hz, 2 H,
CH2CH2CH3), 2.81 (t, 3J =7.4 Hz, 2H, CH2CH2CH3), 4.37 (q, 3J =7.0 Hz,
2H, OCH2), 6.58 [s, 1 H, 6-H(3-H)], 6.65 [s, 1H, 3-H(6-H)], 7.46–7.57 (m,
3H, Ph-H), 7.89–7.94 (m, 2H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus
DEPT): d=14.2, 14.4, 14.7 (+ , CH2CH2CH3, OCH2CH3), 23.8, 25.1 (�,
CH2CH2CH3), 27.5, 31.6 (�, CH2CH2CH3), 64.2 (�, OCH2), 90.3 (+ , C-
6), 105.3, 109.7, 115.2 (Cquat, C-4a,5,7), 125.7, 126.0, 128.8, 129.9 (+ , C-3,
C-Ph), 133.6 (Cquat, C-Ph), 145.3, 158.0, 174.1 (Cquat, C-2,4,7a); IR (film):
ñ= 3015, 2980, 1622, 1600 cm�1; MS (70 eV): m/z (%): 322 (8) [M +], 301
(43), 257 (100), 217 (10), 182 (17), 166 (29), 137 (32), 105 (54), 77 (36), 43
(54); HRMS (EI): m/z : calcd for C22H26O2: 322.1932 (correct HRMS).


Variant B : According to GP 2, complex (E)-2ae (100 mg, 0.22 mmol) in
THF (5 mL) was treated with 1-pentyne (120 mg, 1.76 mmol) and the
mixture was heated for 3 d. 4 a-nPr (8 mg, 11 %) was obtained after chro-
matography on silica gel (10 g).


4-Ethoxy-2-(1’-ethoxy-1’-methylethyl)-5,7-diphenylcyclopenta[b]pyran
(4 b-Ph): Variant A : According to GP 2, complex (Z)-2 ba (304 mg,
0.75 mmol) in THF (15 mL) was treated with phenylethyne (613 mL,
6.00 mmol), and the mixture was heated for 31 h. After chromatography
[50 g silica gel, elution with pentane/Et2O (1:1)], 4b-Ph (Rf =0.62) was
obtained as red crystals (151 mg, 51%). M.p. 127 8C; IR (KBr): ñ =3070,
3047, 1939, 1639 (C=C), 1609 (C=C), 1510, 1072, 954, 765, 702, 680,
663 cm�1. The other spectral data have previously been reported.[9]


Variant B : According to GP 2, complex (Z)-2 bb (164 mg, 0.29 mmol) in
THF (6 mL) was treated with phenylethyne (237 mg, 2.32 mmol) and the
mixture was heated for 3 d. Compound 4b-Ph (79 mg, 68 %) was ob-
tained after chromatography on silica gel (10 g).


Variant C : According to GP 2, complex (Z)-2bc (247 mg, 0.54 mmol) in
THF (11 mL) was treated with phenylethyne (441 mg, 4.32 mmol) and
the mixture was heated for 3 d. 4 b-Ph (91 mg, 42%) was obtained after
chromatography on silica gel (15 g).


Variant D : According to GP 2, complex (Z)-2 bd (384 mg, 0.89 mmol) in
THF (18 mL) was treated with phenylethyne (727 mg, 7.12 mmol) and


the mixture was heated for 3 d., 4 b-Ph (25 mg, 7%) was obtained after
chromatography on silica gel (20 g).


4-Ethoxy-2-(1’-ethoxy-1’-methylethyl)-5,7-dipropylcyclopenta[b]pyran
(4 b-nPr): Variant A : According to GP 2, complex (Z)-2ba (304 mg,
0.75 mmol) in THF (15 mL) was treated with 1-pentyne (409 mg,
6.00 mmol), and the mixture was heated for 165 h. After chromatography
[50 g silica gel, elution with pentane/Et2O (1:1)], 4 b-nPr (Rf =0.51) was
obtained as red crystals (148 mg, 59 %). M.p. 132 8C; 1H NMR (250 MHz,
C6D6): d =0.72 (t, 3J =7.0 Hz, 3 H, CH2CH2CH3), 0.79 (t, 3J= 7.0 Hz, 3H,
CH2CH2CH3), 1.10 (t, 3J=7.0 Hz, 3H, OCH2CH3), 1.39 (t, 3J =7.0 Hz,
3H, OCH2CH3), 1.46 [s, 6H, C(CH3)2], 1.51–1.57 (m, 4H, CH2CH2CH3),
2.53 (t, 3J=7.0 Hz, 2 H, CH2CH2CH3), 2.66 (t, 3J= 7.0 Hz, 2 H,
CH2CH2CH3), 3.39 (q, 3J =7.0 Hz, 2H, OCH2CH3), 4.18 (q, 3J =7.0 Hz,
2H, OCH2CH3), 6.26 (s, 1H, 6-H), 6.49 (s, 1H, 3-H); 13C NMR
(62.9 MHz, CDCl3, plus DEPT): d=14.0, 14.2, 14.3, 14.9 (+ ,
CH2CH2CH3, OCH2CH3), 23.9, 25.1 (�, CH2CH2CH3), 26.1 [ + , C-
(CH3)2], 27.6, 31.7 (�, CH2CH2CH3), 64.1 (�, OCH2CH3), 68.2 (�,
OCH2CH3), 76.7 [Cquat, C(CH3)2], 89.8 (+ , C-6), 105.2, 115.0, 125.2 (Cquat,
C-4a,5,7), 128.8 (+ , C-3), 134.7 (Cquat, C-7a), 158.2, 166.2 (Cquat, C-2,4);
IR (KBr): ñ=2974, 2949, 2882, 1780, 1647 (C=C), 1470, 1385, 1303 cm�1;
MS (70 eV): m/z (%): 332 (41) [M +], 303 (100) [M +�C2H5], 287 (6), 276
(8), 257 (9), 245 (4), 231 (4), 201 (5), 139 (4), 122 (5), 87 (19), 82 (3), 67
(4), 55 (4); HRMS (EI): m/z : calcd for C21H32O3: 332.2351 (correct
HRMS).


Variant B : According to GP 2, complex (Z)-2 bb (500 mg, 0.90 mmol) in
THF (18 mL) was treated with 1-pentyne (490 mg, 7.20 mmol), and the
mixture heated for 2 d. After chromatography [40 g silica gel, elution
with pentane/Et2O (1:1)], along with 4 b-nPr (69 mg, 23 %), 2-dibenzyla-
mino-5-(1’-ethoxy-1’-methylethyl)furan (5) (Rf =0.03) was obtained as a
colorless oil (157 mg, 50 %). 5 : 1H NMR (250 MHz, CDCl3): d= 1.01 (t,
3J=7.0 Hz, 3H, OCH2CH3), 1.52 (s, 6H, C(CH3)2], 3.28 (q, 3J =7.0 Hz,
2H, OCH2CH3), 5.61 (s, 2 H, NCH2), 6.21 (d, 3J=3.5 Hz, 1H, =CH), 6.24
(d, 3J= 3.5 Hz, 1H, =CH), 6.68 (s, 1H, NCH), 6.76 (s, 1 H, NCH), 7.09–
7.32 (m, 10H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d =15.7
(+ , OCH2CH3), 28.3 [+ , C(CH3)2], 48.2 [�, N(CH2-)2], 58.2 (�,
OCH2CH3), 74.2 [Cquat, C(CH3)2], 107.9 (+ , =CH), 108.5 (+ , =CH),
125.5, 126.3, 126.9, 128.0, 128.1, 129.3 (+ , C-Ph), 133.7, 136.7 (Cquat, C-
Ph), 136.8 (Cquat, C-2), 140.2 (Cquat, C-5); IR (film): ñ= 3100, 3078, 2962,
1600, 1598, 1575, 1565 cm�1; MS (70 eV): m/z (%): 319 (25) [M +


�OCH2], 304 (32), 274 (31), 210 (21), 182 (10), 91 (100) [PhCH2
+], 59


(58), 43 (67).


4-Ethoxy-2-[1’-methyl-1’-(trimethylsilyloxy)ethyl]-5,7-diphenylcyclopen-
ta[b]pyran (4 c-Ph): Variant A : According to GP 2, complex (Z)-2 ca
(200 mg, 0.44 mmol) in THF (9 mL) was treated with phenylethyne
(364 mg, 3.56 mmol) for 2 d. After chromatography [15 g silica gel, elu-
tion with pentane/Et2O (5:1)], 4c-Ph (Rf =0.49) was obtained as red crys-
tals (177 mg, 90%). M.p. 129 8C; 1H NMR (250 MHz, CDCl3): d=0.21 [s,
9H, Si(CH3)3], 1.41 (t, 3J= 7.0 Hz, 3 H, OCH2CH3), 1.72 [s, 6 H, C(CH3)2],
4.33 (q, 3J =7.0 Hz, 2H, OCH2CH3), 6.62 (s, 1 H, 6-H), 7.08–7.21 (m, 2 H,
p-Ph-H), 7.32 (s, 1H, 3-H), 7.33–7.42 (m, 4 H, m-Ph-H), 7.61 (m, 2 H, o-
Ph-H), 7.85 (m, 2 H, o-Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT):
d=2.4 [+ , Si(CH3)3], 14.5 (+ , OCH2CH3), 29.9 [ + , C(CH3)2], 64.8 (�,
OCH2CH3), 74.9 [Cquat, C(CH3)2], 90.5 (+ , C-6), 107.3, 117.0 (Cquat, C-
5,7), 124.1, 124.4, 124.8, 125.3, 127.4, 128.5, 129.1 (+ , C-Ph, C-3), 135.7,
135.7 (Cquat, C-Ph), 138.4, 148.3, 160.9, 170.3 (Cquat, C-2,4,4a,7a); IR
(KBr): ñ= 3075, 3044, 3010, 2980, 1723, 1629, 1598, 1575 cm�1; UV
(MeCN): lmax (lg e)= 204 (4.532), 228 (4.443), 310 (4.517), 483 nm
(2.986); MS (70 eV): m/z (%): 444 (4) [M +], 158 (100), 131 (24), 115
(17), 73 (19); elemental analysis calcd for C28H32O3Si (444.6): C 75.63, H
7.25; found C 75.31, H 7.27; HRMS (EI): m/z : calcd for C28H32O3Si:
444.2121 (correct HRMS).


Variant B : According to GP 2, complex (Z)-2cb (120 mg, 0.20 mmol) in
THF (2 mL) was treated with phenylethyne (163 mg, 1.60 mmol) for 3 d.
Compound 4c-Ph (69 mg, 78%) was obtained after chromatography on
silica gel (5 g).


Variant C : According to GP 2, complex (Z)-2cf (248 mg, 0.52 mmol) in
THF (10 mL) was treated with phenylethyne (425 mg, 4.16 mmol) for 3 d.
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Compound 4 c-Ph (201 mg, 87 %) was obtained after chromatography on
silica gel (20 g).


4-Ethoxy-2-[1’-methyl-1’-(trimethylsilyloxy)ethyl]-5,7-di-n-propylcyclo-
penta[b]pyran (4 c-nPr): According to GP 2, complex (Z)-2 cf (248 mg,
0.52 mmol) in THF (10 mL) was treated with 1-pentyne (283 mg,
4.16 mmol), and the mixture was heated for 6 d. After chromatography
[20 g silica gel, elution with pentane/Et2O (5:1)], 4c-nPr (Rf =0.41) was
obtained as red crystals (48 mg, 25%). M.p. 122 8C; 1H and 13C NMR
data of the title compound have previously been reported.[18] IR (KBr):
ñ= 2977, 2948, 1651, 1607, 1548 cm�1; UV (MeCN): lmax (lg e)=216
(4.222), 263 (4.007), 334 (3.813), 460 nm (2.528); MS (70 eV): m/z (%):
376 (13) [M +], 347 (42), 322 (3), 290 (31), 244 (5), 196 (100), 131 (73),
122 (23), 73 (51); HRMS (EI): m/z : calcd for C22H36O3Si: 376.2433 (cor-
rect HRMS).


4-Ethoxy-2-(1’-ethoxycyclopropyl)-5,7-diphenylcyclopenta[b]pyran (4 d-
Ph): Variant A : According to GP 2, complex (Z)-2 da (300 mg,
0.74 mmol) in THF (15 mL) was treated with phenylethyne (600 mg,
5.87 mmol), and the mixture was heated for 50 h. After chromatography
[30 g silica gel, elution with pentane/Et2O (1:1)], 4d-Ph (Rf =0.42) was
obtained as red crystals (120 mg, 41 %). M.p. 135 8C; 1H NMR (500 MHz,
CDCl3): d =1.30 (t, 3J =7.0 Hz, 3H, OCH2CH3), 1.46 (t, 3J= 7.0 Hz, 3H,
OCH2CH3), 1.54–1.60 (m, 4 H, cPr-H), 3.68 (q, 3J =7.0 Hz, 2 H,
OCH2CH3), 4.38 (q, 3J =7.0 Hz, 2 H, OCH2CH3), 6.70 (s, 1H, 6-H), 7.13
(tt, 3J=7.1, 4J =1.2 Hz, 1H, Ph-H), 7.19 (tt, 3J =7.1, 4J=1.2 Hz, 1 H, Ph-
H), 7.28 (s, 1H, 3-H), 7.33 (ddd, 3J=7.1, 4J =1.2, 5J= 0.4 Hz, 2H, Ph-H),
7.37 (ddd, 3J =7.1, 4J =1.2, 5J =0.4 Hz, 2H, Ph-H), 7.64 (ddd, 3J=7.1, 4J=


1.2, 5J =0.4 Hz, 2H, Ph-H), 7.72 (ddd, 3J =7.1, 4J= 1.2, 5J=0.4 Hz, 2 H,
Ph-H); 13C NMR (125.7 MHz, CDCl3, plus APT): d=14.9 (+ ,
OCH2CH3), 16.0 (+ , OCH2CH3), 16.8 (�, cPr-CH2), 62.0 (�, cPr-C), 63.0
(�, OCH2CH3), 63.1 (�, OCH2CH3), 92.0 (+ , C-6), 107.3, 108.3, 117.3
(�, C-4a,5,7), 124.0, 124.5, 124.8, 125.3, 125.5, 127.5, 129.5, 129.6 (+ , C-
Ph, C-3), 136.0, 138.8 (�, C-Ph), 148.0 (�, C-7a), 160.6, 163.2 (�, C-2,4);
IR (KBr): ñ= 3071, 3042, 1637, 1604, 1502 cm�1; MS (70 eV): m/z (%):
398 (100) [M +], 370 (35) [M +�C2H4], 342 (7), 325 (7), 313 (5), 259 (10);
elemental analysis calcd for C27H26O3 (398.5): C 81.38, H 6.58; found C
81.40, H 6.59.


Variant B : According to GP 2, complex (Z)-2 db (128 mg, 0.23 mmol) in
THF (5 mL) was treated with phenylethyne (188 mg, 1.84 mmol), and the
mixture was heated for 26 h. Compound 4d-Ph (43 mg, 47 %) was ob-
tained after chromatography on silica gel (10 g).


4-Ethoxy-2-(1’-ethoxycyclopropyl)-5,7-di-n-propylcyclopenta[b]pyran
(4 d-nPr): According to GP complex (Z)-2da (240 mg, 0.60 mmol) in
THF (15 mL) was treated with 1-pentyne (326 mg, 4.79 mmol), and the
mixture was heated for 100 h. After chromatography [30 g silica gel, elu-
tion with pentane/Et2O (1:1)], 4d-nPr (Rf = 0.53) was obtained as red
crystals (65 mg, 33 %). M.p. 123 8C; 1H NMR (250 MHz, C6D6): d =0.96–
1.29 (m, 16H, OCH2CH3, CH2CH2CH3, cPr-H), 1.84–1.93 (m, 4H,
CH2CH2CH3), 2.81 (t, 3J =7.0 Hz, 2 H, CH2CH2CH3), 3.14 (t, 3J =7.0 Hz,
2H, CH2CH2CH3), 3.28 (q, 3J =7.0 Hz, 2H, OCH2CH3), 6.26 (s, 1H, 6-
H), 6.77 (s, 1H, 3-H); 13C NMR (62.9 MHz, CDCl3, plus APT): d=14.4,
14.4, 14.7, 15.6, 15.7 (+ , CH2CH2CH3, OCH2CH3, cPr-C), 16.5, 25.7 (�,
CH2CH2CH3), 28.1, 32.5 (�, CH2CH2CH3), 61.8 (�, C-1’), 63.8 (�,
OCH2CH3), 90.6 (+ , C-6), 105.3, 110.2 (�, C-5,7), 115.7 (�, C-4a), 125.9
(+ , C-3), 145.9, 157.5, 161.9 (�, C-2,4,7a); IR (KBr): ñ =2975, 2948,
2881, 1780, 1704, 1651, 1559, 1480 cm�1; MS (70 eV): m/z (%): 330 (29)
[M +], 301 (100) [M +�C2H5], 273 (14), 257 (20), 245 (11); HRMS (EI):
m/z : calcd for C21H30O3: 330.2195 (correct HRMS).


2-(1’-Chlorocyclopropyl)-4-ethoxy-5,7-di-n-propylcyclopenta[b]pyran
(4 e-nPr): According to GP 2, complex (Z)-2ea (299 mg, 0.76 mmol) in
THF (15 mL) was treated with 1-pentyne (414 mg, 6.08 mmol), and the
mixture was heated for 36 h. After chromatography [30 g silica gel, elu-
tion with pentane/Et2O (5:1)], 4e-nPr (Rf =0.62) was obtained as a red
oil (11 mg, 5 %). 1H NMR (250 MHz, CDCl3): d=0.91 (m, 4H, cPr-H),
1.41–1.71 (m, 9 H, CH2CH2CH3, OCH2CH3), 2.20–2.32 (m, 2 H,
CH2CH2CH3), 2.32–2.42 (m, 2 H, CH2CH2CH3), 2.51 (t, 3J =6.9 Hz, 2H,
CH2CH2CH3), 2.71 (t, 3J =7.0 Hz, 2H, CH2CH2CH3), 4.31 (q, 3J =7.0 Hz,
2H, OCH2CH3), 6.42 (s, 1H, 6-H), 6.58 (s, 1H, 3-H); IR (film): ñ=2959,
2930, 2888, 1640, 1455 cm�1.


2-(1’-Chlorocyclopropyl)-4-ethoxy-5,7-phenylcyclopenta[b]pyran (4 e-Ph):
According to GP 2, complex (Z)-2ea (209 mg, 0.53 mmol) in THF
(11 mL) was treated with phenylethyne (433 mg, 4.24 mmol), and the
mixture was heated for 12 h. After chromatography [20 g silica gel, elu-
tion with pentane/Et2O (5:1)], 4e-Ph (Rf = 0.33) was obtained as a red oil
(173 mg, 84 %). 1H NMR (250 MHz, CDCl3): d =1.42 (t, 3J=7.0 Hz, 3H,
OCH2CH3), 1.69 (m, 2H, c-Pr-H), 1.82 (m, 2 H, c-Pr-H), 4.38 (q, 3J=


7.0 Hz, 2 H, OCH2CH3), 6.80 (s, 1 H, 6-H), 7.14–7.25 (m, 2 H, Ph-H),
7.30–7.42 (m, 5 H, Ph-H, 3-H), 7.61–7.70 (m, 2H, Ph-H), 7.71–7.80 (m,
2H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d =14.4 (+ ,
OCH2CH3), 19.6 (�, cPr-C), 39.63 (Cquat, cPr-C), 65.1 (�, OCH2CH3),
93.8 (+ , C-6), 107.6, 109.0, 117.5 (Cquat, C-4a,5,7), 124.4, 125.0, 125.1,
125.2, 127.4, 128.6, 129.1 (+ , C-Ph, C-3), 135.3, 138.1 (Cquat, C-Ph), 147.6
(Cquat, C-7a), 159.9, 161.6 (Cquat, C-2,4); IR (film): ñ=3048, 3025, 2980,
2929, 1629, 1599, 1492, 1444 cm�1; MS (70 eV): m/z (%): 388 (100) [M +],
360 (35) [M +�C2H4], 326 (7), 259 (31), 232 (16), 202 (19), 149 (3), 129
(22), 102 (11), 57 (17); HRMS (EI): m/z : calcd for C25H21ClO2: 388.1230
(correct HRMS).


2-Adamantyl-4-ethoxy-5,7-diphenylcyclopenta[b]pyran (4 j-Ph): Variant
A : According to GP 2, complex (Z)-2ja (455 mg, 1.00 mmol) in THF
(20 mL) was treated with phenylethyne (817 mg, 8.00 mmol), and the
mixture was heated for 15 h. After chromatography [20 g silica gel, elu-
tion with pentane/Et2O (5:1)], 4 j-Ph (Rf =0.38) was obtained as red crys-
tals (253 mg, 56 %). M.p. 210 8C; 1H NMR (250 MHz, CDCl3): d=1.43 (t,
3J=7.0 Hz, 3 H, OCH2CH3), 1.86 (br s, 6 H, 4’-H), 2.12 (br s, 6H, 2’-H),
2.20 (br s, 3 H, 3’-H), 4.32 (q, 3J=7.0 Hz, 2 H, OCH2CH3), 6.24 (s, 1 H, 6-
H), 7.14–7.47 (m, 7 H, 3-H, Ph-H), 7.67 (dd, 3J =8.4, 4J =1.1 Hz, 2H, Ph-
H), 7.93 (dd, 3J =8.4, 4J=1.1 Hz, 2H, Ph-H); 13C NMR (62.9 MHz,
CDCl3, plus DEPT): d=14.5 (+ , OCH2CH3), 28.1 (+ , C-3’), 36.49 (�, C-
4’), 38.7 (Cquat, C-1’), 40.6 (�, C-2’), 64.7 (�, OCH2CH3), 90.0 (+ , C-6),
107.2, 108.5, 116.6 (Cquat, C-4a,5,7), 123.95, 124.03, 124.6, 125.4, 127.4,
128.5, 129.1 (+ , C-3, C-Ph), 135.8, 138.5 (Cquat, C-Ph), 148.7, 161.1, 172.3
(Cquat, C-2,4,7a); IR (KBr): ñ=2911, 2848, 1630, 1599, 1540, 1499 cm�1;
MS (70 eV): m/z (%): 448 (100) [M +], 420 (22) [M +�C2H4], 259 (13);
HRMS (EI): m/z : calcd for C32H32O2: 448.2402 (correct HRMS).


Variant B : According to GP 2, complex (Z)-2jb (400 mg, 0.66 mmol) in
THF (20 mL) was treated with phenylethyne (539 mg, 5.28 mmol), and
the mixture was heated for 6 h. Compound 4 j-Ph (140 mg, 47 %) was ob-
tained after chromatography on silica gel (20 g).


4-Ethoxy-2-[1’-methyl-1’-(trimethylsilyloxy)ethyl]-5,6-di-n-propylcyclo-
penta[b]pyran (8 c-nPr) and 6-dibenzylamino-4-ethoxy-7-oxa-1-oxo-2-n-
propyl-6-[1’-methyl-1’-(trimethylsilyloxy)ethyl]-2,4-cycloheptadiene : Ac-
cording to GP 2, complex (Z)-2 cb (253 mg, 0.42 mmol) in THF (8 mL)
was treated with 1-pentyne (229 mg, 3.36 mmol), and the mixture was
heated for 2 d. After chromatography [20 g silica gel, elution with pen-
tane/Et2O (5:1)], 8c-nPr (Rf =0.66) and the cycloheptadiene derivative
(Rf =0.14) were obtained as a red (25 mg, 16%) and a yellow oil (20 mg,
9%), respectively. 8c-nPr: 1H NMR (250 MHz, CDCl3): d= 0.23 [s, 9 H,
Si(CH3)3], 1.01 (t, 3J =6.9 Hz, 6H, CH2CH2CH3), 1.50 (t, 3J= 7.0 Hz, 3H,
OCH2CH3), 1.62 [s, 6 H, C(CH3)2], 1.63–1.69 (m, 4 H, CH2CH2CH3), 2.63
(t, 3J =6.9 Hz, 2H, CH2CH2CH3), 2.79 (t, 3J=7.0 Hz, 2H, CH2CH2CH3),
4.30 (q, 3J= 7.0 Hz, 2H, OCH2CH3), 6.44 (s, 1H, 7-H), 6.50 (s, 1 H, 3-H);
13C NMR (62.9 MHz, CDCl3, plus DEPT): d=2.4 [ + , Si(CH3)3], 14.2,
14.3, 14.9 (+ , CH2CH2CH3, OCH2CH3), 23.7, 25.1 (�, CH2CH2CH3),
27.6, 29.8 (�, CH2CH2CH3), 31.7 [+ , C(CH3)2], 63.9 (�, OCH2CH3), 74.8
[Cquat, C(CH3)2], 88.7 (+ , C-7), 104.7, 108.8 (Cquat, C-5,6), 114.9 (Cquat, C-
4a), 124.7 (+ , C-3), 145.4, 158.7, 168.6 (Cquat, C-2,4,7a).


6-Dibenzylamino-4-ethoxy-7-oxa-1-oxo-2-n-propyl-6-[1’-methyl-1’-(trime-
thylsilyloxy)ethyl-2,4-cycloheptadiene : 1H NMR (250 MHz, CDCl3): d=


0.14 [s, 9 H, Si(CH3)3], 0.86–1.00 (m, 6H, CH2CH2CH3, OCH2CH3), 1.42–
1.56 (m, 2 H, CH2CH2CH3), 1.62 [s, 6 H, C(CH3)2], 2.28 (t, 3J =6.9 Hz,
2H, CH2CH2CH3), 4.24 (q, 3J =7.0 Hz, 2H, OCH2CH3), 4.51 [s, 4H, N-
(CH2-)2], 5.43 (s, 1 H, 3-H), 6.13 (s, 1H, 5-H), 7.16–7.34 (m, 10H, Ph-H);
13C NMR (62.9 MHz, CDCl3, plus DEPT): d=2.4 [ + , Si(CH3)3], 14.1 (+ ,
CH2CH2CH3), 15.3 (+ , OCH2CH3), 20.8 (�, CH2CH2CH3), 31.8 [ + , C-
(CH3)2], 36.4 (�, CH2CH2CH3), 57.4 [�, N(CH2-)2], 65.8 (�, OCH2CH3),
77.2 [Cquat, C(CH3)2], 95.0 (Cquat, C-6), 99.0 (+ , C-3), 127.1, 127.9, 128.3
(+ , C-Ph), 131.9 (+ , C-5), 137.7 (Cquat, C-Ph), 142.8 (Cquat, C-2), 170.7
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(Cquat, C-4), 182.8 (Cquat, C-1); IR (film): ñ =3063, 1708 (C=O), 1646,
1613, 1456, 1383 cm�1; MS (70 eV): m/z (%): 521 (9) [M +], 476 (4) [M +


�C2H5O], 430 (100) [M +�C7H7], 340 (37), 179 (5), 169 (18), 141 (25),
131 (66), 91 (99) [C7H7


+], 73 (49) [C3H9Si+], 43 (5) [C3H7
+]; HRMS


(EI): m/z : calcd for C31H43NO4Si: 521.2961 (correct HRMS).


2-[1’-(tert-Butyldiphenylsilyloxy)ethyl]-4-ethoxy-5,7-diphenylcyclopen-
ta[b]pyran (4 f-Ph) and 2-[1’-(tert-butyldiphenylsilyloxy)ethyl]-4-ethoxy-
5,6-diphenylcyclopenta[b]pyran (8 f-Ph): Variant A : Following GP 2,
complex (E)-2 fa (411 mg, 0.68 mmol) in THF (14 mL) was treated with
phenylethyne (556 mg, 5.44 mmol), and the mixture was heated for 39 h.
After chromatography [30 g silica gel, elution with pentane/Et2O (5:1)],
8 f-Ph (8 mg, 2%; Rf = 0.62) and 4 f-Ph (160 mg, 39%; Rf = 0.39) were ob-
tained as red oils. 8 f-Ph: 1H NMR (250 MHz, CDCl3): d =1.02 (d, 3J=


7.2 Hz, 3 H, CHCH3), 1.07 [s, 9 H, SiC(CH3)3], 1.56 (t, 3J=7.0 Hz, 3H,
OCH2CH3), 4.42 (m, 2 H, OCH2CH3), 5.31 (q, 3J =7.2 Hz, 1H, CHCH3),
6.27 (s, 1H, 7-H), 6.98–7.50 (m, 19 H, 3-H, Ph-H), 7.79–7.84 (m, 2H, Ph-
H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=14.5 (+ , OCH2CH3),
19.1 [Cquat, SiC(CH3)3], 25.1 (+ , CHCH3), 26.9 [ + , SiC(CH3)3], 65.6 (�,
OCH2CH3), 66.7 (+ , CHCH3), 80.5 (+ , C-7), 107.5, 119.2 (Cquat, C-5,6),
124.5, 125.4, 125.8, 126.1, 126.7, 127.5, 127.6, 127.7, 128.1, 128.5, 128.7,
129.6, 129.7 (+ , C-3, C-Ph), 133.7, 135.0, 135.6, 135.6 (Cquat, C-Ph), 139.3,
142.6, 156.4, 162.6 (Cquat, C-2,4,4a,7a).


Compound 4 f-Ph : 1H NMR (250 MHz, CDCl3): d=1.15 [s, 9 H, SiC-
(CH3)3], 1.32 (t, 3J =7.0 Hz, 3H, OCH2CH3), 1.57 (d, 3J =7.2 Hz, 3 H,
CHCH3), 4.11 (m, 2H, OCH2CH3), 4.94 (q, 3J=7.2 Hz, 1H, CHCH3),
6.52 (s, 1H, 6-H), 7.04–7.43 (m, 13 H, 3-H, Ph-H), 7.53–7.68 (m, 4H, Ph-
H), 7.70–7.76 (m, 2 H, Ph-H), 7.79–7.85 (m, 2H, Ph-H); 13C NMR
(62.9 MHz, CDCl3, plus DEPT): d=14.4 (+ , OCH2CH3), 19.2 [Cquat, SiC-
(CH3)3], 23.4 (+ , CHCH3), 26.9 [ + , SiC(CH3)3], 64.7 (�, OCH2CH3),
69.3 (+ , CHCH3), 91.7 (+ , C-6), 107.5, 117.0 (Cquat, C-5,7), 124.1, 124.5,
124.8, 125.4, 127.4, 127.7, 127.8, 128.2, 128.4, 128.6, 129.1, 129.9, 130.1 (+ ,
C-3, C-Ph), 132.8, 133.0, 135.5, 135.7 (Cquat, C-Ph), 138.3, 148.2, 160.3,
166.7 (Cquat, C-2,4,4a,7a); IR (film): ñ= 3032, 2926, 2842, 1631, 1599,
1500 cm�1; MS (70 eV): m/z (%): 596 (100) [M +], 539 (1) [M +�C4H9],
199 (22), 111 (17), 97 (23), 85 (26), 71 (38), 57 (68) [C4H9


+]; HRMS (EI):
m/z : calcd for C40H40O3Si: 596.2746 (correct HRMS).


Variant B : According to GP 2, complex (E)-2 fb (280 mg, 0.37 mmol) in
THF (8 mL) was treated with phenylethyne (302 mg, 2.96 mmol), and the
mixture was heated for 16 h. 8 f-Ph (49 mg, 22%) and 4 f-Ph (163 mg,
74%) were obtained after chromatography on silica gel (15 g).


2-[1’-(tert-Butyldiphenylsilyloxy)ethyl]-4-ethoxy-5,7-di-n-propylcyclopen-
ta[b]pyran (4 f-nPr): Variant A : According to GP 2, complex (E)-2 fa
(300 mg, 0.50 mmol) in THF (10 mL) was treated with 1-pentyne
(272 mg, 4.00 mmol), and the mixture was heated for 2 d. After chroma-
tography [30 g silica gel, elution with pentane/Et2O (10:1)], 4 f-nPr (Rf =


0.51) was obtained as red crystals (33 mg, 13%). M.p. 134 8C; 1H NMR
(250 MHz, CDCl3): d =0.90 (t, 3J=7.1 Hz, 3H, CH2CH2CH3), 0.96 (t, 3J=


7.1 Hz, 3 H, CH2CH2CH3), 1.22 [s, 9H, SiC(CH3)3], 1.41 (t, 3J =7.0 Hz,
3H, OCH2CH3), 1.45 (d, 3J =7.2 Hz, 3H, CHCH3), 1.51–1.54 (m, 4 H,
CH2CH2CH3), 2.51 (t, 3J =7.1 Hz, 2 H, CH2CH2CH3), 2.55 (t, 3J =7.1 Hz,
2H, CH2CH2CH3), 4.30 (m, 2H, OCH2CH3), 4.75 (q, 3J=7.2 Hz, 1 H,
CHCH3), 6.32 (s, 1 H, 6-H), 6.44 (s, 1 H, 3-H), 7.25–7.50 (m, 6H, Ph-H),
7.55–7.64 (m, 2H, Ph-H), 7.66–7.75 (m, 2H, Ph-H); 13C NMR (62.9 MHz,
CDCl3, plus DEPT): d=14.2, 14.3, 14.9 (+ , CH2CH2CH3, OCH2CH3),
19.3 [Cquat, SiC(CH3)3], 23.3 (+ , CHCH3), 24.3, 25.1 (�, CH2CH2CH3),
26.9 [ + , SiC(CH3)3], 27.4, 31.7 (�, CH2CH2CH3), 64.0 (�, OCH2CH3),
69.3 (+ , CHCH3), 89.9 (+ , C-6), 105.0, 109.2, 115.1 (Cquat, C-4a,5,7),
124.7 (+ , C-3), 125.4 (Cquat, C-7a), 127.7, 127.8, 129.8, 129.9 (+ , C-Ph),
133.1, 133.5 (Cquat, C-Ph), 135.7, 135.8 (+ , C-Ph), 158.2, 165.6 (Cquat, C-
2,4); IR (KBr): ñ= 3064, 3041, 2954, 2925, 1642, 1606 cm�1; MS (70 eV):
m/z (%): 528 (18) [M +], 499 (24) [M +�C2H5], 327 (16), 306 (5), 256
(17), 206 (100), 199 (54); HRMS (EI): m/z : calcd for C34H44O3Si:
528.3059 (correct HRMS).


Variant B : According to GP 2, complex (E)-2 fb (233 mg, 0.31 mmol) in
THF (6 mL) was treated with 1-pentyne (169 mg, 2.48 mmol), and the
mixture was heated for 35 h. Compound 4 f-nPr (38 mg, 23%) was ob-
tained after chromatography on silica gel (20 g).


2-[1’-(tert-Butyldimethylsilyloxy)ethyl]-4-ethoxy-5,7-diphenylcyclopen-
ta[b]pyran (4 g-Ph) and 2-[1’-(tert-butyldimethylsilyloxy)ethyl]-4-ethoxy-
5,6-diphenylcyclopenta[b]-pyran (8 g-Ph): Variant A : Following GP 2,
complex (E)-2 ga (180 mg, 0.38 mmol) in THF (8 mL) was treated with
phenylethyne (311 mg, 3.04 mmol) and the mixture was heated for 37 h.
After chromatography [20 g silica gel, elution with pentane/Et2O (5:1)]
8g-Ph (Rf =0.45) and 4g-Ph (Rf =0.39) were obtained as a red oil (25 mg,
14%) and as red crystals (48 mg, 27 %), m.p. 138 8C. 8g-Ph: 1H NMR
(250 MHz, CDCl3): d=�0.10 [s, 6H, Si(CH3)2], 0.81 [s, 9H, SiC(CH3)3],
1.18 (d, 3J= 7.2 Hz, 3 H, CHCH3), 1.58 (t, 3J =7.0 Hz, 3H, OCH2CH3),
4.44 (m, 2H, OCH2CH3), 5.20 (q, 3J= 7.2 Hz, 1 H, CHCH3), 6.07 (s, 1 H,
7-H), 7.14 (s, 1 H, 3-H), 7.30–7.47 (m, 8 H, Ph-H), 7.80–7.88 (m, 2H, Ph-
H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=�5.0, �4.9 (+ ,
SiCH3), 14.5 (+ , OCH2CH3), 18.1 [Cquat, SiC(CH3)3], 25.4 (+ , CHCH3),
25.8 [ + , SiC(CH3)3], 65.6 (+ , CHCH3), 65.7 (�, OCH2CH3), 80.6 (+ , C-
7), 107.5, 117.5, 119.0 (Cquat, C-4a,5,6), 124.6, 125.5, 126.2, 126.4, 127.9,
128.6, 130.2 (+ , C-Ph, C-3), 135.0, 139.8 � 2, 157.1, 162.6 (Cquat, C-Ph, C-
2,4,7a); IR (film): ñ=3064, 3050, 2980, 1625, 1593, 1530, 1490, 1448 cm�1;
MS (70 eV): m/z (%): 472 (100) [M +], 73 (26); HRMS (EI): m/z : calcd
for C30H36O3Si: calcd for 472.2433 (correct HRMS).


Compound 4 g-Ph : 1H NMR (250 MHz, CDCl3): d=0.15 (s, 3H, SiCH3),
0.20 (s, 3 H, SiCH3), 0.98 [s, 9 H, SiC(CH3)3], 1.44 (t, 3J=7.0 Hz, 3 H,
OCH2CH3), 1.63 (d, 3J=7.2 Hz, 3 H, CHCH3), 4.32 (m, 2H, OCH2CH3),
4.95 (q, 3J=7.2 Hz, 1H, CHCH3), 6.63 (s, 1 H, 6-H), 7.11–7.25 (m, 2 H,
Ph-H), 7.31 (s, 1 H, 3-H), 7.33–7.42 (m, 4H, Ph-H), 7.62–7.70 (m, 2H, Ph-
H), 7.83–7.91 (m, 2 H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT):
d=�5.0, �4.8 (+ , SiCH3), 14.5 (+ , OCH2CH3), 18.1 [Cquat, SiC(CH3)3],
23.9 (+ , CHCH3), 25.7 [ + , SiC(CH3)3], 64.9 (�, OCH2CH3), 68.2 (+ ,
CHCH3), 91.0 (+ , C-6), 107.5, 117.2, 117.4 (Cquat, C-4a,5,7), 124.2, 124.5,
124.8, 125.5, 127.4, 128.5, 129.2 (+ , C-Ph, C-3), 135.6, 138.4 (Cquat, C-Ph),
147.3, 160.7, 168.0 (Cquat, C-2,4,7a); IR (KBr): ñ =3060, 3039, 3007, 2837,
1622, 1590, 1560, 1491 cm�1; MS (70 eV): m/z (%): 472 (59) [M +], 453
(11), 408 (4), 396 (7), 362 (53), 316 (8), 259 (5), 230 (10), 202 (11), 156
(9), 111 (11), 97 (17), 91 (100), 73 (70), 57 (46) [C4H9


+], 43 (47); HRMS
(EI): m/z : calcd for C30H36O3Si: 472.2433 (correct HRMS).


Variant B : According to GP 2, complex [(E)-2gb] (85 mg, 0.14 mmol) in
THF (3 mL) was treated with phenylethyne (114 mg, 1.12 mmol), and the
mixture was heated for 26 h. Compounds 8 g-Ph (15 mg, 23%) and 4g-Ph
(27 mg, 41%) were obtained after chromatography on silica gel (10 g).


2-[1’-(tert-Butyldimethylsilyloxy)ethyl]-4-ethoxy-5,7-di-n-propylcyclopen-
ta[b]pyran (4 g-nPr): According to GP 2, complex (E)-2gb (85 mg,
0.14 mmol) in THF (3 mL) was treated with 1-pentyne (76 mg,
1.12 mmol), and the mixture was heated for 4 d. After column chroma-
tography [10 g silica gel, elution with pentane/Et2O (10:1)], 4 g-nPr (Rf =


0.51) was obtained as a red oil (6 mg, 11%). 1H NMR (250 MHz,
CDCl3): d=0.09 (s, 3H, SiCH3), 0.13 (s, 3H, SiCH3), 0.72–1.04 (m, 9 H,
OCH2CH3, CH2CH2CH3), 1.28 [s, 9H, SiC(CH3)3], 1.49 (d, 3J =7.1 Hz,
3H, CHCH3), 1.52–1.74 (m, 4 H, CH2CH2CH3), 2.58 (t, 3J= 7.2 Hz, 2H,
CH2CH2CH3), 2.74 (t, 3J=7.2 Hz, 2H, CH2CH2CH3), 4.28 (m, 2 H,
OCH2CH3), 4.79 (q, 3J=7.1 Hz, 1H, CHCH3), 6.37 (s, 1 H, 6-H), 6.42 (s,
1H, 3-H); IR (film): ñ=2938, 2904, 2839, 1635, 1598, 1523, 1450,
1364 cm�1; MS (70 eV): m/z (%): 404 (20) [M +], 375 (37) [M +�C2H5],
206 (21), 108 (19), 80 (39), 52 (100); HRMS (EI): m/z : calcd for
C24H40O3Si: 404.2746 (correct HRMS).


4-Ethoxy-5,6-diphenyl-2-[1’-(trimethylsilyloxy)ethyl]cyclopenta[b]pyran
(8 h-Ph): According to GP 2, complex (E)-2hb (1.50 g, 2.55 mmol) in
THF (50 mL) was treated with phenylethyne (2.08 g, 20.4 mmol), and the
mixture was heated for 12 h. After chromatography [150 g silica gel, elu-
tion with pentane/Et2O (10:1)], 8h-Ph (Rf =0.44) was obtained as a red
oil (230 mg, 21%). 1H NMR (250 MHz, CDCl3): d=�0.03 [s, 9 H, Si-
(CH3)3], 1.19 (d, 3J =7.0 Hz, 3H, CHCH3), 1.56 (t, 3J= 7.0 Hz, 3 H,
OCH2CH3), 4.42 (q, 3J=7.0 Hz, 2 H, OCH2CH3), 5.20 (q, 3J =7.0 Hz, 1 H,
CHCH3), 6.01 (s, 1 H, 7-H), 7.18 (s, 1 H, 3-H), 7.31–7.46 (m, 8H, Ph-H),
7.80–7.88 (m, 2H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=


�0.2 [ + , Si(CH3)3], 14.5 (+ , OCH2CH3), 25.2 (+ , CHCH3), 65.1 (+ ,
CHCH3), 65.7 (�, OCH2CH3), 80.6 (+ , C-7), 107.6, 117.6, 119.0 (Cquat, C-
4a,5,6), 124.6, 125.5, 126.2, 126.3, 127.8, 128.5, 130.1 (+ , C-3, C-Ph),
135.0, 139.8 (Cquat, C-Ph), 143.2, 156.7, 162.6 (Cquat, C-2,4,7a); IR (film):
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ñ= 3058, 3025, 2976, 2899, 1635, 1601, 1538 cm�1; MS (70 eV): m/z (%):
430 (2) [M +], 210 (29), 117 (18), 105 (36), 91 (100), 73 (51), 57 (21), 44
(32).


4-Ethoxy-2-(2’-methyldioxolan-2’-yl)-5,7-diphenylcyclopenta[b]pyran (4 i-
Ph): Variant A : According to GP 2, complex (Z)-2 ia (400 mg, 0.99 mmol)
in THF (20 mL) was treated with phenylethyne (809 mg, 7.92 mmol), and
the mixture was heated for 3 d. After chromatography [20 g silica gel,
elution with pentane/Et2O (5:1)], 4 i-Ph (Rf =0.09) was obtained as a red
oil (222 mg, 56 %). 1H NMR (250 MHz, CDCl3): d =1.43 (t, 3J =7.0 Hz,
3H, OCH2CH3), 1.90 (s, 3H, CH3), 4.08 (m, 4 H, OCH2CH2O), 4.36 (q,
3J=7.0 Hz, 2 H, OCH2CH3), 6.71 (s, 1 H, 6-H), 7.13–7.70 (m, 7H, 3-H,
Ph-H), 7.64–7.82 (m, 2 H, Ph-H), 7.92–8.00 (m, 2H, Ph-H); 13C NMR
(62.9 MHz, CDCl3, plus DEPT): d=14.4 (+ , OCH2CH3), 24.3 (+ , CH3),
65.1 (�, OCH2CH3), 65.4 (�, OCH2CH2O), 91.9 (+ , C-6), 106.1 [Cquat, C-
(OCH2)2], 107.8, 109.9, 117.3 (Cquat, C-4a,5,7), 124.3, 124.9, 125.4, 125.5,
127.4, 128.6, 129.1 (+ , C-3, C-Ph), 135.3, 138.2 (Cquat, C-Ph), 148.3, 159.7,
161.8 (Cquat, C-2,4,7a); IR (film): ñ=3047, 3026, 2895, 1631, 1596, 1578,
1499 cm�1; MS (70 eV): m/z (%): 400 (59) [M +], 372 (2) [M +�C2H4],
286 (9), 267 (12), 255 (31), 197 (9), 146 (19), 106 (41), 91 (100), 87 (84)
[C4H7O2


+], 71 (14), 43 (53); HRMS (EI): m/z : calcd for C26H24O4:
400.1674 (correct HRMS).


Variant B : According to GP 2, complex (Z)-2 ib (450 mg, 0.81 mmol) in
THF (26 mL) was treated with phenylethyne (662 mg, 6.48 mmol), and
the mixture was heated for 3 h. After chromatography [20 g silica gel,
elution with pentane/Et2O (5:1)], 4-ethoxy-2-(2’-methyldioxolan-2’-yl)-
5,6-diphenylcyclopenta[b]pyran (8 i-Ph) (Rf =0.18; 120 mg, 37%) and 4 i-
Ph (143 mg, 44%) were obtained as red oils. 8 i-Ph: 1H NMR (250 MHz,
CDCl3): d=1.56 (t, 3J =7.0 Hz, 3 H, OCH2CH3), 1.68 (s, 3H, CH3), 3.71
(m, 4H, OCH2CH2O), 4.48 (q, 3J =7.0 Hz, 2H, OCH2CH3), 5.98 (s, 1H,
7-H), 7.16–7.52 (m, 9H, 3-H, Ph-H), 7.83–7.90 (m, 2H, Ph-H); 13C NMR
(62.9 MHz, CDCl3, plus DEPT): d=14.5 (+ , OCH2CH3), 26.1 (+ , CH3),
63.9 (�, OCH2CH2O), 65.8 (�, OCH2CH3), 82.1 (+ , C-7), 106.8 [Cquat, C-
(OCH2)2], 107.5, 107.8, 119.8 (Cquat, C-4a,5,6), 124.8, 125.6, 125.7, 126.7,
128.5, 129.0, 130.3 (+ , C-3, C-Ph), 134.7, 138.2 (Cquat, C-Ph), 141.5, 152.5,
161.7 (Cquat, C-2,4,7a); IR (film): ñ=3055, 2936, 2889, 1656, 1630, 1591,
1535, 1454 cm�1; MS (70 eV): m/z (%): 400 (8) [M +], 372 (4) [M +


�C2H4], 286 (10), 267 (14), 255 (31), 197 (11), 106 (43), 91 (79), 87 (100)
[C4H7O2


+], 77 (7), 65 (18), 62 (25), 49 (17); HRMS (EI): m/z : calcd for
C26H24O4: 400.1674 (correct HRMS).


2-(1’,1’-Dimethylethyl)-4-ethoxy-5,7-diphenylcyclopenta[b]pyran (4 k-Ph):
According to GP 2, complex (Z)-2 ka (750 mg, 2.00 mmol) in THF
(40 mL) was treated with phenylethyne (1.63 g, 16.0 mmol), and the mix-
ture was heated for 4 d. After chromatography [80 g silica gel, elution
with pentane/Et2O (5:1)], 4 k-Ph (Rf =0.24) was obtained as red crystals
(385 mg, 52%). M.p. 141 8C; 1H NMR (250 MHz, CDCl3): d=1.38 (t, 3J =


7.0 Hz, 3 H, OCH2CH3), 1.46 [s, 9 H, C(CH3)3], 4.23 (q, 3J=7.0 Hz, 2H,
OCH2CH3), 6.22 (s, 1H, 6-H), 7.08–7.23 (m, 2 H, Ph-H), 7.28–7.47 (m,
5H, 3-H, Ph-H), 7.62 (d, 3J=8.2 Hz, 2H, Ph-H), 7.89 (d, 3J= 8.2 Hz, 2 H,
Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=14.4 (+ ,
OCH2CH3), 28.8 [ + , C(CH3)3], 37.0 [Cquat, C(CH3)3], 64.8. (�,
OCH2CH3), 90.2 (+ , C-6), 107.4, 116.9, 123.9 (Cquat, C-4a,5,7), 124.0,
124.2, 124.7, 125.3, 127.4, 128.5, 129.1 (+ , C-Ph, C-3), 135.8, 138.5 (Cquat,
C-Ph), 148.7, 160.7, 172.2 (Cquat, C-2,4,7a); IR (KBr): ñ =2940, 1595,
1485, 1380, 1290, 1240, 1135 cm�1; MS (70 eV): m/z (%): 370 (42) [M +],
111 (41), 97 (59), 71 (61), 57 (100) [C4H9


+].


2-(1’,1’-Dimethylethyl)-4-ethoxy-5,7-di-n-propylcyclopenta[b]pyran (4 k-
nPr): According to GP 2, complex (E)-2ka (275 mg, 0.73 mmol) in THF
(15 mL) was treated with 1-pentyne (400 mg, 5.88 mmol), and the mix-
ture was heated for 4 d. After chromatography [35 g silica gel, elution
with pentane/Et2O (10:1)], 4 k-nPr (Rf =0.51) was obtained as a red oil
(95 mg, 43%). 1H NMR (250 MHz, CDCl3): d=0.95 (t, 3J =7.3 Hz, 3H,
CH2CH2CH3), 0.98 (t, 3J=7.3 Hz, 3 H, CH2CH2CH3), 1.32 [s, 9H, C-
(CH3)3], 1.45 (t, 3J=7.0 Hz, 3 H, OCH2CH3), 1.63 (tq, 3J=7.3, 3J =7.3 Hz,
2H, CH2CH2CH3), 1.68 (tq, 3J=7.3, 3J=7.3 Hz, 2H, CH2CH2CH3), 2.61
(t, 3J =7.3 Hz, 2H, CH2CH2CH3), 2.74 (t, 3J=7.3 Hz, 2H, CH2CH2CH3),
4.27 (q, 3J= 7.0 Hz, 2H, OCH2CH3), 6.02 (s, 1H, 6-H), 6.47 (s, 1 H, 3-H);
13C NMR (62.9 MHz, CDCl3, plus DEPT): d=14.4, 14.4, 14.9 (+ ,
CH2CH2CH3, OCH2CH3), 23.7, 25.2 (�, CH2CH2CH3), 27.6 (�,


CH2CH2CH3), 28.6 [+ , C(CH3)3], 31.7 (�, CH2CH2CH3), 36.7 [Cquat, C-
(CH3)3], 63.9 (�, OCH2CH3), 88.3 (+ , C-6), 104.6, 108.5, 114.7 (Cquat, C-
4a,5,7), 124.6 (+ , C-3), 145.7, 158.6, 170.6 (Cquat, C-2,4,7a); IR (film): ñ=


2959, 2927, 1643, 1547, 1463, 1381 cm�1; MS (70 eV): m/z (%): 302 (23)
[M +], 273 (100) [M +�C2H5], 245 (22) [M +�C4H9


+], 57 (23) [C4H9
+].


Cycloadditions of the [(Z)-3-(aryloxy)-, (benzyloxy)-, (arylthio)- and (al-
kylthio)ethenyl]carbene complexes and alkynes


4-Ethoxy-2-(1’-ethoxy-1’-methylethyl)-5,7-diphenylcyclopenta[b]pyran
(4 b-Ph): Variant A : According to GP 2, complex (E/Z)-2bg (177 mg,
0.44 mmol) in THF (9 mL) was treated with phenylethyne (360 mg,
3.52 mmol), and the mixture was heated for 3 d. After chromatography
[15 g silica gel, elution with pentane/Et2O (10:1)], 4 b-Ph (Rf =0.15) was
obtained as red crystals (46 mg, 27 %). M.p. 127 8C; the spectral data
have previously been reported.[9]


Variant B : According to GP 2, complex (Z)-2 bh (232 mg, 0.51 mmol) in
THF (10 mL) was treated with phenylethyne (417 mg, 4.08 mmol), and
the mixture was heated for 2 d. Compound 4b-Ph (57 mg, 28%) was ob-
tained after chromatography on silica gel (15 g).


Variant C : According to GP 2, complex [(E/Z)-2 bi] (169 mg, 0.36 mmol)
in THF (7 mL) was treated with phenylethyne (294 mg, 2.88 mmol), and
the mixture was heated for 2 d. Compound 4b-Ph (26 mg, 18%) was ob-
tained after chromatography on silica gel (10 g).


Variant D : According to GP 2, complex (Z)-2 bk (170 mg, 0.36 mmol) in
THF (7 mL) was treated with phenylethyne (294 mg, 2.88 mmol), and the
mixture was heated for 2 d. 4 b-Ph (53 mg, 37 %) was obtained after chro-
matography on silica gel (10 g).


Tetracarbonyl[(2Z)-1,4-diethoxy-4-methyl-3-phenylthio-2-penten-1-yli-
dene-C 1,S]chromium [(Z)-7 l] and 4-ethoxy-2-(1’-ethoxy-1’-methylethyl)-
5,7-diphenylcyclopenta[b]pyran (4 b-Ph): According to GP 2, complex
(Z)-2bl (442 mg, 0.94 mmol) in THF (19 mL) was treated with phenyle-
thyne (768 mg, 7.52 mmol), and the mixture was heated for 16 d. After
chromatography [40 g silica gel, elution with pentane/Et2O (5:1)], besides
4b-Ph (88 mg, 23%), (Z)-7 l (Rf =0.38) was obtained as a red oil (287 mg,
69%). (Z)-7 l : 1H NMR (250 MHz, C6H6): d =0.92 (t, 3J=7.0 Hz, 3H,
OCH2CH3), 1.10 [s, 6H, C(CH3)2], 1.28 (t, 3J=7.0 Hz, 3 H, OCH2CH3),
2.99 (q, 3J =7.0 Hz, 2 H, OCH2CH3), 5.03 (q, 3J =7.0 Hz, 2H, OCH2CH3),
7.14–7.28 (m, 6H, 2-H, Ph-H); 13C NMR (62.9 MHz, C6H6, plus DEPT):
d=15.0, 15.8 (+ , OCH2CH3), 27.6 [ + , C(CH3)2], 58.4, 77.5 (�,
OCH2CH3), 78.7 [Cquat, C(CH3)2], 129.4, 129.5, 130.3 (+ , C-Ph), 136.3
(Cquat, C-Ph), 148.7 (+ , C-2), 172.2 (Cquat, C-3), 217.3, 231.1, 234.0 (Cquat,
C=O), 338.9 (Cquat, C-1); IR (film): ñ =3070, 3045, 2895, 2859, 2000 (C=


O), 1915 (C=O), 1868 (C=O), 1578 cm�1; MS (70 eV): m/z (%): 442 (1)
[M +], 386 (2) [M +�2 CO], 358 (0.2) [M +�3CO], 330 (7) [M +�4CO],
294 (38), 250 (43), 208 (61), 203 (20), 87 (100), 59 (77), 52 (3) [Cr+];
HRMS (EI): m/z : calcd for C20H22CrO6S: 442.0542 (correct HRMS).


Tetracarbonyl[(2Z)-1,4-diethoxy-3-ethylthio-4-methyl-2-penten-1-ylidene-
C 1,S]chromium [(Z)-7 n] and 4-ethoxy-2-(1’-ethoxy-1’-methylethyl)-5,7-
diphenylcyclopenta[b]pyran (4 b-Ph): According to GP 2, complex (Z)-
2bn (329 mg, 0.78 mmol) in THF (16 mL) was treated with phenylethyne
(637 mg, 6.24 mmol), and the mixture was heated for 3 d. After chroma-
tography [30 g silica gel, elution with pentane/Et2O (5:1)], besides 4b-Ph
(84 mg, 27%), ethyl 4-ethoxy-3-ethylthio-4-methylpentenoate ((17 mg,
9%; Rf =0.43) and (Z)-7 n (169 mg, 55%; Rf =0.37) were obtained as a
colorless and a red oil, respectively. Ethyl 4-ethoxy-3-ethylthio-4-methyl-
pentenoate: 1H NMR (250 MHz, CDCl3): d =0.93 (t, 3J =7.0 Hz, 3 H,
CH2CH3), 1.32 (t, 3J =7.0 Hz, 3H, CH2CH3), 1.42 (t, 3J =7.0 Hz, 3H,
CH2CH3), 1.49 [s, 6H, C(CH3)2], 2.98 (q, 3J= 7.0 Hz, 2H, SCH2CH3), 3.35
(q, 3J =7.0 Hz, 2H, CH2CH3), 4.20 (q, 3J =7.0 Hz, 2H, CH2CH3), 6.28 (s,
1H, 2-H).


Complex (Z)-7 n : 1H NMR (250 MHz, CDCl3): d=1.22 (t, 3J =7.0 Hz,
3H, CH2CH3), 1.42 (t, 3J =7.0 Hz, 3 H, CH2CH3), 1.54 [s, 6H, C(CH3)2],
1.66 (t, 3J =7.0 Hz, 3H, CH2CH3), 3.28 (q, 3J =7.0 Hz, 2H, CH2CH3), 3.40
(q, 3J =7.0 Hz, 2H, CH2CH3), 5.09 (q, 3J =7.0 Hz, 2H, CH2CH3), 6.68 (s,
1H, 2-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d =14.3, 15.2, 15.6
(+ , CH2CH3), 27.9 [ + , C(CH3)2], 37.0 (�, SCH2CH3), 58.8, 76.7 (�,
OCH2CH3), 78.2 [Cquat, C(CH3)2], 145.9 (+ , C-2), 173.5 (Cquat, C-3),
216.5, 230.1, 233.1 (Cquat, C=O), 336.4 (Cquat, C-1); IR (film): ñ =2985,
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2882, 2009 (C=O), 1971 (C=O), 1912 (C=O), 1860 (C=O), 1594 cm�1; MS
(70 eV): m/z (%): 394 (22) [M +], 338 (8) [M +�2 CO], 310 (5) [M +


�3CO], 282 (75) [M +�4 CO], 238 (39), 209 (23), 194 (31), 156 (100), 131
(22), 115 (24), 87 (79), 59 (52), 52 (53) [Cr+]; HRMS (EI): m/z : calcd for
C16H22CrO6S: 394.0542 (correct HRMS).


4-Dimethylamino-2-[1’-ethoxy-1’-methylethyl]-5,7-diphenylcyclopenta[b]-
pyran (10 b-Ph): According to GP 2, complex (E/Z)-9 b[14b] (267 mg,
0.48 mmol) in THF (10 mL) was treated with phenylethyne (392 mg,
3.84 mmol), and the mixture was heated for 5 d. After chromatography
[15 g silica gel, elution with pentane/Et2O (5:1)], 10 b-Ph (Rf =0.11) was
obtained as a red oil (74 mg, 39 %). 1H NMR (250 MHz, CDCl3): d =1.20
(t, 3J=7.0 Hz, 3 H, OCH2CH3), 1.61 [s, 6H, C(CH3)2], 2.86 [s, 6 H, N-
(CH3)2], 3.41 (q, 3J =7.0 Hz, 2 H, OCH2CH3), 6.39 (s, 1H, 6-H), 6.99–7.12
(m, 3H, Ph-H, 3-H), 7.21–7.38 (m, 6H, Ph-H), 7.73–7.81 (m, 2 H, Ph-H);
13C NMR (62.9 MHz, CDCl3, plus DEPT): d= 16.0 (+ , OCH2CH3), 26.3
[+ , C(CH3)2], 43.0 [+ , N(CH3)2], 59.0 (�, OCH2CH3), 76.6 [Cquat, C-
(CH3)2], 94.3 (+ , C-6), 107.1, 116.5 (Cquat, C-5,7), 121.7, 123.6, 124.4,
125.3, 128.1, 128.4, 131.4 (+ , C-Ph, C-3), 136.4 (Cquat, C-Ph), 141.4, 147.5
(Cquat, C-4a,7a), 154.0, 164.6 (Cquat, C-2,4); IR (film): ñ=3057, 2977, 2803,
1625, 1598 cm�1; MS (70 eV): m/z (%): 399 (100) [M +], 384 (22) [M +


�CH3], 362 (71), 317 (62), 271 (11), 242 (11), 225 (93), 200 (18), 150 (5),
115 (4), 91 (44) [C7H7


+], 87 (95), 77 (8), 65 (6), 59 (37), 43 (12); HRMS
(EI): m/z : calcd for C27H29NO2: 399.2198 (correct HRMS).


4-Dimethylamino-2-[1’-methyl-1’-(trimethylsilyloxy)ethyl]-5,7-diphenylcy-
clopenta[b]pyran (10 c-Ph): According to GP 2, complex (E/Z)-9 c
(402 mg, 0.67 mmol) in THF (13 mL) was treated with phenylethyne
(547 mg, 5.36 mmol), and the mixture was heated for 3 d. After chroma-
tography [20 g silica gel, elution with pentane/Et2O (5:1)], 10c-Ph (Rf =


0.49) was obtained as a red oil (84 mg, 28%). 1H NMR (250 MHz,
CDCl3): d=0.16 [s, 9H, Si(CH3)3], 1.63 [s, 6H, C(CH3)2], 2.84 [s, 6H, N-
(CH3)2], 6.49 (s, 1H, 6-H), 7.02 (s, 1 H, 3-H), 7.04–7.40 (m, 8H, Ph-H),
7.72–7.80 (m, 2H, Ph-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=


2.4 [ + , Si(CH3)3], 29.9 [ + , C(CH3)2], 42.9 [ + , N(CH3)2], 74.8 [Cquat, C-
(CH3)2], 93.3 (+ , C-6), 107.0, 116.7 (Cquat, C-5,7), 123.5, 123.5, 124.3,
125.2, 128.0, 128.1, 128.3 (+ , C-Ph, C-3), 136.4 (Cquat, C-Ph), 141.3, 147.3
(Cquat, C-4a,7a), 154.4, 166.9 (Cquat, C-2,4); IR (film): ñ=3050, 2951, 2899,
1620, 1598 cm�1; MS (70 eV): m/z (%): 443 (2) [M +], 428 (<1) [M +


�CH3], 120 (53), 91 (100) [C7H7
+], 77 (25) [C6H5


+]; HRMS (EI): m/z :
calcd for C28H33NO2Si: 443.2280 (correct HRMS).


4-Ethoxy-2-[1’-methyl-1’-(trimethylsilyloxy)ethyl]-5,7-di-n-propylcyclo-
penta[b]pyran (4 c-nPr) and tricarbonyl(6,6-dimethyl-1-dimethylamino-3-
ethoxy-2-n-propylfulvene)chromium (6-nPr): According to GP 2, com-
plex (Z)-2ca (325 mg, 0.72 mmol) in THF (14 mL) was treated with 1-
pentyne (392 mg, 5.76 mmol), and the mixture was heated for 36 h. After
chromatography [30 g silica gel, elution with pentane/Et2O (10:1)], along
with 4c-nPr (57 mg, 21%), 6-nPr (Rf =0.32) was obtained as orange crys-
tals (102 mg, 38%). M.p. 133 8C; 1H and 13C NMR data of the title com-
pound have been reported previously;[17] IR (KBr): ñ=2975, 2952, 2921,
2860, 1950 (C=O), 1865 (C=O), 1511, 1450 cm�1; MS (70 eV): m/z (%):
371 (9) [M +], 315 (5) [M +�2 CO], 287 (7) [M +�3CO], 257 (22), 244
(100), 81 (11), 54 (18), 41 (12); HRMS (EI): m/z : calcd for C18H25CrNO4:
371.1189 (correct HRMS).


4-Ethoxy-5,7-dimethyl-2-[1’-methyl-1’-(trimethylsilyloxy)ethyl]cyclopen-
ta[b]pyran (4 c-Me) and tricarbonyl(1-dimethylamino-3-ethoxy-6,6-di-
methyl-2-methylfulvene)chromium (6-Me): According to GP 2, complex
(Z)-2ca (400 mg, 0.89 mmol) in THF (18 mL) was treated with propyne
(285 mg, 7.12 mmol), and the mixture was heated for 3 d. After chroma-
tography [40 g silica gel, elution with pentane/Et2O (5:1)], 50 mg (18 %)
of 4c-Me (Rf =0.61) and 21 mg (7 %) of 6-Me (Rf =0.50) were obtained
as a red and an orange oil, respectively. 4c-Me: 1H NMR (250 MHz,
CDCl3): d =0.22 [s, 9 H, Si(CH3)3], 1.50 (t, 3J=7.0 Hz, 3H, OCH2CH3),
1.66 [s, 6 H, C(CH3)2], 2.23 (s, 3H, CH3), 2.49 (s, 3 H, CH3), 4.30 (q, 3J =


7.0 Hz, 2H, OCH2CH3), 6.42 (br s, 2H, 3-H, 6-H); 13C NMR (62.9 MHz,
CDCl3, plus DEPT): d=2.4 [+ , Si(CH3)3], 9.8, 14.5, 14.9 (+ , OCH2CH3,
CH3), 29.7 [+ , C(CH3)2], 64.0 (�, OCH2CH3), 74.8 [Cquat, C(CH3)2], 88.7
(+ , C-6), 99.1, 109.4, 118.0 (Cquat, C-4a,5,7), 126.1 (+ , C-3), 145.5 (Cquat,
C-7a), 159.0, 168.8 (Cquat, C-2,4); IR (film): ñ =2964, 2944, 2850, 1600,
1548, 1472, 1375, 1352 cm�1; MS (70 eV): m/z (%): 320 (100) [M +], 305


(5) [M +�CH3], 277 (4), 249 (2), 234 (43), 201 (19), 188 (25), 174 (21),
152 (20), 131 (37), 119 (16), 91 (18), 73 (77) [Si(CH3)3


+], 41 (17); HRMS
(EI): m/z : calcd for C18H28O3Si: 320.1807 (correct HRMS).


Compound 6-Me : 1H NMR (250 MHz, CDCl3): d=1.42 (t, 3J =7.0 Hz,
3H, OCH2CH3), 1.92 (s, 3 H, CH3), 2.20 (s, 3H, CH3), 2.29 (s, 3H, CH3),
2.73 [s, 6H, N(CH3)2], 3.39 (m, 1H, OCH2CH3), 3.69 (s, 1 H, 4-H), 3.75
(m, 1H, OCH2CH3); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d=9.5
(+ , CH3), 14.5 (+ , OCH2CH3), 23.0, 26.9 [+ , C(CH3)2], 39.6, 44.5 (+ ,
NCH3), 60.5 (+ , C-4), 65.8 (�, OCH2CH3), 85.5, 97.8, 117.5, 131.0, 140.3
(Cquat, C-1,2,3,5,6), 238.7 (Cquat, C=O); IR (film): ñ=2980, 2941, 2891,
1943 (C=O), 1882 (C=O), 1848 (C=O), 1500, 1381 cm�1; MS (70 eV): m/z
(%): 343 (46) [M +], 315 (4) [M +�CO], 287 (12) [M +�2CO], 259 (100)
[M +�3 CO], 229 (21), 216 (17), 190 (13), 95 (10), 73 (15) [Si(CH3)3


+], 52
(14) [Cr+]; HRMS (EI): m/z : calcd for C16H21CrNO4: 343.0875 (correct
HRMS).


5,7-Dicyclopropyl-4-ethoxy-2-[1’-methyl-1’-(trimethylsilyloxy)ethyl]cyclo-
penta[b]pyran (4 c-cPr) and tricarbonyl(2-cyclopropyl-1-dimethylamino-
3-ethoxy-6,6-dimethylfulven)chromium (6-cPr): According to GP 2, com-
plex (Z)-2ca (400 mg, 0.89 mmol) in THF (18 mL) was treated with cy-
clopropylethyne (471 mg, 7.12 mmol), and the mixture was heated for
3 d. After chromatography [40 g silica gel, elution with pentane/Et2O
(5:1)], 4c-cPr (Rf =0.64) and 6-cPr (Rf = 0.57) were obtained as a red
(67 mg, 20 %) and an orange oil (47 mg, 14%), respectively. 4 c-cPr:
1H NMR (250 MHz, CDCl3): d=0.25 [s, 9 H, Si(CH3)3], 0.59 (m, 2H, cPr-
H), 0.71 (m, 2H, cPr-H), 0.81 (m, 4 H, cPr-H), 1.51 (t, 3J =7.0 Hz, 3 H,
OCH2CH3), 1.63 [s, 6 H, C(CH3)2], 1.90 (m, 1H, cPr-H), 2.22 (m, 1 H,
cPr-H), 4.32 (q, 3J =7.0 Hz, 2H, OCH2CH3), 6.18 (s, 1H, 6-H), 6.43 (s,
1H, 3-H); 13C NMR (62.9 MHz, CDCl3, plus DEPT): d= 2.4 [+ , Si-
(CH3)3], 6.4 (�, cPr-C), 6.9 (+ , cPr-C), 7.9 (�, cPr-C), 9.7 (+ , cPr-C),
14.9 (+ , OCH2CH3), 29.8 [ + , C(CH3)2], 64.2 (�, OCH2CH3), 74.8 [Cquat,
C(CH3)2], 89.0 (+ , C-6), 106.0, 109.6 (Cquat, C-5,7), 116.5 (Cquat, C-4a),
118.8 (+ , C-3), 145.3 (Cquat, C-7a), 159.3, 169.0 (Cquat, C-2,4); IR (film):
ñ= 2979, 2875, 1599, 1460 cm�1; MS (70 eV): m/z (%): 372 (2) [M +], 293
(100), 278 (33), 263 (32), 240 (17), 218 (79), 189 (10), 131 (37), 91 (16), 73
(45) [Si(CH3)3


+]; HRMS (EI): m/z : calcd for C22H32O3Si: 372.2120 (cor-
rect HRMS).


Compound 6-cPr : 1H NMR (250 MHz, CDCl3): d=0.78–0.99 (m, 4 H,
cPr-H), 1.31 (t, 3J=7.0 Hz, 3H, OCH2CH3), 1.57–1.66 (m, 1H, cPr-H),
1.92 (s, 3H, CH3), 2.27 (s, 3 H, CH3), 2.81 [s, 6 H, N(CH3)2], 3.35 (m, 1 H,
OCH2CH3), 3.61 (s, 1 H, 4-H), 3.70 (m, 1 H, OCH2CH3); 13C NMR
(62.9 MHz, CDCl3, plus DEPT): d =6.0, 7.6 (�, cPr-C), 9.5 (+ , cPr-C),
14.6 (+ , OCH2CH3), 23.2, 26.8 [+ , C(CH3)2], 44.6 [+ , N(CH3)2], 60.1 (+ ,
C-4), 65.7 (�, OCH2CH3), 91.6, 97.7, 117.4, 132.3, 140.7 (Cquat, C-
1,2,3,5,6), 238.8 (Cquat, C=O); IR (film): ñ =2956, 1912 (C=O), 1880 (C=


O), 1846 (C=O), 1700, 1653, 1617 cm�1; MS (70 eV): m/z (%): 369 (39)
[M +], 341 (<1) [M +�CO], 313 (6) [M +�2CO], 285 (22) [M +�3CO],
257 (100) [M +�3CO�C2H4], 240 (36) [M +�3 CO�C2H5O], 228 (25),
214 (17), 176 (10), 160 (5), 131 (13), 73 (18), 52 (39) [Cr+]; HRMS (EI):
m/z : calcd for C18H23CrNO4: 369.1032 (correct HRMS).


2-Acetyl-4-ethoxy-5,7-diphenylcyclopenta[b]pyran (18): A solution of
66 mg (0.16 mmol) of 4-ethoxy-2-(2’-methyldioxolan-2’-yl)-5,7-diphenyl-
cyclopenta[b]pyran (4 i-Ph) in methanol (3 mL) and tetrahydrofuran
(3 mL) was stirred with 5 % aqueous HCl (3 mL) at ambient temperature
for 3 d. After the usual work-up, column chromatography on 5 g silica gel
(column 6 � 1 cm), eluting with pentane/diethyl ether 5:3 gave: Fraction I
(Rf = 0.33): 18 as a green-yellow oil (9 mg, 16%); a solution of which ex-
hibited a weak green fluorescence. 1H NMR (250 MHz, CDCl3): d=1.37
(t, 3J=7.0 Hz, 3H, OCH2CH3), 2.72 (s, 3 H, CH3), 4.30 (q, 3J =7.0 Hz,
2H, OCH2CH3), 7.08–7.41 (m, 8 H, 6-H, 3-H, Ph-H), 7.51–7.58 (m, 2H,
Ph-H), 7.79–7.86 (m, 2H, Ph-H); 13C NMR (62.9 MHz, CDCl3, additional
DEPT): d=14.4 (+ , OCH2CH3), 26.0 (+ , CH3), 65.6 (�, OCH2CH3),
96.2 (+ , C-6), 108.4, 111.2, 118.1 (Cquat, C-4a,5,7), 125.0, 125.4, 125.7,
127.5, 128.8, 129.3, 130.2 (+ , C-3, C-Ph), 134.8, 137.5 (Cquat, C-Ph), 146.3,
153.0, 158.3 (Cquat, C-2,4,7a), 191.8 (Cquat, C=O); IR (film): ñ =3078, 3049,
2963, 2930, 2854, 1720, 1600, 1531, 1493, 1389, 1308, 1261, 1094, 1017,
912, 868, 802, 731, 689, 548, 480, 448 cm�1; UV (CH2Cl2): lmax (lg e)=252
(4.090), 282 (4.038), 393 (3.453), 590 nm (1.957); MS (70 eV): m/z (%):
356 (49) [M +], 328 (26) [M +�C2H4], 256 (4), 205 (16), 170 (79), 149
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(25), 141 (65), 131 (19), 105 (23), 91 (10), 77 (100) [C6H5
+], 58 (26), 44


(19); HRMS (EI): m/z : calcd for C24H20O3: 356.1412 (correct HRMS).


Fraction II: 4 i-Ph (33 mg; Rf =0.16).


Fraction III: 11 mg (Rf =0.04) of an unidentified compound as a yellow
oil.


X-ray Crystal structure analysis of pentacarbonyl[(2Z)-3-dimethylamino-
1-ethoxy-4-methyl-4-(trimethylsilyloxy)-2-penten-1-ylidene]chromium
(2 ca):[15] Formula C18H27CrNO7Si, Mw 449.50, triclinic, space group P1,
Z=2, a= 968.1(2), b=1014.7(2), c =1281.4(2) pm, a= 70.210(10), b=


71.420(10), g =81.150(10)8, V= 1.1212(4) nm3, 1calcd =1.331 Mg m�3, crys-
tal dimensions 1.00 � 0.70 � 0.70 mm, 2907 unique reflections were mea-
sured with a Stoe-Siemens four-circle diffractometer with graphite-mono-
chromated MoKa radiation (l=71.073 pm) at 153(2) K, 2V range: 3.51–
22.488. The structure was solved by direct methods (SHELXL-97[26]) and
refined on F 2 by full-matrix least-squares techniques (SHELXL-97[27]).
All non-hydrogen atoms were refined anisotropically, the hydrogen
atoms were included in calculated positions and refined by using a riding
model. R values: R1 =0.0476 [for F > 4s(F)], wR2 =0.1447 (for all data)
with 261 parameters and 0 restraints, P = (F 2


o + 2F 2
c )/3, maximum and


minimum residual electron density 613 and �778 e�nm�3.


X-ray Crystal structure analysis of 4-ethoxy-2-(2’-methyldioxolan-2’-yl)-
5,7-diphenylcyclopenta[b]pyran (4 i-Ph):[15] Formula C26H24O4, Mw 400.45,
monoclinic, space group P21/n, Z= 4, a=1117.2(2), b=1018.40(10), c =


1835.5(2) pm, a =90, b =101.720(10), g=908, V =2.0448(5) nm3, 1calcd =


1.301 Mg m�3, crystal dimensions 0.60 � 0.60 � 0.20 mm, 2666 unique re-
flections were measured with a Stoe-Siemens four-circle diffractometer
with graphite-monochromated MoKa radiation (l=71.073 pm) at
153(2) K, 2V range: 3.53–22.558. The structure was solved by direct
methods (SHELXL-97[26]) and refined on F 2 by full-matrix least-squares
techniques (SHELXL-97[27]). All non-hydrogen atoms were refined aniso-
tropically, the hydrogen atoms were included in calculated positions and
refined by using a riding model. R values: R1 =0.0614 [for F > 4s(F)],
wR2 =0.1945 (for all data) with 271 parameters and 0 restraints, P= (F 2


o


+ 2F 2
c )/3, maximum and minimum residual electron density 382 and


�481 e�nm�3.


Acknowledgements


This work was supported by the Volkswagen-Stiftung and the Fonds der
Chemischen Industrie. Generous gifts of chemicals by the Hoechst AG,
H�ls AG and Chemetall GmbH are gratefully acknowledged. M.D. is in-
debted to the Deutsche Forschungsgemeinschaft (Graduiertenkolleg “Ki-
netik und Selektivit�t chemischer Prozesse in verdichteter fluider
Phase”) for a graduate fellowship. The authors are indebted to Mr. S.
Beußhausen for his technical support.


[1] For reviews see: a) K. H. Dçtz, H. Fischer, P. Hofmann, F. R.
Kreissl, U. Schubert, K. Weiss, Transition Metal Carbene Complexes,
VCH, Weinheim, 1983 ; b) K. H. Dçtz, Angew. Chem. 1984, 96, 573 –
594; Angew. Chem. Int. Ed. Engl. 1984, 23, 587 –608; c) K. H. Dçtz
in Organometallics in Organic Synthesis. Aspects of a Modern Inter-
disciplinary Field (Eds.: A. de Meijere, H. tom Dieck), Springer,
Berlin, 1988 ; d) W. D. Wulff, Adv. Met.-Org. Chem. 1989, 1, 209 –
393; e) W. D. Wulff in Comprehensive Organic Synthesis, Vol. 5
(Eds.: B. M. Trost, I. Fleming), Pergamon, Oxford, 1991, pp. 1065 –
1113; f) H. Rudler, M. Audouin, E. Chelain, B. Denise, R. Gou-
mont, A. Massoud, A. Parlier, A. Pacreau, M. Rudler, R. Yefsah, C.
Alvarez, F. Delgado-Reyes, Chem. Soc. Rev. 1991, 20, 503 –531;
g) W. D. Wulff in Comprehensive Organometallic Chemistry II,
Vol. 12 (Eds.: E. W. Abel, F. G. A. Stone, G. Wilkinson, L. S. Hege-
dus), Pergamon, New York, 1995, pp. 469 –547; h) D. F. Harvey,
D. M. Sigano, Chem. Rev. 1996, 96, 271 – 288; i) A. de Meijere, Pure
Appl. Chem. 1996, 68, 61– 72; j) R. Aumann, H. Nienaber, Adv. Or-
ganomet. Chem. 1997, 41, 163 –242; k) F. Zaragoza-Dçrwald, Metal
Carbenes in Organic Synthesis, VCH, Weinheim, 1999 ; l) A. de Mei-


jere, H. Schirmer, M. Duetsch, Angew. Chem. 2000, 112, 4124 – 4162;
Angew. Chem. Int. Ed. 2000, 39, 3964 –4002; m) Y.-T. Wu, A. de -
Meijere, Top. Organomet. Chem. 2004, 13, 21– 57; n) Metal Carbenes
in Organic Synthesis, Vol. 13 (Ed.: K. H. Dçtz), Top. Organomet.
Chem. , Springer, Berlin 2004.


[2] a) M. Buchert, H. U. Reissig, Chem. Ber. 1992, 125, 2723 – 2729;
b) S. U. Tumer, J. W. Herndon, L. A. McMullen, J. Am. Chem. Soc.
1992, 114, 8394; c) T. Kurahashi, Y.-T. Wu, K. Meindl, S. R�hl, A.
de Meijere, Synlett 2005, 805 – 808.


[3] a) R. Aumann, H. Heinen, C. Kr�ger, P. Betz, Chem. Ber. 1990, 123,
599 – 604; b) R. Aumann, H. Heinen, R. Goddard, C. Kr�ger, Chem.
Ber. 1991, 124, 2587 –2593; c) F. Funke, M. Duetsch, F. Stein, M.
Noltemeyer, A. de Meijere, Chem. Ber. 1994, 127, 911 –920; d) R.
Aumann, M. Kçßmeier, K. Roths, R. Frçhlich, Synlett 1994, 1041 –
1044; e) M. Duetsch, F. Stein, F. Funke, E. Pohl, R. Herbst-Irmer,
A. de Meijere, Chem. Ber. 1993, 126, 2535 – 2541.


[4] a) J. S. McCallum, F. A. Kunng, S. R. Gilbertson, W. D. Wulff, Orga-
nometallics 1988, 7, 2346 –2360; b) K. S. Chan, G. A. Peterson, T. A.
Brandvold, K. L. Faron, C. A. Challenger, C. Hyldahl, W. D. Wulff,
J. Organomet. Chem. 1987, 334, 9–56; c) K. H. Dçtz, R. Dietz, D.
Neugebauer, Chem. Ber. 1979, 112, 1486 –1490; d) S. L. B. Wang, J.
Su, W. D. Wulff, K. Hoogsteen, J. Am. Chem. Soc. 1992, 114,
10665 –10666.


[5] a) L. S. Hegedus, M. A. McGuire, L. M. Schultze, C. Yijun, O. P. An-
derson, J. Am. Chem. Soc. 1984, 106, 2680 –2687; b) L. S. Hegedus,
L. M. Schultze, J. Toro, C. Yijun, Tetrahedron 1985, 41, 5833 –5838;
c) C. Borel, L. S. Hegedus, J. Krebs, Y. Satoh, J. Am. Chem. Soc.
1987, 109, 1101 –1105; d) L. S. Hegedus, S. D�Andrea, J. Org. Chem.
1988, 53, 3113 – 3116; e) L. S. Hegedus, R. Imwinkelried, M. Alarid-
Sargent, D. Dvorak, Y. Satoh, J. Am. Chem. Soc. 1990, 112, 1109 –
1117.


[6] K. S. Chan, M. L. Yeung, W. Chan, R. Wang, T. C. W. Mak, J. Org.
Chem. 1995, 60, 1741 –1747.


[7] K. H. Dçtz, A. Tiriliomis, K. Harms, Tetrahedron 1993, 49, 5577 –
5597.


[8] a) B. Denise, A. Parlier, H. Rudler, J. Vaissermann, J. C. Daran, J.
Chem. Soc. Chem. Commun. 1988, 1303 –1305; b) S. Lafoll�e-Bezze-
nine, A. Parlier, H. Rudler, J. Vaissermann, J.-C. Daran, J. Organo-
met. Chem. 1998, 567, 83 –100.


[9] a) F. Stein, M. Duetsch, R. Lackmann, M. Noltemeyer, A. de Mei-
jere, Angew. Chem. 1991, 103, 1669 – 1671; Angew. Chem. Int. Ed.
Engl. 1991, 30, 1658 –1660; the first single example of an intermolec-
ular double insertion was reported by Rudler et al. , see ref. [8a].


[10] W. D. Wulff, R. W. Kaesler, G. A. Peterson, P. C. Tang, J. Am.
Chem. Soc. 1985, 107, 1060 –1062.


[11] a) G. V. Boyd, F. W. Clark, J. Chem. Soc. C 1966, 859 –861; b) R.
Matusch, K. Hartke, Chem. Ber. 1972, 105, 2594 – 2603; c) Y. Aso,
M. Iyoda, S. Fujisawa, S. Yamaguchi, M. Nakagawa, Tetrahedron
Lett. 1981, 22, 3061 – 3064; d) M. Iyoda, Y. Aso, M. Nakagawa, Het-
erocycles 1982, 18, 137 –143; e) K. V. Fedotov, N. N. Romanov, A. I.
Tolmachev, Chem. Heterocycl. Compd. 1991, 27, 479 – 482; f) R.
Borsdorf, G. H. Fischer, W. Schroth, J. Prakt. Chem. 1978, 320, 463 –
472.


[12] a) H.-J. Timpe, A. V. El’cov, N. I. Rtiscev, Chimia 1974, 28, 657 – 659;
b) A. Olszowski, Chem. Phys. Lett. 1980, 73, 256 –262; c) W. Treibs,
Naturwissenschaften 1960, 47, 156; d) J. Fabian, A. Mehlhorn, R.
Zahradn�k, Theor. Chim. Acta 1968, 12, 247 –255.


[13] E. O. Fischer, H. J. Kalder, J. Organomet. Chem. 1977, 131, 57– 64.
[14] a) M. Duetsch, F. Stein, R. Lackmann, E. Pohl, R. Herbst-Irmer, A.


de Meijere, Chem. Ber. 1992, 125, 2051 –2065; b) F. Stein, M.
Duetsch, E. Pohl, R. Herbst-Irmer, A. de Meijere, Organometallics
1993, 12, 2556 –2564.


[15] CCDC-208 925 (2 ca) and -208 926 (4 i-Ph) contain the supplementa-
ry 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


[16] a) B. L. Flynn, F. J. Funke, C. C. Silveira, A. de Meijere, Synlett
1995, 1007 –1010; b) Y.-T. Wu, B. L. Flynn, H. Schirmer, F. Funke, S.


Chem. Eur. J. 2005, 11, 4132 – 4148 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4147


FULL PAPERFischer Carbenechromium Complexes



www.chemeurj.org





M�ller, T. Labahn, M. Nçtzel, A. de Meijere, Eur. J. Org. Chem.
2004, 724 –748.


[17] F. Stein, M. Duetsch, M. Noltemeyer, A. de Meijere, Synlett 1993,
486 – 488.


[18] M. Duetsch, R. Lackmann, F. Stein, A. de Meijere, Synlett 1991,
324 – 326.


[19] a) H. Fischer, G. Roth, D. Reindl, C. Troll, J. Organomet. Chem.
1993, 454, 133 –149, and references therein; b) H. Berke, P. H�rter,
G. Huttner, J. von Seyerl, J. Organomet. Chem. 1981, 219, 317 – 327.


[20] K. H. Dçtz, Angew. Chem. 1975, 87, 672 –673; Angew. Chem. Int.
Ed. Engl. 1975, 14, 644 – 645.


[21] a) W. D. Wulff, P. C. Tang, J. S. McCallum, J. Am. Chem. Soc. 1981,
103, 7677 –7678; b) S. Chamberlin, M. L. Waters, W. D. Wulff, J. Am.
Chem. Soc. 1994, 116, 3113 –3114.


[22] T. Liese, F. Jaekel, A. de Meijere, Org. Synth. 1990, 69, 144 –147.
[23] W. G. Dauben, R. A. Bunce, J. M. Gerdes, K. E. Henegar, A. F. Cun-


ningham, Jr., T. B. Ottoboni, Tetrahedron Lett. 1983, 24, 5709 –5712.
[24] K. C. Nicolaou, S. E. Webber, Synthesis 1986, 453 – 461.
[25] H. R. Snyder, J. C. Robinson, J. Am. Chem. Soc. 1941, 63, 3279 –


3280.
[26] G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467 –473.
[27] G. M. Sheldrick, SHELXL-92, Program for crystal structure refine-


ment, University of Gçttingen 1992.


Received: January 14, 2005
Published online: April 28, 2005


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4132 – 41484148


A. de Meijere et al.



www.chemeurj.org






Homochiral Conglomerates and Racemic Crystals in Two Dimensions:
Tartaric Acid on Cu(110)


Sara Romer, Bahar Behzadi, Roman Fasel, and Karl-Heinz Ernst*[a]


Introduction


Chiral molecules crystallize from racemic solutions either
into homochiral conglomerates or into racemic crystals con-
taining equal numbers of left- and right-handed mole-
cules.[1,2] In his historic experiment, Pasteur made use of the
fact that chiral molecules can form enantiomorphs, that is,
crystals showing macroscopic chirality.[3] However, the
mechanism of the transfer of chirality from single molecules
to the resulting enantiomorphous crystals is poorly under-
stood.[4] This is actually part of the general problem that
macroscopic crystal shapes are still not predictable from the
molecular structures.[5] In particular the solvent or impurities
influence the shape of a macroscopic crystal to a large
extent. Studying well-defined 2D chiral model systems on
surfaces without such influences, therefore, can help to get
more insight into the transfer of chirality from single mole-
cules into larger ensembles.[6] Although the vast majority of
chiral molecules crystallize as non-separated racemates, it
has been predicted that two-dimensional enantioseparation


on a surface should occur more easily than in three-dimen-
sional crystals.[7] Due to confinement in the plane certain
symmetry elements, for example, center of inversion or the
glide plane parallel to the surface, are precluded and en-
hanced chiral interactions are expected.[7b, 8] Indeed, only a
few examples of racemic 2D crystals are known[9] and most
experimental studies confirmed the scenario of spontaneous
lateral resolution of chiral molecules into homochiral two-
dimensional crystallites, observed as two-dimensional enan-
tiomorphism.[8,10] It is noteworthy that, due to symmetry
breaking upon adsorption, achiral molecules can also form
two-dimensional chiral motifs on the surface.[11]


Herein we report the observation that a single racemic
compound forms, depending on the coverage on the surface,
either homochiral domains (“2D conglomerates”) or race-
mic (heterochiral) 2D crystals. For this study we chose the
“classic” tartaric acid (TA) adsorbed on a copper(110) sur-
face. The adsorption of enantiopure (2R,3R)-TA on this sur-
face has previously been studied in great detail.[12] The stud-
ies showed that at room temperature TA is adsorbed as a
monotartrate with only one carboxylate group interacting
with the surface (Figure 1a). After thermal activation, how-
ever, the second carboxylate group also interacts with the
substrate, that is, annealing to 405 K leads to the formation
of bitartrate species (Figure 1b).[13] In its sawhorse-like ad-
sorbate geometry, the bitartrate molecule is distorted into a
zigzag conformation, as predicted by theoretical studies[14]


and experimentally confirmed by our group.[15] With increas-


Abstract: Two-dimensional lattice
structures formed by racemic tartaric
acid on a single crystalline Cu(110) sur-
face have been studied and compared
with the enantiopure lattices. At low
coverage, the doubly deprotonated bi-
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ing coverage, a rearrangement into monotartrate occurs,
since this allows a higher adsorbate density.[16] In both spe-
cies, each carboxylate directly interacts with two copper
atoms of the close-packed row along the [1 1̄ 0] direction.
At these temperatures, the dissociated carboxyl hydrogen
atoms are not stable on the surface and desorb as molecular
hydrogen. Several ordered surface phases have been ob-
served for the (2R,3R)-enantiomer at 405 K: a (9 0, 1 2) bi-
tartrate phase, a (4 0, 2 1) phase, and a (4 1, 2 5) phase at
saturation.[12] The adsorbate lattice periodicities are speci-
fied in Equation (1) with respect to the substrate lattice by
the transformation matrix (m11 m12, m21 m22), which links
the adsorbate lattice vectors (b1, b2) to the substrate lattice
vectors (a1, a2):[17]


The (9 0, 1 2) and the (4 1, 2 5) lattices are 2D enantio-
morphous, that is, they lack mirror symmetry. The (2S,3S)-
enantiomer forms the respective mirror lattices, that is, (9 0,
�1 2) and (�4 1, �2 5), if reflection with respect to the
[001] substrate direction is considered. The (4 0, 2 1) latti-
ces of the two enantiomers, however, are undistinguishable,
since this lattice expresses no enantiomorphism in low
energy electron diffraction (LEED). Herein we describe
the ordered adsorbate lattices formed by racemic TA on
Cu(110) at 405 K and discuss the results with respect to the
findings for the enantiopure TA system.


Results and Discussion


Figure 2 shows the two LEED patterns observed after expo-
sure of the Cu(110) surface, held at 405 K, to racemic TA. A
(9 0, �1 2) lattice forms at lower coverage (Figure 2, left),
while at saturation coverage a (4 0, 2 1) lattice is observed
(Figure 2, right). Overall, both lattices possess the C2v mirror
symmetry of the substrate. However, the (9 0, �1 2) lattice
must be explained as a superposition of the two enantiomor-


phous bitartrate lattices of the pure enantiomers.[18] There-
fore, we conclude that this LEED pattern reflects a lattice
structure in which the enantiomers are laterally separated
into homochiral (9 0, 1 2)-(R,R)-TA and (9 0, �1 2)-(S,S)-
TA domains on the surface. The primary electron beam
probes an area that contains both enantiomorphous homo-
chiral lattices. The size of the homochiral domains can
roughly be estimated from the LEED pattern by taking the
instrumental resolution, the so-called transfer width, into ac-
count. The fact that for an electron energy of 20 eV sharp
superstructure diffraction spots are observed, indicates that
the domains must have a diameter of more than 20 nm on
average.[19] In principle, this LEED pattern might be also ex-
plained by the formation of diasteriomeric pairs, which form
the two mirror domains by chance. Due to an oblige angle
of the adsorbate mesh with respect to the substrate lattice,
two equal alignments are possible which can be intercon-
verted only by the mirror operation. However, this scenario
was found to be very unlikely in theoretical studies per-
formed on this system. Adsorption of the (S,S)-enantiomer
into the (R,R)-(9 0, 1 2) adsorbate grid is 10 kJ mol�1


higher in energy than the homochiral arrangement.[14]


As already mentioned, the (4 0, 2 1) lattice has been ob-
served for the pure enantiomers as well.[12] This is particular-
ly noteworthy since in three dimensions no case is known
thus far in which a chiral molecule crystallizes in an achiral
crystal lattice. In this 2D monotartrate lattice the lateral in-
teractions must be substantially lower than for the bitartrate,
and the outcome of the long-range structure is governed by
the substrate geometry rather than the molecular configura-


Figure 1. Molecular species formed by adsorption of tartaric acid on
Cu(110) at 405 K: a) singly deprotonated monotartrate at saturation cov-
erage; b) doubly deprotonated bitartrate at low coverage.


Figure 2. LEED patterns observed after adsorption of racemic tartaric
acid on Cu(110) at 405 K. Left: At low coverage a superposition of (9 0,
1 2) and (9 0, �1 2) patterns is observed (EP =20 eV). This (9 0, �1 2)
pattern is explained by lateral separation of the enantiomers into homo-
chiral, enantiomorphous conglomerates. Right: At saturation coverage a
(4 0, 2 1) lattice is observed (EP = 38 eV).
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tion. The identical (4 0, 2 1)
lattices for racemate and pure
enantiomers do not allow a
conclusion on lateral separation
in the racemic monotartrate
layer. However, the fact that
for racemic TA the (4 0, 2 1)
mesh is the monolayer satura-
tion structure, while for the
pure enantiomers another struc-
ture is established at higher
coverage, is a strong indication for a racemic (4 0, 2 1) lat-
tice. For homochiral monotartrate crystallites, we would
expect, in analogy to bitartrate, the observation of a con-
glomerate (�4 1, �2 5) lattice upon further adsorption.


In order to evaluate the difference in saturation coverag-
es, we compared the signal intensities of the C1s XPS (X-
ray photoelectron spectroscopy) peaks and of temperature
programmed desorption (TPD) curves for racemate and the
pure enantiomers. Figure 3 shows the respective exposure/


coverage (q) functions. The theoretical coverages of the
three lattice structures are indicated as dashed lines. For the
(9 0, �1 2) and the (4 0, 2 1) lattices, 1=6 and 1=4 molecules
per Cu surface atom have been proposed, respectively.[12]


Normalization between both experimental methods has
been performed for the values at saturation. For the abso-
lute coverage calibration, the XPS signal area obtained for
the racemic (4 0, 2 1) lattice has been assigned to a value
of q=0.25 (see structure model discussion further below).
Because racemic TA has a higher heat of sublimation
(Table 1), and all compounds were sublimed at the same
temperature, the racemic TA flux per time was lower, which


explains the smaller coverage increase for the racemate
(Figure 3). The linear rise until saturation indicates that the
neutral TA molecule can—physisorbed in a precursor adsor-
bate state—migrate laterally over the surface until free sur-
face sites are found. Consequently, the number of free sub-
strate sites has no influence on the adsorption kinetics and
the sticking coefficient is expected to be close to unity up to
saturation.


Interestingly, the saturation coverage for the (R,R)-enan-
tiomer lies slightly above the saturation coverage for the
racemate, just outside the estimated error margin of the
XPS method (�5 %). In order to understand why a higher
coverage is achieved for the pure enantiomers, we briefly
discuss lattice structures for enantiopure monotartrate.
Figure 4 presents tentative structure models for the (4 0,
2 1) and the (4 1, 2 5) lattice, respectively. The unit cells
are indicated.[20] For the (4 0, 2 1) grid one molecule per
unit cell, that is, one molecule per four Cu surface atoms
(q=0.25), is the only reasonable coverage value for a mono-
tartrate species bound to two copper atoms. For the enantio-
morphous (4 1, 2 5) lattice, on the other hand, either five
or six molecules per unit cell are possible, with coverages of
0.278 (q= 5=18) and 0.33 (q= 6=18), respectively.[21] Our XPS
and TPD results show saturation below q=0.3 and thus
clearly favor a lattice with five molecules per unit cell. The
(4 1, 2 5) structure model shown in Figure 4 takes the for-
mation of monotartrate dimers into account, as observed by
infrared spectroscopy.[12] The alternation of monotartrate
dimers and monomers along the b1 adsorbate lattice direc-
tion is a chiral motif and has previously been suggested for
this lattice as well as for an enantiomorphous (4 0, 2 3)
monotartrate lattice generated at room temperature.[12] The
arrangement of the monomers between the monomer/dimer
chains shown in Figure 4 is one of few reasonable choices,
which are not further discussed here. This lattice model ra-
tionalizes why coverages higher than q= 0.25 are achieved
for the enantiopure layer, but not observed for the racemic
mixture. An additional TA molecule can only be adsorbed
on the site between four monotartrate molecules in the
(4 0, 2 1) lattice if it has the same handedness. This shows
that the racemic (4 0, 2 1) lattice layer is not separated into
homochiral domains, because no further molecule can be
added. Therefore, the formation of the enantiopure (4 1,
2 5) lattice can be considered as a process in which chiral
recognition takes place! Since formation of homochiral
dimers was only found for coverages above q=0.25 in the


Figure 3. Comparison of the coverage/exposure relation for pure
(2R,3R)-TA (squares) and racemic TA (circles). The data points repre-
sent the signal areas obtained from TPD (CO2 evolution, filled symbols)
and XPS (C1s, open symbols) experiments. The data from both methods
were normalized to each other on the average of the values at saturation.
Coverage calibration was done by assigning the normalized C1s XPS in-
tensity from the (4 0, 2 1)-racemic lattice at saturation to the coverage
of 0.25 molecules per Cu surface atom. The theoretical coverages for the
lattice structures (dashed lines) and the coverage regimes for which these
are observable in LEED (arrows) are indicated. Lines to guide the eye
are based on the XPS data.


Table 1. Comparison of molecular density and thermodynamic stability of TA racemate and enantiomers for
the crystalline bulk and the monolayer lattices. The 3D values for the melting points (m.p.) and the molecular
volumes (Vmol) were taken from the literature, while the values for the 3D sublimation enthalpy (DHsub), the
saturation coverage (qmax), and the activation energy (DEdec) as well as the pre-exponential factor (k) for ther-
mally induced decomposition on the surface are from this work.


3D 2D
m.p. DHsub Vmol k DEdec qmax


[8C] [kJ mol�1] [�3] [s�1] [kJmol�1] 1014 � cm�2


racemate 205[27] 138 139[28] 1014 142 2.5
enantiomer 170[27] 129 142[29] 1015 162 2.78
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above-mentioned infrared studies, and for the racemate no
lattice structure with q>0.25 is observed here, we conclude
that the chiral recognition is based on the impossibility of
heterochiral dimer formation close to monolayer saturation.


The strongest support for the scenario of enantiomeric
separation in case of bitartrate, but a racemic lattice for the
high coverage monotartrate comes from the thermal stabili-
ty of the respective enantiopure and racemic lattice struc-
tures. On Cu(110), TA undergoes decomposition into stable
gas phase products such as CO2, H2O and H2 after the ther-
mal decomposition reaction. We also observed residual
carbon on the surface via XPS. With the exception of
carbon monoxide, which we assign as fragment of CO2 gen-
erated in the mass spectrometer, no other products have
been detected. Consequently, the following surface decom-
position reaction for mono- and bitartrate is proposed:


OOC-HCOH-HCOH-COOH ! 2 CO2þ 2 H2Oþ 2 Cþ1=2H2


Figure 5 shows the TPD spectra for carbon dioxide (44 amu)
formed by this reaction after adsorption of (R,R)- and race-
mic TA at 405 K. With increasing coverage, a strong peak
shift to higher temperatures is observed. For the low cover-
age bitartrate lattices, however, no differences between race-
mate and pure enantiomers are observed.[22] Close to satura-
tion, the desorption peaks become extremely narrow. This
phenomenon is known for certain decomposition reactions
of carboxylic acids on metallic surfaces.[23] In order to see
this behavior, the molecular species must be stabilized
above the thermal stability of the single molecule on the sur-
face. Therefore, this effect is observed for close-packed ad-
sorbate systems, not allowing upper parts of the molecule to
further interact easily with the substrate. The decomposition
follows autocatalytic kinetics, because free surface sites serv-


ing as catalyst for the reaction are, in turn, generated upon
decomposition. Hence, the reaction rate depends on the
coverage (q) and on the number of free surface sites 1�q


[Eq. (2)]:


dq


dt
¼ A q ð1�qÞ e�E=RT ð2Þ


Once the decomposition reaction
in the close-packed lattice starts,
the newly created free surface
sites cause an exponential increase
in turnover rate. Because the TA
decomposition temperature is
higher than the desorption tem-
perature of the gas-phase-stable
reaction products, these products
desorb instantaneously and cause
a relatively large increase in pres-
sure above the surface in a small
temperature interval. This led to
the expression “surface explosion”
for this type of surface reaction.[23]


The decomposition temperature
of the racemic (4 0, 2 1) lattice is about 8 K lower than of
the enantiopure (4 0, 2 1) lattice (Figure 5). We explain this
difference by a chiral ensemble effect:[22] The reaction rate
depends not exclusively on the number of molecules and on
the number of free surface sites, but is also influenced by
the molecular structure of adjacent molecules. Because cov-
erage and periodicity are identical in both (4 0, 2 1) lattices,
the difference in thermal stability between pure enantiomers
and racemate must be due to a heterochiral lattice in the
racemic layer.


Another difference between racemate and pure enantio-
mers is observed for the TPD spectra reflecting the transi-
tion from the homochiral bitartrate lattices into the enantio-
pure or the racemic (4 0, 2 1) lattice (grey curves in
Figure 5). At coverages just below the narrow “surface ex-
plosion” peaks, the respective peak from the racemic layer
is much wider than from the enantiopure lattice. Again, this
is an indication of higher heterogeneity in this transition
regime. We recall that the conversion to monotartrate is in-
duced when additional TA is adsorbed onto the homochiral
bitartrate domain.[16] The bitartrate species becomes hydro-
genated by the “incoming” tartaric acid molecule. The then
released substrate binding site becomes occupied by the TA
molecule which served as hydrogen donor and actually in-
duced the conversion reaction. This process is independent
of the handedness of the newly adsorbing TA molecule and
consequently leads to a racemic lattice upon exposure to a
racemic mixture. In order to test this local racemic mixing
model, we exposed a (R,R)-bitartrate (9 0, 1 2) lattice at a
coverage of q= 1=8 to pure (S,S)-TA. This experiment led to
a (4 0, 2 1) lattice with a saturation coverage of q= 1=4, as
determined via XPS. Exposure to more (S,S)- or (R,R)-TA


Figure 4. Tentative structure models for the (4 0, 2 1) lattice (left) and the (R,R)-(4 1, 2 5) lattice (right).
The absolute coverages are five molecules per 20 substrate atoms and per 18 Cu substrate atoms, respec-
tively. For the (4 1, 2 5) lattice, the formation of monotartrate dimers, alternating with monotartrate mono-
mers along the [221] direction, is proposed.
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did not lead to other lattice structures nor to higher cover-
ages. In addition, the TPD decomposition temperature of
this layer was almost identical to the one of the racemic
layer.[22] This shows that, no matter whether homochiral do-
mains of opposite chirality or a complete enantiopure bitar-
trate layer are present at the beginning, the outcome for a
racemic monotartrate system is the same: a heterochiral
(4 0, 2 1) saturation lattice. For the monotartrate lattices
generated at room temperature we observed a similar situa-
tion: while for (R,R)-TA an enantiomorphous (4 0, 2 3) lat-
tice follows a (4 0, 2 1) with increasing coverage,[12] the sat-
uration lattice for the racemate is (4 0, 2 1).


Another detail is shown in the inset of Figure 5. During
the transition from the (4 0, 2 1) to the (4 1, 2 5) lattice
the decomposition temperature of the pure enantiomers in-
creases by another 3 K. This can be explained by the higher
activation barrier for an interaction with the surface at
higher surface density. The desorption peak, however, be-
comes broader with respect to the peak of the (4 0, 2 1) lat-
tice, that is, from 1.6 to 2.2 K full width at half maximum
(FWHM). A reasonable explanation is the increased hetero-
geneity in the lattice due to the coexistence of dimers and
monomers on the surface, introducing slightly different de-
composition pathways.


Interestingly, the system of achiral succinic acid (HOOC-
CH2-CH2-COOH) on Cu(110) is very similar to racemic TA
here. For the bisuccinate species, a (9 0, �1 1) and a (7 0,


�1 1) lattice have been observed.[24, 25] Due to symmetry
breaking interactions with the surface, this molecule be-
comes chiral upon adsorption and forms enantiomorphous
domains. Because no chiral preference is given, the global
outcome is achiral, that is, both enantiomorphous lattices
coexist on the surface and appear as superposition in
LEED, just like racemic TA in its bitartrate form. Interest-
ingly, when an additional chiral influence is present, for ex-
ample, (R,R)- or (S,S)-tartrate, the entire monolayer is
driven into homochirality.[25] Also identical to the racemic
monotartrate here is the (4 0, 2 1) or c(4�2) lattice that is
formed by the monosuccinate.


Finally, we discuss different thermodynamical and struc-
tural properties of the racemate and pure enantiomers and
compare these for the 2D crystals on Cu(110) and the TA
bulk (Table 1). Stability and density of the enantiopure latti-
ces, with respect to the racemic systems, are higher for the
2D crystal, but lower in the 3D bulk. The pre-exponential
factor and the activation energy of the TA decomposition
reaction were determined via systematic heating rate varia-
tion.[26] Both, the pre-exponential factor and the activation
energy are higher for the pure enantiomer lattices. The ho-
mochiral lattice is stabilized by an additional 20 kJ mol�1


with respect to the racemic lattice. The stiffer lattice due to
stronger lateral binding is also reflected in one order of
magnitude increase in the frequency factor. In order to react
with the catalytically active substrate sites, an upper part of
the molecule must be unhinged from the molecular lattice,
and obviously this initial step is influenced by the chirality
of the adjacent molecules. Since succinic acid is thermally
much more stable than tartaric acid on Cu(110),[24] we fur-
ther conclude that in the initial step of the thermally in-
duced decomposition the OH groups on the TA molecule is
involved.


Conclusions


Depending on the coverage, tartaric acid can either become
laterally enantioseparated or form a racemic lattice. In its
bitartrate form at lower coverages homochiral enantiomor-
phous lattice structures are generated, while the monotar-
trate species present at higher coverage crystallizes into a
racemic lattice. Compared with the pure enantiomers, the
bitartrate lattices are identical in stability, while the racemic
monotartrate lattice has lower stability. Furthermore, a
higher lattice density is achieved for the pure enantiomers
at saturation coverage. This observation is in contrast to the
three-dimensional bulk crystalline tartaric acid, where the
racemic lattice is denser and has a higher thermal stability
than that of the pure enantiomers.


Experimental Section


The experiments have been carried out in a stainless steel ultra-high
vacuum (UHV) chamber (p=5·10�10 mbar) equipped with facilities for


Figure 5. Reaction induced carbon dioxide desorption spectra for racemic
TA (top) and (2R,3R) TA (bottom) with increasing coverage. The peaks
for which LEED patterns of best quality have been observed are indicat-
ed. The inset illustrates the change in peak shape during the conversion
from the (4 0, 2 1) lattice to the (4 1, 2 5) lattice for the pure enantio-
mers. The desorption peaks at high coverages are very narrow, indicating
an autocatalytic decomposition reaction. See text for more details.
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temperature programmed desorption (TPD) using a quadrupole mass
spectrometer, low energy electron diffraction (LEED), and X-ray photo-
electron spectroscopy (XPS). The polished copper(110) single crystal
(Matek, J�lich) could be resistively heated to 1000 K and liquid nitrogen
cooled to about 85 K. Cleaning of the Cu surface was achieved by pro-
longed argon ion bombardment in vacuum (E=600 eV, pAr =2·10�5 mbar,
I=4 � 10�6 A cm�2). The sputter-damaged surface was annealed at 1100 K
for one minute. After several cycles of this treatment, the surface did not
show any impurities in XPS and the LEED pattern consisted of a sharp
and bright (1 � 1) structure with low background intensity. This cleaning
procedure was also applied after every TPD experiment.


Tartaric acid (Aldrich 99.95 %) deposition was performed with a home-
made Knudsen cell. The Cu crystal was exposed to the collimated molec-
ular beam effusing from the Knudsen cell which was held at 120 8C
during sublimation. For the preparation of bitartrate and the (4 0, 2 1)
and (4 1, 2 5) monotartrate lattices, the Cu sample was held, if not men-
tioned otherwise, at 405 K during deposition. Relative coverages have
been monitored via XPS by measuring the C1s signal plus normalization
to the Cu3s substrate peak. For the absolute coverage calibration, XPS
spectra were taken for the LEED structures which have been previously
characterized by Ortega Lorenzo et al. by using STM, LEED and
FTIR.[12] The sample temperature was measured by a chromel/alumel
thermocouple and controlled by a special regulator and ramp generator.
The TPD spectra were acquired with a linear heating rate of 4.1 Ks�1


with the surface normal in line of sight of the mass spectrometer. The
heating rate variation experiments, from which activation barriers were
determined, have been performed with heating rates from 0.8 to
8.5 Ks�1. Angle resolved TPD experiments showed no differences in the
intensity distribution of different decomposition products. The heats of
sublimation for racemate and the pure (S,S)-enantiomer were calculated
via the Clausius–Clapeyron equation. The sublimation rates with varying
temperatures of both substances were determined with a mass spectrom-
eter mounted in line of sight of the Knudsen cell.
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Supramolecular Assemblies of a Series of 2-Arylbenzimidazoles at the Air/
Water Interface: In Situ Coordination, Surface Architecture and
Supramolecular Chirality


Zongxia Guo,[a] Jing Yuan,[a] Yong Cui,[b] Fei Chang,[b] Wenhua Sun,*[b] and
Minghua Liu*[a]


Introduction


Air/water interface provides an important two-dimensional
platform where various kinds of molecules can vividly act
on.[1] Amphiphiles are one of the most investigated molecu-


lar systems that can be organized into a well-defined mono-
layer. In the typical monolayer on water surface, the hydro-
philic groups immerse into the aqueous subphase and the
hydrophobic alkyl chains extrude out into the air.[1,2]


Through a lateral compression, the orientation of the func-
tional groups and the molecular packing can be controlled.
Recently, besides typical amphiphiles, many other molecules
have been used to form organized structures at the air/water
interface.[3] Simple water-insoluble molecules can also be
spread, but they usually favor the formation of crystallites
or multilayers with one to several layers thick.[4] Some bo-
laamphiphiles, in which two headgroups were covalently
linked by the alkyl spacers, were reported to form various
conformations and 3D nanoarchitectures at the air/water in-
terface.[5] More complicated nanostructures can be generat-
ed through the interfacial interactions between different
components.[6] Our group has been investigating the interfa-


Abstract: The spreading behavior and
supramolecular assemblies of some ar-
ylbenzimidazoles with 2-substituted ar-
omatic groups such as phenyl, naph-
thyl, anthryl and pyrenyl on water sur-
face and the subphase containing
AgNO3 were investigated. It was ob-
served that although these compounds
lack long alkyl chains, they showed sur-
face activity when spread from chloro-
form solution on water surface and
formed the supramolecular assemblies.
When AgNO3 was present in the sub-
phase, a coordination between the imi-
dazole group of the compounds and
AgI occurred in situ in the spreading
film, which was verified by the surface
pressure/area (p–A) isotherms and
UV/Vis absorption spectra. Both the


spreading films from water and the
aqueous AgNO3 subphase were trans-
ferred onto solid substrates and their
surface morphologies as well as proper-
ties were characterized by AFM, UV/
Vis absorption and CD spectra. Vari-
ous surface morphologies such as nano-
particles, block domains and nanouten-
sils were observed depending on the
substituted aromatic groups. Interest-
ingly, although all of these compounds
were achiral, supramolecular chirality
was obtained for some of the arylbenz-
imidazole films assembled from either


the water surface or the subphase con-
taining AgNO3. It was revealed that
chiral assemblies could be obtained
from water surface for the benzimida-
zoles which have pyrenyl or a-naphthyl
groups. For benzimidazole derivative
with anthryl group, chiral assemblies
could be obtained when spreading on
the aqueous AgNO3 subphase. For the
benzimidazoles with phenyl or b-naph-
thyl groups, no chirality was obtained.
It was suggested that both the over-
crowded stacking of the aromatic
groups and the cooperative arrange-
ment of the molecules on water surface
or aqueous AgNO3 subphase play a
crucial role in forming the chiral supra-
molecular assemblies.
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cial behaviors of various kinds of non-typical amphiphiles
and found some new features.[7] For example, through the in
situ coordination at the air/water interface, we obtained
monolayers for 2-alkylbenzimidzazoles with short alkyl
chains and got ultrathin films of metal ion coordinated bis-
muthiol at the air/water interface.[7] In addition, we obtained
interesting nanoarchitectures through an interfacial coordi-
nation of a 1,20-octadecanedicarboxylic acid with EuCl3 in
the subphase.[8] These results clearly revealed that the air/
water interface not only provides a place for monolayer for-
mation, which is a main focus in the research, but also gives
the possibility to construct more complicated and even 3D
architectures using simple molecules. This latter case greatly
expands our vision on the study of the surface ultrathin
films.


Benzimidazoles, which are analogues of imidazole con-
tained in histidine, are an important class of the biologically
active compounds.[9,10] Besides, they are excellent organic li-
gands of many metal ions.[11] Previously, we have investigat-
ed the supramolecular assemblies of a series of benzimida-
zole-containing derivatives with or without long alkyl chains
at the air/water interface and found a strong coordination
ability of benzimidazoles with AgI ion at the air/water inter-
face.[7a–d] Furthermore, we have found that an amphiphilic 2-
heptadecyl naphtha[2,3]imidazole could form chiral molecu-
lar assemblies through an in situ coordination with AgI ion
although the ligand was achiral.[12] In this paper, in order to
get further insight into how the molecular packing was relat-
ed to the chirality and how the molecular structure will
affect the chirality of the molecular assemblies, we have
made a systematic investigation on the interfacial behaviors
of a series of arylbenzimidazoles (Figure 1) at the air/water
interface and the subphase containing AgNO3.


We selected the benzimidazoles, which have different ring
sizes in the 2-position of the benzimidazole, for several rea-
sons. First, these compounds, although can not be spread as
a true monolayer due to the lack of alkyl chain, are poten-
tial to form some new nanostructures. It is helpful to under-
stand the surface behaviors of non-amphiphile and further
construct new nanoarchitectures. Second, in situ coordina-
tion provided an effective way in regulating the surface
properties and fabricating functional ultrathin film.[13–22]


Benzimidazole derivatives could serve as a good type of or-
ganic ligand and their coordination with AgI will give some
clues to design new functional materials. Third, the chirality


of supramolecular assemblies from achiral or chiral mole-
cules is currently attracting great interest.[23–33] In our previ-
ous study we have found that chiral molecular assemblies
could be obtained from achiral amphiphilic benzimidazole[12]


and other achiral molecules.[34] In these cases, a steric hin-
drance between the neighboring assembling molecules
played a key role. However, it is not clear if our findings are
applicable to those molecules without alkyl chains. The
object of this paper is to explore the film forming ability of
these arylbenzimidazoles without any alkyl chains and fur-
ther investigate the effect of the bulkiness or size of the aro-
matic substituents on the chirality of the assembled supra-
molecular films.


Systematic characterizations by using p–A isotherms, UV/
Vis absorption and CD spectra, and AFM measurements
were performed to reveal the surface properties, surface
morphologies or nanoarchitectures and the chirality of the
assembled molecular films.


Results and Discussion


Surface pressure–area isotherms of the spreading films: Al-
though all the benzimidazole derivatives used have no alkyl
chains, they showed surface activity when spread on water
surface. Such surface activity could be investigated by meas-
uring the p–A isotherm. Figure 2 shows the p–A isotherms
of the spreading films of 2-arylbenzimidazoles on the water
surface. Surface pressures were observed for all the benzimi-
dazole derivatives on water surface. However, the molecular
areas for the spreading films on water surface are too small
to be regarded as true monolayers. On the other hand, the
isotherms can be reproduced. This case was reported in
other non-amphiphilic systems and in bolaamphiphiles.[5,8] It
was suggested that the compounds formed multilayers or
three-dimensional structures on water surface due to the
lack of certain long alkyl chains. On the other hand, when
there existed AgNO3 in the subphase, a larger molecular
area was obtained for all the isotherms in comparison with
those on water surface. In addition, the isotherms showed a
dependence on the concentration of AgNO3. On increasing
the concentration of the AgNO3, there is an increment in
the molecular area. When the concentration increased over
10 mm, no significant changes were observed for the iso-
therms. The present phenomena are essentially the same as
those reported previously in the benzimidazole systems.[7a–d]


Therefore, it can be suggested that all these 2-arybenzimida-
zole coordinated with AgI in situ at the air/aqueous AgNO3


interface and monolayers might be formed. The limiting mo-
lecular areas extrapolated from the linear part of the iso-
therms of the spreading films on a higher concentration of
AgNO3 were obtained as 0.3, 0.3, 0.4 and 1.4 nm2 molecule�1


for a-NpBz, b-NpBz, PyBz and AnBz, respectively. Based
on the CPK models and the molecular areas on aqueous
AgNO3, it was reasonable that monolayers were formed.
However, whether the films were in a molecular thickness
or not needs further confirmation by the AFM of the trans-


Figure 1. Molecular structures and abbreviations of the arylbenzimida-
zoles used in this work.
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ferred monolayers and will be discussed later. Among these
films, AnBz showed the largest molecular area. In AnBz,
the anthryl moiety is attached to the 2-position of the benz-
imidazole through the 9-position. When the two nitrogen
atoms of benzimidazole coordinated with AgI, the anthryl
group is suggested to align with its long axis parallel to the
water surface and showed the largest molecular area.


UV/Vis absorption spectra of the transferred multilayer
films : The spreading films of the arylbenzimidazoles could
be transferred onto solid substrates by a horizontal lifting
method or Langmuir–Schaefer (LS) method similar to the
previous study. Although the spreading films on water sur-
face were not true monolayers, they could also be transfer-
red onto solid substrates through the LS deposition.
Figure 3 shows the UV/Vis absorption spectra of the dilute
solutions and the LS films. Two distinct features are ob-
served for the films. First, in comparison with the UV/Vis
spectra in methanol solutions, all the spectra of the transfer-
red films from water surface showed a bathochromic shift in
the absorption maxima, indicating the ordered packing of
the aromatic benzimidazoles in the transferred films. For ex-
ample, a-NpBz shows three main absorption bands at 205,
225 and 305 nm in methanol, which can be ascribed to the
n–p*, p–p* and charge transfer bands, respectively. For the
multilayer film from water surface, both the p–p* and
charge transfer bands showed a larger red shift to 234 and
331 nm, respectively. Similar cases are found for the other
compounds. Second, clear spectral changes were observed
for the films transferred from the aqueous AgNO3 subphase
in comparison with those from water surface. The band at
around 250 nm diminished greatly for the films transferred
from aqueous AgNO3 surface. The spectral characteristic is
similar to those AgI-coordinated benzimidazoles, suggesting


that the aromatic benzimidazoles really coordinated with
AgI in the subphase at the air/water interface. Therefore,
from these spectra, we can conclude that although aromatic
benzimidazoles could not form monolayers on water surface
they could be orderly arranged. When spread on aqueous
AgNO3 subphase, in situ coordination occurred between the
benzimidazoles and AgI at the interface.


Investigations on the surface morphologies of the spreading
films : AFM technique is a powerful method to detect the
surface morphologies and the film thickness. To investigate
the film structures formed on water surface and the sub-
phase of AgNO3, we have transferred one-layer of spreading
film from both water surface and the subphase containing
AgNO3 onto mica substrates and recorded the AFM pic-
tures.


AFM images of one-layer LB films from pure water sur-
face : Figure 4 shows the AFM pictures of the one-layer LB
films transferred from the water subphase at 10 mN m�1.
Distinct morphologies were observed for the four films
spread on water surface. Regular blocks were observed for
a-NpBz film. From the height profiles, it was found that
these blocks were flat and constructed from some flat steps.
The smallest step was in a thickness of about 1.0 nm. From
the CPK model, the length of the a-NpBz molecule is esti-
mated to be 1.1 nm. This indicated that the blocks found in
the a-NpBz film was composed of the multilayer. When a-
NpBz was spread on a water surface, it might form a mono-
layer at the beginning due to the weak hydrophilicity of the
nitrogen atoms in the benzimidazole. When compressed,
however, the neighboring molecules can easily overlap to
form the multilayers due to the lack of long alkyl chain,
which could be served as a barrier for the molecules to over-
lap. For b-NpBz, a flat film with some holes was obtained.
The height profile indicated that the hole was about 2 nm in


Figure 2. Surface pressure-area isotherms of the spreading films of A) a-
NpBz; B) b-NpBz; C) AnBz and D) PyBz on aqueous subphases contain-
ing various concentration of AgNO3 at 20 8C: a) 0; b) 0.1 mm ; c) 1.0 mm ;
d) 10 mm.


Figure 3. Absorption spectra of A) a-NpBz; B) b-NpBz; C) AnBz; and
D) PyBz in different conditions: a) in methanol solution; b) multilayer
film transferred from the subphases containing 1.0 mm AgNO3; and
c) from water surface.
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depth, which is twice as the molecular length of b-NpBz,
suggesting a double layer formed in the case of b-NpBz on
water surface. The surface morphology of PyBz is like a
rotten wood. The height profiles indicated that the thickness
was about 2.8 nm. Since the molecular length of PyBz is es-
timated to be 1.4 nm, it can be concluded that a double
layer structure was formed for PyBz on water surface. For
AnBz, granular net-like aggregates are observed. The aver-
age height of the aggregates was 7 nm. These results indicat-
ed that multilayer or molecular aggregates were formed on
water surface for the compounds and the size of the substi-
tuted aromatic groups have a great influence on the surface
morphologies of the spreading films on water surface.


AFM images of one-layer LB films from aqueous AgNO3


solution : Figure 5 shows the AFM pictures of the one-layer
LB film transferred from the subphase containing AgNO3.


Uniform flat film or dotted domains were observed for the
PyBz and a-NpBz films and flat domains with some pin-
holes for the film of b-NpBz. The thickness of the film or
the holes was about 1 nm, indicating the monolayer forma-
tion of these compounds on aqueous AgNO3 subphase. In
the case of AnBz, interesting circular disk-like domains
were observed. Underneath these domains, there are still
layers which were composed of nano-sized particles. Further
enlargement on the circular domains indicated that the do-
mains are made of small nanoparticles. These particles gath-
ered together to form the circular disks. On analyzing the
height profiles, it was found that the height of the edge of
the disk was about 7–8 nm, while that of the center was 4–
4.5 nm. It indicated that a nanoutensil was actually formed,
as clearly seen in the three-dimensional image of the AFM
picture (Figure 5f). Although from the p–A isotherms AnBz
showed a larger molecular area, in fact, it was not a mono-


layer from the AFM. This par-
ticular property of AnBz film
was suggested to be due to the
strong p–p interaction of the
adjacent anthryl groups.


Supramolecular chirality


CD spectra : Previously, we
have found that a long-chain 2-
heptadecyl naphtha-
[2,3]imidazole derivative could
coordinate with AgI in situ in
the monolayer and ex situ in
solid substrates, and formed a
chiral supramolecular assem-
blies although the long chain
compound itself was achiral.[12]


It was suggested that the forma-
tion of supramolecular chirality
was due to the overcrowded
stacking of the aromatic groups
in the monolayers. In that case,
such stacking was realized due
to a steric hindrance between
the adjacent naphtha-
[2,3]imidazole group and the
hydrophobic interaction be-
tween the alkyl chains. In addi-
tion, we have further found that
long chain derivatives of benz-
imidazoles could not show chir-
ality due to the small size of the
benzimidazole ring. Herein, we
used the benzimidazoles with
larger substituted aromatic
groups in the 2-position of the
benzimidazole ring and without
any alkyl chain. These com-
pounds can be used to verify


Figure 4. AFM images of one-layer a) a-NpBz; b) b-NpBz; c) AnBz and d) PyBz LB films from water surface
at a surface pressure of 10 mN m�1. The scan size is 2 � 2 mm for all of the pictures.
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our previously results and further disclose the nature of the
supramolecular chirality. We have measured the CD spectra
of all the films deposited from water surface and the sub-
phase containing AgNO3, as shown in Figure 6. Three im-
portant features are observed. First, CD signals are observed
only for the films of a-NpBz, PyBz and AnBz, while no CD
signals were detected for PhBz and b-NpBz films. Second,
CD signals are found for the films deposited from water sur-
face in the case of a-NpBz and PyBz, while it appeared in
the case of AnBz coordinated with AgI ions. Third, depend-
ing on the fabrication batches, the sign of the CD signals
could be opposite although we can always observe the sig-
nals. Particularly, complicate
CD spectra were found in the
case of AgI-coordinated AnBz
films.


For the CD spectrum of a-
NpBz film, as shown in Fig-
ure 6a, a negative and positive
Cotton effect was observed at
342 and 311 nm, with a cross-
over at 328 nm. Considering the
fact that the a-NpBz film
showed the absorption maxi-
mum at 328 nm, such CD sig-
nals can be ascribed to the exci-
ton couplet between the chro-
mophores.[35]


For PyBz, two distinct nega-
tive Cotton effects were found
at about 380 and 305 nm. The
positions of the Cotton effect
were at the same absorption


peak maxima of the film in the
UV/Vis spectrum. It indicated
that PyBz also formed chiral
molecular assembly in the film.
However, in this case, no exci-
ton couplet existed.


For AnBz, no CD signal ap-
peared for the film transferred
from the water surface. Howev-
er, CD signals were obtained
when the film coordinated with
AgI. However, CD spectra ap-
peared in different manners in
different deposition batches
and even in different places al-
though we got the same UV
spectra for the AnBz film. To-
tally, we have got four types of
CD spectra for the AgI-coordi-
nated AnBz films, as shown in
Figure 6c–f. These different CD
spectra reflected subtle differ-
ences in the molecular arrange-
ment of the transferred LS


films. The details of the CD spectra and their explanation
are as follows. In case one, a negative Cotton effect was at
257 nm and a split appeared at 216 nm (Figure 6c). Consid-
ering the fact that the AnBz film showed two strong broad
absorption bands at around 260 nm (axis A transition) and
213 nm (axis B transition), as illustrated in Figure 7, it can
be suggested that there a strong exciton couplet in the axis
B transition band though no couplet in the axis A transition
band existed.[35] In case two as shown in Figure 6d, split
Cotton effect was both observed at around 264 and 211 nm.
This suggested that exciton couplet existed in both the A
and B axis transitions. Accordingly, we can ascribe the


Figure 5. AFM images of one-layer LB films from 1 mm aqueous AgNO3 solution at a surface pressure of
10 mNm�1: a) a-NpBz; b) b-NpBz; c) PyBz; d) 10 mNm�1, AnBz; e) 20 mNm�1, AnBz; and f) 3D images of
the AnBz LB film. Scan size is 2 � 2 mm for all of the pictures.


Figure 6. Circular dichroism spectra of various multilayer films: a) a-NpBz film transferred from water surface
(10 mN m�1); b) PyBz film from pure water surface, and c–f): AgI-coordinated AnBz films transferred from
1 mm aqueous AgNO3 surface in different fabrication batches.
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Cotton effect observed in the Figure 6e and f to the couplet
or ordinary CD signals of the A and B axis transitions.
These four cases are all observed in the transferred films
from different batches indicated that the subtle different
chromophore arrangement could occur in different fabrica-
tion batches. It was in agreement with the AFM observa-
tions of AgI-coordinated AnBz film, dotted nanoparticles
and aggregated nanoutensils were observed. It should be
further noted that the sign of the CD signals could also be
different in different batches, however, the combination be-
tween the couplet and non-couplet CD signals are all includ-
ed in the above four kinds of CD spectra.


Discussion on the supramolecular chirality : It is clear from
the results described above that only the benzimidazole de-
rivatives with a-Np, An and Py could show chirality when
forming the spreading films either on water surface or
AgNO3 subphase. Previously, we have found that for the
long chain alkyl imidazole derivatives, although the
naphtha[2,3]imidazole could form chiral molecular assem-
blies, other benzimidazole derivatives with alkyl chains in
the 2-position could not show the chirality. In the present
case, all the benzimidazole groups are the same, however,
the 2-substituted aromatic groups were different. It seems
that the larger aromatic groups favored for the formation of
the supramolecular chirality although a further work is nec-
essary in order to make clear the relationship between the
molecular structure and the chirality of the molecular as-
semblies.


It should be noted that although a-NpBz and b-NpBz
have the same-sized unit, no CD signal was observed for the
film of b-NpBz. This further indicated that the orientation
of the side group, which may affect slightly on the packing
of the molecules, will influence the formation of chirality.


On the other hand, it is noted that CD spectra were ob-
tained for the films of a-NpBz or PyBz from water surface
and no CD signals could be obtained for these compounds
spread on AgNO3 subphase. Situation was just opposite for
AnBz. This can be explained by the different interaction be-
tween the aromatic groups, as illustrated in Figure 9.


When these aromatic benzimidazoles aggregated on water
surface, the hydrogen bonding between the benzimidazole
groups[36] and the p–p stacking of the aromatic groups are


responsible for the ordered assemblies. AnBz has a larger
rectangle anthryl group and inhibited the hydrogen bond be-
tween the neighboring benzimidazole groups, while the p–p


stacking between the anthryl groups predominates in the
molecular assemblies. The opposite is for a-NpBz and PyBz
and the hydrogen bond between the benzimidazole predo-
minated. The intermolecular hydrogen bond for benzimida-
zole is in a linear way and such aggregation manner is fa-
vored for the aromatic groups with larger steric hindrance
to stack in a cooperative way to form the chirality. There-
fore, we observed the CD spectra for a-NpBz and PyBz film
from water surface. When coordinating with AgI, linear
structure could also form as in the case of naphtha-
[2,3]imidazole. However, in this case of a-NpBz and PyBz,
an overcrowded stacking is not necessary for these two mol-
ecules and no CD was detected. For AnBz, the larger an-
thryl group caused an overcrowded and cooperative stacking
and CD appeared. In addition, due to the larger anthryl
group, the coordination between AnBz and AgI could be in-
complete, which caused the subtle different stacking of the
aromatic groups in the films. Therefore, we observed four
kinds of CD spectra where different couplets were observed,
which were due to the subtle interaction between the neigh-
boring chromophores.


Dynamic breaking of the supramolecular chirality : From
the above discussion, it is clear that the supramolecular chir-


Figure 7. Direction of the transition moment in AnBz molecule and pos-
sible combination of the exciton couplet in relation to the CD spectra of
the AgI-AnBz films.


Figure 8. CD spectral changes of a a-NpBz LS film transferred from
water surface with the immersion time in 1 mm aqueous AgNO3 solution.
The soak time was 0, 3, 20 and 80 h.


Figure 9. Schematic illustration of the chiral supramolecular assemblies
from the achiral arylbenzimidazoles. The neighboring arylbenzimidazole
was connected through the hydrogen bond in the case of a-NpBz and
PyBz films, while it was through the coordination with AgI in the case of
AnBz film: a) side view; b) front view.
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ality of these assemblies was due to a sterically overcrowded
stacking of the aromatic groups in the ordered assemblies. If
the ordered stacking was destroyed, then the supramolecular
chirality should disappear. In order to confirm this we se-
lected the a-NpBz film as an example and studied the dy-
namic changes of CD spectra upon reacting with AgI ex situ
in the solid films. Because the a-NpBz film was highly or-
dered, it can only react a little when the film was immersed
in the aqueous AgNO3 solution. However, the dynamic
breaking of the chirality can still be clearly seen in the CD
spectral changes, as shown in Figure 8. When the immersing
time increased, the CD signals decreased continuously due
to the partial reaction of a-NpBz film with AgI.


It is further noted that when both the film of a-NpBz and
PyBz were exposed to HCl gas, the CD signals disappeared
completely due to the collapse of the ordered structure of
the film. These spectral changes clearly indicated that the
formation of supramolecular chirality was due to the steri-
cally regular stacking of the aromatic groups in the film, but
not from the chirality of the molecules or any possible im-
purity, and gave a clear difference of the supramolecular
chirality from molecular chirality.


Conclusion


A series of arylbenzimidazoles have been synthesized and
their interfacial behaviors investigated. All benzimidazoles
described formed aggregates on water surface even though
they did not contain any alkyl chain. Depending on the mo-
lecular structures, layered and circular aggregated particles
are formed on water surface. The easy aggregation behavior
of these benzimidazoles on water surface is suggested to be
due to the lack of long alkyl chain, which causes the neigh-
boring molecules to slip onto each other and formed multi-
layer or circularly aggregated particles. When there existed
AgNO3 in the subphase, in situ coordination between the
imidazole group of the arylbenzimidazoles and AgI ion
could occur, which caused the changes in the interfacial
properties of film. Supramolecular chirality could be ob-
tained in the assemblies of a-NpBz, PyBz and AnBz mole-
cules. While the films from water surface showed chirality
for a-NpBz and PyBz, only AgI-coordinated film showed
chirality for AnBz. It was suggested that both the over-
crowded stacking of the side groups and the cooperative ar-
rangement of the molecules are necessary in forming the
supramolecular chirality. Interesting surface morphologies
could be observed for all compounds. For AnBz on AgNO3


subphase, a nanoutensil was observed. The nanoutensils
were formed owing to a three-dimensional aggregation of
the compound. These results indicated that molecules with-
out any alkyl chains can also form ordered nanostructures at
the air/water interface and their surface properties can be
further regulated through an in situ reaction. Thus, the re-
search on the classical amphiphile can be extended to the
non- amphiphilic molecules and the research scope can be
enlarged.


Experimental Section


Materials : The compounds studied in this work were 2-
phenylbenzimidazole(PhBz), 2-(a-naphthyl)benzimidazole (a-NpBz), 2-
(b-naphthyl)benzimidazole(b-NpBz), 2-anthrylbenzimidazole (AnBz) and
2-pyrenylbenzimidazole(PyBz). The molecular structures and the abbre-
viations are shown in Figure 1. The compounds were synthesized through
the condensation of the corresponding aromatic aldehyde with o-phenyl-
enediamine[37] and their structures were confirmed by NMR spectroscopy
and elementary analysis. Example of the typical syntheses procure is as
follows: 9-anthraldehyde (0.412 g, 2 mmol) and o-phenylenediamine
(0.238 g, 2.2 mmol) were carefully mixed and placed into a round bottom
flask under a nitrogen gas atmosphere, the mixture was stirred with THF
(10 mL) in an oil bath at 60 8C for 3–4 h and then filtered. After separat-
ed from brown-red solution, washed with dried diethyl ether and dried in
vacuum to yield a light yellow powder (0.230 g, 38.9 %). The final prod-
uct was recrystallized from ethanol. Other compounds were synthesized
in a similar way. 2-Phenylbenzimidazole (PhBz) was from Tokyo Kasei
and purified by recrystallization from ethanol.


Procedures : The spreading ultrathin films of these compounds were
formed by spreading a chloroform solution (ca. 1 mm) on aqueous sub-
phases containing various concentrations of AgNO3. Deionized water
from a Milli-pore Q system (18 mWcm) was used in all the cases. The sur-
face pressure–area isotherms were measured with a KSV film balance
with a compression speed of 10.5 cm2 min�1. For UV/Vis absorption spec-
tral measurements, the spread films on 5 mm aqueous AgNO3 subphase
were transferred at 20 mm�1 onto quartz plates, respectively by a hori-
zontal lifting method. The UV/Vis spectra were recorded by a JASCO
UV-560 system. In order to observe the surface morphology, one layer of
film was deposited on a mica surface at different surface pressures and
the AFM pictures were measured with a Digital Instrument Nanoscope
III Multimode system (Santa, Barbara, CA) with a silicon cantilever
using the tapping mode. All the AFM images are shown in the height
mode without any image processing except flattening. Circular dichroism
(CD) spectra of the films were recorded on a JASCO J-810 CD spec-
trometer. In the process of measuring CD spectra of the films, the films
were placed perpendicular to the light path and rotated within the film
plane to avoid polarization-dependent reflections and eliminate the possi-
ble angle dependence of the CD signals.[12, 38]
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Acid–Base and Metal-Ion Binding Properties of the RNA Dinucleotide
Uridylyl-(5’!3’)-[5’]uridylate (pUpU3�)


Bernd Knobloch,[a] Danuta Suliga,[b] Andrzej Okruszek,[b] and Roland K. O. Sigel*[a]


Introduction


The observation that RNA molecules can perform enzymat-
ic functions,[1,2] once thought to be unique to proteins, has
stimulated interest in understanding the structure and mech-
anism used by these catalytic RNAs, that is, ribozymes.[3–6]


This interest has been further spurred by the discovery that
the ribosome is also a ribozyme, a consequence of the for-
mer�s peptidyltransferase site being comprised exclusively of
RNA.[7,8] Another remarkable example is the spliceosome, a
huge ribonucleoprotein complex of more than 70 proteins
and five RNA molecules, which catalyzes the removal of in-


trons by two consecutive transesterification reactions.[9–11]


The exact make-up of the spliceosome�s active site is not
known; however, two of the RNA components of the spli-
ceosome (the small nuclear U2 and U6 RNAs) are consid-
ered to be the main candidates constituting the catalytic
center.[10] Furthermore, there is evidence for intrinsic metal-
ion binding in the intramolecular stem-loop of U6.[9,11,12]


Based on various experiments using thiophosphate deriva-
tives of U6, it was concluded that Mg2+ binds to the phos-
phate group of uridine 80 within the stem-loop of U6.[11, 12]


For most of the nine classes of catalytic RNAs known
today, there is now considerable evidence for the require-
ment of divalent metal ions, especially Mg2+ ,[13] in ribozymal
activity.[3,4,6, 12–17] However, until now, very little quantitative
information concerning the binding strength of metal ions to
the individual sites of a nucleic acid has been reported.[18–20]


Evidently, the most frequently repeated individual site is the
phosphate–diester bridge, -O-P(O)2


�-O-, in which the two
terminal oxygen atoms together carry one negative charge.
It is difficult to measure directly the metal-ion affinity of
such a site in a polymer or even in an oligonucleotide, such
as UpUpU2�. This is because no competition for binding
occurs between a metal ion and a proton within the experi-


Abstract: It is well known that Mg2+


and other divalent metal ions bind to
the phosphate groups of nucleic acids.
Subtle differences in the coordination
properties of these metal ions to RNA,
especially to ribozymes, determine
whether they either promote or inhibit
catalytic activity. The ability of metal
ions to coordinate simultaneously with
two neighboring phosphate groups is
important for ribozyme structure and
activity. However, such an interaction
has not yet been quantified. Here, we
have performed potentiometric pH ti-
trations to determine the acidity con-
stants of the protonated dinucleotide


H2(pUpU)� , as well as the binding
properties of pUpU3� towards Mg2+ ,
Mn2+ , Cd2+ , Zn2+ , and Pb2+ . Whereas
Mg2+ , Mn2+ , and Cd2+ only bind to the
more basic 5’-terminal phosphate
group, Pb2+ , and to a certain extent
also Zn2+ , show a remarkably en-
hanced stability of the [M(pUpU)]�


complex. This can be attributed to the
formation of a macrochelate by bridg-
ing the two phosphate groups within


this dinucleotide by these metal ions.
Such a macrochelate is also possible in
an oligonucleotide, because the basic
structural units are the same, despite
the difference in charge. The formation
degrees of the macrochelated species
of [Zn(pUpU)]� and [Pb(pUpU)]�


amount to around 25 and 90 %, respec-
tively. These findings are important in
the context of ribozyme and DNAzyme
catalysis, and explain, for example, why
the leadzyme could be selected in the
first place, and why this artificial ribo-
zyme is inhibited by other divalent
metal ions, such as Mg2+ .
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mentally accessible pH range, as well as within the physio-
logical pH range, because the primary protons of phosphate
residues are released with pKa values of about one.


We measured the metal-ion affinity of such a phosphate–
diester unit by using a dinucleotide containing both a termi-
nal 5’-phosphate group and a 5’!3’-phosphate–diester
bridge. The main binding site in such a dinucleotide is the
terminal phosphate group; however, chelate formation with
the neighboring phosphate–diester bridge is at least theoret-
ically possible and, therefore, information can be gained
about the metal-ion affinity of this second site. Furthermore,
the following questions arise: Is there selectivity? Can all
biologically meaningful metal ions, for example, Mg2+ or
Zn2+ , form such a chelate? Here, we address these ques-
tions and quantify the formation of macrochelates with dif-
ferent metal ions in dinucleotide complexes. Notably, the
steric demands of a dinucleotide are comparable to those of
neighboring phosphate groups in a larger oligomer.


To focus on the interaction between metal ions and the
phosphate–diester bridge, and to make the interpretation of
the results unequivocal, a dinucleotide with nucleobases of
low metal-ion affinity must be selected. We selected the di-
nucleotide uridylyl-(5’!3’)-[5’]uridylate (pUpU3�,
Figure 1).[21,22] This molecule has previously been synthe-


sized,[23–26] although no data are available regarding its
metal-ion binding properties,[27–29] and to the best of our
knowledge, its acid–base properties have also not yet been
studied.


The uracil residue is known to be a poor ligating site, as
long as the (N3)H site is not deprotonated.[30] This does not
mean that carbonyl oxygen atoms cannot interact with
metal ions; indeed, such interactions in RNA molecules are
known for the solid state.[31–35] However, such an interaction
occurs only under sterically most favorable conditions, that
is, a suitable directing primary binding site must be close
by.[36–38] If such a neighboring binding site is not present, in
aqueous solution water molecules dominate the situation by
forming hydrogen bonds to the carbonyl oxygen atoms. For
pUpU3�, it seems feasable that a metal ion bound to the ter-
minal 5’-phosphate residue might reach (C4)O. However,
(C4)O is not in a sterically favored position, and more im-


portantly, the metal-ion affinity of a carbonyl oxygen atom
in aqueous solution is too low for the formation of such a
macrochelate.[39] The second carbonyl group, (C2)O, cannot
be reached by a phosphate-bound metal ion for steric rea-
sons, because in the dominating anti conformation this ac-
ceptor group is directed away,[21,22] and the energy barrier
for a switch into the syn conformation is too high.[40] There-
fore, the metal-ion binding sites to be considered for
pUpU3� in aqueous solution are the terminal phosphate
group and the phosphate–diester bridge. Indeed, the stabili-
ty studies performed with Mg2+ , Mn2+ , Zn2+ , Cd2+ , and
Pb2+ presented here confirm this reasoning. In addition, our
experiments show that discrimination occurs; for example,
Mg2+ coordinates in only a monodentate fashion to the ter-
minal phosphate group, whereas Zn2+ forms a chelate that
also involves the phosphate–diester bridge.


Results and Discussion


Acid–base properties of pUpU3� : This dinucleotide
(Figure 1) can accept a total of three protons at its phos-
phate groups; however, two of these protons are released at
a very low pH, and for one of these protons, a pKa value
can be estimated (see below). Therefore, the species H2-
(pUpU)� must be considered, as the two uracil residues can
also be deprotonated at their (N3)H sites. This then leads to
the following four deprotonation reactions:


H2ðpUpUÞ� Ð HðpUpUÞ2�þHþ ð1aÞ


KH
H2ðpUpUÞ ¼ ½HðpUpUÞ2��½Hþ�=½H2ðpUpUÞ�� ð1bÞ


HðpUpUÞ2� Ð pUpU3�þHþ ð2aÞ


KH
HðpUpUÞ ¼ ½pUpU3��½Hþ�=½HðpUpUÞ2�� ð2bÞ


pUpU3� Ð ðpUpU�HÞ4�þHþ ð3aÞ


KH
pUpU ¼ ½ðpUpU�HÞ4��½Hþ�=½pUpU3�� ð3bÞ


ðpUpU�HÞ4� Ð ðpUpU�2 HÞ5�þHþ ð4aÞ


KH
ðpUpU�HÞ ¼ ½ðpUpU�2 HÞ5��½Hþ�=½ðpUpU�HÞ4�� ð4bÞ


Notably, in Equilibrium (3 a), (pUpU�H)4� should be
read as “pUpU minus H”, meaning that one of the two
(N3)H sites has lost a proton, without defining which one.
Analogously, in the species (pUpU�2 H)5�, both (N3)H
sites are deprotonated.


For Equilibrium (1a), an acidity constant could be only
estimated (see below), whereas the values for the other
three equilibria were measured by performing potentiomet-
ric pH titrations. The results are listed in Table 1, and the
site attributions are evident from the given related data.[41–46]


The data show that, regarding the release of the final proton
from the phosphate groups, H(pUpU)2� is more basic than


Figure 1. Chemical structure of uridylyl-(5’!3’)-[5’]-uridylate (pUpU3�).
The two uridine units are shown in their dominating anti conforma-
tion.[21, 22]
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H(UMP)� by around 0.3 pK units (6.44 compared to 6.15).
Because experience shows[47,48] that the same difference also
holds for the release of the primary phosphate proton, a
value for H2(pUpU)� could be estimated based on the data
for H2(UMP), that is, pKH


H2ðpUpUÞ=0.7+0.3=1.0.
The increased basicity of the terminal phosphate group of


pUpU3� compared to that of UMP2� is clearly a charge
effect, and is in accordance with the observations made for
UDP3� and UTP4�. Considering the competition between
H+ and Na+ ions for binding,[49] which has the effect of
slightly lowering the pKa in the case of di- and triphos-
phates,[49] the binding tendency of monophosphates[50]


toward Na+ ions is very low under the experimental condi-
tions.


Interestingly, the difference in acidity between the two
(N3)H sites in pUpU3� amounts to only DpKa = (9.63�
0.08)�(8.99�0.03)= 0.64�0.09 (Table 1). Within the error
limits, this difference is identical to the one expected for
symmetrical diprotonic acids (H2L). In such instances, the
formation of HL� is favored, because its formation by the
deprotonation of H2L can occur by two ways. Similarly,
there are two ways to protonate L2� to yield HL� . As a con-
sequence, the formation of HL� is doubly favored by a
factor of two, corresponding to DpKa =0.6.[51] The observa-
tion that the two uracil residues in pUpU3� have identical
acidic properties is somewhat surprising, as it could be ex-
pected that the uracil residue close to the 5’-terminal phos-
phate group, which carries two negative charges, is less
acidic. However, our result is in line with the recently pub-
lished[52] acidity constants determined by 1H NMR shift ex-
periments for two uridine derivatives carrying singly nega-
tively charged phosphate–ethyl ester groups at either the 3’
position or at both the 3’ and 5’ positions. The acidity con-
stants pKa(3’) = 9.21�0.05 and pKa(3’/5’) =9.26�0.05[52] are
identical within their error limits, revealing that the effect of
a single negative charge in this case is small.


Nevertheless, these observations cannot be interpreted as
evidence that there are no charge effects at all : Comparison


of the average acidity constant, pKa/av =9.31�0.09 (Table 1)
for the release of the (N3)H protons from pUpU3� with the
value for uridine itself (pKH


Urd =9.18�0.02) reveals an inhib-
ition of the deprotonation reaction by DpKa =0.13�0.09
(3s), due to the three negative charges present in pUpU3�.
Nevertheless, this effect is relatively small compared to the
DpKa values between pairs of uridine and UMP2�, UDP3�,
or UTP4�, in which the differences amount to about 0.3 and
0.4 pK units (Table 1). To conclude, two neighboring uracil
residues show an increased acidity relative to that of “isolat-
ed” uracil groups, which is significant in the context of bio-
logical systems.


Stability constants of [M(pUpU)]� complexes : Stability con-
stants of several [M(pUpU)]�complexes were determined
by performing potentiometric pH titrations. All experimen-
tal data can be perfectly explained by taking Equilibrium
(2 a), as well as the following complex-forming Equilibrium
(5 a) into account:


M2þþpUpU3� Ð ½MðpUpUÞ�� ð5aÞ


KM
½MðpUpUÞ� ¼ ½½MðpUpUÞ���=ð½M2þ�½pUpU3��Þ ð5bÞ


Our evaluation was not extended into the pH range in
which either hydroxo complexes are formed or (N3)H is de-
protonated. The pH range in which the formation of hy-
droxo complexes occurs was evident from the titrations in
the absence of ligand (see below).


The stabilities of the five metal-ion complexes studied are
listed in Table 2, along with the corresponding values of the


[M(UMP)] and [M(UDP)]� complexes for comparison. Evi-
dently, the stability of the [M(pUpU)]� complexes is gener-
ally closer to that of the [M(UMP)] species than to the [M-
(UDP)]� species. The only exceptions are the Pb2+ com-
plexes, in which the stability of [Pb(pUpU)]� is closer to
that of [Pb(UDP)]� than to that of [Pb(UMP)]. Therefore, a
more rigorous evaluation procedure is required to elucidate
the structures of the [M(pUpU)]� complexes in solution.


Table 1. Negative logarithms of the acidity constants for the deprotona-
tion of the P(O)(OH)2 and (N3)H sites in H2(pUpU)� [Eqs. (1)–(4)], to-
gether with related data determined by performing potentiometric pH ti-
trations in aqueous solution (25 8C; I =0.1m, NaNO3).[a,b]


Acids[c] pKa of the sites Reference
P(O)(OH)2 P(O)2(OH)� (N3)H


H2(pUpU)� 1.0�0.3[d] 6.44�0.02 8.99�0.03/ –
9.63�0.08


H(RibMP)� 6.24�0.01 [43, 44]
uridine 9.18�0.02 [30]
H2(UMP) 0.7�0.3 6.15�0.01 9.45�0.02 [43, 44]
H2(UDP)� 1.26�0.20 6.38�0.02 9.47�0.02 [45]
H2(UTP)2� 2.0�0.1[e] 6.48�0.02 9.57�0.02 [41]


[a] The errors given are three times the standard error of the mean value
or the sum of the probable systematic errors, whichever is larger. [b] So-
called practical, mixed, or Brønsted acidity constants[46] are listed (see
also Experimental Section). [c] RibMP2�, ribose 5’-monophosphate;
UMP2�, UDP3�, or UTP4�, uridine 5’-mono-, 5’-di-, or 5’-triphosphate.
[d] Estimate based on the other values in this column (see also text).
[e] From reference [42].


Table 2. Logarithms of the stability constants of [M(pUpU)]� complexes
[Eq. (5)] as determined by potentiometric pH titrations in aqueous so-
lution, in comparison with the corresponding values for [M(UMP)] and
[M(UDP)]� complexes determined under the same conditions (25 8C; I=


0.1m, NaNO3).[a]


M2+ log KM
½MðUMPÞ� log KM


½MðpUpUÞ� log KM
½MðUDPÞ�


Mg2+ 1.56�0.02 1.84�0.04 3.32�0.05
Mn2+ 2.11�0.02 2.49�0.05 4.07�0.05
Zn2+ 2.02�0.07 2.57�0.03 4.07�0.05
Cd2+ 2.38�0.04 2.75�0.03 4.22�0.05
Pb2+ 2.80�0.04 4.45�0.25 5.30�0.15


[a] For the error limits, see footnote [a] of Table 1. The stability constants
of the [M(UMP)] complexes are from reference [43], except that for [Pb-
(UMP)], which is from reference [44]. The values for the [M(UDP)]�


species are from reference [45], the constant for [Pb(UDP)]� is an esti-
mate taken from reference [19].
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Comparison of the stabilities of [M(pUpU)]� complexes
with those of M[phosph(on)ate] species : For series of relat-
ed ligands,[53,54] straight lines are obtained if log KM


MðLÞ is plot-
ted versus pKH


HðLÞ. Such correlation lines are available[36, 55]


for complexes formed between several divalent metal ions
(M2+) and simple phosphate monoester or phosphonate li-
gands (R–PO3


2�). The straight-line parameters for the five
metal ions studied here, along with Cu2+ (see Experimental
Section), are listed in Table 3.


For the Mg2+ , Zn2+ , and Pb2+ systems, the data pairs of
the [M(R–PO3)] complexes, on which the parameters in
Table 3 are based, are shown in Figure 2, together with the
corresponding data points for the pUpU3� systems. For all
three [M(pUpU)]� complexes, an increased stability is ob-
served. However, this stability varies quite considerably
from metal ion to metal ion; for example, for [Pb(pUpU)]� ,
the stability enhancement is clearly above one log unit!


A more quantitative evaluation was possible by applying
the parameters of Table 3 together with pKH


HðpUpUÞ=6.44=


pKH
HðR�PO3Þ (Table 1) to the straight-line Equation (6):


log KM
½MðR�PO3Þ� ¼ pKH


HðR�PO3Þ �mþb ð6Þ


The results of these calculations (Table 4) represent the
stability constants of [M(R–PO3)] complexes in which no ad-
ditional interaction occurs, that is, the metal ion is coordi-
nated only to a phosphate group that has the basicity of the
terminal phosphate group in pUpU3�. Comparison of these
data with the measured stability constants demonstrates an
enhanced stability for all five complexes studied.


Quantification of the enhanced stability of the [M(pUpU)]�


complexes and the extent of chelate formation : The stability


Table 3. Straight-line correlations for M2+–phosphate monoester or
–phosphonate complex stabilities, and phosph(on)ate group basicities
(aqueous solutions; 25 8C; I=0.1 m, NaNO3).[a]


M2+ m b SD


Mg2+ 0.208�0.015 0.272�0.097 0.033
Mn2+ 0.238�0.022 0.683�0.144 0.051
Zn2+ 0.345�0.026 �0.017�0.171 0.060
Cd2+ 0.329�0.019 0.399�0.127 0.045
Pb2+ 0.493�0.033 �0.122�0.213 0.076
Cu2+ 0.465�0.025 �0.015�0.164 0.057


[a] Slopes (m) and intercepts (b) for the straight-reference-line plots of
log KM


½MðR�PO3Þ� versus pKH
HðR�PO3 Þ (Figure 2), as calculated by using the


least-squares procedure from the equilibrium constants for simple R–
PO3


2�/H+/M2+ systems (R =noncoordinating residue); the R–PO3
2� li-


gands are listed in the legend of Figure 2. The straight-line equations are
defined by y =mx+b, in which x represents the pKH


HðR�PO3Þvalue of any
monoprotonated phosph(on)ate group, and y the calculated stability con-
stant (log KM


½MðR�PO3Þ�) of the corresponding [M(R–PO3)] complex; the
given errors of m and b correspond to one standard deviation (1s).[36, 44, 55]


Column 4 lists three times the standard deviations (SD), resulting from
the differences between the experimental and calculated values for the
various R–PO3


2� ligands employed.[36, 44, 55] The above parameters are
taken from reference [55], except those for the Pb2+ systems, which are
from reference [44].


Figure 2. Evidence for an enhanced stability of the [Mg(pUpU)]� , [Zn-
(pUpU)]� , and [Pb(pUpU)]� complexes (*), based on the relationship
between log KM


½MðR�PO3Þ� and pKH
HðR�PO3Þfor [M(R–PO3)] complexes of some


simple phosphate monoester and phosphonate ligands (R–PO3
2�) (*):


(from left to right) 4-nitrophenyl phosphate (NPhP2�), phenyl phosphate
(PhP2�), uridine 5’-monophosphate (UMP2�), d-ribose 5-monophosphate
(RibMP2�), thymidine [1-(2’-deoxy-b-d-ribofuranosyl)thymine] 5’-mono-
phosphate (dTMP2�), n-butyl phosphate (BuP2�), methanephosphonate
(MeP2�), and ethanephosphonate (EtP2�). The least-squares lines
[Eq. (6)] are drawn through the corresponding eight data sets (*) taken
from reference [43] for the phosphate monoesters, and from refer-
ence [55] for the phosphonates; the corresponding straight-line parame-
ters are listed in Table 3. The data points due to the M2+/H+/pUpU3� sys-
tems (*) are based on the constants listed in Tables 1 and 2. The vertical
broken lines emphasize the stability differences from the reference lines,
log DM/pUpU, as defined in Equation (7) (see also Table 4, column 4). All
plotted equilibrium constants refer to aqueous solutions at 25 8C and I=


0.1m (NaNO3).


Table 4. Comparison of the stability constants of the [M(pUpU)]� com-
plexes between the measured stability constants [Eq. (5)] and the calcu-
lated stability constants for [M(R–PO3)] species, based on the basicity of
the terminal phosphate group of pUpU3� (pKH


HðpUpUÞ=6.44) and the refer-
ence-line equation [Eq. (6)] defined in Table 3, together with the stability
differences log DM/pUpU, as defined in Equation (7) (25 8C; I=0.1 m,
NaNO3).[a]


M2+ log KM
½MðpUpUÞ�


[b] log KM
½MðR�PO3Þ� log DM/pUpU


Mg2+ 1.84�0.04 1.61�0.03 0.23�0.05
Mn2+ 2.49�0.05 2.22�0.05 0.27�0.07
Zn2+ 2.57�0.03 2.20�0.06 0.37�0.07
Cd2+ 2.75�0.03 2.52�0.05 0.23�0.05
Pb2+ 4.45�0.25 3.05�0.08 1.40�0.26


[a] For the error limits, see footnote [a] of Table 1. The error limits (3s)
of the derived data in column 4 were calculated according to the error
propagation of Gauss. [b] From column 3 in Table 2.
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differences between the measured values for the [M-
(pUpU)]� complexes and the calculated values for the [M-
(R–PO3)] species were obtained by using Equation (7), and
are listed in Table 4.


log DM=pUpU ¼ log KM
½MðpUpUÞ��log KM


½MðR�PO3Þ� ð7Þ


The stability enhancements are identical within the error
limits for the complexes of Mg2+ , Mn2+ , and Cd2+ . Consid-
ering the different coordinating properties[56–58] of these
three metal ions, it becomes clear that this increased stabili-
ty is simply due to the charge effect by going from [M(R–
PO3)] to [M(pUpU)]� . In other words, the metal ion coordi-
nated to the terminal phosphate group in pUpU3� “feels”
the presence of the negative charge located on the neighbor-
ing phosphate–diester bridge.


The average of the logDM/pUpU values for the Mg2+ , Mn2+ ,
and Cd2+ systems, log DM/pUpU/charge = 0.24�0.04, represents
this charge effect. Hence, any further stability increase must
be attributed to an additional interaction of the metal ion al-
ready coordinated to the terminal phosphate group of
pUpU3�. This increase is defined by Equation (8):


log D* ¼ log DM=pUpU�log DM=pUpU=charge ð8Þ


As discussed in the Introduction, the only other available
binding site in pUpU3� is the phosphate–diester bridge,
which allows the formation of a 10-membered chelate
(Figure 1) involving both phosphate groups.


The values for log D* according to Equation (8) are listed
in Table 5. As expected, these values are zero within the


error limits for the [M(pUpU)]� complexes of Mg2+ , Mn2+ ,
and Cd2+ . In contrast, for the log D* values of Zn2+ and
Pb2+ , this is clearly not the case. The different stability en-
hancements for the [Zn(pUpU)]� and [Pb(pUpU)]� com-
plexes mean that the position of the intramolecular Equili-
brium (9), between an open (op) and a closed (cl) or chelat-
ed isomer, varies.


½MðpUpUÞop�� Ð ½MðpUpUÞcl�� ð9Þ


The position of Equilibrium (9) is defined by the dimen-
sionless intramolecular equilibrium constant KI [Eq. (10)]:


KI ¼ ½½MðpUpUÞcl���=½½MðpUpUÞop��� ð10Þ


As shown previously[36,53, 54] the stability enhancement
logD* [Eq. (8)] is related to KI by Equation (11):


KI ¼ 10log D*�1 ð11Þ


Knowledge of KI facilitates calculation of the formation
degree of the closed species in Equilibrium (9) by using
Equation (12):


% ½MðpUpUÞcl�� ¼ 100� ½KI=ð1þKIÞ� ð12Þ


The results for KI and % [M(pUpU)cl]
� are listed in


Table 5.
As already stated, in the case of the [M(pUpU)]� systems


with Mg2+ , Mn2+ , and Cd2+ , the values of logD* are zero
within the error limits. However, this means that within
these error limits, traces of chelated species might form; the
corresponding upper limits are given in parentheses in
Table 5. Indeed, for [Mn(pUpU)]� , it appears that a small
percentage of a closed species might occur. This is possible
because Mn2+ is known[45] for its relatively pronounced af-
finity for phosphate groups, and the given error limits corre-
spond to 3s. In any case, chelates for [Zn(pUpU)]� and [Pb-
(pUpU)]� definitely exist, with formation degrees of approx-
imately 25 % and greater than 90 %, respectively.


Interestingly, our results are in good agreement with the
Stability Ruler proposed by Martin.[56–58] With regard to in-
teractions with oxygen donors, such as oxalate, Cd2+ is
placed significantly below Zn2+ and Pb2+ , to give the order
Cd2+ ! Zn2+<Pb2+ . In the case of pUpU3� discussed here,
Pb2+ may be especially favored due to its larger size, which
should facilitate binding of two neighboring phosphate
groups in a nucleic acid.


Conclusions


An important result from this study with regard to RNAs
and ribozymes is the observation that neighboring uracil res-
idues lead to a depression of the pKa value for the deproto-
nation of the (N3)H site by about half a log unit compared
to UMP2�. This deprotonation may be further promoted by
metal ions, such as Mg2+ and Ca2+ , which have a relatively
selective affinity for the carbonyl oxygen atoms of nucleo-
bases, as shown recently[30,40] for the cytosine and uracil resi-
dues. As a consequence of such a facilitated deprotonation
of the (N3)H site, possibly further enhanced by the indicat-
ed coordination of alkaline earth ions, the pKa for this site
approaches the physiological pH range. Uracil residues are,
therefore, important factors to be considered in general
acid–base catalyzed reactions.


By considering the stability enhancement of the different
[M(pUpU)]� complexes, it is notable that Pb2+ , and to a cer-
tain extent also Zn2+ , differ considerably in their binding
properties towards phosphate groups. Firstly, the Pb2+–phos-


Table 5. Extent of chelate formation in [M(pUpU)]� complexes
[Eq. (9)], as calculated from the stability enhancement log D* [Eq. (8)]
and quantified by the dimensionless equilibrium constant KI [Eqs. (10)
and (11)], and the percentage of the chelated isomer [Eq. (12)] in aque-
ous solution (25 8C; I =0.1m, NaNO3).[a,b]


M2+ log DM/pUpU log D* KI % [M(pUpU)cl]
�


Mg2+ 0.23�0.05 �0.01�0.06 ~0 ~0 (<11)
Mn2+ 0.27�0.07 0.03�0.08 ~0 ~0 (<22)
Zn2+ 0.37�0.07 0.13�0.08 0.35�0.25 26�14
Cd2+ 0.23�0.05 �0.01�0.06 ~0 ~0 (<11)
Pb2+ 1.40�0.26 1.16�0.26 13.45�8.65 93�4


[a] For the error limits, see footnote [a] of Table 4. [b] The values given
in column 2 are from column 4 in Table 4.


Chem. Eur. J. 2005, 11, 4163 – 4170 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4167


FULL PAPERMetal-Ion Binding Properties of RNA Dinucleotides



www.chemeurj.org





phate complexes have a rather high stability compared to,
for example, Mg2+ , and secondly, Pb2+ is the only one of the
ions investigated here that shows a very pronounced ability
to interact strongly with two neighboring phosphate sites.
Therefore, it is not surprising that leadzymes,[59,60] as well as
Pb2+-dependent DNAzymes,[61] that is, RNA or DNA oligo-
nucleotides with a structural motif that selectively binds
Pb2+ to promote hydrolytic cleavage of a second nucleic
acid, could be selected by conducting in vitro selection ex-
periments. Our results also explain why some leadzymes are
strongly inhibited[62–65] by the presence of Mg2+ and other
divalent ions; such ions inhibit chelate formation of Pb2+ . A
difference in RNA binding between Pb2+ and Mg2+ has also
been observed in hydrolytic cleavage experiments of a
group II intron ribozyme[15] and other large RNAs.[66] Fur-
thermore, despite its higher affinity, Pb2+ showed fewer
(and/or different) cleavage sites than was observed with
Mg2+ and Tb3+ . These discrepancies in binding patterns are
explained by our results, namely that Pb2+ has a high ten-
dency to coordinate two neighboring phosphate groups on
its own, whereas Mg2+ can only do so if the binding is fur-
ther stabilized by surrounding nucleotides from other parts
of the nucleic acid.


In the context of Pb2+ , two further points should be em-
phasized: Firstly, Pb2+ is a well-known mimic of Ca2+ ,[57,58, 67]


and the alkaline earth metal ion itself is a potent inhibitor
of ribozyme activity.[68,69] One may, therefore, assume,
though this is still to be proven, that in a nucleic acid, Ca2+


can bind simultaneously, like Pb2+ as discussed above, to
two neighboring phosphate groups, whereas Mg2+ can not.
Secondly, the straight-line parameters in Table 3 for the
Pb2+ and Cu2+ systems are identical within their error
limits. Indeed, the stability constants calculated with a pKa =


6.44 for the two complexes [Pb(R–PO3)] and [Cu(R–PO3)],
that is, log KPb


½PbðR�PO3Þ�= 3.05�0.08 and logKCu
½CuðR�PO3Þ�=2.98�


0.06, are also identical within the error limits. Based on this
observation and on the Stability Ruler of Martin,[56–58] it can
be concluded that the properties regarding stability and
structure of the [Pb(pUpU)]� and [Cu(pUpU)]� complexes
are similar.


The selective coordination of Mg2+ to only a single phos-
phate group is also revealing with regard to this metal ion�s
crucial role in ribozyme catalysis. Although structures are
known in which Mg2+ bridges several phosphate groups,[70,71]


this occurs in a structurally enforced way. Many more exam-
ples are known that involve a Mg2+ ion coordinated to a
single phosphate unit.[3,4,70–74] Among the latter group, Mg2+


binding to uridine 80 within U6 of the spliceosome,[11,12] or
to adenosine 2 within domain 5 of the group II intron
ai5g[16,75] are only two prominent examples. For cases in
which two or more neighboring phosphate groups bind to
Mg2+ ions, these then tend to cluster close together, as ob-
served in the loop E motif,[14] the active site of group I in-
trons,[73] as well as at a single nucleobase.[76] The findings
presented here are in good agreement with all of these ob-
servations, and furthermore, they assign the first quantitative
evaluation to these phenomena.


Experimental Section


Synthesis of uridylyl-(5’!3’)-[5’]uridylic acid, H3(pUpU): Although salts
of pUpU3� have already been synthesized by using either the phospho-
diester[23, 24] or phosphotriester[25, 26] approach, we used a new method. The
trisodium salt of pUpU3� (1) was prepared by a multistep synthesis
(Scheme 1, Supporting Information) using the phosphoramidite method-
ology, with the 1-(2-fluorophenyl)-4-methoxypiperidin-4-yl (Fpmp) group
for protection of 2’-hydroxy functions.[77, 78] 5’-O-dimethoxytrityl-2’-O-
Fpmp uridine-3’-O-(2-cyanoethyl)-N,N-diisopropylphosphoramidite (2)
was prepared as previously described.[77] Compound 2 was then reacted
in CH2Cl2 solution with 2’,3’-di-O-acetyluridine in the presence of 1-H-
tetrazole to give, after subsequent I2/pyridine/H2O oxidation of the inter-
mediate phosphite, the fully protected dinucleosidephosphate (3). After
selective removal of the dimethoxytrityl (DMT) group with 2% dichloro-
acetic acid in CH2Cl2, compound 3 was 5’-O-phosphorylated by using the
bis-O,O-(2-cyanoethyl)-N,N-diisopropylphosphoramidite reagent, and the
phosphite intermediate was oxidized with I2/pyridine/H2O.[79] The fully
protected 5’-O-phosphorylated dinucleotide (4) obtained was purified by
silica gel chromatography and subjected to stepwise deprotection by
heating to 55 8C for 16 h in the presence of 30 % aqueous ammonia (re-
moval of 2-cyanoethyl and acetyl groups) followed by treatment with
0.01 m HCl (pH 2.0) (12 h at RT; removal of the Fpmp group). The crude
product 1 was purified by ion-exchange chromatography using DEAE
Sephadex A-25 (elution with a linear gradient of triethylammonium bi-
carbonate from 0.1 to 0.6m). Purified 1 was then transformed into its tri-
sodium salt by passing it through Dowex 50Wx8 (Na+ form) and lyophyl-
ized to yield a white solid in 12% overall yield (based on 2’,3’-di-O-
acetyluridine). The structure of 1 was confirmed by using spectroscopic
methods: proton-decoupled 31P NMR (D2O) two singlets at d=�0.14
and 0.61 ppm [Bruker Avance, 200 MHz]; FAB MS: m/z : 629.2 (negative
ions) (Finnigan MAT 95) (calculated MW 630.4 for free acid). Analytical
RP-HPLC of product 1 showed a single peak.


Materials : The disodium salt of ethylenediamine-N,N,N’,N’-tetraacetic
acid (Na2H2EDTA·2 H2O), potassium hydrogen phthalate, nitric acid,
sodium hydroxide (Titrisol), and the nitrate salts of Na+ , Mg2+ , Mn2+ ,
Zn2+ , Cd2+ , and Pb2+ (all pro analysi) were from Merck, Darmstadt,
Germany. The buffer solutions (pH 4, 7, 9), all based on the NBS scale
(now U.S. National Institute of Science and Technology, NIST), were
from Metrohm, Herisau, Switzerland. All solutions were prepared by
using deionized, ultrapure (Milli-Q185 Plus; from Millipore S.A., 67120
Molsheim, France) CO2-free water.


The titer of the NaOH solution used for the titrations was established by
using potassium hydrogen phthalate, and the exact concentrations of the
stock solutions of Mg2+ , Mn2+ , Zn2+ , Cd2+, and Pb2+ were determined
by performing potentiometric pH titrations using their EDTA complexes.
The aqueous stock solutions of pUpU were freshly prepared daily and
the pH of the solution was adjusted to 8.3 with sodium hydroxide. The
exact concentration of the ligand solutions was determined in each ex-
periment by evaluation of the corresponding titration pair, that is, the dif-
ferences in NaOH consumption between solutions with and without
ligand (see below).


Potentiometric pH titrations : The pH titrations were conducted by using
a Metrohm E536 potentiograph connected to a Metrohm E665 dosimat
and a Metrohm 6.0253.100 Aquatrode-plus combined double-junction
macro glass electrode (all from Metrohm, Herisau, Switzerland). The
equipment was calibrated by using the buffer solutions mentioned above.
The direct pH meter readings were used in the calculations of the acidity
constants of H(pUpU)2� ; thus, the constants determined at I=0.1 m


(NaNO3) and 25 8C are so-called practical, mixed, or Brønsted con-
stants,[46] and may be converted into the corresponding concentration
constants by subtracting 0.02 from the listed pKa values.[46] This conver-
sion term includes both the junction potential of the glass electrode and
the hydrogen ion activity.[46, 80] It should be emphasized that the ionic
product of water (KW) and the conversion term mentioned do not enter
into our calculation procedures, because the differences in NaOH con-
sumption between solutions with and without ligand (see below) are eval-
uated.[46, 81] No conversion is necessary for the stability constants of the
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[M(pUpU)]� complexes because these are, as usual, concentration con-
stants.


Determination of equilibrium constants : The acidity constants KH
HðpUpUÞ,


KH
ðpUpUÞ, and KH


ðpUpU�HÞ of H(pUpU)2� [Eqs. (2)–(4)] were determined by
titrating 30 mL of aqueous 0.5 mm HNO3 (25 8C; I=0.1m, NaNO3) under
N2 with up to 3.0 mL of 0.03 m NaOH in the presence and absence of
0.27 mm H(pUpU)2�. Additional titrations were performed with a ligand
concentration of 0.18 mm, and in this case, 3.0 mL of 0.02 m NaOH was
used. Notably, no difference between the two conditions was observed.


The experimental data were evaluated by employing a curve-fitting pro-
cedure using a Newton-Gauss non-linear least-squares program, in which
the difference in NaOH consumption between such a pair of titrations at
every 0.1 pH unit was used. The acidity constants of H(pUpU)2� were
calculated within the pH range 4.8 to 9.7, corresponding to 2% neutrali-
zation (initial) for the equilibrium H(pUpU)2�/(pUpU)3� and around
54% (final) for (pUpU�H)4�/(pUpU�2H)5�. The final results for
pKH


HðpUpUÞ, pKH
ðpUpUÞ, and pKH


ðpUpU�HÞ are the averages of the values from
six independent pairs of titrations.


After each of these titrations, the solutions were adjusted to the initial
pH of around 3.3 by adding a small volume (about 1 mL) of 0.1 m HNO3.
Subsequently, a comparatively small volume of a solution of M(NO3)2


(M2+ =Mn2+ , Zn2+, Cd2+) was added and the titration was repeated.
From the data obtained in the presence of M2+ (with and without
ligand), the stability constants KM


½MðpUpUÞ� of the [M(pUpU)]� complexes
[Eq. (5)] were calculated. The total volume of these solutions was around
35 mL, and the ionic strength I varied between 0.1 and 0.13 m. This small
variation in I had no effect on complex stability, as evident from the ex-
periments with M2+ = Mn2+ and Zn2+ in which I=0.1m (see below).


In addition, the stability constants of the [M(pUpU)]� complexes with
M2+ = Mn2+ and Zn2+ were determined under the same conditions used
for the acidity constants, although NaNO3 was partly replaced by
M(NO3)2 (25 8C; I =0.1m). For the corresponding complexes with Mg2+


and Pb2+ , the same conditions were used, however, in some experiments
with Mg2+ , NaNO3 was fully replaced by Mg(NO3)2. The metal-to-ligand
ratios in the various titrations were 130:1, 87:1, and 84:1 for Mg2+ ; 87:1,
65:1, and 63:1 for Mn2+ ; 65:1, 42:1, and 32:1 for Zn2+ ; 33:1 and 21:1 for
Cd2+ ; and 14:1, 2.4:1, and 1.8:1 for Pb2+ . For all systems, the calculated
stability constants showed no dependence on the excess of M2+ used.


The titration data, except those for the determination of KPb
½PbðpUpUÞ� of the


[Pb(pUpU)]� complex with a very small metal-to-ligand ratio (2.4:1 and
1.8:1), were evaluated by employing a curve-fitting procedure using a
Newton-Gauss non-linear least-squares program for each titration pair
(i.e., with and without ligand), by calculating the apparent acidity con-
stant K0a. Depending on the metal ion under consideration, the evaluation
commenced at a formation degree of the [M(pUpU)]� species of about 2
to 10 % (see below), and the upper limit was given by either the onset of
the hydrolysis of M(aq)2+ , which was evident from the titrations without
ligand, or by the formation of the [M(pUpU�H)]2+ or [M2(pUpU�H)]
species, which was evident by the deviation of the experimental data
from the calculated curve. Representative examples for the pH ranges
employed in the case of the [M(pUpU)]� complexes are 4.6–6.8 (Mg2+),
4.2–6.3 (Mn2+), 3.9–5.6 (Zn2+), 4.1–5.8 (Cd2+), and 3.6–4.3 (Pb2+). These
pH ranges correspond to variations in the formation degrees of about 3–
56% for [Mg(pUpU)]� , 4–72 % for [Mn(pUpU)]� , 2–39 % for [Zn-
(pUpU)]� , 2–43 % for [Cd(pUpU)]� , and 10–26 % for [Pb(pUpU)]� . The
stability constants of the complexes were calculated as described previ-
ously.[30, 53, 82, 83] Notably, the buffer depression DpKa =pKH


HðpUpUÞ�pK0a was
satisfactory in all titrations, i.e., DpKa�0.35.


The titration pairs of Pb2+ with a small metal-to-ligand ratio (2.4:1 and
1.8:1) were typically evaluated within the pH range 3.8 to 4.2, corre-
sponding to a formation degree of the [Pb(pUpU)]� complex of about
2.6 to 6.2 % (M2+ :ligand =2.4:1). The corresponding stability constant
was calculated by taking into account the species H+ , H(pUpU)2�,
(pUpU)3�, Pb2+ , and [Pb(pUpU)]� .[84] Note that in the Pb2+/(pUpU)3�


system, a precipitation forms at relatively low pH and, therefore, the pH
range accessible for the evaluation is small, as is the formation degree of
the [Pb(pUpU)]� species. Hence, only an estimate for the stability con-
stant could be obtained.


The final results for the stability constants of all [M(pUpU)]� complexes,
KM
½MðpUpUÞ�, are the averages of three independent titrations in the case of


the Mg2+ , Mn2+ , and Zn2+ systems, whereas for Cd2+ and Pb2+ , two and
four independent pairs of titrations were performed, respectively. There
was no indication of a metal-ion-promoted hydrolysis of pUpU3� during
the time required for a titration experiment (about 30 min).
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High Affinity, Sequence Specific DNA Binding
by Synthetic Tripyrrole–Peptide Conjugates


Juan B. Blanco,[a] Olalla V�zquez,[a] Jos� Mart�nez-Costas,[b] Luis Castedo,[a] and
Jos� L. MascareÇas*[a]


Introduction


The proper functioning of cells involves accurate control of
DNA transcription by the concerted and regulated action of
transcription factors. These proteins interact, with high affin-
ity and specificity, with short DNA sequences that are usual-
ly located upstream of the promoter of the gene.[1] The
design of molecules that are smaller than natural transcrip-
tion factors but have similar DNA-binding properties is an
important goal of current research at the chemistry/biology
interface, not only because of their potential utility for eluci-
dation of the molecular basis of DNA recognition by natural
proteins, but also as potential chemotherapeutic agents in
the postgenomic age.[2]


One of the simplest structural families of transcription
factor proteins is the bZIP family, which bind dsDNA as
leucine zipper-mediated homo- or heterodimers, and insert
two N-terminal peptidic chains called basic regions (BR)
into adjacent DNA major grooves.[3] Interestingly, the basic
regions are largely unstructured in the absence of DNA, but
they fold into an a-helix upon specific DNA binding.[4] Al-
though the leucine zipper region does not contact the DNA
directly, DNA binding is strongly dependent on such dimeri-
zation, as prevention of this process through specific muta-
tions precludes DNA recognition.[5] It has been shown that
the leucine zipper unit can be replaced by other noncovalent
or by covalent artificial dimerizing units without significant-
ly compromising the recognition capabilities of the system.[6]


However, monovalent bZIP BRs exhibit very poor DNA-
binding affinities unless the important DNA-contacted resi-
dues are appropriately grafted into a preorganized a-helix.[7]


We have recently demonstrated that appropriate tethering
of a monomeric bZIP BR domain to a distamycin-like tri-
pyrrole that binds with moderate-to-good affinity in the
minor groove adjacent to the BR target site, provides for
specific binding of the peptide to its cognate major groove
site, binding that most probably occurs according to the hy-
pothetical model depicted in the Figure 1.[8] Most important,
the resulting tripyrrole–peptide conjugate exhibits higher af-
finity for its target hybrid site than either the BR monomer
or the tripyrrole. In particular we have found that the deriv-
ative 1, which has a peptidic region of only 22 natural amino
acids, is capable of binding relatively long specific DNA


Abstract: Linking the basic region of a
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cin-like tripyrrole peptide by means of
a nitrogen-containing tether produces a
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sites with low nanomolar affinity (Kd ~3 nm) at 4 8C. It
should be noted, however, that part of this affinity is lost
when the interaction assay is carried out at 23 8C, a fact that
somewhat restricts the potential utility of the system as a se-
quence-specific DNA probe.


Significantly, we have found that the linking tether is not
a mere connector that keeps the DNA-binding modules at
an appropriate distance, but apparently it plays a more
active role in the recognition process. Hence, replacement
of the pentylpropylamine fragment of tether with a propyl-
triglycine unit markedly reduces affinity for DNA, even
though both tethers span very similar distances.[8b] This
result raised the question of whether such a decrease in af-
finity is due to geometric restrictions imposed by the rigidity
of the peptidyl tether or to the absence of the secondary ni-
trogen atom present in the linker of 1, or perhaps to both
factors. Herein we demonstrate that replacing the secondary
amino group present in the linker of hybrid 1 by an oxygen
atom results in a considerably drop in DNA affinity. This


result suggests that such amino group, which should be
mostly protonated at neutral pH, is critical for a successful
DNA binding by this type of conjugates, most probably be-
cause it is engaged in a salt-bridged type of contact with the
phosphodiester oxygens.


This finding supported the
hypothesis that the presence of
amino groups in appropriate
positions of a DNA-binding
ligand strengthens the interac-
tion, and suggested that the
DNA affinity of tripyrrole–pep-
tide hybrids such as 1 might be
further increased by facilitating
more interactions of this kind.
Indeed in this work we also
show that attaching a propyla-
mine chain to the nitrogen
atom of the middle pyrrole in
hybrid 1 leads to a conjugate 11
capable of binding the designat-
ed composite DNA sequence
with a Kd in the low nanomolar


range even at room temperature (23 8C).


Results and Discussion


Synthesis of hybrid 2, which contains an ether type of link-
age : In order to dissect the relevance of the secondary
amine group of the tether in the hybrid 1 we prepared the
analogue 2 which bears an oxygen atom in place of the NH
group. The synthesis of 2 required assembly of aminotripyr-
role 8, which was accomplished both by linking monopyrrole
4 first to the tether and then to the N-aminodipyrrole 7[9]


(route A in Scheme 1), and also by installing the tether di-
rectly on the N-terminal ring of tripyrrole 9 (route B).[8b]


Although route A is slightly more convergent, route B is
shorter, and is more versatile in that it allows the tripyrrole
to be endowed with a variety of different tethers by just
changing the alkylating species in the final step. With inter-
mediate 8 in hand, we assembled compound 2 as shown in
Scheme 2, by coupling 8 with a peptide consisting essentially
of amino acids 226–248 of the GCN4 BR (R245 of this BR
was replaced by glutamic acid for attachment of the
tether).[10] The coupling reaction was carried out while the
peptide was still attached to the solid support and fully pro-
tected except at the key glutamic acid; following isolation of
2, the overall yield of the process of peptide assembly and
coupling to 8 was approximately 36 %.


DNA binding properties of 2 in comparison with 1: Since
specific binding of bZIP BRs to DNA is concomitant with
the formation of an a-helix, circular dichroism (CD) is a
particularly useful technique to detect such interactions, pro-
vided that the basic region is not already highly helical in
the absence of DNA. Clearly, evidence for an increase in


Abstract in Spanish: Conectando la region b�sica de un
factor de transcripci�n de tipo bZIP con un tripirrol similar
a la Distamicina, a trav�s de una cadena que contiene un
grupo amino, se obtiene un h�brido capaz de reconocer se-
cuencias espec�ficas de ADN con gran afinidad. Si se reem-
plaza el grupo amino de la cadena por un �ter se observa
una importante reducci�n en la afinidad (m�s de 10 veces),
lo que demuestra la importancia del grupo NH presente en
dicha cadena. Por otra parte, la introducci�n de un grupo
aminopropilo en el pirrol contiguo al que porta la cadena de
conexi�n al p�ptido conlleva un aumento de afinidad de
aproximadamente un orden de magnitud. Estos resultados
confirman que una localizaci�n adecuada de grupos amino
protonados en p�ptidos diseÇados para interaccionar con
ADN proporciona mejores afinidades, seguramente debido a
la generaci�n de puentes salinos con los fosfodi�steres del
ADN.


Figure 1. Structure of the peptide–tripyrrole hybrids, and qualitative working model for the hypothetical inter-
action of 1 with the specific DNA target, showing a possible position for the secondary NH group of the
tether (Caution: the drawing doesn�t necessarily reflect the real structure of the complex).
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helicity by CD does not necessarily correlate with high affin-
ity binding, as the concentrations required for the CD ex-
periments are in the micromolar range; however, tight, spe-
cific binding does require the induction of an a-helical struc-
ture, a characteristic that can be readily detected by obser-
vation of the change in the negative ellipticity at 222 nm in
the CD spectrum.[11] As previously reported, addition of a
20 base-pair duplex oligonucleotide (T/CREhs) containing
the designated target hybrid sequence (P5’-GTCATAAAAT-
3’) to 1 at 4 8C, produces a significant variation of the CD
signal at 222 nm, which is consistent with specific binding.


This band is accompanied by increased positive ellipticity at
330 nm due to the tripyrrole moiety binding in the minor
groove (Figure 2a). Addition of compound 2 to the same
oligonucleotide caused parallel spectral changes to those
induced by 1, and the specificity of the interaction was
supported by the failure to induce spectral changes at
222 nm when the oligonucleotide used was T/CREhsm,
which has a single mutation in the peptide-binding site, or
CREhs, which lacks the A-rich sequence responsible for the
minor-groove binding of the tripyrrole moiety. The intensity
of the band at 222 nm in the complex 2-T/CREhs is slightly
lower than that observed in the complex with 1 but still sig-
nificant, suggesting that the basic region of 2 also folds into
an a-helix upon binding to the cognate composite DNA se-
quence.


Although this result could suggest a relatively high affini-
ty binding, electrophoretic mobility shift titrations in poly-
acrylamide gels by using 32P-end-labelled T/CREhs showed
that compound 2 was only weakly bound: even at a concen-
tration of 200 nm it failed to saturate T/CREhs (Figure 2c,
lanes 1–8), whereas near-saturation was achieved by just a
20 nm concentration of compound 1 (Figure 2b). Using as
DNA probe 32P-T/CREhsm (Figure 2c, lanes 9–14) we ob-
serve the formation of a slightly slower migrating band
which probably arises from a complex in which the peptide
moiety is not folded inside the groove but electrostatically
bound to the phosphate surface.


That 1, in which the tether contains an NH group which is
most probably protonated at the working pH, has a greater


affinity for T/CREhs than 2, in
which the NH is replaced by an
ether linkage, seems likely to
be due to the NH group of 1
forming a salt bridge with phos-
phodiester oxygens in the sec-
tion of oligonucleotide back-
bone straddled by the peptide–
tether–tripyrrole conjugate (see
Figure 1). This conclusion is
consistent with the notion that
hydrogen bonds between DNA-
binding proteins and DNA
backbone phosphates, which ac-
count for about half of the
direct hydrogen bonds observed
in protein–DNA complexes,


contribute in a great measure to their association con-
stants.[12] In the case of our hybrid systems this type of inter-
action could even be more relevant for the stability of the
complex owing to the special location of the amine group in
the tether connecting the major and minor groove binding
counterparts.


Design, synthesis and DNA-binding properties of a peptide–
tripyrrole derivative containing a propylamino chain in the
middle pyrrole : The affinity of hybrid 1 for its specific
target dsDNA decreases over 10-fold when the interaction


Scheme 1. Synthesis of the tripyrrole unit 8 : A) a) 1) NaH, THF, 23 8C;
2) acrylonitrile; b) Et3N, Boc2O, THF, H2, Pd/C; c) Ph3P, I2, imidazole;
d) 4, K2CO3, acetone, reflux; e) TFA, CH2Cl2; f) Boc-Gly-OSu, Et3N,
CH2Cl2; g) NaOH, EtOH/H2O; h) 7, DECP, Et3N, DMAP, THF; i) 1) H2,
Pd/C; 2) AcCl, Et3N; j) TFA, CH2Cl2; B) a) DECP, Et3N, DMAP, THF, 7;
b) 1) H2, Pd/C; 2) AcCl, Et3N; c) 1) 3, K2CO3, acetone, reflux; 2) TFA,
CH2Cl2; d) 1) Boc-Gly-OSu, DIEA, DMF; 2) TFA, CH2Cl2.


Scheme 2. Coupling step for the synthesis of 2.
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assay is carried out at room
temperature instead of at 4 8C.
This is a major hurdle if one
wants to develop this DNA rec-
ognition approach, based on si-
multaneous minor and major
groove binding, into a viable
strategy to compete with the
DNA-binding ability of natural-
ly occurring transcription fac-
tors. Therefore it would be very
convenient and highly desirable
to obtain derivatives that bind
with low nanomolar dissocia-
tion constants at higher temper-
atures. The results described above, which support the hy-
pothesis that the good affinity of 1 was in part due to its
tether containing an amino group that interacted with the
oligonucleotide backbone, suggested that affinity might be
further increased by facilitating more ligand–backbone inter-
actions of this kind. In view of the literature on related oli-
gopyrroles,[13] and after examining a simple qualitative work-
ing model of the conjugate-oligonucleotide complex
(Figure 3), we decided to investigate the binding properties


of compound 11, in which an
aminopropyl chain has been in-
stalled on the middle pyrrole
of 1.


Compound 11 was synthe-
sized by linking the aminopro-
pylated monopyrrole 12 to the
terminal pyrrole 13 on one side
and to the tether-bearing pyr-
role 15 on the other, and then
coupling the resulting tripyrrole
peptide to the same GCN4 BR
segment as in 2 (Scheme 3). An
important aspect of the strategy
was the use of “orthogonal”
protecting groups for distinct
terminal amines present in each
of the N-pyrrole chains, so that
it is possible to selectively
unmask the amino group pres-
ent in the tether of the N-termi-
nal pyrrole. After TFA treat-
ment to remove protecting
groups and cleave the BR
moiety from the resin, com-
pound 11 was obtained in ap-
proximately 17 % overall yield.


As shown in Figure 4a, the
CD difference spectrum of the
peptide conjugate 11 in the


presence of the target DNA (T/CREhs) at 20 8C revealed a
slightly higher helicity than that observed for its relative 1
(Figure 4a).[14] A similar pattern of relative intensities is ex-
hibited by the band around 330 nm that reflects binding by
the tripyrrole moiety. As could be expected, the CD spectra
acquired in the presence of a duplex oligomer having a mu-
tated peptide-binding half site (T/CREhsm) or lacking an AT
rich sequence (CREhs) show a significantly weaker a-helical
folding transition.


Figure 2. DNA-binding properties of 2. a) CD difference spectra of hybrid 1 in the presence of T/CREhs (*),
and of 2 in the presence or absence of ds-oligonucleotides: in the absence of DNA (&), in the presence T/
CREhs (&), in the presence CREhs (~), in the presence of T/CREhsm (~); CD spectra were obtained at 4 8C as
described in the Experimental Section, and were slightly smoothed to facilitate viewing. The difference spectra
are the spectra of ligand + DNA mixture minus that of the DNA. b) Autoradiogram showing the binding of
hybrid 1 to 32P-labelled T/CREhs, lanes 1–10: 0, 1, 2, 5, 10, 20, 40, 60, 80, 100 nm. c) Autoradiograms showing
the binding of hybrid 2 to 32P-labelled DNAs, lanes 1–8, T/CREhs: 0, 20, 40, 60, 80, 100, 150, 200 nm ; lanes 9–
14: T/CREhsm : 200, 150, 100, 80, 40, 0 nm. d) Sequences of duplex oligonucleotides used. The BR subsite
(CREhs) is underlined and the tripyrrole binding site (T) is in italics.


Figure 3.
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Gratifyingly, mobility shift titrations using 32P-end-label-
led T/CREhs showed that at 23 8C half-saturation with 11 oc-
curred at a concentration of only about 5 nm, as against
more than 50 nm for compound 1 at this temperature (Fig-
ure 4b and c).[15] Like compound 2, compound 11 also
formed a less mobile complex with T/CREhsm, which we
again attribute to non-specific binding without insertion of
the BR moiety into the major groove; in this case half-satu-
ration was achieved at a concentration of about 40 nm, near
one order of magnitude greater than for the oligonucleotide
with the full BR target sequence (Figure 4c, lanes 8–14).
The affinity of 11 for CREhs, which lacks the tripyrrole-bind-
ing AAAAT motif, was negligible (Figure 4d). These elec-
trophoresis results combined with the CD spectra confirm
that the new hybrid peptide–tripyrrole derivative 11 is able
to bind at room temperature (~23 8C) to designated dsDNA
sequences with low nanomolar dissociation constants, being
enormously selective with respect to sequences that lack an
AT rich region and almost 10-fold more selective with
regard to mismatch DNA sites containing this type of re-
gions.


Conclusion


There is a great deal of interest in obtaining artificial
mimics of transcription factors that being smaller in size are
yet capable of reproducing their DNA-binding specificity
and affinity. It is desirable that these artificial DNA-binding


peptides are able to address se-
quences containing relatively
high number of bases, so they
could target particular sites in
the genome with higher specif-
icity. These molecules, in addi-
tion to providing basic informa-
tion about the factors that
govern sequence-specific pro-
tein–DNA interactions, might
find important biomedical ap-
plications as designed genome
interference agents.


Building on previous work in
which monomeric bZIP BRs
had been found capable of low-
temperature specific DNA rec-
ognition when linked by a
tether to tripyrroles capable of
minor-groove binding to flank-
ing sequences, in this work we
investigated the contributions
to binding affinity made by the
tether and by an appropriate
tripyrrole side chain. High-af-
finity binding was found to re-
quire the presence in the tether
of a suitably placed secondary


amino group, probably because it forms a salt bridge with
phosphates in the segment of DNA backbone straddled by
the tether. This conclusion led us to design a new peptide–
tripyrrole hybrid deliberately equipped with an aminopropyl
residue in one of the pyrroles, anticipating that it might ex-
hibit higher DNA affinities owing to the generation of simi-
lar kind of electrostatic contacts. Addition of the tripyrrole
moiety to an aminopropyl side chain capable of similar in-
teractions resulted in compound 11 which achieves low
nanomolar affinity for the composite consensus half site T/
CREhs even at room temperature (approximately 10-fold
improvement with respect to the analogue lacking this side
chain). As far as we know, compound 11 is the smallest arti-
ficially designed transcription-factor-based peptide deriva-
tive to have proved capable of recognizing such long DNA
sequences (9 or 10 bp) with such high affinity. Work to fur-
ther improve the design process so that in addition to high
affinity we can also attain even better specificities, as well as
to obtain more structural and thermodynamic data to fur-
ther characterize these DNA–peptide complexes, is under
way.


Experimental Section


General procedures and protocols : All dry solvents were freshly distilled
under argon from the appropriate drying agent before use. THF and
Et2O were distilled from sodium/benzophenone. CH2Cl2 was distilled
from CaH2. All reactions were conducted in dry solvents under argon at-


Scheme 3. Synthesis of the peptide–tripyrrole hybrid 11. a) 1) H2, Pd/C; 2) DECP, Et3N, DMAP, THF, 12 ;
b) 1) H2, Pd/C; 2) DECP, Et3N, DMAP, THF, 15 ; c) 1) H2, Pd/C; 2) AcCl, DIEA; d) piperidine/DMF;
e) 1) HATU, DIEA, DMF, 10 ; 2) TFA, scavengers.
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mosphere unless otherwise stated. Thin-layer chromatography (TLC) was
performed on silica gel plates and components were visualized by obser-
vation under UV light, or by treating the plates with a p-anisaldehyde,
phosphomolybdic or ninhidrin reagent followed by heating. Dryings were
performed with anhydrous Na2SO4 and concentrations were carried out
in a rotary evaporator. 1H and 13C NMR spectra were recorded in CDCl3,
at 250 MHz and 62.9 MHz, respectively, and in some cases at 300 or
500 MHz (75.4 or 125.7 for 13C NMR). Carbon types were determined
from DEPT and 13C NMR experiments.


Peptide synthesis was performed using standard Fmoc solid phase synthe-
sis method on a Rink-MBHA amide resin (~0.46 mmol g�1), using mix-
tures of HBTU/HOBt as coupling agents, DIEA as base and DMF as sol-
vent. The cleavage/deprotection step was performed by treatment of the
resin-bound peptide with the following mixture: 830 mL TFA, 25 mL
EDT, 50 mg PhOH, 50 mL tioanisole and 50 mL H2O (300 mL of this mix-
ture for each 10 mg of resin). The amino acids used in the synthesis were


standard protected, except the Fmoc-Glu(OAll)-OH introduced at posi-
tion 245.


CD measurements were made in a 2 mm cell. Samples contained 10 mm


phosphate buffer (pH 7.5), 100 mm NaCl, 5 mm peptide and 5 mm ds-oligo
when present. The peptide–DNA mixtures were incubated for 15 min
before registering. The spectra are the average of 5 scans and were slight-
ly smoothed using the “smooth” macro implemented in the program Ka-
leidagraph (v 3.5 by Synergy Software). Spectra of the peptides in the
presence of DNA were calculated as the difference between the spectra
of the peptide–DNA mixture and the spectrum of free DNA.


For gel mobility shift assays, binding reactions were performed over
30 min by using ~45 pM labeled dsDNAs (unless otherwise stated) in a
binding mixture (20 mL) containing 18 mm Tris (pH 7.5), 90 mm KCl,
1.8 mm MgCl2, 1.8 mm EDTA, 9 % glycerol, 0.3 mg mL�1 BSA and 2.2 %
NP-40. Products were resolved by PAGE by using a 10 % nondenaturing
acrylamide gel and 0.5X TBE buffer, and analyzed by autoradiography
(TBE 0.5X buffer is 44 mm boric acid, 44 mm Tris base and 0.1 mm


EDTA pH 8).


Synthesis of the tripyrrole derivative 8


{3-[5-(4-Acetylamino-2-{5-[5-(3-dimethylaminopropyl]carbamoyl)-1-
methyl-1H-pyrrol-3-yl-carbamoyl]-1-methyl-1H-pyrrol-3-yl-carbamoyl}-
pyrrol-1-yl)-pentyloxy]-propyl}-carbamic acid tert-butyl ester : K2CO3


(330 mg) and iodide 3 (299 mg, 0.9 mmol) were added to a solution of tri-
pyrrole 9 (100 mg, 0.2 mmol) in dry acetone (6 mL). The reaction mixture
was refluxed for 8 h and the resulting suspension was filtered through
Celite. The filtrate was concentrated and the residue purified by flash
chromatography (neutral aluminium oxide, 5 % MeOH/CH2Cl2) to afford
the expected product as a pale-yellow solid. 1H NMR (CD3OD): d =


1.25–1.45 (br s, 13H), 1.52–1.58 (m, 2H), 1.62–1.70 (m, 4H), 2.00–2.05 (m,
5H), 3.04 (br s, 10H), 3.22–3.38 (m, 6H), 3.83–3.86 (2 s, 6 H), 6.92–6.98
(m, 3H), 7.19–7.22 (m, 3H); 13C NMR (CD3OD): d = 23.1 (CH3), 23.4
(CH2), 24.2 (CH2), 24.4 (CH2), 28.8 (CH3), 30.1 (CH2), 31.1 (CH2), 36.9
(CH3), 38.9 (CH2), 49.9 (CH3), 51.5 (CH3), 63.1 (CH2), 65.3 (CH2), 69.4
(CH2), 71.4 (CH2), 79.8 (C), 104.0 (CH), 106.6 (CH), 114.4 (CH), 120.8
(CH), 123.2 (C), 123.4 (C), 124.0 (C), 124.5 (C), 124.6 (C), 125.3 (C),
158.4 (C), 160.5(C), 161.2 (C), 164.3 (C), 170.3 (C); MS (FAB+ ): m/z :
740 (36) [M+H]+ , 618 (14); HRMS: m/z : calcd for C37H58N9O7: 740.4459,
found 740.4459.


({3-[5-(4-Acetylamino-2-{5-[5-{3-(dimethylaminopropylcarbamoyl)-1-
methyl-1H-pyrrol-3-yl-carbamoyl]-1-methyl-1H-pyrrol-3-yl-carbamoyl}-
pyrrol-1-yl)-pentyloxy]-propylcarbamoyl}-methyl)-carbamic acid (8): The
above-mentioned tripyrrole derivative (150 mg, 0.2 mmol) was dissolved
in CH2Cl2 (3 mL) and cooled to 0 8C. TFA (3 mL) was added dropwise
and the resulting orange solution was stirred at 0 8C for 1 h and at room
temperature for another 2 h. The solvents were removed under reduced
pressure and the residual TFA was removed by codistillation with
CH2Cl2. The resulting residue was dissolved in DMF (5 mL) and to this
solution was added DIEA (0.2 mL, 0.98 mmol) and Boc-Gly-OSu (54 mg,
0.20 mmol). The resulting solution was stirred for 1 h at room tempera-
ture, the solvent evaporated and the residue purified by flash chromatog-
raphy (neutral aluminium oxide, 5% MeOH/CH2Cl2) and submitted to
the standard protocol for removal of the Boc protecting group (TFA/
CH2Cl2). The residue resulting from removal of the solvents consisted of
the desired tripyrrole 8 (43 mg, 31%). 1H NMR (CD3OD): d = 1.15 (m,
4H), 1.39 (m, 2 H), 1.57 (m, 4 H), 1.83 (m, 2 H), 1.93 (s, 3 H), 2.74 (s, 6H),
3.01 (t, J =7.3 Hz, 2 H), 3.12 (t, J= 6.9 Hz, 2H), 3.20–3.30 (m, 4 H), 3.50
(s, 2 H), 3.72–3.74 (2 s, 6H), 4.16 (t, J=6.3 Hz, 2H), 6.67 (s, 1H), 6.72 (s,
2H), 6.79 (s, 2 H), 7.01 (s, 1H); 13C NMR (CD3OD): d = 22.9 (CH3),
24.3 (CH2), 26.4 (CH2), 30.3 (CH2), 30.4 (CH2), 32.7 (CH2), 36.7 (CH2),
36.8 (CH3), 36.9 (CH3), 38.0 (CH2), 41.5 (CH2), 43.4 (CH3), 49.6 (CH2),
56.6 (CH2), 69.1 (CH2), 71.7 (CH2), 106.2 (CH), 106.6 (CH), 119.6 (CH),
120.9 (CH), 123.2 (C), 123.9 (C), 124.0 (C), 124.5 (C), 161.4 (C), 161.5
(C), 164.9 (C), 167.2 (C), 170.4 (C); MS (FAB+ ): m/z : 697 (100)
[M+H]+ ; HRMS: m/z : calcd for C34H53N10O6 697.4150, found 697.4151.


Synthesis of the tripyrrole derivative 16


(3-{2-[5-(3-Aminopropylcarbamoyl)-1-methyl-1H-pyrrol-3-yl-carbamoyl]-
4-nitropyrrol-1-yl}-propyl)- carbamic acid tert-butyl ester (14): A solution
of nitropyrrole 13 (615 mg, 2.42 mmol) in MeOH (30 mL) was hydrogen-


Figure 4. DNA-binding properties of 11. a) CD difference spectra of
hybrid 1 in the presence of T/CREhs (*) and of peptide 11 in the pres-
ence or absence of ds-oligonucleotides: in the absence of DNA (&), in
the presence T/CREhs (~), in the presence CREhs (*), in the presence of
T/CREhsm (&); CD spectra were obtained at 20 8C as described in the Ex-
perimental Section. The contribution of the DNA has been subtracted.
b) Autoradiogram showing the binding of hybrid 1 to 32P-labelled T/
CREhs at 23 8C: lanes: 5, 10, 15, 20, 30, 40, 50 nm. c) Autoradiograms
showing the binding of hybrid 11 to 32P-labelled DNAs at 23 8C: lanes 1–
7: T/CREhs: 0, 5, 10, 15, 20, 30, 40 nm ; lanes 8–14: T/CREhsm : 5, 10, 15,
20, 30, 40, 50 nm. d) Autoradiogram showing the binding of hybrid 11 to
32P-labelled CREhs at 23 8C: 0, 100, 200, 300, 400, 500, 600, 700 nm.
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ated over 10% palladium on charcoal (400 mg) at room temperature for
1.5 h (balloon pressure). The catalyst was removed by filtration through
Celite, and the filtrate concentrated under reduced pressure. The residue
was dissolved in DMF (8 mL) and added over another solution of nitroa-
cid 12 (584 mg, 1.86 mmol), DECP (0.366 mL, 2.42 mmol), Et3N
(1.23 mL, 9.3 mmol) and DMAP (10 mg) in THF (25 mL) cooled at 0 8C.
The resulting mixture was allowed to stir at room temperature for 8 h
and concentrated under reduced pressure. The product was purified by
flash column chromatography in neutral aluminium oxide (5 % MeOH/
CH2Cl2) to afford 14 (870 mg, 90%). 1H NMR (CDCl3): d = 1.41 (s,
9H), 1.75 (q, J =7.2 Hz, 2 H), 1.96 (q, J =6.7 Hz, 2 H), 2.25 (s, 6 H), 2.39
(m, 2 H), 3.04 (t, J= 6.6 Hz, 2H), 3.30 (m, 2 H), 3.84 (s, 3H), 4.44 (t, J=


6.8 Hz, 2H), 6.77 (s, 1H), 7.19 (s, 1H), 7.38 (s, 1H), 7.90 (s, 1H);
13C NMR (CDCl3): d = 28.2 (CH2), 28.8 (CH3), 32.6 (CH2), 36.8 (CH3),
38.4 (CH2), 38.7 (CH2), 45.6 (CH3), 48.6 (CH2), 58.4 (CH2), 80.1 (C),
105.8 (CH), 109.1 (CH), 120.4 (CH), 122.9 (C), 124.7 (C), 127.2 (CH),
128.0 (C), 136.4 (C), 158.4 (C), 159.4 (C), 164.0 (C); MS (FAB+ ): m/z :
520 (100) [M+H]+ , 420 (5); HRMS: m/z : calcd for C24H38N7O6 520.2884,
found 520.2904.


[5-(4-Acetylamino-2-{1-(3-tert-butoxycarbonylaminopropyl)-5-[5-(3-dime-
thylamino-propylcarbamoyl)-1-methyl-1H-pyrrol-3-yl-carbamoyl]-1H-
pyrrol-3-yl-carbamoyl}-pyrrol-1-yl)-pentyl]-[3-(2-aminoacetylamino)-
propyl]-carbamic acid tert-butyl ester (16): A solution of the dipyrrole 14
(300 mg, 0.58 mmol) in MeOH (30 mL) was hydrogenated over 10% pal-
ladium on charcoal (200 mg) at room temperature for 1.5 h (balloon pres-
sure). The catalyst was removed by filtration through Celite, and the fil-
trate concentrated under reduced pressure. The residue was dissolved in
DMF (8 mL) and added over another solution previously prepared of 15
(510 mg, 0.75 mmol), DECP (0.123 mL, 0.81 mmol), Et3N (0.402 mL,
2.9 mmol) and DMAP (10 mg) in THF (20 mL) cooled at 0 8C. The re-
sulting mixture was allowed to stir at room temperature for 8 h and con-
centrated under reduced pressure. The product was purified by flash
column chromatography in neutral aluminium oxide (5 % MeOH/
CH2Cl2) to afford the expected nitrotripyrrole (439 mg, 66%). 1H NMR
(CD3OD): d = 1.17–1.22 (m, 2 H), 1.33–1.36 (2 s, 18H), 1.36–1.40 (m,
2H), 1.48–1.63 (m, 2 H), 1.70–1.75 (m, 2H), 1.83–1.94 (m, 4H), 2.84 (s,
6H), 2.96 (t, J =6.6 Hz, 2 H), 3.06–3.12 (m, 8 H), 3.33 (t, J =6.3 Hz, 2H),
3.68 (s, 2 H), 3.81 (s, 3H), 4.12 (t, J =6.7 Hz, 1 H), 4.26–4.38 (m, 6 H), 6.83
(s, 1H), 6.92 (s, 1 H), 7.13 (s, 1H), 7.21–7.34 (m, 6 H), 7.54 (s, 1H), 7.57
(s, 1H), 7.69 (s, 1H), 7.72 (s, 1H), 7.84 (s, 1 H); 13C NMR (CD3OD): 24.6
(CH2), 26.6 (CH2), 28.8 (CH3), 32.2 (CH2), 33.0 (CH2), 36.5 (CH2), 37.0
(CH3), 38.7 (CH2), 43.5 (CH3), 45.1 (CH2), 47.2 (CH2), 48.2 (CH2), 50.8
(CH2), 56.6 (CH2), 68.2 (CH2), 80.0 (C), 81.0 (C), 106.7 (CH), 109.2
(CH), 119.8 (CH), 121.0 (CH), 123.3 (C), 123.8 (C), 124.3 (C), 126.2
(CH), 127.3 (C), 128.0 (CH), 128.2 (CH), 128.9 (CH), 136.4 (C), 142.6
(C), 145.3 (C), 158.5 (C), 159.1 (C), 159.6 (C), 161.2 (C), 165.0 (C), 172.3
(C); HRMS (ESI-TOF): m/z : calcd for C59H81N12O12 1149.6097, found
1149.609.


A solution of this nitrotripyrrole (490 mg, 0.427 mmol) in MeOH
(40 mL) was hydrogenated for 1 h over 10 % palladium on charcoal
(250 mg) at room temperature (balloon pressure). The catalyst was re-
moved by filtration through celite and the filtrate was concentrated. The
residue was immediately dissolved in THF (10 mL) containing DIEA
(0.367 mL, 2.14 mmol) and cooled to 0 8C. AcCl (0.152 mL, 2.14 mmol)
was added and the solution was stirred at 0 8C for 30 min and at room
temperature for 3 h. The solvents were evaporated under vacuum and
the resulting residue was purified by flash chromatography (aluminium
oxide, 5% MeOH/CH2Cl2) to give the desired acetylated derivative as a
brown solid (317 mg, 64%). 1H NMR (CD3OD): d = 1.06–1.25 (m, 4H),
1.35–1.37 (2 s, 18 H), 1.52–1.74 (m, 4H), 1.82–1.95 (m, 4H), 2.02 (s, 3H),
2.85 (s, 6H), 2.97 (t, J= 6.3 Hz, 2 H), 3.01–3.17 (m, 8H), 3.25–3.28 (m,
2H), 3.35 (t, J=5.7 Hz, 2 H), 3.70 (s, 2H), 3.82 (s, 3H), 4.13 (t, J =6.9 Hz,
1H), 4.28–4.30 (m, 4 H), 6.78–6.92 (m, 3H), 7.14–7.25 (m, 5H), 7.32 (t,
J =7.3 Hz, 2 H), 7.55 (s, 1H), 7.58 (s, 1H), 7.71 (s, 1 H), 7.74 (s, 1 H);
HRMS (ESI-TOF): m/z : calcd for C61H85N12O11 1161.6461, found
1161.642.


Piperidine (2 mL) was added to a solution of the above Fmoc-containing
tripyrrole (295 mg, 0.254 mmol) in CH2Cl2 (8 mL) and the resulting solu-


tion was stirred at room temperature for 30 min. Solvents were removed
and the residue was purified by HPLC (gradient 5 ! 95% B, tR =


30 min; A: TFA/H2O 0.1%, B: TFA/CH3CN 0.1 %) to afford the desired
product 16 (165 mg, 69 %). 1H NMR (CD3OD): d = 1.22–1.35 (m, 4H),
1.43–1.44 (2 s, 18 H), 1.55–1.60 (m, 2H), 1.70–1.89 (m, 4H), 1.94 (t, J =


6.6 Hz, 2 H), 2.08 (s, 3H), 3.09 (s, 6H), 3.15–3.41 (m, 14H), 3.66 (s, 2 H),
3.89 (s, 3H), 4.38 (t, J=6.41 Hz, 2H), 6.90 (s, 1H), 6.93 (s, 1H), 6.98 (s,
1H), 7.19 (s, 1 H), 7.20 (s, 1 H), 7.26 (s, 1H); MS (FAB+ ): m/z : 939 (9)
[M+H]+ , 839 (3), 739 (10); HRMS: m/z : calcd for C46H75N12O9:
939.5780, found 939.5771.


Synthesis of the peptide–tripyrrole hybrids : The following is the general
procedure for the coupling of the amino tripyrrole derivatives with the
solid-phase bound peptide, exemplified for the coupling of tripyrrole 8 to
the resin-linked peptide 10 to give hybrid 2. Resin-bound peptide 10
(25 mg, Eppendorf tube) was suspended in DMF (1 mL) and mixture was
shaken for 1 h to ensure a good resin swelling. The DMF was removed a
solution of HATU in DMF (2,6 mg in 170 mL) and DIEA (28 mL, 0.5 m in
DMF) was added. The resulting mixture was shaken for 5 min, and a so-
lution of the tripyrrole 8 (10 mg in 70 mL of DMF) and 28 mL of DIEA
(0.5 m in DMF) was added. The reaction mixture was shaken for 2 h, and
the resin washed with DMF (3 � 0.6 mL, for 5 min), and Et2O (2 �
0.5 mL). Cleavage/deprotection of the bound peptide under standard
conditions afforded a major product that was purified by RP-HPLC (gra-
dient 10 ! 35%, tR =24.32 min). MALDI-MS analysis confirmed the for-
mation of the desired hybrid 2 (~36% yield, considering also the peptide
synthesis): m/z : calcd for C143H244N53O39: 3327.9, found 3327.4 [M+H]+ ;
1: [~26 % yield]; MALDI-TOF: calcd for C143H245N54O38: 3326.9, found
3326.6 [M+H]+ ; RP-HPLC: tR =23.38 min; 11: [~17 % yield]; MALDI-
TOF: calcd for C145H250N55O38: 3369.9, found 3370.0 [M+H]+ ; RP-HPLC:
tR =21.0 min.
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Electronic Structure, Spectra, and Magnetic Circular Dichroism of
Cyclohexa-, Cyclohepta-, and Cyclooctapyrrole


Alexander Gorski,[a] Thomas Kçhler,[b] Daniel Seidel,[b] Jeong Tae Lee,[b]


Grażyna Orzanowska,[a] Jonathan L. Sessler,*[b] and Jacek Waluk*[a]


Introduction


Impressive developments in the chemistry of porphyrin-re-
lated compounds are being stimulated by the prospects of
their use in a wide range of fields, including medicine, envi-
ronmental protection, information technology, energy con-
version and storage, and, in the most general of terms, pro-
duction of new functional materials. Very promising in this
respect are polypyrrolic molecules containing more than
four heterocyclic rings, that is, expanded porphyrins.[1–3] One
of the more intensely studied representatives of this class,
the pentapyrrolic sapphyrins, have emerged lately as versa-
tile anion binding agents.[4,5]


Many of possible applications of porphyrinoids rely on
their interaction with light, as illustrated by such spectacular


examples as photodynamic therapy,[6–8] solar energy conver-
sion[9] or optical memory storage based on holography.[10]


Obviously, a prerequisite for a successful application is the
detailed understanding of the electronic structure and the
excited state patterns of any given system. Equally impor-
tant, albeit more challenging, is the ability to predict the
spectral characteristics of a particular chromophore on the
basis of structural analysis. Calculations are, of course, very
helpful in this respect, but a more attractive alternative
would be a model, as general as possible, which could, first,
account, at least qualitatively, for the spectral features, and,
second, predict the response to structural perturbations,
such as substitution at a particular position. For aromatic
molecules this has been attempted using a simple perimeter
model.[11–17] This approach, originally applied to understand
the electronic spectra of aromatic hydrocarbons, was subse-
quently adapted and extended to encompass magnetic circu-
lar dichroism (MCD). The perimeter model correctly ac-
counts for the electronic and MCD patterns in numerous
compounds that can be derived from either 4N+2[11–14] or
4N[15–17] p-electron perimeters. In several cases, the theoreti-
cal predictions[18] preceded the synthesis of the systems in
question and hence necessarily antedated experimental con-
firmation.[19,20]


Electronic and MCD spectra of various representatives of
expanded pentapyrrolic porphyrins have been recently sub-


Abstract: Three recently obtained ex-
panded porphyrins represent nice ex-
amples of compounds for which the
electronic and spectral properties can
be predicted from symmetry considera-
tions alone. Perimeter-model-based
theoretical analysis of the electronic
structure of doubly protonated
cyclo[6], cyclo[7], and cyclo[8]pyrrole
leads to the anticipation of qualitative-
ly the same electronic absorption and
magnetic circular dichroism patterns


for all three compounds. These predic-
tions are fully confirmed by experi-
ments, as well as DFT and INDO/S cal-
culations. Due to a characteristic pat-
tern of frontier molecular orbitals, a
degenerate HOMO and a strongly split
LUMO pair, the three cyclopyrroles


show comparable absorption intensity
in the Q and Soret regions. Magnetic
circular dichroism spectra reveal both
A and B Faraday terms, of which the
signs and magnitudes are in remarka-
bly good agreement with theoretical
expectations. The values of the magnet-
ic moments of the two lowest degener-
ate excited states have also been ob-
tained.
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ject to a theoretical analysis
based on the perimeter model.
Significant differences in the
molecular orbital patterns were
revealed. For instance, isosmar-
agdyrins were found to belong
to the so-called negative-hard
class of chromophores, in which
the MCD pattern cannot easily
be changed by structural pertur-
bation.[21] On the other hand,
sapphyrins represent “soft”
chromophores, with signs of MCD B terms that depend on
the position of peripheral substitution.[22]


In this work, we present experimental and theoretical re-
sults obtained for three recently synthesized expanded por-
phyrins, namely cyclo[6]pyrrole (1),[23] cyclo[7]pyrrole (2),[23]


and cyclo[8]pyrrole (3).[24] The doubly protonated forms of
these molecules provide very rare examples of 4N+2 p-elec-
tron chromophores in which, due to symmetry, the HOMO
orbitals are degenerate, whereas the two LUMO orbitals
are split. This leads to two degenerate electronic excited p–
p* states. For such a case, the perimeter model provides un-
ambiguous predictions regarding the absorption and MCD
intensities, the signs of each Faraday A and B term, and the
excited state magnetic moments. Each of these predictions
has been tested experimentally and, as detailed below,
found to be in excellent agreement with theory for all three
molecules. The electronic and spectral characteristics were
also correctly reproduced by more extensive semi-empirical
and DFT calculations.


Results and Discussion


Before analyzing the experi-
mental results, we start with
theoretical predictions generat-
ed using the perimeter model.
This approach describes the
electronic states that originate
from excitations involving the
frontier p molecular orbitals of
a regular n-membered, 4N+2
electron perimeter, with pair-
wise degenerate orbitals, yk and
y�k. In each pair of occupied
orbitals, the electrons may be
envisaged as circulating along
the periphery in the opposite
directions for yk and y�k. This
creates magnetic moments that
compensate for one another.
The excited states are described
by interactions between four
singly excited HOMO–LUMO
configurations involving pairs


of degenerate HOMO and LUMO. Two of these configura-
tions, called sense-preserving, carry oscillator strength, but
lead to small magnetic moments, m�(n,N). On the other
hand, sense-reversing excitations are electric dipole forbid-
den, but have large magnetic moments, m+(n,N).


A crucial quantity associated with the spectral properties
of a given system is the energy splitting between the two
highest occupied p molecular orbitals, DHOMO and the
analogous splitting between the lowest unoccupied pair of
orbitals, DLUMO. Except for the special cases of 2-electro-
n[n]annulenes and (4N+2)-electron [2(N+1)]annulenes,
both HOMO and LUMO pairs are always degenerate in the
parent perimeter, but may become split as a result of pertur-
bations that convert the ideal perimeter into the real chro-
mophore. The diprotonated systems 1–3 can formally be de-
rived from doubly charged 4N+2 p electron annulenes, as
shown for 1 in Figure 1. Thus, 1 is obtained from C24H24


2+


(N = 5) by a suitable distortion of the perimeter and intro-
ducing six -NH- bridges. For 2, the precursor is C28H28


2+ (N


Figure 1. Top: Formal derivation of 1 from a C24H24
2+ perimeter; bottom: predicted energy shifts in the fron-


tier orbitals associated with the formation of 1.
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= 6), bridged by seven -NH-
groups. Finally, 3 originates
from C32H32


2+ (N = 7) after
adding eight -NH- linkers.
These perturbations lead to the
lowering of symmetry and the
loss of the 24-, 28- and 32-fold
rotation axis in 1–3, respective-
ly. However, as long as the
chromophore remains planar (or all pyrrole units are tilted
by the same value in the same direction), the final molecules
still retain a rotation axis, albeit of lower order: C6 for 1, C7


for 2, and C8 for 3. In such a situation, the orbital splittings
are dictated by the molecular symmetry and thus may be
predicted without any calculations whatsoever.


In each of the three molecules under consideration in this
study, the parent perimeter n-fold axis is converted into the
corresponding (n/m)-fold axis, with m= 4. Theoretical analy-
sis for such a case,[12] in which N+1 is an integer multiple of
n/2m, shows that, on the basis of symmetry alone, the pair
of HOMO orbitals should remain degenerate. On the other
hand, the two LUMOs should split. The origin of the
LUMO splitting is easy to visualize upon inspection of the
form of molecular orbitals. This is illustrated for 1 in
Figure 1, where the real form of the frontier orbitals is used.
Bridging should have no effect for one orbital of the
LUMO pair, since the NH groups are located on nodes. On
the contrary, the other LUMO orbital should be strongly de-
stabilized, since contributions from each NH bridge are ad-
ditive. By contrast, the energies of both HOMO orbitals
should be shifted by the same amount.


The same pattern, DHOMO = 0 and DLUMO ¼6 0, char-
acteristic of so-called negative-hard chromophores, is ex-
pected for 1–3. Accordingly, all three molecules should dis-
play very similar absorption and MCD patterns. The predic-
tions can be summarized as follows:


i) two degenerate p–p* electronic transitions, usually la-
beled L and B, in the order of increasing energy, should
be observed in the low energy region of the electronic
absorption;


ii) because of disparity between DHOMO and DLUMO,
the L/B intensity ratio is expected to be quite high;


iii) since the HOMO–LUMO separation decreases from 1
to 3, the location of L and B transitions should be shifted
to the red as the size of the macrocycle increases;


iv) due to the degeneracy of both the L and B states, both
A and B terms should be seen in the MCD spectra;


v) the A terms should be negative for both L and B transi-
tions, with the former being of larger magnitude;


vi) the B term should be positive for the L state and nega-
tive for the B state.


Figures 2–4 show the absorption and MCD spectra for 1–
3. The location of the absorption maxima and the values of
the Faraday parameters are given in Table 1. As expected,
the three molecules indeed show very similar spectral fea-


tures. A low-lying transition is observed in the near-IR
region, followed by another one, of comparable intensity, in
the visible range. These transitions are located at highest en-
ergies in 1 and at lowest in 3. An inspection of the MCD
curves reveals a pattern that is roughly the derivative of the
absorption, a feature that is characteristic of A terms. The A
terms are negative for both L and B transitions, with their
absolute values being about 3–5 times larger for the former.
The B terms are positive for the L transition and negative
for the B states, exactly as predicted.


Table 1. Absorption and MCD characteristics of 1–3.


L transition B transition
ñ0


[a] f[b] A[c] B[d] ñ0
[a] f[b] A[c] B[d]


1 12.8 0.88 �192 67 24.9 1.38 �40 �8.2
2 10.5 0.42 �145 7.2 23.4 0.62 �29 �6.6
3 9.1 1.03 �354 20 22.6 1.43 �122 �28


[a] 103 cm�1. [b] Oscillator strength. [c] D2 mB. [d] 10�3 D2 mB/cm�1, mB is the Bohr magneton.


Figure 2. Electronic absorption (top) and MCD (bottom) spectra of 1 in
DMSO acidified with perchloric acid.


Figure 3. Electronic absorption (top) and MCD (bottom) spectra of 2 in
DMSO acidified with perchloric acid.


Chem. Eur. J. 2005, 11, 4179 – 4184 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4181


FULL PAPERCyclopyrroles



www.chemeurj.org





These results can be analysed in a more quantitative fash-
ion, by using the formulas obtained previously.[12] The ratio
of the dipole strengths, D(L)/D(B) should vary as tan2b,
where b is a measure of LUMO splitting: tan2b =


jDLUMO j /(B�L); B�L is the energy difference between
the sense-preserving and sense-reversing configurations. The
MCD parameters are described by the following expres-
sions:


AðLÞ=DðLÞ ¼ � 1
2
½m�ðn,NÞsin2b�mþðn,NÞcos2b� ð1Þ


AðBÞ=DðBÞ ¼ � 1
2
½m�ðn,NÞcos2b�mþðn,NÞsin2b� ð2Þ


BðLÞ=DðLÞ ¼ �ðcos2bÞm
�ðn,NÞ þ mþðn,NÞ


WðBÞ�WðLÞ ð3Þ


BðBÞ=DðBÞ ¼ ðsin2bÞ m
�ðn,NÞ þ mþðn,NÞ


WðBÞ�WðLÞ ð4Þ


where W(B)�W(L) is the energy difference between these
two transitions.


By using the ratio of experimentally obtained dipole
strengths (Table 1), b values of 48, 51, and 538 are obtained
for 1, 2 and 3, respectively. These values are very large, as
expected, given the finding that the dipole strengths are
larger for the L transitions. However, such values of b,
should lead, according to Equations (1)–(2) to similar values
for the A terms in L and B states, whereas the experiments
shows that these values are in fact larger for the L bands.
Actually, the extreme value of b predicted by the perimeter
model is 458 : it corresponds to L and B transitions of equal
intensity, identical A terms, and B terms with the same abso-
lute values. We, therefore, used another approach to esti-
mate the values of b. It is based on the experimental values
of A and D combined with appropriate values of m�(n,N)
and m+(n,N). The latter have been computed and tabulated


for different n and N, and for various charges present on the
perimeter.[12] Applying Equations (1) and (2) we obtain 29,
30, and 388 for the b values in 1, 2, and 3, respectively.
These values match quite well those estimated previously
for magnesium 5,10,15,20-tetraazaporphyrin (388), zinc tet-
rabenzoporphyrin (288), and zinc phthalocyanine (388).[27]


Also, the values of the excited state magnetic moments in
the L state, �2 A/D, 2.7 3.5, and 3.1 mB for 1, 2, and 3, re-
spectively, are quite similar to those reported previously for
porphyrins and phthalocyanines. For instance, values of
�3.1 mB and �2.3 mB


[28] have been estimated for octaethyl-
porphyrin cation and anion, respectively. In metalloporphyr-
ins, the reported values are in the range �5.4 to �7.0 mB.[27]


One should note that the A signs in this case are opposite to
those found in 1–3, since the symmetry properties of por-
phyrins and phthalocyanines lead to the expectation of de-
generate LUMO and nondegenerate HOMO pairs.


Simple considerations based on the molecular size could
lead to the expectation that the excited state magnetic mo-
ments should be larger in 1–3 than in porphyrins and phtha-
locyanines, since the area encircled by the p perimeter is
larger for the former. However, this is counterbalanced by
the fact that in the present case of 0 = DHOMO <


DLUMO the m�(n,N) and m +(n,N) contributions add up de-
structively [Eqs. (1)–(2)]. On the contrary, for porphyrins
and phthalocyanines (positive-hard chromophores)
DHOMO > DLUMO = 0. For such a case, the two contri-
butions to the excited state magnetic moment add up con-
structively.[12]


The values of the �2A/D ratio for B transitions in 1–3 are
lower than those for L transition, which results in smaller
values of the corresponding magnetic moments: 0.68, 1.04,
and 1.82 mB for 1, 2, and 3, respectively.


Our theoretical predictions have been based so far on the
assumption of regular and high symmetries, and thus either
a planar geometry was assumed, or a structure in which
each pyrrole unit is equally tilted out of the molecular plane
in the same direction. The X-ray data show that, in the crys-
tal, the molecules are not planar.[23,24] In 1 and 3, each pyr-
role unit is tilted out of plane in a fashion opposite to that
of its two neighbors, to give a kind of up-down-up ruffling.
While the symmetry is lower in this arrangement, it still re-
mains high, with a C3 symmetry axis being present in 1 and
a C4 symmetry axis being present in 3. For 2, a pure up-
down-up alternation is not possible. Indeed, the X-ray struc-
ture reveals that two adjacent pyrrole rings are tilted in the
same direction.[23] As a consequence, no high-order symme-
try axis is present. The lower symmetry may be the cause of
the lower values of absorption and MCD intensity values
seen in 2 as compared to 1 and 3 (see Table 1).


The B3 LYP/6-31G(d,p) geometry optimizations per-
formed for nonalkylated analogues of 1–3 confirm the non-
planarity, although the calculated out-of-plane deviations
are smaller than those obtained from crystal structure analy-
sis, about 68 as compared with 108 for 1 and 3 and 158 for 2.
It may be that the larger distortions seen in the crystal struc-
ture reflect hydrogen-bonding interactions involving the


Figure 4. Electronic absorption (top) and MCD (bottom) spectra of 3 in
DMSO acidified with perchloric acid.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4179 – 41844182


J. L. Sessler, J. Waluk et al.



www.chemeurj.org





counterions bound on either side of the molecular plane
(either two chlorine atoms or two oxygen atoms from a sul-
fate group). The increased distortion seen in the case of 1–3
could also reflect the effect of steric repulsion involving the
alkyl groups. In order to estimate the role of these effects,
calculations were performed for additional geometries of
the three chromophores. First, an “ideal”, high-symmetry
planar structure was considered with C6, C7 and C8 symme-
try axis present for 1–3, respectively. For the other extreme,
a strongly perturbed nonplanar structure, the X-ray geome-
tries were used that included all the alkyl substituents. The
results are compared in Table 2.


What seems crucial for the interpretation of the absorp-
tion and MCD spectral features is that the out-of-plane de-
viations do not alter the orbital splitting patterns predicted
for high-symmetry chromophores. The calculated values of
DHOMO and DLUMO reveal that the former are practical-
ly degenerate, whereas the latter are separated by large
values. Somewhat surprisingly, quasi-degenerate HOMO or-
bitals are obtained even for 2, the chromophore of lowest
symmetry. Thus, while the nonplanar geometry may influ-
ence the absolute values of the absorptivities and Faraday
terms for 1–3, the generalized predictions from the perime-
ter model remain remarkably good.


Table 2 also presents the energies and oscillator strengths
calculated for the four transitions stemming from the perim-
eter model. Both L and B states are computed as quasi-de-
generate. No other electronic states are predicted near L,
but several transitions, usually of low intensity, are comput-
ed in the vicinity of B. With the increased nonplanarity,
more and more allowed transitions are computed close to
the B states. This may accidentally result in unrealistically
high values of the Faraday parameters, such as those calcu-
lated in the B region for the DFT-optimized structure of 2.
Naturally, the X-ray geometries do not lead to A terms, but
the calculated pseudo-A-term patterns nicely agree with the
predictions obtained for higher symmetry.


The INDO/S method yields the L transition energies
closer to the experimental ones, whereas the B states are
somewhat better reproduced by TD-DFT. The sums of
squares of the four CI coefficients describing the excitation
within four frontier orbitals are usually close to 1, indicating
that the perimeter model description is a good one and that
the use of this model for systems such as 1–3 is both useful
and appropriate.


Summary


The application of the perimeter model to three doubly pro-
tonated cyclo[n]pyrroles leads to the prediction of two de-
generate electronic transitions of comparable intensity. Both
transitions should exhibit negative A terms, whereas the B
terms should be positive for the L transition, and negative
for the B transition. Gratifyingly, these predictions are all
nicely confirmed by experiment. The patterns expected for a
planar chromophore are not changed even when deviations
from planarity are considered.


For the singly charged and neutral forms of 1–3, the lower
symmetry should result in a loss of degeneracy and a disap-
pearance of the A terms. Four electronic transitions instead
of two should be observed. In neutral chromophores, vari-
ous tautomers are possible, each characterized by different
spectral patterns. Current studies are aimed at assigning the
absolute tautomeric structures of these species on the basis
of their MCD and absorption characteristics.


Experimental and Computational Details


The synthesis and purification of 1, 2, and 3 have been described earli-
er.[23, 24] The alkylated derivatives were used, ethyl for 1 and 2 and methyl
for 3 in the form of chloride (1–2) or sulfate (3) salts. The solvents includ-
ed tetrahydrofuran (Merck, LiChrosol), dimethylsulfoxide (DMSO,
Merck, Uvasol), methanol (Sigma-Aldrich, spectral grade) and perchloric
acid (Merck, Suprapur).


Table 2. Calculated orbital splittings and electronic transition energies.


Method DHOMO[a] DLUMO[a] L transition[b] A term[c] B term[d] B transition[b] A term[c] B term[d]


1 B3 LYP/6-31G(d,p)[c] 0.00 1.30 15.7 (0.43) – – 26.4 (1.74) – –
INDO/S[f] 0.00 1.44 12.2 (0.09) �246 12 27.1 (2.80) �18 �26
INDO/S[g] 0.00 2.24 13.5 (0.26) �475 22 30.5 (2.94) �104 �26
INDO/S[h] 0.09 1.66 11.9 (0.09)[i] – �1642 26.9 (1.05)[i] – �142


12.0 (0.07)[i] – 1656 27.2 (1.39)[i] – 172
2 B3 LYP/6-31G(d,p)[e] 0.02 1.32 13.9 (0.53) – – 24.9 (2.76) – –


INDO/S[f] 0.03 1.51 10.3 (0.10) – 19 25.6 (5.57) – �7676
INDO/S[g] 0.01 1.15 10.3 (0.01) �270 11 25.0 (3.90) �35 �17
INDO/S[j] 0.18 2.06 10.1 (0.08)[i] - �1731 25.5 (1.08)[i] – �36


10.4 (0.09)[i] – 1758 26.1 (1.06)[i] – 119
3 B3 LYP/6-31G(d,p)[e] 0.00 1.34 12.4 (0.66) – – 23.3 (3.40) – –


INDO/S[f] 0.00 1.66 9.0 (0.06) �727 30 24.2 (4.05) �91 �64
INDO/S[g] 0.00 0.57 8.3 (0.01) �85 5 22.9 (4.30) �45 �11
INDO/S[k] 0.15 2.18 9.2 (0.09)[i] – �5071 23.3 (1.12)[i] – �110


9.3 (0.11)[i] - 5114 24.5 (1.58)[i] – 304


[a] eV. [b] 103 cm�1, oscillator strength in parentheses. [c] D2 mB. [d] 10�3 D2 mB/cm�1. [e] Transition energies calculated using TD-DFT. [f] Optimized
B3 LYP/6-31G(d,p) geometry. [g] “ideal”, high-symmetry planar geometry. [h] X-ray geometry of 2,3,6,7,10,11,14,15,18,19,22,23-dodecaethyl-cyclo[6]pyr-
role. [i] Energy splitting due to loss of symmetry. [j] X-ray geometry of 2,3,6,7,10,11,14,15,18,19,22,23,26,27-tetradecaethyl-cyclo[7]pyrrole [k] X-ray geom-
etry of 2,3,6,7,10,11,14,15,18,19,22,23,26,27,30,31-hexadecamethyl-cyclo[8]pyrrole.
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Absorption spectra were measured on a Shimadzu UV 3100 spectropho-
tometer. MCD curves were recorded using an OLIS DSM 17 CD spec-
tropolarimeter, equipped with a permanent magnet. The value of the
magnetic field strength, 0.92 T was obtained using the MCD signal of
aqueous CoSO4 solution as a standard.[25] Two R955 photomultipliers
were used for the UV/VIS region and a pair of PbS detectors were used
for wavelengths longer than 800 nm. All the measurements were carried
out at 293 K.


The values of the Faraday A and B terms were obtained from the MCD
spectra using the method of moments:


A ¼ 33:53�1


Z
f½q�ð~n�~n0Þ=~ngd~n


B ¼ �33:53�1


Z
ð½q�M=~nÞd~n


where [#]M is the magnetically induced molar ellipticity in units of
deg L m�1 mol�1 G�1 and ñ0 is the center of the absorption band.


Ground state geometry optimizations were performed using density func-
tional theory (B3 LYP/6-31G(d,p)) implemented in the Gaussian 03 pack-
age.[26] Semiempirical INDO/S and DFT calculations were used for calcu-
lations of electronic transition energies; the former method also allowed
the values of the Faraday terms to be computed.
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Use of Specific Functionalised Tips with STM: A New Identification Method
of Ester Groups and Their Molecular Structure in Self-Assembled Overlayers
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Philippe Lambin,*[c] Christine Culot,[a] and Christophe Humbert[a]


Introduction


The interface between a solid and an organic solution has
drawn considerable interest during the past decades.[1–3]


Indeed, the investigation of the organic monolayers proper-
ties is very important for the fundamental understanding of
two-dimensional ordering processes as well as for technolog-
ical applications as adhesion, lubrification, or manufacturing
of new materials designed at molecular scale.[4] In this con-
text, scanning tunnelling microscopy (STM) proves to be an
efficient tool for the study of clean and covered surface
structures, in air, ultrahigh-vacuum, as well as in liquids.[5–7]


Some in situ scanning tunnelling microscopy studies were al-


ready successful in investigating the molecular arrangement
(such as amphiphilic molecules,[8,9] liquid crystals[10,11] and
biomolecules[12–14]) at the liquid/solid interface since molecu-
lar and even sometimes atomic resolution is performed.
These investigations revealed that the formed layers possess
a high degree of two-dimensional ordering. For example, al-
kanes and alkanols adsorbed on graphite tend to adopt in
most cases an all-trans conformation with their molecular
axes parallel to each other in order to optimise the intermo-
lecular and molecule-substrate interactions.[15–17] Self-assem-
bly was also studied with a number of substituted alka-
nes,[18–19] long-chain ethers,[20] fatty acids,[21] or benzene deriv-
atives.[22–24]


Moreover, the STM has a wider application field rather
than just providing images of surface structures. Another
important aspect of the organic layers investigation with
STM is its ability to distinguish some functional groups from
the methylene groups of the molecule backbone. However,
while functional groups such as amines, thiols or halides can
be easily distinguished from the molecule skeleton,[25] others
such as ester or carboxyl groups are not identified in STM
images.[26] Remembering the fact that, in STM configuration,
if the tip and the sample are separated by a few angstroms,
their electronic wave functions overlap. By applying a bias
voltage, a tunnelling current flows between them. This sug-
gests that chemical modification of STM tip could allow dis-
criminating chemical species through rational use of chemi-
cal interactions. In our experiments described hereafter, we


Abstract: The influence of chemical
modification of scanning tunnelling mi-
croscopy tips on image contrast is stud-
ied. This technique is applied to the
identification of an ester functional
group, hardly visible otherwise. Self-as-
sembled overlayers of wax esters [CH3-
(CH2)14-CO-O-(CH2)15-CH3], adsorbed
at the interface between highly orient-
ed pyrolitic graphite and a solution of


phenyloctane, are imaged. The gold
tips used are chemically modified by 4-
mercaptobenzoic acid and 4-mercapto-
toluene. The stability of the ordered
overlayers formed facilitates the repro-
ducible set of images with submolecu-


lar resolution. This allows the identifi-
cation of the layer regular structure
and of other features within molecules,
which can be unambiguously related to
the fingerprints of the COO bond.
Moreover, we are interested in finding
evidence of molecular motions ob-
served at domain boundaries.Keywords: interfaces · scanning
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functionalised STM tips in order to study their effect on the
tunnelling current, and hence, the different image contrasts
observed on specific functional groups. By comparing the
image contrast over functional groups obtained with differ-
ent modified tips, we are able to identify the functional
groups chemical specificity and to locate at the atomic scale
their positions within a molecule.


Beyond functional group identification, STM has the po-
tential to provide insight into a broad field of topics such as
chirality, reactivity and dynamics at liquid/solid interfa-
ces.[27–29] Particularly, it should allow the motion of individu-
al features on the surface to be followed as a function of
time. Unfortunately, the range of dynamical phenomena
that can be investigated by STM is limited by the nature of
the STM experiment itself. Indeed, STM experiments are
performed generally at a longer time scale than the single
molecule dynamics. Thus, the molecular motion can only be
followed provided the phenomena occur on the millisecond
time scale, or longer.[22] Such spontaneous dynamic phenom-
ena are imaged and studied in pure monolayer systems at
the liquid/solid interface.


More precisely, we compared in this paper, the STM
images of a wax ester [palmitoyl palmitate: CH3-(CH2)14-
COO-(CH2)15-CH3] layer at the phenyloctane/graphite inter-
face. The effect of chemically modified tips on the image
contrast is studied. In this case, tips are functionalised with
self-assembled monolayers of 4-mercaptobenzoic acid (4-
MBA) and 4-mercaptotoluene (4-MT). We also consider
molecular motions at domain boundaries, describing their
evolution in time.


Results and Discussion


The probed molecules are symmetrical esters, as shown in
Figure 1. In this figure, grey balls represent methylene
groups, except those marked by a black arrow, which repre-
sent oxygen atoms. Previous results, from single crystal
XRD experiments,[30] allowed us establishing their crystal-
line structure and their molecular characteristics, in particu-
lar the molecular length (about 4 nm).


In those previous studies, STM experiments of wax esters
(PP) assemblies at the phenyloctane/graphite interface are
also reported. The STM images shown therein (obtained
with Pt/Ir tips) revealed different kinds of two-dimensional
assemblies. In all cases, during experiments, the difficulties


of obtaining interpretable and reproducible images are re-
corded and submolecular resolution is not achieved despite
a considerable number of trials. Moreover, the position of
the functional group is not revealed by the STM data.


The use of chemically modified gold tips with 4-MBA and
4-MT facilitates molecular imaging at the liquid/solid inter-
face. Moreover, comparison between monolayer images ob-
tained with 4-MBA and 4-MT modified gold tips reveals the
ester group position within the molecule. Measures obtained
with unmodified bare gold tips are exposed as a reference.


Modified tips and ester group position : Figure 2 shows a
typical image of wax ester�s overlayer observed with an un-
modified gold tip. Side-to-side packing of lamellae forms
this overlayer. These lamellae, which are separated by
troughs (less than 2 � deep), are found to be repeated at a
distance of about 5 nm. Each lamella appears to be formed
by a closed-packing arrangement of parallel sticks, oriented
at about 608 with respect to the troughs. Those sticks are
about 3.9 nm long.


This structure can be interpreted as a two-dimensional
array of ester�s molecules at the liquid/graphite interface.
The length of an ester C-C-C zigzag is almost the same as
the 0.246 nm spacing between hollows in the graphite lattice.
This lattice match promotes adsorption and is the origin of
ester�s affinity for graphite.[2] The length of the lamella is in
good agreement with the length of ester�s molecules mea-
sured from XRD experiments.[30]


4-MBA functionalised gold tips were used for the STM
observation of PP structured layers. This kind of tips enhan-
ces the contrast between ester and methylene groups in
esters� molecules. Indeed, recent studies shown that chemi-


Figure 1. Chemical structure of the Palmitoyl Palmitate (PP). Arrows in-
dicate oxygen atoms. All other balls represent methylene groups.


Figure 2. STM image of PP at the phenyloctane/graphite interface ob-
tained with unmodified gold tip (30 nm � 30 nm, 710 pA, �480 mV).
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cally modified tips can be applied for the identification of
several functional groups hardly visible otherwise.[31–35] This
was explained as a consequence of the ease of electron tun-
nelling through the overlap of the electronic wave functions
by the interaction between tip and sample.[32–35] While some
functional groups (such as hydroxyl, carboxyl and ether
oxygen) appeared as dark spots (under identical conditions)
with unmodified tips, they are observed as bright spots when
using 4-MBA modified gold tips, due to hydrogen bond
making easier electron tunnelling. It was also found that a
stronger hydrogen-bond interaction causes a more enhanced
contrast for the functional groups. The difference in the
strength of the hydrogen-bond interaction between the tip
and sample allows discrimination of the differently oriented
ether oxygens.[32]


Figure 3 shows typical STM image of ester�s layers at the
phenyloctane/graphite interface obtained with 4-MBA modi-
fied gold tips. Self-assembled layers organise themselves in a
lamellar structure. The troughs separating these lamellae are
found to be repeated at a distance of about 4.3 nm.


Moreover, lamellae appear to be formed by a close-pack-
ing arrangement of parallel sticks, oriented at 608 compared
with the troughs, as depicted in Figure 4. This Figure is a
high-resolution image of one ester lamella. In this lamella
individual sticks can be distinguished. They are approxi-
mately 3.9 nm long. It is also possible to evaluate the
number of bright spots forming the sticks: between fifteen
and seventeen (as highlighted in the Figure 4). The width of
the trough and the space between two adjacent sticks can
also be evaluated at 2 and 4 �, respectively. Figure 5 repre-
sents a line profile (dash line in Figure 3), perpendicularly
oriented to the trough direction. The transversal curve


shown in this Figure is averaged on all the line profiles
laying in the white rectangle of Figure 3. Troughs are ap-
proximately 0.8 � deep. Between each adjacent trough,
small depressions are clearly visible. They are 0.4–0.5 �
deep and positioned at the lamella centre.


4-MT modified gold tips allow us to observe a structure
such as the one presented in Figure 6. The lamellar structure
observed is similar to the structure observed in the previous
section. Lamellae have a measured width of about 4.3 nm.
These structures seem uniformly visible on large domains on
the sample surface. Figure 7 depicts a line profile (dash line
in Figure 6), perpendicularly oriented to the trough direc-
tion. The transversal curve shown in this Figure is averaged
on each line profiles lying inside the white rectangle of


Figure 3. STM image of PP at the phenyloctane/graphite interface ob-
tained with 4-MBA modified gold tip (60 nm � 60 nm, 740 pA, �485 mV).


Figure 4. High-resolution STM image of PP lamellae at the phenyloc-
tane/graphite interface obtained with 4-MBA modified gold tip (6 nm �
6 nm, 740 pA, �485 mV).


Figure 5. Line profile obtained along white dash line of Figure 3, aver-
aged on the white rectangle.
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Figure 6. Troughs are approximately 0.5 � deep. Between
each adjacent trough, small mounds are clearly visible. They
are 0.1–0.2 � higher and positioned at lamella center.


Previous experiments already demonstrated the difficulty
of obtaining reproducible and good-quality STM images on
esters with Pt/Ir tips at the liquid/solid interface.[30] By con-
trast, reproducible results with periodic structures are easily
seen with unmodified gold tips. However, the position of the
ester group cannot be deduced from these STM images
(Figure 2). The use of chemically modified tips reveals iden-
tical molecular organisation. However, a different chemical
used to functionalise the tip (4-MBA or 4-MT) provides a
different image contrast at the ester group position, which is
not visible otherwise. Small depressions with 4-MBA gold


tips and small mounds with 4-MT gold tips were observed at
the centre of the molecule. This can be explained as a conse-
quence of the (un)easiness of electron tunnelling through
the overlap of the electronic wave functions by the interac-
tion between tip and sample, as described in the litera-
ture.[32–35] Indeed, it was shown theoretically and observed
experimentally that adsorption of atoms or molecules on a
STM tip changes the tip structure and/or the tip electronic
states, and therefore the STM images.[36] For example, a
single CO molecule onto STM tip was reported to achieve
chemical contrast allowing distinction of CO molecules and
oxygen atoms adsorbed on Cu(111). In this case, chemical
sensitive imaging is due to contrast inversion of CO mole-
cules adsorbed on Cu(111) caused by CO molecule at the
tip apex.[37–39] Evidently, CO decorated tips have a much
higher power to resolve the structures on some samples
than bare tips. Umezawa et al. explained this contrast modi-
fication as a consequence of the hydrogen-bond formation
between functional groups on tip and sample, making easier
electron tunnelling. We also found that stronger hydrogen-
bond interaction causes a more enhanced contrast for the
functional groups, and the difference in the strength of the
hydrogen-bond interaction between the tip and sample al-
lowed discrimination of the differently oriented ether oxy-
gens.[32]


Line profiles in Figures 5 and 7, obtained with 4-MBA
and 4-MT modified gold tips, respectively, clearly indicate
the position of the ester group, which is the only reactive
part of the molecule. Figures 5 and 7 also indicate that the
same functional group on sample is “seen” as a depression
and as a mound when imaged with 4-MBA and 4-MT modi-
fied tips, respectively. Following the interpretation of Ume-
zawa et al. ,[32–35] the interactions between the ester group on
the sample and alkyl group “on the tip (4-MT)” facilitates
the electron tunnelling through the overlap of the electronic
wave functions, which is not the case between the ester
group on the sample and the carboxyl “on the tip (4-
MBA)”. These observations agree well with an ester group
pointing “up” away from the graphite surface. Indeed, this
organisation can induce hydrogen bonding between sample
and tip, leading to an overlap of the sample and tip electron-
ic wave functions.


Domain boundary formation and evolution : STM images
developed in this section are aimed at confirming that we
can observe with functionalised tips on esters the dynamical
processes routinely observed with standard STM tips on dif-
ferent adlayers deposited from a solution. Moreover, the re-
sults obtained with modified tips reveal equivalent (or
better) contrast and image quality at the boundaries.


Chemically 4-MBA modified STM gold tips allow us to
observe the birth and evolution of junctions between two
domains, as mentioned above. Figure 8a shows two domains
oriented in the same direction and composed of similar la-
mellae. In this image, solvent molecules are probably co-ad-
sorbed in a non-structured way at the gap (about 4 nm
wide) between domains 1 and 2. The gap between domains


Figure 6. STM image of PP at the phenyloctane/graphite interface ob-
tained with a 4-MT modified gold tip (23.5 nm � 23.5 nm, 490 pA,
�500 mV).


Figure 7. Line profile obtained along white dash line of Figure 6, aver-
aged on the white rectangle.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4185 – 41904188


P. Lambin, C. Volcke et al.



www.chemeurj.org





1 and 2 gets progressively structured. Lamellae begin to
appear in the gap, tending to align along those of domains 1
and 2, forming a continuous lamella as depicted in Fig-
ure 8b. Note that the small depressions visible at the center
of the lamella are also observed in the lamella constituting
the “gap” in Figure 8b. This indicates that the characteristics
observed thanks to the functionalised gold tips are inde-
pendent of the scan direction. The final stage of this process
can be deduced from structures in Figure 8c. The progres-
sive disappearance of the gap is observed because of the for-
mation of continuous and linear lamellae between domains
1 and 2.


These images clearly illustrate the dynamical processes,
which occur at domain boundaries, within overlayers at the
liquid/solid interface. These discontinuities were also report-
ed in STM images (obtained with Pt/Ir tips) of several other
molecules such as alkanes or fatty acid derivatives.[42, 43]


However, to our knowledge, this paper reports on the first
STM observation of ester overlayers evolution in time
through molecular adsorption–desorption processes between
the solution and the overlayer. The process observed in
Figure 8 can be summarised as follows: a small domain (the
gap) shrinks until it disappears, while the larger domains
grow at its expense: domains 1 and 2 are becoming a single
one. In this case, the dynamics are strongly directed result-
ing in a growth of larger domains. This process, that is, parti-
cle growth within two-dimensional systems (called Ostwald
ripening), has already been intensively studied in previous
works.[42,43]


Conclusion


In summary, images of two-dimensional arrays of esters at
the phenyloctane/graphite interface using a scanning tunnel-
ling microscope are obtained. Molecules in layers are organ-
ised in lamellae separated by troughs. Each lamella is com-
posed of parallel molecules oriented at 60 degrees compared
to the troughs. High-quality images obtained with function-
alised gold tips indicate that the molecules are lying on the
substrate with the plane formed by their carbon chain per-
pendicular to the substrate. Moreover, the image contrast
difference obtained with the modified tips reveals the posi-
tion and orientation of the ester group, which is the only re-
active part of the molecule. We also observed molecular mo-
tions at domain boundaries.


Materials and Methods


STM experiments : Experiments were performed with a commercial STM
(Nanoscope IIIa, Digital Instruments) under ambient conditions. Highly
oriented pyrolitic graphite (HOPG), used as substrate, was obtained
from Advanced Ceramics (ZYH grade). Palmitoyl Palmitate (PP) was
purchased from Aldrich and used without further treatment. They were
dissolved near saturation in phenyloctane (Aldrich).


During a scan, the tip was immersed in several drops of the solution, de-
posited on the freshly cleaved graphite surface. The liquid/graphite inter-
face was then imaged with the STM operating in the constant current
mode with gold, 4-mercaptobenzoic acid (4-MBA) and 4-mercaptoto-
luene (4-MT) functionalised gold tips, respectively. A zero-order flatten-
ing procedure was used to normalize the vertical offset produced. Typical
operating conditions were 0.5 to 1.0 nA at �0.5 to �1.0 V bias (sample
negative). Experimental results were reproducible, but not predictable.
Typically, many trials were required before ordered layers were observed.
We found that ordered layers were easily visible when the solution�s
layer was very thin, during the experiments performed with modified
tips.


Tip modification : STM tips were prepared from gold wire (0.20 mm di-
ameter, Goodfellow, England; 99.99 %) by mechanical cutting. Before
cutting, tips were washed by sonication in ethanol and further dipping in
piranha solution (7:3 concentrated H2SO4/H2O2. CAUTION : piranha so-
lution reacts violently with organic compounds and should not be stored
in closed containers). Tips were finally washed again in ethanol. For the
formation of self-assembled monolayers on tips, we immersed them for
12 h in a saturated 4-mercaptobenzoic acid (4-MBA; Aldrich, 97%) or 4-
mecaptotoluene (4-MT; Aldrich) solution in ethanol. The tips were then
rinsed with ethanol and dried in a stream of nitrogen.
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Two-Photon Absorption Properties of 2,6-Bis(styryl)anthracene Derivatives:
Effects of Donor–Acceptor Substituents and the p Center


Wen Jun Yang, Dae Young Kim, Mi-Yun Jeong, Hwan Myung Kim, Yun Kyoung Lee,
Xingzhong Fang, Seung-Joon Jeon,* and Bong Rae Cho*[a]


Introduction


The synthesis of organic materials with a large two-photon
cross section is of considerable research interest owing to
their potential applications in a number of new areas, in-
cluding biological imaging, optical power limiting, two-
photon upconversion lasing, two-photon fluorescence excita-
tion microscopy, 3D microfabrication, and photodynamic
therapy.[1–15] The most frequently investigated structural
motifs for efficient two-photon absorption (TPA) chromo-
phores are donor–bridge–acceptor (D–p–A) dipoles, donor–
bridge–donor (D–p–D) quadruples, and octupoles. Such de-
rivatives of fluorene, triphenylamine, dithienothiophene, bis-


(styryl)benzene, dihydrophenanthrene, tricyanobenzene, and
dendrimers have been synthesized and their structure–prop-
erty relationship has been investigated.[16–20] The results of
these studies reveal that the TPA cross section increases
with increasing donor strength, conjugation length, and pla-
narity of the p center.


Among the most attractive p centers is the anthracene
moiety, not only because it is planar, but it is also an excel-
lent fluorophore. Moreover, anthracene derivatives have
been extensively utilized as fluorescence sensors for metal
ions and biological molecules.[21] Therefore, there seems to
be a great potential for their development as two-photon
sensors for biological applications. We recently reported
that 2,6-bis(styryl)anthracene and 9,10-bis(arylethynyl)an-
thracene derivatives exhibit large two-photon cross sections,
demonstrating the usefulness of the anthracene moiety as
the p center.[20f, h] In this work, we have synthesized a series
of 2,6- and 2,7-bis(styryl)anthracene derivatives (1–4 ;
Scheme 1) and studied their one- and two-photon absorp-
tion properties (dTPA). We were interested in studying the ef-
fects of 1) changing the electron-withdrawing abilities of the
9,10-substituents, 2) changing the donors from N(Hex)2 to
N(i-amyl)tol to NPh2, and 3) quadrupolar (1–4) and dipolar
(5) symmetry on the one- and two-photon spectroscopic
properties. Finally, the effect of changing the p center on
the two-photon absorption properties was assessed by a
comparison with the existing data for a variety of D–p–D
derivatives.[17,19]


Abstract: A series of 2,6- and 2,7-bis-
(styryl)anthracene derivatives with the
donors at the styryl group and accept-
ors at the 9,10-positions have been syn-
thesized, and their two-photon cross
sections (Fdmax) were determined.
These compounds exhibit a peak two-
photon absorptivity (dmax) in the range
of 700–2500 GM at 780–1030 nm.
Values of lmax and Stokes shifts in-


crease as the acceptor is changed to a
stronger one. There is also a parallel
increase in lð2Þmax and dmax with the same
variation of the chromophore structure.


Both lð2Þmax and Fdmax have been opti-
mized by introducing donor-substituted
styryl groups at the 2,6-positions and p-
cyanophenyl groups at the 9,10-posi-
tions, respectively. The effect of a p


center on the two-photon absorption
properties has been assessed by com-
paring the existing data for a variety of
D–p–D derivatives.
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Results and Discussion


Synthesis : All of the 2,6-bis(styryl)anthracene derivatives
(1–4) were synthesized from 2,6-dimethylanthraquinone (6)
(Scheme 2).[22] Reduction of 6 with aluminum powder af-
forded 1,6-dimethylanthracene (7) in 73 % yield. Bromina-
tion of 7 followed by cyanation produced 9,10-dicyano-2,6-
dimethylanthracene in overall 75 % yield. 2,6-Dimethyl-
9,10-diphenylanthracene (8’) and 2,6-dimethyl-9,10-bis(p-cy-
anophenyl)anthracene (8’’) were prepared by the reaction
between 6 and PhMgBr and p-CNC6H4Li, respectively, fol-
lowed by the reduction with Zn powder.


To prepare 10, compounds 7–9 were reacted with NBS
and then treated with P(OEt)3. Compounds 1–4 were syn-
thesized by a condensation reaction between the phospho-
nate ylides and the appropriate benzaldehyde derivatives
(Scheme 2). The 2,7-bis(p-dihexylaminostyryl)anthracene
derivative (5 a) was synthesized by the same procedure as
described for 4 a except that 2,7-dimethylanthraquinone was
used as the starting material. The structures of 1–4 and 5 a


were unambiguously character-
ized by 1H and 13C NMR spec-
troscopic analysis and elemen-
tal analysis.


One-photon absorption and
emission spectra : Figure 1
shows the one-photon absorp-


tion spectra of solutions of 1 a–5 a in toluene. The shapes of
the spectra are similar to that of anthracene, except that the
absorption maxima (lmax) are shifted to a longer wavelength
by the extended conjugation. For a given donor, lmax in-
creases monotonically with the electron-accepting ability of
the 9,10-substitutent, that is, 1 a<2 a<3 a<4 a. This indi-
cates a gradual increase in the intramolecular charge trans-
fer (ICT) between the donor and acceptor. Similarly, lmax of
5 a is shorter than 4 a, probably because the acceptor
strength is attenuated in the former by the fact that only the
9-CN group is in direct resonance with the N(Hex)2 donors.


When the donor is changed from N(Hex)2 to N(i-amyl)tol
to NAr2, lmax of 1 a–c remains nearly the same, despite the
decrease in the donor strength (Table 1). It is well establish-
ed that the substitution of the NPh group in a simple D–p–
A conjugate system increases the p conjugation in a “non-
traditional” manner, where the additional p-electron unit
lies outside the donor–acceptor framework.[23] Hence, this
result could be understood if the weaker donor strength is
compensated for by the “nontraditional” conjugation effect
of the NPh group. On the other hand, lmax values of 2–4 de-
crease with a weaker donor, indicating that the special
effect of the NPh group becomes less important as the ICT
from the donor to the acceptor becomes more important.
Moreover, the longer the lmax is, the larger the blueshift
caused by the change to a weaker donor is (Table 1).


The fluorescence spectra of 1 a–5 a are shown in Figure 2.
None of these spectra have multiple peaks, which indicates


Scheme 1. The 2,6- and 2,7-bis(styryl)anthracene derivatives used in this study: X =H (1), Ph (2), p-CNC6H4


(3), CN (4); Y=N(Hex)2 (a), NH2 (a’), N(i-amyl)tol (b), N(C6H4-p-tBu)2 (c), NPh2 (c’).


Scheme 2. Reaction conditions: a) 1. PhMgBr/THF/RT/4 h (8’) or p-
CNC6H4Br/BuLi/THF/�78 8C to RT/5 h (8’’); 2. Zn/AcOH/120 8C/3 h;
b) HgCl2/Al/CCl4/cyclohexanol/85 8C/48 h; c) Br2/CCl4/0 8C/5 h; d) CuCN/
pyridine/220 8C/4 h; e) 1. NBS/BPO/benzene/reflux/3 h; 2. P(OEt)3/reflux/
12 h; f) LDA/THF/p-YC6H4CHO/�78 8C to RT/6 h.


Figure 1. Molar absorption spectra for 1 a–5a in toluene.
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that the emission occurs from the lowest excited state with
the largest oscillator strength. The peak positions in the ab-
sorption and fluorescence spectra are summarized in
Table 1. As already noted in the absorption spectra, the
fluorescence spectra exhibit a monotonous bathochromic
shift with increasing acceptor strength. All compounds show
large Stokes shifts ranging from 1044 to 2409 cm�1 for 2 c’
and 5 a, respectively (Table 1). As expected, the fluorescence
Stokes shift increases as the acceptor strength increases.
This means that the energy gap between the ground and the
excited states decreases monotonically in the order, 1 a>
2 a>3 a>4 a (Table 1). As the acceptor strength increases,
the charge-transfer character of the excited electronic state
increases. This leads to the prediction that the solvation
energy of the excited electronic state becomes large and the
fluorescence Stokes shift will increase too. Moreover, the


Stokes shift for 5 a is much larger than that of 4 a. This is be-
cause the lfl


max value is almost the same for both compounds,
whereas lmax of 5 a is significantly blueshifted. Because the
dipole moment of 5 a is larger than that of 4 a, the emitting
state of the former would be more stabilized by the ICT
than expected from the acceptor strength. Except for 2 c’
and 3 c’, the Stokes shifts are relatively insensitive to the
donors. This indicates that the effect of donors on the
Franck–Condon and emitting states are similar. Most of the
compounds are strongly fluorescent with high fluorescence
quantum yields. The much smaller quantum yields for 4 a–c
and 5 a may be attributable to the lower energy of the emit-
ting states, which may facilitate nonradiative pathways. As
expected, the fluorescence quantum yields are always higher
when N(i-amyl)tol or NAr2 is the donor.[24]


Two-photon cross sections : The two-photon cross section
(dTPA) was measured by means of the two-photon-induced-
fluorescence measurement technique with nanosecond laser
pulses as previously reported.[17b, 20b]


Figure 3 shows the two-photon excited spectra for 1 a–5 a
in toluene. All compounds show large two-photon cross sec-
tions in the range of dmax =700–2300 GM at lð2Þmax = 780–
1030 nm. The normalized one-photon absorption, emission,
and the two-photon excitation spectra for 1 a are depicted in
Figure 4. The corresponding spectra for other compounds
are shown in Figure S1 in the Supporting Information. The
results are summarized in Table 1.


Figure 4 shows that lð2Þmax/2 of 1 a is located at a shorter
wavelength than the lowest energy absorption maximum
(lmax). This is consistent with the prediction that the two-
photon allowed states for quadrupoles are at a higher
energy than the Franck–Condon states.[25] Nevertheless,
there is a significant overlap between the one- and two-
photon spectra in terms of the total absorption energy. Per-
haps this may be the reason why dmax values for 1–4 are so
large. In addition, compounds 3 a, 3 b, and 3 c’ show appreci-


Table 1. One- and two-photon properties of 2,6- and 2,7-bis-
(styryl)anthracene derivatives (1–5).


lmax
[a] lfl


max
[b] Dñ[c] F[d] lð2Þmax


[e] dmax
[f] Fdmax


[g]


1a 455 487 1444 0.78 800 1100 860
1b 454 483 1322 0.84 780 1080 910
1c 454 479 1450 0.82 780 1340 1100
2a 466 501 1499 1.0 780 770 770
2b 463 495 1396 1.0 780 700 700
2c’ 458 481 1044 1.0 780 720 720
3a 488 535 1800 0.64 840 1570 1000
3b 482 530 1879 0.88 840 1180 1040
3c’ 474 509 1451 0.84 820 1760 1480
4a 587 656 1792 0.11 990 2290 250
4b 575 643 1839 0.15 990 2210 330
4c 566 635 1920 0.15 990 2490 370
5a 562 650 2409 0.088 1030 720 60


[a] lmax of the one-photon absorption spectra in nm. [b] lmax of the one-
photon fluorescence spectra in nm. [c] Stokes shift in cm�1. [d] Fluores-
cence quantum yield. [e] lmax of the two-photon absorption spectra in
nm. [f] The peak two-photon absorptivity in GM, where 1 GM (Goppert–
Mayer)=1 � 10�50 cm4 s photon�1. [g] Two-photon action cross section in
GM at lð2Þmax.


Figure 2. Normalized one-photon fluorescence spectra for 1a–5a in tolu-
ene.


Figure 3. Two-photon spectra for 1 a–5a in toluene.
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able two-photon absorption into the lowest excited states
(Figure S1). Moreover, the values of lð2Þmax for 1–4 increase
with the electron-withdrawing ability of the 9,10-substituents
(Table 2). This indicates an interesting possibility that the


wavelength of the maximum two-photon cross section could
be tuned by the use of an appropriate substituent. Further-
more, the longest lð2Þmax is noted for 5 a at 2lmax, as predicted
for a dipolar molecule, although we cannot rule out the pos-
sibility that the real lð2Þmax for 5 a may exist at a longer wave-
length (Figure S1).[25] Interestingly, lð2Þmax for 1–3 appear near
800 nm (Table 2). This turns out to be important for practi-
cal applications because most of the two-photon fluores-
cence (TPF) microscopy uses an excitation laser with a
wavelength of �800 nm.


The dmax value of 1 a is 1100 GM at lð2Þmax =800 nm. Except
for 2 a–c, the dmax value increases with the acceptor strength.


As stated above, the acceptor group is expected to stabilize
the excited state more than the ground state. This is expect-
ed to diminish the energy gap between the ground and two-
photon allowed states, which would in turn increase the two-
photon cross section, because the smaller the energy gap,
the higher will be the excitation probability. This result un-
derlines the importance of ICT in obtaining a TPA chromo-
phore with a large dmax. On the other hand, the values of
dmax for 2 a–c are smaller than those of 1 a–c, despite similar
lmax. When the donor is changed from N(Hex)2 to N(i-
amyl)tol to NAr2, dmax of 1 a–c increases gradually. However,
no clear trend is observed for 2–4 with the same variation of
the donors. Moreover, the dmax value of 5 a is much smaller
than that of 4 a. This result underlines the importance of the
symmetry consideration in the design of efficient two-
photon materials. A similar result has been previously repor-
ted.[17f]


The values of Fdmax, the two-photon excited fluorescence
(TPEF) action cross section, increase in the order 5<4<2<
1<3. The much smaller Fdmax values for 5 a and 4 a–c rela-
tive to those of the others is attributed to the smaller dmax


and/or fluorescence quantum yields. Fdmax values were opti-
mized by the use of p-cyanophenyl groups at the 9,10-posi-
tions. Hence, Fdmax values for 3 a–c are in the range of
1000–1480 GM, which are among the largest values reported
in the literature. Also, lð2Þmax values of 3 a–c are close to
800 nm. Therefore, 3 a–c may be useful for applications that
use a Ti/sapphire laser as the excitation source. Finally,
Fdmax is usually larger when NAr2 is used as the donor. The
special effect of the NAr2 donor has been previously report-
ed.[23, 24]


Effect of the p center : The effects of the p center on the
one- and two-photon absorption properties of a variety of
D–p–D derivatives are summarized in Table 2. Comparison
of the data for 1 and 4 with those for the closely related 1,4-
bis(styryl)benzene derivatives (A1 and A4) reveals that lmax,
lfl


max, lð2Þmax, and dmax values increase significantly as the p


center is changed from a phenyl to an anthryl group
(Table 2).[17d] For instance, the values of lmax, lfl


max, lð2Þmax, and
dmax for 1 a are 455, 487, 800 nm, and 1100 GM, respectively,
which are significantly larger than lmax =410, lfl


max = 455,
lð2Þmax =730 nm, and dmax =995 GM reported for 1,4-bis(p-di-
butylaminostyryl)benzene (A1 a). Essentially, the same
changes can be seen if the data for 1 c, 4 a, and 4 c are com-
pared with A1c, A4 a, and A4c (Table 2). Whereas, the fluo-
rescence quantum yields always decrease for the same varia-
tion of the fluorophore structure. The results can be readily
attributed to the more extended conjugation by the anthryl
than the phenyl group. As the conjugation length increases,
the energy gap between the ground state and the one- and
two-photon allowed states is expected to decrease in order
to increase the lmax, lð2Þmax, and dmax values (vide supra). It
would also stabilize the emitting states to increase lfl


max and
decrease the fluorescence quantum yield (vide supra).


The values of lmax, lfl
max, and fluorescence quantum yields


of phenyl (A) and dihydrophenanthryl (C 1 a) derivatives


Figure 4. One-photon absorption (&), fluorescence (~), and two-photon
spectra (*) for 1a in toluene. The two-photon spectrum is plotted against
half the wavelength (twice the photon energy).


Table 2. Effect of the p center on the two-photon absorption properties
of D–p–D derivatives.


lmax
[a] lfl


max
[b] F[c] lð2Þmax


[d] dmax
[e] Fdmax


[f]


A1 a[g,h] 410 455 0.88 730 995 880
1a[i] 455 487 0.78 800 1100 860
B1 a[j,k] 465 582 0.63 795 340 530
C1 a[l,m] 410 456 0.86 740 1730 1490
A1 c[g,n] 411 457 0.93 745 805 750
1c[i] 454 483 0.82 780 1340 1100
A4 a[g,o] 490 536 0.69 830 1750 1210
4a[i] 587 656 0.11 990 2290 250
A4 c[g,p] 475 528 0.87 830 1640 1430
4c[i] 566 643 0.15 990 2490 370


[a–f] See Table 1 for the footnotes. [g] Ref. [17c]. [h] 1,4-Bis(p-dibutyl-
aminostyryl)benzene. [i] This work. [j] Ref. [19a]. [k] 2,6-Bis(p-dibutyl-
aminostyryl)dithienothiophene. [l] Ref. [19b]. [m] 2,7-Bis(p-dioctylami-
nostyryl)-9,10-dihydrophenanthrene. [n] [p-(N-phenyl-N-toly)aminostyr-
yl]benzene. [o] 1,4-Bis(p-dibutylaminostyryl)-2,5-dicyanobenzene. [p] 1,4-
Bis(p-diphenylamino)-2,5-dicyanobenzene.
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are almost the same, although dmax values are much larger
for C1 a than A1a. This may be caused by the increased mo-
lecular weight. As the molecular size increases, the density
of states will increase, providing more effective coupling
channels between the ground and two-photon allowed
states, which would in turn increase the TPA cross section.
On the other hand, when anthryl and dithienothienyl groups
are used as the p center, both lmax and lfl


max increase signifi-
cantly and the fluorescence quantum yields decrease. This
indicates the efficiency of these groups in facilitating intra-
molecular change transfer from the donor to the p center.


From a practical perspective, the anthracene derivatives
(1–4) are advantageous for applications that utilize the two-
photon absorption because lð2Þmax are in the range of 780–
990 nm and dmax values are larger. On the other hand, 1,4-
bis(styryl)benzene derivatives (A1 and A4) may be more
useful for applications where the two-photon excited fluo-
rescence (Fdmax) is important.


Conclusion


Herein, the TPA properties of a series of 2,6- and 2,7-bis-
(styryl)anthracene derivatives have been investigated. Over-
all, a parallel increase in lmax, lfl


max, lð2Þmax, and dmax values with
the donor–acceptor strength is observed, although 2,7-deriv-
atives have significantly smaller dmax values. All compounds
exhibit large two-photon cross sections that are useful for a
variety of applications mentioned in the Introduction. More-
over, the values of lmax, lfl


max, lð2Þmax, and dmax increased signifi-
cantly on changing the p center from a phenyl to an anthryl
group. This result underlines the usefulness of an anthryl
group as the p center for the design of efficient two-photon
fluorophores.


Experimental Section


Synthesis of 2,6-bis(styryl)anthracene derivatives


2,6-Dimethylanthracene (7): A mixture of Al powder (8.5 g, 0.31 mol),
HgCl2 (0.17 g, 0.63 mmol), cyclohexanol (250 mL), and CCl4 (1.7 mL)
was heated under Ar for 4 h at 85 8C and then for 12 h at 160 8C. To this
flask, 2,6-dimethylanthraquinone (6, 6.0 g, 25 mmol) was added and the
mixture was refluxed for 48 h. The solvent was removed in vacuo, and
the product was purified by column chromatography (silica gel, hexane/
dichloromethane 20:1). Yield: 3.8 g (73 %); m.p. 235–237 8C; 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=8.24 (s, 2H), 7.86 (d, J=9.0 Hz, 2H),
7.71 (s, 2H), 7.25 (d, J= 9.0 Hz, 2H), 2.52 ppm (s, 6H; CH3).


2,6-Dimethyl-9,10-diphenylanthracene (8’): PhMgBr (1.0 m in THF,
51 mL) was added to a solution of 6 (4.0 g, 17 mmol) in THF (150 mL) at
RT. After stirring for 4 h at RT, the solution was poured into water. The
solvent was evaporated, and the product was extracted with CH2Cl2. The
resulting solution was evaporated, and acetic acid (80 mL) was added.
The residue in acetic acid was heated to 120 8C, and zinc powder (6.0 g)
was added in small portions over a period of 30 min. After continuous
stirring for 3 h at 120 8C, the mixture was cooled to RT, poured into
water, and extracted with CH2Cl2. The solvent was evaporated and the
product was purified by column chromatography (silica gel, hexane).
Yield: 2.2 g (30 %); m.p. 234–236 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=7.59 (m, 4 H), 7.56 (m, 4H), 7.46 (d, J= 9.0 Hz, 2H), 7.45 (d,


J =9.0 Hz, 2 H), 7.40 (s, 2 H), 7.14 (d, J= 9.0 Hz, 2 H), 2.38 ppm (s, 6H;
CH3).


2,6-Dimethyl-9,10-di(p-cyanophenyl)anthracene (8’’): BuLi (1.6 m in hex-
anes, 14 mL, 22 mmol) was added to a two-necked flask containing anhy-
drous THF (40 mL) under Ar. After cooling the solution to �78 8C, a so-
lution of p-cyanobromobenzene (4.6 g, 25 mmol) in THF (20 mL) was
added by means of a syringe. The solution was stirred for 1 h, and 6
(2.0 g, 8.5 mmol in 40 mL THF) was slowly added. The mixture was stir-
red (1. 1 h at �78 8C, 2. 4 h at RT), poured into water, and extracted with
CH2Cl2. The solvent was evaporated and acetic acid (80 mL) was added.
The resulting solution was heated to 120 8C, and zinc powder (6.0 g) was
added in small portions over a period of 30 min. After continuous stirring
for 3 h at 120 8C, the mixture was cooled to RT, poured into water, and
extracted with CH2Cl2. The solvent was evaporated and the residue was
purified by column chromatography (silica gel, hexane/CH2Cl2 1:1).
Yield: 1.9 g (56 %); m.p. >300 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=7.93 (d, J=9.0 Hz, 4H), 7.58 (d, J=9.0 Hz, 4 H), 7.42 (d, J=


9.0 Hz, 2H), 7.25 (s, 2H), 7.20 (d, J =9.0 Hz, 2H), 2.40 ppm (s, 6 H, CH3).


Dimethyl-9,10-dibromoanthracene : Bromine (1.1 mL, 21 mmol) was
slowly added through a dropping funnel into a solution of 2,6-dimethy-
lanthracene (2.0 g, 9.7 mmol) in CCl4 (200 mL) at 0 8C. The solution was
stirred for 5 h at 0 8C, and aqueous sodium hydrosulfite (20 %, 50 mL)
was added. The organic layer was separated and washed with water, and
the solvent was evaporated to obtain 2,6-dimethyl-9,10-dibromoanthra-
cene. Yield: 3.2 g (91 %); m.p. 188–190 8C; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d =8.44 (d, J=9.0 Hz, 2 H), 8.29 (s, 2H), 7.42 (d, J =9.0 Hz,
2H), 2.61 ppm (s, 6H; CH3).


2,6-Dimethyl-9,10-dicyanoanthracene (9): 2,6-Dimethyl-9,10-dibromoan-
thracene (1.8 g, 5.0 mmol), pyridine (4.0 mL), and CuCN (0.98 g,
11 mmol) were added to a pressure tube with a plunger valve and a mag-
netic bar under Ar. The tube was heated at 220 8C for 4 h. The mixture
was cooled to room temperature and then poured with vigorous stirring
into methanol. The precipitate that formed was collected on a filter
paper and washed with methanol. The crude product was separated by
column chromatography (silica gel, CH2Cl2). Yield: 1.1 g (82 %); m.p.
292–294 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =8.36 (d, J=


9.0 Hz, 2 H), 8.22 (s, 2H), 7.64 (d, J =9.0 Hz, 2 H), 2.67 ppm (s, 6 H;
CH3).


2,6-Bis[(diethoxyphosphoryl)methyl]anthracene (10’): A mixture of 7
(1.5 g, 7.3 mmol), NBS (2.7 g, 15 mmol), and benzoyl peroxide (71 mg,
0.29 mmol) in benzene (100 mL) was refluxed for 3 h. The mixture was
poured into methanol, and the precipitate that collected was dried by
vacuum. This intermediate was added to P(OEt)3 (50 mL), and the result-
ing solution was refluxed for 12 h. The solvent was removed in vacuo,
and the residue was purified by column chromatography (silica gel, ethyl
acetate/CH2Cl2 2:1). Yield: 1.9 g (53 %); m.p. 140–142 8C; 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=8.34 (s, 2H), 7.96 (d, J=9.0 Hz, 2H),
7.88 (s, 2 H), 7.44 (d, J= 9.0 Hz, 2H), 4.04 (m, 8 H; OCH2), 3.36 (d, J=


21 Hz, 4 H; ArCH2P), 1.25 ppm (t, J =7.5 Hz, 12 H; CH3).


Synthesis of phosphonate derivatives 10’’–10’’’’: These derivatives were
synthesized from 8’, 8’’, and 9 by the same procedure as described for 10’.


2,6-Bis[(diethoxyphosphoryl)methyl]-9,10-diphenylanthracene (10’’):
Yield: 62%; m.p. 180–182 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=7.62 (d, J =9.0 Hz, 4H), 7.57 (d, J= 9.0 Hz, 4H), 7.53 (s, 2H), 7.46 (d,
J =9.0 Hz, 2H), 7.45 (d, J=9.0 Hz, 2 H), 7.30 (d, J =9 Hz, 2H), 3.97 (m,
8H; OCH2), 3.19 (d, J =21 Hz, 4H; ArCH2P), 1.19 ppm (t, J =7.5 Hz,
12H; CH3).


2,6-Bis[(diethoxyphosphoryl)methyl]-9,10-bis(p-cyanophenyl)anthracene
(10’’’): Yield: 49%; m.p. >300 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=7.94 (d, J=9.0 Hz, 4H), 7.59 (d, J=8.5 Hz, 4 H), 7.50 (d, J=


9.0 Hz, 2H), 7.40 (s, 2H), 7.35 (d, J =9 Hz, 2H), 3.99 (m, 8H; OCH2),
3.19 (d, J=24 Hz, 4H; ArCH2P), 1.21 ppm (t, J =7.5 Hz, 12 H; CH3).


2,6-Bis[(diethoxyphosphoryl)methyl]-9,10-dicyanoanthracene (10’’’’):
Yield: 44%; m.p. >300 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=


8.46 (d, J =9.0 Hz, 2H), 8.35 (s, 2H), 7.83 (d, J =9.0 Hz, 2 H), 4.10 (m,
8H; OCH2), 3.45 (d, J =24 Hz, 4H; ArCH2P), 1.30 ppm (t, J =7.5 Hz,
12H; CH3).
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2,6-Bis(p-dihexylaminostyryl)anthracene (1 a): LDA (1.5 m in cyclohex-
ane, 0.34 mL, 0.51 mmol) was added dropwise to a stirred solution of 10’
(100 mg, 0.21 mmol) in anhydrous THF (15 mL) at �78 8C under Ar. The
mixture was stirred for 1 h, and then 4-(N,N-dihexylamino)benzaldehyde
(150 mg, 0.52 mmol) in THF (5 mL) was added dropwise over a period of
10 min. After the mixture was stirred for 2 h at �78 8C and for 6 h at RT,
water (1 mL) was added and the solvent was evaporated. The residue
was dissolved in CH2Cl2 and washed several times with water. The sol-
vent was evaporated, and the crude product was separated by column
chromatography (silica gel, hexane/CH2Cl2 3:1–1:1). Yield: 58 mg (37 %);
m.p. 182–184 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=8.27 (s,
2H), 7.92 (d, J =9.0 Hz, 2 H), 7.85 (s, 2 H), 7.74 (d, J =9.0 Hz, 2 H), 7.44
(d, J =7.5 Hz, 4H), 7.18 (d, J =16.5 Hz, 2H), 7.08 (d, J=16.5 Hz, 2H),
6.65 (d, J =7.5 Hz, 4H), 3.30 (t, J=7.5 Hz, 8 H; NCH2), 1.61 (m, 8H),
1.31 (m, 24 H), 0.92 ppm (t, J =6.0 Hz, 12H; CH3); 13C NMR (75 MHz,
CDCl3): d= 148.09, 135.31, 132.23, 131.65, 129.40, 128.52, 128.09, 125.86,
124.79, 124.12, 123.42, 111.88, 100.17, 51.33, 31.98, 27.55, 27.10, 22.94,
14.30 ppm; elemental analysis calcd (%) for C54H72N2: C 86.57, H 9.69, N
3.74; found: C 86.59, H 9.68, N 3.68.


2,6-Bis{4-[N-isoamyl-N-(p-tolyl)amino]styryl}anthracene (1 b): Synthe-
sized by the same procedure as described for 1 a from 10’ and the appro-
priate benzaldehyde. Yield: 42%; m.p. 210–212 8C; 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=8.28 (s, 2H), 7.92 (d, J= 9.0 Hz, 2H), 7.87 (s,
2H), 7.74 (d, J =9.0 Hz, 2 H), 7.42 (d, J =9.0 Hz, 4 H), 7.20 (d, J =16 Hz,
2H), 7.16 (d, J =9.0 Hz, 4 H), 7.12 (d, J =16 Hz, 2 H), 7.06 (d, J =9.0 Hz,
4H), 6.82 (d, J=9.0 Hz, 4H), 3.71 (t, J= 7.5 Hz, 4 H; NCH2), 2.36 (s, 6 H;
tolyl-CH3), 1.62 (m, 6 H), 0.94 ppm (d, J=6.0 Hz, 12 H; CH(CH3)2);
13C NMR (75 MHz, CDCl3): d=148.43, 145.09, 135.08, 133.51, 132.25,
131.74, 130.41, 129.11, 128.64, 128.05, 127.74, 126.38, 126.06, 125.63,
125.06, 123.37, 116.97, 51.10, 36.36, 26.59, 22.91, 21.15 ppm; elemental
analysis calcd (%) for C54H56N2: C 88.48, H 7.70, N 3.82; found: C 88.49,
H 7.80, N 3.77.


2,6-Bis{[4-N,N-di(p-tert-butylphenyl)amino]styryl}anthracene (1 c): Syn-
thesized by the same procedure as described for 1a from 10’ and the ap-
propriate benzaldehyde. Yield: 56 %; m.p. >300 8C; 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=8.28 (s, 2H), 7.92 (d, J= 9.0 Hz, 2H), 7.88 (s,
2H), 7.73 (d, J =9.0 Hz, 2 H), 7.42 (d, J =9.0 Hz, 4 H), 7.28 (d, J =9.0 Hz,
8H), 7.18 (m, 4H), 7.06 (d, J=9.0 Hz, 12H), 1.32 ppm (s, 36 H; tBu);
13C NMR (75 MHz, CDCl3): d=148.04, 146.16, 145.00, 134.89, 132.24,
131.78, 130.88, 128.88, 128.71, 127.52, 126.91, 126.77, 126.31, 126.19,
124.41, 123.34, 122.85, 34.56, 31.68 ppm; elemental analysis calcd (%) for
C70H72N2: C 89.31, H 7.71, N 2.98; found: C 89.24, H 7.82, N 2.94.


2,6-Bis(4-dihexylaminostyryl)-9,10-diphenylanthracene (2 a): Synthesized
by the same procedure as described for 1 a from 10’’ and the appropriate
benzaldehyde. Yield: 46%; m.p. 140–142 8C; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d= 7.60 (m, 10 H), 7.51 (d, J =9.0 Hz, 2H), 7.50 (d, J=


9.0 Hz, 2H), 7.49 (s, 2 H), 7.33 (d, J =9.0 Hz, 4 H), 7.00 (d, J =15 Hz,
2H), 6.89 (d, J= 15 Hz, 2H), 6.57 (d, J =9 Hz, 4 H), 3.26 (t, J =7.5 Hz,
8H; NCH2), 1.57 (m, 8H), 1.31 (m, 24 H), 0.90 ppm (t, J =6.0 Hz, 12H;
CH3); 13C NMR (75 MHz, CDCl3): d=148.02, 139.38, 136.77, 134.86,
131.66, 130.42, 129.79, 129.30, 128.66, 128.05, 127.62, 127.40, 125.14,
124.73, 124.30, 122.54, 111.80, 51.29, 31.96, 27.51, 27.06, 22.92, 14.29 ppm;
elemental analysis calcd (%) for C66H80N2: C 87.95, H 8.95, N 3.11;
found: C 87.99, H 8.85, N 3.03.


2,6-Bis{4-[N-isoamyl-N-(p-tolyl)amino]styryl}-9,10-diphenylanthracene
(2 b): Synthesized by the same procedure as described for 1a from 10’’
and the appropriate benzaldehyde. Yield: 38%; m.p. 260–262 8C;
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =7.61 (m, 10 H), 7.51 (d, J=


9.0 Hz, 2H), 7.50 (d, J =9.0, 2 H), 7.49 (s, 2H), 7.32 (d, J= 9.0 Hz, 4H),
7.12 (d, J =9.0 Hz, 4 H), 7.03 (d, J=15 Hz, 2H), 7.01 (d, J=9.0 Hz, 4H),
6.94 (d, J= 15 Hz, 2 H), 6.76 (d, J =9.0 Hz, 4 H), 3.68 (t, J =7.5 Hz, 4H;
NCH2), 2.34 (s, 6H; tolyl-CH3), 1.54 (m, 6 H), 0.92 ppm (d, J =9.0 Hz,
12H; CH(CH3)2); 13C NMR (75 MHz, CDCl3): d =152.27, 148.27, 145.04,
139.23, 136.97, 134.62, 133.36, 131.62, 130.43, 130.35, 129.87, 129.00,
128.70, 128.01, 127.68, 127.44, 125.81, 125.65, 124.85, 122.48, 116.96, 51.05,
36.27, 26.54, 22.86, 21.11 ppm; elemental analysis calcd (%) for C66H64N2:
C 89.55, H 7.29, N 3.16; found: C 89.58, H 7.21, N 3.15.


2,6-Bis(4-diphenylaminostyryl)-9,10-diphenylanthracene (2 c’): Synthe-
sized by the same procedure as described for 1a from 10’’ and the appro-
priate benzaldehyde. Yield: 51 %; m.p. >300 8C; 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=7.62 (m, 10H), 7.55 (s, 2H), 7.51 (d, J= 9.0, 2H),
7.50 (d, J =9.0 Hz, 2 H), 7.36 (d, J=9.0 Hz, 4H), 7.25 (m, 8 H), 7.10 (m,
4H), 7.07 (d, J =15 Hz, 2 H), 7.05 (d, J =15 Hz, 2 H), 7.03 (d, J =9 Hz,
8H), 7.01 ppm (d, J =9 Hz, 4H); 13C NMR (75 MHz, CDCl3): d=147.72,
147.58, 139.10, 137.21, 134.53, 134.37, 131.75, 131.58, 130.48, 130.00,
129.48, 128.73, 128.65, 127.79, 127.69, 127.63, 126.20, 124.70, 123.75,
123.25, 122.48 ppm; elemental analysis calcd (%) for C66H48N2: C 91.21,
H 5.57, N 3.22; found: C 91.22, H 5.60, N 3.20.


2,6-Bis(4-dihexylaminostyryl)-9,10-bis(p-cyanophenyl)anthracene (3 a):
Synthesized by the same procedure as described for 1 a from 10’’’ and the
appropriate benzaldehyde. Yield: 53%; m.p. 244–242 8C; 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=7.96 (d, J =9.0 Hz, 4H), 7.65 (d, J =


9.0 Hz, 2H), 7.62 (d, J =9.0 Hz, 4 H), 7.44 (d, J =9.0 Hz, 2 H), 7.36 (d, J=


9.0 Hz, 4H), 7.30 (s, 2 H), 7.02 (d, J =16.5 Hz, 2 H), 6.86 (d, J =16.5 Hz,
2H), 6.58 (d, J=9.0 Hz, 4 H), 3.27 (t, J= 6.5 Hz, 8 H; NCH2), 1.58 (m,
8H), 1.31 (m, 24H), 0.90 ppm (t, J =6.0 Hz, 12H; CH3); 13C NMR
(75 MHz, CDCl3): d=148.27, 144.48, 135.77, 135.05, 132.67, 132.49,
130.35, 129.86, 129.18, 128.23, 126.62, 124.19, 123.99, 123.56, 123.34,
119.21, 111.96, 111.75, 51.27, 31.95, 27.49, 27.05, 22.92, 14.30 ppm; ele-
mental analysis calcd (%) for C72H70N4: C 87.23, H 7.12, N 5.65; found:
C 87.31, H 7.13, N 5.56.


2,6-Bis{4-[N-isoamyl-N-(p-tolyl)amino]styryl}-9,10-bis(p-cyanophenyl)an-
thracene (3 b): Synthesized by the same procedure as described for 1 a
from 10’’’ and the appropriate benzaldehyde. Yield: 49 %; m.p. >300 8C;
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =7.96 (d, J=9.0 Hz, 4H),
7.66 (d, J =9.0 Hz, 2 H), 7.62 (d, J=9.0, 4H), 7.46 (d, J =9.0 Hz, 2H),
7.33 (s, 2 H), 7.32 (d, J =9.0 Hz, 4 H), 7.15 (d, J =7.5 Hz, 4 H), 7.04 (d, J=


15 Hz, 2H), 7.02 (d, J =9.0 Hz, 4H), 6.90 (d, J=15 Hz, 2H), 6.74 (d, J=


9.0 Hz, 4H), 3.68 (t, J =9.0 Hz, 4H; NCH2), 2.35 (s, 6H; tolyl-CH3), 1.58
(m, 6H), 0.92 ppm (t, J =6.0 Hz, 12H; CH(CH3)2); 13C NMR (75 MHz,
CDCl3): d= 148.65, 144.83, 144.34, 135.57, 135.24, 133.89, 132.70, 132.46,
130.43, 130.10, 129.88, 129.27, 127.84, 127.22, 126.73, 125.39, 124.78,
124.45, 123.54, 119.15, 116.40, 112.05, 51.06, 36.27, 26.53, 22.85,
21.14 ppm; elemental analysis calcd (%) for C72H70N4: C 87.23, H 7.12, N
5.65; found: C 87.384, H 6.89, N 5.72.


2,6-Bis(4-diphenylaminostyryl)-9,10-bis(p-cyanophenyl)anthracene (3 c’):
Synthesized by the same procedure as described for 1 a from 10’’’ and the
appropriate benzaldehyde. Yield: 38 %; m.p. >300 8C; 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=7.94 (d, J =9.0 Hz, 6H), 7.80 (d, J =


9.0 Hz, 6H), 7.74 (d, J =9.0 Hz, 6H), 7.62 (d, J =9.0 Hz, 6H), 7.56 (s,
3H), 7.48 (d, J =9.0 Hz, 6 H), 7.22 (d, J =15 Hz, 3 H), 7.14 (d, J =9.0 Hz,
6H), 7.06 ppm (d, J =15 Hz, 3 H); elemental analysis calcd (%) for
C72H70N4: C 87.23, H 7.12, N 5.65; found: C 87.38, H 7.04, N 5.58.


2,6-Bis(4-dihexylaminostyryl)-9,10-dicyanoanthracene (4 a): Synthesized
by the same procedure as described for 1a from 10’’’’ and the appropriate
benzaldehyde. Yield: 51%; m.p. 208–210 8C; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d =8.26 (d, J=9.0 Hz, 2 H), 8.10 (s, 2H), 7.94 (d, J =9.0 Hz,
2H), 7.42 (d, J =9.0 Hz, 4 H), 7.24 (d, J =15 Hz, 2 H), 7.00 (d, J =15 Hz,
2H), 6.62 (d, J=9.0 Hz, 4 H), 3.29 (t, J= 7.5 Hz, 8 H; NCH2), 1.61 (m,
8H), 1.34 (m, 24H), 0.92 ppm (t, J =6.0 Hz, 12H; CH3); 13C NMR
(75 MHz, CDCl3): d=149.18, 145.65, 136.15, 132.69, 132.12, 130.56,
129.38, 128.76, 126.21, 125.04, 124.65, 123.77, 112.65, 101.45, 51.25, 31.93,
27.44, 27.03, 22.91, 14.30 ppm; elemental analysis calcd (%) for C56H70N4:
C 84.16, H 8.83, N 7.01; found: C 83.94, H 8.66, N 6.90.


2,6-Bis{4-[N-isoamyl-N-(p-tolyl)amino]styryl}-9,10-dicyanoanthracene
(4 b): Synthesized by the same procedure as described for 1a from 10’’’’
and the appropriate benzaldehyde. Yield: 47%; m.p. >300 8C; 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=8.25 (d, J =9.0 Hz, 2H), 8.08 (s, 2H),
7.90 (d, J= 9.0, 2H), 7.37 (d, J= 7.5 Hz, 4H), 7.23 (d, J=16 Hz, 2 H), 7.20
(d, J =9.0 Hz, 4 H), 7.07 (d, J =9.0 Hz, 4 H), 7.00 (d, J =16 Hz, 2 H), 6.74
(d, J= 9.0 Hz, 4H), 3.70 (t, J =7.5 Hz, 4H; NCH2), 2.38 (s, 6 H; tolyl-
CH3), 1.62 (m, 6H), 0.94 ppm (d, J =9.0 Hz, 12 H; CH(CH3)2); 13C NMR
(75 MHz, CDCl3): d=149.25, 144.54, 139.16, 134.55, 132.74, 132.13,
132.01, 130.57, 128.40, 127.69, 126.22, 126.04, 122.98, 122.46, 116.46,
115.64, 109.65, 106.90, 51.13, 36.26, 26.57, 22.88, 21.23 ppm; elemental
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analysis calcd (%) for C56H54N4: C 85.89, H 6.95, N 7.15; found: C 86.14,
H 6.82, N 7.09.


2,6-Bis{[4-N,N-di(p-tert-butylphenyl)amino]styryl}-9,10-dicyanoanthra-
cene (4 c): Synthesized by the same procedure as described for 1a from
10’ and the appropriate benzaldehyde. Yield: 44%; m.p. >300 8C;
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =8.34 (d, J=9.0 Hz, 2H),
8.21 (s, 2 H), 8.00 (d, J =9.0 Hz, 2 H), 7.43 (d, J =7.5 Hz, 4 H), 7.30 (d, J=


7.5 Hz, 8 H), 7.16 (m, 4H), 7.06 (d, J =7.5 Hz, 12 H), 1.34 ppm (s, 36H;
tBu); 13C NMR (75 MHz, CDCl3): d=149.05, 146.69, 139.16, 132.40,
132.23, 129.34, 128.13, 127.94, 126.43, 126.34, 124.87, 124.53, 123.04,
121.99, 116.88, 114.26, 110.10, 106.90, 34.60, 31.67 ppm; elemental analy-
sis calcd (%) for C72H70N4: C 87.23, H 7.12, N 5.65; found: C 87.27, H
7.15, N 5.58.


2,7-Bis(4-dihexylaminostyryl)-9,10-dicyanoanthracene (5 a): The 2,7-
bis(p-dihexylaminostyryl)anthracene derivative (5 a) was synthesized by
the same procedure as described for 4a except that 2,7-dimethylanthra-
quinone was used as the starting material. Yield: 55 %; m.p. 161–162 8C;
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =8.30 (d, J=9.0 Hz, 2H),
8.21 (s, 2 H), 7.96 (d, J =9.0 Hz, 2 H), 7.45 (d, J =6.0 Hz, 4 H), 7.28 (d, J=


18 Hz, 2H), 7.05 (d, J =15 Hz, 2H), 6.63 (d, J=9.0 Hz, 4 H), 3.29 (t, J =


7.5 Hz, 8H; NCH2), 1.61 (m, 8 H), 1.35 (m, 24H), 0.92 ppm (t, J =6.0 Hz,
12H; CH3); 13C NMR (75 MHz, CDCl3): d= 152.28, 148.81, 140.09,
139.99, 133.66, 128.83, 127.37, 126.23, 124.74, 123.59, 121.87, 111.76,
106.40, 51.31, 31.97, 27.55, 27.08, 22.95, 14.32 ppm; elemental analysis
calcd (%) for C56H70N4: C 84.16, H 8.83, N 7.01; found: C 83.78, H 8.91,
N 6.83.


Spectroscopic measurements : All spectroscopic measurements were per-
formed with sample solutions in toluene (spectroscopic grade, Aldrich).
Absorption spectra were recorded on a Hewlett–Packard 8453 diode
array spectrophotometer, and the fluorescence spectra were obtained
with a Amico Bowman series 2 luminescence spectrometer. The fluores-
cence quantum yield was determined with fluorescein, coumarine 307 or
Rhodamine B as the reference by the literature method.[26]


The two-photon absorption cross section of 1–5 was measured with the
two-photon-induced fluorescence method that employed nanosecond
laser pulses and Equation (1):


d ¼ SSFr�rcr


SrFS�ScS
dr ð1Þ


in which the subscripts s and r represent the sample and reference mole-
cules.[17b, 20b] The intensity of the signal collected by a PMT detector was
denoted as S. F is the fluorescence quantum yield. f is the overall fluo-
rescence collection efficiency of the experimental apparatus. The number
density of the molecules in solution was denoted as c. dr is the TPA cross
section of the reference molecule. Samples were dissolved in toluene at
concentrations of 1.0� 10�5


m and the two-photon-induced-fluorescence
intensity was measured at 750–1050 nm. The reference standards (r) used
were fluorescein (8 � 10�5


m in water, pH 11), coumarin 307 (1 � 10�5
m in


MeOH), and Rhodamine B (1 � 10�5
m in MeOH), whose two-photon


properties have been well characterized in the literature.[27] The intensi-
ties of the two-photon-induced fluorescence spectra of the reference and
sample emitted at the same excitation wavelength were determined. The
TPA cross section was calculated according to Equation (1).
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Structural and Binding Features of Cofacial Bis-Porphyrins with Calixarene
Spacers: Pac-Man Porphyrins That Can Chew


Danica Jokic,[a] Corinne Boudon,[b] Gr�gory Pognon,[a] Michel Bonin,[c] Kurt J. Schenk,[c]


Maurice Gross,*[b] and Jean Weiss*[a]


Introduction


In the early 1980s, cofacial bis-porphyrins were developed
with geometrically well-defined spacers, generating the so-
called pac-man bis-porphyrins[1] as highly preorganized and
geometrically controlled bis-chromophoric systems. These
structures are involved in controlled electrochemical proc-


esses such as oxygen reduction. Furthermore, for these bis-
porphyrins, a precise correlation of structural features with
chemical and physical properties has been obtained.[1] Flexi-
ble cyclic porphyrin dimers lacking the preorganization of
the pac-man porphyrins were developed around the same
period. In these species, the cofacial arrangement of the por-
phyrins was the result of more or less controlled geometric
changes, induced by the binding of a bidentate guest (in-
duced fit). The thermodynamics and kinetics associated with
these changes have been exhaustively analyzed in the pio-
neering work of Hunter and Sanders.[2] In the past decade,
acyclic forms of porphyrin dimers have received a great deal
of attention due to the induction of circular dichroism (CD)
when a chiral bidentate is bound to a bis-porphyrinic recep-
tor, which has led to determination of absolute configura-
tion for diamines and amino acids.[3] Flexible structures in-
volving a calixarene platform, in which the cofacial porphy-
rin arrangement is induced by coordination of bidentate
substrates have also been reported recently.[4] Apart from
our approach, only two examples in which the calixarene ge-
ometry directly affects the porphyrin arrangement have
been reported. The first concerns a highly compact tetrapor-
phyrin on a cone calix[4]arene platform.[5] The second in-
volves the use of electrostatic interactions as an assembling
tool between cationic porphyrins and anionic calixarenes,
and illustrates the potential fine tuning of porphyrin proper-
ties by a calixarene spacer.[6]


Abstract: Based on the efficient combi-
nation of calixarene spacers and acety-
lenic porphyrin derivatives, a new gen-
eration of cofacial bis-porphyrins has
been synthesized. The first crystal
structure of a cofacial bis-porphyrin–
calixarene conjugate is reported. Their
unique architectural features, analo-
gous to those of pac-man-type bis-por-
phyrins, allow these calixarene–porphy-
rin conjugates to adapt their shape to


the size of bidentate guests, such as
diazabicyclo[2.2.2]octane (dabco) and
1,4-pyrazine. The predefined, cofacial
arrangement of the porphyrin moieties
observed in the solid state and in solu-
tion results in extremely high affinities


(in the range of 109
m
�1) for these


guests. The 1,3-alternate calixarene
conformations afford “open-mouth”
pac-man structures whose ability to
bite on nitrogen bidentates depends on
their functionalization. A cone con-
former provides a much more flexible
structure that exhibits the highest affin-
ity for dabco and pyrazine.


Keywords: calixarenes · host–guest
systems · macrocyclic ligands ·
N ligands · zinc
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We have developed an efficient synthetic method leading
from porphyrin precursor 1 to pac-man-type bis-porphyrin
calixarene conjugates 2–4 in which a flexible calixarene
spacer maintains two porphyrins in a cofacial arrangement.[7]


The receptors were designed to cumulate the advantageous
preorganization of pac-man bis-porphyrins and the possible
fine adjustment of the interchromophore distance of flexible
dimers. Indeed, functionalization of the upper rim with two
rigidly linked porphyrins affords a cylindrical or cone-
shaped calixarene spacer that arranges the two chromo-
phores at a variable distance. The calixarene acts as a hinge
that only allows a movement of the two chromophores in
the plane containing the acetylenic linkers that connect
them to the calixarene platform.


When built on covalently linked calixarene bis-porphyrin
tweezers, the pac-man-type bis-porphyrins can bite, and
sometimes bite hard. Here we present the structural charac-
terization of such species, together with a study of their
biting properties versus typical bidentate axial bases such as
diazabicyclo[2.2.2]octane (dabco) and pyrazine (Pyz).


Results and Discussion


Synthesis : The synthetic approach and leading to the species
used in this work is described in a preliminary commnica-
tion[7] and summarized in Scheme 1. Experimental details of
the synthesis of the calixarene precursors and Sonogashira
coupling of 1 with functionalized calixarenes are provided in
the Experimental Section.


The approach is versatile and allows full control of the
1,3-alternate or cone conformation of the calixarene. The
moderate yields (4 : 35 %, 3 : 40 %, 2 : 45 %) of the double


Sonogashira coupling of ethynyl porphyrin derivative 1 with
diiodo calixarene precursors 5, 7, and 9 are due to steric hin-
drance around the iodo groups on the calixarene.


X-ray crystallography : Crystals of ligand 4 suitable for X-
ray diffraction[8] were obtained by slow diffusion of ben-
zene/hexane into a dilute solution of 4 in dichloromethane.
In the structure of the bis-porphyrin (Table 1, Figure 1) the
two porphyrin units are in a quasi-cofacial orientation.


This orientation in 4 is opposite to that observed by Smith
and Jaquinod[5] in the first upper-rim porphyrin–calixarene
conjugate, in which steric crowding generated by the vicinity
of four porphyrins forced their respective perpendicular ar-
rangement. Despite the possible free rotation around the
ethynyl linker, the two tetrapyrrolic macrocycles are facing
each other. The internal crown-6 chain induces opening of
the calixarene hinge. Thus, the same dihedral angle of 408 is
found between the two phenolic rings of the calixarene that
are connected to the porphyrin and between the porphyrin
mean planes.


As a consequence, due to the length of the ethynyl linker,
the two zinc atoms are 20.522(3) � apart and are contained
roughly in the plane normal to the two tetrapyrrolic macro-
cycles that contains the two ethynyl linkers. Slight bending
of the acetylenic linkages testifies to steric crowding around
the edge of the calixarene located between the two porphyr-
ins. Although the zinc atoms are in the plane defined by the
four N atoms of each porphyrin ring, oxygen atoms from
the neighboring calixcrown-6 units act as a fifth axial ligand.
As depicted in Figure 2, the coordination of the oxygen
atoms induces a head-to-tail arrangement in the crystal lat-
tice, in which parallel arrays of porphyrins are packed by
van der Waals interactions between porphyrin rings belong-
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ing to neighboring arrays. It is noteworthy that the solid-
state structure correlates quite well with 2D 1H NMR data,
which indicate contacts between the central protons of the
crown-6 moiety located between the porphyrins and both
the b-pyrrolic protons and the protons of the phenyl spacers
in the case of 4.[7] The rather long distance between the two
zinc atoms is consistent with the fact that no significant in-
teractions are seen between the two chromophores in the
UV-visible spectrum of 4. When steric crowding between
the two chromophores is reduced (in 2 and 3), interactions


occur between the tetrapyrrolic macrocycles. The UV-visible
spectra of 1–4 show broadening of the Soret band associated
with significant hypochromism, especially in the case of 3,
for which the smallest interporphyrin distance is expected.[7]


Determination of association constants : Because of the high
degree of preorganization in this series of hosts, a high affin-


Scheme 1. i) Cs2CO3, CH3CN, reflux: 5 (65 %), 9 (60 %); ii) 10% [PdCl2(PPh3)2], CuI, NEt3, 323 K: 4 (35 %), 3 (45 %), 2 (40 %); iii) NaI (cat.), NaH,
DMF, 298 K: 7 (75 %).


Table 1. Crystallographic data for 1.[8]


formula C169.19H148N8O12Zn2 Z 2
Mr 2615.98 1calcd [gcm�3] 1.168
color red-brown m(MoKa) [mm�1] 0.385
crystal system triclinic measured reflns 58904
space group P1̄ unique reflns 27194
a [�] 17.207(3) q range [8] 2.08–26.09
b [�] 17.717(3) Rint 0.3669
c [�] 27.198(4) observed data 4437
a [8] 98.03(2) R1,wR2 [I>2 s(I)] 0.1157, 0.2035
b [8] 99.113(19) R1,wR2 (all data) 0.4012, 0.2758
g [8] 111.51(2) GOF on F2 0.744
V [�3] 7438(2) parameters 1679


Figure 1. Side and front views of the solid state structure of 4. Significant
distances are discussed in text.
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ity for bidentate axial bases was expected. The ability of 2–4
to bind diazabicyclo[2.2.2]octane (dabco) and 1,4-pyrazine
was investigated in dichloromethane at 25 8C by UV-visible
titrations, 1H NMR spectroscopy, and cyclic voltammetry.


Due to their different geometries, hosts 2–4 display very
specific binding capabilities. Whereas only one association
constant can be calculated for 4 with both dabco and pyra-
zine, two different host–guest species are observed for both
2 and 3 with each bidentate guest. The association constants
determined from UV titrations (see Supporting Informa-
tion) are collected in Table 2. During the titration process,


only a slight red shift of the Soret and Q-bands is observed
for each receptor. The binding event corresponds to simulta-
neous coordination of the substrate to the zinc(ii) atom and
closing of the tweezers. While the former event is known to
produce a large red shift in the range of 10–20 nm, the latter
is usually responsible for a blue shift, when occurring in a
cofacial arrangement of the porphyrins. For receptors 2, and
3, these two effects compensate each other partially, and
only small changes in the absorption maxima occur. The dif-
ferences in the affinities of hosts 2–4 for dabco and pyrazine
reflects that, in the 1:1 stoichiometry, dabco is a much stron-
ger bidentate ligand due to the presence of two electronical-
ly independent nitrogen lone pairs. In contrast, the two ni-


trogen atoms of the conjugated pyrazine communicate, and
the binding of the first nitrogen atom to zinc(ii) decreases
the basicity of the second. The N�N bond in dabco is short-
er (N�N 3.75 �) than that found in pyrazine (N�N 4.05 �).
As a result of the relative flexibility of the calixarene plat-
form, the strength of the N�Zn coordinative bond governs
the affinity of the axial ligand for the bis-porphyrin recep-
tor.


For each bidentate ligand, the 1:1 host–guest association
increases from 2 to 3. This reflects the greater flexibility and
accessibility of the internal cavity of the tweezers in recep-
tors 2 and 3. The steric constraint imposed by the bis-crown
structure of 4 evidently prevents the tweezers from closing
around the guest, but consequently promotes the formation
of a 1:2 host–guest external monodentate complex for both
dabco and pyrazine. For the more flexible species 2 and 3,
the high affinities for dabco and pyrazine also reflect the
degree of preorganization of the two zinc porphyrins. The
association constants illustrate an impressive enhancement
in the stability of 1:1 inclusion complexes in comparison to
previously reported association constants between dabco
and pyrazine with other flexible bis-porphyrins. Early results
from Sanders and Hunter showed that cyclophane-type por-
phyrin dimers bind pyrazine and dabco with associations
constants on the order of 102 and 106


m
�1, respectively.[2a] In


this case, an induced-fit process was observed in which the
linear character of the bidentate guest was responsible for
the final cofacial arrangement of the chromophores. Recent-
ly, more highly preorganized porphyrin–calixarene conju-
gates have been designed in which an increase by one order
of magnitude in the association constants with dabco (1.0�
107


m
�1) is observed.[4b] The smallness of this increase in asso-


ciation constant reflects that, in these hosts, the porphyrins
are attached to the calixarene platform lower rim through
flexible amide bonds and O-alkylation. Indeed, the energy
cost for adequate orientation of the porphyrins in the host
precludes strong enhancement of association. As shown by
the association constants listed in Table 2, hosts 2 and 3


Figure 2. Crystal packing of 4 and zinc(ii)–oxygen interactions in the solid state. Solvent molecules (hexane) omitted for clarity.


Table 2. Association constants for hosts 2–4 with dabco and pyrazine at
298 K in CH2Cl2.


[a]


Receptor/dabco Receptor/pyrazine
1:1 [m�1] 1:2 [m�2] 1:1 [m�1] 1:2 [m�2]


2 1.6� 108 1.0� 105 0. 9 � 106 1.1� 105


3 7�108 1.1� 104 5.1� 106 3.7� 105


4 – 1.2� 106 – 1.2� 106


[a] Binding constants obtained from titration of receptor solutions (2.5 �
10�6


m) with substrate solution (2.5 � 10�4
m) from 0 to 50 equiv, analyzed


with Specfit[9] (see Supporting Information). No reliable association con-
stant could be determined between 4 and bidentate guests for a 1:1 stoi-
chiometry. 15% errors in association constants.
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clearly have a high degree of preorganization that leads to a
gain three orders of magnitude greater than in flexible por-
phyrin dimers. As a result of the rigid connection of the por-
phyrins to the calixarene hinge, complexation of dabco and
pyrazine occurs without energy-wasting geometric changes
in the receptors. This interpretation is confirmed by data
from 1H NMR spectroscopic monitoring of dabco and pyra-
zine binding in receptors 2–4.


Binding geometry in bis-porphyrin tweezers : 1H NMR titra-
tions at 298 K in CDCl3 have been performed for receptors
2–4 with both guests. In both cases, similar conclusions can
be drawn from the analysis of chemical shift displacements.
Only the results of dabco binding with hosts 3 and 4 are
commented on in detail.


Figure 3 shows the evolution of the 1H NMR spectrum of
3 on addition of dabco. All signals are well defined through-
out the titration, and this provides evidence for a slow ex-
change process between bound and free receptor when the
ratio r= [dabco]/[3] is between 0 and 1. For r=0.33 and
0.66, the dabco singlet appears at �4.5 ppm and denotes the
insertion of the bidentate base in between the porphyrin
rings of the tweezers. All dabco present is bound to the re-
ceptor. The signals corresponding to free host disappear
concomitantly, and at r= 1 no free species are observed in
solution. Most signals assigned to the porphyrin b-pyrrolic


protons are shielded, which is consistent with shortening of
the distance between the tetrapyrrolic macrocycles on guest
complexation. Protons Ha and Hb are respectively shifted to
8.3 and 8.45 ppm. Ha’ and Hb’ are also shielded and appear
in the set of signals around 7.2 ppm. This indicates a more
severe pinching of the bis-porphyrin in the neighborhood of
the calixarene upper rim than on the open end of the tweez-
ers.


Protons of the phenyl spacer are also shifted, with Hc now
appearing at d= 7.4 ppm, and Hd being less shielded (Dd=


�0.35 ppm) at d=7.8 ppm. The dabco signal appears at d=


�4.5 ppm until 1:1 stoichiometry is reached. At r>1, the
dabco peak rapidly broadens then disappears completely,
while the rest of the spectrum remains unchanged. Even on
addition of a large excess of substrate (r= 10), no additional
changes are observed in the host�s spectrum. This is consis-
tent with a persistent closed form of the tweezers, in which
the excess substrate induces fast exchange of the bound
dabco with free species. Considering the differences be-
tween the association constant of the 1:1 and 1:2 complexes
of 3 with dabco, it is not surprising that external coordina-
tion of dabco, leading to a 1:2 complex, is not observed by
NMR spectroscopy at r=10, because larger excesses are re-
quired to destroy the 1:1 complex. A similar behavior is ob-
served for receptor 2, for which the signal due to dabco
bound within the tweezers disappears in the presence of


Figure 3. NMR titration of 3 with dabco (CDCl3, 300 MHz, 298 K).
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excess substrate, whereas the signals due to the receptor
protons remain unaffected. In both cases, total disruption of
the 1:1 complexes requires a very large excess of dabco. The
signal due to free dabco significantly perturbs the resolution
of the 1H NMR spectra. In contrast, in receptor 4, rapid dis-
ruption of the 1:1 complex is observed in the presence of
excess substrate.


In the case of weakly bound substrates, the spectral be-
havior of the host is drastically different, as shown by the
spectral evolution in Figure 4 for titration of 4 with dabco.
The addition of dabco to a solution of 4 induces broadening
of the signals, which is clear evidence for exchange between
free and bound 4 that is slow on the NMR timescale. How-
ever, some displacements of the signals are noticeable and
may be assigned to conformational changes similar to those
observed with host 3, but less pronounced due to weaker as-
sociation. An extremely broad signal centered at �4.5 ppm
can be detected up to r= 1, but disappears rapidly on addi-
tion of even a slight excess of substrate. After the changes
that occur for 0< r<2, protons of the receptor are observed
close to their original chemical shifts. The slight differences
observed are assigned to a persistent complex in a 2:1 form.
Due to an association constant of approximately 106


m
�1, it is


anticipated that an excess of five dabco per binding site
(10 equiv) is needed to observe the fully complexed form, as
depicted in Figure 4.


The 1H NMR results can be analyzed in light of the asso-
ciation constants determined by UV-visible titrations. De-
pending on the calixarene conformation and its functionali-
zation, the flexibility of the calixarene hinge can be assessed,
and the selectivity of the binding can be explained. For
hosts 2–4, binding properties are summarized in Scheme 2,
in which the symbolism RSin stands for complexation of sub-
strate S in the tweezers R, and RSout stands for complexa-
tion of the substrate outside the tweezers.


For host 4, it is clear that steric hindrance due to the inter-
nal crown-6 ether chain disfavors pinching of the tweezers
to accommodate coordination of the bidentate substrate for
r�1. Therefore, on guest addition, weak insertion is ob-
served only for dabco. No association constant could be de-
termined for the 1:1 complex due to competition with the
favored formation of the 1:2 complex. However, 1H NMR ti-
tration shows the presence of a broad signal centered at
�4.5 ppm that is indicative of dabco binding within the bis-
porphyrin tweezers, with fast exchange between bound and
unbound species. As soon as r exceeds 1, this signal disap-
pears and the host�s signals sharpen and appear at their orig-
inal chemical shifts. Thus, as suggested by 1H NMR spectros-
copy, an intermediate insertion complex with dabco may be
postulated, but cannot be further characterized in the case
of host 4.


Hosts 2 and 3 can accommodate both bidentate guests
due to greater flexibility of the calixarene platform. The


Figure 4. NMR titration of 4 with dabco (CDCl3, 300 MHz).
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large association constants determined from UV-visible ti-
trations for the 1:1 complexes, and their comparison with
the association constants corresponding to the 1:2 forms,
imply that at NMR concentrations and with up to a tenfold
excess of guests, only species corresponding to the favored
1:1 complexes are observed. For these more flexible hosts,
the signals corresponding to the crown ether chain and to
the CH2 bridges of the calixarene structure are also affected
by addition of the bidentate ligand, indicative of changes in
the geometry of the platform.


Electrochemical studies : Electrochemical studies confirm
the binding scheme depicted for dabco in Scheme 2. The be-
havior of pyrazine complexes was not studied by electro-
chemistry because pyrazine is inactive over the range of po-
tentials for which these studies were carried out.[10] Uncoor-
dinated dabco exhibits only one irreversible oxidation step
at 0.36 V versus ferricinium/ferrocene (Fc+/Fc).


To eliminate any contribution of ohmic drop to the peak
current variations, all peak currents reported here were ob-
tained by convolution voltammetry. For each receptor, the
current intensity IpC of the first two-electron reduction at EC


can be used as a reference for the current intensities Ip of
the free and bound receptor oxidations and the sum of the
Ip values associated with EOx1(RS) and EOx1’(RS).


For all receptors, independent of their respective affinities
for dabco, Scheme 3 explains the possible evolutions during
the oxidation and back-reduction processes. Not all of these
steps are observed for each receptor. The peculiar electro-
chemical behavior of each receptor pinpoints that the influ-
ence of dabco binding in an oxidized receptor is significantly
different than in the receptor itself.


Figure 5a shows the convolution voltammograms of all re-
ceptors in the absence of dabco. Figure 5b–f show their re-
spective responses in the presence of increasing amounts of
dabco. In all cases, the addition of dabco immediately indu-
ces the rise of a new, reversible oxidation signal EOx(RS), be-


tween 0.250 and 0.300 V. This is assigned to the first oxida-
tion of (ZnP-S-ZnP), which is facilitated by coordination of
dabco to zinc. The behavior of receptors 2–4 can be ana-
lyzed in light of the respective affinities of 2–4 for dabco,
keeping in mind that the zinc porphyrin radical cations
(ZnPC+) have higher affinities for dabco than the neutral
species. In the absence of dabco, the receptors display a clas-
sical set of two reversible oxidations. The first oxidation
occurs at EOxR =0.310 V for 2 and at 0.360 V for 3 and 4.
The second oxidation is at 0.700 V for all receptors. The
change in the shape of the first oxidation peaks is consistent
with the weak excitonic coupling observed in UV absorp-
tion, which showed that, while the ZnP chromophores are
independent in 4, they interact in 2 and even more so in 3.
This increasing interaction results in a split-induced broad-
ening of the first oxidation peak for 2 and 3. Due to the
small separation of these potentials (<59 mV), interactions
between the porphyrins can only be detected by the meas-
urement of truncated Ip values for 2 and 3.


As expected, the behavior of receptors 2 and 3 is similar
when �1<n<0 (Scheme 3), for which the RSin coordination
mode is exclusive, as no Sout oxidation at 0.560 V could be
observed (Figure 5b). Indeed, based on the oxidation poten-
tials of the receptors, RSin and RSout coordination modes
cannot be distinguished. In contrast, oxidations characteris-
tic of the substrate are only observed if the substrate is
bound outside (RSout). Insertion within the tweezers pre-
vents oxidation of both nitrogen atoms in the substrate.


In substoichiometric amounts, the presence of dabco
inside the tweezers facilitates only one zinc porphyrin oxida-
tion compared to that in the free receptor at EOx1 = 0.190 V,
and EOx1 = 0.240 V for 3 and 2, respectively. The second zinc
porphyrin oxidation remains at an unchanged potential of
EOx1’(RS) = EOxR =0.360 V in the case of 3, and EOx1’(RS) =


EOxR = 0.310 V in the case of 2. This lack of influence on the
second zinc porphyrin can be ascribed either to a poor elec-
tron-donating character of the substrate in the (RSin)C+


form, or to decoordination of dabco from the remaining
neutral zinc porphyrin to generate the (ZnPC+-S)-(ZnP) spe-
cies depicted in Scheme 3. A split back-reduction is ob-
served at ERed1(RS) = 0.190 V and ERed1’(RS) = ERedR = 0.360 V
for 3, and at ERed1 = 0.010 V and ERed1’(RS) = ERedR=0.240 V
for 2, in which ERedR corresponds to free (ZnPC+), and


Scheme 2. Dabco binding modes and lgKassoc for hosts 2–4.


Scheme 3. Redox and thermodynamic equilibria observed by cyclic vol-
tammetry.
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ERed1(RS) to reduction of the monodentate (ZnPC+-S) com-
plex in the RSin or RSout conformation. Due to its higher af-
finity for dabco, receptor 3 shows only a small shift of its
back-reduction at ERed1(RS) =0.190 V, which reflects that even
in the (ZnPC+-S-ZnPC+) state, dabco is bound to both Zn
porphyrins. Receptor 2 shows its weaker affinity for dabco
in the rise of a clearly more difficult back-reduction that cor-
responds to the monodentate Zn(PC+)-dabco complex at
ERed1(RS) =0.010 V. As expected, dabco binding to receptor 4
has little influence on the oxidation potentials. In reduction,
the peak corresponding to reduction of the monodentate
(ZnPC+-S) complex is clearly seen at ERed1(RS) = 0.010 V,
which is the same potential as in the case of 2. In the pres-
ence of one equivalent of dabco (Figure 5c), receptor 3 dis-
plays a unique broad oxidation peak at 0.220 V that corre-
sponds to a combination of the EOx1(RS) = 0.190 V cathodical-
ly shifted oxidation induced by formation of a bidentate
dabco complex for the first porphyrin in (ZnP-S-ZnP). At
EOx1’(RS) = 0.360 V, oxidation of the second porphyrin in the
(ZnPC+-S)-(ZnP) species in which dabco is still weakly
bound to the neutral ZnP moiety is observed. Receptor 2
shows a similar displacement, but with a marked shoulder at
0.140 V due to pronounced monodentate behavior of dabco.
The oxidation of the second zinc porphyrin moiety in the
tweezers remains at EOx1’(RS) = 0.290 V, close to its original
value of 0.310 V. In addition to the unaffected zinc porphy-
rin oxidation at EOx1’(RS) =0.370 V, receptor 4 shows two fa-
cilitated oxidations, a shoulder at 0.190 V for the monoden-
tate RSout form and a peak at EOx1(RS)=0.300 V for the mono-
dentate RSin form. From the affinity constants of receptor
4 for dabco, and the observation of a large NMR peak at
high field for its 1:1 complex, the presence of RSin and RSout


at this stoichiometry explains the observation of the two fa-
cilitated oxidations. However, these oxidations cannot be
unambiguously assigned to a precise conformer. Nonethe-
less, it is logical to assume that the cathodically shifted oxi-
dation is due to a pure monodentate RSout form of dabco
rather than a weak, bidentate RSin conformer. This hypothe-
sis is strongly supported by the presence of a return peak
observed for the oxidation of the RSout form, but not for the
RSin conformer, which is destabilized by oxidation of the
first ZnP moiety. In all forms, a monoelectronic, cathodically
shifted return peak is observed for the monodentate dabco
form (ZnPC+-S)-(ZnP), together with a monoelectronic re-
duction of the free (ZnC+P) moiety released from the (ZnPC+


-S-ZnPC+) species.
Figure 5d confirms these trends for all receptors in the


presence of two equivalents of dabco, and provides some ad-
ditional evidence for the specific behaviors of 2, 3, and 4. In
particular, the disappearance of all reduction peaks corre-
sponding to the free (ZnC+P) moiety is consistent with the
interpretation of all of the observed processes described
above. Indeed, on oxidation of the first (ZnP-S) moiety at
EOx1(RS) in the (ZnP-S-ZnP) species, the second (ZnP)
moiety is oxidized in a substrate-free state at EOx1’(RS) to gen-
erate an electron-poor (ZnC+P) that quickly binds the
second dabco molecule. For receptors 2 and 3, a small oxi-


dation peak of bound dabco is observed, that is, some dabco
binding in the (ZnPC+-S-ZnPC+) species takes place outside
of the tweezers. This is even more pronounced for receptor
4, even though dabco oxidation is partially masked by the
shifted, dielectronic second oxidation of the (ZnPC+-S)2 spe-
cies, which is easily identified by its reversibility. The change
that corresponds to the enhanced affinity of 42(C+) for two
dabco molecules appears at much lower dabco/receptor
ratios for 4 than for 2 or 3. Thus, the affinities of the (ZnPC+)2


species for dabco can be considered to follow the same
trend as the affinities in the neutral receptors 2–4. Figure 5e
and d confirm the evolution, and show that for receptor 3 in
the RSin conformation, the dabco-binding behavior, which
involves switching from bidentate/monodentate/bidentate in
the respective 1/1 complexes (ZnP-S-ZnP), (ZnPC+-S)-
(ZnP), and (ZnPC+-S-ZnPC+), is not perturbed, even in the
presence of five equivalents of dabco.


Thus, the electrochemical response of receptor 3 in the
presence of one equivalent of dabco is a stepwise process in
which the RSin status of the complex is maintained through-
out the redox cycle. The first zinc porphyrin oxidation gen-
erates a bis-porphyrin species in which the two porphyrins
are now distinct. Oxidation of the second zinc porphyrin
generates a bis(radical cation) that displays a strong affinity
for dabco in the RSin mode. In addition to this electrochemi-
cally induced chewing motion, it is remarkable that two
identical chromophores can be differentiated efficiently by
the addition of one equivalent of a bridging substrate, due
to the particular flexibility of the calixarene bridge that con-
nects them. These aspects are particularly interesting for the
design of systems capable of storing information, because
the presence of dabco preferentially bound to the radical
cation may prevent intra- and intermolecular diffusion of
the charge located on the oxidized species in films incorpo-
rating these species.


Conclusion


The flexibility and the versatile coordinating properties of
the bis-porphyrin hosts presented here demonstrate that the
fine-tuning of physicochemical properties can be achieved
through small geometrical changes by using flexible calixar-
ene platforms for positioning and orienting porphyrins. The
orientation postulated in solution is observed in the solid
state, and 2D NMR measurements provide evidence for
similarities between solid-state and solution structures. High
affinities for bidentate substrates have been observed in the
most flexible structures, and NMR changes in the calixarene
region on complexation of these guests suggest that geomet-
rical changes affecting the chromophore arrangement occur
through geometrical changes of the tetraphenolic hinge. The
use of the complexing abilities of the calixarene moiety for
modulating interporphyrin interactions is currently being ex-
plored.
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Experimental Section


All solvents were dried prior to use. Acetonitrile was distilled under an
argon atmosphere from CaH2 and stored over 4 � molecular sieves. Di-
methylformamide (DMF) was pre-dried by azeotropic distillation with
toluene prior to standing over 4 � molecular sieves. Toluene was dried
by standing over sodium chips. All reagents were commercial except cal-
ixarenes 6 and 8, which were iodinated according to literature proce-
dures.[11] 1H NMR spectra were recorded on Bruker Avance 300 and
Avance 500 spectrometers and the chemical shifts were calibrated on re-
sidual nondeuterated solvent (d=7.27 ppm for CHCl3 in CDCl3). UV-
visible spectra were obtained on a Hewlett Packard diode-array (HP
8453) spectrophotometer in 1 cm cells.


Synthesis of compound 5 : An excess of Cs2CO3 (0.115 g, 0.336 mmol)
and pentaethylene glycol di-p-toluenesulfonate (0.110 g, 0.202 mmol)
were added to a solution of 6 (0.1 g, 0.112 mmol) in CH3CN (30 mL)
under argon. The reaction mixture was refluxed for 24 h. Then, CH3CN


was removed under reduced pressure,
and the residue extracted with CH2Cl2


and 10% aqueous HCl. The organic
phase was separated and washed with
water. After evaporation of the sol-
vent, the product was purified by
column chromatography (Al2O3,
CH2Cl2/AcOEt, 80/20) (0.8 g,
0.072 mmol, 65 %). M.p. >250 8C;
1H NMR (300 MHz, CDCl3, 25 8C): d=


7.41 (s, 4 H; ArH), 7.08 (d, J =7.5 Hz,
4H; ArH), 6.88 (t, J=7.5 Hz, 2H; ArH),
3.8 (s, 8H; ArCH2Ar), 3.73 (m, 9H;
ArOCH2CH2OCH2CH2), 3.59 (m, 14H;
ArOCH2CH2OCH2CH2), 3.42 (t, J=


12.9 Hz, 4 H; ArOCH2CH2OCH2CH2),
3.36 (t, J =12.9 Hz, 4 H; ArOCH2-
CH2OCH2CH2), 3.03 ppm (t, J=12.9 Hz,
4H; ArOCH2CH2OCH2CH2); elemen-
tal analysis (%) calcd for C48H58I2O12:
C 53.34, H 5.41; found: C 53.60, H
5.44.


Synthesis of compound 7: NaH
(0.005 g, 0.24 mmol), n-bromopropane
(0.196 g, 1.16 mmol), and NaI (0.023 g,
0.16 mmol) were added to a solution of
6 (0.07 g, 0.08 mmol) in DMF (30 mL)
under argon. The reaction mixture was
stirred at room temperature for 8 h.
Then aqueous 10 % HCl (50 mL) was
slowly added, and the resulting solid
was filtered and washed with water.
Pure product was obtained by recrys-
tallization from MeOH (0.04 g,
0.042 mmol, 50 %). M.p. >250 8C;
1H NMR (300 MHz, CDCl3): d=7.11
(d, J=7.3 Hz, 4 H; ArH), 7.00 (t, J=


7.3 Hz , 2H; ArH), 6.53 (s, 4 H; ArH),
4.34 (d, J =13.5 Hz, 4 H; ArCH2Ar),
4.04 (t, J =7.5 Hz, 4H; OCH2CH2CH3),
3.71–3.3.68 (m, ArOCH2CH2OCH2-
CH2), 3.15 (d, J=13. 5 Hz, 4H; ArCH2-
Ar), 1.93 (m, 4 H; OCH2CH2CH3),
1.08 ppm (t, J =7.3 Hz, 6 H; OCH2CH2


CH3); elemental analysis (%) calcd for
C44H52I2O8·2MeOH·H2O: C 52.88, H
5.98; found: C 52.53, H 5.63.


Synthesis of compound 9 : An excess of
Cs2CO3 (0.63 g, 1.95 mmol) and penta-
ethylene glycol di-p-toluenesulfonate
(0.65 g, 1.16 mmol) were added to a so-
lution of 8 (0.5 g, 0.65 mmol) in


CH3CN (50 mL) under argon. The reaction mixture was refluxed for
24 h. Then CH3CN was removed under reduced pressure, and the residue
extracted with CH2Cl2 and aqueous 10 % HCl. The organic phase was
separated and washed with water, and the solvent was evaporated. Crys-
tallization of the oily residue from CH2Cl2/MeOH yielded 9 as a white
solid (0.4 g, 1.14 mmol, 65 %): M.p. >250 8C; 1H NMR (300 MHz,
CDCl3, 25 8C): d=7.36 (s, 4H; ArH), 6.84 (d, J=7.5 Hz, 4H; ArH), 6.82
(t, J =7.5 Hz, 2H; ArH), 3.8 (s, 8H; ArCH2Ar), 3.73–3.44 (m, ArOCH2-
CH2OCH2CH2), 1.46 (t, 6H; OCH2CH2CH3), 0.93 ppm (m, 4 H;
OCH2CH2CH3); elemental analysis (%) calcd for C44H52I2O8·2 CH2Cl2·
MeOH: C 48.47, H 5.19; found: C 48.34, H 4.84.


Synthesis of receptor 2 : Porphyrin 1 (0.132 g, 0.160 mmol) and calix[4]ar-
ene 9 (0.07 g, 0.073 mmol) were placed in a flask which was thoroughly
flushed with argon. Degassed toluene and NEt3 (10 mL) were then
added, as well as catalytic amounts of [PdCl2(PPh3)2] and CuI
(10 mol %). The reaction mixture was stirred at 50 8C for 16 h. The sol-


Figure 5. Evolution of convolution voltammetry curves for receptors 2–4 in the presence of increasing amounts
of dabco.
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vents were removed under reduced pressure. The organic layer was
washed with water and dried over Na2SO4. The product was purified by
column chromatography (SiO2, CH2Cl2/acetone 80/20). Yield: 0.068 g,
0.03 mmol, 40 %; m.p. >250 8C; 1H NMR (500 MHz, CD2Cl2, 25 8C): d=


8.84 (d, J =4.5 Hz, 4 H; Hbpyr), 8.70–8.65 (m, 12 H; Hbpyr), 8.17 (br d, J=


7.6 Hz, 4H; ArH), 7.90 (d, J =7.6 Hz, 4H; ArH), 7.45 (s, 4H; ArHcalix),
7.26 (s, 4 H; ArHxylyl), 7.15 (s, 8 H; ArHxylyl), 7.14 (d, J =7.8 Hz, ArHcalix),
6.90 (t, J=7.8 Hz, ArHcalix), 3.94 (t, J= 15.8 Hz, 4H; ArOCH2CH2OCH2-
CH2OCH2), 3.91 (t, J =15.8 Hz, 4 H; ArOCH2CH2OCH2CH2OCH2), 3.65
(br s, 8 H; ArCH2Ar), 3.57 (m, 4 H; ArOCH2CH2O), 3.53 (s, 4H; Ar-
OCH2CH2OCH2CH2OCH2), 3.45 (t, J =14.5 Hz, 4H; OCH2Propyl), 3.29
(m, 4H; ArOCH2CH2O),2.59–2.58 (2 s, 12 H; ArCH3), 2.47 (s, 12 H;
ArCH3), 1.71 (s, 6H; ArCH3), 1.56 (s, 24H; ArCH3), 1.19 (m, 4 H;
OCH2CH2propyl), 0.83 ppm (m, 6 H; OCH2CH2CH3); FAB positive MS:
m/z calcd for C154H142O8N8Zn2: 2362.5; found: 2362.9 [M+]; elemental
analysis (%) calcd for C154H142O8N8Zn2·3CH2Cl2·C6H14: C 72.21, H 6.52,
N 3.91; found: C 72.39, H 6.04, N 4.14; UV/Vis (CH2Cl2) lmax (e) =422
(700 000), 551 nm (36 000 mol�1 dm3 cm�1).


Synthesis of receptor 3 : Porphyrin 1 (0.120 g, 0.132 mmol) and calix[4]ar-
ene 7 (0.06 g, 0.06 mmol) were placed in a flask which was thoroughly
flushed with argon. Degassed toluene and NEt3 (5 mL) were then added,
as well as catalytic amounts of [PdCl2(PPh3)2] and CuI (10 mol %). The
reaction mixture was stirred at 50 8C for 3 h. The solvents were removed
under reduced pressure. The organic layer was washed with water and
dried over Na2SO4. The product was purified by column chromatography
(SiO2, CH2Cl2/acetone, 95/5). Yield: 0.05 g, 0.021 mmol, 35 %); m.p.
>250 8C; 1H NMR (500 MHz, CD2Cl2, 25 8C): d=8.77 (d, J =4.6 Hz, 4 H;
Hbpyr), 8.57 (d, 4.6 Hz, 4H; Hbpyr), 8.49 (d, J =4.6 Hz, 4H; Hbpyr), 8.46 (d,
J =4.6 Hz, 4H; Hbpyr), 8.08 (d, J =8 Hz, 4H; ArH), 7.82 (d, J=4 H;
ArHH), 7.22 (s, 4 H; ArHxylyl), 7.18 (d, J =8 Hz, 4 H; ArHcalix), 7.02 (s,
8H; ArHxylyl), 6.98 (t, J= 8H; 2H; ArHcalix), 6.97 (s, 4 H; ArHcalix), 4.58
(d, J= 13.6 Hz, 4H; ArCH2Ar), 4.28 (t, J= 7.5 Hz, 4H; ArOCH2CH2O),
4.17 (t, J=7.5 Hz, 4H; ArOCH2CH2O), 3.96 (t, J =8 Hz, 4H; Ar-
OCH2CH2CH3), 3.79 (m, 4H; ArOCH2CH2OCH2CH2OCH2), 3.71 (m,
4H; ArOCH2CH2OCH2CH2OCH2), 3.68 (s, 4 H; ArOCH2CH2OCH2-
CH2OCH2), 3.34 (d, J =13.6 Hz, 4 H; ArCH2Ar), 2.58 (s, 6H; ArCH3),
2.42 (s, 12H; ArCH3), 2.03 (q, J =8 Hz, ArOCH2CH2CH3), 1.71 (s, 12H;
ArCH3), 1.52 (s, 24H; ArCH3), 1.09 ppm (t, J=8 Hz, ArOCH2CH2CH3);
FAB positive MS: m/z calcd for C154H142O8N8Zn2: 2362.5; found: 2363.6
[M+]; elemental analysis (%) calcd for C154H142O8N8-
Zn2·2 CH2Cl2·CH3COCH3: C 73.69, H 5.91, N 4.32; found: C 74.01, H
5.92, N 3.93; UV/Vis (CH2Cl2) lmax (e) =420 (665 000), 550 nm
(29 000 mol�1 dm3 cm�1).


Synthesis of receptor 4 : Porphyrin 1 (0.1 g, 0.117 mmol) and calix[4]arene
5 (0.06 g, 0.053 mmol) were placed in a flask that was thoroughly flushed
with argon. Then degassed toluene and NEt3 (10 mL) were added, as
well as catalytic amounts of [PdCl2(PPh3)2] and CuI (10 % mol.). The re-
action mixture was stirred at 50 8C for 16 h. The solvents were removed
under reduced pressure. The organic layer was washed with water and
dried over Na2SO4. The product was purified by column chromatography
(SiO2, CH2Cl2/acetone 90/10). Yield: 0.04 g, 0.16 mmol, 30%; m.p.
>250 8C; 1H NMR (500 MHz, CD2Cl2): d=8.88 (d, J=4.7 Hz, 4H;
Hbpyr), 8.76 (d, J =4.7 Hz, 4H; Hbpyr), 8.69–8.64 (m, 8 H; Hbpyr), 8.2 (m,
4H; ArH), 7.93 (m, 4H; ArH), 7.48 (s, 4H; ArHcalix), 7.46 (s, 4H; ArHxylyl),
7.30 (s, 4H ArHxylyl), 7.28 (s, 2 H; ArHxylyl), 7.10 (s, 2H; ArHxylyl), 7.28 (t,
J =7.5 Hz, ArHcalix), 6.90 (t, J =7.5 Hz, ArHcalix),4.05–3.02 (m, 32H; Ar-
OCH2CH2OCH2CH2OCH2), 3.72 (br s, 8 H; ArCH2Ar), 3.62 (s, 4H; Ar-
OCH2CH2OCH2CH2OCH2), 3.57 (s, 4H; ArOCH2CH2OCH2CH2OCH2),
2.62 (s, 12H; ArCH3),2.61 (s, 6 H; ArCH3), 2.48 (s, 6 H; ArCH3), 1.86 (s,
6H; ArCH3), 1.82 (s, 18H; ArCH3), 1.76 ppm (s, 6 H; ArCH3); FAB MS:
m/z calcd for C158H148O12N8Zn2: 2481.6; found: 2479.8 [M+]; elemental
analysis (%) calcd for C158H148O12N8Zn2·4 CH2Cl2·2H2O: C 68.69, H 5.64,
N 3.92; found: C 68.24, H 6.06, N 3.86; UV/Vis (CH2Cl2) lmax (e)=422
(940 000), 551 nm (44 000 mol�1 dm3 cm�1).
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Synthesis of Enantiomerically Pure Cyclohex-2-en-1-ols: Development of
Novel Multicomponent Reactions


Dirk Str�bing,[a] Anett Kirschner,[b] Helfried Neumann,[a] Sandra H�bner,[a]


Stefan Klaus,[a] Uwe T. Bornscheuer,*[b] and Matthias Beller*[a]


Introduction


The development and exploration of new domino[1] and
multicomponent reactions (MCR)[2] constitutes an important
field of activity in current organic synthesis. Unlike the
usual stepwise formation of individual bonds in the target
molecule, the most attractive attribute of MCRs is the inher-
ent formation of several bonds in one operation without iso-
lating the intermediates, changing the reaction conditions, or
adding further reagents. Thus, the adoption of MCRs in-
stead of stepwise procedures allows for minimization of
waste production and energy usage as well as expenditure of
human labour.


In the past, some of us have developed a new three-com-
ponent coupling reaction for the synthesis of substituted 1-
amido-cyclohexenes and 1-amido-3,4-cylohexadienes, start-
ing from readily available substrates like amides, aldehydes
and dienophiles (AAD reaction).[3] Our method involves
condensation reactions of amides and aldehydes to generate


1-(N-acylamino)-1,3-butadiene species, which are converted
in situ with electron-deficient dienophiles in Diels–Alder re-
actions to the desired products. Selected examples of the ob-
tained 1-amido-cyclohex-2-ene derivatives have been suc-
cessfully applied in the synthesis of anilines,[4] phthalic acid
esters,[5] and cyclohexenylamines.[6] Moreover, this type of
MCR product is of interest for the synthesis of pharmaceuti-
cally attractive molecules like dendrobine,[7] pumiliotoxin
C,[8] phenanthridones,[9] and nonpeptide NK1 P-antagonists,
for example, RPR 111905[10] (Scheme 1).


So far, the scope of the AAD reaction has been limited to
the use of 1-(N-acylamino)-1,3-butadienes as key intermedi-


Keywords: cyclohexenes · enzymes ·
kinetic resolution · multicomponent
reactions


Abstract: Multicomponent reactions of aldehydes, dienophiles, and alcohols or car-
boxylic acid anhydrides have been developed for the first time. In situ generation
of 1-acyloxy- and 1-alkoxy-1,3-butadiene derivatives in toluene in the presence of
electron-deficient dienophiles provides selective and efficient access to functional-
ized cyclohex-2-ene-1-ols in good yields. Subsequent enzyme-catalyzed kinetic res-
olution gave the corresponding enantiomers with high enantioselectivity.
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Scheme 1. AAD intermediates as potential precursors for biologically
active compounds.
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ates. To broaden the applicability of our method we became
interested in the in situ generation of 1-(O-acyloxy)- and 1-
alkoxy-1,3-butadiene derivatives, and subsequent trapping
by electron-deficient dienophiles. The synthesis of 1-acyl-
oxy-1,3-butadiene derivatives has been investigated by sev-
eral research groups in the past.[11] In general, this class of
compounds is prepared by conversion of carboxylic acid an-
hydrides and a,b-unsaturated aldehydes in the presence of
catalytic amounts of acid or base at elevated temperatures.
1-Acyloxy-1,3-butadienes have also been obtained by a
copper acetate mediated reaction of isopropenyl esters with
a,b-unsaturated aldehydes. However, to the best of our
knowledge, no example of the in situ usage of 1-acyloxy-1,3-
butadienes in multicomponent reactions has been described
in the literature before. Herein, for the first time, we report
on the preparation of various substituted racemic 3-cyclo-
hexene-1-ol derivatives, which were obtained in one step
from commercially available substrates with high selectivity.
In addition, we demonstrate that the new MCR products
can be easily transformed to enantiomerically pure cyclo-
hex-2-en-1-ols, which constitute interesting chiral building
blocks for the synthesis of various natural products and
their analogues.[12]


Results and Discussion


As a model system for the development of the novel MCR
the reaction of acetic acid anhydride, 2-methyl-2-pentenal
and N-methyl-maleimide was studied (Scheme 2).


Using the typical conditions known from the AAD reac-
tion (2 mol % p-toluenesulfonic acid (TSA), N-methylpyrro-
lidone (NMP), 16 h) only minor formation of the desired cy-
cloaddition product was observed (15 %; Table 1, entry 1).
However, changing the solvent from NMP to toluene[13] en-
hanced the product yield to 71 % (Table 1, entry 2). Due to
the better stabilization of polar intermediates in NMP, aldol-
like oligomerization reactions took place to a large extent
and decreased the yield of the desired product. Apparently,
these side reactions are supressed in less polar solvents, for
example, toluene. Further attempts to vary the reaction
time, temperature, solvents, and concentration of the acid
did not lead to improved product yields.


To demonstrate the general applicability of the anhy-
drides, aldehydes, and dienophiles (ANAD) reaction, differ-


ent aldehydes, anhydrides and dienophiles were used. As
shown in Table 1 (entries 1–11), a variety of substituted iso-
indol derivatives were obtained from a,b-unsaturated alde-
hydes, carboxylic acid anhydrides, and N-methyl maleimide.
Except for the reaction of 4-methyl-2-pentenal (Table 1,
entry 9), the corresponding products were isolated in 60–
67 % yield. The desired cycloaddition adducts were also ob-
served in 67–68 % yield when propionic acid anhydride or
hexanoic acid anhydride, instead of acetic acid anhydride,
was applied in the presence of 2-methyl-2-pentenal and N-
methyl maleimide (Table 1, entries 10, 11).


Applying acrylonitrile, fumaric acid dinitrile, tetracyano-
ethylene, and maleic anhydride as dienophiles, the expected
MCR products were obtained in 70 %, 61 %, 58 % and 98 %
yield, respectively (Table 1, entries 12–14, 17). Because of
the high 1,4-elimination tendency of aromatic ester residues
within the cyclohexene scaffold, the use of aromatic anhy-
drides like benzoic acid anhydride and phenyl acetic acid
anhydride afforded the desired products in trace amounts
only. Nevertheless, we were able to prepare 1-phenacyloxy-
1,3-butadiene-derivatives in situ by using phenyl acetyl chlo-
ride, a,b-unsaturated aldehydes, and one equivalent of po-
tassium butoxide at �78 8C in THF. After adding the dieno-
phile, reactions were allowed to stir at 60 8C and the desired
products isolated in 96 and 55 % yield (Table 1, entries 15,
16).


One- and two-dimensional NMR experiments unambigu-
ously established the stereochemical structure of all new
MCR products. Except for fumaric acid dinitrile, which pro-
duced a diastereomeric mixture, we observed the selective
endo-addition of the dienophile during the Diels–Alder step.
Thus, analyses of the 1H–1H coupling constants of the alkyl
substituents on the cyclohexene ring revealed the exclusive
formation of the all-syn products.


To extend the versatility of this type of domino reaction
sequence further, we also tried to combine the in situ forma-
tion of 1-alkoxy-1,3-butadienes with subsequent Diels–Alder
reactions. 1-Alkoxy-1,3-butadienes are generally synthesized
by alcohol elimination from a,b-unsatured acetals at elevat-
ed temperatures or by acid-catalyzed condensation of alco-
hols and a,b-unsaturated aldehydes.[14] Again, 2-methyl-2-
pentenal and N-methyl maleimide were used as part of the
model system. A disappointing yield of 10 % of the appropi-
ate product was obtained when the previously optimized set
of conditions using methanol, instead of the carboxylic acid
anhydride, was applied (Table 2, entry 1).


We thought that the initially generated water prevents the
efficient formation of the required 1-methoxy-1,3-butadiene
derivative. We therefore studied the effect of water-removal
agents on the target reaction. No improvement was ob-
served in the presence of commonly applied dehydration re-
agents like anhydrides, molecular sieves, and anhydrous salts
(Table 2, entries 2–4). However, using trimethoxymethane,
which acts both as water detracting reagent and alcohol
donor, the desired MCR product was obtained in 73 % yield
(Table 2, entry 5). Finally, the scope and limitation of this
new MCR variant (reaction of alcohols, aldehydes, and dien-


Scheme 2. A new multicomponent reaction of anhydrides, aldehydes, and
dienophiles (ANAD reaction).
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Table 1. The ANAD reaction.[a]


Entry Anhydride Aldehyde Dienophile Product Yield [%]


1[b]


2
3[c]


1
15
71
51


4 2 61


5 3 62


6 4 67


7 5 60


8 6 64


9 7 13


10 8 67


11 9 68


12[d] 10 70
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ophiles (ALAD reaction)) was also investigated. Apart
from trimethoxymethane, triethoxymethane and benzyl al-
cohol were also used with differently substituted a,b-unsatu-
rated aldehydes. Except for crotonaldehyde, the yields of
the MCR products were around 70 % (Table 2, entries 8–
12).


Clearly, the novel three-component coupling reactions
based on aldehydes, dienophiles, and carboxylic acid anhy-
drides or alcohols allow for an efficient one-pot preparation
of either O-acyl-substituted cyclohexenes. Although up to
four stereogenic centers are created, typically one diaste-
reomer is formed in a highly selective way. Unfortunately,
the development of enantioselective variants of our method-
ology may be difficult due to the comparably high reaction
temperature. Hence, we were interested in the synthesis of
enantiomerically pure MCR compounds by means of kinetic
resolution processes. The most easy and general kinetic res-
olution of alcohol derivatives (esters) is achieved by using
enzymes.[15] Thus, the kinetic resolution of the racemic esters
1–4, 7, 13, and 14 (Scheme 3) and 10 (Scheme 4) was investi-
gated in the presence of different lipases and esterases.[16]


Small-scale hydrolysis reactions were carried out in
sodium phosphate buffer (10 mm, pH 7.5) with 20 % (v/v) or-
ganic solvent at 37 or 40 8C.[17] After specific time intervals
samples were withdrawn, were extracted with dichlorome-
thane, and were analyzed by GC and HPLC with chiral col-


Table 1. (Continued)


Entry Anhydride Aldehyde Dienophile Product Yield [%]


13 11 61


14[e] 12 58


15[f] 13 96


16[f] 14 55


17 14 a 98


[a] Reaction conditions: 11.25 mmol anhydride, 7.5 mmol aldehyde, 11.25 mmol dienophile (or 60 mmol acrylonitrile), 30 mL toluene, 2 mol % p-TSA,
110 8C; 16 h. [b] NMP instead of toluene. [c] 90 8C. [d] 5 d. [e] The diene was formed first, tetracyanoethylene was added after 4 h and the reaction was al-
lowed to stir at room temperature for an additional 16 h. [f] Phenyl acetyl chloride (10 mmol) was added to a freshly prepared solution of a,b-unsaturat-
ed aldehyde (10 mmol) and potassium butoxide (10 mmol) at �78 8C in 30 mL THF. After stirring at �78 8C for 30 min, dienophile (5 mmol) was added.
The reaction mixture was then stirred for 16 h at 60 8C.


Scheme 3. Enzyme-catalyzed kinetic resolution of racemic esters 1, 2, 4,
7, 13, and 14.
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umns (Table 3). It is worth noting that enzymes exhibiting
high enantioselectivity (E[18] =79 to >100) have been found
for all substrates. Reaction rates for phenyl acetic acid
esters (13–14) were significantly longer than for acetic acid
esters (0.5–25 h compared to 48–72 h; Table 3). Interestingly,
for 4, 13, and 14 enzymes showing opposite enantioprefer-
ence were also detected, but exhibiting less enantioselectivi-
ty.


Preparative-scale experiments with >2 mmol substrate in
the presence of Burkholderia cepacia lipase (BCL, lipase PS
“Amano”) were also performed for 2.[19] After 27 h, 50 %
conversion was reached and the remaining ester and the
newly formed alcohol were isolated from the reaction mix-
ture in 46 % and 44 % yield, respectively. For both com-


pounds the enantiomeric excess was >99 %, which equals
an E value >100. So far, crystallization experiments to get
suitable X-ray crystals for the determination of the absolute
stereochemistry were not successful.


In summary, we have developed two novel multicompo-
nent reactions. Generation of 1-acyloxy- and 1-alkoxy-1,3-
butadiene-derivatives in toluene in the presence of electron-
deficient dienophiles provides an efficient access to func-
tionalized 3-cyclohexene-1-ol derivatives in good yields. This
ANAD and ALAD methodology probably constitutes the


Table 2. Multicomponent reaction of alcohols, aldehydes, and dienophiles (ALAD reaction).[a]


Entry Alcohol Additive Aldehyde Dienophile Product Yield [%]


1
2
3
4
5
6[b]


7[c]


MeOH
MeOH
MeOH
MeOH
HC(OMe)3


HC(OMe)3


HC(OMe)3


–
Ac2O
mol sieve (4 �)
Na2SO4


–
–
–


15


10
4
4
9
73
53
28


8 HC(OMe)3 – 16 67


9 HC(OMe)3 – 17 69


10 Bn-OH – 18 68


11 Bn-OH – 19 30


12 HC(OEt)3 – 20 70


[a] Reaction conditions: 11.25 mmol anhydride, 7.5 mmol aldehyde, 11.25 mmol dienophile, 30 mL toluene, 2 mol % p-TSA, 110 8C, 16 h. [b] 90 8C.
[c] 70 8C.


Table 3. Enzyme-catalyzed kinetic resolution of racemic esters 1, 2, 4, 7,
13, 14, and 10.


Enzyme Time Conversion[a] Enantiomeric excess E[a]


[h] [%] eeS
[b] [%] eeP


[b,c] [%]


1 pNBE 0.5 50 99 99 >100
2 BCL 24 49 95 >99 >100
4 pNBE 8 50 97 n.d. >100
7 Chirazyme E-3 25 50 >99 n.d. >100
13 PGA-450 72 48 91 98 >100
14 Chirazyme E-3 48 51 94 93 79
10 CAL-B 1.5 50 >99 99 >100


[a] Calculated according to Chen et al.[18] [b] Determined by GC or
HPLC with chiral columns. [c] Determined for all alcohols.


Scheme 4. Enzyme-catalyzed kinetic resolution of racemic ester 10.
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most simple and direct approach to a variety of O-function-
alized cyclohexene derivatives. The ubiquitous, off-the-shelf
starting materials readily react even in the presence of air.
Kinetic resolution of the racemic esters by using hydrolases
afforded the corresponding products with high enantioselec-
tivity (>99 % ee). This two-step sequence allows for a prac-
tical and general synthesis of enantiomerically pure cyclo-
hexenols. It is worth noting that the obtained products are
of interest as precursors and analogues of biologically active
natural products, for example, RPR 111905.


Experimental Section


Procedure A : Carboxylic acid anhydride (11.25 mmol), a,b-unsaturated
aldehyde (7.5 mmol), dienophile (11.25 mmol) or acrylonitrile (60 mmol),
and p-toluenesulfonic acid monohydrate (2 mol %) were combined in a
pressure tube, and toluene (30 mL) was added. The reaction mixture was
stirred at 110 8C for 16 h. After cooling, all volatile compounds were re-
moved under reduced pressure. Silica gel flash chromatography (n-hep-
tane/EtOAc) afforded the desired products.


Procedure B : Phenyl acetyl chloride (10 mmol) was added to a freshly
prepared solution of a,b-unsaturated aldehyde (10 mmol) and potassium
butoxide (10 mmol) at �78 8C in THF (30 mL). After stirring at �78 8C
for 30 min, the dienophile (5 mmol) was added. The reaction mixture was
then stirred for 16 h at 60 8C. After cooling, all volatile compounds were
removed under reduced pressure. Silica gel flash chromatography (n-hep-
tane/EtOAc) afforded the desired products.


Procedure C : Trimethoxymethane (5 mmol), a,b-unsaturated aldehyde
(5 mmol), dienophile (7.5 mmol), and p-toluenesulfonic acid monohy-
drate (2 mol %) were combined in a pressure tube, and toluene (20 mL)
was added. The reaction mixture was stirred at 110 8C for 16 h. After
cooling, all volatile compounds were removed under reduced pressure.
Silica gel flash chromatography (n-heptane/EtOAc) afforded the desired
products.


Procedure D : All small-scale reactions were carried out in 1.5 mL Ep-
pendorf tubes with phosphate buffer (400 ml, 10 mm, pH 7.5) and organic
solvent (100 ml) in a thermoshaker (Eppendorf, Hamburg, Germany) at
1000 rpm. After specific time intervals, samples (100 ml) were taken and
the same amount of distilled water was added before extraction of sub-
strate and product with dichloromethane (3 � 100 ml). The organic phases
were dried before GC or HPLC analysis.


Compound 1: 4 mg (15.92 mmol) substrate, 5 mg (~100 U) lyophilized
pNBE, DMSO, 40 8C.


Compound 2 : 5 mg (22.40 mmol) substrate, 1 mg (~30 U) lyophilized
BCL, toluene, 40 8C.


Compound 4 : 5 mg (19.90 mmol) substrate, 3 mg (~60 U) lyophilized
pNBE, DMSO, 37 8C.


Compound 7: 5 mg (16.70 mmol) substrate, 5 mg (~60 U) lyophilized
Chirazyme E-3, toluene, 37 8C.


Compound 10 : 3 mg (18.16 mmol) substrate, 5 mg (~600 U) lyophilized
CAL-B, toluene, 40 8C.


Compound 13 : 6 mg (19.15 mmol) substrate, 35 mg carrier-fixed PGA,
toluene, 37 8C.


Compound 14 : 7 mg (22.34 mmol) substrate, 7 mg (~85 U) lyophilized
Chirazyme E-3, toluene, 37 8C.


Procedure E : The enzymatic hydrolysis in preparative scale was per-
formed in a 250 mL flask with 2 (2.24 mmol) and BCL (900 U) dissolved
in phosphate buffer (40 mL, 10 mm, pH 7.5) and toluene (10 mL). The
mixture was stirred in a water bath at 40 8C until 50 % conversion was
reached. For the isolation of substrate and product, 50 mL distilled water
was added and the reaction mixture was extracted with dichloromethane
(6 � 20 mL). The organic phase was dried, filtered and excess solvent was
removed in vacuo. Ester 2 and alcohol 2 a were separated by silica gel


chromatography (column 5� 30 cm). Ester 2 was eluted first with 2:1=di-
chloromethane/ethyl acetate. The organic mixture was then changed to
1:2=dichloromethane/ethyl acetate to elute the alcohol 2 a.


Procedure F : Acetic acid anhydride (20 mmol), crotonaldehyde
(10 mmol), maleic anhydride (10 mmol), and p-toluenesulfonic acid mono-
hydrate (2 mol %) were combined in a pressure tube, and toluene
(25 mL) was added. The reaction mixture was stirred at 110 8C for 24 h.
After cooling, all volatile compounds were removed under reduced pres-
sure and the oily product was dried under vacuum (oil pump) for 24 h.
No further work up was necessary.


2,3,3 a,4,7,7 a-Hexahydro-2,4,6-trimethyl-1,3-dioxo-1H-isoindol-7-yl ace-
tate (1): Procedure A; Rf (SiO2, n-heptane/EtOAc =1:1): 0.35; yield:
71%; colorless oil; 1H NMR (400 MHz, [D6]DMSO): d =5.56 (m, 1 H;
C=CHCH), 5.35 (d, J =6.93 Hz, 1 H; COOCH), 3.49 and 3.11 (2 d, J=


1.98 Hz and J=7.13 Hz, both 1H; 2CHCON), 2.76 (s, 3H; CONCH3),
2.58 (m, 1H; C=CHCHCH3), 2.02 (s, 3H; CH3COO), 1.66 (s, 3 H;
CH3C=C), 1.22 ppm (d, J =7.53 Hz, 3H; CH3CHC=C); 13C{1H} NMR
(100.6 MHz, [D6]DMSO): d=177.4 and 175.4 (CHCON), 169.8
(CH3COO), 134.0 (CH3C=C), 129.7 (C=CCHCH3), 68.4 (CHOCO), 43.0
and 42.5 (2 CHCON), 28.6 (CONCH3), 24.3 (CH3CHCH=C), 20.7
(CH3COO), 18.6 (CH3C=CH), 17.2 ppm (CH3CHCH=C); MS (EI,
70 eV): m/z (%): 251 (19) [M]+, 208 (100) [M�Ac]+, 191 (19), 123 (66),
112 (26), 106 (48), 98 (33), 91 (30), 43 (79) [M]+, no other peaks >10%;
IR (KBr): ñ =3456 (m), 2976 (m), 2732 (w), 1699 (s), 1135 (m), 851 cm�1


(w); HR-MS (EI): calcd for C13H17NO4: 251.11521; found: 251.11352
[M]+.


2,3,3 a,4,7,7 a-Hexahydro-2-methyl-1,3-dioxo-1H-isoindol-7-yl acetate (2):
Procedure A; Rf (SiO2, n-heptane/EtOAc =1:1): 0.41; yield: 61 %; color-
less solid; m.p.: 91 8C; 1H NMR (400 MHz, [D6]DMSO): d= 6.03 and 5.93
(2 m, both 1H; CH=CH), 5.33 (m, 1 H; CHCHO), 3.45 (dd, J =2.57 Hz
and J=6.74 Hz, 1 H; OCHCHCON), 3.23 (m, 1H; CH2CHCON), 2.81 (s,
3H; CONCH3), 2.39 (m, 2 H; CH2), 1.95 ppm (s, 3H; CH3COO); 13C{1H}
NMR (100.6 MHz, [D6]DMSO): d=179.5 and 175.7 (2 CONCH3), 169.6
(CH3COO), 130.6 (OCHCH=CH), 127.5 (CH2CH=CH), 65.9 (OCHCH),
42.1 (CHCHCO), 36.8 (CH2CHCO), 24.4 (CONCH3), 21.9 (CH2),
20.5 ppm (CH3COO); MS (EI, 70 eV): m/z (%): 223 (4) [M]+, 181 (80),
112 (39), 95 (62), 78 (76), 43 (100), no other peaks >10 %; IR (KBr): ñ=


3443 (m), 3056 (m), 2971 (m), 2892 (m), 2861 (w), 1698 (s), 1238 (s),
793 cm�1 (w); HR-MS (EI): calcd for C11H13NO4: 223.08446; found;
223.08311 [M]+.


(+)-2,3,3 a,4,7,7 a-Hexahydro-2-methyl-1,3-dioxo-1H-isoindol-7-yl ace-
tate : Procedure E; yield: 92 %; >99% ee ; [a]21


D =++ 104 (c=1 in metha-
nol); 1H NMR ([D6]DMSO): d =6.03 and 5.93 (2 m, both 1H; CH=CH),
5.33 (m, 1H; CHCHO), 3.45 (dd, J =2.57, 6.74 Hz, 1H; OCHCHCON),
3.23 (m, 1H; CH2CHCON), 2.81 (s, 3H; CONCH3), 2.39 (m, 2 H; CH2),
1.95 ppm (s, 3 H; CH3COO).


4-Hydroxy-3a,4,7,7 a-tetrahydro-2-methyl-2 H-isoindole-1,3-dione (2 a):
Procedure E; Rf (SiO2, n-heptane/EtOAc=1:1): 0.23; yield: 88%,
>99% ee ; [a]21


D =�150 (c =1 in methanol); colorless solid; m.p.: 96–
97 8C; 1H NMR (400 MHz, [D6]DMSO): d =5.96 (m, 1 H; CHCH=CH),
5.84 (m, 1 H; CH2CH=CH), 4.97 (m, 1 H; CHOH), 4.33 (m, 1H; CH-
OH), 3.09 (m, 1H; CHCHCO), 2.94 (m, 1 H; CH2CHCO), 2.76 (s, 3H;
CONCH3), 2.42–2.18 ppm (m, 2 H; CH2); 13C{1H} NMR (100.6 MHz,
[D6]DMSO): d=180.3 and 177.3 (2 CONCH3), 131.7 (CHCH=CH), 128.5
(CH2CH=CH), 62.3 (HOCHCH), 45.5 (CHCHCO), 36.4 (CH2CHCO),
24.1 (CONCH3), 21.5 ppm (CH2), MS (EI, 70 eV): m/z (%): 181 (14)
[M]+, 153 (100), 125 (30), 113 (52), 95 (43), 78 (35), 70 (67), 55 (24), 39
(57), 27 (28), no other peaks >10 %. IR (KBr): ñ =3408 (s), 3051 (m),
2995 (w), 2945 (m), 2905 (m), 2857 (m), 1757 (m), 1686 (s), 1438 (s), 1281
(s), 1046 (s), 807 (m), 611 (m), 407 cm�1 (w); HR-MS (EI): calcd for
C9H11NO3: 181.07389; found: 182.08118 [M+H]+.


2,3,3 a,4,7,7 a-Hexahydro-2,5-dimethyl-1,3-dioxo-1H-isoindol-7-yl acetate
(3): Procedure A; Rf (SiO2, n-heptane/EtOAc =1:1): 0.43; yield: 62%;
colorless solid; m.p.: 71–72 8C; 1H NMR (400 MHz, [D6]DMSO): d=5.74
(m, 1H; C=CHCH2), 5.36 (d, J=5.5 Hz, 1 H; COOCHC=CH), 3.37 (dd,
J =3.96, 5.55 Hz, 1 H; COOCHCHCO), 3.15 (m, 1H; CH2CHCON), 2.82
(s, 3 H; CONCH3), 2.40 and 2.25 (2 m, both 1H; C=CHCH2CH),
1.92 ppm (s, 3H; CH3COO); 13C{1H} NMR (100.6 MHz, [D6]DMSO): d=
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179.6 and 175.9 (2 CHCON), 169.6 (CH3COO), 135.0 (CH3C=CH), 125.0
(CH3C=CH), 68.7 (COOCHCH), 43.3 (CHCHCON), 36.2
(CH2CHCON), 24.2 (CONCH3), 22.0 (CHCH2CH=C), 20.4 (CH3C=CH)
20.1 ppm (CH3COO); MS (EI, 70 eV): m/z (%): 237 (6) [M]+, 195 (73),
109 (54), 92 (75), 43 (100), no other peaks >10%; IR (KBr): ñ =3428
(m), 3001 (m), 2985 (m), 2946 (m), 2823 (m), 2713 (m) 1770 (s), 1385 (s),
988 (m), 867 (m), 716 cm�1 (m); HR-MS (EI): calcd for C12H15NO4:
237.10011; found: 237.09985 [M]+.


5-Ethyl-2,3,3 a,4,7,7 a-hexahydro-2-methyl-1,3-dioxo-1H-isoindol-7-yl ace-
tate (4): Procedure A; Rf (SiO2, n-heptane/EtOAc =1:1): 0.41; yield:
67%; colorless oil; 1H NMR (400 MHz, [D6]DMSO): d =6.17 (m, 1 H;
CH=C(Et)), 5.90 (d, J =5.35 Hz, 1 H; COOCHC(Et)=CH), 3.76 (m, 1H;
OCHCHCON), 3.60 (m, 1H; CH2CHCON), 3.27 (s, 3H; CONCH3), 2.90
and 2.73 (2 m, both 1 H; EtC=CHCH2CH), 2.56 (m, 2H; CH3CH2CH=C),
2.34 (s, 3 H; CH3COO), 1.36 ppm (t, J=7.62 Hz, 3H; CH3CH2); 13C{1H}
NMR (100.6 MHz, [D6]DMSO): d=179.6 and 175.9 (2 CHCON), 169.5
(CH3COO), 140.4 (CH=C(Et)CH), 123.6 (CH2CH=C(Et)), 68.0
(CHCHO), 43.8 (CHCHCO), 36.6 (CH2CHCO), 26.4 (CONCH3), 24.2
(CHCH2C=C), 21.9 (CH3COO), 20.4 (CH3CH2C=C), 11.8 ppm
(CH3CH2); MS (EI, 70 eV): m/z (%): 251 (7) [M]+, 208 (100) [M�Ac]+,
191 (70), 180 (18), 123 (43), 106 (95), 91 (87), 79 (32), 43 (97) [Ac]+, 29
(16), no other peaks >10%; IR (KBr): ñ= 3448 (m), 2995 (m), 2981 (m),
2954 (m), 2837 (m), 1710 (s), 1233 (s), 1188 (m), 716 cm�1 (m); HR-MS
(EI): calcd for C13H17NO4: 251.11576; found: 251.11530 [M]+.


2,3,3 a,4,7,7 a-Hexahydro-2-methyl-1,3-dioxo-5-phenyl-1H-isoindol-7-yl
acetate (5): Procedure A; Rf (SiO2, n-heptane/EtOAc=1:1): 0.49; yield:
60%; colorless solid; m.p.: 134–137 8C; 1H NMR (400 MHz, [D6]DMSO):
d=7.35 (m, 5H; H-Ar), 6.52 (dd, J=4.0 Hz, J =3.2 Hz, 1 H; CH2CH=


C(Ph)), 6.19 (d, J= 4.56 Hz, 1H; OCH), 3.44 (m, 1H; OCHCHCO), 3.26
(m, 1 H; CH2CHCON), 2.85 (s, 3 H; CONCH3), 2.75 and 2.44 (2 m, both
1H; CHCH2CH=C), 1.83 ppm (s, 3H; CH3COO); 13C{1H} NMR
(100.6 MHz, [D6]DMSO): d=179.5 and 176.0 (2 CHCON), 168.9
(CH3COO), 138.1 (PhC=CH), 137.9 (p-CH-Ar), 129.7 and 128.5 (2 o-
CH-Ar and 2 m-CH-Ar), 127.4 (i-C-Ar), 125.4 (PhC=CHCH2), 66.4
(OCH), 44.9 (CHCHCON), 35.9 (CH2CHCON), 24.3 (CONCH3), 22.8
(CHCH2CH), 20.8 ppm (CH3COO); MS (EI, 70 eV): m/z (%): 299 (1)
[M]+, 239 (65), 154 (100), 43 (20), no other peaks >10 %; IR (KBr): ñ=


3453 (m), 3035 (w), 2945 (m), 2911 (w), 2856 (w), 1744 (s), 1700 (s), 1230
(s), 762 cm�1 (w); HR-MS (EI): calcd for C17H17NO4: 299.11576; found
299.11420 [M]+.


2,3,3 a,4,7,7 a-Hexahydro-2,4-dimethyl-1,3-dioxo-1H-isoindol-7-yl acetate
(6): Procedure A; Rf (SiO2, n-heptane/EtOAc=1:1): 0.33; yield: 64 %;
colorless solid; m.p.: 142–145 8C; 1H NMR (400 MHz, [D6]DMSO): d=


5.82 (m, 2H; CH=CH), 3.56 (m, 1 H; OCHCH), 3.31 (m, 1H;
CHCHCON), 2.81 (m, 1 H; CH(CH3)CHCON), 2.76 (s, 3 H; CONCH3),
2.55 (m, 1 H; CH3CHCH), 2.01 (s, 3H; CH3COO), 1.31 ppm (d, J =


7.33 Hz, 3H; CH3CHCH); 13C{1H} NMR (100.6 MHz, [D6]DMSO): d=


177.4 and 175.0 (CHCON), 169.7 (CH3COO), 135.8 and 127.0 (CH=CH),
66.7 (COOCHCH), 42.6 and 42.2 (COCHCH), 28.9 (CONCH3), 24.3
(CH3CHCH), 20.8 (CH3COO), 17.0 ppm (CH3CHCH); MS (EI, 70 eV):
m/z (%)=237 (5) [M]+, 195 (79), 109 (48), 92 (93), 43 (100), no other
peaks >10%. IR (KBr): ñ=3437 (m), 2990 (m), 2972 (m), 2935 (m),
2855 (m), 1700 (s), 1237 (s), 716 cm�1 (m); HR-MS (EI): calcd for
C12H15NO4: 237.10011; found: 237.09920 [M]+.


2,3,3 a,4,7,7 a-Hexahydro-2,4,4-trimethyl-1,3-dioxo-1H-isoindol-7-yl ace-
tate (7): Procedure A; Rf (SiO2, n-heptane/EtOAc =1:1): 0.39; yield:
13%; colorless oil; 1H NMR (400 MHz, [D6]DMSO): d =5.96 (m, 1 H;
CH=CHCH), 5.89 (m, 1H; CH=CHCH), 5.51 (dd, J =1.2 Hz und J=


5.74 Hz, 1H; COOCHCH), 3.46 (dd, J =3.17 Hz and J=6.93 Hz, 1 H;
COOCHCHCO), 2.96 (s, 3 H; CONCH3); 2.83 (m, 1H; C-
(CH3)2CHCON), 1.86 (m, 3 H; CH3COO), 1.26 and 1.08 ppm (2 s, both
3H; (CH3CCH3). 13C{1H} NMR (100.6 MHz, [D6]DMSO): d= 177.5 and
175.4 (2 CHCON), 169.6 (CH3COO), 144.9 (CH=CHCH), 123.3 (CH=


CHCH), 62.7 (CHOCO), 47.6 (CHCHCON), 42.4 (C(CH3)2CHCON),
32.7 and 31.0 (CH3CCH3), 25.7 (CH3CCH3), 24.3 (CONCH3), 20.6 ppm
(CH3COO); MS (EI, 70 eV): m/z (%): 251 (4) [M]+, 208 (85), 191 (38),
123 (37), 113 (47), 112 (34), 98 (29), 91 (49), 83 (21), 69 (16), 43 (100), no
other peaks >10 %; IR (KBr): ñ=3423 (m), 3391 (w), 2157 (w), 2243


(w), 1776 (s) 1232 (s), 706 cm�1 (m); HR-MS (EI): calcd for C13H17NO4:
251.11576; found: 251.11624 [M]+.


2,3,3 a,4,7,7 a-Hexahydro-2,4,6-trimethyl-1,3-dioxo-1H-isoindol-7-yl propi-
onate (8): Procedure A. Rf (SiO2, n-heptane/EtOAc =2/1): 0.67. Yield:
67%. Colorless oil. 1H NMR (400 MHz, [D6]DMSO): d=5.37 (d, J=


7.13 Hz, 1 H; CH(CH3)CH=C), 3.48 (dd, 1 H; J =1.98, 7.13 Hz, 1H;
OCHCH), 3.10 (m, 1H; CHCHCON), 2.81 (m, 1 H; CH(CH3)CHCON),
2.76 (s, 3H; CONCH3), 2.55 (m, 1H; CH3CHCH), 2.31 (m, 2 H;
CH3CH2CO), 1.65 (s, 3 H; CH3C=CH), 1.19 (d, J =7.33 Hz, 3 H;
CH3CHCH), 1.02 ppm (t, J=7.53 Hz, 3H; CH3CH2CO); 13C{1H} NMR
(100.6 MHz, [D6]DMSO): d= 177.5 and 175.4 (2 CHCON), 172.9
(CH2COO), 134.0 (CH3C=CH), 129.9 (CH(CH3)CH=C), 68.2
(COOCHCH), 43.0 (CH(CH3)CHCO), 42.4 (CHCHCO), 28.5
(CH3CH2CO), 27.1 (CONCH3), 24.2 (CH3CHCH), 18.8 (CH3C=CH),
17.2 (CH3CHCH), 8.9 ppm (CH3CH2CO); MS (EI, 70 eV): m/z (%): 265
(5) [M]+, 208 (100), 191 (16), 123 (44), 106 (39), 91 (25), 57 (76), 29 (31),
no other peaks >10%; IR (KBr): ñ =3448 (s), 2942 (s), 2882 (s), 2738
(w), 2362 (w), 1700 (s), 1559 (w), 1457 (s), 1436 (s), 1384 (m), 1285 (m),
1194 (m), 1074 (m), 1024 (m), 798 (m), 726 (w), 663 (w), 608 (w), 571
(w), 506 cm�1 (w); HR-MS (EI): calcd for C14H19NO4: 265.13141; found:
265.13392 [M]+.


2,3,3 a,4,7,7 a-Hexahydro-2,4,6-trimethyl-1,3-dioxo-1H-isoindol-7-yl hexa-
noate (9): Procedure A. Rf (SiO2, n-heptane/EtOAc=1:2): 0.39; yield:
68%; colorless oil; 1H NMR (400 MHz, [D6]DMSO): d =5.58 (m, 1 H;
CH=C(CH3), 5.37 (m, 1 H; CHOCO), 3.47 (dd, J =6.93, 2.18 Hz, 1 H;
OCHCHCO), 3.11 (dd, J =7.33, 1.98 Hz, 1H; CH(CH3)CHCO), 2.75 (s,
3H; CONCH3), 2.57 (m, 1 H; CH3CHCH), 2.27 (m, 2 H; CH2COO), 1.65
(m, 3H; CH3C=CH), 1.52 (m, 2H; CH2), 1.25 (m, 4 H; 2 CH2), 1.19 (d,
J =7.13 Hz, 3 H; CH3CHCH), 0.83 ppm (m, 3 H; CH3CH2); 13C{1H} NMR
(100.6 MHz, [D6]DMSO): d=177.5 and 175.4 (2 CONCH3), 172.2
(COOCH), 133.9 (CH3C=CH), 129.9 (CH(CH3)CH=C), 68.1 (OCHCH),
43.1 and 42.2 (2 CHCON), 33.7, 30.5, 24.0, and 21.8 (4 CH2), 28.5
(CONCH3) 24.2 (CH3CHCH), 18.9 (CH3C=CH), 17.2 (CH3CHCH),
13.7 ppm (CH3CH2); MS (EI, 70 eV): m/z (%): 307 (2) [M]+, 209 (24),
208 (100), 191 (14), 123 (25), 106 (24), 99 (57), 91 (15), 71 (41), 60 (20),
43 (61), no other peaks >10 %; IR (KBr): ñ= 3465 (m), 2958 (m), 2934
(m), 2873 (m), 1705 (s), 1437 (m), 1383 (m), 1289 (m), 1243 (m), 1164
(m), 1099 (m), 1007 (m), 808 (w), 616 cm�1 (w); HR-MS (EI): calcd for
C17H25NO4: 307.17836; found: 307.17803 [M]+.


6-Cyanocyclohex-2-enyl acetate (10): Procedure A; 120 h; Rf (SiO2, n-
heptane/EtOAc =1:1): 0.32; yield: 70%; colorless oil; 1H NMR
(400 MHz, [D6]DMSO): d=5.97 and 5.63 (2 m, both 1H; CH=CH), 5.34
(m, 1 H; OCHCH), 3.40 (m, 1 H; CHCHCN), 2.13 (m, 2 H;
CH(CN)CH2CH2), 2.06 (s, 3H; CH3COO), 1.92 ppm (m, 2H; CH=


CHCH2CH2); 13C{1H} NMR (100.6 MHz, [D6]DMSO): d=169.3
(CH3COO), 131.9 and 123.6 (2 CH=CH), 119.6 (CN), 65.4 (OCHCH),
29.3 (CHCHCN), 22.3 (CH2CH2CHCN), 21.8 (CH=CHCH2CH2),
20.7 ppm (CH3COO); MS (EI, 70 eV): m/z (%): 165 (1) [M]+, 138 (21),
96 (13), 70 (12), 43 (100) [Ac]+, no other peaks >10 %. IR (KBr): ñ=


3456 (w), 3042 (w), 2941 (m), 2844 (w), 2244 (m), 1744 (s), 1653 (w),
1434 (m), 1373 (s), 1234 (s), 1153 (w), 1092 (m), 1045 (s), 962 (m), 916
(m), 874 (w), 771 (w), 730 (w), 696 (w), 660 (w), 622 (w), 604 (w), 491
(w), 438 cm�1 (w); HR-MS (ESI): calcd for [C12H15NO4Na]: 188.06875;
found: 188.06730 [M+Na]+.


5,6-Dicyano-2,4-dimethylcyclohex-2-enyl acetate (11): Procedure A. Rf


(SiO2, n-heptane/EtOAc =2/1): 0.35; yield: 61 %; colorless oil; m.p.: 126–
128 8C; 1H NMR (400 MHz, [D6]DMSO): d =5.55 (m, 1H; CH=CHCH3),
3.93–3.83 (m, 1 H; OCHCH), 3.02 (m, 1H; OCHCHCN), 2.54 (m,1 H;
CH(CH3)CHCN), 2.11 (s, 3H; CH3COO), 2.09 (m, 1H; CH3CHCH),
1.62 (s, 3H; CH3C=CH), 1.15 ppm (d, J =7.13 Hz, 3 H; CH3CHCH).
13C{1H} NMR (100.6 MHz, [D6]DMSO): d =169.6 (CH3COO), 130.7
(CH3C=CH), 129.0 (CH3C=CH), 119.3 and 117.4 (both CN), 64.9
(OCHCH), 33.9 and 33.1 (both CHCN), 31.9 (CH3CHCH), 20.3
(CH3COO), 19.8 (CH3C=CH), 18.8 ppm (CH3CHCH); MS (EI, 70 eV):
m/z (%)=218 (2) [M]+, 191 (15), 149 (57), 98 (16), 43 (100), [Ac]+, no
other peaks >10%; IR (KBr): ñ =3464 (m), 2969 (s), 2933 (s), 2881 (w),
2246 (m), 1752 (s), 1741 (s), 1453 (m), 1375 (s), 1224 (s), 1109 (m), 1033
(m), 1016 (m), 1001 (m), 818 (w), 698 (w), 578 (w), 503 (w), 439 cm�1


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4210 – 42184216


U. Bornscheuer, M. Beller et al.



www.chemeurj.org





(w); HR-MS (EI): calcd for C12H14N2O2: 218.10553; found: 218.09969
[M]+.


5,5,6,6-Tetracyano-2,4-dimethylcyclohex-2-enyl acetate (12): Procedure
A. Rf (SiO2, n-heptane/EtOAc =2:1): 0.43; yield: 58%; colorless oil;
1H NMR (400 MHz, [D6]DMSO): d=6.28 (m, 1 H; CH=CCH3), 5.83 (m,
1H; OCHC(CN)2), 3.49 (m, 1H; CH3CHC(CN)2), 2.20 (s, 3H;
CH3COO), 1.78 (m, 3H; CH3C=CH), 1.46 ppm (d, J =6.93 Hz, 3H;
CH3CHC(CN)2); 13C{1H} NMR (100.6 MHz, [D6]DMSO): d=168.5
(CH3COO), 128.6 (CH3C=CH), 126.8 (CH3C=CHCH), 112.0, 110.2,
108.9, and 108.6 (4 CN), 65.7 (OCHC(CN)2), 43.9 (OCH-C(CN)2), 42.1
(CHC(CN)2), 35.7 (CH3CHC(CN)2), 20.0 (CH3COO), 19.6 (CH3C=CH),
17.3 ppm (CH3CHC(CN)2); MS (EI, 70 eV): m/z (%): 268 (2) [M]+, 98
(12), 43 (100) [Ac]+, no other peaks >10%; IR (KBr): ñ= 3436 (m),
2986 (m), 2956 (m), 2884 (m), 1771 (s), 1372 (m), 1208 (s), 1029 cm�1 (s);
HR-MS (EI): calcd for C14H12N4O2: 268.09603; found 268.09541 [M]+.


2,3,3 a,4,7,7 a-Hexahydro-2,5-dimethyl-1,3-dioxo-1H-isoindol-7-yl 2-phe-
nylacetate (13): Procedure B. Rf (SiO2, n-heptane/EtOAc=1:1): 0.15;
yield: 96%; colorless oil; 1H NMR (400 MHz, [D6]DMSO): d=7.31–7.17
(m, 5H; H-Ar), 5.72 (m, 1H; CH2CH=CCH3), 5.36 (d, J=5.15 Hz, 1H;
OCH), 3.57 (d, J =4.16 Hz, 2 H; PhCH2CO), 3.31 (m, 1H; OCHCHCO),
3.10 (m, 1 H; CH2CHCO), 2.73 (s, 3H; CONCH3), 2.36 and 2.07 (m, 1 H;
CH2), 1.75 ppm (s, 3H; CH3C=CH); 13C{1H} NMR (100.6 MHz,
[D6]DMSO): d=179.3 and 175.8 (2 CHCON), 170.1 (CH2COO), 135.3
(CH3C=CH), 134.0 (i-C-Ar), 129.2 and 128.3 (2 o-CH-Ar and 2 m-CH-
Ar), 126.8 (p-CH-Ar), 125.6 (CH2CH=CCH3), 69.3 (OCH), 43.5
(OCHCHCO), 40.4 (PhCH2CO), 36.5 (CH2CHCO), 24.2 (CONCH3),
21.9 (CH2), 20.3 ppm (CH3C=CH); MS (EI, 70 eV): m/z (%): 313 (1)
[M]+, 194 (49), 178 (70), 118 (22), 109 (16), 93 (100), 77 (23), 65 (23), 39
(13), no other peaks >10%; IR (KBr): ñ=3462 (w), 3031 (m), 2951 (m),
1736 (s), 1705 (s), 1435 (m), 1131 (s), 705 cm�1 (m); HR-MS (EI): calcd
for C18H19NO4: 313.13141; found: 313.13172 [M]+.


2,3,3 a,4,7,7 a-Hexahydro-2,5-dimethyl-1,3-dioxo-1H-isoindol-7-yl 2-phe-
nylacetate (14): Procedure B; Rf (SiO2, n-heptane/EtOAc=1:1): 0.15;
yield: 55%; colorless oil; 1H NMR (400 MHz, [D6]DMSO): d=7.32–7.11
(m, 5 H; H-Ar), 5.71 (m, 1 H; CH=CCH3), 5.35 (m, 1 H; OCH), 3.54 (d,
J =4.16 Hz, 2H; PhCH2CO), 3.23 (m, 2H; 2 CHCONCH3), 2.74 (s, 3 H;
CONCH3), 2.27 and 2.15 (2 m, both 1H; CH2), 1.71 ppm (s, 3H; CH3C=


CH); 13C{1H} NMR (100.6 MHz, [D6]DMSO): d=179.3 and 175.7
(2 CHCON), 169.9 (CH2COO), 141.1 (CH3C=CH), 134.0 (i-C-Ar), 129.2
and 128.2 (2 o-CH-Ar and 2 m-CH-Ar), 126.7 (p-CH-Ar), 120.2
(OCHCH=C), 66.5 (OCH), 42.4 (OCHCHCO), 40.4 (PhCH2CO), 36.6
(CH2CHCO), 26.6 (CH2), 24.3 (CONCH3), 23.0 ppm (CH3C=CH); MS
(EI, 70 eV): m/z (%): 313 (1) [M]+, 194 (28), 178 (57), 93 (100), 77 (17),
65 (15), no other peaks >10 %; IR (KBr): ñ= 3447 (m), 3033 (m), 2964
(m), 2936 (m), 2907 (m), 1736 (s), 1700 (s), 1435 (s), 1154 (s), 1009 (m),
722 cm�1 (m); HR-MS (EI): calcd for C18H19NO4: 313.13141; found:
313.13344 [M]+.


1,3,3 a,4,7,7 a-Hexahydro-1,3-dioxoisobenzofuran-4-yl acetate (14 a): Pro-
cedure F; yield: 98 %; yellowish oil; 1H NMR (400 MHz, [D6]DMSO):
d=6.14–6.05 (m, 1H; HC= ), 6.04–6.00 (m, 1H; HC= ), 5.37 (m, 1H;
OCH), 3.75–3.70 (m, 2H; CH2CHCH), 2.48–2.43 (m, 2H; CH2), 1.97 (s,
3H; CH3); 13C{1H} NMR (100.6 MHz, [D6]DMSO): d= 174.9, 170.6, and
169.3 (3 CO), 131.0 and 126.5 (HC=CH), 64.7 (CHO), 43.3 and 37.0
(2 CH), 21.5 (CH2), 20.4 ppm (CH3); MS (EI, 70 eV): m/z (%): 210 (0.2)
[M]+, 122 (18), 95 (18), 78 (32), 43 (100) [Ac]+, no other peaks >10%;
IR (KBr): ñ=2968 (s), 1858 (m), 1786 (s), 1743 (s), 1372 (m), 1228 (s),
1101 (m), 1050 (s), 922 (s), 787 cm�1 (s); HR-MS (EI): calcd for
C10H10O5: 210.05283; found: 210.05169 [M]+.


3a,4,7,7 a-Tetrahydro-4-methoxy-2,5,7-trimethyl-2H-isoindole-1,3-dione
(15): Procedure C; Rf (SiO2, n-heptane/EtOAc =1/1): 0.39; yield: 73%;
colorless oil; 1H NMR (400 MHz, [D6]DMSO): d=5.51 (m, 1H;
(CH3)CH=C), 3.99 (d, J =5.74 Hz, 1H; OCHCH), 3.40 (dd, J =2.77,
6.14 Hz, 1 H; OCHCHCON), 3.32 (s, 3 H; OCH3), 3.04 (m, 1 H; CH-
(CH3)CHCON), 2.75 (s, 3 H; CONCH3), 2.48 (m, 1 H; CH3CHCH), 1.70
(s, 3H; CH3C=CH), 1.20 ppm (d, J =7.33 Hz, 3H; CH3CHCH); 13C{1H}
NMR (100.6 MHz, [D6]DMSO): d=177.8 and 175.8 (2 CHCON), 136.4
(CH3C=CH), 128.5 (CH(CH3)CH=C), 76.0 (OCHCH), 56.3 (CH3O), 43.5
(OCHCHCON), 42.2 (CH(CH3)CHCON), 28.5 (CONCH3), 24.1


(CH3CHCH), 19.8 (CH3C=CH), 17.2 ppm (CH3CH); MS (EI, 70 eV):
m/z (%): 223 (45) [M]+, 208 (36), 191 (24), 123 (56), 112 (100), 106 (47),
97 (48), 91 (56), 79 (24), 43 (36), no other peaks >10%. IR (KBr): ñ=


3452 (s), 2937 (s), 2834 (m), 1699 (s), 1541 (m), 1436 (s), 1383 (s), 1287
(s), 1204 (s), 1110 (s), 1000 (s), 903 (m), 809 (m), 729 (m), 616 (m), 576
(m), 460 cm�1 (m); HR-MS (EI): calcd for C12H17NO3: 223.12084; found:
223.11810 [M]+.


3a,4,7,7 a-Tetrahydro-4-methoxy-2,5-dimethyl-2H-isoindole-1,3-dione
(16): Procedure C; Rf (SiO2, n-heptane/EtOAc=2:1): 0.26; yield: 67 %;
colorless oil; 1H NMR (400 MHz, [D6]DMSO): d=5.81 (m, 1H;
CH2CH=CH3), 4.11 (m, 1 H; OCHCH), 3.21 (s, 3 H; OCH3), 3.01 (m,
1H; OCHCHCO), 2.97 (s, 3H; CONCH3), 2.92 (m, 1H; CH2CHCO),
2.51–2.44 (m, 2H; CH2), 1.86 ppm (s, 3 H; CH3C=CH); 13C{1H} NMR
(100.6 MHz, [D6]DMSO): d =180.3 and 177.2 (2 CHCON), 136.3 (CH3C=


CH), 124.8 (CH2CH=C), 76.2 (OCH), 56.6 (OCH3), 46.0 (OCHCHCO),
37.1 (CH2CHCO), 24.5 (CONCH3), 22.6 (CH3C=CH), 22.2 ppm (CH2);
MS (EI, 70 eV): m/z (%): 209 (54) [M]+, 194 (42), 177 (26), 121 (30), 109
(46), 98 (100), 92 (90), 83 (36), 77 (37), 65 (18), 58 (21), 43 (15), 39 (26),
29 (18), no other peaks >10%; IR (KBr): ñ =3457 (w), 2934 (m), 2824
(m), 1775 (m), 1700 (s), 1435 (s), 1384 (s), 1280 (s), 1130 (m), 1093 (m),
1023 (m), 977 (m), 849 (w), 793 (w), 732 (w), 670 (w), 621 (w), 520 cm�1


(w); HR-MS (EI): calcd for C11H15NO3: 209.10519; found: 209.10515
[M]+.


5-Ethyl-3 a,4,7,7 a-tetrahydro-4-methoxy-2-methyl-2 H-isoindole-1,3-dione
(17): Procedure A; Rf (SiO2, n-heptane/EtOAc =2:1): 0.32; yield: 69 %;
colorless oil; 1H NMR (400 MHz, [D6]DMSO): d=5.69 (m, 1H; CH=


CEt), 4.02 (m, 1H; OCHCH), 3.64 (m, 1 H; OCHCHCON), 3.15 (m, 1H;
CH2CHCON), 3.06 (s, 3 H; CH3OCH), 2.77 (s, 3H; CONCH3), 2.10 (m,
2H; CH3CH2CH=CEt), 1.81 (m, 2H; CHCH2C=CH), 0.94 ppm (t, J=


7.43 Hz, 3H; CH3CH2C=CH); 13C{1H} NMR (100.6 MHz, [D6]DMSO):
d=180.2 and 176.8 (2 CHCON), 122.4 (EtC=CH), 116.1 (EtC=CHCH),
75.4 (CHOCH3), 56.0 (CHOCH3), 45.6 (OCHCHCON), 36.6
(CH2CHCON), 28.4 (CONCH3), 24.0 (CH2C=CH), 21.9 (CHCH2CH),
11.8 ppm (CH3CH2); MS (EI, 70 eV): m/z (%): 223 (13) [M]+, 194 (14),
191 (14), 128 (12), 123 (31), 112 (100), 91 (22), 79 (16), 28 (27), no other
peaks >10 %; IR (KBr): ñ =3458 (s), 2940 (s), 1776 (s), 1699 (s), 1541
(m), 1436 (s), 1385 (s), 1284 (s), 1134 (s), 1094 (s), 966 (s), 931 (s), 900
(m), 553 (m), 764 (m), 619 (m), 564 cm�1 (m); HR-MS (EI): calcd for
C12H17NO3: 223.12084; found: 223.12070 [M]+.


4-Benzyloxy-2,5,7-trimethyl-3 a,4,7,7 a-tetrahydro-2H-isoindole-1,3-dione
(18): Procedure A; Rf (SiO2, n-heptane/EtOAc=1:1): 0.37; yield: 68 %;
colorless oil; 1H NMR (400 MHz, [D6]DMSO): d =7.43 (m, 5 H; H-Ar),
5.62 (m, 1H; CH(CH3)CH=CCH3), 4.79 (d, J =11.9 Hz, 1H; CH=C-
(CH3)CHO), 4.57 (m, 2H; PhCH2O), 4.29 (d, J =6.14 Hz, 1H;
CHCHCON), 3.54 (dd, J =2.97, 6.34 Hz, 1H; CH(CH3)CHCON), 3.15
(dd, J=1.39, 7.72 Hz, 1 H; CHCHCH3), 2.96 (s, 3 H; CONCH3), 1.81 (s,
3H; CH3C=CH), 1.27 ppm (d, J =7.3 Hz, 3H; CHCHCH3); 13C{1H}
NMR (100.6 MHz, [D6]DMSO): d=177.8 and 175.9 (2 CHCON), 138.5
(CH3C=CH), 136.2 (i-C-Ar), 128.8 and 128.1 (2 o-CH-Ar und 2 m-CH-
Ar), 127.0 (p-CH-Ar), 124.1 CH(CH3)CH=C), 74.2 (OCHCH), 70.3
(PhCH2O), 43.9 (CH(CH3)CHCON), 42.1 (CHCHCON), 28.5
(CONCH3), 24.2 (CHCHCH3), 19.8 (CH=CCH3), 17.3 ppm (CHCH3);
MS (EI, 70 eV): m/z (%)=193 (64), 178 (10), 107 (24), 91 (100) [Bn]+, 65
(11), no other peaks >10%; IR (KBr): ñ=3443 (m), 3056 (w), 2970 (m),
2949 (m), 2892 (m), 2861 (w), 1764 (s), 1742 (s), 1698 (s), 1435 (s), 1384
(s), 1371 (s), 1345 (m), 1288 (s), 1253 (s), 1238 (s), 1202 (m), 1172 (m),
1129 (m), 1061 (s), 1010 (m), 793 (m), 694 (m), 553 cm�1 (m); HR-MS
(EI): calcd for [C18H21NO3]: 299.15214; found: 322.14178 [M+Na]+.


4-Benzyloxy-2-methyl-3 a,4,7,7 a-tetrahydro-2H-isoindole-1,3-dione (19):
Procedure A; Rf (SiO2, n-heptane/EtOAc =1:1): 0.34; yield: 30%; color-
less oil; 1H NMR (400 MHz, [D6]DMSO): d=7.27–7.04 (m, 5H; H-Ar),
5.65 (m, 2H; CH=CH), 4.30 (m, 2 H; PhCH2O), 4.09 (m, 1H; CHOBn),
2.76 (s, 3H; CONCH3), 2.53 (m, 1 H; CHCON), 2.45 (m, 1 H;
CH2CHCON), 2.27 and 2.06 ppm (2 m, both 1H; CH2CHCON); 13C{1H}
NMR (100.6 MHz, [D6]DMSO): d=179.2 and 175.9 (2 CHCON), 138.7
(i-C-Ar), 131.9 and 128.6 (2 o-CH-Ar and 2 m-CH-Ar), 128.5 (i-CH-Ar),
127.4 and 127.3 (2 CH=CH), 70.3 (PhCH2O), 69.5 (OCHCH), 45.0
(OCHCHCO), 36.9 (CH2CHCON), 24.3 (CONCH3), 22.5 ppm
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(CHCH2CH=CH); MS (EI, 70 eV): m/z (%): 165 (98), 107 (13), 91 (100)
[Bn]+, 80 (59), 79 (38), 65 (19), 51 (11), 39 (15), no other peaks >10 %;
IR (KBr): ñ =3459 (m), 3033 (m), 2946 (m), 1775 (m), 1701 (s), 1496 (m),
1436 (s), 1384 (m), 1282 (m), 1205 (m), 1072 (s), 986 (m), 930 (m), 853
(w), 802 (m), 741 (m), 699 (m), 673 (w), 613 (w), 466 cm�1 (w); HR-MS
(EI): calcd for C16H17NO3: 271.12084; found: 294.11048 [M+Na]+.


4-Ethoxy-2,5,7-trimethyl-3 a,4,7,7 a-tetrahydro-2 H-isoindole-1,3-dione
(20): Procedure A; Rf (SiO2, n-heptane/EtOAc =2:1): 0.35; yield: 70 %;
colorless oil; 1H NMR (400 MHz, [D6]DMSO): d=5.49 (m, 1 H; CH-
(CH3)CH=CCH3), 4.07 (d, J =6.14 Hz, 1 H; CHOCH2), 3.62–3.42 (m,
2H; CH3CH2O), 3.32 (m, 1H; OCHCHCO), 3.03 (m, 1 H; CH-
(CH3)CHCON), 2.74 (s, 3H; CONCH3), 2.65 (m, 1 H; CH3C=


CHCHCH3), 1.68 (s, 3H; CH3-C=CH), 1.20 (d, J =7.33 Hz, 3H;
CHCHCH3), 1.07 ppm (t, J =7.03 Hz, 3 H; CH3CH2O); 13C{1H} NMR
(100.6 MHz, [D6]DMSO): d=177.8 and 175.7 (2 CONCH3), 136.6
(CH3C=CH), 128.3 (CH3CHCH=C), 74.3 (OCHCH), 64.2 (OCH2CH3),
43.9 (OCHCHCON), 42.1 (CH3CHCHCON), 28.3 (CONCH3), 24.1
(CH3CHCH), 23.2 (CH3C=CH), 19.5 (CH3CHCH), 17.3 ppm
(CH3CH2O); MS (EI, 70 eV): m/z (%): 237 (23) [M]+, 222 (36), 191 (19),
123 (52), 112 (100), 106 (53), 97 (45), 79 (15), 43 (19), no other peaks
>10%; IR (KBr): ñ=3436 (s), 2942 (s), 1708 (s), 1528 (m), 1477 (s),
1336 (s), 1218 (s), 996 (s), 823 (m), 749 (m), 562 (m), 473 cm�1 (m); HR-
MS (EI): calcd for C13H19NO3: 237.13649; found: 237.13628 [M]+.
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Transition Metal Complexes Coordinated by an NAD(P)H Model
Compound and their Enhanced Hydride-Donating Abilities in the Presence
of a Base


Atsuo Kobayashi,[c] Hideo Konno,[c, d] Kazuhiko Sakamoto,[c] Akiko Sekine,[b]


Yuji Ohashi,[b] Masashi Iida,[a] and Osamu Ishitani*[a]


Introduction


It is known that the addition of metal ions promotes and ac-
celerates many chemical reactions.[1–2] In many cases the
metal ion coordinates as a Lewis acid to a lone pair or to p


electrons in a substrate, increasing the electrophilicity and
oxidation capability of the substrate. Metal ions also interact
with intermediates, such as radical anions, stabilizing them
and, consequently, influencing reaction rates.


A typical example of metal-ion effects occurs in the re-
duction of various substrates with coenzymes NAD(P)H or
their model compounds.[3] In some enzymic systems, zinc(ii)
ions are essential for the reduction of unsaturated com-
pounds with NAD(P)H.[4] Addition of bivalent metal ions
such as Mg2+ and Sc3+ dramatically accelerates the electron-
or hydride-transfer rate from the NAD(P)H analogues to
oxidants,[5–20] and detailed mechanistic studies show that in-
teraction of the oxidants and/or reduced intermediates with
the metal ions is an important cause of this. It has been re-
ported that NAD(P)H analogues also interact with metal


Abstract: The ruthenium(ii) and rhe-
nium(i) complexes containing an
NAD(P)H model compound, 1-benzyl-
1,4-dihydronicotinamide (BNAH), as
ligand, [Ru(tpy)(bpy)(BNAH)]2+ (1 a)
and [Re(bpy)(CO)3(BNAH)]+ (1 b),
were quantitatively produced by the re-
action of the corresponding metal hy-
drido complexes with BNA+ (1-benzyl-
nicotinamidium cation). In the pres-
ence of base with pKa =8.9, 1 a and 1 b
have much greater reducing power
than “free” BNAH. The oxidation po-
tentials of 1 a in the absence and the
presence of triethylamine were 0.55 V
and �0.04 V, respectively, versus Ag/
AgNO3, whereas that of “free” BNAH
was 0.30 V. Spectroscopic results clear-


ly showed that the base extracts a
proton from the carbamoyl group on
1 a and 1 b to give the deprotonated
BNAH coordinating to the transition-
metal complexes [Ru(tpy)(bpy)-
(BNAH�H+)]+ (3 a) and [Re-
(bpy)(CO)3(BNAH�H+)] (3 b); this
deprotonation underlies the enhance-
ment in reducing ability. The deproton-
ated forms 3 a and 3 b can efficiently
reduce other NAD(P) models to give
the corresponding 1,4-dihydro form, re-
sulting in the deprotonated BNA+


being coordinated to the metal com-
plexes [Ru(tpy)(bpy)(BNA+�H+)]2+


(2 a) and [Re(bpy)(CO)3(BNA+�H+)]+


(2 b); “free” BNAH and the protonat-
ed adducts 1 a and 1 b cannot act in this
way. X-ray crystallography was per-
formed on the PF6


� salt of 2 a, and
showed that the deprotonated nitrogen
atom on the carbamoyl group coordi-
nates to the ruthenium(ii) metal center
with a bond length of 2.086(3) �. Infra-
red spectral data suggested that the de-
protonated carbamoyl group on the re-
duced forms 3 a and 3 b is converted to
the imido group, and that the oxygen
atom coordinates to the metal center.
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ions.[5b,c,7,8a,21] The oxidation potential of a binary complex of
the NAD(P)H analogue with the metal ion is shifted posi-
tively relative to the “free” NAD(P)H analogue.[20] For ex-
ample, the complex of 1-benzyl-1,4-dihydronicotinamide
(BNAH, a typical NAD(P)H analogue) and Mg2+ is oxi-
dized at a potential 0.23 V more positive than “free”
BNAH. Consequently, the reducing abilities of the
NAD(P)H analogues themselves are lessened by complexa-
tion with the metal ions, although formation of a ternary
complex involving an NAD(P)H analogue, a metal ion, and
a oxidant has been assumed as another cause of the acceler-
ation.[5,19]


We report here the unique reactivities of NAD(P)H
model compounds coordinating to a ruthenium(ii) or rheniu-
m(i) complex.[21a] They have greater reducing abilities in the
presence of base than the corresponding “free” model com-
pound. Spectroscopic studies clearly show that deprotona-
tion from the carbamoyl group on the NAD(P)H model
compound is a key stage in this “unusual” phenomenon.
The X-ray crystallographic structure of the NAD(P) model
compound coordinating to the ruthenium(ii) complex is also
reported for the first time.


Results and Discussion


As a typical run, PF6
� salts of 1-benzylnicotinamidium


cation (BNA+ , 32 mmol) were added to a solution of [Ru-
(tpy)(bpy)H]+PF6


� (32 mmol) in acetonitrile, to give a 1:1
adduct 1 a within one minute. This solution was quickly
added to a further solution of triethylamine (0.2 m final con-
centration) and PF6


� salts of 1-benzyl-N,N-diethylnicotina-


midium cation (BEt2NA+ , 120 mmol) in acetonitrile under
an Ar atmosphere. The solution was kept at room tempera-
ture for 1 h, and the 1,4-dihydro product of BEt2NA+ (1,4-
BEt2NAH) was formed selectively; the position isomers of
1,4-BEt2NAH and the dihydro products of BNA+ were not
detected [Eq. (1)].


From the reaction solution, a ruthenium complex coordi-
nated with deprotonated BNA+ (2 a) was isolated at 75 %


yield. An electrospray ionization mass spectrum of 2 a
showed essentially a single peak at m/z= 352, attributable to
[Ru(tpy)(bpy)(BNA+�H+)]2+ . In 2 a, the deprotonated N-


atom of the carbamoyl group of BNA+ coordinates the cen-
tral ruthenium ion, according to spectroscopic evidence and
X-ray crystallographic results as follows. The NMR signals
of the protons at the 2- and the 4-positions of the pyridini-
um cation in 2 a were observed at 0.5 and 1.0 ppm downfield
from those in “free” BNA+ , respectively, but the shifts in
other signals of the deprotonated BNA+ ligand were much
smaller (<0.3 ppm). The C=O stretching band of 2 a was ob-
served at 67 cm�1 lower than “free” BNA+ , and the nC�N


band for 2 a shifted up by 39 cm�1 (Table 1). These shifts are
characteristic of deprotonated carbamoyl groups coordinat-
ing to metal complexes through the nitrogen atom.[22]


This identification is clearly supported by the X-ray crys-
tallographic analysis for the PF6


� salt of 2 a. Figure 1 shows
the ORTEP drawing of 2 a, and selected bond lengths and
angles are summarized in Table 2. The structure clearly
shows that the nitrogen atom on the deprotonated carbamo-
yl group is directly bonded to the ruthenium center, since
only a single hydrogen atom bonded to the nitrogen atom
was found and the bond lengths of N6�C26 and O1�C26
were 1.315(4) and 1.234(4) �, respectively, which are typical
values for the carbamoyl group on NAD(P) model com-
pounds (1.32 and 1.23 �).[23] Both the N6 and C26 atoms on
the deprotonated carbamoyl group have trigonal planar
structures, and the torsion angle t[Ru-N6-C26-O1] was
4.2(5)8, showing that the lone pair of electrons on N6 and
the C26�O1 double bond are highly conjugated in the same
manner as the carbamoyl group on “free” 1-methylnicotina-
mide, in which the bond angles around the carbamoyl nitro-
gen atom are 124, 116, and 1198.[23a] The pyridinium ring is
almost planar and the bond lengths on it are identical to
those on “free” 1-methylnicotinamide to within 0.01 �.[23]


The torsion angle t[C28-C27-C26-O1], which gives an indi-
cation of the conformation about the bond between the pyr-
idinium ring and the carbamoyl group, is 18.5(4)8, similar to
one of the two most stable conformations calculated theo-


Table 1. IR spectral data [cm�1] measured in CD3CN at room tempera-
ture.


nC5=C6 nC2=C3 nC=O
[a] [b]


1a 1680 1631 1530 – 1308
1a + NEt3


[c] 1679 1614 – 1563(sh) –
1b 1680 1633 1520 – 1309
1b + NEt3


[d] 1681 1612(sh) – 1570 –
BNAH 1687 1651 1578 – 1300
1c 1673 1590 1521 – –
1d 1684 1646 1550 – 1284
2a – – 1638 – 1427
2b – – 1640 – 1437
BNA+ – – 1705 – 1388


[a] Medium peak, which is probably attributable to nC=N. See text.
[b] Medium peak, which is probably attributable to nC�N. See text. [c] In
the presence of 0.2 m NEt3, 3 a was quantitatively formed. [d] IR bands at-
tributed to 3 b, which was formed by deprotonation of 1b in the presence
of 0.2 m NEt3.
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retically (1508 and 358).[24] The [Ru(tpy)(bpy)] group of 2 a
has a similar structure to the reported [Ru(tpy)(bpy)L]+


type complexes (L = I� , HCO2
�),[25] that is, slightly distorted


octahedral.
The hydride transfer reaction from 1 a to BEt2NA+ can


be followed by using 1H NMR and IR spectroscopy, which
shows that the reaction proceeds almost quantitatively, as
shown in Equation (1). On the other hand, “free” 1,4-
BNAH cannot reduce BEt2NA+ at ambient temperature,
even in the presence of NEt3 and [Ru(tpy)(bpy)(MeCN)]2+ .
In the absence of NEt3, quantitative splitting of 1 a proceeds
in MeCN to give “free” 1,4-BNAH and [Ru(tpy)(bpy)-
(MeCN)]2+ [Eq. (2)],[21a] but formation of 2 a and 1,4-
BEt2NAH was not observed. A similar phenomenon was
observed by using a different NAD(P) model, the 1-benzyl-
3-acetyl-pyridinum cation (BAcPy+) instead of BEt2NA+ .


These results clearly indicate that, specifically in the pres-
ence of NEt3, 1,4-BNAH coordinating to the ruthenium
complex has greater hydride-donor ability than “free” 1,4-
BNAH.


What is the crucial role of NEt3 in the hydride-transfer re-
actions of 1 a to the NAD(P) models? Addition of NEt3 to a
solution of 1 a in CD3CN caused 1H NMR spectral changes
that are summarized in Table 3 (3 a), whereas the 1H NMR


spectra of “free” 1,4-BNAH and other 1:1 adducts without a
carbamoyl moiety at the 3-position, namely 1 c and 1 d,[21]


were not affected by addition of NEt3. In other words, the
chemical shifts for the protons located close to the carbamo-


yl group of the 1,4-BNAH ligand on the 2-, 4-, and 5-posi-
tions of the dihydropyridine ring were shifted by 0.07–
0.32 ppm. However the protons on the 6-position and on the
benzyl group showed much smaller shifts (<0.06 ppm) upon
addition of NEt3.


The IR bands related to the carbamoyl group and its con-
jugated C2�C3 double bond of 1 a also changed dramatically


Table 2. Selected bond lengths [�] and angles [8] for [Ru(tpy)(bpy)-
(BNA+-H+)](PF6)2 (2a).


Ru1�N1 2.086(3) Ru1�N6 2.086(3)
Ru1�N2 2.070(3) N6�C26 1.313(4)
Ru1�N3 2.069(3) O1�C26 1.232(4)
Ru1�N4 1.948(3) C26�C27 1.520(4)
Ru1�N5 2.073(4) N6�H 0.82(4)


N1-Ru1-N2 77.98(12) C26-N6-Ru1 129.3(2)
N3-Ru1-N4 79.29(13) O1-C26-N6 125.4(3)
N4-Ru1-N5 79.84(13) O1-C26-C27 115.6(3)
N1-Ru1-N6 94.28(13) N6-C26-C27 119.0(3)
N2-Ru1-N6 172.17(10) C26-N6-H6N 115(3)
N3-Ru1-N6 93.72(13) Ru1-N6-H6N 115(3)
N4-Ru1-N6 92.69(12)
N5-Ru1-N6 85.08(12)


Figure 1. ORTEP view of the [Ru(tpy)(bpy)(BNA+-H+)]2+ molecule.
Probability of the thermal ellipsoid is 30%. PF6


� counterions are omitted
for clarity.


Table 3. 1H NMR data of the NAD(P)H-model ligands in the complexes
and “free” NAD(P)H-model.


Chemical shift [ppm][a]


R[b] 2 4 5 6 CH2(-Ph)


1a CONH2 6.15 2.54 4.68 5.69 4.02
1a +NEt3


[c] CONH 6.24 2.61 4.36 5.71 4.08
1b CONH2 6.06 2.71 4.73 5.71 4.05
1b +NEt3


[d] CONH 6.48 2.57 4.36 5.72 4.13
BNAH CONH2 6.95 3.04 4.70 5.82 4.29
1c[e] COCH3 7.25 2.46 4.94 5.77 4.35
BAcPyH COCH3 7.28 2.94 4.85 5.82 4.37
1d[e] CONEt2 5.05 2.13 3.95 5.41 3.84
BEt2NAH CONEt2 5.88 2.99 4.52 5.87 4.22


[a] Numbers show the position on the dihydropyridine ring. Data were
obtained from CD3CN, and the residual protons of the solvent were used
as an internal standard. [b] Substituent group on the 3-position of the di-
hydropyridine ring. [c] Signals attributed to 3 a, which was formed by de-
protonation of 1 a in the presence of NEt3 (0.2 m). [d] Signals attributed
to 3b, which was formed by deprotonation of 1b in the presence of NEt3


(0.2 m). [e] Reference [21a].
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with addition of NEt3, but no shift was observed for the nC5=C6


band, as shown in Figure 2. The nC2=C3 band was shifted
down by 17 cm�1. The nC=O band, which gives as a strong
peak at 1530 cm�1, and a medium peak at 1308 cm�1, which
is probably attributable to the nC�N band in the absence of
NEt3, both disappeared, and a new medium absorption band
was observed at ~1563 cm�1. These results imply that NEt3


acts as a base that takes on a proton from the carbamoyl
group of 1 a to give 3 a. The coordination mode of the de-
protonated 1,4-BNAH to the central ruthenium atom in 3 a
should be different from 2 a, in which the deprotonated ni-
trogen atom of the carbamoyl group of BNA+ coordinates
the ruthenium metal (i.e. , -C(=O)�NH�Ru), as described
above, since the IR bands related to the deprotonated car-
bamoyl groups are very different in these two complexes
(Figure 2 and Table 1). The absence of the nC=O band and
the medium peak at 1530 cm�1 in the case of 3 a suggests
that the deprotonated carbamoyl group is converted to the
imide form and the oxygen atom coordinates the ruthenium,
that is, -C(=NH)�O�Ru [Eq. (3)]. The new band at
1563 cm�1 is probably from the C=N vibrational band.[22]


The protonated (1 a) and deprotonated (3 a) forms are in
equilibrium with each other in the presence of NEt3, and
also in the presence of other strong bases with (pKa)W = 8.9
and (pKa)AN =17.5 (2-aminoethanol), where (pKa)W and
(pKa)AN are pKa values measured in aqueous solution[26a]


and in an acetonitrile,[26b,c] respectively. For example, the
ratio of 1 a and 3 a (total concentration 8.0 mm) in MeCN
was 7:93 in the presence of 0.2 m NEt3; by using these data


and Equation (4), the equilibrium constant K was deter-
mined as 0.5. Addition of bases with (pKa)W values= 7.76
and (pKa)AN = 15.9 (triethanolamine) did not change the
1H NMR and IR spectra of 1 a. Figure 3 shows the depend-


ence of the equilibrium constants of Equation (3) on (pKa)W


of the bases added;[26] from this result, the (pKa)AN value of
1 a was estimated at 18.5�0.2. The coordination of 1,4-
BNAH to the ruthenium complex dramatically increases the
basicity of the carbamoyl group, since even the strongest
base used here, piperidine, for which (pKa)W =11.5 and
(pKa)AN =18.9, did not cause deprotonation from “free” 1,4-
BNAH.


K ¼ ½3 a�½BaseHþ�=½1 a�½Base� ð4Þ


Figure 3 also shows the dependence of the proportion of
3 a at equilibrium with 1 a in the presence of various bases
(0.2 m), and dependence of the yields of 2 a, in the reduction
of BEt2NA+ (30mm) with 1 a (8.0 mm) and base (0.2 m) upon
the pKa values of the added bases.[27] Similar dependences of
the equilibria and the reactivities on the added base were
also observed by using BAcPy+ instead of BEt2NA+ as a
hydride acceptor. These results strongly imply that hydride
reduction of the NAD(P) models proceeds by 3 a, but not
1a, which dissociates to 1,4-BNAH and the solvento complex.


This claim is also supported by the observation that the
adducts of [Ru(tpy)(bpy)H]+ with BAcPy+ (1 c, Tables 1
and 3), in which the substituent at the 3-position has no dis-
sociative proton, could not reduce BEt2NA+ even in the
presence of piperidine, and quantitatively dissociated to the
corresponding 1,4-dihydro product and the solvato complex.


How much does the coordination to the ruthenium com-
plex and deprotonation from the carbamoyl group influence
the redox property of 1,4-BNAH? Figure 4 shows cyclic vol-


Figure 2. IR spectral change of a solution of 1a (8.0 mm) in CD3CN
before (dotted line) and after (solid line) addition of NEt3 (0.2 m).


Figure 3. Dependence of (-*-) the yield of 2 a produced by the reaction
as shown in Equation (1), (-*-) the proportion of 3 a in the equilibrium
between 1 a and 3a as shown in Equation (3), and (-~-) the equilibrium
constant between 1a and 3a on the (pKa)W value of the conjugated acid
of an added base (0.2 m):[26a]1,10-phenantroline (1.9); nicotinic acid
(3.47); pyridine (5.42); triethanolamine (7.76); 2-aminoethanol (8.9); di-
ethanolamine (9.5); triethylamine (10.72); diethylamine (10.93); piperi-
dine (11.5).
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tammograms (CV) of 1,4-BNAH (A), 1 a (B), and 3 a (C)
measured in MeCN or MeCN-NEt3 (0.2 m). An irreversible
anodic wave was observed at 0.32 V for oxidation of “free”
1,4-BNAH in MeCN, and addition of NEt3 did not signifi-
cantly affect the oxidation potential. On the other hand, the
CV of 1 a shows two irreversible anodic waves, attributable
to oxidation of the 1,4-BNAH ligand at peak potentials of
0.55 and 0.86 V, and one quasi-reversible RuIII/RuII wave at
0.98 V. Unfortunately, reversible waves for the first two oxi-
dations could not be observed even at high scan rates up to
2000 V s�1. Even after an anodic scan up to 1.2 V, the follow-
ing cathodic scan did not show a wave attributable to the
BNA+ adduct 2 a, which has redox potential for RuII/RuIII


of 0.33 V. Although interpretation of the CV of NAD(P)
model compounds is still incomplete,[3b] it is clear that their
oxidation potentials strongly reflect their reduction abilities.
The NAD(P)H model compounds are known to form 1:1
complexes with metal ions, including Mg2+ . It has been re-
ported that the oxidation potential of 1,4-BNAH is shifted
positively by ~0.2 V upon complexation with Mg2+ .[3b, 20] It is
therefore likely that the coordination of 1,4-BNAH to the
central ruthenium(ii) metal in 1 a causes the 0.2 V positive
shift of the oxidation potential. Clearly, s donation from the
carbamoyl group of 1,4-BNAH to RuII should lower the re-
ducing power of the 1,4-BNAH ligand in 1 a.


Addition of NEt3 (0.2 m) caused a dramatic negative shift
of the oxidation potential of the complex, as shown in Fig-
ure 4C; a first irreversible anodic wave, attributable to the
oxidation of 3 a, was observed at �0.04 V versus Ag/AgNO3,
which is 0.59 V more negative than the first oxidation wave


of 1 a.[28] Note that 3 a is oxidized at a potential 0.36 V more
negative even than “free” 1,4-BNAH. This is consistent with
the greater hydride-donating ability of 3 a relative to that of
“free” 1,4-BNAH. We believe that this electrochemical data
(Table 4) is the first clear evidence that complexation with a
Lewis acid enhances the reducing power of the NAD(P)H
model with the assistance of a base.


The adduct of 1,4-BNAH with [Re(bpy)(CO)3] complex
1 b is also deprotonated from the carbamoyl moiety by addi-
tion of base to give 3 b, for which the IR and 1H NMR spec-
tral changes are similar to those of 1 a (Tables 1 and 3).
Also, IR stretching bands of the CO ligands in the depro-
tonated form 3 b were observed at 2011 and 1907 cm�1;
these values are lower by 19 and 8 cm�1 than those found
for 1 b. Deprotonation from the carbamoyl group coordinat-
ing to the central rhenium(i) ion should increase the charge
density of the metal ion. This causes increase of p-back don-
ation from the carbonyl ligands, and weakens the CO bonds.
The difference in electrochemical properties between 1 b
and 3 b is similar to the ruthenium complexes; the oxidation
potential of 3 b was negatively shifted by 0.47 V relative to
1 b (Table 4).


Although these data strongly indicate that the coordinat-
ing structures of 1 b and 3 b are similar to the respective
ruthenium(ii) complexes 1 a and 3 a, deprotonation from 1 b
is a much slower process than from 1 a. For example, 80 mi-
nutes was required after mixing 1 b and NEt3 (0.2 m) to
reach equilibrium between 1 b and 3 b, though equilibrium
between 1 a and 3 a was reached within a minute, and split-
ting of 1 b to “free” BNAH and the solvent complex occur-
red competitively in this condition (Figure 5 and Scheme 1).
The equilibrium constants (K) between 1 b and 3 b in the
presence of a base were smaller than for the ruthenium
complex 1 a and 3 a. For example, in the presence of 0.2 m


NEt3, K=2 � 10�2 and (pKa)AN = 19.9 for the rhenium com-
plexes, and K=0.6 and (pKa)AN =18.5�0.2 for the rutheni-
um complexes. The difference in charge of the central metal
ions, that is, the stronger acidity of the ruthenium complex,
is probably one of the causes of this difference. The local
concentration of NEt3, which has a donor number (DN)[29]


of 61 compared to 14.1 for the solvent MeCN, would be
higher around the ruthenium(ii) complex than around the
rhenium(i) complex. In fact, using the more basic solvent


Figure 4. Cyclic voltammograms of A) 1,4-BNAH, B) 1a, and C) 3 a
(3.4 mm) in MeCN containing Et4NBF4 (0.1 m) under an Ar atmosphere
at a scan rate of 200 mV s�1. In the case of C), the solution contained
0.2m NEt3, and the wave at ~0.3 V is attributed to oxidation of NEt3.


Table 4. Oxidation potentials of the complexes and “free” BNAH[a] .


Eox
p [V vs Ag/AgNO3]


[b] Eox
p [V vs Ag/AgNO3]


[b]


1a 0.55, 0.86, 0.98[c] 3a[d] �0.04
1b 0.60, 1.0 3b[d] 0.13
BNAH 0.32 BNAH[d] 0.30


[a] Cyclic voltammograms were taken in CH3CN containing 0.1m


Et4NBF4 at a 0.2 V s�1 scan rate, using a glassy-carbon working electrode,
a Pt counter electrode, and a Ag/AgNO3 (0.1 m) reference electrode
under an Ar atmosphere. [b] Peak potentials for irreversible oxidation
waves. [c] Eox


1=2 for the quasi-reversible oxidation process. [d] In the pres-
ence of 0.2m NEt3.
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DMF (DN=26.6) instead of MeCN caused K between 1 b
and 3 b in the presence of 0.2 m NEt3 to decrease to 2 � 10�3.


Finally, it is noteworthy that the hydride transfer from 3 a
to the NAD(P) models is also interesting as a model of
“transhydrogenation” reactions between NAD and NADH
by the enzyme transhydrogenase.[30] Only the 1,4-dihydro-
form of the NAD(P)H models is produced by 3 a as de-
scribed above,[31] and this is the same product distribution as
the enzymic reaction, whereas most other reported transhy-
drogenation reactions between NAD and NADH models
give the 1,6- and/or 1,2-dihydro form as byproduct(s).[32]


Conclusion


Acidity of the carbamoyl group on the BNAH increases
dramatically by coordination to the ruthenium(ii) or rheniu-
m(i) complex. Addition of base ((pKa)W>8.9) gives relative-
ly stable deprotonated BNAH coordinating to the metal
complex. These deprotonated BNAH�RuII and �ReI com-
plexes have much stronger hydride-donating abilities and
are oxidized at more negative potentials than “free” BNAH.
The 1:1 adduct of the NAD(P) model and the ruthenium
complex has been isolated for the first time and its structure
successfully determined by X-ray crystallographic analysis.


Experimental Section


General procedures : 1H NMR spectra were recorded on a Bruker ARX-
400 NMR spectrometer (400 MHz) at 25 8C. Infrared absorption spectra
were recorded by JASCO FT/IR-610 spectrometers with a MCT detector
at ambient temperature. Electrospray ionization mass (ESI MS) spectra
were obtained by using a Mariner mass spectrometer (Applied Biosys-
tems) with a 100 V nozzle potential. Cyclic voltammetry was carried out
in an acetonitrile containing tetraethylammonium tetrafluoroborate
(0.1 m) as a supporting electrolyte, using an ALS/CHI CHI-620 electro-
chemical analyzer with a carbon working electrode (3 mm diameter), a
Ag/AgNO3 (0.01 m) reference electrode, and a Pt counter electrode. A
BAS C2 cell stand and a platinum (10 mm diameter) working electrode
were used for rapid-scan cyclic voltammetry.


Materials : Acetonitrile was distilled over P2O5 three times and over
CaH2 immediately before use. Dimethylformamide (DMF) was dried
over molecular sieves 4 � and distilled at reduced pressure (~20 Torr)
before use. The compound RuCl3·3H2O was kindly supplied by Kojima
Chemical Co. The hydrido complexes: [Ru(tpy)(bpy)H](PF6)·0.5 H2O,[25a]


and [Re(bpy)(CO)3H],[33] the PF6 salt of the NAD(P) model compounds:
BNA+ ,[34] BEt2NA+ ,[21c,d,35] BAcPy+ ,[21c,d] and the corresponding 1,4-dihy-
droforms: 1,4-BNAH,[34] 1,4-BEt2NAH,[21c,d,35] and 1,4-BAcPyH[21c,d] were
prepared according to the literature methods.


In situ preparation of 1a–d : A solution of an NAD(P) model (8.0 mm) in
CD3CN (0.5 mL) was added to a solution (0.5 mL) a hydrido complex
(8.0 mm) in CD3CN (0.5 mL) in an NMR tube under an argon atmos-
phere. After purging with argon for 1 min, the NMR tube was sealed.
1H NMR and ESI MS data of [Ru(tpy)(bpy)(BNAH)]2+ (1a), [Re-
(bpy)(CO)3(BNAH)]+ (1b), [Ru(tpy)(bpy)(BAcPyH)]2+ (1 c), and [Ru-
(tpy)(bpy)(BEt2NAH)]2+ (1d) are reported in the Supporting Informa-
tion of reference [21] (http://pubs.acs.org.).


[Ru(tpy)(bpy)(BNA+�H+)](PF6)2 (2 a): A hexafluorophosphate salt of
BNA+ (60 mmol) was added to a solution of [Ru(tpy)(bpy)H]-
(PF6)·0.5 H2O (30 mmol) and NEt3 (0.2 m) in acetonitrile (2.0 mL). The so-
lution was kept under dim light for 20 min at ambient temperature, then
evaporated under reduced pressure at ambient temperature. The black
precipitates were collected by filtration, washed twice with diethyl ether,
and purified by column chromatography on aluminum oxide (Merck,
eluent toluene/CH3CN 2:1). The main dark purple band was collected,
and the solvent was removed using a rotary evaporator. The brown
powder was recrystallized using CH3CN/diethyl ether, then in vacuo; the
typical yield was 75 %. 1H NMR (400 MHz, CD3CN): d =9.57 (d, J=


5.2 Hz, 1H), 8.78 (s, 1H), 8.59 (d, J =8.0 Hz, 1H), 8.49 (d, J =6.0 Hz,
1H), 8.41 (d, J =8.0, Hz, 1 H), 8.34 (t, J =8.2 Hz, 2H), 8.30 (d, J =8.4 Hz,
2H), 8.22 (t, J= 8.0 Hz, 1H), 8.02 (t, J=8.0 Hz, 1 H), 7.84 (t, J =8.0 Hz,
1H), 7.84 (t, J =8.2 Hz, 5H), 7.79 (d, J=0.4 Hz, 2 H) 7.77 (d, J =5.4 Hz,
1H), 7.68 (t, J =5.5 Hz, 1H), 7.39 (m, 3 H), 7.29 (m, 2 H), 7.21 (t, J=


7.0 Hz, 2 H), 7.16 (d, J=5.0 Hz, 1H), 6.85 (t, J =5.0 Hz, 1 H), 5.56 (s,
2H), 4.69 ppm (s, 1 H); elemental analysis calcd (%) for
C38H32F12N7OP2Ru: C 45.93, H 3.25, O 9.87; found: C 45.86, H 3.23, O
9.50.


Crystal structure determination : A single dark-red crystal of the PF6
� salt


of 2a was obtained by slow diffusion of diethyl ether into a solution of
the complex in acetonitrile. Diffraction data was collected on a Rigaku
RAPID imaging-plate diffractometer with graphite-monochromated
MoKa radiation (l=0.71073 �) with a crystal of size 0.25 � 0.10 � 0.01 mm
at 293 K. The intensity data were corrected for Lorentz and polarization
effects. Absorption correction[36] was applied. The structure was solved
by the direct method using the TEXSAN program,[37] and was refined on
F2 by using full-matrix least-square procedures implemented in the
SHELXL-97 program.[38] No secondary extinction corrections were ap-
plied. In the least-square refinements, all non-hydrogen atoms were re-
fined with anisotropic displacement parameters. PF6


� appeared to be dis-
ordered, but we did not succeed in separating the disordered structures.
There are no peaks beyond 0.33 ��3 except for those around PF6


� . The
crystallographic data are as follows: [Ru(tpy)(bpy)(BNA+-H+)](PF6)2],
Mr =962.75, monoclinic, P21/c, a =14.281(18), b=26.02(3), c=


11.678(10) �, b=110.48(5)8, V= 4069(7) �3, Z =4, 1calcd =1.572 g cm�3, F-


Scheme 1. Reaction of 1 b in the presence of NEt3.


Figure 5. Reaction of 1 b (-*-) with NEt3 (0.2 m); yields of 3 b (-*-) and
BNAH (-~-) based on 1b used.
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(000) =1936, T=298 K, R =0.044 for 6855 reflections [I>2s(I)], R=


0.061 for all data.


CCDC-255988 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Reaction of an BEt2NA+ with 1d in the presence of piperidine : PF6
�


salts of BAcPy+ (32 mmol) were added to a solution of [Ru(tpy)(bpy)H]+


(PF6
�) (32 mmol) in acetonitrile (2 mL), to give a 1:1 adduct 1 d within


1 min. This solution was added to a solution of piperidine (0.2 m final con-
centration) and PF6


� salts of BEt2NA+ (120 mmol) in acetonitrile under
an Ar atmosphere. The solution was kept at room temperature for 1 h,
and 1,4-BAcPyH was formed quantitatively; however, reduction products
of BEt2NA+ were not detected at all.


Determination of the equilibrium constants between 1 and 3 : Both PF6
�


salts of BNA+ (8.0 mm) and hydrido complex (8.0 mm) were dissolved in
CD3CN (0.5 mL), and the solution was quickly added to a solution of
amine (0.2 m final concentration) in CD3CN (0.5 mL). These procedures
were carried out in an NMR tube under an argon atmosphere. The reac-
tion was monitored by using 1H NMR spectroscopy. After equilibria be-
tween 1a and 3a, and 1b and 3 b were achieved, the ratio of concentra-
tion was determined from the area average of the 1H NMR peaks at d=


6.15 and 4.68 ppm (1 a); d =6.24 and 4.36 ppm (3a); d=6.06 and
4.73 ppm (1b); and d=6.48 and 4.36 ppm (3 b). These data and Equation
(4) were used for determination of the equilibrium constants.
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Utility of the Ammonia-Free Birch Reduction of Electron-Deficient Pyrroles:
Total Synthesis of the 20S Proteasome Inhibitor, clasto-Lactacystin b-Lactone


Timothy J. Donohoe,*[a] Herman O. Sintim,[a] Leena Sisangia,[a] Karl W. Ace,[b]


Paul M. Guyo,[b] Andrew Cowley,[a] and John D. Harling[c]


Introduction


Proteolysis by ATP-dependent enzymes (proteasomes and
proteases) plays an important role in controlling levels of
key regulatory proteins and in the degradation of abnormal
polypeptides.[1] Intracellular protein degradation is a tightly
regulated process and is crucial for (amongst others) cell
cycle progression, apoptosis, antigen presentation and NF-
kB activation.[1] Regulatory proteasomes and proteases, such
as bleomycin hydrolase, tricon, HsIU and DegP are restrict-
ed to specific locations in the cell and can be accessed only
by polypeptides destined for destruction.[2]


Proteasomes are large, hollow cylindrical protein struc-
tures (700–900 kD) composed of four stacked rings of seven
protein subunits and are indispensable to living cells.[3] All
chemical agents that specifically inhibit the proteasome
could be of great pharmacological relevance. In this regard,
the natural products lactacystin (3),[4] which is a prodrug of
clasto-lactacystin b-lactone (1),[5–8] salinosporamide A (2),[9]


and epoxomicin (4)[10] (Figure 1) are examples of potent and
selective inhibitors of the proteasome.


Abstract: A new synthesis of the 20S
proteasome inhibitor clasto-lactacystin
b-lactone is described. Our route to
this important natural product involves
the partial reduction of an electron de-
ficient pyrrole as a key step. By judi-
cious choice of enolate counterion, we
were able to exert complete control
over the stereoselectivity of the reduc-
tion/aldol reaction. Early attempts to
complete the synthesis by using a C-4


methyl substituted pyrrole are de-
scribed in full, together with our at-
tempts to promote regioselective elimi-
nation of a tertiary alcohol. The lessons
learnt from this first approach led us to
develop another, and ultimately suc-
cessful, route that introduced the C-4


methyl group at a late stage in the syn-
thesis. Our successful route is then de-
scribed and this contains several highly
stereoselective steps including a cis-di-
hydroxylation and an enolate methyla-
tion. The final synthesis proceeds in
just 13 steps and in 15 % overall yield
making it an extremely efficient route
to this valuable compound.Keywords: lactacystin · natural


products · pyrroles · total synthesis
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Omura et al. reported the isolation and characterisation
of (+)-lactacystin (3)[4] in 1991 and there has been consider-
able interest among synthetic organic chemists and biolo-
gists ever since.[11] This is in part due to lactacystin�s inhibi-
tion of the 20S proteasome and its interesting and unusual
structure. (+)-Lactacystin (3) is now commercially available
and used as an indispensable tool in neuronal research. For
example, Yano et al. have used (+)-lactacystin (3) to investi-
gate the aggregation of heat-denatured proteins.[12] Sawada
et al. have also shown that proteasome inhibition by (+)-lac-
tacystin (3) blocks 1-methyl-4-phenylpyridinium ion
(MPP(+)) or rotenone-induced dopaminergic neuronal deg-
eration, thus implicating the 20S proteasome in neurodege-
nerative diseases such as Parkinson�s.[13] As a consequence
of its relative scarcity, (+)-lactacystin (3) is expensive and
work towards a concise synthesis is a worthwhile endeavour.


In this paper, we report the evolution of the ammonia-
free reduction of electron-deficient pyrroles[14] into a strat-
egy for the total synthesis of (� )-clasto-lactacystin b-lactone
(1).[15]


Utility of pyrroles as precursors to pyrrolidine synthesis :
When considering the prospects for reducing the pyrrole
ring it is clear that the chemistry of pyrroles is dominated by
the aromatic nucleus acting as a nucleophile in aromatic
substitution reactions. Obviously, the pyrrole nucleus is ex-
tremely electron-rich and, therefore, not easily reduced.
Moreover, the presence of the acidic NH (pKa ~17) of the
pyrrole presents the possibility of deprotonation by basic re-
ducing agents. In order to develop reduction methodology
that overcomes the nucleophilic reactivity of the pyrrole
ring we have shown that pyrroles must first be substituted to
render them electron-deficient. Thus, N-Boc protected pyr-
roles that are also substituted with acyl groups have been
shown to be good substrates for dissolving metal (Birch) re-
duction and they give rise to a variety of useful synthetic in-
termediates (Scheme 1).[16]


The use of ammonia as a solvent in the Birch reduction of
pyrroles restricts the number of electrophiles that can be
successfully trapped in situ; only alkyl halides and non-eno-
lisable aldehydes can be employed. Very reactive electro-
philes such as enolisable aldehydes, silyl halides, chlorofor-
mates and acid chlorides are incompatible with the nucleo-
philic solvent. To increase the repertoire of electrophiles
that can be successfully trapped under dissolving metal con-
ditions, an ammonia-free methodology was developed.[17] In
this new procedure, di-tert-butylbiphenyl radical anion 8


(generated by reacting lithium with di-tert-butylbiphenyl 7
(DBB) in THF) provides the electrons, and bis(methoxyeth-
yl)-amine (11; BMEA) acts as an acid. A general ammonia
free reaction is shown in Scheme 2 with an aldehyde chosen
as the electrophile.


A major advantage of this ammonia-free protocol is its es-
pecial tolerance of the aforementioned set of reactive elec-
trophiles which gives the reaction sequence much more
scope for use in synthesis.


Comparison between clasto-lactacystin b-lactone (1) and
generic compound 14 reveals that it contains the requisite
functionalities at both C-2 and C-6 (if iPrCHO were the al-
dehyde electrophile) and also that the appropriate function-
al groups at C4 and C3 could be introduced easily. So, the
development of methodology to access clasto-lactacystin b-
lactone (1) in a short sequence from electron-deficient pyr-
roles became our target. The evolution of our synthetic
strategy is chronicled in this paper.


Results and Discussion


First-generation synthetic plan : We chose enone 16 as a key
retrosynthetic intermediate because we envisioned lots of
different ways of converting it into 15. A diastereoselective
reduction (hydrogenation) of enone 16 into advanced inter-
mediate 15 seemed very likely as it had the necessary direct-
ing groups (e.g. the hydroxy group on C-6) that could be
used to direct hydrogenation reagents plus the possibility of
a bulky protecting group PG1 sterically shielding one face of
the enone 16 (Scheme 3). Moreover, compound 16 could be
an ideal electrophilic intermediate for conjugate addition to
make a range of analogues of lactacystin 3.


4-Methyl N-Boc pyrrole 21 was obtained following stan-
dard Boc protection of commercially available pyrrole 20
(Scheme 4). Subjecting 21 to the original ammonia-free
Birch conditions (Li, naphthalene, BMEA, iPrCHO) gave


Scheme 1. General sequence for the reductive alkylation of a pyrrole.


Scheme 2. Mechanism for the partial reduction reaction.
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the anti-aldol product 22 in 50 % yield after column chroma-
tography; little or no trace of the syn-isomer was found (at
this point we made no attempt to optimise the yield of the
reaction). Alkene 22 was then subjected to the Upjohn dihy-
droxylation conditions (Scheme 4). In line with our expecta-
tions,[18] the oxidant (OsO4) approached alkene 22 anti to
the face bearing the free hydroxyl and bulky isopropyl
groups. Selective acetate protection of the two secondary
hydroxyl groups was achieved by employing catalytic
DMAP (0.03 equiv) in a mixture of acetic anhydride and
pyridine. Use of stoichiometric DMAP afforded the triace-
tate; the structure of compound 24 was proven by X-ray
crystal analysis.


Next, we turned our attention to the dehydration of terti-
ary alcohol 24. Could we promote the reaction and also con-
trol the regioselectivity of the alkene formation to favour
the exocyclic alkene? Unfortunately, attempted dehydration
of tertiary alcohol 24 returned starting material under a va-
riety of different conditions. For example, Burgess re-
agent,[19] Martin sulfurane[20] and DAST[21] all failed to react
with alcohol 24. However, phosphoryl chloride did promote
a reaction but that of 24 into the undesired lactam 25. An


outline mechanism for this (oxidative) transformation is
shown in Scheme 5.


Our postulated mechanism for the formation of lactam 25
from alcohol 24 proceeds via endocyclic olefin 27 which
would give reactive intermediate 28 after acetoxy elimina-
tion. Trapping of imminium 28 with water and a subsequent
(air?) oxidation of the resulting hemiaminal would then
give lactam 25. Not only was the elimination reaction diffi-
cult to effect but when it did eventually take place it pro-
ceeded with undesired regiochemistry and gave unstable in-
termediates.


Therefore, we attempted to prevent this unwanted endo-
cyclic elimination by using lactam intermediate 33 which
could potentially give the desired exocyclic olefin 34
(Scheme 6).


Scheme 3. First-generation synthetic plan.


Scheme 4. Reductive aldol and oxidative manipulation reactions:
a) (Boc)2O, Et3N, MeCN, DMAP, RT; b) Li, naphthalene, BMEA, THF,
�78 8C; iPrCHO, then NH4Cl aq.; c) cat. OsO4, NMO, acetone/H2O, RT;
d) Ac2O, pyridine, cat. DMAP.


Scheme 5. Attempted elimination of a tertiary alcohol: a) POCl3, pyri-
dine; b) Burgess reagent, Martin sulfurane or DAST.


Scheme 6. Formation of a lactam ring: a) (Ac)2O, pyridine, cat. DMAP,
RT; b) CrO3, pyridine, CH2Cl2; c) TFA, CH2Cl2; d) cat. OsO4, NMO, qui-
nuclidine, acetone/H2O; e) Ac2O, pyridine, CH2Cl2, cat. DMAP.
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The synthesis of lactam 33 began with acetate protection
of aldol adduct 22, followed by chromium trioxide allylic ox-
idation to afford Boc-protected lactam 30 in 66 % yield after
two steps (Scheme 6). Unfortunately, compound 30 was re-
sistant to dihydroxylation under a variety of conditions and
it was postulated that this failure to oxidise was because of
the electron withdrawing Boc-protecting group. Consequent-
ly, removal of the Boc group and subjection of compound 31
to dihydroxylation conditions (cat. OsO4/NMO, quinuclidine
in acetone/H2O) gave diol 32 as a single diastereoisomer
(stereochemistry assigned by analogy to 23). Selective pro-
tection of the secondary alcohol with acetic anhydride in
pyridine and catalytic DMAP afforded acetate 33. Disap-
pointingly, several attempts to dehydrate compound 33
under a variety of conditions (e.g. Burgess reagent,[19]


Martin sulfurane,[20] Dast[21] and POCl3) all failed.
At this point, it became clear that our initial idea of form-


ing the exocyclic olefin via elimination of a tertiary alcohol
was not viable partly because of the lack of reactivity of this
tertiary alcohol and also the realisation that endocyclic elim-
ination was favoured over exocyclic (Scheme 5).


Second-generation approach : The premise of our second
generation approach (Scheme 7) towards clasto-lactacystin
b-lactone 1, was a different disconnection from the key exo-
cyclic alkene 17, based on literature precedent whereby 1,1-
disubstituted olefins could be obtained via a standard Wittig
reaction on a ketone.[22] Thus, alkoxy ketone 35 became our
next target. This route differs from the first in that it does
not require a methyl group at the C-4 position of the start-
ing pyrrole 38.


MgBr2-catalysed aldol reaction of enolate 41 with isobutyr-
aldehyde—anti-aldol selectivity : The precursor to partial re-
duction, pyrrole 40, was prepared in one step from commer-
cially available 39 (Scheme 8). The aldol reaction between
enolate 41, generated under the ammonia-free conditions
(M = Li) afforded both syn- and anti-aldol products, the
ratio depending on the aldehyde used. Isopropylaldehyde
provided a ratio of 8:1 in favour of the anti-aldol product 42
(see 22, Scheme 4).


In order to increase the diastereoselectivity in this reac-
tion, our effort focussed on transmetallation of the lithium


enolate 41 in situ with various metals such as boron, magne-
sium, titanium and zinc. Of the metals that were screened,
MgBr2·Et2O was the most outstanding in terms of both
chemical yields and diastereoselectivity. Transmetalling lithi-
um enolate 41 with 1.1 equiv of MgBr2·Et2O (before
quenching with isobutyraldehyde) gave products 42 and 43
with greater than 20:1 diastereoselectivity and 74 % chemi-
cal yield, in favour of the anti-diastereoisomer 42
(Scheme 8). Models to rationalise this diastereoselectivity
have been reported elsewhere.[14]


With anti-aldol product 42 in hand, we next investigated
its dihydroxylation reaction after a standard acetate protec-
tion (Scheme 9). Alkene 44 gave diol 45 in an average yield
of 65 % after being subjected to catalytic OsO4 and NMO
(3 equiv) in acetone/water 4:1. This reaction was particularly
slow (over 24 h) and it was assumed that the moderate yield
was due to diol decomposition over the prolonged reaction
time. In our experience, dihydroxylation reactions employ-
ing Poli conditions (cat. OsO4, Me3NO·2 H2O (3 equiv) in
CH2Cl2)


[23] were usually completed faster than the cat.
OsO4/NMO system. Consistent with our observations, sub-
jecting 44 to the Poli conditions gave diol 45 in an excellent
yield of 95 % and the reaction was complete in 3 h. X-Ray
crystal analysis of a derivative 46 (Figure 2) proved the ster-


eochemistry of diol 45. As expected, the OsO4 reagent had
approached 44 from the face anti to the bulky isopropyl
group. This was not a surprising outcome as a similar facial
selectivity had been obtained before on a similar substrate
(compounds 22 and 31, Schemes 4 and 6).


Selective silyl protection of the least hindered alcohol
within diol 45 was achieved by employing TBSOTf, 2,6-luti-


Scheme 7. Second-generation synthetic plan.


Scheme 8. Reductive aldol reaction on an electron deficient pyrrole:
a) (Boc)2O, DMAP, Et3N, CH2Cl2; b) Li, DBB, THF, �78 8C,
(MeOCH2CH2)2NH, MX, isobutyraldehyde.


Figure 2. X-ray crystal structure of compound 46.
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dine in dichloromethane at �78 8C (Scheme 10). The neo-
pentyl alcohol functionality within compound 47 was then
protected with a MOM group to give the fully protected
compound 48 in an excellent yield of 99 % (Scheme 10).
Cleavage of the TBS protecting group with TBAF in dry
THF afforded the mono-MOM alcohol 49 in 84 % yield; the
secondary alcohol was then oxidised with Dess–Martin peri-
odinane[24] to furnish ketone 50 as a white solid in 86 %
yield. The X-ray crystal structure of ketone 50 provided ver-
ification of the regio- and stereochemistry up to this
stage.[25]


Unfortunately, all attempts at methylenation of ketone 50
failed. Amongst other things, reaction of compound 50 with
Tebbe reagent,[26] Petasis[27] or Peterson reagent[28] either re-
turned starting material or gave degradation, as confirmed
by both TLC and 1H NMR analyses. Attempted Wittig olefi-
nation led to epimerisation at the stereocenter alpha to the
ketone (Scheme 11) to give diastereomer 51 and none of the
expected alkene 52. The lack of (standard) reactivity of
ketone 50 towards nucleophiles was further confirmed when
subjecting 50 to reaction with methylmagnesium bromide
only returned epimerised compound 51 (Scheme 11).


The protecting group on the C-3 alcohol appeared irrele-
vant with respect to C-3 epimerisation. Swapping the MOM
group in ketone 50 with a TBDMS did not have any benefi-
cial effect in the olefination reaction, epimerisation still oc-
curred. Therefore, this route was deemed not viable and an-
other synthetic strategy was designed.


A third-generation synthetic strategy towards clasto-lacta-
cystin b-lactone 1 would have to take into account several
lessons learnt from the two previous approaches; these
were:


a) The facial bias of the alkene was predictable and re-
agents approached the dihydropyrrolidine ring anti to
the bulky isopropyl side chain.


b) Ketones on the pyrrolidine ring were not electrophilic,
and were easily epimerised.


c) The two hydroxyl groups of diol 45 can be differentiated,
with the C-4 OH being the more reactive.


With these lessons in mind, we designed a third-genera-
tion synthetic strategy (Scheme 12).


Third-generation synthetic strategy : Structure–activity rela-
tionship (SAR) requirements for proteasome inhibition by
clasto-lactacystin b-lactone are rather stringent.[29] The only
replaceable group in the molecule that retains biological ac-
tivity is the C-4 methyl group.[30] Significantly, our third-gen-
eration strategy introduces the methyl group at a late stage
and this holds promise for the production of analogues. Key
steps of this new strategy would be; i) selective deoxygena-
tion of the least hindered secondary alcohol within diol 36
(Scheme 12) and ii) diastereoselective methylation of lactam
53, taking advantage of the facial bias of the pyrrolidine
ring, see below.


We decided to dispense with selective protection of the C-
3/4 diol. A regioselective Mitsunobu reaction of diol 45 led
to iodide 54 directly whereby the least hindered alcohol had
been displaced and the C-3 (neopentyl) alcohol remained
intact (Scheme 13). Dehalogenation of iodide 54 following
Inoue�s procedure[31] led to 55 in quantitative yield. Then,
standard protection of the C-3 hydroxyl functionality fol-
lowed by (cat.) RuO4 oxidation led to lactam 57. Initially,


Scheme 9. Stereoselective dihydroxylation of the ring: a) Ac2O, pyridine,
DMAP; b) cat. OsO4, Me3NO·2 H2O, CH2Cl2.


Scheme 10. Formation of a mono-protected cyclic ketone: a) TBSOTf,
2,6-lutidine, CH2Cl2, �78 8C; b) MOMCl, iPr2NEt, CH2Cl2, 50 8C;
c) TBAF, THF, RT; d) Dess–Martin periodinane, CH2Cl2, RT.


Scheme 11. Attempted olefination reactions: a) PPh3CH3I, nBuLi, THF,
0 8C to RT or MeMgBr, THF, 0 8C to RT; b) Cp2TiCH2·AlMe2Cl, THF,
�40 8C to RT; or Cp2TiMe2, THF, RT to 70 8C; or CeCl3·7H2O, Me3Si-
CH2Li, TMEDA, THF, �78 8C to RT.


Scheme 12. Third-generation synthetic plan.
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the oxidation step proved capricious, however, it was real-
ised that desilylation of TES compound 56 in situ was re-
sponsible for the low and varied yields. Lowering the reac-
tion temperature to 0 8C and then slowly warming to room
temperature prevented this side reaction and lactam 57 was
obtained in a reproducible yield of 84 %. Attempted methyl-
ation of TES compound 57 using LDA and methyl iodide
led, as expected, to elimination of the silyoxy group. There-
fore, we decided to deprotect 57 so that we could form the
dianion prior to the methylation step. Desilylation of the
TES group with HF·pyridine in THF furnished 58 in 94 %
yield. The next key step in the synthesis was the diastereose-
lective methylation of 58.


Deprotonation of 58 was effected with LDA (2 equiv) fol-
lowed by the addition of methyl iodide; HMPA was re-
quired in order for the lithium enolate to methylate in good
yield.


Significantly, the major alkylation adduct 59 had the de-
sired stereochemistry at C-4 and the facial selectivity exhib-
ited by the enolate was similar to that observed for the dihy-
droxylation step (see 44, Scheme 9). The structures of both
59 and 60 (the minor isomer) were proven by NOE experi-
ments: in compound 59, irradiation of 3-H led to an NOE
enhancement of 4-H, but not of the methyl group at C-4.
However, in compound 60 irradiation of the 3-H led to
NOE enhancements of both 4-H and the methyl group at C-
4. With the carbon skeleton intact and the stereochemistry
of compound 59 correct, the end-game was accomplished by
cleaving the tert-butoxycarbonyl group of lactam 59 with
TFA in CH2Cl2 followed by ester hydrolysis and lactone for-


mation with bis(2-oxo-3-oxazolidyl)phosphinic chloride
(BOPCl), to give (� )-clasto-lactacystin b-lactone 1 in only
13 steps and in 15 % overall yield (Scheme 14). The spectro-
scopic data of lactone 1 (clasto-lactacystin b-lactone) was
identical to that reported in the literature.


Conclusion


Our synthetic studies on the Birch reduction of heteroaro-
matic compounds show that the methodology has broad ap-
plicability. In the last few years, we have used this methodol-
ogy to synthesise important natural products such as nemor-
ensic acid,[32] secosyrin 1[33] and 1-epi-australine.[34] In this
latest work, we have successfully applied this method to the
efficient (15 % overall yield) total synthesis of the biologi-
cally active clasto-lactacystin b-lactone 1. Our route is note-
worthy for its concise nature, high levels of stereoselectivity
and late-stage introduction of the C-4 methyl group.


Experimental Section


General : All reactions were carried out under an atmosphere of argon
unless otherwise stated. Solvents and reagents: THF was distilled from
sodium/benzophenone under an atmosphere of argon, CH2Cl2 from
CaH2 under an atmosphere of argon, triethylamine and BMEA from
CaH2, and isobutyraldehyde from 4 � molecular sieves. All distilled
chemicals were stored under an atmosphere of argon. All other reagents
were purified using standard procedures as required. Indium trichloride
was dried in vacuo at 150 8C for 2 h prior to use. Analytical thin-layer
chromatography: Performed on Merck Kieselgel 60 aluminium-backed
plates and visualised with UV light (254 nm) and stained in p-anisalde-
hyde followed by gentle heating. Chromatography: Flash and gradient
column chromatography was carried out by using Merck silica gel 60
(particle size 40–63 mm). Petroleum ether (PE) refers to the fraction with
boiling range 40–60 8C. IR Spectroscopy: IR spectra were recorded as
evaporated films from chloroform using Perkin–Elmer 881 or Perkin–
Elmer Paragon 1000 Fourier transform instruments. Absorption maxima
(nmax) are quoted in wavenumbers (cm�1) and only the structurally signifi-
cant peaks are listed. NMR Spectroscopy: 1H and 13C NMR spectra were
recorded in CDCl3 unless otherwise stated, on Varian Unity Inova 300
and Varian Gemini or Bruker AV400 or 500 spectrometers. All chemical
shifts are quoted in ppm relative to the internal CDCl3 standard. Signal


Scheme 13. Stereoselective enolate alkylation: a) PPh3, DBAD, MeI, ben-
zene; b) cat. InCl3, NaBH4, MeCN; c) TESCl, imidazole, DMAP,
CH2Cl2; d) cat. RuCl3·xH2O, m-NaIO4, CCl4/MeCN/H2O; e) HF·Py, THF,
pyridine; f) LDA, HMPA, MeI, THF.


Scheme 14. Completion of the synthesis: a) CF3CO2H, CH2Cl2; b) NaOH
(aq. 0.5 m); c) BOPCl, Et3N, CH2Cl2.
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splittings are described as; singlet (s), doublet (d), triplet (t), quartet (q),
quintet (qt), sextet (st), septet (sp), multiplet (m), broad (br). Spectra
were assigned with the aid of COSY experiments. Multiple peaks are
present in the 1H and 13C NMR spectra of some compounds and due to
Boc rotamers. Mass Spectrometry: Mass spectra were recorded on either
Kratos MS25 or a VG Trio mass spectrometer. The modes of ionisation
were ESI, APCI and CI. Exact masses were measured on a Waters 2790-
Micromass LCT electrospray ionisation mass spectrometer operating at a
resolution of 5000 full width half height.


4-Methyl N-Boc pyrrole 21: Di-tert-butyl dicarbonate (16.5 g, 86.3 mmol),
triethylamine (30 mL, 0.26 mol) and dimethylaminopyridine (88 mg,
0.86 mmol) were added to a solution of 20 (11 g, 72 mmol) in acetonitrile
(75 mL) under an atmosphere of nitrogen at 40 8C. The resulting solution
was stirred for 3 h by which time analysis of the reaction by TLC indicat-
ed complete consumption of the starting material. The crude mixture was
concentrated in vacuo and purification by flash column chromatography
eluting with iethyl ether/PE 85:15. This furnished the product 21 as a col-
ourless liquid (16.4 g, 90%); 1H NMR spectroscopic data was consistent
with that in the literature.[34]


anti-Aldol adduct 22 : Lithium (32.8 mg, 4.57 mmol) and naphthalene
(585 mg, 4.57 mmol) were dissolved in THF (20 mL) and sonicated for
1.5 h at RT under an atmosphere of argon. The resulting dark green solu-
tion was cooled to �78 8C and stirred for 10 min. The substrate 21
(245 mg, 0.91 mmol) and BMEDA (0.67 mL, 4.57 mmol) were premixed
and titrated into the green solution until a dark red solution formed. The
deep red solution was allowed to stir for a further 45 min before addition
of isobutyraldehyde (0.91 mL, 9.10 mmol). The light yellow solution that
formed was allowed to stir for another 50 min before finally quenching
with sat. NH4Cl. The solution was allowed to warm up to ambient tem-
perature before concentrating to dryness. Flash chromatography on
silica, eluting with acetone/PE 5:95 furnished 22 as a colourless oil
(158 mg, 50%). 1H NMR (300 MHz, CDCl3): d = 5.58 (br s, 1H; C=C-
H), 4.43 (t, 3J(H,H) = 3.0 Hz, 1H; CHOH), 4.36–3.61 (m, 5H;
CO2CH2CH3, C-NH2, C-OH), 1.83–1.79 (m, 4H; CH(CH3)2, CH3), 1.45
(s, 9H; C-(CH3)3), 1.29–1.22 (m, 3H; CO2CH2CH3), 1.06–0.86 ppm (m,
6H; 2 �CH3); 13C NMR (100 MHz CDCl3): d=174.9, 153.7, 138.4, 121.8,
80.6, 78.6, 76.3, 61.6, 58.4, 28.9, 28.4, 28.3, 22.2, 17.2, 14.3, 14.1 ppm; IR
(neat): ñ=3538, 2976, 2930, 2868, 1706 (C=O), 1666, 1450 cm�1; MS
(ESI): m/z (%): 350 (100) [M ++Na], 294 (45), 250 (44); HRMS (ESI):
m/z : calcd for C17H29NO5Na: 350.1943; found 350.1965.


syn-Diol 23 : NMO (367 mg, 3.13 mmol) and quinuclidine (87.0 mg,
0.78 mmol) were added to the substrate 22 (200 mg, 0.78 mmol) in ace-
tone (10 mL) and H2O (10 mL). The colourless solution was stirred for
2 min before addition of OsO4 (10 mg, 0.04 mmol). The brown solution
which formed was stirred for 28 h by which time analysis by TLC indicat-
ed complete consumption of the starting material. Silica gel was added
and the solution evaporated to dryness in vacuo. Purification of the
crude material by flash column chromatography eluting with methanol/
diethyl ether 1:99 furnished 23 as an orange foam (203 mg, 72%).
1H NMR (300 MHz, CDCl3): d =4.53–4.50 (m, 1H; CHOH), 4.47–4.45
(m, 1H; CHOH), 4.43–4.25 (m, 2 H; O-CH2CH3), 4.16–3.83 (m, 1 H; O-
H), 3.34 (dd, 3J(H,H) =12, 3J(H,H) =3.6 Hz, 2 H; N-CH2), 3.16, 2.74 (2 �
br s, 2H; 2 � O-H), 1.85–1.70 (m, 1H; CH(CH3)2), 1.49–1.42 (m, 9H; C-
(CH3)3), 1.42–1.35 (m, 6 H; 2 � CH3), 1.10–0.96 ppm (m, 6 H; 2� CH3);
13C NMR (75 MHz, CDCl3): d =173.4, 81.2, 80.8, 78.6, 77.9, 75.6, 75.4,
75.2, 74.8, 74.4, 62.5, 58.9, 58.3, 28.6, 28.1, 22.5, 22.0, 21.6, 18.0, 17.3, 14.0,
13.9 ppm; IR (neat): ñ=3940 (OH), 3451 (OH), 3244 (OH), 2974, 2933,
1704 cm�1 (C=O); MS (CI): m/z (%): 362 (100) [M ++H], 306 (40), 262
(20); HRMS (CI): m/z : calcd for C17H32NO7: 362.2179; found: 362.2171.


Monoacetate 24 : DMAP (5 mg, 0.04 mmol) was added to the substrate
23 (464 mg, 1.29 mmol) in pyridine (5 mL) and acetic anhydride (5 mL).
The resulting solution was allowed to stir for 16 hr by which time analysis
by TLC indicated complete consumption of the starting material. The
crude mixture was evaporated to dryness and purification by flash
column chromatography eluting with (50 % EtOAc/PE) furnished 24 as a
colourless solid (423 mg, 74%). 1H NMR (400 MHz, CDCl3): d = 5.78
(d, 3J(H,H) = 7.5 Hz, 1 H; CHOAc), 5.73–5.69 (m, 1H, CHOAc), 5.17,
4.75 (2 � br s, 1H; OH), 4.41–4.15 (m, 2 H; CO2CH2CH3), 4.10–3.92 (m,


1H; N-CH), 3.39–3.33 (m, 1H; N-CH), 2.10 (s, 3H; COCH3), 1.97 (s,
3H; COCH3), 1.94–1.79 (m, 1H; CH(CH3)2), 1.44 (s, 9H; C(CH3)3),
1.33–1.27 (m, 6H; 2 � CH3), 1.02–0.92 ppm (m, 6 H; 2� CH3); 13C NMR
(100 MHz CDCl3): d =172.1, 172.0, 169.2, 169.0, 168.6, 168.4, 153.6, 152.4,
81.9, 81.3, 76.2, 76.0, 75.5, 74.9, 71.0, 70.9, 62.6, 62.5, 60.2, 59.4, 29.1, 28.2,
22.3, 22.0, 21.9, 21.8, 20.8, 20.7, 20.6, 18.3, 17.9, 13.9 ppm; IR (neat): ñ =


3438, 2977, 2936, 2882, 1753, 1713, 1466, 1393, 1240, 1158, 1076,
1021 cm�1; MS (CI): m/z (%): 446 (100) [M ++H], 407 (58), 390 (58), 346
(70); HRMS (CI): m/z : calcd for C21H36NO9: 446.2390; found 446.2384.


Acetate protected aldol adduct 29 : DMAP (cat.) was added to a solution
of 22 (2.28 g, 6.69 mol) in acetic anhydride (10 mL) and pyridine (10 mL)
at room temperature and under an inert atmosphere. The solution was
left to stir overnight and then the resulting crude mixture was evaporated
to dryness in vacuo. Purification by flash column chromatography eluting
with (5 % acetone/PE) furnished 29 as a colourless oil (2.14 g, 83%).
1H NMR (400 MHz, CDCl3): d=5.72 (d, 3J(H,H) =3.6 Hz, 1 H; CHOAc),
5.51–5.46 (m, 1H; C=C-H), 4.37–3.99 (m, 4 H; N-CH2, CO2CH2CH3),
2.06, 2.05 (2 � s, 3H; COCH3), 2.03–1.88 (m, 1 H; CH(CH3)2), 1.84, 1.82
(2 � s, 3H; CH3), 1.50–1.46 (m, 9 H; C(CH3)3), 1.28–1.21 (m, 3H;
CO2CH2CH3), 0.95 (d, 3J(H,H) =6.9 Hz, 3 H; CH3), 0.80 ppm (d, 3J-
(H,H) =6.9 Hz, 3H; CH3); 13C NMR (75 MHz CDCl3): d=171.3, 170.1,
169.8, 153.5, 138.8, 122.0, 121.8, 80.9, 80.0, 61.2, 61.1, 58.4, 58.2, 29.1, 28.9,
28.3, 28.1, 21.8, 21.6, 21.1, 17.1, 15.2, 14.1, 13.9 ppm; IR (neat): ñ=


2977(s), 2935(s), 2917(s), 1790(s), 1746(s), 1708(s), 1392(s), 1237, 1160,
1025 cm�1; MS (CI): m/z (%): 370 (58) [M ++H], 331 (100), 314 (50), 270
(38); HRMS (CI): m/z : calcd for C19H32NO6: 370.2229; found 370.2227.


N-Boc lactam 30 : Pyridine (86.4 mL, 737 mmol) was added to a solution
of CrO3 (10.6 g, 105 mmol) in CH2Cl2 (80 mL) at 0 8C under an inert at-
mosphere. The mixture was stirred for 10 mins at 0 8C then allowed to
warm up to ambient temperature over 30 min. To the bright yellow com-
plex was added a solution of 29 (1.94 g, 5.27 mmol) in dichloromethane
(30 mL) dropwise. The resulting mixture was heated at 60 8C for 24 h.
The mixture was filtered through Celite and then concentrated in vacuo.
Purification of the crude material by flash chromatography eluting with
(100 % Et2O) furnished 30 as a pale green viscous oil (1.61 g, 80%).
1H NMR (300 MHz, CDCl3): d =6.91 (q, 3J(H,H) =1.7 Hz, 1H; C=C-H),
5.95 (d, 3J(H,H) =3.15 Hz, 1H; CHOAc), 4.16 (m, 2H; CO2CH2CH3),
2.20 (s, 3H; OCOCH3), 1.89 (s, 3H; CH3), 1.81 (m, 1H; CH(CH3)2), 1.60
(s, 9 H; C(CH3)3), 1.24 (t, 3J(H,H) =7.1 Hz, 3H; CO2CH2CH3), 0.95 (d, 3J-
(H,H) =7.0 Hz, 3H; CH3), 0.73 ppm (d, 3J(H,H) =7.0 Hz, 3H; CH3);
13C NMR (75 MHz, CDCl3): d=169.9, 169.7, 167.8, 139.7, 136.8, 84.1,
75.5, 71.7, 62.3, 28.6, 27.9, 21.7, 20.9, 17.2, 13.8, 10.9 ppm; IR (neat): ñ=


2979, 2937, 2880, 1788, 1748 (br), 1717, 1393, 1370, 1329, 1235, 1156,
1025, 976, 779 cm�1; MS (CI): m/z (%): 384 (30) [M ++H], 331 (60), 284
(100); HRMS (CI): m/z : calcd for C19H30NO7: 384.2022; found 384.2021.


N-Deprotected lactam 31: TFA (1.0 mL) was added to a solution of 30
(632 mg, 1.65 mmol) in CH2Cl2 (2 mL) at RT under an inert atmosphere.
The reaction was stirred at room temperature for 30 min. The solution
was then evaporated to dryness in vacuo. The crude mixture was purified
by flash chromatography eluting with (20 % acetone/PE) which furnished
31 as a colourless oil (458 mg, 98 %). 1H NMR (300 MHz CDCl3): d=


6.56 (br t, 3J(H,H) =1.7 Hz, 1 H; C=C-H), 6.20 (br s, 1 H; N-H), 5.28 (d,
3J(H,H) =5.4 Hz, 1 H; CHOAc), 4.17 (q, 3J(H,H) =7.1 Hz, 2H; O-
CH2CH3), 1.94 (s, 3H; COCH3), 1.88 (m, 1H; CH(CH3)2), 1.80 (s, 3 H;
CH3), 1.25 (t, 3J(H,H) =7.1 Hz, 3 H; O-CH2CH3), 0.89 ppm (d, 3J(H,H) =


6.7 Hz, 6H; 2� CH3); 13C NMR (75 MHz, CDCl3): d=173.8, 170.3, 168.5,
139.8, 135.8, 75.9, 71.0, 62.5, 29.8, 20.4, 20.2, 18.0, 13.9, 10.4 ppm; IR
(neat): ñ =2976, 2937, 2925, 2874, 1746 (C=O), 1735 (C=O), 1704, 1654,
1475, 1372, 1232, 1193, 1028 cm�1; MS (CI): m/z (%): 284 (100) [M +


+H], 169 (75), 123 (10); HRMS (CI): m/z : calcd for C14H22NO5:
284.1498; found 284.1492.


syn-Diol 32 : NMO (459 mg, 3.92 mmol) and quinuclidine (218 mg,
1.96 mmol) were added to compound 31 (554 mg, 1.96 mmol) in acetone
and H2O (3 mL). The colourless solution was stirred for 2 min before ad-
dition of OsO4 (10 mg, 0.20 mmol). The brown solution that formed was
stirred for 12 h and the solution evaporated to dryness in vacuo. Purifica-
tion of the crude material by flash column chromatography eluting with
(1 % MeOH/Et2O) furnished 32 as a colourless solid (270 mg, 44%).
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1H NMR (300 MHz, CD3SOCD3): d= 8.50 (s, 1 H; NH), 5.25 (d, 3J-
(H,H) =7.1 Hz, 1 H; CHOH), 5.22 (d, 3J(H,H) =6.3 Hz, 1 H; CHOAc),
5.13 (s, 1H; C(CH3)OH), 4.12 (q, 3J(H,H) =7.1 Hz, 2H; CO2CH2CH3),
3.64 (d, 3J(H,H) =7.1 Hz, 1 H; CHOH), 2.07 (s, 3 H; COCH3), 1.95 (sp, 3J-
(H,H) =6.3 Hz, 1 H; CH(CH3)2), 1.20 (m, 6 H; CO2CH2CH3, CH3), 0.84
(d, 3J(H,H) =6.9 Hz, 3 H; CH(CH3)), 0.78 ppm (d, 3J(H,H) =6.9 Hz, 3H;
CH(CH3)); 13C NMR (75 MHz, CD3SOCD3): d = 176.5, 170.5, 170.4,
77.9, 75.6, 71.5, 70.6, 61.3, 29.7, 23.3, 21.1, 21.0, 19.3, 14.3 ppm; IR (neat):
ñ= 3464 (br OH), 3423 (br, OH), 2976 (s), 2936 (s), 1735 (C=O), 1709
(C=O), 1656, 1374, 1231, 1026, 824 cm�1; MS (CI): m/z (%): 318 (100)
[M ++H], 258 (20); HRMS (EI): m/z : calcd for C14H23NO7: 317.1474;
found 317.1470 [M +].


Monoacetate 33 : Acetic anhydride (84.4 mL, 0.89 mmol) and DMAP
(cat.) was added to the substrate 32 (177 mg, 0.55 mmol) in pyridine
(1 mL) and CH2Cl2 (2 mL). The resulting solution was allowed to stir for
12 h and the crude mixture was then evaporated to dryness. Purification
by flash column chromatography eluting with (2 % MeOH/CH2Cl2) fur-
nished 33 as a colourless oil (423 mg, 74%). 1H NMR (300 MHz, CDCl3):
d=6.8 (s, 1H; N-H), 5.43 (d, 3J(H,H) =6.2 Hz, 1H; CHOAc), 5.2 (s, 1H;
CHOAc), 4.34 (m, 2H; CO2CH2CH3), 3.2 (br s, 1 H; OH), 2.19 (s, 3H;
COCH3), 2.14 (s, 3H; COCH3), 1.94 (sp, 3J(H,H) =6.2 Hz, 1 H; CH-
(CH3)2), 1.51 (s, 3 H; CH3), 1.38 (t, 3J(H,H) =7.1 Hz, 3 H; CO2CH2CH3),
1.01 (d, 3J(H,H) =6.9 Hz, 3H; CH3), 0.96 ppm (d, 3J(H,H) = 6.9 Hz, 3 H;
CH3); 13C NMR (75 MHz, CDCl3): d= 170.0, 169.9, 169.0, 75.8, 74.9, 72.3,
69.0, 62.8, 30.3, 22.8, 20.7, 20.4, 18.5, 14.0 ppm; IR (neat): ñ =3404 (br),
2977 (s), 2938 (s), 1729 (br), 1714 (s), 1373 (s), 1225 cm�1; MS (CI): m/z
(%): 377 (65), 360 (100) [M ++H]; HRMS (EI): m/z : calcd for
C16H25NO8: 359.1678; found 359.1682.


N-Boc ethyl ester pyrrole 40 : DMAP (cat.), distilled triethylamine
(4.2 mL, 30 mmol) and di-tert-butyl dicarbonate (3.1 g, 14 mmol) were
added to a stirred solution of ethyl ester pyrrole 39 (1.4 g, 10 mmol) in
distilled MeCN (10 mL). The mixture was then heated at 50 8C for 48 h.
The reaction mixture was poured into water (30 mL) and extracted with
Et2O (3 � 30 mL), dried (Na2SO4), filtered and evaporated under reduced
pressure. The product was purified by flash column chromatography
(eluting with 10 % acetone/PE) to afford the N-Boc ethyl ester pyrrole
40 (2.2 g, 91%) as a pale yellow oil. 1H NMR (400 MHz, CDCl3): d=7.31
(dd, 3J(H,H) = 3.6, 3J(H,H) = 2.0 Hz, 1 H; ArH), 6.83 (dd, 3J(H,H) =3.6,
3J(H,H) =1.6 Hz, 1 H; ArH), 6.17 (t, 3J(H,H) =3.6 Hz, 1H; ArH), 4.31
(q, 3J(H,H) =7.2 Hz, 2H; OCH2Me), 1.59 (s, 9 H; CMe3), 1.36 ppm (t, 3J-
(H,H) =7.2 Hz, 3 H; OCH2Me); 13C NMR (125 MHz, CDCl3): d=160.9,
148.4, 126.5, 125.6, 120.6, 110.0, 84.7, 60.8, 27.6, 14.3 ppm; IR (neat): ñ=


2982–2875 (CH), 1752 (C=O), 1725 cm�1 (C=O); HRMS (ESI): m/z :
calcd for C14H20N2O4Na: 303.1320; found 303.1320 [M ++CH3CN+Na].


anti-Aldol adduct 42 : Small strips of lithium ribbon (119 mg, 17.0 mmol),
antibumping granules and di-tert-butylbiphenyl (4.5 g, 16.9 mmol) were
placed in a Schlenk tube which was then evacuated and purged with
argon several times. The mixture was ground with a magnetic stirrer until
all the lithium became a dark powder. Freshly distilled THF (50 mL) was
then added and the mixture was cooled down to �78 8C before a mixture
of N-Boc ethyl ester pyrrole 40 (1.1 g, 4.4 mmol) and bis-methoxyethyla-
mine (0.8 mL, 5.3 mmol) in freshly distilled THF (25 mL) was added
dropwise to the turquoise solution. The mixture was then stirred at
�78 8C for a further 15 min after which freshly prepared MgBr2 (1.0 g,
5.4 mmol) in THF (20 mL) was added and the mixture was stirred for a
further 30 min. Distilled isobutyraldehyde (0.7 mL, 7.0 mmol) was then
added and after 30 min the reaction mixture was quenched with saturated
NH4Cl (10 mL). Stirring was continued at �78 8C for a further 30 min
and then warmed to ambient temperature. The reaction mixture was
poured into aqueous HCl (1.0 m, 50 mL) and extracted with Et2O (3 �
60 mL), dried (Na2SO4), filtered and evaporated under reduced pressure.
The product was purified by gradient column chromatography (eluting
with neat PE to recover the DBB and then 5 % acetone/PE) to afford
the anti-aldol 42 (1.07 g, 74%) as a colourless oil. 1H NMR (400 MHz,
CDCl3): d =5.98, 5.93, 5.91(dt, s, dt, 3J(H,H) =8.4, 3J(H,H) =2.0, 3J’-
(H,H) =8.4, 3J’(H,H) =2.4 Hz, 2 H; CH=CH), 4.41, 4.38 (dd, dt, 3J-
(H,H) =5.6, 3J(H,H) =2.8, J ’(H,H) =18.0, J ’(H,H) = 2.0 Hz, 1H;
CHOH), 4.34–4.00 (m, 4H; OCH2Me, NCH2), 3.89, 3.62 (2 � dd, 3J-


(H,H) =3.2, 3J(H,H) =0.8 Hz, 1H; OH), 1.90–1.70 (m, 1H; CHMe2),
1.44, 1.41 (2 � s, 9H; CMe3), 1.24, 1.21 ppm (2 � t, 3J(H,H) =7.6, 3J ’-
(H,H) =7.2 Hz, 3H; OCH2Me), 0.97, 0.95 (2 � d, 3J(H,H) =6.8 Hz, 3 H;
CHMe), 0.87, 0.84 ppm (2 � d, 3J(H,H) =6.8 Hz, 3 H; CHMe); 13C NMR
(125 MHz CDCl3): d= 174.8, 174.6, 154.3, 153.5, 129.0, 128.6, 128.5, 81.2,
80.6, 78.8, 78.4, 76.7, 76.0, 62.1, 61.9, 56.0, 55.9, 29.4, 29.0, 28.7, 22.6, 22.3,
17.7, 17.1, 14.5, 14.4 ppm; IR (neat): ñ =3543 (br OH), 2974–2872 (CH),
1705 cm�1 (br C=O); MS (ESI): m/z (%): 214 (100) [M +�Boc], 336 (36)
[M ++Na]; HRMS (ESI): m/z : calcd for C16H27NO5Na: 336.1787; found
336.1787 [M ++Na].


Acetate 44 : DMAP (cat.), acetic anhydride (15 mL) and distilled pyri-
dine (15 mL) were added to the anti-aldol product 42 (4.33 g, 13.8 mmol)
and the mixture was stirred for 48 h. The reaction mixture was poured
into water (50 mL) and aqueous CuSO4 (20 mL), and then extracted with
Et2O (3 � 50 mL), dried (Na2SO4), filtered and evaporated under reduced
pressure. The product was purified by flash column chromatography
(eluting with 5 % acetone/PE) to afford the acetate protected anti-aldol
product 44 (3.4 g, 72 %) as a very pale yellow oil. 1H NMR (400 MHz,
CDCl3): d = 6.12–5.98 (m, 1H; CH=CH), 5.91–5.85 (m, 1 H; CH=CH),
5.84, 5.77 (2 � d, 3J(H,H) =3.6, 3J ’(H,H) =3.3 Hz, 1H; CHOAc), 4.51–
4.35 (m, 1H; NCH), 4.30–4.20 (m, 1H NCH), 4.14 (q, 3J(H,H) =7.1 Hz,
2H; OCH2Me), 2.14 (s, 3 H; COMe), 2.08–1.92 (m, 1H; CHMe2), 1.50 (s,
9H; CMe3), 1.26 (t, 3J(H,H) =7.1 Hz, 3 H; OCH2Me), 0.98 (d, 3J(H,H) =


6.9 Hz, 3H; CHMe), 0.83 ppm (d, 3J(H,H) =6.9 Hz, 3H; CHMe);
13C NMR (75 MHz; CDCl3): d=170.9, 170.1, 153.2, 129.1, 129.0, 128.3,
128.1, 81.1, 80.2, 61.4, 61.3, 55.5, 55.4, 30.9, 29.1, 29.0, 28.9, 28.4, 28.3,
28.2, 28.1, 21.9, 21.7, 21.1, 17.2, 16.9, 13.9 ppm; IR (neat): ñ=2975 (CH),
1744 (C=O), 1707 cm�1 (C=O); HRMS (ESI): m/z : calcd for C18H30NO6:
356.2073; found 356.2077 [M ++H].


syn-Diol 45 : Trimethylamine N-oxide (3 mmol) and osmium tetroxide
(cat.) was added to the acetate protected anti-aldol product 44 (1 g,
3 mmol) in CH2Cl2 (50 mL), and the reaction mixture was stirred for 4 h.
Saturated Na2SO3 (20 mL) was then added to the reaction mixture and
stirred for a further 0.5 h and then evaporated to dryness. The reaction
mixture was then extracted with CH2Cl2 (3 � 100 mL), dried (Na2SO4), fil-
tered and evaporated under reduced pressure. The product was purified
by flash column chromatography (eluting with 100 % Et2O) to afford the
diol 45 (1.08 g, 95%) as a clear oil. 1H NMR (400 MHz, CDCl3): d=5.82,
5.75 (2 � d, 3J(H,H) = 4.8, 3J ’(H,H) = 4.4 Hz, 1H; CHOAc), 4.72, 4.64 (2 �
t, 3J(H,H) = 5.2 Hz, 1H; CHOHB), 4.41, 4.06 (2 � d, 3J(H,H) =11.6, 3J ’-
(H,H) =12.4 Hz, 1H; OHA), 4.34–3.92 (m, 4 H; OCH2Me, CHOHA,
NCH), 3.52, 3.48 (2 � dd, 2J(H,H) =8.4, 3J(H,H) =4.0 Hz, 1H; NCH),
2.97, 2.89 (2 � d, 3J(H,H) =7.6, 3J ’(H,H) =6.8 Hz, 1H; OHB), 2.12, 2.10 (s,
3H; COMe), 1.90–1.75 (m, 1 H; CHMe2), 1.44, 1.43 (2 � s, 9H; CMe3),
1.28 (t, 3J(H,H) =7.2 Hz, 3H; OCH2Me), 0.99 (d, 3J(H,H) =6.8 Hz, 3 H;
CHMe), 0.89 ppm (d, 3J(H,H) =7.2 Hz, 3 H; CHMe); 13C NMR
(100 MHz, CDCl3): d=173.4, 169.8, 153.0, 81.8, 81.1, 75.9, 75.8, 75.0, 72.9,
72.7, 71.0, 70.4, 62.6, 62.5, 54.8, 54.1, 30.9, 29.1, 28.2, 22.2, 21.9, 21.0, 20.9,
18.4, 18.0, 13.8 ppm; IR (neat): ñ =3424 (br OH), 2976–2874 (CH), 1746
(C=O), 1710 cm�1 (C=O); MS (ESI): m/z (%): 412 (100) [M ++Na], 390
(28) [M ++H]; HRMS (ESI): m/z : calcd for C18H31NO8Na: 412.1947;
found 412.1944 [M ++Na].


Cyclic sulfate 46 : Triethylamine (1.1 mL, 7.9 mmol) was added to a stir-
red solution of the diol 45 (381 mg, 0.980 mmol) in distilled CH2Cl2


(2 mL) at 0 8C, followed by the dropwise addition of thionylchloride
(110 mL, 1.51 mmol) over 0.5 h. After 1 h the reaction mixture was
warmed to room temperature and stirred for 24 h. The reaction mixture
was then poured into water (30 mL), extracted with Et2O (3 � 40 mL) and
the combined organic extract was washed with brine (10 mL), dried
(Na2SO4), filtered and concentrated in vacuo to afford the cyclic sulfite
(355 mg, 84%) as a brown solid, which was taken straight through to the
next step without purification.


To the crude cyclic sulfite (355 mg, 0.820 mmol) were added MeCN
(2 mL), CCl4 (2 mL) and water (3 mL). The reaction mixture was then
cooled down to 0 8C, followed by the additon of ruthenium trichloride hy-
drate (cat.) and sodium m-periodate (279 mg, 1.30 mmol), and the mix-
ture was stirred for 1.5 h at room temperature. The dark brown reaction
mixture was then extracted with Et2O (3 � 40 mL) and the combined or-


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4227 – 42384234


T. J. Donohoe et al.



www.chemeurj.org





ganic extract was washed with brine (10 mL) and saturated NaHCO3


(10 mL), dried (Na2SO4), filtered through a pad of charcoal and Celite
and concentrated in vacuo to afford the cyclic sulfate 46 (345 mg, 93%)
as a white solid. M.p. 133–138 8C; 1H NMR (400 MHz, CDCl3): d =5.92,
5.82 (2 � d, 3J(H,H) = 3J ’(H,H) =3.6 Hz, 1H; CHOAc), 5.76, 5.69 (2 � d,
3J(H,H) =6.8, 3J ’(H,H) =7.2 Hz, 1 H; CHOSO2), 5.43–5.34 (m, 1 H;
NCH2CHOSO2), 4.35–4.01 (m, 4H; OCH2Me, NCH2), 2.14, 2.13 (2 � s,
3H; COMe), 1.93–1.82 (m, 1 H; CHMe2), 1.47, 1.46 (2 � s, 9H; CMe3),
1.30, 1.26 (2 � t, 3J(H,H) = 3J ’(H,H) =7.2 Hz, 3H; OCH2Me), 0.99 (d, 3J-
(H,H) =7.6 Hz, 3H; CHMe), 0.82 ppm (d, 3J(H,H) =6.8 Hz, 3 H;
CHMe); 13C NMR (125 MHz CDCl3): d =170.1, 167.9, 152.9, 85.4, 84.5,
83.5, 79.7, 79.1, 75.2, 73.9, 63.3, 63.0, 53.1, 52.9, 29.7, 29.5, 28.6, 28.5, 21.6,
21.5, 17.9, 17.6, 14.2 ppm; IR (neat): ñ=2977–2886 (CH), 1755 (C=O),
1694 cm�1 (C=O); MS (ESI): m/z (%): 474 (100) [M ++Na]; HRMS
(ESI): m/z : calcd for C18H29NO10SNa: 474.1414; found 474.1410 [M +


+Na].


Monoprotected diol 47: Distilled 2,6-lutidine (0.76 mL, 6.50 mmol) was
added to the diol 45 (1.02 g, 2.62 mmol) in distilled CH2Cl2 (20 mL) and
the mixture was stirred at �78 8C for 0.5 h followed by dropwise addition
of tert-butyldimethylsilyl triflate (0.90 mL, 3.9 mmol). The reaction mix-
ture was then stirred at �78 8C for 1.5 h and then allowed to warm to
room temperature for 20 h. The mixture was poured into dilute HCl
(0.1 m, 30 mL) and extracted with CH2Cl2 (3 � 40 mL), dried (Na2SO4), fil-
tered and evaporated under reduced pressure. The product was purified
by flash column chromatography (eluting with 10% acetone/PE) to
afford the mono-TBDMS protected diol 47 (1.2 g, 93%) as a pale yellow
oil. 1H NMR (400 MHz, CDCl3): d =5.81, 5.77 (2 � d, 3J(H,H) = 3J ’-
(H,H) =4.0 Hz, 1 H; CHOAc), 4.67, 4.49 (2 � t, 3J(H,H) =6.6, 3J ’(H,H) =


6.2 Hz, 1 H; CHOH), 4.36–4.26 (m, 1 H; CHOTBS), 4.18–4.04 (m, 2 H;
OCH2Me), 3.78–3.53 (m, 2 H; NCH2), 3.33, 3.27 (2 � d, 3J(H,H) = 3J ’-
(H,H) =6.8 Hz, 1 H; OH), 2.14, 2.13 (2 � s, 3H; COMe), 1.94–1.83 (m,
1H; CHMe2), 1.45 (s, 9 H; CMe3), 1.26 (t, 3J(H,H) =7.2 Hz, 3 H;
OCH2Me), 0.97 (d, 3J(H,H) =6.8 Hz, 3 H; CHMe), 0.92, 0.91 (2 � s, 9 H;
OSiMe2CMe3), 0.86 (d, 3J(H,H) =7.2 Hz, 3H; CHMe), 0.14, 0.12 ppm
(2 � s, 6H; OSiMe2CMe3); 13C NMR (125 MHz CDCl3): d= 170.3, 169.7,
153.5, 81.3, 76.2, 75.4, 74.7, 74.4, 73.6, 69.6, 68.8, 61.1, 61.0, 54.2, 54.0,
29.1, 28.8, 28.2, 28.1, 25.5, 22.0, 21.9, 21.1, 18.0, 17.6, 14.0, �4.8, �5.1,
�5.2 ppm; IR (neat): ñ =3503 (br OH), 2963–2800 (CH), 1747 (C=O),
1706 cm�1 (C=O); MS (ESI): m/z (%): 526 (40) [M ++Na]; HRMS (CI):
m/z : calcd for C24H46NO8Si: 504.2993; found 504.2993 [M ++H].


Diprotected diol 48 : Diisopropylethylamine (5.0 mL, 28 mmol) was
added to the mono-TBDMS protected diol 47 (709 mg, 1.41 mmol) in dis-
tilled CH2Cl2 (10 mL) and the mixture was stirred for 45 min. Chloro-
methyl methoxy ether (1.61 mL, 21.2 mmol) was then added dropwise
and the mixture was heated at 50 8C for 21 h. The dark orange reaction
mixture was then quenched with saturated NH4Cl (5 mL) and the mix-
ture was stirred for a further 0.5 h, then poured into water (30 mL) and
extracted with Et2O (3 � 40 mL). The combined organic extract was
washed with brine (20 mL), dried (Na2SO4), filtered and evaporated
under reduced pressure. The product was purified by flash column chro-
matography (eluting with 10% acetone/PE) to afford the bis-protected
diol 48 (764 mg, 99 %) as a pale yellow oil. 1H NMR (400 MHz, CDCl3):
d = 5.80, 5.74 (2 � d, 3J(H,H) =4.0, 3J ’(H,H) =3.6 Hz, 1 H; CHOAc),
4.81, 4.78 (2 � d, 3J(H,H) =7.2, 3J ’(H,H) =6.8 Hz, 1 H; OCHOMe), 4.64–
4.60 (m, 1 H; OCHOMe), 4.60, 4.50 (2 � d, 3J(H,H) =6.8, 3J ’(H,H) =


5.2 Hz, 1H; CHOMOM), 4.28–3.98 (m, 3 H; OCH2Me, CHOTBDMS),
3.77, 3.62 (2 � dd, 3J(H,H) =9.6, 3J(H,H) =6.8, 3J ’(H,H) =10.0, 3J ’(H,H) =


7.2 Hz, 1 H; NCH), 3.48, 3.45 (2 � t, 3J(H,H) = 3J ’(H,H) =9.6 Hz, 1 H;
NCH), 3.35 (s, 3H; OCH2OMe), 2.14, 2.13 (2 � s, 3H; COMe), 1.99–1.84
(m, 1 H; CHMe2), 1.45 (s, 9 H; CMe3), 1.26, 1.23 (2 � t, 3J(H,H) =7.2, 3J ’-
(H,H) =6.8 Hz, 3H; OCH2Me), 1.00, 0.98 (2 � d, 3J(H,H) = 3J ’(H,H) =


6.8 Hz, 3H; CHMe), 0.91, 0.90 (2 � s, 9H; OSiMe2CMe3), 0.88, 0.84 (2 � d,
3J(H,H) = 3J ’(H,H) =6.8 Hz, 3H; CHMe), 0.12, 0.11, 0.10 ppm (3 � s,
6H; OSiMe2CMe3); 13C NMR (125 MHz CDCl3): d =170.3, 169.9, 169.5,
169.1, 153.7, 96.7, 81.3, 80.2, 77.7, 77.5, 75.5, 74.7, 74.5, 74.1, 70.4, 70.0,
61.0, 60.9, 56.0, 52.0, 51.6, 28.8, 28.4, 28.1, 26.1, 25.7, 22.3, 22.1, 21.0, 18.1,
18.0, 17.9, 13.8, �4.8, �5.0 ppm; IR (neat): ñ =2961–2858 (CH), 1748 (C=


O), 1709 cm�1 (C=O); MS (ESI): m/z (%): 570 (47) [M ++Na]; HRMS
(CI): m/z : calcd for C26H50NO9Si: 548.3255; found 548.3255 [M ++H].


MOM protected diol 49 : TBAF (2.40 mL, 2.40 mmol) was added drop-
wise to the bis-protected diol 48 (662 mg, 1.21 mmol) in distilled THF
(10 mL), and the mixture was stirred for 1 h. The reaction mixture was
quenched with saturated NH4Cl (10 mL) and stirred for a further 10 min
and then poured into water (30 mL) and extracted with Et2O (3 � 40 mL).
The combined organic extract was washed with brine (20 mL), dried
(Na2SO4), filtered and evaporated under reduced pressure. The product
was purified by flash column chromatography eluting with 20 % EtOAc/
PE to afford the mono-MOM protected diol 49 (443 mg, 84 %) as a pale
yellow oil. 1H NMR (400 MHz, CDCl3): d= 5.80, 5.76 (2 � d, 3J(H,H) =
3J ’(H,H) =4.8 Hz, 1H; CHOAc), 4.83, 4.82 (2 � d, 3J(H,H) =6.8, 3J ’-
(H,H) =6.4 Hz, 1 H; OCHOMe), 4.71, 4.70 (2 � d, 3J(H,H) = 3J ’(H,H) =


6.4 Hz, 1H, OCHOMe), 4.61, 4.27 (2 � d, 3J(H,H) =11.2, 3J(H,H) =


11.6 Hz, 1 H; OH), 4.51, 4.42 (2 � d, 3J(H,H) =4.4, 3J ’(H,H) =4.8 Hz, 1 H;
CHOMOM), 4.36–4.11 (m, 3H; OCH2Me, CHOH), 4.09, 3.94 (2 � d, 3J-
(H,H) =12.8, 3J ’(H,H) =12.4 Hz, 1H; NCH), 3.48 (s, 3 H; OCH2OMe),
3.43, 3.41 (2 � dd, 3J(H,H) =12.8, 3J(H,H) =3.6, 3J ’(H,H) = 12.4, 3J ’-
(H,H) =3.6 Hz, 1H; NCH), 2.07, 2.05 (2 � s, 3 H; COMe), 1.91–1.78 (m,
1H; CHMe2), 1.45, 1.44 (2 � s, 9H; CMe3), 1.28, 1.26 (2 � t, 3J(H,H) = 3J ’-
(H,H) =7.2 Hz, 3H; OCH2Me), 1.00, 0.99 (2 � d, 3J(H,H) = 3J ’(H,H) =


6.8 Hz, 3 H; CHMe), 0.89, 0.88 ppm (2 � d, 3J(H,H) =6.8, 3J ’(H,H) =


6.4 Hz, 3 H; CHMe); 13C NMR (100 MHz CDCl3): d= 171.9, 169.5, 169.4,
153.8, 152.9, 96.5, 96.4, 81.7, 81.0, 80.6, 79.7, 76.0, 71.4, 71.2, 70.4, 69.9,
62.2, 62.1, 56.1, 55.7, 55.0, 30.9, 29.6, 28.9, 28.2, 28.1, 22.4, 22.2, 21.0, 20.9,
18.5, 18.2, 13.8 ppm; IR (neat): ñ =3435 (br OH), 2973–2800 (CH), 1746
(C=O), 1710 cm�1 (C=O); MS (ESI): m/z (%): 456 (100) [M ++Na], 334
(53); HRMS (ESI): m/z : calcd for C20H36NO9: 434.2390; found 434.2386
[M ++H].


MOM protected ketone 50 : Dess–Martin periodinane (188 mg,
0.440 mmol) was added to the mono-MOM protected diol 49 (90 mg,
0.21 mmol) in distilled CH2Cl2 (4 mL) and the mixture was stirred for
1.5 h. Et2O (10 mL) was then added to the resulting cloudy white solution
followed by a 1:1 mixture of saturated NaHCO3 (2 mL) and saturated
Na2S2O3 (2 mL) and stirred for a further 1 h. The reaction mixture was
then poured into water (15 mL), extracted with Et2O (3 � 20 mL), dried
(Na2SO4), filtered and evaporated under reduced pressure. The product
was purified by flash column chromatography (eluting with 20% EtOAc/
PE) to afford the ketone 50 (77.2 mg, 86%) as a white solid. M.p. 80–
88 8C; 1H NMR (400 MHz, CDCl3): d= 6.10, 6.04 (br s, d, 3J(H,H) =


2.8 Hz, 1H; CHOAc), 4.90 (d, 3J(H,H) =6.4 Hz, 1H; OCHOMe), 4.69
(d, 3J(H,H) =6.4 Hz, 1H; OCHOMe), 4.72–4.62 (m, 1 H; CHOMOM),
4.28–4.04 (m, 3 H; OCH2Me, NCH), 3.90 (d, 2J(H,H) =19.2 Hz, 1H;
NCH), 3.53 (s, 3H; OCH2OMe), 2.17–1.95 (m, 1 H; CHMe2), 2.10 (s, 3H;
COMe), 1.48 (s, 9H; CMe3), 1.22 (t, 3J(H,H) =7.2 Hz, 3H; OCH2Me),
1.01 (d, 3J(H,H) =6.8, 3H; CHMe), 0.90 ppm (d, 3J(H,H) =7.2 Hz, 3 H,
CHMe); 13C NMR (125 MHz CDCl3): d =205.3, 169.3, 168.8, 96.6, 82.6,
78.9, 74.8, 71.1, 61.5, 56.4, 52.8, 29.3, 28.0, 21.4, 20.9, 17.6, 13.9 ppm; IR
(neat): ñ =2980–2922 (CH), 1778 (C=O), 1759 (C=O), 1711 cm�1 (C=O);
MS (ESI): m/z (%): 454 (48) [M ++Na]; HRMS (CI): m/z : calcd for
C20H34NO9: 432.2240; found 432.2234 [M ++H].


Epimerised MOM protected ketone 51: nBuLi (1.6 m solution in hexane,
0.34 mL, 0.54 mmol) was added slowly at 0 8C to methyl triphenylphos-
phonium iodide (228 mg, 0.560 mmol) in distilled THF (2 mL), and the
reaction mixture was stirred for 1 h. Ketone 50 (117 mg, 0.270 mmol) in
distilled THF (5 mL) was then added dropwise to the orange solution,
which was stirred at room temperature for 1.5 h. The reaction mixture
was quenched with saturated NH4Cl (10 mL) and stirred for a further
15 min, then poured into water (20 mL) followed by extraction with Et2O
(3 � 30 mL). The combined organic extract was washed with brine
(15 mL), dried (Na2SO4), filtered and evaporated under reduced pressure.
The product was purified by flash column chromatography (eluting with
10% EtOAc/PE) to afford the ketone 51 (62.6 mg, 56%) as a pale
yellow oil. 1H NMR (400 MHz, CDCl3): d=5.41 (s, 1 H; CHOAc), 4.70,
4.69 (2 � d, 3J(H,H) =6.4, 3J ’(H,H) =6.8 Hz, 1 H; OCHOMe), 4.64 (s, 1H;
CHOMOM), 4.58 (d, 3J(H,H) =6.8 Hz, 1 H; OCHOMe), 4.46–4.02 (m,
3H; OCH2Me, NCH), 3.76, 3.74 (2 � d, 2J(H,H) =17.6, 2J ’(H,H) =


18.8 Hz, 1 H; NCH), 3.36 (s, 3H; OCH2OMe), 2.75, 2.69–2.57 (sp, m, 3J-
(H,H) =6.8 Hz, 1H; CHMe2), 1.91, 1.90 (2 � s, 3 H; COMe), 1.47, 1.46
(2 � s, 9H; CMe3), 1.36, 1.32 (2 � t, 3J(H,H) = 3J ’(H,H) =7.6 Hz, 3 H;
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OCH2Me), 1.04, 1.03 (2 � d, 3J(H,H) = 3J ’(H,H) = 7.2 Hz, 3 H; CHMe),
0.78, 0.75 ppm (2 � d, 3J(H,H) = 6.8, 3J ’(H,H) =6.4 Hz, 3 H; CHMe);
13C NMR (100 MHz CDCl3): d=204.5, 203.7, 169.5, 169.1, 153.0, 152.7,
97.4, 97.2, 82.5, 81.6, 70.5, 69.9, 62.0, 56.5, 56.3, 51.4, 50.9, 28.4, 28.3, 28.1,
23.0, 20.4, 17.0, 16.8, 14.0, 13.9 ppm; IR (neat): ñ=2978–2810 (CH), 1782
(C=O), 1754 (C=O), 1707 cm�1 (C=O); MS (ESI): m/z (%): 454 (100)
[M ++Na], 449 (58) [M ++NH4]; HRMS (ESI): m/z : calcd for
C20H34NO9: 432.2234; found 432.2235 [M ++H].


Iodohydrin 54 : Triphenylphosphine (4.19 g, 16.0 mmol) and di-tert-butyla-
zodicarboxylate (3.67 g, 15.9 mmol) were added to the diol 45 (1.0 g,
2.6 mmol) in distilled benzene (14 mL), and the reaction mixture was stir-
red for 20 min. Methyliodide (1.91 mL, 30.7 mmol) was then added drop-
wise and the mixture was heated at reflux at 80 8C for 34 h. The reaction
mixture was then poured into water (100 mL), extracted with dichloro-
methane (3 � 100 mL), dried (Na2SO4), filtered and evaporated under re-
duced pressure. The product was purified by flash column chromatogra-
phy (eluting with 5% acetone/PE) to afford the iodide 54 (1.04 g, 81%)
as a clear oil. 1H NMR (400 MHz, CDCl3): d=6.26 (br s, 1H; OH), 5.81,
5.73 (2 � d, 3J(H,H) = 4.8, 3J ’(H,H) = 4.4 Hz, 1H; CHOAc), 4.79, 4.73 (2 �
dd, 3J(H,H) =9.8 Hz, 3J(H,H) =3.4, 3J ’(H,H) =9.6, 3J ’(H,H) =3.2 Hz,
1H; CHOH), 4.44–4.06 (m, 4H; OCH2Me, CHI, NCH), 3.61–3.46 (m,
1H; NCH), 2.12, 2.11 (2 � s, 3 H; COMe), 1.98–1.82 (m, 1 H; CHMe2),
1.44, 1.42 (2 � s, 9H; CMe3), 1.26, 1.22 (2 � t, 3J(H,H) =7.2 Hz, 3 H;
OCH2Me), 1.00, 0.99 (2 � d, 3J(H,H) =6.8, 3J ’(H,H) =7.2 Hz, 3 H;
CHMe), 0.92, 0.91 ppm (2 � d, 3J(H,H) =6.8 Hz, 3 H; CHMe); 13C NMR
(125 MHz, CDCl3): d= 169.9, 169.8, 169.0, 155.6, 152.4, 83.2, 82.4, 81.9,
81.3, 81.2, 71.0, 61.6, 61.5, 54.1, 29.0, 28.1, 28.0, 27.8, 27.7, 22.0, 21.7, 20.9,
19.0, 18.6, 18.0, 17.7, 14.0, 13.9 ppm; IR (neat): ñ =3337 (br OH), 2979–
2885 (CH), 1741 (C=O), 1708 cm�1 (C=O); HRMS (ESI): m/z : calcd for
C18H34N2IO7: 517.1400; found 517.1411 [M ++NH4].


Mono-alcohol 55 : A mixture of freshly dried indium trichloride (312 mg,
1.4 mmol) and sodium borohydride (102 mg, 2.8 mmol) in distilled
MeCN (6 mL) was stirred at �78 8C for 10 min. The heterogeneous solu-
tion was then warmed to ambient temperature and the iodide 54
(897 mg, 1.8 mmol) in distilled MeCN (14 mL) was added dropwise and
stirred for 2 h. The reaction mixture was then poured into water (40 mL)
and extracted with Et2O (3 � 50 mL). The combined organic extract was
washed with brine (20 mL), dried organic extract was washed with brine
(20 mL), dried (Na2SO4), filtered and concentrated in vacuo to afford the
alcohol 55 (658 mg, 98 %) as a pale yellow oil. 1H NMR (400 MHz,
CDCl3): d=5.87, 5.79 (2 � d, 3J(H,H) =4.4, 3J ’(H,H) =4.0 Hz, 1H;
CHOAc), 4.85, 4.78 (dd, t, 3J(H,H) =10.0, J = 7.6, J ’ = 8.8 Hz, 1H;
CHOH), 4.29–4.07 (m, 2H; OCH2Me), 4.03–3.92, 3.90–3.81 (2 � m, 1H;
NCH), 3.34–3.22 (m, 1 H; NCH), 2.22–2.09 (m, 2 H; NCH2CH2), 2.13,
2.12 (2 � s, 3H; COMe), 2.00–1.80 (m, 1 H; CHMe2), 1.45, 1.43 (2 � s, 9H;
CMe3), 1.27, 1.23 (2 � t, 3J(H,H) =7.2 Hz, 3 H; OCH2Me), 1.00, 0.99 (2 � d,
3J(H,H) =7.2, 3J ’(H,H) = 6.8 Hz, 3H; CHMe), 0.91, 0.90 ppm (2 � d, 3J-
(H,H) =6.8, 3J ’(H,H) =7.2 Hz, 3 H; CHMe); 13C NMR (100 MHz,
CDCl3): d= 170.6, 170.5, 169.2, 169.0, 81.1, 80.3, 77.8, 75.6, 74.7, 72.1,
71.9, 61.2, 61.0, 45.4, 44.9, 30.8, 30.2, 29.7, 29.5, 29.2, 28.9, 28.1, 28.0, 27.8,
22.0, 21.7, 20.9, 18.2, 17.9, 14.0 ppm; IR (neat): ñ =3490 (br OH), 2977–
2884 (CH), 1743 (C=O), 1703 cm�1 (C=O); HRMS (ESI): m/z : calcd for
C18H31NO7Na: 396.1998; found, 396.2004 [M ++Na].


TES protected alcohol 56 : DMAP (226 mg, 1.85 mmol), imidazole
(1.26 g, 18.5 mmol) and triethylsilylchloride (1.86 mL, 11.1 mmol) were
added to a stirred solution of the alcohol 55 (1.38 g, 3.70 mmol) in distil-
led CH2Cl2 (25 mL). The reaction mixture was stirred for 24 h and then
poured into water (50 mL) and extracted with CH2Cl2 (3 � 100 mL). The
combined organic extract was washed with brine (50 mL), dried
(Na2SO4), filtered and evaporated under reduced pressure. The product
was purified by flash column chromatography (eluting with 5% acetone/
PE) to afford the TES protected alcohol 56 (1.8 g, 100 %) as a pale
yellow oil. 1H NMR (400 MHz, CDCl3): d=5.84, 5.81 (2 � d, 3J(H,H) =


4.4 Hz, 1 H; CHOAc), 4.85, 4.75 (2 � t, 3J(H,H) =7.8, 3J ’(H,H) =7.4 Hz,
1H; CHOTES), 4.20–4.00 (m, 2 H; OCH2Me), 4.00–3.91, 3.86–3.79 (2 �
m, 1 H; NCH), 3.33–3.22, 3.14–3.05 (2 � m, 1 H; NCH), 2.13–2.04 (m, 2 H;
NCH2CH2), 2.09 (s, 3H; COMe), 1.98–1.84 (m, 1H; CHMe2), 1.44, 1.43
(2 � s, 9 H; CMe3), 1.24, 1.21 (2 � t, 3J(H,H) =7.2 Hz, 3H; OCH2Me), 0.97


(d, 3J(H,H) =6.8 Hz, 3 H; CHMe), 0.96 (t, 3J(H,H) =8.0 Hz, 9 H; OSi-
(CH2Me)3), 0.88 (d, 3J(H,H) = 6.4 Hz, 3 H; CHMe), 0.60, 0.59 ppm (2 � q,
3J(H,H) =8.0 Hz, 6H; OSi(CH2Me)3); 13C NMR (125 MHz, CDCl3): d=


170.1, 170.0, 153.9, 153.3, 80.9, 79.9, 76.1, 75.8, 75.4, 73.5, 72.8, 60.6, 60.4,
46.0, 45.4, 33.0, 32.3, 29.0, 28.9, 28.2, 28.1, 27.8, 22.3, 22.1, 21.0, 18.1, 17.9,
14.0, 6.6, 6.3, 4.9, 4.8 ppm; IR (neat): ñ=2963–2878 (CH), 1749 (C=O),
1707 cm�1 (C=O); MS (ESI): m/z (%): 510 (100) [M ++Na], 488 (69)
[M ++H], 388 (81); HRMS (ESI): m/z : calcd for C24H46NO7Si: 488.3044;
found 488.3048 [M ++H].


TBS protected lactam 57: MeCN (17 mL), CCl4 (17 mL) and water
(26 mL) were added to the TES protected alcohol 56 (450 mg,
0.16 mmol), followed by the additon of sodium m-periodate (150 mg,
0.70 mmol) and ruthenium trichloride hydrate (33 mg, 0.16 mmol) at 0 8C.
The reaction mixture was stirred at 0 8C for 0.5 h and then warmed to
room temperature and stirred for 4 h. The reaction mixture was filtered
through a pad of Celite and evaporated under reduced pressure. The
product was purified by flash column chromatography (eluting with 5%
acetone/PE) to afford the lactam 57 (389 mg, 84%) as a pale yellow oil.
1H NMR (400 MHz, CDCl3): d=5.94 (d, 3J(H,H) =3.6 Hz, 1 H; CHOAc),
4.85 (dd, 3J(H,H) =8.8, 3J(H,H) =6.8 Hz, 1 H; CHOTES), 4.19–4.08 (m,
2H; OCH2Me), 2.91, 2.87 (2 � d, 3J(H,H) =8.8 Hz, 1 H; NCOCH), 2.70,
2.65 (2 � d, 3J(H,H) =6.4 Hz, 1H; NCOCH), 2.13 (s, 3 H; COMe), 1.81,
1.80 (2 � sp, 3J(H,H) = 6.8 Hz, 1H; CHMe2), 1.50 (s, 9H; CMe3), 1.24 (t,
3J(H,H) =7.2 Hz, 3 H; OCH2Me), 0.98–0.92 (m, 12 H; CHMe, OSi-
(CH2Me)3), 0.84 (d, 3J(H,H) =6.8 Hz, 3H; CHMe), 0.60 ppm (q, 3J-
(H,H) =8.0 Hz, 6H; OSi(CH2Me)3); 13C NMR (125 MHz; CDCl3): d=


172.1, 169.7, 168.3, 148.4, 84.4, 74.6, 74.2, 65.5, 61.2, 61.0, 40.9, 29.2, 27.7,
27.6, 25.0, 21.4, 21.0, 17.1, 13.9, 7.0, 6.6, 6.5, 6.3, 6.1, 4.7 ppm; IR (neat):
ñ= 2961–2879 (CH), 1798 (C=O), 1757 (C=O), 1725 cm�1 (C=O); MS
(ESI): m/z (%): 524 (100) [M ++Na], 424 (79); HRMS (ESI): m/z : cald
for C24H43NO8SiNa: 524.2656; found 524.2649 [M ++Na].


Hydroxyl substituted lactam 58 : Distilled pyridine (20 mL) and HF·pyri-
dine solution (20 mL) were added to the lactam 57 (850 mg, 1.70 mmol)
in distilled THF (100 mL) and the mixture was stirred for 15 min at 0 8C
before warming to room temperature. After 2 h NaHCO3 was added to
the reaction mixture until pH 7. The reaction mixture was poured into
water (20 mL) and extracted with EtOAc (3 � 150 mL). The combined or-
ganic extract was dried (Na2SO4), filtered and evaporated under reduced
pressure. The product was purified by flash column chromatography
(eluting with 10 % acetone/PE) to afford the b-hydroxyketone 58
(617 mg, 94%) as a clear oil. 1H NMR(400 MHz, CDCl3): d =5.92 (d, 3J-
(H,H) =3.2 Hz, 1 H; CHOAc), 4.90 (t, 3J(H,H) =9.0 Hz, 1H; CHOH),
4.23 (q, 3J(H,H) =7.2 Hz, 2H; OCH2Me), 2.92, 2.88 (2 � d, 3J(H,H) =9.6,
3J ’(H,H) =8.8 Hz, 1H; NCOCH), 2.79, 2.75 (2 � d, 3J(H,H) =8.8, 3J ’-
(H,H) =9.2 Hz, 1H; NCOCH), 2.16 (s, 3H; COMe), 2.14, 1.52 (2 � br s,
1H; OH), 1.86, 1.85 (2 � sp, 3J(H,H) =6.8 Hz, 1 H; CHMe2), 1.51 (s, 9H;
CMe3), 1.27 (t, 3J(H,H) =7.2 Hz, 3H; OCH2Me), 0.98 (d, 3J(H,H) =


6.8 Hz, 3H; CHMe), 0.89 ppm (d, 3J(H,H) =6.8 Hz, 3H; CHMe);
13C NMR (125 MHz, CDCl3): d =171.4, 168.9, 148.6, 84.6, 75.6, 73.6, 65.7,
61.8, 37.9, 29.6, 29.0, 27.7, 21.3, 20.9, 17.2, 13.9 ppm; IR (neat): ñ =3489
(br OH), 2977–2855 (CH), 1790 (C=O), 1754 cm�1 (C=O); MS (ESI): m/
z (%): 310 (100); HRMS (ESI): m/z : calcd for C18H29NO8Na:410.1791;
found 410.1795 [M ++Na].


Methylated lactam 59 : nBuLi (1.6 m in hexane, 1.56 mL, 2.5 mmol) was
added to a solution of distilled diisopropylamine (325 mL, 2.6 mmol) in
distilled THF (0.5 mL) at �78 8C and stirred for 15 min. Methyl iodide
(600 mL, 9.5 mmol) was then added followed by the dropwise addition of
a stirred solution of the alcohol 58 (400 mg, 1.03 mmol) and HMPA
(3 mL) in distilled THF (10 mL). The reaction mixture was stirred at
�78 8C for 6 h and then quenched with saturated NH4Cl (3 mL) and stir-
red for a further 10 min. The reaction mixture was then poured into
water (20 mL), extracted with Et2O (3 � 50 mL), dried (Na2SO4), filtered
and evaporated under reduced pressure. The product was purified by
flash column chromatography (eluting with 5–10 % acetone/PE) to afford
the lactam 59 (261 mg, 63%) as a clear oil. 1H NMR (400 MHz, CDCl3):
d=5.91 (d, 3J(H,H) =3.6 Hz, 1H; CHOAc), 4.90 (d, 3J(H,H) =9.6 Hz,
1H; CHOH), 4.21 (q, 3J(H,H) =7.2 Hz, 2H; OCH2Me), 2.91 (dq, 3J-
(H,H) =9.6, 3J(H,H) =7.6 Hz, 1H; NCOCHMe), 2.16 (s, 3H; COMe),
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1.96 (br s, 1H; OH), 1.85–1.82 (m, 1H; CHMe2), 1.52 (s, 9 H; CMe3), 1.33
(d, 3J(H,H) = 7.6 Hz, 3 H; NCOCHMe), 1.27 (t, 3J(H,H) =7.2 Hz, 3H;
OCH2Me), 0.98 (d, 3J(H,H) =6.8 Hz, 3 H; CHMe), 0.86 ppm (d, J =


6.8 Hz, 3 H; CHMe); 13C NMR (100 MHz, CDCl3): d =176.0, 169.6, 169.4,
84.6, 75.5, 74.3, 66.8, 61.9, 40.7, 29.2, 27.8, 21.5, 21.1, 17.2, 13.9, 10.5,
6.7 ppm; IR (neat): ñ = 3491 (br OH), 2977–2882 (CH), 1786 (C=O),
1752 cm�1 (C=O); MS (ESI): m/z (%): 424 (100) [M ++Na], 302 (84),
324 (72); HRMS (ESI): m/z : calcd for C19H31NO8Na: 424.1947; found
424.1935 [M ++Na].


Free acid 61: Trifluoroacetic acid (2 mL) was added dropwise to the
lactam 59 (250 mg, 0.62 mmol) in distilled CH2Cl2 (4.0 mL) at 0 8C, and
the mixture was stirred for 10 min and then warmed to room tempera-
ture. After 1 h the reaction mixture was evaporated under reduced pres-
sure. The product was purified by flash column chromatography (eluting
with 25% acetone/PE) to afford the amine 61 (190 mg, 100 %) as a white
solid. M.p. 135–142 8C; 1H NMR (400 MHz, CDCl3): d =8.01 (br s, 1H;
NH), 5.56 (d, 3J(H,H) =6.0 Hz, 1H; CHOAc), 4.40–4.29 (m, 2H,
OCH2Me), 4.26 (d, 3J(H,H) = 6.0 Hz, 1 H; CHOH), 2.63 (appqt, 3J-
(H,H) =6.8 Hz, 1H; NCOCHMe), 2.10 (s, 3 H; COMe), 1.94 (sp, 3J-
(H,H) =6.7 Hz, 1H; CHMe2), 1.37 (t, 3J(H,H) =7.2, 3 H; OCH2Me), 1.17
(d, 3J(H,H) =8.0 Hz, 3H, NCOCHMe), 0.93 ppm (t, 3J(H,H) =7.0 Hz,
6H; CHMe2); 13C NMR (125 MHz, CDCl3): d =179.3, 171.2, 170.0, 78.2,
76.3, 74.7, 62.5, 61.0, 40.8, 30.2, 20.8, 19.6, 18.0, 13.9, 7.8 ppm; IR (neat):
ñ = 3321 (br OH), 2980–2884 (CH), 1730 (C=O), 1698 cm�1 (C=O); MS
(ESI): m/z (%): 324 (100) [M ++Na], 302 (46) [M ++H]; HRMS (ESI):
m/z : calcd for C14H24NO6: 302.1604; found 302.1607 [M ++H].


(�)-Lactacystin b-lactone 1: a) Cold (0 8C) aqueous NaOH (0.5 m, 10 mL)
was added to lactam 61 (120 mg, 0.40 mmol) and left in the fridge for
6.5 d at 4 8C. Aqueous HCl (1.0 m) was then added dropwise to the reac-
tion mixture until a pH of 1 was obtained, and the mixture was concen-
trated in vacuo. Hot THF (100 mL) was added to the residue and the in-
soluble inorganic salt was filtered. The filtrate was concentrated in vacuo
to afford crude dihydroxyacid 15 (95 mg) as a white solid that was used
in the next step without purification.


b) A suspension of crude dihydroxyacid 15 (20 mg) in CH2Cl2 (2 mL) was
treated with Et3N (36 mL, 0.26 mmol) and bis(2-oxo-3-oxazolidinyl)phos-
phinic chloride (BOPCl, 33 mg, 0.13 mmol) at ambient temperature.
After 1 h of stirring at room temperature, water (2 mL) was added to the
reaction mixture and extracted with EtOAc (3 � 5 mL). The combined or-
ganic phases were dried (Na2SO4) and concentrated in vacuo. The solid
residue was recrystallised from EtOAc/hexane to give lactacystin b-lac-
tone 1 (14.6 mg, 81% over two steps). Both 1H and 13C NMR matched
those reported in the literature. M.p. 182–183 8C (lit:[36] 185 8C); 1H NMR
(500 MHz, [D5]pyridine): d =10.37 (s, 1H; NH), 7.76 (br s, 1 H; OH), 5.65
(d, 3J(H,H) =6.1 Hz, 1H; CHOCO), 4.35–4.31 (m, 1 H; OCHCH), 3.02
(dq, J1 = 6.1, J2 = 7.3 Hz, 1 H, CHMe), 2.14–2.05 (m, 1H; CH(Me)2),
1.45 (d, 3J(H,H) =7.6 Hz, 3 H; CHMe), 1.11 (d, 3J(H,H) =6.7 Hz, 3H;
CH(Me)2), 0.99 ppm (d, 3J(H,H) = 6.7 Hz, 3H; CH(Me)2); 13C NMR
(125 MHz, [D5]pyridine): d=177.3, 172.4, 80.5, 77.0, 70.6, 38.9, 29.8, 20.4,
16.5, 8.8 ppm; HRMS (Cl, NH3): m/z : calcd for C10H19N2O4: 231.1344;
found, 231.1349 [M ++NH4].


Literature NMR data, see ref. [36].
1H NMR (500 MHz, [D5]pyridine): d=10.50 (s, 1 H; NH), 7.85 (d, 3J-
(H,H) =6.8 Hz, 1H; OH), 5.68 (d, 3J(H,H) =6.1 Hz, 1H; CHOCO), 4.33
(dd, 3J(H,H) = 3.6, 3J(H,H) = 6.7 Hz, 1H; OCHCH), 3.03 (dq, 3J(H,H) =


6.1, 3J(H,H) =7.4 Hz, 1 H; CHMe), 2.09 (m, 1H; CH(Me)2), 1.45 (d, 3J-
(H,H) =7.5 Hz, 3H; CHMe), 1.10 (d, 3J(H,H) =6.8 Hz, 3H; CH(Me)2),
0.98 (d, 3J(H,H) =6.8 Hz, 3 H; CH(Me)2); 13C NMR (125 MHz, [D5]pyri-
dine): d= 177.4, 172.4, 80.5, 77.0, 70.6, 38.9, 29.8, 20.4, 16.5, 8.8 ppm.
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Affinity Interactions between Phenylboronic Acid-Carrying Self-Assembled
Monolayers and Flavin Adenine Dinucleotide or Horseradish Peroxidase


Songqin Liu, Ulla Wollenberger,* Jan Hal�mek, Eik Leupold, Walter Stçcklein,
Axel Warsinke, and Frieder W. Scheller[a]


Introduction


Boronic acid can form reversible bonds with 1,2- or 1,3-diols
to generate five- or six-membered cyclic complexes under
mild and easily controllable reaction conditions.[1–4] A
number of sugar sensors has been developed on the basis of
this property of boronic acid. For example, by measuring
fluorescence changes induced by competitive binding of flu-
orophores and sugars toward boronates, fluorometric sen-
sors for saccharides have been developed.[5–8]A surface plas-
mon resonance (SPR) sensor for saccharides with a boronic
acid membrane–modified thin gold film has been pro-
posed.[9] Furthermore, saccharides and F� can be detected
visually by the redox reaction between ferrocenylboronic


acid derivatives and dyes with the appropriate redox poten-
tials.[10] Some sensors have been used for the electrochemical
detection of sugar based on the electrochemical sensing of a
boronic acid–substituted bipyridine FeII complex electropol-
ymer,[11] the change of the pKa value of poly(aniline boronic
acid),[12] and the swelling of a polymer boronic acid gel
membrane complex.[13] In addition, the immobilized boronic
acids in gels can also be used for affinity chromatographic
purification and detection of glycoproteins[14–18] and for ori-
entation and reversible immobilization of glycoproteins.[19–21]


The selective reaction of saccharides with the monolayer
of boronic acid derivatives at the air–water interface was
studied in detail.[22–24] These studies made valuable contribu-
tions to the understanding of the compression of monolayers
and the interaction between boronic acid derivatives and
saccharides at an interface. So far, however, only a few re-
ports have focused on boronic acid self-assembled monolay-
ers (SAMs) for the electrochemical sensing of sugars or gly-
coproteins. Whitesides et al.[25] described the preparation
and the properties of hydrophobic monolayers obtained by
the adsorption of w-mercaptoalkyl boronic acids onto gold
substrates. Kanayama and Kitano[19] prepared conjugates by


Abstract: A method is provided for the
recognition of glycated molecules
based on their binding affinities to bor-
onate-carrying monolayers. The affinity
interaction of flavin adenine dinucleo-
tide (FAD) and horseradish peroxidase
(HRP) with phenylboronic acid mono-
layers on gold was investigated by
using voltammetric and microgravimet-
ric methods. Conjugates of 3-amino-
phenylboronic acid and 3,3’-dithiodi-
propionic acid di(N-hydroxysuccini-
mide ester) or 11-mercaptoundecanoic
acid were prepared and self-assembled
on gold surfaces to generate monolay-
ers. FAD is bound to this modified sur-


face and recognized by a pair of redox
peaks with a formal potential of
�0.433 V in a 0.1 m phosphate buffer
solution, pH 6.5. Upon addition of a
sugar to the buffer, the bound FAD
could be replaced, indicating that the
binding is reversible. Voltammetric,
mass measurements, and photometric
activity assays show that the HRP can
also be bound to the interface. This


binding is reversible, and HRP can be
replaced by sorbitol or removed in
acidic solution. The effects of pH, incu-
bation time, and concentration of H2O2


were studied by comparing the catalyt-
ic reduction of H2O2 in the presence of
the electron-donor thionine. The cata-
lytic current of the HRP-loaded elec-
trode was proportional to HRP con-
centrations in the incubation solution
in the range between 5 mg mL�1 and
0.1 mgmL�1 with a linear slope of
3.34 mA mL mg�1 and a correlation co-
efficient of 0.9945.


Keywords: affinity interactions ·
boronic acid · glycated molecules ·
monolayers · quartz crystal nanoba-
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coupling of 3-aminophenylboronic acid with dithiodialiphat-
ic acids. The resulting compounds formed a SAM on both
silver and gold colloids and on gold electrodes, in which the
boronic acid SAM could display specific sugar recognition.
Epoxy-boronate mixed functional monolayers were reported
to support the covalent immobilization of peroxidase.[26] In
this work, the boronate group was used for the accumula-
tion of the glycoprotein, while it was necessary to stabilize
the binding by covalent coupling with the epoxy group. It
was characterized by quartz crystal microbalance and
atomic force microscopy, and the catalytic response of the
immobilized peroxidase to the reduction of H2O2 in the
presence of thionine was demonstrated. On the other hand,
flavoenzymes and NAD(P)+-dependent enzymes were elec-
trically contacted to gold electrodes by reconstitution to
FAD, which was bound by affinity interactions to phenylbor-
onic acid monolayers.[27–29] Therefore the SAMs of boronic
acid are promising for the preparation of enzyme electrodes
for glycoproteins. Moreover, when a glycoprotein enzyme
was immobilized onto the boronic acid SAMs through its
carbohydrate moiety, which is generally not located in the
active site,[30] the immobilizing procedure does not affect the
enzyme activity.[31,32] Herein, a simple procedure is described
for the reversible formation of cofactor and enzyme mono-
layers on gold based on the boronic acid–sugar interaction.
The conjugates of 3,3’-dithiodipropionic acid di(N-hydroxy-
succinimide ester) (DTSP) or 11-mercaptoundecanoic acid


(MUA) and 3-aminophenylboronic acid (APBA) were pre-
pared (Scheme 1 and 2) and self-assembled on a gold sur-
face and used for the binding of FAD and HRP. Cyclic vol-
tammetry (CV) and quartz crystal nanobalance (QCN)
measurements show specific binding of these molecules to
the resulting APBA–interface. The HRP binding was stud-
ied by comparing the catalytic response of the enzyme-
loaded electrode to the reduction of H2O2 in the presence of
the electron donor thionine.


Results and Discussion


Characterization of the phenylboronic acid monolayer : The
phenylboronic acid monolayer modified electrode was char-
acterized by the reductive desorption peak associated with
the thiol and the degree of blocking of electrode reactions
of redox-active species. Figure 1 A shows the cyclic voltam-
mograms of a DTSP–APBA- and a MUA–APBA-modified
gold electrode in 0.5 m KOH at 100 mV s�1. The DTSP–
APBA-modified electrode displays a reduction peak at
�1.065 V, whereas the MUA–APBA-modified electrode
shows a reduction peak at �1.184 V. These peaks are attrib-
uted to the reductive desorption of the thiolated compounds
bound to gold,[33,34] and indicate the presence of the conju-
gates on the gold surface. The differences in the peak poten-
tials are due to the different lengths of the spacers, which
are consistent with the chain length dependence found for
alkanethiolate layers.[35] From the integration of the reduc-
tive desorption peak, the surface coverage, G (G =Q/nFA


Scheme 1. Synthesis of DTSP–APBA conjugates.


Scheme 2. Synthesis of MUA–APBA conjugates.
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and A =0.04 cm2), is calculated to be 5.7 � 10�10 mol cm�2 for
DTSP–APBA and 1.6 � 10�9 mol cm�2 for MUA–APBA con-
jugates. The coverage with MUA–APBA is about three
times higher than that with DTSP–APBA, indicating that
MUA–APBA forms a much more densely packed layer on
the gold electrode. The higher coverage with MUA–APBA
relative to that with DTSP–APBA is most likely due to the
fact that the alkyl chain of MUA is longer than that in
DTSP and thus the van der Waals interactions are stron-
ger.[25,36]


Evidence of the more dense packing of the MUA–APBA
monolayer is given by the response of the electrode to an
electrochemical probe. Figure 1 B shows the cyclic voltam-
mogram of DTSP–APBA- and MUA–APBA-modified elec-
trodes to 5 mm potassium ferricyanide (K3Fe(CN)6) in 0.1 m


phosphate buffer solution (PBS). The DTSP–APBA mono-
layer modified electrode displays a couple of redox peaks of
K3Fe(CN)6, whereas no peaks were observed in the MUA–
APBA modified electrode, which shows a very low back-
ground current (Figure 1 B, curve a and b). Therefore, the
formation of the MUA–APBA monolayer totally blocks the


electron transfer between ferricyanide and the electrode, in-
dicating again a dense packing of MUA–APBA on the gold
electrode.


FAD binding to the APBA monolayer: The APBA mono-
layer was allowed to interact with FAD to yield the FAD–
boronate complex on the electrode by using a binding proto-
col already used for FAD-coupling to an immobilized pyrro-
loquinolinquinone–boronate complex.[27] Cyclic voltammo-
grams of the FAD-functionalized electrode were then re-
corded in PBS (0.1 m, pH 6.5). At this pH, boronate–saccha-
ride bonds are not broken. A quasi-reversible redox-wave
with a peak-to-peak separation of 49 mV (at 200 mV s�1; as
shown in Figure 2 A) was observed, while no peaks ap-


peared in the same potential window with both the bare
gold wire electrode and the APBA-DTSP-Au electrode, in-
dicating the presence of the immobilized electroactive FAD
molecule in the monolayer. The peak current increased line-
arly on increasing the scan rate in the range between 10 and


Figure 1. CV of DTSP–APBA (a) and MUA–APBA (b) modified gold
electrodes in A) KOH (0.5 m) and B) in 5 mm potassium ferricyanide (in
PBS 0.1m, pH 7.0). The scan rate was 100 mV s�1. The inset in B shows
enlargement of the CV of the MUA–APBA-modified electrode in potas-
sium ferricyanide (5 mm) solution.


Figure 2. A) CV of FAD-APBA-DTSP-Au at 200 mV s�1. Inset: the oxi-
dation peak current depends on the scan rate. B) Square wave voltammo-
grams of FAD-APBA-DTSP-Au from �0.6 to 0 V at a frequency of
25 Hz and an amplitude of 25 mV before (a) and after addition of fruc-
tose (10 mm) (b). Background solution was nitrogen-saturated PBS (0.1 m


pH 6.5).
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100 mV s�1 (see inset in Figure 2 A), indicating the electrode
reaction was a surface-controlled process. The formal poten-
tial of immobilized FAD is �0.433 V, which is comparable
with that of the FAD monolayer (E0 =�0.49 V versus SCE,
pH 7.0) assembled on gold in a multistep process,[27,28] which
was obtained at a slightly higher pH value. The charge pro-
duced by the immobilized FAD on the gold surface corre-
sponds to a FAD surface coverage of 4.1 � 10�11 mol cm�2 ac-
cording to the coulometric assay. The surface coverage cal-
culated for a fully packed monolayer of FAD was 9.40 �
10�11 mol cm�2 taking the molecule of FAD as a sphere of
3 � diameter.[37]Thus, we can assume a monolayer coverage
on the APBA interface.


Upon addition of fructose to the buffer solution, the peak
of FAD disappeared (Figure 2 B). Also, the cyclic voltam-
mogram gives no peaks in a fresh buffer (not shown), indi-
cating that no FAD molecule is left on the electrode surface.
Furthermore, no peaks were obtained with the APBA–
DTSP interface incubated in 1 mm FAD solution in PBS
(0.1 m, pH 7.0) containing an additional 10 mm fructose (not
shown). However, on incubation of the APBA monolayer
modified electrode in 1 mm FAD solution in PBS (0.1 m,
pH 7.0) containing 10 mm glucose, electrochemistry of FAD
was observed with the resulting electrode, but the peak cur-
rent was much lower than that without glucose (not shown).
The decrease of the peak current indicated a low amount of
FAD bound to the APBA interface due to the competition
between glucose and FAD. These results show that fructose
forms a much stronger interaction with the APBA interface
than FAD does. Therefore immobilized FAD on the
APBA–DTSP interface can be replaced by fructose, and
FAD can not bind in the presence of fructose. In the pres-
ence of glucose, FAD can successfully compete and bind to
the APBA interface. This is in good agreement with the sta-
bility constants between the saccharides and phenylboronic
acid reported by Lorand and Edwards[38] (110m


�1 for glu-
cose and 4370 m


�1 for fructose) and the results of Soh et al.[9]


Reaction of the APBA interface with HRP : The APBA in-
terface can interact with peroxidase, which has a degree of
glycosylation of about 16.8–21 %.[39] The cyclic voltammo-
gram of the HRP-modified Au electrode in PBS (0.1 m,
pH 8.0) shows a low background current with a slight in-
crease below �0.13 V due to the reduction of the dissolved
oxygen in the buffer (Figure 3, curve a). Upon addition of
hydrogen peroxide and thionine to the buffer solution, a re-
duction current with the shape of a catalytic wave is ob-
served (Figure 3, curve b). The catalytic current for a HRP-
APBA-DTSP-Au electrode in the presence of hydrogen per-
oxide and thionine is 18 times larger than that of an APBA-
DTSP-Au electrode without HRP (Figure 3, curve c). These
results strongly suggest the presence of peroxidase on the
APBA interface. The catalytic reduction current of the
HRP-modified electrode may be described by the scheme
outlined in Equations (1)–(4).[40]


HRPðFeIIIÞ þ H2O2 ! compound I þ H2O ð1Þ


compound I þ thionineðRedÞ ! compound II þ thionineðOxÞ*
ð2Þ


compound II þ thionineðOxÞ* ! HRPðFeIIIÞ þ thionineðOxÞ
ð3Þ


thionineðOxÞ þ 2e� þ 2Hþ ! thionineðRedÞ ð4Þ


The binding of HRP to phenylboronic acid was reversible.
(The binding of HRP to the APBA interface included spe-
cific and non-specific, and the specific binding was reversi-
ble.) When using conditions known to interfere with this
binding, such as acidic pH and addition of sugars, protein
was partly released. As a result the catalytic current of the
HRP-APBA-DTSP modified electrode decreased about
58 %, 57 %, and 69 % of their initial value after 30 min con-
tact with a buffer of pH 5.0 (Figure 3, curve d), with a buffer
of pH 8.0 containing 10 mm fructose and a buffer of pH 8.0
containing 10 mm sorbitol (not shown), respectively. The de-
crease of the catalytic current was due to the release of the
specifically bound HRP. The catalytic activity of these elec-
trodes recovered about 70 % (Figure 3, curve e), 14 %, and
86 % of their initial value, respectively, after these electrodes
were re-incubated in 0.2 mgmL�1 HRP solution in PBS
(pH 8.0) for 2 h. Therefore, the binding of HRP to the
APBA interface included specific and nonspecific, the spe-
cific binding of HRP can be regenerated by sorbitol and
acidic buffer.


Figure 3. CV of DTSP-APBA-modified gold electrode (a) before and (b)
after incubation in HRP (0.5 mg mL�1 in 0.1 m pH 8.0 PBS) solution for
4 h in PBS (0.1 m, pH 8.0) containing thionine (10 mm) and H2O2 (2 mm)
at 5 mV s�1. c) CV of (b) in the same buffer without thionine and H2O2.
d) Electrocatalytic response of electrodes as in (b) but incubated for
30 min in PBS (pH 5.0, 0.1m) and e) further incubated in HRP
(0.2 mg mL�1) in PBS (pH 8.0, 0.1m) for 2 h. Specific and unspecific bind-
ing is indicated for 0.2 mg mL�1 HRP.
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This strongly suggests that the APBA interface specifical-
ly binds the glycosylation sites of the HRP and can be re-
leased in acidic solution or be replaced by sorbitol.


When we used MUA–APBA instead of DTSP–APBA,
the CV of the resulting electrode also showed a reduction
current with the shape of a catalytic wave in the presence of
thionine and H2O2 (not shown). The catalytic current of the
HRP-APBA-MUA-Au electrode is only about 12 times
larger than that without HRP. However, the catalytic cur-
rent of this electrode is smaller than that of the HRP-
APBA-DTSP-Au electrode. A possible reason may be the
long spacer of MUA–APBA increasing the distance between
the protein and the electrode. After immersing the HRP-
APBA-MUA-Au electrode in PBS (pH 5.0), and PBS
(pH 8.0) with 10 mm sorbitol and 10 mm glucose, respective-
ly, the catalytic current of the reduction of H2O2 also de-
creased considerably, indicating the release of HRP in these
solutions. When these electrodes were then incubated in
PBS (0.1 m, pH 8.0) containing 0.2 mgmL�1 HRP for 2 h, all
these electrodes recovered the catalytic activity to the re-
duction of H2O2.


The specific binding of peroxidase to the APBA interface
is supported by QCN measurements. Figure 4 shows fre-


quency changes of piezoelectric crystals functionalized with
MUA–APBA as a function of the time after injection of
50 mg mL�1 HRP into the reaction chamber. The resonance
frequency decreases over 10 min (Figure 4, curve a). The
amount of HRP on the surface was 45.70 ng (0.89 ng Hz�1


for the 10.0 MHz crystals used in this study), which is the
total mass change of bound HRP. After injection of sorbitol
solution (0.5 m, pH 8.0) into the reaction chamber, the fre-
quency increases, but does not return to its original value,
indicating that sorbitol removes only a portion of HRP (not
shown). But after this regeneration step only 14.58 ng HRP


could be bound (Figure 4 curve b). Repetition of this experi-
ment, results in a similar response (Figure 4 curve c). As-
suming that sorbitol removes only the portion of HRP
bound through the interaction between the boronic acid and
the diol, this reproducible sensor reponse represents the
mass change of this specifically bound enzyme.


Using 0.1 m PBS (pH 5.0) or 10 mm glucose solution in
PBS (0.1 m, pH 8.0) instead of sorbitol, similar responses
were obtained (not shown). After injection of fructose
(10 mm in 0.1 m pH 7.0 PBS), an increase in frequency with
time was also found. However, no rebinding of HRP could
be observed by injection of HRP into the reaction chamber
(not shown). This is similar to the results obtained with the
APBA-modified gold electrodes (see above), because fruc-
tose is bound to the APBA interface much stronger than
sorbitol, glucose, and HRP.


In addition, bound and released HRP was determined
with a photometric activity assay using tetramethyl benzi-
dine as substrate. This measurement revealed that 0.14 nU
were released by sorbitol incubation and 0.29 nU were left
on the electrode, that is, only about a third of the initial
HRP activity could be removed by sorbitol from the elec-
trode.


All these results show that the binding of HRP to the
APBA interface includes specific and nonspecific binding.
The specific binding of HRP is reversible and can be re-
moved by sorbitol and acidic buffer. As will be shown below
this is the basis of a method for the determination of the
glycated protein and its substrates.


HRP determination : The catalytic activity of the HRP-
modified electrode is influenced by the incubation time, the
pH value of the incubation solution, and the concentration
of H2O2. Figure 5 A shows the effect of incubation time on
the catalytic current. In this case, the APBA monolayer was
incubated in HRP solution (0.2 mgmL�1 in 0.1 m PBS
(pH 8.0)) for different times. The catalytic current, mea-
sured in PBS (0.1 m, pH 8.0) containing thionine (10 mm) and
H2O2 (2 mm), was corrected for the reduction current of the
enzyme-free APBA monolayer modified electrode. With an
increasing incubation time, the catalytic current increased
and approached a maximum value.


The pH of the incubation solution greatly affects the
enzyme loading and activity on the APBA interface. Ac-
cordingly, the catalytic current of the electrode depends on
the pH value of the incubation solution. Figure 5 B shows
the effect of pH on the catalytic current. In this case, the
APBA monolayer was incubated in 0.2 mgmL�1 HRP solu-
tion in 0.1 m PBS at different pH values for 4 h. However,
the catalytic current was then always measured in PBS
(0.1 m, pH 8.0) containing peroxide (2 mm) and thionine
(10 mM) and was corrected for the reduction current of the
enzyme-free APBA monolayer modified electrode. The cat-
alytic current increased with increasing pH during incuba-
tion from 5.0 to 9.1 because the formation of the complex
between the boronic acid and the cis-diol moiety was much
faster under alkaline conditions.[41] Considering the lower


Figure 4. Repetitive measurement of binding of HRP (50 mg mL�1) to a
MUA–APBA-modified piezoelectric quartz crystal. Curve a represents
the first binding of HRP (total of specific and non-specific binding).
Curve b is the response to HRP after regeneration of (a) with sorbitol
(0.5 m). Curve c is the repetition of HRP-addition after regeneration with
sorbitol (measurement of curve b).
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stability of HRP at high pH, the optimal pH value of the in-
cubation solution was 8.0.


The amperometric response of the HRP-modified elec-
trode to hydrogen peroxide is shown in Figure 5 C. When


the H2O2 concentration was increased, the response showed
a Michaelis–Menten type curve with a Kapp


M value of 165 mm.
The amperometric response increased linearly with increas-
ing H2O2 concentration up to 0.18 mm. When the H2O2 con-
centration was more than 0.18 mm, the amperometric re-
sponse approached a constant value. The optimal peroxide
concentration for measuring the catalytic current of the
HRP-modified electrode was determined to be 2 mm.


After the stock solution of HRP (3 mgmL�1 solution in
0.1 m pH 8.0 PBS) was diluted with buffer solution in differ-
ent volume ratios, the incubation was performed in the
mixed solution (50 mL) at room temperature for 4 h. The cat-
alytic current at �0.2 V increased on increasing the amount
of HRP (Figure 6). It can be used for the detection of HRP.


The catalytic current was proportional to the HRP concen-
tration in the range from 5 mg mL�1 to 0.1 mg mL�1 with a
linear slope of 3.34 mA mL mg�1 and a correlation coefficient
of 0.9945 (inset in Figure 6). Above 0.1 mgmL�1 it ap-
proaches a total coverage giving a steady value of about
550 nA. The increase of current when the incubation was
performed with very high enzyme concentrations may be
due to unspecific multilayer formation.


Conclusion


Two kinds of boronic acid derivatives have been self-assem-
bled on gold surfaces for reversible binding of glycated mol-
ecules. The resulting interfaces display specific recognition
to the cis-diols of the target molecules. FAD bound to the
surface shows a fast direct redox transformation, whereas
HRP displays an electrocatalytic reduction of H2O2 in the
presence of the electron donor thionine. Both FAD and
HRP binding with boronic interface are reversible. This
work offers a way to build electrochemical sensors for glyco-
proteins based on their immobilization on the APBA inter-
face.


Figure 5. A) Effect of incubation time on the enzyme loading of the
APBA-DTSP monolayer using HRP (0.2 mg mL�1 in PBS (pH 8.0;
0.1m)). B) Effect of the pH of the incubation solution on the enzyme
loading of the APBA–DTSP monolayer using a HRP (0.2 mg mL�1) in
0.1m PBS with different pH value for incubation for 4 h. C) Effect of the
concentration of H2O2 in the measuring solution on the electrocatalytic
current of an APBA–DTSP electrode after incubation in HRP
(0.2 mg mL�1 in PBS (pH 8.0, 0.1m)) for 4 h. The electrocatalytic current
was measured at �0.2 V of the CV of the enzyme loaded electrode in
PBS (pH 8.0, 0.1 m) containing thionine (10 mm) and H2O2 (2 mm).


Figure 6. Plot of the electrocatalytic current versus HRP concentration of
the incubation solution. Inset: linear calibration curve.
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Experimental Section


Chemicals : 3,3’-dithiodipropionic acid di(N-hydroxysuccinimide ester)
(DTSP), 11-mercaptoundecanoic acid (MUA), flavin adenine dinudeo-
tide disodium salt dihydrate (FAD), peroxidase (HRP, EC 1.11.1.7, RZ
3.2, 290 purpurogallin units per mg solid, from horseradish), and 3,3’,5,5’-
tetramethylbenzidine dihydrochloride (TMB) were obtained from Sigma
(Deisenhofen, Germany) and used as received. N-Methyl-morpholine
(NMM) and 3-aminophenylboronic acid (APBA) were purchased from
Fluka (Germany). 2-(5-Norbornene-2,3-dicarboximide)-1,1,3,3-tetrame-
thyluronium tetrafluorborate (TNTU) was from Calbiochem (San Diego,
USA), dimethylformamide (DMF) was from Mallinckrodt Baker (Gries-
heim, Germany). Fructose was provided by Merck (Germany), sorbitol
was purchased from Aldrich (Germany). All other chemicals were of re-
agent grade and were used as supplied. Water purified by a Milli-Q
system was used to prepare all solutions. Measurements were performed
in phosphate buffer solution (PBS, 0.1 m) with different pH values made
of K2HPO4 and KH2PO4.


Preparation of phenylboronic acid self-assembled monolayer : DTSP
(10.1 mg, 0.025 mmol) and APBA (9.3 mg, 0.05 mmol) were dissolved in
dimethyl sulfoxide (DMSO, 10 mL) and incubated at room temperature
for 90 min to obtain the DTSP–APBA conjugates.


MUA (1.77 mg, 8.0 mmol) and TNTU (2.9 mg, 7.9 mmol) were dissolved
in a mixture of NMM (1 mL, 9.6 mmol) and DMF (100 mL) and incubated
for 15 min at room temperature. APBA was dissolved in carbonate buffer
(0.1 m, pH 9.0) with the final concentration of 10 mm. MUA–TNTU
(22 mL) solution and of APBA (200 mL) solution were mixed together
and incubated for 90 min at room temperature. The MUA–APBA conju-
gate thus obtained was stored in a freezer.


Gold wire electrodes (99.99 %, Goodfellow) were pretreated by boiling
in KOH (2 m) solution for 2 h. After washing, the gold wires were im-
mersed in “piranha” solution (3:1 concentrated H2SO4/30% H2O2) over-
night. Prior to modification, the gold wire electrodes were treated with
concentrated HNO3 for 15 min, and rinsed with water. A cyclic voltam-
mogram recorded in H2SO4 (1 m) in the potential window from �0.2 to
1.6 V at 100 mV s�1 was used to determine the purity and roughness of
the electrode surface just before modification. After rinsing thoroughly
with water, a clean Au wire electrode (0.5 mm diameter gold wire, geo-
metrical area about 0.04 cm2, roughness ca. 1.5) was immersed either for
3 h at room temperature in DTSP–APBA solution or for more than 15 h
in MUA–APBA solution at 4 8C. The APBA-functionalized electrode
was rinsed with water three times. It was then incubated for different
times in PBS (50 mL, 0.1 m pH 8.0) containing different amounts of HRP.
After rinsing thoroughly with water, the peroxidase-modified electrode
(either HRP-APBA-DTSP-Au or HRP-APBA-MUA-Au) was obtained
and stored in the same buffer. The electrodes with SAMs of DTSP–
APBA were allowed to react with FAD solution (1 mm in 0.1m pH 7.0
PBS) for 3 h to generate FAD-modified Au electrodes. These modified
electrodes were used for two kinds of experiments: 1) the cyclic voltam-
mogram of FAD-functionalized Au electrodes shows the presence of
FAD on the APBA interface and the amount of bound FAD. 2) The
FAD-functionalized Au electrodes were measured by cyclic and square
wave voltammetry in the presence of different sugars to determine
whether the binding of FAD was specific.


Electrochemical measurements : Cyclic and square wave voltammetry
was performed with a mAutolab (Metrohm/Eco Chemie, Germany/The
Netherlands). A conventional homemade three-electrode electrochemical
cell, consisting of a modified Au-wire electrode, a Pt-wire auxiliary elec-
trode, and a Ag/AgCl (1 m KCl) reference electrode (Biometra, Germa-
ny), was used for all electrochemical measurements. For the FAD-modi-
fied Au electrode, prior to measurement, working buffer (1 mL) was
carefully bubbled with nitrogen for at least 20 min to remove the dis-
solved oxygen. All other measurements were carried out in the presence
of oxygen.


Photometric activity assay : Photometric measurements were performed
with a UV-2501 PC spectrophotometer (Shimadzu; Kyoto Japan).[42] For
the measurement of the HRP activity released by sorbitol, the rinsed per-


oxidase-modified electrode (HRP-APBA-MUA-Au) was incubated in
sorbitol solution (340 mL, 0.2 m in 0.1m PBS (pH 8.0)) for 30 min and
then removed. To the remaining solution PBS (600 mL, 0.1m, pH 6.0),
H2O2 (30 mL, 10 mm), and TMB (30 mL, 10 mm) in 96 % ethanol were
added, rapidly mixed, and the absorbance at 652 nm was measured for
20 min. For the determination of the bound activity, the electrode was
dipped into PBS (1 mL, 0.1 m, pH 6.0) containing H2O2 (300 mm) and
TMB (300 mm) for 20 min, and the absorbance at 652 nm was measured.
HRP-free solutions were used as reference.


Quartz crystal nanobalance measurements : The QCN measurements
were performed with a MultiLab 3900 piezoelectric instrument (Kitlička,
Brno, Czech Republic) controlled by a computer. A software LabTools
Version 1.1 (Skl�dal, Brno, Czech Republic) was used for measurements
(theoretical resolution 0.001 Hz), data storage (1 s per point), and evalua-
tion. The optically polished gold sensors (10 MHz, AT-cut, 14 mm in di-
ameter, electrode 5 mm diameter) were purchased from International
Crystal Manufacturing Company (Oklahoma, USA). After washing in
acetone for 2 h, the sensors were incubated in the conjugate of MUA–
APBA in a wet chamber. After 48 h the sensors were washed with distil-
led water and gently dried with nitrogen and used for the following meas-
urements. The modified sensor was fixed in a thin-layer flow-through cell
between two soft rubber O-rings (homemade). Only one side of the
sensor was in contact with the flowing solution. All the measurements
were performed at room temperature. The working solution, K-phos-
phate buffer (50 mm pH 7.5), was continuously flowing through the cell.
The outflow-tube was connected to a peristaltic pump Minipuls 3
(Gilson, France). A flow rate of 20 mLmin�1 was used for the experi-
ments. Abimed tubes (1 0.2 mm) were used for connections.
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Simple Synthesis of Aminoquinoline/Ethylaniline Copolymer
Semiconducting Nanoparticles


Xin-Gui Li,*[a, b] Yi-Min Hua,[b, c] and Mei-Rong Huang*[b]


Introduction


Nitrogen heterocyclic aromatic amines can form a new type
of nitrogen-containing polymer simply by a chemical or
electrochemical oxidative polymerization. With primary
amino group to be used for oxidative polymerization, the
heterocyclic amine leaves -C=N�C- group in the ring as one
more redox site than polyaniline (PAN). Therefore the ni-


trogen heterocyclic amine polymer is expected as a new
electrode material that offers better electrocatalysis proper-
ties than conventional non-heterocyclic amine polymer. On
the other hand, due to its linkage structural similarity to
PAN, the nitrogen heterocyclic polymer also has various
novel properties such as electrical semiconductivity,[1] metal
ion adsorbability,[2a] trace metal ion detectability,[2b] and
oxygen/nitrogen separation capability.[1,3] Thus the nitrogen
heterocyclic polymer is a novel multifunctional material
with a wide application potential.


As a bifunctional nitrogen heterocyclic aromatic amine,
aminoquinoline has one nitrogen atom on its aromatic ring.
Aminoquinoline polymer shows special properties similar to
other polymers from nitrogen heterocyclic aromatic
amine.[4–6] There are only a few studies on the electrochemi-
cal polymerization of quinoline and its derivatives until
now.[4–6] The polymer films obtained are dense, even and
tough. However, the film area and shape are strongly depen-
dent on the size and shape of the electrode used. On the
other hand, the low solubility of aminoquinoline polymers
restricts their practical application. It has been reported that
substituted PANs exhibit a reformative solubility and there-
fore a significantly improved processibility in comparison


Abstract: Pure copolymer nanoparti-
cles from 8-aminoquinoline (AQ) and
2-ethylaniline (EA) were easily synthe-
sized by a chemically oxidative poly-
merization in three different aqueous
media. The potential and temperature
of polymerization solution were used
to successfully follow the polymeri-
zation progress. The molecular and
morphological structures of the result-
ing AQ/EA copolymer particles were
systematically characterized by IR,
UV/Vis, NMR, gel permeation chroma-
tography, laser particle-size analysis,
atomic force and transmission electron
microscopy. The oxidation potential of


the monomers as well as the polymeri-
zation yield, structure, and properties
of the particles were found to signifi-
cantly depend on AQ/EA ratio, poly-
merization temperature and medium.
It is surprisingly found that AQ homo-
polymerization and AQ/EA (50:50) co-
polymerization at 5 8C in HCl simply
afford nano-ellipsoids with the major/
minor axis diameters of 24/14 nm and
80/67 nm, respectively. A simple


method of synthesizing semiconducting
pure nanoparticles by introducing the
AQ units with positively charged qua-
ternary ammonium groups but in the
absence of adscititious stabilizer or sul-
fonic substituent on the monomers is
established first. Both the molecular
weight and bulk electroconductivity of
the copolymers exhibit a maximum at
AQ content of 10 mol%. The solubility
and film formability of the copolymers
are good in highly polar solvents and
reach the optimal at the AQ content of
20 and 10 mol %, respectively.
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with PAN.[1,7,8] As a typical aniline derivative, 2-ethylaniline
(EA) has often been used to copolymerize with other aro-
matic monomers for a great enhancement of the polymer
solubility and further the processibility.[9] Chemically oxida-
tive copolymerization of aminoquinoline and EA may re-
solve these problems but no
report concentrates on it so far.


Here we report a highly effi-
cient chemical oxidative copoly-
merization of 8-aminoquinoline
(AQ) with EA as one of the
best methods to combine the
advantages of the two homo-
polymers. The polymerization
feature, structure, and proper-
ties of the AQ/EA copolymer
fine particles are also described
in detail. A novel simple
method to synthesize the pure
polymer particles with the diameter of down to ~14 nm by
the oxidative polymerization in relatively pure reaction
media in the absence of additives or ionic side groups as sta-
bilizer is suggested for the first time. The function of a posi-
tively charged AQ unit for the simple formation and stable
existence of the pure polymer nanoparticles is elaborated.


Results and Discussion


Oxidation potential of AQ and EA monomers : On the basis
of the first cyclic voltammograms during the electropolyme-
rization of AQ, EA, and AQ/EA (50:50) mixture monomers,
the oxidation potential of AQ, EA, and AQ/EA (50:50)
mixture is found to be 0.91, 0.94, and 0.94 V versus saturat-
ed calomel electrode (SCE) in H2SO4 aqueous solution re-
spectively. Their oxidation potential in NaClO4/MeCN
slightly reduces to 0.86, 0.87, and 0.91 V versus SCE, respec-
tively. It appears that the oxidation potential of AQ/EA
(50:50) mixture is not a simple addition of the oxidation po-
tentials of both monomers. In addition, as mentioned above,
the oxidation potentials of AQ and EA monomers are very
close. Both of these imply that the oxidation of both mono-
mers should be strongly influenced each other. In other
words, the copolymerization between the AQ and EA mon-
omers should occur rather than homopolymerization sepa-
rately. Hence, a genuine copolymer containing AQ and EA
units would form through the oxidative polymerization.


Copolymerization of AQ and EA monomers : The chemical
oxidative copolymerization between AQ and EA monomers
of various ratios afforded a dark precipitate as products in
the three-polymerization media. The color of the products
changes from black to brown with an increase in AQ con-
tent from zero to 100 %. The AQ/EA copolymerization pro-
cess was in situ monitored by detecting the variation of the
open-circuit potential (OCP) and temperature of the poly-
merization solution, which might supply a deeper insight


into polymerization progress, as listed in Table 1. The initial
OCP of EA monomer in 1m HCl was 469 mV versus SCE,
which was counterpoise potential for the protonated EA
monomer after a time lapse of 0.5 h. After the addition of
AQ monomer to the EA solution, the initial OCP of the co-


monomer solution decreased to 262–320 mV versus SCE.
When the oxidant [(NH4)2S2O8] solution was dropped into
the AQ/EA comonomer solution, an instant OCP rise was
observed. The variation of OCP with reactant concentration
for the oxidative polymerization process is given by the
Nernst equation:


OCP ¼ E 0 þ ðRT=nFÞ lnðcOx=cReÞ ð1Þ


where E 0 is the standard electrode potential of the polymer-
ization, R the gas constant, T the absolute temperature, n
the number of electrons, F the Faraday constant, cOx and cRe


the concentration of the oxidized and reduced species. Obvi-
ously, the solution OCP during the polymerization will vary
with oxidant [(NH4)2S2O8] and reducer [monomer] concen-
trations. At AQ feed content of less than 10 mol%, there
are three distinct stages in the OCP-time plots, that is, an up
stage, plateau and down stage. A similar situation was ob-
served during the chemical oxidative polymerization of ani-
line.[10] A continuously increased OCP in first stage (t1)
should be ascribed to dissociation of the persulfate ions to
radical anions, SO4C� , and anion, SO4


2� in the presence of
monomers. In this stage, the oligomers formed can act as a
reducer. The oxidized oligomers could propagate subsequent
polymerization with residual monomers via an electrophilic
aromatic substitution mechanism. Accompanying the OCP
change, the color of the polymerization solution darkened
incessantly, suggesting the formation of dark polymer pre-
cipitates.


As the copolymerization proceeded, the OCP reached an
even plateau between 577 and 745 mV versus SCE. In the
second step, the AQ/EA copolymer chains formed in the
first step may be further oxidized by the remanent oxidant.
The propagation may continue on the oxidized chains to
form a higher molecular-weight polymer. These newly
formed AQ/EA polymer chains may also be oxidized to par-
ticipate in the chain propagation. This process is repeated


Table 1. Variation of the open-circuit potential (OCP) during polymerization of 8-aminoquinoline (AQ) and
2-ethylaniline (EA) in 1m HCl aqueous solution at 5 8C.


AQ/EA Solution potential Polymerization 1H NMR results
feed molar /mV vs SCE time, t1/t2 AQ/EA calcd degree of
ratio initial/top/DP[a] /min calcd molar ratio polymerization of the polymers


0:100 469/745/276 9/111 0:100 32
10:90 262/577/315 40/>350 13:87 72
30:70 289/610/321 37/>600 67:33(18)[b] 61
50:50 293/631/338 68/>600 89:11(21)[b] 15
100:0 320/727/407 29/>700 100:0(23)[b] 13


[a] DP=Top potential�initial potential. [b] The data in the parentheses are the molar content of quaternary
ammonium structures.
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until all the oxidant is consumed at the end of the plateau
stage (t2). After the plateau stage, the OCP declined stably.
The third step (t3) should include further polymerization of
monomers with the oxidized polymer chain that formed in
the second step as the oxidant instead of (NH4)2S2O8. The
time elapsed at the end of the plateau, that is, t1+t2, may be
an indication of the polymerization rate.[10] As listed in
Table 1, t1+t2 increased with an increase in AQ content and
the third step was not observed in the case of AQ homopo-
lymerization. That is to say, the copolymerization rate
slowed down with adding and increasing AQ content. One
of the reasons is that the steric hindrance of the quinoline
ring is greater than that of phenyl ring of EA, leading to
more difficult electrophilic reaction between monomers and
propagating chains. On the other hand, it is seen from
Table 1 that the initial and top OCPs of the polymerization
solution demonstrate a minimum at AQ feed content of
10 mol %, indicating that the OCP of AQ/EA comonomer
solution is not a simply linear addition of their individual
solutions. This should be an indication of a strong interac-
tion between AQ and EA monomers, that is, a real copoly-
merization occurred between them.


It is seen that the AQ/EA polymerization yield is non-mo-
notonously dependent on the monomer ratio, as shown in
Figure 1. The yield decreases from the highest value of


72.5 % to a minimum value of 15.6 % as AQ feed content in-
creases from zero to 50 mol %. With a further increase in
AQ feed content to 100 mol %, the yield increases to a
medium value of 42.5 %. This indicates a lower copolymeriz-
ability between AQ and EA comonomers than respective
EA or AQ homopolymerizability. That is to say, the chain
propagations between activated EA end group and AQ
monomer (or between activated AQ end group and EA
monomer) are stopped by each other, that is, a retardation
between EA (or AQ) end group and AQ (or EA) monomer.
This retardant copolymerization finally results in a lower
yield of copolymerization than that of respective homopoly-
merizations. It also clearly suggests a copolymerization
effect or a strong interaction between AQ and EA mono-
mers, that is, the AQ/EA polymer prepared by the chemical


oxidative polymerization is a real copolymer rather than a
mixture of AQ and EA homopolymers.


It is found that the solution temperature during AQ/EA
(10:90) copolymerization in HCl rises with polymerization
time and attains a maximum at a certain time. The maxi-
mum temperature depends on the initial solution tempera-
ture. At the initial temperatures of 25 and 35 8C, the maxi-
mum temperature reaches up to 27.5 and 41.5 8C at 68 and
30 min, respectively; this suggests an exothermic copolymer-
ization. Moreover, the higher the initial polymerization tem-
perature, the higher the reaction exotherm is because the
stronger oxidative ability of the oxidant at higher tempera-
ture can result in faster creation of active centers in the
system and then faster polymerization. Therefore, a signifi-
cant dependence of the copolymerization yield on the poly-
merization temperature is shown in Figure 2. The AQ/EA
(10:90) copolymerization yield reached the highest value of


65.8 % at the initial reaction temperature of 15 8C. A similar
relationship between the yield and polymerization tempera-
ture has been observed for p-phenylenediamine and o-phe-
netidine copolymerization.[11] It appears that the optimized
copolymerization temperature for AQ/EA (10:90) copoly-
mer is around 15 8C because the yield is the maximum at
this temperature.


The chemically oxidative polymerization of aniline and
other aromatic amines is based on a usually recognized radi-
cal cation mechanism in acidic medium. In this study, AQ/
EA copolymer particles were also triumphantly synthesized
in a neutral acid-free MeCN aqueous medium. A strong
effect of polymerization medium on the AQ/EA (10:90) co-
polymerization is illustrated in Figure 3 and Table 2. The
AQ/EA (10:90) polymerization temperature in the MeCN/
water medium came to a head earlier than that in other two
acidic media. It indicates that the oxidative polymerization
rate of AQ and EA monomers gets higher with raising the
pH value of the medium due to its stronger deprotonation
effect. A similar behavior was also observed in aniline poly-
merization.[12] However, it appears that the polymerization
yield does not change greatly with reaction medium.


Figure 1. Nominal molecular structure of 8-aminoquinoline (AQ)/2-ethyl-
aniline (EA) copolymers and the effect of AQ feed content on polymeri-
zation yield and bulk electrical conductivity (measured at 18 8C) of AQ/
EA copolymer particles prepared in 1 m HCl aqueous solution at 5 8C.


Figure 2. Influence of the polymerization temperature on the copolymeri-
zation yield of 8-aminoquinoline (AQ)/2-ethylaniline (EA) (10:90) in 1 m


HCl aqueous solution and on the copolymer conductivity measured at
10 8C after redoped in 1m HCl.
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IR spectra of the AQ/EA copolymers : A systematic varia-
tion of the IR spectra of the copolymer bases with AQ/EA
monomer ratio is shown in Figure 4. A broad absorption at
3380 cm�1 due to characteristic N–H stretching vibration in-
dicates the existence of secondary amino groups. The peak
at 3040 cm�1 is ascribed to aromatic C–H stretching vibra-
tion. Three weak peaks at 2960/2920 and 2862 cm�1 corre-
spond to aliphatic C–H asymmetric and symmetric stretch-
ing vibrations of the ethyl groups on the EA units, respec-
tively. With increasing AQ content, all the three peaks
above-mentioned become weaker because AQ unit does not
contain aliphatic C�H bond. Absorption peaks appeared at
1595 and 1500 cm�1 are attributed to the quinoid and benze-
noid rings, respectively, in the copolymer, as a result of the
stretching vibration of C=N bonds in diiminoquinoid ring
and skeletal vibration of the benzenoid aromatic ring, re-
spectively.[13] It is found that the absorption due to quinoid
ring results in higher wavenumbers and its intensity declines
as EA feed content decreases; this suggests that this absorp-
tion results mainly from the EA unit. Therefore the diimino-
quinoid structure in the AQ/EA copolymer is mainly from
the EA units. The peak at 1500 cm�1 shifts to higher wave-
numbers with an increase in AQ content, but its intensity
almost remains constant. When AQ feed content is more


than 20 mol %, a new absorption peak appears at 1559 cm�1


that should correspond to in-plane bending vibration of N–
H in secondary amine group in AQ units.[14] This peak might
overlap by the stretching vibration peak of C=N bonds in
diiminoquinoid ring when AQ content is low.[15] The
medium absorption peak centered at 1314–1308 cm�1 gets
weaker with reducing EA content and therefore is ascribed
to the C–N stretching vibration in the EA quinoid–imine
units.[15] It also proves that the EA units in the copolymer
exist as more quinoid structure. The peak at 1145 cm�1 from
C�H in-plane bending vibration of the 1,2,4-trisubstitued
benzene ring gets stronger with increasing EA unit content;
this indicates that the peak is attributed to EA units. The ex-
istence of the trisubstituted EA units and secondary amino
groups verifies the formation of polymers.


The IR spectra of AQ/EA (10:90) copolymers formed in
a polymerization temperature
range of 5–35 8C or in the three
above-mentioned media seem
similar to each other, implying
similar copolymer structure.
Therefore, the polymerization
temperature and medium have
a weak influence on the molec-
ular structure of the AQ/EA
copolymer.


UV/Vis spectra of the AQ/EA
copolymers : UV/Vis spectra of
the AQ/EA copolymer bases
with seven AQ/EA ratios are


Figure 3. Temperature profile during 8-aminoquinoline (AQ)/2-ethylani-
line (EA) (10:90) copolymerization at 25 8C in 1m HCl aqueous solution,
0.5m H2SO4 aqueous solution and a MeCN/H2O mixture with a volume
ratio of 2:1, respectively.


Table 2. The influence of polymerization media on the polymerization yield, size and conductivity of fine par-
ticles of 8-aminoquinoline (AQ)/2-ethylaniline (EA) (10:90) copolymers prepared at 25 8C.


Polymerization Polymerization Particle
diameter /mm


Standard devia-
tion of the


diameter /mm


Bulk electrical conductivity of 1m


HCl


media yield/% virgin
salt


base virgin
salt


base redoped particles/S cm�1 at 10 8C


1m HCl 64.1 5.866 2.865 3.860 1.743 8.22 � 10�7


0.5m H2SO4 67.3 5.143 3.209 2.921 1.778 3.6� 10�7


MeCN +


H2O
[a]


63.7 – 3.091 – 2.543 2.73 � 10�11


[a] Volume ratio of MeCN to H2O 2:1.


Figure 4. IR spectra of 8-aminoquinoline (AQ)/2-ethylaniline (EA) co-
polymer bases prepared in 1m HCl at 5 8C with AQ/EA feed molar ratios
of 0:100, 5:95, 10:90, 20:80, 30:70, 50:50 and 100:0.
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systematically shown in Figure 5. A strong band and a broad
but relatively weak band can be observed in the UV/Vis
spectra. When AQ feed content is less than 10 mol %, the
strong absorption band around 306 nm (band I) is assigned
to p–p* transition of benzenoid ring, and the weak band
around 613 nm (band II) is attributed to excitation transi-
tion from benzenoid ring to quinoid ring.[16] Both transitions
are related to the extension of the conjugation along the
molecular chain. The red shift of absorption band indicates
a more extended conjugating system, which is assigned to
longer polymer chain, suggesting higher molecular weight of
the polymer and more quinoid structure. Both bands I and
II show hypsochromic shifts to 263–290 and 478–481 nm
when AQ feed content is more than 20 mol%; this indicates
a diminution in the extension of the conjugation system
along the molecular chain, maybe due to the lowering of the
molecular weight. As seen in Table 3, excitation transition
of AQ/EA copolymer shifts to shorter wavelength with in-
creasing AQ content, implying shorter extension of quinoid
structure, that is, less quinoid content in the more AQ unit-
containing copolymer. This behavior is in accord with the
IR spectral results. It can also be seen from Table 3 that
both of the absorption bands of AQ/EA (10:90) copolymers
obtained at a higher temperature or in a higher pH medium
show a shift to short wavelength, implying shorter conjugat-
ing length, that is, lower molecular weight. Note that at a
fixed polymerization temperature of 5 8C the AQ/EA
(10:90) copolymer exhibits a maximal intensity ratio of band
II over I. This is also an indication of the strong interaction
between AQ and EA monomers. The AQ/EA (10:90) co-
polymer formed at 15 8C exhibits the highest intensity ratio
of band II over I, probably owing to the optimal copolymer-
izability, implying that 15 8C is the optimal polymerization
temperature for the synthesis of the AQ/EA (10:90) copoly-
mer with the longest conjugation length. This result is coin-
cident with the maximal polymerization yield in Figure 2.


1H NMR spectra and gel permeation chromatograph (GPC)
of the AQ/EA copolymers : 500 MHz 1H NMR spectra of


seven AQ/EA copolymer bases in the complete composition
range are characterized by five main signals, corresponding
to five types of protons, respectively. There is a strong dis-
tinct peak centered at 1.1 ppm and a relatively weaker peak
at 2.6 ppm. Both of the peaks become stably weaker as the
EA unit content declines, indicating that they exactly corre-
spond to -CH3 and -CH2- protons on the EA units, respec-
tively. The weak peaks from 5.1 to 6.0 ppm might corre-
spond to the protons of primary amino groups at the �NH2


end group of polymer chain. The weak and broad peaks in a
wide range from 6.2 to 9.7 ppm are assigned to the aromatic
protons on AQ and EA units. On the basis of an area com-
parison of the aromatic proton peak (6.2–9.7 ppm) on AQ
and EA units with -CH3 proton peak (1.1 ppm) on EA unit,
it is possible to calculate the actual AQ/EA molar ratio of
the copolymers. The number of aromatic protons on AQ
units might be calculated through the following equation:


Table 3. UV/Vis spectra (in NMP), solubility, and solvatochromism of 8-aminoquinoline (AQ)/2-ethylaniline (EA) copolymer bases prepared at different
polymerization conditions.


AQ/EA Polymerization Band I/II Intensity ratio Solubility[a] and solution color[b]


molar T medium wavelength of band II DMSO NMP CHCl3 THF
ratio / 8C /nm over I (7.2)[c] (6.7)[c] (4.1)[c] (4.0)[c]


0:100 5 1 m HCl 306/614 0.40 S, B PS, BB MS, BP PS, P
5:95 5 1 m HCl 306/612 0.47 S, B S, B S, BP PS, BP
10:90 5 1 m HCl 312/612 0.57 S, B S, BB S, BP PS, BP
20:80 5 1 m HCl 274/481 0.21 S, PB S, PB S, P S, PB
30:70 5 1 m HCl 290/474 0.42 MS, Br S, RB SS SS
50:50 5 1 m HCl 263/480 0.27 PS, Br S, RB SS SS
100:0 5 1 m HCl 267/478 0.18 PS, RB PS, RB IS IS
10:90 15 1 m HCl 310/611 0.60 S, B S, B S, BP S, B
10:90 25 1 m HCl 308/608 0.52 S, B S, B S, BP S, B
10:90 35 1 m HCl 308/608 0.49 S, B S, B S, GB S, B
10:90 25 0.5 m H2SO4 315/594 0.53 S, B S, B S, PB S, BP
10:90 25 MeCN +H2O


[d] 288/550 0.39 S, P S, P S, P S, P


[a] IS: insoluble; MS: mainly soluble; PS: partially soluble; S: soluble; SS: slightly soluble. [b] B: blue; BB: bluish black; BP: bluish purple; Br: brown;
GB: greenish blue; P: purple; PB: purplish brown; RB: reddish brown. [c] Polarity index of the solvents. [d] Volume ratio of MeCN/H2O 2:1.


Figure 5. UV/Vis spectra of the solution AQ/EA copolymer bases pre-
pared at 5 8C in 1 m HCl with AQ/EA feed molar ratios of 0:100, 5:95,
10:90, 20:80, 30:70, 50:50 and 100:0 at a concentration of 12.5 mg L�1 in
NMP.
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AQ proton area ¼
total aromatic proton area � methyl proton area


ð2Þ


Therefore,


molar ratio of AQ to EA ¼
ðAQ proton area=5Þ=ðmethyl proton area=3Þ


ð3Þ


The number-average degree of polymerization of AQ/EA
copolymer would be roughly calculated according to the
area comparison of the resonance peaks of -NH- over �NH2


groups by the following equation:


ðDPÞn ¼ ½2� ð-NH- proton areaÞ
þ ð�NH2 proton areaÞ=2�=½ð�NH2 proton areaÞ=2�


ð4Þ


The results calculated in this way are listed in Table 1. The
genuine AQ content of the copolymer seems higher than
feed AQ content, implying that AQ monomer inclines to
homopolymerize rather than copolymerize with EA mono-
mer. On the contrary, EA monomer inclines to copolymer-
ize with AQ monomer rather than homopolymerize. It is ob-
served that the AQ monomer is relatively advantageous for
the formation of the radical cation at the growing chain end
to maintain active in comparison with EA monomer. The
higher electron density on the AQ quinoline ring induces
the AQ radical cation more stable than EA radical cation
and accordingly provides it longer lifetimes for the chain
propagation. Furthermore, the quinoline ring with higher
electron density than EA benzene ring is more easily at-
tacked by the radical cation, resulting in an easier electro-
philic aromatic substitution. Both of the factors induce a
largely increased AQ content in the copolymer compared to
AQ feed content[17] and an enlarged degree of polymeri-
zation. The degree of polymerization rises first and then re-
duces with an increase in AQ content. AQ/EA (10:90) co-
polymer possesses the maximal degree of polymerization be-
cause of the above-mentioned two factors. Again, the larger
steric hindrance of AQ ring leads to decreased formation of
the longer polymer chain in the case of higher AQ content.


The results from the GPC analysis suggest that the THF
soluble part of AQ/EA (10:90) copolymer base also exhibits
the highest molecular weight. The number-average molecu-
lar weight rises slightly from 2923, 3202 to 3211 as AQ feed
content increases from 0, 5 to 10 mol %. In addition, the
AQ/EA copolymers exhibit a single peak of molecular-
weight distribution with the polydispersity index from 2.04
to 3.14. Notably the molecular weight of the polymers ob-
tained by GPC is lower than that determined by NMR spec-
troscopy because different solvents were used for the meas-
urements. Therefore, the THF soluble part of the polymer
base should exhibit lower molecular weight than the com-
pletely soluble polymer in DMSO.


Size of fine particles of the AQ/EA copolymers : Generally,
an external stabilizer is essential for the formation of nano-


particles through polymerization. It has been reported that
the PAN particles with an average diameter of around
15 mm were formed in situ by the oxidative polymerization
without the external stabilizer.[18] By incorporating sulfonic
and methoxy groups at the PAN chain as internal stabilizer,
sub-micrometer particles of sulfonic alkoxyl aniline polymer
with a mean diameter around 218 nm have been fabricated
in situ by the oxidative polymerization.[18] Herein, we sug-
gest that both the particle size and its distribution of AQ/
EA copolymers analyzed by Laser Particle Size Analyzer
(LPSA) exhibit a significant dependency on the AQ/EA
ratio, as shown in Figure 6. The number-average diameter


(Dn) of the virgin copolymer salts ranges from 6.243 to
7.121 mm. Both the Dn and its standard deviation of the base
particles dramatically decrease from 6.761 mm to 315 nm and
from 3.131 mm to 380 nm, respectively, after a dedoping
treatment in NH4OH. Therefore, a transformation of the co-
polymer state from virgin salt to emeraldine base leads to
much smaller particle size, particularly at a higher AQ con-
tent. This decrease in particle size would be attributed to
the removal of external dopants (i.e., HCl) of the copolymer
chains; this induces a tight arrangement of copolymer chains
and further decreased size of the copolymer base particles.
In addition, the lone electron pair on the AQ ring-nitrogen
can combine with�N+H= in the Scheme 1 to enable the for-


mation of the copolymer chains with positive charge. An
electrostatic repulsion between the positive charges makes
the chains less likely close and therefore retains the low ac-
cumulation of the copolymer particles. The higher the AQ


Figure 6. Particle size and its distribution of 8-aminoquinoline (AQ)/2-
ethylaniline (EA) copolymer particles in water with different AQ feed
contents obtained in HCl (1 m) at 5 8C.


Scheme 1. Positively charged quaternary ammonium structure on the AQ
unit.
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content, the greater the static rejection between copolymer
chains, which results in a much smaller particle size. Note-
worthy, the Dn of fine particles of AQ homopolymer base is
only 315 nm that drops into a sub-micrometer order of mag-
nitude.


Figure 7 illustrates a remarkable influence of AQ/EA
polymerization temperature on the particle size of the co-
polymer. The Dn of the AQ/EA (10:90) copolymer particles
decreases from 6.243 mm to 3.287 mm for virgin salt and
from 5.252 mm to 348 nm for emeraldine base when increas-
ing the polymerization temperature from 5 to 35 8C. The de-
crease of the Dn of the particles at increasing polymerization
temperatures may be primarily assigned to an increase in
AQ unit content in the copolymer because the polymeriza-
bility of AQ monomer might be enhanced at an elevated
temperature as compared with the EA monomer. The de-
creased electroconductivity of the copolymer as discussed in
Figure 2 could be another evidence of an increased AQ con-
tent. Similarly, dedoping process can also decrease the Dn of
the AQ/EA copolymer particles obtained in different reac-
tion media, as listed in Table 2. However, the three media
used in the copolymerization have a minor influence on the
Dn. Possibly, the particle size does not seem to depend
greatly on the surrounding anions.


Interestingly after an ultrasonic dispersion the copolymer
base particles prepared with various comonomer ratios and
at different polymerization temperatures exhibit almost uni-
form Dn in a narrow scale from 361 to 405 nm, as shown in
Figures 6 and 7, except for the particles of EA homopoly-
mer. This novel behavior may be ascribed to the stabilizing
function of the static repulsion between the AQ/EA copoly-
mer chains because of the presence of positively charged
quaternary ammonium structures on the AQ units. That is
to say, fine AQ/EA copolymer particles with similar Dn but
different structure and properties can be prepared under
various copolymerization conditions. Before the ultrasonic
dispersion, the copolymer particles coalesce with each other
in order to reduce their surface area and then surface


energy, resulting in agglomerates of the copolymer particles.
When these agglomerates were scattered by ultrasonic treat-
ment, the positive quaternary ammonium structures on the
surface of copolymer chain coils can act as internal stabiliz-
ers due to their interchain electrostatic repulsion, thus lead-
ing to fine particles with a uniformly sub-micrometer dimen-
sion between 361 and 405 nm. Because there is no quaterna-
ry ammonium structure in the EA homopolymer chains as
internal stabilizer, the EA homopolymer particles easily co-
alesce together again after an ultrasonic scattering and the
sub-micrometer particles are unable to exist stably.


A detailed atomic force microscopy (AFM) observation
further reveals the size and shape of the AQ/EA copolymer
base particles. The particles of copolymer bases appear to
be of a ellipsoid shape rather than a sphere, as shown in Fig-
ure 8a–c. The ultrasonic ellipsoidal particles of AQ/EA
(10:90), (50:50), and (100:0) copolymers have major/minor
axis diameter of 87/72, 80/67, and 24/14 nm, respectively.
The variation of the particle size with AQ/EA ratio revealed
by AFM is similar to that by LPSA in Figure 6. Traditional-
ly, nanoparticles are prepared through an emulsion polymer-
ization in which stabilizer, emulsifier or dispersant are indis-
pensable, which complicates the predictability of nanoparti-
cles. In this study, the AQ/EA copolymer nanoparticles are
simply prepared by chemical oxidative polymerization with-
out additives. Furthermore, the nanoparticles formed by the
emulsion polymerization are usually spherical, whereas
herein we synthesized ellipsoidal and pure nanoparticles by
the chemical oxidation precipitation polymerization. It can
also be seen from the AFM and transmission electron mi-
croscopy (TEM) images, Figures 8d, e and 9, of the ultrason-
ic particles of AQ/EA (10:90) copolymer formed at three
polymerization temperatures, that the particle size also de-
pends on the polymerization temperature, different from
Figure 7.


It should be evidently noted that the particle size of the
three polymers revealed by AFM and TEM is much smaller
than that determined by LPSA. The smaller particle size ob-
served by AFM and TEM must be attributed to contraction
and compaction of the particles because of the elimination
of water inside the particles during the drying process.[18] In
other words, microscopic samples are equilibrium dry state
in ambient air for AFM observation and very dry state in
high vacuum for TEM observation while LPSA samples are
swollen in water.


Bulk electrical conductivity of the AQ/EA copolymers : The
AQ/EA copolymers exhibit an electrical semi-conductivity
like other nitrogen heterocyclic aromatic amine polymers.
The electrical conductivity of the copolymers obtained is
shown in Figures 1, 2 and Table 2. It seems that the copoly-
mer base particles in the whole composition range have a
conductivity of the magnitude from 10�11 to 10�8 Scm�1.[19]


After doped by 1 m HCl aqueous solution for 48 h, the con-
ductivity of the redoped salts of the copolymer particles re-
markably increases up to between 10�7 and 10�5 Scm�1.[20] In
particular, the AQ/EA (10:90) copolymer exhibits the sharp-


Figure 7. The effect of polymerization temperature on the particle size of
8-aminoquinoline (AQ)/2-ethylaniline (EA) (10:90) copolymer particles
in water obtained in HCl (1 m).
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est conductivity rise and also the maximal conductivity in
the six AQ/EA polymers upon redoping,[17] because of its
highest molecular weight (see also Table 1). This phenomen-
on indicates that the conductivity of redoped copolymers is
mainly determined by the doping state and molecular
weight. Notably the AQ/EA (50:50) copolymer salt exhibits
the lowest conductivity owing to a combination of higher
AQ unit content and more irregular copolymer backbone
structure[13] which results in the most disorder packing of the
copolymer chains.


It can be concluded from Figure 2 that the electrical con-
ductivity of HCl doped AQ/EA (10:90) copolymer increases
with lowering polymerization temperature, possibly due to


an increased molecular weight of copolymer at lower tem-
perature. The HCl redoped AQ/EA copolymer prepared in
HCl medium exhibits the highest conductivity, while the
HCl redoped copolymer prepared in the mixture of MeCN
and water is an insulator, as listed in Table 2. In summary,
the comonomer ratio, polymerization condition and doping
degree could be all utilized to efficiently control and regu-
late the conductivity of the copolymers to some extent.


Solubility and solvatochromism of the AQ/EA copolymers :
On the basis of a careful comparison of the solubility of the
copolymer base particles in four typical solvents with differ-
ent polarity indexes in Table 3, it can be seen that the solu-
bility is greatly influenced by AQ/EA molar ratio but
almost not polymerization temperature and medium. The
copolymer exhibits a reduced solubility in all the four sol-
vents as the AQ content increases. When AQ feed content
is not lower than 30 mol %, the copolymers are slightly solu-
ble or insoluble in THF and CHCl3, regardless of their rela-
tively low molecular weight. This implies that the poor solu-
bility of the copolymer bases with high AQ content may be
primarily attributed to a high chain rigidity of the polymers
caused by many AQ units. Other nitrogen heterocyclic aro-
matic amine polymers also demonstrate a similar phenom-
enon.[1,3] The copolymer bases containing AQ feed content
of 5–50 mol % are totally soluble in NMP but both EA and


Figure 8. AFM 3Dimages of a) AQ/EA (10:90), b) (50:50) and c) (100:0) copolymer base particles at the polymerization temperature of 5 8C as well as
topo-image of AQ/EA (10:90) copolymer base particles at the polymerization temperature of d) 5 8C, e) 35 8C obtained in the polymerization medium of
HCl (1 m) and then treated ultrasonically.


Figure 9. TEM images of 8-aminoquinoline/2-ethylaniline (10:90) copoly-
mer base particles obtained in HCl (1 m) at 25 8C and then treated ultra-
sonically.
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AQ homopolymers are only partially soluble in NMP, as
well as the copolymer bases containing AQ feed content of
5–20 mol % are totally soluble in CHCl3 but other AQ/EA
polymers are mainly soluble or even insoluble in CHCl3.
This means that the copolymers formed by the oxidative co-
polymerization are genuine copolymers containing both AQ
and EA units rather than a mixture of two respective homo-
polymers.[17]


A significant variation of the AQ/EA copolymer solution
color with the solvents is testified, that is, a unique solvato-
chromic behavior. It is seen from Table 3 that the copolymer
solution displays different colors in various solvents. The
AQ/EA copolymer with AQ feed content of less than
20 mol % is blue in NMP and DMSO and displays a tenden-
cy to violet in THF and CHCl3. At an AQ feed content of
more than 20 mol %, the corresponding copolymer solution
looks like a brownish color. It indicates that the AQ/EA co-
polymer solution reflects homochromous light of longer
wavelength in NMP and DMSO than in THF and CHCl3.
That is, the copolymer solution returns back homochromous
light of longer wavelength in solvents with strong polarity,
whereas reverberates that of shorter wavelength in solvents
with weak polarity. The AQ/EA copolymer solution pre-
pared at different polymerization temperatures or media
confirms the phenomenon that the copolymer solution color
is dependent on the solvent polarity, as indicated in Table 3.
This appears to reveal the fact that the copolymer chains
are relatively extended in highly polar DMSO and NMP.


Film formability of the AQ/EA copolymers : Although the
film formability is one of the most important processing
abilities for the new practical polymers, it seems that few re-
ports on the solution-casting film formability of AQ poly-
mers are found till now. Here we report a film-forming abili-
ty of AQ/EA copolymer bases prepared by chemical oxida-
tive polymerization with NMP as a solvent. It is discovered
that AQ/EA (5:95 and 10:90) copolymer bases obtained at
polymerization temperature of 5 8C exhibit excellent film
formability.[16] The resulting films adhesive strongly to glass
and display shining bright color caused by a very smooth
surface without defects.[18,21] The AQ/EA (10:90) copolymer
bases synthesized at 15–35 8C or in 0.5 m H2SO4, or in a
MeCN/H2O mixture also display good film formability, the
films of which are smooth and flat but have relatively pale
gloss. However, the film formability of the copolymer bases
with the AQ feed content of higher than 10 mol % is not
satisfied. It appears that a good solubility does not always
mean good film formability. The good film formability of
AQ/EA (10:90) copolymer bases could be assigned to
higher molecular weight.[21] Another possible reason should
be due to the formation of a real solution, where the copoly-
mer chains could dissolve uniformly in the solvent rather
than a system with solid or swollen polymer fine particles
scattered in the solvent appearing as a solution to naked
eyes.


Conclusion


A simple chemical oxidative copolymerization of AQ and
EA monomers was successfully carried out. The copolymeri-
zation yield, macromolecular and morphological structures,
electrical conductivity, solubility, solvatochromism, and film
formability of the AQ/EA copolymer particles vary largely
with the AQ/EA ratio, polymerization temperature and
medium. This indicates that the copolymerization character-
istics, structure and properties of the copolymers could be
controlled or even optimized by choosing AQ/EA ratio and
polymerization conditions. EA monomer is readily oxidized
to initiate the polymerization in comparison with AQ mono-
mer, while AQ monomer with high electron density on the
quinoline ring would stabilize the activated end group and
easily enable electrophilic aromatic substitution, leading to
high AQ content in the resulting copolymer chain as com-
pared with correspondent feed content. The AQ/EA copoly-
mer exhibits the upmost molecular weight, electrical con-
ductivity, and film formability at the AQ feed content of 10
mol %, yet the copolymer exhibits the undermost polymeri-
zation yield and conductivity at the AQ feed content of
50 mol %. A non-monotonic variation of the oxidation po-
tential, OCP, and polymerization yield of the monomers as
well as UV/Vis spectrum and electroconductivity of the co-
polymers with AQ/EA ratio indicates a strong interaction
between AQ and EA monomers. Specifically, a genuine co-
polymerization between both monomers has occurred. Both
low temperature and low pH medium are favorable for the
formation of the AQ/EA copolymers with high molecular
weight. The particle size of AQ/EA copolymers could be
considerably controlled by optimizing the monomer ratio,
alkaline treatment, and polymerization temperature. The
mean diameter of the AQ/EA copolymer base particles de-
creases steadily with enhancing AQ content or polymeri-
zation temperature. AFM observation reveals the formation
of nano-ellipsoids with the major/minor axis diameter of re-
spective 24/14 nm and 80/67 nm of the particles of AQ ho-
mopolymer and AQ/EA (50:50) copolymer prepared at 5 8C
in 1 m HCl as polymerization medium for the first time. The
copolymer nanoparticles with the diameter of smaller than
90 nm can be simply obtained by an ultrasonic dispersion. A
simple method of in situ polymerization to prepare pure
nanoparticles of the AQ/EA polymers without adscititious
stabilizer or interior sulfonic group is demonstrated. The
AQ units with positively charged quaternary ammonium
groups are vital for the formation and stable existence of
the nanoparticles.


Experimental Section


8-Aminoquinoline (AQ), 2-ethylaniline (EA), ammonium persulfate
[(NH4)2S2O8], HCl, H2SO4, acetonitrile (MeCN), dimethylsulfoxide
(DMSO), N-methylpyrrolidone (NMP), chloroform (CHCl3), and tetra-
hydrofuran (THF) were commercially obtained as chemical pure reagents
and used without further purification.
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Preparation of the fine particles of the copolymers : A representative pro-
cess for the synthesis of the AQ/EA (10:90) copolymer particles is: to
HCl aqueous solution (1 m, 10 mL) in a glass flask in water-bath at 5 8C
was added AQ (0.147 g, 1 mmol) and EA (1.14 mL, 9 mmol) and then
stirred vigorously for half an hour. An oxidant solution was prepared
separately by dissolving ammonium persulfate (2.327 g, 10 mmol) in HCl
aqueous solution (1 m, 5 mL). The monomer solution was then treated
with the oxidant solution by dropwise adding the oxidant solution at a
rate of one drop per three seconds. The reaction mixture was stirred con-
tinuously for 10 h at 5 8C together with the measurement of the OCP and
temperature of the polymerization solution. After that, the copolymer
HCl salt particles as precipitates were isolated from the reaction mixture
by filtration and washed with an excess of distilled water in order to
remove the remaining oxidant and water-soluble oligomer. The HCl salt
was subsequently neutralized in ammonium hydroxide (0.2 m, 100 mL),
stirring overnight. The final fine polymer particles were left to dry in am-
bient air for one week, obtaining the emeraldine base of AQ/EA (10:90)
copolymer as black solid powders.


When using MeCN/water as polymerization medium, AQ/EA monomers
were added to MeCN (10 mL). An oxidant solution was prepared sepa-
rately by dissolving ammonium persulfate in distilled water (5 mL).
Other process is exactly the same as above.


Measurements : Cyclic voltammetric measurements were performed by
using Model 660a Electrochemical Workstation (CH Instruments) with
correspondent electrochemical system software. Two platinum (Pt) foils
with the area of 1 cm2 were used as working electrode and counter elec-
trode. SCE was used as reference electrode. Oxidation potential of AQ,
EA and AQ/EA (50:50) mixture was examined by cyclic voltammetry at
a sweep rate of 50 mV s�1 on Pt electrode in 0.5m H2SO4 aqueous solu-
tion and 0.1 m NaClO4/MeCN solution containing 10 mm AQ, 10 mm EA
and 5 mm AQ/5 mm EA, respectively. The AQ/EA copolymerization was
followed by the OCP profile technique, using a potentiometer equipped
with an SCE as reference electrode and a Pt electrode as a working elec-
trode. The measurement set-up of the OCP is designed to attain an equi-
librium situation, where both anodic and cathodic reactions proceed at
an equal finite rate.[10] The net current between both electrodes is zero
and the voltage corresponding to this zero current is defined as the OCP.
The bulk electrical conductivity of the salt and base of the copolymer
particles was measured by the following plan: put copolymer powders
(10 mg) between two round-disk stainless iron electrodes with a diameter
of 1 cm and press the powder tight to a pellet, and then measure the re-
sistance and thickness of the copolymer pellet with a multimeter and a
thickness gauge, respectively. The redoped salt samples were prepared by
doping the copolymers with 1m HCl aqueous solution for 48 h. The co-
polymer solubility was evaluated as follows: polymer powder (2 mg) was
added to 1 mL solvent and dispersed drastically after shaking intermit-
tently for 2 h at ambient temperature. The film formability was evaluated
with NMP as solvent at a fixed copolymer concentration (10 g L�1) by a
solution casting method. The NMP in copolymer solution on glass with
the area of 3� 3 cm2 was evaporated at around 70 8C.


IR spectra were recorded on a Nicolet Magna-IR 550 spectrometer at
2 cm�1 resolution on KBr pellets. High resolution 1H NMR spectra were
obtained in deuterated [D6]DMSO by using Bruker DMX 500 spectrom-
eter operating at 500.13 MHz. UV/Vis spectra of a homogeneous solution
of AQ/EA copolymer bases at a certain concentration (12.5 mg L�1) in
NMP were recorded on Perkin–Elmer Instruments Lambda 35 in a range
of 1100–190 nm at a scanning rate of 480 nm min�1. Molecular weight of
the AQ/EA copolymers was measured using HP1100 GPC column (PL-


gel mixed C � 2, PL gel 50 nm) and THF as solvent and mobile phase as
well as monodisperse polystyrene (MW 500–106 g mol�1) as standard. The
size and its distribution of the copolymer particles formed just after poly-
merization or dedoping treatment were analyzed with water as mobile
phase on Beckman Coulter LS230 LPSA. The dry copolymer particles
were observed by an SPA-300HV AFM system, Seiko SII Instruments,
Japan and Jeol JEM-2010 high resolution TEM.
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Absolute Configuration of C2-Symmetric Spiroselenurane: 3,3,3’,3’-
Tetramethyl-1,1’-spirobi[3H,2,1]Benzoxaselenole


Ana G. Petrovic,[a] Prasad L. Polavarapu,*[a] Jozef Drabowicz,[b, e] Yingru Zhang,[c]


Oliver J. McConnell,[c] and Helmut Duddeck[d]


Introduction


In the field of organic synthesis, considerable interest[1] has
been devoted to the preparation of optically active, spirocy-
clic, hypervalent compounds containing sulfur, tellurium, or
selenium as the central atom. This interest has arisen due to
the recognition that, until relatively recently, very few com-
pounds of this kind have been characterized in the optically
active form and, therefore, a substantial amount of impor-
tant stereochemical information has been lacking. Spirosele-
nuranes constitute a family of hypervalent selenium com-


pounds that exhibit trigonal bipyramidal geometry and dis-
play chirality due to molecular dissymmetry. Examples of
previously studied spiroselenuranes are 3,3’-spirobi-(3-sele-
naphthalide) (1, see Scheme 1) and its 7-carboxy derivative.


Compound 1 was first synthesized by Lesser and Weiss[2]


and the synthesis was later reinvestigated by Dahlen and
Lindgren.[3] Okazaki et al.[4] accomplished the synthesis of
1,5-dioxa-4-selenaspiro[3.3]heptanes, a type of spiroselenur-
ane bearing two oxaselenetane rings. Koizumi et al. have
prepared[5] a few enantiomerically pure spiroselenuranes
and spirotelluranes by using the 2-exo-hydroxy-10-bornyl


Abstract: The enantiomers of 3,3,3’,3’-
tetramethyl-1,1’-spirobi[3H,2,1]benz-
oxaselenole have been separated on a
chiral preparative chromatographic
column. The experimental vibrational
circular dichroism (VCD) spectra have
been obtained for both enantiomers in
CH2Cl2. The theoretical VCD spectra
have been obtained by means of densi-
ty functional theoretical calculations


with the B3 LYP density functional.
From a comparison of experimental
and theoretical VCD spectra, the abso-
lute configuration of an enantiomer


with positive specific rotation in
CH2Cl2 at 589 nm is determined to be
R. This conclusion has been verified by
comparing results of experimental opti-
cal rotatory dispersion (ORD) and
electronic circular dichroism (ECD) to
predictions of the same properties
using the B3 LYP functional for the
title compound.


Keywords: circular dichroism ·
configuration determination ·
optical rotation · selenuranes ·
vibrational spectroscopy
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Scheme 1. The chemical structures of 3,3’-spirobi-(3-selenaphthalide) (1),
3,3,3’,3’-tetramethyl-1,1’-spirobi[3 H,2,1]benzoxaselenole oxide (2), and
3,3,3’,3’-tetramethyl-1,1’-spirobi[3 H,2,1]benzoxaselenole (3).
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group as a chiral ligand. Recently, Drabowicz and co-work-
ers have reported[6a] the synthesis and absolute configuration
of 3,3,3’,3’-tetramethyl-1,1’-spirobi[3H,2,1]benzoxaselenole
oxide (2, see Scheme 1) and determined its absolute configu-
ration using X-ray crystallography. They have also synthe-
sized[6b] 3,3,3’,3’-tetramethyl-1,1’-spirobi[3 H,2,1]benzoxasele-
nole (3, see Scheme 1), but its absolute configuration has
not yet been determined.


In the light of continued interest in investigating the ste-
reochemistry of hypervalent compounds containing a central
selenium atom, the research presented here uses chiroptical
methods to determine the absolute configuration and the
dominant conformation of 3. The stereochemical assign-
ments have been previously made for 1 and 2, which have
structural resemblances with 3 (Scheme 1). The enantiomer
of 1, with negative optical rotation at 589 nm, was assigned[1]


S configuration, while the enantiomer of 2, with negative
optical rotation at 589 nm, has been assigned[6a] R configura-
tion. In this manuscript we determine and report the abso-
lute configuration of 3.


Vibrational circular dichroism (VCD) is an independent
spectroscopic method[7] for determining the absolute config-
uration and dominant conformation(s) in the solution phase.
The development of methods[8] for reliably predicting VCD
using density functional theory (DFT) and the availability of
quantum mechanical programs,[9] in conjunction with the
availability of commercial VCD instruments, has facilitated
the use of this technique. Numerous examples are now avai-
lable,[7c] in which VCD has been successfully used to deter-
mine the absolute configuration and predominant confirma-
tion(s) in the solution phase.


The first ab initio prediction of optical rotation was re-
ported[10] in 1997 and since then numerous advances[11] have
taken place in using optical rotation for structural elucida-
tion. Some reports have also emphasized the use[12] of opti-
cal rotatory dispersion (ORD), instead of rotation at one
wavelength, for assigning the absolute configuration. Simi-
larly, the development of DFT methods for electronic circu-
lar dichroism (ECD)[13] has also led to the use of ECD for
establishing the absolute configuration. In particular, the
availability of quantum mechanical programs[9] for these cal-
culations has facilitated the applications of ORD and ECD.


In this manuscript, the absolute configuration and pre-
dominant conformation of 3 have been determined using ex-
perimental and density functional theoretical VCD studies.
The conclusions obtained from VCD studies are further sup-
ported by experimental and theoretical studies on ORD and
ECD. This is the first study where VCD, ORD, and ECD
have been used together to establish the absolute configura-
tion.


Results and Discussion


The stereoisomers available to a molecule can have a dra-
matic effect on its activity and reactivity. In some cases an
ensemble of stereoisomers may be responsible for an ob-


served behavior. Therefore, it is important to account for all
possible low-energy stereoisomers. The conformational ri-
gidity of 3 restricts the consideration to only two different
isomers (Figure 1). Although NMR data for 3 have been re-
ported,[6b] the predominance of one or both of these isomers


has not been established. Therefore we investigated the two
isomers, trans and cis, differing in dihedral angle, labeled as
D(5-4-1-3). The trans isomer, with D(5-4-1-3)=5.68 (Fig-
ure 1a), has C2 symmetry and was obtained by optimizing
the geometry of the structure that possesses coordinates ac-
quired from the spiroselenurane crystal structure.[6b] The cis
isomer (Figure 1b) considered has no symmetry and is char-
acterized by the dihedral angle D(5-4-1-3)=�105.68. The in-
itial structure for the cis isomer was obtained by doing a
manual search for possible low-energy conformations.


The converged dihedral angles, optimized electronic ener-
gies, and relative populations are listed in Table 1. Due to
the rigidity of the spiroselenurane structure, it is not surpris-
ing that among the two isomers under consideration only
one is dominant. Based on the DFT-predicted electronic en-


Figure 1. B3 LYP/6–31G* optimized structures of two stereoisomers of 3 :
a) trans isomer with D(5-4-1-3)=5.68 ; b) cis isomer with D(5-4-1-3)=


�105.68.
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ergies, and the relative Boltzmann populations thereby cal-
culated, the trans isomer with D(5-4-1-3)=5.68 is seen to be
dominant.


Specification of the absolute configuration[14–16] of the
structure used in the theoretical calculation is based on es-
tablished convention for spirane compounds.[16] To specify
the absolute configuration, atoms surrounding the selenium
are assigned priority designations (Figure 2). The atoms la-
beled as “a” and “b” with the same subscripts designate the
pair of atoms sharing the same
ring. Labels a1 and a2 carry
higher priority than b1 and b2.
Placing the lowest priority
group (b2) in the back, away
from the observer, and follow-
ing the sequence a1-a2-b1 gives a
clockwise rotation and, hence,
R configuration for the struc-
ture used in the calculations.
The same R absolute configura-
tion for this structure can be
designated by the modification
of the Cahn–Ingold–Prelog
rules[17] proposed by Martin and
Balthazor.[18]


The theoretical vibrational
spectra are compared to the
corresponding experimental
spectra in Figure 3 and
Figure 4. It is well known that
the B3 LYP/6–31G* calculated
frequencies are larger than the
observed frequencies and,
therefore, need to be scaled.
Even after scaling there will be
differences between calculated and observed frequencies
due to inaccuracies at the level of theory used and due to
anharmonic effects in the experimental frequencies. There-
fore, the correlation between predicted and experimental
spectra is normally made by following spectral patterns
(that is, higher-intensity bands in the experimental spectra
correspond to higher intensity bands in the predicted spec-
tra, etc.). The region between ~1300 and 1246 cm�1 is not
shown in the experimental spectra due to interference from
the high-intensity absorption band of the solvent. Conse-
quently, this region of the experimental spectrum cannot be
compared to the predicted spectrum. The absorption bands
in the predicted spectrum show one-to-one correspondence


with the absorption bands in the experimental spectrum of
3. For example, the high-intensity experimental bands at 953
and 1155 cm�1 correspond to the analogous high-intensity
bands in the predicted spectrum at 946 and 1151 cm�1, re-
spectively.


The significant VCD bands (Figure 4) in the observed
VCD spectrum of (+)589-3 at a concentration of 0.086 m can
be seen as three bisignate couplets: a couplet with a positive
band at 953 cm�1 (+) and a negative band at 966 cm�1 (�);
a second couplet with a negative band at 1115 cm�1 and a
positive band at 1119 cm�1; a third couplet with a positive
band at 1155 cm�1 (+) and negative band at 1173 cm�1. The
corresponding couplets in the predicted spectrum can be


Table 1. B3 LYP/6–31G* predictions of optimized dihedral angles, ener-
gies, and relative populations of the two isomers of 3.


Dihedral angle,[a] Electronic energy Population
D(5-4-1-3) [8] [hartree] [%]


trans isomer 5.6 �3247.76880356 100
cis isomer �105.6 �3247.73567341 0


[a] See Figure 1 for atom numbering.


Figure 2. Priority designations aiding the configurational assignment for
the structure used in theoretical calculations on 3.


Figure 3. Comparison of the experimental absorption spectrum of (+)-3 (0.086 m in CH2Cl2; path length =


110 mm) with the predicted absorption spectrum (B3 LYP/6–31G*) of (R)-3 (top and bottom plots, respective-
ly). Lorentzian band shapes with a half-width at one-half of the peak height of 5 cm�1 were used in the spectral
simulation; 6–31G* frequencies were scaled by 0.9613.
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seen at 946–959 cm�1, 1102–1109 cm�1, and 1151–1168 cm�1,
respectively. The vibrational origin of these couplets in the
predicted spectrum are as follows: In the first couplet, the
positive VCD band at 946 cm�1 has contributions from three
different vibrations, with the dominant contribution coming
from the antisymmetric C�O stretching vibration; the nega-
tive band at ~959 cm�1 is due to the symmetric C�O
stretching vibration. The second couplet originates from
phenyl C�H rocking vibrations, with the negative VCD at
1102 cm�1 and positive VCD at 1109 cm�1 coming, respec-
tively, from symmetric and antisymmetric modes. In the
third couplet, the positive VCD band at 1151 cm�1 has con-
tributions from five different vibrations, with C�CH3


stretching and phenyl C�H bending vibrations making
major contributions; the negative VCD band at 1168 cm�1


originates from C�CH3 stretching coupled with C�O
stretching.


The abovementioned three bisignate VCD features ob-
served for (+)589-3 are reproduced in the predicted VCD
spectrum of (R)-3. The predicted VCD spectrum for (S)-3
would be a mirror image to that of (R)-3 and would not
agree with the experimental VCD spectrum for (+)589-3.
The nice agreement seen between the VCD spectra of (R)-3
(predicted) and (+)589-3 (experimental) indicates that the
absolute configuration is (+)589-(R) or, equivalently, (�)589-
(S).


The experimental ECD spectrum obtained for (�)589-3 in
CH2Cl2 (Figure 5) is similar to that measured by Drabowicz
and co-workers[6b] in hexane. The predicted ECD spectrum
for (S)-3, obtained by multiplying the (R)-3 spectrum by �1,
is compared to the experimental ECD spectrum of (�)589-3
in Figure 5. Both spectra display an overall positive ECD in


the ~210 to 300 nm region, sug-
gesting that the absolute config-
uration is (�)589-(S) or, equiva-
lently, (+)589-(R). The origin of
ECD features in spiroselenur-
anes has not been identified
before in the literature. We
have analyzed the molecular or-
bital coefficients obtained in
the ECD calculation at B3 LYP/
6–31G* level and found that all
of the first 12 electronic transi-
tions calculated are associated
with lone pairs of electrons on
either Se or O atoms. The
lowest energy electronic transi-
tion is associated with lone-pair
electrons on selenium atoms.


The predicted ORD for (S)-
3, obtained by multiplying that
of (R)-3 by �1, is compared to
the corresponding experimental
ORD measured in CH2Cl2 for
(�)589-3 (Figure 6). The experi-
mental specific rotations for


(�)589-3 at longer wavelengths are negative, but change sign
at ~475 nm and increase in magnitude at shorter wave-
lengths. The same trend is seen in the predicted values for
(S)-3, although the crossover point in the predicted ORD is
different from that in the experimental data because of the
inaccuracies in electronic transition wavelengths predicted


Figure 4. Comparison of the experimental VCD spectrum of (+)-3 (0.086 m in CH2Cl2; path length =110 mm;
obtained as one half of the difference between VCD of (+ )- and (�)-enantiomers) with the predicted VCD
spectrum (B3 LYP/6–31G*) of (R)-3 (top and bottom plots, respectively). Lorentzian band shapes with a half-
width at one-half of the peak height of 5 cm�1 were used in the spectral simulation; 6–31G* frequencies were
scaled by 0.9613.


Figure 5. B3 LYP/6–31G* predicted ECD spectrum for (S)-3 (top) and ex-
perimental ECD spectrum of (�)-3 (bottom). The theoretical ECD spec-
trum was simulated using gaussian band shapes with a half-width at 1/e
of peak height of 20 nm.
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at B3 LYP/6–31G* level. Nevertheless, a nice correlation
seen in the trends of predicted and experimental ORD data
provides another verification that the absolute configuration
of 3 is (+)589-(R) or (�)589-(S).


Given that the first eluted enantiomer on a Chiralpack
AS analytical column, with 10 % IPA and 90 % hexane as
the mobile phase at room temperature, has negative optical
rotation at 589 nm in CH2Cl2, it is concluded that the S en-
antiomer of 3 elutes first on this column.


We have also undertaken calculations of VCD, ECD, and
ORD with the 6–31+ G basis set (and B3 LYP functional)
and obtained results similar to those in the aforementioned
B3 LYP/6–31G* calculations, except that the B3 LYP/6–31+


G calculations did not predict negative optical rotation at
longer wavelengths. Given that there is no electronic transi-
tion for 3 at 475 nm, the change in sign of rotation at
475 nm can be attributed to the cancellation of opposing
ORD contributions from different, shorter-wavelength ECD
bands. Such cancellation does not occur quantitatively,
unless the ECD intensities at shorter wavelengths are pre-
dicted accurately. As one cannot hope to obtain quantita-
tively accurate ECD intensities at either B3 LYP/6–31G* or
B3 LYP/6–31+ G level, it is only necessary to reproduce the
overall ORD pattern, rather than the sign of rotation at one
particular wavelength. In this regard, the predicted ORD
pattern, at both B3 LYP/6–31G* and B3 LYP/6–31+G
levels, is in agreement with the experimentally observed
ORD pattern. We have also attempted the VCD, ECD, and
ORD calculations using a much larger aug-cc-pVDZ basis
set and B3 LYP functional. However, the SCF convergence
problems, even after using various different options, pre-
vented the completion of these calculations.


It is interesting to note that the absolute configuration for
3, (+)589-(R), determined here, is opposite to that deter-
mined[6a] for 2, (�)589-(R), by using X-ray crystallography,
but is the same as that determined[1] for 1, (�)589-(S). The
ECD spectra of (�)589-3 and (�)589-2 are also significantly
different. The chemical constitutional difference between
spiroselenuranes 3 and 2, namely, a lone pair (in 3) versus


an oxygen atom (in 2) attached to the selenium atom, must
be the source for change in the sign of rotation for a given
configuration.


Very recently, the absolute configurations of spirosulfur-
ane and spirotellurane with structures analogous to 3 were
deduced to be the same as that of 3 [(+)589-(R) or (�)589-(S)]
on the basis of the dirhodium-NMR method.[19]


Conclusion


Due to its rigid structure, spiroselenurane is stable as a trans
isomer. The agreement between the theoretical and experi-
mental chiroptical parameters, namely, VCD, ECD, and
ORD, leads to the conclusion that the absolute configura-
tion of 3,3,3’,3’-tetramethyl-1,1’-spirobi[3 H,2,1]benzoxasele-
nole is (+)589-(R) and (�)589-(S), where (+)589 and (�)589 are
the signs of observed rotations at 589 nm in CH2Cl2. Given
that the first eluted enantiomer on a Chiralpack AS analyti-
cal column, with 10 % IPA and 90 % hexane as the mobile
phase at room temperature, has negative optical rotation at
589 nm in CH2Cl2, it is concluded that the S enantiomer of 3
elutes first on this column. Furthermore, this work demon-
strates the first combined use of VCD, ECD, and ORD
techniques complementing each other to assign the absolute
configurations with increased confidence.


Experimental and Theoretical Methods


Synthesis and resolution : Compound 3 in racemic form has been synthe-
sized at Lodz by means of a one-step reaction[6b] of diethyl selenite and
the Grignard reagent derived from orthobromcumyl alcohol. Drabowicz
and co-workers[6b] have demonstrated resolution of enantiomers of 3 on a
Chiralpack AS column with the first and second eluted enantiomers ex-
hibiting negative {[a]D =�20 (c=0.36, CH2Cl2)} and positive {[a]D =++21
(c= 0.35, CH2Cl2)} rotations, respectively. Following this approach, the
enantiomeric separation was carried out at Wyeth laboratories on a Chir-
alpack AS analytical column (20x250 mm), with 10 % IPA and 90%
hexane as the mobile phase at room temperature. The separation factor,
a, was 1.9, and the resolution factor, Rs, was 2.7. Note that the sign of op-
tical rotation changes at shorter wavelengths and the (+)589- and (�)589-
enantiomers of 3 are identified in this manuscript by their rotation at
589 nm in CH2Cl2.


Absorbance and VCD Spectra : The absorption and VCD spectra were re-
corded at Vanderbilt on a commercial Fourier Transform VCD spectrom-
eter, Chiralir, in the 2000–900 cm�1 region. The VCD spectra were re-
corded with a three-hour data collection time at 4 cm�1 resolution. Spec-
tra were measured in CH2Cl2 at concentrations of 0.075 m and 0.086 m for
(�)589- and (+)589-enantiomers, respectively. The sample was held in a
variable path length cell with BaF2 windows and a path length of 110 mm.
In the absorption spectrum presented, the raw solvent absorption was
subtracted out. In the VCD spectrum presented, the VCD spectrum of
the solvent was eliminated indirectly by subtracting the VCD spectra of
two enantiomers and then scaling the intensities by 1=2.


ECD spectra and ORD : The ECD spectra were recorded on a Jasco J 720
spectropolarimeter at Vanderbilt, by using a 0.01-cm path length and
CH2Cl2, and on a CD 6 dichrograph at Lodz, by using a 0.05-mm path
length and hexane. The optical rotations at discrete wavelengths were
measured in CH2Cl2 using an Autopol IV polarimeter at Vanderbilt and
with a Perkin–Elmer 241 polarimeter at Lodz.


Figure 6. Comparison of ORD predicted data for (S)-3 using B3 LYP/6–
31G* (&) with experimental data for (�)-3 (~).
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Calculations : All calculations were done at Vanderbilt. The geometry op-
timizations, vibrational frequencies, absorption and VCD intensities for
spiroselenurane were calculated using the Gaussian 98 program. The cal-
culations were based on the DFT method with B3 LYP functional, by
using 6–31G* and 6–31+ G basis sets. The theoretical absorption and
VCD spectra of (R)-3 were simulated with Lorentzian band shapes and a
half-width at one-half of the peak height of 5 cm�1. Since the DFT-pre-
dicted band positions are higher than the experimental values, the DFT
vibrational frequencies were scaled by 0.9613 in the 6–31G* calculation
and by 0.9899 in the 6–31+G calculation. The ORD and ECD calcula-
tions were undertaken using the same levels of theory as for VCD, by
using the Gaussian 03 program. The theoretical ECD intensities, of the
first 12 electronic transitions in the 6–31G* calculation and 16 electronic
transitions in the 6–31+G calculation, were used to simulate the ECD
spectra for (S)-3 using gaussian band shapes and a half-width at 1/e of
peak height of 20 nm.
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Novel Phthalocyaninatobis(alkylcarboxylato)silicon(iv) Compounds: NMR
Data and X-ray Structures To Study the Spacing Provided by Long
Hydrocarbon Tails That Enhance Their Solubility


Jose L. Sosa-S�nchez,*[a] Arturo Sosa-S�nchez,[a] Norberto Farf�n,[b]


Luis S. Zamudio-Rivera,[c] Gerson L�pez-Mendoza,[c] Javier P�rez Flores,[d] and
Hiram I. Beltr�n*[c]


Introduction


The applications of (metallo)phthalocyanines (MPcs or Pcs)
have been considerably extended since their discovery.[1–11]


Owing to the strong intermolecular p–p stacking observed
in planar MPcs and their inherent lack of solubility, single-
crystal X-ray studies of these compounds are scarce[12–14] and
their molecular characterisation by solution analysis is not
possible; this has prevented, to some extent, the develop-
ment of their chemistry and their widespread application.
Only a few of their NMR spectra have been published in
the literature[11] and detailed mass spectrometric analyses of
these complexes are rarely found in recently published
papers.[11] In addition, few studies on the solution electro-
chemistry of this family of compounds have been published
even though they exhibit rich redox activity.[11]


In an effort to circumvent the problem of poor solubility,
molecular engineering has provided some useful strategies
with which to obtain soluble Pcs. As a result, more materials


Abstract: The reaction between trans-
PcSiCl2 (1) and the potassium salts of
six fatty acids (2 a–2 f) led to the trans-
PcSi[OOC(CH2)nCH3]2 compounds
(3 a–3 f), which were characterised by
elemental analysis, IR, UV/Vis and 1H,
13C, and 29Si NMR spectroscopy. From
a detailed study of the NMR spectra,
the strong anisotropic currents of the
Pc macrocycle were found to have an
effect on up to the sixth methylenic
group. As expected, the length of the
hydrocarbon tail does not affect the
chemical shift of the 29Si nucleus of any
of the compounds, appearing at around
�222.6. The structures of PcSi-


[OOC(CH2)nCH3]2, where n= 7, 10, 12,
13 and 20, were determined by X-ray
crystallography. All the compounds
were found to be triclinic with a P1̄
space group. In all cases the observed
crystallographic pseudosymmetry is Ci


and the asymmetric unit consists of
half a molecule. The silicon atom is at
the centre of a distorted octahedron
and hence its coordination number is
six. The carboxylate fragments are in a


trans configuration with respect to the
Pc macrocycle. The supramolecular
structures are discussed in detail
herein. The correlation between the 1H
NMR chemical shifts and the position
of the corresponding carbon atoms in
the hydrocarbon tail reveals that the
dicarboxylate substituents exhibit a
spacer-like behaviour that enhances the
solubility. A detailed study of the tail
variable allowed us to evaluate the loss
of radial shielding along the Pc2�


ligand.
Keywords: NMR spectroscopy ·
phthalocyanines · silicon · spacer
groups · supramolecular chemistry
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have been produced for use in different applications.[15–17] In-
soluble Pcs can be converted into soluble ones mainly by
inner (nonperipheral)/outer (peripheral)/axial substitution
with phase transfer/spacing groups attached to at least one
of these three positions (Figure 1). When covalent axial sub-
stitution was used as the design variable, an oxidation state
at the metallic centre of between +3 and +5 was
needed.[11,12, 15–18] Very recently, another approach was used
to modify the planarity of the Pc macrocycle with a concom-
itant increase in solubility; the key design variable in this
case was the placement of bulky groups at the inner (non-
peripheral) positions of the Pc ligand[19] (Figure 1).


Since the MPcs derived from Group 14 elements (mainly
from silicon and tin) have recently been found to have dif-
ferent applications,[11] much effort has been made to obtain
a wide variety of such compounds.[11] However, most of the
materials obtained are of a low solubility; consequently X-
ray structures of Group 14 MPcs are rarely found in the lit-
erature.[12–14]


At present, our research group is working on silicon/ger-
manium/tin MPc chemistry.[18,20] To prepare soluble MPcs,
we have only considered the axial substitution of MPcs in
our recent research;[18,20] we have also performed experi-
ments that show the designed SnPcs have potential as corro-
sion inhibitor prototypes.[20]


Notwithstanding the problems involved in the analysis of
SiPcs, one goal of this work was to completely characterise a
family of axial dicarboxylate-substituted SiPcs through solu-
tion spectroscopic measurements as well as by single-crystal
X-ray structure elucidation and to gain an insight into the
main effects on these compounds of axial substitution with
simple, linear carboxylate moieties. Another aim of this
study was to determine the necessary length of the axial hy-
drocarbon tail required to achieve enough spacing to avoid
p···p stacking forces and to increase the solubility of these
SiPcs.


Results and Discussion


Herein we describe a simple methodology that involves the
replacement of the chlorine atoms of the SiPcCl2 (1) precur-
sor with the respective carboxylic moiety of the fatty acid as
its potassium salt (2 a–2 f) to obtain trans-PcSi-
[OOC(CH2)nCH3]2 compounds (3 a–3 f) (Scheme 1). The
transformations were carried out by microwave irradiation
of the starting materials in N,N-dimethylformamide for
10 min at 600 W. The title compounds were characterised
through elemental analyses, 1H, 13C and 29Si NMR, IR and
UV/VIS spectroscopy and single-crystal X-ray diffraction.
The numbering system used in the NMR data of compounds
3 a–3 f is shown in Scheme 1.


NMR trends : 1H, 13C and 29Si NMR data were obtained for
all the compounds studied (see Experimental Section).
These systems possess inversion centres, and thus the ob-
served signals correspond to a quarter of the Pc ring system
owing to a local D4h symmetry and to half of the hydrocar-
bon tails owing to Ci symmetry, in accord with the integrat-
ed 1H NMR spectra. The two aromatic 1H NMR signals for
the hydrogen atoms in the Pc system behave as a second-
order system owing to the magnetic nonequivalency of the
nuclei. The chemical shifts for the 1H signals of the hydro-
carbon tail have a large spread owing to anisotropic effects
in the methylenic -(CH2)n- protons (n= 1–6) located inside
the shielding cone of the Pc macrocycle. The most shielded
signal is, in all cases, (standard deviation is given in paren-
theses) H-11 at d=�0.92(4) ppm, followed by H-12 at d=


�0.71(3) ppm and H-10 at d=�0.60(4) ppm. For H-13, H-
14 and H-15, the shielding effect is moderate, relative to the
three former signals, appearing at d=0.10(3), 0.56(2) and
0.84(2) ppm, respectively. The remaining signals are more
difficult to assign as a result of signal overlapping.


The 13C NMR signals for the carbon atoms in the Pc
system were assigned as follows (standard deviation in pa-
renthesis): C-1,8 at d=150.1(5) ppm, C-2,7 at d=


Figure 1. Strategic molecular substitution in Pcs to improve their solubility.
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135.7(4) ppm, C-3,6 at d=131.2(4) ppm, C-4,5 at d=


124.0(0) ppm and finally the C-9, which corresponds to the
silicon ester carbon, at d=167.4(5) ppm. The signals for the
carbon atoms in the hydrocarbon tail appear in the range of
35.0 to 14.0 ppm and most of them are specifically affected
by induced polarisation by the Pc system. The first six meth-
ylenic carbon nuclei exhibited well-resolved signals with
chemical shifts as follows: C-10 at d= 34.33(5) ppm, C-11 at
d= 23.23(5) ppm, C-12 at d= 27.43(5) ppm, C-13 at d=


28.62(7) ppm, C-14 at d=28.88(13) ppm and C-15 at d=


29.40(0) ppm. The signals from the middle carbon atoms are
more difficult to assign due to signal overlapping. The sig-
nals for the last three carbon atoms in each tail were again
easily assigned because they are sufficiently separated: d=


32.07(36) ppm for the g position, d=22.75(8) ppm for the b


position and d=14.18(7) ppm for the a position.
A literature search for 29Si NMR chemical shifts measured


in solution has indicated that compounds containing hexa-
and pentacoordinated silicon atoms are somewhat uncom-
mon and therefore their reported NMR data is scarce.[21]


For compounds 3 a–3 f, the 29Si chemical shifts are at d=


�222.60(8) ppm. Note that compounds of type 3 possess
four nitrogen and two oxygen atoms directly attached to the
silicon atom. The chemical shifts for the penta- and/or hexa-
coordinated silicon atoms are expected to range from d=


�127 to �197 ppm for cationic, anionic and neutral com-
pounds in which the silicon atom is directly attached to two,
three, four or six oxygen atoms and with the remaining posi-
tions occupied by carbon atoms.[22] Although some other sys-
tems appear somewhat deshielded, for example, from d=


�20 to �70 ppm depending on the molecular structures, for
purposes of comparison, we are mainly interested in those
that show substantial shielding. From the results of previous-
ly published studies, it has been proposed that when two
oxygen atoms are replaced by CH3 or Cl substituents


marked deshielding arises. In
our case, the presence of two
less electronegative nitrogen
atoms instead of two oxygen
atoms results in the most
shielded shifts observed so far
for hexacoordinated silicon
atoms. The resulting signal is
thus shifted from the lower
limit of d=�197 ppm, consid-
ered above, to approximately
d=�222.6 ppm, a difference of
25.6 ppm. Note that the Pc2�


ligand induces substantial
shielding at the cavity posi-
tion.[23] This paper is important
as it is the first report of 29Si
NMR studies of silicon-contain-
ing phthalocyanines. Therefore,
the chemical shifts observed for
the complexes reported in this
contribution stand as the first


values that can be used as reference for similar compounds.


X-ray diffraction analysis : The molecular structures of 3 a,
3 c, 3 d, 3 e and 3 f were determined by single-crystal X-ray
diffraction studies (Figure 2, Figure 3, Table 1 and Table 2).


Note that the numbering schemes used for the X-ray and
NMR analyses are different for symmetry reasons. Also,
compound 3 c has two different molecules in the asymmetric
unit and hence a different numbering scheme is used in this
case; the first number corresponds to the molecule and the
remaining to the position in the structure, also the men-
tioned parameters are reported in pairs for this reason. In
all cases the silicon atom lies at the centre of an axially dis-
torted octahedron and has a coordination number of six
with four nitrogen and two oxygen atoms as neighbours.


Scheme 1. Synthetic route for the preparation of compounds 3a–3 f and the numbering scheme used in the
NMR assignments.


Figure 2. Typical X-ray structure and numbering scheme used for the
geometrical variables of PcSi(O2CR)2.
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The two carboxylate fragments attached to the silicon
centre have a trans configuration and lie above and below
the Pc2� ligand with an anti orientation. Therefore only half
of the molecules were structurally solved due to the pres-
ence of an inversion centre. The Si�N distances are
1.9017(18) and 1.9063(15) � for 3 a, 1.902(2) � for 3 c,
1.9036(10) and 1.9087(10) � for 3 e and 1.9008(10) and
1.9092(10) � for 3 f. The Si�O distances are 1.7487(14) �
for 3 a, 1.7542(18) � for 3 c, 1.7449(9) � for 3 e and
1.7467(8) � for 3 f. These values are similar to those report-
ed for PcSi(OSiMe3)2,


[24] PcSi(OOCFc)2
[18b] and PcSiCl2.


[25]


The C=O and C�O bond lengths are 1.207(2) and
1.324(2) � for 3 a, 1.198(3) and 1.319(3) � for 3 c, 1.210(3)
and 1.320(3) for 3 d, 1.2065(17) and 1.322(2) for 3 e and
1.2114(16) and 1.3226(15) for 3 f, which indicates that there


is no delocalisation in the carboxylate fragment. The N�Si�
N bond angles have values of 90.04(7)8 for 3 a, 89.95(9)8 for
3 c, 89.85(4)8 for 3 e and 89.93(4)8 for 3 f, which defines a
square-planar geometry for the bonded nitrogen and silicon
atoms. The O�Si�O bond angle is always 1808 demonstrat-
ing that there are no significant deformations in the axial
positions, whilst the N�Si�O bond angles are close to 908,
again reflecting no significant deformation in the geometry
surrounding the silicon atom.


The supramolecular variables that significantly affect the
spacing between the Pc planes and therefore the solubility
of the compounds are listed in Table 3. The parameter com-
monly used as a measure of the Pc···Pc spacing is the cofa-
cial Pc···Pc distance,[15b] which, for the present series, exhibits
parabolic behaviour, with smaller values, 11.099 and
11.8258 �, for 3 a and 3 e, and larger ones, 19.0296 and
12.936 �, for 3 c and 3 d, respectively (compound 3 c is par-
ticularly interesting and therefore it has been analysed in
more detail since it is the only example for which two mole-
cules are present in the asymmetric unit). For even longer
hydrocarbon tails, for example, 3 f, the spacing is approxi-
mately 4.5 � larger than the statistical median of the other
measured quantities.


The conformation of the Pc2� ligand is another supra-
molecular variable that changes significantly depending on
the length of the hydrocarbon tail (Table 3). The conforma-
tions of the Pc2� ligands are described as follows: com-
pounds 3 a and 3 f, the compounds with the shortest and lon-
gest tails, adopt half-waved conformations, the conforma-
tions the Pc moiety of 3 c and 3 e are planar, and 3 d, the
compound with the middle-sized tail, is the only example to
adopt a completely waved Pc2� conformation. Unfortunately
the observed behaviour is not easily understood.


Figure 3. Tail numbering used for compound 3 f.


Table 1. Crystallographic data[a] for compounds 3a, 3c, 3 d, 3 e and 3 f.


Compound 3a 3c 3d 3 e 3 f


chemical formula C50H50N8O4Si C56H62N8O4Si C60H70N8O4Si C62H74N8O4Si C76H102N8O4Si
formula weight 885.08 939.24 995.33 1023.38 1219.74
unit cell dimensions
a [�] 9.044(5) 9.0041(3) 9.102(5) 11.0300(2) 9.1750(2)
b [�] 11.099(5) 15.5340(5) 11.571(5) 11.8258(2) 11.8790(2)
c [�] 11.678(5) 19.0296(6) 12.936(5) 11.7870(3) 16.5900(3)
a [8] 97.456(5) 105.7650(10) 93.940(5) 90.1070(10) 102.481(1)
b [8] 98.112(5) 100.6540(10) 93.770(5) 107.0880(10) 91.802(1)
g [8] 106.408(5) 93.849(2) 100.590(5) 109.1080(10) 102.328(1)
volume [�3] 1095.3(9) 2497.93(14) 1331.8(11) 1380.43(5) 1718.99(6)
Z 1 2 1 1 1
1calcd. [g cm�3] 1.296 1.249 1.241 1.231 1.178
m [mm�1] 0.110 0.102 0.100 0.098 0.089
q [8] 2.58 to 27.43 3.46 to 27.53 3.51 to 26.29 3.54 to 27.46 3.42 to 27.50
collected reflections 8106 38264 9052 21 379 13142
ind. reflections [R(int.)] 4944[0.028] 11341[0.107] 5222[0.063] 6262[0.082] 7691[0.019]
completeness to q [8,%] 27.43,99.0 27.53,98.6 26.29,96.9 27.46,98.9 27.50,97.2
data/restraints/param. 4944/6/358 11341/0/797 5222/108/438 6262/0/488 7691/0/608
GOOF 1.032 1.011 1.017 1.026 1.027
R [%] 5.67 6.57 6.61 4.57 4.35
wR (all data) [%] 16.29 17.12 17.15 12.63 11.82
1min [e ��3] �0.389 �0.241 �0.339 �0.317 �0.235
1max [e��3] 0.811 0.275 0.289 0.469 0.192


[a] All the compounds exhibited a triclinic crystal system and a P1̄ space group.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4263 – 42734266


J. L. Sosa-S�nchez, H. I. Beltr�n et al.



www.chemeurj.org





The conformation of the tail is even more difficult to ra-
tionalise since it is known that some conformational changes
are likely to occur depending on the crystallisation condi-
tions.[20b] The spacers induce waved conformations in com-


pounds 3 a (with nine carbon
atoms in the tail), 3 d (with
12 carbon atoms) and 3 f (with
22 carbon atoms). The presence
of two different molecules in
the asymmetric unit in com-
pound 3 c gives rise to a ruffled
or twisted conformation whilst
the hydrocarbon tail in com-
pound 3 e accommodates itself
in a perfectly aligned fashion
(Table 3).


Other important factors that
influence the spacing between
the Pc planes are the s–s and
p–p Pc–Pc interactions, which
mainly depend on the efficiency
of the axial substituents to
create some space between the
Pc planes (Table 3). In this
regard, compound 3 a does not
exhibit the expected s interac-
tions, but only certain p forces,
as can be deduced from the fol-


lowing data: d(N4–C3)= 3.404, d(C4–C16)= 3.425, d(C4–
C15) =3.507, d(C5–C15)=3.443 and d(C4–C14) =3.537 �.
The s–s Pc–Pc interactions are perpendicular in 3 c (there
are two different molecules in the asymmetric unit of 3 c


Table 2. Selected bond lengths, bond angles and internal/external diameters of compounds 3a, 3 c, 3d, 3 e and
3 f.


Compound 3 a 3c 3 d 3 e 3 f


bond lengths [�]
N�Si 1.9017(18) 1.902(2) 1.909(2) 1.9036(10) 1.9008(10)
N�Si 1.9063(15) 1.902(2) 1.896(2) 1.9087(10) 1.9092(10)
Si�O 1.7487(14) 1.7542(18) 1.746(2) 1.7449(9) 1.7467(8)
O�C 1.324(2) 1.319(3) 1.320(3) 1.322(2) 1.3226(15)
C=O 1.207(2) 1.198(3) 1.210(3) 1.2065(17) 1.2114(16)
bond angles [8]
N-Si-N 90.04(7) 89.95(9) 90.04(9) 89.85(4) 89.93(4)
O-Si-O 180.0(8) 180.0(4) 180.00(1) 180.00(6) 180.0(6)
N-Si-O 93.87(6) 92.81(8) 86.71(9) 86.58(4) 86.69(4)
N-Si-O 92.65(6) 93.20(9) 86.65(9) 86.94(4) 93.34(4)
Si-O-C 134.34(12) 135.36(17) 134.69(19) 135.05(9) 134.44(8)
O-C=O 124.57(17) 124.4(3) 124.5(3) 124.54(13) 124.50(12)
O-C-C 111.43(18) 113.3(3) 113.5(3) 112.35(12) 113.64(11)
O=C-C 124.00(18) 122.3(3) 122.0(3) 123.08(13) 121.87(12)
cavity diameter [�]
2� d(N�Si) 3.813 3.803 3.818 3.817 3.818
2� d(N�Si) 3.803 3.803 3.792 3.807 3.802
external diameter [�]
2� d(Si–C4) 13.038 13.041 13.004 13.058 13.028
2� d(Si–C5) 13.034 13.047 13.018 13.034 13.046
2� d(Si–C12) 13.041 13.018 13.048 13.055 13.059
2� d(Si–C13) 13.043 13.010 13.030 13.054 13.047


Table 3. Supramolecular contacts, shape, spacer behaviour and p–p and s–s Pc–Pc packing for 3a, 3c, 3 d, 3e and 3 f.


Compound 3 a 3 c[a] 3 d 3e 3 f


Cofacial Pc···Pc distance [ �]
lattice parameter b =11.099 a=9.0041 c =12.936 b =11.8258 c =16.5900


c= 19.0296
Pc conformation half-waved plain waved plain half-waved
tail conformation waved ruffled/twisted waved aligned waved
tail orientation parallel parallel parallel parallel parallel


lateral view
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and hence a different numbering scheme is used in this
case; the first number corresponds to the molecule and the
remaining to the position in the structure), and a helical
structure is present, with d(N12–H39) =2.759, d(N12–


H40)=2.857, d(N22–H4) =2.852 and d(N22–H5) =2.776 �.
The p–p Pc–Pc interactions for 3 c give d(C21–C214)=


3.536, d(C22–C213)=3.478, d(C27–C213)=3.501, d(C23–
C212) =3.701, d(C24–C212)=3.507, d(C22–C213)= 3.478, d-


Table 3. (Continued)


Compound 3 a 3 c[a] 3 d 3e 3 f


Pc plane view


s–s Pc–Pc interaction [b]


p–p Pc–Pc interaction


[a] Because there are two different Pc molecules in the asymmetric unit, there are also two cofacial Pc spacing distances for this supramolecular struc-
ture, which are different from the others. [b] The expected s–s Pc–Pc interaction is not present owing to the shorter length of the hydrocarbon tail.
[c] Owing to perpendicular s–s Pc–Pc interactions, a helical structure is present. Note that this is the only example in which two different molecules are
present in the crystallographic cell.
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(C22–C214)=3.476, d(C23–C215)=3.674, d(C23–C210)=


3.644, d(C23–C211)=3.667, d(C24–C211)=3.474, d(C24–
C212) =3.507, d(C25–C212)=3.534 and d(C27–C213)=


3.501 �. Compounds 3 d, 3 e and 3 f behave in a common
way, exhibiting equivalent interactions at equivalent atomic
positions. The s–s Pc–Pc interactions present in compound
3 d result in d(H5–H6)=2.465, d(H6–H6)= 2.198, d(N2–
H5)=3.304, d(H5–H11)= 2.583 and d(H4–H11) =2.812 �.
The p–p Pc–Pc interactions for 3 d give d(C3–N4)= 3.479, d-
(C3–C16) =3.485, d(C4–C16)= 3.623, d(C4–C15) =3.548, d-
(C5–C15) =3.775, d(C5–C14)= 3.794 and d(C6–C14)=


3.807 �. The s–s Pc–Pc interactions in compound 3 e give d-
(H3–H3)= 2.161, d(H3–H4) =2.551, d(N4–H4) =3.481, d-
(H4–H14)= 2.497 and d(H5–H14) =3.100 �. The p–p Pc–Pc
interactions in 3 e give d(C6–C6)= 3.488, d(C13–C15)=


3.535, d(C14–C15)= 3.665, d(C14–C14) =3.744 and d(C13–
C14) =3.852 �. Finally, the s–s Pc–Pc interactions in com-
pound 3 f give d(H3–H4)= 2.613, d(H3–H3) =2.247, d(N4–
H4)=3.370, d(H4–H14)= 2.594 and d(H5–H14) =2.897 �,
and for the corresponding p–p Pc–Pc interactions, d(C3–
C12) =3.968, d(C3–C11)= 3.835, d(C4–C11) =3.804, d(C4–
C10) =3.859, d(C5–C10)= 3.535, d(C5–C15) =3.760, d(C6–
C9)=3.507 and d(C6–N2) =3.537 �.


In the X-ray analysis of the supramolecular structures
(Figure 4, Figure 5 and Figure 6), the intramolecular distan-
ces from C-18 (the first methylenic carbon atom of each in-
dividual tail and the reference position) to each of the first
eight carbon atoms in the hydrocarbon tail, referred to as
the radial distance, rDPc [�], were measured (Table 4).
Moreover, the distances between the averaged plane consti-
tuted by the Pc ligand and again each of the first eight
methylenic carbon atoms in the tail, referred to as the dis-
tance from the Pc to the tail, DPc-Tail [�], are summarised in
Table 4. By plotting both series of data a useful graph was
obtained (Figure 4) which reveals the dynamic intrasupra-
molecular behaviour of the tails in the crystalline solid-state
structures. Compound 3 a has a minimum tail distance from
the Pc plane of 5.0 �, corresponding to C-22. For com-
pounds 3 a and 3 c, the distances of all the positions (C-18 to
C-25) analysed from the Pc plane are nonalternating, but
show opposite trends; for example, 3 a has a tail that tends
to become more distant from the Pc plane beyond the C-22
position, like in compounds 3 d, 3 e and 3 f. Compound 3 c is
the only example in which the methylenic units become
more proximal to the Pc system beyond the C-22 position.
For compounds 3 d, 3 e and 3 f, the distances of all the posi-


Table 4. Selected intramolecular distances and Pc plane deviations, as well as selected 1H NMR chemical shifts for compounds 3a, 3 c, 3 d, 3e and 3 f.


Compound 3 a 3 c 3 d 3e 3 f Average


radial distance, rDPc [�]
reference C-18 0 0 0 0 0 0
C-18 to C-19 1.510 1.513 1.509 1.524 1.517 1.515
C-18 to C-20 2.539 2.535 2.529 2.549 2.552 2.541
C-18 to C-21 3.880 3.877 3.888 3.905 3.908 3.892
C-18 to C-22 5.052 5.090 5.053 5.105 5.078 5.076
C-18 to C-23 6.376 6.389 6.335 6.416 6.408 6.385
C-18 to C-24 7.547 7.626 7.625 7.651 7.604 7.611
C-18 to C-25 8.793 8.873 8.633 8.951 8.911 8.832
hydrocarbon tail to Pc plane distance, DPc-Tail [�]
Pc ring to C-18 4.006 4.104 4.096 4.086 4.103 –
Pc ring to C-19 3.882 4.145 4.115 4.108 4.124 –
Pc ring to C-20 3.738 3.979 3.827 3.869 3.858 –
Pc ring to C-21 3.661 3.959 3.924 3.937 3.984 –
Pc ring to C-22 3.601 3.846 3.889 3.772 3.917 –
Pc ring to C-23 3.662 3.744 4.140 3.938 4.165 –
Pc-ring to C-24 3.686 3.574 4.346 3.765 4.158 –
Pc-ring to C-25 3.836 3.289 4.709 4.022 4.506 –
1H NMR chemical shifts [ppm] average
H-10 �0.64 �0.54 �0.61 �0.61 �0.64 �0.608
H-11 �0.96 �0.86 �0.93 �0.93 �0.95 �0.926
H-12 �0.74 �0.66 �0.72 �0.72 �0.74 �0.716
H-13 0.06 0.14 0.08 0.08 0.08 0.088
H-14 0.54 0.60 0.55 0.55 0.54 0.556
H-15 0.81 0.88 0.84 0.83 0.83 0.838
H-16 1.08 1.10 1.06 1.06 1.06 1.072
1H NMR chemical shifts [d] for the free fatty acids using the same numbering scheme


as that used in this work [ppm]
Dd between the averaged three compounds and the
free fatty acid form [ppm] (upper and lower limits)


H-10 2.40–2.20 3.01–2.81
H-11 1.70–1.50 2.62–2.43
H-12 1.35–1.10 2.09–1.82
H-13 1.32–1.24 1.23–1.15
H-14 1.32–1.24 0.76–0.68
H-15 1.32–1.24 0.48–0.40
H-16 1.32–1.24 0.25–0.17
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tions analysed (C-18 to C-25) from the Pc plane alternate,
as is evident from Figure 4.


Furthermore, the effect of the Pc currents on the systems
under study was evaluated by a raw correlation between the
1H NMR chemical shifts, d [ppm], for H-10 to H-16
(Table 4, Figure 5) and the corresponding radial distances,


rDPc [�], for C-18 to C-24 (Table 4, Figure 5). There is a
clear decrease in shielding as the position of the hydrogen
atom moves away from the centre of the Pc system. This is
more conspicuous in the first three positions due to the ad-
ditional effects of a normal carboxylate moiety at the a, b


and g positions. The chemical shifts for these three positions
are in the range of d=2.40–2.20, 1.70–1.50 and 1.35–
1.10 ppm, respectively, as reported for octanoic through to
docosanoic acid.[26] The remaining 1H NMR signals, which
remain constant throughout the fatty acids, are between d=


1.32–1.24 ppm.[26] The shielding observed (taking the previ-
ously reported chemical shifts for the free acid forms as ref-
erence) in the Pc system for compounds of type 3 are in the
range of d= 2.99–2.87 ppm for the a position, d= 2.68–
2.52 ppm for the b position, and finally d=2.07–1.84 ppm
for the g position. Farren et al.[27] , in a previous study, re-
ported a comparable graph that showed quite similar shield-
ing behaviour. In this case, the compounds reported were


the PcSi[O2C-(CH2)n-Ar]2 esters. Also, in pioneering re-
search by Kenney and co-workers on MPc and MPorph
(M= Si and Ge) systems, radial shielding was observed in
axial hydrocarbon-substituted phthalocyanines-silanols.[28, 29]


In any event, a detailed study was performed to take into
account the radial decrease in polarisation along the Pc2�


ligand. The net shielding loss can be derived from the graph
of Dd [ppm] (obtained from both d values) for the H-10 to
H-16 positions of HO2C(CH2)nCH3 and PcSi-
[O2C(CH2)nCH3]2 (3) (Table 4) versus the rDPc [�] values
for C-18 to C-24 of PcSi[O2C(CH2)nCH3]2 (Figure 6). This


graph allows the net radial shielding of the SiPc moiety to
be obtained at a mean distance of 3.85 � from the Pc2�


ligand, where long chains lie above (or below) the Pc Plane.
The recently reported zero ring-current effect between the a


and b Pc sites[30] was not directly confirmed in this work be-
cause of substantial overlapping of the remaining signals,
which prevented the chemical shifts of the hydrogen atoms
beyond H-17 from being plotted in Figure 6. This plot and
equations derived from it are thus sustained and therefore
important since the carboxylate moiety fixes the orientation
of the tail parallel to the Pc plane, as evidenced by the stan-
dard deviation of the 1H NMR chemical shifts across the
whole series. As there are two 1H NMR limits to the report-
ed values, two linear equations were derived from this anal-
ysis. The upper-limit equation is Dd=�0.373·rDPc + 2.791
with R2 = 0.9725, with a maximum shielding of Dd=


2.79 ppm at rDPc =0 and the shielding effect, Dd= 0, vanish-
es at rDPc =7.48 � instead of 6.0 �, as previously report-
ed.[30] The lower-limit equation is Dd=�0.3951·rDPc + 3.0179
with R2 = 0.9679, with a maximum shielding of Dd=


3.02 ppm at rDPc =0 and the shielding effect, Dd= 0, vanish-
es at rDPc =7.64 �. The latter values are considered to occur
at the 6th methylenic group, at approximately 4 angstroms
below/above the Pc plane. This discrepancy in the observed
zero ring-current-effect zone supports the importance attrib-
uted to the effect of the central metal as well as the chemi-
cal structure of the axial substituents,[30] which needs to be
analysed further with more Pc systems. This contribution


Figure 4. Spacing between the Pc ligand and tail, DPc-Tail, versus the radial
distance, rDPc, from X-ray analysis data.


Figure 5. 1H NMR chemical shifts (d) versus rDPc as a measure of the
effect of Pc currents.


Figure 6. Dd versus rDPc to evaluate the net shielding loss along the Pc2�


ligand.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4263 – 42734270


J. L. Sosa-S�nchez, H. I. Beltr�n et al.



www.chemeurj.org





should also be useful in future X-ray/NMR phthalocyanine
characterisations.


Conclusions


trans-Phthalocyaninesilicon(iv) dichloride can be trans-
formed in moderate yields to trans-phthalocyaninesilicon(iv)
dicarboxylates through a microwave-assisted reaction.


The 1H and 13C NMR spectra of these silicon(iv)-dicar-
boxylates revealed that Pc currents, particularly up to the
fifth/sixth methylene position, affect the chemical shifts and
also the spin-rotational relaxation mainly for the first (a)
methylene position. The values of the 29Si NMR chemical
shifts measured in CDCl3 are indicative of hexacoordinated
silicon(iv) atoms, and are, until now, the most shielded
chemical shifts recorded for silicon nuclei in nonalloy com-
pounds in solution. In addition this is the first time that 29Si
chemical shifts have been reported for SiPc systems. The
COOSi bands in the IR spectra indicate normal s bonding
between the carboxylic oxygen and the silicon atoms.


X-ray structure analysis of the trans-phthalocyaninesili-
con(iv) dicarboxylate compounds showed that the COOSi
moieties are positioned trans to the Pc2� ligand and con-
firmed that the silicon atom has a coordination number of
six and thus an octahedral geometry. The supramolecular
contacts found within the crystallographic lattices are
mainly p···p- and s···s-type interactions. As these intermo-
lecular interactions modify the conformations of the tail and
induce slight deformations in the Pc ligands, they can have a
significant effect, depending on the length of the hydrocar-
bon tail, on the overall supramolecular shape, which affects
the solubility of the compounds. Long tails make a bigger
contribution to the spacing and this of course enhances their
solubility but their 3D structure cannot be analysed in a
simple way through geometrical parameters.


Based on the X-ray data, the distance between the Pc
ligand and the hydrocarbon tails is a minimum at the fifth
methylenic group of the chain, which indicates that there is
a strong interaction between the two moieties. This directly
influences the supramolecular behaviour since the spacing
variable indicates that the C22 chain is the better spacing
group. Nevertheless, for shorter chains the behaviour is par-
abolic with C12 the optimum spacer group.


The NMR and X-ray data have allowed the net shielding
effect in a radial distribution along the Pc ligand to be de-
rived; the derived equations have allowed the loss of radial
shielding in Pc systems to be calculated at an approximate
distance of 4 � from the Pc ligand.


Experimental Section


Fatty acids, dicyanobenzene, silicon tetrachloride, potassium hydroxide
and quinoline were purchased from Aldrich Co. DMF, dichloromethane,
hexanes and methanol were purchased as reagent grade from Fermont.
All reactions and operations were carried out under atmospheric condi-


tions unless stated otherwise. Quinoline was freshly distilled before use.
PcSiCl2 (1) was prepared according to the previously reported microwave
methodology.[25]


Instrumentation : NMR experiments were performed with a JEOL
ECLIPSE-400 spectrometer. 1H and 13C chemical shifts [ppm] are report-
ed relative to internal SiMe4 (TMS) (dH =0, dC =0, dSi =0). Coupling con-
stants are quoted in Hz. The 29Si NMR experiments were carried out by
inverse gated decoupling with a relaxation delay of 2.5 s to increase the
intensity of the singlet signals of silicon with octahedral geometry. The
IR spectra were recorded in the range 4000–400 cm�1 with a Bruker
Tensor-27 FT-IR spectrometer using KBr pellets. UV/Vis spectra were
obtained with a Lambda 35 Perkin-Elmer spectrometer. Elemental analy-
ses were obtained with a CHNO/S Perkin-Elmer apparatus.


Preparation of PcSiCl2 : Compound 1 was prepared following the method
reported by Davies et al.[25]


Preparation of fatty acid salts : General procedure for the preparation of
2a : Pelargonic acid 1 a (10.0 g, 63 mmol) and potassium hydroxide
(3.546 g, 63 mmol) in methanol (100 mL) were refluxed in a 250 mL flask
for 2 h. The solvent was then removed under reduced pressure and the
remaining solid was washed twice with 20 mL portions of chloroform/
heptanes (1:6) to yield 2a (9.678 g, 49 mmol, 78 %) as a white amorphous
solid.


Equimolecular quantities of starting materials gave compounds 2b–2 f in
yields of 87% for 2b, 86% for 2c,[20] 81 % for 2 d,[20] 83% for 2 e and
92% for 2 f.


Preparation of compounds 3a–3 f by microwave irradiation : General pro-
cedure for compound 3 a : PcSiCl2 (1) (0.5 g, 0.82 mmol) and 2 a (0.321 g,
1.64 mmol) were added to a 100 mL reaction flask and the solution was
heated for 10 minutes in the microwave reactor with a power supply of
600 W and a temperature set previously at 145 8C.[20] After completing
the reaction, the product was rinsed with a mixture of methanol and bi-
distilled water (100 mL, 1:1). The precipitate was filtered and washed at
least five times with a mixture of methanol and bidistilled water (3:1).
The resulting dark blue powder was identified as 3 a (0.294 g, 0.34 mmol,
42%). The other compounds in the series were obtained by following the
same procedure.


Compound PcSi[O2C(CH2)7CH3]2 (3 a): Blue powder, yield 42%, m.p.
>264 8C (decomp). IR (KBr pellets): ñ =2950, 2921, 2848, 1692, 1620,
1528, 1474, 1430, 1336, 1122, 1080, 1063, 761, 737 cm�1. UV (CHCl3): l=


291, 325, 367, 370, 616, 653, 670, 697 nm. 1H NMR: d=8.38 (dd, Jo =5.5,
Jm = 2.6 Hz, H-3,6), 9.69 (dd, Jo =5.5, Jm =2.6 Hz, H-4,5), �0.64 (t, J =


7.3 Hz, H-10), �0.96 (q, J =7.3 Hz, H-11), �0.74 (q, J=7.3 Hz, H-12),
0.06 (q, J =7.3 Hz, H-13), 0.54 (q, J=7.3 Hz, H-14), 0.81 (q, J =7.3 Hz,
H-15), 1.08 (sextet, J =7.3 Hz, H-16), 0.80 ppm (t, J =7.3 Hz, H-17); 13C
NMR: d=150.0 (C-1,8), 135.6 (C-2,7), 131.2 (C-3,6), 124.0 (C-4,5), 167.4
(C-9), 34.3 (C-10), 23.2 (C-11), 27.4 (C-12), 28.5 (C-13), 28.6 (C-14), 31.6
(C-15), 22.6 (C-16), 14.1 ppm (C-17); 29Si NMR: d=�222.7 ppm; elemen-
tal analyses calcd (%) for C50H50N8O4Si: C 70.23, H 5.89, N 13.10; found:
C 69.85, H 6.01, N 13.04. Suitable crystals for the X-ray diffraction study
were obtained in a 7:2 solution of hexanes and dichloromethane.


Compound PcSi[O2C(CH2)9CH3]2 (3 b): Blue powder, yield 64%, m.p.
204–205 8C. IR (KBr pellets): ñ=2957, 2923, 2852, 1685, 1610, 1527, 1459,
1430, 1336, 1289, 1267, 1121, 1082, 912, 761, 738 cm�1; UV (CHCl3): l=


292, 340, 365, 372, 615, 653, 676, 702 nm; 1H NMR: d=8.39 (dd, Jo =5.5,
Jm = 3.0 Hz, H-3,6), 9.73 (dd, Jo =5.5, Jm =3.0 Hz, H-4,5), �0.56 (t, J =


7.0 Hz, H-10), �0.88 (q, J =7.0 Hz, H-11), �0.67 (q, J=7.0 Hz, H-12),
0.13 (q, J =7.0 Hz, H-13), 0.59 (q, J=7.0 Hz, H-14), 0.87 (q, J =7.0 Hz,
H-15), 1.10 (q, J=7.0 Hz, H-16,), 1.20 (q, J =7.0 Hz, H-17), 1.31 (sextet,
J =7.0 Hz, H-18), 0.94 ppm (t, J =7.0 Hz, H-19); 13C NMR: d =150.1 (C-
1,8), 135.7 (C-2,7), 131.2 (C-3,6), 124.0 (C-4,5), 167.4 (C-9), 34.4 (C-10),
23.3 (C-11), 27.5 (C-12), 28.7 (C-13), 29.0 (C-14), 29.4 (C-15), 29.3 (C-
16), 32.0 (C-17), 22.8 (C-18), 14.2 ppm (C-19); 29Si NMR: d=


�222.5 ppm; elemental analyses calcd (%) for C54H58N8O4Si: C 71.18, H
6.42, N 12.30; found: C 71.44, H 6.60, N 12.24.


Compound PcSi[O2C(CH2)10CH3]2 (3 c): Blue powder, yield 48%, m.p.>
212 8C (decomp). IR (KBr pellets): ñ=2974, 2920, 2855, 1678, 1602, 1520,
1464, 1431, 1336, 1288, 1165, 1077, 1064, 913, 785, 762, 702 cm�1; UV
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(CHCl3): l=294, 330, 342, 367, 618, 654, 674, 699 nm; 1H NMR: d=8.39
(dd, Jo =5.8, Jm =2.9 Hz, H-3,6), 9.74 (dd, Jo =5.8, Jm =2.9 Hz, H-4,5),
�0.54 (t, J= 7.0 Hz, H-10), �0.86 (q, J =7.0 Hz, H-11), �0.66 (q, J=


7.0 Hz, H-12), 0.14 (q, J =7.0 Hz, H-13), 0.60 (q, J =7.0 Hz, H-14), 0.88
(q, J =7.0 Hz, H-15), 1.10 (q, J=7.0 Hz, H-16), 1.26 (q, J=7.0 Hz, H-17),
1.32 (q, J=7.0 Hz, H-18), 1.35 (sextet, J =7.0 Hz, H-19), 0.96 ppm (t, J =


7.0 Hz, H-20); 13C NMR: d =150.1 (C-1,8), 135.7 (C-2,7), 131.3 (C-3,6),
124.0 (C-4,5), 167.4 (C-9), 34.4 (C-10), 23.3 (C-11), 27.5 (C-12), 28.7 (C-
13), 29.0 (C-14), 29.4 (C-15), 29.6 (C-16), 29.5 (C-17), 32.0 (C-18), 22.8
(C-19), 14.3 ppm (C-20); 29Si NMR: d =�222.5 ppm; elemental analyses
calcd (%) for C56H62N8O4Si: C 71.61, H 6.65, N 11.93; found: C 71.87, H
6.72, N 12.16. Suitable crystals for the X-ray diffraction study were ob-
tained in a 2:1 solution of hexanes and dichloromethane.


Compound PcSi[O2C(CH2)12CH3]2 (3 d): Blue powder, yield 51 %, m.p.
151–153 8C. IR (KBr pellets): ñ=2970, 2923, 2849, 1681, 1613, 1528, 1467,
1431, 1337, 1288, 1165, 1125, 1082, 1064, 913, 785, 761, 698 cm�1. UV
(CHCl3): l=297, 323, 369, 372, 620, 655, 672, 702 nm; 1H NMR: d=8.38
(dd, Jo =5.9, Jm =2.9 Hz, H-3,6), 9.70 (dd, Jo =5.9, Jm =2.9 Hz, H-4,5),
�0.61 (t, J= 6.8 Hz, H-10), �0.93 (q, J =6.8 Hz, H-11), �0.72 (q, J=


6.8 Hz, H-12), 0.08 (q, J =6.8 Hz, H-13), 0.55 (q, J =6.8 Hz, H-14), 0.84
(q, J =6.8 Hz, H-15), 1.06 (q, J=6.8 Hz, H-16), 1.18 (q, J=6.8 Hz, H-17),
1.30–1.24 (m, H-18), 1.30–1.24 (m, H-19), 1.30–1.24 (m, H-20), 1.33
(sextet, J =6.8 Hz, H-21), 0.93 ppm (t, J =6.8 Hz, H-22); 13C NMR: d=


150.1 (C-1,8), 135.7 (C-2,7), 131.2 (C-3,6), 124.0 (C-4,5), 167.3 (C-9), 34.3
(C-10), 23.2 (C-11), 27.4 (C-12), 28.6 (C-13), 28.9 (C-14), 29.4 (C-15),
29.6 (C-16), 29.5 (C-17), 29.7 (C-18), 29.7 (C-19), 32.0 (C-20), 22.8 (C-
21), 14.2 ppm (C-22); 29Si NMR: d=�222.6 ppm; elemental analyses
calcd (%) for C60H70N8O4Si: C 72.40, H 7.09, N 11.26; found: C 72.65, H
7.24, N 11.38. Suitable crystals for the X-ray diffraction study were ob-
tained in a 5:2 solution of hexanes and dichloromethane.


Compound PcSi[O2C(CH2)13CH3]2 (3 e): Blue powder, yield 67%, m.p.
171–173 8C . IR (KBr pellets): ñ=2960, 2925, 2849, 1686, 1611, 1527,
1460, 1430, 1353, 1336, 1288, 1269, 1123, 1082, 1061, 913, 761, 738,
702 cm�1. UV (CHCl3): l =295, 330, 368, 612, 652, 678, 700 nm. 1H
NMR: d=8.37 (dd, Jo =5.8, Jm =2.9 Hz, H-3,6), 9.70 (dd, Jo =5.8, Jm =


2.9 Hz, H-4,5), �0.61 (t, J=6.8 Hz, H-10), �0.93 (q, J =6.8 Hz, H-11),
�0.72 (q, J =6.8 Hz, H-12), 0.08 (q, J =6.8 Hz, H-13), 0.55 (q, J =6.8 Hz,
H-14), 0.83 (q, J=6.8 Hz, H-15), 1.06 (q, J=6.8 Hz, H-16), 1.18 (q, J=


6.8 Hz, H-17), 1.30–1.22 (m, H-18), 1.30–1.22 (m, H-19), 1.30–1.22 (m, H-
20), 1.30–1.22 (m, H-21), 1.33 (sextet, J=6.8 Hz, H-22), 0.92 ppm (t, J=


6.8 Hz, H-23); 13C NMR: d =150.1 (C-1,8), 135.7 (C-2,7), 131.2 (C-3,6),
124.0 (C-4,5), 167.3 (C-9), 34.3 (C-10), 23.2 (C-11), 27.4 (C-12), 28.6 (C-
13), 28.9 (C-14), 29.4 (C-15), 29.6 (C-16), 29.5 (C-17), 29.7 (C-18), 29.7
(C-19), 29.8 (C-20), 32.8 (C-21), 22.8 (C-22), 14.2 ppm (C-23); 29Si NMR:
d=�222.6 ppm; elemental analyses calcd (%) for C62H74N8O4Si: C 72.77,
H 7.29, N 10.95; found: C 72.94, H 7.51, N 11.11. Suitable crystals for the
X-ray diffraction study were obtained in a 3:2 solution of hexanes and di-
chloromethane.


Compound PcSi[O2C(CH2)20CH3]2 (3 f): Blue powder, yield 63%, m.p.=
120–122 8C. IR (KBr pellets): ñ=2957, 2924, 2853, 1682, 1611, 1527, 1467,
1431, 1378, 1337, 1285, 1264, 1165, 1123, 1081, 913, 760, 739, 721 cm�1;
UV (CHCl3): l= 290, 322, 365, 372, 620, 653, 667, 695 nm; 1H NMR: d=


8.38 (dd, Jo =5.5, Jm =2.9 Hz, H-3,6), 9.70 (dd, Jo =5.5, Jm =2.9 Hz, H-
4,5), �0.64 (t, J =7.3 Hz, H-10), �0.95 (q, J =7.3 Hz, H-11), �0.74 (q, J=


7.3 Hz, H-12), 0.08 (q, J =7.3 Hz, H-13), 0.54 (q, J =7.3 Hz, H-14), 0.83
(q, J =7.3 Hz, H-15), 1.06 (q, J=7.3 Hz, H-16), 1.18 (q, J=7.3 Hz, H-17),
1.34–1.19 (m, H-18), 1.34–1.19 (m, H-19), 1.34–1.19 (m, H-20), 1.34–1.19
(m, H-21), 1.34–1.19 (m, H-22), 1.34–1.119 (m, H-23), 1.34–1.19 (m, H-
24), 1.34–1.19 (m, H-25), 1.34–1.19 (m, H-26), 1.34–1.19 (m, H-27), 1.34–
1.19 (m, H-28), 1.34–1.19 (m, H-29), 0.90 ppm (t, J =7.3 Hz, H-30); 13C
NMR: d=150.0 (C-1,8), 135.7 (C-2,7), 131.2 (C-3,6), 124.0 (C-4,5), 167.3
(C-9), 34.3 (C-10), 23.2 (C-11), 27.4 (C-12), 28.6 (C-13), 28.9 (C-14), 29.4
(C-15), 29.6 (C-16), 29.8 (C-17), 29.8 (C-18), 29.8 (C-19), 29.8 (C-20),
29.8 (C-21), 29.8 (C-22), 29.8 (C-23), 29.8 (C-24), 29.8 (C-25), 29.8 (C-
26), 29.8 (C-27), 32.8 (C-28), 22.7 (C-29), 14.1 ppm (C-30); 29Si NMR:
d=�222.7 ppm; elemental analyses calcd (%) for C76H102N8O4Si: C
74.84, H 8.43, N 9.19; found: C 75.02, H 8.52, N 9.31. Suitable crystals for


the X-ray diffraction study were obtained in a 6:1 solution of hexanes
and dichloromethane.


X-ray crystallography : X-ray diffraction analyses were carried out with
an Enraf-Nonius FR590 Kappa-CCD diffractometer with MoKa radiation
(l=0.71073 �, graphite monochromator, T=293 K, CCD rotation
images). The crystals were glued to glass fibre sticks. Absorption correc-
tion was not necessary for compound 3a as a result of systematic scaling
integration of the reflections; for 3 b and 3 c empirical corrections were
made to the data set using MULTISCAN.[31] The data for all structures
were corrected for Lorentz and polarisation effects. The X-ray structures
were solved by SHELXS-97 and SHELXL-97[32] was used for the refine-
ment and data output; both programs were run using the WIN-GX[33]


package. The structural images were prepared with ORTEP 3[34] and
Mercury 1.2[35] programs. All non-hydrogen atoms were found by Fourier
map differences and were fully refined by using anisotropic thermal pa-
rameters. Only some of the hydrogen atoms were determined by using
difference Fourier maps and refined with one overall isotropic thermal
parameter, the remaining hydrogen atoms were calculated geometrically.


CCDC-264222 (3a), CCDC-264223 (3 c), CCDC-264224 (3d), CCDC-
264225 (3e) and CCDC-264226 (3 f) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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The Photochemistry of 4-Chlorophenol in Water Revisited: The Effect of
Cyclodextrins on Cation and Carbene Reactions


Ilse Manet,[a] Sandra Monti,*[a] Pietro Bortolus,[a] Maurizio Fagnoni,[b] and
Angelo Albini*[b]


Introduction


Photoinduced dehalogenation of aryl halides has received
much attention in recent years because it is both a clean
procedure for the destruction of widespread pollutants[1–3]


and a tool for the production of intermediates useful for
synthetic applications.[4] The photodegradation mechanism
of monochlorophenols has been investigated by steady-state
and time-resolved techniques and product studies. The con-
clusions obtained for 4-chlorophenol (1) in water are out-
lined in Scheme 1. Triplet 4-oxocyclohexa-2,5-dienylidene 3,
referred to as “carbene” in the following, carefully charac-
terized by Grabner�s and other groups,[5–7] is thought to be a


key intermediate. This may arise either from a concerted
HCl elimination or from a two-step process involving heter-
olytic cleavage of the C�Cl bond in triplet 1 to yield the hy-
droxyphenyl cation 2 and deprotonation; however, the latter
intermediate has not been detected.[5,7] In water, the main
photoproducts are p-benzoquinone (4), hydroquinone (5),


Abstract: The photochemistry of 4-
chlorophenol (1) in water and in the
presence of cyclodextrins has been
studied by means of steady-state and
time-resolved experiments. These have
shown that 1 undergoes photoheteroly-
sis of the C�Cl bond in the triplet state
to yield the 4-hydroxyphenyl cation 32
in equilibrium with 4-oxocyclohexa-2,5-
dienylidene, 33. These triplet intermedi-
ates scarcely react with a n nucleophile,
such as water, nor abstract hydrogen
from this solvent, thus they are long-
lived (�1 ms). Specific trapping of both
intermediates has been achieved. The
cation adds to 2-propenol, kadd~1.3 �


108
m
�1 s�1, to form the long-lived phe-


nonium ion 11 (with lmax = 290 nm),
which then converts to 3-(4-hydroxy-
phenyl)propane-1,2-diol (10). Carbene
33 is trapped by oxygen to give benzo-
quinone and is reduced by d-glucose
(kq = 8.5 � 106


m
�1 s�1) to give the phe-


noxyl radical (8) and phenol (9). Cyclo-
dextrins have been found to trap the
intermediates much more efficiently
(kq = 9.4 �108


m
�1 s�1 with b-CD),


which indicates that inclusion is in-
volved. Ground state 1 forms inclusion
complexes with 1:1 stoichiometry and
association constants of 140 and
300 m


�1 with a- and b-CD, respectively.
Complexation does not change the effi-
ciency or the mode of photofragmenta-
tion of 1; however, it does influence
the course of the reaction because the
major portion of the intermediates are
reduced to phenol within the cavity
(k’red�5 � 107 s�1) either via a radical 8
or via a radical cation 9+ C. Under these
conditions, neither 2-propenol nor
oxygen trap the intermediates to a sig-
nificant extent.


Keywords: aryl cations · carbenes ·
chlorophenols · cyclodextrins ·
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Scheme 1. Photochemistry of 1 in water as reported in reference [5] .
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and 5-chloro-2,4’-dihydroxybiphenyl (6). They have been ra-
tionalized as resulting from the reaction of carbene 3 with
oxygen (via benzoquinone-O-oxide 7), water, and 1, respec-
tively. In the presence of a H donor, such as an alcohol, car-
bene 3 transforms through a different transient, the phenox-
yl radical 8, which is further reduced to phenol 9.[5,7]


Irradiation of 1 in organic solvents in the presence of al-
kenes or benzene leads to the formation of alkylphenols or
hydroxybiphenyls, respectively (Scheme 2).[8] These reac-


tions have been rationalized as involving cation 2 in the trip-
let state, on the basis of the analogy with the corresponding
reactions of 4-chloroaniline, for which formation of the cor-
responding cation and its selective reaction with p nucleo-
philes, not n nucleophiles, have been demonstrated.[9]


Moreover, a detailed mechanistic study of the photochem-
istry in alcohols of 2,6-dimethyl-4-chlorophenol, chosen to
minimize the formation of biphenyl derivatives such as 6,[10]


has demonstrated that the corresponding cation 2’ and car-
bene 3’ are formed in equilibrium and each one gives its
own typical reactions, that is, trapping by an alkene or by


oxygen, respectively (see Scheme 3). Although the cation
was not directly detected, secondary transients arising from
both intermediates were observed by time-resolved spec-
troscopy and were assigned so that a complete kinetic char-
acterization of the system was achieved.


In view of this novel evidence it appeared appropriate to
revisit the photochemistry of the parent 4-chlorophenol (1)
in water in the presence of an alkene to recognize the possi-
ble role played by both the 4-hydroxyphenyl cation 2 and
carbene 3. A tool to obtain further insight into the mecha-
nism of this photoreaction was thought to be the use of cy-
clodextrin (CD) cavities as photoreaction media (Scheme 4).


It was deemed likely that this environment could modify the
photochemistry of 1 because a different fate of highly reac-
tive intermediates, such as charged 2 and uncharged 3, is ex-
pected. Previously, Da Silva et al. had investigated the pho-
tochemistry of 1 complexed with a solid cyclodextrin by
means of time-resolved diffuse reflectance and product stud-
ies. Irradiation of a powdered 4-chlorophenol/b-cyclodextrin
complex led to the formation of phenol as the predominant
photoproduct. The unsubstituted phenoxyl radical was
shown to be the main transient in the solid samples.[11]


Cyclodextrins as reaction vessels may provide a suitable
environment for enhancing the selectivity and efficiency of
bimolecular processes,[12] in this case, of arylation reactions.
Herein, we report the photochemistry of 1 in neat water as
well as with a-CD and b-CD, including the determination of
the association constants, product identification, and time-
resolved absorption measurements for recognizing the inter-
mediates and their kinetic evolution.


Results


Inclusion of 4-chlorophenol in CDs : The inclusion of 4-
chlorophenol (1) in a- and b-CD was studied by measuring
the induced circular dichroism (icd). In the case of a-CD,
positive icd signals were evidenced in correspondence with
the UV absorption bands peaking at 230 nm and at 282 nm.
In the case of b-CD, the 230 nm icd band was still positive
whereas the icd signal in the low-energy absorption band
was negative. A best fit of jqmax j versus the CD concentra-
tion (a-CD in the 0–4 � 10�2


m range, b-CD in the 0–1.4 �
10�2


m range) with a nonlinear equation[13] provided evidence
for a 1:1 complexation with equilibrium constants of 140 m


�1


and 300 m
�1 at 22 8C with a- and b-CD, respectively. The


values of the association constants with both a- and b-CD
are in good agreement with the values obtained by calori-
metric methods.[14]


Photoproducts in the presence of various additives: Irradia-
tion of air-equilibrated aqueous solutions of 1 at 22 8C in-
duced the spectral changes shown in Figure 1a. Bleaching of
the 280 nm absorption band of the starting compound was
accompanied by growth of the conspicuous band (lmax =


245 nm) corresponding to p-benzoquinone 4. Parallel experi-
ments with HPLC monitoring indicated 4 as the predomi-
nant photolysis product in aerated solutions, while a mixture
of products, including a small amount of phenol 9, resulted


Scheme 2. Photochemical reaction of 1 with benzene and an alkene in or-
ganic solvents.[8]


Scheme 3. Intermediates in the photochemistry of 2,6-dimethyl-4-chloro-
phenol.[10]


Scheme 4. Schematic representation of cyclodextrins (n = 6 for a-CD; n
= 7 for b-CD).
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from irradiation of a nitrogen-flushed aqueous solution
(Table 1), as previously reported.[5,15]


Because experiments in organic solvents had demonstrat-
ed that alkenes are a suitable trap for phenyl cations, we ex-
plored the photochemisty of 1 in the presence of 2-propenol
(0.06 m), a water-soluble alkene. The main photoproduct by
far was an arylated glycol, identified as 3-(4-hydroxyphe-
nyl)propane-1,2-diol (10). This was accompanied by a small
amount of 9 (see Table 1 and Scheme 5). The product distri-
bution showed little change in aerated versus deaerated sol-
utions.


The addition of cyclodextrins significantly influenced the
course of the reaction. This is apparent from the UV spectra


recorded during the irradiation of 1 in air-equilibrated water
(compare Figure 1 b and 1 c with Figure 1 a). With a-CD
(83 % of 1 complexed) or b-CD (74 % of 1 complexed), the
p-benzoquinone absorption at 245 nm was reduced or elimi-
nated and the long wavelength band at �275 nm was shifted
to the blue. HPLC monitoring showed that the phenol 9 was
by far the main product with a-CD, both in nitrogen- and in
air-equilibrated solutions (Table 1), and likewise with b-CD,
though some quinone 4 was formed in the presence of air.
d-Glucose, as a noncomplexing hydrogen donor, was tested
next. This gave mainly phenol 9 in a nitrogen-flushed solu-
tion, but equivalent amounts of 9 and 4 in the presence of
air.


Finally, the study was extended to the photoreactions in
the presence of both CD and 2-propenol. a-CD reduced the
yield of adduct 10 to 1=10 of that in neat water, while the pro-
portion of phenol 9 significantly increased. b-CD induced a
similar, although less pronounced effect, whereas in the ex-
periment with glucose, only minor changes of the yields of
products 9 and 10 occurred both in nitrogen- and air-equili-
brated solutions.


Time-resolved studies : The transients formed by nanosecond
laser flash photolysis of 1 in water have been described by
Grabner.[5] The earliest detectable species had lmax = 370
and 384 nm (here and in the following the most intense
band is written in italics) and corresponds to carbene 3


Figure 1. Absorption spectra of air-equilibrated aqueous solution of 1
(0.31 mm). a) Upon irradiation at 282 nm for 0, 3, 6, 10, 15, 25, and
40 min. b) The same, in the presence of a-CD (83 % complex) upon irra-
diation at 282 nm for 0, 3, 6, 10, 25, 45, and 100 min. c) The same, in the
presence of b-CD (74 % complex) upon irradiation at 282 nm for 0, 3, 6,
12, 25, 50, and 100 min.


Table 1. Dehalogenation quantum yields and product yields for the pho-
tolysis of 4-chlorophenol in water in the presence of various additives.[a]


2-Propenol (0.06 m)
Photolysis condi-
tions


Fr Product
(Yield [%])


Fr Product
(Yield [%])


Neat N2 0.83[b] 9 (13)[c] 0.71 9 (10), 10 (80)
air 0.62 4 (95)[c] 0.71 9 (9), 4 (tr), 10


(76)
a-CD, 0.03 m N2 0.77 9 (93) 0.95 9 (53), 10 (9)


air 0.82 9 (91), 4 (�3)
b-CD, 0.013 m N2 0.91 9 (56) 0.92 9 (36), 10 (27)


air 0.92 9 (50), 4 (30)
d-Glucose, 0.1m N2 0.76 9 (58) 0.65 9 (12), 10 (73)


air 0.65 9 (51), 4 (48) 0.53 9 (13), 4 (tr), 10
(66)


[a] Irradiation at 282 nm of 1.5� 10�3
m solutions, unless otherwise noted,


up to 10–15 % conversion, see the Experimental Section; error �0.03.
[b] Reference [5] . [c] By the use of a 7 � 10�4


m solution of 1 because a
higher concentration resulted in a considerably lower quantum yield
owing to the inner filter effect of the photoproducts (this is the cause of
reported lower values, F = 0.44 in reference [7]).


Scheme 5. Photochemistry of 1 in the presence of 2-propenol.
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evolving to an unstructured spectrum with lmax = 400 nm
and a time constant on the microsecond scale. Intermediate
3 gave p-benzoquinone-O-oxide (7) (lmax = 460 nm) by re-
action with oxygen (rate constant 3.5 �109


m
�1 s�1) and phe-


noxyl radical 8 (lmax = 385, 400 nm) by reaction with alco-
hols in deaerated solutions (rate constants 106–107


m
�1 s�1).[5]


We extended the time-resolved studies to the conditions
previously considered for steady-state photolysis. In deaerat-
ed solutions, an efficient quenching of the initial intermedi-
ate by 2-propenol, a-CD, and b-CD was observed. The rate
constants kq of the bimolecular reaction involving the initial
intermediate and the additives were determined, by analyz-
ing the kinetics of the buildup of the absorption at 400 nm,
as the slope of the linear plots of kobs versus 4–5 additive
concentrations (Table 2, k0 = 1.0 �106 s�1 in neat water


under our experimental conditions). The rate constant mea-
sured for 2-propenol, kq = 1.3 � 108


m
�1 s�1 was one order of


magnitude higher than that reported for the most reactive
alkanols.[5] Furthermore, the evolution of the transient spec-
tra was different (Figure 2). The difference spectrum at
38 ns[16] delay exhibited the features of the carbene absorp-
tion in water[5] and then decayed, with pseudofirst-order ki-
netics, giving rise concomitantly to an intense peak at
290 nm.


Laser flash photolysis experiments were performed on
solutions containing about 80 % of 1 complexed in the
ground state with a- and b-CD. Argon-saturated aqueous
solutions excited at 266 nm exhibited the difference absorp-
tion spectra reported in Figure 3. An absorption with peaks


at 385/400 nm and a shoulder at 420–430 nm formed with a
rate constant kfast�5 � 107 s�1. In the subsequent few tens of
nanoseconds DA slightly decreased at 250 and 385 nm and
increased at 400 nm. The rate constant of this “slow” evolu-
tion was kslow~2 � 107 s�1. At 140 ns, the spectrum exhibiting
lmax = 385/400 nm resembles that of the phenoxyl radical 8
in water.[17] In the presence of a-CD, the earliest species de-
tected exhibited differential absorption characterized by
lmax = 245 and 385/400 nm and a shoulder at 420–430 nm.
The absorbance changes at 400 nm were about one half
those observed with b-CD under comparable conditions
(data not shown) In a few hundreds of nanoseconds, DA
slightly decreased (kslow~8�106 s�1).


Experiments were also carried out with lower concentra-
tions of a- and b-CD. Figure 4 shows the time evolution of
the spectra for the case of 25 % of the 4-chlorophenol mole-


Table 2. Rate constants of the bimolecular quenching of the initially
formed intermediate by various additives.


kq [m�1 s�1] H donor


a-CD[a] (5.7�1.0) � 108


b-CD[a] (9.4�0.2) � 108


d-glucose (8.5�0.4) � 106


2-propenol (1.3�0.1) � 108


[a] A portion of the ground state 1 was complexed by the cyclodextrins
in these experiments. This varied from 15 % to 62%, depending on the
CD concentrations and on the Kass value. The contribution of the ground-
state complex to the transient absorption at 400 nm is indicated by the
“instantaneous” part of the absorbance change upon laser excitation,
which increased with the CD concentration. The kobs values were extract-
ed from the kinetics of the further buildup of the 400 nm absorbance on
a longer timescale.


Figure 2. Difference absorption spectra of argon-flushed water solution
of 1 (1.4 mm) in the presence of 2-propenol (0.06 m, &) 38 ns, (*) 0.8 ms
after the end of the pulse (2.0 mJ per pulse).


Figure 3. Difference absorption spectra of argon-flushed water solution
of 1 (1.4 mm) with b-CD (0.015 m, 80% complex) at (&) 0 ns, (*) 20 ns,
(~) 40 ns, and (!) 140 ns after the end of the pulse (2.2 mJ per pulse).
The inset shows the 370–410 nm range in detail.


Figure 4. Difference absorption spectra of argon-flushed water solution
of 1 (2 mm) with b-CD (1.7 mm, 25% complex) at (&) 140, (*) 200, and
(~) 1200 ns after the end of the pulse (2.8 mJ per pulse).
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cules associated with b-CD in the ground state. The initial
absorption at l = 370/384 nm is transformed into a longer
wavelength absorption at 385/400 nm in �1 ms.


In a subsequent series of experiments, the competition of
different additives was studied. In air-equilibrated solutions
containing 78 % of 1 complexed by b-CD, the 460 nm band
of 7 (Figure 5a, trace 1) was almost totally suppressed and
the 385/400 nm transient dominated (Figure 5a, trace 2). The
same result was obtained in the case of 80 % association of
1 by a-CD. At 60 % complexation with b-CD (Figure 6), a
small amount of the intermediate 7 was formed over a rela-
tively long timescale (kobs = 5�106 s�1), while the short-
wavelength part of the spectrum with lmax = 365/385/
400 nm decreased with the same kinetics, converting into a
spectrum with lmax = 400 nm. Note that above 500 nm, the
transient absorption decreased, whereas the band at 460 nm
was still growing. This indicated the presence of a further
transient absorbing in the visible, in addition to 7. With a
sevenfold higher concentration of d-glucose rather than b-
CD, both of the above transients were significantly present
after 0.7 ms (Figure 5b). Again the two bands formed with
the same rate constant (Figure 5c, kobs = 2.2 � 106 s�1), de-
pending on the d-glucose concentration and decayed with
different kinetics. Clearly, CDs have a much higher quench-
ing ability towards the carbene than d-glucose (see Table 2)
and compete better with oxygen.


The formation quantum yields of the various intermedi-
ates were estimated by means of a comparative method
based on the absorption of the hydrated electrons produced
by the photolysis of [K4Fe(CN)6] in H2O (quantum yield =


0.52).[18] The assumed molar absorption coefficients were
3000 m


�1 cm�1 at 400 nm for the phenoxyl radical[5,16] and
9500 m


�1 cm�1 at 460 nm for p-benzoquinone-O-oxide.[5] As
shown in Table 3, in the system containing d-glucose, the


sum of the quantum yields of the two intermediates was
equivalent to the quantum yield of the photodegradation in
water (F = 0.76, Table 1), while the sum was remarkably
lower than the photolysis quantum yield in the CD systems
with high complexation percentages (Table 3).


Finally, the simultaneous presence of 2-propenol and b-
CD did not substantially alter the features of the lowest
energy band in the difference absorption spectrum taken
with a 38 ns delay, which exhibited a maximum at 385 nm
and a weaker peak at 400 nm (Figure 7, see for comparison
Figure 3). This shape was maintained in the following hun-
dreds of nanoseconds, while DA slightly decreased.


Discussion


Photochemistry of 4-chlorophenol in water : Previous work
has shown that the photolysis of 2,6-dimethyl-4-chlorophe-
nol in alcohols involves the heterolytic cleavage of the C–Cl
bond in the triplet state,[10] analogously to observations with
4-chloroaniline. The 2,6-dimethyl-4-hydroxyphenyl triplet
cation 32’ rapidly equilibrates with the triplet carbene 33’
(Scheme 3), as demonstrated through diagnostic reactions
(the addition to allyltrimethylsilane and to oxygen, respec-
tively). Examination of the present results leads to the con-
clusion that the corresponding cation 32 and carbene 33 are


Figure 5. a) Trace 1: Difference absorption spectra of air-equilibrated
water solution of 1 (0.9 mm) at 3 ms after the end of the pulse (1.4 mJ per
pulse). Trace 2: the same, in the presence of b-CD (0.013 m) at 0.7 ms
after the end of the pulse (1.4 mJ per pulse). b) The same, in the presence
of d-glucose (0.1 m) at 1 ms after the end of the pulse (3.0 mJ per pulse).
c) Time profiles of DA at 460 and 400 nm in the presence of d-glucose
(0.1 m).


Table 3. Formation quantum yields of the intermediates 7 and 8 upon
laser flash photolysis of 1 in air-equilibrated water.[a]


Additive F8 F7


d-glucose (0.1 m) 0.48 0.27
b-CD (1.3 � 10�2


m), 78% complex 0.49 �0.04
a-CD (3 � 10�2


m), 80% complex 0.24 �0.027


[a] Error �15 %.
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also formed in equilibrium by the photolysis of the parent 4-
chlorophenol in water (Scheme 6).


The role of the former intermediate is clearly demonstrat-
ed by addition to 2-propenol (in refs. [8–10] we discussed
the fact that the reaction with alkenes involves triplet
phenyl cations, not oxo- (or imino-) cyclohexadienylidenes).
The absorption bands in the spectrum at 38 ns after excita-
tion (Figure 2) are attributable to carbene 33, in agreement
with results in references [5, 7]. This is completely formed
and thus any equilibrium is established at this stage.


According to recent calculations, cation 32 is not expected
to absorb at l>250 nm[19] and is thus not directly accessed
with our apparatus. However, this intermediate is revealed
by its reaction with 2-propenol, which gives rise to a species
with an intense absorption, lmax = 290 nm. The rate of trap-
ping (kadd~kq = 1.3 �108


m
�1 s�1) is close to that determined


for the addition of the 2,6-dimethyl-4-hydroxyphenyl cation
to allyltrimethylsilane in alcohols (kadd~1–10 � 108


m
�1 s�1).[10]


Preparative experiments show that the main product is phe-
nylpropylene glycol (10). These results support the assump-
tion that the 290 nm transient is attributable to the phenoni-
um ion 11, already identified in the case of the 2,6-dimethyl
derivative[10] and indicated as a strongly favored adduct by
calculations of the aminophenyl cation.[9] This transient un-


dergoes regioselective opening to give product 10, owing to
the favored attack by water onto the more substituted posi-
tion and to the cooperative effect of the hydroxy group.


As for carbene 33, apart from the diagnostic trapping by
oxygen (kO2


= 3.5 �109
m
�1 s�1),[5] the other characteristic re-


action is hydrogen abstraction to form the phenoxyl radical
8 (Scheme 6, as observed with alcohols (rate constants kred


from 1 �106
m
�1 s�1 (MeOH) to 1.9 � 107


m
�1 s�1 (2-butanol)).[5]


d-Glucose reacts with a rate constant in the expected range
(8.5 �106


m
�1 s�1). In air-equilibrated solutions containing


glucose, both reactions compete to form transients 7 and 8
(Figure 5 b). The sum of their formation quantum yields is
equivalent to the quantum yield of consumption of 1
(Tables 1 and 3). Correspondingly, the expected mixture of
products 4 and 9 is obtained in preparative experiments
(Table 1). Note that in the presence of 2-propenol, some
phenol is formed (Table 1). This additive also acts as a H
donor, although to a minor degree, as one may expect from
the lower value of kred with alcohols with respect to kadd with
alkenes.


In conclusion, in the presence of a sufficient amount of
the appropriate trapping agent, the reaction can be driven,
virtually entirely, either to the arylation of alkenes via the
phenyl cation or to formation of benzoquinone or phenol
via the carbene. The equilibrium between the two key inter-
mediates is established within a few tens of nanoseconds in
water, where these species persist in the microsecond time
range, because water neither donates hydrogen nor adds, as
generally observed with n nucleophiles. We have no direct
evidence with regard to the position of the equilibrium;
however, a comparison with the case of 2’Ð3’ in alcohols[10]


suggests that in water (more basic than methanol)[20] 3 is fa-
vored (Keq>4). As evidenced by Grabner,[5] the detectable
intermediate mainly decays through interaction with ground


Figure 6. Difference absorption spectra of air-equilibrated water solution
of 1 (1.0 mm) with b-CD (5.0 mm, 60 % complex) at (&) 50 ns, (*)
430 ns, and (~) 900 ns after the end of the pulse (2.4 mJ per pulse).


Figure 7. Difference absorption spectra of argon-flushed solution of 1
(1.4 mm) in the presence of 2-propenol (0.059 m) and b-CD (0.013 m ; &)
38 ns, and (*) 0.8 ms after the end of the pulse (2.5 mJ per pulse).


Scheme 6. Proposed reaction mechanism for the heterolytic photolysis of
1 in the presence of cyclodextrins.
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state 1 to yield dihydroxybiphenyl 6. This reaction is now
more consistently rationalized as an electrophilic substitu-
tion by phenyl cation 32, rather than as an addition by the
carbene (note that attack of benzene by the 4-hydroxyphen-
yl cation has been demonstrated in organic solvents).[8,21]


Complexation of the intermediates : As seen above, the in-
termediates 32Ð33 can be selectively quenched and, while
glucose is a quencher as efficient as monohydroxylic alco-
hols, cyclodextrins are much more efficient (see Table 2). A
quantification of the latter process requires some care, since
CD efficiently complexes phenol 1 and the photochemistry
involving complexed 1 must be distinguished from the pho-
tochemistry of the free phenol followed by complexation of
the intermediates. Fortunately, as will be discussed below,
the former reaction occurs on a shorter timescale than the
latter one, thus offering a suitable time window for disentan-
gling the two contributions. Some time-resolved spectra
have been chosen to illustrate the chemistry taking place.
Thus, the spectrum at 140 ns in Figure 4 (25 % of 1 com-
plexed by b-CD) indicates the formation of carbene in
water at 385 nm with just a small fraction of complexed phe-
noxyl radical 8 at 400 nm (see below). The “initial” spec-
trum evolves with a time constant of �400 ns toward a
spectrum that clearly shows the features of the radical 8 ab-
sorption (peaks at 385/400 nm). Note that the reactions of
the free intermediate in water contribute to the “final” spec-
trum because �40 % of it is not trapped by the CD (kq =


9.4 � 108
m
�1 s�1, k0 = 1�106 s�1).


Further information is obtained by the use of the intense
absorption of carbonyl oxide 7 as a sensitive probe. Thus, in
Figure 6 (60% of 1 complexed by b-CD), the formation
both of 7 at 460 nm (with kobs = 5�106 s�1) and radical 8 at
400 nm can be appreciated at 430 ns. Formation of 8 from
complexed 1 is evidenced by the peak at 400 nm at 50 ns,
which then increases. Although this effect is small, it is sig-
nificant if considered together with the strong decrease at
shorter wavelengths and provides evidence that a fraction of
radicals 8 is formed parallel to 7 by competitive trapping of
the free intermediate by the CD.


Thus, CDs are more efficient quenchers than d-glucose
(by two orders of magnitude if the number of glucose units
per CD unit is taken into account), demonstrating that in-
clusion in the CD cavity is involved.[22] CDs are known to
complex neutral species more readily than charged spe-
cies;[14] however, this makes no difference in the present
case because the 2Ð3 equilibrium is established on a time-
scale (~10 ns) that is much shorter than that of complexa-
tion (~100 ns at CD concentrations of ~10�2


m). The rate of
complexation kc is estimated to be similar to kq on the basis
of the experiments in the preformed inclusion complex,
which show that k’red�5 � 107 s�1 (see below).


Photochemistry of 1 with CD : As shown by Table 1, the
quantum yield of dehalogenation of 1 is high and remains
the same when the phenol is complexed with CD. There is
no reason to believe that the photodehalogenation mecha-


nism changes from C–Cl heterolysis via the triplet state oc-
curring in neat water and in alcoholic media. Were this not
the case, F should have been much lower and the triplet
should have been detectable by flash photolysis, as observed
with 1 in apolar solvents.[10]


Although the primary photochemical step remains the
same, the final product distribution from 1 differs from neat
water. Formation of p-benzoquinone (4, lmax = 245 nm, see
Figure 1) is nearly eliminated when 1 is complexed to a
large extent and reduction to phenol 9 is the main process
(Table 1). Reduction is not unexpected because the CD
cavity contains easily transferable H atoms (a-hydroxyl
C�H bonds) and may occur according to two mechanisms,
either via 3 to give radical 8 or via 2 to give radical cation
9+ C (Scheme 6). The latter mechanism has been demonstrat-
ed for the dimethyl analogue in alcohols,[10] but is not oper-
ating in non-hydrogen-donating water (see below).


Some aspects deserve a comment. First, complexation of
1 by CDs inhibits trapping by either oxygen or 2-propenol.
Previous work[23–25] has shown that the inclusion of phenols
places the benzene ring in the inner region, while the hy-
droxy group is close to the secondary hydroxylic groups of
the larger rim of CD molecules, as expected from the hydro-
phobic nature of the CD cavity. Thus, the photochemically
activated C4 atom is formed within the cavity and is not ac-
cessed by either oxygen or 2-propenol. By enlarging the
cavity, namely by the use of b-CD instead of a-CD, makes
the restriction less severe as supported by the increasing
yields of 4 and 10 (see Table 1), a trend further extended by
the results observed with g-CD (not reported here).


Second, time-resolved experiments give a detailed insight
into the process. In contrast to neat water, no carbene 33 is
detected on flashing solutions containing more than 80 % of
complexed 1 (see Figure 4 and Figure 5), where the earliest
transient spectrum (long-wavelength maxima at 385 and
400 nm), similar to that with glucose or alcohols, is attribut-
ed to radical 8. This is formed in the cavity with the rate
k’red�kobs�5�107 s�1, in agreement with the lack of interfer-
ence by external agents. Note that under these conditions,
the more intense peak lies at 385 nm rather than at 400 nm,
the reverse of what is observed both in water and in apolar
solvents,[17] pointing to a specific interaction of the phenoxyl
radical 8 with the CD. Radicals 8 partly react within the
cavity (8!9, kobs = k’ph�107 s�1). As clearly observed with
b-CD (see Figure 3), the spectral profile changes and makes
400 nm the more intense peak in 140 ns. This is rationalized
with respect to the contribution by the fraction of radicals
that have escaped into the aqueous bulk with a rate constant
k’�c�107 s�1.[26,27] Thus, the CD structure governs the fate of
radical 8, which can either abstract a further H from the
cavity or diffuse in solution. In the latter case, it can be re-
duced through a slower path, presumably by interaction
with the primary rim of the CD (k’c) because reduction in
neat water (kph) is unlikely.


Third, the sum of the quantum yields of the transients 7
and 8 (see Table 3) is equivalent to Fr in the presence of d-
glucose, whereas it is � 1=2 and 1=3 of Fr for b-CD-and a-CD
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complexed with 1, respectively, and corresponds to the yield
of 8. Because the conversion of carbene 3 to radical 8 within
the cavity is presumably complete and the disappearance of
8 by reduction to 9 is not faster than its formation (see
above), a fraction of the initially formed aryl cation must
undergo H transfer from the CD at a rate comparable to
that at which deprotonation to 3 and formation of 8 occur
(�5 � 107 s�1). Production of 9 directly from 2 via the radical
cation 9+ C in the presence of CD is indeed supported by the
presence both of a shoulder at l = 420–430 nm in the spec-
tra of Figure 4 and Figure 5 and of the absorption tail at l


= 510–550 nm in Figure 6, which can be assigned to the rad-
ical cation, a species endowed by a large absorption band in
the 380–550 nm region.[10,28]


Conclusion


The present study demonstrates that the 4-hydroxyphenyl
cation 32 and carbene 33 are in equilibrium and are relatively
persistent in water. Specific reagents can selectively trap
these intermediates. Thus, water is a suitable solvent to con-
duct reactions involving either one of such highly activated
species, which are smoothly generated under photochemical
conditions, in particular for synthetically appealing cationic
arylation of alkenes and, reasonably, of other p nucleo-
philes.[29]


On the other hand, cyclodextrins efficiently scavenge and
reduce the intermediates. When cyclodextrin concentrations
are chosen in such a way as to associate more than 80 % of
ground state 1, the largest fraction of the chlorophenol is re-
duced within the cavity and none of the above traps inter-
fere with the reduction. The large time-window involved in
the reaction in water (10 ns scale, photochemical fragmenta-
tion and protic equilibrium; 100 ns, trapping by oxygen and
alkenes; 1 ms, reaction with the starting material) is short-
ened to a few tens of nanoseconds.


The high reductive power of the CD towards both the
aryl cation and the carbene disfavors the use of CDs as reac-
tion vessels for bimolecular processes, although an efficient
coinclusion of the trap could allow a guest–guest process to
compete efficiently with a reaction with the CD itself. In the
present study, the high solubility of 2-propenol in water pre-
vents such condition being achieved.


Experimental Section


General : 4-Chlorophenol (1) and 2-propenol were obtained from Al-
drich. a-CD and b-CD from SERVA (research grade) were used as re-
ceived. Water was purified by passing it through a Millipore MilliQ
system.


The UV absorption spectra were recorded with a Perkin Elmer 320 spec-
trophotometer. Circular dichroism spectra were obtained with a Jasco J-
710 dichrograph.


Measuring the complexation by CD : Circular dichroism spectra of 4-
chlorophenol in water were recorded by titrating with cyclodextrins at 8–
10 different concentrations and by subtracting from each of them the in-


trinsic signal of the corresponding cyclodextrin solution. The intensity of
the induced signal was a function of the CD concentration and was ana-
lyzed by means of a 1:1 association model described by a nonlinear equa-
tion.[13]


Monitoring the photoreaction by UV: The time course of the photodeha-
logenation was followed by variations in the UV absorption of 2-mL sam-
ples of 3.14 � 10�4


m solutions of 1 irradiated at 282 nm in a 1 cm cell. The
irradiation setup consisted of a high-pressure mercury lamp (Os-
ram HBO, 200 W) coupled with a high-intensity Bausch&Lomb grating
monochromator (1350 grooves mm�1, blazed at 300 nm) with slits of
3 mm (bandwidth 18 nm). The intensity of the incident light was �1�
1014 photons s�1.


Monitoring the photoreaction by HPLC and quantum yield measure-
ments : Quantum yield measurements were carried out with an optical
bench fitted with a focalized high-pressure mercury arc (150 W) and an
interference filter (transmission maximum at 281 nm). 1.5� 10�3


m solu-
tions of 1 in spectrophotometric cells were used. The course of the reac-
tion was monitored by HPLC (AQUASIL1 C18 (250 � 4.6 mm) column,
MeCN/water (40:60), flux 1 mL min�1) with UV detection at l = 270 nm.
The conversion was limited to <20%. The conversion of the starting ma-
terial was linear with time within this limit and beyond in the presence of
additives, while in neat water, the rate of reaction rapidly dropped for
conversions of <10%. This was attributed to the formation of photo-
products strongly absorbing at the exciting wavelength. Reliable meas-
urements could only be obtained in this case by the use of 7� 10�4


m solu-
tions.


Preparative photolysis : A solution of 4-chlorophenol (100 mg, 0.78 mm)
and 2-propenol (750 mL, 15 mm) in water (15 mL) was poured into a
quartz tube. The tube was flushed with argon for 15 min, capped, and ir-
radiated with six phosphor-coated lamps (15 W, center of emission l =


310 nm). After 16 h, the reagent had been completely converted (HPLC)
and a single product accounted for �80 % of the material (as determined
by comparison with a weighted solution of 10, see below). The solvent
was evaporated under low pressure and the residue chromatographed on
silica gel to give 32 mg (25 %) of the main product. This was recognized
as 3-(4-hydroxyphenyl)-1,2-propandiol, based on the spectroscopic char-
acteristics and a comparison with reported data.[30, 31] 1H NMR (CDCl3):
d = 2.67 (AB part of an ABX signal, 2 H, J(A,B) = 15 Hz), 3.47 (AB
part of an ABX signal, 2H, J(A,B) = 12.5 Hz), 3.78 (X part of the previ-
ous signals, 1 H), 6.75 (2 H) and 7.07 (AB quartet, 4 H); 13C NMR
(CDCl3): d = 38.6 (CH2), 65.0 (CH2), 73.3 (CH), 114.6 (CH), 129.3, 130.0
(CH), 155.2 ppm; IR (melt): ñ = 3300 cm�1; elemental analysis (%)
calcd for C9H12O3: C 64.27, H 7.19; found: C 63.9, H 7.3.


Flash photolysis : Transient absorption spectroscopy was carried out on a
setup for nanosecond absorption measurements described previously.[32]


The minimum response time of the detection system was �2 ns. The
laser beam from a JK-Lasers Nd-YAG, operated at l = 266 nm, pulse
width 20 ns FWHM, was focused on a 3 mm high and 10 mm wide rectan-
gular area of the cell, and the first 2 mm in depth were analyzed with a
right-angle geometry. The incident pulse energies used were
<17 mJ cm�2 (5 mJ per pulse). The bandwidth used for the transient ab-
sorption measurements was typically 2 nm (0.5 mm slit width). The spec-
tra were reconstructed point-by-point from time profiles taken every 5–
10 nm. The sample absorbance at 266 nm was typically 0.5–1 over 1 cm.
Oxygen was removed from the water by vigorously bubbling the solu-
tions with a constant flux of Ar, previously passed through an aqueous
trap to prevent evaporation of the sample. The solution, in a flow cell of
1 cm optical path, was renewed after each laser shot. The temperature
was 295�2 K. The detection system was perturbed from 290 nm to
380 nm by the emission of 1, generated by the laser excitation. These
problems were minimized by the use of neutral density filters at the en-
trance slit of the monochromator and by pulsing the 150 W high-pressure
Xe lamp with a high current (~200 mA for 1 ms) to increase the intensity
of the analyzing light. In spite of this, transient spectra in this wavelength
region were not significant before 20–35 ns from the end of the pulse.
The absorption signals were acquired and processed with a homemade
program and Asyst 3.1 (Software Technologies, Inc.). Nonlinear fitting
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procedures by the least-square method and c2 and distribution of residu-
als were used to judge the goodness of the fit.
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