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Nanoparticles: Scaffolds for Molecular Recognition


Ulf Drechsler, Belma Erdogan, and Vincent M. Rotello*[a]


Introduction


The size (typically 1–100 nm) and unique physical properties
of metal and semiconductor nanoparticles[1] play key roles
in the emerging field of nanotechnology. Nanoparticles pro-
vide a means of bridging the gap between “top-down” litho-
graphic techniques[2] and “bottom-up” synthetic strategies
for the construction of functional devices,[3] by providing a
building block for nanocomposite assemblies as well as a
versatile scaffold for the introduction of chemical function-
ality.
Monolayer- and mixed-monolayer-protected clusters


(MPCs and MMPCs) are of particular interest to chemists,
since they combine a metallic or semiconductor core with a


self-assembled organic shell.[4] In these systems a monolayer
prevents agglomeration of the cores and serves as a well-or-
ganized scaffold for the attachment of functional molecular
units. Mixed-monolayer systems greatly enhance the versa-
tility of core-shell particles, allowing for multiple functional-
ities to be appended onto outer layer of the nanoparticle.
These systems provide control over a variety of properties,
from solubility in organic or aqueous solvents, to the intro-
duction of redox active or specific molecular recognition el-
ements.
The fabrication of MPC and MMPC systems has been


greatly facilitated by the method developed by Brust and
co-workers.[5] This technique utilizes the chemical reduction
of metal salts (e.g., Ag, Au, Pt, Pd) in the presence of a cap-
ping ligand. The mild conditions used are compatible with a
wide range of chemical functionalities and by varying the
metal-to-ligand ratio, particles with core diameters ranging
from 1.5 to 8 nm can be synthesized.[6] Ligand displacement
reactions, developed by Murray and co-workers, have been
successful in introducing multiple functionalities into these
MPC systems in a stepwise fashion, relying on concentration
equilibria.[7] This approach provides a potent and rapid
means for rapidly obtaining a wide array of structurally di-
verse MMPC systems.


Molecular Recognition Using Nanoparticles


MMPCs exhibit characteristics similar to organic molecules,
such as solubility in various solvents; this allows these sys-
tems to be characterized by using standard solution-phase
spectroscopic techniques including NMR, IR, and UV-visi-
ble spectroscopy. This feature, combined with their ease of
fabrication, makes MMPCs well-suited as starting materials
for the creation of nanoscale receptors. These receptors rely
on specific noncovalent interactions with complementary
guests, utilizing, for example, ionic or hydrogen-bonding in-
teractions. Recognition capability can be introduced through
modification of nanoparticle systems with biomolecules,[8]


including DNA[9] and specific proteins;[10] however, the
focus of this Concepts article will be on nanoscale receptors
based on synthetic and nonbiological molecular recognition
groups.
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Amherst, MA 01003 (USA)
Fax: (+1)413-545-4490
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Abstract: Monolayer and mixed-monolayer protected
clusters (MPCs and MMPCs) have great potential to
combine molecular functionality with the intrinsic prop-
erties of nanometer-sized scaffolds. This synergy can be
used to create complex functional devices, including
redox-active, electronic, or magnetic storage devices,
solution-based sensors, and highly efficient catalysts.
This review outlines some of the recent developments
in nanoscale receptors based on synthetic and nonbio-
logical recognition elements. In these nanoparticle sys-
tems, molecular recognition is achieved by covalent at-
tachment of receptors on the nanoparticles coupled
with noncovalent interactions to target substrates. Syn-
thetic host–guest systems, hydrogen bonding, change in
redox states, p–p stacking, rotaxane formation, and ion
recognition are the main topics covered in this review.


Keywords: molecular recognition · nanotechology ·
receptors · sensors
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Nanoparticle receptors featuring preformed binding sites : In
an effort to incorporate molecular recognition elements into
nanoparticle systems, Astruc and co-workers designed
MMPCs featuring ferrocene units on the surface; these
MMPCs utilized the interdependence between molecular
recognition and redox events to selectively bind oxo
anions.[11] In these studies the group has synthesized a series
of gold nanoparticles displaying different concentrations of
amidoferrocene units on variable chain lengths within a do-
decanethiol monolayer through place-exchange reactions
(Figure 1).


Through voltammetric experiments it was shown that the
electrochemical oxidations of the attached ferrocene units
lead to a single voltammetric wave, indicating near equiva-
lency of all ferrocene moieties within the monolayer. Pro-
gressive addition of [NBu4][H2PO4] then caused the gradual
appearance of a second voltammetric wave at less positive
potential (DE1/2=220 mV) at the expense of the first. Satu-
ration of all of the ferrocene units with the phosphoanion fi-
nally led to complete disappearance of the original ferro-
cene oxidation. This behavior is indicative of a hydrogen-
bonding-mediated association event between the H2PO4


�


ion and the amido groups adjacent to the ferrocene; binding
of the guest is much stronger with the oxidized host. Evi-
dence for selectivity in binding between dihydrogen phos-
phate and amide–ferrocene over other anions has been
shown in binding studies with HSO4


� ; this leads to a signifi-
cantly smaller shift in the half-wave potential of the ferro-
cene units (DE1/2=40 mV vs DE1/2=220 mV).
To introduce a positive dendritic effect, that is, enhanced


recognition with increased generation number[12] into nano-
particle systems, Astruc and co-workers extended their stud-
ies to MMPCs featuring ferrocene units on dendritic teth-
ers.[13] In these studies, a series of gold nanoparticles display-
ing different numbers of amidoferrocene or silylferrocene
groups on AB3 or AB9 dendrons were synthesized through
either place-exchange or Brust-type reactions (Figure 2).
Again, through voltammetric experiments, near equiva-


lency of all ferrocene units is evidenced by the observation
of a single redox couple. Addition of dihydrogen phosphate
or the dianion of adenosine triphosphate (ATP2�) led to the
appearance of a second voltammetric wave at less positive
potentials. The largest potential difference (200 mV) was ob-


served with an MMPC that contained amidoferrocene den-
drons; however, the redox process was not fully reversible.
In contrast, all silylferrocenyl systems exhibited fully reversi-
ble redox characteristics with potential differences between
115 and 135 mV. All receptor systems under investigation
displayed high selectivity for H2PO4


� or ATP2� even in the
presence of other anions, such as HSO4


� or Cl� .
Cyclodextrin-based host–guest chemistry can be incorpo-


rated into the monolayer of MPCs to provide a different
motif for molecular recognition. Due to their ability to form
inclusion complexes in aqueous media, cyclodextrins (CDs)
have been studied extensively and have been utilized in
multiple applications.[14] To integrate the inherent advantag-
es of CD receptors into nanoparticle systems, Kaifer and co-
workers developed a modified CD system that can readily
be immobilized on the surface of platinum,[15a] palladi-
um,[15a–c] silver,[15d] and gold[15e] colloids by converting the
primary hydroxyl groups on the smaller rim of b-CD into
thiol groups. The resulting perthiolated CDs were attached
to metal core through multiple sulfur bonds, providing an
orientation in which the wider opening is pointing away
from the particle surface (Figure 3).
Since the CD-hydroxyl groups are located at the colloid–


solvent interface, these nanoparticles were soluble in aque-
ous media, thus providing an optimized environment for
specific guest recognition. A binding interaction between a
dimeric ferrocene guest and b-CD-capped gold nanoparti-
cles was established by the formation of slowly precipitating


Figure 1. Complex formation between ferrocenyl gold MMPC and dihy-
drogen phosphate.


Figure 2. AB3-dendronized gold MMPC.


Figure 3. Aggregation of CD-functionalized gold MPCs with a dimeric
ferrocene linker.
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aggregates. Flocculation properties in this system were con-
trolled through host–guest interactions, for example, com-
petitive binding of a monomeric ferrocene guest resulted in
partial redissolution of the precipitated aggregates. Similarly,
addition of free b-CD at different concentrations provided
control over the degree of flocculation through competitive
binding.
In an extension of these studies, the same group has syn-


thesized smaller (2–7 nm) gold MPCs featuring higher CD
surface coverage[16] by employing a modification of BrustJs
protocol.[17] Specific recognition of ferrocenemethanol was
confirmed through voltammetric experiments; binding of
the guest to the receptor resulted in a lower overall current
and a shift of the half-wave potential to more positive
values, consistent with the formation of an inclusion com-
plex. Furthermore, reversibility of the binding process has
been confirmed by competitive binding studies with an elec-
tro-inactive guest. In these studies adamantol was found to
replace bound ferrocenemethanol, leading to recovery of
the voltammetric behavior of unbound ferrocenemethanol.
The high density of recognition elements on the surface


of these MPCs also offers the possibility to reversibly alter
the overall surface characteristics through saturation of all
surface-bound CDs. To probe that possibility, Kaifer et al.
studied the phase-transfer behavior of inherently hydrophil-
ic CD-capped MPCs into chloroform through the binding of
amphiphilic guests.[18] Using a series of cationic ferrocenes
featuring different aliphatic chains, they showed that effi-
cient water-to-chloroform phase-transfer occurred with
guests that had chain lengths greater than 12 carbon atoms
(Figure 4). Through a series of solubility experiments, it has


also been concluded that the presence of water is necessary
to stabilize these host–guest complexes; water is presumed
to form a thin layer surrounding the surface-bound CD re-
ceptors and the counterions required to compensate for the
cationic ferrocene guests.
Another approach to incorporate inclusion-based host–


guest recognition is through the use of pseudorotaxane as-
semblies. Crown ethers, for instance, have been shown to be
excellent receptors for ammonium ions forming inclusion


complexes.[19] To integrate this motif into nanoparticle sys-
tems, the groups of Fitzmaurice and Stoddart have synthe-
sized gold MPCs featuring dibenzo[24]crown-8 ether moiet-
ies on the surface.[20] Through NMR experiments it has been
shown that these MPCs in fact form pseudorotaxanes on the
surface by binding dibenzylammonium ions to an 86% cov-
erage (Figure 5). A more detailed analysis of the NMR data


also revealed a positive cooperative binding effect, as a pro-
gressively more polar surface shows a higher affinity for the
cationic guest.
In an extension to this work, the same groups explored


the possibility to noncovalently link multiple MPCs by using
ditopic guests.[21] In these studies silver nanoparticles featur-
ing dilute (15%) dibenzo[24]crown-8 groups embedded in a
dodecanethiol monolayer were synthesized through place-
exchange reactions. Addition of stoichiometric amount of a
ditopic bis-ammonium salt led, as expected, to a slow forma-
tion of a larger aggregates composed of individual MMPCs
linked through [3]pseudorotaxane complexes (Figure 6).
By using dynamic light-scattering experiments monitoring


the growing hydrodynamic radius, it was shown that a
power-law model could describe the aggregate formation ki-
netics. These findings also suggest that the aggregation pro-
cess is diffusion limited. Furthermore, control over the as-
sembly process has been demonstrated through the addition
of an excess of guest or a molecular crown ether host, both
events leading to competitive binding and concurrent aggre-
gation inhibition.
Pseudorotaxane recognition was taken one-step further


and binary nanocrystal structures were assembled in solu-
tion from silver nanoparticles around silica nanospheres.[22]


Figure 4. Possible structure of phase-transferred CD-MPC ferrocenyl
complexes.


Figure 5. Pseudorotaxane complexes formed between crown ether MPCs
and cationic guests.
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As a result of the interaction between the covalently linked
recognition units, [2]pseudorotaxane formation was ach-
ieved. The dibenzo[24]crown-8 units on silver nanoparticle
surfaces were attached to the dibenzylammonium cations on
silica surfaces though silane chemistry. The recognition of
the silica nanospheres (180 nm in diameter) by silver nano-
particles (7 nm in diameter) led to the pseudorotaxane for-
mation at the surface of the nanocrystals and subsequent ag-
gregation (Figure 7).
Many control experiments were performed by excluding


one or both recognition units. In these experiments, the


same time period was used as employed for pseudorotaxane
formation reaction between the silver nanocrystals and the
silica nanosphere template, but no precipitation was ob-
served in any control experiments. The nonspecific interac-
tions between the control nanoparticles were confirmed by
TEM images in which no size or density changes were ob-
served after templation. UV-visible spectra showed no
change in the surface plasmon band relative to free silver.
Final proof of a binary nanostructure template was demon-
strated by disassembly of the structure, indicating that the
assembly process is indeed reversible. TEM and UV-visible
spectroscopy experiments showed that addition of triethyl-
amine, which effectively deprotonates the dibenzylammoni-
um salts, prevents the interactions between the recognition
units and causes complete dissociation of the silver particles
from the surface of the silica nanospheres.


Dynamic nanoparticle receptors using multitopic recogni-
tion : The previous examples have shown nanoparticles serv-
ing as carrier material for preformed binding pockets. How-
ever, many inherent properties of MMPCs, such as mobility
of ligands within the monolayer, the ability to incorporate
multiple functionalities, or the radial nature of these systems
have not been fully exploited. The following section details
how some of these features can be integrated into nanopar-
ticle systems to construct multivalent dynamic receptors.
Based on their earlier work on TiO2 colloids carrying hy-


drogen-bond receptors,[23] Fitzmaurice and co-workers devel-
oped a gold MMPC featuring uracil moieties on the sur-
face.[24] These systems have been shown to recognize a com-
plementary 2,6-diamidopyridine guest through a three-point
hydrogen-bonding interaction.[25] Although the binding in-
teraction was established by NMR and IR spectroscopy, the
association constant had not been quantified. By using the
same recognition units on either gold or silver nanoparticles,
they also demonstrated that the nanocrystal aggregates can
be formed in solution. In 1999, the Rotello group reported
the development of an MMPC receptor carrying 2,6-diami-
dopyridine functionalities.[26] Again through three-point hy-
drogen bonding, this receptor system is capable of recogniz-
ing flavins (Figure 8a). Binding between receptor and guest
was quantified in chloroform following the 1H NMR shifts
of the flavin imide proton at different concentrations. Since
these shifts cleanly fit a 1:1 binding isotherm, an association
constant of 196m�1 could easily be calculated from this data.
This number is consistent with the 150 to 500m�1 typically
observed with free diamidopyridines.[27] The redox activity
of flavins presents a means to introduce extended function-
ality in these systems by providing electrochemically switch-
able recognition (Figure 8b). Through voltammetric experi-
ments it was established that the bound, reduced radical
anion of flavin is stabilized by 81 mV (1.85 kcalmol�1) and
the association to the receptor is increased greater than 20-
fold (4500 vs 196m�1) relative to the neutral oxidized spe-
cies.
To extend this approach to a more specific multivalent


recognition, the Rotello group developed MMPC receptors
featuring both 2,6-diamidopyridine hydrogen-bonding moi-
eties and pyrene groups capable of aromatic stacking.[28] In


Figure 6. Aggregation of silver MMPCs through [3]pseudorotaxane for-
mation.


Figure 7. Silver nanocrystal assembly around the silica nanosphere.
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addition to the three-point hydrogen bonding, the electron-
deficient flavin can interact favorably with electron-rich pyr-
enes. As expected from this multitopic interaction, the bind-
ing constant is increased nearly twofold to 323m�1 relative
to the monovalent receptor.
Since the monolayer coatings on MMPCs are radial in


nature, that is, order decreases with increased distance from
the gold core, the distance between an array of functional
groups on the outer surface and the center should have a
marked effect on the multitopic binding to an external
guest. To provide a means for quantifying this effect on
mono- and ditopic recognition of flavin, the Rotello group
synthesized a series of MMPC receptors featuring both
mono- and divalent recognition elements, as well as differ-
ent spacer lengths (Figure 9).[29] Receptors MMPC 1 and 2
are functionalized with only hydrogen-bonding elements,
whereas receptors MMPC 3 and 4 additionally contain aro-
matic stacking units. Comparison of the first two with the
last two MMPC receptors allows direct quantification of the
effects on multitopic interactions. As expected, virtually no
difference in affinity of the monotopic receptors to flavin
was observed (196 vs. 185m�1). In sharp contrast, the ditopic
receptors exhibited a strong radial effect; the shorter, more
pre-organized MMPC binds flavin three times more strongly
than its longer chain equivalent (930 vs. 320m�1).
To gain further insight into the radial control over multi-


valent binding, the redox behavior of flavin bound to these
receptors was explored. Binding of flavin to the monotopic
receptors generally resulted in a stabilization of the radical
anion form and thus a stronger binding; the long-chain
MMPC, however, binds the reduced flavin slightly more
strongly than the short-chain receptor, possibly due to a
somewhat greater degree of congestion on the short-chain
system. In contrast, variation of the chain length in the di-
topic system shows a striking effect on the redox chemistry


of bound flavin. Again, reduction to the radical anion ren-
ders the flavin molecule electron rich, thus making interac-
tions with the likewise electron-rich pyrene unfavorable.
While the long-chain MMPC 3 still shows a binding prefer-
ence for the reduced flavin, the short-chain system 4 prefer-
entially binds the electron-deficient oxidized form. This be-
havior is a direct consequence of the alkane chain length.
The 11-carbon spacer offers enough conformational flexibili-
ty to accommodate the electron-rich guest and to minimize
repulsive stacking interactions, whereas the 6-carbon linker
creates a much denser environment incapable of relieving
the repulsive interactions (Figure 10).
The mobility of thiols on the gold surface, an important


feature of the surrounding monolayer in MMPCs, has led to
another extension of the multitopic binding to create envi-
ronmentally responsive receptors providing templated-guest
recognition. To explore the possibility of a dynamic optimi-
zation of host–guest interactions, a trifunctional MMPC with
dilute hydrogen bonding and aromatic stacking elements
was employed (Figure 11).
The templation of binding sites on the receptor through


flavin binding was demonstrated by time-course NMR ex-
periments. Monitoring the gradual downfield shift of the
flavin imide proton over the course of 70 h established grad-
ually increasing receptor–flavin recognition. Concurrently,
an upfield shift was observed for the aromatic protons of
flavin, indicative of increased aromatic stacking with the
pyrene units present on the surface. The association constant


Figure 8. a) Three-point hydrogen bonding between diamidopyridine gold
MMPC and flavin. b) Reduction of flavin to the radical anion.


Figure 9. Monotopic diamidopyridine and ditopic diamidopyridine–
pyrene gold MMPCs.
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calculated from these shifts increased from 168 to 235m�1, a
71% enhancement. These findings clearly demonstrated a
reorganization of the monolayer through the use of binding
enthalpy.
Scrimin and Pasquato functionalized the gold nanoparti-


cles with N-methylimidazole and showed that multivalent
recognition of mono-, bis-, and tris(Zn-phorphyrin) can be
obtained (Figure 12).[30] Due to steric hinderence, the bind-
ing constant of the model methylimidazole derivative 5 to
monoporphyrin 6 is slightly larger than those measured for
the bis- and trisporphyrins 7 and 8. However, compared to
monovalent systems, these multivalent ligands increased
binding strength by up to three orders of magnitude inde-
pendent of the methylimidazole concentration on the gold
particles. Another important result of this experiment was
that after certain point increasing the number of phorphyrin
units on the gold surface does not improve the number of
recognition sites.
Another focus in the Rotello group is the self-assembly of


specific recognition units attached to polymers and gold


Figure 10. Schematic illustration of the chain length effect on redox-
modulated binding.


Figure 11. Flavin-mediated templation. a) Initially, diamidopyridine and
pyrene moieties are randomly distributed. b) Flavin binds to diamidopyri-
dine unit. c) After incubation, recognition elements assemble into multi-
topic binding pockets.


Figure 12. Zn–phorphyrins and N-methylimidazole functionalized gold
nanoparticles.
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nanoparticles. In one of their earlier works, polystyrene co-
polymers were functionalized with diaminotriazine and gold
nanoparticles were functionalized with thymine to form a
self-assembled network aggregates through specific three-
point hydrogen-bonding interactions.[31] A black solid was
formed after the addition of the polymer to the concentrat-
ed thymine–gold nanoparticles, because of the aggregation
(Figure 13).


The control experiment with the N-methylthymine–gold
nanoparticle showed no aggregation after polymer addition;
this confirms that self-assembly did not take place and that
specific three-point hydrogen-bonding is necessary for ag-
gregate formation. Although these aggregates were control-
lable in size (100 to 1000 nm in diameter) by adjusting the
temperature during the aggregate formation, the complex
thermodynamics of the self-assembly process prevents the
formation of structures of less than 100 nm.
To overcome the limitations of the size and structure of


these aggregates, a series of diblock copolymers were pre-
pared for the nanoparticle assembly. One block of the poly-
styrene backbone was functionalized with the diaminotria-
zine recognition group and the other block was left unfunc-
tionalized to prevent extensive aggregation (Figure 14).[32]


As proposed, the length of the functionalized block of the
copolymer controls the size of the aggregates both in solu-
tion and in thin films. Further examination of the TEM and
dynamic light scattering (DLS) results showed that the poly-
mer length is also responsible in controlling the structure of
the aggregates. Because of the lower number of recognition
units on the shorter polymer, aggregates with smaller cores
were formed, whereas aggregates with a more packed core
were obtained with longer polymer.


Ion sensors : The advantage of the high extinction coefficient
of the gold nanoparticles relative to the other organic dyes
makes them very attractive as colorimetric reporters for par-
ticular metal ions. It has been shown in the literature that
receptors can be covalently attached to gold nanoparticle
surfaces, and molecular recognition based on calorimetric
change of the solution can be easily observed when competi-
tive analytes were introduced. Hupp and co-workers have
prepared 11-mercaptoundecanoicacid-capped gold nanopar-
ticles and monitored a red-to-blue color change in UV light
when heavy metal ions like lead, cadmium, and mercury
were added (Figure 15).[33]


The reason for the color change lies in the shift of the
plasmon-energy band, which results from the aggregation of
the particles through the salt addition. This was proven by


Figure 13. Polymer–Au aggregates formed through specific three-point
hydrogen-bonding recognition between thymine-functionalized gold
nanoparticles and a triazine-functionalized copolymer.


Figure 14. Schematic representation of polymer size affect on core diame-
ter of the nanoparticle aggregates.
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reversal of the band shift by addition of Pb2+ , which is a
good EDTA extracting agent.
In contrast to HuppJs nonspecific method for metal-ion


sensing with gold nanoparticles, Chen and co-workers have
covalently attached crown ether receptors onto an Au sur-
face in order to selectively detect the presence of potassium
ions over Li+ , Cs+ , NH4


+ , Ca2+ , and Na+ ions
(Figure 16).[34]


More favorable [15]crown-8 and Na+ complexes were dis-
rupted by the formation of a “sandwich complex” of 2:1
[15]crown-8 and K+ . Due to the aggregation of the particles,
a red-to-blue plasmon shift was observed after addition of
the metal ion, as the aggregation is dependent on the ion
concentration.
Murphy and co-workers overcame the solubility problems


of the lithium ion detection in aqueous solution by modify-
ing their gold particles with 1,10-phenanthroline derivatives,
which are particularly Li+-selective organic chromophores
(Figure 17).[35]


Aggregation of the particles after addition of the Li+ ion
results in a color change of the solution. This visible color
changes from orange to gray, and the degree of aggregation
mainly depends on the ion concentration. The distinctive
red shift of the plasmon absorption band was observed upon
addition of different concentrations of ions even for the
bigger size of the nanoparticles from 4 to 32 nm. Because of
the larger surface area, big particles were less aggregated
relative to the small particles at the same concentration of
the ion; this indicates that small particles are more sensitive
toward analyte sensing.
Recently DavisJ and BeerJs work demonstrated that


redox-active anion-receptor zinc metalloporphyrins show
enhanced binding affinities toward anion sensing when
placed onto gold nanoparticle surfaces relative to the free


Figure 15. Simple colorimetric system for sensing heavy metal ions.


Figure 16. Schematic representation of specific K+ sensors.


Figure 17. 1,10-Phenanthroline-functionalized gold nanoparticles and
scheme for specific Li+ sensing.
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metallophorphyrins.[36] Free metallophorphyrins and zinc-
metalloporphyrin-functionalized gold nanoparticles were
placed in two different solvents and titrated with many dif-
ferent anions (e.g. Cl� , Br� , I� , NO3


� , H2PO4
� , ClO4


�). The
results showed that nanoparticles bind to anions more
strongly than the free metallophorphyrin form, and that the
basicity of the anions and the competitiveness of the chosen
solvent play a great role in these systems.


Conclusions and Outlook


The control of nanoparticle properties provides opportuni-
ties for the design of unique systems. The ability to combine
molecular functionality with the inherent properties of
nanometer-sized entities makes nanoparticle scaffolds im-
portant tools for the creation of complex functional devices.
Applying the concepts of supramolecular chemistry and mo-
lecular recognition to nanoparticles introduces a means of
control over the assembly of these systems into extended
morphologies, thereby enabling the design of elaborate
nanocomposite structures. While many applications such as
solution-based sensors, electrically stimulated devices, highly
efficient catalysts, or nanometer-sized magnetic storage devi-
ces can be envisioned, this field of research is clearly still in
its early stages of development. Further in-depth investiga-
tion integrating chemistry and nanotechnology will be re-
quired to fully achieve these important goals; knowing how
to translate the rules of tailoring molecular-level functions
into large-scale complex systems will be crucial to the fabri-
cation of nanoparticle-based functional devices.


[1] a) M. A. El-Sayed, Acc. Chem. Res. 2001, 34, 257–264; b) for a
recent review on gold nanoparticles: M. C. Daniel, D. Astruc, Chem.
Rev. 2004, 104, 293–346.


[2] a) E. W. H. Jager, E. Smela, O. Inganas, Science 2000, 290, 1540–
1545; b) H. G. Craighead, Science 2000, 290, 1532–1535; c) G. M.
Wallraff, W. D. Hinsberg, Chem. Rev. 1999, 99, 1801–1821.


[3] D. L. Feldheim, K. C. Grabar, M. J. Natan, T. E. Mallouk, J. Am.
Chem. Soc. 1996, 118, 7640–7641.


[4] A. C. Templeton, M. P. Wuelfing, R. W. Murray, Acc. Chem. Res.
2000, 33, 27–36.


[5] M. Brust, M. Walker, D. Bethell, D. J. Schiffrin, R. Whyman, J.
Chem. Soc. Chem. Commun. 1994, 801–802.


[6] M. J. Hostetler, J. E. Wingate, C. J. Zhong, J. E. Harris, R. W.
Vachet, M. R. Clark, J. D. Londono, S. J. Green, J. J. Stokes, G. D.
Wignall, G. L. Glish, M. D. Porter, N. D. Evans, R. W. Murray, Lang-
muir 1998, 14, 17–30.


[7] A. C. Templeton, M. J. Hostetler, E. K. Warmoth, S. W. Chen, C. M.
Hartshorn, V. M. Krishnamurthy, M. D. E. Forbes, R. W. Murray, J.
Am. Chem. Soc. 1998, 120, 4845–4849.


[8] C. M. Niemeyer, Angew. Chem. 2001, 113, 4254–4287; Angew.
Chem. Int. Ed. 2001, 40, 4128–4158.


[9] R. Elghanian, J. J. Storhoff, R. C. Mucic, R. L. Letsinger, C. A.
Mirkin, Science 1997, 277, 1078–1081.


[10] a) W. Shenton, S. A. Davis, S. Mann, Adv. Mater. 1999, 11, 449–452;
b) S. Mann, W. Shenton, M. Li, S. Connolly, D. Fitzmaurice, Adv.
Mater. 2000, 12, 147–150.


[11] a) A. Labande, D. Astruc, Chem. Commun. 2000, 1007–1008; b) A.
Labande, J. Ruiz, D. Astruc, J. Am. Chem. Soc. 2002, 124, 1782–
1789.


[12] a) C. Valerio, J. L. Fillaut, J. Ruiz, J. Guittard, J. C. Blais, D. Astruc,
J. Am. Chem. Soc. 1997, 119, 2588–2589; b) A. Labanda, D. Astruc,
Chem. Commun. 2001, 2000–2001.


[13] a) M. C. Daniel, J. Ruiz, S. Nlate, J. C. Blais, D. Astruc, J. Am.
Chem. Soc. 2003, 125, 2617–2628; b) M. C. Daniel, J. Ruiz, J. C.
Blais, N. Doro, D. Astruc, Chem. Eur. J. 2003, 9, 4371–4379; c) D.
Astruc, J. C. Blais, M. C. Daniel, V. Martinez, S. Nlate, J. Ruiz, Mac-
romol. Symp. 2003, 75, 461–481.


[14] a) M. V. Rekharsky, Y. Inoue, Chem. Rev. 1998, 98, 1875–1917;
b) K. A. Connors, Chem. Rev. 1997, 97, 1325–1357; c) W. Siliva, T.
Girek, Heterocycles 2003, 60, 2147–2183; d) A. E. Kaifer, Acc.
Chem. Res. 1999, 32, 62–71; e) J. Liu, J. Alvarez, A. E. Kaifer, Adv.
Mater. 2000, 12, 1381–1383.


[15] a) J. Alvarez, J. Liu, E. Roman, A. E. Kaifer, Chem. Commun. 2000,
1151–1152; b) J. Liu, J. Alvarez, W. Ong, E. Roman, A. E. Kaifer,
Langmuir 2001, 17, 6762–6764; c) L. Strimbu, J. Liu, A. E. Kaifer,
Langmuir 2003, 19, 483–485; d) J. Liu, W. Ong, A. E. Kaifer, Lang-
muir 2002, 18, 5981–5983; e) J. Liu, S. Mendoza, E. Roman, M. J.
Lynn, R. L. Xu, A. E. Kaifer, J. Am. Chem. Soc. 1999, 121, 4304–
4305.


[16] J. Liu, W. Ong, E. Roman, M. J. Lynn, A. E. Kaifer, Langmuir 2000,
16, 3000–3002.


[17] M. Brust, J. Fink, D. Bethell, D. J. Schiffrin, C. Kiely, J. Chem. Soc.
Chem. Commun. 1995, 1655–1656.


[18] J. Liu, J. Alvarez, W. Ong, E. Roman, A. E. Kaifer, J. Am. Chem.
Soc. 2001, 123, 11148–11154.


[19] a) P. R. Ashton, E. J. T. Chrystal, P. T. Glink, S. Menzer, C. Schiavo,
N. Spencer, J. F. Stoddart, P. A. Tasker, A. J. P. White, D. J. Williams,
Chem. Eur. J. 1996, 2, 709–728; b) P. R. Ashton, P. J. Campbell,
E. J. T. Chrystal, P. T. Glink, S. Menzer, D. Philp, N. Spencer, J. F.
Stoddart, P. A. Tasker, D. J. Williams, Angew. Chem. 1995, 107,
1997–2001; Angew. Chem. Int. Ed. Engl. 1995, 34, 1865–1869;
c) P. R. Ashton, E. J. T. Chrystal, P. T. Glink, S. Menzer, C. Schiavo,
J. F. Stoddart, P. A. Tasker, D. J. Williams, Angew. Chem. 1995, 107,
2001–2004; Angew. Chem. Int. Ed. Engl. 1995, 34, 1869–1871.


[20] D. Fitzmaurice, S. N. Rao, J. A. Preece, J. F. Stoddart, S. Wenger, N.
Zaccheroni, Angew. Chem. 1999, 111, 1220–1224; Angew. Chem.
Int. Ed. 1999, 38, 1147–1150.


[21] a) D. Ryan, S. N. Rao, H. Rensmo, D. Fitzmaurice, J. A. Preece, S.
Wenger, J. F. Stoddart, N. Zaccheroni, J. Am. Chem. Soc. 2000, 122,
6252–6257; b) P. M. Mendes, Y. Chen, R. E. palmer, K. Nikitin, D.
Fitzmaurice, J. A. Preece, J. Phys. Condens. Matter 2003, 15, S3047–
S3063.


[22] a) D. Ryan, L. Nagle, H. Rensmo, D. Fitzmaurice, J. Phys. Chem. B
2002, 106, 5371–5377; b) D. Ryan, L. Nagle, D. Fitzmaurice, Nano
Lett. 2004, 4, 573–575.


[23] L. Cusack, S. N. Rao, J. Wenger, D. Fitzmaurice, Chem. Mater. 1997,
9, 624–631.


[24] D. Aherne, S. N. Rao, D. Fitzmaurice, J. Phys. Chem. B 1999, 103,
1821–1825.


[25] a) S. Fullam, H. Rensmo, S. N. Rao, D. Fitzmaurice, Chem. Mater.
2002, 14, 3643–3650; b) S. Fullam, S. N. Rao, D. Fitzmaurice, J.
Phys. Chem. B 2000, 104, 6164 �6173.


[26] A. K. Boal, V. M. Rotello, J. Am. Chem. Soc. 1999, 121, 4914–4915.
[27] A. Niemz, V. M. Rotello, Acc. Chem. Res. 1999, 32, 44–52.
[28] A. K. Boal, V. M. Rotello, J. Am. Chem. Soc. 2000, 122, 734–735.
[29] A. K. Boal, V. M. Rotello, J. Am. Chem. Soc. 2002, 124, 5019–5024.
[30] G. Fantuzzi, P. Pengo, R. Gomila, P. Ballester, C. A. Hunter, L. Pas-


quato, P. Scrimin, Chem. Commun. 2003, 1004–1005.
[31] A. K. Boal, F. Ilhan, J. E. DeRouchey, T. T. Albrecht, T. P. Russell,


V. M. Rotello, Nature 2000, 404, 746–748.
[32] a) B. L. Frankamp, O. Uzun, F. Ilhan, A. K. Boal, V. M. Rotello, J.


Am. Chem. Soc. 2002, 124, 892–893; b) R. J. Thibault, T. H. Galow,
E. J. Turnberg, M. Gray, P. J. Hotchkiss, V. M. Rotello, J. Am. Chem.
Soc. 2002, 124, 15249–15254.


[33] Y. Kim, R. C. Johnson, J. T. Hupp, Nano Lett. 2001, 1, 165–167.
[34] S. Y. Lin, S. W. Liu, C. M. Lin, C. H. Chen, Anal. Chem. 2002, 74,


330–335.
[35] S. O. Obare, R. E. Hollowell, C. J. Muphy, Langmuir 2002, 18,


10407–10410.
[36] P. D. Beer, D. P. Cormode, J. J. Davis, Chem. Commun. 2004, 414–


415.


Published online: September 2, 2004


Chem. Eur. J. 2004, 10, 5570 – 5579 www.chemeurj.org � 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5579


Nanoparticles 5570 – 5579



www.chemeurj.org






Chem. Eur. J. 2004, 10, 5581 – 5606 DOI: 10.1002/chem.200400503 � 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5581


K. C. Nicolaou et al.







New Uses for the Burgess Reagent in Chemical Synthesis: Methods for the
Facile and Stereoselective Formation of Sulfamidates, Glycosylamines, and
Sulfamides


K. C. Nicolaou,*[a, b] Scott A. Snyder,[a] Deborah A. Longbottom,[a]


Annie Z. Nalbandian,[a] and Xianhai Huang[a]


Introduction


Ever since its introduction over three decades ago, the Bur-
gess reagent (1, Scheme 1)[1] has proven to be a powerful
tool in chemical synthesis as an agent for effecting a diverse
set of dehydration reactions.[2] For example, it has been em-
ployed on numerous occasions to smoothly convert secon-
dary and tertiary alcohols into their corresponding alkenes
by means of cis-elimination pathways[3] as well as to dehy-
drate amides to their nitrile counterparts (Scheme 1a,b).[4]


The Burgess reagent is also an excellent initiator of cyclode-
hydrations leading to heterocycles, such as the transforma-
tion of hydroxyamides into oxazolines[5] and the Robinson–
Gabriel reaction converting ketoamides into oxazoles.[6] It


was the latter of these processes that originally brought the
Burgess reagent to our attention as we sought methods to
complete the heteroaromatic core of the originally proposed
structure of diazonamide A (2) by transforming advanced
intermediate 3 into 4.[7] While the Burgess reagent would ul-
timately fail to accomplish that rather difficult dehydration,
our efforts in that context inspired us to ponder the follow-
ing, more general, question: are there powers for this re-
agent beyond its capacity to remove water?
As a subsequent search of the literature revealed, there


were only a few such reports in existence, all dedicated to
the same process shown in Scheme 1c: the conversion of pri-
mary alcohols into their corresponding methyl urethane de-
rivatives.[8] This finding, in turn, led us to wonder if related
processes leading to the incorporation of nitrogen could be
accomplished on other substrate types, such as 1,2-diols (a
compound type that had seemingly never been subjected to
its powers). Our subsequent efforts to answer that question
began a line of investigation that ultimately revealed a
wealth of newfound potential for the Burgess reagent, not
as a dehydrative agent, but rather as a convenient source of
multiple heteroatoms (S, O, and N). This article recounts
those studies, work which has led to new methods for the
stereoselective formation of diverse sulfamidates, a- and b-
glycosylamines, and sulfamides.[9]
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Abstract: Although the Burgess re-
agent (methoxycarbonylsulfamoyltri-
ethylammonium hydroxide, inner salt)
has found significant use in chemical
synthesis as a dehydrating agent,
almost no work has been directed to-
wards its potential in other synthetic
applications. As this article will detail,
we have found that the Burgess re-
agent is remarkably effective at accom-


plishing a number of non-dehydrative
synthetic tasks when applied to appro-
priate substrates, such as the formation
of sulfamidates from 1,2-diols or
epoxyalcohols, a- and b-glycosylamines


from carbohydrates, and cyclic sulf-
amides from 1,2-aminoalcohols. Beyond
delineating the power of these new re-
action manifolds, we also describe the
construction of a group of alternative
Burgess-type reagents that extends the
scope of these new reactions even fur-
ther.


Keywords: amines · Burgess
reagent · diazo compounds ·
sulfamides · sulfur
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Results and Discussion


Sulfamidate synthesis from 1,2-diols using the Burgess re-
agent : Our expectation for what could happen to a 1,2-diol-
containing substrate (I) following exposure to an excess
amount of the Burgess reagent (at least two equivalents) is
drawn in Scheme 2. Namely, if that starting material could
be coaxed to form an intermediate of type II prior to either
alcohol participating in a typical dehydrative pathway, then
perhaps a sulfamidate (III) product could arise through the
indicated SN2 reaction. Assuming that this transformation
would proceed through displacement of the more activated
of the two potential leaving groups, then variation of the R1


and R2 substituents on enantiopure I could enable the
stereo- and regioselective synthesis of sulfamidates (III) on
a potentially large number of diverse structural types.


The proposed chemistry appealed to us not only because
it would highlight a new use for the Burgess reagent if it
worked, but also because its success would deliver an impor-


Abstract in Greek:


Scheme 1. Selected uses of the Burgess reagent (1) in chemical synthesis.


Scheme 2. Proposed conversion of 1,2-diols (I) to cyclic sulfamidates (IV)
using Burgess reagent (1) and proof of principle (5!6).
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tant pharmacophore in far fewer steps than other methods
could achieve.[10] Equally attractive, since sulfamidates are
well precedented to undergo highly selective reactions with
O-, S-, N-, and F-based nucleophiles to afford compounds of
general structure IV,[11] we could subsequently use our syn-
thesized materials to access a diverse array of products, in-
cluding such valuable synthons as b-aminoalcohols.[12] To
test the key element of this hypothesis, we heated a solution
of diol 5 (synthesized from the precursor olefin by dihydrox-
ylation under standard conditions) in THF at reflux for one
hour in the presence of 2.5 equivalents of the Burgess re-
agent (1).[13] In line with our expectations, at the end of this
time we obtained the desired sulfamidate product (6) in
84% yield as a single regioisomer based on NMR spectro-
scopic analysis.


With this important proof of principle achieved, we next
sought to test the generality of this reaction process on a se-
lection of styrene-derived diols possessing a broad range of
aromatic substitution patterns to explore whether inductive
effects would have any impact on the regioselectivity of the
SN2-based cyclization. Although we could have chosen any
number of diols to probe the process further, we selected
this particular class of compounds for two key reasons:
1) styrenes are the best substrates for Sharpless asymmetric
dihydroxylation (AD)[14] in terms of both catalytic activity
and enantioselectivity, and 2) styrene-type olefins display
good, but highly variable, yields and regioselection in carba-
mate-based asymmetric aminohydroxylation (AA).[15]


As indicated by the results in Table 1, our Burgess-medi-
ated sulfamidate synthesis proved quite effective with this
group of substrates as long as the aromatic ring was elec-
tron-rich (entries 1–4) or electron-neutral (entry 5). Howev-
er, when substituents with increasing electronegativity were
appended onto the styrene core (entries 6 and 7), a second
reactive pathway leading to substantial amounts of a seven-
membered side-product was opened up. Scheme 3 provides
two mechanisms that could account for the formation of
these types of products (i.e., 23), using styrene for the sake
of their illustration. The first of these scenarios invokes the
resonance form of 21 (i.e., 22) as the source of an oxygen
nucleophile that could displace the activated benzylic leav-
ing group and lead to 23 directly. The second assumes only
partial reaction of the Burgess reagent with substrate 24 to
initiate entry into a different intramolecular displacement
reaction leading to epoxide 26, a compound already demon-
strated to provide heterocycle 23 in its reaction with the
Burgess reagent.[16] Although the results described thus far
did not allow us to discern which, if either, of these two pos-
sible pathways was active, one experiment described below


Table 1. Regioselective synthesis of sulfamidates from precursor 1,2-diols
using Burgess reagent (1).


Entry Starting Major Ratio of Yield
material product products[a] [%]


1 >98:2 91


2 95:5 88


3 95:5 87


4 95:5 79


5 93:7 92


6 85:15 83


7 55:45 86


[a] As determined by 1H NMR analysis of the crude reaction products.


Scheme 3. Degenerate mechanistic proposals to account for the forma-
tion of the minor seven-membered ring product 23 in the reaction of 1,2-
diols with excess Burgess reagent.


� 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5581 – 56065584


FULL PAPER K. C. Nicolaou et al.



www.chemeurj.org





would provide such an insight. For now, however, we think
it important to note that the desired sulfamidate products
listed in Table 1 could be readily separated from their
seven-membered ring counterparts by standard chromatog-
raphy. In addition, the especially poor selectivity observed
in the conversion of 19 to 20 (entry 7) could be improved to
75:25 by performing the reaction at 25 8C, albeit at the ex-
pense of yield (35%).
Having explored electronic effects, we then sought to ex-


amine the role of steric encumbrance on the reaction pro-
cess as well as its applicability to non-styrene derived diols
by testing the substrates listed in Table 2. As one might


expect, increasing steric bulk at the terminal position of the
styrene core, simply through the addition of a single methyl
group (entry 1), increased the selectivity of cyclic sulfami-
date formation compared to that observed for the corre-
sponding example in Table 1. This outcome suggests that the
epoxide pathway mentioned above is the source of any
seven-membered products, as the other mechanistic picture
would not predict a different ratio based on this one simple
change. Importantly, no decrease in yield or selectivity for
the desired five-membered sulfamidate was observed when
steric bulk was added onto the aromatic ring (entries 2 and
3). Equally significant, esters were well tolerated in the reac-
tion. In entry 5, the near exclusive formation of sulfamidate
36 was achieved from 35 due to the reinforcing effects of a-
position deactivation by the ester moiety and steric bulk im-
posed at that site by a methyl group, while competitive
steric and electronic effects in entry 6 led to retarded SN2
displacement at the preferred terminal site, leading to in-
creased formation of the seven-membered side product and
decreased reaction yield. Simple aliphatic examples (en-
tries 7 and 8) proceeded with extremely high regioselectivity,
presumably due to the well-established preference for nucle-
ophilic displacement of primary or activated leaving groups
over their secondary counterparts. Finally, to verify the po-
tential of this reaction manifold for asymmetric synthesis, as
all of the examples listed in Tables 1 and 2 were performed
on racemic diol substrates, an X-ray crystal structure was
obtained for sulfamidate 36 ; this confirmed that inversion of
stereochemistry had occurred at the benzylic position rela-
tive to the racemic cis-diol starting material (see Figure 1).


Additionally, both racemic and enantiopure 33 were synthe-
sized,[17] and comparison of the chiral HPLC traces of the
resultant products (34) indicated that preexisting stereo-
chemical information was communicated in the reaction
with complete fidelity.[18]


With a much clearer sense of the scope possessed by our
Burgess-mediated sulfamidate synthesis, we now desired to
extend its overall utility one step further by constructing
compounds bearing N-protection other than a methyl carba-
mate, a task which could be achieved simply by modification
of 1. To our surprise, however, such reagents represented
novel chemical entities, as an extensive search of the litera-


Table 2. Further examples of the regioselective synthesis of sulfamidates
from precursor 1,2-diols using Burgess reagent (1).


Entry Starting Major Ratio of Yield
material product products[a] [%]


1 >98:2 72


2 >98:2 92


3 >98:2 94


4 85:15 82


5 >98:2 81


6 71:29 41


7 >98:2 76


8 >98:2 71


[a] Determined by 1H NMR analysis of the crude reaction products.


Figure 1. X-ray crystallographic structures for sulfamidates 36 and 42.
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ture indicated that no efforts had been expended to prepare
any Burgess-type salts other than those originally described
almost thirty years ago.[19] This result was unexpected, as 1 is
known to be both thermal and moisture sensitive,[2a] features
which might be modulated by differentiation of the carba-
mate portion. In any case, as shown in Scheme 4, we found


it quite easy to prepare four different Burgess-type reagents
(48–51), representing an orthogonal set of amine-protecting
groups (based on deprotection by hydrogenation, photolysis,
exposure to palladium-based catalysts, or treatment with Zn,
respectively) by treating chlorosulfonylisocyanate (43) with
the alcohol of interest and then exposing the resultant prod-
uct to Et3N.


[20] Now the question was whether these reagents
would perform with equal facility as 1 in sulfamidate synthe-
sis. Pleasingly, the answer was yes as their exposure to sever-
al diol substrates resulted in the formation of the desired
sulfamidate products (52–60, Table 3) in comparable effi-
ciency and selectivity as observed previously with 1.
Having synthesized such a diverse group of sulfamidates,


we were now in a position to attempt their conversion into
b-aminoalcohols. Accordingly, using a literature proce-
dure[11k] that had been examined on only one sulfamidate
substrate, we exposed a variety of these products (see
Table 4) to a 1:1 mixture of aqueous HCl and 1,4-dioxane at
25 8C. In every case, a high yield of b-aminoalcohol product
was observed irrespective of carbamate protecting group
used. As such, the applicability of this method to a diverse
set of 1,2-diol classes, combined with its facile use in a sub-
sequent step to deliver b-aminoalcohol products, renders it
an attractive alternative to protocols such as Sharpless AA
should they fail to deliver a given product with acceptable
levels of regio- and/or stereocontrol.


Glycosylamine synthesis using the Burgess reagent : In as-
sessing additional directions in which we could take the Bur-
gess reagent, new inspiration came when we thought more
carefully about the conversion reported in entry 8 of Table 2
leading to the synthesis of 42 (whose cis-fused sulfamidate
ring was verified by the X-ray crystal structure shown in
Figure 1). Specifically, we wondered what would happen if
this reaction were applied to a sugar template (V, see
Scheme 5). Our experience suggested that the same type of
sulfamidate product (VII) should arise through the depar-
ture of the most activated hydroxyl, either by the indicated
SN2 mechanism or by an oxonium alternative (not shown),
with the C-2 group orchestrating the stereoselective delivery


of nitrogen. In this case, however, subsequent opening of
this ring with a heteroatomic nucleophile would afford a
1,2-trans-difunctionalized glycosylamine product.[11] Thus,
based on this model, a starting material derived from d-glu-
cose would provide an a-glycosylamine product (VIII). Al-


Scheme 4. Synthesis of the novel variants (48–51) of the original Burgess
reagent: a) chlorosulfonyl isocyanate (1.0 equiv), ROH (1.05 equiv),
CH2Cl2, 0 8C, 30 min, 89–95%; b) Et3N (2.5 equiv), C6H6, 25 8C, 1 h, 81–
87%.


Table 3. Use of the new Burgess-type reagents 48–51 to prepare orthogo-
nally protected sulfamidates (52–60).


Entry Starting Major Ratio of Yield
material product products[a] [%]


1 >98:2 90


2 95:5 81


3 >98:2 87


4 >98:2 82


5 >98:2 89


6 >98:2 87


7 >98:2 81


8 >98:2 78


9 >98:2 83


[a] As determined by 1H NMR analysis of the crude reaction products.
Cbz=CO2CH2Ph, o-NO2Cbz=CO2CH2-o-NO2Ph, Alloc=CO2CH2CH=


CH2, Troc=CO2CH2CCl3.
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ternatively, if lactols bearing C-2 protection (IX) were ex-
posed to the same general reaction conditions, it would be
reasonable to expect that these materials would afford N,O-
acetal products instead of sulfamidates, through the indicat-
ed mechanism, with stereocontrol in this “self-displacement”
reaction arising from the established preference for anome-
ric triflates to exist as a-anomers (XI) over their b-disposed
counterparts (X).[21] As such, d-glucose-based materials
would afford only b-glycosylamine products (XII) in this re-
action paradigm.[22]


While relatively simple ideas based on our previous suc-
cess in reacting 1,2-diol substrates, their success would be of
considerable value, since glycosylamines have proven to be
exceedingly difficult to synthesize. Indeed, available meth-
ods based on the use of glycosyl azides, glycals,[23] Kochet-


kov aminations,[24] and a-hydroxy nitriles,[25] among others,
typically lack substrate generality and often result in vari-
able stereoselectivity, especially in complex contexts. In ad-
dition, none of these methods singularly provides a means
to obtain both a- and b-anomers at will and in a controlled
manner. As such, we immediately set out to test whether
the Burgess reagent could rise to this task.
Gratifyingly, the Burgess reagent (1) and its relatives (50


and 51) did just that. As shown in Table 5, a variety of diols
on diverse carbohydrate templates (d-glucose, d-galactose,
l-rhamnose) were smoothly converted into their a-disposed
sulfamidate counterparts (cis-fused rings) upon the action of
2.5 equivalents of 1, 50, or 51 in refluxing THF/CH2Cl2 (4:1)
over the course of 6 h.[26] In every case, yields and a :b selec-
tivity (determined by 1H NMR spectroscopy; the minor
isomer presumed to be the trans-fused b-anomer was not
isolated but observed by NMR spectroscopy) were excep-
tionally high irrespective of which Burgess-type reagent was
employed. As such, these findings can be taken as a sign
that any carbamate-protecting group can be appended onto
the sulfamidate products in Table 5, though we have only
demonstrated that principle directly for d-glucose. Such flex-
ibility is important, since we were able to subsequently open
these products with nucleophiles to afford a-disposed glyco-
sylamines such as 83, or alternatively, convert them into
functionalized sulfamidates like 84 simply by removing the
carbamate protecting group and alkylating as shown in
Scheme 6. Both of these manipulations should prove impor-
tant in future applications relevant to the study of chemical
biology, though compounds of type 84 offer several unique
advantages as their sulfamidate ring provides untapped


Table 4. Deprotection of cyclic sulfamidates using aqueous HCl in 1,4-di-
oxane at ambient temperature to yield b-aminoalcohols (61–68).


Entry Starting Product Time Yield
material [h] [%]


1 10 94


2 30 95


3 12 92


4 8 88


5 2 92


6 26 95


7 24 93


8 16 90


Scheme 5. Proposed synthesis of both a- and b-glycosylamines using Bur-
gess-type reagents.
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structural novelty and ensures that the disposition of the ni-
trogen atom cannot anomerize (as often occurs with unpro-
tected a-glycosylamines simply upon standing in solution).
As indicated in Table 6, C-2 protected lactols reacted with


Burgess-type reagents in a level of smoothness that matched
their diol counterparts, affording a b-disposed, protected
glycosylamine on every six-membered carbohydrate probed
(entries 1–5), as verified by both X-ray crystallographic (see
Figure 2)[27] and 1H NMR analyses. Five-membered furanose


substrates performed equally well (entries 6–8), with anome-
ric stereochemistry in these products presumably controlled
by the orientation of the C-2 substituent in a level commen-
surate to its bulk.[28] As discussed earlier, the reactions per-
formed equally well irrespective of which Burgess-type re-
agent was employed in this manifold, though Alloc protec-
tion did provide one important benefit over the other carba-
mate alternatives: facile removal in near quantitative yield
under conditions[29] that did not initiate any anomerization
(see, for example, 89!102) to afford free glycosylamines.
In closing this section, it is clear that the Burgess reagent


(1) and its analogues (50 and 51) afford powerful and highly
selective tools for the synthesis of both a- and b-glycosyl-
amines on a wide variety of carbohydrate scaffolds. This
new approach is not only exceedingly mild, operationally
simple, and tolerant of numerous functional and protecting
groups, but also appears to be applicable for large-scale syn-
theses (reactions up to 5 mmol have been performed with
no drop in efficiency) and late-stage operations relevant to
the synthesis of complex aminoglycosides and/or N-linked
glycopeptides.[30]


Hydroxysulfamidate synthesis using epoxyalcohols and the
Burgess reagent : Having proven that 1,2-diol substrates
could lead to sulfamidate products, we then wondered
whether or not additional classes of molecules could be con-
verted into similar materials. For example, would a
hydroxylepoxide (XIII) derived from an allylic alcohol
prove to be a willing participant in the pathway delineated
in Scheme 7 leading to a hydroxysulfamidate product (XV)?
As matters would transpire, the answer to that question was
yes, though a great deal of reaction scouting was required
before we identified conditions capable of reliably effecting
that conversion.
Table 7 shows the final solution leading to five hydroxy-


sulfamidate products: heating a hydroxyepoxide substrate
with 1.3 equivalents of the Burgess reagent for 3 h in a 4:1
solvent mixture of THF/CH2Cl2, followed by column purifi-
cation using the slightly basic material FlorisilP instead of


Table 5. Synthesis of sulfamidates on carbohydrate templates.


Entry Starting Product Ratio Yield
material a :b[a] [%]


1
2
3


8:1
15:1
15:1


88
75
83


4 10:1 79


5 10:1 82


6 >20:1 79


7 – 91


8 >20:1 74


[a] The minor isomer (b-anomer, trans-fused ring) was not isolated, but
presumed to be that on the basis of 1H NMR data (of the a/b mixture).


Scheme 6. Synthesis of functionalized a-glycosylamines from precursor
sulfamidates: a) NaN3 (5.0 equiv), DMF, 60 8C, 5 h, 83%; b) Pd(OAc)2
(0.1 equiv), TPPTS (0.2 equiv), Et2NH (40 equiv), MeCN/H2O (1:1),
25 8C, 30 min; c) NaH (5.0 equiv), DMF, 25 8C, 5 min, then allyl bromide
(4.0 equiv), 25 8C, 15 min, 73% over two steps. TPPTS=3,3’,3’’-phosphi-
dinynetris(benzenesulfonic acid) trisodium salt.


Figure 2. X-ray crystallographic structure of compound 86.
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standard, acidic silica gel. Any
deviation from this procedure
led to a multiplicity of prod-
ucts.[31] We think it important to
emphasize that, although we
could reliably obtain the sulf-
amidate adducts shown in the
yields indicated with this proto-
col, this particular reaction with
the Burgess reagent is by far
the most capricious of those
that have been described to this
point, and certainly the most
experimentally challenging.[32]


Sulfamide synthesis using the
Burgess reagent and 1,2-amino-
alcohols : Within the realm of
proven pharmacophores, the
sulfamide functional group
(thiadiazine-1,1-dioxide) stands
out as one of the most impor-
tant structural motifs found in
high-affinity protein ligands and
pharmaceutically useful agents.
Indeed, a survey of the recent
patent literature reveals several
hundred proprietary documents
illustrating that the incorpora-
tion of a sulfamide group
within a suitable scaffold, often
cyclic, leads to compounds with
an impressive and diverse array
of biological activities.[33] For in-
stance, these agents have
proven to be particularly effec-
tive as inhibitors of key en-
zymes, including HIV pro-
tease[34] and serine protease,[35]


and have demonstrated utility
as both agonists and antagonists
of critical molecular receptors
such as those used to regulate
endogenous levels of serato-
nin[36] and histamine.[37] Beyond
their evident significance in the
treatment of disease, cyclic sulf-
amides have also been em-
ployed with considerable suc-
cess as chiral ligands and auxil-


iaries,[38] and constitute an increasingly popular set of build-
ing blocks within the field of supramolecular chemistry.[39]


Despite the indisputable utility of these compounds, exist-
ing routes for their construction, particularly in a cyclic set-
ting, are far from ideal. For example, typical procedures to
fashion cyclosulfamides rely upon the reaction of a diamine
with either SO2Cl2 or H2NSO2NH2 at elevated tempera-
tures,[40] conditions which often lead to a low yield of prod-
uct due to the concomitant formation of polycondensation


Table 6. Direct conversion of anomeric alcohols to b-glycosylamines.


Entry Starting Product Ratio Yield
material b :a[a] [%]


1 >20:1 68


2
3


>20:1
>20:1


73
78


4 >20:1 72


5
6


>20:1
>20:1


76
73


7
8


8:1
10:1


72
81


9 3:1 70


10 5:1 71


Scheme 7. Proposed conversion of epoxyalcohols into sulfamidates
through the action of the Burgess reagent (1).
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side-products. Equally problematic is the scarcity of these
starting materials in the repertoire of commercially available
chemicals,[41] thereby resulting in only a limited collection of
sulfamides. While these issues have led to the development
of several alternative protocols for sulfamide synthesis,[42]


these additional technologies have proven amenable only to
specific substrate classes and have not yet alleviated the
need for multistep protocols. Most significantly, none of
these methods has enabled the efficient and selective syn-
thesis of nonsymmetrical N,N’-disubstituted cyclosulfamides
(see XIX, Scheme 8), perhaps the most versatile class of


these compounds for generating pharmaceutically relevant
molecular diversity.
Once again, we felt that the power of the Burgess reagent


could be employed to solve these problems and smoothly
deliver sulfamide products. As shown in Scheme 8, our ex-
pectation was that treatment of an aminoalcohol starting
material (XVI, R1=H or alkyl) with at least two equivalents
of the Burgess reagent would lead to a monoprotected, non-
symmetrical, cyclic sulfamide (XVIII) in a single, stereocon-
trolled operation. Assuming that this reaction course could
be successfully realized in preference to the typical rear-
rangement/dehydration pathways promoted by these re-
agents, subsequent deprotection of the carbamate in XVIII,
followed by substitution with an appropriate electrophile,
would then provide access to an assorted collection of sulf-
amides (XIX) with the potential to incorporate diversity at
all possible sites.
To test this attractive hypothesis, we began our investiga-


tions of this new Burgess-mediated reaction by exploring a
representative set of commercially available and easily syn-
thesized secondary b-aminoalcohols. Most gratifyingly, expo-
sure of all substrates listed in Table 8 to excess Burgess re-
agent (1) or its relatives (48 and 50) in refluxing THF for
8 h led to the formation of the desired cyclic sulfamide prod-
uct in high yield, regardless of the nature of the group at-
tached onto the amine. Of particular note, neither placing
the amine in a hindered cyclic setting (entries 8 and 9) nor
adding a bulky tert-butyl substituent (entries 6 and 7) retard-
ed product formation. The latter of these substrates (122) is
a particularly effective test for the power of this synthetic
technology, as starting materials bearing this functionality
have, in general, proven recalcitrant to sulfamide formation
with other available methods.[36] Of equal importance, all
aniline-derived systems (entries 12–14) proved readily ame-
nable to the cyclization process regardless of the electron-
withdrawing (entries 12 and 13) or donating (entry 14) prop-
erties of the appended aromatic ring, results indicative of
the versatility of this intramolecular Burgess-mediated cycli-
zation.[43]


While certainly satisfied by these initial successes in which
the two nitrogen atoms of the sulfamide product had been
effectively differentiated, we next sought to more fully
probe the limits of the Burgess-mediated sulfamide synthesis
by exploring more challenging substrates. As shown in
Table 9, employing a secondary alcohol (entry 1), even in a
relatively hindered context, failed to engender any particu-
lar difficulties, although extension of the reaction time
beyond the standard 8 h of heating was required to optimize
yields. A double cyclization seeking to generate a bis-sulf-
amide (140, entry 2) was also smoothly effected, with re-
duced yield in this case solely due to difficulties encountered
during isolation, because of this productQs polar nature. Fi-
nally, following optimization of the reaction conditions, ex-
tension of the sulfamide cyclization to ring sizes beyond the
five-membered ring products formed in the previous exam-
ples also proved attainable. Initial efforts focused on 141
(entry 3), wherein commencing the reaction at 0 8C and al-
lowing it to warm to 25 8C overnight led to the desired prod-
uct (142) in 45% yield. All other conditions probed led to


Table 7. Synthesis of sulfamidates from epoxyalcohols.


Entry Starting Product Yield
material [%]


1 87


2 82


3 85


4 89


5 81


[a] All reactions were performed in THF/CH2Cl2 (4:1) at reflux with
1.3 equiv of 1, followed by column chromatography using FlorisilP.


Scheme 8. Proposed conversion of amino alcohols (XVI) to cyclic sulfa-
mides (XVIII) using Burgess (1) and related reagents (48 and 50) and
further elaboration leading to nonsymmetrically substituted, structurally
diverse products (XIX).
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significant amounts of a major rearrangement side-product
in which the alcohol had been converted to a urea deriva-
tive[8] (see Scheme 1c) instead of serving as a leaving group
for the desired cyclization. Fortunately, when non-benzylic
(i.e., less activated) alcohols were employed instead (en-
tries 4–9), the propensity for this side-reaction was com-
pletely suppressed, leading to a series of six- and seven-
membered ring analogues in excellent yield under standard
reaction conditions (THF, reflux, 2 h). The smooth genera-
tion of compound 154 among these is of particular signifi-
cance, because this bicyclic product is analogous to the ben-


zodiazepine nucleus, a molecular scaffold that has been the
subject of intensive biological investigations and the source
of several clinically employed agents.[44]


Based on the successful formation of the latter sulfamide
substrate in Table 9, we were hopeful that other primary ali-
phatic aminoalcohol substrates would perform in this Bur-
gess-based protocol with equal proficiency as both sides of
the resultant sulfamide product could then be substituted in
turn, leading to greater structural diversity. Unfortunately,
all three substrates examined within this class (entries 1–3,
Table 10) gave rather disappointing yields of sulfamide
products, leading in each case to the formation of side-prod-
ucts resulting from undesired rearrangements. In retrospect,
the poor performance of these substrates in an intramolecu-
lar cyclization relative to their secondary amine counterparts
is not so surprising, as in the absence of an additional alkyl
or aryl substituent the nitrogen atom is far less nucleophilic,
thereby leading to prolonged reaction times and greater op-


Table 8. Synthesis of nonsymmetrical cyclic sulfamides from precursor
aminoalcohols using Burgess-type reagents: initial explorations.


Entry Starting Product Yield
material [%]


1
2


75
82


3 85


4 89


5 92


6
7


81
75


8
9


77
75


10
11


92
82


12 75


13 82


14 69


[a] All reactions were performed in refluxing THF for 2 h.


Table 9. Synthesis of nonsymmetrical cyclic sulfamides from secondary ami-
noalcohols: advanced examples and exploration of ring size.


Entry Starting Product Yield
material [%]


1 89[a]


2 55[b]


3 45[c]


4 93[d]


5 87[d]


6 83[d]


7 89[d]


8 81[d]


9 90[d]


[a] THF, D, 21 h; [b] THF, D, 8 h; [c] 0 8C, 1 h, then 25 8C, 5 h; [d] THF, D,
2 h.
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portunities for material to travel down alternative pathways.
The modest yields observed in these examples, however, do
not really reflect a limitation in strategy, as the successful
debenzylation of 117 (entry 3, Table 8) through hydrogena-
tion in the presence of PearlmanQs catalyst [Pd(OH)2/C] pro-
vided a route to the same product (159, entry 1, Table 10) in
quantitative yield, thus alleviating the need to start with
ethanolamine (155). As such, this approach provides a tactic
to sequentially substitute both sides of any cyclic sulfamide
product, if so desired. Finally, in contrast to the results in
the rest of Table 10, when primary aliphatic amines were uti-
lized in conjunction with a secondary benzylic alcohol (en-
tries 4 and 5), product yields were excellent when the reac-
tion was performed at low temperature. While these results
were unanticipated based on the preceding discussion, they
suggest that the activated nature of the leaving group (i.e.,
benzylic) is responsible for this altered, but useful, reactivity.
The smooth formation of the last of these products (164) is
especially interesting, for it is a desymmetrized, meso-sulf-
amide that could, in principle, be employed as a chiral
ligand for applications in asymmetric synthesis.
With this collection of cyclic sulfamides in hand, we then


verified that the subsequent removal of the carbamate
group can be easily achieved (see Table 11) with convention-
al procedures and can be readily followed by substitution of
appropriate electrophiles (see, for example, the conversion
of 166 into 171).[45] As such, the general and efficient synthe-
sis of compounds represented by structure XIX (Scheme 8)
has been realized.
Finally, beyond the synthesis of cyclic sulfamides, we have


also verified that the Burgess reagent (1) can smoothly
effect the generation of nonsymmetrical, linear sulfamides
from all classes of amines in excellent yield (Table 12).


While this same conversion is more typically achieved by
adding the amine to an appropriate chlorosulfonylisocya-
nate,[37,46] the present conditions provide a mild alternative,
avoiding the direct use of these rather toxic and corrosive
agents which often contain traces of HCl, making them in-
compatible with acid-sensitive functionality (such as that
carried by amine 186, entry 8).[47]


Conclusion


As these investigations have revealed, the Burgess reagent
(1) and its relatives (48–51) are notably effective at accom-
plishing a number of non-dehydrative synthetic tasks when
applied to appropriate substrates, such as the formation of
sulfamidates from 1,2-diols or epoxyalcohols, a- and b-glyco-
sylamines from carbohydrates, and cyclic sulfamides from
1,2-aminoalcohols. In each case, the synthetic approach is a
marked improvement over those currently in the literature
and should extend the potential of these synthons as tools


Table 10. Synthesis of nonsymmetrical cyclic sulfamides from primary
aminoalcohols.


Entry Starting Product Yield
material [%]


1 62[a]


2 39[a]


3 42[a]


4 90[b]


5 76[b]


[a] THF, D, 8 h; [b] THF, 0 8C, 1 h, then 25 8C, 5 h.


Table 11. Deprotection of carbamate protecting groups from selected sul-
famides.


Entry Starting Product Yield
material [%]


1 99[a]


2 99[a]


3 82[b]


4 98[b]


5 84[c]


6 87[c]


[a] NaOH, MeOH/H2O (1:1), 25 8C, 2 h; [b] cat. Pd(PPh3)4, dimethyl mal-
onate, THF, 25 8C, 3 h; [c] 10% Pd/C, H2, EtOH/EtOAc (4:1), 25 8C, 2 h.
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for chemical biology, ligands for asymmetric synthesis, or
starting materials for a variety of other applications. On a
more global level, these discoveries validate the power of
natural product total synthesis in leading to new chemistry,
as we would not have been inspired to pursue these reac-
tions in the absence of our attempts to use the Burgess re-
agent as part of our campaign to synthesize diazon-
amide A.[7]


Experimental Section


General procedures : All reactions were carried out under an argon at-
mosphere with dry solvents under anhydrous conditions, unless otherwise
noted. Dry tetrahydrofuran (THF), toluene, diethyl ether (Et2O), and
methylene chloride (CH2Cl2) were obtained by passing commercially
available pre-dried, oxygen-free formulations through activated alumina
columns. Yields refer to chromatographically and spectroscopically
(1H NMR) homogeneous materials, unless otherwise stated. Reagents


were purchased at the highest commercial quality and used without fur-
ther purification, unless otherwise stated. Reactions were monitored by
thin-layer chromatography (TLC) carried out on 0.25 mm E. Merck silica
gel plates (60F-254) using UV light as visualizing agent and an ethanolic
solution of phosphomolybdic acid and cerium sulfate, and heat as devel-
oping agents. E. Merck silica gel (60, particle size 0.040–0.063 mm) was
used for flash column chromatography. Preparative thin-layer chromatog-
raphy (PTLC) separations were carried out on 0.25 or 0.50 mm E. Merck
silica gel plates (60F-254). NMR spectra were recorded on Bruker DRX-
600, DRX-500, AMX-500 or AMX-400 instruments and calibrated using
residual undeuterated solvent as an internal reference. The following ab-
breviations were used to explain the multiplicities: s= singlet, d=dou-
blet, t= triplet, q=quartet, m=multiplet, quin=quintuplet, sext= sextet,
sep= septet, br=broad, app=apparent, AB=AB quartet. IR spectra
were recorded on a Perkin–Elmer 1600 series FT-IR spectrometer. Elec-
trospray ionization (ESI) mass spectrometry (MS) experiments were per-
formed on an API 100 Perkin–Elmer SCIEX single quadrupole mass
spectrometer at 4000 V emitter voltage. High-resolution mass spectra
(HRMS) were recorded on a VG ZAB-ZSE mass spectrometer using
MALDI (matrix-assisted laser-desorption ionization).


General procedure for diol synthesis : The appropriate styrene (2.0 mmol,
1.0 equiv) was dissolved in acetone/H2O (19:1, 20 mL) and OsO4


(0.641 mL, 2.5 wt% in tBuOH, 0.05 mmol, 0.025 equiv) and quinuclidine
(0.010 g, catalytic) were added sequentially at 25 8C. The resultant mix-
ture was then stirred for 12 h at 25 8C. Upon completion, the reaction
contents were quenched by the addition of saturated aqueous Na2SO3


(5 mL). After the resultant slurry had been stirred for an additional
30 minutes at 25 8C, the reaction mixture was poured into water (25 mL)
and extracted with CH2Cl2 (3R25 mL). The combined organic layers
were then washed with water (50 mL), dried (MgSO4), and concentrated.
The resultant yellow-brown residue was purified by flash column chroma-
tography (silica gel) in an appropriate solvent system to give the desired
product in high purity.


Data for 7: Rf=0.29 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3359, 1616, 1515, 1459, 1247, 1182, 1081, 1026, 893, 818, 548 cm�1;
1H NMR (500 MHz, CDCl3): d=7.35 (d, J=8.8 Hz, 2H), 6.96 (d, J=
8.5 Hz, 2H), 4.83 (dd, J=8.1, 3.3 Hz, 1H), 3.88 (s, 3H), 3.78 (dd, J=11.4,
3.3 Hz, 1H), 3.71 (dd, J=11.0, 8.1 Hz, 1H), 2.61 (br s, 2H); 13C NMR
(125 MHz, CDCl3): d=159.3, 132.6, 127.3, 113.9, 74.3, 68.0, 55.3; MS
(ESI) calcd for C9H12O3Cl


� [M+Cl�] 203; found: 203.


Data for 9 : Rf=0.11 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3447, 1739, 1636, 1508, 1373, 1236, 1202, 1081, 1019, 670 cm�1; 1H NMR
(400 MHz, CDCl3): d=7.33 (d, J=8.2 Hz, 2H), 7.04 (d, J=8.2 Hz, 2H),
4.71 (dd, J=7.6, 2.6 Hz, 1H), 3.66 (d, J=11.2 Hz, 1H), 3.56 (dd, J=10.8,
8.2 Hz, 1H), 3.37 (s, 2H), 2.29 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d=169.8, 150.0, 138.2, 127.2, 121.5, 74.0, 67.8, 21.1 ppm; HRMS
(MALDI-FTMS) calcd for C10H12O4Na


+ [M+Na]+ : 219.0628; found:
219.0623.


Data for 11: Rf=0.60 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3418, 2961, 1636, 1467, 1360, 1247, 1194, 1085, 1027, 873, 713 cm�1;
1H NMR (500 MHz, CDCl3): d=7.39 (s, 1H), 7.22 (s, 2H), 4.83 (dd, J=
8.1, 3.7 Hz, 1H), 3.78 (dd, J=11.4, 3.7 Hz, 1H), 3.72 (dd, J=11.4, 8.5 Hz,
1H), 2.00 (br s, 2H), 1.34 ppm (s, 18H); 13C NMR (125 MHz, CDCl3): d=
151.1, 140.0, 122.2, 120.2, 75.4, 68.2, 34.9, 31.4 ppm; HRMS (MALDI-
FTMS) calcd for C16H26O2Na


+ [M+Na]+ : 273.1825; found: 273.1831.


Data for 13 : Rf=0.31 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3448, 1636, 1512, 1225, 1080, 656 cm�1; 1H NMR (500 MHz, CDCl3): d=
7.34 (dd, J=8.1, 5.5 Hz, 2H), 7.06 (t, J=8.4 Hz, 2H), 4.82 (br s, 1H), 3.76
(br s, 1H), 3.64 (br s, 1H), 2.31 ppm (br s, 2H); 13C NMR (125 MHz,
CDCl3): d=162.4 (d, J=977 Hz), 136.2, 127.7 (d, J=30.6 Hz), 115.4 (d,
J=83.9 Hz), 74.0, 68.0 ppm; MS (GC/MS) calcd for C8H9FO2


+ [M]+ :
156; found: 156.


Data for 15 : Rf=0.35 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3448, 1636, 1490, 1454, 1194, 1071, 1025, 890, 760, 702 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.35–7.28 (m, 5H), 4.79 (dd, J=8.5, 3.3 Hz, 1H),
3.72 (dd, J=11.4, 3.3 Hz, 1H), 3.63 (dd, J=11.7, 8.4 Hz, 1H), 3.28 ppm
(br s, 2H); 13C NMR (125 MHz, CDCl3): d=140.4, 128.5, 127.9, 126.0,
74.7, 68.0 ppm; HRMS (MALDI-FTMS) calcd for C8H10O2Na


+


[M+Na]+ : 161.0573; found: 161.0575.


Table 12. Synthesis of linear sulfamides from primary and secondary
amines.


Entry Starting Product Yield
material [%]


1 83


2 91


3 82


4 87


5 73


6 97


7 66


8 98[a]


[a] THF, �10!25 8C, 24 h.
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Data for 17: Rf=0.23 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3391, 1620, 1323, 1174, 1117, 1059, 887, 830, 601 cm�1; 1H NMR
(400 MHz, CDCl3): d=7.63 (d, J=8.2 Hz, 2H), 7.50 (d, J=7.9 Hz, 2H),
4.90 (dd, J=8.2, 3.2 Hz, 1H), 3.81 (dd, J=11.4, 3.5 Hz, 1H), 3.65 (dd, J=
11.4, 8.2 Hz, 1H), 2.11 ppm (br s, 2H); 13C NMR (100 MHz, CDCl3): d=
126.3, 125.5, 125.4, 74.0, 67.9 ppm; MS (GC/MS) calcd for C9H9F3O2


+


[M]+ : 206; found: 206.


Data for 19 : Rf=0.14 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3391, 2932, 1528, 1352, 1195, 1072, 809, 736, 686 cm�1; 1H NMR
(400 MHz, CDCl3): d=8.28 (s, 1H), 8.16 (dd, J=8.2, 1.2 Hz, 1H), 7.72
(d, J=7.9 Hz, 1H), 7.55 (t, J=7.9 Hz, 1H), 4.96 (dd, J=8.0, 3.2 Hz, 1H),
3.86 (dd, J=11.2, 3.2 Hz, 1H), 3.67 (dd, J=11.4, 8.2 Hz, 1H), 2.40 ppm
(s, 2H); 13C NMR (100 MHz, CDCl3): d=142.7, 132.2, 129.5, 122.9, 121.1,
73.5, 67.7 ppm; MS (GC/MS) calcd for C7H6NO3


+ [M�CH2OH]+ : 152;
found: 152.


Data for 27: Rf=0.38 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3448, 1636, 1455, 1318, 1075, 594 cm�1; 1H NMR (500 MHz, CDCl3): d=
7.39–7.36 (m, 4H), 7.30 (m, 1H), 4.69 (d, J=4.4 Hz, 1H), 4.03 (dq, J=
6.6, 4.4 Hz, 1H), 2.08 (br s, 2H), 1.10 ppm (d, J=6.3 Hz, 2H); 13C NMR
(125 MHz, CDCl3): d=140.3, 128.4, 127.8, 126.6, 77.5, 71.3, 17.3 ppm; MS
(GC/MS) calcd for C9H12O2


+ [M]+ : 152; found: 152.


Data for 29 : Rf=0.29 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3418, 1636, 1491, 1461, 1243, 1075, 1025, 756 cm�1; 1H NMR (600 MHz,
CDCl3): d=7.37 (d, J=7.4 Hz, 1H), 7.26 (t, J=7.7 Hz, 1H), 6.96 (t, J=
7.4 Hz, 1H), 6.86 (d, J=7.9 Hz, 1H), 5.05 (dd, J=7.9, 3.1 Hz, 1H), 3.83
(s, 1H), 3.79 (m, 1H), 3.66 ppm (dd, J=11.0, 8.3 Hz, 1H); 13C NMR
(150 MHz, CDCl3): d=156.4, 128.8, 128.3, 127.2, 120.8, 110.3, 71.1, 66.5,
55.2 ppm; HRMS (MALDI-FTMS) calcd for C9H12O3Na


+ [M+Na]+ :
191.0679; found: 191.0678.


Data for 31: Rf=0.28 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3444, 2953, 1636, 1440, 1081, 598 cm�1; 1H NMR (400 MHz, CDCl3): d=
6.83 (s, 2H), 5.26 (dd, J=9.7, 2.6 Hz, 1H), 3.97 (t, J=11.2 Hz, 1H), 3.59
(d, J=9.1 Hz, 1H), 2.52 (br s, 2H), 2.41 (s, 6H), 2.25 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d=137.2, 136.6, 132.4, 130.1, 72.6, 64.6,
20.8, 20.7 ppm; HRMS (MALDI-FTMS) calcd for C11H16O2Na


+


[M+Na]+ : 203.1042; found: 203.1040.


Data for 33 : Rf=0.29 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3190, 2931, 1089, 1049, 903, 863, 823, 742 cm�1; 1H NMR (600 MHz,
CDCl3): d=7.85 (m, 4H), 7.49 (m, 3H), 5.02 (dd, J=7.9, 3.5 Hz, 1H),
3.87 (dd, J=11.4, 3.5 Hz, 1H), 3.77 ppm (dd, J=11.3, 8.3 Hz, 1H);
13C NMR (125 MHz, 310 K, CDCl3): d=138.0, 133.3, 133.2, 128.4, 128.0,
127.7, 126.3, 126.1, 125.1, 124.0, 74.8, 68.0 ppm; HRMS (MALDI-FTMS)
calcd for C12H12O2Na


+ [M+Na]+ : 211.0729; found: 211.0727.


Data for 35 : Rf=0.46 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3441, 2953, 1735, 1632, 1453, 1370, 1254, 1119, 1046, 977, 906, 710 cm�1;
1H NMR (600 MHz, CDCl3): d=7.39–7.32 (m, 5H), 4.83 (s, 1H), 3.83 (s,
3H), 1.17 ppm (s, 3H); 13C NMR (150 MHz, CDCl3): d=176.3, 138.6,
128.3, 128.1, 127.8, 78.0, 77.4, 53.1, 22.1 ppm; HRMS (MALDI-FTMS)
calcd for C11H14O4Na


+ [M+Na]+ : 233.0784; found: 233.0782.


Data for 37: Rf=0.22 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3420, 2981, 1736, 1639, 1443, 1381, 1277, 1215, 1163, 1095, 982, 756 cm�1;
1H NMR (600 MHz, CDCl3): d=3.94 (s, 1H), 3.76 (s, 3H), 3.33 (br s,
2H), 1.24 (s, 3H), 1.16 ppm (s, 3H); 13C NMR (150 MHz, CDCl3): d=
173.4, 72.0, 52.3, 43.1, 25.6, 24.8 ppm; HRMS (MALDI-FTMS) calcd for
C6H12O4Na


+ [M+Na]+ : 171.0628; found: 171.0626.


Data for 39 : Rf=0.18 (silica gel, EtOAc/hexanes, 2:1); IR (film): nmax=


3389, 2931, 2859, 1643, 1528, 1460, 1346, 1127, 1063 cm�1; 1H NMR
(400 MHz, CDCl3): d=3.68 (brm, 2H), 3.44 (br t, J=10.3 Hz, 1H), 2.67
(s, 2H), 1.43–1.33 (brm, 6H), 0.91 ppm (m, 3H); 13C NMR (100 MHz,
CDCl3): d=72.3, 66.7, 32.8, 27.7, 22.7, 14.0 ppm; MS (GC/MS) calcd for
C5H11O


+ [M�CH2OH]+ : 87; found: 87.


Data for 41: Rf=0.24 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3440, 2949, 1643, 1138, 1071, 1027, 658 cm�1; 1H NMR (500 MHz, CDCl3,
1:1 mixture of anomers): d=5.50 (d, J=4.8 Hz, 1H), 4.95 (d, J=5.5 Hz,
1H), 4.92 (s, 1H), 4.78 (dd, J=5.9, 4.4 Hz, 1H), 3.95–3.87 (m, 3H), 3.67
(br s, 1H), 3.52–3.44 (m, 2H), 3.42–3.35 (m, 2H), 2.02 (m, 1H), 1.82 (m,
1H), 1.57 (m, 2H), 1.56 (m, 2H), 1.43 ppm (m, 2H); 13C NMR
(125 MHz, CDCl3, 1:1 mixture of anomers): d=98.5, 93.4, 70.2, 67.7, 65.1,
61.8, 29.3, 27.3, 24.1, 22.2 ppm; MS (GC/MS) calcd for C5H10O3


+ [M]+ :
118; found: 118.


General procedure for the synthesis of CO2Me-protected sulfamidates :
The diol (0.5 mmol, 1.0 equiv) was dissolved in anhydrous THF (5 mL)
and methoxycarbonylsulfamoyl-triethylammonium hydroxide (1, 0.293 g,
1.25 mmol, 2.5 equiv) was added at 25 8C in a single portion. The resul-
tant solution was immediately warmed to reflux (using a preheated oil
bath) and stirred for 2 h. Upon completion, the reaction contents were
cooled to 25 8C, poured into saturated aqueous NH4Cl (25 mL), and ex-
tracted with CH2Cl2 (3R20 mL). The combined organic layers were then
washed with water (50 mL), dried (MgSO4), and concentrated. The resul-
tant yellow residue was purified by flash column chromatography (silica
gel) in an appropriate solvent system to give the desired product in high
purity. Note: although analysis by thin-layer chromatography (TLC) indi-
cated reaction completion after a few minutes, some non-cyclized materi-
al (II, Scheme 2) remained at the baseline, and heating for additional
time was required to effect complete conversion to product. The use of a
preheated oil bath also ensured high yield, as the reaction proceeded
slowly at ambient temperature and appeared to have other reaction path-
ways apart from the desired formation of III.


Data for 6 : Rf=0.12 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2948, 1747, 1555, 1439, 1369, 1322, 1188, 1089, 898, 845, 822, 752, 607,
554 cm�1; 1H NMR (500 MHz, CDCl3): d=7.51 (d, J=8.1 Hz, 1H), 7.45
(s, 1H), 7.41 (d, J=7.7 Hz, 1H), 7.32 (s, 1H), 7.16 (t, J=7.7 Hz, 1H),
5.47 (s, 2H), 5.34 (s, 1H), 3.93 (br s, 3H), 3.31 (s, 3H), 1.91 (s, 3H),
1.46 ppm (s, 3H); 13C NMR (150 MHz, CDCl3): d=163.4, 150.4, 137.7,
131.1, 127.3, 126.2, 124.4, 114.1, 110.2, 104.1, 89.5, 78.2, 64.2, 56.5, 55.2,
51.3, 27.1, 24.4 ppm; HRMS (MALDI-FTMS) calcd for C19H21BrN3O7S


+


[M+H]+ : 514.0278; found: 514.0280.


Data for 8 : Rf=0.62 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2961, 1746, 1612, 1516, 1441, 1380, 1321, 1252, 1189, 1031, 921, 822 cm�1;
1H NMR (500 MHz, CDCl3): d=7.44 (d, J=8.8 Hz, 2H), 7.01 (d, J=
6.6 Hz, 2H), 5.38 (dd, J=6.3, 3.7 Hz, 1H), 4.98 (dd, J=9.2, 6.6 Hz, 1H),
4.54 (dd, J=9.6, 4.1 Hz, 1H), 3.91 (s, 3H), 3.89 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=160.3, 150.1, 128.3, 127.8, 114.6, 72.4, 60.7, 55.3,
54.6 ppm; HRMS (MALDI-FTMS) for C11H13NO6SNa


+ [M+Na]+ : calcd
310.0356; found: 310.0364.


Data for 10 : Rf=0.30 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2949, 1742, 1634, 1373, 1320, 1192 cm�1; 1H NMR (500 MHz, CDCl3): d=
7.46 (d, J=6.6 Hz, 2H), 7.16 (d, J=7.2 Hz, 2H), 5.36 (dd, J=6.6, 3.3 Hz,
1H), 4.94 (dd, J=9.2, 6.6 Hz, 1H), 4.49 (dd, J=9.5, 3.7 Hz, 1H), 3.87 (s,
3H), 2.32 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=169.3, 151.3,
143.1, 134.0, 127.6, 122.6, 72.2, 60.5, 54.8, 21.1 ppm; HRMS (MALDI-
FTMS) calcd for C12H13NO7SNa


+ [M+Na]+ : 388.0305; found: 338.0304.


Data for 12 : Rf=0.79 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2950, 1750, 1636, 1441, 1383, 1320, 1191, 947, 821 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.45 (s, 1H), 7.26 (s, 2H), 5.35 (dd, J=6.6, 3.3 Hz,
1H), 4.94 (dd, J=9.2, 6.3 Hz, 1H), 4.50 (dd, J=9.2, 3.3 Hz, 1H), 3.87 (s,
3H), 1.33 ppm (s, 18H); 13C NMR (125 MHz, CDCl3) d=151.9, 150.2,
135.7, 123.4, 120.3, 72.7, 61.6, 54.6, 35.0, 31.4 ppm; MS (ESI) calcd for
C18H28NO5S


+ [M+H]+ : 370; found: 370.


Data for 14 : Rf=0.56 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2953, 1750, 1654, 1608, 1512, 1442, 1381, 1321, 1231, 1190, 922, 815 cm�1;
1H NMR (500 MHz, CDCl3): d=7.43 (dd, J=8.5, 4.8 Hz, 2H), 7.12 (t,
J=8.8 Hz, 2H), 5.35 (dd, J=6.6, 3.7 Hz, 1H), 4.94 (dd, J=9.2, 6.6 Hz,
1H), 4.46 (dd, J=9.5, 3.3 Hz, 1H), 3.86 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=164.1, 162.1, 150.0, 128.2 (d, J=30.6 Hz), 116.3 (d,
J=87.8 Hz), 72.2, 60.4, 54.7 ppm; HRMS (MALDI-FTMS) calcd for
C10H10FNO5SNa


+ [M+Na]+ : 298.0156; found: 298.0153.


Data for 16 : Rf=0.56 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2955, 1744, 1654, 1636, 1442, 1380, 1321, 1191 cm�1; 1H NMR (600 MHz,
CDCl3): d=7.44–7.40 (m, 5H), 5.36 (dd, J=6.6, 3.5 Hz, 1H), 4.95 (dd,
J=9.2, 6.6 Hz, 1H), 4.49 (dd, J=9.7, 4.0 Hz, 1H), 3.86 ppm (s, 3H);
13C NMR (150 MHz, CDCl3): d=150.1, 136.4, 129.3, 129.2, 126.2, 72.3,
61.0, 54.7 ppm; HRMS (MALDI-FTMS) calcd for C10H11NO5SNa


+


[M+Na]+ : 280.0250; found: 250.0253.


Data for 18 : Rf=0.66 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2924, 1747, 1622, 1443, 1384, 1324, 1193, 1117, 1069, 1017, 1002, 923, 822,
771, 665 cm�1; 1H NMR (500 MHz, CDCl3): d=7.78 (d, J=8.1 Hz, 2H),
7.65 (d, J=8.1 Hz, 2H), 5.49 (dd, J=6.3, 3.3 Hz, 1H), 5.06 (dd, J=9.6,
6.6 Hz, 1H), 4.54 (dd, J=9.5, 3.3 Hz, 1H), 3.96 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=150.0, 140.4, 126.8, 126.5, 126.4, 71.9, 60.5,
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55.0 ppm; HRMS (MALDI-FTMS) calcd for C11H10F3NO5SNa
+


[M+Na]+ : 348.0124; found: 348.0121.


Data for 20 : Rf=0.36 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2994, 1732, 1643, 1538, 1324, 1192 cm�1; 1H NMR (500 MHz, CDCl3): d=
8.36 (d, J=8.1 Hz, 1H), 8.28 (d, J=7.4 Hz, 1H), 7.87 (t, J=7.7 Hz, 1H),
7.67 (t, J=7.7 Hz, 1H), 5.48 (dd, J=6.6, 2.9 Hz, 1H), 5.02 (dd, J=9.2,
6.6 Hz, 1H), 4.48 (dd, J=9.3, 6.3 Hz, 1H), 3.91 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=150.1, 132.2, 132.0, 130.7, 125.3, 124.4, 121.7, 78.4,
60.2, 55.0 ppm; MS (ESI) calcd for C10H10N2O7SNa


+ [M+Na]+ : 325;
found: 325.


Data for 28 : Rf=0.60 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2977, 1747, 1439, 1375, 1311, 1188, 1136, 1037, 964, 914, 870, 830, 755,
700, 611, 551 cm�1; 1H NMR (600 MHz, CDCl3): d=7.43–7.39 (m, 5H),
4.93 (d, J=7.4 Hz, 1H), 4.77 (quin, J=6.1 Hz, 1H), 3.80 (s, 3H),
1.61 ppm (d, J=6.1 Hz, 3H); 13C NMR (150 MHz, CDCl3): d=150.3,
135.5, 129.6, 126.8, 82.6, 68.4, 54.6, 17.4 ppm; HRMS (MALDI-FTMS)
calcd for C11H13NO5SNa


+ [M+Na]+ : 294.0407; found: 294.0402.


Data for 30 : Rf=0.58 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2961, 1747, 1603, 1493, 1441, 1381, 1323, 1249, 1194, 1085, 1025, 1002,
921, 827, 777, 663 cm�1; 1H NMR (600 MHz, CDCl3): d=7.38–7.34 (m,
2H), 7.02 (t, J=7.4 Hz, 1H), 6.93 (d, J=7.9 Hz, 1H), 5.74 (d, J=5.7 Hz,
1H), 4.93 (dd, J=9.2, 6.6 Hz, 1H), 4.44 (dd, J=9.2, 2.2 Hz, 1H), 3.89 (s,
3H), 3.87 ppm (s, 3H); 13C NMR (150 MHz, CDCl3): d=155.9, 150.3,
130.1, 125.9, 124.2, 121.1, 110.6, 72.5, 56.7, 55.5, 54.8 ppm; HRMS
(MALDI-FTMS) calcd for C11H30NO6Na


+ [M+Na]+: 310.0356; found:
310.0369.


Data for 32 : Rf=0.63 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2954, 1747, 1612, 1442, 1378, 1312, 1190, 1047, 962, 931, 819, 776, 734,
632 cm�1; 1H NMR (500 MHz, CDCl3): d=6.89 (s, 2H), 5.87 (t, J=
8.8 Hz, 1H), 4.74 (dd, J=9.6, 8.1 Hz, 1H), 4.59 (t, J=7.5 Hz, 1H), 3.84
(s, 3H), 2.45 (s, 6H), 2.27 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=
150.6, 138.9, 136.8, 136.6, 126.3, 68.4, 57.3, 54.6, 20.8, 20.2 ppm; MS (ESI)
calcd for C14H17NO5S


+ [M+H]+ : 300; found: 300.


Data for 34 : Rf=0.59 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2961, 1740, 1435, 1376, 1317, 1188, 1000, 923, 812, 753 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.94–7.85 (m, 4H), 7.56–7.52 (m, 3H), 5.53 (dd,
J=6.6, 3.7 Hz, 1H), 5.00 (dd, J=9.6, 7.0 Hz, 1H), 4.56 (dd, J=9.6,
4.0 Hz, 1H), 3.85 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=150.2,
133.6, 133.5, 133.1, 129.6, 128.2, 127.8, 126.9, 126.8, 126.1, 123.0, 72.1,
61.2, 54.7 ppm; HRMS (MALDI-FTMS) calcd for C14H13NO5SNa


+


[M+Na]+ : 330.0407; found: 330.0409.


Data for 36 : Rf=0.40 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2966, 1746, 1441, 1376, 1311, 1194, 1135, 1059, 959, 918, 841, 765,
694 cm�1; 1H NMR (500 MHz, CDCl3): d=7.43 (m, 2H), 7.36 (m, 3H),
5.23 (s, 1H), 3.86 (s, 3H), 3.31 (s, 3H), 2.11 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=163.3, 150.0, 134.3, 129.8, 128.9, 127.8, 88.7, 69.7,
55.1, 53.1, 23.9 ppm; HRMS (MALDI-FTMS) calcd for C13H15NO7SNa


+


[M+Na]+ : 352.0461; found: 352.0474.


Data for 38 : Rf=0.65 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2955, 1749, 1588, 1443, 1378, 1321, 1227, 1177, 1115, 1049, 976, 837,
643 cm�1; 1H NMR (600 MHz, CDCl3): d=5.32 (s, 1H), 3.93 (s, 3H), 3.85
(s, 3H), 1.58 (s, 3H), 1.56 ppm (s, 3H); 13C NMR (150 MHz, CDCl3): d=
164.9, 158.6, 83.4, 59.2, 53.5, 25.3, 19.3 ppm; MS (ESI) calcd for
C8H13NO7SNa


+ [M+Na]+ : 290; found: 290.


Data for 40 : Rf=0.60 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2948, 1747, 1444, 1375, 1328, 1194, 985, 851, 764 cm�1; 1H NMR
(600 MHz, CDCl3): d=4.86 (m, 1H), 4.12 (dd, J=10.1, 4.8 Hz, 1H), 3.91
(s, 3H), 3.73 (t, J=9.7 Hz, 1H), 1.95 (m, 1H), 1.78 (m, 1H), 1.47 (m,
1H), 1.40 (m, 3H), 0.94 ppm (t, J=5.0 Hz, 3H); 13C NMR (150 MHz,
CDCl3): d=150.7, 80.5, 54.8, 51.0, 32.3, 26.8, 22.3, 13.9 ppm; HRMS
(MALDI-FTMS) calcd for C8H15NO5SNa


+ [M+Na]+ : 260.0563; found:
260.0556.


Data for 42 : Rf=0.15 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2962, 1749, 1443, 1380, 1327, 1295, 1182, 1123, 1071, 965, 899, 877, 831,
603, 560 cm�1; 1H NMR (500 MHz, CDCl3): d=5.50 (d, J=2.6 Hz, 1H),
4.83 (q, J=3.0 Hz, 1H), 4.02 (m, 1H), 3.91 (s, 3H), 3.58 (ddd, J=13.2,
10.3, 3.3 Hz, 1H), 2.36 (dt, J=13.2, 2.2 Hz, 1H), 2.01–1.85 (m, 2H),
1.60 ppm (m, 1H); 13C NMR (125 MHz, CDCl3): d=149.5, 81.9, 76.6,
63.4, 54.6, 23.8, 17.6 ppm; HRMS (MALDI-FTMS) calcd for
C7H11NO6SNa


+ [M+Na]+ : 260.0199; found: 260.0200.


General procedure for the synthesis of alternative Burgess reagents 48–
51: A solution of the appropriate alcohol (105 mmol, 1.05 equiv) in
CH2Cl2 (25 mL) was added over the course of 30 minutes to a solution of
chlorosulfonylisocyanate (8.71 mL, 100 mmol, 1.0 equiv) in CH2Cl2
(25 mL) at 0 8C. Once the addition was complete, the reaction contents
were concentrated directly to give the desired sulfamoyl chloride inter-
mediate (44–47) as a white solid. Pressing forward without any additional
purification steps, a solution of the newly formed sulfamoyl chloride
(20.0 mmol, 1.0 equiv) in benzene (40 mL) was added dropwise to a so-
lution of Et3N (6.27 mL, 45 mmol, 2.25 equiv) in benzene (25 mL) at
25 8C. After the addition was complete (~1 hour), the triethylammonium
hydrochloride precipitate was removed by filtration, and the filtrate was
concentrated to give 48–51 as clear oils which solidified upon standing.


Cbz-protected Burgess-type reagent 48 : Rf=0.03 (silica gel, EtOAc); IR
(film): nmax=2985, 1688, 1455, 1376, 1330, 1255, 1097, 853, 786, 740, 700,
598, 548 cm�1; 1H NMR (500 MHz, CDCl3): d=7.41–7.28 (m, 5H), 5.13
(s, 2H), 3.44 (q, J=7.4 Hz, 6H), 1.39 ppm (t, J=7.4 Hz, 9H); 13C NMR
(125 MHz, CDCl3): d=157.5, 136.3, 128.4, 128.2, 128.0, 67.9, 50.4,
9.4 ppm; MS (ESI) calcd for C14H22N2O4SNa


+ [M+Na]+ : 337; found:
337.


o-NO2-Cbz-protected Burgess-type reagent 49 : Rf=0.03 (silica gel,
EtOAc); IR (film): nmax=3516, 1697, 1527, 1485, 1341, 1246, 1100, 1060,
856, 730, 600, 548 cm�1; 1H NMR (400 MHz, CDCl3): d=7.99 (d, J=
8.0 Hz, 1H), 7.61 (d, J=7.6 Hz, 1H), 7.55 (t, J=7.6 Hz, 1H), 7.36 (t, J=
7.6 Hz, 1H), 5.42 (s, 2H), 3.38 (q, J=7.0 Hz, 6H), 1.32 ppm (t, J=7.3 Hz,
9H); 13C NMR (100 MHz, CDCl3): d=157.0, 133.8, 132.9, 129.0, 128.5,
128.3, 124.8, 64.5, 50.6, 9.3 ppm; MS (ESI) calcd for C14H22N3O6S


+


[M+H]+ : 360; found: 360.


Alloc-protected Burgess-type reagent 50 : Rf=0.03 (silica gel, EtOAc);
IR (film): nmax=2995, 2948, 1693, 1457, 1332, 1161, 1098, 970, 859, 788,
714, 597, 548 cm�1; 1H NMR (500 MHz, CDCl3): d=5.91 (m, 1H), 5.30
(d, J=16.2 Hz, 1H), 5.18 (d, J=10.3 Hz, 1H), 4.54 (s, 2H), 3.45 (q, J=
7.4 Hz, 6H), 1.39 ppm (t, J=7.0 Hz, 9H); 13C NMR (125 MHz, CDCl3):
d=157.2, 132.5, 117.9, 66.6, 50.5, 9.3 ppm; MS (ESI) calcd for
C10H21N2O4S


+ [M+H]+ : 265; found: 265.


Troc-protected Burgess-type reagent 51: Rf=0.03 (silica gel, EtOAc); IR
(film): nmax=2950, 1702, 1457, 1368, 1339, 1254, 1111, 1059, 857, 816, 716,
605, 548 cm�1; 1H NMR (400 MHz, CDCl3): d=4.75 (s, 2H), 3.48 (q, J=
7.4 Hz, 6H), 1.43 ppm (t, J=7.3 Hz, 9H); 13C NMR (100 MHz, CDCl3):
d=156.0, 95.4, 75.3, 50.7, 9.3 ppm; MS (ESI) calcd for C9H18Cl3N2O4S


+


[M+H]+ : 355; found: 355.


General procedure for synthesizing sulfamidates with alternate protec-
tion : The diol (0.5 mmol, 1.0 equiv) was dissolved in anhydrous THF
(5 mL) and the appropriate Burgess-type reagent (48–51, 1.25 mmol,
2.5 equiv) was added at 25 8C in a single portion. The resultant solution
was immediately warmed to reflux (using a preheated oil bath) and stir-
red for 2 h. Upon completion, the reaction contents were cooled to 25 8C,
poured into saturated aqueous NH4Cl (25 mL), and extracted with
CH2Cl2 (3R20 mL). The combined organic layers were then washed with
water (50 mL), dried (MgSO4), and concentrated. The resultant yellow
residue was purified by flash column chromatography (silica gel) in an
appropriate solvent system to give the desired product in high purity.


Data for 52 : Rf=0.49 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2998, 1740, 1612, 1516, 1381, 1306, 1252, 1192, 1030, 974, 808, 750 cm�1;
1H NMR (600 MHz, CDCl3): d=7.33–7.30 (m, 5H), 7.25 (m, 2H), 6.90
(d, J=8.8 Hz, 2H), 5.28 (dd, J=6.6, 4.4 Hz, 1H), 5.21 (AB, J=12.3 Hz,
nab=59.2 Hz, 2H), 4.87 (dd, J=9.2, 6.5 Hz, 1H), 4.44 (dd, J=9.2, 4.4 Hz,
1H), 3.81 ppm (s, 3H); 13C NMR (150 MHz, CDCl3): d=161.2, 150.4,
135.2, 129.4, 129.3, 129.2, 128.8, 128.7, 115.5, 73.1, 70.2, 61.6, 56.2 ppm;
HRMS (MALDI-FTMS) calcd for C17H17NO6SNa


+ [M+Na]+ : 386.0669;
found: 386.0666.


Data for 53 : Rf=0.51 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2974, 1746, 1637, 1457, 1377, 1306, 1195, 1136, 1065, 847, 764, 700 cm�1;
1H NMR (600 MHz, CDCl3): d=7.41–7.23 (m, 10H), 5.23 (AB, J=
12.2 Hz, nab=65.8 Hz, 2H), 5.21 (s, 1H), 3.29 (s, 3H), 2.08 ppm (s, 3H);
13C NMR (150 MHz, CDCl3): d=167.0, 150.1, 134.9, 130.5, 129.6, 129.5,
128.6, 128.4, 89.2, 70.5, 70.3, 53.7, 24.6 ppm; HRMS (MALDI-FTMS)
calcd for C19H19NO7SNa


+ : [M+Na]+ 428.0774; found: 428.0780.


Data for 54 : Rf=0.36 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2967, 1746, 1603, 1529, 1493, 1464, 1383, 1345, 1317, 1250, 1194, 1025,
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921, 815, 729 cm�1; 1H NMR (500 MHz, CDCl3): d=8.15 (d, J=8.1 Hz,
1H), 7.81–7.62 (brm, 2H), 7.51 (t, J=8.4 Hz, 1H), 7.38 (d, J=7.0 Hz,
1H), 7.36 (t, J=8.1 Hz, 1H), 7.01 (t, J=7.7 Hz, 1H), 6.94 (d, J=8.1 Hz,
1H), 5.82–5.79 (m, 2H), 5.69 (brm, 1H), 4.99 (dd, J=9.2, 6.3 Hz, 1H),
4.50 (dd, J=9.2, 2.6 Hz, 1H), 3.87 ppm (s, 3H); 13C NMR (150 MHz,
CDCl3): d=155.9, 149.0, 146.6, 134.3, 131.3, 130.2, 128.8, 128.2, 125.8,
125.1, 123.8, 121.1, 110.7, 72.6, 66.0, 56.6, 55.5 ppm; HRMS (MALDI-
FTMS) calcd for C17H12N2O8SNa


+ [M+Na]+ : 431.0520; found: 431.0530.


Data for 55 : Rf=0.50 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2969, 1740, 1612, 1528, 1381, 1301, 1193, 962, 814, 730, 633 cm�1;
1H NMR (600 MHz, CDCl3): d=8.15 (d, J=7.9 Hz, 1H), 7.64–7.57 (m,
2H), 7.50 (t, J=7.9 Hz, 1H), 6.87 (s, 2H), 5.92 (t, J=8.8 Hz, 1H), 5.68
(AB, J=12.8 Hz, nab=15.3 Hz, 2H), 4.77 (t, J=8.3 Hz, 1H), 4.64 (t, J=
9.2 Hz, 1H), 2.43 (s, 6H), 2.26 ppm (s, 3H); 13C NMR (150 MHz,
CDCl3): d=163.1, 149.4, 146.5, 139.1, 134.3, 131.1, 128.8, 128.3, 128.0,
126.0, 125.1, 68.6, 66.0, 57.4, 20.8, 20.3 ppm; MS (ESI) calcd for
C19H20N2O7SNa


+ [M+Na]+ : 443; found: 443.


Data for 56 : Rf=0.43 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2945, 1745, 1603, 1494, 1464, 1380, 1314, 1249, 1193, 1025, 925, 826,
757 cm�1; 1H NMR (500 MHz, CDCl3): d=7.37 (t, J=7.7 Hz, 1H), 7.34
(d, J=7.7 Hz, 1H), 7.02 (t, J=7.3 Hz, 1H), 6.93 (d, J=8.4 Hz, 1H), 5.89
(m, 1H), 5.76 (dd, J=6.3, 2.2 Hz, 1H), 5.37 (brm, 1H), 5.27 (d, J=
10.3 Hz, 1H), 4.94 (dd, J=9.2, 6.2 Hz, 1H), 4.75 (ddd, J=25.3, 13.2,
5.1 Hz, 2H), 4.45 (dd, J=9.2, 2.2 Hz, 1H), 3.87 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=155.9, 149.4, 130.5, 130.0, 125.8, 124.1, 121.0,
119.1, 110.6, 72.4, 68.1, 56.5, 55.4 ppm; HRMS (MALDI-FTMS) calcd for
C13H15NO6SNa


+ [M+Na]+ : 336.0512; found: 336.0515.


Data for 57: Rf=0.56 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2953, 1740, 1649, 1381, 1305, 1192, 964, 819, 767, 632 cm�1; 1H NMR
(500 MHz, CDCl3): d=6.89 (s, 2H), 5.87 (dd, J=8.8, 8.1 Hz, 1H), 5.82
(m, 1H), 5.31 (d, J=16.9 Hz, 1H), 5.24 (dd, J=10.6, 1.1 Hz, 1H), 4.75–
4.71 (m, 2H), 4.66 (m, 1H), 4.58 (t, J=9.2 Hz, 1H), 2.44 (s, 6H),
2.27 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=158.1, 149.9, 138.9,
136.8, 130.4, 126.3, 119.2, 68.3, 68.0, 57.3, 20.8, 20.3 ppm; MS (ESI) calcd
for C15H19NO5SNa


+ [M+Na]+ : 348; found: 348.


Data for 58 : Rf=0.48 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2954, 1749, 1455, 1373, 1306, 1189, 1131, 1060, 931, 849, 760, 696,
549 cm�1; 1H NMR (600 MHz, CDCl3): d=7.45 (m, 2H), 7.36 (m, 2H),
5.86 (m, 1H), 5.34 (d, J=17.1 Hz, 1H), 5.25 (d, J=10.6 Hz, 1H), 5.24 (s,
1H), 4.73 (ABX, J=13.6, 5.7 Hz, nab=39.5 Hz, 2H), 3.32 (s, 3H),
2.11 ppm (s, 3H); 13C NMR (150 MHz, CDCl3): d=166.4, 149.4, 134.6,
130.6, 129.8, 128.9, 127.9, 119.5, 88.6, 69.9, 68.7, 53.0, 24.1 ppm; HRMS
(MALDI-FTMS) calcd for C15H17NO7SNa


+ [M+Na]+ : 378.0618; found:
378.0612.


Data for 59 : Rf=0.47 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2966, 1754, 1603, 1494, 1464, 1384, 1316, 1250, 1196, 1149, 1025, 924, 830,
752 cm�1; 1H NMR (500 MHz, CDCl3): d=7.40 (d, J=7.3 Hz, 1H), 7.36
(dd, J=7.7, 1.5 Hz, 1H), 7.02 (t, J=7.3 Hz, 1H), 6.93 (d, J=8.5 Hz, 1H),
5.84 (dd, J=6.3, 2.6 Hz, 1H), 4.98 (dd, J=9.2, 6.3 Hz, 1H), 4.86–4.78 (m,
2H), 4.48 (dd, J=9.2, 2.6 Hz, 1H), 3.87 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=156.0, 148.3, 130.2, 126.0, 123.6, 121.1, 110.6, 75.7,
72.4, 56.6, 55.5, 43.3 ppm; MS (ESI) calcd for C12H13Cl3NO6S


+ [M+H]+ :
404; found: 404.


Data for 60 : Rf=0.30 (silica gel, EtOAc/hexanes, 1:2); IR (film): nmax=


2938, 1750, 1376, 1315, 1270, 1198, 1137, 1098, 902, 830, 752, 607 cm�1;
1H NMR (500 MHz, CDCl3): d=7.52 (d, J=9.7 Hz, 1H), 7.44 (s, 1H),
7.42 (d, J=8.8 Hz, 1H), 7.35 (s, 1H), 7.17 (t, J=9.7 Hz, 1H), 5.48 (s,
2H), 5.39 (s, 2H), 4.97 (d, J=14.1 Hz, 1H), 4.78 (br s, 1H), 3.30 (s, 3H),
1.95 (s, 3H), 1.50 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=156.3,
148.6, 147.1, 137.7, 131.1, 127.3, 126.3, 126.1, 124.4, 114.1, 110.2, 104.1,
93.8, 89.7, 78.2, 76.2, 64.3, 56.5, 27.2, 24.5; HRMS (MALDI-FTMS) calcd
for C20H20BrCl3N3O7SNa


+ [M+Na]+ : 629.9265; found: 629.9263.


General procedure for synthesizing 1,2-aminoalcohols from sulfamidates :
The desired substrate (0.05 mmol, 1.0 equiv) was dissolved in 4m aqueous
HCl/1,4-dioxane (1:1, 1 mL), and the resultant solution was stirred at
25 8C until complete conversion was observed by TLC (~10–12 h). Once
finished, the reaction mixture was poured into EtOAc (10 mL), washed
with 5% aqueous NaHCO3 (10 mL) and brine (10 mL), dried (MgSO4),
and concentrated to give the desired 1,2-aminoalcohol in high purity.


Data for 61: Rf=0.53 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3204, 1694, 1537, 1438, 1265, 1053, 833, 750 cm�1; 1H NMR (600 MHz,
CDCl3): d=7.87–7.84 (m, 3H), 7.79 (br s, 1H), 7.50 (m, 2H), 7.42 (brd,
J=8.3 Hz, 1H), 5.47 (br s, 1H), 5.25 (br s, 1H), 3.72 (s, 3H), 2.16 ppm (m,
2H); 13C NMR (125 MHz, CDCl3): d=156.3, 136.0, 133.2, 133.0, 128.7,
128.0, 127.7, 126.5, 126.3, 125.6, 124.2, 55.7, 52.5, 47.9 ppm; MS (GC/MS)
calcd for C14H13NO2


+ [M�H2O]+ : 227; found: 227.


Data for 62 : Rf=0.59 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3418, 2966, 1698, 1534, 1452, 1376, 1254, 1192, 1058, 852, 776, 703 cm�1;
1H NMR (500 MHz, CDCl3): d=6.85 (s, 2H), 5.42 (br s, 1H), 5.24 (br s,
2H), 3.89 (t, J=9.9 Hz, 1H), 3.73 (dd, J=11.4, 6.6 Hz, 1H), 3.68 (s, 3H),
2.42 (s, 6H), 2.25 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=156.5,
137.6, 136.0, 131.7, 130.5, 52.4, 46.2, 44.8, 20.9, 20.7 ppm; MS (GC/MS)
calcd for C12H16NO2


+ [M�OMe]+ : 206; found: 206.


Data for 63 : Rf=0.68 (silica gel, EtOAc/hexanes, 1:2); IR (film): nmax=


3431, 2987, 1697, 1642, 1535, 1453, 1252, 1091, 702 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.37–7.31 (m, 5H), 5.54 (br s, 1H) 4.93 (br s, 1H),
4.46 (br s, 1H), 3.68 (s, 3H), 1.38 ppm (d, J=6.6 Hz, 3H); 13C NMR
(125 MHz, CDCl3): d=156.1, 137.0, 128.3, 128.1, 127.9, 60.8, 59.6, 52.4,
21.6 ppm; GC-MS (ESI) calcd for C9H9NO2


+ [M�CH3CH2OH]+ : 164;
found: 164.


Data for 64 : Rf=0.72 (silica gel, EtOAc/hexanes, 1:2); IR (film): nmax=


3349, 2958, 1698, 1643, 1535, 1463, 1259, 614 cm�1; 1H NMR (500 MHz,
CDCl3): d=5.13 (br s, 1H), 3.99 (t, J=4.1 Hz, 1H), 3.69 (s, 3H), 3.64
(ddd, J=14.7, 7.3, 3.3 Hz, 1H), 3.24 (ddd, J=14.0, 8.1, 5.5 Hz, 1H), 1.74
(m, 1H), 1.68 (m, 1H), 1.53 (m, 1H), 1.44–1.30 (m, 3H), 0.91 ppm (t, J=
7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=157.0, 63.2, 52.3, 47.5, 35.2,
28.4, 22.1, 13.9 ppm; GC-MS (ESI) calcd for C3H6NO2


+


[M�CH3CH2CH2CH2CHOH]+ : 88; found: 88.


Data for 65 : Rf=0.56 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3332, 2956, 1693, 1611, 1513, 1462, 1294, 1248, 1179, 1036, 831, 740,
698 cm�1; 1H NMR (500 MHz, CDCl3): d=7.40–7.29 (m, 5H), 7.24 (d, J=
8.4 Hz, 2H), 6.90 (d, J=8.4 Hz, 1H), 5.35 (br s, 1H), 5.12 (AB, J=
12.1 Hz, nab=16.9 Hz, 2H), 5.03 (br s, 1H), 3.85 (m, 2H), 3.81 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=159.4, 155.6, 136.1, 130.6, 128.5,
128.2, 128.1 (2C), 127.7, 114.1, 114.0, 67.1, 55.3, 55.1, 47.9 ppm; MS (GC/
MS) calcd for C17H17NO3


+ [M�H2O]+ : 283; found: 283.


Data for 66 : Rf=0.48 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3417, 3342, 2955, 1712, 1609, 1523, 1463, 1344, 1244, 1050, 756, 731 cm�1;
1H NMR (500 MHz, CDCl3): d=8.10 (d, J=8.1 Hz, 1H), 7.63 (m, 2H),
7.47 (t, J=7.0 Hz, 1H), 7.32 (t, J=7.0 Hz, 1H), 7.26 (d, J=8.7 Hz, 1H),
6.98 (t, J=7.7 Hz, 1H), 6.93 (d, J=8.5 Hz, 1H), 5.94 (d, J=9.2 Hz, 1H),
5.54 (AB, J=15.0 Hz, nab=31.2 Hz, 2H), 5.22 (dt, J=9.2, 6.3 Hz, 1H),
3.89 (s, 3H), 3.85 ppm (d, J=5.5 Hz, 2H); 13C NMR (125 MHz, CDCl3):
d=156.7, 155.2, 133.7, 133.1, 129.5, 129.1, 128.8, 128.5, 125.8, 124.9, 120.8,
110.9, 63.5, 55.4, 54.2, 46.5 ppm; MS (GC/MS) calcd for C16H15N2O5


+


[M�OMe]+ : 315; found: 315.


Data for 67: Rf=0.56 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3318, 1682, 1643, 1539, 1484, 1235, 1049, 932, 752 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.30 (dt, J=8.1, 1.5 Hz, 1H), 7.25 (d, J=7.3 Hz,
1H), 6.97 (t, J=7.7 Hz, 1H), 6.91 (d, J=8.1 Hz, 1H), 5.92 (m, 1H), 5.80
(d, J=8.8 Hz, 1H), 5.32 (d, J=16.5 Hz, 1H), 5.22 (m, 2H), 4.59 (m, 2H),
3.88 (s, 3H), 3.84 ppm (d, J=5.9 Hz, 2H); 13C NMR (125 MHz, CDCl3):
d=156.7, 132.7, 129.4, 129.2, 126.1, 120.8, 118.0, 110.8, 65.8, 55.3, 54.0,
46.6 ppm; MS (GC/MS) calcd for C12H9NO3


+ [M�OMe]+: 220; found:
220.


Data for 68 : Rf=0.68 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3435, 1716, 1636, 1497, 1244, 1033, 721 cm�1; 1H NMR (600 MHz,
CDCl3): d=7.38 (t, J=7.4 Hz, 1H), 7.27 (m, 1H), 6.98 (t, J=7.4 Hz,
1H), 6.93 (d, J=8.3 Hz, 1H), 6.93 (d, J=8.3 Hz, 1H), 6.00 (d, J=8.8 Hz,
1H), 5.23 (dd, J=15.3, 6.1 Hz, 1H), 4.75 (AB, J=11.9 Hz, nab=39.1 Hz,
2H), 3.91 (s, 3H), 3.86 ppm (dd, J=6.6, 2.6 Hz, 2H); 13C NMR
(150 MHz, CDCl3): d=156.7, 154.0, 129.6, 129.0, 125.5, 120.9, 110.9, 74.6,
55.4, 54.3, 46.3 ppm; MS (GC/MS) calcd for C11H11Cl3NO3


+ [M�OMe]+ :
310; found: 310.


3,4,6-Tri-O-benzyl-d-glucosyldiol (69): 4-Methylmorpholine N-oxide
(0.351 g, 3.0 mmol, 3.0 equiv) and OsO4 (0.641 mL, 2.5 wt% in tBuOH,
0.05 mmol, 0.05 equiv) were added sequentially at 25 8C to a solution of
3,4,6-tri-O-benzyl-d-glucal (0.417 g, 1.0 mmol, 1.0 equiv) in THF/tBuOH/
H2O (7:3:1, 5 mL), and the resulting orange solution was stirred for 12 h
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at 25 8C. Upon completion, the reaction contents were then diluted with
water (10 mL), treated with Na2SO3 (0.630 g, 5.0 mmol, 5.0 equiv), and al-
lowed to stir for an additional 2 h at 25 8C. Once this operation was com-
plete, the reaction mixture was poured into water (10 mL) and extracted
with EtOAc (3R25 mL). The combined organic layers were then washed
with water (2R15 mL), dried (MgSO4), and concentrated. The resultant
light yellow solid was purified by flash column chromatography (silica
gel, EtOAc/hexanes, 1:1) to give diol 69 (0.414 g, 92%) as an amorphous
white solid. Rf=0.13 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3410, 2938, 1452, 1390, 1190, 1080, 886, 590 cm�1; 1H NMR (500 MHz,
CDCl3, 1:1 mixture of anomers): d=7.38–7.10 (m, 30H), 5.18 (d, J=
4.8 Hz, 1H), 4.81 (s, 2H), 4.75 (d, J=13.9 Hz, 2H), 4.54–4.49 (m, 3H),
4.47 (app t, J=5.5 Hz, 3H), 4.43 (d, J=3.3 Hz, 1H), 4.01 (t, J=6.4 Hz,
1H), 3.98 (d, J=6.2 Hz, 1H), 3.74 (app t, J=11.4 Hz, 1H), 3.63–3.58 (m,
3H), 3.51–3.46 ppm (m, 2H); 13C NMR (125 MHz, CDCl3, 1:1 mixture of
anomers): d=138.5, 138.4, 138.0, 137.8, 137.6, 128.5, 128.4, 128.0, 127.9,
127.8, 127.7, 96.7, 92.3, 84.3, 82.5, 77.6, 77.5, 75.5, 75.3, 74.8, 73.4, 72.7,
70.4, 68.7 ppm; HRMS (MALDI-FTMS) calcd for C27H30O6Na


+


[M+Na]+ : 473.1934; found: 473.1925.


3,4,6-Tri-O-TBS-d-glucosyldiol (73): 3,4,6-Tri-O-TBS-b-D-glucal (0.416 g,
1.0 mmol, 1.0 equiv) was dihydroxylated in a manner similar to the prep-
aration of 71 to give diol 73 (0.391 g, 87% yield) as a white amorphous
solid. 73 : Rf=0.32 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=3446,
2931, 2858, 1472, 1255, 1095, 837 cm�1; 1H NMR (500 MHz, CDCl3): d=
4.96 (d, J=12.1 Hz, 1H), 4.03 (m, 3H), 4.00 (d, J=9.2 Hz, 1H), 3.93
(app t, J=7.7 Hz, 1H), 3.83 (dd, J=9.6, 6.3 Hz, 1H), 3.80 (m, 1H), 3.71
(d, J=11.0 Hz, 1H), 3.40 (dd, J=11.0, 3.7 Hz, 1H), 0.88 (s, 9H), 0.87 (s,
9H), 0.86 (s, 9H), 0.11 (s, 3H), 0.10 (s, 3H), 0.09 (apps, 6H), 0.03 (s,
3H), 0.02 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=87.7, 80.9, 71.5,
70.9, 68.2, 61.3, 25.8, 25.6 (2C), 18.1, 17.8, 14.1, �4.8, �5.0, �5.1, �5.2,
�5.4 ppm (2C); HRMS (MALDI-FTMS) calcd for C24H54O6Si3Na


+


[M+Na]+ : 545.3120; found: 545.3110.


3,4-Di-O-benzyl-l-rhamnosyldiol (75): 4-O-Benzyl-l-rhamnal (0.220 g,
1.0 mmol, 1.0 equiv) was dissolved in DMF (5 mL) and treated with NaH
(0.400 g, 60% dispersion in mineral oil, 2.0 mmol, 2.0 equiv) at 25 8C.
After stirring the resultant solution for 5 minutes at 25 8C, the reaction
contents were cooled to 0 8C and benzyl bromide (0.238 mL, 2.0 mmol,
2.0 equiv) was added dropwise over the course of 10 minutes. The reac-
tion mixture was then warmed to 25 8C over the course of 30 minutes.
Upon completion, the reaction mixture was poured into 1n aqueous HCl
(10 mL) and extracted with Et2O (3R25 mL). The combined organic
layers were then washed with water (2R15 mL), dried (MgSO4), and con-
centrated. The resultant light yellow solid was purified by flash column
chromatography (silica gel, Et2O) to give the desired di-O-benzylated-l-
rhamnal intermediate (0.292 g, 94%) as an amorphous white solid. This
compound was then dihydroxylated in a manner similar to the prepara-
tion of 71 to give diol 75 (0.314 g, 91% yield) as a white amorphous
solid. Rf=0.40 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=3388,
2870, 1645, 1453, 1363, 1091, 994, 734, 694 cm�1; 1H NMR (500 MHz,
CDCl3, 1:1 mixture of anomers): d=7.40–7.32 (m, 20H), 5.34 (d, J=
3.0 Hz, 1H), 4.98 (d, J=2.6 Hz, 1H), 4.95 (d, J=2.6 Hz, 1H), 4.77 (brd,
J=8.4 Hz, 1H), 4.71–4.62 (m, 5H), 4.04 (m, 2H), 3.64 (ddd, J=13.1, 8.5,
4.8 Hz, 1H), 3.40 (dd, J=9.6, 6.3 Hz, 1H), 3.21 (br s, 1H), 3.15 (dt, J=
8.7, 3.7 Hz, 1H), 2.60 (br s), 2.43 (ddd, J=12.5, 5.2, 2.2 Hz, 1H), 2.32
(ddd, J=13.2, 5.2, 1.5 Hz, 1H), 1.74 (m, 1H), 1.43 (m, 1H), 1.35 (d, J=
6.3 Hz, 3H), 1.28 ppm (d, J=6.3 Hz, 3H); 13C NMR (125 MHz, CDCl3,
1:1 mixture of anomers): d=138.6, 138.5, 138.3, 138.2, 128.4 (3C), 128.3,
128.0 (2C), 127.7 (2C), 127.6 (2C), 93.8, 92.0, 84.3, 83.4, 78.9, 76.8, 75.2
(2C), 71.8 (2C), 71.5, 71.4, 67.4, 38.3, 37.7, 18.2 ppm (2C); MS (ESI)
calcd for C20H22O4


+ [M�H2O]+ : 327; found: 327.


3,4,6-Tri-O-benzyl-d-galactosyldiol (77): 3,4,6-Tri-O-benzyl-b-d-galactal
(0.417 g, 1.0 mmol, 1.0 equiv) was dihydroxylated in a manner similar to
the preparation of 71 to give diol 77 (0.379 g, 91% yield) as a white
amorphous solid. Rf=0.13 (silica gel, EtOAc/hexanes, 1:1); IR (film):
nmax=3401, 2919, 2861, 1455, 1361, 1085, 738, 691 cm�1; 1H NMR
(400 MHz, CDCl3): d=7.41–7.26 (m, 15H), 5.31 (d, J=3.5 Hz, 1H), 4.87
(dd, J=11.8, 3.5 Hz, 1H), 4.70 (m, 2H), 4.61–4.39 (m, 4H), 4.14 (dd, J=
10.0, 3.8 Hz, 1H), 3.88 (m, 1H), 3.73 (dd, J=10.0, 2.6 Hz, 1H), 3.61–3.50
(m, 3H), 3.41 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=138.3,
138.0, 137.6, 128.5, 128.4, 128.2, 128.0 (2C), 127.8, 127.7, 92.6, 79.0, 74.5,


73.8, 73.4, 72.3, 69.6, 69.2, 68.9 ppm; HRMS (MALDI-FTMS) calcd for
C27H30O6Na


+ [M+Na]+ : 473.1934; found: 473.1921.


3,5-Di-O-TBS-d-ribosyldiol (81): The requisite d-ribose glycal intermedi-
ate was prepared from thymidine following the procedure of Larsen and
co-workers.[48] The resultant product was then dihydroxylated in a
manner similar to the preparation of 71 to give diol 81 (0.378 g, 88%
yield) as a white amorphous solid. Rf=0.35 (silica gel, EtOAc/hexanes,
1:2); IR (film): nmax=3425, 2930, 2858, 1471, 1391, 1255, 1095, 937,
779 cm�1; 1H NMR (400 MHz, CDCl3, 1:1 mixture of anomers): d=5.24
(d, J=6.8 Hz, 1H), 5.13 (d, J=10.6 Hz, 1H), 4.24 (brd, J=8.5 Hz, 1H),
4.18 (app t, J=2.6 Hz, 1H), 4.09–4.06 (m, 2H), 3.91 (brd, J=11.1 Hz,
1H), 3.86–3.81 (m, 2H), 3.77 (dd, J=8.6, 2.6 Hz, 1H), 3.71 (d, J=1.8 Hz,
1H), 3.63 (dd, J=10.8, 2.0 Hz, 1H), 0.89 (s, 9H), 0.87 (s, 9H), 0.84 (s,
9H), 0.82 (s, 9H), 0.10 (s, 6H), 0.07–0.04 ppm (m, 18H); 13C NMR
(100 MHz, CDCl3, 1:1 mixture of anomers): d=104.1, 97.6, 87.1, 84.8,
78.8, 78.5, 77.3, 69.9, 65.7, 63.5, 63.1, 25.7, 25.5, 17.7, 15.1, �4.7, �5.0,
�5.1, �5.6, �5.7, �5.8 ppm; HRMS (MALDI-FTMS) calcd for
C17H38O5Si2Na


+ [M+Na]+ : 401.2150; found: 401.2147.


General procedure for the synthesis of sulfamidates on carbohydrates :
The appropriate carbohydrate diol (0.5 mmol, 1.0 equiv) was dissolved in
THF/CH2Cl2 (4:1, 5 mL) and the desired Burgess-type reagent (1, 50, or
51, 1.25 mmol, 2.5 equiv) was added at 25 8C in a single portion. The re-
sultant solution was immediately warmed to reflux (using a preheated oil
bath) and stirred for 6 h. Upon completion, the reaction contents were
cooled to 25 8C, poured into saturated aqueous NH4Cl (25 mL), and ex-
tracted with CH2Cl2 (3R25 mL). The combined organic layers were then
washed with water (50 mL), dried (MgSO4), and concentrated. The resul-
tant yellow residue was purified by flash column chromatography (silica
gel) in an appropriate solvent system to give the desired product in high
purity.


Data for 70 : Rf=0.68 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3037, 2866, 1753, 1444, 1385, 1312, 1196, 1094, 842, 741, 699, 665 cm�1;
1H NMR (600 MHz, CDCl3): d=7.39–7.29 (m, 13H), 7.21 (m, 2H), 6.02
(d, J=4.8 Hz, 1H), 4.90 (t, J=4.0 Hz, 1H), 4.60 (s, 2H), 4.47 (AB, J=
11.8 Hz, nab=88.6 Hz, 2H), 4.44 (AB, J=11.9 Hz, nab=88.6 Hz, 2H), 4.09
(t, J=3.5 Hz, 1H), 3.96 (dd, J=11.4, 2.6 Hz, 1H), 3.94 (s, 3H), 3.92 (dd,
J=9.2, 3.5 Hz, 1H), 3.68 (dd, J=11.0, 2.2 Hz, 1H), 3.61 ppm (dd, J=
10.9, 3.5 Hz, 1H); 13C NMR (150 MHz, CDCl3): d=149.8, 137.8, 137.3,
136.6, 128.7, 128.5, 128.4, 128.3, 128.1, 128.0 (2C), 127.8, 127.7, 81.6, 75.5,
73.3, 73.1, 72.9, 72.4, 68.9, 54.9 ppm; HRMS (MALDI-FTMS) calcd for
C29H31NO9SNa


+ [M+Na]+ : 592.1612; found: 592.1608.


Data for 71: Rf=0.67 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3363, 2923, 1763, 1453, 1390, 1294, 1199, 1092, 847, 738, 699 cm�1;
1H NMR (500 MHz, CDCl3): d=7.30–7.20 (m, 15H), 6.09 (d, J=5.2 Hz,
1H), 4.95 (d, J=4.4 Hz, 1H), 4.90 (AB, J=12.1 Hz, nab=48.4 Hz, 2H),
4.62 (s, 2H), 4.45 (AB, J=11.7 Hz, nab=101.2 Hz, 2H), 4.43 (AB, J=
11.8 Hz, nab=44.8 Hz, 2H), 4.12 (t, J=3.7 Hz, 1H), 3.99 (dt, J=9.2,
2.6 Hz, 1H), 3.93 (dd, J=9.2, 3.3 Hz, 1H), 3.68 (dd, J=11.0, 2.2 Hz, 1H),
3.61 ppm (dd, J=11.0, 3.3 Hz, 1H); 13C NMR (125 MHz, CDCl3): d=


148.1, 137.8, 137.3, 136.6, 128.7, 128.5, 128.4, 128.1, 128.0, 127.8, 127.7,
93.6, 81.8, 76.0, 75.4, 73.4, 73.3, 72.9, 72.8, 72.5, 68.8 ppm; HRMS
(MALDI-FTMS) calcd for C30H30Cl3NO9SNa


+ [M+Na]+ : 708.0599;
found: 708.0611.


Data for 72 : Rf=0.68 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3398, 2865, 1746, 1453, 1376, 1300, 1284, 1197, 1088, 1028 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.36–7.29 (m, 13H), 7.20–7.18 (m 2H), 6.02 (d,
J=4.8 Hz, 1H), 5.93 (m, 1H), 5.42 (dd, J=17.0, 1.1 Hz, 1H), 5.30 (m,
1H), 4.88 (dt, J=8.1, 0.7 Hz, 1H), 4.79 (ABX, J=16.1, 5.5 Hz, nab=


21.6 Hz, 2H), 4.60 (s, 2H), 4.53 (AB, J=12.1 Hz, nab=21.3 Hz, 2H), 4.38
(AB, J=12.1 Hz, nab=22.4 Hz, 2H), 4.08 (t, J=3.7 Hz, 1H), 3.95 (td, J=
7.4, 2.8 Hz, 1H), 3.89 (dd, J=7.4, 3.7 Hz, 1H), 3.67 (dd, J=9.3, 2.2 Hz,
1H), 3.59 ppm (dd, J=9.1, 3.7 Hz, 1H); 13C NMR (125 MHz, CDCl3):
d=149.1, 137.9, 137.4, 136.7, 31.4, 130.4, 128.7, 128.5, 128.4 (2C), 128.1
(2C), 127.9, 127.7, 119.6, 119.2, 81.6, 77.4, 75.6, 73.5, 73.4, 72.9, 72.8, 72.4,
69.0, 68.5, 66.8 ppm; HRMS (MALDI-FTMS) calcd for C31H33NO9SNa


+


[M+Na]+ : 618.1768; found: 618.1773.


Data for 74 : Rf=0.75 (silica gel, EtOAc/hexanes, 1:2); IR (film): nmax=


2932, 2858, 1757, 1636, 1442, 1389, 1314, 1256, 1196, 1114, 1008, 836,
778 cm�1; 1H NMR (600 MHz, CDCl3): d=5.86 (d, J=4.4 Hz, 1H), 4.70
(t, J=1.2 Hz, 1H), 4.11 (d, J=3.1 Hz, 1H), 3.95 (s, 3H), 3.87 (d, J=
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7.4 Hz, 1H), 3.81–3.73 (m, 3H), 0.89 ppm (s, 27H), 0.16–0.06 (m, 18H);
13C NMR (150 MHz, CDCl3): d=150.2, 81.3, 75.7, 75.0, 70.8, 68.8, 62.4,
54.7, 25.8, 25.5 (2C), 18.2, 17.8, 17.7, �4.2, �4.5, �4.8, �4.9, �5.2,
�5.5 ppm; HRMS (MALDI-FTMS) calcd for C26H55NO9SSi3Na


+


[M+Na]+ : 664.2797; found: 664.2790.


Data for 76 : Rf=0.60 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3248, 1752, 1636, 1494, 1444, 1381, 1314, 1196, 1146, 1077, 1001, 740 cm�1;
1H NMR (400 MHz, CDCl3): d=7.41–7.29 (m, 8H), 7.27–7.25 (m, 2H),
5.88 (d, J=5.3 Hz, 1H), 4.90 (ddd, J=6.2, 3.5, 1.2 Hz, 1H), 4.57 (AB, J=
10.8 Hz, nab=11.8 Hz, 2H), 4.44 (AB, J=12.0 Hz, nab=34.9 Hz, 2H), 4.02
(dd, J=3.2, 2.0, Hz, 1H), 3.98 (m, 1H), 3.95 (s, 3H), 3.36 (ddd, J=8.8,
1.8, 1.2 Hz, 1H), 1.28 ppm (d, J=6.2 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d=150.0, 137.3, 136.5, 128.8, 128.5 (2C), 128.1, 128.0 (3C), 81.5,
80.5, 75.2, 74.4, 72.6, 72.4, 67.9, 54.9, 19.3 ppm; HRMS (MALDI-FTMS)
calcd for C22H25NO8SNa


+ [M+Na]+ : 486.1193; found: 486.1202.


Data for 78 : Rf=0.66 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2961, 1755, 1443, 1384, 1320, 1290, 1190, 1061, 991, 855, 732, 697 cm�1;
1H NMR (600 MHz, CDCl3): d=7.39–7.25 (m, 15H), 5.89 (d, J=4.0 Hz,
1H), 5.02 (dd, J=5.2, 3.5 Hz, 1H), 4.75 (AB, J=11.0 Hz, nab=160.4 Hz,
2H), 4.73 (AB, J=11.9 Hz, nab=68.8 Hz, 2H), 4.53 (AB, J=11.9 Hz,
nab=31.1 Hz, 2H), 4.20 (m, 1H), 4.15 (dd, J=4.0, 1.7 Hz, 1H), 4.03 (dd,
J=5.3, 1.8 Hz, 1H), 3.92 (s, 3H), 3.71 (dd, J=9.7, 7.4 Hz, 1H), 3.65 ppm
(dd, J=9.7, 6.5 Hz, 1H); 13C NMR (150 MHz, CDCl3): d=149.5, 137.7,
137.4, 136.8, 128.6, 128.4, 128.2, 128.1, 128.0, 127.8 (2C), 127.6, 84.1, 80.3,
78.7, 75.4, 75.3, 73.7, 72.1, 66.9, 54.9 ppm; HRMS (MALDI-FTMS) calcd
for C29H31NO9SNa


+ [M+Na]+ : 592.1612; found: 592.1633.


Data for 80 : Rf=0.33 (silica gel, EtOAc/hexanes, 1:2); IR (film): nmax=


2978, 1746, 1437, 1412, 1294, 1249, 1187, 1073, 1023, 973, 861, 797,
609 cm�1; 1H NMR (400 MHz, CDCl3): d=5.98 (d, J=3.8 Hz, 1H), 5.13
(d, J=2.4 Hz, 1H), 4.72 (dd, J=15.0, 2.9 Hz, 1H), 4.71 (d, J=3.5 Hz,
1H), 4.36 (q, J=2.6 Hz, 1H), 4.09 (dd, J=15.0, 2.6 Hz, 1H), 3.86 (s, 3H),
1.49 (s, 3H), 1.33 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=151.9,
113.0, 104.9, 87.3, 82.5, 70.6, 54.9, 48.2, 26.5, 26.1 ppm; HRMS (MALDI-
FTMS) calcd for C10H15NO8SNa


+ [M+Na]+ : 332.0411; found: 332.0418.


Data for 82 : Rf=0.68 (silica gel, EtOAc/hexanes, 1:2); IR (film): nmax=


2954, 2858, 1759, 1442, 1392, 1313, 1257, 1196, 1098, 1011, 838, 806,
781 cm�1; 1H NMR (500 MHz, CDCl3): d=6.12 (d, J=4.4 Hz, 1H), 4.93
(d, J=4.1 Hz, 1H), 4.61 (s, 1H), 4.12 (ddd, J=8.5, 5.2, 1.9 Hz, 1H), 3.96
(s, 3H), 3.77 (dd, J=10.7, 5.5 Hz, 1H), 3.71 (dd, J=10.6, 8.8 Hz, 1H),
0.90 (s, 18H), 0.14 (d, J=5.5 Hz, 6H), 0.07 ppm (d, J=2.6 Hz, 6H);
13C NMR (125 MHz, CDCl3): d=149.8, 88.8, 87.7, 86.2, 74.3, 61.7, 55.0,
25.8, 25.5, 18.3, 17.9, �4.9, �5.0, �5.5 ppm (2C); HRMS (MALDI-
FTMS) calcd for C19H40NO8Si2S


+ [M+H]+ : 498.2008; found: 498.2015.


Azide-opened tri-benzylated glucose derivative 83 : NaN3 (0.033 g,
0.50 mmol, 5.0 equiv) was added in a single portion to a solution of glu-
cose-derived sulfamidate 70 (0.057 g, 0.10 mmol, 1.0 equiv) in THF/
CH2Cl2 (4:1, 1 mL) at 25 8C. The resulting clear solution was then
warmed to 60 8C and stirred for 5 h. Upon completion, the reaction con-
tents were diluted with Et2O (5 mL), treated with 10% aqueous H2SO4


(1 mL), and allowed to stir for an additional 30 minutes at 25 8C. Once
this operation was complete, the reaction mixture was poured into water
(10 mL) and extracted with Et2O (3R25 mL). The combined organic
layers were then washed with water (2R15 mL), dried (MgSO4), and con-
centrated. The resultant light yellow solid was purified by flash column
chromatography (silica gel, Et2O/hexanes, 1:1) to give the azide-opened
tri-benzylated glucose derivative 83 (0.049 g, 92%) as an amorphous
white solid. Rf=0.47 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


3318, 2924, 2106, 1732, 1532, 1454, 1357, 1243, 1098, 1027, 738, 699 cm�1;
1H NMR (600 MHz, CDCl3): d=7.26–7.15 (m, 15H), 5.42 (br s, 1H), 5.27
(brm, 1H), 4.65–4.47 (m, 5H), 3.82 (m, 2H), 3.74 (m, 2H), 3.68 ppm (s,
3H); 13C NMR (125 MHz, CDCl3): d=155.7, 138.0, 137.6, 137.1, 128.6,
128.4, 128.3, 128.1, 128.0, 127.9, 127.8, 127.6, 78.3, 73.8, 73.2, 72.8, 68.2,
60.0, 52.7, 53.4 ppm; HRMS (MALDI-FTMS) calcd for C34H38NO5


+


[M+H]+ : 555.2214; found: 555.2217.


Allylated sulfamidate 84 : Et2NH (0.354 mL, 6.71 mmol, 40 equiv) was
added to a solution of sulfamidate 72 (0.100 g, 0.167 mmol, 1.0 equiv) in
CH3CN/H2O (1:1, 3 mL) at 25 8C. After stirring this mixture for 5 mi-
nutes at 25 8C, Pd(OAc)2 (0.002 g, 0.017 mmol, 0.1 equiv) and TPPTS
(0.019 g, 0.033 mmol, 0.2 equiv) were added sequentially, providing a
yellow solution which was stirred for an additional 30 minutes at 25 8C.


Upon completion, the reaction contents were poured into water (5 mL),
and extracted with EtOAc (3R10 mL). The combined organic layers
were then dried (MgSO4) and concentrated to give the desired deprotect-
ed sulfamidate (0.075 g, 87% yield) as a white oil.[29] Pressing forward
without any additional purification steps, this material (0.075 g,
0.146 mmol, 1.0 equiv) was dissolved in DMSO (2 mL) and treated with
NaH (0.029 g, 60% dispersion in mineral oil, 0.730 mmol, 5.0 equiv) at
25 8C. After stirring the resultant reaction mixture for 10 minutes at
25 8C, allyl bromide (0.051 mL, 0.584 mmol, 4.0 equiv) was added in a
single portion; the reaction mixture was then stirred for an additional
15 minutes at 25 8C. Upon completion, the reaction contents were poured
into water (5 mL), and extracted with EtOAc (3R10 mL). The combined
organic layers were then washed with water (2R15 mL), dried (MgSO4),
and concentrated. The resultant light yellow oil was purified by flash
column chromatography (silica gel, EtOAc/hexanes, 1:3!1:1) to give the
allylated sulfamidate 84 (0.067 g, 73% yield over two steps) as an amor-
phous white solid. Rf=0.64 (silica gel, EtOAc/hexanes, 1:1); IR (film):
nmax=2890, 1452, 1352, 1193, 1114, 1052, 988, 741, 694, 606 cm�1;
1H NMR (600 MHz, CDCl3): d=7.30–7.24 (m, 15H), 5.87 (m, 1H), 5.35
(d, J=17.1 Hz, 1H), 5.29 (s, 1H), 5.28 (d, J=16.7 Hz, 1H), 4.95 (dd, J=
7.4, 5.3 Hz, 1H), 4.75 (AB, J=11.0 Hz, nab=185.9 Hz, 2H), 4.73 (AB, J=
11.8 Hz, nab=76.7 Hz, 2H), 4.43 (AB, J=11.8 Hz, nab=26.3 Hz, 2H), 4.12
(dd, J=7.4, 2.6 Hz, 1H), 4.04 (t, J=5.3 Hz, 1H), 4.00 (apps, 1H), 3.79
(dd, J=14.5, 5.7 Hz, 1H), 3.73 (dd, J=14.5, 7.9 Hz, 1H), 3.52 ppm (AB,
J=9.6 Hz, nab=16.2 Hz, 2H); 13C NMR (150 MHz, CDCl3): d=137.8,
137.6, 137.4, 130.4, 128.5 (2C), 128.4, 128.2, 128.0 (2C), 127.9, 127.7 (2C),
121.1, 84.3, 82.2, 78.5, 74.9, 73.5 (2C), 72.8, 72.4, 67.7, 47.0 ppm; HRMS
(MALDI-FTMS) calcd for C30H33NO7SNa


+ [M+Na]+ : 574.1870; found:
574.1866.


2,3,4-Tri-O-benzyl-d-fucose (90): Concentrated H2SO4 (1 mL) was added
to a solution of d-fucose (1.64 g, 10.0 mmol, 1.0 equiv) in MeOH (30 mL)
at 25 8C, and the resultant mixture was stirred for 5 h. Upon completion,
the reaction contents were neutralized by the addition of 3n aqueous
NaOH (monitored using standard pH paper) and concentrated directly.
The resulting white solid was then taken up in EtOAc (50 mL), filtered
through a short silica gel, and concentrated to give 1-O-methyl-d-fucose
(1.78 g, 100% yield) as a white solid. Pressing forward without any addi-
tional purification steps, this newly-formed material (1.78 g, 10.0 mmol,
1.0 equiv) was dissolved in DMF (10 mL) and treated with NaH (3.60 g,
60% dispersion in mineral oil, 90.0 mmol, 9.0 equiv) at 25 8C. After stir-
ring the resultant solution for 5 minutes at 25 8C, the reaction contents
were cooled to 0 8C and benzyl bromide (5.95 mL, 50.0 mmol, 5.0 equiv)
added dropwise over the course of 10 minutes. The reaction mixture was
then warmed to 25 8C over the course of 4 h. Upon completion, the reac-
tion mixture was poured into 1n aqueous HCl (25 mL) and extracted
with Et2O (3R25 mL). The combined organic layers were then washed
with water (2R15 mL), dried (MgSO4), and concentrated. The resultant
light yellow solid was purified by flash column chromatography (silica
gel, Et2O/hexanes, 1:3!1:1) to give the desired tri-O-benzylated–fucose
intermediate (3.7 g, 82%) as an amorphous white solid. Finally, a portion
of this newly-formed product (0.452 g, 1.0 mmol, 1.0 equiv) was dissolved
6m aqueous HCl/concentrated HCl (1:1, 5 mL) at 25 8C. The resultant
mixture was then warmed to 60 8C and stirred for 12 h. Upon completion,
the reaction contents were concentrated directly. The resultant yellow oil
was purified by flash column chromatography (silica gel, Et2O/hexanes,
1:1) to give the desired d-fucose-derived starting material 90 (0.297 g,
68%) as an amorphous white solid. Rf=0.54 (silica gel, EtOAc/hexanes,
1:1); IR (film): nmax=3416, 3031, 2867, 1453, 1364, 1208, 1098, 740,
698 cm�1; 1H NMR (500 MHz, CDCl3, 1:1 mixture of anomers): d=7.48–
7.34 (m, 30H), 5.55 (s, 1H), 5.41 (dd, J=9.5, 4.4 Hz, 1H), 4.83–4.49 (m,
11H), 4.35 (app t, J=5.2 Hz, 1H), 4.30 (brd, J=11.4 Hz, 1H), 4.25 (app t,
J=5.2 Hz, 1H), 4.13 (dd, J=5.5, 4.8 Hz, 1H), 4.10 (dd, J=2.2, 1.1 Hz,
1H), 4.05 (dd, J=5.2, 2.2 Hz, 1H), 3.99 (dd, J=4.8, 3.0 Hz, 1H), 3.78 (m,
1H), 3.63 (dd, J=6.3, 3.0 Hz, 1H), 3.55 (br s, 1H), 3.48 (m, 1H), 1.38 (d,
J=4.6 Hz, 3H), 1.28 ppm (d, J=4.8 Hz, 3H); 13C NMR (125 MHz,
CDCl3, 1:1 mixture of anomers): d=138.5, 137.7, 137.5, 137.4 (2C), 137.3,
128.4 (2C), 128.3 (2C), 128.2, 128.0, 127.9 (2C), 127.8 (3C), 127.7, 127.5,
127.4, 126.9, 100.7, 96.0, 87.3, 85.2, 84.5, 84.4, 82.8, 82.2, 74.0, 73.9, 71.9
(2C), 71.8, 71.6, 71.2, 71.1, 65.1 ppm; MS (ESI) calcd for C27H30O9Cl


�


[M+Cl]� : 470; found: 470.
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2,3,4,6-Tetra-O-methyl-d-mannose (92): d-Mannose (1.80 g, 10.0 mmol)
was converted into 92 in a manner similar to the preparation of 90 by
substituting methyl iodide for benzyl bromide, ultimately providing com-
pound 92 (0.146 g, 62% yield) as a white amorphous solid. Rf=0.15
(silica gel, EtOAc/hexanes, 1:2); IR (film): nmax=3402, 2932, 2828, 1644,
1453, 1193, 1109, 1030, 958, 792 cm�1; 1H NMR (500 MHz, CDCl3): d=
5.25 (s, 1H), 4.62 (br s, 1H), 3.86 (td, J=7.3, 1.8 Hz, 1H), 3.59–3.51 (m,
4H), 3.45 (s, 3H), 3.44 (s, 3H), 3.43 (s, 3H), 3.32 (s, 3H), 3.26 ppm (t, J=
9.2 Hz, 1H); 13C NMR (125 MHz, CDCl3): d=91.5, 80.8, 74.5, 77.1, 72.7,
70.3, 60.6, 59.1, 58.8, 57.6 ppm; HRMS (MALDI-FTMS) calcd for
C10H20O6Na


+ [M+Na]+ : 259.1152; found: 259.1152.


2,3,5-Tri-O-benzyl-l-arabinofuranose (95): Lactol 95 was prepared from
l-arabinose using the sequence established by Tejima and Fletcher.[49]


Rf=0.51 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=3418, 3030,
2866, 1495, 1454, 1365, 1264, 1208, 1099, 1028, 738, 698 cm�1; 1H NMR
(500 MHz, CDCl3, 1:1 mixture of anomers): d=7.36–7.26 (m, 30H), 5.40
(s, 1H), 5.34 (d, J=3.7 Hz, 1H), 4.66 (d, J=9.5 Hz, 1H), 4.61–4.52 (m,
10H), 4.48–4.45 (m, 2H), 4.17 (t, J=4.0 Hz, 1H), 4.09 (q, J=3.7 Hz,
1H), 4.02 (t, J=4.0 Hz, 1H), 3.98 (d, J=1.5 Hz, 1H), 3.94 (m, 1H), 3.61–
3.50 ppm (m, 4H); 13C NMR (125 MHz, CDCl3, 1:1 mixture of anomers):
d=138.0, 137.4, 137.3, 137.2 (2C), 128.6, 128.5 (4 C), 128.4 (2C), 128.3,
128.0 (2C), 127.9 (2C), 127.8 (2C), 127.7 (2C), 127.6, 101.1, 96.2, 86.3,
84.0, 82.6, 82.0, 81.8, 80.5, 76.8, 73.5, 73.3, 72.2, 72.0 (2C), 71.7, 70.4,
70.1 ppm; HRMS (MALDI-FTMS) calcd for C26H28O5Na


+ [M+Na]+ :
443.1829; found: 443.1809.


Furanose 98 : The requisite lactol intermediate was prepared from d-
ribose following the procedure of Kaskar and co-workers.[50] Rf=0.51
(silica gel, EtOAc/hexanes, 1:2); IR (film): nmax=3416, 2934, 2858, 1469,
1381, 1257, 1211, 1075, 1004, 939, 838, 779 cm�1; 1H NMR (500 MHz,
CDCl3): d=5.24 (d, J=11.4 Hz, 1H), 4.74 (d, J=11.7 Hz, 1H), 4.66 (d,
J=5.9 Hz, 1H), 4.47 (d, J=5.9 Hz, 1H), 4.31 (s, 1H), 3.75–3.72 (m, 2H),
1.45 (s, 3H), 1.29 (s, 3H), 0.90 (s, 9H), 0.11 (s, 3H), 0.10 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d=111.9, 103.3, 87.5, 86.8, 81.7, 64.7, 26.4,
25.7, 24.8, 18.1, �5.7 ppm; HRMS (MALDI-FTMS) calcd for
C14H28O5SiNa


+ [M+Na]+ : 327.1598; found: 327.1592.


General procedure for the synthesis of b-disposed glycosylamines : The
lactol starting material (0.5 mmol, 1.0 equiv) was dissolved in THF/
CH2Cl2 (4:1, 5 mL) and the desired Burgess-type reagent (1, 50, or 51,
0.75 mmol, 1.5 equiv) was added at 25 8C in a single portion. The resul-
tant solution was immediately warmed to reflux (using a preheated oil
bath) and stirred for 6 h. Upon completion, the reaction contents were
cooled to 25 8C, poured into saturated aqueous NH4Cl (25 mL), and ex-
tracted with CH2Cl2 (3R25 mL). The combined organic layers were then
washed with water (50 mL), dried (MgSO4), and concentrated. The resul-
tant yellow residue was purified by flash column chromatography (silica
gel) in an appropriate solvent system to give the desired product in high
purity.


CO2Me-protected 2,3,4,6-tetra-O-methyl-b-d-glucosylamine (86): Rf=


0.13 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=3329, 2937, 2836,
1712, 1544, 1450, 1278, 1158, 1099, 989, 945, 647 cm�1; 1H NMR
(400 MHz, CDCl3): d=5.30 (d, J=8.8 Hz, 1H), 4.75 (t, J=8.4 Hz, 1H),
3.68 (br s, 3H), 3.62 (s, 3H), 3.58–3.53 (m, 2H), 3.52 (s, 3H), 3.51 (s, 3H),
3.41 (s, 3H), 3.30 (m, 1H), 3.22 (d, J=6.7 Hz, 2H), 2.91 ppm (brm, 1H);
13C NMR (100 MHz, CDCl3): d=156.1, 99.5, 87.2, 82.8, 81.6, 78.9, 75.8,
70.5, 60.8, 60.3, 59.1, 52.4 ppm; HRMS (MALDI-FTMS) calcd for
C12H23NO7Na


+ [M+Na]+ : 316.1367; found: 316.1363.


CO2Me-protected 2,3,4,6-tetra-O-benzyl-b-d-glucosylamine (88): Rf=


0.67 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=3326, 2869, 1733,
1535, 1496, 1454, 1362, 1252, 1101, 737, 698 cm�1; 1H NMR (400 MHz,
CDCl3): d=7.34–7.27 (m, 18H), 7.17 (m, 2H), 5.12 (brd, J=6.4 Hz, 1H),
4.97 (m, 1H), 4.93 (AB, J=10.8 Hz, nab=15.0 Hz, 2H), 4.84 (dd, J=10.8,
3.5 Hz, 1H), 4.74 (d, J=11.1 Hz, 1H), 4.65 (d, J=12.0 Hz, 1H), 4.56 (d,
J=10.8 Hz, 1H), 4.51 (d, J=11.1 Hz, 1H), 3.76 (m, 4H), 3.72 (br s, 3H),
3.54 (brd, J=7.9 Hz, 1H), 3.38 ppm (appt, J=6.8 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d=156.1, 138.3, 137.9, 137.7, 128.4, 128.3 (2C), 128.2,
127.9, 127.7, 127.6, 85.8, 81.7, 80.1, 77.4, 76.0, 75.6, 74.8, 74.6, 73.4, 68.0,
52.3 ppm; HRMS (MALDI-FTMS) calcd for C36H39NO7Na


+ [M+Na]+ :
620.2610; found: 620.2614.


Alloc-protected 2,3,4,6-tetra-O-benzyl-b-d-glucosylamine (89): Rf=0.64
(silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=3331, 3030, 2867, 1703,


1537, 1453, 1360, 1280, 1071, 735, 697 cm�1; 1H NMR (600 MHz, CDCl3):
d=7.45–7.32 (m, 18H), 7.19–7.17 (m, 2H), 5.93 (ddd, J=22.7, 10.9,
5.7 Hz, 1H), 5.32 (d, J=17.1 Hz, 1H), 5.23 (d, J=10.1 Hz, 1H), 5.07 (d,
J=10.1 Hz, 1H), 4.92 (m, 1H), 4.91 (AB, J=11.0 Hz, nab=18.8 Hz, 2H),
4.82 (d, J=10.9 Hz, 2H), 4.72 (d, J=11.0 Hz, 1H), 4.64–4.60 (m, 3H),
4.53 (d, J=10.5 Hz, 1H), 4.47 (d, J=12.3 Hz, 1H), 3.73 (m, 4H), 3.52 (d,
J=7.9 Hz, 1H), 3.38 ppm (t, J=8.3 Hz, 1H); 13C NMR (150 MHz,
CDCl3): d=155.3, 138.3, 138.0, 137.7, 132.4, 128.5, 128.4 (3C), 128.3
(3C), 128.2, 128.0, 127.8, 127.7, 127.6, 117.8, 85.9, 81.6, 80.1, 77.4, 76.1,
75.6, 74.9, 74.7, 73.5, 68.1 ppm; HRMS (MALDI-FTMS) calcd for
C38H41NO7Na


+ [M+Na]+ : 646.2775; found: 646.2766.


CO2Me-protected 2,3,4-tri-O-benzyl-b-d-fucosylamine (91): Rf=0.70
(silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=3326, 2927, 1730, 1504,
1453, 1351, 1067, 736, 697 cm�1; 1H NMR (400 MHz, CDCl3): d=7.36–
7.31 (m, 15H), 5.81 (brd, J=6.4 Hz, 1H), 5.76 (br s, 1H), 4.69 (AB, J=
9.4 Hz, nab=21.4 Hz, 2H), 4.67 (m, 1H), 4.57 (m, 3H), 4.24 (dd, J=4.7,
2.6 Hz, 1H), 4.04 (d, J=1.5 Hz, 1H), 3.98 (br s, 1H), 3.80 (m, 1H), 3.77
(br s, 3H), 1.20 ppm (d, J=4.9 Hz, 3H); 13C NMR (100 MHz, CDCl3):
d=155.8, 138.6, 137.2, 128.5, 128.4, 128.3, 128.0, 127.9, 127.8 (2C), 127.6,
127.4, 86.1, 85.3 (2C), 82.4, 74.1, 71.8, 71.4, 52.3, 15.7 ppm; HRMS
(MALDI-FTMS) calcd for C29H33NO6Na


+ [M+Na]+: 514.2200; found:
514.2191.


CO2Me-protected 2,3,4,6-tetra-O-methyl-b-d-mannosylamine (93): Rf=


0.27 (silica gel, EtOAc); IR (film): nmax=3205, 2928, 1722, 1445, 1257,
1100 cm�1; 1H NMR (500 MHz, CDCl3): d=5.59 (br s, 1H), 5.44 (br s,
1H), 3.83 (m, 1H), 3.80 (s, 3H), 3.67–3.64 (m, 4H), 3.62 (m, 1H), 3.61 (s,
6H), 3.58 (s, 3H), 3.48 (m, 1H), 3.46 ppm (s, 3H); 13C NMR (125 MHz,
CDCl3): d=156.3, 80.4, 77.1, 76.4, 73.3, 71.7, 68.4, 60.5, 59.7, 58.8, 58.4,
53.0 ppm; HRMS (MALDI-FTMS) calcd for C12H23NO7Na


+ [M+Na]+ :
316.1367; found: 316.1362.


Alloc-protected 2,3,4,6-tetra-O-methyl-b-d-mannosylamine (94): Rf=0.38
(silica gel, EtOAc); IR (film): nmax=3332, 2934, 1726, 1529, 1450, 1305,
1237, 1100 cm�1; 1H NMR (500 MHz, CDCl3): d=5.90 (ddd, J=23.1,
10.7, 4.8 Hz, 1H), 5.52 (br s, 1H), 5.32 (d, J=17.2 Hz, 1H), 5.22 (d, J=
10.3 Hz, 1H), 4.60 (s, 2H), 3.63–3.48 (m, 15H), 3.45–3.42 ppm (m, 4H);
13C NMR (100 MHz, CDCl3): d=155.5, 132.7, 118.7, 80.4, 77.1, 76.4, 73.3,
71.6, 66.5, 59.7, 58.8, 58.3, 51.5 ppm; HRMS (MALDI-FTMS) calcd for
C14H25NO7Na


+ [M+Na]+ : 342.1523; found: 342.1522.


CO2Me-protected 2,3,5-tri-O-benzyl-b-l-arabinofuranosylamine (96):
Rf=0.63 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=3317, 3030,
2865, 1732, 1498, 1454, 1363, 1238, 1058, 739, 698 cm�1; 1H NMR
(400 MHz, CDCl3): d=7.35–7.27 (m, 15H), 5.88 (brd, J=9.4 Hz, 1H),
5.76 (brd, J=10.0 Hz, 1H), 4.61–4.45 (m, 6H), 4.38 (app t, J=5.6 Hz,
1H), 4.02 (s, 1H), 3.93 (s, 1H), 3.70 (br s, 3H), 3.64 (dd, J=9.4, 5.9 Hz,
1H), 3.52 ppm (appt, J=8.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=
155.8, 137.9, 137.1, 128.4 (2C), 128.3, 128.2, 127.9, 127.8, 127.7, 127.6
(2C), 85.5, 84.9, 82.7, 82.1, 73.2, 71.6, 71.4, 70.0, 52.2 ppm; HRMS
(MALDI-FTMS) calcd for C28H31NO6Na


+ [M+Na]+: 500.2043; found:
500.2033.


Alloc-protected 2,3,5-tri-O-benzyl-b-l-arabinofuranosylamine (97): Rf=


0.55 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=3322, 3030, 2866,
1730, 1503, 1454, 1366, 1232, 1094, 992, 738, 698 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.41–7.32 (m, 15H), 6.01 (ddd, J=22.8, 11.0,
5.9 Hz, 1H), 5.94 (d, J=9.9 Hz, 1H), 5.84 (d, J=9.9 Hz, 1H), 5.40 (d, J=
16.9 Hz, 1H), 5.31 (dd, J=10.2, 1.1 Hz, 1H), 4.69–4.58 (m, 7H), 4.53 (d,
J=11.7 Hz, 1H), 4.48 (ddd, J=9.8, 7.3, 1.8 Hz, 1H), 4.08 (br s, 1H), 4.00
(br s, 1H), 3.70 (dd, J=9.5, 5.5 Hz, 1H), 3.59 ppm (appt, J=7.7 Hz, 1H);
13C NMR (125 MHz, CDCl3): d=155.5, 138.5, 137.6, 133.0, 129.0, 128.9,
128.8 (2C), 128.3, 128.2, 128., 1280, 118.5, 86.1, 85.4, 83.2, 82.8, 73.8, 72.2,
71.9, 70.6, 66.3 ppm; HRMS (MALDI-FTMS) calcd for C30H33NO6Na


+


[M+Na]+ : 526.2200; found: 526.2190.


CO2Me-protected ribosylamine 99 : Rf=0.67 (silica gel, EtOAc/hexanes,
1:2); IR (film): nmax=3347, 2933, 1737, 1509, 1461, 1377, 1251, 1082, 931,
837, 779 cm�1; 1H NMR (400 MHz, CDCl3): d=6.27 (brd, J=11.8 Hz,
1H), 5.68 (brd, J=10.0 Hz, 1H), 4.72 (d, J=5.9 Hz, 1H), 4.50 (d, J=
6.2 Hz, 1H), 4.29 (s, 1H), 3.77 (m, 1H), 3.71 (m, 3H), 3.66 (br s, 3H),
1.51 (s, 3H), 1.33 (s, 3H), 0.94 (s, 9H), 0.13 ppm (s, 6H); 13C NMR
(100 MHz, CDCl3): d=155.8, 112.2, 89.0, 86.6, 86.0, 82.1, 79.4, 65.0, 51.8,
25.7, 24.8, 18.1 ppm; HRMS (MALDI-FTMS) calcd for C16H31NO6SiNa


+


[M+Na]+ : 84.1813; found: 384.1814.
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CO2Me-protected 101: Rf=0.41 (silica gel, EtOAc/hexanes, 1:1); IR
(film): nmax=3304, 2988, 1702, 1541, 1377, 1296, 1248, 1209, 1067, 1039,
1018, 850 cm�1; 1H NMR (400 MHz, CDCl3): d=5.61 (br s, 1H), 5.22
(br s, 1 h), 4.87 (br s, 2H), 4.36 (m, 1H), 4.08–3.98 (m, 3H), 3.67 (s, 3H),
3.67 (s, 3H), 1.47 (s, 3H), 1.43 (s, 3H), 1.35 (s, 3H), 1.32 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d=156.1, 112.9, 109.1, 87.9, 85.2, 73.3, 66.6,
52.4, 26.9, 25.9, 25.0, 24.8 ppm; HRMS (MALDI-FTMS) calcd for
C14H23NO7Na


+ [M+Na]+ : 340.1367; found: 340.1364.


2,3,4,6-Tetra-O-benzyl-b-d-glucosylamine (102): Et2NH (0.179 mL,
3.40 mmol, 40 equiv) was added to a solution of intermediate 89 (0.053 g,
0.085 mmol, 1.0 equiv) in CH3CN/H2O (1:1, 2 mL) at 25 8C. After stirring
this mixture for 5 minutes at 25 8C, Pd(OAc)2 (0.002 g, 0.009 mmol,
0.1 equiv) and TPPTS (0.010 g, 0.017 mmol, 0.2 equiv) were added se-
quentially, providing a yellow solution which was stirred for an additional
30 minutes at 25 8C. Upon completion, the reaction contents were poured
into water (5 mL), and extracted with EtOAc (3R10 mL). The combined
organic layers were then dried (MgSO4) and concentrated to give 2,3,4,6-
tetra-O-benzyl-b-d-glucosylamine (0.043 g, 95% yield)[29] as an amor-
phous white solid. Rf=0.48 (silica gel, EtOAc/hexanes, 1:1); IR (film):
nmax=3352, 3030, 2862, 1453, 1351, 1122, 1094, 1086, 1027, 750, 698 cm�1;
1H NMR (600 MHz, CDCl3): d=7.48–7.21 (m, 20H), 5.08 (d, J=13.2 Hz,
1H), 5.03 (d, J=13.1 Hz, 1H), 4.94–4.86 (m, 3H), 4.65 (AB, J=14.3 Hz,
nab=37.4 Hz, 2H), 4.58 (m, 1H), 4.20 (d, J=9.9 Hz, 1H), 3.85–3.80 (m,
5H), 3.56 (dd, J=11.5, 3.3 Hz, 1H), 3.30 (t, J=10.4 Hz, 1H), 1.97 ppm
(br s, 2H); 13C NMR (150 MHz, CDCl3): d=138.6, 138.3, 138.0, 137.9,
128.7, 128.4 (2C), 128.3, 128.2, 127.9, 127.8 (2C), 127.7 (2C), 127.6, 86.2,
85.8, 83.4, 78.1, 75.7, 75.6, 75.0, 74.9, 73.5, 68.9 ppm; HRMS (MALDI-
FTMS) calcd for C34H38NO5


+ [M+H]+ : 540.2744; found: 540.2750.[25]


General procedure for making epoxy alcohol starting materials : All
epoxy alcohols were prepared following the method of Katsuki and
Sharpless, and their spectral data matched that published.[51]


Perillyl epoxide 109 : Rf=0.33 (silica gel, EtOAc/hexanes, 1:1); IR (film):
nmax=3347, 2933, 1632, 1509, 1461, 1371, 1224, 1042, 939, 837, 777 cm�1;
1H NMR (400 MHz, CDCl3): d=4.67 (s, 1H), 4.64 (s, 1H), 3.58 (AB, J=
12.0 Hz, nab=43.7 Hz, 2H), 3.32 (s, 1H), 2.36 (br s, 3H), 2.12 (AB, J=
13.5 Hz, nab=22.6 Hz, 2H), 1.80 (m, 2H), 1.66 (s, 3H), 1.58 (app t, J=
11.4 Hz, 2H), 1.17 ppm (dd, J=11.4, 6.8 Hz, 1H); 13C NMR (100 MHz,
CDCl3): d=148.6, 109.1, 64.2, 60.0, 56.7, 36.7, 30.2, 24.6, 20.8 ppm; MS
(GC/MS) calcd for C10H16O2


+ [M]+ : 168; found: 168.


Myrtenol epoxide 111: VO(acac)2 (0.100 g, catalytic) and tert-butyl hydro-
peroxide (0.70 mL, 2.0 mmol, 2.0 equiv) were added sequentially to a so-
lution of (�)-myrtenol (0.152 g, 1.0 mmol, 1.0 equiv) in CH2Cl2 (5 mL) at
25 8C. After stirring the resultant solution for 2 h at 25 8C, the reaction
mixture was diluted with CH2Cl2 (10 mL) and quenched by the addition
of water (5 mL) and Na2SO3 (0.063 g, 0.5 mmol, 0.5 equiv). The reaction
contents were then poured into water (25 mL) and extracted with CH2Cl2
(3R25 mL). The combined organic layers were washed with water
(50 mL), dried (MgSO4), and concentrated. The resultant yellow residue
was purified by flash column chromatography (silica gel, EtOAc/hexanes,
1:1) to provide myrtenol epoxide 111 (0.146 g, 87%) as a colorless oil.
Rf=0.42 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=2976, 2908,
1461, 1433, 1368, 1270, 1230, 1088, 1062, 1025, 865, 835, 770, 692 cm�1;
1H NMR (400 MHz, CDCl3): d=3.66 (AB, J=12.6 Hz, nab=69.5 Hz,
2H), 3.37 (d, J=4.1 Hz, 1H), 2.15 (br s, 1H), 2.04 (m, 1H), 2.01 (d, J=
2.9 Hz, 1H), 1.98 (t, J=5.6 Hz, 1H), 1.93–1.87 (m, 1H), 1.75 (brm, 1H),
1.63 (d, J=9.7 Hz, 1H), 1.25 (s, 3H), 0.89 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=63.9, 62.9, 53.3, 40.5, 40.1, 27.1, 26.4, 25.5,
20.0 ppm; HRMS (MALDI-FTMS) calcd for C6H11O2


+ [M+H]+ :
115.0754; found: 115.0758.


General procedure for the synthesis of sulfamidates from epoxy alcohols :
The epoxy alcohol (1.0 mmol, 1.0 equiv) was dissolved in THF/CH2Cl2
(4:1, 5 ml) and the Burgess reagent (0.309 g, 1.3 mmol, 1.3 equiv) was
added at 25 8C in a single portion. The resultant solution was immediately
warmed to reflux (using a preheated oil bath) and stirred for 3 h. Upon
completion, the reaction contents were concentrated directly, and the re-
sultant residue was purified by flash column chromatography (FlorisilP,
EtOAc/MeOH, 1:0!98:2) to give the desired sulfamidate product in
high purity.


Sulfamidate 104 : Rf=0.35 (silica gel, EtOAc/MeOH, 98:2); IR (film):
nmax=3436, 3002, 1744, 1636, 1467, 1383, 1255, 1174, 953, 700, 597 cm�1;


1H NMR (400 MHz, CD3CN): d=7.37–7.28 (m, 5H), 4.70 (dd, J=11.8,
2.5 Hz, 1H), 4.24 (dd, J=11.7, 6.6 Hz, 1H), 3.90 (d, J=2.1 Hz, 1H), 3.72
(s, 3H), 3.40 ppm (dt, J=6.4, 2.5 Hz, 1H); 13C NMR (100 MHz, CD3CN):
d=152.1, 136.9, 129.4, 126.7, 73.5, 59.1, 56.5, 54.2 ppm; HRMS (MALDI-
FTMS) calcd for C11H14NO6S


+ [M+H]+ : 288.0536; found: 288.0537.


Sulfamidate 106 : Rf=0.32 (silica gel, EtOAc/MeOH, 98:2); IR (film):
nmax=3480, 2955, 1743, 1649, 1446, 1291, 1167, 1108, 1050, 987, 885, 796,
749, 702, 621 cm�1; 1H NMR (400 MHz, CDCl3): d=7.24–7.17 (m, 5H),
4.22 (AB, J=17.2 Hz, nab=68.6 Hz, 2H), 4.15 (s, 1H), 3.55 (s, 3H),
1.03 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=157.3, 134.6, 128.0,
127.7, 126.5, 126.3, 72.3, 61.7, 61.0, 53.5, 13.1 ppm; MS (ESI) calcd for
C12H15NO6NaS


+ [M+Na]+ : 323; found: 323.


Sulfamidate 108 : Rf=0.28 (silica gel, EtOAc/MeOH, 98:2); IR (film):
nmax=3482, 2930, 1735, 1650, 1442, 1290, 1166, 1107, 985, 885 cm�1;
1H NMR (500 MHz, CD3CN): d=5.09 (m, 1H), 4.17 (dd, J=11.4, 3.7 Hz,
1H), 3.88 (dd, J=11.8, 7.0 Hz, 1H), 3.50 (s, 3H), 2.99 (dd, J=7.0, 4.0 Hz,
1H), 2.05 (m, 2H), 1.65 (s, 3H), 1.58 (s, 3H), 1.55 (m, 1H), 1.40 (m, 1H),
1.24 ppm (s, 3H); 13C NMR (125 MHz, CD3CN): d=161.8, 132.6, 124.4,
68.1, 61.2, 60.7, 52.5, 38.8, 25.6, 24.1, 17.5, 16.9 ppm; HRMS (MALDI-
FTMS) calcd for C12H21NO6SNa


+ [M+Na]+ : 330.0982; found: 330.0987.


Sulfamidate 110 : Rf=0.31 (silica gel, EtOAc/MeOH, 98:2); IR (film):
nmax=3260, 2937, 1755, 1644, 1452, 1382, 1247, 1173, 959, 890, 776,
599 cm�1; 1H NMR (600 MHz, CD3CN): d=4.72 (t, J=1.3 Hz, 1H), 4.68
(q, J=0.9 Hz, 1H), 4.18 (AB, J=10.9 Hz, nab=178.0 Hz, 2H), 3.73 (s,
3H), 3.23 (br s, 1H), 2.12–2.08 (m, 1H), 2.05–1.95 (m, 2H), 1.78 (ddd, J=
17.5, 11.4, 6.1 Hz, 1H), 1.67 (s, 3H), 1.54 (m, 1H), 1.24–1.18 ppm (m,
2H); 13C NMR (150 MHz, CD3CN): d=151.9, 149.8, 109.6, 77.8, 58.1,
57.3, 54.2, 37.1, 30.6, 26.1, 20.9 ppm; HRMS (MALDI-FTMS) calcd for
C12H19NO6SNa


+ [M+Na]+ : 328.0825; found: 328.0826.


Sulfamidate 112 : Rf=0.30 (silica gel, EtOAc/MeOH, 98:2); IR (film):
nmax=3482, 2924, 1644, 1445, 1389, 1296, 1166, 1109, 1052, 964, 883, 804,
736, 619 cm�1; 1H NMR (500 MHz, CD3CN): d=4.05 (AB, J=11.8 Hz,
nab=162.9 Hz, 2H), 3.52 (s, 3H), 3.32 (m, 1H), 2.15 (t, J=5.9 Hz, 1H),
2.06 (dt, J=7.2, 5.8 Hz, 1H), 1.96 (m, 2H), 1.72 (m, 1H), 1.54 (d, J=
9.6 Hz, 1H), 1.29 (s, 3H), 0.92 ppm (s, 3H); 13C NMR (125 MHz,
CD3CN): d=162.3, 70.1, 62.2, 54.0, 52.9, 41.2, 40.9, 40.7, 27.7, 26.7, 26.0,
20.3 ppm; HRMS (MALDI-FTMS) calcd for C12H19NO6SNa


+ [M+H]+ :
328.0825; found: 328.0820.


Synthesis of aminoalcohol starting materials (Procedure A): The appro-
priate aniline (5.0 mmol, 1.0 equiv) was dissolved in 2-bromoethanol
(5 mL), and the resulting solution was heated at 70 8C until most of the
starting material had been consumed (typically 2–8 h). Upon completion,
the reaction contents were cooled to 25 8C, poured into water (5 mL),
and extracted with EtOAc (3R10 mL). The combined organic layers
were then washed with water (2R15 mL), dried (MgSO4), and concen-
trated. The resultant oil was purified by flash column chromatography
(silica gel) in an appropriate solvent system to give the desired aminoal-
cohol product in high purity.


Data for 131: Rf=0.32 (silica gel, CH2Cl2); IR (film): nmax=3385, 2919,
1602, 1537, 1504, 1467, 1305, 1185, 1112, 1049, 833 cm�1; 1H NMR
(500 MHz, CD3CN): d=8.10 (dd, J=7.0, 1.9 Hz, 2H), 6.72 (dd, J=7.0,
1.9 Hz, 2H), 3.77 (br t, J=5.2 Hz, 2H), 3.39 ppm (t, J=5.5 Hz, 2H);
13C NMR (125 MHz, CD3CN): d=154.8, 137.5, 126.5, 111.4, 60.2,
45.6 ppm; HRMS (MALDI-FTMS) calcd for C8H11N2O3


+ [M+H]+ :
183.0764; found: 183.0765.


Data for 133 : Rf=0.28 (silica gel, CH2Cl2); IR (film): nmax=3280, 2955,
1618, 1519, 1465, 1391, 1292, 1119, 964, 870, 700 cm�1; 1H NMR
(400 MHz, CDCl3): d=7.16 (s, 1H), 6.97 (s, 2H), 3.89 (t, J=5.0 Hz, 2H),
3.87 (dd, J=5.6, 4.1 Hz, 1H), 3.67 (dd, J=5.3, 5.0 Hz, 1H), 3.35 ppm
(br t, J=4.7 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=148.7, 132.3 (d,
J=133.4 Hz), 112.1, 110.5, 60.8, 45.4 ppm; MS (ESI) calcd for
C10H10F6NO


+ [M+H]+ : 274; found: 274.


Data for 135 : Rf=0.22 (silica gel, CH2Cl2); IR (film): nmax=3378, 2937,
1606, 1512, 1459, 1236, 1128, 1005, 601 cm�1; 1H NMR (400 MHz,
CDCl3): d=5.89 (s, 2H), 3.83 (t, J=5.3 Hz, 2H), 3.81 (s, 6H), 3.76 (s,
3H), 3.27 ppm (t, J=5.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=


153.9, 144.9, 92.6, 90.8, 61.3, 61.1, 55.9, 46.6 ppm; HRMS (MALDI-
FTMS) calcd for C11H18NO4


+ [M+H]+ : 228.1230; found: 228.1239.


Synthesis of aminoalcohol starting materials (Procedure B): NaCNBH3


(0.200 g, 3.5 mmol, 1.0 equiv) was added to a solution of the desired alde-
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hyde (3.5 mmol, 1.0 equiv) and amine (10.0 mmol, 2.85 equiv) in MeOH
(25 mL) at 25 8C, and the resultant mixture was stirred for 12 h. Upon
completion, the pH of the reaction media was acidified to a value of less
than 2 using concentrated HCl; the contents were then concentrated di-
rectly. The resultant yellow residue was dissolved in water (10 mL) and
extracted with Et2O (15 mL) to remove any neutral impurities. The aque-
ous layer was then made alkaline (pH >10) using saturated aqueous
K2CO3 and was extracted with CH2Cl2 (3R25 mL). The combined organic
layers were washed with water (50 mL), dried (MgSO4), and concentrat-
ed. The resultant yellow residue was purified by flash column chromatog-
raphy (silica gel) in an appropriate solvent system to give the desired
aminoalcohol product in high purity.


Data for 118 : Rf=0.01 (silica gel, EtOAc); IR (film): nmax=3435, 2940,
1636, 1513, 1357, 694 cm�1; 1H NMR (600 MHz, CD3CN): d=8.18 (s,
1H), 8.04 (d, J=7.9 Hz, 1H), 7.70 (d, J=7.5 Hz, 1H), 7.52 (t, J=7.9 Hz,
1H), 3.85 (s, 2H), 3.55 (t, J=5.3 Hz, 2H), 2.65 (t, J=5.2 Hz, 2H),
2.58 ppm (br s, 2H); 13C NMR (150 MHz, CD3CN): d=149.2, 144.2,
135.3, 130.2, 123.4, 122.5, 61.5, 52.9, 51.6 ppm; HRMS (MALDI-FTMS)
calcd for C9H13N2O3


+ [M+H]+ : 197.0921; found: 197.0921.


Data for 120 : Rf=0.04 (silica gel, EtOAc); IR (film): nmax=3439, 1636,
1452, 1041, 629, 542 cm�1; 1H NMR (600 MHz, CD3CN): d=6.70 (d, J=
3.1 Hz, 1H), 6.59 (d, J=2.2 Hz, 1H), 3.85 (s, 2H), 3.54 (t, J=5.3 Hz,
2H), 2.82 (br s, 2H), 2.66 (t, J=5.3 Hz, 2H), 2.41 ppm (s, 3H); 13C NMR
(150 MHz, CD3CN): d=142.8, 139.6, 125.8, 125.5, 61.3, 51.4, 48.6,
15.3 ppm; HRMS (MALDI-FTMS) calcd for C8H14NOS+ [M+H]+ :
172.0791; found: 172.0791.


Data for 143 : Rf=0.01 (silica gel, EtOAc); IR (film): nmax=3418, 2953,
1636, 1514, 1467, 1303, 1249, 1180, 1030, 818, 602 cm�1; 1H NMR
(600 MHz, CD3CN): d=7.24 (d, J=8.3 Hz, 2H), 6.87 (d, J=8.8 Hz, 2H),
3.75 (s, 3H), 3.67 (br s, 2H), 3.59 (t, J=6.2 Hz, 2H), 2.69 (t, J=6.6 Hz,
2H), 1.65 ppm (quin, J=6.1 Hz, 2H); 13C NMR (150 MHz, CD3CN): d=
159.6, 132.7, 130.5, 114.5, 62.0, 55.8, 53.4, 47.9, 32.4 ppm; HRMS
(MALDI-FTMS) calcd for C11H18NO2S


+ [M+H]+ : 196.1332; found:
196.1330.


Data for 145 : Rf=0.02 (silica gel, EtOAc); IR (film): nmax=3434, 2970,
1636, 1471, 1409, 1309, 1061, 639 cm�1; 1H NMR (600 MHz, CD3CN): d=
7.65 (d, J=8.3 Hz, 2H), 7.47 (d, J=8.3 Hz, 2H), 3.79 (s, 2H), 3.58 (t, J=
5.7 Hz, 2H), 2.77 (br s, 2H), 2.66 (t, J=6.6 Hz, 2H), 1.63 ppm (quin, J=
6.1 Hz, 2H); 13C NMR (150 MHz, CD3CN): d=147.5, 133.0, 129.6, 119.8,
111.0, 62.1, 53.7, 48.1, 32.7 ppm; HRMS (MALDI-FTMS) calcd for
C11H15N2O


+ [M+H]+ : 191.1179; found: 191.1178.


Data for 147: Rf=0.02 (silica gel, EtOAc); IR (film): nmax=3429, 2940,
1641, 1566, 1471, 1067, 778, 667 cm�1; 1H NMR (600 MHz, CD3CN): d=
7.49 (s, 1H), 7.37 (d, J=7.8 Hz, 1H), 7.26 (d, J=7.4 Hz, 1H), 7.21 (t, J=
7.9 Hz, 1H), 3.69 (s, 2H), 3.57 (t, J=6.2 Hz, 2H), 3.05 (br s, 2H), 2.65 (t,
J=6.5 Hz, 2H), 1.63 ppm (quin, J=6.1 Hz, 2H); 13C NMR (150 MHz,
CD3CN): d=144.3, 131.8, 131.1, 130.6, 127.9, 122.8, 62.0, 53.5, 48.0,
32.8 ppm; HRMS (MALDI-FTMS) calcd for C10H15BrNO


+ [M+H]+ :
244.0331; found: 244.0333.


Data for 149 : Rf=0.05 (silica gel, EtOAc); IR (film): nmax=3447, 2940,
1636, 1469, 1060, 798, 602 cm�1; 1H NMR (600 MHz, CD3CN): d=6.70
(d, J=3.1 Hz, 1H), 6.59 (d, J=2.2 Hz, 1H), 3.83 (s, 2H), 3.59 (t, J=
6.1 Hz, 2H), 3.09 (br s, 2H), 2.70 (t, J=6.2 Hz, 2H), 2.41 (s, 3H),
2.13 ppm (quin, J=6.1 Hz, 2H); 13C NMR (150 MHz, CD3CN): d=142.7,
139.5, 125.8, 125.6, 62.2, 48.9, 47.9, 32.7, 15.4 ppm; HRMS (MALDI-
FTMS) calcd for C9H16NOS+ [M+H]+ : 186.0947; found: 186.0946.


Data for 151: Rf=0.07 (silica gel, EtOAc/hexanes, 1:2); IR (film): nmax=


3376, 2934, 2861, 1650, 1528, 1476, 1349, 1062, 806, 733, 690 cm�1;
1H NMR (600 MHz, CDCl3): d=8.13 (s, 1H), 8.06 (d, J=8.3 Hz, 1H),
7.66 (d, J=7.4 Hz, 1H), 7.47 (t, J=7.9 Hz, 1H), 3.86 (s, 2H), 3.56 (t, J=
4.9 Hz, 2H), 3.28 (br s, 2H), 2.66 (t, J=5.7 Hz, 2H), 1.61 ppm (m, 4H);
13C NMR (125 MHz, CDCl3): d=148.1, 141.4, 134.4, 129.4, 122.9, 122.1,
62.3, 52.8, 49.1, 31.5, 27.6 ppm; HRMS (MALDI-FTMS) calcd for
C11H17N2O3S


+ [M+H]+ : 225.1234; found: 225.1239.


General procedure for the synthesis of sulfamides from precursor amino-
alcohols : The aminoalcohol (0.5 mmol, 1.0 equiv) was dissolved in anhy-
drous THF (5 mL) and the appropriate Burgess-type reagent (1.25 mmol,
2.5 equiv) was added at 25 8C in a single portion. The resultant solution
was immediately warmed to reflux (using a preheated oil bath) and stir-
red for 8 h. Upon completion, the reaction contents were cooled to 25 8C,


poured into saturated aqueous NH4Cl (25 mL), and extracted with
CH2Cl2 (3R20 mL). The combined organic layers were then washed with
water (50 mL), dried (MgSO4), and concentrated. The resultant yellow
residue was purified by flash column chromatography (silica gel) in an
appropriate solvent system to give the desired product in high purity.


Data for 114 : Rf=0.33 (silica gel, CH2Cl2); IR (film): nmax=3447, 2877,
1730, 1458, 1328, 1245, 1217, 1159, 1133, 1081, 1018, 963, 936, 792, 764,
712, 644, 614 cm�1; 1H NMR (400 MHz, CDCl3): d=3.84 (s, 3H), 3.82 (t,
J=6.8 Hz, 2H), 3.33 (t, J=6.8 Hz, 2H), 2.75 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=150.9, 54.1, 46.0, 42.7, 33.1 ppm; HRMS
(MALDI-FTMS) calcd for C5H10N2O4SNa


+ [M+Na]+ : 217.0253; found:
217.0250.


Data for 115 : Rf=0.40 (silica gel, CH2Cl2); IR (film): nmax=2966, 1731,
1458, 1390, 1323, 1166, 1079, 1018, 976, 942, 908, 842, 760, 700, 643 cm�1;
1H NMR (400 MHz, CDCl3): d=7.42–7.32 (m, 5H), 5.30 (s, 2H), 3.84 (t,
J=6.4 Hz, 2H), 3.33 (t, J=6.8 Hz, 2H), 2.77 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=150.4, 134.7, 128.5, 128.4, 127.8, 68.8, 46.0, 42.7,
33.2 ppm; HRMS (MALDI-FTMS) calcd for C11H14N2O4SNa


+ [M+Na]+:
293.0566; found: 293.0568.


Data for 117: Rf=0.67 (silica gel, EtOAc); IR (film): nmax=2984, 1730,
1449, 1349, 1320, 1216, 1174, 1146, 1059, 1001, 972, 945, 919, 780, 732,
698, 641, 601, 542, 488 cm�1; 1H NMR (400 MHz, CDCl3): d=7.36 (m,
5H), 4.21 (s, 2H), 3.90 (s, 3H), 3.80 (t, J=6.8 Hz, 2H), 3.24 ppm (t, J=
6.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=151.1, 133.8, 128.9, 128.8,
128.5, 54.3, 50.4, 43.0, 42.9 ppm; HRMS (MALDI-FTMS) calcd for
C11H14N2O4SNa


+ [M+Na]+ : 293.0566; found: 293.0565.


Data for 119 : Rf=0.20 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2957, 1736, 1636, 1532, 1442, 1326, 1162, 729, 645, 545 cm�1; 1H NMR
(600 MHz, CDCl3): d=8.24 (s, 1H), 8.20 (d, J=8.3 Hz, 1H), 7.76 (d, J=
7.5 Hz, 1H), 7.59 (t, J=7.9 Hz, 1H), 4.33 (s, 2H), 3.90 (s, 3H), 3.88 (t,
J=6.2 Hz, 2H), 3.34 ppm (t, J=6.6 Hz, 2H); 13C NMR (150 MHz,
CDCl3): d=150.9, 148.4, 136.3, 134.6, 130.0, 123.5, 123.4, 54.4, 49.8, 43.7,
42.9 ppm; HRMS (MALDI-FTMS) calcd for C11H13N3O6SNa


+ [M+Na]+:
338.0417; found: 338.0416.


Data for 121: Rf=0.43 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2957, 1737, 1640, 1442, 1323, 1221, 1161, 1096, 1040, 792, 758, 645 cm�1;
1H NMR (600 MHz, CDCl3): d=6.85 (d, J=3.5 Hz, 1H), 6.62 (m, 1H),
3.90 (s, 2H), 3.77 (t, J=6.5 Hz, 2H), 3.48 (s, 3H), 3.34 (t, J=6.5 Hz, 2H),
2.46 ppm (s, 3H); 13C NMR (150 MHz, CDCl3): d=151.1, 141.9, 133.3,
128.5, 124.9, 54.3, 45.7, 43.2, 42.7, 15.4 ppm; HRMS (MALDI-FTMS)
calcd for C10H14N2O4S2Na


+ [M+Na]+ : 313.0287; found: 313.0297.


Data for 123 : Rf=0.34 (silica gel, CH2Cl2); IR (film): nmax=2981, 1728,
1446, 1364, 1343, 1314, 1255, 1198, 1148, 1077, 1007, 954, 866, 806, 760,
675, 616, 501 cm�1; 1H NMR (400 MHz, CDCl3): d=3.86 (s, 3H), 3.77 (t,
J=6.0 Hz, 2H), 3.40 (t, J=6.4 Hz, 2H), 1.41 ppm (s, 9H); 13C NMR
(100 MHz, CDCl3): d=151.0, 57.1, 54.1, 41.6, 39.7, 27.3 ppm; HRMS
(MALDI-FTMS) calcd for C8H16N2O4SNa


+ [M+Na]+ : 259.0723; found:
259.0721.


Data for 124 : Rf=0.30 (silica gel, CH2Cl2); IR (film): nmax=2989, 2908,
1724, 1472, 1455, 1378, 1314, 1208, 1143, 1079, 1002, 938, 901, 862, 803,
761, 673, 615 cm�1; 1H NMR (400 MHz, CDCl3): d=5.90 (m, 1H), 5.41
(dd, J=17.2, 1.6 Hz, 1H), 5.25 (dd, J=10.4, 1.6 Hz, 1H), 4.74 (dt, J=5.2,
1.6 Hz, 2H), 3.77 (t, J=6.0 Hz, 2H), 3.41 (t, J=6.4 Hz, 2H), 1.42 ppm (s,
9H); 13C NMR (100 MHz, CDCl3): d=150.3, 130.9, 118.6, 67.4, 57.1, 41.5,
39.6, 27.3 ppm; HRMS (MALDI-FTMS) calcd for C10H18N2O4SNa


+


[M+Na]+ : 285.0879; found: 285.0879.


Data for 126 : Rf=0.29 (silica gel, CH2Cl2); IR (film): nmax=2957, 1734,
1444, 1320, 1273, 1224, 1183, 1159, 1006, 944, 896, 787, 761, 612 cm�1;
1H NMR (400 MHz, CDCl3): d=3.90 (dd, J=9.2, 6.0 Hz, 1H), 3.86 (s,
3H), 3.48 (m, 1H), 3.42 (dd, J=10.4, 9.2 Hz, 1H), 3.24 (m, 1H), 2.71 (dt,
J=9.2, 2.8 Hz, 1H), 1.94 (m, 1H), 1.87 (m, 2H), 1.61 (m, 1H), 1.47–
1.31 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d=150.9, 54.1, 53.5,
49.3, 42.6, 28.5, 23.1, 22.0 ppm; HRMS (MALDI-FTMS) calcd for
C8H14N2O4SNa


+ [M+Na]+ : 257.0566; found: 257.0558.


Data for 127: Rf=0.51 (silica gel, CH2Cl2); IR (film): nmax=3423, 2931,
1731, 1390, 1320, 1167, 1002, 885, 615 cm�1; 1H NMR (400 MHz, CDCl3):
d=7.42–7.32 (m, 5H), 5.30 (s, 2H), 3.92 (dd, J=9.2, 5.6 Hz, 1H), 3.50
(dt, J=11.2, 3.4 Hz, 1H), 3.45 (app t, J=9.2 Hz, 1H), 3.22 (m, 1H), 2.74
(dt, J=12.4, 3.2 Hz, 1H), 1.91–1.82 (m, 2H), 1.64 (m, 2H), 1.40 ppm (m,
2H); 13C NMR (100 MHz, CDCl3): d=150.5, 134.9, 128.6, 128.4, 127.8,
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68.8, 53.6, 49.3, 42.7, 28.7, 23.3, 22.1 ppm; HRMS (MALDI-FTMS) calcd
for C14H18N2O4SNa


+ [M+Na]+ : 333.0879; found: 333.0875.


Data for 129 : Rf=0.30 (silica gel, CH2Cl2); IR (film): nmax=2955, 1743,
1602, 1590, 1496, 1149, 1372, 1326, 1273, 1214, 1167, 1143, 1079, 1061,
950, 756, 703, 650, 585 cm�1; 1H NMR (400 MHz, CDCl3): d=7.43–7.34
(m, 4H), 7.27 (t, J=7.2 Hz, 1H), 4.00 (t, J=6.4 Hz, 2H), 3.91 (s, 3H),
3.83 ppm (t, J=6.8 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=150.9,
136.3, 129.6, 126.6, 121.7, 54.4, 43.5, 42.2 ppm; HRMS (MALDI-FTMS)
calcd for C10H12N2O4SNa


+ [M+Na]+ : 279.0410; found: 279.0411.


Data for 130 : Rf=0.43 (silica gel, CH2Cl2); IR (film): nmax=1720, 1661,
1543, 1496, 1422, 1332, 1198, 1010, 920, 740, 602 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.43–7.40 (m, 2H), 7.39–7.35 (m, 2H), 7.28 (t, J=
6.6 Hz, 1H), 5.96 (m, 1H), 5.47 (dd, J=17.3, 1.5 Hz, 1H), 5.30 (dt, J=
11.8, 1.5 Hz, 1H), 4.81 (dt, J=5.5, 1.5 Hz, 2H), 4.04 (t, J=6.6 Hz, 2H),
3.87 ppm (t, J=5.9 Hz, 2H); 13C NMR (125 MHz, CDCl3): d=150.3,
136.5, 130.8, 129.7, 126.8, 21.9, 119.1, 68.0, 43.6, 42.2 ppm; HRMS
(MALDI-FTMS) calcd for C12H14N2O4SNa


+ [M+Na]+ : 305.0566; found:
305.0566.


Data for 132 : Rf=0.22 (silica gel, CH2Cl2); IR (film): nmax=2986, 1727,
1639, 1509, 1433, 1339, 1286, 1163, 1133, 1081, 834, 751, 722, 687,
622 cm�1; 1H NMR (400 MHz, CD3CN): d=8.28 (dt, J=9.2, 3.2 Hz, 2H),
7.47 (dt, J=8.8, 3.6 Hz, 2H), 4.05 (t, J=6.2 Hz, 2H), 3.98 (t, J=6.4 Hz,
2H), 3.88 ppm (s, 3H); 13C NMR (100 MHz, CD3CN): d=151.6, 126.3,
119.2, 118.3 (2C), 55.1, 43.9, 43.0 ppm; HRMS (MALDI-FTMS) calcd
for C10H11N3O6SNa


+ [M+Na]+ : 324.0261; found: 324.0257.


Data for 134 : Rf=0.40 (silica gel, CH2Cl2); IR (film): nmax=2958, 1733,
1619, 1472, 1437, 1390, 1325, 1273, 1173, 1120, 1073, 1006, 871, 806, 760,
698, 682, 612 cm�1; 1H NMR (400 MHz, CD3CN): d=7.89 (s, 1H), 7.86 (s,
2H), 4.04 (m, 2H), 3.98 (m, 2H), 3.88 ppm (s, 3H); 13C NMR (100 MHz,
CD3CN): d=151.3, 139.9, 133.1 (d, J=132.0 Hz), 120.9, 119.7, 54.9, 44.0,
43.1 ppm; HRMS (MALDI-FTMS) calcd for C12H10F6N2O4SNa


+


[M+Na]+ : 415.0158; found: 415.0169.


Data for 136 : Rf=0.14 (silica gel, CH2Cl2); IR (film): nmax=2942, 2837,
1713, 1601, 1502, 1461, 1431, 1326, 1249, 1213, 1112, 1014, 864, 806, 763,
622 cm�1; 1H NMR (400 MHz, CD3CN): d=6.64 (s, 2H), 3.97 (t, J=
6.4 Hz, 2H), 3.85 (s, 3H), 3.83 (m, 2H), 3.82 (s, 6H), 3.72 ppm (s, 3H);
13C NMR (100 MHz, CD3CN): d=155.5, 152.6, 138.3, 134.3, 101.7, 61.5,
57.5, 55.5, 45.5, 44.1 ppm; HRMS (MALDI-FTMS) calcd for
C13H18N2O7SNa


+ [M+Na]+ : 369.0727; found: 369.0738.


Data for 138 : Rf=0.46 (silica gel, CH2Cl2); IR (film): nmax=3472, 2966,
1737, 1572, 1455, 1443, 1396, 1326, 1273, 1243, 1179, 1149, 1096, 1070,
955, 861, 791, 773, 621 cm�1; 1H NMR (400 MHz, CDCl3): d=8.26 (m,
1H), 7.83 (m, 1H), 7.54–7.47 (m, 3H), 7.37 (t, J=7.6 Hz, 1H), 6.89 (d,
J=7.6 Hz, 1H), 4.67 (dt, J=11.6, 8.4 Hz, 1H), 4.44 (dd, J=9.2, 3.6 Hz,
1H), 4.35 (t, J=9.2 Hz, 1H), 3.94 (s, 3H), 3.88 (sep, J=6.4 Hz, 1H), 3.58
(m, 2H), 1.30 ppm (appt, J=7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3):
d=153.6, 151.1, 134.5, 127.6, 126.6, 125.8, 125.5, 121.7, 121.2, 104.9, 65.4,
52.7, 43.3, 41.0, 20.9, 19.8 ppm; HRMS (MALDI-FTMS) calcd for
C18H22N2O5SNa


+ [M+Na]+ : 401.1142; found: 401.1129.


Data for 140 : Rf=0.40 (silica gel, EtOAc); IR (film): nmax=3420, 1637,
1432, 1329, 1156, 1024, 984, 756, 702, 657 cm�1; 1H NMR (400 MHz,
DMSO-d6): d=2.90 (t, J=6.4 Hz, 4H), 2.84 (s, 6H), 2.57 (t, J=6.4 Hz,
4H), 2.35 ppm (s, 4H); 13C NMR (100 MHz, DMSO-d6): d=150.6, 54.0,
44.8, 44.0, 43.5 ppm; HRMS (MALDI-FTMS) calcd for
C10H18N4O8S2Na


+ [M+Na]+ : 409.0458; found: 409.0447.


Data for 142 : Rf=0.24 (silica gel, MeOH/CH2Cl2, 3:97); IR (film): nmax=


3272, 2919, 1731, 1496, 1455, 1355, 1326, 1237, 1161, 961, 861, 756,
591 cm�1; 1H NMR (400 MHz, CDCl3): d=7.45 (d, J=7.6 Hz, 1H), 7.29
(dt, J=8.4, 1.6 Hz, 1H), 7.22 (dd, J=8.0, 1.6 Hz, 1H), 7.16 (t, J=7.2 Hz,
1H), 5.29 (br s, 1H), 4.72 (s, 2H), 3.71 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d=151.9, 135.1, 131.8, 129.5, 129.2, 125.9, 122.3, 63.2, 53.7 ppm;
HRMS (MALDI-FTMS) calcd for C9H10N2O4SNa


+ [M+Na]+ : 265.0253;
found: 265.0256.


Data for 144 : Rf=0.40 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2957, 1724, 1636, 1513, 1440, 1382, 1291, 1250, 1176, 1030, 775, 624 cm�1;
1H NMR (600 MHz, CDCl3): d=7.23 (d, J=8.8 Hz, 2H), 6.87 (d, J=
8.3 Hz, 2H), 4.30 (s, 2H), 4.01 (t, J=5.7 Hz, 2H), 3.86 (s, 3H), 3.79 (s,
3H), 3.42 (t, J=6.1 Hz, 2H), 1.79 ppm (quin, J=6.1 Hz, 2H); 13C NMR
(150 MHz, CDCl3): d=159.4, 153.7, 129.8, 126.6, 114.0, 55.2, 54.2, 51.5,


47.4, 46.6, 19.2 ppm; HRMS (MALDI-FTMS) calcd for C13H18N2O5SNa
+


[M+Na]+ : 337.0829; found: 337.0828.


Data for 146 : Rf=0.24 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2982, 2231, 1732, 1636, 1435, 1359, 1297, 1253, 1170, 1032, 949, 864,
584 cm�1; 1H NMR (600 MHz, CDCl3): d=7.65 (d, J=8.3 Hz, 2H), 7.46
(d, J=7.9 Hz, 2H), 4.42 (s, 2H), 4.06 (t, J=5.7 Hz, 2H), 3.86 (s, 3H),
3.49 (t, J=5.7 Hz, 2H), 1.86 ppm (quin, J=6.1 Hz, 2H); 13C NMR
(150 MHz, CDCl3): d=153.5, 140.8, 132.5, 128.6, 118.3, 111.9, 54.4, 51.9,
48.2, 47.5, 19.5 ppm; HRMS (MALDI-FTMS) calcd for C13H15N3O4SNa


+


[M+Na]+ : 332.0675; found: 332.0681.


Data for 148 : Rf=0.44 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2956, 1729, 1571, 1437, 1383, 1307, 1273, 1176, 1023, 953, 843, 777, 609,
564 cm�1; 1H NMR (600 MHz, CDCl3): d=7.46 (s, 1H), 7.42 (d, J=
7.9 Hz, 1H), 7.24 (d, J=7.9 Hz, 1H), 7.21 (t, J=7.4 Hz, 1H), 4.31 (s,
2H), 4.02 (t, J=5.7 Hz, 2H), 3.84 (s, 3H), 3.45 (t, J=5.7 Hz, 2H),
1.81 ppm (quin, J=6.1 Hz, 2H); 13C NMR (150 MHz, CDCl3): d=153.6,
137.4, 131.2, 131.1, 130.3, 126.8, 122.7, 54.3, 51.5, 47.5, 47.4, 19.4 ppm;
HRMS (MALDI-FTMS) calcd for C12H16BrN2O4S


+ [M+H]+ : 363.0009;
found: 363.0011.


Data for 150 : Rf=0.45 (silica gel, EtOAc/hexanes, 1:1); IR (film): nmax=


2970, 1726, 1636, 1439, 1383, 1298, 1265, 1176, 854, 775, 596 cm�1;
1H NMR (600 MHz, CDCl3): d=6.78 (s, 1H), 6.59 (s, 1H), 4.46 (s, 2H),
4.00 (t, J=6.1 Hz, 2H), 3.86 (s, 3H), 3.52 (t, J=5.7 Hz, 2H), 2.45 (s, 3H),
1.78 ppm (brm, 2H); 13C NMR (150 MHz, CDCl3): d=153.8, 141.4,
134.7, 127.8, 124.9, 54.4, 47.5, 47.3, 46.7, 19.6, 15.4 ppm; HRMS
(MALDI-FTMS) calcd for C11H16N2O4S2Na


+ [M+Na]+ : 327.0444; found:
327.0443.


Data for 152 : Rf=0.42 (silica gel, EtOAc/hexanes, 1:2); IR (film): nmax=


2953, 1725, 1531, 1437, 1350, 1274, 1164, 925, 765, 602 cm�1; 1H NMR
(600 MHz, CDCl3): d=8.25–8.19 (m, 2H), 7.78 (d, J=9.2 Hz, 1H), 7.59
(t, J=8.3 Hz, 1H), 7.69 (s, 2H), 3.90 (s, 3H), 3.85 (t, J=4.8 Hz, 2H), 3.35
(t, J=5.2 Hz, 2H), 1.97 (brm, 2H), 1.87 ppm (brm, 2H); 13C NMR
(150 MHz, CDCl3): d=153.6, 148.2, 138.0, 133.7, 129.9, 123.0, 122.5, 54.2,
51.1, 46.3, 46.1, 28.0, 23.7 ppm; HRMS (MALDI-FTMS) calcd for
C13H18N3O6S


+ [M+H]+ : 344.0911; found: 344.0909.


Data for 154 : Rf=0.63 (silica gel, EtOAc); IR (film): nmax=3251, 2958,
1743, 1661, 1602, 1473, 1455, 1367, 1237, 1167, 1108, 1061, 985, 856, 756,
591 cm�1; 1H NMR (400 MHz, CDCl3): d=7.31 (d, J=8.0 Hz, 1H), 7.20–
7.16 (m, 2H), 7.03 (t, J=7.6 Hz, 1H), 5.28 (br s, 1H), 4.31 (t, J=8.8 Hz,
2H), 3.64 (s, 3H), 3.15 ppm (t, J=8.8 Hz, 2H); 13C NMR (100 MHz,
CDCl3): d=151.7, 140.6, 131.5, 127.6, 125.3, 123.8, 113.9, 53.5, 51.6,
27.9 ppm; HRMS (MALDI-FTMS) calcd for C10H12N2O5SNa


+ [M+Na]+:
279.0410; found: 279.0412.


Data for 156 : Rf=0.25 (silica gel, CH2Cl2); IR (film): nmax=3252, 2962,
1730, 1443, 1408, 1337, 1208, 1167, 1097, 1021, 950, 921, 786, 757, 651,
633 cm�1; 1H NMR (400 MHz, CDCl3): d=3.81 (t, J=6.4 Hz, 2H), 3.76
(s, 3H), 3.49 (br s, 1H), 3.40 ppm (t, J=6.4 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d=151.5, 54.0, 48.2, 39.1 ppm; HRMS (MALDI-
FTMS) calcd for C4H8N2O4SNa


+ [M+Na]+ : 203.0097; found: 203.0097.


Data for 158 : Rf=0.49 (silica gel, CH2Cl2); IR (film): nmax=3286, 1732,
1470, 1454, 1347, 1252, 1154, 1057, 882, 771, 590 cm�1; 1H NMR
(500 MHz, CDCl3): d=5.63 (br s, 1H), 3.89 (s, 3H), 3.62 (s, 2H),
1.40 ppm (s, 6H); 13C NMR (125 MHz, CDCl3): d=152.5, 69.6, 58.9, 53.9,
24.3 ppm; HRMS (MALDI-FTMS) calcd for C6H12N2O4SNa


+ [M+Na]+ :
231.0410; found: 231.0412.


Data for 160 : Rf=0.44 (silica gel, CH2Cl2); IR (film): nmax=3270, 1731,
1443, 1351, 1270, 1174, 1081, 1010, 774, 625, 568 cm�1; 1H NMR
(500 MHz, CDCl3): d=4.91 (br t, J=7.7 Hz, 1H), 4.09 (t, J=5.5 Hz, 2H),
3.93 (s, 3H), 3.62 (dt, J=7.4, 5.9 Hz, 2H), 1.95 ppm (quin, J=5.9 Hz,
2H); 13C NMR (125 MHz, CDCl3): d=153.7, 54.5, 47.3, 44.3, 24.7 ppm;
HRMS (MALDI-FTMS) calcd for C5H10N2O4SNa


+ [M+Na]+ : 217.0253;
found: 217.0254.


Data for 162 : Rf=0.52 (silica gel, CH2Cl2); IR (film): nmax=3288, 1732,
1472, 1352, 1250, 1160, 1065, 874, 764, 702, 587 cm�1; 1H NMR (600 MHz,
CDCl3): d=7.32–7.25 (m, 5H), 6.10 (br t, J=5.7 Hz, 1H), 4.87 (dd, J=
8.8, 3.1 Hz, 1H), 3.72 (s, 3H), 3.37 (m, 1H), 3.22 ppm (m, 1H); 13C NMR
(150 MHz, CDCl3): d=152.5, 140.6, 128.9, 128.4, 126.1, 72.7, 53.9,
50.8 ppm; HRMS (MALDI-FTMS) calcd for C10H12N2O4SNa


+ [M+Na]+:
279.0410; found: 279.0411.
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Data for 164 : Rf=0.55 (silica gel, CH2Cl2); IR (film): nmax=3540, 3301,
1730, 1455, 1416, 1360, 1253, 1165, 1092, 1060, 969, 852, 772, 702, 606,
552 cm�1; 1H NMR (600 MHz, CD3CN): d=7.30–7.21 (m, 10H), 6.46 (d,
J=9.2 Hz, 1H), 4.98 (d, J=6.1 Hz, 1H), 4.54 (dd, J=9.2, 6.1 Hz, 1H),
3.43 ppm (s, 3H); 13C NMR (150 MHz, CD3CN): d=152.4, 142.1, 138.4,
129.3, 129.3, 128.8, 128.6, 128.5, 128.4, 127.7, 76.4, 64.6, 53.4 ppm; HRMS
(MALDI-FTMS) calcd for C16H16N2O4SNa


+ [M+Na]+ : 355.0723; found:
355.0724.


General conditions for the removal of methyl carbamate protection from
cyclic sulfamides : 10% aqueous NaOH (0.5 mL) was added to a solution
of the CO2Me-protected sulfamidate (0.2 mmol, 1.0 equiv) in MeOH/
H2O (2:1, 3 mL) at 25 8C. After stirring this mixture for 2 h at 25 8C, the
reaction contents were poured into saturated aqueous NH4Cl (5 mL),
acidified with 1m aqueous HCl (2 mL), and extracted with EtOAc (3R
10 mL). The combined organic layers were then dried (MgSO4) and con-
centrated to give the desired deprotected sulfamidate in high purity.


Data for 165 : Rf=0.14 (silica gel, MeOH/CH2Cl2, 3:97); IR (film): nmax=


3440, 3225, 1621, 1473, 1387, 1318, 1282, 1176, 1127, 1002, 788 cm�1;
1H NMR (600 MHz, CDCl3): d=7.61 (s, 1H), 7.58 (s, 2H), 4.99 (t, J=
7.9 Hz, 1H), 4.00 (t, J=6.5 Hz, 2H), 3.77 ppm (q, J=6.6 Hz, 2H);
13C NMR (150 MHz, CDCl3): d=139.4, 132.9 (q, J=137.3 Hz), 123.8,
122.0, 116.8, 48.8, 39.4 ppm; MS (ESI) calcd for C10H7F6N2O2S


+ [M�H]+:
333; found: 333.


Data for 166 : Rf=0.12 (silica gel, CH2Cl2); IR (film): nmax=3244, 2904,
1449, 1296, 1161, 1021, 897, 779, 715, 688, 616 cm�1; 1H NMR (400 MHz,
CDCl3): d=7.37–7.30 (m, 5H), 4.71 (br s, 1H), 4.17 (s, 2H), 3.46 (t, J=
6.4 Hz, 2H), 3.27 ppm (t, J=6.8 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=135.1, 128.7, 128.6, 128.1, 50.4, 48.1, 39.9 ppm; HRMS (MALDI-
FTMS) calcd for C9H12N2O2SNa


+ [M+Na]+ : 235.0512; found: 235.0515.


General conditions for the removal of allyl carbamate protection from
cyclic sulfamides : Et2NH (0.828 mL, 8.0 mmol, 40 equiv) was added to a
solution of the Alloc-protected sulfamidate (0.2 mmol, 1.0 equiv) in
CH3CN/H2O (1:1, 3 mL) at 25 8C. After stirring this mixture for 5 mi-
nutes at 25 8C, Pd(OAc)2 (0.002 g, 0.020 mmol, 0.1 equiv) and TPPTS
(0.023 g, 0.040 mmol, 0.2 equiv) were added sequentially, providing a
yellow solution which was stirred for an additional 30 minutes at 25 8C.
Upon completion, the reaction contents were poured into water (5 mL),
and extracted with EtOAc (3R10 mL). The combined organic layers
were then dried (MgSO4) and concentrated to give the desired deprotect-
ed sulfamidate in high purity.[29]


Data for 167: Rf=0.11 (silica gel, CH2Cl2); IR (film): nmax=3258, 3056,
2982, 1374, 1266, 1206, 1155, 1005, 739 cm�1; 1H NMR (600 MHz,
CDCl3): d=4.27 (br s, 1H), 3.51 (d, J=6.6 Hz, 6H), 3.45 (d, J=6.6 Hz,
2H), 1.42 ppm (s, 9H); 13C NMR (100 MHz, CDCl3): d=63.2, 45.2, 39.0,
27.2 ppm; HRMS (MALDI-FTMS) calcd for C6H14N2O4SNa


+ [M+Na]+ :
201.0668; found: 201.0665.


Data for 168 : Rf=0.14 (silica gel, CH2Cl2); IR (film): nmax=3190, 1596,
1417, 1298, 1232, 1154, 1118, 1031, 950, 747, 688, 615, 464 cm�1; 1H NMR
(600 MHz, CDCl3): d=7.38–7.35 (m, 2H), 7.23 (d, J=7.5 Hz, 2H), 7.15
(t, J=7.4 Hz, 1H), 4.86 (br s, 1H), 3.88 (t, J=6.1 Hz, 2H), 3.65 ppm (t,
J=6.6 Hz, 2H); 13C NMR (125 MHz, CDCl3): d=137.7, 129.5, 124.1,
118.2, 48.7, 39.6 ppm; MS (ESI) calcd for C8H10N2O2SNa


+ [M+Na]+ :
221; found: 221.


General conditions for the removal of benzyl carbamate protection from
cyclic sulfamides : Pd/C (0.002 g, 10 wt%, catalytic) was added to a so-
lution of the Cbz-protected sulfamidate (0.2 mmol, 1.0 equiv) in EtOH/
EtOAc (4:1, 3 mL) at 25 8C. The resultant suspension was then equipped
with a balloon containing hydrogen gas (pressure of ~2 atm) and allowed
to stir for 24 h at 25 8C. Upon completion, the reaction contents were fil-
tered through Celite and concentrated to give the desired deprotected
sulfamidate in high purity.


Data for 169 : Rf=0.22 (silica gel, CH2Cl2); IR (film): nmax=3548, 3254,
2925, 1454, 1389, 1295, 1201, 1154, 1014, 914, 703 cm�1; 1H NMR
(500 MHz, CDCl3): d=4.61 (br s, 1H), 3.58 (t, J=5.2 Hz, 2H), 3.47 (t,
J=5.2 Hz, 2H), 2.82 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=50.5,
39.7, 32.7 ppm; HRMS (MALDI-FTMS) calcd for C3H9N2O4S


+ [M+H]+:
137.0379; found: 137.0373.


Data for 170 : Rf=0.10 (silica gel, CH2Cl2); IR (film): nmax=3559, 3264,
2944, 2854, 1636, 1444, 1397, 1303, 1220, 1159, 1064, 1025, 1003, 726 cm�1;
1H NMR (400 MHz, CDCl3): d=4.32 (br s, 1H), 3.50 (m, 2H), 3.22–3.14


(m, 2H), 2.67 (dt, J=11.2, 3.2 Hz, 1H), 1.90–1.80 (m, 3H), 1.59 (m, 1H),
1.42–1.26 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d=57.6, 47.6, 43.1,
29.6, 23.6, 22.5 ppm; HRMS (MALDI-FTMS) calcd for C6H12N2O2SNa


+


[M+Na]+ : 199.0512; found: 199.0515.


Alkylated sulfamide 171: Sulfamide 166 (0.053 g, 0.250 mmol, 1.0 equiv)
was dissolved in DMSO (2 mL) and treated with NaH (0.050 g, 60% dis-
persion in mineral oil, 1.25 mmol, 5.0 equiv) at 25 8C. After stirring the
resultant reaction mixture for 10 minutes at 25 8C, 4-bromo-1-butene
(0.102 mL, 1.0 mmol, 4.0 equiv) and TBAI (0.01 g, catalytic) were added
sequentially; the reaction mixture was then stirred for an additional
15 minutes at 25 8C. Upon completion, the reaction contents were poured
into water (5 mL), and extracted with EtOAc (3R10 mL). The combined
organic layers were then washed with water (2R15 mL), dried (MgSO4),
and concentrated. The resultant light yellow oil was purified by flash
column chromatography (silica gel, EtOAc/hexanes, 1:3!1:1) to give al-
kylated sulfamidate 171 (0.059 g, 89% yield) as an amorphous white
solid. Rf=0.18 (silica gel, CH2Cl2/hexanes, 2:1); IR (film): nmax=3524,
2925, 1635, 1448, 1301, 1166, 1143, 1113, 914, 779, 689 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.37–7.30 (m, 5H), 5.82 (m, 1H), 5.14 (dd, J=
17.0, 2.0 Hz, 1H), 5.11 (dd, J=10.5, 1.6 Hz, 1H), 4.19 (s, 2H), 3.29 (dd,
J=6.0, 1.2 Hz, 2H), 3.18–3.13 (m, 4H), 2.40 ppm (m, 2H); 13C NMR
(125 MHz, CDCl3): d=134.9, 134.5, 128.7, 128.6, 128.1, 77.2, 51.3, 47.3,
45.6, 44.8, 32.1 ppm; HRMS (MALDI-FTMS) calcd for C13H18N2O2SNa


+


[M+Na]+ : 289.0981; found: 289.0981.


General conditions for the synthesis of linear sulfamides : The diol
(0.5 mmol, 1.0 equiv) was dissolved in anhydrous THF (5 mL) and the
Burgess reagent (1, 0.75 mmol, 1.5 equiv) was added at 25 8C in a single
portion. The resultant solution was immediately warmed to reflux (using
a preheated oil bath) and stirred for 2 h. Upon completion, the reaction
contents were cooled to 25 8C, poured into saturated aqueous NH4Cl
(25 mL), and extracted with CH2Cl2 (3R20 mL). The combined organic
layers were then washed with water (50 mL), dried (MgSO4), and concen-
trated. The resultant yellow residue was purified by flash column chro-
matography (silica gel) in an appropriate solvent system to give the de-
sired product in high purity.


Data for 173 : Rf=0.25 (silica gel, CH2Cl2); IR (film): nmax=3276, 3201,
2940, 1714, 1490, 1454, 1348, 1166, 1084, 1008, 850, 778, 608 cm�1;
1H NMR (600 MHz, CDCl3): d=7.83 (s, 1H), 5.29 (d, J=7.0 Hz, 1H),
3.81 (s, 3H), 3.30 (brdd, J=7.0, 3.5 Hz, 1H), 1.94 (m, 2H), 1.74 (m, 2H),
1.58 (m, 1H), 1.36–1.27 (m, 4H), 1.18 ppm (m, 1H); 13C NMR (150 MHz,
CDCl3): d=152.0, 53.6, 53.5, 33.2, 25.1, 24.5 ppm; HRMS (MALDI-
FTMS) calcd for C8H16N2O4SNa


+ [M+Na]+ : 259.0723; found: 259.0728.


Data for 175 : Rf=0.16 (silica gel, CH2Cl2); IR (film): nmax=3260, 2924,
1750, 1460, 1419, 1355, 1231, 1155, 1131, 1002, 943, 855, 773, 732, 603,
579 cm�1; 1H NMR (300 MHz, CD3CN): d=7.31–7.20 (m, 5H), 5.24 (s,
1H), 4.43 (s, 2H), 3.74 (s, 3H), 2.80 ppm (s, 3H); 13C NMR (100 MHz,
CD3CN): d=152.0, 135.6, 128.7, 128.1 128.0, 55.1, 53.5, 35.1 ppm; HRMS
(MALDI-FTMS) calcd for C10H14N2O4SNa


+ [M+Na]+ : 281.0566; found:
281.0567.


Data for 177: Rf=0.38 (silica gel, CH2Cl2); IR (film): nmax=3448, 3271,
2919, 1748, 1449, 1361, 1331, 1225, 1137, 1102, 1049, 1026, 979, 861,
585 cm�1; 1H NMR (400 MHz, CD3CN): d=7.49 (br s, 1H), 3.75 (s, 3H),
3.43 (brm, 2H), 1.81–1.60 (m, 14H), 1.31–1.24 (m, 4H), 1.08 ppm (m,
2H); 13C NMR (100 MHz, CD3CN): d=151.3, 58.9, 53.1, 32.1, 26.3,
25.1 ppm; HRMS (MALDI-FTMS) calcd for C14H26N2O4SNa


+ [M+Na]+:
341.1505; found: 341.1501.


Data for 179 : Rf=0.47 (silica gel, EtOAc); IR (film): nmax=3275, 2907,
1748, 1461, 1361, 1261, 1167, 1114, 1079, 1015, 950, 862, 768, 721,
575 cm�1; 1H NMR (400 MHz, CDCl3): d=8.41 (br s, 1H), 3.73 (s, 3H),
3.70 (t, J=4.8 Hz, 4H), 3.33 ppm (t, J=4.8 Hz, 4H); 13C NMR
(100 MHz, CDCl3): d=151.8, 66.1, 53.4, 46.4 ppm; HRMS (MALDI-
FTMS) calcd for C6H12N2O5SNa


+ [M+Na]+ : 247.0359; found: 247.0361.


Data for 181: Rf=0.63 (silica gel, EtOAc); IR (film): nmax=3256, 2957,
1742, 1466, 1420, 1355, 1308, 1238, 1155, 1062, 950, 856, 759, 591 cm�1;
1H NMR (400 MHz, CDCl3): d=8.19 (br s, 1H), 4.51 (s, 2H), 3.79 (t, J=
6.4 Hz, 2H), 3.75 (s, 3H), 3.03 ppm (t, J=6.4 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d=151.6, 53.6, 51.7, 50.6, 30.9 ppm; HRMS
(MALDI-FTMS) calcd for C5H10N2O4S2Na


+ [M+Na]+ : 248.9974; found:
248.9981.
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Data for 183 : Rf=0.20 (silica gel, MeOH/CH2Cl2, 3:97); IR (film): nmax=


3260, 2959, 1731, 1510, 1468, 1351, 1250, 1215, 1162, 1030, 962, 865, 826,
772, 587, 541 cm�1; 1H NMR (400 MHz, CDCl3): d=7.53 (d, J=8.8 Hz,
2H), 7.24 (d, J=8.8 Hz, 2H), 5.84 (s, 1H), 5.70 (br s, 1H), 4.12 (s, 3H),
4.07 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=158.0, 152.1, 128.3,
124.8, 114.5, 55.4, 53.5 ppm; HRMS (MALDI-FTMS) calcd for
C9H12N2O5SNa


+ [M+Na]+ : 283.0359; found: 283.0359.


Data for 185 : Rf=0.53 (silica gel, EtOAc); IR (film): nmax=3465, 3111,
2954, 2225, 1743, 1607, 1507, 1460, 1361, 1225, 1161, 955, 932, 879, 832,
767, 573 cm�1; 1H NMR (400 MHz, CD3OD): d=7.42 (d, J=8.8 Hz, 2H),
7.08 (d, J=8.8 Hz, 2H), 4.71 (br s, 2H), 3.42 ppm (s, 3H); 13C NMR
(100 MHz, CD3OD): d=153.4, 143.4, 134.6, 119.8, 119.0, 107.6, 53.6 ppm;
MS (ESI) calcd for C9H9N3O4SNa


+ [M+Na]+ : 278; found: 278.


Data for 187: Rf=0.14 (silica gel, EtOAc); IR (film): nmax=3248, 2945,
2838, 1749, 1467, 1361, 1237, 1149, 1073, 983, 860, 776, 584 cm�1;
1H NMR (400 MHz, CDCl3): d=7.91 (br s, 1H), 4.49 (t, J=5.2 Hz, 1H),
3.76 (s, 3H), 3.40 (s, 6H), 3.39 (m, 2H), 3.01 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=151.7, 103.7, 54.7, 53.4, 52.7, 37.2 ppm; HRMS
(MALDI-FTMS) calcd for C7H16N2O6SNa


+ [M+Na]+ : 279.0621; found:
279.0622.
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Highly Efficient and Mild Copper-Catalyzed N- and C-Arylations with Aryl
Bromides and Iodides


Henri-Jean Cristau,*[a] Pascal P. Cellier,[a, c] Jean-Francis Spindler,[b] and Marc Taillefer*[a]


Introduction


Transition-metal-catalyzed arylation of nucleophilic com-
pounds with aryl halides is a key tool for carbon–hetero-
atom or carbon–carbon bond formation in organic synthesis.
Certain classes of compounds available through these pro-
cesses, such as N-arylated azoles,[1] N-arylated oxazolidin-2-
ones,[2,3] or C-arylated malonic acid derivatives,[4] are indus-
trially important synthetic targets. These motifs are found in
a range of pharmaceuticals, agrochemicals, and natural prod-


ucts. Crucial requirements for development of an industrial
process giving access to the aforementioned compounds are
reliability, experimental ease, and, most important, low cata-
lyst cost. Nucleophilic aromatic substitution with aryl halides
can be mediated by palladium,[5] nickel,[6] or copper cata-
lysts.[7,8] The lower cost of copper-based catalytic systems
makes them particularly attractive for large-scale industrial
applications.


Copper-catalyzed arylation of amines (Ullmann condensa-
tion),[9] amides and carbamates (Ullmann–Goldberg conden-
sation)[10] or activated methylene compounds (Ullmann–
Hurtley condensation)[11] are well-documented methodolo-
gies that were discovered several decades before the palladi-
um and nickel-catalyzed methodologies. However, these
transformations have not been employed to their full poten-
tial for a long time. Until recently, they suffered from re-
duced synthetic scope as a result of the harsh reaction con-
ditions often required, a limited substrate scope, and the
moderate yields obtained.[7c–e] Condensations were tradition-
ally conducted in high-boiling-point polar solvents such as
N-methylpyrrolidone (NMP), nitrobenzene, or dimethylform-
amide (DMF), at temperatures as high as 210 8C, sometimes
in the presence of stoichiometric amounts of copper re-
agents and preferentially with aryl halides activated by elec-
tron-withdrawing or o-carboxylic acid groups.[12,13] The eco-
nomic attractiveness of copper has led to a resurgence of
interest in Ullmann-type reactions in recent years and has
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Abstract: Mild, efficient, copper-cata-
lyzed N-arylation procedures for nitro-
gen heterocycles, amides, carbamates,
and C-arylation procedures for malonic
acid derivatives have been developed
that afford high yields of arylated prod-
ucts with excellent selectivity. The N-
arylation of imidazole with aryl bro-
mides or iodides was found to be great-
ly accelerated by inexpensive, air-stable
catalyst systems, combining catalytic
copper salts or oxides with a set of
structurally simple chelating ligands.
The reaction was shown to be compati-


ble with a broad range of aryl halides,
encompassing sterically hindered, elec-
tron-poor, and electron-rich ones, pro-
viding the arylated products under par-
ticularly mild conditions (50–82 8C).
The lower limit in ligand and catalyst
loading and the scope of Ullmann-type
condensations catalyzed by complexes
bearing those ligands with respect to


the nucleophile class have also been in-
vestigated. Chelating Schiff base Chxn-
Py-Al (1c) generates a remarkably
general copper catalyst for N-arylation
of pyrrole, indole, 1,2,4-triazole,
amides, and carbamates; and C-aryla-
tion of diethyl malonate, ethyl cyano-
acetate, and malononitrile with aryl io-
dides under mild conditions (50–82 8C).
The new method reported here is the
most successful to date with regard to
Ullmann-type arylation of some of
these nucleophiles.
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challenged synthetic chemists to devise milder synthetic
methods. The development of new ligand structures for
copper-catalyzed cross-coupling protocols constitutes an
area of considerable interest. Indeed, pioneering work by
Weingarten,[14] Takenaka,[15] Buchwald,[16] and Goodbrand[17]


revealed rate accelerations when arylations were conducted
in the presence of certain copper ligands. These additional
compounds are thought to increase catalyst solubility, stabil-
ity, and/or to prevent aggregation of the metal. This and the
observation that some coupling partners with a supplemen-
tary copper-chelating group, such as 2-halogenobenzoic
acids,[18] a- and b-amino acids,[19] or b-amino alcohols,[20] in-
duced rate accelerations of Ullmann-type arylations relative
to unfunctionalized parent substrates have led to a growing
number of papers focusing on the deliberate use of addition-
al ligands to facilitate the cross-coupling reactions.[7a–b] Care-
ful choice of the promoter allows condensations to be run at
relatively low temperatures, contrasting with the rather dras-
tic experimental conditions necessitated by the traditional
Ullmann-type arylations.


Starting from the idea that the presence of ancillary li-
gands coordinating the metal center is the most important
factor in determining the efficiency of the catalyst system,
we initiated a research program aimed at identifying appro-
priate new ligands with high binding propensity, to improve
copper-catalyzed cross-couplings. A screening of forty new
potential ligands led us to the discovery that simple biden-
tate oxime-containing compounds generate extremely effec-
tive catalysts for C�N and C�O bond formation involving
pyrazoles[21] and phenols,[22] respectively. These compounds
include the mixed donor salicylaldoxime 1 i and the vicinal
dioxime dimethylglyoxime 1k. Although oximes have often


been used to complex copper salts,[23] there have been no re-
ports of the use of such ligands in Cu-catalyzed aromatic
substitution chemistry. Next, we tried to devise second-gen-
eration ligands and pursued our investigations on a broader
structural range. We succeeded in identifying new multiden-
tate donor compounds with nitrogen- or oxygen-binding
sites, and alternatively a mixture thereof. An example is the
chelating Schiff base 1c,[24] hereafter named Chxn-Py-Al,
which allowed expanding the reaction scope in a few cases.
The ligands depicted here dramatically reduce temperatures


required to effect pyrazole and phenol arylations (25–82 8C),
while affording coupling products with excellent yields and
selectivity regardless the electronic nature of substituents on
aryl halides. Copper(i) oxide (Cu2O; 5 mol%), an inexpen-
sive ligand 1 (20 mol%) and two equivalents of Cs2CO3 in
acetonitrile were identified as highly efficient systems to
perform the couplings and brought notable improvement
over previously disclosed methods.


Thus, it was a natural extension for us to investigate the
generality of the coupling reaction with respect to nucleo-
philes, such as the other azoles (imidazoles, pyrroles, indoles,
triazoles, and tetrazoles), amides, carbamates, or malonic
acid derivatives. In this paper, we report a full account of
our efforts toward the synthesis of arylated derivatives of
these compounds and we demonstrate that Chxn-Py-Al (1c)
is a remarkably general ligand for Ullmann-type condensa-
tion reactions.[25] While being not commercially available, 1c
is a stable, crystalline solid, which is very easily synthesized
from cheap starting materials, with high yield and on a mul-
tigram scale.[22]


Results and Discussion


Copper-catalyzed N-arylation of azoles with aryl bromides
and iodides : We first focused on the N-arylation of imida-
zole, since 1-arylimidazoles, which in addition to being re-
current templates in medicinal chemistry,[26] are exploited as
important building blocks for the synthesis of N-heterocyclic
carbenes,[27] a powerful class of ligands for transition-metal
catalysis and for room-temperature ionic liquids,[28] which
have been attracting a great deal of interest as environmen-


tally benign solvents for organic
synthesis.


It was determined during a
preliminary survey of reaction
conditions using bromobenzene
as a model arylating agent that:
1) cuprous oxide is slightly
more efficient than cuprous
bromide as a precatalyst, 2)
acetonitrile is a better solvent
than DMF, and 3) cesium car-
bonate is far more efficient
than any other inorganic base
investigated. These are the
same findings as those we have
obtained for pyrazole N-aryla-
tion.[21] Copper(i) oxide is par-


ticularly interesting as a copper source owing to its low cost
and insensitivity to light and air.[29] In comparison, cuprous
bromide is slightly air-sensitive, while cuprous iodide is light
sensitive, and both are more expensive than Cu2O. The
search for suitable ligands for imidazole N-arylation with
bromobenzene was undertaken in acetonitrile at a relatively
low temperature (82 8C), with cesium carbonate as a base
(2 equiv), a catalytic amount of cuprous oxide (5 mol%),
and 20 mol% of each ligand (based on the limiting reagent),
with a reaction time fixed to 24 h. Table 1 shows the most
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significant results and reveals that many of the new ligands
we recently reported for pyrazole N-arylation allowed the
present Ullmann-type condensation to be efficiently per-
formed at the lowest temperature reported to date for an
aryl bromide. Our results are noteworthy compared with the
125 8C required using Cu(OTf)2·PhH/1,10-phenanthroline
catalytic system.[16b] Hydrazone- (entries 1,4,8) and Schiff-
base-type supporting ligands (entries 2,3,7) with at least one
additional phenol- or pyridine-type binding site[30] proved to
be superior to oxime-type bidentate ligands (entries 9–12).
It can be observed that salen-type ligand 1e is much more
efficient than parent compound 1 l in promoting Ullmann-
type condensation. This result could be explained in terms
of the geometry induced by the ligand around the copper
catalyst. Actually, the dismutation equilibrium of the active
copper(i) species into copper metal and copper(ii) can be
shifted toward CuI thanks to the use of ligands that favor a
tetrahedral structure rather than a square planar one, more
common with copper(ii) species.[31] Moreover, rotation
around the C�C bond in 1 l is expected to reduce its binding
efficiency, which is restricted in 1e. Reactions using ligands
1a–l were totally selective with respect to imidazole and
almost totally selective with respect to bromobenzene. They
were never accompanied by formation of biaryl byproducts,
while affording less than one percent of hydrodehalogenated
arene byproduct. Moreover, bromobenzene proved to be
unreactive toward NH- or OH-group-containing ligands.
With commercially available and cheap ligand 1d, a yield
higher than 90% could be obtained after 72 h heating
(entry 5). The more reactive iodobenzene allowed condensa-
tion to be driven to completion in less than 24 h at tempera-
tures ranging from 50 to 82 8C (entries 14–16). Those reac-
tion conditions are the mildest yet reported for the N-aryla-


tion of an imidazole with a haloaromatic, whatever the
metal catalyst.


The scope of the process with respect to aryl halide struc-
ture was investigated next. The catalyst systems composed
of cuprous oxide and commercially available ligands 1d or
1 i efficiently catalyzed the arylations of imidazole with elec-
tronically diverse aryl bromides at 82 8C and iodides at 50–
82 8C (Table 2, reaction times are not optimized). Thus, elec-
tron-poor (entries 3,4,6,8), electron-neutral (entries 1,2), and
even electron-rich (entries 5) aryl halides afforded the N-
arylated products in excellent yields (generally greater than
90%). This weak sensitivity to electronic effects is very in-
teresting with regard to electron-rich substrates, since transi-
tion-metal-catalyzed reactions involving these arylating
agents are traditionally less straightforward, particularly if
the metal is palladium.[32] Lastly, the reaction was sensitive
to steric hindrance near halogen atom, as usually stated in
Ullmann-type condensations, being slower when starting
from an ortho-substituted aryl iodide (entry 7).


Particularly noteworthy are the reactivity differences ex-
hibited by aryl halides toward oxidative addition. The reac-
tion of imidazole with 4-bromoiodobenzene 4 took place on
the iodine moiety with complete regioselectivity at 50 8C,
when starting from a stoichiometric mixture of coupling
partners (Table 2, entry 6; GC yield: 96%). This selectivity
in favor of the monosubstitution product thus allows retain-
ing an active halide site for further functionalization. It was
exploited to perform the two-step, one-pot synthesis of 1-
[(4-imidazol-1-yl)phenyl]pyrazole (3 f) starting from 4-bro-
moiodobenzene (4 ; Scheme 1). Compound 3 f was obtained
with a remarkable 98% GC yield (based on the default re-
agent, pyrazole).


In an endeavor to expand the scope of the methodology,
protocols based on the use of our new catalytic systems
were applied to a variety of other azoles. N-Arylation of
pyrrole and indole with iodobenzene in acetonitrile was un-
eventful and could be driven to completion within 24 h at
82 8C by using ligands 1c or 1 i (Table 3, entries 1,4). Both
arylated products were isolated in 92–94% yield. Condensa-
tions were also quantitative at 50 8C albeit the reaction time
required was longer (74–96 h, entries 2,5). It should be
pointed out that no byproduct arising from C-3 arylation of
indole was observed under our reaction conditions. Such
side reactions have been observed in the literature with pal-


Table 1. Screening of ligands for the N-arylation of imidazole with bro-
mobenzene or iodobenzene at 82 8C.[a]


Entry X T [8C] t [h] Ligand GC Yield [%][c]


1 Br 82 24 1a 55
2 Br 82 24 1b 49
3 Br 82 24 1c 48
4 Br 82 24 1d 48
5 Br 82 72 1d 91
6 Br 82 100 1d >99
7 Br 82 24 1e 45
8 Br 82 24 1 f 45
9 Br 82 24 1g 40


10 Br 82 24 1h 39
11 Br 82 24 1 i 38
12 Br 82 24 1k 23
13 Br 82 24 1 l 12
14[b] I 82 24 1 j 100
15[b] I 82 24 1 i 100
16[b] I 50 24 1 i 100


[a] Reaction conditions: imidazole (0.75 mmol), bromobenzene
(0.5 mmol), Cs2CO3 (1.0 mmol), Cu2O (5 mol%), ligand (20 mol%),
MeCN (300 mL), under N2. [b] Iodobenzene (0.75 mmol) and imidazole
(0.5 mmol) were used. [c] Selectivity was >99% in all cases.


Scheme 1. One-pot synthesis of compound 3 f starting from 4-bromoiodo-
benzene.
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ladium catalysis[5j] with aryl halides or with copper cataly-
sis[33] with triarylbismuthanes as arylating agents. 1,2,4-Tri-
azole coupled smoothly to iodobenzene to yield a single re-
gioisomer. N-Arylation occurred regiospecifically at the
N1(2) atom, because of its enhanced nucleophilicity relative
to the N4 atom, resulting from an a-effect in the corre-


sponding anion. Reactions had to be performed in DMF
due to poor solubility of cesium salt of 1,2,4-triazole
(pKHA=14.75 in DMSO) in acetonitrile,[37a] which led to in-
complete conversion of iodobenzene even after prolonged
heating. Ligand 1c was found more suitable than Salox 1 i,
because the latter was not fully unreactive toward arylating


Table 2. Copper-catalyzed N-arylation of imidazole with functionalized aryl bromides or iodides under mild conditions.[a]


Entry Aryl Coupling T t Ligand Yield
halide product [8C] [h][l] [%][b]


1[d]


2
3a


50
82


24
100[i]


1 i
1d


100[k]


95


3[d]


4[h]
3b


50
82


24
72


1 i
1d


100[k]


94


5[f] 3c 50 24 1d 97


6[c] 3d 50 36 1 i 89


7 3e 82 36[j] 1 i 92


8[e] 3 f 82 24 1 i 100[k]


9[g] 3g 82 48 1 i 90


[a] Reaction conditions: imidazole (3 mmol), ArX (2 mmol), Cs2CO3 (4 mmol), Cu2O (5 mol%), ligand 1d or 1 i (20 mol%), MeCN (1.2 mL), under N2.
[b] Yield of isolated product unless otherwise noted. [c] With imidazole (2 mmol) and ArX (2 mmol). [d] With imidazole (2 mmol) and ArX (3 mmol).
[e] With imidazole (2 mmol) and ArX (2.4 mmol). [f] With imidazole (2 mmol) and ArX (2.6 mmol). [g] With imidazole (5 mmol), ArX (2 mmol), and
Cs2CO3 (6 mmol). [h] With Cs2CO3 (3.6 mmol). [i] GC yield was 91% after 72 h heating. [j] GC yield was 93% after 24 h heating. [k] GC yield. [l] Reac-
tion times are unoptimized; no reaction was stopped before 24 h.


Table 3. Copper-catalyzed N-arylation of azoles with iodobenzene under mild conditions.[a]


Entry Azole Coupling T t Ligand Solvent Yield Selectivity[c]


product [8C] [h] [%][b]


1[d]


2[d]
6a


82
50


24
96


1 i
1c


MeCN
MeCN


100 (94)
100


97
97


3[e]


4[e]


5[e]
6b


82
82
50


24
24
74


1 i
1c
1c


MeCN
MeCN
MeCN


82
>99 (92)
99


96
99
99


6[f]


7[f]


8[f]
6c


82
82
82


24
24
48


1 i
1c
1c


DMF
DMF
DMF


80
79


100 (91)


79
99
98


9 – 110 24 1c DMF 0 –


[a] Reaction conditions: azole (1 equiv), iodobenzene (1.5 equiv), Cs2CO3 (2 equiv), Cu2O (5 mol%), ligand 1c or 1 i (20 mol%), solvent, [PhI]=2.5m,
under N2. [b] Yields refer to GC yields and yields in parentheses refer to isolated yields with >95% purity as determined by GC and 1H NMR spectros-
copy. [c] Selectivity relative to PhI. [d] With azole (1 equiv) and iodobenzene (1.2 equiv), [PhI]=2m. [e] With azole (1.5 equiv) and iodobenzene
(1 equiv), [PhI]=1.67m. [f] With Cs2CO3 (1.6 equiv).
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agent. Due to the weaker nucleophilicity of 1,2,4-triazole
compared to pyrazole or imidazole, reaction of iodobenzene
with Salox could actually compete with N-arylation of the
substrate (Table 3, entry 6: 79% selectivity to product). Use
of ligand 1c, which cannot undergo any copper-catalyzed
cross-coupling, cleanly led to a quantitative condensation
within 48 h at 82 8C and 1-phenyl-1,2,4-triazole 6c was iso-
lated in 91% yield (entry 8). Attempts to N-arylate 5-phe-
nyltetrazole with iodobenzene in DMF or acetonitrile at
82 8C failed, regardless of the precatalyst and nature of the
supporting ligands. The arylating agent was recovered un-
changed after 24 h heating. The use of more forcing reaction
conditions (110 8C, DMF) was also unsuccessful (entry 9)
and led to decomposition of iodobenzene to benzene
(12%), phenol (8%), and diphenyl ether (38%). The two
last reaction products probably arise from mono- and di-O-
arylation, respectively, of cesium hydroxide generated from
thermal decomposition of cesium hydrogen carbonate.[34]


Analogous byproduct formation has already been observed
in the literature, with carbonate[22,35] or hydroxide bases.[20a]


The formation of a C�N bond is here a difficult problem to
address, probably because of poor nucleophilicity of 5-phe-
nyltetrazole anion. To our knowledge, metal-catalyzed N-ar-
ylation of tetrazole derivatives with aryl halides has never
been described in the literature.[36]


The order of reactivity in the azole series for Ullmann-
type N-arylation emerging from this study is as follows:


First, we observed that imidazole proved to be less reac-
tive than pyrazole. N-Arylation of the latter with bromoben-
zene was almost quantitative within 24 h at 82 8C,[21] while
the same level of yield was only reached after 72 h with the
former under the same reaction conditions. The weaker re-
activity of imidazole does not appear to be the result of a
difference in the ease of deprotonation by the base, since
both substrates have comparable pKHA values.[37,38b] We be-
lieve that the a-effect in pyrazolate anion is responsible for
nucleophilicity enhancement, and consequently for such a
rate-acceleration. Considering their better nucleophilicity
and their superior ability to undergo C�N bond-forming re-
ductive elimination, one would have expected indole and
pyrrole to be more reactive than imidazole.[40a] The opposite
result that we obtained can be explained by the higher acidi-
ty of imidazole and the subsequent greater ease of ioniza-
tion (pKHA=18.6 in DMSO).[37a] It can also be rationalized
by invoking the high copper-binding propensity of diazoles
through the lone pair of their pyridine-type nitrogen atom
(s binding interaction),[38] when indole and pyrrole cannot
efficiently chelate copper salts due to the electron-deficient
nature of their nitrogen atoms.[39] Pyrrole (pKHA=23.0 in
DMSO)[37a] and indole (pKHA=20.95 in DMSO)[37a] exhibit-
ed similar reactivity. The latter is more sterically encum-
bered, which is apparently counterbalanced by its greater
ease of ionization. That 1,2,4-triazole was less reactive than


pyrazole and imidazole could be attributed to an overall de-
crease in nucleophilicity when going from diazole to triazole
family. As a result, two of the three elementary steps of the
possible catalytic cycles depicted in Scheme 5 (see below)
would be significantly slowed down: 1) nucleophilic substitu-
tion of copper-bound halide by triazolate anion and 2) C�N
bond-forming reductive elimination.[40] Thus, reactivity of
azoles appears to be the result of a complex balance be-
tween several parameters, including nucleophilicity, catalyst
complexing ability, and acidity.[12g]


Taking into account the future large-scale industrial appli-
cations of our cross-coupling methodology, we decided to
study the lower limit in ligand and catalyst loading compati-
ble with both satisfactory reaction rates and high yields for
the N-arylation of pyrazole. Though a 2:1 ligand-to-copper
ratio has been used in all couplings described in our previ-
ous article,[21] it should be noted that reducing the amount
of either 1 i or 1c to a 1:1 ligand-to-copper ratio afforded
almost the same yield within 24 h for condensation with bro-
mobenzene (Table 4, entries 1–4). The exact nature of the


catalytically active species is not known, albeit these results
support an active species bearing one 1 i or 1c ligand. The
model reaction chosen for study of the coupling efficiency at
low catalyst loading was the N-arylation of pyrazole with
the more reactive iodobenzene in the presence of Cu2O and
1 i in acetonitrile at 82 8C (Table 4). Lowering the amount of
Cu2O to 0.2 mol% led to incomplete consumption of iodo-
benzene after 48 h heating (71%, entry 5, L/Cu=2:1). How-
ever, raising the ratio of L/Cu to 10:1 was of great benefit,
since a quantitative yield of 6d was obtained within the
same time period (entry 6). When low catalyst loadings are
employed (Figure 1), a higher ligand/catalyst ratio is thought
to statistically favor formation of the active catalyst species
and to disfavor competitive complexation of compounds
other than the coordination of 1 i to copper. By contrast, no


Table 4. N-arylation of pyrazole at reduced catalyst and/or ligand load-
ing.


Entry X Ligand Amount Amount Amount t GC
of Cu2O of ligand of Cs2CO3 Yield
[mol%] [mol%] [equiv] [h] [%][d]


1[a,c] Br 1 i 5 20 2 24 96
2[a] Br 1 i 5 10 2 24 95
3[a,c] Br 1c 5 20 2 24 93
4[a] Br 1c 5 10 2 24 85
5[b] I 1 i 0.2 0.8 1.4 48 71
6[b] I 1 i 0.2 4.0 1.4 48 100
7[b] I 1 i 0.55 2.2 1.4 48 >99
8[b] I 1 i 0.55 11 1.4 48 >99
9[b] I 1 i 0.05 1.0 1.4 96 77


10[b] I 1 i 0.05 0.2 1.4 96 61


[a] Reactions conditions: Cu2O, ligand, pyrazole (0.75 mmol), PhBr
(0.5 mmol), Cs2CO3 (1 mmol), MeCN (300 mL), under N2. [b] Reaction
conditions: Cu2O, Salox, pyrazole (12.5 mmol), PhI (8.3 mmol), Cs2CO3


(11.7 mmol), MeCN (5 mL), under N2. [c] This entry is taken from refer-
ence [21]. [d] Selectivity was >99%.
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significant effect on reactivity was observed when shifting
from a 2:1 to a 10:1 L/Cu ratio from 0.55 mol% Cu2O load-
ing (Table 4, entries 7,8 and Figure 1). We also checked that
the catalyst suffered no deactivation after prolonged heating
at 82 8C: feeding a reaction mixture with additional pyra-
zole, iodobenzene, and cesium carbonate (0.5 equiv each)
after complete conversion of starting material immediately
got the reaction started again. Catalytic arylation still oper-
ates with 0.05 mol% Cu2O and retains its complete selectivi-
ty albeit the reaction rate is very slow (entries 9,10). It is
worth noting that this study, which was carried out on an
8 mmol scale, also demonstrates that this reaction has the
potential to scale up to gram quantity.


It is worth noting that we have devised a general and
high-yielding method for the N-arylation of monoazoles, di-
azoles, and triazoles. Copper-catalyzed methods with orga-
nometal or organometalloid reagents (arylbismuthanes, aryl-
plumbanes, arylboronic acids, etc.) are generally not very
successful for the N-arylation of monoazoles like indole or
pyrrole,[33,41] while palladium is virtually inefficient for medi-
ating the N-arylation of diazoles with unactivated aryl hal-
ides.[42] Besides, the present methodology is a cheap alterna-
tive to the use of sophisticated palladium–phosphine systems
for the N-arylation of monoazoles.[5j, 43] With regard to Ull-
mann condensations, the experimental conditions presented
here are milder than those reported in the literature. Buch-
wald et al. found that CuI-catalyzed coupling reactions of
aryl iodides and various azoles occurred at 110–125 8C using
ligands such as 1,10-phenanthroline, N,N’-dimethyl-1,2-ethyl-
enediamine, racemic trans-1,2-diaminocyclohexane, or its
N,N’-dimethyl analogue (only three N-arylations of indole
and one N-arylation of pyrazole with aryl iodides were run
at 80 8C).[16b,24,44, 45] Kang et al. obtained similar results for
the N-arylation of indole and pyrrole with 1,2-ethylenedia-
mine as a promoter at 110 8C.[46] As a comparison, Buchwald
et al. have performed the N-arylation of pyrazole (80 8C),
imidazole (110 8C), and 1,2,4-triazole (110 8C) within 24 h
with iodobenzene or 5-iodo-m-xylene in 89–93% yield,[44c]


while we have run the corresponding reactions at 50,[21] 50,
and 82 8C, respectively, within the same reaction time and


with yields ranging from 80 to 100%. It should also be men-
tioned that Buchwald=s system was reported to be unsuc-
cessful[47] or low-yielding (18%)[44b] for the N-arylation of
imidazole with aryl bromides at 110–112 8C. The CuI–l-pro-
line catalytic system recently described by Ma et al.[48] re-
quires much longer reaction times than ours, temperatures
10–40 8C higher, and was not reported to allow the use of
aryl bromides. As a comparison, this group has performed
the arylation of imidazole with 4-iodoanisole at 90 8C within
36 h (91% yield), while we have succeeded to complete the
same reaction at 50 8C in less than 24 h (Table 2, entry 5,
97% yield).


Copper-catalyzed N-arylation of amides and amide deriva-
tives : In the hope of broadening the scope of our arylation
protocol, we decided to check the efficiency of our catalyst–
ligand systems on reactions that involve nitrogen nucleo-
philes with an a-carbonyl or an a-sulfonyl group, known as
Goldberg condensations. We first focused on the N-arylation
of acetamide and benzamide, which can be considered as
cheap aniline precursors. A preliminary study involving both
substrates has shown that condensations have to be conduct-
ed in DMF rather than in acetonitrile, in which amides are
less soluble. Salicylaldoxime (1 i) was found efficient for pro-
moting Goldberg condensations, although substituting with
1c improved reaction yields. We observed that acetamide,
benzamide, and their N-arylated products were slightly sen-
sitive under the basic reaction conditions employed. Small
amounts of aniline and diphenylamine were detected by
GC/MS (<5%). The observed hydrolysis might be caused
by cesium hydroxide or water, arising from thermal decom-
position of cesium hydrogen carbonate[34] produced by de-
protonation of amides with Cs2CO3 [Eq. (1)].


We were pleased to find that addition of small amounts of
powdered and activated 3 P molecular sieves to the reaction
mixture had the synthetic advantage of reducing formation
of these byproducts to less than 1%. Molecular sieves also
limit the competitive arylation of water by iodoaromatics,
producing phenols and diarylethers, to less than 2%.


Arylation of acetamide with iodobenzene occurred slug-
gishly at 82 8C and delivered two coupling products, in spite
of the use of excess amide (1.5 equiv). The expected N-phe-
nylacetamide (7a) was obtained with 85% selectivity, along
with N,N-diphenylacetamide (7b) from competitive diaryla-
tion with 8% selectivity (Table 5, entry 1). Raising the
amount of amide to 2.5 equivalents did not result in an in-
teresting increase in selectivity. As Ullmann–Goldberg ary-
lations are sensitive to steric hindrance effects, a better se-
lectivity for the monoarylation product was expected if
starting from the more hindered benzamide. Indeed, diaryla-
tion of this substrate was not observed and N-phenylbenz-
amide (7c) was obtained in 96% selectivity and 91% yield
within 48 h (Table 5, entry 3). The better reactivity of benza-


Figure 1. Beneficial use of a higher L/Cu ratio at low catalyst loading.
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mide (pKHA=23.35 in DMSO)[37a] relative to acetamide
(pKHA=25.5 in DMSO)[37a] might result from its greater
ease of deprotonation. N-Arylation of benzenesulfonamide
was uneventful. Only a small amount (0.5%) of benzenesul-
fonamide diarylation product was detected by GC/MS and
identified by coaddition of a pure sample.


Given the full selectivity of the reaction with respect to
pyrrolidin-2-one, the use of a moderate excess of iodoben-
zene allowed the coupling to be driven to completion and
the corresponding N-phenylamide (7e) to be isolated in
92% yield (entry 5). Arylation of ambidentate pyridin-2-one
(8) was also investigated. According to the literature, the
more polar lactam form 8, which is in tautomeric equilibri-
um with the lactim form 9 (2-hydroxypyridine) [Eq. (2)], is
favored in polar solvents.[49] We only observed the polar oxo
form by 1H NMR spectroscopy in deuterated acetonitrile at
25 8C.


N-Arylation of this substrate with iodobenzene was found
to strongly predominate over O-arylation, in acetonitrile at
82 8C (N-/O-arylation=98:2), and the reaction turned out to
be quantitative within 24 h (Table 5, entry 6). Such a ratio is
consistent with literature data related to Goldberg conden-
sations.[12f, 50] We took advantage of this selectivity in favor
of the N-arylation product and exemplified the method de-
veloped by the synthesis of a medicinally active molecule,
the sedative Amphenidone (7h ; Scheme 2).[51] Compound
7h was obtained in 82% isolated yield (N-/O-arylation
>99:1), from pyridin-2-one (8) and 3-iodoaniline (10; Table 5,


Table 5. Copper-catalyzed N-arylation of amides or amide derivatives with aryl iodides under mild conditions.[a]


Entry Aryl Nucleophile Coupling T t Ligand Solvent Yield
halide product [8C] [h] [%][b]


1[c]
7a
7b


82 75 1c DMF
7a : 81 (85)
7b : 7 (8)


2
3


7c
82
82


24
48


1c
1c


DMF
DMF


(81)
91 (96)


4[c,d] 7d
82
82


24
48


1c
1c


DMF
DMF


(86)
88 (94)


5[e] 7e 82 40 1c DMF 92 (100)


6[e]
7 f
7g


82 24 1c MeCN
7 f : 90 (98)
7 g : 2 (2)


7[e,f] 7h 82 48 1c MeCN 82


8[g]


9[g]


10[g]


11[g]


12[c]


13[c]


7 i


82
82
82
82
82
50


24
24
24
24
24
96


1 i
1c
1 i
1c
1c
1c


MeCN
MeCN
DMF
DMF
DMF
DMF


(59)
(74)
(86)
(94)
97 (>99)
(>99)


14[d,e,g] 7j 82 100 1 i MeCN 89


[a] Reaction conditions: nucleophile (3 mmol), ArI (2 mmol), Cs2CO3 (4 mmol), Cu2O (5 mol%), ligand 1c or 1 i (20 mol%), 3 P molecular sieves
(600 mg), solvent (1.2 mL), under N2. [b] Yields refer to isolated yields with >95% purity as determined by GC and 1H NMR spectroscopy and yields in
parentheses refer to GC yields. [c] With Cs2CO3 (3.2 mmol). [d] With MeCN (1.6 mL). [e] With nucleophile (2 mmol) and ArI (3 mmol). [f] With ligand
1c (10 mol%). [g] Without molecular sieves.
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entry 7). This new mild and efficient synthetic route to Am-
phenidone is noteworthy compared with its previous prepa-
ration, which was carried out under traditional Goldberg
conditions (heating at 180 8C in refluxing 1,2-dichloroben-
zene).[51]


We next attempted to subject oxazolidin-2-one to aryla-
tion with iodobenzene. N-Aryloxazolidin-2-ones constitute
an important class of therapeutic agents; this is illustrated
by the drugs Linezolid (Zyvox)[2] and (R)-Toloxatone (Hu-
moryl),[3] with antibiotic and antidepressant activity, respec-
tively. N-Aryloxazolidin-2-ones are also precursors to vic-ar-
ylaminoalcohols,[52] another template in medicinal chemis-
try.[53] The reaction catalyzed by Cu2O/1c was quantitative
in DMF in less than 24 h at 82 8C, provided that molecular
sieves were used and the amount of Cs2CO3 was reduced to
1.6 equiv (entry 12). The GC yield was still excellent without
molecular sieves and with two equivalents of base (7 i : 94%,
entry 11), albeit slightly lowered by Cs2CO3-promoted hy-
drolysis of the coupling product to 2-anilinoethanol.[52] Con-
densations proved to be more troublesome and sluggish in
acetonitrile or when using Salox (1 i) as supporting ligand
(entries 8–10). We suspect that Salox or the Salox anion are
not to be fully unreactive toward oxazolidin-2-one moieties
and to contribute a few percent to their decomposition.
Moreover, it is believed that deprotonations of Salox and
oxazolidin-2-one produce some CsHCO3, which thermally
decomposes into cesium hydroxide, as mentioned earlier.
This species might also be responsible for the observed de-
composition. Condensations can also be carried out in a
quantitative fashion at 50 8C, if reaction time is not an issue
(entry 13). Lastly, N-arylation of 2H-pyridazin-3-one was
performed in 89% yield (entry 14); reactions employing
Salox and acetonitrile were somewhat faster than those with
Chxn-Py-Al and DMF. To the best of our knowledge, this is
the first time an Ullmann-type N-arylation of pyridazin-2-
one has been described. This provides a new protocol to
synthesize a class of compounds with reported herbicide, in-
secticide,[54] or anti-inflammatory activity.[55]


Copper-catalyzed C-arylation of malonic acid derivatives :
The synthesis of a-arylated malonic acid derivatives contin-
ues to attract much attention, as they represent useful pre-
cursors to two commercially important classes of nonsteroi-
dal anti-inflammatory drugs, a-arylacetic acids (Diclofenac,
Indomethacin, etc.) and a-arylpropionic acids (Ibuprofen,
Naproxen, Flurbiprofen, etc.).[4] They are also used in mate-
rial sciences, as precursors to electron-acceptors of the
7,7,8,8-tetracyano-p-quinodimethane (TCNQ) class.[56] Hurt-
ley discovered in 1929 that C-arylation of several families of
stabilized carbanions, including malonic acid derivatives,


could be promoted by catalytic amounts of copper salts.[11]


His protocol necessitates the use of a strong base (NaH,
MeONa) and is limited to aryl halides bearing ortho- or
pseudo-ortho-carboxylic acid groups.[13] Extension of the
method to aryl halides lacking substituents capable of coor-
dinating to the active Cu species is hampered by numerous
restrictions, including modest yields, the requirement of at
least stoichiometric amounts of copper,[56a,57] limited sub-
strate scope,[58] or a high reaction temperature (120 8C), at
which malonate esters tend to decompose.[59] Only recently
was a variant of this transformation performed under mild
conditions, in the presence of simultaneously catalytic
copper and a weak base, allowing high functional-group tol-
erance. Buchwald et al. employed CuI as a precatalyst and
2-phenylphenol as ligand to mediate the C-arylation of di-
ethyl malonate with aryl iodides in the presence of cesium
carbonate at 70 8C.[8] However, this method suffers from a
few drawbacks. The nature of the ligand 2-phenylphenol is
problematic, since O-arylation of this compound competes
with C-arylation of the substrate in a few cases. Yields are
also diminished by hydrolysis followed by decarboxylation
of the coupling products, affording ethyl a-arylacetates as
side products (up to 10%). Keeping these limitations in
mind, we decided to devise new conditions allowing efficient
Ullmann-type arylation of three malonic derivatives bearing
an activated methylene group, diethyl malonate, ethyl cya-
noacetate, and malononitrile, without preparation of the
anions prior to coupling.


Our initial exploration of reaction conditions focused on
the coupling of diethyl malonate (2 equiv) with iodobenzene
(1 equiv). The results are compiled in Table 6. Chxn-Py-Al
1c was preferred to Salox 1 i as a ligand, since previous
work in our laboratory has shown that the latter, due to its
nucleophilic nature, was not fully unreactive toward base-
sensitive functional groups.[21] The beneficial use of 1c in
this case probably arose from its aprotic nature and chemi-
cal inertness toward ester moieties. Cuprous iodide as a pre-
catalyst afforded an excellent yield (95%) of cross-coupling
product 11a in THF or acetonitrile at 70 8C, using Cs2CO3 as
a base, and proved to be more efficient than cuprous oxide
(Table 6, entries 1–3). Ethyl a-phenylacetate (11b) was also
obtained with 3–4% GC yield through decarboxylation of
the product. Since water or cesium hydroxide generated
from CsHCO3 [Eq. (1)] probably contribute to decomposi-
tion through ester hydrolysis, water removal could deliver
an even cleaner condensation. Indeed, we found that addi-
tion of small amounts of finely ground and activated 3 P
molecular sieves almost completely inhibited this side reac-
tion (<0.5%), while leading to only a slight decrease in the
reaction rate. In the presence of this additive, acetonitrile
was superior to THF as solvent (entries 4,5). Quantitative
consumption of iodobenzene was attained by employing a
slightly longer reaction time, which provided diethyl a-phe-
nylmalonate (11a) in 93% isolated yield (entry 6). It is im-
portant to note that no iodobenzene was consumed by reac-
tion with 1c, contrary to the literature with 2-phenylphenol
as ligand.[8] Although 11a is more acidic than diethylmalo-
nate, no diarylated byproduct arising from phenylation of
11a was formed under our conditions. We also observed


Scheme 2. Synthesis of the sedative Amphenidone 7h (Dornwall).
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that a reversal of the stoichiometry of the reaction, that
means using a twofold excess of iodobenzene relative to di-
ethyl malonate, was detrimental to the yield, which de-
creased to about 70%.


With optimized conditions in hand, the scope of this cata-
lytic process was examined with various malonic derivatives,
and the results are summarized in Table 6. Diethyl 2-methyl-
malonate did not participate in the copper-catalyzed aryla-
tion process under conditions permitting a quantitative ary-
lation of the unsubstituted parent compound (entry 7). It is
unclear whether this lack of reactivity arises because of
steric hindrance or is due to decreased acidity of the sub-
strate (pKHA=18.7 in DMSO)[60] relative to diethyl malo-
nate (pKHA=16.4 in DMSO).[37a] Poor results were also ob-
tained in the literature for that kind of coupling using cop-
per[57i,58b] or palladium[5e] catalysts. In fact, catalytic intermo-
lecular arylation of 2-alkyl-substituted diethylmalonates
with aryl halides was only reported to be successful under
Hurtley=s conditions.[61] However, diethyl 2-methyl-2-aryl-
malonates, precursors to profen drugs, could be accessed
easily by sequential one-pot arylation and alkylation of di-
ethyl malonate.[5e] Arylation of ethyl cyanoacetate with io-
dobenzene proceeded in a chemoselective fashion and 11d
was isolated in a remarkable 92% yield (entry 8). The reac-
tion time required was similar to that of diethyl malonate.
Again, molecular sieves reduced the extent of decarboxyla-
tion to less than 0.5% and diarylation was not observed.


Careful choice of reaction conditions proved of value in
the synthesis of 2-phenylmalononitrile (11e), the formation
of which is significantly hampered by hydrodehalogenation


of iodobenzene. We found that reducing temperature to
50 8C had a beneficial impact on selectivity in favor of the
desired reaction and that the use of molecular sieves was
unnecessary. Condensation proceeded to 88% conversion of
iodobenzene within 72 h at this relatively low temperature.
Compound 11e was obtained with 79% selectivity and was
isolated in decent yield (62%, entry 9). This yield is note-
worthy compared with the 55% reported by Miura[59] for
the same coupling performed at 120 8C without additional
ligand, and with the 42–61% yields obtained using stoichio-
metric amounts of copper salts.[56a,57g–57h] Malononitrile is
prone to decomposition under our coupling conditions,
which leads to formation of benzonitrile in small amounts,
from cyanide ion arylation (4%). Such a side reaction has
already been observed in the literature in the course of a
copper-catalyzed dicyanomethyl anion arylation.[57e]


Thus, the three targeted malonic acid derivatives have
been monoarylated with iodobenzene under mild conditions
(50–70 8C, 62–93% yield), by using the same catalytic
system, CuI/1c. The experimental conditions employed have
no equivalent in the literature from the standpoint of cost
and performance with regard to ethyl cyanoacetate aryla-
tion.


Mechanism of the copper-catalyzed nucleophilic aromatic
substitution with aryl halides : The results we obtained pro-
vided valuable information with respect to the mechanism
of the reaction. Uncatalyzed pathways, such as SNAr[62] or
SRN1


[63] (thermal or photochemical) could be discarded,
since control experiments involving either bromobenzene or


Table 6. Copper-catalyzed C-arylation of malonic acid derivatives with iodobenzene under mild conditions.[a]


Entry Cu Nucleophile Coupling T t Additive Solvent Yield
product [8C] [h] [%][b]


1
2
3
4
5
6


Cu2O
CuI
CuI
CuI
CuI
CuI


11b 70


24
24
24
24
24
30


–
–
–
MS 3 P
MS 3 P
MS 3 P


THF
THF
MeCN
THF
MeCN
MeCN


11a : 59/11b : 3
11a : 95/11b : 4
11a : 95/11b : 3
11a : 88[c]


11a : 95[c]


11a : 98 (93)[c]


7 CuI 11c 70 24 MS 3 P MeCN <1


8 CuI 11d 70 28 MS 3 P MeCN 98 (92)


9 CuI 11e 50 72 – MeCN 69 (62)[d]


[a] Reaction conditions: nucleophile (4 mmol), PhI (2 mmol), Cs2CO3 (3 mmol), Cu (10 mol%), ligand 1c (20 mol%), 3 P molecular sieves (600 mg, if
needed), solvent (1.2 mL), under N2. [b] Yields refer to GC yields and yields in parentheses refer to isolated yields with >95% purity as determined by
GC and 1H NMR spectroscopy. [c] GC yield in 1b was <0.5%. [d] Conversion of PhI was 88% and GC yield of benzene was 15%.
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iodobenzene conducted without the copper source did not
allow the cross-coupling products to be formed. Elimina-
tion–addition via aryne intermediates[62] was also ruled out
considering the regioselectivity of the reaction with respect
to substituted aryl halides. As a consequence, arylations de-
scribed in this article proceed according to a copper-cata-
lyzed pathway. Among the classes of mechanisms that have
been proposed in the literature[7c] for such Ullmann-type
condensations, two conceivable ones are those involving 1)
radical intermediates and 2) oxidative addition/reductive
elimination.


Intervention of radicals or radical anions is contradicted
by several experiments that we have carried out. Nucleo-
philic aromatic substitutions were inhibited neither by elec-
tron-acceptors (nitroarenes) nor by radical scavengers such
as THF[64] or BHT. Supplementary evidence excluding the
participation of radical anion intermediates under our reac-
tion conditions was obtained by using a classical diagnostic
technique, the study of the behavior of a dihalobenzene and
its substitution products during a nucleophilic substitution
reaction.[65] Pyrazole was chosen as the model nucleophile
for that experiment. We observed that coupling of 1,4-diio-
dobenzene (12) to excess pyrazole initially gave rise to mon-
osubstituted product 13, which underwent subsequent sub-
stitution to afford 14 (Scheme 3). Mechanisms involving for-


mation of radical anion intermediates would lead to the di-
substitution product 14 without significant intermediacy of
monosubstitution product 13. According to the literature,[66]


the aforementioned processes lead to quasi-exclusive disub-
stitution, even at short reaction times, because radical anion
15, generated by reaction of the nucleophile with halo-aryl
radical 16, does not undergo bimolecular electron transfer
(to copper(ii) or 1,4-diiodobenzene) to give monosubstitu-
tion product 13, but instead loses the second iodide ion to
form aryl radical 17. This unimolecular pathway is indeed
much faster (Scheme 4). Additionally, a radical pathway
would not have led to a ratio of E/Z=99:1 for the configu-
ration of the double-bond geometry in the 1-styrylpyrazole
that we have recently synthesized through alkenylation of
pyrazole with b-bromostyrene using the present method.[21]


Since vinyl radicals are known to undergo rapid inversion of
configuration,[67] a substantial loss of stereochemistry would
have been observed. This result seems to rule out interven-
tion of radicals, even briefly, free, or tightly held in a solvent
cage or in the form of undissociated complex with cop-
per.[18, 66b]


The intervention of the oxidative addition/reductive elimi-
nation mechanism in Ullmann condensations was first pro-
posed by Cohen in 1974.[68] This mechanism was next sub-
stantiated by several literature reports[64,66b,69] indicating CuI


and CuIII intermediates. It appears to be a possible explana-
tion for the Ullmann condensations described here, since it
accommodates the following experimental facts:[21] 1) the re-
activity sequence in such processes (ArI>ArBr@ArCl) par-
allels the leaving-group ability of the halide ions, 2) cou-
plings are slightly favored by electron-withdrawing groups
on aryl halides and slightly disfavored by electron-releasing
ones, 3) steric hindrance on either coupling partner is rate-
depressing, and 4) unactivated aryl halides do not react in
the absence of the copper catalyst. A copper(i)-catalyzed
nucleophilic substitution mechanism would thus parallel that
of the corresponding palladium(0) and nickel(0) reactions;
this would not be surprising, since copper(i) is a d10 transi-
tion metal, isoelectronic to the two aforementioned species.
This mechanism involves the three following elementary
steps: oxidative addition of the aryl halide to copper(i) gen-
erating a transient CuIII species, nucleophilic substitution of
copper-bound halide by pyrazole anion, and reductive elimi-
nation of the coupling product, thereby regenerating the
active catalyst. Although we have assumed that copper com-
plexes are monomeric and undergo oxidative addition to a
single metal center, a dinuclear oxidative addition process
could also occur. Uncertainty remains as to whether nucleo-
philic substitution step precedes or follows the oxidative ad-
dition step. Both possibilities are depicted on Scheme 5.


A possible role played by the additional ligands in the
present Ullmann condensation is to promote oxidative addi-


Scheme 3. Test for intermediacy of radical anion intermediates in Ull-
mann-type condensations.


Scheme 4. Expected behavior of 1,4-diodobenzene if mechanism would
involve radical anion intermediates.


Scheme 5. The two alternative oxidative addition/reductive elimination
mechanistic pathways for copper-catalyzed nucleophilic aromatic substi-
tutions with aryl halides.
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tion to the CuI complex. Indeed, oxidative addition of cupr-
ous halides to aryl halides would be a reversible process ac-
cording to the literature.[64] The well-documented copper-
catalyzed halogen exchange in aryl halides is a further indi-
cation of this reversibility,[64, 70] seeing that the reverse reac-
tion is equivalent to reductive elimination of aryl halide
from CuIII. Our best ligands are hard donor ligands
(Lewis bases with nitrogen or oxygen binding sites), which
display a higher affinity toward hard copper(iii) than soft
copper(i).[31b,71] Due to their suitable s-donor and p-acceptor
properties, as well as their chelating nature, they might ex-
hibit a superior ability to stabilize the oxidative addition
product 20, thus shifting to the right the position of the equi-
librium in Scheme 6.


Conclusion


In conclusion, we have shown that the catalytic systems we
have recently described for Ullmann-type arylation of pyra-
zoles and phenols offer a straightforward entryway into a
variety of other copper-catalyzed reactions. Catalysts gener-
ated from catalytic cuprous oxide or iodide and a catalytic
amount of a multidentate donor compound 1, combining
oxygen- and/or nitrogen-binding sites, such as potentially bi-
dentate oxime ligand Salox 1 i, hydrazone ligand 1d or po-
tentially tetradentate Schiff base ligand 1c, allowed the
high-yielding arylation of a broad spectrum of nitrogen and
carbon nucleophiles at relatively low temperatures (50–
82 8C), in acetonitrile or DMF, in the presence of the mild
base cesium carbonate. A variety of substituted aryl bro-
mides and iodides were readily coupled with a number of
azoles (with the exception of tetrazoles), amides, carba-
mates, pyridazin-2-one, diethyl malonate, ethyl cyanoace-
tate, and malononitrile. The experimental conditions descri-
bed in this work represent a new landmark in the field of
Ullmann-type arylation of imidazole, 1,2,4-triazole, pyrrole,
and ethyl cyanoacetate. Our conditions proved to be just as
efficient as those already reported for indole,[44a] diethyl
malonate,[8] and malononitrile[59] arylation. With regard to
amides and carbamates, our catalytic systems were particu-
larly efficient for condensations with oxazolidin-2-one and
pyridin-2-one.[72] The synthetic use of the method was dem-
onstrated by an efficient preparation of the sedative Am-
phenidone. Reactions were somewhat slower with sulfona-
mides and other carboxylic amides investigated. Their scope
did not exceed that of the best Ullmann–Goldberg-type


process, reported by Buchwald and co-workers, using 1,2-di-
amines as ligands.[73] Compared to other Ullmann-type nu-
cleophilic aromatic substitution methods described in the lit-
erature, the present one is unique in terms of versatility,
since a single catalyst, generated from ligand 1c, can be
used for the first time in C�N, C�O, and C�C bond-forming
reactions. The attractiveness of this general and reliable syn-
thetic tool is further enhanced by its absence of reactivity
toward aryl halides. This is an advantage over some of the li-
gands recently reported by others for analogous copper-cat-
alyzed reactions.[8,20b,24,44a,48,73, 74] Mildness, low-cost, experi-
mental simplicity, and the ability to work at low catalyst
loading are features of our methodology that make it partic-
ularly well suited for industrial-scale syntheses, for which fi-
nancial and environmental issues are of greater concern.
Consequently, it should find applications very soon.[75] Ef-
forts to expand the utility of our new catalyst systems to
other cross-coupling and related reactions, along with mech-
anistic studies, are in progress in our laboratory and will be
reported in due course.


Experimental Section


General : Flash column chromatography was performed with SDS
60 ACC silica gel (35–70 mm or 70–200 mm). Thin-layer chromatography
was carried out with Merck silica gel 60F254 plates. All products were
characterized by 1H NMR and 13C NMR spectroscopy and GC/MS. IR
spectra were recorded on a Nicolet 210 FT-IR instrument (neat or thin
film for liquid products, and KBr pellets or in dichloromethane for solid
products). 1H NMR and 13C{1H} NMR spectra were recorded at room
temperature on a Bruker AC 200 MHz or a Bruker Avance 250 MHz in-
strument with chemical shifts reported in ppm relative to the residual
deuterated solvent peak. 19F{1H} NMR spectra were recorded at room
temperature on a Bruker Avance 250 MHz instrument with chemical
shifts reported in ppm relative to CFCl3. The peak patterns are indicated
as s, singlet; d, doublet; t, triplet; q, quadruplet; dd, doublet of doublets;
m, multiplet. Gas chromatographic analysis were performed on a Delsi
Nermag DI-200 instrument with an FID detector, a Delsi Nermag Enica
31 integrator and a SGE BPX5 25 mU0.53 mm semicapillary apolar
column (stationary phase: 5% phenylpolysil-phenylenesiloxane film,
1 mm). Gas chromatography/mass spectra (GC/MS) were recorded on an
Agilent Technologies 6890 N instrument with an Agilent 5973 N mass de-
tector (EI) and a HP5-MS 30 mU0.25 mm capillary apolar column (sta-
tionary phase: 5% diphenyldimethylpolysiloxane film, 0.25 mm). GC and
GC/MS method: initial temperature: 50 8C; initial time: 3 min; ramp:
10 8Cmin�1; final temperature: 250 8C; final time: 10 min. FAB+ mass
spectra were recorded on a JEOL JMS-DX300 spectrometer (3 Kev,
xenon) in a m-nitrobenzylalcohol (NBA) matrix. Melting points were de-
termined using a BVchi B-540 apparatus and are uncorrected.


Materials : All reactions were carried out under a pure and dry nitrogen
atmosphere with standard Schlenk techniques. All solvents were distilled
and stored under a nitrogen atmosphere. Acetonitrile was distilled from
P2O5 and stored on 3 P activated molecular sieves.[76] DMF was distilled
under vacuum from MgSO4 and stored protected from light on 4 P acti-
vated molecular sieves. All solid materials were stored in the presence of
P2O5 in a bench-top desiccator under vacuum at room temperature and
weighed in the air. Of special note is that Cs2CO3 (Aldrich) was ground
to a fine powder prior to drying. Copper(i) iodide was purified according
to a reported procedure[77] and stored protected from light. Copper(i)
oxide was used without further purification. Ligands 1a,b,e–h were syn-
thesized as we have previously reported.[21] Ligands 1d,i–l were pur-
chased from commercial sources. Salicylaldoxime (1 i) was recrystallized
in petroleum ether before use. The synthesis of ligand Chxn-Py-Al (1c) is
described below. All aryl halides and nucleophiles were purchased from
commercial sources (Aldrich, Acros, Avocado, Fluka, Lancaster). If


Scheme 6. Hypothesis of stabilization of the CuIII oxidative addition
product by the use of an appropriate supporting ligand L.
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solids, they were recrystallized in an appropriate solvent.[78] If liquids,
they were distilled under vacuum and stored under an atmosphere of ni-
trogen. Pyrrole was distilled immediately before use. Special care was
taken with aryl iodides: liquid samples were regularly distilled over
copper powder to remove iodine and stored protected from light. Solid
samples were stored protected from light. Molecular sieves were activat-
ed and stored under vacuum at 100 8C in the presence of P2O5. Formation
of the two byproducts N,N-diphenylbenzamide[79] and N,N-diphenylben-
zenesulfonamide[80] was determined by GC by coaddition of authentic
samples, synthesized under Schotten–Baumann conditions according to
or by adapting reported procedures. GC yield of compound 3 f (Table 2)
was determined by obtaining the correction factor by using an authentic
sample that we had previously synthesized.[21]


General procedure for the N- or C-arylation of nucleophiles : After stan-
dard cycles of evacuation and back-fill with dry and pure nitrogen, an
oven-dried Schlenk tube equipped with a magnetic stir bar was charged
with Cu2O (0.1 mmol, 10 mol%) or CuI (0.2 mmol, 10 mol%), ligand 1
(0.4 mmol, 20 mol%), the nucleophile (2 mmol), if a solid, Cs2CO3


(4.0 mmol), and the aryl halide (3.0 mmol), if a solid. The tube was evac-
uated, back-filled with nitrogen and capped with a rubber septum. If liq-
uids, the nucleophile and the aryl halide were added under a stream of
nitrogen by syringe at room temperature, followed by anhydrous and de-
gassed acetonitrile or DMF (1.2 mL). The septum was removed; the tube
was sealed under a positive pressure of nitrogen and stirred in an oil bath
(preheated to the required temperature), for the required time period.
The reactions were generally carried out for 24 h for convenience, but do
not necessarily require such extended reaction time. The reaction mixture
was allowed to cool to room temperature, diluted with dichloromethane
and filtered through a plug of Celite, the filter cake being further washed
with dichloromethane (~20 mL). The filtrate was concentrated in vacuo
to yield a residue that was dissolved in dichloromethane (50 mL). The re-
sulting organic layer was washed sequentially with water (2U20 mL) and
brine (2U20 mL), and then dried over MgSO4. The solvent was removed
in vacuo to yield the crude product, which was purified by flash column
chromatography on silica gel. In a few cases (pointed out below), the ex-
traction sequence was skipped and the crude residue was directly adsor-
bed onto silica gel.


General procedure for reactivity comparisons or screening of reaction
conditions : The above procedure was applied on a 0.5 mmol scale instead
of a 2 mmol scale. After heating for the required time period, the reac-
tion mixture was allowed to cool to room temperature and was diluted
with dichloromethane (5 mL). 1,3-Dimethoxybenzene (65 mL, internal
standard) was added. A small sample of the reaction mixture was taken
and filtered through a plug of Celite, the filter cake being further washed
with dichloromethane. The filtrate was washed three times with water
and analyzed by gas chromatography. The GC yields were determined by
obtaining the correction factors using authentic samples of the expected
products.


1-Phenyl-1H-imidazole (3a): Following the general procedure (82 8C,
100 h), imidazole (204 mg, 3 mmol) was coupled with bromobenzene
(211 mL, 2 mmol) by using Cu2O (14.4 mg, 0.1 mmol), ligand 1d (54 mg,
0.4 mmol), cesium carbonate (1.303 g, 4 mmol), and acetonitrile (1.2 mL).
The crude yellow oil was purified by flash chromatography on silica gel
(gradient CH2Cl2/AcOEt 100:0 to 50:50) to provide 274 mg (95% yield)
of the desired product as a pale yellow oil. 1H NMR (200 MHz, CDCl3):
d[81]=7.84 (dd, 4J=1.3 Hz, 4J=1.0 Hz, 1H), 7.43–7.53 (m, 2H), 7.32–7.41
(m, 3H), 7.28 (t, 3J=1.3 Hz, 4J=1.3 Hz, 1H), 7.19 ppm (dd, 3J=1.3 Hz,
4J=1.0 Hz, 1H); 13C{1H} NMR (50 MHz, [D6]Acetone): d=138.5 (Cq),
136.4 (CH), 131.2 (CH), 130.8 (2CH), 127.9 (CH), 121.7 (2CH),
118.8 ppm (CH); GC/MS (EI): tR=14.76 min; m/z : 144; Rf=0.17 (CH2Cl2/
AcOEt 1:1).


1-(4-Trifluoromethylphenyl)-1H-imidazole (3b): Following the general
procedure (82 8C, 72 h), imidazole (1.02 g, 15 mmol) was coupled with 4-
bromotrifluoromethylbenzene (1.40 mL, 10 mmol) by using Cu2O (72 mg,
0.5 mmol), ligand 1d (272 mg, 2 mmol), cesium carbonate (5.86 g,
18 mmol), and acetonitrile (6 mL). The crude residue was purified by
flash chromatography on silica gel (gradient hexanes/CH2Cl2 100:0 to
0:100) to provide 1.99 g (94% yield) of the desired product as a pale
yellow solid. M.p. 70 8C; 1H NMR (200 MHz, CDCl3): d=7.90 (br s, 1H),
7.72 (m, 2H), 7.49 (m, 2H), 7.31 (br s, 1H), 7.22 ppm (s, 1H);
13C{1H} NMR (50 MHz, CDCl3): d=140.0 (Cq), 135.5 (CH), 131.2 (CH),


129.5 (q, 2JCF=33.2 Hz, Cq), 127.2 (q, 3JCF=3.8 Hz, 2 CH), 123.6 (q,
1JCF=272.1 Hz, CF3), 121.3 (2CH), 118.3 ppm (CH); 19F{1H} NMR
(235 MHz, CDCl3): d=�62.9 ppm (s); GC/MS (EI): tR=14.82 min; m/z :
212; Rf=0.20 (CH2Cl2).


1-(4-Methoxyphenyl)-1H-imidazole (3c): Following the general proce-
dure (50 8C, 24 h), imidazole (136 mg, 2 mmol) was coupled with 4-iodoa-
nisole (608 mg, 2.6 mmol) by using Cu2O (14.4 mg, 0.1 mmol), ligand 1d
(54 mg, 0.4 mmol), cesium carbonate (1.303 g, 4 mmol), and acetonitrile
(1.2 mL). The crude residue was purified by flash chromatography on
silica gel (gradient CH2Cl2/AcOEt 100:0 to 50:50) to provide 338 mg
(97% yield) of the desired product as a pale brown solid. M.p. 60–61 8C
(Lit. :[82] 61–63 8C); 1H NMR (200 MHz, CDCl3): d=7.75 (br s, 1H), 7.28
(m, 2H), 7.18 (m, 2H), 6.96 (m, 2H), 3.82 ppm (s, 3H); 13C{1H} NMR
(50 MHz, CDCl3): d=158.9 (Cq), 135.8 (CH), 130.6 (Cq), 130.0 (CH),
123.1 (2CH), 118.8 (CH), 114.9 (2CH), 55.6 ppm (CH3); GC/MS (EI):
tR=17.96 min; m/z : 174; Rf=0.27 (CH2Cl2/AcOEt 1:1).


1-(4-Bromophenyl)-1H-imidazole (3d): Following the general procedure
(50 8C, 36 h), imidazole (136 mg, 2 mmol) was coupled with 4-bromoiodo-
benzene (566 mg, 2 mmol) by using Cu2O (14.4 mg, 0.1 mmol), ligand 1 i
(55 mg, 0.4 mmol), cesium carbonate (1.303 g, 4 mmol), and acetonitrile
(1.2 mL). The crude residue was purified by flash chromatography on
silica gel (AcOEt/CH2Cl2 1:1) to provide 397 mg (89% yield) of the de-
sired product as a colorless solid. Colorless crystals were obtained follow-
ing recrystallization in aqueous ethanol. M.p. 120–121 8C (EtOH/H2O)
(Lit. :[82] 119–120 8C); 1H NMR (200 MHz, [D6]DMSO): d=8.27 (br s,
1H), 7.74 (t, 3J=1.3 Hz, 4J=1.3 Hz, 1H), 7.54–7.70 (m, 4H), 7.12 ppm
(m, 1H); 13C{1H} NMR (50 MHz, [D6]DMSO): d=136.1 (Cq), 135.5
(CH), 132.5 (2CH), 130.0 (CH), 122.2 (2CH), 119.2 (Cq), 117.8 ppm
(CH); GC/MS (EI): tR=18.35 min; m/z : 222, 224; Rf=0.30 (AcOEt).


1-(2-Tolyl)-1H-imidazole (3e): Following the general procedure (82 8C,
36 h), imidazole (204 mg, 3 mmol) was coupled with 2-iodotoluene
(255 mL, 2 mmol) by using Cu2O (14.4 mg, 0.1 mmol), ligand 1 i (55 mg,
0.4 mmol), cesium carbonate (1.303 g, 4 mmol), and acetonitrile (1.2 mL).
The crude yellow oil was purified by flash chromatography on silica gel
(gradient AcOEt/CH2Cl2 0:100 to 25:75) to provide 291 mg (92% yield)
of the desired product as a yellow oil. 1H NMR (200 MHz, CDCl3): d


[83]=


7.57 (br s, 1H), 7.27–7.34 (m, 2H), 7.21–7.25 (m, 2H), 7.19 (br s, 1H),
7.04 (br s, 1H), 2.17 ppm (s, 3H); 13C{1H} NMR (50 MHz, CDCl3): d=
137.5 (CH), 136.6 (Cq), 133.8 (Cq), 131.3 (CH), 129.4 (CH), 128.8 (CH),
126.9 (CH), 126.5 (CH), 120.5 (CH), 17.6 ppm (CH3); GC/MS (EI): tR=
14.99 min; m/z : 158; Rf=0.23 (AcOEt/CH2Cl2 1:1).


1-[4-(1H-Imidazol-1-yl)phenyl]-1H-imidazole (3g): Following the general
procedure (82 8C, 48 h), imidazole (340 mg, 5 mmol) was coupled with
1,4-diiodobenzene (660 mg, 2 mmol) by using Cu2O (14.4 mg, 0.1 mmol),
ligand 1 i (55 mg, 0.4 mmol), cesium carbonate (1.95 g, 6.0 mmol), and
acetonitrile (1.2 mL). The extraction sequence was skipped and the crude
yellow solid was directly purified by flash chromatography on silica gel
(gradient diethyl ether/MeOH 100:0 to 90:10) to provide 378 mg (90%
yield) of the desired product as a colorless solid. M.p. 216–217 8C (Lit. :[84]


202–204 8C); 1H NMR (200 MHz, [D6]DMSO): d=8.34 (s, 1H), 7.82 (m,
3H), 7.14 ppm (s, 1H); 13C{1H} NMR (50 MHz, [D6]DMSO): d=135.5
(CH), 135.3 (Cq), 121.4 (CH), 120.0 (2CH), 118.0 ppm (CH); GC/MS
(EI): tR=23.90 min; m/z : 210; Rf=0.23 (AcOEt/MeOH 9:1).


1-Phenyl-1H-pyrrole (6a): Following the general procedure (82 8C, 24 h),
freshly distilled pyrrole (208 mL, 2 mmol) was coupled with iodobenzene
(269 mL, 2.4 mmol) by using Cu2O (14.4 mg, 0.1 mmol), ligand 1 i (55 mg,
0.4 mmol), cesium carbonate (1.303 g, 4 mmol), and acetonitrile (1.2 mL).
The crude residue was purified by flash chromatography on silica gel
(hexanes) to provide 269 mg (94% yield) of the desired product as a pale
brown solid. M.p. 62 8C (Lit. :[85] 62 8C); 1H NMR (200 MHz, CDCl3): d=
7.50–7.60 (m, 4H), 7.38 (m, 1H), 7.26 (m, 2H), 6.54 ppm (m, 2H);
13C{1H} NMR (50 MHz, CDCl3): d[86]=141.0 (Cq), 129.7 (2CH), 125.7
(CH), 120.6 (2CH), 119.4 (2CH),
110.7 ppm (2CH); GC/MS (EI): tR=
12.75 min; m/z : 143; Rf=0.33 (hex-
anes).


1-Phenyl-1H-indole (6b): Following
the general procedure (82 8C, 24 h),
indole (351 mg, 3 mmol) was coupled
with iodobenzene (224 mL, 2 mmol) by
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using Cu2O (14.4 mg, 0.1 mmol), ligand 1c (117 mg, 0.4 mmol), cesium
carbonate (1.303 g, 4 mmol), and acetonitrile (1.2 mL). The crude red oil
was purified by flash chromatography on silica gel (gradient hexanes/
CH2Cl2 100:0 to 50:50) to provide 355 mg (92% yield) of the desired
product as a green-yellow oil. 1H NMR (200 MHz, CDCl3): d=7.74–7.80
(m, 1H; H5), 7.62–7.68 (m, 1H; H8), 7.51–7.58 (m, 4H; H10–13), 7.34–
7.47 (m, 1H; H14), 7.40 (d, 3J=3.3 Hz, 1H; H2), 7.20–7.33 (m, 2H;
H6,7), 6.76 ppm (dd, 3J(H3,H2)=3.3 Hz, 5J(H3,H8)=0.9 Hz, 1H; H3);
assignment was based on a COSY H-H experiment; 13C{1H} NMR
(50 MHz, CDCl3): d[86]=139.9 (C1), 135.9 (C9), 129.7 (C10,11), 129.4
(C4), 128.0 (C2), 126.5 (C14), 124.4 (2CH), 122.4 (C7), 121.2 (C5), 120.4
(C6), 110.6 (C8), 103.7 ppm (C3); GC/MS (EI): tR=19.08 min; m/z : 193;
Rf=0.23 (hexanes).


1-Phenyl-1H-[1,2,4]triazole (6c): Following the general procedure (82 8C,
48 h), 1,2,4-triazole (138 mg, 2 mmol) was coupled with iodobenzene
(336 mL, 3 mmol) by using Cu2O (14.4 mg, 0.1 mmol), ligand 1c (117 mg,
0.4 mmol), cesium carbonate (1.043 g, 3.2 mmol), and DMF (1.2 mL).
The crude residue was purified by flash chromatography on silica gel
(gradient hexanes/CH2Cl2 100:0 to 50:50) to provide 264 mg (91% yield)
of the desired product as a dark yellow solid. Pale yellow needles were
obtained following recrystallization in chloroform. M.p. 46 8C (CHCl3)
(Lit. :[87] 46–47 8C). 1H NMR (200 MHz, CDCl3): d=8.52 (br s, 1H), 8.04
(br s, 1H), 7.53–7.65 (m, 2H), 7.26–7.51 ppm (m, 3H); 13C{1H} NMR
(50 MHz, CDCl3): d=152.6 (CH), 140.9 (CH), 137.0 (Cq), 129.7 (2CH),
128.2 (CH), 120.0 ppm (2CH); GC/MS (EI): tR=14.02 min; m/z : 145;
Rf=0.21 (CH2Cl2/AcOEt 9:1).


N-Phenylacetamide (7a) and N,N-diphenylacetamide (7b): Following the
general procedure (82 8C, 75 h), acetamide (177 mg, 3 mmol) was coupled
with iodobenzene (224 mL, 2 mmol) by using Cu2O (14.4 mg, 0.1 mmol),
ligand 1c (117 mg, 0.4 mmol), cesium carbonate (1.043 g, 3.2 mmol), acti-
vated and powdered 3 P molecular sieves (600 mg), and DMF (1.2 mL).
The crude residue was purified by flash chromatography on silica gel
(gradient CH2Cl2/AcOEt 100:0 to 60:40) to provide 219 mg (81% yield)
of 7a as a colorless solid and 15 mg (7% yield) of 7b as a colorless solid.


Data for 7a : M.p. 115 8C (Lit. :[88] 114 8C); 1H NMR (200 MHz, CDCl3):
d=8.35 (br s, 1H, NH), 7.49–7.54 (m, 2H), 7.24–7.32 (m, 2H), 7.04–7.12
(m, 1H), 2.13 ppm (s, 3H); 13C{1H} NMR (50 MHz, CDCl3): d


[89]=169.2
(Cq), 138.1 (Cq), 128.9 (2CH), 124.3 (CH), 120.3 (2CH), 24.4 ppm (CH3);
GC/MS (EI): tR=14.06 min; m/z : 135; Rf=0.30 (CH2Cl2/AcOEt 3:2).


Data for 7b : M.p. 102 8C (Lit. :[90] 101 8C); 1H NMR (200 MHz, CDCl3):
d=7.12–7.45 (m, 10H), 2.07 ppm (s, 3H); 13C{1H} NMR (50 MHz,
CDCl3): d


[89]=170.4 (Cq), 143.1 (2Cq), 129.4 (4 CH), 128.3 (2CH), 127.6
(2CH), 126.7 (2CH), 23.9 ppm (CH3); GC/MS (EI): tR=19.66 min; m/z :
211; Rf=0.14 (CH2Cl2).


N-Phenylbenzamide (7c): Following the general procedure (82 8C, 48 h),
benzamide (363 mg, 3 mmol) was coupled with iodobenzene (224 mL,
2 mmol) by using Cu2O (14.4 mg, 0.1 mmol), ligand 1c (117 mg,
0.4 mmol), cesium carbonate (1.303 g, 4 mmol), activated and powdered
3 P molecular sieves (600 mg), and DMF (1.2 mL). The crude residue
was purified by flash chromatography on silica gel (gradient CH2Cl2/hex-
anes 50:50 to 100:0) to provide 359 mg (91% yield) of the desired prod-
uct as a colorless solid. M.p. 164 8C (Lit. :[91] 163 8C, EtOH); 1H NMR
(200 MHz, CDCl3): d=7.88 (br s, 1H, NH), 7.86 (m, 2H), 7.64 (m, 2H),
7.32–7.58 (m, 5H), 7.15 ppm (m, 1H); 13C{1H} NMR (50 MHz, CDCl3):
d=165.8 (Cq), 138.0 (Cq), 135.0 (Cq), 131.8 (CH), 129.1 (2CH), 128.8
(2CH), 127.0 (2CH), 124.6 (CH), 120.3 ppm (2CH); GC/MS (EI): tR=
20.76 min; m/z : 197; Rf=0.45 (CH2Cl2).


N-Phenylbenzenesulfonamide (7d): Following the general procedure
(82 8C, 48 h), benzenesulfonamide (472 mg, 3 mmol) was coupled with io-
dobenzene (224 mL, 2 mmol) by using Cu2O (14.4 mg, 0.1 mmol), ligand
1c (117 mg, 0.4 mmol), cesium carbonate (1.043 g, 3.2 mmol), activated
and powdered 3 P molecular sieves (600 mg), and DMF (1.6 mL). The
reaction mixture was diluted with CH2Cl2/MeOH (25 mL, 1:1) before
being filtered through a plug of Celite. The crude brown oil was purified
by flash chromatography on silica gel (gradient hexanes/CH2Cl2 9:1 to
5:95) to provide 411 mg (88% yield) of the desired product as a colorless
solid. M.p. 109–110 8C (Lit. :[92] 110 8C); 1H NMR (200 MHz, CDCl3): d=
7.78–7.88 (m, 2H, H), 7.79 (br s, 1H, NH), 7.35–7.50 (m, 3H), 7.07–
7.25 ppm (m, 5H); 13C{1H} NMR (50 MHz, CDCl3): d=138.9 (Cq), 136.6
(Cq), 133.1 (CH), 129.3 (2CH), 129.1 (2CH), 127.3 (2CH), 125.3 (CH),


121.6 ppm (2CH); GC/MS (EI): tR=21.54 min; m/z : 233; Rf=0.36
(CH2Cl2).


1-Phenylpyrrolidin-2-one (7e): Following the general procedure (82 8C,
40 h), pyrrolidin-2-one (152 mL, 2 mmol) was coupled with iodobenzene
(336 mL, 3 mmol) by using Cu2O (14.4 mg, 0.1 mmol), ligand 1c (117 mg,
0.4 mmol), cesium carbonate (1.303 g, 4 mmol), activated and powdered
3 P molecular sieves (600 mg), and DMF (1.2 mL). The crude residue
was purified by flash chromatography on silica gel (gradient hexanes/
CH2Cl2/AcOEt 50:50:0 to 0:100:0, then 0:100:0 to 0:95:5) to provide
297 mg (92% yield) of the desired product as a colorless solid. Alterna-
tively, the crude residue can be purified by recrystallisation in ethanol in-
stead of flash column chromatography, to provide 265 mg (82% yield) of
the desired product as an off-white solid. M.p. 69–70 8C (EtOH) (Lit. :[12f]


70 8C, diisopropyl ether); 1H NMR (200 MHz, CDCl3): d=7.58–7.63 (m,
2H), 7.32–7.40 (m, 2H), 7.13–7.18 (m, 1H), 3.87 (m, 2H), 2.61 (m, 2H),
2.08–2.23 ppm (m, 2H); 13C{1H} NMR (50 MHz, CDCl3): d=174.2 (Cq),
139.4 (Cq), 128.8 (2CH), 124.5 (CH), 120.0 (2CH), 48.8 (CH2), 32.8
(CH2), 18.0 ppm (CH2); GC/MS (EI): tR=17.38 min; m/z : 161; Rf=0.53
(CH2Cl2/AcOEt 4:1).


1-Phenyl-1H-pyridin-2-one (7 f) and 2-phenoxypyridine (7g): Following
the general procedure (82 8C, 24 h), 2-hydroxypyridine (951 mg,
10 mmol) was coupled with iodobenzene (1.68 mL, 15 mmol) by using
Cu2O (72 mg, 0.5 mmol), ligand 1c (584 mg, 2 mmol), cesium carbonate
(6.52 g, 20 mmol), activated and powdered 3 P molecular sieves (3 g),
and acetonitrile (6 mL). The crude residue was purified by flash chroma-
tography on silica gel (gradient hexanes/CH2Cl2/AcOEt 100:0:0 to
0:100:0, then 0:100:0 to 0:80:20). Elution with CH2Cl2/AcOEt 9:1 gave
34 mg (2% yield) of 7g as a yellowish oil (which can be crystallized in a
few hours if left at 0 8C), and elution with CH2Cl2/AcOEt 8:2 gave 1.54 g
(90% yield) of 7 f as a yellow solid.


Data for 7 f : M.p. 127 8C (Lit. :[12f] 129 8C, diisopropyl ether); 1H NMR
(200 MHz, [D6]DMSO): d=7.59–7.66 (m, 1H), 7.36–7.56 (m, 6H, H),
6.48 (m, 1H), 6.31 ppm (m, 1H); 13C{1H} NMR (50 MHz, CDCl3): d=
162.4 (Cq), 140.97 (Cq), 139.9 (CH), 138.0 (CH), 129.3 (2CH), 128.5
(CH), 126.5 (2CH), 121.9 (CH), 105.9 ppm (CH); GC/MS (EI): tR=
18.11 min; m/z : 171; Rf=0.14 (CH2Cl2/AcOEt 9:1).


Data for 7g : M.p. 39 8C (Lit. :[93] 41.5–43.5 8C); 1H NMR (200 MHz,
CDCl3): d=8.19–8.22 (m, 1H, H), 7.63–7.73 (m, 1H, H), 7.36–7.45 (m,
2H), 7.12–7.24 (m, 3H), 6.96–7.02 (m, 1H), 6.88–6.92 ppm (m, 1H);
13C{1H} NMR (50 MHz, CDCl3): d=163.8 (Cq), 154.2 (Cq), 147.8 (CH),
139.4 (CH), 129.7 (2CH), 124.7 (CH), 121.2 (2CH), 118.5 (CH),
111.5 ppm (CH); GC/MS (EI): tR=15.15 min; m/z : 171; Rf=0.43
(CH2Cl2/AcOEt 9:1).


1-(3-Aminophenyl)-1H-pyridin-2-one (Amphenidone, 7h): Following the
general procedure (82 8C, 48 h), 2-hydroxypyridine (190 mg, 2 mmol) was
coupled with 3-iodoaniline (361 mL, 3 mmol) by using Cu2O (14.4 mg,
0.1 mmol), ligand 1c (58 mg, 0.2 mmol), cesium carbonate (1.303 g,
4 mmol), activated and powdered 3 P molecular sieves (600 mg), and
acetonitrile (1.2 mL). The extraction sequence was skipped and the crude
brown oil was directly purified by flash chromatography on alumina gel
(gradient hexanes/CH2Cl2/AcOEt 50:50:0 to 0:100:0, then 0:100:0 to
0:25:75) to provide 305 mg (82% yield) of the desired product as a color-
less solid. M.p. 179 8C (Lit. :[51] 182.5–184.5 8C); 1H NMR (200 MHz,
[D6]DMSO): d=7.43–7.56 (m, 2H), 7.11 (m, 1H), 6.60 (m, 1H), 6.41–
6.50 (m, 3H), 6.25 (m, 1H), 5.34 ppm (br s, 2H, NH2);


13C{1H} NMR
(50 MHz, [D6]DMSO): d=161.0 (Cq), 149.4 (Cq), 141.7 (Cq), 140.2 (CH),
139.0 (CH), 129.3 (CH), 120.4 (CH), 113.4 (2CH), 111.8 (CH), 105.1 ppm
(CH); GC/MS (EI): tR=22.11 min; m/z : 186; Rf=0.33 (AcOEt/CH2Cl2
4:1, alumina).


3-Phenyloxazolidin-2-one (7 i): Following the general procedure (82 8C,
24 h), oxazolidin-2-one (263 mg, 3 mmol) was coupled with iodobenzene
(224 mL, 2 mmol) by using Cu2O (14.4 mg, 0.1 mmol), ligand 1c (117 mg,
0.4 mmol), cesium carbonate (1.043 g, 3.2 mmol), activated and powdered
3 P molecular sieves (600 mg), and DMF (1.2 mL). The crude residue
was purified by flash chromatography on silica gel (gradient hexanes/
CH2Cl2 50:50 to 0:100) to provide 316 mg (97% yield) of the desired
product as a colorless solid. M.p. 120 8C (Lit. :[94] 120–121 8C); 1H NMR
(200 MHz, CDCl3): d=7.48–7.53 (m, 2H), 7.30–7.38 (m, 2H), 7.07–7.15
(m, 1H), 4.40 (m, 3J=8.0 Hz, 2H), 3.97 ppm (m, 3J=8.0 Hz, 2H);
13C{1H} NMR (50 MHz, CDCl3): d=155.3 (Cq), 138.3 (Cq), 129.0 (2CH),


Chem. Eur. J. 2004, 10, 5607 – 5622 www.chemeurj.org D 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5619


Copper Catalysts 5607 – 5622



www.chemeurj.org





124.0 (CH), 118.2 (2CH), 61.4 (CH2), 45.1 ppm (CH2); GC/MS (EI): tR=
18.25 min; m/z : 163; Rf=0.20 (CH2Cl2/hexanes 4:1).


2-Phenyl-2H-pyridazin-3-one (7 j): Fol-
lowing the general procedure (82 8C,
100 h), 2H-pyridazin-3-one (192 mg,
2 mmol) was coupled with iodoben-
zene (336 mL, 3 mmol) by using Cu2O
(14.4 mg, 0.1 mmol), ligand 1 i (55 mg,
0.4 mmol), cesium carbonate (1.303 g, 4 mmol), and acetonitrile (1.6 mL).
The crude residue was purified by flash chromatography on silica gel
(gradient hexanes/CH2Cl2 50:50 to 0:100) to provide 306 mg (89% yield)
of the desired product as a colorless solid. Colorless crystals were ob-
tained following recrystallization in petroleum ether/CHCl3. M.p. 106–
108 8C (petroleum ether/CHCl3) (Lit.:[95] 102 8C); 1H NMR (250 MHz,
CDCl3): d=7.89 (dd, 4J=1.7 Hz, 3J=3.8 Hz, 1H; H7), 7.57–7.63 (m, 2H;
H2,6), 7.35–7.52 (m, 3H; H3–5), 7.24 (dd, 3J=3.8 Hz, 3J=9.5 Hz, 1H;
H8), 7.05 ppm (dd, 4J=1.7 Hz, 3J=9.5 Hz, 1H; H9); 13C{1H} NMR
(50 MHz, CDCl3): d=160.1 (C10), 141.5 (C1), 136.7 (C7), 131.3 (CH),
131.2 (CH), 128.8 (2CH), 128.4 (C4), 125.3 ppm (2CH); GC/MS (EI):
tR=17.83 min; m/z : 172; Rf=0.20 (CH2Cl2).


Diethyl phenylmalonate (11a): Following the general procedure (70 8C,
30 h), diethyl malonate (607 mL, 4 mmol) was coupled with iodobenzene
(224 mL, 2 mmol) by using CuI (38 mg, 0.2 mmol), ligand 1c (117 mg,
0.4 mmol), cesium carbonate (977 mg, 3 mmol), activated and powdered
3 P molecular sieves (600 mg), and acetonitrile (1.2 mL). The reaction
mixture was neutralized with aqueous hydrochloric acid (6 mL, 1n)
before being filtered through a plug of Celite, extracted with CH2Cl2
(~20 mL) and concentrated in vacuo. The crude residue was directly pu-
rified by flash chromatography on silica gel (gradient hexanes/CH2Cl2
100:0 to 80:20) to provide 439 mg (93% yield) of the desired product as
a colorless oil. 1H NMR (200 MHz, CDCl3): d=7.32–7.42 (m, 5H), 4.62
(s, 1H), 4.22 (m, 4H), 1.26 ppm (t, 3J=7.1 Hz, 6H); the protons of each
methylene group were diastereotopic (second order signal)—consequent-
ly, multiplicities given in the literature[8] for such proton signals are not
correct; 13C{1H} NMR (50 MHz, CDCl3): d=168.2 (2Cq), 132.9 (Cq),
129.3 (2CH), 128.6 (2CH), 128.2 (CH), 61.8 (2CH2), 58.0 (CH),
14.0 ppm (2CH3); GC/MS (EI): tR=16.77 min; m/z : 236; Rf=0.27 (hex-
anes/CH2Cl2 7:3).


2-Phenylethylcyanoacetate (11d): Following the general procedure
(70 8C, 28 h), ethyl cyanoacetate (427 mL, 4 mmol) was coupled with iodo-
benzene (224 mL, 2 mmol) by using CuI (38 mg, 0.2 mmol), ligand 1c
(117 mg, 0.4 mmol), cesium carbonate (977 mg, 3 mmol), activated and
powdered 3 P molecular sieves (600 mg), and acetonitrile (1.2 mL). The
reaction mixture was neutralized with aqueous hydrochloric acid (6 mL,
1n) before being filtered through a plug of celite, extracted with CH2Cl2
(~20 mL) and concentrated in vacuo. The crude residue was directly pu-
rified by flash chromatography on silica gel (gradient hexanes/CH2Cl2
100:0 to 75:25) to provide 348 mg (92% yield) of the desired product as
a colorless oil. 1H NMR (200 MHz, CDCl3): d=7.37–7.45 (m, 5H), 4.71
(s, 1H), 4.25 (q, 3J=7.1 Hz, 2H), 1.28 ppm (t, 3J=7.1 Hz, 3H);
13C{1H} NMR (50 MHz, CDCl3): d=165.0 (Cq), 130.0 (Cq), 129.3 (2CH),
129.2 (CH), 127.9 (2CH), 115.7 (CN), 63.3 (CH2), 43.7 (CH), 13.9 ppm
(CH3); GC/MS (EI): tR=15.24 min; m/z : 189; Rf=0.22 (hexanes/CH2Cl2
3:1).


Phenylmalononitrile (11e): Following the general procedure (50 8C,
72 h), malononitrile (132 mg, 4 mmol) was coupled with iodobenzene
(224 mL, 2 mmol) by using CuI (38 mg, 0.2 mmol), ligand 1c (117 mg,
0.4 mmol), cesium carbonate (977 mg, 3 mmol), and acetonitrile
(1.2 mL). The reaction mixture was neutralized with aqueous hydrochlo-
ric acid (6 mL, 1n) before being filtered through a plug of celite, extract-
ed with CH2Cl2 (~20 mL) and concentrated in vacuo. The black residue
was directly purified by flash chromatography on silica gel (gradient hex-
anes/CH2Cl2 100:0 to 60:40) to provide 176 mg (62% yield) of the de-
sired product as a colorless solid. M.p. 64–65 8C (Lit. :[57g] 66–68 8C, hex-
anes/diethyl ether); 1H NMR (200 MHz, CDCl3): d=7.51 (m, 5H),
5.08 ppm (s, 1H); 13C{1H} NMR (50 MHz, CDCl3): d=130.4 (Cq), 130.1
(2CH), 127.2 (CH), 126.2 (2CH), 111.8 (2CN), 28.1 ppm (CH); GC/MS
(EI): tR=12.96 min; m/z : 142; Rf=0.32 (hexanes/CH2Cl2 1:1).


Chxn-Py-Al (1c): Anhydrous magnesium sulphate (12.65 g, 105.1 mmol)
and rac-trans-1,2-diaminocyclohexane (4.2 mL, 35.0 mmol) were succes-


sively added to a solution of 2-pyridylaldehyde (6.66 mL, 70.0 mmol) in
absolute EtOH (50 mL). The mixture was stirred for 20 h at room tem-
perature, heated at reflux for 2.5 h, and filtered through a frit while still
hot. The solid was discarded and the filtrate was concentrated in vacuo.
The residue was recrystallized in EtOH to provide 8.2 g (80% yield) of
the desired product as pale yellow crystals. Only the (1S,2S)-stereoisomer
of compound 1c is known in the literature.[96] M.p. 140–141 8C (EtOH);
1H NMR (250 MHz, CDCl3): d=8.54 (ddd, 3J=4.9 Hz, 4J=1.7 Hz, 5J=
1.0 Hz, 2H; H1,2), 8.30 (s, 2H; H7,14), 7.87 (ddd, 3J=7.9 Hz, 4J=1.5 Hz,
5J=1.0 Hz, 2H; H5,16), 7.63 (dddd, 3J=7.9 Hz, 3J=7.5 Hz, 4J=1.7 Hz,
5J=0.6 Hz, 2H; H4,17), 7.22 (ddd, 3J=7.5 Hz, 3J=4.9 Hz, 4J=1.5 Hz,
2H; H3,18), 3.50 (m, 2H; H8,13), 1.83 (m, 6H), 1.40–1.55 ppm (m, 2H);
13C{1H} NMR (50 MHz, CDCl3): d=161.4 (C7,14), 154.6 (C6,15), 149.2
(C1,2), 136.4 (C4,17), 124.4 (C3,18), 121.3 (C5,16), 73.5 (C8,13), 32.7
(C9,12), 24.3 ppm (C10,11); IR (KBr): n=3273, 3071, 3055, 3050, 2941,
2934, 2925, 2865, 2857, 2850, 1644, 1586, 1566, 1467, 1449, 1433, 1372,
1338, 991, 934, 867, 839, 771, 743 cm�1; MS (FAB+ , NBA): m/z (%): 293
(100) [M++H], 107 (52), 92 (38), 119 (25), 294 (23) [M++2H], 204 (22),
79 (21), 187 (20), 585 (1) [2M++H].
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An Insight into a Novel Class of Self-Assembled Porphyrins: Geometric
Structure, Electronic Structure, One- and Two-Photon Absorption Properties


Xin Zhou,[b] Ai-Min Ren,[b] and Ji-Kang Feng*[a]


Introduction


Materials with large third-order nonlinear optical (NLO)
polarizability have attracted much attention, because of po-
tential utilities for photonic applications. High values of the
real part result in nonlinear refraction, leading to scope for
ultrafast all-optical signal processing,[1] while the imaginary
part of the polarizability is responsible for two-photon ab-
sorption (TPA), which is useful for three-dimensional micro-
fabrication,[2–5] ultra-high-density optical data storage,[6] bio-
logical imaging,[7] and the controlled release of biologically
relevant species.[8] Various types of organic molecules have
been investigated to obtain materials with large third-order
nonlinearity g. In general, it has been accepted that materi-
als with p-conjugated systems terminated by donor and ac-
ceptor exhibit large g values.[9–11] Porphyrins, notably por-
phyrin oligomers and polymers, are promising candidates as
NLO materials in view not only of their large p-conjugated
system, but also of versatile modifications of the structures


and various possibilities of central metal ions as well to
create porphyrins with ideal properties.[12–14]


Our recent interest focuses on the TPA properties of vari-
ous materials. In order to enhance the TPA cross-section
value, researchers are trying their best to establish the struc-
ture–property relationship. Albota et al.[15] synthesized and
theoretically investigated a series of linear (dipolar and
quadrupolar) molecules with different D/A combinations at-
tached to a p center (D=donor, A=acceptor). They point-
ed out that conjugation length, D/A strength, and molecular
symmetry are important factors responsible for the increase
of TPA cross sections. Kim et al.[16] found that the TPA cross
sections of chromophores with dithienothiophene as a p


center was nearly one order of magnitude larger than those
with fluorene as a p center, indicating that the p center
should play an important role in the TPA response of mate-
rials. Most recently, researchers have turned their attention
to design and synthesize multibranched (or octupolar) and
dendritic molecules to further increase TPA cross sec-
tion.[17–21] In comparison with the dipolar molecules, the
major advantages of octupolar compounds are greater likeli-
hood of producing crystals with noncentrosymmetric pack-
ing (donor–acceptor molecules have a propensity to align in
an antiparallel fashion which oppose dipoles), and improved
nonlinearity–transparency trade-off (due to a decreased con-
jugation pathway).
However, only a limited number of reports of the TPA


cross sections for porphyrins are available. Wen et al.[22]


measured the TPA cross sections of metal–tetrakis(3,4,5-tri-
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Abstract: We have theoretically inves-
tigated a series of butadiyne-linked
porphyrin derivatives that exhibit large
two-photon absorption (TPA) cross
sections in the visible-IR range. The
electronic structure, one-photon ab-
sorption (OPA), and TPA properties
have been studied in detail. We found
that the introduction of a butadiyne
linkage and the increase of the molecu-
lar dimensionality from monomer to
dimer determine the OPA intensities of


Q band and Soret band, respectively. A
most important role for the enhance-
ment of the TPA cross section is
played by introducing a butadiyne
bridge. The complementary coordina-
tion and the combination of the termi-
nal free base and the core zinc por-


phyrin are also two effective factors for
the enhancement of the TPA efficiency.
The dimer with two porphyrins linked
at meso-positions by a butadiyne link-
age results in a maximum TPA cross
section (79.35G10�48 cm4s per photon).
Our theoretical findings are consistent
with the recent experimental observa-
tions. This series of porphyrin deriva-
tives as promising TPA materials are
the subject of further investigation.


Keywords: ab initio calculations ·
nonlinear optics · porphyrinoids ·
zinc · ZINDO-SOS
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methoxyphenyl)porphyrin, including chlorogallium(iii),
chloroindium(iii), chlorothallium(iii), tin(ii), and lead(ii) as
central metal ions, with the linear polarized nanosecond
laser pulses at different wavelengths by Z-scan. The ob-
served TPA cross sections are in the range of 25–114G
10�50 cm4 s per photon. Rebane and co-workers[23] obtained
the absolute TPA cross sections for a series of porphyrins
and tetrazaporphyrins with pulses of 100 fs duration in two
ranges of laser wavelengths, from 1000 to 1500 and from 700
to 800 nm. They found that the TPA cross section in the
Soret transition region is larger than that in the Q transition
region by one order of magnitude. Screen et al.[24] reported a


double-strand conjugated porphyrin polymer linked by buta-
diyne bonds exhibiting large TPA cross-section values of 5G
10�46 cm4 s per photon), which were measured by a degener-
ate four-wave mixing method with a picosecond pulse laser.
Most recently, Rebane and co-workers[25] observed a 400-
fold enhancement of TPA in a conjugated porphyrin dimer,
relative to its related monomer at 780 nm. In contrast to the
experimental investigations, there are few theoretical re-
ports on the TPA properties of porphyrins. Birge et al.[26]


studied the TPA properties of free-base porphyrin, free-base
porphyrin dianion, and the 2,4-substituted diformal and di-
vinyl analogues of these molecules using a semiempirical
SCF-MO formalism. They showed that a number of the
two-photon allowed states in the Soret region are predicted
to have TPA exceeding 100G10�50 cm4s per photon. Quite
recently, our group[27] studied a class of porphyrin-derived
monomers and dimers. The TPA cross-section values of
dimer porphyrins were found to be 25–100 times larger than
those of monomers.
In this work, we have theoretically investigated the equili-


brium geometries, electronic structures, one-photon absorp-
tion (OPA), and TPA properties of self-assembled porphyrin
monomers and dimers, which were recently synthesized by
Ogawa and co-workers.[28]


Computational Methods


The TPA process corresponds to simultaneous absorption of two photons.
The TPA efficiency of an organic molecule, at optical frequency, can be
characterized by the TPA cross section. It can be directly related to the
imaginary part of the second hyperpolarizability by Equation (1):[29,30]


dðwÞ ¼ 3ð�hwÞ2
2 n2c2e0�h


L4Im½gð�w;w,�w,wÞ� ð1Þ


in which g(�w;w,�w,w) is the orientational average of the third-order
molecular polarizability, �hw the energy of the incoming photons, e0 the
vacuum electric permittivity, n deotes the refractive index of the
medium, and L corresponds to the local-field factor. In the calculations
presented here, these last two quantities are set to 1 (isolated molecule in
vacuum).


The sum-over-states (SOS) expression to evaluate the components of the
second hyperpolarizability gabgd can be deduced by using perturbation
theory and density matrix method. By considering a power expansion of
the energy with respect to the applied field, the gabgd Cartesian compo-
nents are given by Equation (2):[31,32]


In this formula a, b, g, and d refer to the molecular axes; w1, w2, and w3
are optical frequencies and wa=w1+w+ 2w3 is the polarization response
frequency; �P1,2,3 indicates a sum over the terms obtained by the six per-
mutations of the pairs (w1/mb),(w2/mg), and (w3/md); jKi is an electronic
wavefunction with energy �hwK relative to the ground electronic state; ma


is the ath (=x, y, z) component of the dipole operator, hK jma jLi= hK j
ma jLi�h0 jma j0i ; the primes on the summation over the electronic states
indicate exclusion of the ground state. GK is the damping factor of excited
state K, in the present work, all damping factors GK are set to 0.16 eV;
this choice of damping factor is found to be reasonable on the basis of
the comparison between the theoretically calculated TPA spectra and Z-
scan TPA spectra.


Results and Discussion


Geometry optimization and electronic structure : The molec-
ular structures are shown below. The meso-(N-methyl)imida-
zolylporphyrinatozinc compound 1M quantitatively affords
a dimer of a slipped cofacial orientation 1D by the comple-
mentary coordination of an imidazolyl group to the zinc(ii)
center. In compound 2M, imidazolylporphyrinatozinc and
free-base porphyrin are directly linked at meso-positions.
The dimer of 2M is the self-assembly product 2D. To
expand the p-conjugation between two porphyrin units, two
imidazolylporphyrins are connected by a butadiyne unit to
allow a coplanar orientation in chromophore 3M and the
dimer of 3M (i.e., 3D). In order to study the effects of the
complementary coordination of the metal zinc(ii) atom and
the introduction of acceptor groups on the OPA and TPA
properties, analogues of 3M, that is, 4, 5 and 6 were investi-
gated. The geometric structures are optimized using the
Gaussian 98 program with 6-31G basis set at the hybrid
three-parameter Becke exchange functional and Lee-Yang-
Parr correlation functional (B3LYP) level. The optimized
results show that the compounds 1D, 2D, 3D, 4, and 6 pos-
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sess Ci symmetry and there are no symmetric constraints on
other molecules. In the case of monomers 1M, 2M, 3M,
and molecule 4, the porphyrin macrocycles are practically
planar. The Zn�N bond lengths in 1M, 2M, and 3M are on
average 2.046 N. In compounds 2M and 2D, the dihedral
angles between two porphyrins are 87.58and 81.88, respec-
tively, which is consistent with the experimentally almost or-
thogonal structure .[28] For compounds with the complemen-
tary coordination of the imidazolyl to zinc(ii) such as 1D,
2D, 3D, 5, and 6, the imidazolyl group is almost perpendicu-
lar to the porphyrin plane (85.78). As for dimers 1D, 2D,
and 3D, the average Zn�N bond length in porphyrin rings is
2.103 N, which is longer than that in monomers (2.046 N).
The above results are due to the fact that the coordination
between zinc(ii) atom and imidaxolyl makes the zinc(ii)
atom close to imidizolyl ring and out of the porphyrin plane,
so that the Zn�N bonds are lengthened and the planar por-
phyrins are distorted. The distances between the zinc(ii)
atom and N atom in imidiazolyl rings are 2.142 N (for 1D),
2.147 N (for 2D), 2.138 N (for 3D), 2.121 N (for 5) and
2.131 N (for 6). In 1D, two porphyrin rings are separated at
a distance of 3.578 N and the Zn–Zn distance is 6.128 N;
these values are close to the interplanar distance of 3.23 N
and a metal–metal distance of 6.13 N, respectively, deter-


mined by X-ray crystallogra-
phy.[33] The average dihedral
angle between an imidazolyl
ring without coordination and
the porphyrinatozinc plane of
molecules is 64.48, which is
larger than that between the
free-base porphyrin and imidia-
zolyl-59.78.
The energies of some frontier


orbitals and the shapes of the
two highest occupied molecular
orbitals (HOMO) and two
lowest unoccupied molecular
orbitals (LUMO) obtained by
B3LYP6–31G method, are
shown in Figures 1 and 2, re-
spectively. As seen in Figure 1,
the energy of LUMO decreases
with the increase in the conju-
gation length in the order 1M
(�2.24 eV), 2M (�2.37 eV),
3M (�2.77 eV) and 1D
(�1.90 eV), 2D (�2.25 eV), 3D
(�2.67 eV). The LUMO+1
levels exhibit the same trend
(�2.15 eV, �2.29 eV, �2.35 eV
and �1.86 eV, �2.24 eV,
�2.64 eV). However, the
energy of HOMO is little af-
fected by the extension of con-
jugation length. The energy gap
between HOMO and LUMO


decreases with the increase of the conjugation length
(2.79 eV (1M)> 2.57 eV (2M) >1.96 eV (3M) and 2.61 eV
(1D) >2.34 eV (2D) >1.80 eV (3D)). As shown in
Figure 1, the energy gaps between HOMO and LUMO of
dimers are smaller that that of the corresponding monomers
(2.79 eV (1M)>2.61 eV (1D), 2.57 eV (2M) >2.34 eV
(2D), 1.96 eV (3M) >1.83 eV (3D)). Comparing 3M and


Figure 1. Molecular orbital diagrams summarizing results predicted by
the B3LYP6-31G method.
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Figure 2. Two highest occupied and two lowest unoccupied molecular orbitals.
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Fig. 2 (continued).
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its analogues 4, 5 and 6, one can find that 3M and 4 show
very similar electron structures, and there are some differen-
ces between the distributions of orbital energy for 3M and
5. These results show that the complementary coordination
of the metal zinc(ii) atom has some effect on the electronic
structure of molecules. With the increase of zinc(ii) atom
from 4 to 5 and to 6, the HOMO and LUMO become more
unstable (LUMO: �2.80 eV (4)!�2.58 eV (5) !-2.35 eV
(6), HOMO: �4.47 eV(4)!-4.43 eV (5)!-4.24 eV (6)).
However, the energy gap between HOMO and LUMO
changes little. The standard interpretation of the origin of
the Q and B bands in the electronic absorption spectra of
porphyrins is based on the four-orbital model of Gouter-
mans,[34,35] which assumes that the HOMO and HOMO�1
are almost degenerate in energy and well separated from
the other levels; a similar assumption is made for the
LUMO and LUMO+1.
Evidently, as can be seen from Figure 1, the four-orbital


model approximately describes 1M, because the other fron-
tier orbitals are separated by a comparatively large energy
gap between two highest HOMOs and two lowest LUMOs.
However, for other molecules the four-orbital model is not
applicable. This due to the fact that either the two highest
HOMOs and two lowest LUMOs are not quasi-degenerate
for 3M, 4, 5, 6, or the energy gap between the degenerate
HOMOs or LUMOs and other orbitals in 1D, 2M, 2D, 3D
is smaller than 1 eV, and the configuration interaction in-
volving orbitals close in energy to two HOMOs and
LUMOs for all molecules is strong. The reason for these re-
sults is that owing to the change in orbital symmetry, the
presence of other orbitals in the vicinity of HOMOs and
LUMOs does not automatically guarantee strong configura-
tion interaction.
Examining Figure 2, we find for 1D, 2D, and 3D, two


HOMOs and two LUMOs exhibit the nearly same shapes
due to their degeneracy. In the case of 1M, the coefficients
of two HOMOs on porphyrin are hardly changed in compar-
ison with that of zinc porphyrin[36] and the contribution of
the imidazolyl ring is added to the HOMO. However, the
characters of LUMO and LUMO+1 change a lot. Compar-
ing LUMO+1 of 1M with that of zinc porphyrin, the contri-
bution of the meso-carbon atoms parallel with the imidazol-
yl disappear and the contributions of pyrrole nitrogens are
added. The LUMO coefficients are mostly localized on the
whole porphyrin ring, except for the Zn atom. These results
indicate that the addition of imidazolyl ring has an effect on
the LUMOs of molecule. The two degenerate HOMOs and
two degenerate LUMOs of 1D show the same character as
that of the HOMO and LUMO of 1M. As for 2M, since
two porphyrin rings are nearly perpendicular to each other,
the intramolecular conjugation is broken and the population
of electron cloud of HOMOs and LUMOs focuses on one
porphyrin ring. The same phenomenon appears in 2D. The
introduction of a butadiyne bridge results in the planarity of
the whole molecule 3M and 3D. As in the case of 3D, the
two degenerate HOMOs receive a major contribution from
the meso-carbon atoms, the pyrrole nitrogen atoms in zinc
porphyrin, and the butadiyne bridge, while the degenerate
LUMOs coefficients are largely localized on the a- and b-


carbon atoms of the free-base porphyrin and the butadiyne
linkage. It is known that the electronic transition from
HOMOs to LUMOs have important contributions to the Q
and B bands of porphyrins. In reference [37], the authors in-
vestigated the TPA properties of a series of dipole and
quadrupole molecules, and drew the conclusion that the
charge transfer is effective in enhancing the two-photon ab-
sorptivity irrespective of the direction of the transfer (from
the ends to the center of the molecule or from the center to
the ends). So for 3D, the charge transfer from the inner zinc
porphyrin to the terminal free base (shown in Figure 2) will
result in the evident enhancement of TPA cross section. An-
alyzing the frontier orbitals of 4, 5 and 6, we find that in the
cases of centrosymmetric 4 and 6, HOMOs and LUMOs
equally localized on two porphyrins and there is no evident
charge transfer. However, for 5, the intramolecular charge-
transfer is clearly seen. From the HOMOs to LUMOs, the
contribution from the zinc porphyrin ring to the molecular
orbital becomes less and less. In LUMO+1, the coefficients
are completely localized on the terminal free-base porphy-
rin. It means that from HOMO�1 to LUMO+1, the charge
is completely transferred from zinc porphyrin ring to free-
base porphyrin. From these results, we can predict that com-
pound 5 will exhibit larger TPA cross section than that of 4
and 6.


One-photon absorption : The OPA properties of all mole-
cules have been calculated by using the ZINDO program on
the basis of geometric structures optimized by B3LYP6-31G
level. Figure 3 displays the OPA spectra of dimers 2D and
3D and the corresponding experimental data.[28] In the ex-
perimental report,[28] the C7H15 groups are at the meso-posi-
tions of porphyrin ring. However, in our calculation, C7H15
groups are replaced by methyl groups in order to save the
calculating time. The active Q and Soret bands with large
OPA intensities and the corresponding oscillator strength
are listed in Table 1 and some experimental data are given
in parentheses. As shown in Table 1 and Figure 3, the calcu-
lated values are in good agreements with the experimental
observations. Weak Q band and intense Soret bands are
found in the regions of about 580–800 and 300–500 nm.
Table 1 shows clearly that there is a splitting of the Soret
bands for every compound. The magnitude of the splitting
of the Soret bands increases with the increase of the conju-
gation length (1.2 nm (1M)<64.0 nm (2M)<86.2 nm (3M),
30.0 nm (1D)<42.5 nm(2D)<91.9 nm(3D)). In the case of
molecules 4, 5, and 6, with the replacement of zinc porphy-
rin with free-base porphyrin, the splitting slightly increases
from 83.3 nm for 4 to 90.7 nm for 5 and to 93.2 nm for 6.
The large splitting of the Soret bands that appeared in the
calculated OPA spectra of molecules around 300–500 nm
was also observed experimentally by Ogawa et al.[38]


The results in Table 1 demonstrate that the expansion of
the p conjugation between porphyrin units by introducing a
butadiyne linkage and the increase of molecular dimension-
ality from monomers to dimers play different roles in the
enhancement of OPA intensities of the studied compounds.
For the Q-band absorption of molecules, the introduction of
a butadiyne linkage is the most important parameter for de-
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termining the OPA intensities. Compounds 1M and 1D
have quite small oscillator strengths of the Q band, probably
due to their small size. However, porphyrins linked directly
at meso-positions in 2M and 2D do not give rise to an in-
crease of oscillator strength; this comes from the fact that
almost orthogonal porphyrins have almost no effect on the
conjugation length. A relatively significant change occurs
when butadiyne linkages are introduced in 3M and 3D. The
oscillator strength in the Q band of 3M is found to be 0.14,
which is seven times that of 1M and 23 times that of 2M.
Such conjugation dependence works well for dimers 1D,
2D, and 3D. Molecules 4, 5, and 6 also have comparatively
strong Q-band absorptions owing to the presence of the bu-
tadiyne moiety. In 3D, 4, 5, and 6, the porphyrin rings inter-
act though the linking of butadiyne moiety, and the conjuga-
tion length in the molecules is extended; consequently the
OPA intensity of Q band is strengthened. The increase of
the molecular dimensionality from monomers to dimer ana-
logues plays a significant role in the oscillator strength of
the B-band absorption. The oscillator strength of 1D is
found to be 7.23, which is five times that of 1M. From 2M
to 2D and 2M to 3D, more than twofold enhancements of
the OPA intensity are observed. The results show that the
linkage of imidazolyl groups strengthens coupling effects be-
tween two monomers and so enhances the OPA strength of
Soret band.


Two-photon absorption : In general, it is difficult to assess
the molecular TPA efficiency among different materials
from a direct comparison of their TPA cross sections. This is
either because the measurements by different groups were
not always carried out under comparable experimental con-
ditions or because some of the materials were only mea-
sured using one single wavelength.[39,40] However, theoretical
simulations should be able to provide fair information ap-
propriate for comparison. In the present study, we have
compiled a program to calculate the third-order optical sus-
ceptibility and the TPA cross section according to Equa-
tions (1) and (2). The TPA spectra of molecules in the inci-
dent wavelength range of 550–1300 nm are shown in
Figure 4. It is observed that there are multiple peaks in
some TPA spectra. The calculated main peaks in the spectra
and the corresponding TPA cross section values are sum-
marized in Table 1. The data in parentheses were obtained
by an open-aperture Z-scan method at wavelengths from
817 nm to 1282 nm by using a femtosecond optical paramet-
ric amplifier.[28] As shown in Table 1, the calculated TPA pa-
rameters are consistent with the experimental results. Nor-
mally, the TPA process should happen in the region without
OPA. Furthermore, in many applications of two-photon fea-
tures, molecules with large TPA cross sections are required
in a range of fundamental excitation wavelengths, that is,
600–1200 nm. Therefore, we only discuss the maximum TPA


Figure 3. Theoretical and experimental one-photon absorption spectra of a) 2D and b) 3D (figures at the top are the theoretical data in this work and
figures at the bottom are the experimental data in reference [28]).


Chem. Eur. J. 2004, 10, 5623 – 5631 www.chemeurj.org H 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5629


Self-Assembled Porphyrins 5623 – 5631



www.chemeurj.org





peak at the longest wavelength in every TPA spectrum
(shown in boldface). The calculated TPA maximum lð2Þmax is
observed at 663.0 nm for 1M, and undergoes a red shift as
the conjugation length is increased to 2M (704.4 nm) and
further to 3M (729.3 nm). A similar red-shift in maximum
TPA wavelength is observed when processing from 1D
(685.0 nm) to 2D (905.0 nm) and to 3D (849.2 nm).
As displayed in Table 1, from 1M to 2M, the maximum


TPA cross section produces more than twofold enhancement
from 0.69G10�48 to 1.45G10�48 cm4 s per photon. The intro-
duction of a butadiyne moiety in 3M increases the TPA
cross section of 2M by more than one order of magnitude
(14 times). The similar trend is observed in dimer porphy-
rins (1.82G10�48 (1D), 3.72G10�48 (2D), 79.35G10�48 cm4s
per photon (3D)). The maximum TPA cross section of 3D
is about 21 times that of 2D, due to the introduction of bu-
tadiyne linkages. These results indicate that the effect of the
expansion of the p conjugation between porphyrin moieties
by introducing a butadiyne linkage on the TPA cross section
is essentially significant. The TPA cross section values of
dimers 1D, 2D, and 3D are twice to three times those of
the corresponding monomers 1M, 2M, and 3M, respective-


ly. As can be seen from Table 1, the TPA cross section of
compound 5 is larger than that of 3M by 20%. The results
above suggest that the complementary coordination of Zn
atom has a positive effect on the enhancement in TPA cross
section. Inspecting the TPA properties of molecules 4, 5,
and 6, we find that compound 5 exhibits the largest TPA
cross section (25.61G10�48 cm4s per photon), which is about
2.5 times as that of 4 and 36% larger than that of molecule
6. The terminal free base, working as a primary electron ac-
ceptor in a photosynthetic reaction center, is certainly re-
garded as the acceptor with respect to the inner zinc por-


Table 1. One- and two-photon absorption properties of the compounds
described.[a]


lð1Þmax [nm] f lð2Þmax [nm] dmax [10
�48 cm4s


per photon]


1M 626.1 0.01339 663.0 0.69
621.4 0.01309
351.0 0.92494
349.8 0.79276


1D 583.7 0.02986 685.0 1.82
581.3 0.01069
338.2 4.17083
308.2 3.06374


2M 655.2 0.00130 704.4 1.45
589.0 0.00563 593.2 1.45
386.5 1.48526
322.5 2.05338


2D 772.6 0.01116 905.0(964)[28] 3.72(3.7)[28]


726.8 0.03302
470.0(~472)[28] 4.86186
427.5(~428)[28] 3.59187


3M 667.5 0.02195 729.3 20.51
588.6 0.12768 632.5 30.66
435.1 2.41712
348.9 0.91148


3D 807.1 0.07990 849.2(887)[28] 79.35(76)[28]


746.3 0.22830
491.5(~499)[28] 7.38643
399.6 1.58090


4 683.1 0.03311 832.1(873)[28] 10.26(10)[28]


585.0 0.21253 733.6 19.18
443.4 2.03652 652.5 32.89
360.1 1.42447


5 670.4 0.03713 770.1 25.61
624.2 0.11288 652.5 23.07
451.5 2.20240
360.8 1.22737


6 634.4 0.15790 779.8 18.76
619.7 0.01053 659.4 30.94
442.9 3.26720
349.7 0.89152


[a] The experimental results taken from reference [28] are shown in pa-
rentheses.


Figure 4. Two-photon absorption spectra.
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phyrin. From the frontier orbitals of molecule 5 in Figure 2,
the charge transfer from the donor (zinc porphyrin) to the
acceptor (free-base porphyrin) is clearly observed. The in-
tramolecular charge transfer favors the enhancement of
TPA cross section. These clearly show that, the increase of
polarization by mono-metalation due to the combination of
terminal free base and the core zinc porphyrin is another ef-
fective factor for increasing the TPA cross section.


Conclusion


In this paper, the molecular geometries, electronic struc-
tures, and one- and two-photon absorption properties of a
series of self-assembled porphyrin derivatives have been in-
vestigated theoretically. Our calculations show that the in-
troduction of butadiyne linkages and the increase of molecu-
lar dimensionality from monomer to dimer determine the
OPA intensities of the Q-band and B-band absorptions, re-
spectively. Introducing a butadiyne linkage is the overriding
factor to increase the TPA cross-section value. The comple-
mentary coordination from monomers to dimers and intro-
duction of electron-acceptor groups are also two effective
factors for the enhancement of the TPA efficiency. The por-
phyrin analogues with the similar structures to 3D would be
a promising direction for further development of novel TPA
materials.
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The Control of the Cholesteric Pitch by Some Azo Photochemical Chiral
Switches


Silvia Pieraccini, Giovanni Gottarelli,* Riccardo Labruto, Stefano Masiero,
Omar Pandoli, and Gian Piero Spada*[a]


Introduction


Molecular switches are the subject of continuous interest[1]


and seem particularly promising for nanotechnological ap-
plications.[2] Of the various types of switches that are known,
photochromic molecules, in which the switching is induced
by light, are of special interest.[3] By controlling the wave-
length, light can be used to selectively stimulate specific
chromophoric units in molecules, to irradiate submicrome-
tre-sized areas and to avoid the mixing of different substan-
ces, for example, in pH-controlled systems.


Chiral photochemical switches seem particularly attrac-
tive: under the influence of light they undergo reversible
transformations which can be measured, for example, with
chiroptical techniques (CD or optical rotation).[4] Several
switching systems also work in processable media such as
polymers and liquid crystals.[5] In the field of liquid crystals,
chiral photochemical switches are of interest for two rea-
sons: they induce the formation of cholesteric phases in


nematic hosts, and can allow the helical pitch to be control-
led by their photochemical isomerisation.[6]


Two requisites are crucial for useful chiral photochemical
switches: the molecule must have a high helical twisting
power (b),[7] that is, a very small amount of the switch can
efficiently induce a cholesteric phase in a nematic solvent,
and the switching must be associated with strong variations
of pitch, possibly with inversion of the helical handedness.


Although the azo group, which undergoes light-driven re-
versible E–Z isomerisation, is a feature of several photo-
switchable systems (for example, photoresponsive crown
ethers and dendrimers,[8] photoresponsive biomolecules,[9]


molecular shuttles,[10] photoresponsive gels,[11] azo solutes for
lowering the electric field threshold in ferroelectric liquid
crystals[12] and light-driven motors for liquids[13]), their use in
chiroptical molecular switches has so far been limited. With
two exceptions,[14,15] in which azobenzene photochromism
was combined with the axial chirality of binaphthyl, the few
cases that have been investigated have dealt with azoben-
zenes with more or less traditional pendant groups with cen-
tral chirality attached in various positions;[16,17] these com-
pounds are characterised by low-to-medium twisting powers.
Very recently Kato and co-workers reported a photorespon-
sive chiral gelator based on 1,2-bis(acylamino)cyclohex-
ane.[18]


Compounds 1–4 seemed particularly interesting to us as
axially chiral binaphthyl moieties[19] have high helical twist-
ing powers.[20] Furthermore, comprehensive analysis of their


[a] Dr. S. Pieraccini, Prof. G. Gottarelli, R. Labruto, Dr. S. Masiero,
O. Pandoli, Prof. G. P. Spada
Alma Mater Studiorum - UniversitB di Bologna
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Via San Giacomo 11, 40126 Bologna (Italy)
Fax: (+39) 051-209-5688
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Abstract: A few chiral azo compounds,
which undergo reversible photochemi-
cal switching, are presented. Of these,
the most interesting contain the bi-
naphthyl moiety and belong to the C2


(derivatives 1 and 2) or C1 symmetry
group (derivatives 3 and 4). These bi-
naphthyl compounds display intense
CD and high b values. Photochemical
switching has profound effects on both
the CD and b values of these com-
pounds; in the case of compound 3, the


sign of b changes upon isomerisation.
Compound 2 has, to our knowledge,
the highest b of the switches reported
in the literature and also seems the
most interesting owing to its fast re-
sponse to photochemical stimuli. Nem-
atic phases can be transformed into


cholesteric phases with reflection bands
in the visible region by doping with
reasonable amounts of 1 and 2. The re-
flection colours can be changed reversi-
bly by photoisomerisation of the
switches. Thermal reversion of the col-
ourless UV photostationary state to
the green isomeric EE state or to inter-
mediate coloured states is temperature
dependent. This can allow the thermal
history of a sample to be traced.


Keywords: biaryls · chirality ·
isomerisation · liquid crystals ·
molecular switches
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exciton circular dichroism (CD) spectra has been reported
in the literature;[21,22] both b and CD are deeply influenced
by the dihedral angle between the naphthalene chromo-
phores.[21–23] We have also studied m-bis(azo)benzene deriva-
tives 5 and 6 with chiral pendant groups in the hope of ob-
taining induction of an helical structure of the foldamer
type[24] and hence, possibly, high helical twisting powers.
Compound 7 was synthesised to observe better effects due
to the restricted mobility of the system.


Herein, we report on the study by CD spectroscopy in iso-
tropic solution and the b measurements in nematic phases
of the chiral azo switches 1–7. While compounds without
the chiral binaphthyl moiety display modest-to-medium b


values and insignificant variations of both CD and b upon
E–Z isomerisation of the azo group, compounds with the
biaryl moiety have high or very high b values that respond
strongly to isomerisation; in the case of derivative 3, helical
sense inversion was observed upon switching.


Results and Discussion


Spectroscopic studies : For simplicity, we shall consider the
spectral region with l>300 nm separately from that with
l<300 nm; the former corresponds to the p–p* and n–p*
transitions of the azo group,[25] and is very sensitive to
switching. From the polarised spectra of (E)-azobenzene in
stretched polyethylene films, the polarisation of the p–p*
transition at about 330 nm is known to be along the long
molecular axis.[26] The second region is dominated by transi-
tions of the aromatic rings: in particular, for binaphthyl de-
rivatives, we shall consider the region around 230 nm to be
connected to the 1B long-axis polarised naphthalene transi-
tion;[22] this region is not directly important for switching,
but could give information on the dynamics of the binaphth-
yl moiety during azo isomerisation. In addition, at about
290 nm, the weaker 1La band is also present.


C2-symmetric binaphthyl derivatives : Derivatives 1 and 2
are intrinsically complex as three isomers, EE, EZ and ZZ,
are possible, however their CD spectra can easily be inter-
preted. Figure 1 shows the CD and absorption behaviour of


(R)-1 upon photoisomerisation (derivative (R)-2 shows simi-
lar spectra): for the EE isomers, the weak positive band at
approximately 450 nm corresponds to the weak n–p* transi-
tion, while the negative exciton centred at about 340 nm is
related to the coupling of the long-axis polarised p–p* tran-
sitions of the two azo chromophores. Note that the negative
couplet reflects the absolute R configuration of the bi-
naphthyl moiety and follows the exciton chirality rule.[27]


Upon irradiation with UV light, the n–p* transition gradual-


Figure 1. CD (top) and UV/Vis absorption spectra (bootom) of 1 in ace-
tonitrile. Full line: pure EE isomer; dotted line: photostationary state at
365 nm; dashed line: photostationary state at 546 nm.


Chem. Eur. J. 2004, 10, 5632 – 5639 www.chemeurj.org H 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5633


5632 – 5639



www.chemeurj.org





ly becomes more intense while the exciton couplet weakens;
the process is reverted by irradiation with visible light.[28]


The cycle can be repeated several times without degradation
of the switches (Figure 2); note that the response time is


much shorter for derivative 2. The isomeric composition
(EE/EZ/ZZ) determined[14] for compound 1 is 0.2:0.5:0.3
and 0.6:0.4:<0.05 in the UV and visible photostationary
states (PSSs), respectively. The thermal return to the EE
isomer is characterised by an apparent half-life of 10–13 h at
25 8C, while at �15 8C the UV PSS is stable for weeks.


In the second region (below 300 nm), the spectrum is do-
minated by the exciton couplet due to the 1B long-axis po-
larised transition of naphthalene; again this negative couplet
reflects the stereochemistry of the biaryl system.[21, 22] Photo-
isomerisation of the azo group has a small, but unequivocal
effect on the intensity and frequency of this couplet; in par-
ticular, upon irradiation with UV light, the intensity of the
exciton signal of the EE isomer gradually decreases. This
was somehow unexpected as very careful measurements of
6,6’-dimethoxy-5,5’-bis(benzeneazo)-2,2’-diethoxy-1,1’-bi-
naphthalene showed no variation of this couplet upon pho-
toisomerisation.[15] To gain a better insight into this phenom-
enon, the reverse isomerisation process was followed start-
ing with the pure ZZ isomer (obtained by TLC separa-
tion).[29] The amplitude of the exciton couplet is comparable
to that of the EE isomer and upon irradiation with visible
light also decreases. Hence the ZE isomer has a lower inten-
sity exciton.


This behaviour has two possible explanations: the most
likely is that during isomerisation of the azo groups the di-
hedral angle between the two naphthalene groups changes;
this seems intuitive as the azo groups are in the 2,2’-position
and could directly influence this angle.[30] Alternatively, the
variation in the intensity of the couplet could be connected
to changes in the electronic effects of the azo substituents


upon isomerisation: the Z and E azo groups are essentially
two different substituents and this should influence the CD
(the couplets for the EE and ZZ isomers are in fact centred
at different wavelengths, 212 and 223 nm, respectively, for
both derivatives 1 and 2).


Asymmetric (C1) binaphthyl derivatives: For the monoazo
derivatives, (R)-3 and (R)-4, the situation seems spectros-
copically more complex owing to the appearance of minor
details previously blurred by the presence of the two azo
groups (Figure 3). The n–p* band is at approximately


450 nm and displays negative CD; the p–p* band is at about
340 nm and the exciton couplet is evidently absent; the 1La


transition of the naphthalene is now clearly visible in both
the absorption and CD spectra as it is not hidden by the ab-
sorption of the two azo groups and by the exciton couplet
present in 1 and 2. The high-energy region shows the usual
exciton band that is correlated to the stereochemistry of the
biaryl system with a new negative band at about 240 nm. It
is difficult to assign this band as several transitions, such as
the B p–p* azo transition[26] and transitions of the conjugat-
ed amide, are present in this region; the band is absent
when the acetamido group is replaced by the amino group
(data not shown) and this indicates that the amide chromo-
phore makes a significant contribution to this band. After
UV irradiation, the n–p* transition is stronger in both the
CD and absorption spectra, while the p–p* transition is
weaker. The spectrum below 300 nm does not change sub-
stantially. The process can be reversed by irradiation with
visible light. The response times for compounds 3 and 4 are,
in this case, similar, although compound 4 switches slightly
faster (see Figure 2). The isomeric composition (E/Z) deter-


Figure 2. Photoinduced variation of Dered corresponding to the n–p* tran-
sition in acetonitrile solution of 1 (diamond), 2 (square), 3 (triangle) and
4 (circle) upon irradiation with UV and visible light at 20 8C (see the Ex-
perimental Section for the wavelengths used for irradiation). Dered=De/
De8, where De8 is the value of e at the initial photostationary state upon
UV irradiation. The data reported in the figure refer to the system imme-
diately after the PSSs have been reached.


Figure 3. CD (top) and UV/Vis absorption spectra (bottom) of 3 in aceto-
nitrile. Full line: pure EE isomer; dotted line: photostationary state at
365 nm; dashed line: photostationary state at 436 nm.
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mined for compound 3 (see Experimental Section) is 0.3:0.7
and 0.7:0.3 in the UV and visible PSSs, respectively.


Compounds with central chirality : The azo transitions of the
E isomers of derivatives 5–7 have negligible CD: the chiral
perturbation induced by the chiral moiety is very weak. In
the absorption spectra one observes the usual switching with
an increase and decrease in the intensities of the n–p* and
p–p* transitions, respectively. In the CD spectra, again no
dichroic intensity is observed.


Photochemical control of the cholesteric pitch: In a prelimi-
nary communication[14] we described the photomodulation
of the pitch of cholesteric phases obtained by doping the
nematic solvents E7 and ZLI-2359 with (R)-1. The results
can be summarised as follows: the EE isomer exhibits
strong helical twisting powers in both solvents (see Table 1);


after irradiation with UV light the twisting powers decrease
considerably and the values of b increase again by switching
back the dopant with visible light irradiation. This cycle was
repeated several times without any apparent fatigue.


Here we have extended our study to azo derivatives 2–7
and completed the analysis of derivative 1. The helical twist-
ing powers obtained for dopants with the E configuration of
the azo groups are reported in Table 1, together with the b


values obtained for the two photostationary states produced
under UV and visible light irradiation; the changes in b


after cyclic repetition of the UV and visible light irradiation
are reported in Figure 4 for a few selected cases. Compound
(R)-2 shows similar behaviour to that of (R)-1 with an even
higher twisting power (and its variation). As observed in so-
lution by CD, the response time is shorter for compound 2.


The replacement of one of the azo groups in the 2-posi-
tion of a naphthyl unit with an acetamido group transforms
the C2-symmetric compounds 1 and 2 into the asymmetric
C1 monoazo derivatives 3 and 4. These two compounds ex-
hibit considerably lower helical twisting powers than the
parent compounds 1 and 2. However, the b values (+54 and
+41 mm�1 for 3 and 4, respectively) are still higher than
those reported in the literature for azobenzenes with sub-
stituents with central chirality.[17] This observation is not sur-


prising: it is well known that compounds whose chirality is a
consequence of the presence of one or more chiral centres
usually show low twisting powers (�10 mm�1).[31] Com-
pounds 3 and 4, as well as 1 and 2, have a chirality axis as a
stereogenic unit: we have reported that such an element is
associated with moderate-to-high helical twisting powers. In
particular, binaphthyl derivatives (especially if tethered be-
tween the 2,2’-positions or with long substituents) show high
twisting powers.[32]


The behaviour of nematic Phase 1052 doped with com-
pound (R)-4 upon irradiation is similar to that of liquid-crys-
tal (LC) solutions of 1 and 2 : the twisting power decreases
upon UV irradiation and increases upon subsequent irradia-
tion with visible light. In our experimental set up (Grand-
jean–Cano set up) the cholesteric phase is inserted between
a planoconvex lens and a glass plate. Under these condi-
tions, the disclination lines appear as circles and their diam-
eter is related to the cholesteric pitch: the larger the diame-
ter, the longer the pitch. In all cases, we observe that the cir-
cular disclinations move outwards upon UV irradiation,
which indicates a monotonic increase of the cholesteric
pitch; the disclinations then move inwards upon visible light
irradiation.


A unique case (among the dopants investigated) is repre-
sented by derivative (R)-3. Its cholesteric solutions are
right-handed (positive b), like the ones obtained for (R)-1,
(R)-2 and (R)-4. However, irradiation with UV light inverts
the cholesteric handedness, while subsequent irradiation
with visible light reverts the handedness to the original. By
implementing the Grandjean–Cano boundary conditions, we
have seen that, upon UV irradiation, the disclination lines
move outwards, then disappear and appear again moving in-
wards until the photostationary equilibrium is reached: this
is indicative of a lengthening of the pitch until the infinite
value is attained (nematic phase) and of a subsequent short-
ening (with opposite handedness). The same trend is ob-


Table 1. The helical twisting powers of the chiral dopants with the azo
groups in the E configuration and with the isomeric composition at the
UV and visible PSSs (PSSUV and PSSVis).


b


Dopant Nematic solvent Pure E PSSUV PSSVis


(R)-1 E7 +148 +90 +122
ZLI-2359 +144 +78 +110


(R)-2 phase 1052 +201 +106 +155
(R)-3 ZLI-2359 +54 �31 +37
(R)-4 phase 1052 +41 +23 +39
5[a] E7 �3.3 �3.3 �3.3


phase 1052 �5.5 �5.5 �5.5
6[a] E7 �9.8 �9.8 �9.8
7[a] ZLI-2359 �72 �64 �70


[a] The absolute configuration of the dopant is that given in the chemical
structures.


Figure 4. Photoinduced variation of b for the nematic phases of 1 (dia-
mond), 2 (square), 3 (triangle), 4 (circle) and 7 (cross) upon irradiation
with UV and visible light at 20 8C (see the Experimental Section for the
nematic phases and the wavelength of irradiation; data for compound 1
in E7 are reported). The data reported in the figure refer to the system
immediately after the PSSs have been reached.
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served upon visible light irradiation of the UV PSS (b alter-
nates between �31 and +37 mm�1). This behaviour is quite
unusual, and, to our knowledge, only one example of photo-
controlled-handedness inversion of nematic phases doped
with only a chiral photochemical switch has been report-
ed.[15] Several other examples of photochemical switching of
cholesteric handedness have been reported in the literature
(see for example ref.[33]), however, in no case is the chiral
photoswitch the only chiral additive in the system. The
switching cycle can be repeated several times without appa-
rent fatigue of the materials. The response time of the two
monoazo derivatives 3 and 4 is larger than in isotropic so-
lution and this time compound 3 switches faster than com-
pound 4.


On the other hand, compounds 5–7 contain one or more
chiral centres as stereogenic elements and, as expected, ex-
hibit small helical twisting powers; the b values of 5 and 6
are not affected by the photoisomerisation process, while
only a weak response is observed for 7 (see Figure 4).


Explanation of cholesteric induction : A detailed explanation
of the cholesteric handedness (and its inversion in the case
of 3) of the different dopants is difficult, but a qualitative
explanation can be given in a few selected cases.


Since the beginning of studies on cholesteric induction,[34]


the main goal has been to determine the relation between
the cholesteric handedness and the stereochemical descrip-
tor of the molecular chirality. A satisfactory understanding
of the relation between molecular and phase handedness re-
quires knowledge of how the chiral information is transfer-
red from the dopant to the solvent. Recently, a theoretical
method capable of accounting for the behaviour of liquid
crystals has been proposed (Surface Chirality Model) that
uses a realistic picture of the chemical constituents in terms
of molecular geometry.[35] According to this model, the
handedness (and the pitch) of the induced cholesteric
phases can be determined by the coupling between the mo-
lecular helicity (which is different along the different molec-
ular directions) and the orientational behaviour of the
dopant (which tends to align along the director in a prefer-
ential molecular direction). This model has been used to in-
terpret the chirality transfer of several classes of compounds
and in particular biaryl derivatives.[36]


The cholesteric handedness is therefore the result of a
delicate balance of molecular helicity and orientation pro-
pensity. During the E–Z isomerisation, both parameters are
affected. Numerical calculations of b using the Surface Chir-
ality Model[35] are affected, in the present system, by the un-
certainty about the dominant conformations. However, cal-
culations on a simplified model of (R)-1 (in which the dec-
anoyl tails have been replaced by methyl groups) reveal that
the twisting powers are predicted to be positive and nega-
tive for EE and ZZ isomers, respectively. Nevertheless, solu-
tions of (R)-1 in the UV photostationary state do not con-
tain a sufficient amount of the ZZ isomer to invert the heli-
cal handedness with respect to the solution of the pure EE
isomer or to the visible PSS. In the case of monoazo deriva-
tive (R)-3, in which only the Z and E configurations are pos-
sible, inversion of the cholesteric handedness during E–Z


photoconversion unequivocally indicates opposite signs of
the b values for the two isomers.


Photochemical control of selective reflection : It is well
known (and many applications are based on it) that choles-
teric phases of pitch p reflect circular polarised light (CPL)
of the same handedness and transmit CPL of the opposite
handedness when the wavelength is equal to np (where n is
the average refractive index).[37] Therefore, we tried to
obtain a photocontrollable visible light reflector[38] by
doping a nematic phase with sufficient chiral dopant for the
cholesteric pitch to be in the visible region. A 7.4 wt % so-
lution of the EE isomer of (R)-1 in ZLI-2359 reflects green
light (Figure 5) and the LC–isotropic transition of the mix-


ture occurs 8 8C lower than that for the pure nematic ZLI-
2359. Also a 3.6 wt % solution of (R)-2 in Phase 1052 re-
flects green light; in this case, the clearing temperature is
only 5 8C lower than that for the pure solvent. During irradi-
ation with UV light the colour of the sample progressively
changes to orange, then to red and finally, when the photo-
stationary state is reached, it no longer reflects visible light.
By inverting the isomerisation process by irradiation with
visible light, the sample gradually becomes coloured and, in
the photostationary state, it reflects red light (Figure 5). In
the dark, the dopant thermally reverts to its initial EE state
and to its original green colour, hence the system has a
memory of the thermal history of the sample. The time re-
quired for the thermal reversion is temperature dependent
(at �15 8C the UV PSS is stable for weeks; at 25 8C the ther-
mal reversion has an apparent half-life of approximately 10–
12 h).


This process was followed by circular dichroism (see
Figure 6). A negative CD in the reflection band is indicative
of a right-handed cholesteric phase that preferentially re-


Figure 5. Colours of a 7.4% w/w solution of the EE isomer of (R)-1 in
ZLI-2359 (left) and of the visible photostationary state (right).


Figure 6. Photoinduced variation of the CD spectrum of a 7.4 % w/w so-
lution of (R)-1 in ZLI-2359 corresponding to the pitch band. Full line:
pure EE isomer; dashed line: UV photostationary state; dotted line: visi-
ble photostationary state.
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flects right-handed circularly polarised light (R-CPL): the
instrument that records the transmitted light detects this re-
flection as if the R-CPL is absorbed, which leads to a nega-
tive AL-CPL�AR-CPL; during photoirradiation the pitch band
undergoes a red or a blue shift depending on whether the
cholesteric pitch is lengthened or shortened, respectively.


Conclusion


We have presented herein a few chiral azo compounds that
undergo reversible photochemical switching. Of these, the
most interesting contain the binaphthyl moiety and display
intense CD and high b values. Compound 2 has, to our
knowledge, the highest b of the switches reported in the lit-
erature. The switching has profound effects on both CD and
b values; in the case of compound 3, the sign of b changes
upon isomerisation. The switching time depends strongly on
the chemical structure of the compounds and can be modu-
lated by opportune substitution. Compound 2 seems to be
the most interesting owing to its high b value and fast re-
sponse to photochemical stimuli.


Nematic phases can be transformed into cholesteric
phases with reflection bands in the visible region by doping
with reasonable amounts of 1 and 2, which has little effect
on the isotropic transition temperatures. The reflection col-
ours can be changed reversibly by photoisomerisation of the
switches. Thermal reversion of the colourless UV photosta-
tionary state to the green EE state or to intermediate col-
oured states is temperature dependent. This can allow the
thermal history of a sample to be traced.


Experimental Section


Photochemical isomerisation in isotropic solution : CD and UV/Vis ab-
sorption spectra were recorded on a JASCO J-710 spectropolarimeter
and a JASCO V-550 spectrophotometer, respectively. The photoisomeri-
sation of the azo compounds in spectrophotometric grade acetonitrile
(Aldrich), with concentrations in the range of (1–4) O 10�4


m, was per-
formed at 20 8C by irradiating the samples, contained in 0.1 cm thermo-
static quartz cells, with the 150 W Xe lamp of the dichrograph. The mon-
ochromator of the instrument (slit width=3 mm) was employed to select
the UV and visible irradiation wavelengths (lUV=365 nm for 1, 3, 4, 6
and 7 and 334 nm for 2 and 5 ; lVis=436 nm for 2–7 and 546 nm for 1).
Photostationary states were ensured by monitoring the UV and CD sig-
nals over time: the spectra were recorded at distinct time intervals until
no further changes were detected. The compositions of the PSSs of com-
pounds 1 and 3 were evaluated by CD spectroscopy after isolation of the
pure isomers: irradiation of a 3 mm acetonitrile solution of (E,E)-1 [or
(E)-3] at 365 nm for about 60 minutes gave a mixture of (E,E)-1, (E,Z)-1
and (Z,Z)-1 [or (E)-3 and (Z)-3]. The single isomers were isolated by
semipreparative TLC (Baker silica gel IB2-F) and dissolved in cold ace-
tonitrile. The concentration of each sample was deduced after thermal re-
version to the isomeric pure (E,E)-1 [or (E)-3] form.


Photochemical isomerisation in the liquid crystalline phase : Liquid-crys-
talline samples were prepared with concentrations ranging from 0.04 to
0.4% w/w; the nematic phases (Merck) used for each compound (E7 for
1, 5 and 6, ZLI-2359 for 1, 3 and 7, and Phase 1052 for 2, 4 and 5) allow
good solubility and orientation under the Grandjean–Cano boundary
conditions. The pitches and handedness of the cholesteric phases were
determined by the lens version of the Grandjean–Cano method[39] by
using a standard Zeiss microscope equipped with a JVC video camera
and a temperature-controlled stage. Photoisomerisation experiments


were performed by irradiating the samples at 20 8C with a 150 W high-
pressure Hg/Xe lamp. Interference filters (Oriel) were used to select the
UV and visible irradiation wavelengths (lUV=365 nm for 1–4 and 7;
lVis=436 nm for 2–4 and 7 and 546 nm for 1). The reflection bands were
detected by CD spectroscopy in a 10 mm sandwich quartz cell.


Synthesis : Reagents and dry solvents were purchased from Aldrich
Chemical Co. NMR spectra were recorded on a Varian Gemini 200,
Inova 300 or 600 MHz instrument. ESI-MS spectra were obtained with a
Micromass ZMD 4000 spectrometer. The synthetic routes to compounds
1–4 and 7 are presented in Scheme 1. The preparation of compound 5
has been described previously.[40] The yields were not optimised.


Compound 8 : Commercially available (R)-2,2’-diamino-1,1’-binaphthyl
(200 mg, 0.70 mmol) was dissolved by gently heating the sample in a so-
lution of water (3.5 mL) and concentrated HCl (0.43 mL) and the mix-
ture was then cooled to 2 8C. A solution of NaNO2 (97 mg, 1.4 mmol) in
water (4 mL) was then added over 30 min. The resulting diazonium so-
lution was slowly added to a cooled aqueous solution (4 mL) of phenol
(141 mg, 1.5 mmol) and NaOH (179 mg, 4.5 mmol). The resulting suspen-
sion was made slightly acidic with dilute HCl and filtered. The precipitate
was washed with water, dried and purified by chromatography over silica
gel (CH2Cl2/MeOH 98:2 as the eluant) to afford 8 as a red solid in 44 %
yield.
1H NMR (300 MHz, CDCl3): d=6.68 (m, 4H), 7.30 (m, 4H), 7.42–7.58
(m, 5H), 7.97–8.12 (m, 5 H), 8.18–8.24 (m, 2 H) ppm; ESI-MS (MeOH):
m/z : 517 [M+Na]+ .


Compound 1: The bis(hydroxyphenylazo) derivative 8 (155 mg,
0.31 mmol) was dissolved in THF (2 mL). Redistilled Et3N (0.086 mL,
0.61 mmol) and decanoyl chloride (0.12 mL, 0.62 mmol) were then
added. The resulting suspension was stirred for 15 min, MeOH (1 mL)
was added and stirring was continued for 10 min. The reaction mixture
was then filtered and the precipitate was washed with water, dried and
purified by chromatography over silica gel (petroleum ether/ethyl acetate


Scheme 1. Synthetic routes to compounds 1–4 and 7.
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8:2 as the eluant). The title compound was obtained as an orange-red
solid in 90% yield.
1H NMR (300 MHz, CDCl3): d=0.88 (t, 6H), 1.2 (br s, 24H), 1.66 (m,
4H), 2.49 (t, 4 H), 6.97 (m, 4H), 7.32 (m, 4H), 7.32–7.42 (m, 4 H), 7.59
(m, 2 H), 8.06–8.14 (m, 4H), 8.17 (d, 2H) ppm; elemental analysis calcd
(%) for C52H58N4O4 (803.06): C 77.77, H 7.28, N 6.98; found: C 77.89, H
7.38, N 6.88.


Compound 2 : Bis(hydroxyphenylazo) derivative 8 (160 mg, 0.32 mmol)
was dissolved in THF (2.5 mL). Redistilled Et3N (0.10 mL, 0.72 mmol)
and p-heptylbenzoyl chloride (0.30 mL, 1.28 mmol) were then added. The
resulting suspension was stirred for 1 h, MeOH (1 mL) was added and
stirring was continued for a further 10 min. The reaction mixture was
then dried in vacuo, redissolved in CHCl3, washed with water and dried
over Na2SO4. The resulting residue was purified by chromatography over
silica gel (petroleum ether/ethyl acetate 97:3 as the eluant). The title
compound was obtained as an orange-red solid in 69 % yield.
1H NMR (300 MHz, CDCl3): d=0.89 (t, 6H), 1.24–1.41 (m, 16H), 1.66
(m, 4 H), 2.69 (t, 4 H), 7.11 (m, 4H), 7.28–7.36 (m, 6H), 7.42 (m, 4H),
7.49–7.58 (m, 4H), 7.99–8.12 (m, 8 H), 8.21 (d, 2 H) ppm; elemental anal-
ysis calcd (%) for C60H58N4O4 (899.14): C 80.15, H 6.50, N 6.23; found: C
79.74, H 6.49, N 6.17.


Compound 9 : Acetic anhydride (2.29 mmol) in CH3CN (15 mL) was
added dropwise to a cooled solution of (R)-2,2’-diamino-1,1’-binaphthyl
(500 mg, 1.76 mmol) and redistilled Et3N (0.32 mL, 2.3 mmol) in CH3CN
(25 mL). Stirring was continued for 1 h at 5 8C. Methanol (1 mL) was
then added and stirring was continued for a further 15 min. Saturated
NH4Cl was added and CH3CN was removed by distillation. The residue
was extracted with CH2Cl2 and the resulting organic phase was washed
with water and dried over Na2SO4. The residue was purified by chroma-
tography over silica gel (CH2Cl2/MeOH 99:1 as the eluant) and the title
compound was obtained as a white solid in 42 % yield.
1H NMR (300 MHz, CDCl3): d=1.85 (s, 3H), 3.61 (br s, 2 H), 6.94 (d,
1H), 7.09 (br s, 1 H), 7.12–7.31 (m, 5 H), 7.39–7.46 (m, 1H), 7.81–7.95 (m,
3H), 8.02 (d, 1H), 8.63 (d, 1 H) ppm; ESI-MS (MeOH): m/z (%): 327 (8)
[M+H]+ , 349 (100) [M+Na]+ .


Compound 10 : Amide 9 (242 mg, 0.74 mmol) was added to a solution of
conc. HCl (0.22 mL, 2.2 mmol) in water (5 mL), and the resulting sus-
pended solid was dispersed by the use of an ultrasonic bath. The mixture
was then cooled in an ice bath and diazotised by slow addition of NaNO2


(51.1 mg, 0.74 mmol) in water (5 mL). The brown solution thus obtained
was added dropwise to an ice-cold solution of phenol (84 mg, 0.89 mmol)
and NaOH (136 mg, 3.4 mmol) in water (2 mL). The resulting mixture
was made slightly acidic with dilute HCl and filtered. The precipitate was
washed with water, dried and purified by chromatography over silica gel
(CH2Cl2/acetone 97:3 as the eluant) to afford 10 as a red solid in 25 %
yield.
1H NMR (300 MHz, CDCl3): d=2.18 (s, 3H), 6.71 (d, 2H), 6.97 (br s,
1H), 7.05 (d, 1H), 7.19 (t, 1 H), 7.31–7.43 (m, 5H), 7.53–7.59 (m, 1H),
7.91 (d,1 H), 8.00 (d, 2H), 8.07–8.18 (m, 2H), 8.39 (d, 1 H) ppm; ESI-MS
(MeOH): m/z : 454 [M+Na]+ .


Compound 3 : Hydroxyphenylazo derivative 10 (74 mg, 0.17 mmol) in
THF (1.5 mL) was allowed to react with decanoyl chloride (0.040 mL,
0.19 mmol) in the presence of redistilled Et3N (0.030 mL, 0.22 mmol).
The reaction mixture was stirred at room temperature for 1 h, then
MeOH (1 mL) was added and stirring was continued for a further
15 min. Solvents were removed in vacuo and the residue was partitioned
in CH2Cl2 and water. The aqueous layer was washed twice with CH2Cl2


and the combined organic phases were dried over Na2SO4. The residue
was purified by chromatography over silica gel (CH2Cl2 as the eluant)
and the title compound was obtained in 58% yield as a red solid.
1H NMR (300 MHz, CDCl3): d=0.88 (t, 3 H), 1.27 (m, 12 H), 1.71 (m,
2H), 1.75 (s, 3 H), 2.51 (t, 2H), 6.84 (br s, 1 H), 6.96–7.05 (m, m, 3H), 7.16
(m, 1H), 7.32–7.40 (m, 3 H), 7.44 (m, 2 H), 7.55–7.62 (m, 1H), 7.90 (d,
1H), 7.99 (d, 1 H), 8.02 (d, 1H), 8.07–8.18 (m, 2 H), 8.49 (d, 1H) ppm;
ESI-MS (MeOH): m/z : 608 [M+Na]+ ; elemental analysis calcd (%) for
C38H39N3O3 (585.75): C 77.92, H 6.71, N 7.17; found: C 77.53, H 6.89, N
7.06.


Compound 4 : Following the same procedure as described above for the
preparation of compound 3, the hydroxyphenylazo derivative 10 (82 mg,


0.19 mmol) in THF (1.6 mL) was allowed to react with p-heptylbenzoyl
chloride (0.050 mL, 0.21 mmol) in the presence of redistilled Et3N
(0.030 mL, 0.22 mmol). Work-up and chromatography as above afforded
4 as an orange solid in 66% yield.
1H NMR (300 MHz, CDCl3): d=0.90 (t, 3 H), 1.33 (m, 8 H), 1.67 (m,
2H), 1.78 (s, 3H), 2.71 (t, 2H), 6.90 (br s, 1 H), 7.04 (d, 1H), 7.14–7.24
(m, 3 H), 7.30–7.46 (m, 5H), 7.48–7.54 (m, 2H), 7.57–7.64 (m, 1 H), 7.93
(d, 1H), 8.01–8.22 (m, 6 H), 8.52 (d, 1 H) ppm; elemental analysis calcd
(%) for C42H39N3O3 (633.79): C 79.59, H 6.20, N 6.63; found: C 79.84, H
6.43, N 6.71.


Compound 6 : A mixture of 1,3-bis(4’-hydroxyphenylazo)benzene[40]


(101 mg, 0.32 mmol), (S)-(+)-benzylglycidyl ether (0.11 mL, 0.70 mmol)
and potassium carbonate (500 mg, 3.6 mmol) in DMF (2 mL) was re-
fluxed for 48 h. After cooling to room temperature, the mixture was par-
titioned between CHCl3 and saturated NH4Cl. The aqueous layer was
washed twice with CHCl3 and the combined organic fractions were dried
over Na2SO4. The residue was purified by column chromatography on
silica gel (petroleum ether/ethyl acetate 65:35 as the eluant) to afford 6
as a yellow-orange solid in 82 % yield.
1H NMR (200 MHz, CDCl3): d=1.98 (br s, 2H), 3.62–3.76 (m, 4H), 4.11–
4.16 (m, 4 H), 4.23 (m, 2H), 4.61 (s, 4 H), 7.04 (m, 4H), 7.34 (m, 10H),
7.63 (t, J=7.7 Hz, 1 H), 7.92–8.02 (m, 6 H), 8.37 (t, J=1.8 Hz, 1H) ppm;
ESI-MS (MeOH): m/z : 669 [M+Na]+ ; elemental analysis calcd (%) for
C38H38N4O6 (646.74): C 70.57, H 5.92, N 8.66; found: C 70.63, H 5.86, N
8.47.


Compound 11: 3,3’-Methylenedianiline (800 mg, 4.04 mmol) was diazo-
tised with NaNO2 (4 mmol) in cold aqueous HCl. The resulting solution
was slowly added to a cold mixture of acetic acid (6.0 g) and sodium ace-
tate (8.2 g) in water (900 mL). The resulting precipitate was filtered and
purified by column chromatography over silica gel (CH2Cl2 as the
eluant). Compound 11 was obtained as a yellow solid in 8 % yield.
1H NMR (200 MHz, [D6]DMSO): d=3.80 (br d, 2 H), 4.86 (br d, 2 H),
6.11 (br s, 4 H), 6.47 (dd, 2H), 6.80 (d, 2H), 7.21–7.28 (m, 2 H), 7.35 (t,
2H), 7.46–7.57 (m, 4H), 8.34 (m, 2H) ppm; 13C NMR (150 MHz, DMSO-
d6): d=43.442 (CH2), 116.653 (CH), 118.260 (CH), 120.616 (CH), 121.578
(CH), 130.631 (CH), 133.022 (CH), 133.518 (CH), 143.934 (C), 146.767
(C), 148.360 (C), 156.290 (C), 157.168 (C) ppm; ESI-MS (MeOH): m/z :
419 [M+H]+ .


Compound 7: (R)-(�)-Menthyl chloroformate (1.0 mmol) was added to a
stirred solution of 11 (60 mg, 0.14 mmol) and redistilled Et3N (0.12 mL,
0.86 mmol) in CHCl3 (1 mL) and the mixture was left to react overnight
at room temperature. Methanol (2 mL) was added and the mixture was
concentrated in vacuo. The residue was partitioned between CHCl3 and
water. The aqueous layer was washed twice with CHCl3 and the com-
bined organic fractions were dried over Na2SO4. The residue was purified
by chromatography on silica gel (CH2Cl2 as the eluant) to afford 7 as an
orange solid in 29% yield.
1H NMR (200 MHz, CDCl3): d=0.86 (d, 6H), 0.95 (d, 12H), 1.06 (m,
8H), 1.36–1.48 (m, 2H), 1.68–1.78 (m, 4H), 1.98–2.07 (m, 2H), 2.13–2.21
(m, 2 H), 4.04 (br s, 2 H), 4.72 (m, 2 H), 5.04 (br s, 2 H), 6.76 (s, 2 H), 7.13–
7.19 (m, 2 H), 7.29–7.35 (m, 4H), 7.65–7.71 (m, 4H), 7.84 (d, 2 H), 8.39 (s,
2H) ppm; ESI-MS (MeOH): m/z : 781 [M�H]� ; elemental analysis calcd
(%) for C48H58N6O4 (783.03): C 73.63, H 7.47, N 10.73; found: C 73.52, H
7.59, N 10.66.


Acknowledgements


This work has been supported by MIUR (PRIN 2003) and the University
of Bologna. We thank Prof. A. Ferrarini (University of Padua) and Dr.
A. Credi (University of Bologna) for their helpful discussions.


[1] For a comprehensive review, see: Molecular Switches (Ed.: B. Ferin-
ga), Wiley-VCH, Weinheim, 2001.


[2] K. E. Drexler, Nanosystems: Molecular Machinery, Manufacturing
and Computation, Wiley, New York, 1992 ; V. Balzani, M. Venturi,
A. Credi, Molecular Devices and Machines - A Journey into the
Nanoworld, Wiley-VCH, Weinheim, 2003.


H 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5632 – 56395638


FULL PAPER G. Gottarelli, G. P. Spada et al.



www.chemeurj.org





[3] Chem. Rev. 2000, 100, 1684 – 1816 [monographic issue: Photochrom-
ism: Memories and Switches (Guest Ed.: M. Irie)] .


[4] B. L. Feringa, R. A. van Delden, M. K. J. ter Wiel in Molecular
Switches (Ed.: B. Feringa), Wiley-VCH, Weinheim, 2001, pp. 123 –
163.


[5] M. Irie, Adv. Polym. Sci. 1990, 94, 27– 67; O. Pieroni, A. Fissi, G.
Popova, Prog. Polym. Sci. 1998, 23, 81; T. Ikeda, A. Kanazawa in
Molecular Switches (Ed.: B. Feringa), Wiley-VCH, Weinheim, 2001,
pp. 365 –397.


[6] S. Z. Janicki, G. B. Schuster, J. Am. Chem. Soc. 1995, 117, 8524; C.
Denekamp, B. L. Feringa, Adv. Mater. 1998, 10, 1080.


[7] The helical twisting power expresses the ability of a chiral solute to
twist a nematic phase and is commonly defined in the low concen-
tration limit as b= (pc)�1, where p is the cholesteric pitch and c the
molar fraction of the enantiopure chiral dopant. For example, see:
G. SolladiR, R. Zimmermann, Angew. Chem. 1984, 96, 335; Angew.
Chem. Int. Ed. Engl. 1984, 23, 348.


[8] a) S. Shinkai, T. Nakaji, Y. Nishida, T. Ogawa, O. Manabe, J. Am.
Chem. Soc. 1980, 102, 5860; b) A. Dirksen, E. Zuidema, R. M. Wil-
liams, L. De Cola, C. Kauffmann, F. Vçgtle, A. Roque, F. Pina, Mac-
romol. Chem. 2002, 35, 2743.


[9] a) I. Willner, S. Rubin, A. Riklin, J. Am. Chem. Soc. 1991, 113, 3321;
b) F. Ciardelli, O. Pieroni, A. Fissi, J. L. Houben, Biopolymers 1984,
23, 1423; c) R. Behrendt, C. Renner, M. Shenk, F. Wang, J. Wacht-
veitl, D. Oesterhelt, L. Moroder, Angew. Chem. 1999, 111, 2941;
Angew. Chem. Int. Ed. 1999, 38, 2771.


[10] a) H. Murakami, A. Kawabuchi, K. Kotoo, M. Kunitake, N. Naka-
shima, J. Am. Chem. Soc. 1997, 119, 7605; b) C. A. Stanier, S. J. Al-
derman, T. D. W. Claridge, H. L. Anderson, Angew. Chem. 2002,
114, 1847; Angew. Chem. Int. Ed. 2002, 41, 1769.


[11] K. Murata, M. Aoki, T. Nishi, A. Ikeda, S. Shinkai, J. Chem. Soc.,
Chem. Commun. 1991, 1715.


[12] T. Sasaki, T. Ikeda, K. Ikimura, J. Am. Chem. Soc. 1994, 116, 625.
[13] K. Ichimura, S. K. Oh, M. Nakagawa, Science 2000, 288, 1624.
[14] S. Pieraccini, S. Masiero, G. P. Spada, G. Gottarelli, Chem. Commun.


2003, 598.
[15] R. A. van Delden, T. Mecca, C. Rosini, B. L. Feringa, Chem. Eur. J.


2004, 10, 61.
[16] G. Heppke, H. Marshall, P. Nurnberg, F. Oestreicher, G. Sherowsky,


Chem. Ber. 1981, 114, 2501.
[17] a) C. Ruslim, K. Ichimura, Adv. Mater. 2001, 13, 37; b) C. Ruslim, K.


Ichimura, J. Mater. Chem. 2002, 12, 3377; c) S. Kurihara, T. Yoshio-
ka, T. Ogata, A. M. Zahangir, T. Nonaka, Liq. Cryst. 2003, 10, 1219.


[18] M. Moryama, N. Mizoshita, T. Yakota, K. Kishimoto, T. Kato, Adv.
Mater. 2003, 15, 1335.


[19] a) T. Yamaguchi, T. Inagawa, H. Nakazumi, S. Irie, M. Irie, J. Mater.
Chem. 2001, 11, 2453; b) Y. Yokoama, T. Sagisaka, Chem. Lett.
1997, 687.


[20] a) G. Gottarelli, M. Hibert, B. SamorT, G. SolladiR, G. P. Spada, R.
Zimmermann, J. Am. Chem. Soc. 1983, 105, 7318; b) C. Rosini, G. P.
Spada, G. Proni, S. Masiero, S. Scaramuzzi, J. Am. Chem. Soc. 1997,
119, 506.


[21] S. F. Mason, R. H. Seal, D. R. Robert, Tetrahedron 1974, 30, 1671.
[22] L. Di Bari, G. Piscitelli, P. Salvadori, J. Am. Chem. Soc. 1999, 121,


7994.
[23] G. Gottarelli, G. P. Spada, R. Bartsch, G. SolladiR, R. Zimmermann,


J. Org. Chem. 1986, 51, 589.
[24] D. J. Hill, M. J. Mio, R. B. Prince, T. S. Hughes, J. S. Moore, Chem.


Rev. 2001, 101, 3893.
[25] H. H. JaffR, M. Orchin, Theory and Applications of Ultraviolet Spec-


troscopy, Wiley, New York, 1962.


[26] P. Unnanszi, M. Kryszewski, E. W. Thurlstrup, Spectrochim. Acta,
Part A 1990, 46, 23.


[27] a) S. F. Mason, Molecular Optical Activity and the Chiral Discrimina-
tions, Cambridge University Press, Cambridge, 1982 ; b) N. Harada,
K. Nakanishi, Circular Dichroic Spectroscopy - Exciton Coupling in
Organic Stereochemistry, University Science Books, Mill Valley,
1983 ; c) N. Berova, K. Nakanishi in Circular Dichroism - Principles
and Applications (Eds.: N. Berova, K. Nakanishi, R. W. Woody),
Wiley-VCH, New York, 2000, pp. 337 –382.


[28] The actual wavelengths used for the different compounds are re-
ported in the Experimental Section. They were selected in order to
have the largest and fastest spectral variations.


[29] The intensities of the spectra of the isomeric pure derivatives report-
ed in ref. [14] are affected by an uncertainty of approximately 10–
30% because of the complexity of the isolation procedure. There-
fore such spectra cannot be used for a reliable comparison of their
amplitudes.


[30] The intensity of the couplet is related to the dihedral angle between
the naphthalenes, see refs. [21] and [22].


[31] For reviews on the relation between the molecular structure and the
helical twisting power, see: a) G. Gottarelli, G. P. Spada in Materi-
als-Chirality, Vol. 24: Topics in Stereochemistry (Eds.: M. M. Green,
R. J. M. Nolte, E. W. Meijer), Wiley, New York, 2003, pp. 425 –455;
b) G. P. Spada, G. Proni, Enantiomer 1998, 3, 301.


[32] a) G. Gottarelli, M. Hibert, B. SamorT, G. SolladiR, G. P. Spada, R.
Zimmermann, J. Am. Chem. Soc. 1983, 105, 7318; b) C. Rosini, I.
Rosati, G. P. Spada, Chirality 1995, 7, 353; c) G. Proni, G. P. Spada,
P. Lustenberger, R. Welti, F. Diederich, J. Org. Chem. 2000, 65,
5522.


[33] S. Kurihara, S. Nomiyama, T. Nonaka, Chem. Eng. Prog. Chem.
Mater. 2001, 13, 1992.


[34] Cholesteric induction was discovered in 1922 by G. Friedel (Ann.
Phys. Paris 1922, 18, 273), however, only many years later did this
phenomenon start to be investigated. Among the first papers are:
a) A. D. Buckingham, G. P. Ceasar, M. B. Dunn, Chem. Phys. Lett.
1969, 3, 540; b) G. Gottarelli, B. SamorT, S. Marzocchi, C. Stremme-
nos, Tetrahedron Lett. 1975, 16, 1981; c) H. J. Krabbe, H. Heggemei-
er, B. Schrader, E. H. Korte, Angew. Chem. 1977, 89, 831; Angew.
Chem. Int. Ed. Engl. 1977, 16, 791.


[35] A. Ferrarini, G. J. Moro, P. L. Nordio, G. R. Luckhurst, Mol. Phys.
1992, 77, 1.


[36] a) A. di Matteo, S. M. Todd, G. Gottarelli, G. SolladiR, V. E. Wil-
liams, R. P. Lemieux, A. Ferrarini, G. P. Spada, J. Am. Chem. Soc.
2001, 123, 7842; b) S. Pieraccini, M. I. Donnoli, A. Ferrarini, G. Got-
tarelli, G. Licini, C. Rosini, S. Superchi, G. P. Spada, J. Org. Chem.
2003, 68, 519; c) A. Ferrarini, G. Gottarelli, P. L. Nordio, G. P.
Spada, J. Chem. Soc., Perkin Trans. 2 1999, 411.


[37] For example, see: Liquid Crystals - Applications and Uses (Ed.: B.
Bahadur), World Scientific, Singapore, 1990.


[38] a) R. A. van Delden, M. B. van Gelder, N. P. M. Huc, B. L. Feringa,
Adv. Funct. Mater. 2003, 13, 319; b) R. A. van Delden, N. Koumura,
N. Harada, B. L. Feringa, Proc. Natl. Acad. Sci. U.S.A. 2002, 99,
4945.


[39] G. Heppke, F. Oesterreicher, Z. Naturforsch., Teil A 1977, 32, 899.
[40] F. Cisnetti, R. Ballardini, A. Credi, M. T. Gandolfi, S. Masiero, F.


Negri, S. Pieraccini, G. P. Spada, Chem. Eur. J. 2004, 10, 2011.


Received: May 12, 2004
Published online: October 7, 2004


Chem. Eur. J. 2004, 10, 5632 – 5639 www.chemeurj.org H 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5639


Azo Photochemical Chiral Switches 5632 – 5639



www.chemeurj.org






Cobalt-Catalyzed Cross-Coupling Reactions of Alkyl Halides with Allylic
and Benzylic Grignard Reagents and Their Application to Tandem Radical
Cyclization/Cross-Coupling Reactions


Hirohisa Ohmiya, Takashi Tsuji, Hideki Yorimitsu, and Koichiro Oshima*[a]


Introduction


Palladium- and nickel-catalyzed cross-coupling reactions are
among the most powerful methods for carbon–carbon bond
formation.[1] Their significance has been demonstrated in the
syntheses not only of biologically active compounds, but
also in those of high-performance organic materials. With
regard to their scope, one of the most apparent limitations
in the cross-coupling reactions had been the lack of capabili-
ty to couple alkyl halides possessing b hydrogens. Recently,
however, several groups have overcome the difficulty of b-
hydride elimination.[2–6] Palladium- and nickel-catalyzed
cross-coupling reactions have already moved on to the next
stage and continue to develop.


Cross-coupling reactions can also be catalyzed by transi-
tion metals other than palladium and nickel. More than half
a century ago, Kharasch and co-workers investigated the
effect of transition metal salts such as iron and cobalt in re-
actions between organic halides and Grignard reagents.[7]


The reaction was identified as a mixture of homo-coupling,


disproportionation, and cross-coupling of alkyl groups from
the combination of the alkyl Grignard reagent and the alkyl
halide. Since the cross-coupling product was produced
though the coupling of two radicals, one formed by the prior
homolysis of the alkylmetal species and the other formed by
single-electron transfer to organic halide, the cross-coupling
reaction was virtually uncontrollable. Later, Kochi and co-
workers reported selective cross-coupling reactions under
copper and iron catalysis conditions.[8] Aside from the prog-
ress in copper-catalyzed cross-coupling reactions,[9] little at-
tention had been paid to other transition metals such as iron
and cobalt since Kochi0s findings. Very recently though, a
renaissance in the base metal-catalyzed coupling reaction
has commenced.[10] F4rstner and co-workers have reported
that ligandless iron salts function as catalysts in cross-cou-
pling reactions between aryl chlorides and alkyl Grignard
reagents,[11] and Nakamura and co-workers[12] and Hayashi
and Nagano[13] have also developed cross-coupling reactions
with iron catalysis, in which primary and secondary alkyl
halides are usable as coupling partners for aryl Grignard re-
agents. These iron catalyst systems are superior to palladium
or nickel catalyst systems in terms of the efficiency of the re-
action, including the yields of the products and the speed of
the synthesis, the ready availability of secondary alkyl hal-
ides under quite simple reaction conditions, and the use of
inexpensive and toxicologically benign iron salts. Such iron-
catalyzed reactions have thus attracted increasing attention.


[a] H. Ohmiya, T. Tsuji, Dr. H. Yorimitsu, Prof. K. Oshima
Department of Material Chemistry, Graduate School of Engineering
Kyoto University
Kyoto-daigaku Katsura, Nishikyo-ku, Kyoto 615-8510 (Japan)
Fax: (+81) 75-383-2438
E-mail : oshima@orgrxn.mbox.media.kyoto-u.ac.jp


Abstract: Details of cobalt-catalyzed
cross-coupling reactions of alkyl hal-
ides with allylic Grignard reagents are
disclosed. A combination of cobalt(ii)
chloride and 1,2-bis(diphenylphosphi-
no)ethane (DPPE) or 1,3-bis(diphenyl-
phosphino)propane (DPPP) is suitable
as a precatalyst and allows secondary
and tertiary alkyl halides—as well as
primary ones—to be employed as cou-
pling partners for allyl Grignard re-
agents. The reaction offers a facile syn-
thesis of quaternary carbon centers,


which has practically never been possi-
ble with palladium, nickel, and copper
catalysts. Benzyl, methallyl, and crotyl
Grignard reagents can all couple with
alkyl halides. The benzylation definite-
ly requires DPPE or DPPP as a ligand.
The reaction mechanism should include
the generation of an alkyl radical from


the parent alkyl halide. The mechanism
can be interpreted in terms of a
tandem radical cyclization/cross-cou-
pling reaction. In addition, serendipi-
tous tandem radical cyclization/cyclo-
propanation/carbonyl allylation of 5-
alkoxy-6-halo-4-oxa-1-hexene deriva-
tives is also described. The intermedia-
cy of a carbon-centered radical results
in the loss of the original stereochemis-
try of the parent alkyl halides, creating
the potential for asymmetric cross-cou-
pling of racemic alkyl halides.


Keywords: allylation · benzylation ·
cobalt · cross-coupling reaction ·
radical reaction
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We have been interested in cobalt-catalyzed carbon–
carbon bond-formation reactions.[14] Most of these reactions
offer unprecedented coupling potential, generally impossible
with palladium, nickel, copper, or even iron catalysts.
Among them, cobalt-catalyzed coupling between alkyl hal-
ides and allyl Grignard reagents allows tertiary alkyl halides
to be employed, resulting in facile formation of quaternary
carbons.[15,16] Our cobalt catalyst system does not suffer from
the difficulties of oxidative addition to alkyl halides and
rapid b-hydride elimination, both of which are usually prob-
lematic in palladium-catalyzed reactions. Motivated by our
early success, we have continued to explore the generality of
cobalt-catalyzed allylation reactions. Here we report full de-
tails of the reaction, including its scope, the curious effects
of the ligand and solvent, and couplings of alkyl halides with
benzyl Grignard reagents.


Results and Discussion


Cross-coupling between alkyl halides and allyl Grignard re-
agents : As a model reaction, the allylation of 2-bromo-2-
methyldecane (1a) with allylmagnesium chloride was inves-
tigated first (Table 1). Allylmagnesium chloride (3 equiv)
was added to a solution of 1a in THF in the presence of
[CoCl2(dppp)] (0.1 equiv; dppp=1,3-bis(diphenylphosphi-
no)propane) at 0 8C. After the resulting mixture had been
stirred for 2 h at 0 8C, conventional workup followed by
silica gel column purification afforded 2a in 80 % yield,
along with 2-methyl-1-decene (3, 18 % yield, entry 3). The
use of several bidentate ligands to restrain the formation of
3 was surveyed. Use of DPPE instead of DPPP increased
the 2a/3 ratio up to 91:9, but a proportion of 1a remained
unchanged (entry 2). Significant amounts of 3 were obtained
when DPPM and DPPB were employed (entries 1, 4). Reac-
tions at lower temperatures might have allowed the forma-
tion of dehydrobromination product 3 to be avoided
(Table 1, entries 5–8). Alkene 3 may be produced by con-
ventional base-induced E2 dehydrobromination or through
b-hydride elimination from the corresponding tert-alkylco-


balt complex (vide infra). While [CoCl2(dppe)] did not func-
tion as a precatalyst at �20 8C, the reaction at �20 8C in the
presence of [CoCl2(dppp)] provided 2 in excellent yield with
the highest selectivity. Use of triphenylphosphine resulted in
low 2a/3 selectivity. The choice of bidentate ligand and reac-
tion temperature proved to be crucial for achieving high
yields of the coupling product. THF was the best solvent,
while the reaction in diethyl ether or 1,2-dimethoxyethane
also yielded 2 in broadly comparable but slightly lower
yields. No 2 was obtained when the cobalt catalyst was omit-
ted. The amount of the Grignard reagent used has consider-
able influence: treatment with 1.5 equivalents of the
Grignard reagent afforded 2a in 60 % yield (Table 1,
entry 9).


Allylation of a variety of alkyl halides proceeded smooth-
ly, as shown in Table 2.[17] Benzylic allylation of 1d required
DPPE in place of DPPP for a satisfactory result to be at-
tained. Secondary bromides were also subjected to allylation
to afford the corresponding coupling products (Table 2, en-
tries 4, 5), while a primary alkyl bromide was less reactive
(Table 2, entry 6). Instead, use of alkyl iodides such as 1h
gave high yields at �40 8C. Use of the tertiary alkyl chloride
1 i resulted in low conversion even at higher temperatures. It
is worth noting that haloacetaldehyde dibutyl acetals 1 j and
1k, which have butoxy groups at the b-position to the halide
atom, participated in the allylation.


Attempts to transform iodoarenes met with much more
limited success (Scheme 1), the highest yield (32 %) of 2 j
being obtained in the presence of [CoCl2(PPh3)2] at 20 8C
under reaction conditions otherwise the same as above. In-
terestingly, highly selective conversion of sp3 C�Br over
sp2 C�Br was achieved, 2a being selectively produced and
1n completely recovered when a mixture of 1n and 1a was
subjected to the allylation. Unfortunately, amide, ester, and
carbonate functionalities could not survive under the reac-
tion conditions. Attacks on the carbonyl groups of com-
pounds 1o, 1p, and 1q took place even at �78 8C, with none
of the desired products being obtained.


Cross-coupling reaction with methallyl, crotyl, prenyl, and
benzyl Grignard reagents : Methallylation of 1a and 1h


Abstract in Japanese:


Table 1. Effects of ligand and reaction temperature.[a]


Entry Ligand[b] Temp [8C] Yield of 2a [%] 2a/3


1 DPPM 0 39 46:54
2 DPPE 0 73 91:9
3 DPPP 0 80 82:18
4 DPPB 0 41 50:50
5 DPPE �20 N.R.[c] –
6 DPPP �20 90 92:8
7 DPPP �30 64 86:14
8 DPPP �40 N.R.[c] –
9 DPPP �20 60[d] 93/7


[a] 1a/Grignard reagent/cobalt cat. = 1:3:0.1 [b] Ligands DPPM–DPPB
denote Ph2P(CH2)nPPh2, n = 1, DPPM; n = 2, DPPE; n = 3, DPPP; n
= 4, DPPB. [c] No reaction proceeded. [d] 1.5 equivalents of the
Grignard reagent.
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yielded 4a and 4b in 50 and 68 % yields, respectively
(Table 3, entries 1, 2). Treatment of 1a with crotylmagnesi-
um chloride predominantly afforded methyl-branched prod-
uct 5a in modest yield along with linear 5a’ (Table 3,
entry 3). Excellent regioselectivity was observed upon treat-
ment of 1h with crotylmagnesium chloride (Table 3,
entry 4). Similar couplings with prenylmagnesium chloride
gave moderate to poor yields (Table 3, entries 5, 6). The re-
gioselectivities were far from satisfactory. In all the reac-
tions, the substrates were completely consumed, with allyl-


benzene or 2-methyl-1-decene and 2-methyl-2-decene being
produced as the only by-product in each experiment.


A variety of phosphine ligands were screened for benzyla-
tion of alkyl halides, to reveal that DPPE or DPPP was
again the best ligand (Table 4). It is noteworthy that 1,2-bis-
(dimethylphosphino)ethane, a highly electron-donating bi-
dentate ligand, acted as an effective ligand, while no reac-
tion occurred with DPPM and DPPB. The number of meth-
ylene units between the two phosphorus atoms seems to be
important. In contrast, 1,2-bis(diphenylphosphino)ethylene,
a conformationally restricted ligand, interfered with the ben-
zylation, indicating that a spacer of some flexibility is re-
quired. None of the monodentate ligands tested—such as
PPh3 and P(2-furyl)3—served as a ligand for the benzylation,
no conversion being observed. Unlike in the allylation reac-
tion, solvent and reaction temperature are not significant
variables in the benzylation reaction. Use of ether or diox-
ane did not affect the yield of 7a (with DPPP, 45 % and
53 % yields, respectively). Benzylation reactions either at
�10 8C or at reflux gave no significant effects (with DPPP,
47 %, 15 h and 50 %, 5 min, respectively). Unlike in the ally-
lation, use of a lower temperature (below �20 8C) complete-
ly blocked the benzylation.


Use of 1.5 equivalents of benzylmagnesium chloride was
sufficient for satisfactory yields of products to be attained.
Several alkyl halides were subjected to the benzylation reac-
tion (Table 5). Secondary alkyl halides underwent the benzy-
lation in good to modest yields, while coupling with a terti-
ary alkyl group encountered difficulty.[18] p-Methoxybenzyl
and p-fluorobenzyl Grignard reagents participated in the re-
action given in Equation (1).


Tandem cyclization/cross-coupling reaction: clue to reaction
mechanism : Substrates possessing carbon–carbon double
bonds themselves such as 8 were then subjected to the reac-
tion conditions (Scheme 2). Consequently, tandem cycliza-
tion/cross-coupling occurred, thereby affording 3-butenyl-
substituted lactones after Jones oxidation of the cyclic
acetal. For instance, iodoacetal 8c was converted into lac-
tone 10c bearing a quaternary carbon center. Cyclization of
8d exclusively provided the trans isomer 10d. A cyclization/
benzylation sequence was also established in the reaction of
8a, but afforded the product only in 26 % yield [Eq. (2)].


Interestingly, treatment of 8e with allylmagnesium chloride
in the presence of [CoCl2(dppp)] furnished the ring-opened
product 10e (Scheme 3). Given that intramolecular carbo-
cobaltation proceeds to yield cyclopropylmethylcobalt, b-
carbon elimination could provide a route to 10e. However,


Table 2. Allylation of various alkyl halides.


Entry Substrate 1 Temp. [8C] 2 Yield [%]


1 1b �20 2b 83


2 1c 0 2c 76[a]


3 1d �20 2d 73[b]


4 1e 0 2e 57


5 1 f �20 2 f 84


6 1g 0 2 g 30


7 1h �40 2 g 82


8 1 i 20 2a 31


9 1 j 0 2h 49


10 1k �40 2h 82


11 1 l �40 2 i 76[c]


[a] trans/cis = 82:18 for 2c. [b] DPPE was used instead of DPPP.
[c] trans/cis = 86:14 for 2 i.


Scheme 1. Other transformations.


J 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5640 – 56485642


FULL PAPER K. Oshima et al.



www.chemeurj.org





b-carbon elimination seems unlikely, since b-hydride and b-
alkoxy eliminations were minor processes in the reactions of
1. Alternatively, the ring-opening may be accounted for by
the existence of radical intermediates 11 and 12.[19] Taking
all the experimental facts into consideration, we believe that
the reaction mechanism should involve oxidative addition of
alkyl halide by a radical mechanism.[20] Namely, the oxida-


tive addition proceeds through
a single-electron transfer from
an electron-rich allyl- or benzyl-
cobalt complex to the alkyl
halide.


An unexpected tandem radical
cyclization/cyclopropanation/al-
lylation affording allyl cyclopro-
pylmethyl ketone : During the
course of our study of the sol-
vent and ligand effects on the
tandem cyclization/cross-cou-
pling reactions of 5-alkoxy-6-
halo-4-oxa-1-hexene derivatives
8, we serendipitously observed
the formation of cyclopropane


ring in a crude reaction mixture. After further investigation,
we found that treatment of 8d with allyl Grignard reagent
in diethyl ether at 20 8C in the presence of [CoCl2(dppb)] af-
forded cyclopropane 13a in 67 % yield (Scheme 4). Oxida-
tion of the alcohol 13a yielded allyl cyclopropylmethyl
ketone 14a as a single isomer. A plausible reaction mecha-
nism is as follows. Single-electron transfer to 8d, followed
by loss of the bromide, could result in the formation of the
corresponding radical. Sequential 5-exo radical cyclization
and recombination of a cobalt complex would then afford
(4-butoxy-3-oxacyclopentyl)methylcobalt. The cobalt species
and/or the corresponding magnesium species 15 that would


Table 3. Methallylation, crotylation, and prenylation of alkyl halides 1a and 1h.


Entry 1 RMgCl Product Yield [%]


1[a] 1a 50


2[b] 1h 68


3[a] 1a 60 (5a), 12 (5a’)


4[b] 1h 93 (5b), 1 (5b’)


5[a] 1a 11 (6a), 29 (6a’)


6[b] 1h 10 (6b), 9(6b’)


[a] Performed at �20 8C. [b] Performed at �40 8C.


Table 4. Screening of ligands for benzylation.[a]


Entry Ligand Yield [%]


1 DPPM N.R.
2 DPPE 46
3 DPPP 51
4 DPPB N.R.
5 DPPH[b] N.R.
6 Me2PCH2CH2PMe2 29
7 cis-Ph2PCH=CHPPh2 N.R.
8 (R)-BINAP N.R.


[a] 1r/Grignard reagent/cobalt cat. = 1:3.0:0.1. [b] 1,6-Bis(diphenylphos-
phino)hexane.


Table 5. Cobalt-catalyzed benzylation reaction.[a]


Entry Substrate Product Yield [%]


1 70


2 40


3 7c 61[b]


4 7a 62


5 37


[a] 1/Grignard reagent/cobalt cat. = 1:1.5:0.1. [b] Three equivalents of
the Grignard reagent.


Scheme 2. Tandem cyclization/cross-coupling reactions with substrates 8
possessing carbon–carbon double bonds.


Scheme 3. Reaction between 8e and allylmagnesium chloride, furnishing
the ring-opened product 10e.
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be formed by transmetalation would be converted, in diethyl
ether, into the corresponding cyclopropane 16. In THF
these species did not participate in intramolecular cyclopro-
panation (vide supra). The reaction in the less strongly coor-
dinating diethyl ether could enhance the coordination of the
oxygen atom(s) of 15 to Lewis acidic magnesium. The re-
sulting aldehyde 16 would undergo carbonyl allylation to
afford 13a. The bromo analogue of 8d would also undergo
a similar conversion to afford 13a in 59 % yield. g-Adducts
14b and 14c were similarly formed exclusively upon corre-
sponding treatment of prenyl- and crotylmagnesium bro-
mides.


Potential for asymmetric cross-coupling of racemic alkyl hal-
ides with allylmagnesium chloride : The intermediacy of a
carbon-centered radical results in the loss of the original
stereochemistry of the parent alkyl halides, and so the
cobalt-catalyzed cross-coupling reaction offers potential for
asymmetric cross-coupling of racemic alkyl halides. Treat-
ment of racemic 1d with allylmagnesium chloride in the
presence of [CoCl2{(�)-chiraphos}] at �20 8C afforded 2d
(Scheme 5). Hydroboration of 2d followed by conventional
oxidation provided 17 in 70 % yield and 14 % ee, while use
of a lower temperature (�78 8C) increased the enantiomeric


excess to 22 %. Unfortunately, use of (�)-DIOP (DIOP=


[(2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(methylene)]bis(di-
phenylphosphine)) or (R)-BINAP (BINAP= [1,1’-binaph-
thalene]-2,2’-diylbis(diphenylphosphine)) resulted in the ex-
clusive formation of the corresponding dehydrobromination
product. The cobalt-catalyzed asymmetric allylation thus
represents a new aspect of transition metal-catalyzed radical
reactions.[21,22]


Conclusion


We have found that the cobalt complexes [CoCl2(dppe)] and
[CoCl2(dppp)] effected allylation of secondary and tertiary
alkyl bromides and iodides with allyl Grignard reagents. The
introduced allyl moiety could undergo a number of transfor-
mations, so this reaction should greatly increase the utility
of cross-coupling reactions. The reaction is highly reliable,
so far unique to cobalt complexes, and superior to the palla-
dium- and nickel-catalyzed versions with respect to the
availability of tertiary alkyl halides. The benzylation is also
useful to install a benzyl unit on an alkyl chain. In both of
the reactions, the specificity of DPPE and DPPP as ligands
is curious and deserves further investigation. The accessibili-
ty of the coupling between sp3 carbon atoms is thanks to
facile oxidative addition through a single-electron transfer
mechanism and fast reductive elimination of the product
from cobalt(alkyl)allyl without suffering from b-elimination.
The electron transfer mechanism was verified by the tandem
radical cyclization/cross-coupling reaction, which resulted in
the efficient synthesis of 3-butenyl- or 2-phenylethyl-substi-
tuted lactones. The cobalt-catalyzed cross-coupling reaction
may be extended to highly enantioselective asymmetric cou-
pling of racemic alkyl halides with organometallic reagents.


Experimental Section


1H NMR (300 MHz) and 13C NMR (75.3 MHz) spectra were taken on a
Varian GEMINI 300 spectrometer in CDCl3 as a solvent, and chemical
shifts are given as d values with tetramethylsilane as an internal standard.
IR spectra were determined on a JASCO IR-810 spectrometer. TLC
analyses were performed on commercial glass plates with 0.25 mm layers
of Merck silica gel (60F254). Wakogel silica gel (200 mesh) was used for
column chromatography. Mass spectra (EI unless otherwise noted) were
determined on a JEOL Mstation 700 spectrometer. The elemental analy-
ses were carried out at the Elemental Analysis Center of Kyoto Universi-
ty.


Unless otherwise noted, materials obtained from commercial suppliers
were used without further purification. Phosphine ligands were purchased
from Tokyo Kasei Kogyo. Anhydrous CoCl2 was purchased from Wako
Pure Chemicals and was used after removal of water. Commercially
available anhydrous CoCl2 may contain some water. The completely an-
hydrous salt is clear blue, whereas purchased CoCl2 is somewhat reddish-
blue. Handling of CoCl2 under air as usual also caused a low yield.
Hence, in each experiment, CoCl2 was carefully dried under reduced
pressure (0.5 Torr) by heating with a hair dryer for 2 min in a reaction
flask immediately before use.


A typical procedure for cobalt-catalyzed allylation of alkyl halide : Anhy-
drous cobalt(ii) chloride (6.5 mg, 0.050 mmol) was placed in a 20 mL
flask and heated in vacuo with a hair dryer for 2 min. After the color of
the cobalt salt had changed to blue, dppp (25 mg, 0.060 mmol) and anhy-
drous THF (1.0 mL) were sequentially added under argon. The mixture


Scheme 4. Formation of the cyclopropanated products.


Scheme 5. Asymmetric allylation of racemic 1d. Ar=C6H4-4-OCH3.
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was stirred for about 10 min at room temperature. 2-Bromo-2-methylde-
cane (1a, 0.12 g, 0.50 mmol) and allylmagnesium chloride (1.0m THF so-
lution, 1.5 mL, 1.5 mmol) were successively added dropwise to the reac-
tion mixture at �20 8C. While the Grignard reagent was being added, the
mixture turned reddish-brown. After having been stirred at �20 8C for
2 h, the reaction mixture was poured into saturated ammonium chloride
solution. The products were extracted with ethyl acetate (20 mL P 2). The
combined organic layers were dried over Na2SO4 and concentrated. Silica
gel column purification (hexane) of the crude product provided 4,4-di-
methyl-1-dodecene (2a) and 2-methyl-1-decene (3a) (94 mg, 90% and
8% yields, respectively, as judged by 1H NMR spectra).


A typical procedure for cobalt-catalyzed benzylation of alkyl halide : Co-
balt(ii) chloride (13 mg, 0.10 mmol) was placed in a 20 mL flask and
heated in vacuo with a hair dryer for 2 min. DPPP (50 mg, 0.12 mmol)
and anhydrous THF (3.0 mL) were then added under argon. After the
mixture had been stirred at room temperature for about 10 min, 2-bro-
mooctane (1r, 0.19 g, 1.0 mmol) and benzylmagnesium chloride (1.06m
THF solution, 2.83 mL, 3.00 mmol) were sequentially added dropwise at
0 8C. While the Grignard reagent was being added, the mixture turned
brown. After having been stirred at 0 8C for 2 h, the reaction mixture was
quenched with saturated ammonium chloride solution. The products
were extracted with ethyl acetate (20 mL P 2). The combined organic
layers were dried over Na2SO4 and concentrated. Purification of the
crude oil by silica gel column chromatography (hexane) provided the cor-
responding benzylated product 7a in 51% yield (104 mg, 0.51 mmol).


Tandem cyclization/cross-coupling reaction : Anhydrous cobalt(ii) chlo-
ride (6.5 mg, 0.050 mmol) was placed in a 20 mL flask and dried. DPPP
(25 mg, 0.060 mmol) and anhydrous THF (1.0 mL) were added under
argon. The mixture was stirred for about 10 min at room temperature. Io-
doacetal (8c, 0.18 g, 0.50 mmol) and allylmagnesium chloride (0.91m
THF solution, 1.7 mL, 1.5 mmol) were successively added to the reaction
mixture at �40 8C. While the Grignard reagent was being added, the mix-
ture turned reddish-brown. After having been stirred at �40 8C for 2 h,
the reaction mixture was poured into saturated ammonium chloride so-
lution. The products were extracted with ethyl acetate (20 mL P 2). The
combined organic layers were dried over Na2SO4 and concentrated. The
crude oil was passed through a pad of silica gel with hexane/ethyl acetate
5:1 as eluent. The appropriate fractions were collected and concentrated,
and the residue mainly containing 9c was dissolved in acetone (10 mL).
Jones oxidant was added dropwise until the reaction mixture had turned
greenish red. After the mixture had been stirred for 1 h, the reaction was
quenched with isopropyl alcohol. Extraction with ether and silica gel
column purification (hexane/ethyl acetate 20:1) provided 10c (76 mg,
0.49 mmol) in 98 % yield.


Tandem radical cyclization/cyclopropanation/allylation affording allyl cy-
clopropylmethyl ketone : Cobalt(ii) chloride (6.5 mg, 0.050 mmol, reddish-
blue) was placed in a 20 mL flask and was heated with a hair dryer in
vacuo for 2 min. DPPB (26 mg, 0.060 mmol) and anhydrous diethyl ether
(1 mL) were sequentially added under argon. The mixture was stirred for
about 30 min. A bright blue mixture was obtained. Iodoacetal 8d
(177 mg, 0.50 mmol) and allylmagnesium bromide (0.90m ether solution,
2.2 mL, 2.0 mmol) were successively added dropwise to the reaction mix-
ture at 0 8C. While the Grignard reagent was being added, the mixture
turned brown. After having been stirred at 20 8C for 5 h, the reaction
mixture was poured into a saturated NH4Cl solution. The products were
extracted with ethyl acetate (3 P 20 mL), and the combined organic layers
were dried over Na2SO4 and concentrated. Silica gel column purification
(hexane/ethyl acetate 10:1) yielded 13a (65.6 mg, 0.33 mmol) in 67%
yield, and Jones oxidation of 13a (0.33 mmol) in acetone (10 mL) at
room temperature followed by conventional workup and purification
provided the ketone-substituted cyclopropane 14a (58.4 mg, 0.30 mmol)
in 90 % yield.


Asymmetric cross-coupling of racemic alkyl halides with allylmagnesium
chloride : Anhydrous cobalt(ii) chloride (13 mg, 0.10 mmol) was placed in
a 20 mL flask, which was filled with argon. (�)-CHIRAPHOS (51 mg,
0.12 mmol) and anhydrous THF (2.0 mL) were sequentially added under
argon, and the mixture was stirred for about 10 min at room temperature.
Bromide 1d (0.27 g, 1.0 mmol) and allylmagnesium chloride (1.0m THF
solution, 3.0 mL, 3.0 mmol) were successively added dropwise to the re-
action mixture at �40 8C. After having been stirred for 4 h at �40 8C, the
reaction mixture was poured into saturated ammonium chloride solution.


The products were extracted with ethyl acetate, and the combined organ-
ic layers were dried and concentrated. Silica gel column purification
(hexane/ethyl acetate 40:1) provided 2d (0.13 g, 0.57 mmol) in 57%
yield, in addition to 0.17 mmol of the corresponding dehydrobromination
product and 0.10 mmol of the corresponding protodebromination prod-
uct. The allylated product 2d, dissolved in THF (2 mL), was added at
0 8C to 9-borabicyclo[3.3.1]nonane (0.5m THF solution, 4.6 mL,
2.3 mmol). The mixture was stirred at 20 8C for 15 h. Sodium hydroxide
(6m aqueous solution, 2.0 mL) and hydrogen peroxide (30 % aqueous so-
lution, 2.0 mL) were sequentially added dropwise at 0 8C. After having
been stirred for 1 h at 20 8C, the reaction mixture was diluted with water
(50 mL), and a saturated aqueous solution of sodium thiosulfate was
added. Extraction followed by silica gel column purification (hexane/
ethyl acetate 3:1) yielded the corresponding alcohol 17 quantitatively.
HPLC analysis of 17 (CHIRALCELQ OD column 4.6 mm P 250 mm
Daicel Chemical Industries, hexane/2-propanol 90:10, 1.0 mL min�1,
20 8C, and RI detector) showed that the ratio of the two enantiomers (re-
tention time = 6.2 and 8.6 min) was 42.5:57.5.


Characterization data : Tertiary bromides 1a–1d were prepared from the
corresponding alcohols by treatment with PBr3 in ether at �10 8C. Secon-
dary bromides 1e and 1 f were prepared in a similar fashion at �14 8C.
Chloride 1 i was obtained from the corresponding alcohol by treatment
with conc. HCl at room temperature. Haloacetals 1j, 1k, and 8 were pre-
pared according to the literature.[23] Bromides 1p and 1q were prepared
by sequential nucleophilic dimethylation of e-caprolactone, selective es-
terification, and bromination. Bromide 1c and iodide 1 l were found in
the literature.[24, 25] Products 7a—7e[26–30] and 10a’[31] were identical with
the corresponding authentic samples.


2-Bromo-2-methyldecane (1a): 1H NMR (CDCl3): d = 0.89 (t, J =


6.6 Hz, 3H), 1.24–1.36 (m, 12H), 1.44–1.56 (m, 2H), 1.75 ppm (s, 6H);
13C NMR (CDCl3): d = 13.99, 22.55, 26.19, 29.17, 29.40, 29.52, 31.78,
34.15, 47.56, 68.75 ppm; IR (neat): ñ = 1101, 1138, 1369, 1387, 1466,
2341, 2361, 2856, 2928 cm�1; elemental analysis calcd (%) for C11H23Br: C
56.17, H 9.86; found: C 56.35, H 10.09.


2-Bromo-2-cyclohexyl-4-phenylbutane (1b): 1H NMR (CDCl3): d =


1.10–1.32 (m, 6H), 1.60–1.74 (m, 4H), 1.76 (s, 3 H), 2.04–2.26 (m, 3H),
2.78–2.90 (m, 2 H), 7.17–7.23 (m, 3H), 7.26–7.33 ppm (m, 2 H); 13C NMR
(CDCl3): d = 26.27, 26.52, 26.80, 28.53, 28.59, 29.08, 30.09, 32.09, 45.53,
79.05, 126.02, 128.51, 128.54, 141.99 ppm; IR (neat): ñ = 698, 746, 895,
1049, 1379, 1450, 1497, 1603, 2853, 2928, 3026 cm�1.


2-Bromo-2-(4-methoxyphenyl)-3,3-dimethylbutane (1d): 1H NMR
(CDCl3): d = 1.07 (s, 9H), 2.77 (s, 3 H), 3.81 (s, 3H), 6.80 (d, J = 9.0 Hz,
2H), 7.51 ppm (d, J = 9.0 Hz, 2 H); 13C NMR (CDCl3): d = 27.08, 29.52,
41.17, 55.23, 82.99, 112.01, 130.67, 135.99, 158.34 ppm; IR (Nujol): ñ =


696, 741, 831, 1040, 1051, 1186, 1256, 1298, 1512, 1611, 2343, 2360 cm�1;
elemental analysis calcd (%) for C13H19BrO: C 57.57, H 7.06; found: C
57.29, H 6.88.


2-Bromo-1-(4-methoxyphenyl)octane (1 f): 1H NMR (CDCl3): d = 1.88
(t, J = 6.9 Hz, 3H), 1.18–1.40 (brs, 8H), 1.70–1.85 (m, 2H), 3.11 (dd, J =


7.2, 3.6 Hz, 2H), 3.71 (s, 3H), 4.12–4.21 (m, 1 H), 6.85 (d, J = 8.4 Hz,
2H), 7.12 ppm (d, J = 8.4 Hz, 2 H); 13C NMR (CDCl3): d = 13.92, 22.45,
27.44, 28.53, 31.56, 37.97, 44.77, 55.16, 58.40, 113.81, 130.28, 130.84,
158.53 ppm; IR (neat): ñ = 818, 1038, 1178, 1250, 1302, 1441, 1466, 1512,
1012, 2856, 2930 cm�1; HRMS found 298.0932 [M]+ ; C15H23


79BrO calcd
298.0938.


2-Chloro-2-methyldecane (1 i): 1H NMR (CDCl3): d = 0.89 (t, J =


9.6 Hz, 3H), 1.22–1.39 (m, 10H), 1.40–1.54 (m, 2H), 1.57 (s, 6H), 1.68–
1.78 (m, 2 H) ppm; 13C NMR (CDCl3): d = 13.97, 22.55, 25.04, 29.17,
29.43, 29.66, 31.79, 32.33, 46.08, 71.29 ppm; IR (neat): ñ = 1107, 1138,
1369, 1386, 1468, 2341, 2856, 2928 cm�1; elemental analysis calcd (%) for
C11H23Cl: C 69.26, H 12.15; found: C 69.40, H 12.37.


6-Bromo-6-methylheptyl pivalate (1p): 1H NMR (CDCl3): d = 1.19 (s,
9H), 1.32–1.43 (m, 2 H), 1.52–1.85 (m, 6H), 1.75 (s, 6 H), 4.06 ppm (t, J =


6.6 Hz, 2 H); 13C NMR (CDCl3): d = 26.2 (2 C), 27.4, 28.8, 34.5, 47.6,
64.4, 64.5, 68.3, 178.5 ppm; IR (neat): ñ = 1155, 1284, 1369, 1458, 1481,
1730, 2869, 2937, 3438 cm�1; HRMS found 293.1115 (FAB, [M+H+]);
C13H26


79BrO2 calcd 293.1116.


Benzyl 6-bromo-6-methylheptyl carbonate (1q): 1H NMR (CDCl3): d =


1.35–1.47 (m, 2H), 1.45–1.60 (m, 2H), 1.65–1.85 (m, 4 H), 1.74 (s, 6H),
4.16 (t, J = 6.6 Hz, 2H), 5.16 (s, 2 H), 7.32–7.40 ppm (m, 5H); 13C NMR
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(CDCl3): d = 25.7, 26.0, 28.6, 34.3, 47.3, 68.0, 68.1, 69.5, 128.2, 128.3,
128.4, 135.1, 155.0 ppm; IR (neat): ñ = 696, 910, 952, 1255, 1369, 1398,
1498, 1745, 2862, 2941 cm�1; HRMS found 343.0905 (FAB, [M+H+]);
C16H24


79BrO3 calcd 343.0909.


4,4-Dimethyl-1-dodecene (2a): 1H NMR (CDCl3): d = 0.84 (s, 6 H), 0.88
(t, J = 6.6 Hz, 3 H), 1.10–1.40 (br s, 14 H), 1.94 (d, J = 7.2 Hz, 2H), 4.94–
5.04 (m, 2H), 5.81 ppm (ddt, J = 16.8, 10.5, 7.2 Hz, 1 H); 13C NMR
(CDCl3): d = 13.98, 22.59, 23.87, 26.91, 29.28, 29.60, 30.52, 31.51, 31.85,
41.95, 46.44, 116.45, 136.12 ppm; IR (neat): ñ = 912, 995, 1366, 1468,
1639, 2855, 2928, 3076 cm�1; elemental analysis calcd (%) for C14H28: C
85.63, H 14.37; found C 85.61, H 14.63.


4-Cyclohexyl-4-methyl-6-phenyl-1-hexene (2b): 1H NMR (CDCl3): d =


0.86 (s, 3H), 0.90–1.32 (m, 5H), 1.47–1.58 (m, 2 H), 1.58–1.84 (m, 6H),
2.03–2.18 (m, 2H), 2.15 (t, J = 9.0 Hz, 2H), 5.03–5.10 (m, 2 H), 5.85 (ddt,
J = 16.5, 11.1, 7.2 Hz, 1H), 7.12–7.21 (m, 3 H), 7.21–7.30 ppm (m, 2H);
13C NMR (CDCl3): d = 21.78, 26.76, 26.92, 27.20, 29.92, 37.74, 39.48,
41.45, 44.59, 116.71, 125.61, 128.39, 128.40, 135.90, 143.80 ppm; IR (neat):
ñ = 698, 741, 910, 995, 1377, 1450, 1497, 1600, 1638, 2341, 2361, 2853,
2928, 3026, 3063 cm�1; elemental analysis calcd (%) for C19H28: C 88.99,
H 11.01; found: C 88.98, H 11.10.


cis-4-tert-Butyl-1-methyl-1-(2-propenyl)cyclohexane (2c): 1H NMR
(CDCl3): d = 0.82 (s, 3 H), 0.85 (s, 9 H), 1.03–1.22 (m, 5H), 1.49–1.57 (m,
4H), 2.02 (s, 1 H), 2.04 (s, 1H), 4.95 (m, 2H), 5.79 (ddt, J = 15.9, 10.8,
7.5 Hz, 1H) ppm; 13C NMR (CDCl3): d = 22.48, 27.25, 27.60, 29.46,
32.48, 38.30, 40.03, 47.99, 116.39, 135.78 ppm; IR (neat): ñ = 910, 997,
1366, 1452, 1639, 2844, 2868, 2941, 3074 cm�1; elemental analysis calcd
(%) for C14H26: C 86.52, H 13.48; found: C 86.46, H 13.51. The stereo-
chemistry of 1c and 2c was determined by 13C NMR experiments accord-
ing to the literature.[32]


4-(4-Methoxyphenyl)-4,5,5-trimethyl-1-hexene (2d): 1H NMR (CDCl3): d
= 0.83 (s, 9H), 1.27 (s, 3 H), 2.24 (dd, J = 14.1, 8.4 Hz, 1 H), 3.00 (dd, J
= 14.1, 3.6 Hz, 1 H), 3.80 (s, 3H), 4.88 (d, J = 10.2 Hz, 1H), 5.01 (d, J =


17.1 Hz, 1H), 5.42–5.55 (m, 1H), 6.81 (d, J = 9.0 Hz, 2 H), 7.20 ppm (d,
J = 9.0 Hz, 2 H); 13C NMR (CDCl3): d = 21.26, 26.26, 36.51, 39.47,
45.22, 55.08, 112.15, 116.43, 130.12, 136.33, 136.85, 157.11 ppm; IR (neat):
ñ = 831, 910, 1038, 1188, 1252, 1294, 1375, 1464, 1514, 1611, 2361,
2955 cm�1; HRMS found 232.1828 [M]+ ; C16H24O calcd 232.1831.


4-(4-Methoxybenzyl)-1-decene (2 f): 1H NMR (CDCl3): d = 0.87 (t, J =


6.6 Hz, 3H), 1.16–1.38 (br s, 10 H), 1.60–1.70 (m, 1 H), 2.01 (dd, J = 7.8,
7.2 Hz, 2 H), 2.48 (d, J = 7.2 Hz, 2 H), 3.79 (s, 3H), 4.97–5.03 (m, 2 H),
5.72–5.85 (m, 1 H), 6.82 (d, J = 9.0 Hz, 2 H), 7.06 ppm (d, J = 9.0 Hz,
2H); 13C NMR (CDCl3): d = 13.96, 22.55, 26.54, 29.49, 31.78, 32.81,
37.39, 39.14, 39.68, 55.18, 113.62, 116.03, 129.31, 130.16, 137.35,
147.81 ppm; IR (neat): ñ = 804, 910, 1040, 1177, 1246, 1300, 1466, 1512,
1612, 2854, 2926 cm�1; elemental analysis calcd (%) for C18H28O: C 83.02,
H 10.84; found: C 83.02, H 11.03.


4-Pentenal dibutyl acetal (2h): 1H NMR (CDCl3): d = 0.92 (t, J =


7.2 Hz, 6 H), 1.38 (m, 4H), 1.56 (m, 4 H), 1.70 (m, 2H), 2.11 (m, 2 H),
3.41 (dt, J = 6.6, 9.3 Hz, 2 H), 3.58 (dt, J = 6.6, 9.6 Hz, 2 H), 4.48 (t, J =


5.7 Hz, 1H), 4.94–5.06 (m, 2 H), 5.82 ppm (ddt, J = 17.1, 10.5, 6.6 Hz,
1H); 13C NMR (CDCl3): d = 13.77, 19.34, 28.94, 31.93, 32.59, 65.32,
102.62, 114.69, 138.27 ppm; IR (neat): ñ = 912, 1049, 1074, 1128, 1261,
1350, 1379, 1458, 1641, 2933, 2959 cm�1; elemental analysis calcd (%) for
C13H26O2: C 72.84, H 12.23; found: C 72.72, H 12.11.


cis-2-(1-Octynyl)-3-(2-propenyl)-1-oxacyclohexane (cis-2 i): 1H NMR
(CDCl3): d = 0.90 (t, J = 6.9 Hz, 3 H), 1.22–1.36 (m, 4H), 1.36–1.48 (m,
2H), 1.48–1.66 (m, 6H), 1.72–1.86 (m, 1H), 1.93–2.03 (m, 1H), 2.07–2.16
(m, 1H), 2.26 (dt, J = 1.8, 7.2 Hz, 2 H), 3.59–3.70 (m, 1H), 3.85–3.95 (m,
1H), 4.54 (br s, 1H), 4.99–5.09 (m, 2 H), 5.75 (ddt, J = 16.8, 10.2, 7.2 Hz,
1H) ppm; 13C NMR (CDCl3): d = 13.90, 18.64, 22.47, 25.28, 25.37, 28.46,
28.70, 31.23, 36.71, 39.19, 62.71, 69.60, 75.84, 89.00, 116.30, 136.28 ppm;
IR (neat): ñ = 1078, 1350, 1439, 1641, 2239, 2341, 2858, 2932, 3076 cm�1;
HRMS found 234.1984 [M]+ ; C16H26O calcd 234.1979.


trans-2-(1-Octynyl)-3-(2-propenyl)-1-oxacyclohexane (trans-2 i): 1H NMR
(CDCl3): d = 0.88 (t, J = 6.9 Hz, 3 H), 1.08–1.45 (m, 7H), 1.45–1.70 (m,
5H), 1.84–1.98 (m, 2H), 2.24 (m, 2H), 2.40–2.49 (m, 1H), 3.39 (m, 1H),
3.80 (dt, J = 9.0, 2.7 Hz, 1H), 3.98 (dt, J = 11.1, 2.7 Hz, 1H), 5.03 (d, J
= 8.7 Hz, 1H), 5.05 (d, J = 17.4 Hz, 1H), 5.79 ppm (ddt, J = 17.4, 8.7,
1.8 Hz, 1 H); 13C NMR (CDCl3): d = 13.89, 18.62, 22.41, 25.29, 27.93,
28.46, 28.49, 31.21, 36.71, 41.07, 67.64, 72.65, 78.42, 86.61, 116.57,


135.97 ppm; IR (neat): ñ = 1084, 1333, 1439, 1641, 2858, 2932,
3076 cm�1; HRMS found 234.1984 [M]+ ; C16H26O calcd 234.1976.


2,4,4-Trimethyl-1-dodecene (4a): 1H NMR (CDCl3): d = 0.85–0.90 (m,
9H), 1.20–1.27 (br s, 14 H), 1.76 (s, 3 H), 1.93 (m, 2 H), 4.62 (br s, 1 H),
4.82 ppm (br s, 1 H); 13C NMR (CDCl3): d = 14.4, 23.0, 24.4, 25.7, 27.8,
29.7, 30.0, 30.9, 32.2, 34.0, 43.0, 49.8, 113.9, 144.0 ppm; IR (neat): ñ =


891, 1363, 1467, 1641, 2854, 2927, 2958, 3074, 3398 cm�1; HRMS found
210.2352 [M]+ ; C15H30 calcd 210.2348.


2-Methyl-6-phenyl-1-hexene (4b): 1H NMR (CDCl3): d = 1.44–1.55 (m,
2H), 1.58–1.69 (m, 2H), 1.71 (s, 3H), 2.05 (t, J = 7.2 Hz, 2H), 2.64 (t, J
= 7.2 Hz, 2H), 4.68 (s, 1 H), 4.71 (s, 1H), 7.16–7.21 (m, 3 H), 7.26–
7.32 ppm (m, 2H); 13C NMR (CDCl3): d = 22.22, 27.13, 30.98, 35.75,
37.55, 109.87, 125.69, 128.32, 128.48, 142.84, 146.03 ppm; IR (neat): ñ =


698, 746, 885, 1030, 1373, 1454, 1497, 1605, 1649, 2345, 2858, 2934, 3026,
3072 cm�1; elemental analysis calcd (%) for C13H18: C 89.59, H 10.41;
found C 89.30, H 10.27.


3,4,4-Trimethyl-1-dodecene (5a): 1H NMR (CDCl3): d = 0.79 (br s, 9H),
0.90 (t, J = 6.6 Hz, 3 H), 1.12–1.37 (br s, 14H), 1.97 (m, 1 H), 4.90–5.15
(m, 2 H), 5.77 ppm (ddd, J = 18.6, 9.0, 8.7 Hz, 1H); 13C NMR (CDCl3):
d = 14.4, 15.1, 22.9, 23.0, 23.9, 24.6, 24.9, 29.7, 30.0, 31.0, 32.2, 40.9, 46.4,
113.8, 142.1 ppm; IR (neat): ñ = 721, 887, 910, 997, 1365, 1467, 1637,
2854, 2925, 2958, 3074 cm�1; HRMS found 210.2342 [M]+ ; C15H30 calcd
210.2348.


3-Methyl-6-phenyl-1-hexene (5b): 1H NMR (CDCl3): d = 0.98 (d, J =


6.6 Hz, 3H), 1.30–1.37 (m, 2H), 1.55–1.67 (m, 2H), 2.09–2.19 (m, 1 H),
2.59 (t, J = 7.8 Hz, 2 H), 4.88–4.98 (m, 2 H), 5.68 (ddd, J = 17.6, 9.9,
7.5 Hz, 1H), 7.15–7.22 (m, 3 H), 7.24–7.32 ppm (m, 2H); 13C NMR
(CDCl3): d = 20.09, 29.06, 35.97, 36.20, 37.62, 112.54, 125.68, 128.32,
128.48, 142.88, 144.81 ppm; IR (neat): ñ = 698, 746, 910, 995, 1373, 1419,
1454, 1497, 1605, 1639, 2858, 2932, 3028, 3065 cm�1; elemental analysis
calcd (%) for C13H18: C 89.59, H 10.41; found: C 89.66, H 10.57.


1-(4-Fluorophenyl)-2-methylbutane (7 f): 1H NMR (CDCl3): d = 0.83 (d,
J = 6.6 Hz, 3H), 0.9 (t, J = 9.2 Hz, 3 H), 1.04–1.41 (m, 2 H), 1.62 (m,
1H), 2.35 (dd, J = 13.5, 8.1 Hz, 1H), 2.60 (dd, J = 13.5, 6.3 Hz, 1H),
6.90–6.99 (m, 2H), 7.04–7.13 ppm (m, 2H); 13C NMR (CDCl3): d = 11.8,
19.1, 29.3, 37.0, 42.7, 114.7, 114.9, 130.4, 130.5, 137.2, 137.3 ppm; IR
(neat): ñ = 837, 1157, 1222, 1379, 1461, 1510, 1600, 2856, 2875, 2925,
2962 cm�1; HRMS found 166.1159 [M]+ ; C11H15F calcd 166.1158.


4-(3-Butenyl)-4,5-dihydro-2(3H)-furanone (10a): 1H NMR (CDCl3): d =


1.56–1.63 (m, 2H), 2.06–2.25 (m, 3 H), 2.53–2.68 (m, 2H), 3.94 (dd, J =


9.0, 7.5 Hz, 1 H), 4.43 (dd, J = 9.0, 7.8 Hz, 1 H), 5.00–5.09 (m, 2H),
5.78 ppm (ddt, J = 19.8, 7.2, 6.6 Hz, 1 H); 13C NMR (CDCl3): d = 31.31,
32.02, 34.24, 34.96, 73.12, 115.65, 137.18, 177.14 ppm; IR (neat): ñ = 839,
814, 1001, 1173, 1379, 1420, 1641, 1778, 2856, 2924, 3078 cm�1; elemental
analysis calcd (%) for C8H12O2: C 68.54, H 8.63; found: C 68.45, H 8.45.


4-(3-Butenyl)-5,5-dimethyl-4,5-dihydro-2(3H)-furanone (10b): 1H NMR
(CDCl3): d = 1.25 (s, 3 H), 1.43 (s, 3 H), 1.38–1.46 (m, 1H), 1.51–1.65 (m,
1H), 1.95–2.32 (m, 4 H), 2.59–2.69 (m, 1 H), 4.98–5.10 (m, 2 H), 5.77 ppm
(ddt, J = 16.8, 10.5, 6.9 Hz, 1H); 13C NMR (CDCl3): d = 21.79, 27.35,
28.77, 32.26, 34.49, 45.08, 86.64, 115.70, 137.39, 175.67 ppm; IR (neat): ñ
= 918, 959, 1096, 1128, 1217, 1258, 1375, 1389, 1641, 1771, 2934,
2978 cm�1; elemental analysis calcd (%) for C10H16O2: C 71.39, H 9.59;
found: C 71.36, H 9.78.


4-(1,1-Dimethyl-3-butenyl)-4,5-dihydro-2(3H)-furanone (10c): 1H NMR
(CDCl3): d = 0.90 (s, 3H), 0.91 (s, 3H), 1.98 (d, J = 7.5 Hz, 2 H), 2.31–
2.58 (m, 3 H), 4.11 (dd, J = 9.0, 8.1 Hz, 1 H), 4.32 (dd, J = 9.6, 8.1 Hz,
1H), 5.03–5.12 (m, 1 H), 5.72–5.86 ppm (m, 2 H); 13C NMR (CDCl3): d =


23.38, 23.67, 29.63, 34.22, 44.00, 45.29, 69.37, 118.32, 133.87, 177.37 ppm;
IR (neat): ñ = 918, 1003, 1026, 1175, 1470, 1639, 1780, 2964, 3076 cm�1;
elemental analysis calcd (%) for C10H16O2: C 71.39, H 9.59; found: C
71.11, H 9.74.


trans-4-(3-Butenyl)-5-pentyl-4,5-dihydro-2(3H)-furanone (10d): 1H NMR
(CDCl3): d = 0.89 (t, J = 6.3 Hz, 3H), 1.24–1.72 (m, 10H), 1.98–2.25 (m,
4H), 2.71 (m, 1H), 4.10 (ddd, J = 7.8, 7.2, 4.2 Hz, 1 H), 4.99–5.07 (m,
2H), 5.77 ppm (dddd, J = 16.8, 10.5, 6.9, 6.6 Hz, 1H); 13C NMR
(CDCl3): d = 14.2, 22.7, 25.6, 31.8, 31.9, 32.4, 34.8, 35.4, 40.8, 86.0, 115.7,
137.2, 176.4 ppm; IR (neat): ñ = 912, 945, 995, 1172, 1261, 1421, 1454,
1641, 1778, 2860, 2931 cm�1; HRMS found 210.1619 [M]+ ; C13H22O2 calcd
210.1620.
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4-(1-Methyl-1,6-heptadienyl)-4,5-dihydro-2(3H)-furanone (10e, E
isomer): 1H NMR (CDCl3): d = 1.45 (tt, J = 7.2, 7.2 Hz, 2 H), 1.63 (s,
3H), 2.00–2.09 (m, 4 H), 2.46 (dd, J = 17.7, 8.7 Hz, 1 H), 2.60 (dd, J =


17.7, 8.7 Hz, 1H), 3.18 (tt, J = 8.1, 8.1 Hz, 1H), 4.08 (dd, J = 8.7,
7.5 Hz, 1H), 4.41 (dd, J = 8.7, 7.5 Hz, 1 H), 4.94–5.05 (m, 2H), 5.28 (t, J
= 7.2 Hz, 1 H), 5.80 ppm (ddt, J = 17.1, 10.2, 6.9 Hz, 1H); 13C NMR
(CDCl3): d = 13.50, 27.09, 28.52, 32.80, 33.19, 43.81, 71.77, 114.74,
127.20, 132.02, 138.61, 177.04 ppm; IR (neat): ñ = 847, 910, 1013, 1171,
1439, 1639, 1782, 2341, 2361, 2858, 2926 cm�1; elemental analysis calcd
(%) for C12H18O2: C 74.19, H 9.34; found: C 73.93, H 9.57. The stereo-
chemistry was assigned by NOE.


1-(2-Pentylcyclopropyl)-4-penten-2-one (14a): 1H NMR (CDCl3): d =


0.25 (ddd, J = 5.1, 5.1, 8.1 Hz, 1H), 0.32 (ddd, J = 5.1, 5.1, 8.1 Hz, 1 H),
0.44–0.54 (m, 1H), 0.66–0.76 (m, 1H), 0.87 (t, J = 6.9 Hz, 3 H), 1.16–1.43
(m, 8H), 2.27 (dd, J = 7.2, 22.2 Hz, 1H), 2.35 (dd, J = 7.2, 15.9 Hz,
1H), 3.21 (d, J = 6.9 Hz, 2H), 5.09–5.20 (m, 2 H), 5.29 ppm (ddt, J =


10.2, 17.1, 6.9 Hz, 1H); 13C NMR (CDCl3): d = 11.90, 13.76, 14.19, 18.92,
22.74, 29.16, 31.77, 33.96, 47.26, 47.35, 118.58, 130.58, 198.51 ppm; IR
(neat): ñ = 3065, 2957, 2924, 2855, 1717, 1638, 1458, 1398, 1325, 1028,
993, 918 cm�1; elemental analysis calcd (%) for C13H22O: C 80.35, H
11.41; found: C 80.43, H 11.63. The trans stereochemistry of the cyclopro-
panes 14 was deduced by coupling constants according to the litera-
ture.[33]


3,3-Dimethyl-1-(2-pentylcyclopropyl)-4-penten-2-one (14b): 1H NMR
(CDCl3): d = 0.16 (ddd, J = 4.2, 4.2, 8.4 Hz, 1H), 0.26 (ddd, J = 4.8,
4.8, 8.4 Hz, 1 H), 0.34–0.45 (m, 1 H), 0.66–0.78 (m, 1 H), 0.87 (t, J =


7.2 Hz, 3 H), 1.20 (s, 6 H), 1.16–1.40 (m, 8H), 2.35 (d, J = 6.9 Hz, 2 H),
5.08–5.14 (m, 2 H), 5.87 ppm (dd, J = 9.9, 16.8 Hz, 1 H); 13C NMR
(CDCl3): d = 11.72, 13.76, 14.20, 18.81, 22.74, 23.45, 23.45, 29.14, 31.77,
34.00, 42.22, 50.59, 114.07, 142.36, 212.52 ppm; IR (neat): ñ = 2961, 2926,
2855, 1713, 1636, 1468, 1379, 1364, 1018, 997, 918 cm�1; elemental analysis
calcd (%) for C15H26O: C 81.02, H 11.79; found: C 81.18, H 11.54.


3-Methyl-1-(2-pentylcyclopropyl)-4-penten-2-one (14c, diastereomer
ratio is 1:1): 1H NMR (CDCl3): d = 0.18–0.24 (m, 1 H), 0.26–0.33 (m,
1H), 0.38–0.52 (m, 1 H), 0.66–0.76 (m, 1H), 0.87 (t, J = 6.6 Hz, 3H), 1.17
(d, J = 4.5 Hz, 3H), 1.16–1.42 (m, 8H), 2.36 (d, J = 6.9 Hz, 2H), 3.25
(dq, J = 6.9, 6.9 Hz, 1 H), 5.11–5.17 (m, 2 H), 5.79 ppm (ddd, J = 5.1,
9.9, 17.1 Hz, 1 H); 13C NMR (CDCl3) for mixture of diastereomers: d =


(11.76, 11.91, assigned to each diastereomer), 13.62, 14.19, 15.83, (18.77,
18.94, assigned to each diastereomer), 22.74, 29.15, 31.77, 33.99, 45.66,
50.85, 116.63, 137.42, 211.01 ppm; IR (neat): ñ = 3063, 2959, 2926, 2855,
1715, 1636, 1458, 1371, 995, 918 cm�1; elemental analysis calcd (%) for
C14H24O: C 80.71, H 11.61; found: C 80.56, H 11.84.


4-(4-Methoxyphenyl)-4,5,5-trimethyl-1-hexanol (17): 1H NMR (CDCl3):
d = 0.83 (s, 9H), 1.10–1.50 (m, 3H), 1.29 (s, 3 H), 1.59 (dt, J = 5.1,
12.6 Hz, 1H), 2.17 (dt, J = 3.0, 12.6 Hz, 1H), 3.61 (t, J = 6.6 Hz, 2 H),
3.80 (s, 3H), 6.81 (d, J = 9.0 Hz, 2 H), 7.18 ppm (d, J = 9.0 Hz, 2H); 13C
NMR (CDCl3): d = 21.00, 26.12, 28.37, 30.51, 36.67, 45.29, 55.06, 63.89,
112.35, 129.93, 136.66, 157.32 ppm; IR (neat): ñ = 829, 1040, 1188, 1252,
1292, 1375, 1466, 1514, 1611, 2876, 2955, 3342 cm�1; HRMS found
250.1934 [M]+ ; C16H26O2 calcd 250.1939.
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Total Synthesis of Salicylihalamides A and B


Christian Herb, Alexander Bayer, and Martin E. Maier*[a]


Dedicated to Professor J. Mulzer on the occasion of his 60th birthday


Introduction


Secondary metabolites that contain a benzolactone ring
have been known for some time. Typical examples include
zearalenone,[1] radicicol,[2] C292,[3] the pochonins,[4] and
queenslandon.[5] While the biosynthetic pathways to these
compounds are quite similar, they show a broad spectrum of
biological activity. Recently, the structural diversity of this
class of natural products was widened with the discovery of
the benzolactone enamides.[6] In addition to the benzolac-
tone part, these compounds feature an enamide side chain.
The additional enamide side chain makes these natural
products powerful antitumor compounds. Their initial bio-
logical targets seem to be mammalian vacuolar adenosine
triphosphatase (V-ATPase) enzymes.[7] Recent studies show
that salicylihalamide binds to the V0 and not the V1 sector
of the V-ATPases.[8] These membrane-bound enzymes are
responsible for controlling the pH value in vacuoles and the
cytoplasm. Depending on the cell type studied, other effects
such as phosphorylation of mitogen-activated protein kinas-


es or antiangiogenic effects were observed. Prototypical
examples of the benzolactone enamides are salicylihalam-
ide A and apicularen A (Scheme 1). The salicylihalamides
were isolated from the sponge Haliclona sp.,[9] whereas api-
cularen A has been discovered in various myxobacteria
strains.[10]


Both of these natural products are unique in their own
right. Thus, the macrolactone double bond in salicylihalam-
ide A is striking since it is in an allylic position relative to
the aromatic ring. On the other hand, the unique feature of
apicularen A is the ether bridge that spans the macrolactone
ring. The challenging structural features of these natural
products combined with their novel mode of action have
stimulated a number of synthesis programs. So far, total syn-
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Abstract: The paper illustrates two effi-
cient routes to macrolactone 19 con-
taining a 3-(para-methoxybenzyloxy)-
propyl side chain at C-15. The chiral
center at C-15 was introduced by a
Noyori reduction of keto ester 5. The
intermediate common to both routes,
aldehyde 8, was prepared from keto
ester 5. The subsequent chain exten-
sion utilized Evans aldol reactions. The
first route leads to the alkene 14, which
was used, after hydroboration, for a
Suzuki cross-coupling reaction with


vinyl iodide 15. The derived seco acid
18 was converted into the macrolac-
tone 19 by a Mitsunobu lactonization
by using immobilized triphenylphos-
phine. Alternatively, an aldol reaction
of 8 with the 4-pentenoyl derivative 20
was used to prepare alkene 26. This
building block led to ester 28, which


could also be converted into macrolac-
tone 19 by the classical ring-closing
metathesis. After conversion of the C-
15 side chain to the corresponding al-
dehyde, the enamide was introduced
through hemiaminal formation and
formal elimination of water. Separation
of the double-bond isomers and remov-
al of the silyl protecting groups provid-
ed salicylihalamides A (E)-1 and B
(Z)-1.


Keywords: antitumor agents ·
lactonization · metathesis ·
salicylihalamide · total synthesis


Scheme 1. Structures of two important benzolactone enamides.
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theses for the salicylihalamides[11] and apicularen A[12] have
been described. In addition, formal total syntheses[13,14] and
synthetic studies have been published.[15]


A synthesis of salicylihalamide basically has to address
three issues. First, the building-block synthesis has to pro-
vide the three stereocenters. Then, in order to form the mac-
rolactone ring, the best one of several strategies should be
chosen. Finally, an efficient method for attachment of the
enamide side chain is required. The known syntheses of the
macrolactone ring of salicylihalamide can be summarized as
follows (Scheme 2). In several cases, a Mitsunobu esterifica-


tion was used to combine a benzoic acid, containing the
allyl group, with a secondary alcohol that contains all the
stereocenters and a terminal alkene. Macrocyclization of
ester B was then achieved by ring-closing metathesis. In our
group we developed two complementary routes to the core
structure of salicylihalamide A.[13b,15e] In both cases the ester
is formed by Mitsunobu reaction and the trans-alkene is cre-
ated by a Suzuki cross-coupling reaction between a vinyl
iodide F and an alkylborane, with the latter being generated
from G by a diastereoselective hydroboration. The two ap-
proaches only differ by the order of the events. In the syn-
thesis of the Rizzacasa group, the two key building blocks I
and J are combined by a Stille coupling of a vinyl stannane
with a benzyl bromide. Macrolactonization is accomplished
by intramolecular attack of an alkoxide on an acetal
ester.[13a]


The length of the side chain that extends from C-15 de-
pends very much on the way the enamide is attached. In


cases where the enamide is fashioned by nucleophilic addi-
tion to a vinyl isocyanate or by cross-coupling between a
vinyl iodide and the unsaturated amide, the side chain is
two carbon atoms long. In this paper we show that macro-
lactone 19 containing a three-carbon side chain can be con-
verted into salicylihalamides A and B by reaction of the cor-
responding aldehyde with the unsaturated amide 34. Macro-
lactone 19 was reached either by the Suzuki cross-coupling/
intramolecular Mitsunobu strategy or by the intermolecular
Mitsunobu/ring-closing metathesis tactic. It turned out that
both routes are of more or less similar efficiency if one ne-
glects the provision of the aromatic building blocks.


Results


As a common precursor to both routes we used the chiral b-
alkoxyaldehyde 8. The synthesis of this aldehyde started
from the monoprotected ethylene glycol[16] 3 which was con-
verted into the iodide 4 (Scheme 3) by using a combination


of iodine and triphenylphosphine.[17] Due to the somewhat
unstable nature of 4, this compound was used immediately
in a Weiler alkylation[18] of ethyl acetoacetate to provide the
b-keto ester 5. Reduction of the keto group under Noyori
conditions[19,20] with (R)-(+)-BINAP as the chirality inducer
gave the b-hydroxyestor 6 in good yield and with good opti-
cal purity (82%, 95% ee). After protection of the secondary
alcohol moiety with TBDMSOTf/2,6-lutidine,[21] the result-
ing ester 7 was reduced with DIBAL to give the desired al-
dehyde 8.


In order to enter the Suzuki cross-coupling route, alde-
hyde 8 was subjected to an Evans aldol reaction under
Crimmins conditions[22] (1.05 equiv of TiCl4, 2.5 equiv of dia-
mine) with the propionyloxazolidinone[23] 9 (Scheme 4). This
gave the syn-aldol product 10 in good yield. Protection of
the secondary alcohol as a MOM ether was followed by re-
ductive removal of the chiral auxiliary.[24] In order to intro-
duce the terminal double bond, the primary alcohol 12 was


Scheme 2. General approaches to the macrolactone core of the salicyli-
halamides. RCM= ring-closing metathesis, MOM=methoxymethyl,
TBDMS= tert-butyldimethylsilyl, PMB=para-methoxybenzyl.


Scheme 3. Synthesis of the protected hydroxy aldehyde 8. a) PPh3


(1.01 equiv), imidazole (2 equiv), I2 (1.01 equiv), THF, 0 8C, 1 h, 97%;
b) NaH (1.2 equiv), ethyl acetoacetate, THF, nBuLi (1.2 equiv), �50 8C,
30 min, then add iodide 4 (1 equiv), 95%; c) [RuCl2(PhH)]2
(0.003 equiv), (R)-(+)-BINAP (0.07 equiv), DMF, 90 8C, 20 min, then add
to 5 in EtOH, H2 (4 bar), 90 8C, 20 h, 82%, 95%ee ; d) TBDMSOTf
(1.12 equiv), 2,6-lutidine (2.5 equiv), CH2Cl2, 0!23 8C, 1 h, 100%;
e) DIBAL (1.2 equiv), CH2Cl2, �78 8C, 2 h, 83%. BINAP=2,2’-bis(di-
phenylphosphanyl)-1,1’-binaphthyl, TBDMSOTf= tert-butyldimethylsilyl-
triflate, DIBAL=diisobutylaluminum hydride.
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converted into the tosylate 13. Elimination to form alkene
14 was smoothly accomplished by heating tosylate 13 in the
presence of NaI and DBU.[25] In this way, alkene 14 could be
produced in gram quantities. The methyl-bearing stereocen-
ter from the aldol reaction was intentionally destroyed to
allow for its reintroduction with the opposite stereochemis-
try by a diastereoselective hydroboration reaction.[26] The in-
termediate borane resulting from treatment of 14 with 9-
BBN was added to a solution of the vinyl iodide[13b] 15 in
THF containing aqueous NaOH and [PdCl2(dppf)]. This led
to the trans-alkene 16 in high yield. Treatment of 16 with
TBAF in THF caused cleavage of the silyl ether group. The
methyl ester moiety of 17 was cleaved with LiOH to give
rise to the seco acid 18. Based on our previous experience
with the macrolactonization of a related substrate, the Mit-
sunobu macrolactonization was run in the presence of im-
mobilized triphenylphosphine. In this way, macrolactone 19
was obtained in 72% yield from the hydroxy acid 18. We
found that the yields for the Suzuki cross-coupling and the
macrolactonization were somewhat higher with the longer
side chain, an observation that is difficult to rationalize.


While this synthesis of macrolactone 19 is quite effective,
concise, and stereoselective, we also wanted to compare it
directly to the ring-closing metathesis strategy, the quasi


standard method for forming the salicylihalamide core struc-
ture. An aldol reaction of aldehyde 8 with the pentenoyloxa-
zolidinone[27] 20 by using the proven Crimmins conditions
gave the syn-aldol product 21 (Scheme 5). In order to reach


the anti stereochemistry of the vicinal methyl- and hydroxy-
bearing stereocenters, the acyl group of the aldol product 21
had to be reduced to a methyl group.[11,28] Prior to this, the
secondary alcohol was protected with MOM chloride to give
22. Reductive removal of the chiral auxiliary, tosylation of
the primary alcohol group of 23, and substitution of the to-
sylate moiety of 24 with hydride by using super hydride
gave the aliphatic chain 25. After cleavage of the silyl ether
protecting group, the resulting secondary alcohol 26 was
combined with benzoic acid[11g] 27 by a Mitsunobu esterifica-
tion. The dienyl ester 28 was subjected to a ring-closing
metathesis[29] by using the second-generation Grubbs cata-
lyst[30] 29 (0.1 equiv, 1mm in toluene at 70 8C). This led to a
mixture of the desired E isomer (E)-19 (75%) and the Z
isomer (Z)-19 (12%). Similar ratios for the ring-closing
metathesis have been observed by other groups.[6] The two
diastereomers could be separated by flash chromatography.
From the aldehyde 8 this sequence requires eight steps
(22.8% overall yield). While the Suzuki coupling/macrolac-
tonization strategy requires nine steps, the overall yield
(26.6%) is somewhat higher.


Scheme 4. Synthesis of the macrolactone 19 by Suzuki cross-coupling and
intramolecular Mitsunobu reaction. a) TiCl4 (1.05 equiv), TMEDA
(2.5 equiv), CH2Cl2, 0 8C, then add aldehyde 8 (1.1 equiv), 0 8C, 1 h, 78%;
b) iPr2NEt (20 equiv), MeOCH2Cl (10 equiv), Bu4NI (0.1 equiv), 0!
23 8C, 12 h, 86%; c) NaBH4 (5 equiv), H2O/THF (1:2), 0 to 23 8C, 12 h,
80%; d) TsCl (3 equiv), pyridine, 0 8C, 5 h, 100%; e) NaI (2.5 equiv),
DBU (5 equiv), glyme, reflux, 3 h, 89%; f) 9-BBN (1.5 equiv), THF, 0!
23 8C, 12 h, then add [PdCl2(dppf)] (0.1 equiv), vinyl iodide 15
(0.9 equiv), 3n NaOH (3 equiv), 40 8C, 4 h, 84%; g) TBAF (3 equiv),
THF, 0!23 8C, 48 h, 100%; h) THF/EtOH/H2O (4:8:8), LiOH·H2O,
(10 equiv), 70 8C, 3 d, 92%; i) PS-PPh3 (5 equiv), THF, 15 min, then add
DEAD (2 equiv), 0!23 8C, 72%. TMEDA=N,N,N’,N’-tetramethyl-1,2-
ethanediamine, Ts= tosyl= toluene-4-sulfonyl, DBU=1,8-diazabicy-
clo[5.4.0]undec-7-ene, 9-BBN=9-borabicyclo[3.3.1]nonane, dppf=1,1’-
bis(diphenylphosphanyl)ferrocene, TBAF= tetrabutylammonium fluo-
ride, PS=polystyrene, DEAD=diethylazodocarboxylate.


Scheme 5. Synthesis of the macrolactone 19 by Mitsunobu esterification
and ring-closing metathesis. a) TiCl4 (1.05 equiv), (�)-spartein
(2.5 equiv), CH2Cl2, 0 8C, add aldehyde 8 (1.1 equiv), 0 8C, 1 h, 68%;
b) iPr2NEt (20 equiv), MeOCH2Cl (10 equiv), Bu4NI (0.1 equiv), 0!
23 8C, 3 d, 82%; c) NaBH4 (5 equiv), H2O/THF (1:2), 0!23 8C, 12 h,
86%; d) TsCl (3 equiv), pyridine, 0 8C, 12 h, 95%; e) Et3BHLi
(3.6 equiv), THF, 0!23 8C, 15 h, 95%; f) TBAF (3 equiv), THF, 0!
23 8C, 48 h, 99%; g) Ph3P (2.5 equiv), acid 27 (5 equiv), DIAD
(2.55 equiv), toluene, 23 8C, 3 h, 71%; h) Grubbs catalyst 29 (0.1 equiv),
toluene, 70 8C, 2 h, 75% of (E)-19 and 12% of (Z)-19. DIAD=diisopro-
pylazodicarboxylate.
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With two efficient routes to the key macrolactone 19 in
hand, the total synthesis of salicylihalamide was targeted.
The successful realization of this task relied on our ability to
convert an aldehyde into an enamide.[31] First, all ether
groups of 19 were cleaved by treatment with 9-iodoborobi-
cyclononane[32] (Scheme 6). The rather polar crude triol 30


was completely silylated to give macrolactone 31 (60% for
2 steps). A subsequent selective desilylation[33] with CSA in
a mixture of methanol and CH2Cl2 led to the primary alco-
hol 32. Oxidation of 32 to form aldehyde 33 was accomplish-
ed with TPAP.[34] The enamide side chain could be attached
by treating aldehyde 33 with the aluminum carboximidoate
derived from the amide[31] 34 and DIBAL.[35] This furnished
the hemiaminal 35 in 61% yield as a 1:1 mixture of diaster-
eomers, together with 32% recovered aldehyde. The formal
elimination of water from 35 was achieved by heating a
THF solution of 35 containing acetic anhydride and pyridine
to reflux. These conditions resulted in a separable mixture
of the E/Z-enamides (E)-36 (45%) and (Z)-36 (14%). Fi-
nally, both enamides were deprotected with HF in pyri-
dine[11d] to give the natural products salicylihalamide A
(75%) and salicylihalamide B (69%), respectively.


Conclusion


In summary, we illustrated two efficient routes to the macro-
lactone 19 containing a 3-(para-methoxybenzyloxy)propyl
side chain at C-15. The chiral center at C-15 was introduced
by a Noyori reduction of keto ester 5. The intermediate
common to both routes, aldehyde 8, was extended by Evans
aldol reactions. The first route leads to the alkene 14, which
was used, after hydroboration, for a Suzuki cross-coupling
reaction with vinyl iodide 15. The derived seco acid 18 was
converted into macrolactone 19 by a Mitsunobu lactoniza-
tion with immobilized triphenylphosphine. Alternatively, an
aldol reaction of 8 with the 4-pentenoyl derivative 20 was
used to prepare alkene 26. From this building block, ester
28 was prepared; this could be converted into macrolactone
19 by a classical ring-closing metathesis. After conversion of
the C-15 side chain to form the corresponding aldehyde 33,
the enamide was introduced through hemiaminal formation
and formal elimination of water. With the great diversity po-
tential of the aldehyde function, a number of salicylihalam-
ide side-chain analogues should now be accessible.


Experimental Section


General : 1H and 13C NMR: Bruker Avance 400 spectrometer; spectra
were recorded at 295 K, either in CDCl3, C6D6, or CD3OD; chemical
shifts are calibrated to the residual proton and carbon resonances of the
solvent: CDCl3 (dH=7.25, dC=77.0 ppm), C6D6 (dH=7.16, dC=


128.0 ppm), or CD3OD (dH=3.30, dC=49.0 ppm); NMR spectroscopy
peaks were assigned according to the numbering by Boyd et al.[9] . IR:
Jasco FT/IR-430 apparatus. Optical rotation: Jasco P-1020 polarimeter;
reported in degrees; [a]D (c [g/100 mL], solvent); recorded at 298 K. MS:
Finnigan Triple-Stage-Quadrupole TSQ-70 (ionizing voltage of 70 eV) or
Intectra AMD 402 mass spectrometers. HRMS: Intectra AMD MAT-
711A (EI) or Bruker Daltonic APEX 2 (ESI) mass spectrometers. Flash
chromatography: J. T. Baker silica gel, 43–60 mm. Thin-layer chromatog-
raphy: Macherey–Nagel Polygram Sil G/UV254 plates. All solvents used
in the reactions were distilled before use. Dry diethyl ether, tetrahydro-
furan, and toluene were distilled from sodium and benzophenone, where-
as dry dichloromethane, dimethylformamide, pyridine, and triethylamine
were distilled from CaH2. Petroleum ether with a boiling range of 40–
60 8C was used. Reactions were generally run under an argon atmos-
phere. All commercially available compounds were used as received,
unless stated otherwise.


1-[(2-Iodoethoxy)methyl]-4-methoxybenzene (4): A solution of alcohol[16]


3 (8.00 g, 43.9 mmol) in THF (80 mL) was treated with PPh3 (11.63 g,
44.3 mmol) and imidazole (5.98 g, 87.8 mmol) and then cooled to 0 8C.
Iodine (11.25 g, 44.3 mmol) was added in 3 portions and the mixture was
stirred for 1 h while it warmed to room temperature. The solution was
transfered to a round-bottom flask containing a suspension of silica gel
(200 g) in THF (300 mL) and the solvent was removed completely in
vacuo. The residue was chromatographed over a short pad of silica gel
(elution with petroleum ether/ethyl acetate, 2:1) to provide the iodide 4
(12.43 g, 97%) as a light-yellow oil.


Ethyl 6-[(4-methoxybenzyl)oxy]-3-oxohexanoate (5): A solution of ethyl
3-oxobutanoate (3.89 mL, 4.00 g, 30.7 mmol) in THF (40 mL) was added
dropwise to a cooled (�20 8C) suspension of NaH (0.89 g, 36.9 mmol) in
THF (30 mL). After gas evolution had stopped, the solution was stirred
at room temperature for 30 min and then recooled to �50 8C. The cooled
solution was treated with n-butyllithium (15.0 mL, 37.5 mmol, 2.5m in
hexane) and stirred for a further 30 min before a solution of iodide 4 in
THF (40 mL) was added dropwise. The cooling bath was removed and
the mixture was allowed to warm to room temperature. The reaction was
then quenched by treatment with saturated aqueous NH4Cl solution. The
phases were separated and the aqueous layer extracted twice with diethyl


Scheme 6. Synthesis of salicylihalamides A and B from the macrolactone
19. a) 9-I-9-BBN (1.9 equiv), CH2Cl2, 23 8C, 90 s; b) TBDMSCl,
(35 equiv), imidazole (44 equiv), DMAP (1.8 equiv), DMF, 23 8C, 4 d,
60% over 2 steps; c) CSA (0.2 equiv), CH2Cl2/MeOH, 0 8C, 1.5 h, 85%;
d) TPAP (0.125 equiv), NMO (1.45 equiv), CH2Cl2, 0 8C, 1 h, 91%; e) di-
enamide 34 (2 equiv), DIBAL (2.54 equiv), THF, 0 8C, 30 min, then add
aldehyde 33 (1 equiv), 0 8C, 14 h, 61% of 35 and 32% of 33 ; f) pyridine
(30 equiv), Ac2O (15 equiv), THF, 23 8C, 24 h, then reflux, 48 h, 45% of
(E)-36 and 14% of (Z)-36 ; g) HF·pyridine (2.2m in THF/pyridine, 5.4:1),
23 8C, 3 d, 75% of (E)-1, 69% of (Z)-1. DMAP=4-dimethylaminopyri-
dine, (� )-CSA= (� )-camphorsulfonic acid, TPAP= tetra-n-propylammo-
nium perruthenate, NMO=4-methylmorpholine N-oxide.
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ether (50 mL). The combined organic extracts were washed with saturat-
ed aqueous NaHCO3 solution and dried over Na2SO4. After filtration
and evaporation of the solvent, the crude product was chromatographed
over silica gel to produce the b-keto ester 5 (8.59 g; 95%) as a light-
yellow oil. Rf=0.47 (petroleum ether/ethyl acetate, 2:1); 1H NMR
(400 MHz, CDCl3): d=1.27 (t, J=7.2 Hz, 3H; Et CH3), 1.90 (tt, J=6.1,
7.1 Hz, 2H; H-5), 2.65 (t, J=7.1 Hz, 2H; H-4), 3.43 (s, 2H; H-2), 3.46 (t,
J=6.1 Hz, 2H; H-6), 3.80 (s, 3H; PMB CH3), 4.18 (q, J=7.2 Hz, 2H; Et
CH2), 4.40 (s, 2H; PMB CH2), 6.88 (d, J=8.6 Hz, 2H; PMB H-3,5),
7.24 ppm (d, J=8.6 Hz, 2H; PMB-H-2,6); 13C NMR (100 MHz, CDCl3):
d=14.0 (Et CH3), 23.6 (C-5), 39.7 (C-4), 49.2 (C-2), 55.2 (OCH3), 61.2
(Et CH2), 68.6 (C-6), 72.4 (PMB CH2), 113.7 (PMB C-3,5), 129.2 (PMB
C-2,6), 130.3 (PMB C-1), 159.1 (PMB C-4), 167.2 (C-1), 202.6 ppm (C-3);
IR (film): ñ=1033, 1097, 1248, 1303, 1514, 1715 cm�1; MS (EI): m/z (%):
292 (4), 156 (13), 136 (45), 135 (73), 121 (38), 111 (72), 86 (60), 84 (100),
77 (24); HRMS (ESI): calcd for C16H22NaO5 [M+Na]+ : 317.13594;
found: 317.13578.


Ethyl (3R)-3-hydroxy-6-[(4-methoxybenzyl)oxy]hexanoate (6): Dry, de-
gassed DMF (3 mL) was added to a flask containing benzene rutheni-
um(ii) chloride dimer (43 mg, 0.09 mmol) and (R)-(+)-BINAP (116 mg,
0.19 mmol). The slurry was heated to 90 8C with stirring for 20 min. The
reddish brown solution was allowed to cool to room temperature and
then added through a cannula to a Parr hydrogenation bomb containing
a degassed solution of b-keto ester 5 (8.31 g, 28.2 mmol) in dry, degassed
ethanol (15 mL). The hydrogenation bomb was flushed a few times with
hydrogen and then kept under a hydrogen pressure of 4.0 bar at 90 8C
with vigorous shaking for 20 h. After cooling to room temperature the
dark-red solution was concentrated in vacuo and the residue was purified
by flash chromatography to provide b-hydroxy ester 6 (6.88 g, 82%, 95%
ee) as a pale-yellow oil. The enantioselectivity was determined by chiral
HPLC and was found to be 97.5:2.5 with the desired isomer favored. Rf=


0.24 (petroleum ether/ethyl acetate, 2:1); HPLC: tR (R enantiomer)=
9.1 min, tR (S enantiomer)=12.0 min on a CHIRA-GROM 4 column,
8 mm, 60N2 mm (corresponds to CHIRACEL AS) with n-heptane/iPrOH
89:11, 0.1 mLmin�1 flow; [a]D=�8.0 (c=1.32, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d=1.25 (t, J=7.2 Hz, 3H; Et CH3), 1.47–1.63 (m,
2H; H-4), 1.63–1.81 (m, 2H; H-5), 2.41 (dd, J=16.2, 8.2 Hz, 1H; H-2a),
2.47 (dd, J=16.2, 4.2 Hz, 1H; H-2b), 3.29 (br s, 1H; OH), 3.47 (t, J=
6.1 Hz, 2H; H-6), 3.78 (s, 3H; PMB CH3), 4.01 (dddd, J=8.2, 8.1, 4.4,
4.2 Hz, 1H; H-3), 4.15 (q, J=7.2 Hz, 2H; Et CH2), 4.42 (s, 2H; PMB
CH2), 6.86 (d, J=8.6 Hz, 2H; PMB H-3,5), 7.24 ppm (d, J=8.6 Hz, 2H;
PMB H-2,6); 13C NMR (100 MHz, CDCl3): d=14.1 (Et CH3), 25.9 (C-5),
33.6 (C-4), 41.5 (C-2), 55.2 (PMB CH3), 60.5 (Et CH2), 67.7 (C-3), 69.8
(C-6) 72.5 (PMB CH2), 113.7 (PMB C-3,5), 129.2 (PMB C-2,6), 130.3
(PMB C-1), 159.1 (PMB C-4), 172.7 ppm (C-1); IR (film): ñ=1248, 1302,
1372, 1514, 1612, 1732, 2859, 2937, 3449 cm�1; MS (EI): m/z (%): 297
(10), 296 (17), 278 (22), 241 (8), 203 (9), 190 (12), 160 (11), 142 (37), 137
(88), 121 (100), 109 (19), 99 (18), 91 (9), 77 (10); HRMS (EI): calcd for
C16H24O5 [M]+ : 296.1623; found: 296.1675.


Ethyl (3R)-3-{[tert-butyl(dimethyl)silyl]oxy}-6-[(4-methoxybenzyl)oxy]-
hexanoate (7): 2,6-Lutidine (2.11 mL, 1.94 g, 18.1 mmol) and
TBDMSOTf (2.32 mL, 2.67 g, 8.71 mmol) were added to a stirred so-
lution of b-hydroxy ester 6 (2.15 g, 7.26 mmol) in dry CH2Cl2 (35 mL) at
0 8C. The resulting solution was stirred for 1 h and allowed to warm to
room temperature. After adding water (70 mL), the phases were separat-
ed and the aqueous layer was extracted with Et2O (3N30 mL). The com-
bined organic layers were washed with 1n HCl (30 mL) and brine
(30 mL), dried with MgSO4, filtered, and concentrated in vacuo. The resi-
due was purified by flash chromatography to yield the protected alcohol
7 (2.98 g, 100%) as a slightly yellow oil. Rf=0.71 (petroleum ether/ethyl
acetate, 5:1); [a]D=�10.0 (c=1.31, CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=0.02, 0.04 (2Ns, 3H each; Si(CH3)2), 0.85 (s, 9H; SiC(CH3)3),
1.24 (t, J=7.1 Hz, 3H; Et CH3), 1.51–1.69 (m, 4H; H-4, H-5), 2.39 (dd,
J=14.7, 5.6 Hz, 1H; H-2a), 2.44 (dd, J=14.7, 7.1 Hz, 1H; H-2b), 3.42 (t,
J=6.4 Hz, 2H; H-6), 3.79 (s, 3H; PMB CH3), 4.10 (qd, J=7.1, 2.1 Hz,
2H; Et CH2), 4.10–4.18 (m, 1H; H-3), 4.41 (s, 2H; PMB CH2), 6.86 (d,
J=8.5 Hz, 2H; PMB H-3,5), 7.24 ppm (d, J=8.5 Hz, 2H; PMB H-2,6);
13C NMR (100 MHz, CDCl3): d=�4.9 (Si(CH3)2), �4.6 (Si(CH3)2), 14.2
(Et CH3), 17.9 (SiC), 25.2 (C-5), 25.7 (C(CH3)3), 34.1 (C-4), 42.7 (C-2),
55.2 (PMB CH3), 60.3 (Et CH2), 69.2 (C-3), 70.0 (C-6) 72.4 (PMB CH2),
113.7 (PMB C-3,5), 129.2 (PMB C-2,6), 130.6 (PMB C-1), 159.1 (PMB C-


4), 171.7 ppm (C-1); IR (film): ñ=1038, 1096, 1173, 1204, 1249, 1302,
1362, 1464, 1472, 1514, 1613, 1737, 2856, 2930, 2954 cm�1; MS (EI): m/z
(%): 347 (7), 189 (8), 149 (22), 147 (24), 121 (100), 77 (7), 75 (16), 73
(19); HRMS (ESI): calcd for C22H38NaO5Si [M+Na]+ : 433.23807; found:
433.23809.


(3R)-3-{[tert-Butyl(dimethyl)silyl]oxy}-6-[(4-methoxybenzyl)oxy]hexanal
(8): DIBAL (1.0m in hexane, 2.92 mL) was added dropwise to a stirred
solution of ester 7 (1.00 g, 2.44 mmol) in dry CH2Cl2 (25 mL) over 10 min
at �78 8C. After the reaction had been stirred for 2 h at �78 8C, methanol
(0.7 mL) was added, the cooling bath was removed, and the mixture was
allowed to warm to room temperature. H2O (5 mL) was then added and
the mixture was extracted with Et2O (3N15 mL). The combined organic
layers were washed with water (10 mL) and brine (10 mL), dried
(Na2SO4), filtered, and concentrated in vacuo. The residue was purified
by flash chromatography (petroleum ether/diethyl ether, 2:1) to yield al-
dehyde 8 (0.74 g, 83%) as a pale-yellow oil. Rf=0.46 (petroleum ether/
ethyl acetate, 5:1); [a]D=�0.9 (c=1.09, CH2Cl2)


1H NMR (400 MHz,
CDCl3): d=0.04, 0.05 (2Ns, 3H each; Si(CH3)2), 0.86 (s, 9H; SiC(CH3)3),
1.55–1.66 (m, 4H; H-4, H-5), 2.49 (ddd, J=15.8, 5.5, 2.4 Hz, 1H; H-2a),
2.53 (ddd, J=15.8, 5.9, 2.6 Hz, 1H; H-2b), 3.43 (t, J=5.8 Hz, 2H; H-6),
3.79 (s, 3H; PMB CH3), 4.16–4.24 (m, 1H; H-3), 4.41 (s, 2H; PMB CH2),
6.86 (d, J=8.6 Hz, 2H; PMB H-3,5), 7.24 (d, J=8.6 Hz, 2H; PMB H-
2,6), 9.79 ppm (dd, J=2.6, 2.4 Hz, 1H; H-1); 13C NMR (100 MHz,
CDCl3): d=�4.7 (Si(CH3)2), �4.5 (Si(CH3)2), 17.9 (SiC), 25.4 (C-5), 25.7
(C(CH3)3), 34.4 (C-4), 50.8 (C-2), 55.2 (PMB CH3), 67.9 (C-3), 69.8 (C-6)
72.5 (PMB CH2), 113.7 (PMB C-3,5), 129.2 (PMB C-2,6), 130.5 (PMB C-
1), 159.1 (PMB C-4), 202.2 ppm (C-1); IR (film): ñ=1006, 1038, 1096,
1173, 1249, 1362, 1464, 1514, 1613, 1725, 2856, 2930, 2953 cm�1; MS (EI):
m/z (%): 190 (5), 189 (4), 187 (7), 171 (10), 152 (11), 145 (43), 135 (32),
122 (22), 121 (100), 77 (17), 75 (95), 73 (16), 71 (18); HRMS (EI): calcd
for C20H34NaO4Si [M+Na]+ : 389.21186; found: 389.21205.


(4S)-4-Benzyl-3-{(2S,3R,5R)-5-{[tert-butyl(dimethyl)silyl]oxy}-3-hydroxy-
8-[(4-methoxybenzyl)oxy]-2-methyloctanoyl}-1,3-oxazolidin-2-one (10):
Titanium(iv) chloride (0.94 mL, 1.62 g, 8.55 mmol) was added dropwise
to a stirred, cooled (0 8C) solution of (4S)-4-(benzyl)-3-propanoyl-1,3-ox-
azolidin-2-one[23] (9) (1.90 g, 8.15 mmol) in CH2Cl2 (60 mL) and the re-
sulting mixture was allowed to stir for 5 min. Subsequently, TMEDA
(3.05 mL, 2.37 g, 20.4 mmol) was added to the yellow slurry. The dark-
red enolate solution was stirred for 20 min at 0 8C before a solution of al-
dehyde 8 (3.28 g, 8.96 mmol) in CH2Cl2 (45 mL) was added dropwise and
the mixture was stirred for 1 h at 0 8C. The reaction was quenched with
half-saturated aqueous NH4Cl solution (20 mL) and allowed to warm to
room temperature. After separation of the layers, the aqueous layer was
extracted with CH2Cl2 (2N30 mL) and the combined organic layers were
dried (Na2SO4), filtered, and concentrated in vacuo. Purification of the
residue by flash chromatography afforded the desired product 10 (3.81 g,
78%) as a colorless viscous oil. Rf=0.48 (petroleum ether/diethyl ether,
2:3); [a]D=++35.4 (c=1.43, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=


0.06, 0.07 (2Ns, 3H each; Si(CH3)2), 0.86 (s, 9H; SiC(CH3)3), 1.25 (d, J=
7.0 Hz, 3H; CH3), 1.51–1.72 (m, 6H; H-6, H-4, H-7), 2.75 (dd, J=13.4,
9.6 Hz, 1H; Bn CH2), 3.25 (dd, J=13.4, 3.2 Hz, 1H; Bn CH2), 3.31 (br s,
1H; OH), 3.39–3.45 (m, 2H; H-8), 3.74 (qd, J=7.0, 4.0 Hz, 1H; H-2),
3.78 (s, 3H; PMB CH3), 3.90–3.98 (m, 1H; H-5), 4.05 (ddd, J=9.2, 3.8,
3.0 Hz, 1H; H-3), 4.15 (dd, J=9.1, 3.3 Hz, 1H; H-5’a), 4.18 (dd, J=9.1,
6.8 Hz, 1H; H-5’b), 4.41 (s, 2H; PMB CH2), 4.67 (dddd, J=9.6, 6.8, 3.3,
3.2 Hz, 1H; H-4’), 6.86 (d, J=8.6 Hz, 2H; PMB H-3,5), 7.18–7.34 ppm
(m, 7H; Bn H, PMB H-2,6); 13C NMR (100 MHz, CDCl3): d=�4.7
(Si(CH3)2), �4.2 (Si(CH3)2), 11.2 (CH3), 18.0 (SiC), 25.0 (C-7), 25.8
(C(CH3)3), 33.9 (C-6), 37.7 (Bn CH2), 40.4 (C-4), 42.8 (C-2), 55.2 (PMB
CH3), 55.3 (C-4’), 66.1 (C-5’), 70.1 (C-8), 70.3 (C-3), 71.6 (C-5), 72.5
(PMB CH2), 113.7 (PMB C-3,5), 127.4 (Bn C-4), 128.9 (Bn C-3,5), 129.2
(PMB C-2,6), 129.4 (Bn C-2,6), 130.6 (PMB C-1), 135.2 (Bn C-1), 153.0
(C-2’), 159.1 (PMB C-4), 176.5 ppm (C-1); IR (film): ñ=1037, 1112, 1210,
1248, 1362, 1385, 1455, 1513, 1696, 1783, 2856, 2930, 2953, 3525 cm�1; MS
(EI): m/z (%): 233 (2), 142 (3), 122 (10), 121 (100), 91 (5), 57 (10);
HRMS (ESI): calcd for C33H49NNaO7Si [M+Na]+ : 622.31705; found:
622.31728.


(4S)-4-Benzyl-3-[(2S,3R,5R)-5-{[tert-butyl(dimethyl)silyl]oxy}-8-[(4-me-
thoxybenzyl)oxy]-3-(methoxymethoxy)-2-methyloctanoyl]-1,3-oxazolidin-
2-one (11): N,N-diisopropylethylamine (2.60 mL, 1.97 g, 15.2 mmol),
chloromethylmethyl ether (0.58 mL, 0.61 g, 7.60 mmol), and TBAI
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(28 mg, 76 mmol) were added to a stirred, cooled (0 8C) solution of alco-
hol 10 (0.46 g, 0.76 mmol) in CH2Cl2 (15 mL). The reaction mixture was
protected from light and allowed to warm to room temperature within
12 h while being stirred. The reaction mixture was treated with saturated
aqueous NaHCO3 solution (20 mL) and diluted with Et2O (30 mL). After
separation of the phases, the organic layer was washed with 1n HCl
(10 mL) and brine (6 mL), and the aqueous layer was extracted with
Et2O (2N20 mL). The combined organic extracts were dried (Na2SO4),
filtered, and concentrated in vacuo. Flash chromatography of the residue
provided MOM ether 11 (0.42 g, 86%) as a slightly yellow viscous oil.
Rf=0.62 (petroleum ether/diethyl ether, 1:2); [a]D=++70.3 (c=1.22,
CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.02, 0.03 (2Ns, 3H each;
Si(CH3)2), 0.86 (s, 9H; SiC(CH3)3), 1.21 (d, J=7.0 Hz, 3H; CH3), 1.39–
1.48 (m, 1H; H-6a), 1.53–1.78 (m, 5H; H-7a, H-6b, H-7b, H-4), 2.75 (dd,
J=13.4, 9.7 Hz, 1H; Bn CH2), 3.27 (dd, J=13.4, 3.0 Hz, 1H; Bn CH2),
3.30 (s, 3H; MOM CH3), 3.43 (t, J=6.5 Hz, 2H; H-8), 3.77 (s, 3H; PMB
CH3), 3.79–3.85 (m, 2H; H-3, H-5), 3.96 (qd, J=7.0, 4.4 Hz, 1H; H-2),
4.09–4.17 (m, 2H; H-5’), 4.41 (s, 2H; PMB CH2), 4.54 (d, J=7.1 Hz, 1H;
MOM CH2), 4.55–4.62 (m, 1H; H-4’), 4.60 (d, J=7.1 Hz, 1H; MOM
CH2), 6.85 (d, J=8.6 Hz, 2H; PMB H-3,5), 7.17–7.33 ppm (m, 7H; Bn
H-2,6, PMB H-2,6, Bn H-4, Bn H-3,5); 13C NMR (100 MHz, CDCl3): d=
�4.6 (Si(CH3)2), �4.5 (Si(CH3)2), 12.1 (CH3), 18.0 (SiC), 25.3 (C-7), 25.9
(C(CH3)3), 32.7 (C-6), 37.7 (Bn CH2), 40.7 (C-4), 41.8 (C-2), 55.2 (PMB
CH3), 55.8 (C-4’), 56.1 (MOM CH3) 66.0 (C-5’), 69.2 (C-5), 70.3 (C-8),
72.3 (PMB CH2), 76.6 (C-3), 96.5 (MOM CH2), 113.7 (PMB C-3,5), 127.3
(Bn C-4), 128.9 (Bn C-3,5), 129.2 (PMB C-2,6), 129.4 (Bn C-2,6), 130.8
(PMB C-1), 135.3 (Bn C-1), 153.2 (C-2’), 159.0 (PMB C-4), 174.8 ppm
(C-1); IR (film): ñ=1035, 1100, 1210, 1249, 1382, 1455, 1513, 1782, 2855,
2930, 2953 cm�1; MS (EI): m/z (%): 233 (8), 177 (4), 149 (11), 142 (16),
136 (36), 135 (56), 121 (68), 91 (22), 75 (36), 57 (100); HRMS (ESI):
calcd for C35H53NNaO8Si [M+Na]+ : 666.34327; found: 666.34223.


(2R,3R,5R)-5-{[tert-Butyl(dimethyl)silyl]oxy}-8-[(4-methoxybenzyl)oxy]-
3-(methoxymethoxy)-2-methyl-1-octanol (12): A solution of sodium boro-
hydride (0.81 g, 21.5 mmol) in water (22 mL) was added dropwise to a
cooled (0 8C) solution of amide 11 (2.77, 4.30 mmol) in THF (45 mL).
Stirring was continued for 12 h with concomitant warming of the mixture
to room temperature. The solution was treated with saturated aqueous
NH4Cl solution (40 mL), stirred for 1 h, and transferred into a separation
funnel. After extraction with ethyl acetate (3N40 mL), the combined or-
ganic layers were dried over MgSO4, filtered, and concentrated in vacuo.
Flash chromatography of the residue provided alcohol 12 (1.63 g, 80%)
as a colorless oil. Rf=0.42 (petroleum ether/ethyl acetate, 2:1); [a]D=
�13.4 (c=1.20, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.03, 0.05 (2N
s, 3H each; Si(CH3)2), 0.80 (d, J=7.0 Hz, 3H; CH3), 0.87 (s, 9H;
SiC(CH3)3), 1.43–1.75 (m, 6H; H-6, H-7, H-4), 1.88–1.98 (m, 1H; H-2),
2.70 (br s, 1H; OH), 3.37 (s, 3H; MOM CH3), 3.42 (t, J=6.4 Hz, 2H; H-
8), 3.51 (dd, J=11.0, 5.3 Hz, 1H H-1a), 3.60 (dd, J=11.0, 8.9 Hz, 1H; H-
1b), 3.71–3.77 (m, 1H; H-5), 3.77–3.84 (m, 1H; H-3), 3.79 (s, 3H; PMB
CH3), 4.41 (s, 2H; PMB CH2), 4.60 (d, J=6.6 Hz, 1H; MOM CH2), 4.62
(d, J=6.6 Hz, 1H; MOM CH2), 6.86 (d, J=8.6 Hz, 2H; PMB H-3,5),
7.24 ppm (d, J=8.6 Hz, 2H; PMB H-2,6); 13C NMR (100 MHz, CDCl3):
d=�4.4 (Si(CH3)2), �4.4 (Si(CH3)2), 10.9 (CH3), 18.0 (SiC), 25.4 (C-7),
25.9 (C(CH3)3), 33.6 (C-6), 37.7 (C-2), 38.6 (C-4), 55.2 (PMB CH3), 55.9
(MOM CH3) 65.3 (C-1), 69.2 (C-5), 70.2 (C-8), 72.5 (PMB CH2), 76.7 (C-
3), 96.3 (MOM CH2), 113.7 (PMB C-3,5), 129.2 (PMB C-2,6), 130.6
(PMB C-1), 159.1 ppm (PMB C-4); IR (film): ñ=1038, 1095, 1249, 1514,
2856, 2930, 2952, 3466 cm�1; MS (EI): m/z (%): 349 (2), 167 (2), 149 (7),
122 (9), 121 (100), 89 (6), 77 (6), 73 (6), 59 (9), 58 (9), 43 (36); HRMS
(ESI): calcd for C25H46NaO6Si [M+Na]+ : 493.29559; found: 493.29557.


(2R,3R,5R)-5-{[tert-Butyl(dimethyl)silyl]oxy}-8-[(4-methoxybenzyl)oxy]-
3-(methoxymethoxy)-2-methyloctyl 4-methylbenzenesulfonate (13): p-
Toluenesulfonyl chloride (1.17 g, 6.11 mmol) was added to a stirred so-
lution of alcohol 12 (0.96 g, 2.04 mmol) in pyridine (4 mL) at 0 8C. After
being stirred for 5 h, the reaction was quenched by addition of ice (0.5 g)
and H2O (8 mL). The mixture was diluted with Et2O (40 mL) and
washed with saturated aqueous NaHCO3 solution (7 mL), 1n HCl
(7 mL), and brine (7 mL). The organic layer was dried (Na2SO4), filtered,
and concentrated in vacuo. Filtration of the residue over a short pad of
silica gel and evaporation of the solvent gave the pure tosylate 13 (1.27 g,
100%) as a colorless oil. Rf=0.55 (petroleum ether/diethyl ether, 1:1);
[a]D=++1.6 (c=1.00, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.01, 0.01


(2Ns, 3H each; Si(CH3)2), 0.82–0.87 (m, 3H; CH3), 0.84 (s, 9H;
SiC(CH3)3), 1.40–1.65 (m, 6H; H-6, H-7, H-4), 1.98–2.09 (m, 1H; H-2),
2.43 (s, 3H; Ts CH3), 3.25 (s, 3H; MOM CH3), 3.40 (t, J=6.5 Hz, 2H; H-
8), 3.63 (td, J=6.5, 2.6 Hz, 1H; H-3), 3.65–3.72 (m, 1H; H-5), 3.79 (s,
3H; PMB CH3), 3.87 (dd, J=9.2, 7.5 Hz, 1H; H-1a), 4.05 (dd, J=9.2,
6.4 Hz, 1H; H-1b), 4.41 (s, 2H; PMB CH2), 4.45 (d, J=6.8 Hz, 1H;
MOM CH2), 4.50 (d, J=6.8 Hz, 1H; MOM CH2), 6.86 (d, J=8.6 Hz, 2H;
PMB H-3,5), 7.24 (d, J=8.6 Hz, 2H; PMB H-2,6), 7.32 (d, J=8.2 Hz,
2H; Ts H-3,5), 7.77 ppm (d, J=8.2 Hz, 2H; Ts H-2,6); 13C NMR
(100 MHz, CDCl3): d=�4.5 (Si(CH3)2), �4.4 (Si(CH3)2), 10.8 (CH3), 18.0
(SiC), 21.6 (Ts CH3), 25.3 (C-7), 25.8 (C(CH3)3), 33.5 (C-6), 36.0 (C-2),
38.5 (C-4), 55.2 (PMB CH3), 55.7 (MOM CH3) 69.0 (C-5), 70.1 (C-8),
72.4 (C-1), 72.5 (PMB CH2), 75.1 (C-3), 96.2 (MOM CH2), 113.7 (PMB
C-3,5), 127.9 (Ts C-2,6), 129.2 (PMB C-2,6), 129.8 (Ts C-3,5), 130.6
(PMB C-1), 133.1 (Ts C-1), 144.6 (Ts C-4), 159.1 ppm (PMB C-4); IR
(film): ñ=969, 1038, 1097, 1178, 1189, 1249, 1363, 1464, 1513, 2855, 2929,
2952 cm�1; MS (EI): m/z (%): 233 (2), 189 (6), 147 (34), 122 (10), 121
(100), 91 (6), 57 (17); HRMS (ESI): calcd for C32H52NaO8SSi [M+Na]+ :
647.30444; found: 647.30360.


(4R,6R)-4-{[tert-Butyl(dimethyl)silyl]oxy}-1-[(4-methoxybenzyl)oxy]-6-
(methoxymethoxy)-7-methyloct-7-ene (14): A mixture of tosylate 13
(1.54 g, 2.46 mmol), NaI (923 mg, 6.16 mmol), and DBU (1.86 mL, 1.88 g,
12.3 mmol) in glyme (35 mL) was refluxed with stirring for 3 h. The so-
lution was cooled to room temperature, diluted with Et2O (60 mL), and
washed with saturated aqueous NaHCO3 solution (10 mL), 1n HCl
(10 mL), and brine (10 mL). The organic layer was dried (Na2SO4), fil-
tered, and concentrated in vacuo. Filtration of the residue over a short
pad of silica gel gave pure alkene 14 (0.99 g, 89%) as a slightly yellow
oil. Rf=0.78 (petroleum ether/diethyl ether, 1:1); [a]D=++53.4 (c=1.23,
CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.03 (s, 6H; Si(CH3)2), 0.87 (s,
9H; SiC(CH3)3), 1.43–1.54 (m, 1H; H-3a), 1.55–1.73 (m, 4H; H-3b, H-5a,
H-2), 1.63 (s, 3H; CH3), 1.74–1.84 (m, 1H; H-5b), 3.32 (s, 3H; MOM
CH3), 3.42 (t, J=6.4 Hz, 2H; H-8), 3.74–3.80 (m, 1H; H-4), 3.78 (s, 3H;
PMB CH3), 4.10 (dd, J=7.7, 5.9 Hz, 1H; H-6), 4.41 (s, 2H; PMB CH2),
4.44 (d, J=6.7 Hz, 1H; MOM CH2), 4.57 (d, J=6.7 Hz, 1H; MOM CH2),
4.91 (s, 2H; H-8), 6.85 (d, J=8.6 Hz, 2H; PMB H-3,5), 7.24 ppm (d, J=
8.6 Hz, 2H; PMB H-2,6); 13C NMR (100 MHz, CDCl3): d=�4.4
(Si(CH3)2), �4.3 (Si(CH3)2), 16.7 (CH3), 18.0 (SiC), 25.4 (C-2), 25.9
(C(CH3)3), 33.2 (C-3), 41.2 (C-5), 55.2 (PMB CH3), 55.5 (MOM CH3)
69.2 (C-4), 70.3 (C-1), 72.4 (PMB CH2), 76.9 (C-6), 93.3 (MOM CH2),
113.7 (PMB C-3,5), 114.2, (C-8), 129.1 (PMB C-2,6), 130.7 (PMB C-1),
143.8 (C-7), 159.0 ppm (PMB C-4); IR (film): ñ=1037, 1065, 1095, 1153,
1249, 1463, 1514, 1613, 2856, 2886, 2930, 2952 cm�1; MS (EI): m/z (%):
292 (3), 149 (4), 135 (7), 122 (9), 121 (100), 89 (8), 77 (10), 57 (7); HRMS
(ESI): calcd for C25H44NaO5Si [M+Na]+ : 475.28502; found: 475.28523.


Methyl 2-[(2E,5S,6R,8R)-8-{[tert-butyl(dimethyl)silyl]oxy}-11-[(4-meth-
oxybenzyl)oxy]-6-(methoxymethoxy)-5-methyl-2-undecenyl]-6-methoxy-
benzoate (16): 9-BBN (0.5m solution in THF, 2.67 mL, 1.34 mmol) was
added to olefin 14 (403 mg, 0.89 mmol) in THF (9 mL) at 0 8C. After
being stirred for 12 h at room temperature, the solution was cooled to
0 8C and treated with [PdCl2(dppf)] (73 mg, 0.089 mmol), vinyl iodide[15e]


15 (266 mg, 0.80 mmol), and 3n NaOH (0.89 mL). The mixture was
heated to 40 8C for 4 h, cooled to room temperature, and diluted with
Et2O (20 mL) and brine (20 mL). After separation of the phases, the
aqueous layer was extracted with Et2O (3N20 mL) and the combined or-
ganic layers were dried (Na2SO4), filtered, and concentrated in vacuo. Pu-
rification by flash chromatography (petroleum ether/ethyl acetate, 4:1,
and CH2Cl2/acetone, 30:1) afforded coupling product 16 (444 mg, 84%)
as a light-yellow oil. Rf=0.29 (petroleum ether/ethyl acetate, 5:1); [a]D=
+15.5 (c=1.38, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.04, 0.05 (2N
s, 3H each; Si(CH3)2), 0.85–0.90 (m, 3H; CH3), 0.88 (s, 9H; SiC(CH3)3),
1.34–1.52 (m, 2H; H-9a, H-7a), 1.52–1.75 (m, 4H; H-9b, H-7b, H-10),
1.75–1.85 (m, 2H; H-5, H-4a), 2.00–2.05 (m, 1H; H-4b), 3.27 (d, J=
6.1 Hz, 2H; H-1), 3.34 (s, 3H; MOM CH3), 3.41 (t, J=6.5 Hz, 2H; H-
11), 3.43–3.49 (m, 1H; H-6), 3.77 (s, 3H; PMB CH3), 3.79 (s, 3H; Ph�
OCH3), 3.79–3.85 (m, 1H; H-8), 3.87 (s, 3H; CO2CH3), 4.41 (s, 2H; PMB
CH2), 4.55 (d, J=6.8 Hz, 1H; MOM CH2), 4.60 (d, J=6.8 Hz, 1H; MOM
CH2), 5.41 (dt, J=15.2, 6.4 Hz, 1H; H-3), 5.51 (dt, J=15.2, 6.1 Hz, 1H;
H-2), 6.75 (d, J=8.3 Hz, 1H; H-3’), 6.80 (d, J=7.6 Hz, 1H; H-5’), 6.85
(d, J=8.5 Hz, 2H; PMB H-3,5), 7.24 (d, J=8.5 Hz, 2H; PMB H-2,6),
7.24–7.27 ppm (m, 1H; H-4’); 13C NMR (100 MHz, CDCl3): d=�4.6
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(Si(CH3)2), �4.4 (Si(CH3)2), 14.1 (CH3), 18.0 (SiC), 25.3 (C-10), 25.8
(C(CH3)3), 32.8 (C-9), 35.6 (C-4), 36.1 (C-1), 36.4 (C-5), 37.7 (C-7), 52.0
(CO2CH3), 55.1 (PMB CH3), 55.6 (MOM CH3) 55.7 (Ph�OCH3), 69.4 (C-
8), 70.2 (C-11), 72.3 (PMB CH2), 78.3 (C-6), 95.6 (MOM CH2), 108.6 (C-
3’), 113.6 (PMB C-3,5), 121.5 (C-5’), 123.3 (C-1’), 129.1 (PMB C-2,6),
129.1 (C-2), 130.3 (C-4’), 130.6 (PMB C-1), 130.7 (C-3), 139.2 (C-6’),
156.3 (C-2’), 159.0 (PMB C-4), 168.5 ppm (CO2CH3); IR (film): ñ=1038,
1071, 1109, 1249, 1470, 1513, 1734, 2855, 2931, 2952 cm�1; MS (EI): m/z
(%): 293 (2), 192 (5), 181 (10), 178 (10), 176 (10), 170 (17), 168 (12), 166
(16), 150 (16), 141 (17), 137 (47), 121 (100), 97 (14), 77 (8); HRMS (ESI):
calcd for C37H58NaO8Si [M+Na]+: 681.37932; found: 681.37870.


Methyl 2-[(2E,5S,6R,8R)-8-hydroxy-11-[(4-methoxybenzyl)oxy]-6-(meth-
oxymethoxy)-5-methyl-2-undecenyl]-6-methoxybenzoate (17): TBAF (1m
in THF, 1.57 mL, 1.57 mmol) was added to a solution of TBDMS ether
16 (345 mg, 0.52 mmol) in THF (5.2 mL) at 0 8C. After being stirred for
2 days, the solution was treated with saturated aqueous NaHCO3 solution
(10 mL) and the mixture was extracted with Et2O (3N15 mL). The com-
bined extracts were dried (Na2SO4), filtered, and concentrated. Flash
chromatography of the residue gave the desired alcohol 17 (284 mg,
100%) as a colorless oil. Rf=0.53 (diethyl ether); [a]D=++19.5 (c=1.00,
CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.85 (d, J=6.3 Hz, 3H; CH3),
1.40–1.60 (m, 4H; H-7, H-9), 1.60–1.75 (m, 2H; H-10), 1.75–2.00 (m, 4H;
H-4a, H-5, H-4b), 3.27 (d, J=6.4 Hz, 2H; H-1), 3.37 (s, 3H; MOM CH3),
3.42–3.48 (m, 2H; H-11), 3.53 (d, J=1.7 Hz, 1H; OH), 3.65–3.74 (m, 2H;
H-6, H-8), 3.77 (s, 3H; PMB CH3), 3.79 (s, 3H; Ph�OCH3), 3.87 (s, 3H;
CO2CH3), 4.42 (s, 2H; PMB CH2), 4.60 (d, J=6.8 Hz, 1H; MOM CH2),
4.69 (d, J=6.8 Hz, 1H; MOM CH2), 5.39 (dt, J=15.2, 6.5 Hz, 1H; H-3),
5.50 (dt, J=15.2, 6.4 Hz, 1H; H-2), 6.75 (d, J=8.4 Hz, 1H; H-3’), 6.79 (d,
J=7.7 Hz, 1H; H-5’), 6.85 (d, J=8.6 Hz, 2H; PMB H-3,5), 7.24 (d, J=
8.6 Hz, 2H; PMB H-2,6), 7.26 ppm (dd, J=8.4, 7.7 Hz, 1H; H-4’);
13C NMR (100 MHz, CDCl3): d=13.5 (CH3), 25.7 (C-10), 34.3 (C-9), 35.5
(C-5), 35.9 (C-7), 36.0 (C-4), 36.3 (C-1), 52.0 (CO2CH3), 55.1 (PMB
CH3), 55.7 (Ph�OCH3), 55.8 (MOM CH3), 70.0 (C-11), 70.8 (C-8), 72.4
(PMB CH2), 81.0 (C-6), 95.3 (MOM CH2), 108.7 (C-3’), 113.6 (PMB
C-3,5), 121.4 (C-5’), 123.2 (C-1’), 129.1 (PMB C-2,6), 129.4 (C-2), 130.2
(C-3), 130.3 (C-4’), 130.4 (PMB C-1), 139.1 (C-6’), 156.3 (C-2’), 159.0
(PMB C-4), 168.5 ppm (CO2CH3); IR (film): ñ=1169, 1248, 1263, 1363,
1439, 1469, 1513, 1584, 1732, 2849, 2948, 3494 cm�1; MS (EI): m/z (%):
359 (2), 311 (3), 243 (3), 199 (4), 190 (5), 187 (7), 137 (11), 122 (10), 121
(100); HRMS (ESI): calcd for C31H44NaO8 [M+Na]+: 567.29284; found:
567.29316.


2-[(2E,5S,6R,8R)-8-Hydroxy-11-[(4-methoxybenzyl)oxy]-6-(methoxyme-
thoxy)-5-methyl-2-undecenyl]-6-methoxybenzoic acid (18): A solution of
methyl ester 17 (352 mg, 0.65 mmol) in a mixture of THF (4 mL), ethanol
(8 mL), and H2O (8 mL) was treated with LiOH·H2O (271 mg,
6.46 mmol) and stirred at 70 8C for 3 days. After being allowed to cool to
room temperature, the reaction mixture was diluted with Et2O (20 mL)
and water (50 mL). The organic layer containing unreacted starting mate-
rial and side products was washed with water (10 mL), dried (Na2SO4),
and concentrated separately. The combined aqueous layers were acidified
(pH�3) by addition of 1n HCl at 0 8C and extracted with EtOAc (3N
30 mL). The combined extracts were washed with brine (10 mL), dried
(MgSO4), filtered, and concentrated to give the desired acid 18 (317 mg,
92%) as a light-yellow oil. Rf=0.52 (petroleum ether/ethyl acetate, 1:3);
[a]D=++26.5 (c=0.75, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.84 (d,
J=6.3 Hz, 3H; CH3), 1.42–1.62 (m, 4H; H-9, H-7), 1.62–1.75 (m, 2H; H-
10), 1.78–1.99 (m, 4H; H-4a, H-5, H-4b), 3.31–3.57 (m, 2H; H-1), 3.41 (s,
3H; MOM CH3), 3.43–3.57 (m, 1H; OH), 3.45 (t, J=6.6 Hz, 2H; H-11),
3.67–3.83 (m, 2H; H-8, H-6), 3.77 (s, 3H; PMB CH3), 3.81 (s, 3H; Ph�
OCH3), 4.44 (s, 2H; PMB CH2), 4.61 (d, J=6.9 Hz, 1H; MOM CH2),
4.77 (d, J=6.9 Hz, 1H; MOM CH2), 5.36–5.54 (m, 2H; H-3, H-2), 6.77
(d, J=8.3 Hz, 1H; H-3’), 6.78 (d, J=7.4 Hz, 1H; H-5’), 6.85 (d, J=
8.5 Hz, 2H; PMB H-3,5), 6.97 (br s, 1H; CO2H), 7.24 (d, J=8.5 Hz, 2H;
PMB H-2,6), 7.24–7.28 ppm (m, 1H; H-4’); 13C NMR (100 MHz, CDCl3):
d=13.8 (CH3), 25.7 (C-10), 34.0 (C-9), 35.0 (C-7), 35.0 (C-5), 36.4 (C-4),
36.9 (C-1), 55.2 (PMB CH3), 55.7 (MOM CH3), 55.9 (Ph�OCH3), 70.0
(C-11), 71.1 (C-8), 72.4 (PMB CH2), 79.4 (C-6), 94.4 (MOM CH2), 109.1
(C-3’), 113.7 (PMB C-3,5), 122.2 (C-5’), 122.9 (C-1’), 129.4 (PMB C-2,6),
129.6 (C-2), 129.8 (C-3), 130.2 (PMB C-1), 130.6 (C-4’), 139.6 (C-6’),
156.6 (C-2’), 159.1 (PMB C-4), 169.5 ppm (CO2H); IR (film): ñ=1035,
1083, 1249, 1265, 1470, 1513, 1584, 1725, 2840, 2937, 3431 cm�1; MS (EI):


m/z (%): 361(2), 311 (2), 187 (5), 137 (12), 122 (13), 121 (100); HRMS
(ESI): calcd for C30H42NaO8 [M+Na]+ : 553.27719; found: 553.27712.


(3S,5R,6S)-14-Methoxy-3-{3-[(4-methoxybenzyl)oxy]propyl}-5-(methoxy-
methoxy)-6-methyl-3,4,5,6,7,10-hexahydro-1H-2-benzoxacyclododecin-1-
one (19)


Method A (from the hydroxy acid 18): Polymer-bound PPh3 (1.6 mmol of
P per g of resin, 365 mg, 584 mmol) was added to a cooled (0 8C) solution
of hydroxy acid 18 (62 mg, 117 mmol) in THF (5.9 mL). After being
shaken for 15 min at room temperature, the slurry was recooled to 0 8C
and treated dropwise with DEAD (�40% solution in toluene, 102 mL,
41 mg, 234 mmol). Over a period of 24 h with agitation, the reaction mix-
ture was allowed to warm to room temperature. The resin was filtered
off and washed thoroughly with THF. After evaporation of the solvent,
the residue was purified by flash chromatography to give the desired lac-
tone (E)-19 (43 mg, 72%) as a colorless oil. Rf=0.75 (petroleum ether/
ethyl acetate, 1:1).


Method B (by ring-closing metathesis from the diene 28): The second-gen-
eration Grubbs catalyst 29 (13.3 mg, 15.7 mmol) was added to a solution
of diene 28 (85.0 mg, 157 mmol) in toluene (160 mL) and the light-purple
solution was heated to 70 8C for 2 h. After completion of the reaction
(checked by 1H NMR spectroscopy), ethoxyethylene (0.41 mL, 567 mg,
7.86 mmol) was added and the solution was allowed to cool to room tem-
perature. The solvent was removed in vacuo and the residue was purified
by flash chromatography. Both isomers, E macrolactone (E)-19 (61.0 mg,
75%) and Z derivative (Z)-19 (9.8 mg, 12%), could be isolated as slightly
yellow waxes.


Compound (E)-19 : [a]D=�42.3 (c=1.25, CH2Cl2);
1H NMR (400 MHz,


CDCl3): d=0.85 (d, J=6.8 Hz, 3H; CH3), 1.41 (dd, J=15.5, 9.4 Hz, 1H;
H-14a), 1.62–1.78 (m, 5H; H-11a, H-16, H-14b, H-17a), 1.82–1.90 (m,
1H; H-17b), 2.06–2.16 (m, 1H; H-12), 2.28 (brd, J=14.2 Hz, 1H; H-
11b), 3.31 (brd, J=16.6 Hz, 1H; H-8a), 3.43 (s, 3H; MOM CH3), 3.47 (t,
J=6.3 Hz, 2H; H-18), 3.70 (dd, J=16.6, 9.5 Hz, 1H; H-8b), 3.74 (s, 3H;
PMB CH3), 3.79 (s, 3H; Ph�OCH3), 4.10–4.15 (m, 1H; H-13), 4.42 (s,
2H; PMB CH2), 4.78 (d, J=6.7 Hz, 1H; MOM CH2), 4.89 (d, J=6.7 Hz,
1H; MOM CH2), 5.26–5.38 (m, 2H; H-15, H-9), 5.42–5.52 (m, 1H; H-
10), 6.74 (d, J=7.7 Hz, 1H; H-6), 6.78 (d, J=8.4 Hz, 1H; H-4), 6.86 (d,
J=8.6 Hz, 2H; PMB H-3,5), 7.24 (d, J=8.6 Hz, 2H; PMB H-2,6), 7.18–
7.23 ppm (m, 1H; H-5); 13C NMR (100 MHz, CDCl3): d=13.3 (CH3),
25.6 (C-17), 32.8 (C-16), 34.1 (C-12), 35.7 (C-14), 37.7 (C-8), 37.8 (C-11),
55.3 (PMB CH3), 55.3 (Ph�OCH3), 55.5 (MOM CH3), 69.7 (C-18), 72.5
(PMB CH2), 74.5 (C-15), 79.4 (C-13), 97.0 (MOM CH2), 109.1 (C-4),
113.7 (PMB C-3,5), 122.7 (C-6), 124.7 (C-2), 128.6 (C-9), 129.1 (PMB C-
2,6), 129.9 (C-5), 130.8 (PMB C-1), 131.3 (C-10), 138.9 (C-7), 156.5 (C-3),
159.1 (PMB C-4), 168.5 ppm (C-1); IR (film): ñ=1040, 1096, 1249, 1275,
1468, 1513, 1583, 1721, 2851, 2927, 2952 cm�1; MS (EI): m/z (%): 480
(12), 467 (9), 315 (10), 259 (4), 245 (6), 227 (7), 203 (11), 190 (20), 134
(12), 122 (17), 121 (100), 45 (23); HRMS (ESI): calcd for C30H40NaO7


[M+Na]+ : 535.26662; found: 535.26633.


Compound (Z)-19 (minor product from ring-closing metathesis): Rf=0.48
(petroleum ether/ethyl acetate, 2:1); [a]D=�4.8 (c=1.00, CH2Cl2);
1H NMR (400 MHz, CDCl3): d=0.92 (d, J=6.2 Hz, 3H; CH3), 1.56 (dd,
J=15.4, 9.3 Hz, 1H; H-14a), 1.65–1.80 (m, 4H; H-17, H-16), 1.83–1.90
(m, 1H; H-11a), 1.87 (dd, J=15.4, 9.7 Hz, 1H; H-14b), 2.02–2.16 (m,
2H; H-12, H-11b), 3.01 (brd, J=15.6 Hz, 1H; H-8a), 3.39 (s, 3H; MOM
CH3), 3.41–3.48 (m, 2H; H-18), 3.77–3.81 (m, 1H; H-13), 3.79 (s, 3H;
PMB CH3), 3.80 (s, 3H; Ph�OCH3), 3.96 (br dd, J=15.6, 8.4 Hz, 1H; H-
8b), 4.39 (s, 2H; PMB CH2), 4.72 (d, J=6.7 Hz, 1H; MOM CH2), 4.78
(d, J=6.7 Hz, 1H; MOM CH2), 5.30–5.40 (m, 3H; H-9, H-10, H-15), 6.80
(d, J=7.5 Hz, 1H; H-4), 6.80 (d, J=8.5 Hz, 1H; H-6), 6.85 (d, J=8.6 Hz,
2H; PMB H-3,5), 7.22 (d, J=8.6 Hz, 2H; PMB H-2,6), 7.27 ppm (dd, J=
8.5, 7.5 Hz, 1H; H-5); 13C NMR (100 MHz, CDCl3): d=13.4 (CH3), 25.7
(C-17), 32.0 (C-11), 32.1 (C-16), 32.5 (C-8), 36.3 (C-14), 36.5 (C-12), 55.2
(PMB CH3), 55.5 (MOM CH3), 55.9 (Ph�OCH3), 69.5 (C-18), 72.4 (PMB
CH2), 74.1 (C-15), 78.0 (C-13), 97.4 (MOM CH2), 109.4 (C-4), 113.7
(PMB C-3,5), 122.7 (C-6), 123.6 (C-2), 128.7 (C-9), 129.2 (PMB C-2,6),
129.3 (C-10), 130.7 (PMB C-1), 130.7 (C-5), 140.0 (C-7), 157.1 (C-3),
159.1 (PMB C-4), 167.1 ppm (C-1); IR (film): ñ=1038, 1096, 1264, 1469,
1513, 1729, 2852, 2929, 2953, 3002 cm�1; MS (EI): m/z (%): 480 (3), 467
(3), 331 (3), 314 (4), 227 (5), 203 (9), 190 (12), 163 (11), 148 (10), 122
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(11), 121 (100), 91 (5), 45 (6); HRMS (FAB): calcd for C30H40NaO7


[M+Na]+ : 535.26716; found: 535.27231.


(4S)-4-Benzyl-3-((2S)-2-{(1R,3R)-3-{[tert-butyl(dimethyl)silyl]oxy}-1-hy-
droxy-6-[(4-methoxybenzyl)oxy]hexyl}-4-pentenoyl)-1,3-oxazolidin-2-one
(21): Titanium(iv) chloride (0.89 mL, 1.53 g, 8.07 mmol) was added drop-
wise to a stirred, cooled (0 8C) solution of (4S)-4-benzyl-3-(4-pentenoyl)-
1,3-oxazolidin-2-one[27] (20) (1.99 g, 7.69 mmol) in CH2Cl2 (80 mL) and
the mixture was allowed to stir for 5 min. Subsequently, (�)-sparteine
(4.42 mL, 4.51 g, 19.2 mmol) was added to the yellow slurry. The dark-
red enolate solution was stirred for 20 min at 0 8C before a solution of al-
dehyde 8 (3.10 g, 8.46 mmol) in CH2Cl2 (45 mL) was added dropwise and
the mixture was stirred for 1 h at 0 8C. The reaction was quenched with
half-saturated aqueous NH4Cl solution (20 mL) and allowed to warm to
room temperature. After separation of the layers, the aqueous layer was
extracted with CH2Cl2 (2N30 mL) and the combined organic layers were
dried (Na2SO4), filtered, and concentrated in vacuo. Purification of the
residue by flash chromatography afforded the desired product 21 (3.17 g,
68%) as a colorless viscous oil. Rf=0.60 (petroleum ether/diethyl ether,
2:3); [a]D=++29.9 (c=1.00, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=


0.06, 0.08 (2Ns, 3H each; Si(CH3)2), 0.87 (s, 9H; SiC(CH3)3), 1.51–1.71
(m, 6H; H-4’’, H-5’’, H-2’’), 2.40–2.50 (m, 1H; H-3’a), 2.56–2.65 (m, 2H;
H-3’b, Bn CH2), 3.23–3.32 (m, 2H; Bn CH2, OH), 3.36–3.48 (m, 2H; H-
6’’), 3.78 (s, 3H; PMB CH3), 3.91–3.98 (m, 1H; H-3’’), 4.00–4.06 (m, 1H;
H-1’’), 4.06–4.16 (m, 3H; H-2’, H-5), 4.41 (s, 2H; PMB CH2), 4.66 (dddd,
J=10.1, 5.6, 3.3, 3.3 Hz, 1H; H-4), 5.02 (brd, J=10.1 Hz, 1H; H-5’a),
5.09 (brd, J=17.1 Hz, 1H; H-5’b), 5.85 (dddd, J=17.1, 10.1, 7.2, 7.2 Hz,
1H; H-4’), 6.86 (d, J=8.6 Hz, 2H; PMB H-3,5), 7.17–7.33 ppm (m, 7H;
Bn H-2,6, PMB H-2,6, Bn H-4, Bn H-3,5); 13C NMR (100 MHz, CDCl3):
d=�4.7 (Si(CH3)2), �4.2 (Si(CH3)2), 17.9 (SiC), 24.9 (C-5’’), 25.8
(C(CH3)3), 32.0 (C-3’), 34.1 (C-4’’), 38.0 (Bn CH2), 40.3 (C-2’’), 47.6 (C-
2’), 55.3 (PMB CH3), 55.6 (C-4), 65.9 (C-5), 70.1 (C-6’’), 70.7 (C-1’’), 72.2
(C-3’’), 72.5 (PMB CH2), 113.7 (PMB C-3,5), 117.2 (C-5’), 127.3 (Bn C-4),
128.9 (Bn C-3,5), 129.2 (PMB C-2,6), 129.4 (Bn C-2,6), 130.6 (PMB C-1),
135.3 (Bn C-1), 135.4 (C-4’), 153.3 (C-2), 159.1 (PMB C-4), 174.6 ppm
(C-1’); IR (film): ñ=1036, 1100, 1207, 1250, 1386, 1513, 1612, 1697, 1781,
2856, 2929, 2953, 3482 cm�1; MS (EI): m/z (%): 259 (6), 135 (7), 122 (17),
121 (100), 83 (18), 55 (8); HRMS (ESI): calcd for C35H51NNaO7Si
[M+Na]+ : 648.33270; found: 648.33237.


(4S)-4-Benzyl-3-{(2S)-2-[(1R,3R)-3-{[tert-butyl(dimethyl)silyl]oxy}-6-[(4-
methoxybenzyl)oxy]-1-(methoxymethoxy)hexyl]-4-pentenoyl}-1,3-oxazoli-
din-2-one (22): N,N-diisopropylethylamine (9.63 mL, 7.27 g, 56.2 mmol),
chloromethylmethyl ether (2.14 mL, 2.26 g, 28.1 mmol), and TBAI
(104 mg, 281 mmol) were added to a stirred, cooled (0 8C) solution of al-
cohol 21 (1.76 g, 2.81 mmol) in CH2Cl2 (28 mL). The reaction mixture
was protected from light and stirred for 3 days at room temperature. The
reaction was quenched with saturated aqueous NaHCO3 solution
(60 mL) and the mixture was diluted with Et2O (100 mL). After separa-
tion of the phases, the organic layer was washed with 1n HCl (30 mL)
and brine (20 mL), then the aqueous layer was extracted with Et2O (2N
50 mL). The combined extracts were dried (Na2SO4), filtered, and con-
centrated in vacuo. Flash chromatography of the residue provided MOM
ether 22 (1.54 g, 82%) as a slightly yellow viscous oil. Rf=0.52 (petrole-
um ether/ethyl acetate, 3:1); [a]D=++72.3 (c=1.50, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d=0.03, 0.04 (2Ns, 3H each; Si(CH3)2), 0.87 (s, 9H;
SiC(CH3)3), 1.37–1.48 (m, 1H; H-4’’a), 1.55–1.67 (m, 2H; H-4’’b, H-5’’a),
1.67–1.82 (m, 3H; H-5’’b, H-2’’), 2.32 (ddd, J=14.1, 5.3, 5.3 Hz, 1H; H-
3’a), 2.57 (ddd, J=14.1, 8.7, 8.7 Hz, 1H; H-3’b), 2.67 (dd, J=13.3,
10.0 Hz, 1H; Bn CH2), 3.27 (dd, J=13.3, 2.8 Hz, 1H; Bn CH2), 3.33 (s,
3H; MOM CH3), 3.43 (t, J=6.4 Hz, 2H; H-6’’), 3.77 (s, 3H; PMB CH3),
3.76–3.88 (m, 2H; H-3’’, H-1’’), 4.08–4.15 (m, 2H; H-5), 4.42 (ddd, J=
14.3, 9.5, 4.6 Hz, 1H; H-2’), 4.42 (s, 2H; PMB CH2), 4.50 (d, J=7.1 Hz,
1H; MOM CH2), 4.59–4.68 (m, 1H; H-4), 4.65 (d, J=7.1 Hz, 1H; MOM
CH2), 5.03 (brd, J=10.2 Hz, 1H; H-5’a), 5.10 (brd, J=17.1 Hz, 1H; H-
5’b), 5.81 (dddd, J=17.1, 10.2, 6.9, 6.9 Hz, 1H; H-4’), 6.86 (d, J=8.6 Hz,
2H; PMB H-3,5), 7.18–7.34 ppm (m, 7H; Bn H-2,6, PMB H-2,6, Bn H-4,
Bn H-3,5); 13C NMR (100 MHz, CDCl3): d=�4.7 (Si(CH3)2), �4.4
(Si(CH3)2), 18.0 (SiC), 25.3 (C-5’’), 25.9 (C(CH3)3), 32.4 (C-4’’), 32.6 (C-
3’), 37.8 (Bn CH2), 40.2 (C-2’’), 45.7 (C-2’), 55.2 (PMB CH3), 55.9 (C-4),
56.1 (MOM CH3), 65.7 (C-5), 69.1 (C-1’’), 70.2 (C-6’’), 72.3 (PMB CH2),
75.9 (C-3’’), 96.1 (MOM CH2), 113.6 (PMB C-3,5), 117.1 (C-5’), 127.2
(Bn C-4), 128.8 (Bn C-3,5), 129.1 (PMB C-2,6), 129.4 (Bn C-2,6), 130.7


(PMB C-1), 135.1 (C-4’), 135.4 (Bn C-1), 153.2 (C-2), 159.0 (PMB C-4),
173.4 ppm (C-1’); IR (film): ñ=1031, 1099, 1249, 1383, 1513, 1612, 1698,
1781, 2855, 2929, 2955 cm�1; MS (EI): m/z (%): 580 (3), 460 (9), 430 (4),
386 (3), 251 (4), 190 (4), 145 (6), 135 (11), 122 (24), 121 (100), 45 (6);
HRMS (ESI): calcd for C37H55NNaO8Si [M+Na]+ : 692.35892; found:
692.35871.


(2R)-2-[(1R,3R)-3-{[tert-Butyl(dimethyl)silyl]oxy}-6-[(4-methoxybenzyl)-
oxy]-1-(methoxymethoxy)hexyl]-4-penten-1-ol (23): A solution of sodium
borohydride (395 mg, 10.4 mmol) in water (10 mL) was added dropwise
to a cooled (0 8C) solution of amide 22 (1.40 g, 2.09 mmol) in THF
(20 mL). Stirring was continued for 12 h while the mixture was allowed
to warm to room temperature. The solution was treated with saturated
aqueous NH4Cl solution (20 mL), stirred for 1 h, and transferred into a
separation funnel. After extraction with ethyl acetate (3N20 mL), the
combined organic layers were dried over MgSO4, filtered, and concen-
trated in vacuo. Flash chromatography of the residue provided alcohol 23
(0.89 g, 86%) as a colorless oil. Rf=0.49 (petroleum ether/ethyl acetate,
2:1); [a]D=++6.2 (c=1.50, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=


0.04, 0.05 (2Ns, 3H; Si(CH3)2), 0.87 (s, 9H; SiC(CH3)3), 1.39–1.49 (m,
1H; H-4’a), 1.53–1.69 (m, 4H; H-4’b, H-5’, H-2’a), 1.75 (ddd, J=14.1, 8.1,
5.4 Hz, 1H; H-2’b), 1.89–2.07 (m, 3H; H-2, H-3), 2.69 (dd, J=7.0, 4.7 Hz,
1H; OH), 3.37 (s, 3H; MOM CH3), 3.42 (t, J=6.4 Hz, 2H; H-6’), 3.60
(ddd, J=11.2, 7.0, 4.3 Hz, 1H; H-1a), 3.67 (ddd, J=11.2, 7.8, 4.7 Hz, 1H;
H-1b), 3.75–3.84 (m, 2H; H-3’, H-1’), 3.79 (s, 3H; PMB CH3), 4.41 (s,
2H; PMB CH2), 4.60 (d, J=6.7 Hz, 1H; MOM CH2), 4.63 (d, J=6.7 Hz,
1H; MOM CH2), 5.00 (brd, J=10.1 Hz, 1H; H-5a), 5.04 (brd, J=
17.1 Hz, 1H; H-5b), 5.76 (dddd, J=17.1, 10.1, 6.8, 6.8 Hz, 1H; H-4), 6.86
(d, J=8.6 Hz, 2H; PMB H-3,5), 7.24 ppm (d, J=8.6 Hz, 2H; PMB H-
2,6); 13C NMR (100 MHz, CDCl3): d=�4.4 (Si(CH3)2), �4.4 (Si(CH3)2),
18.0 (SiC), 25.4 (C-5’), 25.9 (C(CH3)3), 31.5 (C-3), 33.3 (C-4’), 38.2 (C-2’),
42.6 (C-2), 55.3 (PMB CH3), 56.0 (MOM CH3), 63.5 (C-1), 69.2 (C-3’),
70.2 (C-6’), 72.5 (PMB CH2), 76.9 (C-1’), 96.1 (MOM CH2), 113.7 (PMB
C-3,5), 116.4 (C-5), 129.2 (PMB C-2,6), 130.7 (PMB C-1), 136.8 (C-4),
159.1 ppm (PMB C-4); IR (film): ñ=1037, 1096, 1249, 1361, 1464, 1513,
1613, 2856, 2887, 2929, 2952, 3074, 3470 cm�1; MS (EI): m/z (%): 460 (2),
430 (3), 241 (5), 135 (11), 122 (10), 121 (100), 91 (3), 45 (3); HRMS
(ESI): calcd for C27H48NaO6Si [M+Na]+ : 519.31124; found: 519.31153.


(2R)-2-[(1R,3R)-3-{[tert-Butyl(dimethyl)silyl]oxy}-6-[(4-methoxybenzyl)-
oxy]-1-(methoxymethoxy)hexyl]-4-pentenyl 4-methylbenzenesulfonate
(24): p-Toluenesulfonyl chloride (380 mg, 1.99 mmol) was added to a stir-
red solution of alcohol 23 (330 mg, 0.66 mmol) in pyridine (1.3 mL) at
0 8C. After being stirred for 12 h at room temperature, the reaction was
quenched by addition of ice (0.2 g) and water (3 mL). The mixture was
diluted with Et2O (15 mL) and washed with saturated aqueous NaHCO3


solution (3 mL), 1n HCl (3 mL), and brine (3 mL). The organic layer
was dried (Na2SO4), filtered, and concentrated in vacuo. Purification of
the residue by flash chromatography gave the pure tosylate 24 (412 mg,
95%) as a colorless oil. Rf=0.46 (petroleum ether/ethyl acetate, 3:1);
[a]D=++8.6 (c=1.50, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.02 (s,
3H; Si(CH3)2a), 0.02 (s, 3H; Si(CH3)2b), 0.86 (s, 9H; SiC(CH3)3), 1.35–
1.45 (m, 1H; H-4’a), 1.48–1.66 (m, 5H; H-4’b, H-2’, H-5’), 1.95–2.04 (m,
1H; H-2), 2.04–2.14 (m, 2H; H-3), 2.42 (s, 3H; Ts CH3), 3.25 (s, 3H;
MOM CH3), 3.41 (t, J=6.4 Hz, 2H; H-6’), 3.63–3.70 (m, 1H; H-1’), 3.70–
3.80 (m, 1H; H-3’), 3.78 (s, 3H; PMB CH3), 4.00 (dd, J=9.4, 5.5 Hz, 1H;
H-1a), 4.08 (dd, J=9.4, 5.9 Hz, 1H; H-1b), 4.41 (s, 2H; PMB CH2), 4.48
(d, J=7.0 Hz, 1H; MOM CH2a), 4.48 (d, J=7.0 Hz, 1H; MOM CH2b),
4.94–5.00 (m, 2H; H-5), 5.59–2.70 (m, 1H; H-4), 6.86 (d, J=8.6 Hz, 2H;
PMB H-3,5), 7.24 (d, J=8.6 Hz, 2H; PMB H-2,6), 7.31 (d, J=8.2 Hz,
2H; Ts H-3,5), 7.31 ppm (d, J=8.2 Hz, 2H; Ts H-2,6); 13C NMR
(100 MHz, CDCl3): d=�4.5 (Si(CH3)2), 17.9 (SiC), 21.5 (Ts CH3), 25.2
(C-5’), 25.8 (C(CH3)3), 30.8 (C-3), 33.1 (C-4’), 38.4 (C-2’), 41.0 (C-2), 55.1
(PMB CH3), 55.7 (MOM CH3), 69.0 (C-3’), 69.7 (C-1), 70.0 (C-6’), 72.4
(PMB CH2), 74.7 (C-1’) 96.2 (MOM CH2), 113.6 (PMB C-3,5), 117.0 (C-
5), 127.8 (Ts C-2,6), 129.1 (PMB C-2,6), 129.7 (Ts C-3,5), 130.6 (PMB C-
1), 132.9 (Ts C-1), 135.6 (C-4), 144.6 (Ts C-4), 159.0 ppm (PMB C-4); IR
(film): ñ=1037, 1097, 1178, 1249, 1364, 1513, 2855, 2929, 2952, 3070 cm�1;
MS (EI): m/z (%): 411 (2), 271 (3), 241 (10), 229 (46), 195 (5), 165 (8),
145 (14), 122 (14), 121 (100), 91 (13), 75 (12); HRMS (ESI): calcd for
C34H54NaO8SSi [M+Na]+ : 673.32009; found: 673.32744.


(4R,6R,7S)-4-{[tert-Butyl(dimethyl)silyl]oxy}-1-[(4-methoxybenzyl)oxy]-
6-(methoxymethoxy)-7-methyl-9-decene (25): Lithium triethylborohy-
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dride (1m solution in THF, 0.55 mL, 0.55 mmol) was added dropwise to a
cooled (0 8C) solution of tosylate 24 (100 mg, 154 mmol) in THF (1.5 mL).
Stirring was continued for 12 h while the mixture was allowed to warm to
room temperature. After recooling to 0 8C, the reaction was quenched by
careful addition of THF and water (1:1, 1 mL). The solution was treated
with saturated aqueous NH4Cl solution (2 mL) and allowed to warm to
room temperature within 1 h while being stirring. The slurry was extract-
ed with Et2O (3N10 mL) and the combined organic layers were dried
over Na2SO4. After removal of the solvent, the residue was purified by
flash chromatography to yield methyl compound 25 (70 mg, 95%) as a
colorless oil. Rf=0.62 (petroleum ether/ethyl acetate, 3:1); [a]D=++17.4
(c=1.29, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.04, 0.05 (2Ns, 3H
each; Si(CH3)2), 0.86–0.89 (m, 3H; CH3), 0.88 (s, 9H; SiC(CH3)3), 1.38–
1.47 (m, 1H; H-3a), 1.52 (ddd, J=14.1, 8.2, 3.6 Hz, 1H; H-5a), 1.57–1.75
(m, 4H; H-3b, H-2, H-5b), 1.79–1.91 (m, 2H; H-7, H-8a), 2.03–2.12 (m,
1H; H-8b), 3.35 (s, 3H; MOM CH3), 3.42 (t, J=6.6 Hz, 2H; H-1), 3.48
(ddd, J=8.8, 3.4, 3.4 Hz, 1H; H-6), 3.79 (s, 3H; PMB CH3), 3.80–3.86
(m, 1H; H-4), 4.42 (s, 2H; PMB CH2), 4.57 (d, J=6.9 Hz, 1H; MOM
CH2), 4.61 (d, J=6.9 Hz, 1H; MOM CH2), 4.98 (brd, J=10.1 Hz, 1H; H-
10a), 5.00 (brd, J=17.0 Hz, 1H; H-10b), 5.74 (dddd, J=17.0, 10.1, 6.9,
6.9 Hz, 1H; H-9), 6.86 (d, J=8.5 Hz, 2H; PMB H-3,5), 7.25 ppm (d, J=
8.5 Hz, 2H; PMB H-2,6); 13C NMR (100 MHz, CDCl3): d=�4.5
(Si(CH3)2), �4.4 (Si(CH3)2), 14.2 (CH3), 18.0 (SiC), 25.4 (C-2), 25.9
(C(CH3)3), 32.9 (C-3), 35.9 (C-7), 37.1 (C-8), 37.7 (C-5), 55.2 (PMB CH3),
55.7 (MOM CH3), 69.5 (C-4), 70.3 (C-1), 72.4 (PMB CH2), 78.2 (C-6),
95.7 (MOM CH2), 113.7 (PMB C-3,5), 115.8 (C-10), 129.1 (PMB C-2,6),
130.7 (PMB C-1), 137.4 (C-9), 159.0 ppm (PMB C-4); IR (film): ñ=1039,
1097, 1249, 1512, 2856, 2889, 2930, 2953 cm�1; MS (EI): m/z (%): 271 (4),
241 (3), 203 (3), 122 (13), 121 (100); HRMS (ESI): calcd for
C27H48NaO5Si [M+Na]+ : 503.31632; found: 503.31641.


(4R,6R,7S)-1-[(4-Methoxybenzyl)oxy]-6-(methoxymethoxy)-7-methyl-9-
decen-4-ol (26): TBAF (1m in THF, 0.89 mL, 0.89 mmol) was added to a
solution of TBDMS ether 25 (142 mg, 295 mmol) in THF (3 mL) at 0 8C.
After being stirred for 15 h, the solution was treated with saturated aque-
ous NaHCO3 solution (2 mL) and the mixture was extracted with Et2O
(3N5 mL). The combined extracts were dried (Na2SO4), filtered, and con-
centrated in vacuo. Flash chromatography of the residue gave the desired
alcohol 26 (107 mg, 99%) as a colorless oil. Rf=0.36 (petroleum ether/
ethyl acetate, 2:1); [a]D=++29.1 (c=1.16, CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=0.89 (d, J=6.5 Hz, 3H; CH3), 1.47–1.64 (m, 4H; H-3, H-5),
1.67–1.78 (m, 2H; H-2), 1.83–1.97 (m, 2H; H-8a, H-7), 1.99–2.06 (m, 1H;
H-8b), 3.40 (s, 3H; MOM CH3), 3.48 (td, J=6.2, 2.3 Hz, 2H; H-1), 3.53
(br s, 1H; OH), 3.72 (ddd, J=9.6, 3.6, 3.6 Hz, 1H; H-6), 3.74–3.79 (m,
1H; H-4), 3.80 (s, 3H; PMB CH3), 4.44 (s, 2H; PMB CH2), 4.63 (d, J=
6.8 Hz, 1H; MOM CH2), 4.72 (d, J=6.8 Hz, 1H; MOM CH2), 5.00 (brd,
J=10.4 Hz, 1H; H-10a), 5.01 (brd, J=17.0 Hz, 1H; H-10b), 5.75 (dddd,
J=17.0, 10.4, 6.8, 6.8 Hz, 1H; H-9), 6.87 (d, J=8.6 Hz, 2H; PMB H-3,5),
7.26 ppm (d, J=8.6 Hz, 2H; PMB H-2,6); 13C NMR (100 MHz, CDCl3):
d=13.5 (CH3), 25.8 (C-2), 34.4 (C-3), 35.2 (C-7), 36.0 (C-5), 37.5 (C-8),
55.1 (PMB CH3), 55.9 (MOM CH3), 70.1 (C-1), 70.8 (C-4), 72.5 (PMB
CH2), 81.0 (C-6), 95.3 (MOM CH2), 113.6 (PMB C-3,5), 116.0 (C-10),
129.2 (PMB C-2,6), 130.4 (PMB C-1), 136.9 (C-9), 159.0 ppm (PMB C-4);
IR (film): ñ=1037, 1096, 1248, 1513, 1613, 2860, 2934, 3075, 3463 cm�1;
MS (EI): m/z (%): 203 (3), 185 (4), 137 (44), 122 (12), 121 (100), 84 (21),
49 (15); HRMS (ESI): calcd for C21H34NaO5 [M+Na]+ : 389.22985;
found: 389.22996.


(1S,3R,4S)-1-{3-[(4-Methoxybenzyl)oxy]propyl}-3-(methoxymethoxy)-4-
methyl-6-heptenyl 2-allyl-6-methoxybenzoate (28): A solution of acid[11g]


27 (246 mg, 1.28 mmol) and DIAD (129 mL, 132 mg, 654 mmol) in toluene
(3 mL) was added dropwise to a solution of alcohol 26 (94 mg, 256 mmol)
and triphenylphosphine (168 mg, 641 mmol) in toluene (3 mL). After the
mixture was stirred for 3 h at room temperature, the solvent was re-
moved and the residue was purified by flash chromatography. Ester 28
(98 mg, 71%) was isolated as a pale-yellow oil. Rf=0.62 (petroleum
ether/ethyl acetate, 2:1); [a]D=++2.3 (c=1.03, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d=0.90 (d, J=6.7 Hz, 3H; CH3), 1.63–1.70 (m, 2H;
H-2’), 1.71–1.86 (m, 5H; H-2’’, H-1’’, H-5’a), 1.88–1.98 (m, 1H; H-4’),
2.06 (brdd, J=13.4, 6.1 Hz, 1H; H-5’b), 3.37 (brd, J=6.5 Hz, 2H; H-7),
3.40 (s, 3H; MOM CH3), 3.48 (br t, J=6.2 Hz, 2H; H-3’’), 3.70 (ddd, J=
9.0, 3.3, 3.3 Hz, 1H; H-3’’), 3.80 (s, 3H; PMB CH3), 3.80 (s, 3H; Ph�
OCH3), 4.44 (s, 2H; PMB CH2), 4.70 (d, J=6.8 Hz, 1H; MOM CH2),


4.73 (d, J=6.8 Hz, 1H; MOM CH2), 4.91 (brd, J=10.1 Hz, 1H; H-7’a),
4.96 (brd, J=17.1 Hz, 1H; H-7’b), 5.05 (brd, J=17.7 Hz, 1H; H-9a), 5.05
(brd, J=11.2 Hz, 1H; H-9b), 5.31–5.38 (m, 1H; H-1’), 5.74 (dddd, J=
17.1, 10.1, 7.3 Hz, 1H; H-6’), 5.94 (dddd, J=17.7, 11.2, 6.5 Hz, 1H; H-8),
6.77 (brd, J=8.4 Hz, 1H; H-5), 6.82 (brd, J=7.7 Hz, 1H; H-3), 6.87 (d,
J=8.6 Hz, 2H; PMB H-3,5), 7.26 (d, J=8.6 Hz, 2H; PMB H-2,6),
7.27 ppm (dd, J=8.4, 7.7 Hz, 1H; H-4); 13C NMR (100 MHz, CDCl3): d=
13.6 (CH3), 25.3 (C-2’’), 31.8 (C-1’’), 34.7 (C-2’), 36.5 (C-4’), 37.2 (C-7),
37.6 (C-5’), 55.2 (PMB CH3), 55.5 (Ph�OCH3), 55.7 (MOM CH3), 69.8
(C-3’’), 72.4 (C-1’), 72.5 (PMB CH2), 78.3 (C-3’), 97.0 (MOM CH2), 108.7
(C-5), 113.7 (PMB C-3,5), 115.8 (C-7’), 116.3 (C-9), 121.5 (C-3), 124.2 (C-
1), 129.2 (PMB C-2,6), 130.1 (C-4), 130.7 (PMB C-1), 136.4 (C-8), 137.1
(C-6’), 138.1 (C-2), 156.2 (C-6), 159.1 (PMB C-4), 168.0 ppm (Ph�CO2);
IR (film): ñ=1038, 1100, 1247, 1266, 1469, 1513, 1585, 1724, 2843, 2932,
3075 cm�1; MS (EI): m/z (%): 495 (4), 303 (3), 203 (11), 175 (45), 121
(100); HRMS (ESI): calcd for C32H44NaO7 [M+Na]+: 563.29792; found:
563.29916.


(3S,5R,6S)-5,14-Dihydroxy-3-(3-hydroxypropyl)-6-methyl-3,4,5,6,7,10-
hexahydro-1H-2-benzoxacyclododecin-1-one (30): 9-I-9-BBN (1m so-
lution in n-hexane, 206 mL, 206 mmol) was added to a solution of macro-
lactone 19 (55.0 mg, 107 mmol) in CH2Cl2 (2.1 mL) quickly through a sy-
ringe. After 90 s, methanol (3 mL) was added and stirring was then con-
tinued for 1 h. The solvent was removed under reduced pressure and the
residue was treated again with methanol (3 mL). This process was repeat-
ed twice whereafter the crude product could be used in the next step
without further purification. For analytical purposes, purification was per-
formed by flash chromatography to yield triol 30 (18.7 mg, 52%) as a col-
orless viscous oil. Rf=0.40 (petroleum ether/ethyl acetate, 1:5); [a]D=++


13.8 (c=0.70, CH2Cl2);
1H NMR (400 MHz, CDCl3): d=0.91 (d, J=


6.8 Hz, 3H; CH3), 1.37 (dd, J=15.0, 8.7 Hz, 1H; H-14a), 1.63–1.87 (m,
7H; H-17, C-13-OH, C-18-OH, H-16, H-11a), 1.87–1.94 (m, 1H; H-12),
1.99 (dd, J=15.0, 10.8 Hz, 1H; H-14b), 2.29–2.38 (m, 1H; H-11b), 3.38
(brd, J=16.6 Hz, 1H; H-8a), 3.64 (dd, J=8.7, 3.1 Hz, 1H; H-13), 3.70
(td, J=6.1, 1.7 Hz, 2H; H-18), 3.75 (dd, J=16.6, 5.6 Hz, 1H; H-8b),
5.04–5.15 (m, 1H; H-10), 5.47 (brd, J=15.3 Hz, 1H; H-9), 5.55 (brdt, J=
10.8, 5.3 Hz, 1H; H-15), 6.69 (dd, J=7.4, 0.9 Hz, 1H; H-6), 6.88 (dd, J=
8.3, 0.9 Hz, 1H; H-4), 7.29 ppm (dd, J=8.3, 7.4 Hz, 1H; H-5); 13C NMR
(100 MHz, CDCl3): d=13.7 (CH3), 28.0 (C-17), 32.0 (C-16), 35.8 (C-14),
37.2 (C-12), 38.4 (C-11), 39.1 (C-8), 62.4 (C-18), 70.6 (C-13), 74.8 (C-15),
116.7 (C-4), 123.3 (C-2), 123.5 (C-6), 126.6 (C-10), 132.8 (C-9), 133.9 (C-
5), 142.2 (C-7), 162.4 (C-3), 171.3 ppm (C-1); IR (film): ñ=1019, 1065,
1120, 1294, 1345, 1465, 1588, 1695, 2874, 2926, 2955, 3320 cm�1; MS (EI):
m/z (%): 334 (6), 317 (7), 316 (11), 298 (15), 246 (6), 239 (6), 231 (16),
213 (18), 196 (30), 181 (37), 173 (43), 172 (100), 147 (32), 115 (28), 97
(27), 71 (42), 43 (74); HRMS (EI): calcd for C19H26O5 [M]+ : 334.1780;
found: 334.1811.


(3S,5R,6S)-5,14-Bis{[tert-butyl(dimethyl)silyl]oxy}-3-(3-{[tert-butyl(dime-
thyl)silyl]oxy}propyl)-6-methyl-3,4,5,6,7,10-hexahydro-1H-2-benzoxacy-
clododecin-1-one (31): TBDMSCl (298 mg, 1.97 mmol) was added to a
stirred solution of crude triol 30, imidazole (168 mg, 2.47 mmol), and
DMAP (12.1 mg, 98.7 mmol) in dry DMF (2.2 mL). The resulting solution
was stirred at ambient temperature for 4 d, then diluted with H2O (5 mL)
and extracted with Et2O (3N10 mL). The combined extracts were washed
with 0.1n HCl (10 mL) and brine (10 mL), dried (Na2SO4), filtered, and
concentrated in vacuo. The resulting residue was purified by flash chro-
matography to give the desired ether 31 (40.1 mg, 60% from macrolac-
tone 19) as a colorless viscous oil. Rf=0.45 (petroleum ether/diethyl
ether, 20:1); [a]D=++8.7 (c=0.53, CH2Cl2);


1H NMR (400 MHz, CDCl3):
d=0.03 (s, 6H; Si(CH3)2), 0.11 (s, 3H; Si(CH3)2), 0.15 (s, 3H; Si(CH3)2),
0.16 (s, 3H; Si(CH3)2), 0.22 (s, 3H; Si(CH3)2), 0.83 (d, J=6.6 Hz, 3H;
CH3), 0.88 (s, 9H; SiC(CH3)3), 0.91 (s, 9H; SiC(CH3)3), 0.96 (s, 9H;
SiC(CH3)3), 1.40 (dd, J=15.1, 8.9 Hz, 1H; H-14a), 1.56–1.62 (m, 2H; H-
17), 1.62–1.74 (m, 4H; H-14b, H-16, H-11a), 1.76–1.84 (m, 1H; H-12),
2.25 (brd, J=12.3 Hz, 1H; H-11b), 3.31 (brd, J=16.3 Hz, 1H; H-8a),
3.55–3.69 (m, 2H; H-18), 3.66 (dd, J=16.3, 9.1 Hz, 1H; H-8b), 4.27 (dd,
J=8.9, 3.0 Hz, 1H; H-13), 5.12–5.19 (m, 1H; H-15), 5.30–5.46 (m, 2H;
H-9, H-10), 6.70 (d, J=8.3 Hz, 1H; H-4), 6.72 (d, J=7.7 Hz, 1H; H-6),
7.09 ppm (dd, J=8.3, 7.7 Hz, 1H; H-5); 13C NMR (100 MHz, CDCl3): d=
�5.3 (Si(CH3)2), �4.5 (Si(CH3)2), �4.4 (Si(CH3)2), �4.4 (Si(CH3)2), �4.2
(Si(CH3)2), 13.1 (CH3), 18.0 (SiC), 18.3 (SiC), 18.4 (SiC), 25.7 (C(CH3)3),
25.9 (C(CH3)3), 26.0 (SiC(CH3)3), 28.9 (C-17), 32.3 (C-16), 36.5 (C-14),
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37.1 (C-12), 38.0 (C-11), 38.2 (C-8), 63.1 (C-18), 72.0 (C-13), 74.9 (C-15),
118.0 (C-4), 123.2 (C-6), 127.8 (C-2), 128.2 (C-9), 129.3 (C-5), 131.3 (C-
10), 138.6 (C-7), 152.7 (C-3), 168.4 ppm (C-1); IR (film): ñ=1067, 1098,
1254, 1278, 1456, 1585, 1723, 2857, 2898, 2929, 2955 cm�1; MS (EI): m/z
(%): 619 (22), 602 (7), 527 (6), 487 (24), 419 (42), 395 (11), 355 (18), 337
(20), 299 (23), 247 (22), 203 (25), 149 (59), 147 (100), 133 (74), 109 (67),
75 (80), 73 (97); HRMS (EI): calcd for C33H59O5Si3 [M�tBu]+ :
619.36701; found: 619.36946; HRMS (FAB): calcd for C37H68O5NaSi3
[M+Na]+ : 699.42723; found: 699.42184.


(3S,5R,6S)-5,14-Bis{[tert-butyl(dimethyl)silyl]oxy}-3-(3-hydroxypropyl)-6-
methyl-3,4,5,6,7,10-hexahydro-1H-2-benzoxacyclododecin-1-one (32): A
cooled (0 8C) solution of silyl ether 31 (50.0 mg, 73.8 mmol) in CH2Cl2
(3.0 mL) and methanol (1.0 mL) was treated with CSA (0.03m solution in
methanol, 492 mL, 14.8 mmol) with stirring. The resulting mixture was stir-
red for 1.5 h before the reaction was quenched by addition of saturated
aqueous NaHCO3 solution (5.0 mL). The slurry was extracted with Et2O
(3N10 mL) and the combined organic layers were dried (Na2SO4), fil-
tered, and concentrated in vacuo. Flash chromatography of the residue
provided recovered starting material 31 (4.9 mg, 10%) and primary alco-
hol 32 (35.2 mg, 85%) as a colorless viscous oil. Rf=0.57 (petroleum
ether/ethyl acetate, 4:1); [a]D=++13.5 (c=1.00, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d=0.11 (s, 3H; Si(CH3)2), 0.15 (s, 3H; Si(CH3)2),
0.16 (s, 3H; Si(CH3)2), 0.21 (s, 3H; Si(CH3)2), 0.83 (d, J=6.7 Hz, 3H;
CH3), 0.91 (s, 9H; SiC(CH3)3), 0.95 (s, 9H; SiC(CH3)3), 1.39 (dd, J=15.2,
9.0 Hz, 1H; H-14a), 1.46 (br s, 1H; OH), 1.62–1.75 (m, 6H; H-17 H-14b,
H-11a, H-16), 1.75–1.85 (m, 1H; H-12), 2.25 (brd, J=12.9 Hz, 1H; H-
11b), 3.31 (brd, J=16.5 Hz, 1H; H-8a), 3.60–3.69 (m, 2H; H-18), 3.65
(dd, J=16.5, 9.2 Hz, 1H; H-8b), 4.27 (dd, J=9.0, 3.4 Hz, 1H; H-13),
5.17–5.23 (m, 1H; H-15), 5.32 (brdd, J=15.2, 9.2 Hz, 1H; H-9), 5.41
(brdd, J=15.2, 10.2 Hz, 1H; H-10), 6.71 (d, J=8.4 Hz, 1H; H-4), 6.73 (d,
J=7.9, 1H; H-6), 7.10 ppm (dd, J=8.4, 7.9 Hz, 1H; H-5); 13C NMR
(100 MHz, CDCl3): d=�4.6 (Si(CH3)2), �4.4 (Si(CH3)2), �4.4
(Si(CH3)2), �4.3 (Si(CH3)2), 13.0 (CH3), 18.0 (SiC), 18.3 (SiC), 25.7
(C(CH3)3), 25.9 (C(CH3)3), 28.4 (C-17), 32.0 (C-16), 36.3 (C-14), 37.0 (C-
12), 38.0 (C-11), 38.2 (C-8), 62.7 (C-18), 72.0 (C-13), 74.6 (C-15), 118.1
(C-4), 123.3 (C-6), 127.8 (C-2), 128.3 (C-9), 129.4 (C-5), 131.3 (C-10),
138.6 (C-7), 152.6 (C-3), 168.3 ppm (C-1); MS (EI): m/z (%): 505 (38),
487 (60), 419 (19), 373 (53), 355 (98), 299 (37), 247 (58), 203 (56), 151
(54), 133 (73), 85 (38), 75 (81), 73 (100); IR (film): ñ=1026, 1066, 1116,
1254, 1281, 1457, 1581, 1724, 2857, 2894, 2929, 2954, 3430 cm�1; HRMS
(EI): calcd for C27H45O5Si2 [M�tBu]+ : 505.28054; found: 505.28262;
HRMS (FAB): calcd for C31H54O5NaSi2 [M+Na]+ : 585.354075; found:
585.34224.


3-((3S,5R,6S)-5,14-Bis{[tert-butyl(dimethyl)silyl]oxy}-6-methyl-1-oxo-
3,4,5,6,7,10-hexahydro-1H-2-benzoxacyclododecin-3-yl)propanal (33): A
cooled (0 8C) solution of primary alcohol 32 (26.5 mg, 47.0 mmol) in
CH2Cl2 (4.0 mL) was treated with NMO (8.0 mg, 68.3 mmol), molecular
sieves (4) P, 20 mg), and TPAP (2.1 mg, 5.9 mmol) in turn. The resulting
slurry was stirred 1 h at 0 8C and filtered over a short pad of silica gel
(petroleum ether/ethyl acetate, 2:1) to yield aldehyde 33 (24.0 mg, 91%)
as a pale-yellow oil. Rf=0.75 (petroleum ether/ethyl acetate, 5:1); [a]D=
+12.0 (c=1.00, CH2Cl2);


1H NMR (400 MHz, C6D6): d=0.06, 0.16, 0.28,
0.46 (4Ns, 3H each; Si(CH3)2), 0.87 (d, J=6.8 Hz, 3H; CH3), 0.98 (s, 9H;
SiC(CH3)3), 1.10 (s, 9H; SiC(CH3)3), 1.27 (dd, J=15.0, 9.0 Hz, 1H; H-
14a), 1.57–1.65 (m, 1H; H-11a), 1.60 (dd, J=15.0, 8.6 Hz, 1H; H-14b),
1.72–1.81 (m, 1H; H-12), 1.82–1.99 (m, 2H; H-16), 2.11 (brdt, J=14.3,
4.6 Hz, 1H; H-11b), 2.14–2.24 (m, 2H; H-17), 3.20 (dd, J=16.2, 4.0 Hz,
1H; H-8a), 3.68 (brdd, J=16.2, 8.3 Hz, 1H; H-8b), 4.45 (dd, J=8.8,
3.5 Hz, 1H; H-13), 5.32–5.42 (m, 3H; H-10, H-9, H-15), 6.56 (d, J=
7.6 Hz, 1H; H-6), 6.68 (brd, J=8.2, 1H; H-4), 6.90 (dd, J=8.2, 7.6 Hz,
1H; H-5), 9.39 ppm (br s, 1H; H-18); 13C NMR (100 MHz, C6D6): d=


�4.4 (Si(CH3)2), �4.3 (Si(CH3)2), �4.1 (Si(CH3)2), �4.0 (Si(CH3)2), 13.2
(CH3), 18.3 (SiC), 18.6 (SiC), 25.9 (C(CH3)3), 26.2 (C(CH3)3), 28.5 (C-16),
36.8 (C-14), 37.4 (C-12), 38.2 (C-11), 38.6 (C-18), 39.8 (C-17), 72.3 (C-
13), 73.4 (C-15), 118.6 (C-4), 123.7 (C-6), 128.8 (C-2), 128.8 (C-9), 129.5
(C-5), 131.4 (C-10), 138.9 (C-7), 153.3 (C-3), 168.3 (C-1), 199.4 ppm (C-
18); IR (film): ñ=1022, 1066, 1115, 1254, 1457, 1581, 1726, 2713, 2857,
2892, 2929 cm�1; MS (FAB): m/z (%): 737 (8), 683 (22), 624 (5), 584 (8),
561 (9), 543 (17), 504 (24), 411 (30), 353 (21), 287 (35), 203 (49), 136
(100); HRMS (EI): calcd for C27H43O5Si2 [M�tBu]+ : 503.26489; found:
503.26671.


Bis[tert-butyl(dimethyl)silyl]-salicylihalamide-hemiaminal (35): DIBAL
(1.0m in hexane, 0.149 mL) was added dropwise to a well-stirred solution
of (2Z,4Z)-hepta-2,4-dienamide (34) (15.1 mg, 0.121 mmol) in dry THF
(1.0 mL) at 0 8C. After the mixture had been stirred for 30 min at 0 8C, a
solution of aldehyde 33 (32.9 mg, 0.0587 mmol) in dry THF (0.25 mL)
was added. The resulting solution was stirred overnight at 0 8C, before it
was diluted with ethyl acetate (5 mL) and quenched with buffer (pH 7,
5 mL) at 0 8C. After separation of the layers, the aqueous layer was ex-
tracted with ethyl acetate (4N3 mL). The combined organic layers were
washed with brine (1 mL), dried over MgSO4, filtered, and concentrated
in vacuo. Purification of the residue by flash chromatography (petroleum
ether/ethyl acetate, 4:1) gave unreacted aldehyde 33 (10.5 mg, 32%) and
35 (24.5 mg, 61%) as a mixture of diastereomers (approximately 1:1) as a
colorless oil. Rf=0.41 (petroleum ether/ethyl acetate, 4:1); 1H NMR
(400 MHz, C6D6): d=0.11, 0.12 (2Ns, 3H; SiCH3), 0.19 (2 peaks, s, 2N
1.5H; SiCH3), 0.30 (s, 1.5H; SiCH3), 0.31 (s, 1.5H; SiCH3), 0.50 (s, 3H;
SiCH3), 0.79 (2 peaks, t, J=7.6 Hz, 3H; H-25), 0.90 (d, J=6.3 Hz, 1.5H;
CH3), 0.91 (d, J=6.3 Hz, 1.5H; CH3), 1.02 (2 peaks, s, 2N4.5H;
C(CH3)3), 1.11 (s, 9H; C(CH3)3), 1.41–1.50 (m, 1H; H-14a), 1.58–1.85 (m,
7H; H-11a, H-16, H-17, H-14b, H-12), 1.99 (dq, J=8.6, 7.6 Hz, 2H; H-
24), 2.09–2.16 (m, 1H; H-11b), 3.22 (dd, J=16.3, 3.8 Hz, 1H; H-8a), 3.22
(dd, J=16.3, 8.1 Hz, 1H; H-8b), 3.85 (br s, 0.5H; OH), 3.97 (br s, 0.5H;
OH), 4.49–4.53 (m, 1H; H-15), 5.12 (d, J=11.5 Hz, 1H; H-20), 5.36–5.41
(m, 2H; H-10, H-9), 5.43–5.51 (m, 2H; H-18, H-13), 5.51–5.59 (brm, 1H;
NH), 5.61–5.67 (m, 1H; H-23), 6.57 (d, J=7.6 Hz, 1H; H-6), 6.62 (dd,
J=11.9, 11.5 Hz, 1H; H-21), 6.71 (d, J=7.9 Hz, 0.5H; H-4), 6.72 (d, J=
7.9 Hz, 0.5H; H-4), 6.95 (dd, J=7.9, 7.6 Hz, 1H; H-5), 7.85–7.93 ppm (m,
1H; H-22); 13C NMR (100 MHz, C6D6): d=�4.4 (2 peaks, SiCH3), �4.2
(3 peaks, SiCH3), �4.1 (SiCH3), �3.9 (SiCH3), �3.8 (SiCH3), 13.3 (CH3),
14.0 (C-25), 18.4 (2 peaks, SiC), 18.6 (2 peaks, SiC), 20.8 (C-24), 26.0
(2 peaks, C(CH3)3), 26.3 (2 peaks, C(CH3)3), 31.1 (C-17), 31.5 (C-16), 31.7
(C-16), 36.9 (C-14), 37.5 (C-12), 37.6 (C-12), 38.2 (C-11), 38.6 (2 peaks,
C-8), 72.4 (C-15), 74.2 (2 peaks, C-13), 74.6 (C-18), 74.9 (C-18), 118.5 (C-
4), 118.6 (C-4), 120.1 (C-20), 123.6 (C-6), 124.8 (C-22), 128.7 (C-9), 128.8
(C-9), 128.9 (C-2), 129.5 (C-5), 131.5 (C-10), 136.3 (C-21), 136.4 (C-21),
138.9 (C-7), 141.4 (C-23), 153.3 (2 peaks, C-3), 166.9 (C-19), 168.4 ppm
(C-1); IR (film): ñ=1006, 1029, 1067, 1117, 1225, 1265, 1361, 1381, 1457,
1501, 1581, 1593, 1628, 1663, 1724, 2857, 2897, 2930, 2956, 3317,
3421 cm�1; HRMS (ESI): calcd for C38H63NNaO6Si2 [M+Na]+ : 708.40861;
found: 708.40864.


Bis[tert-butyl(dimethyl)silyl]-salicylihalamide (36): Dry pyridine
(0.085 mL, 1.05 mmol) and dry acetic anhydride (0.050 mL, 0.525 mmol)
were added to a stirred solution of hemiaminal 35 (24 mg, 0.035 mmol) in
dry THF (1.0 mL). The resulting mixture was stirred for 24 h at room
temperature and was then heated to reflux for 48 h. After the solution
had cooled to room temperature, it was treated with buffer (pH 7,
2.5 mL), the phases were separated, and the aqueous layer was extracted
with diethyl ether (4N1.5 mL). The combined organic layers were
washed with saturated aqueous NaHCO3 solution (1.5 mL) and buffer
(pH 7, 1.5 mL), dried over MgSO4, filtered, and concentrated in vacuo.
Purification of the residue by rapid flash chromatography (petroleum
ether/ethyl acetate, 30:1, containing 0.2% of NEt3) gave cis-di-TBDMS-
salicylihalamide (Z)-36 (3.3 mg, 14%) and trans-di-TBDMS-salicylihal-
amide (E)-36 (10.5 mg, 45%), both as colorless oils.


Compound (Z)-36 (minor product): Rf=0.28 (petroleum ether/ethyl ace-
tate, 20:1, with 0.2% NEt3); [a]D=�64.9 (c=0.37, CH2Cl2);


1H NMR
(400 MHz, C6D6): d=0.10, 0.15, 0.28, 0.44 (4Ns, 3H each; SiCH3), 0.79 (t,
J=7.6 Hz, 3H; H-25), 0.88 (d, J=6.8 Hz, 3H; CH3), 0.97 (s, 9H;
C(CH3)3), 1.11 (s, 9H; C(CH3)3), 1.38–1.47 (m, 1H; H-14a), 1.53–1.63 (m,
1H; H-11a), 1.71–1.77 (m, 1H; H-12), 1.75–1.82 (m, 1H; H-14b), 2.02
(dq, J=8.6, 7.6 Hz, 2H; H-24), 2.03–2.07 (m, 1H; H-11b), 2.11–2.20 (m,
1H; H-16a), 2.50–2.57 (m, 1H; H-16b), 3.14 (d, J=16.4 Hz, 1H; H-8a),
3.62 (dd, J=16.4, 7.1 Hz, 1H; H-8b), 4.44–4.47 (m, 1H; H-15), 4.65 (ddd,
J=8.6, 8.3, 8.3 Hz, 1H; H-17), 5.19–5.26 (m, 1H; H-9), 5.27–5.36 (m, 1H;
H-10), 5.47 (d, J=11.4 Hz, 1H; H-20), 5.56–5.63 (m, 1H; H-15), 5.57–
5.64 (m, 1H; H-23), 6.53 (d, J=7.6 Hz, 1H; H-6), 6.75 (d, J=7.9 Hz, 1H;
H-4), 6.76 (dd, J=11.9, 11.4 Hz, 1H; H-21), 6.91 (dd, J=7.9, 7.8 Hz, 1H;
H-5), 7.32–7.37 (m, 1H; H-18), 7.81–7.88 (brm, 1H; NH), 8.03 ppm (dd,
J=11.6, 11.4 Hz, 1H; H-22); 13C NMR (100 MHz, C6D6): d=�4.4
(2 peaks, SiCH3), �4.1 (SiCH3), �4.0 (SiCH3), 13.2 (CH3), 14.0 (C-25),
18.4 (SiC), 18.5 (SiC), 20.8 (C-24), 25.8 (C(CH3)3), 26.2 (C(CH3)3), 32.7
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(C-16), 37.6 (C-14), 38.0 (C-12), 38.5 (C-11), 38.7 (C-8), 72.4 (C-13), 75.0
(C-15), 103.6 (C-17), 118.7 (C-4), 120.0 (C-20), 124.3 (C-6), 125.2 (C-22),
125.8 (C-18), 127.9 (C-9), 128.8 (C-2), 129.7 (C-5), 131.9 (C-10), 136.8 (C-
21), 139.5 (C-7), 141.3 (C-23), 152.7 (C-3), 163.0 (C-19), 168.1 ppm (C-1);
IR (film): ñ=1022, 1066, 1113, 1199, 1260, 1381, 1456, 1485, 1593, 1657,
1727, 2856, 2928, 2958, 3394 cm�1; HRMS (ESI): calcd for C38H61NNaO5-
Si2 [M+Na]+ : 690.39805; found: 690.39870.


Compound (E)-36 (main product): Rf=0.19 (petroleum ether/ethyl ace-
tate, 20:1, with 0.2% NEt3); [a]D=�11.0 (c=1.23, CH2Cl2);


1H NMR
(400 MHz, C6D6): d=0.12, 0.17, 0.31, 0.51 (4Ns, 3H each; SiCH3), 0.77 (t,
J=7.6 Hz, 3H; H-25), 0.88 (d, J=6.8 Hz, 3H; CH3), 1.04 (s, 9H;
C(CH3)3), 1.11 (s, 9H; C(CH3)3), 1.56 (ddd, J=15.1, 8.9, 8.8 Hz, 1H; H-
14a), 1.63–1.68 (m, 1H; H-11a), 1.70 (ddd, J=15.1, 8.9, 8.8 Hz, 1H; H-
14a), 1.75–1.83 (m, 1H; H-12), 1.97 (dq, J=8.8, 7.6 Hz, 2H; H-24), 2.08–
2.15 (m, 1H; H-11b), 2.41–2.53 (m, 2H; H-16), 3.22 (dd, J=16.4, 4.0 Hz,
1H; H-8a), 3.72 (dd, J=16.4, 8.6 Hz, 1H; H-8b), 4.50–4.53 (m, 1H; H-
13), 4.94 (ddd, J=14.2, 7.6, 7.1 Hz, 1H; H-17), 5.00 (d, J=11.4 Hz, 1H;
H-20), 5.34–5.39 (m, 1H; H-10), 5.38–5.43 (m, 1H; H-9), 5.48–5.55 (m,
1H; H-15), 5.57–5.64 (m, 1H; H-23), 6.16 (brd, J=10.8 Hz, 1H; NH),
6.58 (d, J=7.9 Hz, 1H; H-6), 6.59 (dd, J=11.9, 11.4 Hz, 1H; H-21), 6.72
(d, J=8.1 Hz, 1H; H-4), 6.91 (dd, J=8.1, 7.9 Hz, 1H; H-5), 7.21 (dd, J=
14.2, 10.8 Hz, 1H; H-18), 7.94 ppm (dd, J=11.6, 11.4 Hz, 1H; H-22);
13C NMR (100 MHz, C6D6): d=�4.4 (SiCH3), �4.3 (SiCH3), �4.1
(SiCH3), �3.9 (SiCH3), 13.2 (CH3), 14.0 (C-25), 18.4 (SiC), 18.5 (SiC),
20.8 (C-24), 25.9 (C(CH3)3), 26.3 (C(CH3)3), 36.2 (C-14), 36.6 (C-16), 37.7
(C-12), 38.2 (C-11), 38.5 (C-8), 67.8 (C-13), 72.4 (C-15), 106.4 (C-17),
118.3 (C-4), 119.7 (C-20), 123.6 (C-6), 125.0 (C-22), 125.9 (C-18), 128.8
(C-9), 129.0 (C-2), 129.5 (C-5), 131.5 (C-10), 136.7 (C-21), 139.0 (C-7),
141.4 (C-23), 153.3 (C-3), 162.3 (C-19), 168.2 ppm (C-1); IR (film): ñ=
1035, 1066, 1117, 1216, 1265, 1282, 1361, 1458, 1520, 1582, 1593, 1652,
1682, 1724, 2857, 2897, 2929, 2956, 3286 cm�1; HRMS (ESI): calcd for
C38H61NNaO5Si2 [M+Na]+ : 690.39805; found: 690.39866.


Salicylihalamide A (E)-1: Disilylated salicylihalamide (E)-36 (14.8 mg,
22.2 mmol) was treated with a solution (1.1 mL) prepared from commer-
cially available HF·pyridine (0.5 g) in pyridine (1.25 mL) and THF
(6.75 mL). After the reaction had stirred for 2 d, a further portion
(0.5 mL) was added and stirring was continued for 24 h. Thereafter, the
reaction was quenched by addition of buffer (pH 7, 15 mL) and the mix-
ture was extracted with ethyl acetate (4N5 mL). The organic layers were
dried over Na2SO4, filtered, and concentrated in vacuo. Flash chromatog-
raphy of the residue yielded salicylihalamide A (E)-1 (7.3 mg, 75%) as a
colorless wax: Rf=0.44 (petroleum ether/ethyl acetate, 1:1); [a]D=�37
(c=0.14, MeOH); 1H NMR (400 MHz, CD3OD): d=0.86 (d, J=6.7 Hz,
3H; H-26), 1.02 (t, J=7.6 Hz, 3H; H-25), 1.37 (dd, J=15.4, 9.2 Hz, 1H;
H-14a), 1.71–1.80 (m, 2H; H-11a, H-14b), 1.82–1.93 (m, 1H; H-12), 2.23–
2.33 (m, 3H; H-11b, H-24), 2.37–2.47 (m, 2H; H-16), 3.31–3.37 (m, 1H;
H-8a), 3.56 (dd, J=16.4, 8.1 Hz, 1H; H-8b), 4.12 (dd, J=8.9, 3.3 Hz, 1H;
H-13), 5.24–5.39 (m, 3H; H-10, H-15, H-9), 5.38 (dt, J=14.3, 7.6 Hz, 1H;
H-17), 5.69 (brd, J=11.4 Hz, 1H; H-20), 5.83 (brdt, J=10.7, 7.5 Hz, 1H;
H-23), 6.65 (brd, J=7.6 Hz, 1H; H-6), 6.72 (d, J=8.1 Hz, 1H; H-4), 6.81
(brd, J=14.3 Hz, 1H; H-18), 6.87 (dd, J=12.0, 11.4 Hz, 1H; H-21), 7.12
(dd, J=8.1, 7.6 Hz, 1H; H-5), 7.30 ppm (br dd, J=12.0, 10.7 Hz, 1H; H-
22); 13C NMR (100 MHz, CD3OD): d=13.5 (C-26), 14.4 (C-25), 21.5 (C-
24), 36.5 (C-14), 37.6 (C-16), 38.5 (C-12), 38.8 (C-8), 38.9 (C-11), 72.0 (C-
13), 76.0 (C-15), 110.4 (C-17), 115.3 (C-4), 120.3 (C-20), 122.4 (C-6),
123.1 (C-2), 125.3 (C-22), 126.2 (C-18), 130.7 (C-9), 131.6 (C-5), 131.7 (C-
10), 137.8 (C-21), 140.6 (C-7), 142.6 (C-23), 157.1 (C-3), 165.8 (C-19),
171.0 ppm (C-1); IR (film): ñ=1032, 1064, 1120, 1215, 1248, 1294, 1367,
1464, 1506, 1647, 2846, 2871, 2929, 2961, 3292 cm�1; HRMS (ESI): calcd
for C26H33NNaO5 [M+Na]+ : 462.22509; found: 462.22513.


Salicylihalamide B (Z)-1: Compound (Z)-1 (2.0 mg, 69%) was prepared
according to the procedure described above for salicylihalamide A from
disilylated salicylihalamide B (Z)-36 (4.4 mg, 6.6 mmol) and 0.33 mL of
the HF solution: Rf=0.49 (petroleum ether/ethyl acetate, 2:1); [a]D=
�69 (c=0.08, MeOH); 1H NMR (400 MHz, C6D6): d=0.77 (t, J=7.5 Hz,
3H; H-25), 0.84 (d, J=6.8 Hz, 3H; H-26), 1.22 (dd, J=15.0, 8.6 Hz, 1H;
H-14a), 1.28–1.35 (m, 1H; OH), 1.50 (brq, J=6.5 Hz, 1H; H-12), 1.69–
1.77 (m, 1H; H-11a), 1.75 (dd, J=15.0, 10.7 Hz, 1H; H-14b), 1.83–1.91
(m, 1H; H-16a), 1.95 (quintd, J=7.4, 0.9 Hz, 2H; H-24), 2.01–2.13 (m,
2H; H-11a, H-16b), 3.23–3.29 (m, 2H; H-8a, H-13), 3.53–3.60 (m, 1H;
H-8b), 4.51 (dt, J=16.0, 8.1 Hz, 1H; H-17), 5.08 (dt, J=15.5, 6.8 Hz, 1H;


H-9), 5.14–5.18 (m, 1H; H-10), 5.18–5.25 (m, 1H; H-15), 5.48 (d, J=
11.3 Hz, 1H; H-20), 5.63 (brdt, J=10.8, 7.7 Hz, 1H; H-23), 6.46 (dd, J=
7.6, 3.1 Hz, 1H; H-6), 6.63 (br t, J=11.6 Hz, 1H; H-21), 6.95–6.98 (m,
2H; H-4, H-18), 7.31 (t, J=10.0 Hz, 1H; H-5), 7.63 (brd, J=9.6 Hz, 1H;
NH), 7.96 (br t, J=11.3 Hz, 1H; H-22), 11.66 ppm (br s, 1H; OH);
13C NMR (100 MHz, C6D6): d=13.8 (C-26), 14.0 (C-25), 20.8 (C-24), 31.4
(C-16), 36.1 (C-14), 38.0 (C-12), 38.4 (C-11), 39.4 (C-8), 70.9 (C-13), 76.1
(C-15), 103.2 (C-17), 117.2 (C-4), 119.5 (C-20), 123.7 (C-6), 124.9 (C-22),
125.4 (C-5), 126.8 (C-9), 132.8 (C-10), 134.7 (C-18), 137.4 (C-21), 141.9
(C-23), 163.0 (C-19), 172.1 ppm (C-1); IR (film): ñ=1033, 1063, 1117,
1213, 1293, 1364, 1464, 1505, 1589, 1651, 1701, 2852, 2870, 2927, 2962,
3357 cm; HRMS (ESI): calcd for C26H33NNaO5 [M+Na]+ : 462.22509;
found: 462.22524.


Acknowledgement


Financial support by the Deutsche Forschungsgemeinschaft (grant:
Ma 1012/10-1) and the Fonds der Chemischen Industrie is gratefully ac-
knowledged.


[1] a) M. Stob, R. S. Baldwin, J. Tuite, F. N. Andrews, K. G. Gillette,
Nature 1962, 196, 1318; b) W. H. Urry, H. L. Wehrmeister, E. B.
Hodge, P. H. Hidy, Tetrahedron Lett. 1966, 3109–3114; c) P. H. Hidy,
R. S. Baldwin, R. L. Greasham, C. L. Keith, J. R. McMullen, Adv.
Appl. Microbiol. 1977, 22, 59–82; d) C. Cordier, M. Gruselle, G.
Jaouen, D. W. Hughes, M. J. McGlinchey, Magn. Reson. Chem. 1990,
28, 835–845.


[2] a) R. N. Mirrington, E. Ritchie, C. W. Shoppee, W. C. Taylor, S.
Sternhell, Tetrahedron Lett. 1964, 365–370; b) K. Nozawa, S. Nakaji-
ma, J. Nat. Prod. 1979, 42, 374–377; c) W. A. Ayer, S. P. Lee, A. Tsu-
neda, Y. Hiratsuka, Can. J. Microbiol. 1980, 26, 766–773.


[3] P. SellRs, R. Lett, Tetrahedron Lett. 2002, 43, 4621–4625.
[4] V. Hellwig, A. Mayer-Bartschmid, H. M:ller, G. Greif, G. Kley-


mann, W. Zitzmann, H.-V. Tichy, M. Stadler, J. Nat. Prod. 2003, 66,
829–837.


[5] Y. Hoshino, V. B. Ivanova, K. Yazawa, A. Ando, Y. Mikami, S. M.
Zaki, A.-Z. A. Karam, Y. A. Youssef, U. Gr<fe, J. Antibiot. 2002, 55,
516–519.


[6] For a review, see: L. Yet, Chem. Rev. 2003, 103, 4283–4306.
[7] a) J. A. Beutler, T. C. McKee, Curr. Med. Chem. 2003, 10, 787–796;


b) M. R. Boyd, C. Farina, P. Belfiore, S. Gagliardi, J. W. Kim, Y.
Hayakawa, J. A. Beutler, T. C. McKee, B. J. Bowman, E. J. Bowman,
J. Pharmacol. Exp. Ther. 2001, 291, 114–120.


[8] X.-S. Xie, D. Padron, X. Liao, J. Wang, M. G. Roth, J. K. De
Brabander, J. Biol. Chem. 2004, 279, 19755–19763.


[9] K. L. Erickson, J. A. Beutler, J. H. Cardellina II, M. R. Boyd, J. Org.
Chem. 1997, 62, 8188–8192.


[10] a) B. Kunze, R. Jansen, F. Sasse, G. Hçfle, H. Reichenbach, J. Anti-
biot. 1998, 51, 1075–1080; b) R. Jansen, B. Kunze, H. Reichenbach,
G. Hçfle, Eur. J. Org. Chem. 2000, 913–919.


[11] Total syntheses of salicylihalamide: a) Y. Wu, L. Esser, J. K. De
Brabander, Angew. Chem. 2000, 112, 4478–4480; Angew. Chem. Int.
Ed. 2000, 39, 4308–4310; b) A. F:rstner, T. Dierkes, O. Thiel, G.
Blanda, Chem. Eur. J. 2001, 7, 5286–5298; c) D. Labrecque, S. Char-
ron, R. Rej, C. Blais, S. Lamothe, Tetrahedron Lett. 2001, 42, 2645–
2648; d) B. B. Snider, F. Song, Org. Lett. 2001, 3, 1817–1820;
e) A. B. Smith, III, J. Zheng, Synlett 2001, 1019–1023; f) Y. Wu, X.
Liao, R. Wang, X.-S. Xie, J. K. De Brabander, J. Am. Chem. Soc.
2002, 124, 3245–3253; g) A. B. Smith, III, J. Zheng, Tetrahedron
2002, 58, 6455–6471.


[12] Total syntheses of apicularen A: a) A. Bhattacharjee, O. R. Seguil,
J. K. De Brabander, Tetrahedron Lett. 2001, 42, 1217–1220; b) K. C.
Nicolaou, D. W. Kim, R. Baati, Angew. Chem. 2002, 114, 3853–
3856; Angew. Chem. Int. Ed. 2002, 41, 3701–3704; c) K. C. Nicolaou,
D. W. Kim, R. Baati, A. OTBrate, P. Giannakakou, Chem. Eur. J.
2003, 9, 6177–6191; d) Q. Su, J. S. Panek, J. Am. Chem. Soc. 2004,
126, 2425–2430; e) A. F. Petri, A. Bayer, M. E. Maier, Angew.
Chem. 2004, in print.


Chem. Eur. J. 2004, 10, 5649 – 5660 www.chemeurj.org E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5659


Salicylihalamide Total Synthesis 5649 – 5660



www.chemeurj.org





[13] Formal total syntheses of salicylihalamide: a) G. A. Holloway, H. M.
H:gel, M. A. Rizzacasa, J. Org. Chem. 2003, 68, 2200–2204; b) C.
Herb, M. E. Maier, J. Org. Chem. 2003, 68, 8129–8135; c) K. Yang,
T. Haack, B. Blackman, W. E. Diederich, S. Roy, S. Pusuluri, G. I.
Georg, Org. Lett. 2003, 5, 4007–4009.


[14] Formal total syntheses of apicularen A: a) A. Lewis, I. Stefanuti,
S. A. Swain, S. A. Smith, R. J. K. Taylor, Tetrahedron Lett. 2001, 42,
5549–5552; b) A. Lewis, I. Stefanuti, S. A. Swain, S. A. Smith,
R. J. K. Taylor, Org. Biomol. Chem. 2003, 1, 104–116; c) B. R.
Graetz, S. D. Rychnovsky, Org. Lett. 2003, 5, 3357–3360; d) F. Hilli,
J. M. White, M. A. Rizzacasa, Org. Lett. 2004, 6, 1289–1292.


[15] Synthetic studies on salicylihalamide: a) Y. Wu, O. Seguil, J. K. De
Brabander, Org. Lett. 2000, 2, 4241–4244; b) J. T. Feutrill, G. A.
Holloway, F. Hilli, H. M. H:gel, M. A. Rizzacasa, Tetrahedron Lett.
2000, 41, 8569–8572; c) A. F:rstner, O. R. Thiel, G. Blanda, Org.
Lett. 2000, 2, 3731–3734; d) G. I. Georg, Y. M. Ahn, B. Blackman, F.
Farokhi, P. T. Flaherty, C. J. Mossman, S. Roy, K. Yang, Chem.
Commun. 2001, 255–256; e) M. Bauer, M. E. Maier, Org. Lett. 2002,
4, 2205–2208.


[16] K. A. H. Chehade, K. Kiegiel, R. J. Isaacs, J. S. Pickett, K. E.
Bowers, C. A. Fierke, D. A. Andres, H. P. Spielmann, J. Am. Chem.
Soc. 2002, 124, 8206–8219.


[17] T. Tokoroyama, T. Aoto, J. Org. Chem. 1998, 63, 4151–4157.
[18] a) S. N. Huckin, L. Weiler, J. Am. Chem. Soc. 1974, 96, 1082–1087;


b) M. Kato, V. P. Kamat, A. Yoshikoshi, Synthesis 1988, 699–701;
c) C. D. Vanderwal, D. A. Vosburg, S. Weiler, E. J. Sorensen, J. Am.
Chem. Soc. 2003, 125, 5393–5407.


[19] a) M. Kitamura, M. Tokunaga, T. Ohkuma, R. Noyori, Org. Synth.
1992, 71, 1–13; b) S. A. King, A. S. Thompson, A. O. King, T. R.
Verhoeven, J. Org. Chem. 1992, 57, 6689–6691; c) R. Noyori, T.
Ohkuma, Angew. Chem. 2001, 113, 41–75; Angew. Chem. Int. Ed.
2001, 40, 40–73.


[20] S. Hoppen, S. B<urle, U. Koert, Chem. Eur. J. 2000, 6, 2382–2396.
[21] E. J. Corey, H. Cho, C. R:cker, D. J. Hua, Tetrahedron Lett. 1981,


22, 3455–3458.


[22] M. T. Crimmins, B. W. King, E. A. Tabet, K. Chaudhary, J. Org.
Chem. 2001, 66, 894–902.


[23] J. R. Gage, D. A. Evans, Org. Synth. 1989, 68, 77–82.
[24] M. Prashad, H.-Y. Kim, Y. Lu, Y. Liu, D. Har, O. Repic, T. J. Black-


lock, P. Giannousis, J. Org. Chem. 1999, 64, 1750–1753.
[25] P. Phukan, M. Bauer, M. E. Maier, Synthesis 2003, 1324–1328.
[26] W. C. Still, J. C. Barrish, J. Am. Chem. Soc. 1983, 105, 2487–2489.
[27] M. T. Crimmins, B. W. King, W. J. Zuercher, A. L. Choy, J. Org.


Chem. 2000, 65, 8499–8509.
[28] For some other applications of this strategy, see: a) M. J. Kiefel, J.


Maddock, G. Pattenden, Tetrahedron Lett. 1992, 33, 3227–3230;
b) K. C. Nicolaou, A. D. Piscopio, P. Bertinato, T. K. Chakraborty,
N. Minowa, K. Koide, Chem. Eur. J. 1995, 1, 318–333.


[29] For some reviews, see: a) R. H. Grubbs, S. J. Miller, G. C. Fu, Acc.
Chem. Res. 1995, 28, 446–452; b) S. K. Armstrong, J. Chem. Soc.
Perkin Trans. 1 1998, 371–388; c) M. E. Maier, Angew. Chem. 2000,
112, 2153–2157; Angew. Chem. Int. Ed. 2000, 39, 2073–2077; d) L.
Yet, Chem. Rev. 2000, 100, 2963–3007; e) A. F:rstner, Angew.
Chem. 2000, 112, 3140–3172; Angew. Chem. Int. Ed. 2000, 39, 3012–
3043.


[30] T. M. Trnka, J. P. Morgan, M. S. Sanford, T. E. Wilhelm, M. Scholl,
T.-L. Choi, S. Ding, M. W. Day, R. H. Grubbs, J. Am. Chem. Soc.
2003, 125, 2546–2558.


[31] A. Bayer, M. E. Maier, Tetrahedron 2004, 60, 6665–6677.
[32] A. F:rstner, G. Seidel, J. Org. Chem. 1997, 62, 2332–2336.
[33] K. C. Nicolaou, K. R. Reddy, G. Skokotas, F. Sato, X. Y. Xiao, C. K.


Hwang, J. Am. Chem. Soc. 1993, 115, 3558–3575.
[34] a) W. P. Griffith, S. V. Ley, Aldrichimica Acta 1990, 23, 13–19;


b) S. V. Ley, J. Norman, W. P. Griffith, S. P. Marsden, Synthesis 1994,
639–666.


[35] T. R. Hoye, M. Hu, J. Am. Chem. Soc. 2003, 125, 9576–9577.


Received: June 18, 2004
Published online: September 30, 2004


E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5649 – 56605660


FULL PAPER M. E. Maier et al.



www.chemeurj.org






2,5-Diphenyl-3,4-bis(2-pyridyl)cyclopenta-2,4-dien-1-one as a Redox-Active
Chelating Ligand


Ulrich Siemeling,*[a] Imke Scheppelmann,[a] J*rgen Heinze,[b] Beate Neumann,[c]


Anja Stammler,[c] and Hans-Georg Stammler[c]


Introduction


Redox-active ligands are of great current interest.[1] They
can be used inter alia as molecular electrochemical sensors
for the detection of metal cations.[2] The vast majority of
such systems contain a redox-active group whose oxidation
leads to thermodynamic destabilisation of the metal com-
plex due to electrostatic interactions. Among such ligands,
ferrocene derivatives play a prominent role.[3] Ligands which
can be reduced are less common, most of them being de-
rived from quinone.[2] For electrostatic reasons, ligand reduc-
tion generally leads to a thermodynamic stabilisation of
metal complexes, and particularly large enhancements of
complex-formation constants of up to about 106 have been
reported for selected quinone-based systems.[4] In this con-
text we have investigated 2,5-diphenyl-3,4-bis(2-pyridyl)cy-
clopenta-2,4-dien-1-one (1).[5] This compound is a close rela-
tive of tetraphenylcyclopentadienone, which exhibits a
redox-active cyclopentadienone core that can be reduced re-


versibly to the corresponding radical monoanion.[6] The co-
ordination chemistry of 1 was completely unexplored prior
to our work. Compound 1 combines two well-known ligand
platforms, namely, oligopyridine and cylopentadienone. A
priori, it may therefore act as a bidentate N,N ligand in
Werner-type coordination chemistry and/or as an h4 ligand
in organometallic chemistry. Among such h4-cyclopentadie-
none complexes, those containing a cyclopentadienyl-
cobalt(i) fragment are known to show reversible electro-
chemical behaviour.[6] Therefore, we envisaged that both 1
and its cyclopentadienylcobalt(i) complexes could be used as
molecular electrochemical sensors for metals coordinating
to the pyridyl nitrogen atoms.


Results and Discussion


Synthesis and characterisation of compounds


Organometallic complexes : The reaction of 1 with
[CpCo(CO)2] in refluxing p-xylene afforded the cyclopenta-
dienone complex [CpCo(h4-1)] in 89% yield. Less forcing
conditions were required for the reaction of 1 with
[Cp*Co(C2H4)2], which proceeded cleanly and swiftly at
60 8C in toluene and furnished [Cp*Co(h4-1)] in 85% yield
(Scheme 1).
Both compounds precipitated from the reaction mixture


as red, air-stable, microcrystalline solids which are soluble in
polar solvents such as acetonitrile, ethanol and dichlorome-
thane. Crystals suitable for single-crystal X-ray structure
analysis were obtained from chloroform in each case. We
also determined the structure of 1 for comparison
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Abstract: 2,5-Diphenyl-3,4-bis(2-pyri-
dyl)cyclopenta-2,4-dien-1-one (1), a
close relative of tetraphenylcyclopenta-
dienone, is a new ligand platform for
use in redox switches and sensors.
Compound 1 acts as a molecular elec-
trochemical sensor towards a range of
divalent metal ions and exhibits favour-


able two-wave behaviour. It forms che-
lates of the type [(1)MX2], whose sta-
bility is enhanced by five orders of


magnitude upon one-electron reduc-
tion. The bite angle of 1 is close to 908
in these complexes. The attachment of
the 14-valence-electron Cp*Co frag-
ment to the cyclopentadienone p


system reduces the bite angle and thus
modulates the binding characteristics
of 1.


Keywords: chelates · electro-
chemistry · N ligands · redox
switches · UV/Vis spectroscopy


Chem. Eur. J. 2004, 10, 5661 – 5670 DOI: 10.1002/chem.200400465 I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5661


FULL PAPER







(Figure 1). [CpCo(h4-1)] and [Cp*Co(h4-1)] exhibit sand-
wich-type structures, and that of the latter is shown in
Figure 2.


In each case, the aromatic rings attached to the cyclopen-
tadienone moiety are arranged in an axially chiral paddle-
wheel fashion. Both species crystallise as racemic com-
pounds. The aromatic substituents rotate freely on the NMR
timescale at room temperature in solution. Metal coordina-
tion leads to noticeable changes in the bond parameters of
the cyclopentadienone moiety (Table 1), which are typical of
such species.[7] The alternating carbon–carbon bond lengths
in the diene unit of the five-membered ring of 1 are affected
substantially by metal coordination, which results in essen-


tially indistinguishable bond lengths between the four C
atoms coordinated to the Co centre in each case. The CO
carbon atoms of [CpCo(h4-1)] and [Cp*Co(h4-1)] point away
from the metal atom, with folding angles a of the five-mem-
bered ring of 12.7 and 7.28, respectively. This angle has a
value of only 1.78 in uncoordinated 1.
Delocalisation of electron density from the cyclopentadie-


nylcobalt(i) fragment into the LUMO of 1 leads to a signifi-
cant elongation of the carbon–oxygen bond of about 4 pm.[7]


The weakening of this bond is also consistent with IR spec-
troscopic data (nCO: 1 1715, [CpCo(h


4-1)] 1592, [Cp*Co(h4-
1)] 1586 cm�1).[8] This transfer of electron density is known
to lead to an increase in nucleophilicity of the oxygen atom,
which is reflected by reactions with suitable electrophiles to
give cobaltocenium species.[7a]


We briefly investigated [Cp*Co(h4-1)] as a representative
case in this context, because we were interested to see
whether selective reactions at the oxygen atom could be
achieved with electrophiles in the presence of the pyridyl N
atoms, which act as competing nucleophiles. This indeed
proved possible with acetyl chloride, which afforded
[Cp*Co(h5-1COMe)]PF6 as a yellow solid after anion meta-
thesis (Scheme 2). With the softer electrophile methyl tri-


flate (1 equiv), no selective O-alkylation was observed,
which can be explained in terms of the HSAB principle.[9]


Instead, according to NMR spectroscopic results, a mixture
of mono-, di- and trimethylated species was obtained togeth-
er with unconsumed [Cp*Co(h4-1)]. Trimethylation was
easily accomplished with an excess of methyl triflate to
afford [Cp*Co(h5-1Me3)](CF3SO3)3 as a yellow solid
(Scheme 2). Attempts to remove selectively two methyl


Scheme 1. Synthesis of [CpCo(h4-1)] and [Cp*Co(h4-1)]. Py=2-pyridyl.


Figure 1. Molecular structure of 1 in the crystal.


Figure 2. Molecular structure of [Cp*Co(h4-1)] in the crystal.


Table 1. Cyclopentadienone fold angle a [8] and selected bond
lengths [pm] for ligand 1 and its cyclopentadienylcobalt(i) derivatives.


1 [Cp*Co(h4-1)] [CpCo(h4-1)]


C1-C2 151.8(3) 147.7(3) 145.8(7)
C1�C5 151.9(3) 147.6(3) 147.4(6)
C2�C3 134.8(3) 144.3(3) 145.3(7)
C3�C4 152.9(3) 144.2(3) 145.3(6)
C4�C5 135.3(3) 143.6(3) 142.3(7)
C1�O1 120.9(3) 124.7(2) 124.6(6)
a 1.7 7.2 12.7


Scheme 2. Acetylation and complete methylation of [Cp*Co(h4-1)]. Py=
2-pyridyl.
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groups from this product by reaction with two equivalents
of 4-dimethylaminopyridine (DMAP) failed, and a mixture
of methylated species again resulted. Attempts were made
to achieve selective O-alkylation by steric means by utilising
trityl chloride as alkylating agent, since trityl chloride in the
presence of pyridine is commonly used for the protection of
primary alcohols. However, no reaction was observed even
after several weeks in dichloromethane solution.
The formation of cobaltocenium species by O-acylation or


O-alkylation is already indicated by the characteristic yellow
colour of the respective product and is further supported by
NMR spectroscopic data.[10] The 13C NMR signal of the CO
carbon atom of [Cp*Co(h4-1)] at 150 ppm experiences a pro-
nounced upfield shift upon acetylation (Dd=36.7 ppm) or
methylation (Dd=22.1 ppm) of the oxygen atom.
The results of single-crystal X-ray structure analyses,


which were performed for [Cp*Co(h5-1COMe)]BPh4
(Figure 3) and [Cp*Co(h5-1Me3)](CF3SO3)3 (Figure 4) fur-
ther corroborate these findings.


In contrast to the cyclopentadienone complexes
[CpCo(h4-1)] and [Cp*Co(h4-1)], the functionalised five-
membered rings are essentially planar. Their C�C bond


lengths are identical within experimental error and indistin-
guishable from those within the Cp* ring. The carbon–
oxygen bond elongates considerably from 124.7(2) to
140.6(9) and 133.9(2) pm upon acylation and methylation,
respectively. In contrast to [CpCo(h4-1)], [Cp*Co(h4-1)] and
[Cp*Co(h5-1COMe)]+ , which show regular sandwich-type
structures with essentially coplanar coordinated p decks,
[Cp*Co(h5-1Me3)]


3+ exhibits a slightly bent structure with
cobalt–carbon bond lengths ranging from 206.02(17) to
212.46(17) pm and a ring tilt angle of 9.28.


Werner-type complexes : The reaction of 1 with metal diha-
lides MX2 in hot ethanol afforded chelate complexes of the
type [(1)MX2] (MX2=PdCl2, PtCl2, ZnCl2, HgCl2, HgBr2).
With the exception of the palladium species, the structures
of all these complexes were determined by single-crystal X-
ray diffraction. The metal atom is tetracoordinate in each
case. The coordination environment is square-planar for d8-
configurated Pt and therefore presumably also for Pd,
whereas it is distorted tetrahedral for the other three com-
pounds, in which M is d10-configurated. As a representative
example, the structure of the zinc complex is shown in
Figure 5. ZnCl2 coordination has no noticeable effect on the


bond lengths of 1, and the same holds true for the other
MX2 complexes. The seven-membered chelate ring has bond
angles at C3 and C4 which deviate only slightly from the
corresponding angles in the uncoordinated ligand; the aver-
age values are 1218 for 1 and 1278 for the zinc complex.
This effect is even smaller for the other MX2 complexes.
With CdCl2 the chloro-bridged dimer [{(1)Cd(m-Cl)Cl}2] was
obtained, which contains two pentacoordinate Cd atoms
(Figure 6). Their coordination is best described as distorted
square-pyramidal. The Cd�Cl(apical) vectors deviate from
the ideal pyramidal orientation by about 88. The Cd�Cl(api-
cal) distances are 241.29(8) and 240.42(8) pm. These are
considerably shorter than the corresponding distances of the
bridging basal Cl atoms, which range from 256.33(8) to
259.81(7) pm.
It is instructive to compare the structures of [(1)MX2]


with those of unchelated analogues of the type [(py)2MX2]
(py=pyridine). For MX2=ZnCl2, the two structures are
similar, with pseudotetrahedral zinc coordination. However,
the N-Zn-N angle is 106.3(2)8 in the unchelated complex,[11]


whereas it is only 95.42(5)8 in the chelate [(1)ZnCl2]. This is


Figure 3. Molecular structure of the cation of [Cp*Co(h5-1COMe)]BPh4
in the crystal.


Figure 4. Molecular structure of the cation of [Cp*Co(h5-
1Me3)](CF3SO3)3 in the crystal.


Figure 5. Molecular structure of [(1)ZnCl2] in the crystal.
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due to the rigid ligand framework of 1. In the two mercury
compounds, the N-M-N angle is even smaller, namely,
78.30(10)8 for [(1)HgCl2] and 79.08(12)8 for [(1)HgBr2],
which is due to the larger size of the coordinated metal
atom, which leads to much longer M�N bonds (ca. 206 pm
for M=Zn versus ca. 241 pm for M=Hg). The same holds
for the cadmium complex, the Cd�N bonds of which range
from 232.8(2) to 236.4(2) pm, which results in N-Cd-N
angles of 79.85(8) and 77.12(8)8. The pronounced ligand-in-
duced decrease in the N-Zn-N angle does not lead to a con-
comitant increase of the Cl-Zn-Cl angle, which is
122.172(17)8 in the chelate and 120.9(1)8 in [(py)2ZnCl2],


[11]


in which repulsive interactions between the two chlorine
atoms prevent a closer approach.
Cadmium and mercury have considerably larger ionic


radii than zinc, and this allows higher coordination numbers
for analogous complexes. Thus, the pyridine complexes for
M=CdCl2


[12] and HgCl2
[13] are coordination polymers of the


type [(py)2M(m-Cl)2]¥, which contain infinite chains com-
posed of hexacoordinate chloro-bridged metal atoms bear-
ing two pyridine ligands in trans orientation. The architec-
ture of the chelate ligand 1 is incompatible with such a
linear N-M-N arrangement and results in a different struc-
ture type for cadmium and mercury. We note that the Hg�
Cl bond lengths of [(1)HgCl2] are significantly smaller than
the Cd�Cl(apical) distances (ca. 236 versus ca. 241 pm) in
[(1)Cd(m-Cl)Cl]2, although the ionic radius of tetracoordi-
nate HgII is slightly larger than that of pentacoordinate CdII


(110 vs 109 pm). In contrast, the corresponding M�N bond
lengths (vide supra) follow the trend of the ionic radii. Just
the opposite behaviour has been reported for the polymeric
pyridine complexes of CdCl2 and HgCl2 and has been inter-
preted in terms of a higher degree of metal–nitrogen p


backbonding in the case of mercury.
In contrast to its cadmium analogue [(py)2Cd(m-Br)2]¥ and


its chloro analogue [(py)2Hg(m-Cl)2]¥, [(py)2HgBr2] is mono-
meric[13] and contains tetracoordinate mercury, the bonding
parameters of which are similar to those of [(1)HgBr2]. The
Hg�N and Hg�Br bond lengths are about 239 and 248 pm,
respectively, for [(py)2HgBr2] and about 241 and 249 pm, re-
spectively, for [(1)HgBr2]. The N-Hg-N angle is 90.7(7)8 in
[(py)2HgBr2], and 79.08(12)8 in [(1)HgBr2]; the Br-Hg-Br
angles are 141.2(1)8 for the former, and 137.255(17)8 for the
latter.


The differences in the coordination behaviour of ZnCl2,
CdCl2 and HgX2 towards 1, which lead to tetracoordinate
mononuclear complexes in the case of zinc and mercury, but
to a chloro-bridged dimer exhibiting pentacoordination in
the case of cadmium, appear counterintuitive, since they
show no consistent relation to the relevant ionic radii. Es-
sentially the same behaviour was observed by Lockhart
et al. for a bidentate bis(benzimidazole) ligand.[14] In their
case, however, the dimeric cadmium complex is trigonal-bi-
pyramidal with strongly asymmetric chloro bridges. The
degree of covalency of the M�X bond increases in the order
Zn<Cd<Hg and Cl<Br, reflecting relative valence orbital
binding energies.[15] The intricate relationship between va-
lence orbital binding energies and structures in compounds
of zinc, cadmium and mercury was investigated by Tossell
and Vaughan,[16] and our experimental findings are compati-
ble with their analysis.
From the structures of the Group 10 metal complexes de-


scribed above it is evident that the bite-angle range of 1 lies
around 908, which is ideal for square-planar coordination. In
fact, the N-Pt-N angle in [(1)PtCl2] is 87.40(12)8, and it is ac-
companied by a Cl-Pt-Cl angle of 93.39(3)8. The Pt bond
lengths and angles are almost identical to those observed for
cis-[(py)2PtCl2].


[17]


Finally, the capacity of the organometallic complex
[Cp*Co(h4-1)] to form Werner-type complexes was tested
with the metal dihalides mentioned above. These reactions
failed in the case of cadmium and mercury. With zinc chlo-
ride, however, the dimetallic chelate [Cp*Co(h4-1)ZnCl2]
could be obtained. A downfield shift of the signal of the pyr-
idyl a-protons of about 0.6 ppm was observed in the
1H NMR spectrum upon metal complexation. The zinc atom
is coordinated in an exo fashion with respect to the Cp*Co
fragment (Figure 7). Metal coordination has no significant
effects on the bond lengths of [Cp*Co(h4-1)]. The angles at
the pyridyl-bearing C atoms in the seven-membered chelate
ring are slightly smaller than the corresponding angles in
[Cp*Co(h4-1)]; the average values are 1278 for [Cp*Co(h4-
1)] and 1218 for the zinc complex. We note that for ligand 1
coordination of ZnCl2 has the opposite effect and leads to
an increase of these angles from 121 to 1278. This behaviour
may be indicative of additional ring strain in the chelate


Figure 6. Molecular structure of [(1)Cd(m-Cl)Cl]2 in the crystal.


Figure 7. Molecular structure of [Cp*Co(h4–1)ZnCl2] in the crystal.
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[Cp*Co(h4-1)ZnCl2] with respect to [(1)ZnCl2]. The bond
parameters of the zinc atom of [Cp*Co(h4-1)ZnCl2] are simi-
lar to those found for [(1)ZnCl2]; a noticeable difference,
however, is the comparatively smaller N-Zn-N (89.34(6)
versus 95.42(5)8) and Cl-Zn-Cl angles (113.621(19) versus
122.172(17)8) of the organometallic species. This effect must
be due to the presence of the Cp*Co moiety. This unit
causes shortening of the bond between the two pyridyl-bear-
ing carbon atoms of about 9 pm in 1 (vide supra) and there-
fore directly influences the bite angle of the two pyridyl
goups attached to these atoms. The bond angles at zinc devi-
ate strongly from those observed for [(py)2ZnCl2] (N-Zn-N
106.3(2), Cl-Zn-Cl 120.9(1)8, vide supra) and are indicative
of ring strain, which conceivably leads to destabilisation of
the complex. In fact, further investigations showed that the
complex-formation constant of [Cp*Co(h4-1)ZnCl2] in ace-
tonitrile is lower by one order of magnitude than that of the
less strained [(1)ZnCl2] (vide infra). In the case of cadmium
and mercury, the ligand [Cp*Co(h4-1)] would cause even
more acute bond angles than those observed in the case of
1, for which chelates of the type [(1)MX2] exhibit N-M-N
angles that are already smaller than 808 for M=Cd and Hg.
Obviously, complex formation does not occur under these
circumstances.
The ionic radii of square-planar tetracoordinate PdII


(78 pm) and PtII centres (74 pm) are practically identical
with that of tetracoordinate ZnII (74 pm). Thus, complex for-
mation occurred with PdCl2 and PtCl2, as evidenced by
1H NMR spectroscopic monitoring of the reaction in deuter-
ated methanol. Again, a downfield shift of the signal of the
pyridyl a-protons of about 0.6 ppm was observed. The prod-
ucts proved to be only sparingly soluble in common organic
solvents and undergo light-induced decomposition with for-
mation of elemental palladium and platinum, respectively.
Only [Cp*Co(h4-1)PdCl2] could be obtained in pure form.
The cobaltocenium derivative [Cp*Co(h5-1COMe)]+


proved to be unable to form complexes with the metal diha-
lides investigated, which is probably due to repulsive elec-
trostatic effects.


Electrochemistry : Cyclic voltammetry revealed that com-
pound 1 is reversibly reduced to its radical anion. The half-
wave potential is �1.37 V in CH2Cl2 and �1.23 V in CH3CN
(vs ferrocenium/ferrocene).[18] Coordination of a cyclopenta-
dienylcobalt(i) fragment to the p system of 1 leads to a
rather dramatic electrochemical effect, which is based on
the fact that electron density is delocalised from the organo-
metallic moiety into the LUMO of 1 (vide supra).
[CpCo(h4-1)] and [Cp*Co(h4-1)] undergo reversible reduc-
tion at �1.89 and �1.97 V, respectively, in acetonitrile; the
more electron-rich Cp* derivative is harder to reduce.
The redox behaviour of 1 is also rather sensitive to metal


coordination at the pyridyl groups. An investigation of the
chelates of type [(1)MX2] revealed that for M=Hg irreversi-
ble reduction occurred at about �0.75 V and led to deposi-
tion of elemental mercury on the electrode. The dimeric
cadmium complex also showed irreversible behaviour, with
a broad reduction peak at about �1.05 V, which may be due
to the formation of monomeric fragments. All other com-


plexes showed quasireversible electrochemical behaviour
(Table 2).


For the sensing of nonpolarisable ions, the shift of the
half-wave potential is governed by Coulomb interactions,
and therefore large values can be expected only when the
ion-binding site is in close proximity to the redox-active
unit. This is particularly important for the highly polar sol-
vents generally used for the investigation of ionic species,
since there is an inverse dependence of DE0’ on the dielec-
tric constant of the medium, as is shown by Equation (1) (n :
number of electrons transferred during the redox process, F :
Faraday constant, NA: Avogadro constant, Qguest : charge of
the guest ion, DQsensor : charge change of the sensor caused
by the redox process, e0 : vacuum permittivity, e : dielectric
constant of the solvent, d : distance between the redox-active
centre and the point charge of the guest).


nFjDE0 0j ¼ NAQguestDQsensor=4pe0ed ð1Þ


In the present system, the shift of the half-wave potential
induced by metal complexation is rather large in each case.
As expected, the effect is more pronounced in dichlorome-
thane (e=8.93) than in the more polar acetonitrile (e=
36.64).[19] The DE1/2 values are similar for the three com-
plexes, since the metal centres have similar ionic radii (vide
supra) and identical ligands.
The metal complexes of the type [Cp*Co(h4-1)MCl2]


show irreversible electrochemical behaviour for M=Zn and
Pd. In the case of zinc, a reduction wave at Ep=�1.34 V is
observed. However, the oxidative process leads to a broad
wave at about �1.00 V, which is probably due to the forma-
tion of elemental zinc. The palladium complex shows irre-
versible reduction at Ep=�1.43 V, whereupon a reversible
redox wave at E1/2=�2.12 V is observed. This is close to,
but not identical with, the redox potential of [Cp*Co(h4-1)]
(�1.97 V). The nature of the species responsible for this
redox wave therefore remains unclear. The purity of the
platinum complex [Cp*Co(h4-1)PtCl2], although not satisfac-
tory for analytical purposes, was sufficient for investigations
by cyclic voltammetry. A quasireversible reduction at E1/2=
�1.75 V was observed for this compound. The DE1/2 value
of 0.22 V with respect to [Cp*Co(h4-1)] is smaller than that
of 0.37 V observed for 1 and [(1)PtCl2], even when it is
taken into account that the latter value was determined in
the less polar solvent dichloromethane.


Table 2. Half-wave potentials [V] (vs ferrocenium/ferrocene) for the re-
duction processes exhibited by 1 and its zinc, palladium and platinum
complexes.


1 [(1)ZnCl2] [(1)PdCl2] [(1)PtCl2]


E1/2 (CH2Cl2)
[a] �1.37 �1.03 �1.05 �1.00


DE1/2
[b] 0.34 0.32 0.37


E1/2 (CH3CN)
[a] �1.23 �0.93


DE1/2
[b] 0.30


[a] Scan rate 0.10 Vs�1, 0.1m [NBu4]PF6 supporting electrolyte, DEp�
0.10 V. [b] Shift of the half-wave potential with respect to that of 1 in the
same solvent.
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Determination of complex-formation constants : The redox
and coordination equilibria in the square scheme shown in
Scheme 3 are the basis for the use of 1 as a molecular elec-
trochemical sensor. We were able to elucidate the thermo-
dynamics involved by a combination of UV/Vis spectroscop-
ic and electrochemical studies.


A UV/Vis titration experiment was performed with 1 and
ZnCl2 in acetonitrile solution (Figure 8). The absorption due
to the ligand 1 (lmax=255 nm) decreases gradually, whereas


that of the corresponding zinc complex (lmax=297 nm) in-
creases gradually upon stepwise addition of zinc chloride.
The presence of isosbestic points proves that a simple equili-
brium between just two absorbing species is operative here.
Monitoring the absorbance at a constant wavelength shows
that the zinc containing species is a 1:1 complex (Figure 9),
in accord with the crystallographically characterised chelate
[(1)ZnCl2] (vide supra).
The complex-formation constant K1 for [(1)ZnCl2] can be


obtained from the UV/Vis data, provided the extinction co-
efficients of the two absorbing species are known for a given


wavelength, by using an established procedure (see Experi-
mental Section). In this case, the wavelength of choice is
297 nm, since here the largest changes in absorbance occur
during the titration experiment. The extinction coefficient of
1 at l=297 nm, as determined at 298 K from UV/Vis spec-
tra of this compound by using the Lambert–Beer law (A=


ecd), is 9130m�1 cm�1. The corresponding value for the zinc
complex can be approximated from the titration experiment,
under the assumption that it is the only absorbing species in
the presence of an excess of zinc chloride (see Figure 9).
This procedure leads to a value of 14900m�1 cm�1. The fol-
lowing fitting procedure affords values of 8997m�1 cm�1 and
14927m�1 cm�1 for e297 of 1 and [(1)ZnCl2], respectively, and
yields a value of (1.9�0.2)·106m�1 for K1 at 298 K. This cor-
responds to a pK1 value of �6.276�0.046.
The complexation of zinc chloride by 1 in acetonitrile so-


lution was also monitored electrochemically in a titration
experiment using square-wave voltammetry (Figure 10).


Addition of a small amount of ZnCl2 (<10 mol%) leads
to the appearance of a new redox wave in the square-wave
voltammogram of 1, cathodically shifted by 0.30�0.01 V,
which corresponds to an enormous increase of the metal-
binding constant by five orders of magnitude. The two-wave
behaviour observed is characteristic for systems showing


Scheme 3. Scheme for the binding equilibria of 1 and zinc chloride.


Figure 8. Effect of ZnCl2 on the UV/Vis spectrum of 1 in acetonitrile so-
lution (portionwise addition of 1 equiv).


Figure 9. Absorbance at l=297 nm during the titration of 1 with zinc
chloride (portionwise addition of 2 equiv) in acetonitrile.


Figure 10. Effect of zinc chloride (portionwise addition of 1 equiv) on the
square-wave voltammogram of 1 (acetonitrile, 0.1m [NBu4][PF6]).
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very large complex-formation constants, typically on the
order of 106m�1,[2b] which is nicely compatible with the value
of �6.276�0.046 determined for pK1. The pK2 value for the
reduced species in Scheme 3, as estimated[2b] from K1 and
the electrochemical potential shift of 0.30�0.01 V, is
�11.35�0.15 at 298 K.
A UV/Vis titration experiment was also performed for


the complexation of zinc chloride by [Cp*Co(h4-1)] in aceto-
nitrile (Figure 11).


Again, the presence of an isosbestic point shows that a
simple equilibrium between just two absorbing species is in-
volved. By a procedure analogous to that described above
for [(1)ZnCl2], the complex-formation constant of
[Cp*Co(h4-1)ZnCl2] in acetonitrile was determined to be
(1.3�0.2)P105m�1 at 298 K, with extinction coefficients at
l=266 nm of 24700 and 23200m�1 cm�1 for [Cp*Co(h4-1)]
and [Cp*Co(h4-1)ZnCl2], respectively. This result shows that
the presence of the Cp*Co fragment leads to a pronounced
destabilisation of the chelate by approximately one order of
magnitude, for which the main reason is the unfavourable
change in bite angle induced by the organometallic moiety
(vide supra).


Conclusion


We have explored the coordination chemistry of 2,5-diphen-
yl-3,4-bis(2-pyridyl)cyclopenta-2,4-dien-1-one (1). This com-
pound can act as a bidentate ligand that forms stable che-
lates with a range of metal dihalides. Pseudotetrahedral,
square-planar and square-pyramidal coordination has been
observed. Compound 1 is a redox-active ligand showing
well-behaved electrochemistry. It can therefore exhibit
switchable binding. In the case of the zinc complex
[(1)ZnCl2], enhancement of the complex-formation constant
by five orders of magnitude is observed upon one-electron
reduction. This is similar to the best results obtained with
quinone-based switches. Compound 1 can be used as a mo-
lecular electrochemical sensor for the detection of divalent
metal ions in solution, since it shows favourable two-wave


behaviour. In contrast to quinone-based systems, the binding
characteristics of 1 can easily be modulated by attachment
of a suitable organometallic fragment to the redox-active
moiety. The complex-formation constant of [Cp*Co(h4-
1)ZnCl2] is approximately ten times smaller than that of
[(1)ZnCl2].
Compound 1 is a new and convenient ligand platform for


use in redox switches and sensors, since cyclopentadienone
derivatives have not been used before in this context. Its
versatility as a ligand is enhanced by the fact that its binding
characteristics can be influenced through secondary interac-
tions involving coordination of the cyclopentadienone p


system. We envisage that fine-tuning of these effects will be
possible by using 14-valence-electron complex fragments
with different stereoelectronic properties. Furthermore, it is
conceivable that attaching other donor sets such as S,S and
O,O to the cyclopentadienone ring may give rise to further
interesting redox-active ligands. Work with the correspond-
ing 2-thienyl-[20] and 2-furyl-substitued[20,21] analogues of 1 is
in progress.


Experimental Section


General : [Cp*Co(C2H4)2] was prepared according to a published proce-
dure.[22] All other compounds were commercially available. Synthetic
work involving air-sensitive compounds was performed under an atmos-
phere of dry argon or nitrogen by using standard Schlenk techniques or a
conventional glove box. Solvents and reagents were appropriately dried
and purified. NMR: Bruker Avance DRX 500 and Varian Unity INOVA
500 (500.13 MHz for 1H); MS: Finnigan MAT 8430 (EI) or PE Biosys-
tems Voyager System 1161 (ESI; MALDI-TOF, 2,5-dihydroxybenzoic
acid calibration matrix); IR: Bruker Vector 22 and Mattson Genesis FT-
IR; UV/Vis: Perkin Elmer Lambda 40, an absorbance correction taking
into account the decreasing analyte concentration during the course of
the titration experiments was performed; elemental analyses: Beller
(Gçttingen), H. Kolbe (MRlheim an der Ruhr) and microanalytical labo-
ratory of the University of Bielefeld.


Determination of complex-formation constants : For the complex-forma-
tion equilibrium L+MQLM the expression for the equilibrium constant
is K=cLcM/cLM (c=equilibrium concentration). When c0L and c


0
M are the


starting concentrations used, the respective equilibrium concentrations
are cL=c


0
L�cLM and cM=c0M�cLM. Substituting these into the expression


for K gives K= (c0L�cLM)(c0M�cLM)/cLM. From this quadratic equation it
follows that the unknown equilibrium concentration of the complex is
cLM= (c


0
L+c


0
M+K)/2�[(c0L+c0M+K)2/4�c0Lc0M]0.5. The absorbance at a given


wavelength l is described by the Lambert–Beer law: A/d=ec. In the
present system, two absorbing species are present, namely, L and LM.
Therefore, A/d=eLcL+eLMcLM. Since cL=c


0
L�cLM, this equation can be


written as A/d=eL(c
0
L�cLM)+eLMcLM=eLc


0
L+ (eLM�eL)cLM. With cLM=


(c0L+c
0
M+K)/2�[(c0L+c0M+K)2/4�c0Lc0M]0.5 this can be written as A/d=


eL(c
0
L�cLM)+eLMcLM=eLc


0
L+ (eLM�eL){(c


0
L+c


0
M+K)/2�[(c0L+c0M+K)2/


4�c0Lc0M]0.5}. The complex formation constant K can be obtained from this
equation by standard fitting procedures, given that the following values
are known in the UV/Vis titration experiment: Vs (sample volume at the
start), cLs (starting concentration of L in the sample), cMt (concentration
of M in the titre solution), v (volume of titre solution added). During the
titration, the total volume is V=Vs+v. Consequently, the relevant con-
centrations at any stage of the titration are c0L=cLs(Vs/V) and c


0
M=cMt(v/


V). The experimental determination of eL is straightforward, and eLM can
be obtained by extrapolation from the titration experiment, under the as-
sumption that LM is the only absorbing species in the presence of an
excess of M.


Electrochemical investigations : Experiments involving [CpCo(h4-1)],
[Cp*Co(h4-1)] and complexes of the type [Cp*Co(h4-1)MCl2] were car-
ried out in specially constructed cells containing an internal drying


Figure 11. Effect of ZnCl2 on the UV/Vis spectrum of [Cp*Co(h4–1)] in
acetonitrile solution (portionwise addition of 1 equiv).
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column with highly activated alumina. The working electrode was a Pt
disc sealed in soft glass (1.0 mm diameter). A Pt wire was used as the
counterelectrode. Potentials were calibrated with ferrocene [E1/2(ferroce-
nium/ferrocene)=0.38 V versus Ag/AgCl/KCl(aq)]. The setup was con-
trolled by a Jaissle potentiostat IMP88. Material and apparatus for all
other electrochemical studies have been described elsewhere.[23]


2,5-Diphenyl-3,4-bis(2-pyridyl)cyclopenta-3,4-diol-1-one : The compound
was prepared previously,[5] but analytical data were unavailable. Pow-
dered potassium hydroxide (2.00 g, 35.6 mmol) was added to a vigorously
stirred solution of dibenzyl ketone (33.3 g, 158 mmol) and 2,2’-pyridil
(25.1 g, 119 mmol) in ethanol (400 mL). After 1 h, the voluminous white
precipitate was filtered off with suction, washed with ethanol (3P30 mL)
and dried in vacuo. Yield 47.5 g (94%). 1H NMR (CDCl3): d=4.78 (s,
2H), 6.98 (m, 4H), 7.11 (m, 2H), 7.22 (m, 6H), 7.36 (“d”, apparent J=
8.1 Hz, 2H), 7.52 (m, 2H), 8.37 (d, J=5.0 Hz, 2H), 8.74 ppm (s, 2H);
13C{1H} NMR (CDCl3): d=65.9, 82.1, 122.4, 123.2, 127.1, 127.7, 130.9,
133.3, 137.3, 146.5, 162.5, 213.3 ppm; IR (KBr): ñ=1743 (nCO) cm


�1; MS
(EI): m/z : 422 [M]+ ; elemental analysis (%) calcd for C27H22N2O3
(422.48): C 76.76, H 5.25, N 6.63; found: C 76.92, H 5.40, N 6.62.


1: The synthesis was performed by using a dehydration protocol devel-
oped by Hughes et al. for the synthesis of 1,5-di-tert-butyl-1,3-cyclopenta-
diene,[24] since this gave yields superior to those reported by Eistert
et al.[5] POCl3 (15.0 g, 97.8 mmol) was added to a suspension of 2,5-di-
phenyl-3,4-bis(2-pyridyl)cyclopenta-3,4-diol-1-one (21.1 g, 50.0 mmol) in
pyridine (90 mL). The reaction mixture was stirred at 85 8C for 14 h and
was subsequently allowed to cool to room temperature. Volatile compo-
nents were removed in vacuo. The solid residue was dissolved in di-
chloromethane (500 mL). The solution was cooled to 0 8C and treated
with a saturated aqueous solution of sodium carbonate (100 mL). After
gas evolution had stopped, the organic layer was separated, washed with
water (2P100 mL) and dried with sodium sulfate. The solution was re-
duced to dryness in vacuo and the brownish red crude product recrystal-
lised from ethanol to afford the product as dark red crystals. Yield 14.3 g
(74%). 1H NMR (CDCl3): d=7.06 (m, 2H), 7.23 (m, 12H), 7.51 (m,
2H), 8.32 ppm (d, J=4.4 Hz, 2H); 13C{1H} NMR (CDCl3): d=122.3,
125.0, 126.7, 128.0, 128.2, 130.0, 130.2, 135.9, 149.0, 153.1, 153.2,
200.7 ppm; IR (KBr): ñ=1715 (nCO) cm


�1; MS (EI): m/z : 386 [1]+ ; ele-
mental analysis (%) calcd for C27H18N2O (386.45): C 83.92, H 4.70, N
7.25; found: C 83.93, H 4.74, N 7.23.


[CpCo(h4-1)]: A solution of 1 (3.86 g, 10.0 mmol) and [CpCo(CO)2]
(1.81 g, 10.1 mmol) in p-xylene (20 mL) was heated to reflux for 14 h.
The mixture was allowed to cool to room temperature. The dark red, mi-
crocrystalline precipitate was isolated by filtration, washed with n-hexane
(3P20 mL) and dried in vacuo. Yield 4.54 g (89%). 1H NMR (CDCl3):
d=4.98 (s, 5H), 7.09 (“t”, 2H), 7.15 (d, J=7.7 Hz, 2H), 7.22 (m, 6H),
7.42 (“t”, 2H), 7.63 (“d”, apparent J=3.8 Hz, 4H), 8.41 ppm (d, J=
3.4 Hz, 2H); 13C{1H} NMR (CDCl3): d=79.1, 85.9, 92.8, 122.1, 126.7,
127.1, 127.8, 128.9, 130.3, 133.1, 135.2, 149.1, 153.6 ppm; IR (KBr): ñ=
1593 (nCO) cm


�1; MS (ESI): m/z : 511 [M]+ ; elemental analysis (%) calcd
for C32H23N2CoO (510.49): C 75.29, H 4.54, N 5.49; found: C 76.04, H
4.93, N 4.96.


[Cp*Co(h4-1)]: A solution of 1 (3.86 g, 10.0 mmol) and [Cp*Co(C2H4)2]
(2.50 g, 10.0 mmol) in toluene (100 mL) was heated to 50 8C for 14 h. The
mixture was allowed to cool to room temperature. The red, microcrystal-
line precipitate was isolated by filtration, washed with n-hexane (2P
20 mL) and dried in vacuo. Yield 4.94 g (85%). 1H NMR (CDCl3): d=
1.45 (s, 15H), 6.95 (d, J=7.8 Hz, 2H), 7.05 (“t”, 2H), 7.14 (m, 6H), 7.35
(“t”, 2H), 7.72 (“d”, apparent J=6.8 Hz, 4H), 8.45 ppm (d, J=4.3 Hz,
2H); 13C{1H} NMR (CDCl3): d=8.0, 77.8, 90.9, 92.6, 121.6, 126.2, 126.3,
127.2, 130.0, 132.6, 135.0, 148.9, 150.0, 154.9 ppm; IR (KBr): ñ=1562
(nCO) cm


�1; MS (ESI): m/z : 581 [M]+ ; elemental analysis (%) calcd for
C37H33N2CoO (580.62): C 76.54, H 5.73, N 4.82; found: C 75.98, H 5.72,
N 4.77.


[Cp*Co(h5-1COMe)]PF6 : Acetyl chloride (6.0 mL) was added dropwise
to [Cp*Co(h4-1)] (181 mg, 0.31 mmol). The resultant yellow solution was
stirred for 1 h and subsequently reduced to dryness in vacuo. The remain-
ing light orange solid was dissolved in ethanol (5 mL). The yellow prod-
uct was precipitated by dropwise addition of a saturated aqueous solution
of ammonium hexafluorophosphate, filtered off, washed with diethyl
ether (10 mL) and n-hexane (10 mL) and dried in vacuo. Yield 234 mg


(80%). 1H NMR (CDCl3): d=1.69 (s, 15H), 2.33 (s, 3H), 6.68 (d, J=
7.8 Hz), 7.05 (m, 4H), 7.27 (m, 2H), 7.35 (“t”, 4H), 7.42 (m, 2H), 7.53
(m, 2H), 8.51 ppm (d, J=5.4 Hz); 13C{1H} NMR (CDCl3): d=8.9, 20.6,
93.7, 94.1, 99.6, 113.3, 123.9, 125.9, 126.6, 129.1, 129.6, 130.1, 136.4, 149.0,
149.7, 168.7 ppm; MS (MALDI-TOF): m/z : 623 [Cp*Co(h5-1COMe)]+ ;
elemental analysis (%) calcd for C39H36N2CoF6O2P (768.63): C 60.94, H
4.72, N 3.64; found: C 60.91, H 4.72, N 3.61.


[Cp*Co(h5-1COMe)]BPh4 : This compound was obtained in 77% yield
in analogy to the synthesis of the hexafluorophosphate by using a saturat-
ed aqueous solution of NaBPh4. It was characterised by X-ray crystallog-
raphy. Elemental analysis (%) calcd for C63H58BCoN2O2 (944.91): C
80.08, H 6.19, N 2.96; found: C 79.67, H 6.25, N, 3.21.


[Cp*Co(h5-1Me3)](CF3SO3)3 : Methyl triflate (10 mL) was added drop-
wise to [Cp*Co(h4-1)] (528 mg, 0.91 mmol). The mixture was stirred for
14 h and subsequently reduced to dryness in vacuo. Ethanol (5 mL) was
added to the brownish yellow residue, and the mixture stirred for 10 min.
The yellow solid was filtered off, washed with diethyl ether (5 mL) and
n-hexane (5 mL) and dried in vacuo. Yield 456 mg (47%). 1H NMR
(CD3CN): d=1.69 (s, 15H), 3.62 (s, 6H), 4.10 (s, 3H) 7.32 (m, 4H), 7.54
(“t”, 4H), 7.61 (m, 2H), 7.98 (d, J=8.0 Hz, 2H), 8.12 (m, 2H), 8.62 (d,
J=5.9 Hz, 2H), 8.75 ppm (“t”, 2H); 13C{1H} NMR (CD3CN): d=9.7,
47.6, 64.5, 89.2, 93.5, 102.8, 125.3, 127.9, 130.6, 130.7, 131.1, 132.5, 134.0,
144.1, 149.2, 151.6 ppm; MS (MALDI-TOF): m/z : 625 [Cp*Co(h5-
1Me3)]


+ ; elemental analysis (%) calcd for C43H42N2CoF9O10S3 (1072.93):
C 48.14, H 3.95, N 2.61; found: C 48.17, H 4.24, N 2.91.


General procedure for the preparation of the chelates of 1 with metal di-
halides : Equimolar amounts of 1 and the respective metal dihalide MX2
were stirred in ethanol (10 mL per 100 mg of 1) at 70 8C for 14 h. The
mixture was allowed to cool to room temperature. The solid was filtered
off, washed with diethyl ether and n-hexane and dried in vacuo. The CO
carbon atom gave rise to a low-intensity 13C NMR signal, which some-
times could not be detected with certainty. [(1)ZnCl2] was obtained as a
red, microcrystalline solid in 72% yield. 1H NMR (CDCl3): d=7.23 (m,
12H), 7.58 (m, 2H), 7.70 (m, 2H), 9.06 ppm (d, J=5.5 Hz, 2H); 13C{1H}
NMR (CDCl3): d=125.0, 128.4, 128.6, 129.0, 129.2, 130.3, 130.9, 140.4,
148.7, 149.5, 152.8 ppm; elemental analysis (%) calcd for
C27H18N2Cl2OZn (522.76): C 62.04, H 3.47, N 5.36; found: C 62.00, H
3.44, N 5.33. [(1)Cd(m-Cl)Cl]2 was obtained in 63% yield as a violet red,
microcrystalline solid. 1H NMR ([D6]acetone): d=7.21 (m, 6H), 7.29 (m,
6H), 7.40 (“t”, 2H), 7.70 (m, 2H), 8.95 ppm (m, 2H); 13C{1H} NMR
([D6]acetone): d=125.5, 127.8, 129.0, 129.4, 130.5, 131.0, 131.2, 140.8,
150.3, 151.4, 154.1 ppm; elemental analysis (%) calcd for
C54H36N4Cd2Cl4O2 (1139.54): C 56.92, H 3.18, N 4.92; found: C 56.46, H
3.26, N 4.66. [(1)HgCl2] and [(1)HgBr2] were obtained as a violet red, mi-
crocrystalline solids in 70% yield. Their NMR spectroscopic data are vir-
tually identical. 1H NMR (CD2Cl2): d=7.20 (m, 6H), 7.28 (m, 6H), 7.39
(m, 2H), 7.63 (m, 2H), 8.89 ppm (d, J=4.7 Hz, 2H); 13C{1H} NMR
(CD2Cl2): d=124.7, 126.8, 128.6, 128.8, 129.4, 129.9, 130.3, 139.4, 149.1,
150.5, 153.3, 199.5 ppm. [(1)PdCl2] was obtained as a dark red, microcrys-
talline solid in 48% yield. 1H NMR (CD2Cl2): d=7.13 (d, J=7.8 Hz,
2H), 7.34 (m, 10H), 7.39 (m, 2H), 7.62 (m, 2H), 9.07 ppm (d, J=5.1 Hz,
2H); 13C{1H} NMR (CD2Cl2): d=126.6, 127.9, 128.1, 128.7, 128.9, 129.1,
129.8, 140.3, 146.4, 153.3, 153.6, 198.9 ppm; elemental analysis (%) calcd
for C27H18N2Cl2OPd (563.60): C 57.54, H 3.22, N 4.97; found: C 56.91, H
3.46, N 4.61. [(1)PtCl2] was obtained as a brown, microcrystalline solid in
29% yield. 1H NMR (CD2Cl2): d=7.11 (d, J=7.9 Hz, 2H), 7.33 (m,
12H), 7.58 (m, 2H), 9.05 ppm (d, J=5.6 Hz, 2H); 13C{1H} NMR
(CD2Cl2): d=125.9, 127.1, 128.4, 128.7, 128.8, 129.3, 129.6, 140.0, 147.2,
154.4, 154.5, 199.3 ppm; elemental analysis (%) calcd for C27H18N2Cl2OPt
(652.31): C 49.72, H 2.78, N 4.29; found: C 48.62, H 2.57, N 3.95.


General procedure for the preparation of the chelates of [Cp*Co(h4-1)]
with metal dichlorides : Equimolar amounts of [Cp*Co(h4-1)] and the re-
spective metal dichloride MCl2 were stirred in ethanol (10 mL per
100 mg of 1) at 70 8C for 14 h. The mixture was allowed to cool to room
temperature. The solid was filtered off, washed with diethyl ether and n-
hexane and dried in vacuo. The CO carbon atom gave rise to a low-inten-
sity 13C NMR signal, which could not be detected with certainty.
[Cp*Co(h4-1)ZnCl2] was obtained as a dark red, microcrystalline solid in
64% yield. 1H NMR (CD2Cl2): d=1.52 (s, 15H), 7.23 (m, 12H), 7.57 (m,
2H), 7.85 (m, 2H), 9.16 ppm (br s, 2H); 13C{1H} NMR (CD3CN): d=9.2,
88.4, 92.0, 97.4, 126.3, 127.7, 129.2, 129.6, 132.6, 133.0, 141.1, 149.7,
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151.4 ppm; elemental analysis (%) calcd for C37H33N2Cl2CoOZn (716.91):
C 61.99, H 4.64, N 3.91; found: C 61.45, H 5.21, N 4.30. [Cp*Co(h4-
1)PdCl2] was obtained as a dark red, microcrystalline solid in 67% yield.
1H NMR ([D4]methanol): d=1.57 (s, 15H), 7.20 (d, J=7.8 Hz, 2H), 7.27
(m, 4H), 7.35 (m, 6H), 7.59 (m, 2H), 7.93 (m, 2H), 9.07 ppm (d, J=
5.3 Hz, 2H); 13C{1H} NMR ([D4]methanol): d=7.2, 84.6, 92.2, 97.4, 123.3,
126.3, 126.4, 129.2, 130.0, 136.1, 152.5, 153.7 ppm; elemental analysis (%)
calcd for C37H33N2Cl2OPd (757.76): C 58.65, H 4.39, N 3.70; found: C
57.74, H 4.16, N 3.56. [Cp*Co(h4-1)PtCl2] was obtained as a dark brown,
microcrystalline solid in 62% yield. 1H NMR (CD2Cl2): d=1.47 (s, 15H),
7.02 (d, J=8.0 Hz, 2H), 7.27 (m, 10H), 7.40 (m, 2H), 7.68 (m, 2H),
9.14 ppm (d, J=5.0 Hz, 2H); 13C{1H} NMR (CD2Cl2): d=9.2, 84.1, 85.2,


94.4, 125.8, 128.3, 128.5, 131.1, 131.9, 137.7, 155.4 ppm; no satisfactory el-
emental analysis could be obtained.


X-ray crystallography : X-ray crystallographic data for 1, [CpCo(h4-1)],
[Cp*Co(h4-1)], [Cp*Co(h5-1COMe)]BPh4, [Cp*Co(h


5-1Me3)](CF3SO3)3,
[(1)PtCl2], [(1)ZnCl2], [(1)HgCl2], [(1)HgBr2], [{(1)Cd(m-Cl)Cl2}] and
[Cp*Co(h4-1)ZnCl2] are collected in Table 3. Data collection was per-
formed with a a Siemens P21 four-circle diffractometer for 1 and
[Cp*Co(h5-1COMe)]BPh4 and with a Nonius Kappa CCD diffractometer
for all other compounds. Graphite-monochromatised MoKa radiation (l=
0.71073 V) was used in each case. The structures were solved by direct
methods. Programs used were Siemens SHELXTL PLUS[25] and
SHELXL 97.[26] Full-matrix least-squares refinement on F2 was carried


Table 3. X-ray crystallographic data.


Compound 1 [CpCo(h4-
1)]·0.5CHCl3


[Cp*Co(h4-1)] [Cp*Co(h5-1COMe)]
[BPh4]


[Cp*Co(h5-
1Me3)](CF3SO3)3


[(1)PtCl2]·2CH2Cl2


empirical formula C27H18N2O C32.5H23.5Cl1.5CoN2O C37H33CoN2O C63H58BCoN2O2 C43H42CoF9N2O10S3 C29H22Cl6N2OPt
formula weight 386.43 570.14 580.58 944.85 1072.90 822.28
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic orthorhombic
space group P21/c P21 P21/n P21/c P21/c Pna21
a [V] 19.021(6) 9.5320(1) 12.5750(1) 17.520(9) 19.2730(2) 20.085(4)
b [V] 9.188(3) 30.7260(5) 10.8040(1) 14.882(5) 10.7090(1) 11.399(2)
c [V] 11.532(3) 9.5900(1) 21.2930(3) 20.277(5) 23.9510(3) 26.266(5)
b [8] 99.28(2) 111.8831(8) 95.1240(7) 112.16(5) 114.8440(5)
V [V]3 1989.0(10) 2606.34(6) 2812.57(5) 4896(3) 4485.87(8) 6014(2)
Z 4 4 4 4 4 8
1calcd [g cm


�3] 1.290 1.453 1.371 1.282 1.589 1.816
m [mm�1] 0.079 0.842 0.644 0.399 0.620 5.226
F(000) 808 1172 1216 1992 2200 3184
crystal size [mm] 0.5P0.4P0.3 0.24P0.05P0.04 0.26P0.15P0.04 0.3P0.2P0.1 0.23P0.21P0.07 0.30P0.27P0.20
q range [8] 2.2–30.0 3.0–25.0 3.0–27.5 1.9–22.5 3.0–27.5 2.0–30.0
reflections collected 6053 30621 48577 6533 81348 16869
independent reflections 5782 8980 6428 6282 10249 16869
Rint 0.0437 0.067 0.062 0.0773 0.049
reflections with I>2s(I) 3241 6665 4940 3400 8090 16070
restraints 0 29 0 0 0 1
parameters 271 742 502 430 781 704
GOF on F2 1.011 1.027 1.041 1.015 1.011 0.992
R1[a] (I>2s(I))/wR2[b] 0.0680/


0.1490
0.0483/0.1142 0.0391/0.1034 0.0862/0.1961 0.0335/0.0828 0.0251/0.0580


largest diff. peak/
hole [eV�3]


0.315/
�0.297


0.527/�0.285 0.542/�0.513 0.565/�0.461 0.495/�0.460 1.450/�1.462


Compound [(1)ZnCl2]·CHCl3 [(1)HgCl2] [(1)HgBr2]·0.5C3H6O [(1)Cd(m-Cl)Cl]2·C3H6O [Cp*Co(h4-1)ZnCl2]·CH2Cl2


empirical formula C28H19Cl5N2OZn C27H18Cl2HgN2O C28.5H21Br2HgN2O1.5 C57H42Cd2Cl4N4O3 C38H35Cl4CoN2OZn
formula weight 642.07 657.92 775.88 1197.55 801.78
crystal system monoclinic orthorhombic orthorhombic monoclinic monoclinic
space group P21/n Pbca Pbcn P21/c P21/n
a [V] 6.8760(1) 13.0660(8) 27.0840(1) 12.0220(2) 9.0860(1)
b [V] 21.4650(2) 14.8700(8) 13.3410(1) 21.0170(3) 21.9900(3)
c [V] 18.8700(2) 23.5860(10) 14.5320(2) 20.3800(3) 17.2380(2)
b [8] 96.3740(4) 94.3850(7) 94.6140(5)
V [V]3 2767.87(6) 4582.6(4) 5250.81(8) 5134.27(14) 3433.01(7)
Z 4 8 8 4 4
1calcd [g cm


�3] 1.541 1.907 1.963 1.549 1.551
m [mm�1] 1.395 6.974 8.933 1.085 1.528
F(000) 1296 2528 2944 2400 1640
crystal size [mm] 0.34P0.08P0.05 0.16P0.14P0.09 0.32P0.30P0.08 0.24P0.06P0.05 0.30P0.06P0.06
q range [8] 2.2–30.0 2.7–30.0 3.0–25.0 3.1–27.5 2.2–30.0
reflections collected 15732 78864 72990 88169 19109
independent reflections 8043 6676 4592 11771 9996
Rint 0.0231 0.0786 0.065 0.068 0.0329
reflections with I>2s(I) 6332 5344 4033 8643 7752
restraints 0 0 0 0 0
parameters 334 298 390 783 429
GOF on F2 1.026 1.083 1.060 1.032 1.020
R1[a] (I>2s(I))/wR2[b] 0.0308/0.0743 0.0390/0.0751 0.0297/0.0829 0.0346/0.0833 0.0329/0.0724
largest diff. peak/hole [eV�3] 0.661/�0.669 1.537/�1.804 2.141/�1.684 1.074/�0.661 0.411/�0.489


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= {�[w(F2o�F2c)2]/�[w(F2o)2]}0.5.
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out anisotropically for the non-hydrogen atoms. Hydrogen atoms were
included at calculated positions using a riding model, except for the non-
disordered hydrogen atoms of [Cp*Co(h4-1)], [Cp*Co(h5-
1Me3)](CF3SO3)3, [(1)HgBr2] and [(1)Cd(m-Cl)Cl]2, which were refined
isotropically. CCDC-238172–CCDC-238182 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).
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Rhodium-Catalyzed Intramolecular Hydroacylation of 5- and 6-Alkynals:
Convenient Synthesis of a-Alkylidenecycloalkanones and Cycloalkenones


Kenzo Takeishi, Koudai Sugishima, Kaori Sasaki, and Ken Tanaka*[a]


Introduction


Rhodium-catalyzed intramolecular hydroacylation of 4-alke-
nals is a well established method for the preparation of cy-
clopentanones.[1–3] However, hydroacylation of alkenals to
cycloalkanones is limited to 4-alkenals: it is not applicable
to 5-alkenals. In fact, Larock et al. noted that 5-hexenal fur-
nishes 2-methylcyclopentanone in only 19% yield and a sig-
nificant amount of decarbonylation occurs (Scheme 1).[2b]


Only one report for the intramolecular hydroacylation of
5-alkenal to generate cyclohexanone was reported, though it
turned out to be sensitive to substitution of the alkene


moiety because of alternative reactivity of these substrates.[4]


Extension of this method to the synthesis of larger cyclic
compounds was accomplished by the use of 4,6-dienals or
cyclopropyl-4-alkenals as reaction substrates.[5,6] Synthesis of
cycloheptenones was carried out by rhodium-catalyzed in-
tramolecular hydroacylation of 4,6-dienals;[5a] the synthesis
of cyclooctenones was carried out by rhodium-catalyzed in-
tramolecular hydroacylation of 5-cyclopropyl-4-alkenals.[5b]


The corresponding reaction of 4-alkynals to generate cy-
clopentenones is an attractive route for their synthesis. Re-
cently, intramolecular trans hydroacylation of 4-alkynals was
developed by using a cationic rhodium(i)/dppe complex
(Scheme 2).[7,8] This result prompted our investigation into
whether the intramolecular hydroacylation of 5-alkynals can
proceed using cationic rhodium(i) complex. As one example
of an intramolecular hydroacylation of 5-alkynals, Nicolaou
et al. observed an unexpected intramolecular hydroacylation
of a tricyclic 5-alkynal to generate a tetracyclic cyclohexe-
none (78% yield based on 50% conversion) while attempt-
ing to decarbonylate an aldehyde with stoichiometric
amount of [RhCl(PPh3)3].


[9] Murai et al. observed formation
of an ethylidenecyclopentanone as a by-product (13%
yield) while attempting cyclocarbonylation of a 5-heptynal
to a bicyclic a,b-unsaturated g-butyrolactone with CO and
catalytic amounts of [Ru3(CO)12].


[10] Narasaka et al. also ac-
complished the synthesis of a-alkylidenecycloalkanones by
rhodium(i)-catalyzed acylation of alkynes with acylsilanes.[11]


However, no general method for intramolecular hydroacyla-
tion of 5-alkynals has been developed to date. This paper
describes the general protocol for intramolecular cis-hydroa-
cylation of 5- and 6-alkynals, which leads to a-alkylidenecy-
cloalkanones using a cationic rhodium(i)/BINAP complex.


[a] K. Takeishi, K. Sugishima, K. Sasaki, Prof. Dr. K. Tanaka
Department of Applied Chemistry, Graduate School of Engineering
Tokyo University of Agriculture and Technology
Koganei, Tokyo 184-8588 (Japan)
Fax: (+81)2-388-7037
E-mail : tanaka-k@cc.tuat.ac.jp


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: selected
1H NMR spectra.
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Abstract: A novel intramolecular hydroacylation of 5- and 6-alkynals leading to a-
alkylidenecycloalkanones was accomplished by using cationic a rhodium(i)/BINAP
complex. For all cyclizations described, a single (E)-olefin isomer was obtained. At
elevated temperature, hydroacylation and double bond migration of 5- and 6-alky-
nals proceeded in a one-pot reaction to give cycloalkenones. An intramolecular
hydroacylation of a 7-alkynal was unsuccessful. This method represents an attrac-
tive new route to highly functionalized a-alkylidenecycloalkanones and cycloalke-
nones.


Scheme 1. Rhodium-catalyzed intramolecular hydroacylation of 4- and 5-
alkenals.
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Results and Discussion


We first examined the reaction of 4-methyl-5-decynal (1) in
the presence of 10% [Rh(dppe)]BF4 in acetone at room
temperature, which currently appears to be the best condi-
tion for the intramolecular hydroacylation of 4-alkynals
(Scheme 2),[7] although the reaction was extremely sluggish.
The increase in reaction temperature (50 8C) led to an un-
identified complex mixture, which included decarbonylated
by-products. Although the reaction was sluggish, the use of
CH2Cl2 as a solvent suppressed the formation of decarbony-
lated by-products (Scheme 3). Moreover, very small
amounts of a cyclized product, 3-methyl-2-pentylidenecyclo-
pentanone (2), were detected. When 4-alkynals were treated
with [Rh(dppe)]BF4 in CH2Cl2, self [4+2] annulation to
generate cyclohexenones proceeded in high yields. The use
of coordinationg solvents such as acetone and CH3CN effi-
ciently suppressed undesired self-coupling.[12] After examin-
ing various phosphine ligands, we discovered that the same
reaction conducted in the presence of 10% [Rh(binap)]BF4


in CH2Cl2 at room temperature cleanly furnished the cy-
clized product 2 in 84% yield (Scheme 3). This result con-
trasts with the reaction of 4-alkynals with [Rh(binap)]BF4 in
CH2Cl2, which furnishes dienals via carbonyl migration
(Scheme 2).[13] No reaction was observed by using neutral
rhodium(i) complexes, while alkynal 1 was recovered un-
changed.


A series of 5-alkynals was subjected to the above optimal
reaction conditions (see also Table 1). Both 6-aryl and 6-
alkyl-5-alkynals cleanly afforded the corresponding a-alkyli-
denecyclopentanones in high yields (entries 1–3). The reac-
tion tolerates substituents at the 3 and 4 positions (entries 4
and 5). The cyclization of the labile secondary propargylic
ethers also proceeded (entries 6 and 7). This result contrasts
the reaction of 3-methoxy-4-alkynals with [Rh(binap)]BF4,


which furnishes cyclopentenones and cyclobutanones (Sche-
me 4).[8b] In all cyclizations a single (E)-olefin isomer was
produced; however, 6-alkyl propargylic ether furnished cy-
clopentenone as a by-product.


Not only 5-alkynals, but also 6-alkynals (Table 2) afforded
the corresponding a-alkylidenecyclohexanones in high
yields with single (E)-olefin isomer. Both 6-aryl and 6-alkyl-
6-alkynals afforded the corresponding a-alkylidenecyclopen-
tanones (entries 1 and 2). The substitution at the 4 and 5 po-
sitions were tolerated (entries 3 and 4). The cyclohexenone
was obtained as a by-product in the case of 7-phenyl-6-alky-
nal.


Because the cycloalkenons were obtained as by-products,
we anticipated that tandem hydroacylation/double-bond mi-
gration would occur at elevated temperature. Indeed, when
the reactions of 5-alkynals were conducted at 80 8C, the cy-
clopentenones were obtained in good yield via tandem hy-


Scheme 2. Rhodium-catalyzed intramolecular hydroacylation of 4-alky-
nals.


Scheme 3. Rhodium-catalyzed intramolecular hydroacylation of 5-alky-
nals.


Table 1. Cationic rhodium(i)/BINAP complex-catalyzed intramolecular
hydroacylation of 5-alkynals.


Entry 5-Alkynal Product Yield [%][a]


1 78


2 75


3 94


4 84


5 82


6 57


7 56


10


[a] Isolated yield.


Scheme 4. Reaction of 3-methoxy-4-alkynals with [Rh(binap)]BF4.
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droacylation/double-bond migration (Table 3). This reaction
enabled the synthesis of a,b-disubstituted cyclopentenones
(entries 4, 6, and 7), such as dihydrojasmone (entry 4).


The double-bond migration of 6-alkynals also proceeded
(Table 4), but the presence of substituents at the 4 and 5 po-
sitions prohibited the double-bond migration (entries 3 and
4).


Although the reaction of 7-alkynal 3 was also investigat-
ed, no reaction was observed even at 80 8C and the alkynal
3 was recovered unchanged (Scheme 5).


Scheme 6 depicts a plausible mechanism of this novel cyc-
lization.[14,15] We believe that the rhodium(i) catalyst oxida-
tively inserts into the aldehyde C�H bond, affording a rho-
dium acyl hydride A. cis-Addition of the rhodium hydride
to the metal-bound alkyne then provides the rhodium metal-
lacycle B. Reductive elimination furnishes the a-alkylidene-
cycloalkanones and regenerates the rhodium(i) catalyst. Al-
ternatively, the catalytic cycle can be elucidated as the fol-
lowing: a cis addition of the acyl rhodium to the alkyne pro-
vides the rhodium vinyl hydride C followed by reductive
elimination. Murai et al. proposed the formation of the eth-
ylidene cyclopentanone via a reductive elimination from a
ruthenium–vinyl hydride.[10] At elevated temperature, rhodi-
um-catalyzed double bond migration of the a-alkylidenecy-
cloalkanones proceeded to give cycloalkenones.


Consistent with these pathways, reaction of a deuterium-
labeled 5-alkynal 4 led to stereospecific incorporation of
deuterium in the b position of the a-alkylidenecyclopenta-
none 5 (Scheme 7), and rhodium catalyst is essential for the
double-bond migration (Scheme 8). Although the transfor-


Table 2. Cationic rhodium(i)/BINAP complex-catalyzed intramolecular
hydroacylation of 6-alkynals.


Entry 6-Alkynal Product Yield [%][a]


1 56


5


2 74


3 77


4 91


[a] Isolated yield.


Table 3. Cationic rhodium(i)/BINAP complex-catalyzed intramolecular
tandem hydroacylation/double-bond migration of 5-Alkynals.


Entry 5-Alkynal Product Yield [%][a]


1 60


2 59


3 84


4 83


5 58


6 39


7 62[b]


[a] Isolated yield. [b] At 50 8C.


Table 4. Cationic rhodium(i)/BINAP complex-catalyzed intramolecular
tandem hydroacylation/double bond migration of 6-alkynals.


Entry 6-Alkynal Product Yield [%][a]


1 41


2 76


3 0


4 0


[a] Isolated yield.


Scheme 5. Reaction of 7-alkynal with rhodium(i)+/BINAP complex.
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mation of a-alkylidenecycloalkanones to cycloalkenones
was already reported using a stoichiometric amount of
[RhCl(PPh3)3] in the presence of a catalytic amount of trie-
thylsilane,[15] the present method enables this transformation
using a catalytic amount of rhodium(i) complex.


Conclusion


In summary, we have established that a cationic rhodium(i)/
BINAP complex catalyzes a novel intramolecular hydroacy-
lation of 5- and 6-alkynals leading to a-alkylidenecycloalka-
nones. In addition, hydroacylation and double-bond migra-
tion of 5- and 6-alkynals proceeded in a one-pot reaction at
elevated temperature to give cycloalkenones. Hydroacyla-
tion of alkenals to cycloalkanones is limited to 4-alkenals,
but hydroacylation of alkynals is not limited to 4-alkynals: it
is applicable to 5- and 6-alkynals. Although the reaction of a
7-alkynal was investigated, no reaction was observed. We
believe that this method represents an attractive new route
to produce highly functionalized a-alkylidenecycloalkanones
and cycloalkenones. The endo-intramolecular hydroacylation
of 5- and 6-alkynals leading to medium-sized cycloalkenones
(cyclohexenones and cycloheptenones) is currently under-
way in our laboratory.


Experimental Section


General : 1H NMR spectra were recorded on either 300 MHz (JEOL AL
300) or 400 MHz (JEOL AL 400) at 25 8C and are referenced to residual
solvent downfield from tetramethylsilane (see Supporting Information).
13C NMR spectra were obtained with complete proton decoupling on
either 75 MHz (JEOL AL 300) or 100 MHz (JEOL AL 400) at 25 8C.
2H NMR spectra were obtained with complete proton decoupling on
61 MHz (JEOL AL 400) at 25 8C. Infrared spectra were obtained on a
JASCO A-302 IR. HRMS were collected on JEOL JMS 700. Anhydrous
CH2Cl2 was obtained from Aldrich (No. 27099-7) and used as received.
Anhydrous (CH2Cl)2 was obtained from Alrich (No. 28450-5) and used
as received. THF and CH2Cl2 was dried over MS 4 J for the synthesis of
substrates. CuI (99.999%, Aldrich) was used as received. All other re-
agents and solvents were obtained from commercial sources, and used as
received. All reactions were carried out under an atmosphere of nitrogen
or argon in oven-dried glassware with magnetic stirring, unless otherwise
indicated.


General procedure 1—Preparation of 4-alkynals : nBuLi (1.58 m in
hexane, 15.0 mL, 23.7 mmol) was added to a stirred solution of 1-dode-
cyne (5.2 mL, 24.3 mmol) in THF (63 mL) at �10 8C, and the resulting
mixture was stirred at �10 8C for 30 min. CuI (99.999%, 5.02 g,
26.4 mmol) was added, and the resulting mixture was stirred at �10 8C
for 1.5 h. After cooling to �78 8C, TMSI (3.4 mL, 23.9 mmol) was added,
and the resulting mixture was stirred at �78 8C for 5 min. Acrolein
(1.6 mL, 23.9 mmol) was added at �78 8C, and the resulting mixture was
stirred at �45 8C for 2 h, and then stirred at RT overnight. The reaction
was quenched by the addition of saturated aqueous NH4Cl and extracted
with Et2O. The organic layer was washed with 5% Na2S2O3 and brine,
dried over Na2SO4, and concentrated. To complete hydrolysis, a solution
of the residue in THF (250 mL) was treated with aqueous 10% HCl
(56 mL) at RT for 1 h. Saturated aqueous NaHCO3 was added slowly to
neutralize acid and then extracted with Et2O. The combined organic ex-
tracts were washed with 5% Na2S2O3 and brine, dried over Na2SO4, and
concentrated. The residue was purified by silica gel chromatography
(hexane/EtOAc 50:1), which furnished pentadec-4-ynal (3.84 g,
17.3 mmol, 72%, not optimized) as a colorless oil.


General procedure 2—Preparation of 4-alkynals : nBuLi (1.58 m in
hexane, 15.2 mL, 24.0 mmol) was added to a stirred solution of 1-octyne
(3.5 mL, 23.7 mmol) in THF (63 mL) at �10 8C, and the resulting mixture
was stirred at �10 8C for 20 min. CuI (99.999%, 5.03 g, 26.5 mmol) was
added, and the resulting mixture was stirred at �10 8C for 1 h. After cool-
ing to �78 8C, TMSI (3.4 mL, 23.9 mmol) was added, and the resulting
mixture was stirred at �78 8C for 5 min. 2-Methyl-2-propenal (2.0 mL,
24.2 mmol) was added at �78 8C, and the resulting mixture was stirred at
�45 8C for 2 h, and then stirred at RT overnight. The reaction was
quenched by the addition of saturated aqueous NH4Cl and extracted
with Et2O. The organic layer was washed once with 5% Na2S2O3 and
brine, dried over Na2SO4, and concentrated. The residue was purified by
silica gel chromatography (hexane/EtOAc 50:1), which furnished 2-meth-
ylundec-4-ynal (2.60 g, 14.4 mmol, 61%, not optimized) as a colorless oil.


General procedure 3—Preparation of 5- and 6-alkynals : A lithium diiso-
propylamine solution consisting of nBuLi (1.58 m in hexane, 5.5 mL,
8.7 mmol) and diisopropylamine (1.3 mL, 9.3 mmol) in THF (15 mL) was
added under argon atmosphere to a cooled (�10 8C), stirred suspension
of (methoxymethyl)triphenylphosphonium chloride (3.09 g, 9.03 mmol) in
THF (15 mL). To the deep red solution was added a solution of penta-
dec-4-ynal (1.01 g, 4.50 mmol) in THF (15 mL). The resulting solution
was kept at �10 8C for 1 h and then diluted with saturated aqueous
NaHCO3 (45 mL). After extraction with Et2O, the combined organic
layers were dried over Na2SO4, filtered, and concentrated. The crude 1-
metoxy-1-hexadecen-5-yne was used without purification in the next step.


A solution of the 1-metoxy-1-hexadecen-5-yne in THF (30 mL) was treat-
ed with aqueous HCl (12 mL, 10%) at RT for 24 h. Saturated aqueous
NaHCO3 was added slowly to neutralize acid and then extracted with
Et2O. The combined organic extracts were washed with brine, dried over
Na2SO4, concentrated, and purified by silica gel chromatography
(hexane/EtOAc 50:1), which furnished hexadec-5-ynal (0.86 g,
3.64 mmol, 81%, not optimized) as a colorless oil.


Scheme 6. Proposed reaction mechanism for formation of a-alkylidenecy-
cloalkanones and cycloalkenones.


Scheme 7. Deuterium labeling study.


Scheme 8. Rhodium-catalyzed double bond migration of a-alkylidenecy-
clopentanones to cyclopentenones.
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Hexadec-5-ynal (Table 1, entry 3): The title compound was prepared ac-
cording to the GP 1 and 3. 1H NMR (CDCl3, 300 MHz): d = 9.81 (t, J=
1.2 Hz, 1H), 2.57 (dt, J=6.9, 1.2 Hz, 2H), 2.23 (tt, J=6.9, 2.4 Hz, 2H),
2.13 (tt, J=6.9, 2.4 Hz, 2H), 1.81 (quint, J=6.9 Hz, 2H), 1.56–1.18 (m,
16H), 0.88 (t, J=7.2 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d = 202.1,
81.7, 78.6, 42.8, 31.9, 29.6, 29.5, 29.3, 29.1, 29.0, 28.9, 22.7, 21.6, 18.7, 18.2,
14.1; IR (neat): ñ = 2920, 2860, 1720, 1440 cm�1; HRMS (EI): m/z : calcd
for C16H28O: 236.2140, found 236.2124 [M]+ .


4-Methyldec-5-ynal (1) (Table 1, entry 4): The title compound was pre-
pared as a colorless oil in 51% isolated yield (not optimized) from 3-
methylnon-4-ynal according to the GP 3. 3-Methylnon-4-ynal was pre-
pared as colorless oil in 39% isolated yield (not optimized) from croto-
naldehyde according to the GP 1. 1H NMR (CDCl3, 300 MHz): d = 9.81
(t, J=1.8 Hz, 1H), 2.65–2.54 (m, 2H), 2.54–2.38 (m, 1H), 2.14 (dt, J=
6.9, 2.1 Hz, 2H), 1.87–1.55 (m, 2H), 1.52–1.31 (m, 4H), 1.17 (d, J=
6.9 Hz, 3H), 0.91 (t, J=7.2 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d =


202.4, 83.3, 81.6, 42.0, 31.1, 29.4, 25.5, 21.9, 21.4, 18.3, 13.6; IR (neat):
ñ = 2860, 2720, 1715, 1370, 1320 cm�1; HRMS (EI): m/z : calcd for
C11H18O: 166.1358, found 166.1323 [M]+ .


3-Methyldodec-5-ynal (Table 1, entry 5): The title compound was pre-
pared as a colorless oil in 80% isolated yield (not optimized) from 2-
methylundec-4-ynal according to the GP 3. 2-Methylundec-4-ynal was
prepared according to the GP 2 to yield a colorless oil. 1H NMR (CDCl3,
300 MHz): d = 9.79 (t, J=2.4 Hz, 1H), 2.77–2.50 (m, 1H), 2.37–2.06 (m,
6H), 1.57–1.21 (m, 8H), 1.04 (d, J=6.3 Hz, 3H), 0.89 (t, J=7.2 Hz, 3H);
13C NMR (CDCl3, 75 MHz): d = 202.3, 82.5, 77.4, 49.8, 31.3, 29.0, 28.5,
28.0, 26.0, 22.5, 19.7, 18.7, 14.0; IR (neat): ñ = 2920, 2870, 1720, 1375,
910, 730 cm�1; HRMS (EI): m/z : calcd for C13H22O: 194.1671, found
194.1665 [M]+ .


6-Phenylhex-5-ynal (Table 1, entry 1):[17] A solution of DMSO (3.3 mL,
46.5 mmol) in CH2Cl2 (20 mL) was added at �78 8C to a solution of
(COCl)2 (3.1 mL, 23.1 mmol) in CH2Cl2 (45 mL). The resulting mixture
was stirred at �78 8C for 15 min, and then a solution of the 6-phenylhex-
5-ynol[18] (3.06 g, 17.6 mmol) in CH2Cl2 (45 mL) was added at �78 8C.
The mixture was stirred at �78 8C for 1 h, and Et3N (18.3 mL) was added
after stirring at RT for 1 h. The reaction was quenched by the addition of
water and extracted with CH2Cl2. The organic layer was washed with sa-
turated aqueous NH4Cl, dried over Na2SO4, concentrated, and purified
by silica gel chromatography (hexane/EtOAc 50:1), which furnished 6-
phenylhex-5-ynal (2.42 g, 14.1 mmol, 80%, unoptimized) as a yellow oil.
1H NMR (CDCl3, 300 MHz): d = 9.85 (t, J=1.2 Hz, 1H), 7.46–7.34 (m,
2H), 7.33–7.21 (m, 3H), 2.66 (dt, J=7.2, 1.2 Hz, 2H), 2.50 (t, J=7.2 Hz,
2H), 1.94 (quint, J=7.2 Hz, 2H); 13C NMR (CDCl3, 75 MHz): d = 201.9,
131.5, 128.2, 127.7, 123.5, 88.9, 81.7, 42.8, 21.2, 18.8.


6-o-Tolylhex-5-ynal (Table 1, entry 2): [PdCl2(PPh3)2] (0.35 g, 0.50 mmol)
was added to a solution of 2-iodotoluene (3.2 mL, 25.0 mmol) and 5-
hexyn-1-ol (3.3 mL, 29.9 mmol) in Et3N (100 mL). The mixture was then
stirred for 5 min, and CuI (70 mg, 0.37 mmol) was added. The resulting
mixture was heated under a nitrogen atmosphere at 50 8C for 2 h and stir-
red overnight at RT. The resulting mixture was filtered, concentrated,
and purified by silica gel chromatography (hexane/EtOAc 20:1), which
furnished 6-o-tolylhex-5-ynol (4.50 g, 23.9 mmol, 96%, not optimized) as
a yellow oil.


A solution of DMSO (1.7 mL, 24.0 mmol) in CH2Cl2 (25 mL) was added
at �78 8C to a solution of (COCl)2 (3.2 mL, 23.9 mmmol) in CH2Cl2
(50 mL). The resulting mixture was stirred at �78 8C for 15 min, and then
a solution of the 6-o-tolylhex-5-ynol (3.12 g, 16.6 mmol) in CH2Cl2
(50 mL) was added at �78 8C. The mixture was stirred at �78 8C for 1 h,
and Et3N (12.0 mL) was added after stirring at RT for 1 h, the reaction
was quenched by the addition of water and extracted with CH2Cl2. The
organic layer was washed with saturated aqueous NH4Cl, dried over
Na2SO4, concentrated, and purified by silica gel chromatography
(hexane/EtOAc 50:1), which furnished 6-o-tolylhex-5-ynal (2.74 g,
14.7 mmol, 89%, unoptimized) as a yellow oil. 1H NMR (CDCl3,
300 MHz): d = 9.84 (t, J=1.2 Hz, 1H), 7.39–7.32 (m, 1H), 7.20–7.15 (m,
2H), 7.15–7.05 (m, 1H), 2.68 (dt, J=6.9, 1.2 Hz, 2H), 2.54 (t, J=6.9 Hz,
2H), 2.41 (s, 3H), 1.95 (quint, J=6.9 Hz, 2H); 13C NMR (CDCl3,
75 MHz): d = 201.9, 139.9, 131.8, 129.3, 127.7, 125.5, 123.3, 92.6, 80.5,
42.8, 21.3, 20.7, 19.0; IR (neat): ñ = 3230, 2890, 1705, 755 cm�1; HRMS
(EI): m/z : calcd for C13H14O: 186.1045, found 186.1039 [M]+ .


4-Methoxy-6-phenylhex-5-ynal (Table 1, entry 6): DIBAL (0.95m in n-
hexane, 24.4 mL, 23.2 mmol) was added a solution of 3-cianopropionalde-
hyde dimethyl acetal (3.02 mL, 23.2 mmol) in CH2Cl2 (120 mL) at �78 8C
and the resulting mixture was stirred for 1 h. The resulting mixture was
warmed slowly to RT, and treated with excess saturated aqueous NH4Cl.
The reaction mixture was then diluted with water and extracted with
CH2Cl2. The organic layer was washed with water, dried over Na2SO4,
dried over Mg4SO4, and concentrated, which afforded crude 4,4-dime-
thoxybutyraldehyde (2.6 g, 19.6 mmol, 84%) as a pale yellow oil.


nBuLi (1.58 m in n-hexane, 14.4 mL, 22.8 mmol) was added a solution of
phenylacetylene (3.13 mL, 28.5 mmol) in THF (64 mL) at 0 8C and the re-
sulting mixture was stirred for 0.5 h. A solution of crude 4,4-dimethoxy-
butyraldehyde (2.51 g, 19.0 mmol) in THF (16.0 mmol) was added, and
the mixture was stirred for 0.5 h. MeI (5.92 mL, 95.0 mmol) and DMSO
(56 mL) were added, and the resulting mixture was heated under reflux
at 80 8C for 1 h. The reaction mixture was then diluted with water and ex-
tracted with ether. The organic layer was washed with water and brine,
dried over Na2SO4, and concentrated. To the residue was added water
(17 mL) and AcOH (51 mL), and the resulting mixture was stirred at
80 8C for 1 h. The reaction mixture was diluted with water and extracted
with Et2O. The organic layer was washed with water and saturated aque-
ous NaHCO3, dried over Na2SO4, concentrated, and purified by chroma-
tography (hexane/EtOAc 10:1), which afforded 4-methoxydodec-5-ynal
(1.13 g, 5.56 mmol, 29%, not optimized) as a pale yellow oil. 1H NMR
(CDCl3, 300 MHz): d = 9.82 (t, J=1.5 Hz, 1H), 7.48–7.38 (m, 2H), 7.35–
7.28 (m, 3H), 4.26 (t, J=6.0 Hz, 1H), 3.46 (s, 3H), 2.69 (dt, J=7.1,
1.5 Hz, 2H), 2.15 (dt, J=7.1, 6.0 Hz, 2H); 13C NMR (CDCl3, 75 MHz):
d = 201.8, 131.7, 128.5, 128.30, 128.29, 98.9, 86.9, 70.5, 56.6, 39.7, 28.3; IR
(neat): ñ = 3300, 2900, 1720, 1100, 760, 690 cm�1; HRMS (EI): m/z :
calcd for C13H14O2: 202.0994, found 202.0919 [M]+ .


4-Methoxydodec-5-ynal (Table 1, entry 7): The title compound was pre-
pared as a pale yellow oil in 6% isolated yield (not optimized) from 1-
octyne according to the procedure for 4-methoxy-6-phenylhex-5-ynal.
1H NMR (CDCl3, 300 MHz): d = 9.79 (t, J=1.8 Hz, 1H), 4.00 (tt, J=6.0,
1.8 Hz, 1H), 3.37 (s, 3H), 2.61 (dt, J=7.3, 1.8 Hz, 2H), 2.22 (dt, J=6.9,
1.8 Hz, 2H), 2.02 (dt, J=7.3, 6.0 Hz, 2H), 1.65–1.15 (m, 8H), 0.89 (t, J=
6.9 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d = 202.0, 87.4, 77.8, 70.2,
56.2, 39.7, 31.2, 28.6, 28.47, 28.46, 22.5, 18.6, 14.0; IR (neat): ñ = 2900,
1720, 1440, 1330, 1100 cm�1; HRMS (EI): m/z : calcd for C12H18O:
178.1358, found 178.1334 [M�CH3OH]+ .


7-Phenylhept-6-ynal (Table 2, entry 1): The title compound was prepared
as a yellow oil in 49% isolated yield (not optimized) from 6-phenylhex-
5-ynal according to the GP 3. 1H NMR (CDCl3, 300 MHz): d = 9.80 (t,
J=1.8 Hz, 1H), 7.42–7.35 (m, 2H), 7.34–7.24 (m, 3H), 2.51 (dt, J=7.2,
1.8 Hz, 2H), 2.45 (t, J=6.9 Hz, 2H), 1.88–1.77 (m, 2H), 1.73–1.60 (m,
2H); 13C NMR (CDCl3, 75 MHz): d = 202.3, 131.5, 128.2, 127.6, 123.8,
89.4, 81.1, 43.4, 28.1, 21.3, 19.2; IR (neat): ñ = 3260, 2920, 2710, 1720,
1600, 1490, 1440, 1070, 755, 695 cm�1; HRMS (EI): m/z : calcd for
C13H14O: 186.1045, found 186.1048 [M]+ .


Heptadec-6-ynal (Table 2, entry 2): The title compound was prepared as
a colorless oil in 95% isolated yield (not optimized) from hexadec-5-ynal
according to the GP 3. 1H NMR (CDCl3, 300 MHz): d = 9.77 (t, J=
1.8 Hz, 1H), 2.46 (dt, J=7.5, 1.8 Hz, 2H), 2.26–2.05 (m, 4H), 1.83–1.66
(m, 2H), 1.60–1.15 (m, 18H), 0.88 (t, J=7.2 Hz, 3H); 13C NMR (CDCl3,
75 MHz): d = 202.4, 80.9, 79.2, 43.4, 31.9, 29.6, 29.5, 29.3, 29.12, 29.07,
28.9, 28.4, 22.6, 21.2, 18.7, 18.5, 14.1; IR (neat): ñ = 2850, 2710, 1715,
1430 cm�1; HRMS (EI): m/z : calcd for C17H30O: 250.2297, found 250.2278
[M]+ .


5-Methylundec-6-ynal (Table 2, entry 3): The title compound was pre-
pared as a pale yellow oil in 88% isolated yield (not optimized) from 4-
methyldec-5-ynal according to the GP 3. 1H NMR (CDCl3, 300 MHz):
d = 9.70 (t, J=2.1 Hz, 1H), 2.42–2.27 (m, 3H), 2.08 (dt, J=6.6, 2.1 Hz,
2H), 1.84–1.56 (m, 2H), 1.45–1.25 (m, 6H), 1.07 (d, J=6.9 Hz, 3H), 0.84
(t, J=6.9 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d = 202.6, 83.9, 80.9,
43.6, 36.6, 31.2, 25.8, 21.9, 21.5, 20.0, 18.4, 13.6; IR (neat): ñ = 2920,
2710, 1720, 1440, 1330, 1250, 1095, 790, 740 cm�1; HRMS (EI): m/z : calcd
for C12H20O: 180.1514, found 180.1480 [M]+ .


4-Methyltridec-6-ynal (Table 2, entry 4): The title compound was pre-
pared as a colorless oil in 33% isolated yield (not optimized) from 3-
methyldodec-5-ynal according to the GP 3. 1H NMR (CDCl3, 400 MHz):
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d = 9.77 (t, J=1.6 Hz, 1H), 2.49–2.42 (m, 2H), 2.18–2.09 (m, 5H), 1.83–
1.60 (m, 2H), 1.59–1.22 (m, 8H), 0.98 (d, J=6.8 Hz, 3H), 0.89 (t, J=
6.8 Hz, 3H); 13C NMR (CDCl3, 100 MHz): d = 202.4, 81.8, 77.8, 41.7,
32.4, 31.4, 29.1, 28.6, 27.9, 25.9, 22.6, 19.4, 18.8, 14.1; IR (neat): ñ = 2900,
2860, 2720, 1720, 1440, 1380 cm�1; HRMS (EI): m/z : calcd for C14H24O:
208.1827, found 208.1813 [M]+ .


8-Phenyloct-7-ynal (3) (Scheme 5): The title compound was prepared as
a yellow oil in 31% isolated yield (not optimized) from 7-phenylhept-6-
ynal according to the GP 3. 1H NMR (CDCl3, 300 MHz): d = 9.78 (t, J=
1.8 Hz, 1H), 7.46–7.34 (m, 2H), 7.34–7.20 (m, 3H), 2.46 (dt, J=6.9,
1.8 Hz, 2H), 2.42 (t, J=6.9 Hz, 2H), 1.76–1.41 (m, 6H); 13C NMR
(CDCl3, 75 MHz): d = 202.6, 131.5, 128.2, 127.5, 123.9, 89.8, 80.8, 43.7,
28.4, 28.3, 21.6, 19.2; IR (neat): ñ = 3210, 2910, 2850, 1705, 760,
695 cm�1; HRMS (EI): m/z : calcd for C14H16O: 200.1201, found 200.1176
[M]+ .


1-Deuterio-4-methyldec-5-ynal (4) (Scheme 7): Jones reagent (1.5 m ;
3.1 mL, 4.7 mmol) was added at 0 8C to a solution of 4-methyldec-5-ynal
(700 mg, 4.21 mmol) in acetone (15 mL). The resulting mixture was stir-
red at 0 8C for 15 min, and then the reaction was quenched by the addi-
tion of 2-PrOH (3.8 mL) at 0 8C. The mixture was stirred at RT for
10 min and then concentrated. The resulting residue was diluted with
water and extracted with Et2O. The organic layer was concentrated, and
the product was purified by silica gel chromatography (hexane/EtOAc
10:1), which furnished 4-methyldec-5-ynoic acid (706 mg, 3.87 mmol,
92%, not optimized) as a colorless oil.


A solution of 4-methyldec-5-ynoic acid (706 mg, 3.87 mmol) in THF
(4.0 mL) was added at 0 8C to a stirred mixture of LiAlD4 (316 mg,
7.53 mmol) in THF (17 mL). The resulting mixture was stirred at reflux
for 45 min and then cooled to 0 8C. The reaction was then quenched by
the addition of water (1.0 mL), followed by stirring at 0 8C for 10 min.
The solution was dried over MgSO4, filtered through Celite, and concen-
trated to give the crude alcohol (375 mg) as a colorless oil.


A solution of DMSO (0.35 mL, 4.9 mmol) in CH2Cl2 (3.0 mL) was added
at �78 8C to a solution of (COCl)2 (0.22 mL, 2.6 mmol) in CH2Cl2
(7.0 mL). The resulting mixture was stirred at �78 8C for 20 min, and
then a solution of the crude alcohol (375 mg) in CH2Cl2 (7.0 mL) was
added at �78 8C. The mixture was stirred at �78 8C for 1.5 h, and Et3N
(1.0 mL) was added. After 1 h of stirring RT, the reaction was quenched
by the addition of water and extracted with CH2Cl2. The organic layer
was washed with saturated aqueous NH4Cl, dried over Na2SO4, concen-
trated, and purified by silica gel chromatography (hexane/EtOAc 50:1),
which furnished 1-deuterio-4-methyldec-5-ynal (110 mg, 0.66 mmol, 30%,
not optimized) as a colorless oil. 1H NMR (CDCl3, 300 MHz): d = 2.71–
2.54 (m, 2H), 2.54–2.37 (m, 1H), 2.14 (dt, J=6.9, 2.1 Hz, 2H), 1.88–1.72
(m, 1H), 1.72–1.56 (m, 1H), 1.53–1.30 (m, 4H), 1.17 (d, J=6.9 Hz, 3H),
0.91 (t, J=6.9 Hz, 3H); 2H NMR (CDCl3, 61 MHz): d = 9.78 (s).


General procedure 4—Intramolecular hydroacylation of 5- and 6-alky-
nals : Under an Ar atmosphere, BINAP (31.3 mg, 0.050 mmol) and
[Rh(cod)2]BF4 (20.4 mg, 0.050 mmol) were dissolved in CH2Cl2 (2.0 mL)
and the mixture was stirred for 15 min. H2 was introduced to the resulting
solution in Schlenk tube. After stirring for 1 h at RT, the resulting so-
lution was concentrated to dryness and dissolved in CH2Cl2 (1.5 mL).
The residue was added to a solution of 6-phenylhex-5-ynal (86.1 mg,
0.500 mmol) in CH2Cl2 (0.5 mL). The mixture was stirred at RT for 13 h.
The resulting solution was concentrated and purified by silica gel chro-
matography (hexane/EtOAc 20:1), which furnished (E)-2-benzylidenecy-
clopentanone (67.3 mg, 0.391 mmol, 78%) as a yellow solid.


(E)-2-Benzylidenecyclopentanone (Table 1, entry 1):[19] m.p. 60–62 8C;
1H NMR (CDCl3, 300 MHz): d = 7.59–7.50 (m, 2H), 7.48–7.31 (m, 4H),
2.98 (dt, J=7.5, 2.7 Hz, 2H), 2.41 (t, J=7.5 Hz, 2H), 2.03 (quint, J=
7.5 Hz, 2H); 13C NMR (CDCl3, 75 MHz): d = 208.0, 136.0, 135.5, 132.2,
130.4, 129.3, 128.6, 37.7, 29.3, 20.1.


(E)-2-(2-Methylbenzylidene)cyclopentanone (Table 1, entry 2): The title
compound was prepared as a yellow solid in 75% isolated yield from 6-
o-tolylhex-5-ynal (93.2 mg, 0.500 mmol), BINAP (31.3 mg, 0.050 mmol),
and [Rh(cod)2]BF4 (20.4 mg, 0.050 mmol) according to the GP 4; reaction
time: 17 h. M.p. 67–68 8C ; 1H NMR (CDCl3, 300 MHz): d = 7.61 (t, J=
2.7 Hz, 1H), 7.47–7.40 (m, 1H), 7.30–7.18 (m, 3H), 2.90 (dt, J=7.5,
2.7 Hz, 2H), 2.42 (t, J=7.5 Hz, 2H), 2.41 (s, 3H), 1.99 (quint, J=7.5 Hz,
2H); 13C NMR (CDCl3, 75 MHz): d = 208.0, 138.9, 136.8, 134.3, 130.5,


129.8, 129.1, 128.6, 125.7, 38.0, 29.4, 20.5, 20.0; IR (neat): ñ = 3400, 2920,
1700, 1620, 1600, 1460, 1400, 1200, 1180, 760 cm�1; HRMS (EI): m/z :
calcd for C13H14O: 186.1045, found 186.1044 [M]+ .


(E)-2-Undecylidenecyclopentanone (Table 1, entry 3):[20] The title com-
pound was prepared as a pale yellow oil in 94% isolated yield from hexa-
dec-5-ynal (118.5 mg, 0.501 mmol), BINAP (31.5 mg, 0.051 mmol) and
[Rh(cod)2]BF4 (20.5 mg, 0.050 mmol) according to the GP 4; reaction
time: 40 min. 1H NMR (CDCl3, 300 MHz): d = 6.55 (tt, J=7.5, 2.7, 1H),
2.65–2.51 (m, 2H), 2.33 (t, J=7.5, 2H), 2.21–2.07 (m, 2H), 1.93 (quint,
J=7.5 Hz, 2H), 1.53–1.16 (m, 16H), 0.88 (t, J=6.9 Hz, 3H); 13C NMR
(CDCl3, 75 MHz): d = 207.0, 137.0, 136.2, 38.5, 31.8, 29.54, 29.46, 29.4,
29.32, 29.26, 29.2, 28.3, 26.6, 22.5, 19.7, 14.0.


(E)-3-Methyl-2-pentylidenecyclopentanone (2) (Table 1, entry 4):[21] The
title compound was prepared as a colorless oil in 84% isolated yield
from 4-methyldec-5-ynal (83.1 mg, 0.500 mmol), BINAP (31.3 mg,
0.050 mmol) and [Rh(cod)2]BF4 (20.4 mg, 0.050 mmol) according to the
GP 4; reaction time: 1 h. 1H NMR (CDCl3, 300 MHz): d = 6.51 (dt, J=
2.0, 7.7 Hz, 1H), 3.15–2.98 (m, 1H), 2.50–2.11 (m, 4H), 1.93–2.19 (m,
1H), 1.78–1.62 (m, 1H), 1.51–1.28 (m, 4H), 1.15 (d, J=7.1 Hz, 3H),
0.91(t, J=7.1 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d = 207.4, 142.3,
136.7, 36.1, 33.0, 30.8, 28.7, 27.7, 22.5, 20.4, 13.8.


(E)-2-Heptylidene-4-methylcyclopentanone (Table 1, entry 5): The title
compound was prepared as a yellow oil in 82% isolated yield from 3-
methyldodec-5-ynal (97.4 mg, 0.501 mmol), BINAP (31.2 mg,
0.050 mmol) and [Rh(cod)2]BF4 (20.4 mg, 0.050 mmol) according to the
GP 4; reaction time: 2 h. 1H NMR (CDCl3, 300 MHz): d = 6.59–6.49 (m,
1H), 2.84–2.71 (m, 1H), 2.49 (dd, J=17.4, 7.2 Hz, 1H), 2.37–2.04 (m,
4H), 1.98 (dd, J=17.4, 8.4 Hz, 1H), 1.52–1.18 (m, 8H), 1.12 (d, J=
6.3 Hz, 3H), 0.88 (t, J=6.9 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d =


206.9, 137.6, 136.3, 47.1, 35.2, 31.6, 29.6, 29.0, 28.4, 28.3, 22.6, 21.0, 14.0;
IR (neat): ñ = 2950, 2900, 1720, 1650, 1440, 1180 cm�1; HRMS (EI): m/z :
calcd for C13H22O: 194.1671, found 194.1640 [M]+ .


(E)-2-Benzylidene-3-methoxycyclopentanone (Table 1, entry 6): The title
compound was prepared as a pale yellow oil in 57% isolated yield from
4-methoxy-6-phenylhex-5-ynal (101.1 mg, 0.500 mmol), BINAP (31.1 mg,
0.050 mmol) and [Rh(cod)2]BF4 (20.3 mg, 0.050 mmol) according to the
GP 4; reaction time: 15 h; reaction temperature: 25 8C. 1H NMR (CDCl3,
300 MHz): d = 7.72–7.53 (m, 2H), 7.52–7.34 (m, 3H), 4.76–4.66 (m, 1H),
3.46 (s, 3H), 2.62 (ddd, J=9.3, 12.3, 18.6 Hz, 1H), 2.47–2.22 (m, 2H),
2.04–1.80 (m, 1H); 13C NMR (CDCl3, 75 MHz): d = 206.4, 138.1, 136.1,
134.5, 131.0, 130.2, 128.8, 77.9, 55.3, 35.1, 25.0; IR (neat): ñ = 2900, 1700,
1620, 1180, 1080, 760, 700 cm�1; HRMS (EI): m/z : calcd for C13H14O2:
202.0994, found 202.0966 [M]+ .


(E)-2-Heptylidene-3-methoxycyclopentanone (Table 1, entry 7): The title
compound was prepared as a pale yellow oil in 56% isolated yield from
4-methoxydodec-5-ynal (63.1 mg, 0.300 mmol), BINAP (18.7 mg,
0.030 mmol) and [Rh(cod)2]BF4 (12.2 mg, 0.030 mmol) according to the
GP 4; reaction time: 20 min; reaction temperature: 25 8C. 2-Heptyl-3-me-
thoxycyclopent-2-enone was also obtained in 10% isolated yield.
1H NMR (CDCl3, 300 MHz): d = 6.79 (dt, J=8.1, 1.5 Hz, 1H), 4.56–4.48
(m, 1H), 3.31 (s, 3H), 2.53 (ddd, J=9.0, 11.1, 18.3 Hz, 1H), 2.41–2.06 (m,
4H), 2.06–1.81 (m, 1H), 1.60–1.15 (m, 8H), 0.89 (t, J=6.9 Hz, 3H);
13C NMR (CDCl3, 75 MHz): d = 205.7, 142.3, 137.4, 76.9, 55.7, 35.5, 31.5,
29.5, 29.0, 28.5, 26.6, 22.4, 14.0; IR (neat): ñ = 2900, 1720, 1640, 1460,
1180, 1080, 880 cm�1; HRMS (EI): m/z : calcd for C13H22O2: 210.1620,
found 210.1643 [M]+ .


(E)-2-Benzylidenecyclohexanone (Table 2, entry 1):[22] The title com-
pound was prepared as a yellow solid in 56% isolated yield from 7-phe-
nylhept-6-ynal (93.1 mg, 0.500 mmol), BINAP (31.2 mg, 0.050 mmol) and
[Rh(cod)2]BF4 (20.5 mg, 0.050 mmol) according to the GP 4; reaction
time: 66 h. 2-Benzylcyclohex-2-enone was also obtained in 5% yield.
M.p. 36–39 8C ; 1H NMR (CDCl3, 300 MHz): d = 7.50 (t, J=2.1 Hz,
1H), 7.44–7.23 (m, 5H), 2.84 (dt, J=7.2, 2.1 Hz, 2H), 2.54 (t, J=6.9 Hz,
2H), 2.02–1.86 (m, 2H), 1.82–1.70 (m, 2H); 13C NMR (CDCl3, 75 MHz):
d = 201.8, 136.6, 135.5, 130.2, 129.1, 128.5, 128.3, 40.3, 28.9, 23.8, 23.3.


(E)-2-Undecylidenecyclohexanone (Table 2, entry 2): The title compound
was prepared as a colorless oil in 74% isolated yield from heptadec-6-
ynal (125.1 mg, 0.500 mmol), BINAP (31.2 mg, 0.050 mmol) and
[Rh(cod)2]BF4 (20.4 mg, 0.050 mmol) according to the GP 4; reaction
time: 4 h. 1H NMR (CDCl3, 300 MHz): d = 6.63 (tt, J=7.5, 2.4 Hz, 1H),


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5681 – 56885686


FULL PAPER K. Tanaka et al.



www.chemeurj.org





2.53–2.38 (m, 4H), 2.14–2.03 (m, 2H), 1.91–1.68 (m, 4H), 1.51–1.18 (m,
16H), 0.88 (t, J=7.2 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d = 201.1,
139.8, 136.0, 40.1, 31.8, 29.54, 29.51, 29.4, 29.3, 28.4, 27.7, 26.6, 23.6, 23.3,
22.6, 14.1; IR (neat): ñ = 2950, 2880, 1685, 1615, 1450, 1250, 1140 cm�1;
HRMS (EI): m/z : calcd for C17H30O: 250.2297, found 250.2303 [M]+ .


(E)-3-Methyl-2-pentylidenecyclohexanone (Table 2, entry 3):[23] The title
compound was prepared as a colorless oil in 77% isolated yield from 5-
methylundec-6-ynal (90.3 mg, 0.501 mmol), BINAP (31.2 mg,
0.050 mmol) and [Rh(cod)2]BF4 (20.5 mg, 0.050 mmol) according to the
GP 4; reaction time: 3 h. 1H NMR (CDCl3, 300 MHz): d = 6.46 (dt, J=
7.8, 0.9 Hz, 1H), 3.20–3.00 (m, 1H), 2.58–2.43 (m, 1H), 2.37–2.21 (m,
1H), 2.21–2.04 (m, 2H), 2.04–1.74 (m, 3H), 1.74–1.58 (m, 1H), 1.49–1.27
(m, 4H), 1.04 (d, J=7.2 Hz, 3H), 0.91 (t, J=7.2 Hz, 3H); 13C NMR
(CDCl3, 75 MHz): d = 202.3, 141.7, 138.9, 40.3, 30.9, 30.6, 30.3, 27.2,
22.5, 20.4, 18.7, 13.9.


(E)-2-Heptylidene-4-methylcyclohexanone (Table 2, entry 4): The title
compound was prepared as a colorless oil in 91% isolated yield from 4-
methyltridec-6-ynal (104.2 mg, 0.500 mmol), BINAP (31.2 mg,
0.050 mmol) and [Rh(cod)2]BF4 (20.3 mg, 0.050 mmol) according to the
GP 4. Reaction time: 24 h. 1H NMR (CDCl3, 300 MHz): d = 6.66–6.56
(m, 1H), 2.75–2.64 (m, 1H), 2.54 (ddd, J=18.0, 5.1, 3.3 Hz, 1H), 2.34
(ddd, J=18.0, 11.7, and 6.0 Hz, 1H), 2.19–1.75 (m, 5H), 1.57–1.16 (m,
9H), 1.06 (d, J=6.3 Hz, 3H), 0.88 (t, J=7.2 Hz, 3H); 13C NMR (CDCl3,
75 MHz): d = 201.1, 139.9, 135.4, 39.0, 35.1, 31.6, 31.2, 29.8, 29.1, 28.4,
27.7, 22.5, 21.6, 14.0; IR (neat): ñ = 2880, 1685, 1615, 1450, 1295, 1250,
1120 cm�1; HRMS (EI): m/z : calcd for C14H24O: 208.1827, found 208.1822
[M]+ .


(E)-3-Methyl-2-(1-deuteriopentylidene)cyclopentanone (5) (Scheme 7):
The title compound was prepared as a colorless oil in 72% isolated yield
from 1-deuterio-4-Methyldec-5-ynal (50.4 mg, 0.301 mmol), BINAP
(18.7 mg, 0.030 mmol) and [Rh(cod)2]BF4 (12.3 mg, 0.030 mmol) accord-
ing to the GP 4; reaction time: 19 h. 1H NMR (CDCl3, 300 MHz): d =


3.15–3.00 (m, 1H), 2.50–2.12 (m, 4H), 2.10–1.94 (m, 1H), 1.74–1.61 (m,
1H), 1.52–1.27 (m, 4H), 1.15 (dd, J=6.9, 0.6 Hz, 3H), 0.91 (t, J=6.9 Hz,
3H); 2H NMR (CDCl3, 61 MHz): d = 6.56 (s).


2-Benzylcyclopent-2-enone (Table 3, entry 1):[24] The title compound was
prepared as a yellow oil in 60% isolated yield from 6-phenylhex-5-ynal
(86.1 mg, 0.500 mmol), BINAP (31.1 mg, 0.050 mmol) and [Rh(cod)2]BF4


(20.3 mg, 0.050 mmol) according to the GP 4; reaction time: 45.5 h; reac-
tion temperature: 80 8C in (CH2Cl)2.


1H NMR (CDCl3, 300 MHz): d =


7.39–7.08 (m, 6H), 3.49 (s, 2H), 2.62–2.48 (m, 2H), 2.48–2.35 (m, 2H);
13C NMR (CDCl3, 100 MHz): d = 208.9, 158.7, 145.9, 138.7, 128.8, 128.4,
126.2, 34.6, 31.3, 26.5.


2-(2-Methylbenzyl)cyclopent-2-enone (Table 3, entry 2): The title com-
pound was prepared as a yellow oil in 59% isolated yield from 6-o-tolyl-
hex-5-ynal (93.1 mg, 0.500 mmol), BINAP (62.3 mg, 0.100 mmol) and
[Rh(cod)2]BF4 (40.6 mg, 0.100 mmol) according to the GP 4; reaction
time: 44.5 h; reaction temperature: 80 8C in (CH2Cl)2.


1H NMR (CDCl3,
300 MHz): d = 7.18–7.08 (m, 4H), 6.97–6.92 (m, 1H), 3.49–3.43 (m, 2H),
2.58–2.39 (m, 4H), 2.23 (s, 3H); 13C NMR (CDCl3, 75 MHz): d = 209.2,
158.6, 145.2, 137.0, 136.2, 130.2, 129.7, 126.5, 126.0, 34.6, 28.9, 26.4, 19.3;
IR (neat): ñ = 2910, 1690, 740 cm�1; HRMS (EI): m/z : calcd for
C13H14O: 186.1045, found 186.0998 [M]+ .


2-Undecylcyclopent-2-enone (Table 3, entry 3): The title compound was
prepared as a pale yellow oil in 84% isolated yield from hexadec-5-ynal
(118.3 mg, 0.500 mmol), BINAP (31.1 mg, 0.050 mmol) and
[Rh(cod)2]BF4 (20.4 mg, 0.050 mmol) according to the GP 4; reaction
time: 19 h; reaction temperature: 80 8C in (CH2Cl)2.


1H NMR (CDCl3,
300 MHz): d = 7.36–7.27 (m, 1H), 2.64–2.49 (m, 2H), 2.46–2.32 (m, 2H),
2.24–2.10 (m, 2H), 1.56–1.18 (m, 18H), 0.88 (t, J=6.9 Hz, 3H); 13C NMR
(CDCl3, 75 MHz): d = 210.0, 157.2, 146.5, 34.5, 31.9, 29.59, 29.56, 29.5,
29.37, 29.36, 29.3, 27.7, 26.4, 24.7, 22.6, 14.1; IR (neat) 2900, 2850, 1670,
1440, 1370 cm�1; HRMS (EI): m/z : calcd for C16H28O: 236.2140 found
236.2110 [M]+ .


3-Methyl-2-pentylcyclopent-2-enone (dihydrojasmone, Table 3,
entry 4):[25] The title compound was prepared as a yellow oil in 83% iso-
lated yield from 4-methyldec-5-ynal (83.1 mg, 0.500 mmol), BINAP
(31.1 mg, 0.050 mmol) and [Rh(cod)2]BF4 (20.3 mg, 0.050 mmol) accord-
ing to the GP 4. Reaction time: 72 h. Reaction temperature: 80 8C in
(CH2Cl)2.


1H NMR (CDCl3, 400 MHz): d = 2.55–2.45 (m, 2H), 2.41–2.30


(m, 2H), 2.16 (t, J=7.6 Hz, 2H), 2.05 (s, 3H), 1.44–1.18 (m, 6H), 0.87 (t,
J=7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz): d = 209.4, 169.8, 140.6,
34.3, 31.8, 31.5, 28.1, 23.0, 22.5, 17.2, 14.0.


2-Heptyl-4-methylcyclopent-2-enone (Table 3, entry 5): The title com-
pound was prepared as a pale yellow oil in 58% isolated yield from 3-
methyldodec-5-ynal (96.9 mg, 0.499 mmol), BINAP (31.2 mg,
0.050 mmol) and [Rh(cod)2]BF4 (20.3 mg, 0.050 mmol) according to the
GP 4; reaction time: 72 h; reaction temperature: 80 8C in (CH2Cl)2.
1H NMR (CDCl3, 400 MHz): d = 7.16 (s, 1H), 2.94–2.81 (m, 1H), 2.62
(dd, J=18.8, 6.4 Hz, 1H), 2.19–2.08 (m, 2H), 1.96 (dd, J=18.8, 2.0 Hz,
1H), 1.54–1.38 (m, 2H), 1.36–1.19 (m, 8H), 1.16 (d, J=7.2 Hz, 3H), 0.88
(t, J=6.8 Hz, 3H); 13C NMR (CDCl3, 100 MHz): d = 209.6, 162.4, 145.3,
43.3, 33.3, 31.8, 29.4, 29.1, 27.7, 24.6, 22.7, 20.4, 14.1; IR (neat): ñ = 2920,
2860, 1700, 1450 cm�1; HRMS (EI): m/z : calcd for C13H22O: 194.1671
found 194.1667 [M]+ .


2-Benzyl-3-methoxycyclopent-2-enone (Table 3, entry 6): The title com-
pound was prepared as a pale yellow oil in 39% isolated yield from 4-
methoxy-6-phenylhex-5-ynal (101.1 mg, 0.500 mmol), BINAP (31.1 mg,
0.050 mmol) and [Rh(cod)2]BF4 (20.3 mg, 0.05 mmol) according to the
GP 4. The reaction was conducted in (CH2Cl)2 at 50 8C for 15 h, and then
80 8C for 11 h. 1H NMR (CDCl3, 300 MHz): d = 7.30–7.10 (m, 5H), 3.94
(s, 3H), 3.46 (s, 2H), 2.75–2.59 (m, 2H), 2.56–2.37 (m, 2H); 13C NMR
(CDCl3, 75 MHz): d = 204.1, 184.9, 140.2, 128.5, 128.2, 125.8, 120.0, 56.5,
33.4, 27.2, 24.6; IR (neat): ñ = 3400, 2900, 1620, 1440, 1360, 1260, 1090,
720, 700 cm�1; HRMS (EI) calcd for C13H14O2: 202.0994, found 202.0969
[M]+ .


2-Heptyl-3-methoxycyclopent-2-enone (Table 3, entry 7): The title com-
pound was prepared as a pale yellow oil in 62% isolated yield from 4-
methoxydodec-5-ynal (63.1 mg, 0.300 mmol), BINAP (18.7 mg,
0.030 mmol) and [Rh(cod)2]BF4 (12.2 mg, 0.03 mmol) according to the
GP 4; reaction time: 20 h; reaction temperature: 50 8C in (CH2Cl)2.
1H NMR (CDCl3, 300 MHz): d = 3.94 (s, 3H), 2.75–2.56 (m, 2H), 2.52–
2.35 (m, 2H), 2.11 (t, J=7.2 Hz, 2H), 1.46–1.15 (m, 10H), 0.87 (t, J=
6.6 Hz, 3H); 13C NMR (CDCl3, 75 Hz): d = 204.9, 184.5, 121.0, 56.2,
33.4, 31.8, 29.5, 29.1, 28.0, 24.4, 22.6, 21.2, 14.0; IR (neat): ñ = 2900,
1680, 1620, 1460, 1360, 1250, 1080 cm�1; HRMS (EI): m/z : calcd for
C13H22O2: 210.1620, found 210.1644 [M]+ .


2-Benzylcyclohex-2-enone (Table 4, entry 1):[24] The title compound was
prepared as a yellow oil in 41% isolated yield from 7-phenylhept-6-ynal
(93.3 mg, 0.501 mmol), BINAP (31.2 mg, 0.050 mmol) and [Rh(cod)2]BF4


(20.3 mg, 0.050 mmol) according to the GP 4; reaction time: 19 h; reac-
tion temperature: 80 8C in (CH2Cl)2.


1H NMR (CDCl3, 300 MHz): d =


7.29–7.15 (m, 2H), 7.15–7.02 (m, 3H), 6.52–6.42 (m, 1H), 3.44 (s, 2H),
2.43–2.31 (m, 2H), 2.29–2.17 (m, 2H), 1.89 (quint, J=8.0 Hz, 2H);
13C NMR (CDCl3, 75 MHz): d = 198.9, 146.4, 139.6, 139.4, 129.1, 128.3,
126.0, 38.4, 35.3, 26.0, 23.0.


2-Undecylcyclohex-2-enone (Table 4, entry 2): The title compound was
prepared as a pale yellow oil in 76% isolated yield from heptadec-6-ynal
(125.3 mg, 0.500 mmol), BINAP (31.2 mg, 0.050 mmol) and
[Rh(cod)2]BF4 (20.3 mg, 0.050 mmol) according to the GP 4; reaction
time: 17.5 h; reaction temperature: 80 8C in (CH2Cl)2.


1H NMR (CDCl3,
300 MHz): d = 6.81–6.59 (m, 1H), 2.52–2.26 (m, 4H), 2.23–2.09 (m, 2H),
2.05–1.89 (m, 2H), 1.49–1.13 (m, 18H), 0.88 (t, J=8.8 Hz, 3H); 13C NMR
(CDCl3, 75 MHz): d = 199.5, 144.7, 139.9, 38.6, 31.9, 29.61, 29.57, 29.55,
29.5, 29.43, 29.38, 29.3, 28.5, 26.0, 23.1, 22.6, 14.1; IR (neat): ñ = 2910,
2850, 1700, 1420 cm�1; HRMS (EI): m/z : calcd for C17H30O: 250.2297
found 250.2294 [M]+ .
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Hydrogen Bonding of Water Confined in Mesoporous Silica MCM-41 and
SBA-15 Studied by 1H Solid-State NMR


Bob Gr nberg,[a] Thomas Emmler,[a] Egbert Gedat,[a] Ilja Shenderovich,[a]


Gerhard H. Findenegg,[b] Hans-Heinrich Limbach,*[a] and Gerd Buntkowsky*[a]


Introduction


Water is the primary solvent for most naturally occurring
chemical and biological reactions. The special physical prop-
erties of water stem largely from its extraordinary internal
cohesiveness, compared with most other liquids of similar
molecular weights. This cohesiveness is mainly the result of
water molecules� high polarity and their ability to form hy-
drogen-bonded networks among themselves, as for example,
in the frozen phase or in the bulk-liquid phase. In restricted
geometries, water molecules can also interact with surfaces
through hydrophobic and hydrophilic interactions and hy-
drogen-bond interactions; hence there is competition be-
tween the surface–liquid and liquid–liquid interactions. This
competition can lead to interesting new structures of the


water that are not observed in bulk water. In particular, at
least partial ordering of the water molecules in the vicinity
of the confining surface is often found. Important examples
of such systems are water molecules enclosed in porous
media like zeolites[1] or cements,[2] or water molecules in hy-
dration shells of proteins.[3–8] Specifically, the existence of
two kinds of water in pores, free water in the center of the
pore and bound water near the pore surface, has been estab-
lished by a variety of experimental techniques.[1,9–19] Analyz-
ing these structures may help in the understanding of the
water–surface interaction at the molecular level. For this
analysis a molecular observable must be studied, which is
sensitive to the structure and binding of individual water
molecules. The 1H chemical shift of water molecules is such
an observable. Its value depends strongly on the structural
and dynamical properties of the hydrogen atoms. Because
the observed phases are often ordered, that is, anisotropic,
one can also expect at least some residual anisotropy in the
NMR parameters of the system. Therefore, these systems
have to be studied employing 1H solid-state NMR spec-
troscopy.


In the present work, we study water as a guest molecule
in mesoporous silica of MCM-41[20] and SBA-15[21] types.
These materials constitute two-dimensionally hexagonal
arrays of cylindrical pores of uniform size in the range be-
tween 2–10 nm.[22] Due to this wide range of available pore


[a] B. Gr8nberg, T. Emmler, Dr. E. Gedat, Dr. I. Shenderovich,
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Abstract: The adsorption of water in
two mesoporous silica materials with
cylindrical pores of uniform diameter,
MCM-41 and SBA-15, was studied by
1H MAS (MAS=magic angle spinning)
and static solid-state NMR spectrosco-
py. All observed hydrogen atoms are
either surface �SiOH groups or hydro-
gen-bonded water molecules. Unlike
MCM-41, some strongly bound water
molecules exist at the inner surfaces of
SBA-15 that are assigned to surface de-
fects. At higher filling levels, a further
difference between MCM-41 and SBA-


15 is observed. Water molecules in
MCM-41 exhibit a bimodal line distri-
bution of chemical shifts, with one
peak at the position of inner-bulk
water, and the second peak at the posi-
tion of water molecules in fast ex-
change with surface �SiOH groups. In
SBA-15, a single line is observed that
shifts continuously as the pore filling is


increased. This result is attributed to a
different pore-filling mechanism for
the two silica materials. In MCM-41,
due to its small pore diameter
(3.3 nm), pore filling by pore condensa-
tion (axial-pore-filling mode) occurs at
a low relative pressure, corresponding
roughly to a single adsorbed monolay-
er. For SBA-15, owing to its larger
pore diameter (8 nm), a gradual in-
crease in the thickness of the adsorbed
layer (radial-pore-filling mode) prevails
until pore condensation takes place at
a higher level of pore filling.


Keywords: monolayers · NMR
spectroscopy · pore condensation ·
water chemistry · zeolite analogues
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sizes, they are very versatile molecular sieves. Whereas
MCM-41 silicas have pore sizes in the range of 2–6 nm and
smooth pore surfaces, SBA-15 silicas can be typically pre-
pared in the range of 5–10 nm and exhibit considerable sur-
face roughness, which is attributed to (SiO2)n islands on the
surface.[23] Owing to the high density of pores and the rela-
tively small pore diameters, these silica materials have ex-
tremely large inner surfaces, relative to the volume of the
individual particle. The particle size is typically in the range
of 5 mm. The pore-to-pore distance, which is estimated as
the inverse length of the scattering vector in X-ray diffrac-
tion, is about 20% larger than the pore diameter. The geom-
etry of the pores is highly anisotropic, such that a preferred
axis exists in the direction of the pores� cylinder axis, and
diffusion of guest molecules in the pores is found to exhibit
deviations from ordinary diffusion.[24] Moreover, these sur-
face effects influence not only the translational, but also the
rotational degrees of freedom of guest molecules, as was
shown recently by low-temperature 2H NMR spectrosco-
py.[25] Since the physical properties of their inner surfaces,
such as the surface acidity, can be chemically modified,[26,27]


mesoporous silica materials are very promising candidates
for catalytic applications; this interest has triggered several
recent studies of the dynamics of guest molecules in meso-
porous silica.[28–34]


Experimental Section


Preparation of mesoporous silica MCM-41: The MCM-41 material was
synthesized according to the method of Gr8n et al.[35] using cetyltrimeth-
ylammonium bromide (C16TAB) as the template. C16TAB (2.36 g) dis-
solved in water (120 g) was mixed with aqueous ammonia (9.5 g,
25 wt%). Then tetraethoxysilane (TEOS, 10 g) was added under constant
stirring at 35 8C. The precipitated product was kept in the reaction so-
lution at 80 8C for 72 h and then filtered and washed with deionized
water. After drying in air at 105 8C for 5 h, the product was heated to
550 8C (1 Kmin�1) and calcined under flowing air. The mesoscopic struc-
ture and the porosity of the MCM-41 material were characterized by X-
ray diffraction and gas adsorption as explained elsewhere.[36] The X-ray
diffraction pattern of the calcined MCM-41 sample exhibited four well-
resolved peaks conforming to a two-dimensional hexagonal lattice (space
group p6mm) with a lattice spacing of d100=4.0 nm (pore-to-pore dis-
tance a0=4.6 nm). The nitrogen adsorption isotherm at 77 K (Figure 1a)


was measured by gas volumetry using a Gemini 2375 apparatus (Micro-
meritics). The BET surface area (S) was measured as 1040 m2g�1 and the
specific pore volume (V) as 0.93 cm3g�1. The pore diameter of d=3.3 nm
was calculated by the method of Dollimore and Heal.[37]


Preparation of mesoporous silica SBA-15 : The silica was prepared ac-
cording to the method of Zhao et al.[21] employing Pluronic P103 [EO17�
PO55�EO17, EO=poly(ethylene oxide), PO=poly(propylene oxide);
BASF, Mt. Olive, NJ, USA] as the templating agent. P103 (8 g) was dis-
solved in distilled water (480 mL) and 97% H2SO4 (26 mL) was added to
the solution. Then TEOS (18.4 mL) was added under stirring at a temper-
ature of 40 8C. The solution was first kept at 40 8C for 5 h and then at
108 8C for another 24 h. The product was rinsed with deionized water and
calcined at 550 8C. Two different batches of SBA-15 were used (TLX-1
and PLX-A). The X-ray measurement indicated that the silica was or-
dered in a two-dimensional hexagonal lattice with a lattice constant of
d100=8.7 nm (pore-to-pore distance a0=10.0 nm). The pore diameters of
8.0 nm (TLX-1) and 7.9 nm (PLX-A) were determined from the adsorp-
tion branch of the nitrogen isotherm (Figure 1b) employing the Dolli-
more—Heal formalism.[37] The BET surface area (S) and the specific
pore volume (V), as determined from the N2 gas adsorption isotherm,
were 720 m2g�1 and 0.96 cm3g�1, respectively, for TLX-1, and 791 m2g�1


and 1.01 cm3g�1, respectively, for PLX-A.
1H solid-state NMR spectroscopy: All 1H NMR measurements were per-
formed on a Bruker MSL-300 instrument, operating at 7 T, equipped
with a Bruker 4 mm single resonance 1H CRAMPS probe. The room
temperature static and magic angle spinning (10000 Hz) NMR experi-
ments were performed by employing a p/2 pulse sequence with full CY-
CLOPS phase cycling. The 90o-pulse length was 3.2 ms for 1H and the
sweep width was 10 kHz. All chemical shift values are referenced to tet-
ramethylsilane (TMS), with water as an external standard.


NMR samples : To obtain reproducible results the silica–water samples
were prepared in the following way. The dried silica was weighted and
filled into a 4 mm rotor (MCM-41: 14.99�0.05 mg; SBA-15: 19.76�
0.05 mg). To remove physisorbed and hydrogen-bonded water without
causing dehydroxylation of silanol groups, the samples were dried under
high vacuum (ca. 10�6 mbar) for 24 h at a moderate temperature of
400 K. Then a defined amount of water was added by means of a cali-
brated micropipette. The absolute amount of water was determined using
a microbalance (Sartorius) with an accuracy of �0.05 mg. Employing
this value and the known surface area of the silica, we determined the
coverage of the surfaces. The spectra at the various water contents were
obtained as follows: The rotor was closed with the rotor cap, which
sealed the rotor sufficiently to prevent evaporation of the water during
the 1H NMR measurements, and the sample was weighted and measured.
After measurement, the rotor was opened again and part of the water
was removed by heating the rotor with a heat gun. The rotor was closed
again with the cap, weighted and measured. Precise data of the samples
are given in Tables 1 and 2.


Figure 1. Nitrogen isotherms of a) MCM-41 and b) SBA-15.


Table 1. Water content of the MCM samples.


Sample[a] n [(H2O) per nm2][b] Vol%[c] m [mg][d]


a 30.8 100 14.33
b 6.8 23 3.19
c 1.7 6 0.80
d 0.94 3.2 0.44
e 0.8 2.7 0.37
f <0.05 <0.05 0


[a] The identifier for each sample (see the spectra in Figure 2). [b] The
number of H2O molecules on the surface per nm2 (calculated with re-
spect to the specific surface area, S). [c] The content of H2O in Vol%
(calculated with respect to the specific pore volume, V). [d] The mass of
water for each sample (measured with a precision microscale from Sar-
torius).
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Results


Before discussing the individual spectra, we wish to report
that the filling and emptying of the pores with water was
completely reversible. By employing a heat gun with moder-
ate heating (see SBA-15 below), it was possible to complete-
ly empty the pores after filling them with a definite amount
of water. Thus in principle, the filling and emptying cycle
can be repeated as often as desired.


1H NMR of water in MCM-41: Figure 2 displays the rotating
and nonrotating 1H NMR spectra of water in MCM-41 for
different water contents. While the 1H MAS spectra (left) in
general exhibit several resolved lines with typical line widths
of 0.3–0.6 ppm, in the static spectra (right) only relatively


broad lines are visible and individual sites are only reflected
by shoulders in the line shape. The MAS spectrum that was
measured after drying the sample on the vacuum line (spec-
trum f) exhibits only a single line at d=1.74 ppm, which we
label as I. Figure 2e displays the spectrum with the lowest
water content of 2.7%. Here the spectrum is still dominated
by signal I, but a slight increase in the line width is ob-
served. Additional spectral intensity is visible as a high field
socket of the line (II) and as a weak signal (III) appearing
at about 2.5 ppm. Upon further increase of the water con-
tent to 3.2% (Figure 2d), the 1.74 ppm line continues to in-
crease in width, and the line at 2.5 ppm grows strongly and
finally starts to dominate the spectrum in the sample with
6% (c). Upon further increase of the water content to 23%
(b) this line is broadened and low-field shifted to 3.4 ppm.
In addition, a new signal appears at 4.7 ppm (IVa) that final-
ly, in the completely filled sample with 100% water content
(a), is the only visible line in the spectrum. In addition to
these relatively narrow lines, a weak, broad background
signal, which covers the whole range from 1 to 6 ppm, is
visible in spectra (c) and (d).


Comparing these MAS results with the static spectra, sev-
eral striking differences are evident: Firstly, the width of the
line (Figure 2 right panel) is significantly larger than the
width of the MAS lines. As a result of this, the individual
lines visible in the MAS spectra are only indicated by the
shoulders in the line shape. Secondly, in the spectra with
very low water contents (spectra e and f) no signal is visible
at all. In the spectra with intermediate water contents (c and
d) only a broad signal between 2 ppm and 3 ppm is visible,
and in the samples with high water contents (a and b) a very
broad asymmetric signal at 4.70 ppm is visible. For the anal-
ysis of signals in spectra a and b, a deconvolution of the line
shape into two individual lines was performed, employing


the values of the isotropic shift
from the MAS experiments.


1H NMR of water in SBA-15 :
Owing to the larger pore diam-
eter with the correspondingly
lower relative surface, lower
water fillings were employed
for the SBA-15 sample.
Figure 3 displays the rotating
(left) and nonrotating (right)
1H NMR spectra of water in
SBA-15 for different water con-
tents. Again in the 1H MAS
spectra in general several re-
solved lines are visible. The typ-
ical line widths of 0.2–0.4 ppm
are more narrow than the cor-
responding line widths in the
MCM-41 samples. The MAS
spectra of the samples with the
low water contents (Figure 3h–
j) exhibit the same line I at d=
1.74 ppm that is observed in the
MCM-41 samples. However,


Table 2. Water content of the SBA samples.


Sample[a] n [(H2O) per nm2][b] Vol%[c] m [mg][d]


a[e] 38.2 96.0 14.36
b[e] 17.4 43.8 6.56
c[e] 8.0 20.0 3.01
d 3.6 8.1 1.53
e 1.4 3.2 0.60
f 0.4 1.0 0.18
g 0.3 0.7 0.13
h 0.24 0.5 0.10
i <0.1 <0.1 <0.02
j <0.05 <0.05 0


[a] The identifier for each sample (see the spectra in Figure 3). [b] The
number of H2O molecules on the surface per nm2 (calculated with re-
spect to the specific surface area, S). [c] The content of H2O in Vol%
(calculated with respect to the specific pore volume, V). [d] The mass of
water for each sample (measured with a precision microbalance from
Sartorius). [e] The samples a, b and c consist of SBA-15 batch PLX-A in-
stead of SBA-15 batch TLX-1.


Figure 2. Experimental 1H solid-state NMR spectra of water in MCM-41 at varying water contents (n=
number of H2O molecules on the surface per nm2). The letters correspond to those in Table 1. Right panel:
static (nonrotating) spectra. Left panel: MAS spectra normalized to the same maximum height.
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even in the nominally completely dried sample (i) there is
some spectral intensity between 2 and 3 ppm. To remove
this water, an additional drying of the sample for 48 h at
120 8C on the vacuum line was necessary. This drying re-
moved the remaining water visible in spectrum i. Upon in-
crease of the water content to 0.5%, again a slight increase
of the line width is observed, accompanied by the growth of
line III at 2.5 ppm. Again, the position of this line shifts
slightly to low-field upon increase of the water content to
3.2% (e), and the width of the line increases. At 8% filling
(d) the line at 1.74 ppm is only barely visible, and the spec-
trum is dominated by a broad line at 3.9 ppm. Further in-
crease of the water content (a–c) shifts this line smoothly to
the final value of 5 ppm (IVb). Again, in addition to these
relatively narrow lines, a weak, broad background signal
that covers the whole range from 1 to 6 ppm is visible in
spectrum c.


In the static spectra, no signal is visible in the samples
with fillings below 0.7%. Above this filling, a relatively
broad symmetric line is visible in the spectrum. The position
of this line shifts parallel to the MAS signal towards lower
fields upon increase of the water content.


Discussion


From the NMR spectra shown above it is evident that differ-
ent water environments exist inside the mesopores of the
silica. These environments can be characterized by their in-
dividual chemical shifts. The experimental results are now
discussed with respect to the water structures inside the
mesopores. Figure 4 displays the different possible scenarios
of water molecules hydrogen bonded to the silica surface, or
amongst each other, or free. Each scenario is characterized


by an individual 1H chemical
shift. While in principle these
1H chemical shifts are unique
for a defined structure of the
water molecule interacting with
the surface and other water
molecules, in practice it must
be taken into account that dy-
namic exchange effects, like
molecular rotations of the
water molecules, rotations of
the surface �SiOH groups, and
proton transfer, can, and in
general will, cause exchange be-
tween these different chemical
shifts; this effect leads to com-
plete or full averaging of the
line positions.


Nevertheless, it is still possi-
ble to distinguish between dif-
ferent environments, and thus
determine the relative amounts
of the individual species, which
is done in the following way. As


a starting point we want to note that a line between 0.8 and
1.5 ppm is not observed in any spectrum; this line would
correspond to protons of monomeric water molecules, that
is, protons that do not exhibit any kind of OHO hydrogen
bonding. This shows that all water molecules are in a hydro-
gen-bonded state. Thus, they must either form water clusters
or hydrogen bonds with �OH groups on the surface.


By employing this chemical shift information, the results
of water in MCM-41 are discussed. In the dried sample (Fig-
ure 2f), only a single resonance at d=1.74 ppm is observed.
Comparing this value to the chemical shift of �SiOH pro-
tons in MCM-41[26] (d=1.75 ppm), this signal can be attrib-
uted to the surface �SiOH protons. This shows that by
drying on the vacuum line all water molecules are removed


Figure 3. Experimental 1H solid-state NMR spectra of water in SBA-15 at varying water contents (n=number
of H2O molecules on the surface per nm2). The letters correspond to those in Table 2. Right panel: static (non-
rotating) spectra. Left panel: MAS spectra, normalized to the same maximum height.


Figure 4. Overview of possible �OH groups in the water/silica samples
and the corresponding chemical shifts in ppm (TMS). Upper row: chemi-
cal shifts of the constituents of monomeric water, water clusters and sila-
nol groups. Lower row: chemical shifts observed in various hydrogen-
bonding scenarios.
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from MCM-41. From this we can conclude that there is no
strongly bound water, for example, due to structural inho-
mogeneities, or water molecules confined in inaccessible
places.


It is interesting to compare this result to the SBA-15 me-
sopores (Figure 3a–j). Here the simple drying procedure em-
ploying the heat gun did not cause a complete removal of
all water from the pore (spectrum i). As discussed above,
the last water molecules were only removable by drying the
sample on the vacuum line at 120 8C (spectrum j). Thus, in
contrast to the MCM-41 sample, the SBA-15 sample must
possess some kind of structural inhomogeneities that cause
a stronger binding or trapping of the water molecules. This
observation corroborates results on the roughness of the sur-
face structures of SBA-15 and MCM-41, which were ob-
tained by employing the absorption of 15N and para-2H-la-
beled pyridine on the surfaces of these pores.[23] It was
reported that a fast rotational diffusion combined with a sur-
face-hopping of pyridine molecules on the surfaces of the
pores was observed. These combined motions cause a mo-
tional averaging of the 15N CSA (CSA=cross-sectional sur-
face area) and 2H quadrupolar tensors of the molecule.
While for SBA-15 a complete averaging to an isotropic line
was observed, a residual anisotropy remained in MCM-41.
The full averaging observed in SBA-15 is only possible in
the case of a surface with considerable roughness due to the
presence of structural defects. Since the general chemical
and crystalline structures of MCM-41 and SBA-15 are very
similar with respect to the hydrogen bonding of the water
molecules to the surface, these structural defects are the
main difference between MCM-41 and SBA-15. Thus, one
can conclude that they are responsible for the trapping of
the strongly bound water molecules on the surfaces.


Comparing the chemical shifts of the water signals at low
filling levels (2.5–3 ppm) with the values given for the possi-
ble chemical shifts of �OH groups, it is evident that none of
these shifts matches the observed shift. From this it follows
that the observed shift is the result of the weighted averag-
ing between different water species, caused by fast chemical
exchange among them. This interpretation is supported by
the absence of monomeric water units. From Figure 4 it can
be seen that the chemical shift of non-hydrogen-bonded
water protons is 1.5 ppm. For low water concentrations,
where the number of water molecules is below the number
of surface �SiOH groups, a static configuration of water
molecules in configurations d or e (see Figure 4) would give
rise to such a line. Since this line is not observed one can
conclude that all water molecules contribute to hydrogen
bonds. The average distance between surface �OH groups
can be estimated from their surface densities[23] of nOH�
3 nm�2 for MCM-41 and �3.7 nm�2 for SBA-15, as 0.58 and
0.52 nm, respectively. These average distances are too large
to be bridged by a single hydrogen-bonded water molecule.
In other words, only one of the two water protons can be in
a hydrogen bond in a given moment. Since both protons are
found to be magnetically equivalent, it follows that they are
in fast exchange. The assumption of a fast exchange of only
the two water protons and a fixed �SiOH···OH2 hydrogen
bond would give a line of the water protons at (1.5+5.5)/


2=3.5 ppm. As the observed line of the water proton is
below 3 ppm for low filling factors, one can conclude that a
more complicated exchange process, which involves the
proton of the �SiOH group, occurs. The simplest mechanism
is the mutual exchange of the two water protons with the
�SiOH proton.


Assuming a symmetric exchange between all three posi-
tions, such an exchange process would cause an average line
at (1.5+1.75+5.5)/3=2.9 ppm for configuration d and
(1.5+1.5+5.5)/3=2.8 ppm for configuration e (see
Figure 4); these values are closer to those experimentally
observed. In practice, one can assume that this process is
not a simple chemical exchange of the three protons, but a
surface-hopping of the water molecule that is accompanied
by the formation and breaking of covalent �OH bonds and
O···H hydrogen bonds.


Upon further increase of the water content, two processes
start: on the one hand the average of the line is low-field
shifted towards the chemical shift values of water clusters,
and on the other hand the number of free surface �SiOH
groups is reduced, which is visible as a decline in the intensi-
ty of the 1.75 ppm line. At a water content of 8%, which
corresponds to about 3.5 water molecules per square nm,
the line of the surface �SiOH groups in SBA-15 has practi-
cally disappeared. This shows that all �SiOH groups are
now part of a hydrogen bond, that is, a network of exchang-
ing hydrogen-bonded protons (see Figure 5). This interpreta-
tion is corroborated by the surface density of�SiOH groups,
which is �3.7 nm�2 for SBA-15.[23] Upon further increase of
the water content, this network of hydrogen-bonded �OH
groups is shifted towards lower field, caused by the higher
mole fraction of water molecules. Finally, the broad compo-
nent visible in the MAS spectra of both samples can be at-
tributed to both water domains on the surface, where residu-
al dipolar interactions among the protons are too strong to
be fully removed by MAS, and to line broadening caused by
chemical exchange.


Figure 5. Sketch of possible water configurations hydrogen bonded to the
surface �SiOH group and the mutual proton exchange processes in these
configurations. The numbers denote the chemical shift typically associat-
ed with these configurations.
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At intermediate water contents an interesting difference
between MCM-41 and SBA-15 is observed. For MCM-41
two separate lines are visible, for example, in the spectrum
with 23% water content corresponding to seven water mole-
cules per square nm. The first of these lines is the above dis-
cussed line caused by the exchange of water and silica �OH
groups. The second, lower field line has a chemical shift of
4.8 ppm. This value lies between the value for free water
clusters (5.5 ppm) and the value of the first line. This finding
can be interpreted as a bimodal distribution of the thickness
of the water layer on the surface, due to the coexistence of
filled pores and pores in which only the surface is covered
with water. For SBA-15, however, a smooth, low-field shift
of the line as a function of the water content is observed;
this shift indicates a monomodal distribution of the thick-
ness of the water layer on the surface.


This finding has important consequences for the filling
mechanisms of the pores, which are sketched in Figure 6. In
SBA with its large pore diameter of 8 nm, after the initial
wetting of the surface (Figure 6a), further filling occurs
smoothly from the pore wall towards the center of the pore
(Figure 6b), until finally, complete filling of the pores is
achieved. In MCM, however, after the initial wetting of the
pore surfaces (Figure 6c), a coexistence of filled pores or
pore segments with wetted pores or pore segments exists
(Figure 6d). Further filling of the pores occurs as a growth
of the filled pores (Figure 6e), until again complete filling is
achieved. Thus, for SBA the water layer in the pore grows
radially towards the pore center, while for MCM the water
layer grows axially in the direction of the pore axis.


Finally, for completely filled pores two different chemical
shift values are found, namely 4.7 ppm for MCM-41 and
5.0 ppm for SBA-15. These differences are an indication of
the different ratio of surface-water molecules to inner-water
molecules. Assuming ideally cylindrical pores for simplicity,


the amount of water molecules in a monomolecular water
layer on the surface is given by Equation (1) (rp: pore
radius, rw: radius of a water molecule, 1w: density of water).


NS ¼ 1Wpðr2p�ðrp�2rwÞ2Þ ð1Þ


The number of “inner” water molecules is given in Equa-
tion (2).


NI ¼ 1wpðrp�2rwÞ2 ð2Þ


The average chemical shift is given in Equation (3).


�d ¼ NI


NI þNS
dI þ


NS


NI þNS
dS ¼


ðrp�2rwÞ2


ðrp�2rwÞ2 þ ½r2p�ðrp�2rwÞ2	
dI þ


½r2p�ðrp�2rwÞ2	
ðrp�2rwÞ2 þ ½r2p�ðrp�2rwÞ2	


dS


ð3Þ


For a simple estimation, the radius of a water molecule is
estimated from its density as 0.19 nm. By employing this
value and the respective pore radii of 1.65 and 4.0 nm, the
calculated average chemical shift values are 4.7 ppm for
MCM-41 and 5.2 ppm for SBA-15. These values are in very
good agreement with the experimentally observed chemical
shift values of 4.7 and 5.0 ppm, respectively, particularly
when the crudity of the model is taken into account. The
greater deviation for SBA-15 might be a result of its higher
surface roughness, which makes the pore radius less well de-
fined.


Comparing the static spectra of the empty pores at low
water contents for MCM-41 and SBA-15 (right panels of
Figures 2 and 3, respectively), it is evident that the line at
1.75 ppm that was visible in the MAS spectra is not visible
in the static spectra. This result corroborates our interpreta-
tion that this line has to be attributed to immobile surface
�SiOH groups. From their average distance on the surface,
a mutual 1H–1H dipolar coupling constant of 4 kHz can be
calculated; this coupling causes a strong line-broadening
that renders these protons invisible in the static spectra.
When the water content of the pore is increased, some of
these protons are mobilized by exchange with water protons,
as discussed above, which results in a more narrow line that
is then visible in the static spectra too.


It is interesting to relate the stronger bound water found
in SBA-15 to the model of the silica surface of SBA-15
(Figure 7) that was recently proposed by some of us.[23] The
higher roughness of the silica surface is explained as in-
complete silica layers on the inner surfaces. These incom-
plete layers might be the explanation for the observed stron-
ger binding of some of the water molecules on the sur-
face of SBA-15. On an ideal surface the �SiOH group dis-
tance is too large to permit a water molecule to form two
hydrogen bonds to the surface at the same time. On the
edges of a defect layer, however, it could be possible for a
single water molecule to be involved simultaneously with
two surface hydrogen bonds, thus nearly doubling its binding
enthalpy.


Figure 6. Sketch of the proposed pore-filling mechanisms of SBA-15
(upper row) and MCM-41 (lower row). In SBA-15, with its wider pore di-
ameter, after initial coverage of the surface, a radial growth towards the
pore axis is proposed. In MCM-41, however, an axial filling of the pores
is proposed.
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Conclusion


The adsorption of water in two different mesoporous silica
materials with different pore diameters and internal sur-
faces, namely MCM-41 and SBA-15, was studied by employ-
ing 1H MAS and static solid-state NMR spectroscopy. It is
found that the filling cycle is completely reversible and that
any adsorbed water can be removed by a vacuum pump,
possibly accompanied by moderate heating with a heat gun.
Various NMR lines of�OH hydrogen atoms are observed at
different filling factors. The assignment of the line positions
to individual types of �OH hydrogen atoms was done by
merit of the chemical shift and corroborated by the line
width of the static spectra. All observed hydrogen atoms are
either surface �SiOH groups or hydrogen-bonded water
molecules. No monomeric water molecules are observed at
any filling level. It is found that in SBA-15 there exist some
stronger bound water molecules on the surface that are only
removable by the heat gun. These water molecules are ten-
tatively assigned to surface defects that are present in SBA-
15, but not in MCM-41. At higher filling levels an interest-
ing difference between MCM-41 and SBA-15 is observed. In
MCM-41 there is a bimodal-line distribution of chemical
shifts of the water molecules, with one peak at the position
of inner bulk water, and the second peak at the position of
water molecules in fast exchange with surface �SiOH
groups. In SBA-15 only a single line with a continuously
varying chemical shift is observed. This result is an indica-
tion of different filling mechanisms for the two silica materi-
als. In MCM-41, with its lower pore diameter, after an initial
covering of the inner surfaces, the filling grows mainly in the
direction of the pore axis. In SBA-15, however, owing to its
larger pore diameter, the filling of the pore grows radially
from the pore surface to the pore axis. This result has impor-
tant consequences for the catalytic applications of these ma-
terials. Finally, it is shown that water can be employed to de-
termine the surface density of �SiOH groups and is a sensor
for surface inhomogeneity. From these results two new ques-


tions naturally arise, namely, are there H/D isotope effects
on the filling mechanisms, and what is the temperature and
pore-diameter dependence of the pore condensation in the
silica pores? These questions are currently being studied in
our laboratory.


Acknowledgements


Financial support from the Deutsche Forschungsgemeinschaft SFB-448
and the Graduate School GK-788 is gratefully acknowledged.


[1] E. W. Hansen, M. Stçcker, R. Schmidt, J. Phys. Chem. 1996, 100,
2195.


[2] M. J. Setzer, J. Colloid Interface Sci. 2001, 243, 193.
[3] R. Kimmich, H. W. Weber, Phys. Rev. B 1993, 47, 788.
[4] R. Kimmich, F. Klammler, V. D. Skirda, I. A. Serebrennikova, A. I.


Maklakhov, N. Fatkullin, Appl. Magn. Reson. 1993, 4, 425.
[5] R. Kimmich, NMR Tomography Diffusometry Relaxometry, Spring-


er, Berlin, 1997.
[6] J. Bodurka, A. Gutsze, G. Buntkowsky, H.-H. Limbach, Z. Phys.


Chem. 1995, 190, 99.
[7] J. Bodurka, G. Buntkowsky, A. Gutsze, H.-H. Limbach, Z. Natur-


forsch. C 1996, 51, 81.
[8] J. Bodurka, G. Buntkowsky, R. Olechnowicz, A. Gutsze, H.-H. Lim-


bach, Colloids Surf. A 1996, 115, 55.
[9] K. Overloop, L. Van Gerven, J. Magn. Reson. Ser. A 1993, 101, 179.


[10] Y. Hirama, T. Takahashi, M. Nino, T. Sato, J. Colloid Interface Sci.
1996, 184, 349.


[11] T. Ishizaki, M. Maruyama, Y. Furukawa, J. G. Dash, J. Cryst.
Growth 1996, 163, 455.


[12] E. W. Hansen, E. Tangstad, E. Myrvold, T. Myrstad, J. Phys. Chem.
B 1997, 101, 10709.


[13] K. Morishige, K. Nobuoka, J. Chem. Phys. 1997, 107, 6965.
[14] J. M. Baker, J. C. Dore, P. Behrens, J. Phys. Chem. B 1997, 101,


6226.
[15] T. Takamuku, M. Yamagami, H. Wakita, Y. Masuda, T. Yamaguchi,


J. Phys. Chem. B 1997, 101, 5730.
[16] K. Morishige, K. Kawano, J. Chem. Phys. 1999, 110, 4867.
[17] C. Faivre, D. Bellet, G. Dolino, Eur. Phys. J. B 1999, 7, 19.
[18] J. Dore, Chem. Phys. 2000, 258, 327.
[19] K. Morishige, H. Iwasaki, Langmuir 2003, 19, 2808.
[20] J. S. Beck, J. C. Vartuli, W. J. Roth, M. E. Leonowicz, C. T. Kresge,


K. D. Schmitt, C. T.-W. Chu, D. H. Olson, E. W. Sheppard, S. B.
Mccullen, J. B. Higgins, J. L. Schlenker, J. Am. Chem. Soc. 1992, 114,
10834.


[21] D. Zhao, J. Feng, Q. Huo, N. Melosh, G. H. Fredrickson, B. F.
Chmelka, G. D. Stucky, Science 1998, 279, 548.


[22] U. Ciesla, F. Sch8th, Microporous Mesoporous Mater. 1999, 27, 131.
[23] I. Shenderovich, G. Buntkowsky, A. Schreiber, E. Gedat, S. Sharif, J.


Albrecht, N. S. Golubev, G. H. Findenegg, H. H. Limbach, J. Phys.
Chem. B 2003, 107, 11924.


[24] E. Gedat, A. Schreiber, G. Findenegg, I. Shenderovich, H.-H. Lim-
bach, G. Buntkowsky, Magn. Reson. Chem. 2001, 39, 149.


[25] E. Gedat, A. Schreiber, J. Albrecht, I. Shenderovich, G. Findenegg,
H.-H. Limbach, G. Buntkowsky, J. Phys. Chem. B. 2002, 106, 1977.


[26] R. Anwander, I. Nagl, M. Widenmayer, G. Engelhardt, O. Groeger,
C. Palm, T. Rçser, J. Phys. Chem. B 2000, 104, 3532.


[27] N. T. Whilton, B. Berton, L. Bronstein, H.-P. Hentze, M. Antonietti,
Adv. Mater. 1999, 11, 1014.


[28] D. W. Aknes, L. Gjerdaker, J. Mol. Struct. 1999, 27.
[29] F. Courivaud, E. W. Hansen, S. Kolboe, A. Karlsson, M. Stçcker,


Microporous Mesoporous Mater. 2000, 37, 223.
[30] Y. B. Mel�nichenko, J. Sch8ller, R. Richert, B. Ewen, C.-K. Loong, J.


Chem. Phys. 1995, 103, 2016.
[31] L. Gjerdaker, G. H. Sorland, D. W. Aknes, Microporous Mesoporous


Mater. 1999, 32, 305.
[32] H. Jobic, Phys. Chem. Chem. Phys. 1999, 1, 525.


Figure 7. Left side: model of the surface of SBA-15 which shows possible
surface defects (adapted from ref. [23]). Right side: enlargement of a sur-
face defect with a sketch of a doubly hydrogen-bound water molecule,
which is expected to have a higher binding enthalpy.


Chem. Eur. J. 2004, 10, 5689 – 5696 www.chemeurj.org F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5695


Water in Mesoporous Silica 5689 – 5696



www.chemeurj.org





[33] V. Ladizhansky, G. Hodes, S. Vega, J. Phys. Chem. B 2000, 104,
1939.


[34] E. W. Hansen, R. Schmidt, M. Stçcker, D. Akporiaye, Microporous
Mater. 1995, 5, 143.


[35] M. Gr8n, K. K. Unger, A. Matsumoto, K. Tsutsumi, Charact. Porous
Solids IV 1997, 81.


[36] A. Schreiber, I. Ketelsen, G. H. Findenegg, Phys. Chem. Chem.
Phys. 2001, 3, 1185.


[37] D. Dollimore, G. R. Heal, J. Appl. Chem. 1964, 14, 109.


Received: April 8, 2004
Published online: October 7, 2004


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5689 – 56965696


FULL PAPER G. Buntkowsky, H.-H. Limbach et al.



www.chemeurj.org






Electron Delocalization in Linearly p-Conjugated Systems: A Concept for
Quantitative Analysis


Maria Grazia Giuffreda,[a] Maurizio Bruschi,[b] and Hans Peter L(thi*[a]


Introduction


Tetraethynylethene (TEE, 3,4-diethynylhex-3-ene-1,5-
diyne), diethynylethene (DEE, (E)-hex-3-ene-1,5-diyne),
and their derivatives represent a class of compounds of
great interest due to the acetylenic scaffolding that provides
carbon-rich compounds with very interesting physicochemi-
cal properties. In fact, these systems, as well as other poly-
ethynylethenes,[1] give access to advanced materials for elec-
tronic and photonic applications, such as chromophores with
nonlinear optical properties of higher order,[2] molecular
photochemical switches,[3] and extensive p-conjugated poly-
mers.[4]


The trans and geminal DEEs as well as TEE have been
studied both theoretically and experimentally, because of
their use as building blocks of linearly conjugated polymers,


that is, polyacetylenes (PAs), polydiacetylenes (PDAs), and
polytriacetylenes (PTAs).[5–9] Moreover, they show two rele-
vant characteristics. First, they allow through- (or trans) and
cross- (or geminal) conjugation. Second, they can easily be
functionalized with a wide range of donor and acceptor sub-
stituents. The presence of donor and acceptor substituents
has a strong effect on the properties of these systems.[10–12]


In this article we present a novel method, based on the
NBO analysis of Weinhold,[13] that allows us to quantify the
delocalization energy (s or p) of distinct conjugation paths
within a given molecule. Furthermore, the method allows us
to address the issue of quantifying donor/acceptor substitu-
ent effects on given backbones, and, finally, to evaluate the
effect of neighboring paths on the conjugation path under
consideration. In this work, we study simple model com-
pounds, such as TEE substituted with NO2, CHO, and CN
(acceptors), and OH, OCH3, and NH2 (donors).
The NBO analysis offers a way to quantify electron deloc-


alization in terms of intramolecular donor–acceptor interac-
tions. In our method, we “measure” the delocalization
energy by applying the orbital deletion procedure described
in reference [5]. The orbitals deleted are the p* (or s*)
NBOs responsible for the delocalization. The difference be-
tween the total energies before and after the deletion gives
the delocalization energy (Edeloc), which represents the devi-
ation from the idealized Lewis structure. The term Edel,
therefore, is closely related to the non-Lewis (NL) contribu-
tion to the total energy along the conjugation path consid-
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Abstract: Donor- and/or acceptor-sub-
stituted p-conjugated systems represent
an important class of compounds in or-
ganic chemistry. However, up to now, a
general method to quantitatively ad-
dress the efficiency of a conjugated
path is still missing. In this work, a
novel computational approach based
on deletion energies and on second-
order orbital interaction energies in a
natural bond orbital (NBO) scheme is
employed to quantitatively assess


(“measure”) delocalization energies.
Moreover, the purpose of this work is
to assess the efficiency of distinct p-
conjugated paths, that is, geminal, cis,
and trans, as well as to predict the
impact of substituents on a given back-


bone. This study is focused on various
mono-, di-, tri-, and tetrasubstituted
tetraethynylethenes (TEEs). These
model systems are suitable for our
analysis, because they offer distinct
conjugation paths within the same mol-
ecule, and can also be substituted in
multiple ways. Differences between
conjugation paths, the effect of neigh-
bor paths, and the impact of donor and
acceptor substituents on the various
paths are discussed.


Keywords: conjugation · delocaliza-
tion energy · density functional cal-
culations · donor–acceptor systems ·
local properties
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ered, that is, Edeloc=ENL=Edel. These non-Lewis contribu-
tions can be approximated by the sum of second-order inter-
action energies between the strongly occupied Lewis type
NBOs (donor orbitals) and the weakly occupied non-Lewis
NBOs (acceptor orbitals) involved in the path. These inter-
actions are responsible for the loss of occupancy of the
donor in favor of the acceptor orbitals, and, hence, for the
departure from the idealized Lewis type structure descrip-
tion. In other words, they represent the non-Lewis correc-
tions to the natural Lewis structure, that is,


P
ij


ESOIEij
=ENL.


Thus, these second-order perturbation energies and the de-
letion energies can be viewed as tools to evaluate delocaliza-
tion by means of single orbital interactions.


In the section “Results and Discussion” we present the
method in more detail and use the approach outlined here
to predict the impact of donor/acceptor substituents on dis-
tinct paths within the same system, as well as to characterize
the differences between the cross- (geminal) and through-
(trans) conjugation paths.


Results and Discussion


The method of analysis : The complete information con-
tained in the first-order reduced density matrix g(r j r’) of an
N electron LCAO-MO (LCAO-MO= linear combination of
atomic orbitals to molecular orbitals) wavefunction Y can
be obtained by solving the eigenvalue equations [Eq. (1)] in
which qi are natural orbitals and ni is their occupancy.


ĝqi ¼ niqi ð1Þ


By searching for the highest occupancy eigenorbitals in
each diatomic region, one finds the optimal natural bond or-
bitals (NBOs) qðABÞ


i . This set of high-occupancy NBOs, each
taken doubly occupied, is considered to represent the “natu-
ral Lewis structure” of the molecule. Moreover, the transfor-
mation from LCAO-MOs to NBOs also produces orbitals
that are unoccupied in the Lewis description. The most im-
portant of these orbitals are usually the antibonding s* and
p*. These weakly occupied (non-Lewis) NBOs represent the
irreducible departure from the idealized Lewis picture. The
energy associated with these orbitals is calculated by delet-
ing them from the NBO basis set and by recomputing the
total energy (E’tot) in the reduced orbital space.


The total energy (Etot) can, therefore, be expressed as sum
of Lewis (L) and non-Lewis (NL) contributions [Eq. (2)] in
which EL and ENL are given by Equations (3) and (4), re-
spectively.


Etot ¼ EL þ ENL ð2Þ


EL ¼ E0
tot ð3Þ


ENL ¼ Etot�E0
tot ð4Þ


In linearly p-conjugated systems, the p* and s* NBOs are
considered to be responsible for electron delocalization. The


energy associated with their deletion may thus be used as a
measure of delocalization.
In this picture, the delocalization energy (Edeloc) is then


obtained as Equation (5):


Edeloc ¼ ENL�Estrain�ERydberg ð5Þ


If the contributions of the Rydberg orbitals (ERydberg) are
negligible, and if the steric repulsion (Estrain) is very small,
then we get Equation (6).


Edeloc ¼ ENL ¼ Edel ð6Þ


Therefore, Edel or ENL are equivalent to Edeloc and may, for
example, be used to quantitatively assess the delocalization
energy differences in conformational isomers.[5,13]


In a previous study,[5] we showed that Edel can be decom-
posed into s and p contributions by using the same proce-
dure on specific orbitals [Eq. (7)].


Edel ¼ EdelðsÞ þ EdelðpÞ ð7Þ


In cases in which the in-plane p orbitals (pk) can only in-
teract with the s framework, but not with the perpendicular
orbitals (p? ), the delocalization energy can be further ex-
pressed as Equation (8) with Edel(sk) as defined in Equa-
tion (9).


Edel ¼ EdelðskÞ þ Edelðp?Þ ð8Þ


EdelðskÞ ¼ Edelðsþ pkÞ ð9Þ


This means that the energy associated with sk is calculat-
ed by deleting all the s* and p*k orbitals simultaneously.
This approach [Eq. (8)] has the advantage of giving an


energy-based measure for in-plane conjugation (Edel(sk))
and vertical p-conjugation (Edel(p? )). It even allows us to
quantitatively analyze the efficiency of conjugation in a
given path within the same system.
In non-aromatic compounds, the non-Lewis contributions


are typically very small relative to the Lewis type ones, they
amount to less than 1%. The corrections to the Lewis type
picture can thus be approximated by second-order perturba-
tion theory.
In this case, we examine all possible interactions between


filled Lewis type NBOs (donor orbitals) and weakly occu-
pied non-Lewis type NBOs (acceptor orbitals), and evaluate
their relevance by means of second-order perturbation
theory. These donor–acceptor interactions are responsible
for the loss of occupancy in filled NBOs, and measure the
deviation from the idealized Lewis structure. Therefore,
they are also referred to as “delocalization corrections” to
the natural Lewis structure. The second-order interaction
energy (SOIE) for a pair of donor and acceptor NBOs, la-
beled i and j, is given by Equation (10) in which qi is the
donor orbital occupancy, ei and ej are orbital energies, and
F(i,j) is the corresponding element of the Fock matrix in the
NBO basis.
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Eð2Þ ¼ ESOIEij
¼ DEij ¼ qi


Fði,jÞ2
ei�ej


ð10Þ


For a system of two pairs of p orbitals (pi and pj), the
leading second-order interaction terms are: pi!p*j : SOIEij ;
pj!p*i : SOIEji


The pi!p*i and pj!p*j are usually very small and do not
play an important role. The sum of SOIEs corresponds to
the non-Lewis contribution to the total energy [Eq. (11)]


ENL ¼ ESOIEij
þ ESOIEji


þ higher order terms ð11Þ


From the above discussion, we can conclude that Equa-
tion (12) is valid, and as long as higher order contributions
can be neglected, this leads to Equation (13).


X


ij


ESOIEij
¼ ENL ð12Þ


Edel ¼
X


ij


ESOIEij ð13Þ


The approaches to calculate delocalization energies are
summarized in Figure 1, in which we schematically show the
relationship between Edeloc (or Econj), ENL, Edel, andP


ij
ESOIEij


.


In summary, whereas ENL just gives the total delocaliza-
tion energies, both the Edel and the sum of second-order en-
ergies (


P
ij


ESOIEij
) approaches allow to “measure” distinct


conjugation paths, looking at delocalization as a local prop-
erty. Moreover, the SOIE approach further allows us to
identify the donor–acceptor orbital interactions responsible
for the conjugation energies observed.


In the present text, we will refer to delocalization energy
or p-conjugation energy (Edeloc or Econj, respectively) without
distinction between Edel and


P
ij


ESOIEij
unless otherwise


mentioned.


1,3-Butadiene—an illustration of the method : We applied
the above method to one of the simplest examples of a p-
conjugated system, 1,3-butadiene (Figure 2), with the goal to


reproduce the cis–trans rotational barrier solely based on
the change in the delocalization energy. We will show that
the approximations expressed by Equations (6) and (13) are
accurate. We need to remind the reader that the planar cis
structure is a transition state, and that the minimum for the
cis structure is found at a torsional angle of 30.98 (steric re-
pulsion). Similarly, the maximum of the rotational barrier is
shifted towards the trans structure, and occurs at 1008.
Figure 3 displays Etot and Edel as a function of the torsion-


al angle f. Edel is calculated by removing all the antibonding
orbitals simultaneously (s* and p*). The graph shows that


in the range of 180 to 908, that is, from the trans structure to
the region slightly beyond the maximum, Etot and Edel are
nearly identical, indicating that Equation (6) is accurate.
Moreover, the results show that the Lewis component of the
energy (EL) remains constant during the rotation, and that
the energy variation is exclusively due to the non-Lewis
component (ENL), that is, the rotational barrier of 1,3-buta-
diene is entirely due to changes in the delocalization energy.
On the other hand, in the range of 0<f<808 the discrepan-
cy between Edel(f) and Etot(f) is noticeably larger due to
steric repulsion; this means that Estrain [Eq. (5)] is no longer
negligible. Furthermore, it is worth noting that both curves
exhibit the maximum at the exact same angle; this means


Figure 1. The relationship between conjugation energy, Edel, andP
ij


ESOIEij
. Both Edel, and


P
ij


ESOIEij
allow us to “measure” the total or


the local conjugation energy (1,1’); the results, however, may not be iden-
tical (higher order corrections). The SOIE approach further allows us to
identify the donor/acceptor orbital interactions responsible for the conju-
gation energies observed (2).


Figure 2. The trans and cis 1,3-butadiene. pi and pj are the two out-of-
plane occupied orbitals, p*i and p*j are the corresponding unoccupied
ones.


Figure 3. The calculated Etot and Edel as function of the C=C�C=C dihe-
dral angle. The energies are computed for all the structures obtained
after a rotation of 108 about the single central bond. All energies are cal-
culated with respect to the trans isomer (1808), which is taken as refer-
ence structure.
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that the deletion approach predicts the transition state to
occur at the correct dihedral angle.
Figure 4 shows the accuracy of the relationship between


the sum of ESOIE and Edel as well as ENL. We find that all en-
ergies show the same pattern, and that they compare rea-


sonably well also in a quantitative way. It is also evident
that the Edel calculated from the sum of the single p*D dele-
tions compares more favorably with ESOIE than the deletion
energies obtained by removing all the p*D orbitals simultane-
ously. In the first case, both Edel and ESOIE consider only
single orbitals, whereas in the latter case the deletion energy
also takes into account the coupling between orbitals, which
in general has the effect of reducing the interaction energy.
Moreover, from Figure 4 we see that the discrepancy be-
tween the


P
ij


ESOIEij
and Edel is larger for those structures


with a dominant p–p out-of-plane conjugation. In fact the
most significant energy difference is found for the trans
isomer (1808) and the planar cis one (08), in which the out-
of-plane conjugation is purely given by p–p interactions.
This indicates that for these geometries the second-order en-
ergies are insufficient to accurately describe these interac-
tions, and that higher order terms should be taken into ac-
count [Eq. (11)].


trans and geminal diethynylethene (DEE): We have
shown[5] that the deletion approach allows us to discriminate
between geminal and trans paths in pairs of isomers, such as
the trans and geminal DEEs (1 a and 1 b). By breaking the
delocalization energies into contributions for each type of
bond, that is, p? , pk , and s, we can show that the difference
between trans and geminal conjugation in 1 a and 1 b is
mainly due, as expected, to the vertical p conjugation (p?


conjugation). The deletion energy difference DEdel calculat-
ed as the energy difference between the trans and geminal
isomers (1 a, 1 b) amounts to 5.42 kcalmol�1 in favor of
the trans isomer, which compares to a difference of


4.81 kcalmol�1 in total energy. Looking at single orbital con-
tributions, we find that DE? is 5.45 kcalmol�1 in favor of
1 a, whereas DEsk favors 1 b by 0.35 kcalmol�1. However,
closer inspection of the s deletion energies reveals that
there are also considerable differences in the in-plane s con-
jugation. In fact, we observed that the deletion of all the s*S
orbitals (corresponding to the single C�C bonds) amounts
to 15.96 kcalmol�1 in favor of 1 b, whereas the deletion of all
the s*HD orbitals (corresponding to C�H bonds) favors 1 a by
12.54 kcalmol�1. These contributions are interestingly high,
but due to their opposite effect they cancel each other.
In summary, the difference in stability between the cross


and through conjugation is controlled by the vertical p de-
localization. However, the in-plane s conjugation should be
exploited to differentiate geminal and trans isomers.


Tetraethynylethene (TEE) and its derivatives


Scope of the study and notation : Tetraethynylethene (TEE)
and its substituted derivatives offer an example of com-
pounds with several distinct conjugation paths within the
same molecule. The donor/acceptor-substituted TEEs fur-
thermore allow us to address the effect of donor/acceptor
functionalization on a specific path.
For this purpose, we studied the complete set of mono-,


di-, tri-, and tetra-substituted TEEs (TEE-nX, n=1–4,
Figure 5). The substituents considered are NO2, CN, CHO
(acceptor groups), and OH, OCH3, NH2 (donor groups).
None of these compounds has been studied experimentally.
However, in the context of the validation of the analysis, it
is sufficient to compare among computed data.
The notation used in the following discussion is explained


in Table 1 and Figure 5. Three types of paths are distinguish-
ed: trans (a) geminal (b), and cis (c). We refer to the pure
ethynyl unit (-C�C�H) as E, and to the ethynyl unit with a
substituent (-C�C�X) as X. We will not investigate cis con-
jugation (c) any further in the present study, since the focus
of this work is on through (cis, trans) versus cross (geminal)
conjugation. Through conjugation will be represented by
trans conjugation. Moreover, the specific path considered is
referred to as conjugation path, whereas the other is always
referred to as neighbor path. For example, if the geminal
XX path (a’) in 2 d (Figure 5) is the analyzed conjugation
path, the second geminal path EE (a) is the neighbor path.
Finally, in the following discussion, we will label the orbitals
according to the bond they are associated with, that is, pD


and pT are the vertical occupied p orbitals of the double
bonds (D) C=C and the triple bonds (T) C�C, whereas p*D
and p*T are the corresponding antibonding orbitals.


Figure 4. The SOIE, Edel(1) calculated by deletion of all p orbitals simul-
taneously, and Edel(2) calculated as sum of deletion of single orbitals, as
function of the C=C�C=C dihedral angle.
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Technical details on the analysis : For the comparison of
SOIEs with deletion energies, one needs to carefully consid-
er which orbital interactions have to be taken into account.
Figure 6 shows the two geminal paths, that is, EX (1) and


EE (2), in a generic monosubstituted TEE. For example, the
deletion energy Edel(EX) of the geminal path (1) should cor-
respond to the SOIE given by the sum of all pT!p*D contri-
butions, of the pD!p*T contributions involved in the EX
path, and of the contributions due to the substituents, that
is, YX!p*T. If X is a donor, YX stands for the donor lone
pairs, whereas if X is an acceptor, YX stands for p*D or p*T de-
pending on the nature of the substituents (see a, a’, b, and c
in Figure 6, respectively). In the deletion procedure, remov-
ing the central p*D orbital in a specific path means deleting
an orbital that is unavoidably affected by the neighbor path.
Therefore, in order to have the appropriate comparison be-
tween Edel and ESOIE, also the pT!p*D contributions of the
neighbor path need to be taken into account. Finally, the
pT!Y*


X contributions do not need to be considered because
the antibonding orbitals of X do not play an important role
in characterizing the substituent effects on the backbone.


Through- (trans) versus cross- (geminal) conjugation : By
comparing distinct geminal or trans paths within TEE-nX,
(n=1–3), we observe considerable differences in the deloc-
alization energies (Figure 7 and 8). These energy differences
are also summarized in Table 2.


Figure 5. The tetraethynylethene derivatives (TEE-nX, n=0–4 (2a-f))
studied in the present work (X=H, NO2, CHO, CN, OH, OCH3, and
NH2). The grey-shaded lines indicate the conjugation paths (trans and
geminal) (see also Table 1).


Table 1. The distinct paths (geminal and trans conjugation) in substituted
and unsubstituted TEEs (TEE-nX with n=0–4). The labels a and b indi-
cate geminal and trans paths, respectively. Non-equivalent geminal and
trans paths are marked as a’ and b’, respectively. The neighbor paths are
indicated in parentheses.


n Compound Paths Occurrence


0 2 a a: EE (EE) 2
b: EE (EE) 2


1 2 b a: EE (EX) 1
a’: EX (EE) 1
b: EE (EX) 1
b’: EX (EE) 1


2 2 c a: EX (EX) 2
b: EE (XX) 1
b’: XX (EX) 1


2 2 d a: EE (XX) 1
a’: XX (EE) 1
b: EE (EX) 2


3 2 e a: EX (XX) 1
a’: XX (EX) 1
b: EX (XX) 1
b’: XX (EX) 1


4 2 f a: XX (XX) 2
b: XX (XX) 2


Figure 6. The geminal conjugated paths for a monosubstituted tetraeth-
ynylethene molecule. 1 and 2 represent EX and EE conjugation paths, re-
spectively. (a, a’, a“) are the pT!p*D contributions; (b, b’) are the pD!p*T
contributions; (c) are the Xlonepair!p*T or pD(T)!p*T when X is a donor or
an acceptor, respectively.


Table 2. The conjugation energy splitting [in kcalmol�1] calculated at
B3LYP/cc-pVDZ level for TEE-nX with n=1–3.


TEE-nX Splitting Acceptors Donors
NO2 CHO CN OH OCH3 NH2


n=1
geminal EX-EE 15 13 18 34 34 11
trans EX-EE 13 11 16 36 36 12


n=2
geminal XX-EE 30 25 35 68 67 22
trans XX-EE 24 21 32 70 69 24


n=3
geminal XX-EX 15 11 18 34 33 11
trans XX-EX 12 11 16 34 33 12
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For the geminal paths in the acceptor-substituted com-
pounds, we observe conjugation energy splittings of 13–18,
25–35, and 11–18 kcalmol�1 for the mono-, di-, and trisubsti-
tuted systems, respectively. However, this splitting between
geminal paths is even larger when donor groups are attached
to TEE. With X=OH or OCH3, the splittings are
34 kcalmol�1 for both TEE-X, about 68 kcalmol�1 for TEE-
2X, and, lastly, about 34 kcalmol�1 for TEE-3X. TEE-
nNH2 (n=1–3) shows a behavior more similar to the ac-
ceptor groups than to the donor ones. In fact the energy
splitting is rather small, that is, �11, 22, and 11 kcalmol�1


for the mono-, di-, and trisubstituted systems, respectively,
compared to the other donors considered.
In Figure 8 we present the delocalization energies calcu-


lated for the trans paths of the same set of compounds. As
also shown in Table 2, these results are similar to those ob-
tained for the geminal pathways. In fact, for the acceptors,
the energy splittings EX-EE, XX-EE, and XX-EX are in
the range 11–16, 21–32, and 10–16 kcalmol�1 for the mono-,
di-, and trisubstituted systems, respectively. For the donors
these same conjugation energy differences are 36 kcalmol�1


for TEE-OH and TEE-OCH3, about 70 kcalmol�1 for the


Figure 7. The geminal delocalization energies for all the TEE-nX, n=0–4. a) TEE-nX, with X=acceptor groups. b) TEE-nX, with X=donor groups. In
the legend, full, striped, and empty circles represent the studied EE, EX, and XX conjugation paths, respectively, whereas the neighbor paths are dis-
played in parentheses.
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disubstituted compounds, and about 34 kcalmol�1 for the
trisubstituted ones. TEE-nNH2 show very small delocaliza-
tion energy splitting, that is, 12, 24, and 12 kcalmol�1 for n=
1, 2, and 3, respectively.
These data show three different aspects. First, the delocal-


ization energies in the TEEs substituted with donors are
much larger than those in the TEEs with acceptors for both
trans and geminal pathways. The analysis of the SOIE data
show that this is due to the interactions between the p*T of
the backbone (TEE) and the lone pairs of the donors. This


interaction is much stronger than the one of the pD(T) of the
acceptors with the p*T of the backbone. This is consistent
with the fact that the electronic population which moves
from the lone pairs of the substituents to the p*T of the back-
bone is much larger than the charge which moves from the
pD(T) (of the substituents) into the p*T of the backbone.
Second, each substituent shows a different strength. In the
case of the acceptor groups, the largest splitting is observed
for the CN group, whereas the weakest delocalization
energy differences between paths are found for CHO in all


Figure 8. The trans delocalization energies for all the TEE-nX, n=0–4. a) TEE-nX, with X=acceptor groups. b) TEE-nX, with X=donor groups. In the
legend, full, striped, and empty circles represent the studied EE, EX, and XX conjugation paths, respectively, whereas the neighbor paths are displayed
in parentheses.
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cases (geminal, trans). This indicates that the CN substituent
is the strongest among the three acceptors considered here,
enhancing the p conjugation in TEE most effectively. For
the donors (Figures 7b and 8b), there is not much difference
in delocalization energies for the TEE-nOH and TEE-
nOCH3. Both of the two groups intensively enhance the p


conjugation in TEE. Here NH2 turns out to be a very weak
p donor also showing some acceptor character. Third, we
note that in the acceptor-substituted TEEs, the geminal
paths are always more favorable by a few kcalmol�1 than
the trans ones, whereas in the donor-substituted TEE, the
trans paths are preferred by 1–2 kcalmol�1 with no excep-
tion.
In summary, for the class of compounds studied here, the


conjugation is determined by the type of substituent (donor
versus acceptor), whereas the type of path considered
(through versus cross) has a minor influence only.


Impact of degree of substitution : The analysis of Figures 7
and 8 reveals two more distinct trends. First, we see a signif-
icant increase of Edeloc when increasing the number of sub-
stituents in a conjugation path (“direct trend”). Second, we
observe only a small variation of Edeloc when increasing the
number of substituents in the neighbor path (“indirect
trend”). In both cases, the best geminal and trans paths are
always the XX paths, independent of the type of neighbor
and the type of substituents, that is, donor or acceptor. In
the XX paths the interactions between the substituents and
the p*T of the backbone are doubled, thus strongly enhancing
conjugation. For example, the delocalization energies of
the geminal EE and EX paths of the TEE-OH are 86
and 122 kcalmol�1, respectively. The contribution of the
lone pair interacting with the p*T of TEE amounts to
37 kcalmol�1, which accounts for most of the difference be-
tween the two conjugation paths. In the case of geminal
TEE-2OH we observe similar numbers for the EE path
(88 kcalmol�1), and a very strong delocalization for the XX
path (158 kcalmol�1), which is dominated by the interactions
between the lone pairs of the X groups and the p*T of the
backbone (74 kcalmol�1). In summary, the higher the
number of substituents in a path, the larger is the corre-
sponding delocalization energy.
From a more detailed analysis of the data presented in


Table 3, we observe that in the acceptor case, the energy dif-
ference of the geminal paths for the direct trend is
23 kcalmol�1 on average for NO2, 22 kcalmol�1 for CHO,
and 35 kcalmol�1 for CN, whereas in the indirect trend the
difference is 7, 2, and 1 kcalmol�1 for NO2, CHO, and CN,
respectively. In the donor case, the energy variation in the
direct trend is on average 74 and 73 kcalmol�1 for OH and
OCH3, and 17 kcalmol�1 for NH2, whereas in the indirect
trend it is 6 kcalmol�1 for OH and OCH3, and 2 kcalmol�1


for NH2. These data show that for a given conjugation path
the neighborhood effects are small with respect to the sub-
stituent effects. In the case of the trans paths we observe
similar numbers; however, for the direct trend the trans
paths are slightly disfavored for TEE with acceptors, and
slightly favored with the donors, whereas in the indirect
trend the geminal paths are always favored with the only ex-


ception of TEE-nCN. Thus, in TEE (as backbone) the p


conjugation in the geminal or trans path is enhanced by at-
taching donor groups rather than acceptor ones.
The NH2 substituent represents a particular case. As


known from the literature,[14] and from our own study, this
substituent behaves as a p donor when attached to a phenyl
group. Comparing the results obtained for our series of
TEEs substituted with both donor and acceptor groups and
TEE-nNH2, it seems that the latter behaves more similarly
to the acceptor groups rather than to the donor ones. By
means of the SOIEs, it can be noted that the NH2 is indeed
a donor, but rather than being a p donor, like in the case of
Ph-NH2, it is a s donor when attached to TEE.
Finally, we conclude from the data collected in Table 3,


that the indirect trend, albeit small, consistently favors a less
substituted neighbor path for the acceptor case and a more


substituted neighbor path for the donor one. The only ex-
ceptions are CN and NH2.
In summary, for the acceptor as well as for the donor sub-


stituted TEEs (Figure 7 and 8) we observe a strong depend-
ence of the conjugation energy on the degree of substitu-
tion, and on the type of substituents attached (donors versus
acceptors). Somewhat surprisingly, the conjugation energy
depends much less on the type of paths, that is, trans versus
geminal. The impact of the neighboring path is clearly visi-
ble, but also much less pronounced.


Conclusions


A major focus of the present work was to validate our
method of computing delocalization energies as presented
in reference [5] by means of the second-order orbital inter-
action (SOIE) approach. The study shows that the deletion


Table 3. The energy differences [in kcalmol�1] in the direct and indirect
trends calculated at B3LYP/cc-pVDZ level for TEE-nX with n=0–4.
The degree of substitution n is shown in parenthesis in the first column.


Energy differences Acceptors Donors
NO2 CHO CN OH OCH3 NH2


direct trend
geminal
XX(2)�EE(0) 25 22 34 76 76 19
XX(3)�EE(1) 24 23 36 74 74 10
XX(4)�EE(2) 21 22 36 71 69 21
trans
XX(2)�EE(0) 20 20 32 76 75 20
XX(3)�EE(1) 21 21 35 73 75 22
XX(4)�EE(2) 20 21 35 73 72 22


indirect trend
geminal
EE(2)�EE(0) �5 �3 �1 8 9 �3
EX(3)�EX(1) �6 �2 1 6 7 �1
XX(4)�XX(2) �9 �2 1 3 2 �1
trans
EE(2)�EE(0) �4 �2 0.1 5 6 �4
EX(3)�EX(1) �3 �0.4 3 5 6 �2
XX(4)�XX(2) �4 �0.2 4 3 3 �2
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energies, which represent the delocalization energy compare
rather well with the second-order perturbation energies,
both depicting the non-Lewis contribution to the total
energy of the systems considered (Figure 3). The main ad-
vantage of the SOIE approach is that it offers higher depth
of analysis allowing us to identify the contributions to conju-
gation energies. However, in presence of very strong conju-
gation, higher order perturbative corrections can no longer
be neglected; therefore, the deletion approach becomes
quantitatively more accurate.
To illustrate the capabilities of the method, an extensive


study of mono-, di-, tri-, and tetrasubstituted donor/acceptor
TEEs was performed. We compared distinct conjugation
paths, that is, geminal (cross) or trans (through), within the
same molecule. We also analyzed the effect of each substitu-
ent on the TEE as backbone, and the impact of neighbor
paths. From this analysis, we observed first that the conjuga-
tion is strongly dependent on the nature of the substituent
(donor versus acceptor) rather than on the type of path con-
sidered (through versus cross). Second, we have found that
the conjugation energy in a selected path is enhanced with
increasing degree of substitution. In fact, the best geminal
and trans paths are always the XX paths (X=donor or ac-
ceptor), regardless of the neighborhood. This is due to a
strong contribution of the substituents into the p*T orbitals of
the backbone, which is in general much larger with the
donors than with the acceptors.
In this work we were restricting ourselves to model mole-


cules, because our goal mainly was to test our novel ap-
proach by showing that deletion energies and second-order
interaction energies can be used complementary to “meas-
ure” the delocalization energy in conjugated systems. By
means of this method, we are able to understand why cer-
tain paths favor conjugation more than others. We are also
able to quantify the effect of substituents on a backbone,
and, therefore, to predict how to enhance conjugation (p or
s) in a specific path.


Computational Methods


In the present work, all calculations were performed at the DFT level of
theory, using the nonlocal and hybrid Becke three-parameter Lee-Yang-
Parr (B3LYP) functional.[15,16] The optimized geometries and the NBO
data were obtained at B3LYP level together with 6-31G** basis set of
Gaussian orbitals[17] for 1,3-butadiene and diethynylethenes, and with a
correlation-consistent polarized valence double-z (cc-pVDZ) basis set[18]


for the TEE and its derivatives.


All calculations were carried out using Gaussian 98 package.[19] The natu-
ral bond orbital analysis has been performed with the program
NBO 5.0[20] included in Gaussian 98.
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RNA Is More UV Resistant than DNA: The Formation of UV-Induced DNA
Lesions is Strongly Sequence and Conformation Dependent


Lal Mohan Kundu,[a] Uwe Linne,[b] Mohamed Marahiel,[b] and Thomas Carell*[a]


Introduction


Ultraviolet C (UVC) irradiation of cells induces the forma-
tion of well-studied DNA lesions.[1,2] The most prominent
ones are cis–syn cyclobutane pyrimidine dimers (CPD), py-
rimidine(6–4)pyrimidone ((6–4)PP) photolesions, and
Dewar valence isomers of (6–4) lesions.[3–7] . The formation
of these three lesions in sunlight-exposed skin is responsible


for the development of a large fraction of non-melanoma
skin cancers.[8–12] The cis–syn cyclobutane dimers are formed
in a [2p+2p] cycloaddition reaction. The almost exclusive
formation of cis–syn dimers in double-stranded DNA is
caused by the geometrical constraints imposed by the


double helix. (6–4)PP lesions are believed to arise from a
Patern/–B1chi reaction followed by an opening of the oxe-
tane/azetidine intermediate, which takes place above
�80 8C.[13] The Dewar valence isomer is formed upon further
irradiation of the (6–4)PP lesion with light around
320 nm.[14] An extensive amount of biochemical and struc-
tural information has been collected in the last decades.[15–21]


The effect of UV-induced lesions on the DNA double-helix
structure and stability was stud-
ied using NMR spectrosco-
py,[17,22–28] X-ray diffrac-
tion,[19,20,29] CD spectroscopy,[30]


gel-mobility experiments,[31] and
theoretical calculations.[32–35]


Systematic melting-point meas-
urements revealed how these
lesions destabilize the duplex
structure.[21,36,37] Ongoing bio-
physical, biochemical, and cell
biological analyses are address-


ing how these lesions are recognized and repaired in our
densely packed genome.[38–45]


In previous experiments designed to determine the reac-
tivity of the two pyrimidines dT and dC, DNA was irradiat-
ed with UVC light and then was completely digested; the
photoproducts were quantified by using HPLC-MS and
HPLC-MS/MS.[46–52]


It was reported that 2’-deoxythymidines react most effi-
ciently in the presence of UVC light to give mainly cis–syn
cyclobutane 2’-deoxythymidine dimers. In addition, the
dCpdT and dTpdC sequences were found to give (6–4)PP,
which further isomerize to the Dewar valence photoprod-
ucts. Overall, the (6–4)PP lesions are formed less frequently.
The ratio between CPD and (6–4)PP lesions was found to
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Abstract: DNA and RNA hairpins, which represent well-folded oligonucleotide
structures, were irradiated and the amount of damaged hairpins was directly quan-
tified by using ion-exchange HPLC. The types of photoproducts formed in the
hairpins were determined by ESI-HPLC-MS/MS experiments. Irradiation of hair-
pins with systematically varied sequences and conformations (A versus B) revealed
remarkable differences regarding the amount of photolesions formed. UV-damage
formation is, therefore, a strongly sequence and conformation dependent process.
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be around 3:1.[48] Further data about how the nearest neigh-
bors and the duplex conformation influence the reactivity
are rare.[53–59]


It is well known that photochemical reactions in crystals
(topochemistry) are strongly influenced by the packing of
the reaction partners in the crystal lattice.[60] If we consider
DNA to be similar to a one-dimensional crystal, we can
expect that the local DNA conformation and the local stiff-
ness of the duplex will strongly influence the damage forma-
tion process. If this is true, we would anticipate a large mod-
ulation of the reactivity of the pyrimidines along a given
gene and hence an inhomogeneous mutation frequency.[61,62]


This has potentially tremendous impact for our understand-
ing of the process of mutagenesis.


Herein we describe a direct, systematic analysis of how
the DNA sequence and the conformation of the DNA
duplex influence the UV-damage formation process. We
find surprisingly large reactivity differences, which show that
long DNA strands will be inhomogenously damaged upon
UV exposure.[63]


Results and Discussion


For the investigation we prepared a series of small DNA,
RNA, and mixed DNA/RNA hairpins. One advantage of
hairpins is that they possess a well-defined structure charac-
terized by high and concentration-independent melting
points.[64–67] Also, hairpins are rather small molecules, which
enabled us to determine the amount of damaged DNA di-
rectly using HPLC. Due to the concentration-independent
melting behavior, irradiation experiments performed at very
low DNA concentrations still generate a sufficient amount
of DNA lesions for direct analysis. Therefore, irradiation of
small hairpins with UVC light allows the most direct meas-
urement of the damage formation process. This is important,
because previously the amount of DNA damage was deter-
mined indirectly from the activities of DNA repair enzymes
like T4-endo V[68] or DNA-photolyases.[41,69] However, their
activity itself might also be modulated by the sequence and
the structural context of the lesion.


All DNA hairpins were constructed from 14 to 16 nucleo-
tides as shown in Figure 1. The DNA hairpins contain a
stem region of five to six base pairs; this region is needed to
form the necessary duplex structure. The loop region of the


hairpins were constructed either from four 2’-deoxycytidines,
four 2’-deoxyadenosines, four 2’-deoxythymidines or from a
C12 spacer. Labeling of these small hairpin oligonucleotides
was performed with a fluorescein tag (6-FAM). In order to
exclude that the fluorescence tag interferes with the damage
formation process we irradiated one hairpin (5) with and
without the fluorescence tag and observed exactly the same
amount of damage formation. We are therefore sure that
the fluorescein molecule does not influence the damage for-
mation process. However, it allows detection of damaged
oligonucleotides even in very small quantities. In order to
quantify the amount of damaged hairpins after irradiation,
we separated the lesion-containing hairpins by ion-exchange
chromatography at pH~13 at temperature T=25 8C. These
harsh conditions are needed to fully denature the hairpins
during HPLC analysis, particularly the G:C-rich hairpins.
For the experiments we dissolved the hairpins in a buffer
composed of 10mm Tris-HCl and 150mm sodium chloride
(pH 7.4) and irradiated the solutions in fluorescence cuv-
ettes for 10 to 30 min with 254 nm light in a fluorimeter
equipped with a single monochromator. During the irradia-
tion, the temperature of the solution was kept constant at
about 20 8C. Before and after irradiation a small sample was
removed and analyzed by ion-exchange chromatography.


Lesion formation depending on the kind of nucleobase : We
first re-investigated, using our direct method, which nucleo-
bases are most efficiently damaged by UVC irradiation. To
this end, hairpins 1–7 (Figure 1) were irradiated. Irradiation
of hairpins 1–4 for over an hour gave no detectable damage.
The chromatograms of all four hairpins show a sharp, single
peak before and after irradiation (data not shown). In order
to exclude that certain lesion-containing hairpins co-elute
with the main peak, we digested all the irradiated hairpins
1–4. For this, the irradiated DNA was treated with an
enzyme mixture containing nuclease P1 (from penicillium
citrinum), phosphodiesterase II (from calf spleen), alkaline
phosphatase (CIP), and phosphodiesterase I (from snake
venom).[49,51] In the HPL chromatogram of the digested sol-
utions only the four peaks of the four canonical nucleobases
could be detected. This result that no lesions were found
was confirmed for the hairpins 1–3 by HPLC-MS followed
by ion extraction, whereby we failed to detect any photo-
products using this very sensitive method. For hairpin 4, we
observed in the HPLC-MS (followed by ion extraction), for-
mation of new peaks with only very small intensity. More
detailed analysis of these peaks by HPLC-MS/MS showed
that the peaks are formed by dApdT photoproducts, in ac-
cordance with previous observations by Zhao et al.[70] In
contrast, hairpins 5–7 are efficiently degraded by UVC light
in comparison to hairpins 1–4. Figure 2 shows the HPLC
profiles of all three hairpins before (bottom) and after (top)
irradiation. Clearly evident is that hairpins 5 and 6, which
contain short homo 2’-deoxythymidine sequences, are de-
graded most strongly (32% and 25%, respectively, after
20 min of light exposure) confirming that 2’-deoxythymi-
dines possess the highest UVC sensitivity. Hairpin 7 is de-
graded much less efficiently to only about 12% (20 min of
light exposure), showing that homo 2’-deoxycytidine stretch-


Figure 1. Depiction of the hairpins 1–7 prepared to study the reactivity of
the various bases in the presence of UVC-light. F (6-FAM)=5’-Fluores-
cein. Melting point (Tm) condition: chairpin=3mm in buffer (150mm NaCl,
10mm Tris-HCl, pH 7.4).
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es are much more UV resistant. A comparison of 7 with 3
and 4, which both give no HPLC detectable UV degradation
although the loop was constructed from dC, proves that the
proper alignment of the 2’-deoxycytidines in a double helix
structure is a prerequisite for the UV-induced reaction at cy-
tosine sites. This strict pre-organization is seemingly unnec-
essary for 2’-deoxythymidines, which give large amounts of
UV-induced lesions even if the 2’-deoxythymidines are flexi-
bly arranged in the loop region of the hairpin, such as in 5.
Interesting is the observation that hairpin 4 gives only a
small amount of dApdT photoproducts. Under our irradia-
tion conditions, formation of dTpdT lesions is clearly not
observed, indicating that non-adjacent 2’-deoxythymidines,
separated by one A:T base pair can not form dimer lesions;
this is different to what has been observed with single
strands.[71] We were also unable to detect any cross-link pho-
toproducts between 2’-deoxythymidines present in opposite
strands.[72] If at all, the formation of dTpdT photoproducts
of non-adjacent 2’-deoxythymidines is of minor chemical sig-
nificance.


To investigate if somehow the high pH-value of the chro-
matographic system interferes with our analysis, we irradiat-
ed a very small piece of DNA [5’-d(TTTT)-3’] and analyzed
lesion formation with ion exchange chromatography at
pH 13 and by reversed phase chromatography (C18-column,
Nucleosil 250M4 mm, 3 mm; buffer A: 0.1m AcOH/NET3 in
water pH 7.0, buffer B: 0.1m AcOH/NEt3 in 80% acetoni-
trile pH 7.0; Gradient: 0–30% B in 90 min). Both analytical
methods gave the same result. To fully exclude that the
DNA lesions degrade during HPLC analysis we irradiated
hairpin 6, analyzed one fraction immediately and another
one after stirring for 30 min at pH 13. The obtained HPLC
profiles were identical within an error margin of 1%, show-
ing that degradation is not an issue during analysis under
our condition.


Dose dependence : Because we were comparing the amount
of photo damage formed in various hairpins after a certain


time of irradiation and since photoproduct formation is
known to be a reversible process at 254 nm,[73] we had to
make sure that photoproduct formation under our irradia-
tion conditions is linearly dose dependent. This was con-
firmed by irradiation of the UVC vulnerable hairpin 6 for
increasing amounts of time. A plot of the amount of degra-
dation, quantified by HPLC, against the irradiation time is


shown in Figure 3. Even up to 30 min of irradiation we ob-
served that the damage formation process depends linearly
on the dose of UVC light under our conditions (see Experi-
mental Section). At and above 40 min the damage forma-
tion starts to deviate from linearity (not shown in Figure 3)
due to the reversibility of the UV-damage formation proc-
ess. We therefore compare in this study only the amount of
DNA damage formed up to 30 min of irradiation.


Lesion analysis : In order to analyze which lesions are pre-
dominately formed, we irradiated a small all-dT containing
tetranucleotide 5’-d(TTTT)-3’ and analyzed the irradiated
solution by reversed phase HPLC coupled to electrospray
mass spectrometry. However, all the new peaks detected in
the HPL chromatogram after irradiation had the same mo-
lecular weight when compared to the unirradiated oligonu-
cleotide (m/z=1154). This result is in full agreement with
the formation of mainly CPD, (6–4)PP, and Dewar valence
isomer lesions, which all have a molecular weight indistin-
guishable from a dTpdT dinucleotide. Further proof for the
formation of these three lesions was obtained after a com-
plete digestion of the irradiated hairpin 6 and subsequent
HPLC-MS/MS analysis of the resulting solution. A part of
the chromatogram obtained from the HPLC-MS/MS analy-
sis is depicted in Figure 4. For the experiment we set the de-
tector to a mass (m/z) of 545, which is the mass of a dTpdT
dinucleotide and of the photoproducts. The insets next to
the chromatogram show the fragmentation pattern of every
detected lesion. At 19 min a compound (signal a) was de-
tected, which has a fragmentation pattern the same as that
reported for the Dewar valence isomer.[51] The fragmenta-
tion pattern of the signal at 20 min (signal b) is identical to
the reported fragmentation of the CPD lesion. At 24.5 min


Figure 2. Depiction of the HPL chromatograms before (bottom) and
after (top) irradiation of hairpins 5, 6, and 7 with UVC light for 20 min.
Assay solution: hairpin concentration=0.2mm in buffer (150mm NaCl,
10mm Tris-HCl, pH 7.4). lirr=254 nm (band gap=�10 nm), T=20 8C.
HPLC conditions: Nucleogel-SAX column (1000–8); eluting buffers
(buffer A: 0.2m NaCl/0.01m NaOH in H2O, pH 13; buffer B: 1m NaCl/
0.01m NaOH in H2O; pH 13); Gradient: 0–75% B in 25 min and then up
to 85% B in 35 min at a flow of 0.7 mLmin�1. t= retention time; I= rela-
tive fluorescence intensity.


Figure 3. Dose dependence of the lesion formation process measured by
irradiation of hairpin 6 at 254 nm. Assay solutiom: chairpin=0.2mm in
buffer (150mm NaCl, 10mm Tris-HCl, pH 7.4). lirr=254 nm (band gap=
�10 nm), T=20 8C. HPLC conditions: Nucleogel-SAX column (1000–8);
eluting buffers (buffer A: 0.2m NaCl/0.01m NaOH in H2O, pH 13; buffer
B: 1m NaCl/0.01m NaOH in H2O; pH 13); Gradient: 0–75% B in 25 min
and then up to 85% B in 35 min at a flow of 0.7 mLmin�1; tirr= irradia-
tion time.
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a new peak was detected, whose fragmentation pattern is in-
dicative for a (6–4)PP lesion (signal c).


We conclude that the observed UVC-induced degradation
of the oligonucleotide hairpins 5 and 6 (Figure 2) is caused
by formation of the usual dTpdT-dinucleotide-derived UV
lesions. This is further supported by two experiments: first
we collected the fraction containing the damaged hairpins
from the ion exchange chromatography after irradiation and
performed the digest with just this fraction. HPLC-MS (fol-
lowed by ion extraction) and HPLC-MS/MS confirmed that
the usual dTpdT dinucleotide lesions are responsible for the
hairpin degradation. The collected undamaged peak was
also digested. Here, however, no lesions were detected by
HPLC-MS and HPLC-MS/MS analysis, which again ex-
cludes co-elution and it confirms that quantification of the
new peaks within the HPLC profiles of the irradiated hair-
pins is indeed a good measure of the total amount of photo-
products.


To analyze the lesions formed in the C-rich hairpin 7, we
also digested this hairpin after irradiation and analyzed the
digest by HPLC-MS/MS. The obtained chromatogram to-
gether with the fragmentation pattern of the detected peaks
is shown in Figure 5. We detected at a retention time of
8 min and 9 min peaks (signal a) with a mass (m/z) of 515,
which is the mass of a dCpdC dinucleotide and of the corre-
sponding photoproducts. These peaks arise most likely from


a dCpdC–CPD dimer, a dCpdC–(6–4)PP photoadduct, or a
dCpdC Dewar valence isomer. At 12 min and 17 min peaks
are observed with a mass of 516. These lesions are likely to
be dU-containing photoproducts that are formed by deami-
nation of one dC subunit. We think that the peak at 12 min
(signal b) is due to dUpdC Dewar valence isomer and that
at 17 min (signal c) due to dUpdC–(6–4)PP lesion. The ten-
tative assignment is based on the detected eluting times, the
m/z value of 516 and the fragmentation patterns, which are
comparable to an assignment by Cadet et al.[48]


We finally looked for hydration and oxidation products
of, in particular, thymine and cytosine by HPLC-MS fol-
lowed by ion extraction. However, these reported lesions
could not be detected, indicating that they are not formed
under our soft irradiation conditions.


Sequence context : The DNA hairpins 8–12 (Figure 6) all
contain a UV reactive dTpdT dinucleotide embedded in dif-
ferent sequence contexts in the middle of the stem structure
of DNA hairpins. The chromatograms obtained before and
after 30 min of irradiation of the hairpins 8, 9, and 10 are
depicted in Figure 7. Clearly evident is a large modulation
of the reactivity of the dTpdT dinucleotide by the neighbor-
ing base sequence. Most damage is observed in a stem struc-
ture such as 8, in which the dTpdT-sequence is flanked by
two 2’-deoxycytidines. Here we detected about 40% degra-
dation after 30 min of irradiation. This is not surprising, be-
cause in such a sequence the 2’-deoxythymidines can react
not only with each other, but also form dTpdC photoprod-
ucts with the neighboring cytosine bases. If we change the


Figure 4. Depiction of the HPLC-MS/MS data obtained for hairpin 6
after irradiation and complete digestion. The insets show the fragmenta-
tion pattern of the detected lesions. The first quadrupole (Q1) was set to
m/z=545, and the fragmentation was measured in a mass range of 150–
600 amu. The polarity was set to the negative ion mode. a) dTpdT Dewar
photoproduct, b) dTpdT cis–syn-CPD, and c) dTpdT-(6–4)PP lesion; dR:
2-deoxyribose, t= retention time, TIC= total ion current, I= relative
signal intensity.


Figure 5. Depiction of the HPLC-MS/MS data of hairpin 7 after irradia-
tion and complete digestion. The insets show the fragmentation pattern
of the detected lesions. The first quadrupole (Q1) was set to m/z=515,
and the TOF range was chosen from 150–600 amu. The polarity was set
to the negative ion mode. a) dCpdC photolesion, b) dUpdC Dewar va-
lence isomer, c) dUpdC-(6–4) lesion; dR: 2-deoxyribose, t= retention
time, TIC= total ion current, I= relative signal intensity. (The structures
of the photoproducts were drawn in accordance with reference [59]). Un-
assigned peaks are also present in the control. They are non-specific.
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base sequence so that the dTpdT sequence is flanked by 2’-
deoxyadenosines as in hairpin 10, the amount of UV-
damage is strongly reduced to only about 20–25% (30 min
of irradiation) relative to 8. Here only dTpdT photoproducts
can form (the amount of dApdT photoproducts is negligible
in this context). This result is independent of the loop se-
quence, because the same amount of UV degradation is ob-
served in hairpin 11 in which the homo-dC loop was re-
placed by a homo-dA loop. The observed DNA damage is
consequently formed only in the hairpin stem. Surprising is
the fact that a dTpdT dinucleotide, sandwiched between 2’-
deoxyguanosines as in the hairpins 9 and 12, shows after
30 min of UV irradiation almost no UV damage (only the
chromatogram of 9 is shown in Figure 7). If we enlarge the
number of G:C base pairs in 3’ and 5’ direction of the


dTpdT sequence as in hairpin 13, the large protective role
of the guanines is manifested. The dTpdT-dinucleotide se-
quences embedded between 2’-deoxyguanosine bases are, as
a result, significantly more stable under UVC irradiation
than in a mixed sequence context.


All these irradiated hairpins were also digested and
HPLC-MS and HPLC-MS/MS measurements were per-
formed. Hairpin 8 showed all the usual dTpdT and dTpdC
photoproducts, whereas almost no lesions were found in the
hairpins 9, 12, and 13, which again excludes co-elution of
any photoproducts in the ion exchange HPLC. However, a
very small amount of dApdT photoproducts were obtained
along with dTpdT lesions in the HPLC-MS followed by ion
extraction for hairpins 10 and 11. These dApdT photoprod-
ucts were not detectable by UV during HPLC analysis.


In order to analyze the UV reactivity of dTpdC dinucleo-
tides using our direct approach, we prepared the two addi-
tional hairpins 8a and 8b (Figure 6) containing either a 5’-
dCpdT-3’ (8a) or a 5’-dTpdC-3’ (8b) dinucleotide sequence.
The hairpins were irradiated for 35 min. Here, for 8a (5’-
dCpdT-3’) we detected 25% degradation. For 8b (5’-dTpdC-
3’) the degradation was determined to 35%, in accord with
previous studies that 5’-dTpdC-3’ sequences are a little more
UVC vulnerable.[48]


Analysis of how the DNA conformation influences UVC-
damage formation : To analyze how the damage formation
process is influenced by the DNA conformation,[63,74] we
prepared the DNA/RNA hairpins 14–17 (Figure 8), which


contain a varying number of RNA nucleosides. In contrast
to DNA, which forms a B-type double strand, RNA double
strands adopt an A-type conformation.[75] RNA/DNA
heteroduplexes are known to possess a more A-like helix
conformation.[36] The RNA hairpin 14 contains an isolated
dTpdT dinucleotide embedded in the stem structure. In hair-
pin 16 we increased the DNA stretch, containing the vulner-
able dTpdT to a total of four DNA nucleotides. Hairpin 15
is a pure RNA hairpin containing two uridines instead of a
dTpdT dinucleotide sequence. In order to analyze how
strongly two adjacent uridines UpU form UVC-induced le-
sions, we also prepared hairpin 17 containing a UpU dinu-
cleotide in a pure DNA environment.


Figure 6. Depiction of the eight hairpin molecules 8–13, 8a, and 8b ana-
lyzed in order to assess how the nearest neighbors influence the UV
lesion formation process in a dTpdT-dinucleotide sequence. F: (6-
FAM)=5’-Fluorescein phosphoramidite. Melting point (Tm) condition:
chairpin=3mm in buffer (150mm NaCl, 10mm Tris-HCl, pH 7.4).


Figure 7. HPL chromatograms of the hairpin molecules 8, 9, and 10
before (bottom) and after (top) irradiation with UVC light (254 nm) for
about 30 min. Assay solution: chairpin=0.2mm in buffer (150mm NaCl,
10mm Tris-HCl, pH 7.4). lirr=254 nm (�10 nm), T=20 8C. HPLC condi-
tions: Nucleogel-SAX column (1000–8); eluting buffers (buffer A: 0.2m
NaCl/0.01m NaOH in H2O, pH 13; buffer B: 1m NaCl/0.01m NaOH in
H2O; pH 13); Gradient: 0–75% B in 25 min and then up to 85% B in
35 min at a flow of 0.7 mLmin�1. t= retention time; I= relative fluores-
cence intensity.


Figure 8. DNA/RNA hairpins 14–17 prepared for the investigation of
how strongly the duplex conformation influences the UVC damage for-
mation process. RNA bases are shown in italics, DNA bases are printed
in bold. F: (6-FAM)=5’-Fluorescein. Melting point (Tm) condition:
chairpin=3mm in buffer (150mm NaCl, 10mm Tris-HCl, pH 7.4).
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First we investigated the conformations of the prepared
hairpins 14–17 by CD spectroscopy. A selection of CD spec-
tra is depicted in Figure 9. The pure DNA hairpin 12 adopts


clearly a B-duplex structure as evident from the two
maxima at 284 and 218 nm and the minimum at 250 nm.
The pure RNA hairpin 15 in contrast takes on an A-type
conformation. Here, the maxima are shifted to 271 and
221 nm; the minimum was found at 242 nm, in full agree-
ment with literature data expected for oligonucleotide du-
plexes in the A-type conformation.[76,77] The mixed hairpins
such as 16 should have a conformation between A and B.
The CD spectra prove a globally more A-like conformation.
The obtained CD spectra of 14, 16, and 17 (only the spec-
trum of 16 is depicted in Figure 9 for clarity reasons) are
almost identical with the measured spectrum of the pure
RNA hairpin 15. We can conclude that all the prepared
RNA-containing hairpins adopt, in accord with literature, a
more A-like conformation.


The results of the irradiation experiments are presented
in Figure 10. We first irradiated the RNA-hairpin 14, con-
taining a dTpdT sequence, for 30 min. Analysis of the assay
solution revealed, to our surprise, no formation of UV le-
sions at all. This hairpin did not degrade on exposure to
UVC light. The same unusual UVC resistance was also de-
tected for RNA hairpin 15, which contains a UpU instead of
a dTpdT dinucleotide. Even after 30 min of UV irradiation
we were unable to detect any UV-induced UpU lesions, re-
vealing a very strong UV protection of both dTpdT and
UpU sequences by the A-like environment. This observa-
tion was supported by HPLC-MS/MS analysis of the irradi-
ated and subsequently digested hairpins 14 and 15, which
also gave no detectable lesions. The fact that a UpU se-
quence is, in principle, able to form UV lesions upon irradi-
ation was proven with hairpin 17, containing the UpU se-
quence within a DNA hairpin. Here we measured about
10% degradation already after 20 min of irradiation.


If the dTpdT-containing DNA stretch was enlarged within
the RNA hairpin as in 16, we still observe a strong reduction
of the amount of UV lesions, proving that it is indeed the
A-conformation of the hairpin stem and not the contact of
the dTpdT sequence with RNA nucleotides that is responsi-
ble for the UV protective effect.


To analyze which lesions are formed in these A-like struc-
tures, we irradiated hairpin 16 for a rather long time


(60 min) to produce enough lesions for HPLC-MS/MS anal-
ysis. We then digested the RNA/DNA hairpin 16 and ana-
lyzed the digest by HPLC-MS/MS (the enzyme mixture di-
gests RNA as well). The chromatogram is depicted in
Figure 11, together with the fragmentation pattern of the
photoproducts (insets). At a detection mass of m/z=530, in-
dicative for dTpdC photoproducts after deamination, we ob-
served two photolesions. The mass and the fragmentation
shows clearly that the lesions are either dTpdC–(6–4)PP or
dTpdC Dewar lesions. Since the Dewar lesions are generally
more polar, we speculate that peak a may be the Dewar
lesion and peak b the (6–4) lesion. However, the data are
not sufficient for a clear assignment.[48] At a detection mass
of m/z=545 (produced by dTpdT dinucleotides) we detect-
ed again all the usual photoproducts, the dTpdT–CPD, the
dTpdT–(6–4)PP and its Dewar valence isomer (Figure 12).


We can conclude that an A-like double helix structure
dramatically reduces the reactivity of dTpdT and UpU dinu-
cleotides in the presence of UVC light. RNA is in summary,
much more UV stable than DNA if exposed to UVC light.


Conclusion


UV irradiation leads to severe genome damage. The DNA
lesions formed upon UV irradiation are mainly cyclobutane
pyrimidine dimers, (6–4)PP photolesions, and Dewar va-


Figure 9. CD spectra of the hairpins 12 (solid black), 15 (dotted black)
and 16 (solid gray). chairpin=3mm in 150mm NaCl, 10mm Tris-HCl buffer,
pH 7.4. T=20 8C.


Figure 10. HPL chromatograms of the four hairpin molecules 14–17
before (bottom) and after (top) 20 min of irradiation with UVC light.
Assay solution: chairpin=0.2mm in buffer (150mm NaCl, 10mm Tris-HCl,
pH 7.4). lirr=254 nm (�10 nm), T=20 8C. HPLC conditions: Nucleogel-
SAX column (1000–8); eluting buffers (buffer A: 0.2m NaCl/0.01m
NaOH in H2O, pH 13; buffer B: 1m NaCl/0.01m NaOH in H2O; pH 13);
Gradient: 0–75% B in 25 min and then up to 85% B in 35 min at a flow
of 0.7 mLmin�1. t= retention time; I= relative fluorescence intensity.
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lence isomers. These lesions are predominatly responsible
for the development of non-melanoma skin cancers.[78] We
have prepared small fluorescein-labeled DNA, RNA, and


mixed DNA/RNA hairpins that form stable, folded oligonu-
cleotide duplex structures at room temperature. The concen-
tration-independent melting behavior allows for irradiation
at very low concentrations, which produces a significant
amount of lesions even under very mild UVC conditions.
Due to the small size of the hairpins it was possible to quan-
tify the amount of UVC degradation directly by using ion-
exchange chromatography at pH 13 (fluorescence detection)
at room temperature. Irradiation of hairpins possessing vari-
ous sequences once again established that 2’-deoxythymi-
dine is the most vulnerable DNA base in UVC light. Our
HPLC studies of the total damage together with MS/MS
structure determination of the formed lesions prove that
homo 2’-deoxythymidine stretches rapidly form photoin-
duced lesions in large quantities. The Dewar valence isomer
lesion is formed in much smaller amounts. 2’-Deoxythymi-
dines give rise to these lesions in flexible DNA regions as
well as in the well-structured, double-helical stem area. 2’-
Deoxycytidines, in contrast, react in the presence of UVC
light only in the well-organized B-duplex. Flexible homo
dC-sequence regions are rather UVC resistant.


Investigation of the reactivity of a dTpdT dinucleotide in
various sequence contexts revealed the surprising result that
the reactivity is strongly reduced if the 2’-deoxythymidines
are flanked by two 2’-deoxyguanosines. We believe that the
reason for the protective effect is a reduced flexibility of the


2’-deoxythymidines embedded
between 2’-deoxyguanosines.
First, the dTOs stack on top of
large purine bases and second,
the flanking sequences are G:C
base pairs, which have signifi-
cantly higher pairing strength
than an A:T base pair, making
the duplex more rigid which
may hinder the reorientation of
the duplex upon photolesion
formation.


Most surprising is the result
that an oligonucleotide duplex,
which exists in an A-like con-
formation is extremely UV re-
sistant. The UV-induced degra-
dation, under our conditions,
was almost fully abolished.
RNA duplexes are in conse-
quence much more UV resist-
ant than DNA duplexes. Again,
the explanation could be an in-
creased duplex stiffness in com-
bination with a more “unfavor-
able” orientation of the py-
rimidine bases. The A-duplex is
much more compact. Formation
of photolesions may require
larger structural rearrangments


within the duplex, which could be energetically more costly.
This would then raise the energy of the transition state. In
the A-type conformation, the dTOs of a dTpdT dinucleotide


Figure 11. HPLC-MS/MS experiment at m/z=530 after digestion of irra-
diated hairpin 16. The insets show the fragmentation pattern. The first
quadrupole (Q1) was set to m/z=530, and the TOF range was chosen
from 150–600 amu. The polarity was set to the negative ion mode.
Peaks a and b: dTpdC-derived photo lesions, t= retention time, TIC=


total ion current, I= relative signal intensity.


Figure 12. HPLC-MS/MS experiment at m/z=545 after the digestion of irradiated hairpin 16. The first quadru-
pole (Q1) was set to m/z=545, and the TOF range was chosen from 150–600 amu. The polarity was set to the
negative ion mode. a) dTpdT Dewar photoproduct, b) dTpdT-CPD, and c) dTpdT-(6–4)PP lesion. dR: 2-
deoxyribose, t= retention time, TIC= total ion current, I= relative signal intensity. For the fragmentation pat-
tern see Figure 4.
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may simply not be well enough arranged for the photochem-
ical reaction.


This observation is particularly noteworthy in a biological
context, because DNA in eukaryotes is densely packed in
chromatin. The genomic DNA is wound around nucleo-
somes. Hence, DNA in our cell nuclei is not in an ideal B-
type conformation but partially distorted. Our study shows
that this distortion will tremendously effect the UV stability
of the duplex.[44,79]


The performed HPLC-MS/MS experiments support re-
sults from the Cadet group. The major UV-induced lesions
in DNA are CPD lesions, (6–4)PP photoproducts, and their
corresponding Dewar valence isomers.[48,80]


The fact that RNA is much more UV-resistant is also an
important discovery with respect to our current understand-
ing of the origin of life. Due to the lack of an ozone shield
at the beginning of life on earth, we can suppose that the
UV irradiation doses on the earthOs surfaces were signifi-
cantly higher than today. The RNA-world theory suggests
that RNA acted as a precursor of todays DNA/protein
world.[81] Our result that RNA is much more UV-resistant
than DNA could be one more factor that may have helped
RNA to evolve on the primordial earth. The higher UV-re-
sistance of RNA is, hence, one more argument supporting
the RNA-world theory.[82,83]


Experimental Procedures


General : All the DNA oligonucleotides were purchased from Metabion
(Germany). The DNA was further purified by HPL chromatography by
using a reverse phase Machery–Nagel Nucleosil (RP-C18,100–7, 250/10)
column. The purified DNA hairpins were characterized by MALDI-TOF
mass spectrometry (Brucker Biflex) and subsequently melting tempera-
tures were measured. The RNA and/or mixed RNA hairpins were pur-
chased from IBA (Germany) and were characterized by MALDI-TOF
mass spectrometry prior to use. All the hairpins were self-hybridized
when heated in a buffer (150mm NaCl/10mm Tris-HCl; pH 7.4) to 90 8C
and subsequent slow cooling to room temperature. HPLC measurements
were performed with a Merck–Hitachi–Lachrom system associated with
L-7400 UV and L-7480 fluorescence detector.


The melting points and the concentrations of the hairpins were measured
by using a Varian Cary Bio100 UV spectrometer equipped with a Cary
temperature controller. The irradiation experiments were performed with
a JASCO-FP-750 fluorescence spectrometer.


The MS/MS experiments were carried out with a PE ScieX API Qstar
pulsar i mass spectrometer (Applied Biosystems).


Irradiation of hairpins : All irradiations were performed at 254 nm
(�10 nm band path) inside a fluorimeter (150 W Xe-lamp, single mono-
chromator; JASCO) connected to a thermostat controller. All oligo-
nucleotide solutions were prepared at a same concentration (0.2mm) in a
buffer containing 150mm NaCl/10mm Tris-HCl; pH 7.4. About 200 mL of
each solution was taken in a 2 mm fluorescence cuvette and was irradiat-
ed for 20–30 min at a constant temperature of 20 8C. After the irradiation
20 mL of solution was injected into the HPLC for the damage formation
analysis.


HPLC detection : The damage formations were analyzed at room temper-
ature (25 8C) by using HPLC associated with a fluorescence detector (L-
7480). A Machery–Nagel Nucleogel-SAX column (1000–8) was used to
separate the damaged products from the undamaged oligonucleotides.
Two eluting buffers (buffer A: 0.2m NaCl/0.01m NaOH in H2O, pH 13;
buffer B: 1m NaCl/0.01m NaOH in H2O; pH 13) were used in a gradient
of 0–75% B in 25 min and then up to 85% B in 35 min at a flow of
0.7 mLmin�1. A 20 mL aliquot of sample solution was injected into the


HPLC through an autosampler (L-7200). The excitation wavelength of
the fluorescence detector was set to 495 nm, which is the absorption
maxima of fluorescein, and the emission was measured at 520 nm.


Enzymatic digestion : The oligonucleotides to be digested were irradiated
in a fluorescence cuvette at 254 nm (�10 nm band path) inside a fluorim-
eter over a period of 1 h. The oligonucleotide concentration was set to
2mm to induce sufficient damage formation. About 100 mL of irradiated
solution was transferred into an Eppendorff vial and 10 mL of buffer
(300mm ammonium acetate, 100mm CaCl2 and 1mm ZnSO4; pH 5.7) was
added followed by addition of 22 units nuclease P1 (penicillium citrinum)
and 0.05 units calf spleen phosphodiesterase. The solution was incubated
at 37 8C for about 3 h. To the resulting solution 12 mL buffer (500mm


Tris-HCl, 1mm EDTA; pH 8.0), 10 units alkaline phosphatase (CIP) and
0.1 unit snake venom phosphodiesterase were added sequentially fol-
lowed by incubation at 37 8C for another 3 h. The solution thus obtained
was added to 6 mL of 0.1 n HCl to bring the pH down to approximately
7.0. The solution was then centrifuged at 3000 g for about 5 min. A 30 mL
sample of the solution was transferred into an HPLC vial and was inject-
ed into an HPLC-MS/MS system. As a control, a parallel digestion was
always performed with the corresponding unirradiated oligonucleotide.


HPLC-MS/MS analysis : The single nucleotides and the photoproducts
after complete enzymatic digestion were separated and analyzed by using
HPLC-MS/MS. A highly efficient Uptisphere 3 HDO column (150M
2.1 mm) was utilized for HPLC separation. Detection of the analytes was
carried out by UV and ESI-MS or ESI-MS/MS. The mobile phase con-
tained two buffers (buffer A: 2mm NEt3/AcOH in H2O; buffer B: 2mm


NEt3/AcOH in 80% CH3CN). A mixed gradient was used with 0–3% B
in 12 min and then up to 20% B in 30 min at a flow rate of 0.2 mLmin�1.
The UV detector was set at 210 nm to detect the dinucleotide photoprod-
ucts. MS and MS/MS experiments were carried out with a Qstar pulsar i
mass spectrometer (Applied Biosystems). The polarity was set to the neg-
ative ion mode with ion-spray voltage of �4000 V. Ion source gas1 was
set to 40, curtain gas to 25. Other measuring parameters were as follows:
DP1 �60 V, FP �225 V, DP2 �10 V.


The TOF range was chosen from 150 to 600 amu for both MS and MS/
MS measurements. For ESI-MS a standard CAD-gas value of 3 was used,
while it was increased to 7 for MS/MS analysis. For better signal intensi-
ties, the product ion scans (MS/MS) were performed in the “Enhance
All” modes with a value of �34 V for the collision energy (CE), while
the first quadrupol (Q1) was fixed during these experiments to the mass
of the ions of interest.
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Gaseous H5P2O8
� Ions: A Theoretical and Experimental Study on the


Hydrolysis and Synthesis of Diphosphate Ion


Federico Pepi,[a] Andreina Ricci,*[a] Marzio Rosi,[b] and Marco Di Stefano[b]


Introduction


The hydrolytic cleavage of phosphate ester bonds is an es-
sential and ubiquitous reaction in biological systems.[1] In-
tensive and continuous research efforts[2–18] have been made
to study the hydrolysis mechanism of phosphate esters.
These investigations have been focussed on gaining insight
into the little-understood mechanistic aspects of important
biological pathways such as those by which energy is stored
and transferred in living cells or those responsible for
enzyme regulation. The main debate is focused on the deter-
mination of the dominant mechanism of phosphate hydroly-
sis in aqueous solution, that is, whether it follows an associa-
tive or a dissociative mechanism. The dissociative mecha-
nism involves proton transfer from the phosphoryl group to
the oxygen-bridged atom and proceeds by the formation of
a metaphosphate (PO3


�) ion. The associative mechanism re-
quires the formation of an intermediate or a transition state
with a pentacoordinate phosphorus atom.


Physical-organic studies have provided extensive evidence
for both the associative and dissociative mechanisms under-
lying phosphomonoesters) nonenzymatic reactions.[5] Com-
putational studies have produced evidence in favor of both
mechanistic alternatives for the nonenzymatic hydrolysis of
monophosphate ester. Ab initio theoretical methods coupled
to Langevin dipoles (LD) and polarized continuum (PCM)
solvent methods have indicated that the barriers to associa-
tive and dissociative pathways are similar.[6] This conclusion
was challenged by Hu and Brinck,[7] who determined the im-
portance of the first solvation shell when they studied the
hydrolysis of the CH3OPO3H


� , CH3OPO3H
�·H2O, and


CH3OPO3H
�·(H2O)2 species using high-level ab initio and


density functional theory (DFT) methods coupled with the
polarizable continuum model (PCM). The dissociative
mechanism, which proceeds via a six-membered-ring transi-
tion state involving the water molecule, is found to be fa-
vored more than the associative mechanism, in both the gas
and solution phase. In agreement with previous theoretical
results,[8] DFT calculations carried out using the hybrid func-
tional B3LYP on the dissociative hydrolysis reaction of
CH3OPO3H


� indicated that, in the gas phase, proton trans-
fer to the methoxy group is concerted with P�O cleavage.
The dissociative pathway of the CH3OPO3


�·H2O ion is ener-
getically favorable over the dissociative pathway of
CH3OPO3H


� only when the added water molecule plays an
active catalytic role in forming the CH3O


+(H)PO3
2� ion.


The collapse of the hydrated tautomeric CH3O
+


(H)PO3
2�·H2O ion is rate-determining and may occur via a


very short-lived metaphosphate intermediate or by a con-
certed SN2-like displacement via a loose metaphosphate-like
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Abstract: The structure and reactivity
of gaseous H5P2O8


� ions obtained from
the chemical ionization (CI) of an
H4P2O7/H2O mixture and from electro-
spray ionization (ESI) of CH3CN/H2O/
H4P2O7 solutions were investigated by
Fourier transform ion cyclotron
(FTICR) and triple quadrupole mass
spectrometry. Theoretical calculations
performed at the B3LYP/6-31+G*


level of theory and collisionally activat-
ed dissociation (CAD) mass spectro-
metric results allowed the ionic popula-
tion obtained in the CI conditions to


be structurally characterized as a mix-
ture of gaseous [H3P2O7···H2O]


� ,
[H3PO4···H2PO4]


� , and [PO3···H3PO4···-
H2O]


� clusters. The energy profile
emerging from theoretical calculations
affords insight into the mechanism of
diphosphate ion hydrolysis and synthe-
sis.


Keywords: ab initio calculations ·
cluster compounds · diphosphate
anions · gas-phase chemistry · mass
spectrometry · phosphorus
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transition state. This study does not allow any distinction to
be made between these two alternatives. The existence of
zwitterionic species was recently criticized by a theoretical
study on the nonenzymatic hydrolysis of monophosphate
and triphosphate (TME(H)3�) esters performed using hybrid
density functional methods.[2] For the monophosphate and
triphosphate esters the dissociative pathway in the gas phase
was found to be favored much more than the associative
pathway. The active participation of a local water molecule
lowers the activation energy of the dissociative mechanism
for both the monophosphate and triphosphate esters.[2]


An alternative route proposed[6,7,9] for the hydrolysis of
phosphate monoester monoanions is the substrate-assisted
general base catalysis mechanism, which involves protona-
tion of the reactant by a water molecule followed by nucleo-
philic attack of the hydroxide ion to form a pentacoordinate
intermediate. This proposal has been criticized and dis-
proved.[10,11]


As far as we know, there are neither direct experimental
data nor independent theoretical results on the gas-phase
hydrolysis mechanism of the diphosphate monoanion. All
the theoretical studies on H4P2O7, its anions, and their com-
plexes with singly and doubly charged metal ions focussed
their attention on the heat of the hydrolysis reaction. Gas-
phase calculations on pyrophosphoric acid hydrolysis indi-
cate that the reaction is almost thermoneutral and favored
by solvation effects.[12] Gas-phase hydrolysis of the H3P2O7


�


ion is endothermic and the enthalpy change decreases with
increasing negative charge in the H2P2O7


2� and HP2O7
3� spe-


cies, owing to the greater internal electrostatic repulsion.[13]


Multiply charged anions such as HP2O7
3� and P2O7


4� were
hypothesized to be unstable in the gas phase, though Mg2+


complexation allows them to exist.[14] For the acid-catalyzed
hydrolysis of pyrophosphate the potential energy surface is
found to be dissociative if the bridging oxygen atom is pro-
tonated.[15] A possible catalytic role of the Mg2+ ion in the
hydrolysis reaction of Mg–pyrophosphate complexes was in-
vestigated theoretically.[15–17]


Recently[18] we reported an experimental and theoretical
study on the gas-phase ion chemistry of the inorganic di-
phosphate ion H3P2O7


� , the simplest compound containing
the P�O�P bond, which, at least in principle, could repre-
sent a model for understanding the factors controlling hy-
drolysis of phosphate linkage esters in living organisms. In
this study the joint application of mass spectrometric techni-
ques, electrospray ionization Fourier transform ion cyclotron
resonance (ESI-FTICR), and triple quadrupole mass spec-
trometry (TQ-MS), as well as theoretical methods, provided
information on the dissociative processes of diphosphate
anions in the gas phase.
Herein, using the same integrated approach, we investi-


gated the structure and reactivity of gaseous H5P2O8
� ions


obtained from the chemical ionization (CI) of H4P2O7/H2O
gaseous mixtures and from electrospray ionization of
CH3CN/H2O/H4P2O7 solutions. The joint application of ex-
perimental and theoretical methods allows the gas-phase ion
chemistry of H5P2O8


� ions to be investigated and insight to
be gained into the gas-phase hydrolysis and synthesis of the
diphosphate ion.


Results


H5P2O8
� ions were obtained in the source of the FTICR


mass spectrometer from electrospray ionization of a solution
of H4P2O7 or H3PO4 in CH3CN/H2O (1:1).[18] These ions are
not detected in CH3CN/H2O (1:1) ESI solutions of Na4P2O7


and Na5P3O10. In the source of the triple quadrupole mass
spectrometer, the H5P2O8


� ions are formed from the CI/CH4


of H4P2O7 in the presence of H2O or from the CI/CH4 of
H3PO4.
In principle, a number of structural isomers correspond to


the H5P2O8
� molecular formula: [H3P2O7···H2O]


� (I),
[H5P2O8]


� (II), [H3PO4···H2PO4]
� (III), and


[H3PO4···PO3···H2O]
� (IV).


Ion II represents the linear H5P2O8
� ions resulting from


the direct addition of water to diphosphoric acid and in-
volves a pentacoordinated P atom. All the other species are
characterized by cluster structures in which electrostatic in-
teractions hold together H3P2O7


� and water (I), H2PO4
� and


phosphoric acid (III), or PO3
� , water, and a phosphoric acid


molecule (IV).
The existence of cluster IV is hypothesized by analogy


with our previous investigation[18] of gaseous H3P2O7
� ions,


which suggests the possible presence of the isomeric
[H3PO4 PO3]


� cluster together with the linear diphosphate
ion in the ionic population characterized by the ratio at m/z
177.
According to this hypothesis, clusters I and IV could be


formed from Reactions (1) and (2) through the direct addi-
tion of a water molecule to the ions at m/z 177:


H3P2O
�
7 þH2O !½H3P2O7 � � �H2O��


I
ð1Þ


½H3PO4 � � � PO3�� þH2O !½H3PO4 � � � PO3 � � �H2O��


IV
ð2Þ


Moreover, cluster III could reasonably be generated from
Reaction (3) when pyrophosphoric acid is replaced by phos-
phoric acid under both the TQ and FTICR conditions:


H2PO
�
4 þH3PO4 !½H2PO4 � � �H3PO4��


III
ð3Þ


ESI/FT-ICR experiments : The H5P2O8
� ions generated from


H4P2O7 and H3PO4 ESI solutions were isolated and structur-
ally characterized by CAD experiments. Their reactivity
toward many compounds was investigated. In the FT-ICR
CAD experiments, the H5P2O8


� ions were transferred into
the cell, isolated by soft ejection techniques, and allowed to
collide with argon after translational excitation by a suitable
radio frequency pulse. The CAD spectra of H5P2O8


� ions
obtained from both the pyrophosphoric and phosphoric acid
solutions displayed the PO3


� fragment at m/z 79, the
H2PO4


� fragment at m/z 97 (corresponding to the loss of an
H3PO4 molecule), and the fragment at m/z 177 (correspond-
ing to the loss of a water molecule).
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Under the low-pressure conditions of the FT-ICR experi-
ments (10�7–10�8 mbar), the H5P2O8


� ions were inert toward
several compounds such as H2O, alcohols (CH3OH,
C2H5OH, CF3CH2OH), and ketones (CH3COCH3). From
their reaction with CF3COOH (DH8acid = 323 kcalmol�1),
besides the CF3COO


� ion (m/z 113) and the H2PO4
� ion


(m/z 97), an ion at m/z 211, which reasonably corresponded
to the [H2PO4+CF3COOH] addition product, was detected.
To verify the possible formation of the ion at m/z 195 by


Reactions (1) and (2), the H3P2O7
� ions at m/z 177, generat-


ed in the ESI source of the ICR spectrometer, were transfer-
red to the resonance cell and allowed to react with H2O. As
previously reported[18] under low-pressure FT-ICR condi-
tions, the H3P2O7


� ions do not react with H2O.


TQ/MS experiments : The CAD spectrum of the H5P2O8
�


ion at m/z 195 (obtained from CI/CH4 of pyrophosphoric
acid and water) recorded at nominal collision energies rang-
ing from 0 to 50 eV (laboratory frame) is reported in
Figure 1. It should be noted that, irrespective of its origin,
the CAD spectrum of the ion at m/z 195 obtained from the
CI/CH4 of phosphoric acid is identical.
The spectrum displays two fragmentation channels, form-


ing ions at m/z 177 and m/z 97, which correspond to the loss
of a water and a phosphoric acid molecule, respectively. The


low dissociation energy of the ion at m/z 177 suggests the
loss of a water molecule from a loosely bound ion complex
such as the [H3P2O7···H2O]


� cluster I or the
[H3PO4···PO3···H2O]


� cluster IV. The fragment at m/z 97 ap-
pears at a slightly higher collision energy and could arise
from the [H3PO4···H2PO4]


� clusters, III or from the
[H3PO4···PO3···H2O]


� clusters IV following the loss of the
H3PO4 moiety.
To obtain additional information, labeled H5P2O6


18O ions
at m/z 197 were generated by introducing H2


18O into the ion
source. The CAD spectrum of the H5P2O6


18O ions taken at
a collision energy of 30 eV (laboratory frame) shows that
the fragment ion at m/z 177 shifts almost entirely to m/z
179, indicating the loss of an unlabeled water molecule. In


addition, the ion at m/z 97 splits into two fragments of com-
parable intensity at m/z 97 and m/z 99, indicating the loss of
both labeled and unlabeled phosphoric acid. In order to
seek further evidence, the H3P2O7


� ions were allowed to
react with CH3OH in the ion source. Figure 2 shows the


CAD spectrum of the [H3P2O7+CH3OH]
� addition product


at m/z 209, recorded at nominal collision energies ranging
from 0 to 30 eV (laboratory frame). The fragment ions at m/
z 191, 177, and 111 correspond to the loss of a water, metha-
nol, and phosphoric acid molecule, respectively. Interesting-
ly, the fragment ion at m/z 97 results from the loss of a
methylphosphate molecule.
The assignment of these fragments was validated by the


use of labeled CH3
18OH to generate the [H3P2O7+


CH3
18OH]� ions at m/z 211. The CAD spectrum shows frag-


ments at m/z 193, 113, 97, and 177, confirming the loss of
unlabeled water, phosphoric acid, CH3


18OPO3H, and
CH3


18OH, respectively. To verify the possibility of the occur-
rence of Reaction (1), the H3P2O7


� ions were isolated in the
ion source of the TQ mass spectrometer and were allowed
to react with H2O in the hexapole cell. The addition product
at m/z 195 is observed, as well as the ion at m/z 209 when
methanol is used instead of water.
The loss of an unlabeled water molecule (fragment at m/z


179) in the CAD spectrum of the [H3P2O7+H2
18O] ions


(m/z 197) and the loss of a water molecule (fragment at m/z
191) in the CAD spectrum of the [H3P2O7+CH3OH] ions
(m/z 209) both indicate the occurrence of isomerization
processes that lead to the formation of complexes incorpo-
rating the labeled water (or methanol) molecule into the
moiety being lost as a charged fragment. However, isomeri-
zation processes are responsible for the formation of the
same ionic population from CH4/CI of both pyrophosphoric
and phosphoric acid.


Theoretical results : At the B3LYP/6-31+G* level of theory,
the study of the H5P2O8


� potential energy surface leads to
the characterization of numerous structural isomers of the
species of interest. In particular, in accordance with the ex-


Figure 1. Energy-resolved TQ/CAD spectrum of the H5P2O8
� ions at m/z


195 from H4P2O7/H2O/CH4/CI. The intensity profile of the parent ion is
not shown.


Figure 2. Energy-resolved TQ/CAD spectrum of the [H3P2O7+CH3OH]
�


ions at m/z 209 from H4P2O7/CH3OH/CH4/CI. The intensity profile of
the parent ion is not shown.
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perimental hypothesis, four different groups of anions (I–
IV), may be optimized with either a linear or a cluster ge-
ometry. They will be described separately and within every
group each isomer will be named by using the group
number followed by a letter assigned on the basis of mecha-
nistic rather than energetic considerations.
In Table 1 we report the thermochemical parameters at


the B3LYP/6–31+G* level of theory for the isomerization
processes of interest, the most significant of which are sche-


matically represented in Fig-
ures 9, 10, 11. In Figure 4 we
show the optimized geometries
of the transition states involved
in the isomerization processes
considered. The dissociation en-
ergies are listed in Table 2.


The [H3P2O7···H2O]
� clusters,


group I : Figure 3 displays the
optimized geometries of the
clusters formed by H3P2O7


� ions
and an H2O molecule, which are
held together by electrostatic in-
teractions. These are also la-
beled group I.
Cluster Id is the most stable


member of the group. The H2O
molecule is coordinated to the
diphosphate anion, previously[18]


characterized as the lowest
energy isomer on the potential
energy surface of H3P2O7


� ions.
Notably, the coordination of
water does not bring about any
noticeable changes in the frag-
ment)s geometry, apart from a
different orientation of the ter-
minal hydrogen atom.[18] By
means of a barrier-free process,
Id can eliminate the water mol-
ecule and produce the linear di-


phosphate monoanion. At our level of theory, an endother-
micity of 13.3 kcalmol�1 was calculated (Table 2). By passing
through TS1 (Figure 4; Table 1), Id can give Ia. This proc-
ess is endothermic by 8.6 kcalmol�1 and an activation barri-
er of 14.1 kcalmol�1 was computed. In Ia both the hydrogen
atoms of the H2O molecule are coordinated by electrostatic
interactions to two oxygen atoms belonging to different
monophosphate subunits. Geometry optimization gives a P-
O-P angle of 127.58. This structure can easily be broken
down in a barrier-free process with the further release of the
water molecule and the H3P2O7


� ion. We calculated this
process to be endothermic by 15.4 kcalmol�1.
The other clusters investigated include two structures, la-


beled as Ib and Ic, whose optimized geometries are given in
Figure 3. As can be seen, not only do they differ in the spa-
tial orientation of the water molecule, but also in the posi-
tion of the H�O groups in the diphosphate skeleton. Ib is
4.3 kcalmol�1 lower in energy than Ia, and the loss of H2O
from Ib is a process that is endothermic by 9.3 kcalmol�1.
Finally, I c is less stable than Ib by 3.5 kcalmol�1. Indeed Ia
and I c are found to be isoenergetic, and the isomerization
Ia!I c is endothermic by only 0.8 kcalmol�1, at least at our
level of theory. The dissociation of Ic into H3P2O7


� and H2O
is a barrier-free process endothermic by 5.8 kcalmol�1.


Table 1. Thermochemical parameters at the B3LYP/6-31+G* level of
theory for the isomerization processes among the investigated cations of
formula H5P2O8


� .


Reaction DH [kcalmol�1] Ea [kcalmol
�1]


Ia!Ib �4.3 –
Ia!IIa 26.7 34.8
Ia!IVa 14.5 44.1
Ib!Ic 3.5 –
Id!Ia 8.6 14.1
IIa!IIb 0.7 1.6
IIa!Va �12.8 14.3
IIb!IIIa �28.1 –
IIIa!IIIb �3.2 –
IIIa!III c �6.4 –
IIIa!IVa 15.2 32.9
[PO3··H2O]!H2PO4


� �9.2 17.1


Figure 3. Optimized geometry at the B3LYP/6-31+G* level of theory of the [H3P2O7···H2O]
� cluster, group I.


Bond lengths are in P and angles in degrees.
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The H5P2O8
� linear anions, group II : In Figure 5 we report


the optimized geometries of the linear H5P2O8
� anions. In


both of them, the pyrophosphate linkage P�O�P is pre-
served, although one of the phosphorus atoms has a penta-
covalent nature. In IIa, the pentacovalent phosphorus is co-


ordinated to four OH groups, in
IIb to three OH groups. Apart
from this difference, they both
display stabilizing electrostatic
interactions involving the hy-
drogen atoms of the OH groups
and the oxygen atoms. In both
structures, an appreciably elon-
gated P�O bond of the P�O�P
linkage is optimized. In IIa, the
P�O bond involving the tetra-
covalent P is computed to have
a length of 1.715 P, while in
IIb an even longer bond
(1.772 P) related to the penta-
covalent phosphorus is found.
This value might indicate the
formation of a partial electro-
static bond. Thus, it is to be ex-
pected that IIb could break this
weak interaction and evolve
into the separate H2PO4


� and
H3PO4 species. No energy barri-
er is calculated for this process,
at least at our level of theory.
This fragmentation is slightly
endothermic (4.9 kcalmol�1).
The isomerization IIa!IIb is
endothermic by 0.7 kcalmol�1.
The B3LYP/6-31+G* geometry
of the transition state for this
process, labeled TS2, is given in
Figure 4. The activation barrier
of this process (1.6 kcalmol�1)
indicates that both anions can
easily and rapidly isomerise
into each other and are thus


mutually interchangeable. Finally, on the production of IIa
from the [H3P2O7···H2O]


� clusters, we optimized the transi-
tion structure labeled TS5 for the isomerization Ia!IIa.
This pathway is endothermic by 26.7 kcalmol�1 with an acti-
vation barrier of 34.8 kcalmol�1.


The [H3PO4···H2PO4]
� clusters, group III : In Figure 6 we


report the optimized geometries of the investigated clusters
containing both the H3PO4 molecule and the H2PO4


� ion,
connected to each other by electrostatic interactions, also la-
beled group III.
As may be seen, they essentially differ by the spatial posi-


tions of the units that form them. The anion labeled IIIa
can be directly produced from IIb in a barrier-free process
and the isomerization IIb!IIIa is exothermic by 28.1 kcal
mol�1. The release of H2PO4


� from III a is a barrier-free
process and is endothermic by 33.0 kcalmol�1. The cluster
labeled IIIb has a more symmetric geometry, since the three
electrostatic interactions connecting the H atoms of H3PO4


to the oxygen atom of H2PO4
� are optimized. Cluster IIIb is


more stable than III a by 3.2 kcalmol�1. Finally, a third struc-
ture III c was investigated; it is more stable than IIIa by


Figure 4. Schematic representation at the CCSD(T)/6-31+G* level of theory of the representative transition
states for the potential energy surface under study.


Table 2. Thermochemical parameters at the B3LYP/6-31+G* level of
theory for the fragmentation processes of interest.


Reaction DH [kcalmol�1]


Ia!H3P2O7
�+H2O 15.4


Ia!HPO3+H2O+H2PO4
� 68.4


Ib!H3P2O7
�+H2O 9.3


Ic!H3P2O7
�+H2O 5.8


Id!H3P2O7
�+H2O 13.3


IIb!H2PO4
�+H3PO4 4.9


IIIa!H2PO4
�+H3PO4 33.0


IIIb!H2PO4
�+H3PO4 29.8


III c!H2PO4
�+H3PO4 26.6


IVa!H3PO4+ [PO3···H2O]
� 27.0


IVa![H3PO4···PO3]
�+H2O 6.3


Va!HP2O6
�+2H2O 18.4


Va![HP2O6···H2O]+H2O 7.2
[PO3···H2O]


�!PO3
�+H2O 13.9
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6.4 kcalmol�1. Cluster III c differs from IIIb mainly in the
electrostatic interactions connecting the two phosphate moi-
eties. Both fragments are spatially oriented so that they can
form three interactions between the hydrogens of the OH
groups and the oxygen atoms of the P�O bonds. On the re-
lease of H2PO4


� and H3PO4 from both IIIb and III c at the
B3LYP/6-31+G* level of theory we calculate that these
processes are barrier-free and endothermic by 29.8 kcal
mol�1 and 26.6 kcalmol�1, respectively.


The [H3PO4···PO3···H2O]
� clusters, group IV: In Figure 7 we


report the optimized geometry at the B3LYP/6-31+G* level
of theory of cluster IVa together with that of the hydrated
metaphosphate anion here labeled [PO3···H2O]


� . In IVa the
H3PO4 molecule is electrostatically coordinated to both a
PO3


� ion and an H2O molecule and this cluster is thought to
be an additional source of the H2PO4


� ion. In fact, H2PO4
�


is known to also be present in the form of a cluster structure
in which the metaphosphate ion PO3


� is coordinated to a
water molecule.[15] Our calculations indicate that the forma-
tion of the hydrated metaphosphate ion [PO3···H2O]


� and
H3PO4 from IVa is a barrier-free process that is endother-
mic by 27.0 kcalmol�1. The [PO3···H2O]


� ion, once formed,
can then isomerise to H2PO4


� . This process is exothermic by
9.2 kcalmol�1 with an energy barrier of 17.1 kcalmol�1. Fur-
thermore, [PO3···H2O]


� can also break its electrostatic inter-
actions and release separate H2O and PO3


� . We calculate
this process to be endothermic by 13.9 kcalmol�1. In addi-


Figure 6. Optimized geometries at the B3LYP/6-31+G* level of theory
of the [H3PO4···H2PO4]


� clusters, group III. Bond lengths are in P and
angles in degrees.


Figure 5. Optimized geometries at the B3LYP/6-31+G* level of theory
of the H5P2O8


� ions group II. Bond lengths are in P and angles in de-
grees.


Figure 7. Optimized geometries at the B3LYP/6-31+G* level of theory of
cluster IVa, and of the hydrated metaphosphate anion, [PO3···H2O]


� .
Bond lengths are in P and angles in degrees.
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tion, IVa can release an H2O molecule to produce the
[H3PO4···PO3]


� cluster whose optimized geometry has al-
ready been described.[18] For this species our calculations in-
dicate an endothermicity of 6.3 kcalmol�1 with no activation
barrier.
With regard to the formation of IVa from the previously


described intermediates, the transformation IIIa!IVa is
found to be endothermic by 15.2 kcalmol�1 with an activa-
tion barrier of 32.9 kcalmol�1. The transition state TS3
(Figure 4) is optimized in this process. Cluster IVa can also
be obtained from Ia via the transition structure TS6
(Figure 4). The thermochemical studies at our level of
theory give a barrier height of 44.1 kcalmol�1 and an endo-
thermicity of 14.5 kcalmol�1.


The [H2O···HP2O6···H2O]
� clusters, group V: By analogy


with our previous investigation,[18] we may postulate the ex-
istence of a cyclic HP2O6


� anion held together with two
water molecules by electrostatic interactions. In Figure 8 we


report the B3LYP/6-31+G*-optimized geometry of cluster
Va. As we can observe, the HP2O6


� moiety is bound to two
water molecules by electrostatic interactions involving the
hydrogen atom of the H2O molecules and the oxygen atoms
of HP2O6


� . Cluster Va can be formed from IIa via the tran-
sition state labeled TS4 (Figure 4). We calculate this isomer-
ization as exothermic by 12.8 kcalmol�1 with an activation
barrier of 14.3 kcalmol�1. The release of a water molecule
with the production of the electrostatically bound complex
[HP2O6···H2O]


[18] is endothermic by 7.2 kcalmol�1 and the
loss of both water molecules endothermic by 18.4 kcalmol�1.


Discussion


Two pieces of evidence concur in suggesting the presence of
clusters I and IV in the ion population investigated by TQ


mass spectrometry: 1) the fragment ion at m/z 177, corre-
sponding to the loss of the H2O moiety, appears at low colli-
sion energy values in the CAD spectrum of H5P2O8


� , and 2)
the formation of the H5P2O8


� ions in the hexapole cell from
the reaction between water and the ion at m/z 177, previous-
ly characterized as having the linear H3P2O7


� and eventually
the [H3PO4···PO3]


� cluster structure.
Furthermore, three pieces of evidence clearly indicate the


occurrence of isomerization processes: 1) the loss of unla-
beled water from the ions at m/z 197, resulting from the ad-
dition of labeled water to the ions at m/z 177, 2) the loss of
water and methylphosphate from the ions at m/z 209, result-
ing from the addition of methanol to the ions at m/z 177,
and 3) the identity of the spectra of the H5P2O8


� ions ob-
tained from CI/CH4 of phosphoric acid or pyrophosphoric
acid in the presence of water.
To rationalize the experimental results we used computa-


tional methods to investigate the isomerization pathways of
the [H3P2O7···H2O]


� cluster I into the [H3PO4···H2PO4]
� clus-


ter III and into the [H3PO4···PO3···H2O]
� cluster IV. In par-


ticular, two possible pathways for the hydrolysis of the
H3P2O7


� ions were considered, the so-called dissociative and
associative mechanisms.
Figure 9 shows the energy profile of the associative hy-


drolysis of the diphosphate investigated at the B3LYP/6-
31+G* level of theory. The linear H5P2O8


� phosphorane


ions, IIa, can be formed from the [H3P2O7···H2O]
� cluster Ia


in a process that is endothermic by 26.7 kcalmol�1 and char-
acterized by an activation barrier of 34.8 kcalmol�1. By ana-
lysing the structure of the transition state TS5 shown in
Figure 4, the partial formation of both the P�O and O�H
bonds may be observed together with the breaking of the
electrostatic interactions binding the water molecule to the
phosphate skeleton.
By shifting a proton IIa can isomerize to IIb via TS2


(Figure 4). The P�O bond, already elongated in IIb, is de-
finitively broken, leading to the formation of the


Figure 8. Optimized geometries at B3LYP/6-31+G* level of theory of
cluster Va. Bond lengths are in P and angles in degrees.


Figure 9. Schematic representation at the B3LYP/6-31+G* level of
theory of the associative hydrolysis of diphosphate anions. All thermo-
chemical parameters are given in kcalmol�1 and are calculated at
298.15 K.


I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5706 – 57165712


FULL PAPER A. Ricci et al.



www.chemeurj.org





[H2PO4···H3PO4]
� cluster IIIa. This process is exothermic by


28.1 kcalmol�1 with no activation energy. Moreover, in a
barrier-free dissociation process, IIb can evolve into the sep-
arate H3PO4 and H2PO4


� species. This fragmentation is bar-
rier-free and endothermic by 4.9 kcalmol�1.
In Figure 10 we outline an alternative association pathway


involving a different isomerization of IIa. We postulate this
mechanism based on our previous results[18] , which prove


that the dimetaphosphate or cyclodiphosphate anion
HP2O6


� is formed from the induced dehydration of the di-
phosphate anion in the gas phase. Therefore, this investiga-
tion is aimed at ascertaining the possible release of a water
molecule from an alternative pathway, requiring the forma-
tion of the [H2O···HP2O6···H2O]


� cluster Va. As regards this
mechanism, IIa, once formed, can evolve into Va by passing
through TS4. At the B3LYP/6-31+G* level of theory we
calculate an exothermicity of 12.8 kcalmol�1 and an activa-
tion barrier of 14.3 kcalmol�1. Cluster Va is found to be
13.9 kcalmol�1 less stable than IIa. The release of a water
molecule with the production of the electrostatically bound
complex [HP2O6···H2O]


[18] is computed to be endothermic by
7.2 kcalmol�1 and the loss of both water molecules is endo-
thermic by 18.4 kcalmol�1.
Our computational study of the dissociative hydrolysis


mechanism was implemented by first considering the classic
dissociative mechanism involving proton shift from an OH
group to the O bridging atom. In Figure 11 we report the
energy profile of the dissociative hydrolysis of H5P2O8


� ions
investigated at the B3LYP/6-31+G* level of theory.
Isomerization Ia!IVa by the classical dissociation mech-


anism is endothermic by 14.5 kcalmol�1. The optimized tran-
sition state is labeled TS6 (Figure 4), which gives rise to a
barrier height of 44.1 kcalmol�1. In the transition state TS6
(Figure 4), the partial formation of cluster IVa may be ob-
served. The P�O�P linkage is broken to give the electrostat-
ic interaction between the phosphoric acid and the meta-
phosphate anion. The hydrogen atom moving towards the


oxygen of the H2PO4
� moiety in order to give the H3PO4


molecule should also be noted. The isomerization IVa!
IIIa is exothermic by 15.2 kcalmol�1 with a barrier of
17.7 kcalmol�1. The dissociation of cluster IVa into hydrated
metaphosphate and H3PO4 or into water and cluster
[H2PO3···PO3]


� are endothermic by 27.0 kcalmol�1 and
6.8 kcalmol�1, respectively.
The dissociation mechanism involving a water-assisted


proton transfer to the bridging oxygen, in which one H2O
molecule acts both as a proton acceptor and donor, and
which proceeds via a six-membered transition state, was also
considered. Unfortunately, in this case, our theoretical inves-
tigation failed in that we were unable to locate any appro-
priate transition state for such a pathway; that is, analysis of
its harmonic frequencies does not support assigning it a
priori to the hypothesized pathway.
Finally, we also considered the dissociation of Ia by a


direct breakage of the P�O bond, which has a length of
1.750 P (Reaction (4)). In this extreme dissociation process,
computed to be endothermic by 68.4 kcalmol�1, the negative
charge is transferred to the bridging oxygen atom from the
oxygen bound to the terminal phosphorus atom.


Ia! HPO3 þH2OþH2PO
�
4 ð4Þ


Taking into consideration the energy profiles reported in
Figures 9 and 11, our energy barrier for the dissociation
mechanism is slightly higher than that for the associative
mechanism. It seems energetically less favorable to first
break the P�O bond followed by the nucleophilic attack of
the water. However, it was reported that in the CH3PO3H


�


dissociative hydrolysis, the less strained six-membered ring
transition state is lower in energy than the corresponding
four-membered transition state and facilitates the proc-
ess.[7–8] The same influence of the water molecule was found
in the [PO3···H2O]


�!H2PO4
� isomerization. On the basis of


these considerations and in the absence of data regarding


Figure 10. Schematic representation at the B3LYP/6-31+G* level of
theory of the release of the water molecule by formation of cluster IVa.
All thermochemical parameters are given in kcalmol�1 and are calculated
at 298.15 K.


Figure 11. Schematic representation at the B3LYP/6-31+G* level of
theory of the dissociative hydrolysis of diphosphate anions. All thermo-
chemical parameters are given in kcalmol�1 and are calculated at
298.15 K.
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the active participation of the local water molecule in the
transition state, we can reasonably suppose that in the gas
phase the dissociative barrier of the diphosphate monoanion
hydrolysis is lower than we calculated for the “classical”
mechanism. For monophosphate and triphosphate ester hy-
drolysis the dissociative pathway is found to be more favora-
ble than the associative pathway in the gas phase.[2] In this
context, the higher activation energy of the intramolecular
proton transfer to the bridging oxygen atom in the
[H3P2O7···H2O]


� cluster (44.1 kcalmol�1), than in the H3P2O7


ion (36.9 kcalmol�1)[18] could suggest that the additional
water molecule must play an active role in lowering the re-
action barrier in solution.
Concerning the associative pathway shown in Figure 9, Ia


leads directly to the linear H5P2O8
� ion IIa by passing


through TS5 (Figure 4). Our activation barrier estimate,
34.8 kcalmol�1, is consistent with the previously reported
values for the monophosphate and triphosphate associative
hydrolysis.[2]


As we know, IIa can easily isomerise into IIb and then
give IIIa in a barrier-free process by the breaking of the PO
bond. On the other hand, our B3LYP/6-31+G* calculations
failed to identify a pathway directly linking IIa (or IIb) and
IVa, as was highlighted[2] for the hydrolysis of the protonat-
ed monophosphate methyl ester. For the H5P2O8


� system,
the cluster IVa can either be reached from III a or Ia, but
we were unable to locate any transition structure linking the
linear H5P2O8


� clusters, group II, and IVa.
Based on theoretical results, in the CAD spectrum shown


in Figure 1, it is not possible to justify the presence of the
ions at m/z 97 as formed from the isomerization of cluster I
into clusters III or IV. In fact, the barrier height for all the
isomerization processes of hydrated diphosphate cluster (I)
considered is higher than the barrier for its dissociation into
H3P2O7


� and water.[23] Therefore, at least at our level of
theory and on the basis of the isomerization pathways inves-
tigated, the hydrolysis of the diphosphate anion does not
occur in the gas phase because the dissociation energy of
cluster I is lower than all the computed isomerization barri-
ers. Indeed, I may be responsible for the formation of the
fragment at m/z 177, which results from the loss of the
added water, but not for the fragment at m/z 97. The latter
could reasonably arise from the dissociation of cluster III,
which should already be present in the CH4/CI plasma con-
taining H4P2O7 and H2O. A viable explanation is represent-
ed by the gas-phase hydrolysis of neutral pyrophosphoric
acid into phosphoric acid that occurs in the ion source. The
process, H4P2O7+H2O!2H3PO4, is known to be a quasi-
thermoneutral process.[12]


This hypothesis is supported by the fragmentation of the
ions at m/z 197 and 209 obtained from the reaction of
H4P2O7 with labeled water or methanol. For example, the
gaseous mixture arising from pyrophosphoric acid hydro-
lyzed by labeled water should contain H3PO4 and H3PO3


18O
and hence could lead to the formation of both
[H3PO3


18O···H2PO4]
� and [H3PO4···H2PO3


18O]� (cluster III),
giving rise to the fragments at m/z 97 and m/z 99.
Analogously, the gas-phase reaction between methanol


and pyrophosphoric acid (Reaction (5)) could account for


the presence of the ions at m/z 97 and 111 in the CAD spec-
trum of the ions at m/z 209. These fragments could arise
from the [H3PO4···CH3OPO3H]


� and [H2PO4···CH3O-
PO3H2]


� clusters, following to the loss of methylphosphate
and phosphoric acid, respectively.


H4P2O7 þ CH3OH ! H3PO4 þ CH3OPO3H2 ð5Þ


In conclusion, the CAD fragments of the ions obtained
from H4P2O7 CI/CH4 in the presence of water reflect the
miscellaneous nature of this ion population. In fact, based
on the computed dissociation enthalpies and the activation
energies of the processes leading to the formation of the ion
at m/z 177, this fragment may be said to be formed from the
dissociation of clusters I and IV, two pathways requiring rel-
atively low energies (15.4 and 6.3 kcalmol�1 respectively),
and from the isomerization of III to I, which requires higher
energy (>30 kcalmol�1). In particular, this process repre-
sents the reverse energy profile of the associative mecha-
nism shown in Figure 9. The isomerization of III to cluster I
by the dissociative pathway is prevented by the loss of water
from the intermediate cluster IV.


The fragment ions at m/z 97 can only be formed from the
dissociation of cluster III (33 kcalmol�1) because all path-
ways involving clusters I and IV are prevented by the easy
dehydration of these species. Indeed, the fragment ions at
m/z 97 are indicative of the presence of cluster III in the CI
plasma of TQ/MS, which is formed from the gas-phase hy-
drolysis of neutral diphosphoric acid into phosphoric acid.
Qualitative analysis of the energy-resolved CAD spectra


shown in Figure 1, shows that the ions at m/z 177 appear at
energy values lower than those responsible for the appear-
ance of the ions at m/z 97. This evidence is consistent with
the presence in the CI plasma of TQ/MS of clusters I and/or
of cluster IV, whose dissociation processes occur at dissocia-
tion energies lower than 33 kcalmol�1.
It should be noted that both these clusters can be respon-


sible for the fragments at m/z 177 in the CH4/CI of phospho-
ric acid. In fact, cluster IIIa, once formed and excited by the
exothermicity of its formation process, can isomerise to clus-
ters I or IV, passing through barriers comparable in height
to its dissociation barrier. In accordance with ATP genera-
tion by collisional activation of a sodiated salt cluster con-
taining three AMP precursors,[20] the induced CAD of the
[H3PO4···H2PO4] cluster could form the diphosphate ion.
It should be noted that clusters [H3PO3


18O···H2PO4]
� and


[H3PO4···H2PO3
18O]� , found in the CI plasma of pyrophos-


phoric acid and labeled water, could be responsible for the
loss of both labeled and unlabeled water molecules from the
ions at m/z 197.
Considering that the HP2O6


� fragment at m/z 159 was
never detected in our CAD spectra, the formation of the
[H2O···HP2O6···H2O]


� cluster V, which, at least in principle,
could allow this experimental evidence to be rationalized,
can reasonably be excluded by also taking the theoretical re-
sults into account.
By analogy with the above results and considerations, it


may be postulated that the same ionic species is present in
the CI plasma obtained from diphosphoric acid and methanol.
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It is more difficult to make a structural characterization
of the ions at m/z 195 obtained from the electrospray ioniza-
tion of the H3PO4 and H4P2O7 solutions and investigated by
the FTICR mass spectrometry. The ability of the ESI proc-
ess to generate solvated species strongly suggests the
[H3PO4···H2PO4]


� cluster structure III for the ions at m/z
195 arising from the H3PO4 solution. The ions at m/z 195
are present at very low intensities in the ESI spectrum of
H4P2O7 solution and are absent in the ESI spectra of
Na4P2O7 and Na5P3O10 solutions, although they display ions
at m/z 177. This evidence seems to suggest the influence of
solution pH and indeed of the presence of H3PO4 in deter-
mining the formation of the [H3PO4···H2PO4]


� cluster. How-
ever, the presence of the [H3P2O7···H2O]


� cluster structure I
or [H3PO4···PO3···H2O]


� cluster structure IV cannot be de-
finitively excluded.
In conclusion, the different nature of the ionic formation


process, the absence of energy-resolved CAD spectra, and
the lack of specific structurally diagnostic fragments do not
allow any definitive conclusion to be drawn regarding the
connectivity of H5P2O8


� ions investigated by FTICR mass
spectrometry. Moreover, the study of H5P2O8


� ion reactivity,
which could represent a useful probe for the structural char-
acterization of these ions, is unfortunately limited by their
low reactivity. The [H3PO4···H2PO4]


� cluster was found to
exhibit broader reactivity than the analogous monomeric
ion in the reaction with trimethylborate.[25] In this work the
only reaction observed using trifluoroacetic acid provided
no definitive evidence on the structure of H5P2O8


� ions. On
the basis of gas-phase acidity values[22,23] and by disregarding
the fact that these thermochemical data are referred to non-
solvated species, proton transfer leading to the CF3COO


�


ions should involve clusters containing H2PO4
� , which is


more likely than the H3P2O7
� moiety. Furthermore, the sim-


plest hypothesis to justify the formation of the
[CF3COOH+H2PO4] addition product is based on the
ligand-exchange reaction involving cluster III. However we
cannot exclude different pathways leading to the elimination
of a phosphoric acid molecule.


Conclusions


The ionic population of gaseous H5P2O8
� ions obtained from


CH4/CI of H4P2O7 and water was structurally assayed by
CAD TQ mass spectrometry. Theoretical calculations per-
formed at the B3LYP/6-31+G* level of theory allowed the
rationalization of the origin of CAD fragments and the
structural characterization of the gaseous H5P2O8


� as a mix-
ture formed by [H3P2O7···H2O]


� , [H3PO4···H2PO4]
� , and


[PO3···H3PO4···H2O]
� clusters. This study provides a consis-


tent picture of the previously unexplored gas-phase ion
chemistry of H5P2O8


� ions and uses theoretical methods to
examine the gas-phase hydrolysis and synthesis mechanisms
of diphosphate ion.


Experimental Section


Materials : H3PO4, H4P2O7, Na4P2O7, Na5P3O10, H2
18O (99 atom%), and


all chemicals were purchased from Sigma Aldrich Ltd. and used as re-
ceived.


Instrumentation : ESI-FTICR/MS experiments were performed with a
Bruker BioApex 4.7T FT-ICR mass spectrometer equipped with an Ana-
lytica of Brandford electrospray ionization source. Samples were infused
into a fused-silica capillary (i.d. 50 m) at a flow rate of 130 Lmin�1 and
the ions were accumulated in a hexapole ion guide for 0.8 s. Typical ESI
voltages for cylinder, capillary, and end plates are 3000, 4000, and 4300 V
respectively. The capillary exit and skimmer voltages are set to �60 and
�10 V, respectively, and the hexapole d.c. offset to 0.7 V.
Triple quadrupole mass spectra were recorded on a TSQ 700 mass spec-
trometer from Finnigan Ltd operating in the negative-ion mode.


Methods : In the FT-ICR experiments, ESI solutions were prepared daily
at a concentration of 10�4m by dissolving H3PO4, H4P2O7, Na4P2O7, or
Na5P3O10 in acetonitrile/water (1:1) and were used immediately for analy-
sis. The H5P2O8


� ions were obtained from a CH3CN/H2O (1:1) solution
of H4P2O7 or H3PO4. The H5P2O8


� ions were transferred into the reso-
nance cell (25 8C) and isolated by broad-band and “single-shot” ejection
pulses. After a thermalising delay time of 1–2 s, the ions were re-isolated
by “single shots” and allowed to react with neutral reagents in the cell.


In the triple quadrupole (TQ) mass spectrometric experiments, H3PO4 or
H4P2O7 were introduced into the ionic source by a direct insertion probe
maintained at 200 8C by thermostat. The H5P2O8


� ions were generated by
chemical ionization (CI) of H4P2O7/H2O/CH4 or H3PO4/CH4 mixtures.
The ions of interest were isolated by the first quadrupole (Q1) and
driven into the collision cell, actually an RF-only hexapole, containing
the neutral reagent at pressures up to 1 mTorr. Collisionally activated dis-
sociation (CAD) experiments are recorded using Ar as the target gas at
a pressure of 1–5·10�5 Torr and at a collision energy ranging from 0 to
50 eV (laboratory frame). The charged products are analyzed with the
third quadrupole, scanned at a frequency of 150 amus�1.


Computational details : Density functional theory based on the hybrid[24]


B3LYP functional,[25] was used to localize the stationary points on the in-
vestigated potential energy surface. This functional is based on the Becke
three-parameter functional, which includes a Hartree–Fock exchange
contribution. It comprises the nonlocal correction for the exchange po-
tential proposed by Becke in 1988 together with the nonlocal correction
for correlation energy provided by the functional of Lee, Young, and
Parr. Thermochemical calculations were carried out at 298.15 K and
1 atm by adding the zero-point correction and the thermal correction to
the calculated B3LYP energies. The correctness of using density func-
tional calculations for the treatment of negative ions has been exhaus-
tively reviewed.[26] The absolute entropies were calculated using standard
statistical-mechanistic procedures from scaled harmonic frequencies and
moments of inertia relative to the B3LYP/6-31+G* optimized geome-
tries. The 6-31+G* basis set was used.[27] This presents a good compro-
mise between accuracy and saving in computational resources. All calcu-
lations were performed using the program Gaussian 98.[28]
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Regioselectivity in Iron-Catalyzed [2+2+1] Cycloadditions: A DFT
Investigation of Substituent Effects in 1,4-Diazabutadienes


Wolfgang Imhof*[a] and Ernst Anders[b]


Dedicated to Prof. Dr. Eckhard Dinjus on the occasion of his 60th birthday


Introduction


Cycloaddition reactions represent one of the most effective
and atom economic—and thus enviromentally benign—ap-
proaches to the synthesis of heterocyclic compounds. One of
the major goals in the development of cycloaddition reac-
tions is the control of the regio- and stereochemistry. Ac-
cordingly, a number of studies have been published in which
the experimentally observed outcome of cycloaddition reac-
tions that lead to heterocyclic products has been rationalized


by computational methods with the aim of gaining informa-
tion to allow the regio- and stereochemistry of a given reac-
tion to be predicted. Most of the calculations were per-
formed on dipolar cycloaddition reactions using, for exam-
ple, nitrones,[1] nitrile oxides,[2] diazo compounds,[3] azides,[4]


several cumulene systems,[5] aromatic nitro compounds,[6] di-
polar heterocyclic systems such as sydnones[7] or muench-
nones[8] or even sulfur trioxide[9] or ozone.[10] Computational
studies by various groups also focused on the reactivity of
nitriles or isocyanides,[11] carbenes,[12] thiocarbonyl com-
pounds[13] or compounds with carbon�phosphorous multiple
bonds[14] in cycloaddition reactions.
Recently, some of us reported the synthesis of chiral


spiro-lactams from the [2+2+1] cycloaddition of a ketimine
with carbon monoxide and ethylene catalyzed by ruthenium
or iron carbonyl complexes (Scheme 1).[15] The starting com-
pound is a chiral 1,4-diazabutadiene produced from enantio-
merically pure l-prolinol and the corresponding
bis(imidoyl)oxalyl chloride. As can be seen from Scheme 1
the cycloaddition reaction exclusively takes place at the
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Abstract: The transition-metal-cata-
lyzed [2+2+1] cycloaddition reaction
of 1,4-diazabutadienes, in which the
imine-carbon atoms are part of an oxa-
zine ring system, with ethylene and
carbon monoxide leads to the regiose-
lective formation of pyrrolidinone de-
rivatives. To explain this regioselectivi-
ty, the transition states and intermedi-
ates of the rate-determining step of the
catalysis are determined by high-level
DFT calculations. The experimentally
observed regioselectivity is consistent
with the lower activation energy of the
addition of ethylene towards the
carbon atom next to the oxazine
oxygen atom. Furthermore, the activa-
tion barrier of a conceivable back reac-
tion is higher for the intermediates


with the experimentally observed re-
gioselectivity. These thermodynamic
and kinetic arguments at first sight
appear to be confirmed by the calculat-
ed NPA charges in the transition states,
which reveal that the differences in
these charges are greatest for those
transition states that lead to the forma-
tion of the energetically favored transi-
tion structures. Nevertheless, calcula-
tions of analogous transition structures
and reaction products starting from
1,4-diazabutadienes with a 2-fluoro, 2-
hydroxo or 2-amino substituent re-


vealed that the regioselectivity is not
determined by the electronegativity of
the heteroatom and thus by the differ-
ences in the NPA charges or the result-
ing Coulombic interactions in the tran-
sition structures. The main reason for
the observed regioselectivities is the p-
donor ability of the substituent to con-
tribute to a delocalized p system incor-
porating the adjacent imine moiety.
The increasing p-donor capability re-
sults in decreased reactivity of this
moiety and increases the (relative) re-
activity of the second imine group. This
effect can even overcompensate for
strong intramolecular Coulombic at-
tractions in the transition structures.


Keywords: catalysis · cycloaddition ·
DFT calculations · regioselectivity ·
transition metals
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imine functional group adjacent to the oxazine oxygen
atom. For both metal carbonyls, the regioselectivity of this
reaction is 100%, whereas the overall yields in the case of
[Ru3(CO)12] are almost quantitative when R represents an
aryl group without ortho substituents. Turnover numbers are
somewhat lower when [Fe2(CO)9] was used as the precata-
lyst.[15]


The complete catalytic cycle of this formal cycloaddition
reaction has been calculated at a high level of theory.[16] A
simplified catalytic cycle is depicted in Scheme 2. The cycle


is initiated by the formation of the [(1,4-diazabutadiene)Fe-
(CO)3] complex A, in which the metal center displays a
square-pyramidal coordination sphere. The catalysis is a
stepwise process with the introduction of ethylene (B) as
the first substrate. Ethylene adds to the starting complex A
from the base of the square pyramid to yield the metalla-bi-
cyclic intermediate C via the transition structure TS


(Scheme 2). The formation of this transition structure also
turned out to be the rate-determining step of the catalytic
cycle. After insertion of a CO ligand into the C�Fe bond
(formation of D), addition of an external molecule of
carbon monoxide (to give E) followed by a metal-mediated
ring closure via the intermediate F, the final product, the
pyrrolidinone derivative G is replaced by the next 1,4-diaza-
butadiene substrate. This replacement step closes the cata-
lytic cycle.
Herein we summarize the results of a theoretical study at


the B3LYP/6–311++G(d,p) level of theory which provides a
first systematic attempt to evaluate the influence of the
“second sphere” substituents of the 1,4-diazabutadiene
moiety, that is, the heteroatoms of the oxazine ring, on the
regioselectivity (Scheme 1).
These calculations should provide an explanation for the


experimentally observed perfect regioselectivity of the reac-
tion and thus may be considered to be an important step to-
wards the general prediction of the outcome of catalytic cy-
cloaddition reactions in terms of their regio- or stereochem-
istry. To the best of our knowledge, to date there is no ex-


haustive theoretical investiga-
tion that explains the
regioselective reaction of bi-
functional substrates with both
potential reaction sites being
coordinated to the catalytically
active transition metal and
which include the complete cat-
alytic cycle.
There are a few reports deal-


ing with cycloaddition reactions
in which main group or transi-
tion metals are involved. The
former have essentially been in-
vestigated owing to their Lewis
acid activity. The role of BF3 or
BBr3 in the cycloaddition reac-
tion of a,b-unsaturated alde-
hydes with 1,3-butadienes,
which proceed via asynchro-
nous transition structures, has
been investigated by computa-
tional methods.[17] In contrast, it
has been shown that the reac-
tion of 2-azadienes with alde-
hydes catalyzed by BF3 works
by means of a concerted mech-
anism.[18] The Lewis acid coor-
dinates to the dienophile reduc-
ing the reaction barrier and in-
creasing the stereoselectivity by


interaction with the imine lone pair. The regioselectivity of
the Diels–Alder reaction of 4,5-dimethylene-2-oxazolidi-
nones with unsymmetrical dienophiles was also highly im-
proved by the addition of AlCl3 or TiCl4 as Lewis acid. Nev-
ertheless, calculations performed on this reaction did not ex-
plain the role of the metals since they were not taken into
consideration.[19]


Scheme 1. Catalytic reaction of N,N-bis(aryl)tetrahydropyrrolo-
[2,1c,1,4]oxazine-3,4-diylidenediamine with carbon monoxide and ethyl-
ene.


Scheme 2. Catalytic cycle of the [2+2+1] cycloaddition reaction of a diazabutadiene, carbon monoxide, and
ethylene to generate lactams.
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In the cobalt-catalyzed cycloaddition of 5-hexynenitrile
and 1,3-diynes leading to disubstituted 2,2’-bipyridines, the
function of the transition metal has been rationalized by cal-
culations. The regioselectivity of the reaction is ensured by
the preferential coordination of the catalytically active spe-
cies to an amino functional group constructed in the first un-
catalyzed reaction step.[20]


The most closely related reactions with respect to the sub-
ject of our work, in which a metallacycle is formed by a
formal cycloaddition reaction was described by Beckhaus
et al. The reaction of a titanocene vinylidene complex with
alkynes, diynes, or isothiocyanates results in methylene-met-
allacyclobutenes or methylene-metallathietane complexes,
respectively.[21] The regioselectivities of the cycloaddition re-
actions may be attributed to the polarity of the substituted
alkyne substrates or the lower polarity of the C=S bond
compared to the C=N bond in the latter case.


Computational Methods


Full-geometry optimizations (i.e. without symmetry constraints) were car-
ried out with the GAUSSIAN98 program package[22] in which the hybrid
Hartree–Fock DFT approach (B3LYP/6–311++G(d,p)) was used
throughout.[23] The density functional employed contains a term which ac-
counts for the effects of dynamic electron correlation (Coulomb hole).[24]


Use of a basis set with triple z quality[25] and which contains diffuse func-
tions allows a better consideration of weakly bound (i.e. van der Waals)
complexes, H-bridged species, and a variety of interacting electron lone
pairs. The B3LYP functional has previously been found to be of a suita-
ble theoretical level for the study of the interactions of transition metals
with ligands, especially with CO.[26]


Suitable starting geometries concerning the coordination sphere of the
iron atom were taken from the calculation of the complete catalytic cycle
of this cycloaddition reaction.[16] Stationary points were rigorously charac-
terized as minima or transition states according to the number of imagi-
nary modes by applying a second-order derivative calculation (vibrational
analysis).[27] Visualization of the reactive mode in the transition structures
was used to support the assignments of the pertaining minimum struc-
tures. Zero-point energy (ZPE) corrections have been made.


Thermochemistry calculations were performed by using the standard rou-
tine in GAUSSIAN98, Version A11 (for details see Gaussian 98 UserNs
Reference, Gaussian Inc., Carnegie Office Park, Building 6, Pittsburg,
PA, USA) or the freqchk routine in conjunction with the final checkpoint
file resulting from successful frequency calculations.[28] Reed and Wein-
holdNs natural bond orbital (NBO) analysis[29] was used to calculate natu-
ral atomic charges.


Results and Discussion


First of all we had to decide on the model compound for the
calculations. Scheme 3 shows four different degrees of sim-
plification. The pyrrolidine system—present in the system
used experimentally because prolinol was used as the start-
ing compound (Scheme 1)—was omitted in all cases. Com-
pound type A (Scheme 2, 3) was used to calculate the com-
plete catalytic cycle of this cycloaddition reaction, but due
to its symmetry A is not suitable for discriminating between
the two imine moieties. Compound type H has an amino
and a hydroxy substituent in the “second sphere” along the
diazadiene backbone, which allows a differentiation between
the two C=N bonds. It is however obvious that we have to


expect strong intramolecular hydrogen bonding effects,
which will influence the bonding in the 1,4-diazabutadiene
substrate both electronically and sterically. Compound type
J is very close to the system used in the experiments, but
the basis sets for calculations at a high level of theory would
be extremely large. Compound type I seems to be the best
compromise for a suitable model substrate in which the
bonding closely resembles that in the real substrate, and the
basis set is of a workable size.
Scheme 4 shows the two elementary steps of the catalytic


cycloaddition reaction that we investigated in the course of
this work. The addition of ethylene (B) to the cyclic (1,4-di-
azabutadiene)Fe(CO)3 complex I1 from the base of the
square-pyramidal coordination sphere of iron was shown to
be the rate-determining step of the whole reaction se-
quence.[16] In addition, these elementary steps produce the
new C�C bond between ethylene and the competing imine-
carbon atoms, and thus determine the regioselectivity of the
complete cycloaddition (Scheme 1). This reaction can also
be interpreted as a [3+2] cycloaddition reaction in which a
metal is involved leading to a new ferra-pyrrolidine ring and
thus is closely related to the formation of titanacyclobu-
tenes.[21] The addition of ethylene leads to the diastereo-
meric transition states TS1 and TS2, in which a new C�C
bond is formed between ethylene and the imine functional
group next to the oxazine nitrogen atom. Alternatively, the
new C�C bond is established between ethylene and the
imine functional group next to the oxazine oxygen atom
(TS3, TS4); these products reflect the experimentally ob-
served regioselectivity. The transition states TS1–TS4 then
produce the intermediates P1–P5. There is more than one
transition structure and more than one product for each re-
action channel because different conformations of the oxa-
zine ring system have to be taken into account. The methyl-
ene groups of the oxazine may be situated above or below
the plane formed by the imine functional groups and the
heteroatoms of the oxazine. Another way to describe the


Scheme 3. Different degrees of simplification leading to the model used
in the calculations.
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different conformations would be that the apical carbon
monoxide ligand may be situated on both sides of the
above-mentioned substrate plane leading to the same con-
formers.
Figures 1–3 show the calculated structures for the starting


compound I1, the transition states TS1–TS4, and the inter-
mediates P1–P5. Specific bond lengths are summarized in
Table 1. The calculated molecular structure of I1 is presented
in Figure 1. The bond lengths of I1 are typical for a (1,4-di-
azabutadiene)Fe(CO)3 complex. The C=N bonds are slightly


elongated due to back donation
from d orbitals of the iron atom
into p* orbitals of the imine
double bonds. In addition, the
C4�N3 and C5�O4 bonds are
shorter than normal single
bonds because of a de-
localization of electron density
between the imine double
bonds and the heteroatoms of
the oxazine system. The imine
functional group next to the ox-
azine oxygen atom (C5=N2)
seems to be a more efficient
donor site for the coordination
of the Fe(CO)3 group, because
the Fe�N2 bond is 2.0 pm
shorter than the corresponding
Fe�N1 bond (Table 1). The co-
ordination sphere of iron is a
square pyramid in which the
iron atom is situated slightly
above the base of the pyramid


Scheme 4. The addition of ethylene to I1 leading to TS1–TS4 and P1–P5.


Figure 1. Structure of I1 optimized at the B3LYP/6–311++G(d,p) level.
Bond lengths are given in Table 1.


Table 1. Calculated bond lengths [pm] of I1, TS1–TS4 and P1–P5 ; Calculations performed at the B3LYP/6–311++G(d,p) level.


I1 TS1 TS2 TS3 TS4 P1 P2 P3 P4 P5


Fe�C1 179.7 180.2 180.1 179.8 179.1 181.2 181.3 181.2 178.4 180.9
C1�O1 115.0 114.5 114.6 114.6 114.6 114.3 114.3 114.3 114.4 114.4
Fe�C2 179.5 179.0 180.3 180.6 180.0 178.4 178.3 178.3 180.9 178.4
C2�O2 114.8 114.6 114.6 114.6 114.6 114.4 114.4 114.4 114.4 114.4
Fe�C3 179.2 180.5 179.3 179.0 179.8 184.9 184.7 184.8 184.6 184.9
C3�O3 114.9 114.2 114.2 114.4 114.4 113.8 113.9 113.9 113.9 113.8
Fe�N1 196.7 196.4 196.8 200.0 199.9 202.6 202.1 203.1 203.6 203.5
Fe�N2 194.7 199.9 198.8 195.7 195.4 203.4 203.6 202.9 203.3 202.2
N1�C4 131.8 135.7 135.4 130.1 130.4 144.7 145.2 145.8 129.3 129.2
N2�C5 131.1 129.3 129.5 134.3 134.6 127.9 127.9 128.0 143.9 143.3
C4�C5 142.2 145.5 145.0 146.2 145.9 152.3 152.6 152.1 152.8 152.7
C4�N3 139.1 142.0 142.8 137.0 136.6 146.9 146.5 147.1 135.0 135.2
C5�O4 136.3 134.8 135.0 138.8 138.9 133.5 133.4 133.1 143.5 143.8
O4�C6 144.0 144.9 144.9 142.9 143.0 145.9 145.9 146.0 141.8 141.7
C6�C7 152.3 151.8 152.5 152.4 152.2 152.2 152.2 151.4 152.3 152.2
N3�C7 146.4 146.1 146.3 146.5 146.1 146.1 145.6 145.8 147.0 146.8
C8�C4 – 210.3 211.7 – – 156.0 156.0 156.1 – –
C8�C5 – – – 210.2 209.7 – – – 155.0 155.7
C8�C9 – 142.3 141.5 141.1 140.8 153.0 152.7 152.7 152.7 152.8
Fe�C9 – 247.8 253.3 258.4 259.5 211.7 211.3 211.6 211.5 211.5
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(N1, N2, C1, and C2). The geometry of the bonds around
N3 lies somewhere between a planar and a tetrahedral ar-
rangement with the sum of bond angles of 345.68. This tran-
sition from tetrahedral coordination (sum of bond angles
328.58 without consideration of the lone pair) towards pla-
narity (sum of bond angles 3608) is also attributed to the de-
localization of electron density between N1, C4, and N3.
The transition states TS1–TS4 are depicted in Figure 2,


and specific bond lengths are given in Table 1. All the tran-


sition states are formed by the addition of ethylene to I1
from the base of the square-pyramidal coordination sphere
around iron. TS1 and TS2 arise from an addition of the ethyl-
ene carbon atom C8 to the carbon atom next to the oxazine
nitrogen atom (C4), whereas in TS3 and TS4 a new C�C
bond (C5�C8) to the imine group next to the oxazine
oxygen atom is produced. In general, the bond lengths in
TS1–TS4 show some similar trends to those in the corre-
sponding substrate I1. The interaction between C9 and Fe
produces an octahedral coordination geometry around the
iron center. Nevertheless, this interaction in all cases is quite
weak and the bond lengths fall in the range 248–260 pm.
The interaction between C8 and C4 (TS1, TS2) or C5 (TS3,
TS4) shows bond lengths of 210–212 pm. The bond between
C8 and C9 is elongated compared to the C�C bond in free
ethylene (134.8 pm[16]) by about 6 pm.
The former imine nitrogen atom next to the carbon atom


that interacts with ethylene formally becomes a more nega-
tively charged amide donor compared with the imine nitro-
gen atoms in I1. The N�Fe bond lengths of this nitrogen
atom (N1 in TS1 and TS2, N2 in TS3 and TS4) to iron are


shorter than the distances between the unaffected imine ni-
trogen atoms, such as N2 in TS1, and the metal center. In
TS1 and TS2 this difference is 3.5 and 2.0 pm, respectively,
whereas the corresponding bond lengths in TS3 and TS4
differ by 4.3 and 4.5 pm, respectively.
Another interesting difference in the bonding modes in


the transition structures that are produced by the addition
of ethylene to the imine subunit next to the oxazine nitro-
gen atom (TS1, TS2) compared to TS3 and TS4 is related to


the geometry around N3. In
TS1 and TS2 the sum of angles
around N3 is 339.1 and 335.98,
respectively. Compared to the
situation in I1 this indicates a
shift towards a more tetrahe-
dral coordination mode for N3.
In contrast TS3 and TS4 show a
nearly perfectly planar arrange-
ment around N3 with a sum of
angles of 353.3 and 357.28, re-
spectively. Obviously, in TS1
and TS2 N3 is no longer part of
a delocalized system, whereas
the delocalization is at its opti-
mum for TS3 and TS4.
The conformations of the ox-


azine ring that resulted from
our calculations basically differ
by 1,2-, 1,3-, or 1,4-interactions
of the hydrogen atoms of ethyl-
ene with protons at the oxazine
ring. In TS1 there is one interac-
tion with the axial hydrogen
atom at C7 (249.2 pm) and an-
other one with the proton at N3
(255.9 pm). In TS2 the interac-
tion between ethylene and the
axial proton at C7 is still there


although it is much weaker (252.5 pm). The proton at N3
adopts a position trans to ethylene in this case. TS3 also
shows a quite short interaction between ethylene and the
axial hydrogen atom at C6 (242.9 pm), whereas the shortest
contact in TS4 is observed between ethylene and a hydrogen
atom at C7, which is much weaker (286.1 pm).
The calculated molecular structures of P1–P5 are depicted


in Figure 3, and specific bond lengths are listed in Table 1.
Following the reaction coordinate from the transition states
to the intermediates P1–P5, again leads to some similar
trends for all products compared to the situation in TS1–TS4.
The coordination sphere around the iron center is octahe-
dral. The Fe�C9 bond length is very similar in all products
(211.3–211.7 pm). The carbon monoxide ligand trans to the
formally carbanionic center at C9 shows the longest Fe�CCO
bond and, correspondingly, the shortest C�O bond length.
The Fe�N bonds are longer than in the transition states. The
differences between the Fe�N bonds in the same molecule
are between 0.2–1.5 pm in P1–P5.
Each molecule exhibits one C�N bond that is clearly a


double bond (N2�C5 in P1–P3, N1�C4 in P4 and P5) with a


Figure 2. Structures of TS1–TS4 optimized at the B3LYP/6–311++G(d,p) level. Bond lengths are given in
Table 1.
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bond length of 127.9 pm in P1–P3 and 129.3 pm in P4 and P5.
This difference is clearly due to the fact that the imine
group is situated next to the oxazine nitrogen atom in P1–P3


and next to the oxazine oxygen atom in P4 and P5. All the
remaining bond lengths are consistent with single bonds be-
tween the corresponding atoms.
The bonding around N3


shows the same trend as for the
transition states TS1–TS4. All
products in which a new C�C
bond is established between C8
and the imine group next to the
oxazine nitrogen atom show a
nearly perfect tetrahedral coor-
dination of N3 (sum of bond
angles P1: 330.98, P2 : 334.58, P3 :
333.58). On the other hand, all
compounds that were produced
by the addition of ethylene to
the imine group next to the ox-
azine oxygen atom show a per-


fectly planar arrangement of
substituents around N3 (sum of
angles P4 : 357.78, P5 : 355.98).
This observation is attributed to
the fact that the possibility of
establishing the delocalization
of any electron density from N3
to a p system is only present in
P4 and P5.
The conformers depicted in


Figure 3 again differ mostly by
variations of 1,2- and 1,3-inter-
actions of hydrogen atoms at
C8 with some protons of the
oxazine ring system. P3 and P4


show no short contacts of this
type. In P1 quite a short interac-
tion between protons at C8 and
C7 (235.4 pm) is observed. A
similar interaction may be seen
in P5 between hydrogen atoms
at C8 and C6 (223.8 pm). In P2


both hydrogen atoms at C8 are
in close contact to the proton at
N3 (240.0 pm, 245.1 pm).
Table 2 summarizes the cal-


culated total energies of the re-
actants I1 and B, the transition
states TS1–TS4, and the product
complexes P1–P5. In addition,
thermal and entropic correc-
tions have been applied, since
the experimental cycloaddition
reactions were carried out at a
reaction temperature of 438 K
and a pressure of 20 atm.[15a,16]


We have also shown that the re-
action works quantitatively with


lower pressures down to 1.5 atm.[15b] The reaction conditions
of 438 K and 10 atm are therefore realistic. Figure 4 shows
the energy profiles of the addition of ethylene, B, to [(1,4-di-
azabutadiene)Fe(CO)3], I1. In Table 3 the relative Gibbs
free energies of elementary steps leading to the stationary
points of the reactions are given.


Figure 3. Structures of P1–P5 optimized at the B3LYP/6–311++G(d,p) level. Bond lengths are given in Table 1.


Table 2. Calculated total energies E, energies after thermal and entropic corrections at 298.15 K and 1 atm
(Ec1), and energies after thermal and entropic corrections at 438 K and 10 atm (Ec2) for B, I1, TS1–TS4 and P1–
P5.


[a]


Compound �E [a.u.] [Nimag][b] ZPE [kcalmol�1] �Ec1 [a.u.] �Ec2 [a.u.]


B 78.6155382 [0] 31.87 78.5862822 78.5965222
I1 2000.0934433 [0] 93.65 1999.9879433 2000.0154383
TS1 2078.6675927 [1] 126.87 2078.5095777 2078.5388527
TS2 2078.666917 [1] 127.01 2078.508616 2078.537814
TS3 2078.6711452 [1] 126.74 2078.5134482 2078.5428592
TS4 2078.6704107 [1] 126.49 2078.5136397 2078.5433877
P1 2078.6981395 [0] 129.30 2078.5355555 2078.5641055
P2 2078.6957439 [0] 129.18 2078.5335849 2078.5622929
P3 2078.696566 [0] 129.14 2078.534616 2078.563413
P4 2078.7066372 [0] 129.13 2078.5445532 2078.5733082
P5 2078.7042162 [0] 129.12 2078.5419262 2078.5705382


[a] All calculations performed at the B3LYP/6–311++G(d,p) level. [b] Number of imaginary frequencies.
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Activation barriers : In comparison with the symmetrical
model complex A (Scheme 2,3), the “second sphere” atoms
N and O of the oxazine ring both cause the decrease of the
activation barriers for the ethylene addition, which for the
addition of A to B via TSA–B is 42.6 kcalmol


�1 (298.15 K,
1 atm).[16] In the case of the most stable transition states, TS1
and TS4, the oxazine nitrogen atom lowers this barrier (TS1)
by just 2.0 kcalmol�1, whereas the corresponding value for
the alternative addition via TS4 at the oxazine oxygen atom
site is significantly lower (4.6 kcalmol�1). In other words,
TS4 is the transition state that is lowest in energy; it is,
2.5 kcalmol�1 (298.15 K, 1 atm) or 2.8 kcalmol�1 (438 K,
10 atm) more stable than the lowest transition state for an
addition of ethylene to the carbon atom next to the oxazine
nitrogen atom (TS1).
It is obvious that there are no significant differences in


the selectivity of the reaction under the different reaction
conditions (Table 3, Figure 4).
The conformeric transition states and products TS1 and


TS2, TS3 and TS4, P1–P3 as well as P4 and P5 are so close in
energy that they interconvert at the temperatures chosen for
the calculations. In addition, the stabilization connected


with the formation of P1 from
TS1 is considerably lower than
the corresponding energy in the
reaction of TS4 to P4


(�16.30 kcalmol�1 versus
�19.40 kcalmol�1 at 298.15 K,
1 atm and �15.84 kcalmol�1
versus �18.78 kcalmol�1 at
438 K, 10 atm, Table 3). The
formation of adducts of ethyl-
ene with I forming product
complexes in which the new
C�C bond is established next to
the oxazine oxygen atom is fa-
vored thermodynamically due
to the relative product stability
as well as kinetically because of
the higher activation barrier of
a potential reverse reaction (cf.
the relative energies of TS1,
TS2, Figure 4).


NPA charges : Table 4 shows the NPA charges of selected
atoms of I1 and the transition states TS1–TS4. It can be seen
that Fe exhibits almost identical values for all transition
states. The charges of the imine-nitrogen atoms (N1, N2)
are shifted to more negative values on the addition of ethyl-
ene. The carbon atoms of ethylene also show very similar
charges. The most significant differences are observed for
the values calculated for C4 and C5. If the new C�C bond is


established to the imine group next to the oxazine nitrogen
atom (TS1, TS2) the NPA charge at C4 is lower than that in
the substrate I, whereas the corresponding charge at C5 is
enhanced. For TS3 and TS4, where ethylene is added to the
carbon atom next to the oxazine oxygen atom, higher charg-
es are observed at C4 and C5. In summary, this leads to a
much higher difference in the NPA charges between the
carbon atom C8 of ethylene and the imine-carbon atom of I
to which it is added for TS3 and TS4. Since this regioselectiv-
ity is the one that is exclusively observed in the experiments,
it appears to be conceivable that Coulombic interactions de-
termine the regioselectivity of this cycloaddition to a signifi-
cant extent.


Figure 4. The interaction of ethylene with I1 at different temperatures and pressures. For relative free energies
of I1, TS1–TS4, and P1–P5 see Table 2.


Table 3. Relative Gibbs free energies of elementary steps leading to TS1–
TS4 and P1–P5.


Elementary step DG Elementary step DG
(298.15 K, 1 atm) [kcalmol�1][a] (438 K, 10 atm) [kcalmol�1][a]


B + I1!TS1 40.56 B + I1!TS1 45.87
B + I1!TS2 41.17 B + I1!TS2 46.53
B + I1!TS3 38.14 B + I1!TS3 43.35
B + I1!TS4 38.02 B + I1!TS4 43.03
TS1!P1 �16.30 TS1!P1 �15.84
TS1!P2 �15.06 TS1!P2 �14.71
TS1!P3 �15.71 TS1!P3 �15.41
TS4!P4 �19.40 TS4!P4 �18.78
TS4!P5 �17.75 TS4!P5 �17.04


[a] Values have been determined taking frequency calculations into con-
sideration.


Table 4. NPA charges of selected atoms of I1 and TS1–TS4. Calculations
performed at the B3LYP/6–311++G(d,p) level.


I1 TS1 TS2 TS3 TS4


Fe �0.03 �0.10 �0.09 �0.09 �0.09
N1 �0.69 �0.81 �0.81 �0.71 �0.72
N2 �0.68 �0.71 �0.71 �0.80 �0.80
C4 0.32 0.29 0.29 0.42 0.41
C5 0.45 0.58 0.56 0.45 0.45
N3 �0.64 �0.66 �0.67 �0.63 �0.63
O4 �0.55 �0.55 �0.55 �0.58 �0.58
C8 – �0.46 �0.44 �0.47 �0.45
C9 – �0.50 �0.49 �0.47 �0.47
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The differences in the NPA charges suggest that the elec-
tronegativity—or s-acceptor ability—of the substituents in
1,4-diazabutadienes determine the regioselectivities. On the
other hand, as we pointed out before, one interesting prop-
erty of the transition structures and products concerns the
coordination geometry around the oxazine nitrogen atom.
This property of course corresponds to the ability of this
amino group to act as a p donor establishing a delocalized
p-electron system incorporating the adjacent imine group.
To determine whether the s-donor or the p-acceptor capaci-
ties are the decisive factor for the observed regioselectivities
we calculated the analogous reaction of ethylene with a 1,4-
diazabutadiene bearing either a fluoro, hydroxo, or amino
substituent in the 2-position. If the s-acceptor ability were
to prove the most important influence, the regioselectivity
would be at its optimium in the case of the fluoro substitu-
ent. If the p-donor ability was in fact the crucial influence
determining regioselectivity, the amino function would rep-
resent the most selective derivative.
Scheme 5 shows the iron tricarbonyl complexes I2–I4 of


the three 2-substituted 1,4-diazabutadiene ligands. The cal-
culated transition structures and products together with the
corresponding bond lengths are summarized in Figure 5 and
Table 5 (F-substituted), Figure 6 and Table 6 (OH-substitut-
ed), Figure 7 and Table 7 (NH2-substituted).


The bond lengths for I2–I4, TS5–TS10, and P6–P11 show sim-
ilar trends to those described for the transition structures
and products mentioned above. The approach of ethylene
during the formation of TS5–TS10 leads to an elongation of
the C�C bond in ethylene itself. In addition, the C�N bond


of the imine group that does not interact with ethylene is
shorter than that in the corresponding starting compound
I2–I4, whereas the other imine bond is also elongated. Inter-


Scheme 5. The addition of ethylene to I2–I4 leading to TS5–TS10 and P6–
P11.


Table 5. Calculated bond lengths [pm] of I2, TS5, TS8, P6, and P9 (R=F).
Calculations performed at the B3LYP/6–311++G(d,p) level.


I2 TS5 TS8 P6 P9


Fe�C1 180.3 180.9 180.4 181.6 181.3
C1�O1 114.5 114.3 114.4 114.3 114.2
Fe�C2 181.1 179.1 179.9 178.0 178.9
C2�O2 114.5 114.4 114.4 114.4 114.2
Fe�C3 179.2 180.2 180.2 185.1 185.2
C3�O3 114.5 114.1 114.1 113.7 113.7
Fe�N1 195.3 200.3 196.9 206.2 202.8
Fe�N2 190.5 195.1 197.0 201.9 202.4
N2�C4 133.8 136.0 129.8 145.8 127.2
N1�C5 131.0 128.5 134.0 126.5 142.3
C4�C5 139.4 142.8 143.5 149.3 150.6
C5�F 134.6 134.3 137.1 133.7 141.6
C4�C6 – 208.6 – 156.1 –
C5�C6 – – 206.3 – 154.8
C6�C7 – 141.9 141.3 153.3 153.0
Fe�C7 – 253.5 256.4 212.2 213.2


Table 6. Calculated bond lengths [pm] of I3, TS6, TS9, P7, and P10 (R=


OH). Calculations performed at the B3LYP/6–311++G(d,p) level.


I3 TS6 TS9 P7 P10


Fe�C1 179.9 180.6 180.5 181.3 181.3
C1�O1 114.6 114.4 114.4 114.4 114.3
Fe�C2 180.7 179.2 179.7 178.0 178.8
C2�O2 114.6 114.5 114.4 114.4 114.3
Fe�C3 179.5 179.8 180.5 184.8 184.8
C3�O3 114.6 114.2 114.1 113.8 113.8
Fe�N1 195.9 199.5 196.5 205.4 202.2
Fe�N2 189.7 194.4 197.5 201.7 202.1
N2�C4 133.7 135.8 129.6 145.7 127.3
N1�C5 131.4 129.3 134.9 128.1 144.5
C4�C5 140.6 144.2 144.6 150.1 151.2
C5�O4 136.0 135.4 138.9 134.0 142.2
C4�C6 – 209.3 – 155.8 –
C5�C6 – – 205.8 – 155.2
C6�C7 – 141.3 142.7 153.3 153.0
Fe�C7 – 259.3 246.4 212.1 213.2


Table 7. Calculated bond lengths [pm] of I4, TS7, TS10, P8, and P11 (R=


NH2). Calculations performed at the B3LYP/6–311++G(d,p) level.


I4 TS7 TS10 P8 P11


Fe�C1 179.6 180.3 180.5 181.0 181.4
C1�O1 114.7 114.6 114.4 114.4 114.3
Fe�C2 180.2 179.1 179.4 178.1 178.5
C2�O2 114.8 114.6 114.4 114.5 114.3
Fe�C3 179.7 179.6 180.0 184.6 184.5
C3�O3 114.7 114.3 114.0 113.9 113.8
Fe�N1 196.7 199.6 197.1 204.1 201.4
Fe�N2 189.9 194.0 197.6 202.0 202.2
N2�C4 133.2 135.5 129.8 145.4 127.4
N1�C5 132.2 130.5 136.4 129.2 136.4
C4�C5 141.4 144.9 144.3 151.0 144.3
C5�N3 138.9 137.5 142.2 135.6 145.8
C4�C6 – 209.4 – 155.6 –
C5�C6 – – 205.4 – 156.3
C6�C7 – 141.1 143.7 153.3 152.9
Fe�C7 – 261.5 239.7 212.0 212.6
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estingly, the bond length of the imine bond next to the het-
eroatom increases in the order F<OH<NH2 no matter
whether ethylene adds to this double bond or not. The re-
maining C�N double bond is almost unaffected by the het-
eroatom. The central C�C bond of the 1,4-diazabutadiene is
also longer for all transition structures TS5–TS10 than for I2–
I4 due to the loss of delocalization in the parent 1,4-diazabu-
tadiene system.
The formation of the products P6–P11 from TS5–TS10 also


leads to changes in the respective bond lengths, as expected.
Nevertheless, it should be noted that there are differences if
ethylene is added to the imine bond bearing the heteroatom
substituent (N1�C5) or to the imine function with a hydro-
gen atom as the substituent at the imine-carbon atom (N2�


C4). In the latter case the new Fe�C bond is always shorter
than that in the isomers in which ethylene is bound to C5.
In addition, the C6�C4 bonds are always slightly longer
than the C6�C5 bonds in the isomeric compounds.
The C�N bond lengths depend on the nature of the heter-


oatom: For R=F the C�N double bond in P6 (C5�N1) is
shorter than the corresponding bond in P9 (C4�N2). On the
other hand, the C�N single bond in P6 (C4�N2) is longer
than the C5�N1 bond in P9. For R=OH or NH2 this trend
is reversed: the C�N double bond in P7 and P8 (C5�N1) is
longer than the corresponding bond in P10 and P11 (C4�N2),
respectively. The C�N single bond in P7 (C4�N2) is longer
than the C5�N1 bond in P10, whereas the C4�N2 bond in P8


is shorter than the C5�N2 bond. These facts again demon-


Figure 5. Structures of I2, TS5, TS8, P6, and P9 optimized at the B3LYP/6–311++G(d,p) level. Bond lengths are given in Table 5.


Chem. Eur. J. 2004, 10, 5717 – 5729 www.chemeurj.org B 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5725


Iron-Catalyzed [2+2+1] Cycloadditions 5717 – 5729



www.chemeurj.org





strate the higher p-donor abilities of a NH2 substituent,
leading to a delocalization of electron density towards the
imine moiety.
Table 8 summarizes the calculated total energies of the re-


actants I2–I4, the transition states TS5–TS10, and the product
complexes P6–P11. Figure 8 shows the energy profiles of the
addition of ethylene (B) to I2–I4. In Table 9 the relative
Gibbs free energies of elementary steps leading to the sta-
tionary points of the reactions are given.
From Figure 8 and Table 9 it is obvious that for R=F


there is no selectivity for the addition of ethylene (B) to I2.
The two transition structures represent essentially the same
activation barrier. The product in which ethylene is added
to the imine group bearing the fluorine substituent (P9) is
just 1.2 kcalmol�1 more stable than P6 relative to the reac-
tants I2 and B.
If a hydroxo group is present in the 2-position of the 1,4-


diazabutadiene (I3), the activation barrier leading to the ad-


dition of ethylene to the imine
group in the 3-position (TS6,
Scheme 5, Figure 6) is 5.0 kcal
mol�1 lower than the barrier for
the addition of ethylene to the
imine bond next to the hydroxo
group. The formation of the
corresponding products P7 and
P10 is 1.1 kcalmol


�1 more exo-
thermic for P10. Nevertheless,
P7 is 3.9 kcalmol


�1 more stable
than P10 relative to I3 and B.
The differences in the activa-
tion energy lead to a regioselec-
tive addition of ethylene to I3
to give P7.
If an amino group is used as


the substituent (I4, Scheme 5,
Figure 7), the addition of ethyl-
ene to give TS7 has an activa-
tion barrier 7.6 kcalmol�1 lower
than that for the formation of
TS10. In this case the formation
of P8 from TS7 is also more
exothermic (4.14 kcalmol�1)
than the reaction of TS10 to pro-
duce P11, leading to an overall
stabilization of P8 over P11 of
11.8 kcalmol�1 relative to the
reactants I4 and ethylene. In the
reaction of I4 with ethylene a
perfect regioselectivity is there-
fore expected in generating the
product in which ethylene inter-
acts with the imine-carbon
atom in the 3-position (TS7, P8).
Table 10 shows the NPA


charges of selected atoms of I2–
I4 and the transition states TS5–
TS10. In contrast to the values


Table 8. Calculated total energies E for I2–I4, TS5–TS10 and P6–P11.
[a]


Compound R �E [a.u.] [Nimag][b] ZPE
[kcalmol�1] [kcalmol�1]


I2 F 1891.3147247 [0] 52.61
I3 OH 1867.2952703 [0] 60.23
I4 NH2 1847.4245624 [0] 68.04
TS5 F 1969.8888788 [1] 85.77
TS6 OH 1945.8714572 [1] 93.54
TS7 NH2 1926.0015656 [1] 101.20
TS8 F 1969.8887558 [1] 85.61
TS9 OH 1945.8629218 [1] 93.16
TS10 NH2 1925.9893032 [1] 101.14
P6 F 1969.9172107 [0] 88.04
P7 OH 1945.9008121 [0] 95.96
P8 NH2 1926.0168416 [0] 103.55
P9 F 1969.918793 [0] 87.83
P10 OH 1945.894105 [0] 95.66
P11 NH2 1926.0355175 [0] 103.50


[a] All calculations performed at the B3LYP/6–311++G(d,p) level.
[b] Number of imaginary frequencies.


Figure 6. Structures of I3, TS6, TS9, P7, and P10 optimized at the B3LYP/6–311++G(d,p) level. Bond lengths are
given in Table 6.
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presented in Table 4 it is obvi-
ous here that Coulombic inter-
actions are not the main reason
for the regioselectivity in the
reaction of I3 and I4 compared
to I2. The charge differences be-
tween C6 and the imine-carbon
atom interacting with ethylene
for all substituents is bigger for
those transition structures in
which an addition of ethylene
to the imine group in the 2-po-
sition bearing the heteroatom
takes place. Taking into account
only Coulombic interactions
would lead to incorrect predic-
tions in terms of the regioselec-
tivity in the reactions of I3 and
I4 and would lead to a greatly
overestimated value for the re-
gioselectivity in the reaction of
I2. On the other hand, the NPA
charges also demonstrate the
higher p-donor capability of an
amino group compared to the
OH and F substituents. The
amino-nitrogen atom shows a
much higher partial negative
charge than O4 and F corre-
sponding with a less positive
NPA charge at C5. This means
that the amino group is able to
effectively establish a delocal-
ized p-electron system with the
adjacent imine group by conju-
gative effects.


Conclusion


From this investigation we con-
clude that high-level B3LYP/6–
311++G(d,p) DFT calculations
allow the reliable interpretation
and prediction of the subtle


substituent effects that are responsible for the regioselectivi-
ty of the ethylene addition to substituted [(1,4-diazabutadi-
ene)Fe(CO)3] complexes.
Calculations on related 1,4-diazabutadienes with substitu-


ents in the 2-position indicated that the reason for this re-
gioselectivity is not the electronegativity and thus the s-ac-
ceptor ability of the heteroatom, but that this effect is over-
compensated for by the p-donor ability of the hetero sub-
stituents. The more efficient a directing substituent X, the
better it supports—incorporating the adjacent imine
moiety—the formation of a delocalized p system, (X)�C=
NH with X=H, F, OH, NH2. In other words, without excep-
tion, the ethylene attack will always be directed towards the
less stable (X)�C=NR subunit that exhibits the less efficient


Figure 7. Structures of I4, TS7, TS10, P8, and P11 optimized at the B3LYP/6–311++G(d,p) level. Bond lengths
are given in Table 7.


Table 9. Relative Gibbs free energies of elementary steps leading to TS5–
TS10 and P6–P11.


Elementary step DG [kcalmol�1]


B+ I2 !TS5 27.26
B+ I2 !TS8 27.18
B+ I3 !TS6 26.13
B+ I3 !TS9 31.11
B+ I4 !TS7 25.47
B+ I4 !TS10 33.11
TS5!P6 �15.51
TS8!P9 �16.63
TS6!P7 �16.00
TS9!P10 �17.07
TS7!P8 �19.01
TS10 !P11 �14.87
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delocalization of p-electron density. If the 2,3-carbon atoms
of the 1,4-diazabutadiene are part of an oxazine ring system
as in I1 or in J (Scheme 3), the two p systems (O)�C=NH
and (N)�C=NH compete. The p system of the (N)�C=NH
moiety is obviously better stabilized and thus forces the eth-
ylene attack to the oxygen site. As demonstrated, this path-
way demands a lower activation barrier and results in a
product that is better stabilized. All our DFT results are in
complete agreement with our earlier experimental findings.
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Oxidation of CS2 by AsBr4
+ : The Unexpected Formation of the Simple


CS2Br3
+ Carbenium Ion


Marcin Gonsior and Ingo Krossing*[a]


Introduction


In the last decade it was shown that the heavier main-group
elements P–Sb, S–Te, and Cl–I are astonishingly good p


donors towards a carbocation center.[1] Of all a-hetero sub-
stituents of non-metallic elements the best p-donors are the
lone pair orbitals of nitrogen. Oxygen and sulfur lone pair
orbitals show slightly weaker donating strength towards a
carbenium center than nitrogen, and least stabilizing are
those of the halogens.[2] Some structures of simple carbo-
cations including O and S as a-heteroatoms are known, that
is, salts of (MeS)2CSH+ ,[3] C(OH)3


+ ,[4] (MeO)2COH+ ,[5]


(MeO)(MeS)CSH+ ,[6] and C(SH)3
+ .[7] However, the availa-


ble information on carbenium ions with a-halogen atoms
is scarce. Structurally characterized nonaromatic simple
carbocations with C�X (X=F–I) bonds are limited to
(Me)2CF+ ,[8] (MeO)C(H)X+ (X=F, Cl),[9] (NH2)ClBrC+


,
[10]


(NH2)Cl2C
+ ,[11] (Me)NCH2CH2SCBr+ ,[12] (Me)(NH2)XC+


(X=Cl, Br),[13,14] and (CH=CH)(MeN)2CI+ [15] shown in


Figure 1. However, cations bearing an NR2 group are better
addressed as iminium salts.


For the completely halogen-substituted CX3
+ ions it was


predicted[1,2,16,17] that the stabilizing effect of the halogen
substituent increases from F to I (in opposition to the earlier
conclusions[18]). The theoretical prediction was confirmed by
the synthesis[17] and crystal structure of a room-temperature
stable CI3


+ salt.[19] Also the crystal structures of its lighter
homologues CCl3


+ and CBr3
+ have been published very re-


cently.[20] In most simple and reactive carbocations, fluoro-


[a] M. Gonsior, Priv. Doz. Dr. I. Krossing
Universit=t Karlsruhe, Institut f>r Anorganische Chemie
Engesserstrasse Geb. 30.45, 76128 Karlsruhe (Germany)
Fax: (+49)721-608-4854
E-mail : krossing@chemie.uni-karlsruhe.de


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


Abstract: During the preparation of
AsBr4


+[Al(OR)4]
� , the novel carbo-


cation CS2Br3
+ was synthesized by


reaction of AsBr3, Br2, CS2, and
Ag[Al(OR)4] (R=C(CF3)3). CS2Br3


+


[Al(OR)4]
� was characterized by its


crystal structure, NMR and IR spec-
troscopy, and quantum chemical calcu-
lations (including COSMO solvation
enthalpies). Additional experiments as
well as the computed thermodynamics
indicated two likely reaction pathways:
Ag+ +2Br2+CS2!CS2Br3


+ +AgBr
and the direct 4e� oxidation reaction


AsBr4
+ +CS2!CS2Br3


+ + 1=6As6Br6.
Both reactions were observed experi-
mentally and were calculated to be ex-
ergonic in solution by �226 and
�56 kJmol�1 respectively. As a result
of charge delocalization the C�S and
C�Br distances in the cation are short-
ened by 0.06 to 0.08 G; the S�Br dis-
tances are also slightly shortened indi-


cating a delocalization of the charge
also to the bromine atoms in the
(S�)Br moieties. Based on an analysis
of the cation–anion contacts as well as
quantum chemical MP2 calculations, a
delocalization model as a planar 10p
electron system is discussed and the p


molecular orbitals are given. It will be
shown that the electronic situation of
CS2Br3


+ is very close to that in CBr3
+ ,


that is, the properties of SBr moieties
and Br atoms as p donors towards a
formal C+ center are comparable.


Keywords: arsenic · carbenium
ion · carbon disulfide · oxidation ·
weakly coordinating anions


Figure 1. All known structurally characterized nonaromatic carbocations
bearing a halogen substituent. The cations with NR2 groups (R=H, Me,
alkyl) are best interpreted as iminium salts.
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metallates of type MF6
� and M2F11


� (M=As, Sb) were used
as weakly coordinating anions (WCA). By contrast, the CI3


+


salt contains a new WCA—the fluorinated alkoxyaluminate
[Al(OR)4]


� (R=C(CF3)3),
[21] which is also used in the pres-


ent work. In our continuing studies of the reactivity of the
EX2


+ ions (E=P, As) we fortuitously synthesized and fully
characterized the novel CS2Br3


+ carbocation by the 4e� oxi-
dation of CS2 with AsBr4


+ . We will show that the CS2Br3
+


cation is electronically very close to the above-mentioned
CBr3


+ . To the best of our knowledge, this is the first struc-
tural report of a carbocation that incorporates C+�S�X
bonds (X=halogen). Only one report on the related mar-
ginally stable Cl2CSX+ (X=Cl, Br) ion, characterized by IR
and NMR spectra, is available.[22]


Results


First synthesis of CS2Br3
+[Al(OR)4]


� : Recently we prepared
AsBr4


+[Al(OR)4]
� , which includes the AsBr4


+ ion that was
hitherto only structurally characterized by G. J. Schrobilgen
et al. in AsBr4


+[FAs(OTeF5)5]
+ .[23] The AsBr4


+ ion was first
synthesized and characterized by Raman spectroscopy by
Klapçtke and Passmore.[24] AsBr4


+[Al(OR)4]
� was prepared


from AsBr3, Br2, and Ag[Al(OR)4] (R=C(CF3)3) in analogy
to the PX4


+ syntheses.[25] Full details of this reaction will be
described elsewhere.[26] The reaction proceeds at low tem-
perature in CH2Cl2 with precipitation of AgBr giving crys-
talline AsBr4


+[Al(OR)4]
� in 54% yield. However, when


methylene chloride was replaced by a 1:1 mixture of
CH2Cl2/CS2, yellow crystals of a different shape than those
of AsBr4


+ precipitated from the cold concentrated filtrate in
50% yield. The IR spectrum of those crystals did not con-
tain the characteristic AsBr4


+ band at 354 cm�1[23] and,
therefore, we decided to determine their crystal structure.
The single-crystal X-ray determination showed the crystal to
be CS2Br3


+[Al(OR)4]
� (1). The 13C NMR spectrum of the


same batch of crystals in CD2Cl2 at 213 K only showed a sin-
glet at d=209.7 ppm apart from the signals of the anion at
d=120.5 (q) and 78.0 ppm (broad). 13C NMR spectra of
(MeS)2CSH+ ,[3] (MeO)(MeS)CSH+ ,[6] Cl2CSCl+ ,[21] and
Cl2CSBr+ [21] in SO2 show signals assigned to the carbocation
center in a similar range at d=221–231 ppm. We attribute
the small high-field shift of D(d 13C) of 11–21 ppm in 1 to
the presence of the heavy bromine atom at the carbenium
center and the inverse halogen dependence of the shifts of
compounds with a heavy halogen substituent.[16,27] Com-
pound 1 is very sensitive to air and moisture, but is stable at
room temperature in the solid state and for at least 20 h in
CH2Cl2.


Crystal structure : The CS2Br3
+[Al(OR)4]


� salt (R=C(CF3)3,
Figure 2) crystallizes in the monoclinic space group P21/c
with two independent molecules in the asymmetric unit
(Z=8).[28] Needle-shaped yellow crystals were obtained
from a CH2Cl2/CS2 mixture at �80 8C. The C�Br, C�S, S�Br
distances of both independent cations (CS2Br3


+ #1 and
CS2Br3


+ #2) and their average values together with relevant
bond angles are given in Table 1. For comparison the MP2/


TZVPP optimized structural parameters of gaseous CS2Br3
+


are also included.
Experimental and calculated structural parameters of the


cation are in excellent agreement and deviate by less than
0.03 G and 1.58. The coordination of the carbenium centers
in CS2Br3


+ is ideally planar as shown by the sum of the
bond angles of 360.0o, but the CS2Br3


+ ions are slightly dis-
torted from Cs symmetry with Br�S�C�Br torsion angles of
1.72(3)8 to 2.58(3)8 or 179.74(2)8 to 179.75(2)8. The C�S dis-
tances of 1.669(3) to 1.702(3) G are in the expected range
and intermediate between a single and a double bond length
(charge delocalization). However, there is a small but signif-
icant difference of about 0.028 G in the length of the two
sets of C�S bonds (vide infra). In (MeS)2CSH+ [3] both
equivalent C�S bonds (of the MeS group) are the same at
about 1.682(8) G, while in C(SH)3


+ values from 1.683(5) to
1.712(6) G[7] and in (MeO)(MeS)CSH+ [6] values between
1.692(7) and 1.702(7) G were observed. The CS2Br3


+ ion in-
cludes the shortest C�S bond length (1.669(3) G) of all
sulfur-stabilized carbenium ions. Interestingly, the C�Br dis-
tance in 1 (1.818(3) G, av.) is shortened in comparison to


Figure 2. Section of the solid-state structure of CS2Br3
+[Al(OR)4]


� (R=


C(CF3)3). For clarity only one cation–anion (#1) pair is shown (thermal
ellipsoids drawn at the 25% probability level).


Table 1. Experimental and calculated distances [G] and angles [8] of the
CS2Br3


+ ion.


CS2Br3
+ (#1) CS2Br3


+ (#2) Average Calcd[a]


C01�S1 1.696(3) C02�S3 1.702(3) 1.699(3) 1.690
C01�S2 1.669(3) C02�S4 1.672(3) 1.671(3) 1.689
C01�Br3 1.817(3) C02�Br6 1.819(3) 1.818(3) 1.838
S1�Br1 2.149(1) S3�Br4 2.118(1) 2.133(1) 2.159
S2�Br2 2.139(1) S4�Br5 2.159(1) 2.149(1) 2.148
Br2�Br3 3.401(3) Br5�Br6 3.376(4) 3.389(4) 3.382
Br1�S2 3.083(3) Br4�S4 3.122(3) 3.102(3) 3.130


Br3-C01-S1 111.76(2) Br6-C02-S3 111.03(2) 111.40(2) 112.6
Br3-C01-S2 127.2(2) Br6-C02-S4 127.5(2) 127.4(2) 125.9
S1-C01-S2 121.0(2) S3-C02-S4 121.5(2) 121.3(2) 121.5
Br1-S1-C01 102.19(1) Br4-S3-C02 103.14(1) 102.67(1) 103.1
Br2-S2-C01 105.64(1) Br5-S4-C02 104.28(1) 104.96(1) 105.4


[a] MP2/TZVPP level.
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usual C�Br bond lengths by about 0.06 to 0.08 G, that is, the
Br atom is bonded to an sp2-carbon with d(C�Br)=1.881–
1.899 G.[29] By contrast, the C�Br distance in 1 is in good
agreement with the C�Br bond length in the recently pre-
pared CBr3


+ ion (1.783(16)–1.851(16) G, average
1.806(16) G).[19] This shows that CBr3


+ and CS2Br3
+ are


electronically very similar and that the SBr group in
CS2Br3


+ has a similar electronegativity and p-donor strength
as a single Br atom in CBr3


+ . In the CS2Br3
+ ion, the S�Br


distances are slightly on the short side and range from
2.118(1) to 2.159(1) G relative to d(S�Br)=2.169(2) G[30] in
Ph3CSBr and 2.24 G in S2Br2.


[29] This indicates that the S�Br
distance is also shortened as a result of the delocalization of
the positive charge. The structural parameters of the anion
are normal.[31,32] The cation–anion contacts of the two inde-
pendent CS2Br3


+ ions in 1 are deposited as Supporting In-
formation (Figure A). No strong contacts between the car-
benium center and the anion are present. The strongest
cation–anion contacts are found between the two S atoms as
well as the (C�)Br atoms and the fluorine atoms of the
anion (see Supporting Information). Using BrownQs empiri-
cal formula[33] we calculated the partial charges residing on
the sulfur atoms from the number and length of the fluorine
contacts. Parameters for Br···F contacts are not available.
The experimentally estimated partial charges together with
the results of a population analysis of the calculated struc-
ture (MP2 level) are summarized in Table 2.


From the estimated partial charges and also from the
number and strength of the E···F contacts (E=S, Br), it fol-
lows that the positive charge is delocalized from the carbeni-
um center primarily to the S and (C�)Br atoms. It should be
noted that in contrast to the computational prediction the
two strongest cation–anion contacts are directed towards the
(C�)Br atoms (0.35 G shorter than the sum of the van der
Waals radii), while the shortest S�F contacts are only 0.25 to
0.27 G shorter than the sum of the van der Waals radii. In
summary we note that the positive charge in CS2Br3


+ is de-
localized almost evenly among the S and (C�)Br atoms,
while relatively little positive charge is transferred to the
(S�)Br atoms. This is in qualitative agreement with the MP2
calculation.


In the solid state, the salt 1 forms a distorted CsCl struc-
ture with the almost spherical [Al(OR)4]


� ion forming a
primitive cubic array and the CS2Br3


+ ions residing in the
center of the cubic interstices (see Figures B and C in the
Supporting Information).


Computational results : The total MP2 energy, zero-point en-
ergies, solvation energies as well as thermal and entropic
contributions to the enthalpy and the free energy of all cal-
culated species are collected in Table B in the Supporting
Information. The optimized geometries of CS2Br3


+ (Cs),
AsBr4


+ (Td), As6Br6 (D3d), CS2 (D8h), and AsBr3 (C3v), but
excluding Ag+ , AgBr, and Br2, are deposited as Supporting
Information in Figure D. Four additional isomers of CS2Br3


+,
I (C2), II (C2v), III (C2), and IV (C2v), were also assessed
(BP86/TZVPP, including vibrational analysis at the BP86/
SVP level). They are shown in Figure 3.


The most favorable geometry of the isomers is the one
found in the solid state (Figure 3, in the middle). All other
isomers I to IV may be present in solution as intermediates.


Vibrational spectroscopy: The IR spectrum of a Nujol mull
of crystalline 1 shows vibrations assigned to the anion
[Al(OR)4]


� and weak bands assigned to the CS2Br3
+ ion. To


enable a complete assignment, we calculated the vibrational
frequencies of the CS2Br3


+ and [Al(OR)4]
� ions (BP86/SVP


level), and simulated the spectra of 1 as well as the isolated
anion as superposition of Gauss functions. Simulations and
experimental spectra are shown in Figure E (see Supporting
Information). Experimental and calculated frequencies of
the cation of 1 are listed in Table 3.


In comparison to the simulated spectra only the vibrations
at 257, 492, and 916 cm�1 can clearly be assigned to the
cation. The calculated BP/SVP cation band at 960 cm�1


(MP2/TZVPP: 1057 cm�1) is covered by the intense anion
band at 973 cm�1. The BP/SVP calculated bands at 377, 402,
409 cm�1 appear in the range 365–427 cm�1 as a shoulder of
the 445 cm�1 anion band. The detailed assignment of the
cation bands is given in Table 3. The band at 916 cm�1 is as-
signed to the C�Br stretch and may be compared to the C�
Br vibration in the CBr3


+ ion that was calculated by Schro-


Table 2. Charge distribution in the CS2Br3
+ ion.


From lattice S···F contacts Population analysis[b]


atom in #1 (#2) partial charge[a] atom partial charge


C01(C02) – C +0.03
S1 (S3) +0.30 S +0.34
S2 (S4) +0.23 S +0.35
Br3 (Br6) – Br +0.19
Br1 (Br4) – Br +0.04
Br2 (Br5) – Br +0.05


[a] Average charge on the both equivalent sulfur atoms. [b] Paboon=
Population analysis based on occupation numbers.


Figure 3. Isomers I–IV of the experimentally found CS2Br3
+ ion in the


middle calculated at the BP86/TZVPP level. Relative energies (Erel) are
given in kJmol�1. Structures II and IV are transition states with one
imaginary frequency. All other species are true minima.
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bilgen et al. to appear at
932 cm�1 (no experimental data
are available),[20] while MP2/
TZVPP gave a value of
916 cm�1. The band at 492 cm�1


is supposed to be the stretching
vibration of the S�Br bond (S�
Br2/5); in Cl2CSBr+ a band at
492 cm�1 was assigned to the S�
Br vibration.[22] The vibration of
CS2Br3


+ calculated at 433 cm�1


and observed between 365 and
427 cm�1 was assigned to the
out of plane deformation of the
BrCS2 core. This mode appears
in the (MeS)2CSH+ cation at
about 465 cm�1.[5]


Discussion


On the mechanism of the formation of 1: There is no doubt
that the solvent CS2 takes part in the reaction leading to 1
so that we now write the following incomplete reaction in
Equation (1):


AsBr3 þ Br2 þAg½AlðORÞ4� þ CS2 !
CS2Br3


þ½AlðORÞ4�� þAgBrþ . . .
ð1Þ


To investigate how and which species reacted with CS2 we
carried out ab initio calculations at the MP2/TZVPP level,
including the estimation of the Gibbs energy of the reac-
tions at 298 K in CH2Cl2 (COSMO solvation model). The
state of the participating particles is either in CH2Cl2 as indi-
cated by subscript “(CH2Cl2)” or solid as indicated by sub-
script “(s)”. We assumed that in the first step of the reac-
tion, the AsBr4


+ ion was formed from AsBr3, Br2 and the
silver salt [Eq. 2)]:


AsBr3 ðCH2Cl2Þ þ Br2 ðCH2Cl2Þ þAgþ ðCH2Cl2Þ !
AsBrþ4 ðCH2Cl2Þ þAgBrðsÞ DGo ¼ �255 kJmol�1


ð2Þ


The pentavalent arsenic atom in AsBr4
+ may than serve


as an oxidant for CS2 in the following 4e� oxidation reaction
[Eq. (3)]:


AsBrþ4 ðCH2Cl2Þ þ CS2 ðCH2Cl2Þ !
CS2Br


þ
3 ðCH2Cl2Þ þ


1=6As6Br6 ðsÞ DGo ¼ �56 kJmol�1
ð3Þ


forming an AsI-bromide that could be oligomeric, that is,
As6Br6, see Supporting Information. The entire reaction is
exergonic by �311 kJmol�1 [Eq. (4)]:


AsBr3 ðCH2Cl2Þ þ Br2 ðCH2Cl2Þ þAgþ ðCH2Cl2Þ þ CS2 ðCH2Cl2Þ !
CsBrþ3 ðCH2Cl2Þ þAgBrðsÞ þ 1=6As6Br6 ðsÞ


DGo ¼ �311 kJmol�1


ð4Þ


To confirm this hypothesis we reacted pure AsBr4
+


[Al(OR)4]
� in CH2Cl2 with excess CS2 at �50 8C, allowed


the mixture to warm to room temperature and removed all
the volatiles in vacuo. The residue was dissolved in CD2Cl2
and the 13C NMR spectrum was identical to that of crystals
of 1.[34] It should be mentioned that in the presence of
excess carbon disulfide the carbocation signal could not be
detected presumably due to exchange processes in the so-
lution even at low temperatures. We also calculated a differ-
ent route, which excludes the participation of AsBr3 in the
reaction assuming that only Ag+ , Br2, and CS2 are necessary
to form 1 in the following reaction [Eq. (5)]:


Agþ ðCH2Cl2Þ þ 2Br2 ðCH2Cl2Þ þ CS2 ðCH2Cl2Þ !
CS2Br


þ
3 ðCH2Cl2Þ þAgBrðsÞ DGo ¼ �226 kJmol�1


ð5Þ


Since the reaction in Equation (5) is exergonic, we con-
ducted an experiment in which Br2 was condensed into a
cooled solution of Ag[Al(OR)4] in CH2Cl2/CS2 1:1. Immedi-
ate precipitation of AgBr was observed. From this reaction
yellow crystals were obtained in 38% yield that proved to
be 1 (NMR, IR spectroscopy). This demonstrates that 1 may
also be obtained by a reaction according to Equation (5)
and one cannot distinguish between routes in Equations (4)
and (5).


Structure and bonding of CS2Br3
+ : The experimentally ap-


proximated charge of the sulfur atoms together with the
careful analysis of the number and strengths of the fluorine
contacts to the C, Br, S atoms of the cation and the popula-
tion analysis of CS2Br3


+ indicate a delocalized bonding sit-
uation (see resonance structures in Figure 4).


Structure A has practically no contribution, since only
one very weak fluorine contact (3.183 G av) to the carbeni-
um center is present. The most important structures are B,
C, and D in which the majority of the charge resides on the
S and (C�)Br atoms. Consequently the C�S and C�Br
bonds are shortened by about 0.07 to 0.09 G relative to a
Csp2�S single bond length[29,12] (Table 4) and 0.07 G (av) if
compared with d(Csp2�Br)[29] (Table 4). This suggests strong
double bond contributions to both, the C�S and C�Br
bonds.


Table 3. Experimental and calculated frequencies of the cation of 1 (for the full list of experimental and calcu-
lated vibrations of the anion and cation of 1 see Table C in the Supporting Information).


Experiment MP2/TZVPP BP/SVP Possible
n intensity n intensity n intensity assignment
[cm�1] [cm�1] [kmmol�1] [cm�1] [kmmol�1]


86 (0) 79 (0)
91 (1) 81 vw (1)


100 (0) 88 (0)
117 (1) 106 vw (1)
188 (0) 176 (0)


257 w 264 (1) 247 vw (2) d(S�C�Br)
365 [a] 430 w (21) 377 vw (11) d(BrCS2)


[a] 433 vw (3) 402 vw (3) g(BrCS2)
�427 [a] 468 w (31) 409 w (43) n(S�Br1/4)


492 w 512 vw (18) 466 vw (13) n(S�Br2/5)
916 w 956 w (70) 894 w (48) n(C�Br)
973 [a] 1057 w (217) 960 w (85) nas(S�C�S)


[a] Approximate position of the CS2Br3
+ bands overlapping with anion bands.
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The range of the C�Br bond lengths given in Table 4 is in
good agreement with the theoretical prediction of the p-do-
nating strength of the ligands: with the electron-rich NH2


group[35,36] as electron donor the cations are clearly iminium
salts; however, CS2Br3


+ is a mixture between sulfonium and
bromonium, while CBr3


+ is clearly a bromonium cation and
not a carbenium ion. The similarity of the C�Br distances in
CS2Br3


+ and CBr3
+ ions confirm the similar bonding situa-


tion as a result of the similar electronic properties of the
SBr and Br ligands (see also p MOs below). The structures
E, F, and G play a smaller, but still relevant role. The S�Br
distances in the structure are slightly shortened and many
weak fluorine contacts are formed to the (S�)Br atoms, indi-
cating the presence of a small positive partial charge on
these (S�)Br moieties. The charge residing on the equivalent
sets of Br1, Br4 atoms and Br2, Br5 atoms is different, since
Br1 and Br4 exhibit nine contacts, while for Br2 and Br5


only five contacts are observed. An explanation for this be-
havior may be found in structure G in Figure 4: The con-
tacts Br1�S2 and Br4�S4 are short, 3.083(3) G and
3.122(3) G respectively (sum of the van der Waals Radii of
S and Br: 3.70 G), so the bromine atoms can also serve as
electron donors for the sulfur atom in the second S�Br
moiety. This also explains the different C�S distances
(1.671(3) G and 1.699(3) G, on average): C01�S2 and C02�
S4 are shortened as a result of the additional C=S bond in
resonance structure G so that the set of equivalent C01�S2
and C02�S4 bonds have more p character than the other C�
S bonds.[37] This assignment is in good agreement with the
lower estimated partial charges residing on the sulfur atoms
S2 and S4 (Table 2). As a result of the electron donation
from the bromine to the sulfur atom, the partial charge on
S2/S4 is reduced to +0.23, while on S1/S3 it is +0.30. The
CS2Br3


+ ion forms a planar 10p-system. The six relevant p


orbitals (five occupied and one unoccupied, HF/TZVPP
level) are shown in Figure 5 as a projection along its Cs
mirror plane.


The most important noncancelled p MO in Figure 5 is
HOMO�4. This orbital delocalizes a p bond over the cen-
tral CS2Br region. In contrast the S�Br p bonds in
HOMO�2 and HOMO�3 are cancelled by the HOMO and
HOMO�1. This again underlines our conclusion that the


SBr moieties are electronically
close to the Br atom and, there-
fore, the 10p CS2Br3


+ ion is
closely related to the 6p CBr3


+


ion with very similar MOs to
HOMO�4 and LUMO.


Four electron oxidation of CS2 :
The reaction AsBr4


+ +CS2!
CS2Br3


+ + 1=6As6Br6 is a rare ex-
ample of an electrophilic four-
electron oxidation reaction. To
our knowledge this is the first
report of an electrophilic oxida-
tion of CS2 by a cation. The
only related example we found
is the radical oxidation of CS2


with gaseous Cl2 leading to Cl2C(SCl)2,
[38] which could be


considered as a precursor of the analogous carbocation
CS2Cl3


+ . All other reactions involve nucleophilic attack on
carbon disulfide as a first step and then further reactions.
The respective neutral bromo compound Br2C(SBr)2 is un-
known.


Conclusion


We have synthesized and structurally characterized the first
carbocation that incorporates a S�X bond (X=halogen) di-
rectly attached to the carbenium center. We showed that
there are two possible ways to synthesize the CS2Br3


+


cation: 1) by 4e� oxidation of CS2 with AsBr4
+ and 2) by a


combination of Ag+ , 2Br2, and CS2. The CS2Br3
+ ion repre-


sents a 10p electron system in which the positive charge is


Figure 4. Delocalization of the carbenium charge in the CS2Br3
+ ion by


seven likely mesomeric resonance structures A–G.


Table 4. Csp2�Br and Csp2�S distances in carbocations and in neutral molecules.


Compound d(C�Br) [G] Compound d(C�S) [G]


neutral Csp
2�Br[29] 1.881 to 1.889 neutral Csp


2�S[29] 1.751 to 1.773


1.90 1.739


1.849(9) 1.694(10)


1.843(9) C(SH)3
+ [7] 1.683(5) to 1.712(6)


CS2Br3
+ 1.818(3) CS2Br3


+ 1.671(3),[b] 1.699(3)[b]


CBr3
+ [20] 1.806(16)[a] Ar1C(=S)Ar2[12] 1.611(5)


[a] Average value calculated from 1.783(16), 1.787(16) and 1.851(16) distances. [b] Average values of equiva-
lent C�S bonds.
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mainly delocalized over the (C�)Br and S atoms. The elec-
tronic properties of the S�Br moieties are close to those of
isolated Br atoms. Therefore, CS2Br3


+ is electronically very
similar to the CBr3


+ ion with analogous p MOs at the
CS2Br core. Equation (3) is a rare example of a 4e� oxida-
tion reaction among main group elements. The AsBr4


+ ion
appears to be a selective oxidant, which may further be ap-
plied in synthesis. Experiments in this direction are in prog-
ress.


Experimental Section


All manipulations were performed by using standard Schlenk or dry box
techniques and a nitrogen or argon atmosphere (H2O and O2 <1 ppm).
Apparatus were closed by J. Young valves. All solvents were rigorously
dried over P2O5 and degassed prior to use and stored under N2. AsBr3


was prepared from arsenic trioxide, sulphur, and bromine according to
the method described in the literature[39] and its purity was checked by
Raman spectroscopy. The silver aluminate Ag[Al(OR)4] was prepared
according to the literature.[31] Raman and IR spectra were recorded using
a 1064 nm laser on a Bruker IFS 66v spectrometer equipped with the
Raman modul FRA106. IR spectra were recorded in Nujol mull between
CsI plates. NMR spectra (Bruker AC250) of sealed samples were run in
CD2Cl2 and were referenced towards the solvent (1H, 13C) and external
aqueous AlCl3 (27Al).


Reactions leading to CS2Br3
+[Al(OR)4]


� :


Reaction 1 (preparation in the course of the planned synthesis of AsBr4
+


[Al(OR)4]
�): (CH2Cl2)Ag[Al(OR)4] (1.022 g, 0.881 mmol) was weighed


into a two bulbed vessel. AsBr3 (0.277 g, 0.881 mmol) was dissolved in
CS2/CH2Cl2 (1:1, ca. 15 mL) and was added to the silver salt at �78 8C; fi-
nally Br2 (0.141 g, 0.881 mmol, 0.045 mL) was condensed into the mixture
at �196 8C. After warming the reaction mixture to about �20 8C, a color-
less solid precipitated (AgBr). The solution was filtered and its volume
concentrated to about one half. Both a microcrystalline solid and several
single crystals of 1 precipitated at �80 8C and were isolated [0.643 g,
57% calculated for Eq. (4)]. 13C NMR (63 MHz, CD2Cl2, �60 8C): d=


209.7, (s, Ccarb), 120.5 (q, JCF=292.1 Hz, CF3), 78.0ppm (br, Ctert);
27Al


NMR (78 MHz, CD2Cl2, �50 8C): d=38.2 (s, n1/2=10 Hz).


Reaction 2 [NMR tube reaction according to Eq. (3)]: AsBr4
+[Al(OR)4]


�


(0.115 g, 0.084 mmol) was weighed into a NMR tube glass-blown onto a
valve. CH2Cl2 (ca. 1.0 mL) and CS2 (ca. 0.3 mL) were transferred to the
tube at �30 8C, shaken a few times at room temperature and stored over
night at �30 8C. A slightly gray solid precipitated (As6Br6?). The solvent
was removed under vacuum and replaced by CD2Cl2. The 13C NMR spec-
tra of this sample at �30 8C showed only the CS2Br3


+ signal at d=


210.3 ppm in addition to the anion signals at d=121.0 (q, JCF=292.5 Hz,
CF3) and 78.2 ppm (br, Ctert).


Reaction 3 {between the silver salt, dibromine, and carbon disulfide ac-
cording to Eq. (5)]: Ag[Al(OR)4] (0.998 g, 0.93 mmol) was weighed into a
two bulbed vessel, dissolved in CH2Cl2 (15 mL) and cooled to �78 8C. An
excess of CS2 (approximately 3 mL), followed by Br2 (0.297 g, 1.86 mmol,
0.1 mL) was condensed into the solution, and the reaction mixture was
warmed to �30 8C and occasionally shaken. The off white precipitate was
filtered off from the dark brown solution after a few hours, and the con-
centrated filtrate was stored at �30 8C forming yellow crystals (yield
0.415 g, 38%). 13C NMR (63 MHz, CD2Cl2, �30 8C): d=210.3 (s, Ccarb),
121.0 (q, JCF=292.9 Hz, CF3), 78.2 (br, Ctert).


Computational details : All computations were done with the program
TURBOMOLE.[40] The geometries of all species were optimized at the
(RI-)MP2 level[41] with the triple z valence polarization (two d and one f
functions) TZVPP basis set.[42] The 28 core electrons of Ag were replaced
by a quasi-relativistic effective core potential.[43] All species were also
fully optimized at the BP86/SV(P) (DFT) level, albeit these geometries
are not shown. Approximate solvation energies (CH2Cl2 with er=8.93)
were calculated with the COSMO model[44] at the BP86/SV(P) (DFT)
level using the MP2/TZVPP geometries. Frequency calculations were
performed for all species and structures represent true minima without
imaginary frequencies on the respective hypersurface (with the exception
of two CS2Br3


+ isomers). For thermodynamic calculations the zero-point
energy and thermal contributions to the enthalpy and the free energy at
298 K were included.[45] The calculation of the thermal contributions to
the enthalpy and entropic contributions to the free energy were done
with Gaussian 98W.[46] For all species a modified Roby–Davidson popula-
tion analysis based on occupation numbers (paboon) has been performed
using the (RI-)MP2/TZVPP electron density. The HF/MP2TZVPP mo-
lecular orbitals (Figure 5) were created with the MOLDEN 3.7 soft-
ware.[47]
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Readily Prepared Metallo-Supramolecular Triple Helicates Designed to
Exhibit Spin-Crossover Behaviour


Floriana Tuna,[a] Martin R. Lees,[b] Guy J. Clarkson,[a] and Michael J. Hannon*[a]


Introduction


The use of metal–ligand interactions to assemble sophisticat-
ed supramolecular architectures is a powerful tool and a
topic of considerable interest.[1] Achievements have included
the deliberate design of catenanes and rotaxanes,[2] knots,[3]


helices,[4] grids[5] and racks.[6] Such arrays have architectures
and shapes not readily accessible by means of traditional co-
valent synthetic approaches and frequently are also objects
with nanoscale dimensions. The applications of such arrays
have primarily centred round the use of their size and
shape. For example, the architecture may be designed such
that it contains internal cavities, which can be used to recog-
nise and/or encapsulate guest molecules, and this feature
can be used for sensing, extraction or catalysis.[7] Alterna-
tively the size and shape of the external surface may be
used to recognise larger biomolecular binding sites (such as
the major groove of DNA),[8] or the shape may be used to


confer properties, such as liquid crystallinity, within macro-
molecules.[9]


Such metallo-supramolecular design not only leads to a
defined overall architecture, but positions metal centres at
precise locations within the array. Moreover these metal
centres are frequently coupled (mechanically and/or elec-
tronically) by the bridging ligands. This is attractive for po-
tentially controlling or encoding properties within a materi-
al. Indeed such ability to precisely position metal centres
within a defined array is a key requirement in the field of
molecular magnetism.[10] Of particular interest within that
field is the spin-crossover phenomenon.[11] The fascination
with spin-crossover compounds arises because they possess
at least two stable states (for a mononuclear system: the
high and low spin arrangements of the d electrons) with dis-
tinct properties (magnetism, colour). Excitingly the com-
pounds can be switched reversibly between these states in
response to changes in the environment (temperature, light,
pressure, anions etc.). This property can be used for either
molecular switching or molecular memory and for this
reason such materials might find ultimate application in the
electronics and data-storage fields.[12]


The use of supramolecular chemistry to design such spin-
crossover materials has focused primarily on using p-stack-
ing and hydrogen bonding to link mononuclear spin-cross-
over centres together.[13,14] This can cause mechanical and/or
electronic coupling of the centres and thereby modify the
properties of the material (e.g., inducing cooperativity lead-
ing to an abrupt spin transition or hysteresis in the spin tran-
sition or giving multiple stable states) as structural changes
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Abstract: New dinuclear supramolec-
ular cylinders have been designed to
exhibit spin-crossover behaviour, a
form of molecular bistability. This has
been achieved within the framework of
our imine-based approach to supra-
molecular architecture by switching
from pyridylimine systems to imidazol-
imines. Spin-crossover behaviour is
achieved while retaining the simplicity
and ease-of-synthesis of our molecular


design. The imidazole groups used also
introduce additional NH groups that
engage in hydrogen-bonding to anions
and solvents. In the case of the iron(ii)
tetrafluoroborate complex this hydro-


gen bonding links supramolecular cyl-
inders into an extended two-dimension-
al array. Consistent with this, a sharper
spin-crossover transition is observed
for this compound than for the corre-
sponding hexafluorophosphate salt.
More subtle anion effects are indicated
in the perchlorate salt which gives a
two-step spin conversion, thereby dis-
playing tristability.


Keywords: helical structures · N li-
gands · noncovalent interactions ·
spin crossover · supramolecular
chemistry
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are propagated from one molecule to another, to the whole
crystal.[15] The use of metallo-supramolecular architecture is
less well established but very attractive, because of the po-
tential extent of the inter-metallic mechanical coupling. Wil-
liams has reported spin crossover within an iron(ii) benzim-
idazole helicate[16] and Lehn and GGtlich have studied a
spin-crossover tetranuclear grid system based on LehnHs
pyrimidine-linked polypyridyl ligands.[17] In WilliamsH system
the metal centres are mechanically coupled and negative co-
operativity is observed. In the Lehn/Gutlich system both
mechanical and electronic coupling is possible and gradual
incomplete spin-transitions are reported. Both architectures
are assembled in solution simply by mixing the metal and
ligand, as a result of careful matching of the ligand donors
with the metal-coordination requirements. However, as with
most metallo-supramolecular designs, the synthesis of the li-
gands does require multistep covalent synthesis to encode
the design algorithm for the metals to read.
Much of our work in the area of metallo-supramolecular


architecture has focused on developing routes to construct
such sophisticated supramolecular architectures without the
need for extensive ligand synthesis. In particular, we have
championed the use of pyridylimine ligands, which have al-
lowed us to assemble complex metallo-supramolecular
arrays in one-pot reactions (either with or without solvent)
from commercial aldehydes, amines and metal salts.[18–20] By
removing the constraints of extended ligand synthesis, we
have then been able to readily and systematically modify
the systems to explore both the design features[19] and the
properties[8] of such arrays. We were intrigued to see wheth-
er our approach could be applied to the task of designing
metallo-supramolecular arrays containing spin-crossover
centres. While pyridylimine iron(ii) complexes are low spin
at room temperature, the elegant work of Matsumoto and
Tuchagues[14] led us to explore whether switching from pyri-
dylimines to imidazolimines might allow us access to spin-
crossover behaviour, while retaining the simplicity and ease-
of-synthesis of our molecular design. We report now our ini-
tial studies in this area in which we have prepared dinuclear
triple-helical arrays of bis-imidazolimine ligands and ex-
plored their spin-crossover behaviour.
We were further attracted to these imidazolimines be-


cause they provide additional hydrogen-bond donor units
(NH) that will be located on the exterior of the architecture.
These hydrogen-bonding sites are potential aggregation sites
through which the architecture might be organised into a
larger array and indeed through which information about
changes in spin-state within one supramolecular unit might
be relayed to another. Despite their widespread use to ag-
gregate mononuclear metal complexes into larger arrays, ex-
amples of hydrogen bonds aggregating metallo-supramolec-
ular architectures remain rare. Lehn has functionalised tet-
ranuclear grid systems with a donor–acceptor hydrogen-
bond system and obtained linear chains of grids,[21] Pudde-
phatt has incorporated amide hydrogen-bond units into tri-
angles[22] and we have used hydroxy groups to aggregate pyr-
idylimine double-helices.[20] A hydroxy unit can behave
either as a hydrogen-bond acceptor or donor and we
showed that the selection of anion mediates whether the ag-


gregation is simple hydrogen-bond aggregation (with half
the OH groups acting as donors and half as acceptors) or
anion-mediated hydrogen-bond aggregation (with the OH
groups acting only as donors and the anions acting as ac-
ceptors). By contrast (unless deprotonated) the imidazole
NH group can act only as an hydrogen-bond donor and
anion-mediated hydrogen-bond aggregation might therefore
be anticipated.


Results and Discussion


The ligand L was selected because the corresponding pyri-
dylimine ligand gives dinuclear triple-helical complexes with
octahedral metal ions[18] and these helical molecular cylin-
ders bind to and coil DNA.[8] This architectural framework


seemed an appropriate and interesting starting point from
which to initiate our investigation into whether imidiazol-
imines could be used to introduce spin-crossover properties.
Ligand L was prepared in 95% yield by mixing two equiva-
lents of 4(5)-imidazolecarboxaldehyde and one equivalent
of 4,4’-methylenedianiline in methanol. The ligand precipi-
tated from the reaction mixture and was isolated by filtra-
tion. The microanalytical data, 1H NMR spectrum and mass
spectrum were consistent with the expected ligand formula-
tion (C21H18N6).
Coordination to iron(ii) was achieved by stirring three


equivalents of L with two equivalents of iron(ii) chloride tet-
rahydrate in methanol for 40–45 minutes. Treatment with
NH4PF6, NH4BF4 or LiClO4 afforded orange polycrystalline
salts [Fe2(L)3]X4 (1: X


�=PF6
� ; 2 : X�=BF4


� ; 3 : X�=ClO4
�).


The same species were also obtained from solutions of 1:1
metal/ligand stoichiometry. The infrared spectra of 1–3 show
absorptions characteristic of the coordinated ligands and the
counterions (PF6


� , BF4
� or ClO4


�) and partial microanalyti-
cal data are consistent with the dinuclear triple-stranded for-
mulations. The mass spectra (FAB and electrospray) are
similarly consistent with the dinuclear triple-stranded formu-
lation. Peaks corresponding to the complex with associated
anion are observed, such as [Fe2(L)3X3]


+ , and also peaks in
which some of the NH units of the ligands have been depro-
tonated (possibly during the mass spectrometry process)
such as [Fe2(L)2(L�H)X2]


+ and [Fe2(L)(L�H)2X]
+ .


Coordination of L to cobalt(ii), nickel(ii) and manga-
nese(ii) was achieved in a similar fashion by treating solu-
tions of the ligand with the corresponding metal chlorides.
The resulting complexes were isolated as the hexafluoro-
phosphate salts [M2(L)3][PF6]4 (4 : M=Ni; 5 : M=Co; 6 :
M=Mn). Analytical and mass spectrometric data were anal-
ogous to those of the iron(ii) complexes.
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X-ray crystallographic studies : Crystals of all six complexes
were obtained and the structures investigated by X-ray crys-
tallography. Crystals of complexes 1, 3, and 4 were obtained
from methanol. Crystals of 2 were obtained by diffusion of
diisopropyl ether into a solution of 2 in acetonitrile, and dif-
fusion of diethyl ether into an acetonitrile/acetone mix was
used to obtain crystals of 5 and 6. Data were collected at
180(2) K.
The cations in the six structures are very similar and all


possess a dinuclear triple-helical architecture (Figure 1). In
each structure the metal centres are in six-coordinate


pseudo-octahedral coordination
environments bound to three
imidazolimine units from three
different ligand strands. Each
ligand strand binds to two
metals and the ligands wrap
around the metal–metal axis
giving rise to the helical struc-
ture, both enantiomers of which
are present in each structure.
The imidazolimine units are ap-
proximately planar (torsion
angles in the range 0–98) and the phenylene units twisted
with respect to that plane, affording CH···p interactions in
the centre of the helix. The intermetallic separations are in
the range 11.4–11.7 N.
Bond lengths and angles are collected in Table 1. For the


iron(ii) hexafluorophosphate salt (1), the two metal centres
are crystallographically equivalent and the bond lengths in-
dicate that both metal centres are low spin. In the tetra-
fluoroborate salt (2), the two metal centres are non-equiva-
lent and the bond lengths indicate that one metal centre is
low spin, while the other is high spin. For the perchlorate
salt (3), the two centres are non-equivalent, but the bond
lengths are intermediate between the expected high and low
spin limits, perhaps indicating that the spin transition is in
progress for this salt. The metal–ligand bond lengths for the
cobalt(ii) (5) and manganese(ii) (6) complexes are consistent
with high-spin configurations.
The dimensions of the six cylindrical triple-stranded heli-


cal cations are very similar (Table 2). Their overall length is


~18 N (H···H) and the radius (to H) is ~4.9 N. These supra-
molecular cylinders are close to 2 nm in length and 1 nm in
diameter and thus are similar to the pyridylimine cylinders
that we have previously characterised. Although the manga-
nese cylinder is slightly longer than the others the difference
is small, in the range 1–2%. This small increase in length is
associated with a small decrease in the extent to which the
ligands wrap around the helical axis and these two small ef-
fects combine to lead to the more noticeable lengthening
(~7%) in helical pitch. Since the M�N bond lengths in the
manganese(ii) complex are ~10% greater than those in the
iron(ii) and nickel(ii) conplexes, it is apparent that the
choice of octahedral metal, and differences in bond lengths
(expected for high- and low-spin configurations) cause only
small perturbations to the size and shape of the cylinder
structure.
To probe the effect on the micro-architecture of the triple


helicates of imidazolimine units, it is pertinent to compare
the structures of these new imidazolimine triple helicates


Figure 1. The structure of the triple-helical cation in complex 3, [Fe2(L)3]
[ClO4]4. Hydrogens are omitted for clarity. The structures of the cations
in complexes 1,2 and 4–6 are analogous.


Table 1. Selected bond lengths [N] and bond angles [8] for complexes
1–6.


Metal M�Nimidazole M�Nimine Bite angle


1 Fe1, Fe1a 1.980(6) 2.013(6) 81.1(3)
1.952(7) 2.018(6) 80.1(3)
1.976(6) 2.052(6) 80.0(3)


2 Fe1 2.011(7) 2.043(7) 80.0(3)
2.000(7) 2.053(7) 79.7(3)
1.994(7) 2.066(7) 80.3(3)


Fe2 2.126(8) 2.250(7) 76.3(3)
2.162(7) 2.222(7) 75.8(3)
2.138(8) 2.194(8) 77.8(3)


3 Fe1 2.013(10) 2.114(10) 78.9(4)
2.034(11) 2.103(11) 77.7(5)
2.013(10) 2.137(11) 78.4(4)


Fe2 2.118(13) 2.203(12) 75.6(5)
2.075(12) 2.177(10) 75.9(4)
2.094(11) 2.177(10) 77.2(4)


4 Ni1, Ni1a 2.036(6) 2.141(5) 78.9(2)
2.045(5) 2.182(5) 78.7(2)
2.062(6) 2.122(5) 79.2(2)


5 Co1 2.088(7) 2.188(7) 77.2(3)
2.093(7) 2.183(6) 77.6(3)
2.101(7) 2.227(7) 78.1(3)


Co2 2.089(7) 2.206(7) 78.0(3)
2.106(7) 2.222(7) 77.3(3)
2.106(7) 2.196(6) 77.4(3)


6 Mn1 2.227(6) 2.303(6) 74.2(2)
2.186(6) 2.337(5) 74.6(2)
2.206(6) 2.336(6) 74.6(2)


Mn2 2.204(7) 2.332(6) 74.6(2)
2.202(6) 2.306(6) 74.9(2)
2.198(6) 2.277(6) 74.8(2)


Table 2. Comparison of the dimensions [N] of the helical cations in complexes 1–6.


1 2 3 4 5 6


M···M distance 11.3962(21) 11.5556(22) 11.5837(27) 11.5368(16) 11.5401(17) 11.6605(17)
length[a] 16.24 16.14 16.22 16.26 16.33 16.40
helical pitch 29.1 29.7 29.8 29.8 30.9 32.0
radius[b] 4.29 4.34 4.31 4.32 4.40 4.44


[a] Length is measured as the distance along the helical axis between the centroids derived from the three ni-
trogen atoms of the imidazole NHs at each end of the cylinder. [b] Radius is measured as the average of the
distance of the three central carbon atoms (from the CH2 groups) to their centroid.
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with those of the pyridylimine triple helicates.[18] To exclude
possible effects of spin transitions, the comparison herein fo-
cuses on the d8 nickel(ii) helicates, in which such effects are
negated. An overlay of the structures of the complexes of
nickel(ii) with the imidazolimine and pyridylimine ligands is
shown in Figure 2. The overlay reveals that the cations are


structurally very similar. Clearly the replacement of the six-
membered pyridine with the five-membered imidazole
causes some small difference at the ends of the helicate, but
this does not dramatically affect the length or the diameter
of the helix. The aryl rings in the centre of the helicate form
CH···p contacts as in the parent pyridylimine systems and
this is illustrated in Figure 3. These interactions may contrib-


ute to the stability of the structure. The precise orientation
of the rings is slightly different in the imidazolimine system
allowing one shorter contact at the expense of a lengthening
of one of the other contacts.


Hydrogen-bonding interactions of the imidazole units in the
solid-state : An attraction of the imidazole binding motif is


that the imidazole NH units have potential to engage in hy-
drogen-bond interactions outside the cylinder structure,
through which the cylinders might be organised into larger
arrays and indeed through which information about changes
in spin-state within one supramolecular unit might be re-
layed to another. This is indeed the case and an analysis of
the contacts for each complex is presented below.[23]


Complex 1: The two ends of the helix are identical. All
three NH groups at each end engage in hydrogen bonding
(Figure 4). The first group forms a hydrogen bond to a


methanol solvent molecule (O···HN 1.93 N) with a long in-
teraction with a hexafluorophosphate anion (F···HN 2.85 N).
The second forms three hydrogen bonds to three fluorine
atoms of one hexafluorophosphate anion (F···HN 2.35, 2.48,
2.78 N). The third interacts with an additional methanol sol-
vent molecule that is disordered over two sites (O···HN
1.96, 2.02 N).


Complex 2 : All six NH groups engage in hydrogen bonding
(Figure 5). The hydrogen-bond pattern at each end of the
helix is very similar. At each end, one NH group forms a hy-
drogen bond to a water molecule (O···HN 1.92, 1.99 N). The
remaining two NH groups at each end form pairs of hydro-
gen bonds to two tetrafluoroborate anions (F···HN 2.16,
2.37; 2.32, 2.51; 2.17, 2.33; 2.30, 2.47 N).[24] These pairs of
tetrafluoroborate anions bridge between two helicates and
in this way a two-dimensional network is assembled.


Complex 3 : All six NH groups engage in hydrogen bonding
and the hydrogen-bond pattern at each end of the helix is
slightly different (Figure 6). At one end, the first NH group
forms a hydrogen bond to a methanol solvent molecule
(O···HN 1.96 N) with an additional long interaction to a per-
chlorate oxygen atom (O···HN 2.89 N). The second NH
group interacts with two oxygen atoms of a perchlorate
anion (O···HN 2.04, 2.71 N). The third forms a hydrogen
bond to a water solvent molecule, which is disordered over
three positions (O···HN 1.98, 2.09, 2.67 N). At the other end
of the helix, the first NH group forms a hydrogen bond to a
methanol solvent molecule (O···HN 1.91 N). This NH group
also has a long contact to an oxygen atom in one orientation
of a disordered perchlorate (O···HN 2.95 N). The second
NH group interacts with two oxygen atoms of a perchlorate
anion (O···HN 1.99, 2.76 N). The third interacts either with


Figure 2. Overlay of the structures of the cations in the complexes of
nickel(ii) with the imidazolimine and pyridylimine[18] (shaded) ligands.
Hydrogens are omitted for clarity.


Figure 3. Comparison of the orientation of the phenylene rings in the cat-
ionic complexes of nickel(ii) with the imidazolimine and pyridylimine[18]


(shaded) ligands. Distances quoted are in N.


Figure 4. Hydrogen-bonding interactions to the NH groups in the triple-
helical cation in complex 1. For clarity only the NH protons are shown.
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the disordered perchlorate (O···HN 2.29 N), which formed a
long contact to the first NH of another cylinder, or (when
this perchlorate is in the alternate orientation) with a water
solvent molecule (O···HN 2.10 N), which is only occupied
when the perchlorate is in this alternate orientation. This
NH makes a further contact to a partially occupied metha-
nol molecule (O···HN 2.57 N).


Complex 4 : The crystals of complexes 1 and 4 are isomor-
phous apart from small differences in solvent content. Con-
sequently it may be possible to grow mixed crystals. The hy-
drogen-bonding pattern in 4 is extremely similar to that ob-
served in the corresponding iron(ii) complex 1 with two dis-
ordered methanol solvent molecules replaced by two disor-
dered water molecules. Further detail of the hydrogen


bonding and a figure illustrating this are presented in the
Supporting Information.


Complex 5 : All six NH groups engage in hydrogen bonding
and the hydrogen-bond pattern at each end of the helix is
different (Figure 7). At one end, the first NH forms a hydro-
gen bond to an acetone solvent molecule (O···HN 1.93 N)
with a long contact to a hexafluorophosphate anion (F···HN
2.96 N). The second interacts with an additional acetonitrile
molecule, which is only partially occupied (N···HN 2.16 N),
with a longer contact to a hexafluorophosphate anion
(F···HN 2.74 N). The third interacts with two fluorine atoms
of a hexafluorophosphate anion (F···HN 2.12, 2.44 N). Al-


Figure 5. Hydrogen-bonding interactions to the NH groups in the triple-helical cation in complex 2. For clarity only the NH protons are shown.


Figure 6. Hydrogen-bonding interactions to the NH groups in the triple-
helical cation in complex 3. For clarity only the NH protons are shown.


Figure 7. Hydrogen-bonding interactions to the NH groups in the triple-
helical cation in complex 5. For clarity only the NH protons are shown.
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though this NH appears to have a long contact to an aceto-
nitrile molecule (N···HN 2.89 N), the interaction angle is
close to 908 and we discount this as a hydrogen-bonding in-
teraction. At the other end of the helix, two NH units form
hydrogen bonds to one acetone solvent molecule each
(O···HN 1.98, 2.01 N). The third NH group interacts also
with a hexafluorophosphate anion. This anion is disordered
across two positions with two fluorine atoms interacting in
the first orientation (F···HN 2.03, 2.52 N) and three in the
second (F···HN 2.31, 2.33, 2.52 N).


Complex 6 : The crystals of 5 and 6 are pseudo-isomorphous,
with almost identical crystal packing, apart from the varia-
tion in anion and solvent positions. (Although the crystal of
complex 3 also has a very similar unit cell, the orientation of
the cation within the cell is different). In complex 6, all six
NH groups engage in hydrogen bonding and the hydrogen-
bond pattern at each end of the helix is different (Figure 8).


At one end, two NH groups form hydrogen bonds to ace-
tone solvent molecules (O···HN 2.03; 2.01 N), with one of
these NH groups forming additional long contacts to a hexa-
fluorophosphate anion. This anion is disordered over two
sites and depending on its orientation makes either one
(F···HN 2.78 N) or two (F···HN 2.81, 2.93 N) long contacts.
(In the former case there is an additional long contact from
this anion to the other end of an adjacent cylinder.) The
third NH group interacts with a further hexafluorophos-
phate anion, which again is disordered over two orientations
making either two (F···HN 2.02, 2.45 N) or three (F···HN
2.30, 2.32, 2.45 N) contacts to the NH group. At the other
end of the helix, two NH groups interact each with two fluo-
rine atoms of a hexafluorophosphate anion (F···HN 2.12,
2.31; 2.75, 2.91 N). In both cases there are additional short
contacts to acetonitrile solvent molecules (N···HN 2.94;
2.73 N), although as in the cobalt(ii) structure the angles are
close to 908 and we discount these as hydrogen-bonding in-
teractions. The third NH group forms a hydrogen bond to
an acetone solvent molecule (O···HN 1.95 N). There is a fur-
ther long contact (F···HN 2.92 N) to one orientation of a
disordered anion. This anion is that mentioned above as
bound to the other end of an adjacent cylinder and forming
one or two interactions with that end of the cylinder. In this
orientation, that anion bridges and links the cations into
one-dimensional chains.


Although the precise hydrogen-bonding motifs differ in
each complex, common themes are apparant: In all six
structures, all four anions form hydrogen-bond contacts to
the imidazole NH groups. In each structure, the hydrogen
bonding to the anions is supplemented by hydrogen bonding
to oxygen donor solvents, (methanol, water, and acetone).
Where there are contacts to both an oxygen donor and an
anion (i.e., F from PF6 and BF4), the imidazole NH group
shows a preference for the oygen atom with that contact
usually the shorter. All six NH units are engaged in hydro-
gen-bonding in all of the structures. Only in the BF4 salt do
anions bridge between NH groups. This is most probably be-
cause of the relatively high ratio of anions to complex (4:1)
in these compounds. However, in the BF4 structure this
bridging effect does enable the hydrogen bonding through
the imidazole groups to position the cylinders with respect
to each other and links the cylinders into a remarkable net-
work structure.
Aside from these hydrogen-bond interactions, the princi-


pal additional noncovalent interactions in the crystal are
CH···p interactions. For structures 1 and 3–6 these lead to a
common packing motif of the cylinders in the crystal and
this is illustrated in Figure 9 for the iron(ii) hexafluorophos-
phate complex 1. In this complex CH···p interactions from
the imine CH protons to the imidazole rings of adjacent cyl-
inders (CH···centroid 3.38, 3.52 N) and from the imidazole
CH protons (those at the 2-position, located between the
imidazole nitrogens) to the phenyl rings of adjacent cylin-
ders (CH···centroid 2.98, 3.47 N) link the cylinders into a
three-dimensional network. Similar packing and distances
are observed for complexes 3–6. The involvement of these
particular two sets of protons in CH···p interactions is con-
sistent with their proximity to the heteroatoms.
For complex 2, the same interactions link the hydrogen-


bonded sheet structures together in layers through imidazole
(2-position) CH to phenyl interactions (CH···centroid
2.86 N) and imine CH to imidazole interactions (CH···cent-
roid 3.28, 3.54 N) with additional contacts from central CH2


protons to an imidazole (CH···centroid 3.51 N) also ob-
served. This is illustrated in the Supporting Information.
Thus in all six complexes, NH···X and/or CH···p interactions
link the cylinders within the three-dimensional structure and
these interactions could provide a potential pathway to
relay information about changes in an individual cylinder to
the bulk material.


Paramagnetic 1H NMR spectroscopy: Compounds 1–5 were
investigated by 1H NMR spectroscopy in deuterated acetoni-
trile (see Table 3). Due to its low solubility, complex 6 was
omitted from this study. As expected, the proton resonances
were strongly affected by the unpaired electron density on
the paramagnetic metal centres (Figure 10). The ensuing
electronic magnetic moment causes the broadening of the
1H NMR signals and prevents resolution of any hyperfine
coupling. The proton resonances are extended over a large
chemical shift range (�20 to 235 ppm), as anticipated for
paramagnetic samples. The data and tentative assignments
are presented in Table 2. Assignments are based up on the
intensities, proximity of the protons to the paramagnetic


Figure 8. Hydrogen-bonding interactions to the NH groups in the triple-
helical cation in complex 6. For clarity only the NH protons are shown.
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centre and observed line broadening (which is proportional
to r�6, whereby r is the distance between the nuclear and the
electronic magnetic dipoles) and by comparison to high-spin
iron(ii)[25] and cobalt(ii)[26] terpyridyl complexes and also
with nickel(ii) and cobalt(ii) bipyridyl helicate complexes.[27]


To identify the NH proton resonance, titration experiments
with Et3N were undertaken. In all cases, the disappearance
of the 1H NMR signal at approximately 90–100 ppm was ob-
served upon addition of Et3N.
The iron(ii) complexes have also been studied at lower


temperatures. As the temperature is decreased there is a de-
crease in intensity of the signals and at 233 K the signals
become very weak (e.g., signal at ~165 ppm can no longer
be resolved) and new peaks in the diamagnetic region can
just be discerned in the baseline. This is consistent with a
spin transition in solution, which is not completed within the
available temperature range.


Electronic and magnetic properties : The electronic spectra
of compounds 1–6 were recorded at room temperature in
both acetonitrile and in the solid state. The solution spectra
were recorded in the range 200–1100 nm in two different
concentration ranges, so that the extinction coefficients of
both the intense ligand bands and weaker metal-ion d–d
transitions could be determined. The solid-state electronic
spectra were recorded by the diffuse reflectance technique
in the range 380–1200 nm.
The spectral features of the iron(ii) compounds 1–3 are


very similar to each other, and clearly indicate the presence
of octahedral high-spin iron(ii) chromophores. The diffuse


Figure 10. 1H NMR spectra in CD3CN solution at 298 K of complexes 1,
4 and 5. The inset is an expansion of the 230 ppm peak in complex 4.


Figure 9. Solid-state packing of the cylindrical cations in the crystal structure of complex 1. Hydrogen atoms, anions and solvents are omitted for clarity.
The packing in complexes 3–6 is analogous.


Table 3. Room temperature, 500 MHz 1H NMR data[a] for complexes
1–5.


Assignment[b] Integ.[c] 1 2 3 4 5


H2 1 158.3 159.2 158.3 229.0 235.0
NH 1 92.1 92.7 92.1 93.1 99.6
Him 1 42.5 42.9 42.5 58.7 23.8
H4 1 37.9 38.1 37.9 40.9 52.9
CH2 1 24.7 24.8 24.7 27.5 22.1
HPh 2 14.6 14.7 14.6 15.4 2.0
HPh’ 2 �5.6 �5.7 �5.6 �6.7 �19.1


[a] In CD3CN, ppm. [b] Tentative assignments. [c] Relative intensities.
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reflectance spectra each show a band centred at
~11200 cm�1 (893 nm), which is assigned to the 5E !5T2


spin-allowed d–d transition of the iron(ii) ion, along with a
more intense peak at ~21250 cm�1 (470 nm), which may be
due to a metal-to-ligand charge-transfer (MLCT) transition.
Similarly, the UV-visible spectra in acetonitrile exhibit a
weak broad band in the region 810–835 nm (e=10–
12m�1 cm�1), assigned to the 5E !5T2 transition, along with a
more intense band at 440 nm (e=1400m�1 cm�1), assigned
(by comparison with mononuclear iron(ii) imidazolimine
compounds[14]) as MLCT. Two very intense peaks are ob-
served at approximately 32200 (310 nm; e~53500m�1 cm�1)
and 35700 cm�1 (280 nm; e~58200m�1 cm�1), respectively,
and they are assigned to p–p* transitions of the ligand. Ac-
cording to the literature data,[25, 28] the 1T1


!1A1 and
1T2


!1A1 transitions associated to a low-spin {FeIIN6} chro-
mophore would be expected at about 380 and 550 nm, re-
spectively, with a molar extinction coefficient of approxi-
mately 30m�1 cm�1. Such bands are not observed.
The electronic spectra of the cobalt(ii) complex (5) also


provide support for the existence of a high-spin six-coordi-
nate chromophore (which is also consistent with both the X-
ray data and the large downfield shift of some of the
1H NMR resonances[26]). The solid-state spectrum displays
two bands centred at 9170 (1090 nm) and 20280 cm�1


(493 nm), which are assigned to the 4T2


!4T1 and
4T1(P)


!4T1 spin-allowed d–d transitions, respectively. The
solution spectrum shows a weak ligand-field band at 490 nm
(e=42m�1 cm�1), along with two intense peaks at 285 (e=
55600m�1 cm�1) and 318 nm (e=38250m�1 cm�1) correspond-
ing to the p–p* transitions of the ligand.
Two ligand-field bands of moderate intensity are also


present in the diffuse reflectance spectrum of nickel(ii) com-
plex, 4. They are located at 10500 (952 nm) and 16650 cm�1


(600 nm) and are due to the spin-allowed transitions
3T2


!3A2 and 3T1(F)


!3A2, respectively (assuming the O
symmetry for the hexacoordinated nickel(ii) chromophores).
Interestingly, the second band is split into two components
(16000 and 17060 cm�1, respectively). The asymmetric fea-
ture of this band may be understood as arising from the
non-equivalency of the nickel(ii) chromophores or the split-
ting of the T state in lower symmetry. In the latter case, the
spectral components correspond to the 3B1


!3A2 and
3E !3A2 spin-allowed transitions, respectively. In solution,
the band due to 3T2


!3A2 transition (554 nm; e=


24m�1 cm�1) is no longer split, but the electronic spectrum
still supports a possible deformation of the octahedral coor-
dination sphere of the nickel(ii) ions. The first ligand-field
band exhibits a maximum at 900 nm (e=25m�1 cm�1) with a
shoulder on its low-energy side. This result is in agreement
with the crystal structure of 4, which reveals that the six Ni�
N bonds are non-equivalent. The ligand p–p* absorptions
appear at 262 (e=48300m�1 cm�1) and 308 nm (e=
66200m�1 cm�1).
The electronic spectra of compound 6 are less informa-


tive, because all the d–d transitions for high-spin manga-
nese(ii) chromophores are spin-forbidden. This compound is
yellow (the ligand itself is white) and its UV-visible spec-
trum measured in acetonitrile shows two intense bands lo-


cated at 267 (e=51600m�1 cm�1) and 318 nm (e=
112000m�1 cm�1), the latter presenting a much higher exten-
sion coefficient than any of the other compounds studied
herein. This could suggest a possible overlap of this ligand-
based absorption band with one of charge-transfer origin.
To investigate this possibility, we recorded the solid-state
spectra of compounds 5 and 6 in the region 280–800 nm, and
compared their spectral features; the manganese(ii) spec-
trum displays a broad and intense band in the UV region,
with a maximum at 357 nm and a shoulder at 335 nm,
whereas the cobalt complex exhibits a intense peak at
335 nm, and a d–d band in the visible region.
Variable-temperature magnetic susceptibility measure-


ments were carried out on polycrystalline samples of com-
plexes 1–6 in the temperature range 1.8–340 K under an ap-
plied magnetic field of 1000 G. The cMT versus T plots (cM
denoting the molar magnetic susceptibility) are given in
Figure 11.
The room-temperature cMT value for [Fe2(L)3][PF6]4 (1) is


7.40 cm3Kmol�1, which corresponds to that of two magneti-
cally uncoupled octahedral iron(ii) centres with 5T2 ground
state and a calculated g term of 2.22. As the temperature is
lowered down to 55 K, the cMT product decreases continu-
ously (Figure 11), exhibiting a slight inflexion around 165 K.
At this temperature, cMT is about 3.57 cm3Kmol�1, and cor-
responds to what is expected when 50% of the iron(ii) ions
undergo a thermally-induced spin conversion from the high-
spin 5T2 to the low-spin 1A1 electronic state. The further de-


Figure 11. Magnetic susceptibility cMT versus T plots for complexes 1–6.
a) The iron(ii) complexes 1–3. b) The manganese, cobalt and nickel com-
plexes 4–6 ; the solid lines are fits discussed in the text.
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crease of cMT is consistent with around 30% of iron(ii) ions
undergoing S=2$S=0 spin-conversion. Between 55 and
20 K, cMT remains almost constant at 1.5 cm3Kmol�1, and
then drops abruptly reaching 0.96 cm3Kmol�1 at 5 K. This
small decrease at very low temperatures may be ascribed to
zero-field splitting in the orbital singlet S=2 ground state,
arising from the strongly distorted coordination sphere of
the remaining high-spin iron(ii) ions in 1.
The dinuclear, triple helix [Fe2(L)3][BF4]4 (2) behaves es-


sentially in a similar way as 1; however, in this case the spin-
conversion is more rapid. At room temperature, cMT is
equal to 7.83 cm3Kmol�1, which is in the range of values ex-
pected for two non-interacting iron(ii) centres with 5T2


ground state (g=2.28). The cMT product remains almost
constant when cooling to 250 K (Figure 11) and then de-
creases rapidly to reach the value of 1.90 cm3Kmol�1 at
100 K. As for 1, in the middle of the transformation (cMT~
3.6–3.7 cm3Kmol�1) the slope of the cMT vs T curve dimin-
ishes and a slight inflexion is observed. The plateau ob-
served in the temperature region 70–25 K corresponds to
1.40 cm3Kmol�1, suggesting an incomplete HS(S=
2)$LS(S=0) transition (HS=high spin, LS= low spin) with
about 20% of high-spin molar fraction trapped at low tem-
peratures. The subsequent dropping of cMT at temperatures
below 25 K corresponds most probably to the occurrence of
zero-field splitting of the remainder of high-spin iron(ii)
ions.
For [Fe2(L)3][ClO4]4 (3), the cMT product is


7.70 cm3Kmol�1 in the temperature range 340–260 K, con-
sistent with 100% of iron(ii) centres in the high-spin state
and a g value of 2.26. As the temperature is lowered, cMT
diminishes rapidly to reach the value of 3.81 cm3Kmol�1 at
60 K (Figure 11). Between 60 and 40 K, the cMT product re-
mains almost constant, and finally drops rapidly down to
1.2 cm3Kmol�1 at 1.8 K. These features reveal an incom-
plete HS$LS spin conversion occurring in two steps. The
first cMT drop is consistent with around 50% of iron(ii) ions
undergoing S=2$S=0 spin conversion. The second cMT
drop may be understood as arising from the combined effect
of electronic spin crossover and zero-field splitting of the re-
mainder of high-spin iron(ii) ions. For all three iron(ii) com-
plexes, the measurements were carried out in both cooling
and warming modes, but no hysteresis has been observed.
The dinuclear, triple helix [Co2(L)3][PF6]4 (5) exhibits a


room-temperature cMT of 5.90 cm3Kmol�1, which exceeds
the spin-only value expected (3.75 cm3Kmol�1) for two mag-
netically non-interacting cobalt(ii) centres in the 4T1 ground
state with g=2. This deviation is the result of the spin-orbit
coupling displayed by high-spin cobalt(ii) ions in octahedral
environment. As the temperature is lowered cMT decreases,
reaching 3.24 cm3Kmol�1 at 1.8 K (Figure 11b). This de-
crease may be due to the intrinsic behaviour of cobalt(ii)
centres rather than to antiferromagnetic exchange interac-
tions among these paramagnetic centres. However, the ex-
perimental data were analysed with an equation which takes
into account possible weak interactions between cobalt(ii)
ions, as described below.
In addition to the lowering of symmetry due to the defor-


mation of the octahedral coordination sphere of the co-


balt(ii) ions, the coupling of the first-order orbital momen-
tum with the spin momentum partially removes the degener-
acy of the ground and the excited states. This results in a
energy spectrum for a high-spin cobalt(ii) ion in which the
two low-lying levels correspond to the MS=� 1=2 and � 3=2
states. Taking into account the Zeeman perturbation result-
ing from the applied external field, the Hamiltonian describ-
ing this situation is given by Equation (1)[10] in which D is
the energy gap between the states split by the deformation
of the coordination sphere, k is the orbital reduction factor
accounting for the effect of the metal–ligand bond on the or-
bital momentum, and l is a spin-orbit coupling parameter.


h ¼ DðL2
z�2=3Þ�ð3=2Þk lL � Sþ b½�ð3=2ÞkLþ ge S� �h ð1Þ


It has been shown that the axial splitting parameter D can
be used in both the trigonal and the tetragonal field.[29] The
other symbols have their usual meanings. A model taking
into account all these parameters to fit the experimental
magnetic data would be over-parameterised. Therefore, it is
usual to consider that D is large enough to have only the
two lowest Kramer doublets thermally populated in the in-
vestigated temperature range. In this situation the Hamilto-
nian can be given by Equation (2), in which D is the zero-
field splitting parameter, defined as the energy separation
between the lowest and the second lowest Kramers doublets
from the 4T1g term, and is taken to be positive when the
doublet referring to MS=� 1=2 is lowest.


h ¼ D½S2
z�SðSþ 1Þ=3� þ b g � S �h ð2Þ


The orbital momentum no longer appears, but its influ-
ence is incorporated into both D and g parameters. The ex-
pression of the molar magnetic susceptibility deduced from
this Hamiltonian is given in Equation (3).[30] It considers the
paramagnetic behaviour for the two independent cobalt(ii)
ions found in the molecular formula. Possible weak interac-
tions between the cobalt(ii) sites are considered through a
Curie-Weiss parameter q.


cM ¼ 2N b2 g2


3kðT�qÞ
1þ 9 e�2D=kT


4ð1þ e�2D=kTÞ þ
4Nb2 g2


3 kðT�qÞ
4þ 3 kT


D ð1�e�2D=kTÞ
4ð1þ e�2D=kTÞ


ð3Þ


The parameters obtained by the simulation of the experi-
mental data by using the above expression are g=2.535�
0.001, D=86.32�0.8 cm�1 and q=�0.28�0.01 K, consistent
with data of the literature for cobalt(ii) complexes.[31] The
solid line in Figure 11b was calculated with these values. A
negative sign for q is consistent with antiferromagnetic inter-
actions between metal centres. However, the value of q


close to zero indicates that the magnetic coupling between
the cobalt centres is negligible in the triple helix, as expect-
ed from the large Co···Co distance of 11.54 N. It also sug-
gests that there are no significant intermolecular magnetic
interactions between the paramagnetic centres.
For the helix [Ni2(L)3][PF6]4 (4), the molar magnetic sus-


ceptibility data can be fitted using the Curie–Weiss law
(cM=C/(T�q)) with C=2.42 cm3Kmol�1 and q=�0.07 K
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(Figure 11b). The Curie constant (C) is in agreement with
the expected value for two nickel(ii) ions with S=1 and g=
2.2.
The manganese helix [Mn2(L)3][PF6]4 (6), which has a


room-temperature cMT value of 8.94 cm3Kmol�1, also fol-
lows simple Curie–Weiss behaviour with q=�0.18 K and
C=8.94 cm3Kmol�1 (Figure 11b), and exhibits a g value of
2.02.


Conclusion


These studies clearly demonstrate that, as envisaged, switch-
ing from pyridylimines to imidazolimines does allow access
to spin-crossover systems, while retaining the simplicity and
ease-of-synthesis of our supramolecular design. Although
the focus herein is on triple-helical cylindrical arrays, the
same approach should allow spin-crossover properties to the
range of different architectures that we have investigated.[19]


The imidazole NH groups engage in hydrogen bonding,
showing a marked preference for oxygen donors, although
all of the anions participate in interactions with the NH
groups. Perhaps because of the high ratio of anions to cation
(4:1), only in the iron(ii) tetrafluoroborate structure do we
observe significant bridging through hydrogen bonding.
Nevertheless this leads to a striking two-dimensional sheet
structure in which planes of cations are linked together.
More extensive hydrogen-bonded networks might arise
from partial deprotonation of the NH groups[14] and this will
be the subject of future studies. CH···p interactions link the
individual cations (1, 3–6) or the sheets (2) into three-di-
mensional networks.
The solid-state spin-crossover behaviour of the iron(ii)


complexes is strongly influenced by the selection of anion.
The tetrafluoroborate salt 2 demonstrates a much sharper
(more rapid) transition than the hexafluorophosphate salt 1
and this would be consistent with a positive cooperativity
between cylinders transmitted through the extensive hydro-
gen-bond network in the BF4 salt. The behaviour of the per-
chlorate salt 3 is both more intriguing and quite different
from the behaviour of these other two iron(ii) salts, with an
incomplete HS$LS spin conversion observed that occurs in
two steps. This is despite the fact that in both the hexa-
fluorophosphate and perchlorate salts, the packing of the
cylinders is almost identical and the environment and hydro-
gen bonding of the NH groups are similar (except that there
are F-bonded anions in the hexafluorophosphate salt and O-
bonded anions in the perchlorate salt). It is notable that the
X-ray structure of the tetrafluoroborate salt indicates a
mixed high-spin, low-spin structure. It therefore appears
that the mixed spin-state system can also be stable for this
anion, but that perhaps the plateau of stability is very small;
the effect of the perchlorate therefore may be to extend this
stability plateau (rather than to induce it). Williams re-
ports[16] that, in his helicate systems, mechanical coupling
leads to negative cooperativity within the helix, leading to a
stable mixed spin-state; this model would be consistent with
the perchlorate data. For the perchlorate salt, it is possible
that the NH hydrogen bonds to oxygen-donor anions do


cause a significant difference in electronic behaviour at the
metal or that the crystal structure of this salt is not represen-
tative of the bulk. While anion effects on spin-crossover are
known in the literature, precise mechanisms for those anion
effects have rarely been elucidated.[11]


Experimental Section


General : All reagents and solvents were purchased from commercial
sources (Aldrich) and used without further purification. NMR spectra
were recorded on BrGker DPX 400 and DRX 500 instruments by using
standard BrGker software. FAB mass spectra were recorded by the War-
wick mass spectrometry service on a Micromass AutoSpec spectrometer
using 3-nitrobenzyl alcohol as matrix. Infrared spectra (KBr pellets) were
measured with a Perkin–Elmer Paragon 1000 FTIR spectrometer. UV-
visible measurements in solution were made by using a PU 8720 scanning
spectrometer or a Jasco V-550 spectrophotometer and in the solid state
by using a VSU-2P (Carl Zeiss) spectrometer (diffuse reflectance techni-
que), with MgO as a standard. Microanalyses were conducted on a
Leeman Labs CE44CHN analyser by the University of Warwick Analyti-
cal service. Magnetic measurements were carried out on a Quantum
Design MPMS-5S SQUID magnetometer. The diamagnetic corrections
for the compounds were estimated using PascalHs constants, and magnetic
data were corrected for diamagnetic contributions of the sample holder.


Preparation of L : 4,4’-Methylenedianiline (0.793 g, 4 mmol) and 4(5)-im-
idazolecarboxaldehyde (0.768 g, 8 mmol) were stirred in methanol
(30 mL) for 10 min; two drops of glacial acetic acid were then added and
the mixture was further refluxed for 2 h. An off-white solid precipitated
and was collected by filtration, washed with methanol and dried in vacuo
over P4O10. Yield: 95%; m.p. 260–261 8C; elemental analysis calcd (%)
for C21H18N6: C 71.2, H 5.1, N 23.7; found: C 70.9, H 5.1, N 23.5; MS
(EI+): m/z : 354 [M]+ ; 1H NMR (DMSO, 400 MHz, 300 K): d=12.8 (s,
1H; NH), 8.42 (s, 1H; Him), 7.80 (s, 1H; H2/4), 7.62 (s, 1H; H2/4), 7.23 (d,
J=7.8 Hz, 2H; HPh), 7.15 (d, J=7.8 Hz, 2H; HPh), 3.98 ppm (s, 1H;
CH2); IR data (KBr): ñ=3060 (sh), 3024 (m), 2970 (w), 2906 (w), 2832
(m), 2647 (w), 2589 (w), 1629 (vs), 1600 (s), 1546 (vw), 1502 (s), 1438
(m), 1414 (w), 1351 (w), 1331 (w), 1298 (w), 1222 (m), 1202 (w), 1170
(w), 1155 (sh), 1094 (m), 1014 (w), 991 (m), 918 (w), 874 (m), 845 (m),
808 (w), 787 (w), 752 (w), 710 (w), 622 (s), 601 (w), 539 (m), 480 cm�1


(vw).


Preparation of the complexes


[Fe2(L)3][PF6]4 (1): Ligand L (0.106 g, 0.3 mmol) and iron(ii) chloride tet-
rahydrate (0.040 g, 0.2 mmol) were stirred in methanol (15 mL) for
45 min. The resulting orange solution was filtered through Celite and
treated with methanolic ammonium hexafluorophosphate (excess). Slow
evaporation of the solvent at room temperature yielded an orange micro-
crystalline product, which was collected by filtration, washed with cold
methanol and dried in vacuo over P4O10. Yield: 67%; elemental analysis
calcd (%) for [Fe2(C21H18N6)3][PF6]4·2H2O: C 42.2, H 3.2, N 14.1; found:
C 41.9, H 3.0, N 14.0; MS (FAB): m/z : 1609 [Fe2(L)3(PF6)3], 1463
[Fe2(L)2(L�H)(PF6)2], 1317 [Fe2(L)(L�H)2(PF6)], 1171 [Fe2(L�H)3], 837
[Fe2(L�H)2(F)], 818 [Fe2(L�H)2], 766 [Fe(L)(L�H)], 409 [Fe(L�H)];
positive-ion ESI (MeCN): m/z : 1609 [Fe2(L)3(PF6)3]


+ , 1315
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[Fe2(L)(L�H)2(PF6)]
+ , 1256 [Fe2(L)2(PF6)3]


+ , 1171 [Fe2(L�H)3]
+ , 732


[Fe2(L)3(PF6)2]
2+ , 658 [Fe2(L)2(L�H)(PF6)]


2+ , 585 [Fe2(L)(L�H)2]
2+ , 439


[Fe2(L)3(PF6)]
3+, 409 [Fe(L�H)]+ , 391 [Fe2(L)2(L�H)]3+ , 355 [HL]+ ;


1H NMR (CD3CN, 500 MHz, 298 K): d=158.3 (br s, 1H; H2), 92.1 (s, 1H;
NH), 42.5 (br s, 1H; Him), 37.9 (s, 1H; H4), 24.7 (s, 1H; CH2), 14.6 (s,
2H; HPh), �5.6 ppm (br s, 2H; HPh); UV/Vis (MeCN): lmax (e)=283
(53200), 313 (58000), 443 (1390), 810 nm (10 m�1 cm�1); IR data (KBr):
ñ=3622 (w), 3396 (br), 3134 (br), 2934 (w), 2860 (w), 2588 (vw), 1621
(vs), 1600 (sh), 1556 (w), 1501 (m), 1437 (m), 1347 (vw), 1294 (w), 1232
(w), 1208 (w), 1174 (vw), 1144 (vw), 1094 (m), 1011 (w), 848 (vs), 757
(sh), 710 (w), 617 (m), 559 cm�1 (s). Orange crystals suitable for X-ray
analysis were grown by slow evaporation of a solution of complex 1 in
methanol.


[Fe2(L)3][BF4]4 (2): Ligand L (0.127 g; 0.36 mmol) and iron(ii) chloride
tetrahydrate (0.048 g, 0.24 mmol) were stirred in methanol (15 mL) for
40 min. The resulting orange solution was filtered through Celite and
treated with methanolic ammonium tetrafluoroborate (excess) to yield
an orange product, which was isolated by filtration, washed with meth-
anol and dried in vacuo over P4O10. The product was then dissoluted in
acetonitrile (10 mL). The solution was filtered through Celite, concentrat-
ed in vacuo, diluted with methanol (15 mL) and allowed to stay at room
temperature for 24 h. An orange polycrystalline powder resulted, which
was collected by filtration, washed with cold methanol and finally dried
in vacuo under P4O10. Yield: 65%; elemental analysis calcd (%) for
[Fe2(C21H18N6)3][BF4]4·2H2O: C 48.5, H 3.7, N, 16.2; found: C 48.4, H 3.4,
N 16.0; MS (FAB): m/z : 1347 [Fe2(L)2(L�H)(BF4)2], 1259
[Fe2(L)(L�H)2(BF4)], 1171 [Fe2(L�H)3], 837 [Fe2(L�H)2(F)], 818
[Fe2(L�H)2], 766 [Fe(L)(L�H)], 409 [Fe(L-H)]; positive-ion ESI
(MeCN): m/z : 586 [Fe2(L)(L�H)2]


2+ , 420 [Fe2(L)3(BF4)]
3+ , 409


[Fe(L�H)]+ , 355 [HL]+ ; 1H NMR (CD3CN, 500 MHz, 298 K): d=159.2
(br s,1H; H2), 92.7 (s, 1H; NH), 42.9 (br s, 1H; Him), 38.1 (s, 1H; H4),
24.8 (s, 1H; CH2), 14.7 (s, 2H; HPh), �5.7 ppm (br s, 2H; HPh); UV/Vis
(MeCN): lmax (e)=285 (54400), 310 (58300), 438 (1400), 822 nm
(12 m�1 cm�1); IR data (KBr): ñ=3376 (w), 3131 (br), 2932 (w), 2856 (w),
2588 (vw), 1620 (vs), 1599 (s), 1555 (w), 1501 (m), 1437 (m), 1347 (vw),
1294 (m), 1232 (w), 1207 (w), 1082 (vs), 1054 (sh), 935 (vw), 892 (w), 861
(w), 814 (w), 757 (w), 710 (w), 617 (m), 547 (w), 534 (w), 522 (w). X-ray
quality, orange crystals of 2 were obtained from a saturated solution of 2
in acetonitrile by diffusion of diisopropyl ether.


[Fe2(L)3][ClO4]4 (3): Ligand L (0.096 g; 0.27 mmol) and iron(ii) chloride
tetrahydrate (0.036 g, 0.18 mmol) were stirred in methanol (15 mL) for
45 min. The resulting orange solution was filtered through Celite and
treated with lithium perchlorate (0.4 mmol) dissoluted in MeOH/H2O
(10 mL, 4:1) solvent mixture. An orange product instantaneously formed,
and was collected by filtration, washed with methanol and dried in vacuo
over P4O10. Yield: 72%; elemental analysis calcd (%) for
[Fe2(C21H18N6)3][ClO4]4·2H2O: C 47.0, H 3.6, N 15.7; found: C 46.9,
H 3.3, N 15.5. MS (FAB): m/z : 1473 [Fe2(L)3(ClO4)3], 1372
[Fe2(L)2(L�H)(ClO4)2], 1271 [Fe2(L)(L�H)2(ClO4)], 1171 [Fe2(L�H)3],
817 [Fe2(L�H)(L�2H)], 766 [Fe(L)(L�H)], 409 [Fe(L�H)]; positive-ion
ESI (MeCN): m/z 1470 [Fe2(L)3(ClO4)3]


+ , 685 [Fe2(L)3(ClO4)2]
2+ , 636


[Fe2(L)2(L�H)(ClO4)]
2+, 586 [Fe2(L)(L�H)2]


2+ , 424 [Fe2(L)2(ClO4)]
3+ ,


409 [Fe(L�H)]+ , 355 [HL]+ ; 1H NMR (CD3CN, 500 MHz, 298 K): d=
158.3 (br s, 1H; H2), 92.1 (s, 1H; NH), 42.5 (br s, 1H; Him), 37.9 (s, 1H;
H4), 24.7 (s, 1H; CH2), 14.6 (s, 2H; HPh), �5.6 ppm (br s, 2H; HPh); UV/
Vis (MeCN): lmax (e)=286 (57400), 306 (sh), 438 (1410), 834 nm
(12 m�1 cm�1); IR data (KBr): ñ=3242 (sh), 3135 (br), 2933 (w), 2856 (w),
2588 (vw), 1620 (vs), 1599 (s), 1556 (w), 1501 (s), 1436 (m), 1346 (vw),
1294 (m), 1232 (w), 1207 (w), 1088 (vs), 1008 (m), 969 (vw), 934 (vw),
892 (m), 861 (w), 814 (m), 757 (w), 710 (w), 625 (s), 617 (s), 547 cm�1


(w). Orange crystals suitable for X-ray analysis were obtained by slow
diffusion, in an H-shaped tube of two 10�4m methanolic solutions con-
taining [Fe2(L)3]Cl4 and LiClO4, respectively.


CAUTION! No problems were encountered during the preparation of
the perchlorate derivative described above. However, suitable care must
be taken when handling such potentially explosive materials.


[Ni2(L)3][PF6]4 (4): Ligand L (0.053 g; 0.15 mmol) and nickel(ii) chloride
hexahydrate (0.024 g, 0.10 mmol) were stirred in methanol (10 mL) for
30 min. The resulting green solution was treated with methanolic ammo-
nium hexafluorophosphate (excess) and filtered through Celite, and the
filtrate allowed to standing for 48 h at 4 8C. Green crystals formed and


were collected by filtration, washed several times with small amounts of
cold methanol, and finally dried in vacuo over P4O10. Yield: 68%; ele-
mental analysis calcd (%) for [Ni2(C21H18N6)3][PF6]4·2H2O: C 42.1, H 3.2,
N 14.0; found: C 41.9, H 3.1, N 13.8; MS (FAB): m/z : 1615
[Ni2(L)3(PF6)3], 1469 [Ni2(L)2(L�H)(PF6)2], 1323 [Ni2(L)(L�H)2(PF6)],
1177 [Ni2(L�H)3], 823 [Ni2(L�H)(L�2H)], 412 [Ni(L�H)]; positive-ion
ESI (MeCN): m/z : 1615 [Ni2(L)3(PF6)3]


+ , 733 [Ni2(L)3(PF6)2]
2+ , 660


[Ni2(L)2(L�H)(PF6)]
2+ , 588 [Ni2(L)(L�H)2]


2+ , 441 [Ni2(L)3(PF6)]
3+ , 411


[Ni(L�H)]+ , 392 [Ni2(L)2(L�H)]3+ , 355 [HL]+ ; 1H NMR (CD3CN,
500 MHz, 298 K): d=229.0 (br s, 1H; H2), 93.1 (s, 1H; NH), 58.7 (br s,
1H; Him), 40.9 (s, 1H; H4), 27.5 (s, 1H; CH2), 15.4 (s, 2H; HPh),
�6.7 ppm (br s, 2H; HPh). UV/Vis (MeCN): lmax (e)=262 (48300), 308
(66200), 554 (24), 900 nm (25 m�1 cm�1); IR data (KBr): ñ=3629 (w),
3379 (m), 3139 (w), 3099 (w), 3033 (w), 2933 (w), 2847 (w), 2589 (vw),
1622 (vs), 1600 (s), 1560 (w), 1499 (s), 1438 (m), 1337 (vw), 1289 (m),
1234 (w), 1207 (w), 1174 (vw), 1151 (w), 1094 (m), 1017 (m), 964 (vw),
847 (vs), 755 (sh), 710 (w), 618 (m), 604 (sh), 558 (s), 425 cm�1 (vw).
Single crystals suitable for X-ray analysis were directly collected from the
reaction mixture, after standing at 4 8C for 2 days.


[Co2(L)3][PF6]4 (5): Ligand L (0.053 g; 0.15 mmol) and cobalt(ii) chloride
hexahydrate (0.024 g, 0.10 mmol) were stirred in methanol (15 mL) for
30 min. Water (2 mL) was added and the reaction mixture was further
stirred for 45 min. The resulting orange solution was treated with potassi-
um hexafluorophosphate (excess) and filtered through Celite, and the fil-
trate allowed to stay for 24 h at room temperature. Orange crystals
formed and were collected by filtration, washed with methanol, and final-
ly dried in vacuo over P4O10. Yield: 75%; elemental analysis calcd (%)
for [Co2(C21H18N6)3][PF6]4·CH3OH·H2O: C 42.4, H 3.3, N 13.9; found: C
42.4, H 3.0, N 13.8; MS (FAB): m/z : 1615 [Co2(L)3(PF6)3], 1469
[Co2(L)2(L�H)(PF6)2], 1323 [Co2(L)(L�H)2(PF6)], 1177 [Co2(L�H)3],
823 [Co2(L�H)(L�2H)], 412 [Co(L�H)]; positive-ion ESI (MeCN):
m/z : 1615 [Co2(L)3(PF6)3]


+ , 1174 [Co2(L�H)3]
+ , 734 [Co2(L)3(PF6)2]


2+ ,
662 [Co2(L)2(L�H)(PF6)]


2+, 588 [Co2(L)(L�H)2]
2+, 442 [Co2(L)3(PF6)]


3+,
411 [Co(L�H)]+ , 392 [Co2(L)2(L�H)]3+ , 355 [HL]+ ; 1H NMR (CD3CN,
500 MHz, 298 K): d=235.0 (br s, 1H; H2), 99.6 (s, 1H; NH), 52.9 (s, 1H;
H4), 23.8 (br s, 1H; Him), 22.1 (s, 1H; CH2), 2.0 (s, 2H; HPh), �19.1 ppm
(br s, 2H; HPh); UV/Vis (MeCN): lmax (e)=285 (55600), 318 (38250),
490 nm (42 m�1 cm�1); IR data (KBr): ñ=3629 (w), 3379 (m), 3127 (w),
3096 (w), 3031 (w), 2929 (w), 2847 (w), 2589 (vw), 1621v (s), 1600 (s),
1559 (w), 1500 (s), 1439 (m), 1336 (vw), 1290 (m), 1233 (w), 1207 (w),
1174 (vw), 1150 (w), 1094 (m), 1014 (m), 965 (vw), 847 (vs), 756 (sh), 710
(w), 618 (m), 602 (sh), 558 (s), 419 cm�1 (vw); X-ray quality, orange crys-
tals were obtained from a saturated 1:1 acetonitrile/acetone solution by
slow diffusion of diethyl ether.


[Mn2(L)3][PF6]4 (6): Ligand L (0.106 g; 0.3 mmol) and manganese(ii)
chloride tetrahydrate (0.039 g, 0.2 mmol) were stirred in methanol
(15 mL) for 45 min. The resulting yellow solution was treated with meth-
anolic ammonium hexafluorophosphate (excess), filtered through Celite
and allowed to stay at room temperature overnight. A pale yellow poly-
crystalline product formed and was isolated by filtration, washed with
methanol, and dried in vacuo over P4O10. Yield: 74%; elemental analysis
calcd (%) for [Mn2(C21H18N6)3][PF6]4·H2O: C 42.7, H 3.2, N 14.2; found:
C 42.5, H 3.0, N 14.2; MS (FAB): m/z : 1607 [Mn2(L)3(PF6)3], 1461
[Mn2(L)2(L�H)(PF6)2], 1315 [Mn2(L)(L�H)2(PF6)], 1169 [Mn2(L�H)3],
815 [Mn2(L�H)(L�2H)], 408 [Mn(L�H)]; positive-ion ESI (MeCN):
m/z : 731 [Mn2(L)3(PF6)2]


2+ , 658 [Mn2(L)2(L�H)(PF6)]
2+ , 585


[Mn2(L)(L�H)2]
2+ , 408 [Mn(L�H)]+ , [Mn2(L�H)2]


2+ , 355 [HL]+ ; UV/
Vis (MeCN): lmax (e)=267 (51600), 318 nm (112100 m�1 cm�1); IR data
(KBr): ñ=3631 (w), 3386 (m), 3142 (w), 3102 (w), 3037 (w), 2927 (w),
2848 (w), 2590 (vw), 1623 (vs), 1600 (s), 1556 (w), 1502 (s), 1440 (m),
1347 (vw), 1295 (m), 1232 (w), 1207 (w), 1178 (vw), 1152 (w), 1093 (m),
1005 (m), 970 (vw), 847 (vs), 756 (sh), 710 (w), 620 (m), 602 (sh), 558 (s),
425 cm�1 (vw). Yellow crystals suitable for X-ray analysis were grown by
slow diffusion of diethyl ether into a solution of complex 6 in 1:1 acetoni-
trile/acetone.


Crystallography : Crystal data for compounds 1–6 were collected at 180 K
with a Siemens-SMART-CCD diffractometer[32] equipped with an Oxford
Cryosystem Cryostream Cooler.[33] Refinements were performed with
SHELXTL.[34] Systematic absences and/or intensity statistics indicated
the appropriate space group. The structures were solved by direct meth-
ods with additional light atoms found by Fourier methods. Hydrogen
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atoms were added at calculated positions and refined using a riding
model with freely rotating methyl groups. Unless otherwise indicated ani-
sotropic displacement parameters were used for all non-hydrogen atoms;
hydrogen atoms were given isotropic displacement parameters equal to
1.2 (or 1.5 for methyl hydrogen atoms) times the equivalent isotropic dis-
placement parameter of the atom to which the hydrogen-atom was at-
tached. Details of the data collection and refinement for complexes 1–6
are given in Table 4.


Complex 1: Systematic absences indicated either space group C2/c or Cc.
The former was chosen on the basis of intensity statistics and shown to
be correct by successful refinement. The asymmetric unit contains one
and a half ligands and an iron as the triple helix lies on a two fold axis
passing through C214 (special position 4e). There are two PF6 counter-
ions and three methanol molecules. One methanol molecule is fully occu-
pied (C01–O01), one fully occupied but disordered over two positions
(C02A–O02A, C02B–O02B), and one half occupied (C03–O03). Addi-
tionally, hydrogen atoms were not found for the disordered methanol
molecule and it was refined isotropically. All of the other non-hydrogen
atoms were refined anisotropically.


Complex 2 : No systematic absences. Space group P1̄ was chosen on the
basis of intensity statistics and shown to be correct by successful refine-
ment. The asymmetric unit contains the triple helix, four BF4 counterions,
two acetonitrile molecules, two water molecules and one molecule of di-
isopropyl ether. One BF4 ion was disordered over two positions (B10A,
B10B) in a 50:50 ratio. No hydrogen atoms were found for the two water
molecules (O01, O02) and the diisopropyl ether molecule was modelled
at 50% occupancy. All non-hydrogen atoms were refined anisotropically,
except for the diisopropyl ether molecule and the disordered BF4 ion
which were refined isotropically.


Complex 3 : No systematic absences. Space group P1̄ was chosen on the
basis of intensity statistics and shown to be correct by successful refine-
ment. The asymmetric unit contains the triple helix and four perchlorate
counterions, four methanol molecules and a water molecule. The Cl40
perchlorate was disordered over two positions in a 50:50 ratio with Cl4a
perchlorate and electron density that was modelled as a water molecule
(O07). None of the hydrogen atoms of the various methanol solvent mol-
ecules were found. Methanol molecules O01–C01 and O02–C02 were full
occupied; O03–C03 and O04–C04 were modelled as half occupied. Meth-
anol molecule O05–C05 was fully occupied, but disordered over two posi-
tions O05–C05/O05A–C05A. The occupancies were fixed at 50:50. There
was a very disordered water molecule O06, which was modelled over
three positions (O06A, O06B and O06C) with the combined occupancy


restrained to a value of one (relative occupancies were 0.5, 0.3 and 0.2).
The minor component of the disordered Cl40 and methanol O05A–C05A
were refined isotropically.


Complex 4 : Systematic absences indicated either space group C2/c or Cc.
The former was chosen on the basis of intensity statistics and shown to
be correct by successful refinement. There are one and a half ligands and
a nickel atom in the asymmetric unit as C114 lies on a twofold axis (posi-
tion 4e). Additionally there are two PF6 counterions and one whole
methanol solvent molecule (C01–O01) and one half occupied (C02–O02).
There is also a water molecule modelled as diordered over two positions
(O03, O03a). No hydrogen atoms were found for the water molecules.


Complex 5 : No systematic absences. The space group P1̄ was chosen on
the basis of intensity statistics and shown to be correct by successful re-
finement. The asymmetric unit contains a triple helix, four PF6 counter-
ions, three acetone molecules and two acetonitrile molecules. The P20
PF6 is disordered around its equator, in about 7:3 for the two occupan-
cies. One acetonitrile molecule is disordered over two positions (N20-
C22, N30-C32) in a ratio of about 8:2.


Complex 6 : No systematic absences. Space group P1̄ was chosen on the
basis of intensity statistics and shown to be correct by successful refine-
ment. The asymmetric unit contains a triple helix, four PF6 counterions,
three molecules of acetone and two of acetonitrile. The P30 PF6 was dis-
ordered around the equator (75:25 major to minor), P40 PF6 was disor-
dered around phosphorus (50:50) and the acetonitrile molecule (C50A–
C52A and C50B–C52B) was disordered over two positions (8:2 major to
minor). Additionally, two of the phenyl rings of the diamine units of the
ligand were disordered (C215–C220 and C315–C320 by a twisting move-
ment around the C215�C218 axis or C315�C318 axis) over two positions.
The occupancies (50:50) of the two sites of disorder were linked as this
made chemical sense not to have two parts of the disorder phenyl rings
sterically clashing in the helix. These two disordered sets both give rise to
similar packing arrangements of the three phenyl rings at that end of the
helix. Hydrogen atoms were not located for acetonitrile molecule N40–
C42. All non-hydrogen atoms were refined anisotropically, except the
minor component of the disordered acetonitile molecule (C50B–C52B).


CCDC-239357–239362 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre,12 Union Road,Cambridge CB21EZ (UK); fax:
(+44)1223-336-033; or e-mail :deposit@ccdc.cam.ac.uk).


Table 4. Crystallographic data for complexes 1–6 and details of refinement.


1 2 3 4 5 6


formula C68H66F24Fe2N18O5P4 C70H67B4F16Fe2N20O2.5 C67H72Cl4Fe2N18O21.5 C66H70F24N18Ni2O5P4 C76H78Co2F24N20O3P4 C76H78F24Mn2N20O3P4


Mr 1906.97 1687.38 1726.93 892.70 2017.32 2009.34
T [K] 180(2) 180(2) 180(2) 180(2) 180(2) 180(2)
crystal system monoclinic triclinic triclinic monoclinic triclinic triclinic
space group C2/c P1̄ P1̄ C2/c P1̄ P1̄
a [N] 33.490(2) 14.1279(14) 13.5812(11) 33.673(3) 14.6250(6) 14.6954(8)
b [N] 14.1457(9) 14.5901(14) 18.246(2) 14.1966(12) 18.4440(8) 18.5749(9)
c [N] 23.0087(14) 21.301(2) 18.261(2) 22.993(2) 18.7820(8) 18.9226(9)
a [8] 90 74.47 78.637(3) 90 77.27 76.924(2)
b [8] 130.8050(10) 75.347(2) 69.401(3) 130.588(6) 67.4920(10) 67.202(2)
g [8] 90 73.9480(10) 70.2610(10) 90 69.8880(10) 70.349(2)
V [N3] 8250.7(9) 3988.8(7) 3971.2(8) 8347.1(12) 4371.9(3) 4456.9(8)
Z 4 2 2 4 2 2
1calcd [g


�1 cm�3] 1.535 1.405 1.144 1.506 1.532 1.497
m [mm�1] 0.543 0.459 0.582 0.639 0.563 0.463
reflections col-
lected


16596 16279 18304 16334 18002 21024


independent re-
flections


5371 (Rint=0.1324) 10165 (Rint=0.0747) 12023
(Rint=0.1111)


5428 (Rint=0.0810) 11220 (Rint=0.0653) 13682 (Rint=0.0663)


parameters 557 1016 1049 553 1177 1312
goodness-of-fit
on F2


0.993 0.962 0.944 0.999 1.007 0.948


R1 [I>2s(I)] 0.0670 0.0779 0.1235 0.0641 0.0785 0.0750
wR2 [I>2s(I)] 0.1865 0.2171 0.3408 0.1743 0.2146 0.2054


E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5737 – 57505748


FULL PAPER M. J. Hannon et al.



www.chemeurj.org





Acknowledgement


This work was supported by an EU Marie Curie Fellowship (F.T.; MCFI-
2000-00403). M.J.H. is the Royal Society of Chemistry Sir Edward Frank-
land Fellow 2004–5. We thank EPSRC and Siemens Analytical Instru-
ments for grants in support of the diffractometer, the EPSRC National
Mass Spectrometry Service Centre, Swansea for recording the electro-
spray mass spectra and Dr. A. J. Clarke for assistance with NMR studies.
We thank one of the referees for highlighting the importance of isomor-
phous structures and Dr. N. W. Alcock for helpful discussions on this sub-
ject.


[1] a) J.-M. Lehn, Supramolecular Chemistry—Concepts and Perspec-
tives, VCH, Weinheim, 1995 ; b) Comprehensive Supramolecular
Chemistry, (Eds.: J. L. Atwood, J. E. D. Davies, J.-M. Lehn, D. D.
MacNicol, F. Vogtle), Pergamon, Oxford, 1996 ; c) R. W. Saalfrank,
I. Bernt, Curr. Opin. Solid State Mater. Sci. 1998, 3, 407–413; d) D.
Philp, J. F. Stoddart, Angew. Chem. 1996, 108, 1242–1286; Angew.
Chem. Int. Ed. Engl. 1996, 35, 1155–1196; e) M. Albrecht, J. Inclu-
sion Phenom. Macrocyclic Chem. 2000, 36, 127–151; f) C. Dietrich-
Buchecker, G. Rapenne, J. P. Sauvage, Coord. Chem. Rev. 1999, 186,
167–176; g) M. Fujita, Acc. Chem. Res. 1999, 32, 53–61; h) B. Ole-
nyuk, A. Fechtenkotter, P. J. Stang, J. Chem. Soc. Dalton Trans.
1998, 1707–1728; i) D. L. Caulder, K. N. Raymond, Acc. Chem. Res.
1999, 32, 975–982; j) D. W. Johnson, K. N. Raymond, Supramol.
Chem. 2001, 13, 639–659; k) E. C. Constable, Prog. Inorg. Chem.
1994, 42, 67–138; l) R. W. Saalfrank, I. Bernt, Curr. Opin. Solid
State Mater. Sci. 1998, 3, 407–413.


[2] a) C. Dietrich-Buchecker, M. C. Jimenez-Molero, V. Sartor, J.-P.
Sauvage, Pure Appl. Chem. 2003, 75, 1383–1393; b) J. P. Collin, C.
Dietrich-Buchecker, P. Gavina, M. C. Jimenez-Molero, J.-P. Sauvage,
Acc. Chem. Res. 2001, 34, 477–487; c) J. C. Chambron, J.-P. Sauvage,
Chem. Eur. J. 1998, 4, 1362–1366; d) P. N. W. Baxter, H. Sleiman, J.-
M. Lehn, K. Rissanen, Angew. Chem. 1997, 109, 1350–1352; Angew.
Chem. Int. Ed. Engl. 1997, 36, 1294–1296; e) L. Raehm, J. P. Sauv-
age, Struct. Bond. 2001, 99, 55–78.


[3] a) C. Dietrich-Buchecker, G. Rapenne, J. P. Sauvage, Coord. Chem.
Rev. 1999, 186, 167–176; b) C. Dietrich-Buchecker, G. Rapenne,
J. P. Sauvage, A. De Cian, J. Fischer, Chem. Eur. J. 1999, 5, 1432–
1439; c) S. C. J. Meskers, H. P. J. M. Dekkers, G. Rapenne, J. P. Sauv-
age, Chem. Eur. J. 2000, 6, 2129–2134 .


[4] a) L. J. Childs, M. J. Hannon, Supramol. Chem. 2004, 16, 7–22; b) C.
Piguet, G. Bernardinelli, G. Hopfgartner, Chem. Rev. 1997, 97,
2005–2062; c) M. Albrecht, Chem. Rev. 2001, 101, 3457–3497;
d) A. F. Williams, Pure Appl. Chem. 1996, 68, 1285–1289.


[5] a) M.-T. Youinou, N. Rahmouni, J. Fischer, J. A. Osborn, Angew.
Chem. 1992, 104, 771–773; Angew. Chem. Int. Ed. Engl. 1992, 31,
733–735; b) P. N. W. Baxter, J.-M. Lehn, J. Fischer, M.-T. Youinou,
Angew. Chem. 1994, 106, 2432–2435; Angew. Chem. Int. Ed. Engl.
1994, 33, 2284–2287; c) M. Ruben, E. Breuning, M. Barboiu, J. P.
Gisselbrecht, J. M. Lehn, Chem. Eur. J. 2003, 9, 291–299; d) D. M.
Bassani, J. M. Lehn, S. Serroni, F. Puntoriero, S. Campagna, Chem.
Eur. J. 2003, 9, 5936–5946; e) L. H. Uppadine, J-.M. Lehn, Angew.
Chem. 2004, 116, 242–245; Angew. Chem. Int. Ed. 2004, 43, 240–
243; f) L. K. Thompson, C. J. Matthews, L. Zhao, Z. Xu, D. O.
Miller, C. Wilson, M. A. Leeh, J. A. K. Howard, S. L. Heath, A. G.
Whittaker, R. E. P. Winpenny, J. Solid State Chem. 2001, 159, 308–
320.


[6] a) H. Sleiman, P. N. W. Baxter, J.-M. Lehn, K. Airola, K. Rissanen,
Inorg. Chem. 1997, 36, 4734–4742; b) H. Sleiman, P. Baxter, J.-M.
Lehn, K. Rissanen, J. Chem. Soc. Chem. Commun. 1995, 715–716.


[7] a) M. Fujita, K. Ogura, Coord. Chem. Rev. 1996, 148, 249–264;
b) M. Fujita, T. Kusukawa, Angew. Chem. 1998, 110, 3327–3329;
Angew. Chem. Int. Ed. 1998, 37, 3142–3144; c) T. Kusukawa, M.
Yoshizawa, M. Fujita, Angew. Chem. 2001, 113, 1931–1936; Angew.
Chem. Int. Ed. 2001, 40, 1879–1884; d) B. Linton, A. D. Hamilton,
Chem. Rev. 1997, 97, 1669–1680; e) J.K. M. Sanders, Pure Appl.
Chem. 2000, 72, 2265–2274; f) P. D. Beer, E. J. Hayes, Coord. Chem.
Rev. 2003, 240, 167–189; g) M. Albrecht, O. Blau, Chem. Commun.
1997, 345–346; h) B. Hasenknopf, J.-M. Lehn, N. Boumediene, A.


DupontGervais, A. VanDorsselaer, B. O. Kneisel, D. Fenske, J. Am.
Chem. Soc. 1997, 119, 10956–10962; i) B. Hasenknopf, J.-M. Lehn,
B. O. Kneisel, G. Baum, D. Fenske, Angew. Chem. 1996, 108, 1987–
1989; Angew. Chem. Int. Ed. Engl. 1996, 35, 1838–1840; j) P. L.
Jones, K. J. Byrom, J. C. Jeffery, J. A. McCleverty, M. D. Ward,
Chem. Commun. 1997, 1361–1362; k) J. S. Fleming, K. L. V. Mann,
C. A. Carraz, E. Psillakis, J. C. Jeffery, J. A. McCleverty, M. D.
Ward, Angew. Chem. 1998, 110, 1315–1318; Angew. Chem. Int. Ed.
1998, 37, 1279–1281; l) A. Bilyk, M. M. Harding, J. Chem. Soc.
Dalton Trans. 1994, 77–82; m) A. Bilyk, M. M. Harding, P. Turner,
T. W. Hambley, J. Chem. Soc. Dalton Trans. 1995, 2549–2553; n) A.
Bilyk, M. M. Harding, J. Chem. Soc. Chem. Commun. 1995, 1697–
1698; o) M. A. Houghton, A. Bilyk, M. M. Harding, P. Turner, T. W.
Hambley, J. Chem. Soc. Dalton Trans. 1997, 2725–2733.


[8] a) M. J. Hannon, V. Moreno, M. J. Prieto, E. Moldrheim, E. Sletten,
I. Meistermann, C. J. Isaac, K. J. Sanders, A. Rodger, Angew. Chem.
2001, 113, 903–908; Angew. Chem. Int. Ed. 2001, 40, 880–884; b) I.
Meistermann, V. Moreno, M. J. Prieto, E. Moldrheim, E. Sletten, S.
Khalid, M. Rodger, J. Peberdy, C. J. Isaac, A. Rodger, M. J. Hannon,
Proc. Natl. Acad. Sci. USA 2002, 99, 5069–5074; c) E. Moldrheim,
M. J. Hannon, I. Meistermann, A. Rodger, E. Sletten, J. Biol. Inorg.
Chem. 2002, 7, 770–780; d) M. J. Hannon, A. Rodger, Pharmaceuti-
cal Visions 2002, autumn issue, p. 14.


[9] a) A. El-ghayoury, L. Douce, A. Skoulios, R. Ziessel, Angew. Chem.
1998, 110, 2327–2331; Angew. Chem. Int. Ed. 1998, 37, 2205–2208;
b) L. Douce, R. Ziessel, Mol. Cryst. Liq. Cryst. 2001, 362, 133–145;
c) R. Ziessel, Coord. Chem. Rev. 2001, 216, 195–223.


[10] O. Kahn, Molecular Magnetism, VCH, Wenheim, 1993.
[11] a) H. Toftlund, Monatsh. Chem. 2001, 132, 1269–1277; b) H. Toft-


lund, Coord. Chem. Rev. 1989, 94, 67–108; c) P. GGtlich, Y. Garcia,
H. A. Goodwin, Chem. Soc. Rev. 2000, 29, 419–427; d) B. A. Leita,
B. Moubaraki, K. S. Murray, J. P. Smith, J. D. Cashion, Chem.
Commun. 2004, 156–157.


[12] a) O. Kahn, C. J. Martinez, Science 1998, 279, 44–48; b) Y. Breton-
niVre, M. Mazzanti, J. PWcaut, M. M. Olmstead, J. Am. Chem. Soc.
2002, 124, 9012–9013; c) C. Cadiou, M. Murrie, C. Paulsen, V.
Villar, W. Wernsdorfer, R. E. P. Winpenny, Chem. Commun. 2001,
2666; d) O. Kahn, J. Krçber, C. Jay, Adv. Mater. 1992, 4, 718; e) V.
Niel, J. M. Martinez-Agudo, M. Carmen MuÇoz, A. B. Gaspar, J. A.
Real, Inorg. Chem. 2001, 40, 3838–3839.


[13] a) J.-F. LWtard, P. Guionneau, E. Codjovi, O. Lavastre, G. Bravic, D.
Chasseau, O. Kahn, J. Am. Chem. Soc. 1997, 119, 10861–10862;
b) J.-F. LWtard, S. Montant, P. Guionneau, P. Martin, A. Le Calvez,
E. Freysz, D. Chasseau, R. Lapouyade, O. Kahn, Chem. Commun.
1997, 745–746.


[14] a) M. Yamada, M. Ooidemizu, Y. Ikuta, S. Osa, N. Matsumoto, S.
Iijuma, M. Kojima, F. Dahan, J. P. Tuchagues, Inorg. Chem. 2003, 42,
8406–8416; b) Y. Sunatsuki, Y. Ikuta, N. Matsumoto, H. Ohta, M.
Kojima, S. Iijuma, S. Hayami, Y. Maeda, S. Kaizaki, F. Dahan, J. P.
Tuchagues, Angew. Chem. 2003, 115, 1652–1656; Angew. Chem. Int.
Ed. 2003, 42, 1614–1618.


[15] a) J. A. Real, A. B. Gaspar, V. Niel, M. C. MuÇoz, Coord. Chem.
Rev. 2003, 236, 121–141; b) G. J. Halder, C. J. Kepert, B. Moubaraki,
K. S. Murray, J. D. Cashion, Science 2002, 298, 1762–1765; c) V. Kse-
nofontov, A. B. Gaspar, V. Niel, S. Reiman, J. A. Real, P. GGtlich,
Chem. Eur. J. 2004, 10, 1291–1298.


[16] a) S. G. Telfer, B. Bocquet, A. F. Williams, Inorg. Chem. 2001, 40,
4818–4820; b) L. J. Charbonniere, A. F. Williams, C. Piguet, G. Ber-
nardelli, E. Rivara-Minten, Chem. Eur. J. 1998, 4, 485–493.


[17] a) M. Ruben, E. Breunin, J.-M. Lehn, V. Ksenofontov, F. Renz, P.
GGtlich, G. B. M. Vaughan, Chem. Eur. J. 2003, 9, 4422–4429; b) E.
Breuning, M. Ruben, J.-M. Lehn, F. Renz, Y. Garcia, V. Ksenofon-
tov, P. GGtlich, E. Wegelius, K. Rissanen, Angew. Chem. 2000, 112,
2563–2565; Angew. Chem. Int. Ed. 2000, 39, 2504–2507.


[18] a) M. J. Hannon, C. L. Painting, J. Hamblin, A. Jackson, W. Erring-
ton, Chem. Commun. 1997, 1807–1808; b) M. J. Hannon, I. Meister-
mann, C. J. Isaac, C. Blomme, J. Aldrich-Wright, A. Rodger, Chem.
Commun. 2001, 1078–1079.


[19] a) M. J. Hannon, S. Bunce, A. J. Clarke, N. W. Alcock, Angew.
Chem. 1999, 111, 1353–1355; Angew. Chem. Int. Ed. 1999, 38, 1277–
1278; b) L. J. Childs, N. W. Alcock, M. J. Hannon, Angew. Chem.
2001, 113, 1113–1115; Angew. Chem. Int. Ed. 2001, 40, 1079–1081;


Chem. Eur. J. 2004, 10, 5737 – 5750 www.chemeurj.org E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5749


Metallo-Supramolecular Triple Helicates 5737 – 5750



www.chemeurj.org





c) J. Hamblin, L. J. Childs, N. W. Alcock, M. J. Hannon, J. Chem.
Soc. Dalton Trans. 2002, 164–169; d) L. J. Childs, N. W. Alcock,
M. J. Hannon, Angew. Chem. 2002, 114, 4418–4421; Angew. Chem.
Int. Ed. 2002, 41, 4244–4247; e) J. Hamblin, A. Jackson, N. W.
Alcock, M. J. Hannon, J. Chem. Soc. Dalton Trans. 2002, 1635–1641;
f) F. Tuna, G. Clarkson, N. W. Alcock, M. J. Hannon, Dalton Trans.
2003, 2149–2155; g) F. Tuna, J. Hamblin, G. Clarkson, W. Errington,
N. W. Alcock, M. J. Hannon, Chem. Eur. J. 2002, 8, 4957–4964;
h) M. J. Hannon, C. L. Painting, N. W. Alcock, Chem. Commun.
1999, 2023–2024; i) A. Lavalette, J. Hamblin, A. Marsh, D. M. Had-
dleton, M. J. Hannon, Chem. Commun. 2002, 3040–3041; j) F. Tuna,
J. Hamblin, A. Jackson, G. Clarkson, N. W. Alcock, M. J. Hannon,
Dalton Trans. 2003, 2141- 2148; k) M. Pascu, F. Tuna, E. Kolodziejc-
zyk, G. I. Pascu, G. Clarkson, M. J. Hannon, Dalton Trans. 2004,
1546- 1555.


[20] A. Lavalette, F. Tuna, G. Clarkson, N. W. Alcock, M. J. Hannon,
Chem. Commun. 2003, 2666–2667.


[21] a) U. Ziener, E. Breuning, J-M. Lehn, E. Wegelius, K. Rissanen, G.
Baum, D. Fenske, G. Vaughan, Chem. Eur. J. 2000, 6, 4132–4139;
b) E. Breuning, U. Ziener, J.-M. Lehn, E. Wegelius, K. Rissanen,
Eur. J. Inorg. Chem. 2001, 1515–1521.


[22] Z. Qin, M. C. Jennings, R. J. Puddephatt, Chem. Commun. , 2001,
2676–2677.


[23] While distance alone does not give an accurate picture of hydrogen-
bonding interactions, it is used here to qualitatively assess the extent
of N�H···X interactions. Interaction distances up to 3.0 N are listed,
but are not intended to imply strong hydrogen bonds at such distan-
ces.


[24] One of the tetrafluoroborate anions is disordered over two positions,
but makes the short bridging contacts in both of these positions. In
the second orientation this tetrafluoroborate uses one fluorine atom


to make one hydrogen bond to one helix and this fluorine atom and
an additional one to make a pair of hydrogen bonds to an NH of
the adjacent helix. The F···HN distances to the additional position
are 2.13 N for the single hydrogen bond and 2.08 and 2.60 N for the
pair. For clarity this additional position is not shown in the diagram.


[25] E. C. Constable, G. Baum, E. Bill, R. Dyson, R. van Eldick, D.
Fenske, S. Kaderli, D. Morris, A. Neubrand, M. Neuburger, D. R.
Smith, K. Wieghardt, M. Zehnder, A. D. ZuberbGhler, Chem. Eur. J.
1999, 5, 498–508.


[26] E. C. Constable, C. E. Housecroft, T. Kulke, C. Lazzarini, E. R.
Schofield, Y. Zimmermann, J. Chem. Soc. Dalton Trans. 2001, 2864–
2871.


[27] E. C. Constable, M. J. Hannon, D. A. Tocher, J. Chem. Soc. Dalton
Trans. 1993, 1883–1890.


[28] J. Jeftic, R. Hinek, S. C. Capelli, A. Hauser, Inorg. Chem. 1997, 36,
3080–3087.


[29] B. N. Figgis, J. Lewis, F. E. Mabbs, G. A. Webb, J. Chem. Soc. A
1966, 1411–1421.


[30] J. C. Noveron, M. S. Lah, R. E. Del Sesto, A. M. Arif, J. S. Miller,
P. J. Stang, J. Am. Chem. Soc. 2002, 124, 6613–6625.


[31] a) J. Hossain, M. Yamasaki, M. Mikuriya, A. Kuribayashi, H. Sa-
kiyama, Inorg. Chem. 2002, 41, 4058–4062; b) F. Tuna, S. Golhen, L.
Ouahab, J.-P. Sutter, C. R. Chimi. 2003, 6, 377–383.


[32] SMART userHs manual, Siemens Industrial Automation, Madison,
WI, 1994.


[33] J. Cosier, A. M. Glazer, J. Appl. Crystallogr. 1986, 19, 105–107.
[34] G. M. Sheldrick, Acta Crystallogr. A 1990, 46, 467–473.


Received: May 25, 2004
Published online: October 7, 2004


E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5737 – 57505750


FULL PAPER M. J. Hannon et al.



www.chemeurj.org






In Search of Ultrastrong Brønsted Neutral Organic Superacids:
A DFT Study on Some Cyclopentadiene Derivatives


Robert Vianello,[a] Joel F. Liebman,*[b] and Zvonimir B. Maksić*[a, c]


Introduction


According to widespread usage, acidity in the Brønsted
sense is the ability of a substance to lose a proton and to ac-
commodate the resulting negative charge. Design and syn-


thesis of strong acids have received considerable attention,
because the generated protons and anions can participate in
a variety of important and useful chemical transformations.
They are indispensable reagents in organic syntheses[1] and
in industrial catalysis.[2] Strong superacids are pivotal in so-
called general acid catalysis, in which the rate is accelerated
not only by an increase in solvent H+ ions, but also by an in-
crease in the concentration of other (super)acids that exert
a catalytic activity. In this type of catalysis the strongest
acids are the best catalysts.[3] It is noteworthy in this respect
that Brønsted acids are sometimes better catalysts than their
comparable Lewis counterparts;[4] alternatively, they can act
in a complementary way.[5] Hence, much effort has been de-
voted to tailoring new acids and superacids.[6–12] Two strat-
egies deserve particular attention. In the first, the character-
istic groups exhibiting appreciable intrinsic acidity (CH,
NH, OH, or SH) are identified and subsequently enhanced
by deliberately selected affixed groups or substituents with
highly delocalizd charge. The latter leads to favorable field,
inductive, and/or p-resonance effects.[9] The second ap-
proach is based on Yagupolskii8s concept of the electron
superacceptor substituents, exemplified by =NSO2F and
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Abstract: An efficient but reasonably
accurate B3LYP/6-311+G(d,p)//
B3LYP/6-31G(d) computational proce-
dure showed that pentasubstituted cy-
clopentadienes such as (CN)5C5H,
(NO2)5C5H, and (NC)5C5H containing
strongly electron-withdrawing groups
are neutral organic superacids of un-
precedented strength. The boldface de-
notes the atom attached to the cyclo-
pentadiene framework. All of them ex-
hibit prototropic tautomerism by form-
ing somewhat more stable structures
with C=NH, NO2H, and N=CH exocy-
clic fragments, respectively. The acidity
(DHacid) of these is lower, but only to a
rather small extent. The DHacid enthal-
pies of these last three tautomers are
estimated to be 271, 276, and 282 kcal


mol�1, respectively. Hence, the most
stable tautomers of (CN)5C5H and
(NC)5C5H represent a legitimate target
for synthetic chemists. On the other
hand, (NO2)5C5H is less suitable for
practical applications, because of its
high energy density. The origin of the
highly pronounced acidity of these
compounds was analyzed by using the
recently developed triadic formula. It
is found that very high Koopmans8 ion-
ization energy (IE)Koop


n of conjugate
bases exerts a decisive influence on


acidity. It follows as a corollary that
the overwhelming effect leading to
very high acidity is due to the proper-
ties of the final state. An alternative
picture is offered by homodesmotic re-
actions, wherein the cyclic systems are
compared with their linear counter-
parts. It is found that the acidity of cy-
clopentadiene (CP) is a consequence
of aromatic stabilization in the CP�


anion. The extreme acidity of penta-
cyanocyclopentadiene (CN)5C5H is due
to aromatization of the five-membered
ring and a strong anionic resonance
effect in the resultant conjugate base.
The neutral organic superacids predict-
ed by the present calculations may help
to bridge the gap between existing very
strong acids and bases.


Keywords: acidity · aromaticity ·
density functional calculations ·
substituent effects · superacidic
systems
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=NSO2CF3, which by replacing an oxygen atom doubly
bonded to an S, P, or I atom form very strong supera-
cids.[10–12] The rationale for the extraordinarily high acidities
is found in electronic and structural relaxation of the result-
ing anions, which are stabilized by resonance because of the
extended conjugated p systems formed by the molecular
backbone and superacceptor groups placed at suitable posi-
tions. This is in harmony with the interpretation of acidity
offered by the triadic formula,[13] which shows that the
higher the ionization energy of the conjugate base, as esti-
mated within the approximation of Koopmans8 theorem, the
higher the acidity. Large IEKoop ionization energies are
found in particular in anionic conjugate bases, characterized
as a rule by strong resonance or aromatic stabilization of
the anion upon deprotonation of the parent acid. It follows
that properties of the final state are of pivotal importance.
This knowledge gives a useful hint for constructing strong
neutral organic superacids, which should be sought and
found in systems undergoing pronounced anionic aromatiza-
tion after proton cleavage. For example, it is known that cy-
clopentadiene (CP) is a rather acidic hydrocarbon (pKa�
16), which is attributed to the aromatic character of its cor-
responding carbanion.[14] The goal of this computational
work is to show that some cyano derivatives of cyclopenta-
diene are ultrastrong superacids. The precursor cyclopenta-
diene is easily produced by petroleum cracking processes,[15]


and all possible cyanocyclopentadienes can be prepared by
stepwise cyanation of cyclopentadiene with cyanogen chlo-
ride.[6] We expect that other highly substituted cyclopenta-
diene derivatives could be prepared without great difficul-
ties, too. To get an idea about the effect of various electron-
withdrawing substituents located at the C(sp3) carbon atoms
in CP, we first examine intrinsic acidity of some C(sp3) sys-
tems par excellence, namely, mono- and polysubstituted


methanes, which do not exhibit aromatic stabilization upon
deprotonation. Hence, they provide suitable reference sys-
tems for evaluating the effects of aromaticity on the acidity
of various cyclopentadiene derivatives.


Theoretical Framework


Acidity is given by the enthalpy change DHacid for Equation (1), which is
calculated according to Equation (2), where DEacid is the change in the
total energy of the participants of reaction (1), which includes the zero-
point energy and the finite temperature (298.15 K) correction, and D(pV)
the pressure–volume term.


AHðgÞ ! A�ðgÞ þHþðgÞ ð1Þ


DHacid ¼ DEacid þ DðpVÞ ð2Þ


Stronger acids have smaller numerical values of DHacid that imply easier
release of the proton. A theoretical model providing a very good com-
promise between reliability (accuracy) and practicality (feasibility) is the
DFT-B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) approach, hereafter denot-
ed as B3LYP. It gives acidities which compare reasonably well with ex-
periment and with more accurate, but much more computationally de-
manding G2 or G2(MP2) methods.[16–20] This conclusion is supported by
the very good performance of the DFT-B3LYP approach in reproducing
electron affinities.[21–23]


A useful tool for interpretation of acidities is embodied in the triadic for-
mula[13] [Eq. (3)], which describes protonation of the conjugate base
anion A� , in other words a reverse deprotonation reaction.


PAðA�Þa ¼ �IEðA�ÞKoop
n þ EðeiÞðnÞrex þ ðBDEÞCa þ 313:6 kcalmol�1 ð3Þ


The site of protonation is denoted by a, and IE(A�)Koop
n is the nth Koop-


mans8 ionization energy of the anion calculated in the frozen electron
density and clamped atomic nuclei approximation (i.e., ionization from
the nth orbital, counting the HOMO as the 1st). The reorganization
effect following electron ejection by ionization of the anion is given by
the relaxation energy E(ei)ðnÞrex, defined by Equation (4).


EðeiÞðnÞrex ¼ IEðA�ÞKoop
n �IEðA�Þad1 ð4Þ


Finally, the bond dissociation energy describing homolytic C�H scission
in the deprotonation process at position a is given by the term (BDE)Ca.
The above procedure is a simple extension of the thermochemical cycle,
where a sum of �IE(A�)Koop


n and E(ei)ðnÞrex is replaced by a single term
�IE(A�)ad


1 . However, inclusion of the Koopmans8 ionization energy has
interpretative advantages, because it mirrors the effect of the final state,
or, in other words, it reflects the frozen electronic structure of the conju-
gate bases. Moreover, in contrast to the first adiabatic ionization energy
IE(A�)ad


1 occurring in the thermochemical cycle, IE(A�)Koop
n corresponds


to the nth ionization energy, which is related to a specific MO that is
most affected by protonation. Thus, it is closely associated with the site
of the anion that is protonated. In the case of a lone pair localized on the
atom under proton attack, it is the molecular orbital describing this lone
pair. Identification of such MOs is usually unambiguous and poses no
problem. Triadic Equation (3) is exact and the errors in calculating PAs
stem from the approximate estimates of the three terms appearing in its
mathematical expression. The triadic analysis applied here is executed at
the G2(MP2) level of theory, whereas Koopmans8 ionization energies are
calculated by the restricted HF/6-311+G(3df,2p)//MP2(full)/6-31G(d)
model in accordance with the proposed procedure.[13] Bond dissociation
energies are obtained by use of the unrestricted G2(MP2) approach. The
G2(MP2) computational scheme gives results of high accuracy, but its ap-
plication is restricted to rather small systems. For this reason we per-
formed triadic analysis in polysubstituted cyclopentadienes at the lower
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level. As discussed by Deakyne
recently,[24] the triadic analysis proved a superior approach for interpret-
ing basicity and acidity than other models developed and used earlier.


Abstract in Croatian: Primjenom B3LYP/6-311+G(d,p)//
B3LYP/6-31G(d) metode pokazano je da organski spojevi
poput pentasupstituiranih ciklopentadiena (CN)5C5H,
(NO2)C5H i (NC)5C5H pokazuju izuzetno veliku kiselost
usljed djelovanja jakih elektron-akceptorskih grupa. Važno
je istaknuti da su najstabilniji oblici ovih spojeva prototropni
tautomeri, koji posjeduju C=NH, NO2H i N=CH egzociklič-
ke fragmente. Njihova kiselost je nešto manja od tautomera,
koji posjeduju C(sp3) ugljikov atom. Unatoč tome, njihove
entalpije DHacid su 271, 276 i 282 kcalmol�1, što znači da se
radi o rekordno jakim superkiselinama. Uzrok ovako visoke
kiselosti supstituiranih ciklopentadiena analiziran je primje-
nom nedavno razvijene trihotomske formule. Ustanovljeno
je da dominantan utjecaj ima Koopmansova ionizacijska
energija (IE)Koop


n konjugiranih baza nastalih deprotonira-
njem. No znatan doprinos kiselosti daje i aromatizacija pete-
ročlanog prstena i vrlo jaka anionska rezonancija u konjugi-
ranim bazama. Možemo, dakle, zaključiti da su superkisela
svojstva spomenutih supstituiranih ciklopentadiena posljedi-
ca karakteristika konačnog stanja. Sinteza ovih spojeva pri-
donijet će stvaranju zajedničke ljestvice superkiselina i super-
baza.
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All calculations were carried out by employing the Gaussian98 suite of
programs.[25]


Results and Discussion


Substituted methanes : To obtain some insight into the role
of various substituents in determining acidity of cyclopenta-
diene derivatives, we examined their influence in substituted
methanes CH3R and CHR3, where R=H, CN, NO2, NC, F,
Cl, and Br. Here, boldface denotes the atom attached to the
cyclopentadiene or methane framework. The substituted
methanes serve as species with paradigmatic sp3 carbon cen-
ters, which in turn are of central importance in our family of
target compounds, substituted cyclopentadienes. Therefore,
let us consider the monosubstituted methanes first (Table 1).


Agreement between the B3LYP/6-311+G(d,p)//B3LYP/6-
31G(d) results, G2(MP2) values, and experimental data is
reasonably good. Whereas the G2(MP2) method generally
gives acidities within the experimental error bars, the DFT
data are systematically lower than the ab initio results by
about 3 kcalmol�1 for a single electronegative substitute,
and this implies that the general trend is reproduced well
for the CH3R set of compounds and that quite reliable
DHacid values are obtained by adding this offset value. The
offset correction should be increased to 6–7 kcalmol�1 for
triply substituted methanes, that is, the error is roughly pro-
portional to the number of substituents (Table 1). The calcu-
lated B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) DHacid values
correctly reproduce the trend of changes. It is noteworthy
that, by taking into account the offset corrections, one ob-
tains useful acidity estimates for electron-rich substituted
methanes at the B3LYP level.


Counterintuitively, acidity increases along the series
CH3R (R=F, Cl, Br), although the electronegativity of the
halogen atoms decreases. One is tempted to rationalize re-
sults in terms of properties of the free atoms first. However,
it would be erroneous to try to explain the increase in acidi-
ty with the electron affinities of the free (i.e. , atomic) halo-
gens. Our G2(MP2) and [B3LYP/6-311+G(d,p)//B3LYP/6-
31G(d)] calculations of the electron affinities (EA) of F, Cl,
and Br atoms yield 79.5 [80.4], 83.5 [85.9], and 79.6
[82.9 kcalmol�1] , respectively, that is, the EA is increased in


the Cl relative to the F atom, but decreases again for Br,
which assumes a value similar to that of F. Hence, the
atomic EAs do not exhibit monotonic behavior and cannot
explain the high acidity of CH3Br. The electrophilicity index
wgs, which measures the electrophilic power of a substituent,
introduced by Parr et al.[27] recently, is not helpful either.
The electrophilicity indices wgs for free F, Cl, and Br atoms
in their ground states are 3.86, 3.67, and 3.40 eV, respective-
ly, a trend opposite to that found for acidity of CH3R (R=


F, Cl, Br). Analysis of atomic charges obtained by the
Lçwdin partitioning technique[28] reveals that F, Cl, and Br
atoms in FCH2


� , ClCH2
� , and BrCH2


� anions have nearly
equal values of �0.48, �0.51, and �0.51 je j , respectively.
Therefore, they are also not useful in rationalizing the trend
of acidity.


The effect of particular substituents on acidity is best un-
derstood in terms of three con-
tributions provided by the tria-
dic analysis [Eq. (3)], as sum-
marized in Table 2. It is useful
to examine variations of the
three terms entering Equa-
tion (3) from their reference
values defined by a gauge mole-
cule. In the case of substituted
methanes this is the parent
CH4. Consequently, a change in
acidity induced by substituent
R is succinctly given by a triad
of values [D(�IEKoop


n ), DE(ei)ðnÞrex,
D(BDE)Ca]R, where D(�IEKoop


n )=
�IE(CH2R


�)Koop
n + IE(CH3


�)Koop
n ,


DE(ei)ðnÞrex=E(ei)ðnÞrex(CH2R
�)�E(ei)ðnÞrex(CH3


�), and D(BDE)Ca=
(BDE)Ca(CH2R


�)�(BDE)Ca(CH3
�). More precisely, the sub-


stituent effect is obtained by PA(CH2R
�)�PA(CH3


�)=
�[D(�IEKoop


n ), DE(ei)ðnÞrex, D(BDE)Ca]R, where the summation
sign signifies addition of the three terms in brackets. We


Table 1. Acidities of some substituted methanes as calculated by the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)
method (in kcalmol�1). They are compared with the G2(MP2) and experimental estimates for monosubstitut-
ed methanes.[a]


R CH3R B3LYP G2(MP2) Exptl CHR3 B3LYP G2(MP2) Exptl
DHacid DHacid DHacid DHacid DHacid DHacid


H CH4 418.2 418.1 418.0	3.5
F CH3F 407.7 410.7 409.0	4.0 CHF3 373.6 380.5 378.0	1.4
Cl CH3Cl 395.8 397.7 396.0	3.1 CHCl3 354.7 360.0 357.6	2.1
Br CH3Br 391.4 393.8 392.7	3.1 CHBr3 347.4 352.8 349.7	2.2
NC CH3NC 381.3 383.8 380.6	2.1 CH(NC)3 321.6 329.0
CN CH3CN 371.7 374.9 374.8	2.0 CH2(CN)2 329.5 335.6 335.8	2.1


CH(CN)3 294.4 302.4
NO2 CH3NO2 353.1 357.8 358.0	5.0 CH(NO2)3 303.4 314.8


[a] Experimental DHacid values are taken from [26].


Table 2. Triadic analyses of proton affinities of conjugate bases CH2R
�


(R=H, F, Cl, Br, NC, CN, NO2) and CR3
� (R=F, Cl, Br, CN) obtained


by applying the G2(MP2) method and Equation (3). All terms are given
in kcalmol�1.[a, b]


Anion (IE)Koop
n (IE)ad


1 E(ei)ðnÞrex (BDE)Ca PA(anion)


CH3
� (25.2)1 1.3 23.9 105.8 418.1


CH2F
� (42.8)1 5.6 37.2 102.7 410.7


CH2Cl� (58.9)1 16.8 42.1 100.9 397.7
CH2Br� (66.2)1 21.9 44.3 102.1 393.8
CH2NC� (41.7)1 27.1 14.6 97.3 383.8
CH2CN� (49.8)1 36.7 13.1 98.0 374.9
CH2NO2


� (73.0)1 57.8 15.2 102.0 357.8
CF3


� (97.2)1 41.2 56.0 108.1 380.5
CCl3


� (97.1)1 48.6 48.5 95.0 360.0
CBr3


� (104.0)1 55.6 48.4 94.8 352.8
CH(CN)2


� (78.5)1 68.6 9.9 90.6 335.6
C(CN)3


� (107.3)1 94.5 12.8 83.3 302.4


[a] Koopmans’ ionization energies (IE)Koop
n correspond to HF/6-311+


G(3df,2p)//MP2(full)/6-31G(d) calculations. Other data were obtained by
the restricted closed-shell G2(MP2) method, except for the homolytic
bond dissociation energy (BDE)Ca, which was calculated within the unre-
stricted G2(MP2) approach. [b] (IE)Koop


n and (IE)ad
1 are Koopmans’ nth


and the first adiabatic ionization energies, respectively.
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shall omit the summation sign hereafter for the sake of sim-
plicity. The influence of the halogen atoms on the acidity in
CH3R (R=F, Cl, Br) is described by triads [�17.6, 13.3,
�3.1]F=�7.4, [�33.7, 18.2, �4.9]Cl=�20.4, and [�41.0, 20.4,
�3.7]Br=�24.3 kcalmol�1, respectively. It appears that the
bond dissociation energy decreases along the series and thus
increases the acidity of methyl halides by 3–5 kcalmol�1.
However, a decisive influence on the enhanced acidity is ex-
erted by the Koopmans’ ionization energies, which in turn
surpass the positive contributions of the term leading to a
decrease in PA(A�) by �4.3, �15.5, and �20.6 kcalmol�1


for F, Cl, and Br substituents, respectively, and thus increase
CH3R (R=F, Cl, Br) acidities. Since Koopmans’ ionization
energies mirror properties of the final state in the deproto-
nation process, it follows that enhanced acidity in methyl
halides is a consequence of a better accommodation of the
negative charge and lower HOMO orbital energy in conju-
gate bases than in the CH3


� ion. This finding deserves fur-
ther comment.


The analysis of HOMOs reveals that they are composed
of the antibonding combination of the hybrid orbital of the
C atom and the properly oriented p orbital of the halogen
atom. First, HOMO orbital energies decrease relative to
that in unsubstituted CH3


� , since halogen atoms increase
the formal positive charge on the C atom and thus stabilize
its lone pair. Second, the antibonding character due to oppo-
site phases of AOs decreases along the series because the
overlap between C and X atomic AOs decreases for two
reasons: 1) the C�X (X=F, Cl, Br) bond length increases
from 1.520 to 2.198 S, and 2) the disparity in the size of the
AOs sharply increases for the large Cl and Br atoms. Com-
parable size of AOs is a prerequisite for efficient overlap. It
follows that HOMOs should have lower orbital energies as
the size of the halogen atom increases. This finding is of
some significance, since it is common to interpret acidity of
methyl halides in terms of the polarizability of the halide
atoms. The latter are reflected in the relaxation energy
E(ei)rex, which increases along the series CH3R (R=F, Cl,
Br). The present analysis shows, however, that acidity is pre-
dominantly a consequence of the composition of the
HOMOs of the conjugate bases.


Substantial enhancement of acidity of substituted meth-
anes is further found for CN and NO2 groups, as evidenced
by DHacid values of 374.9 and 357.8 kcalmol�1, respectively.
The triply substituted CHR3 compounds exhibit roughly
linear increases in acidity with increasing number of sub-
stituents in all cases with the notable exception of
CH(NO2)3. This compound is considerably less acidic than
expected by linear extrapolation. As a consequence, the hi-
erarchy of acidity is changed, and CH(CN)3 is the most
acidic triply substituted methane derivative. The reason for
behaviour is that the nitro group is sterically highly demand-
ing. Consequently, the overcrowded CH(NO2)3 system
cannot form a totally planar carbanion upon deprotonation,
which would enable optimal resonance (see below). Hence,
attenuation of its acidity is not surprising. In contrast, the
anion [C(CN)3]


� exhibits a very favourable resonance effect
due to three equivalent (and hence degenerate) resonance
structures. Its spatial structure is perfectly planar with D3h


symmetry and rather short C�C bonds. Hence, CN is the
most convenient substituent, since it combines two advanta-
geous features: a pronounced electron-withdrawing effect
and moderate spatial requirements. Consequently, we focus
mainly on CH(CN)3 and consider other compounds for the
sake of comparison. The (BDE)Ca values for formation of
radicals decrease in the order (CN)CH2C, (CN)2CHC, and
(CN)3CC (98.0, 90.6, and 83.3 kcalmol�1, respectively), pre-
sumably because the central carbon atom becomes more
electron deficient as the number of cyano groups increases,
which weakens its bonding capacity. Triadic analysis [�82.1,
�11.1, �22.5]=�115.7 shows that the influence of the
highly pronounced stability of the HOMO in the conjugate
base C(CN)3


� is undoubtedly overwhelming in determining
the acidity of (CN)3CH. However, it turns out that its high
acidity is a result of the concerted action of all three effects.
The contributions of the relaxation effect and bond dissocia-
tion energy are significantly smaller, but they are by no
means negligible.


It is of interest to compare relative acidities of CH(CN)3


and CH(NO2)3. A useful tool is provided by isodesmic reac-
tions,[29] which involve the same number of atoms of the par-
ticipating elements in the reactants and products, as well as
the same number of single, double, and triple bonds. The
relevant reactions read as in Equations (5) and (6), where
E(intf.)1 and E(intf.)2 are the interference energies in
CH(CN)3 and CH(NO2)3 describing intramolecular interac-
tions between CN and NO2 groups, respectively.


CHðCNÞ3 þ 2CH4 ! 3CH3CNþ Eðintf:Þ1 ð5Þ


CHðNO2Þ3 þ 2CH4 ! 3CH3NO2 þ Eðintf:Þ2 ð6Þ


They are E(intf.)1=21.4 kcalmol�1 and E(intf.)2=


17.9 kcalmol�1, as obtained with the G2(MP2) method. The
positive sign shows that substituents repel each other and
that this unfavorable interaction is 3.5 kcalmol�1 larger in
CH(CN)3. On the other hand the stabilizing anionic reso-
nance effect is considerably larger in C(CN)3


� than in
C(NO2)3


� , as revealed by isodesmic reactions [Eq. (7) and
(8)].


CðCNÞ�3 þ 2CH4 ! CH2CN
� þ 2CH3CNþ EðresÞ�1 ð7Þ


CðNO2Þ�3 þ 2CH4 ! CH2NO�
2 þ 2CH3NO2 þ EðresÞ�2 ð8Þ


The corresponding resonance energies E(res)�1 and
E(res)�2 of �51.0 and �25.1 kcalmol�1, respectively, imply
that anionic resonance in C(CN)3


� is stronger by 25.9 kcal
mol�1. Combination of Equations (5)–(8) yields Equa-
tion (9).


DHacid½CHðNO2Þ3��DHacid½CHðCNÞ3�
¼ DHacid½CH3NO2��DHacid½CH3CN�
þ½EðresÞ�2�EðresÞ�1 � þ ½Eðintf:Þ1�Eðintf:Þ2�


ð9Þ


It follows that both the increased intramolecular repulsion
in the initial acids (3.5 kcalmol�1) and the resonance effect
(25.9 kcalmol�1) in the corresponding conjugate bases con-
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tribute to the increased acidity of CH(CN)3 relative to
CH(NO2)3. However, the latter effect is considerably more
important; it is larger by a factor of seven.


Furthermore, triadic analysis is helpful in pinpointing im-
perfections of the B3LYP method in reproducing acidity.
Let us denote deviation of B3LYP estimates from the more
accurate G2(MP2) results as d(B3LYP)error=DHacid-
(B3LYP)�DHacid[G2(MP2)]. Resolving d(B3LYP)error into
three components, one obtains for CHF3, CHCl3, CHBr3,
CH3CN, and CH(CN)3 the following data: [�3.6, �0.4,
�3.0]=�7.0, [�12.0, 9.0, �2.5]=�5.5, [�3.6, 1.2, �3.1]=
�5.5, [2.4, �1.5, �4.3]=�3.4, and [0.7, 0.7, �9.5]=�8.1, re-
spectively. It appears that the origin of errors in B3LYP re-
sults differs for different compounds, but their sum is rough-
ly constant for the triply substituted methanes. Since our
substituent of choice is CN, it is useful to observe that the
largest contribution to the error of DHacid(B3LYP) in
CH3CN and CH(CN)3 comes from the (BDE)Ca term. This
error depends on the number of CN groups attached to the
same carbon atom (vide infra).


Prototropic tautomerism does not affect the acidity of the
substituted methanes studied here, because tautomeric spe-
cies involving the hydrogen atom bonded to heteroatoms in
CN, NC, and NO2 groups are considerably less stable. The
opposite, however, occurs in substituted cyclopentadienes,
and this must be taken into account in considering their
acidities, as expounded in the next section.


Substituted cyclopentadienes : The acidities of cyclopenta-
dienes C5HR5 (R=F, Cl, Br,
CN, NC, NO2) and C5H5R (R=


CN, NO2), depicted in
Scheme 1, are summarized in
Table 3.


Cyclopentadiene (CP) and its
derivatives span a range of
acidities between 256.5 and
353.5 kcalmol�1 according to


the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) method. How-
ever, several cyclopentadiene derivatives (R=CN, NC,
NO2) also have prototropic tautomers. We consider only
those which are more stable than the C(sp3)�H bonded
compounds 1(3), 2(1), 2(2), and 2(3). Their structures 3–6
are shown in Scheme 1. These tautomers have a somewhat
lower acidity as a rule, with the exception of R=NC. Never-
theless, the acidities of C5H(CN)5, C5H(NO2)5, and
C5H(NC)5 are still exceptionally high: the DHacid values are
263.5, 269.4, and 275.0 kcalmol�1, respectively. These ex-
treme acidities call for rationalization. The problem of high
acidity of the parent CP was addressed by Bordwell et al.[30]


some twenty years ago. They noted that the anion CP� has
a p-electron stabilization energy of 2.47b according to
simple HTckel theory. The resonance integral b is an adjust-
able parameter which can be empirically estimated by the
experimental heat of hydrogenation of benzene relative to
three times cyclohexene (DHhydrogenation=36 kcalmol�1). Since
the aromatic stabilization energy (ASE)B of benzene is 2b, it
straightforwardly follows that (ASE)CP� is 44.5 kcalmol�1.
Bordwell et al.[30] reckoned that the latter value was exces-
sively high and tried to amend it by comparing the acidity of
CP with that of pyrrole and open-chain model compounds.
Their final conclusion was that the aromatic stabilization
energy of CP� should be about 24–27 kcalmol�1. In view of
this disparity, we felt it worthwhile to examine (ASE)CP� in
more detail and compare it with the value for benzene. For
this purpose we made use of both isodesmic and homodes-
motic[31] reactions. The latter attempt to preserve the hybrid-


ization states of atoms in start-
ing materials and products. Let
us consider the following reac-
tions [Eqs. (10) and (11)],
where 2-butene is taken in its
trans configuration.


Here ESE is the stabilization
energy, defined as a positive
quantity. It should be distin-
guished from the aromatic sta-
bilization energy (ASE), as the
following analysis clearly shows.
Athough reactions (10) and
(11) preserve the number of C
atoms in the formal hybridiza-
tion states sp3 and sp2, they are
only quasihomodesmotic, since
the distributions of the C(sp3)
and C(sp2) atoms on the left-Scheme 1. Schematic representation of substituted cyclopentadienes exhibiting pronounced acidity.


Table 3. Acidity of cyclopentadiene and its derivatives C5H5R (R=H, CN, NO2) and C5HR5 (R=H, CN, NO2,
NC, F, Cl, Br), as obtained by the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) method (in kcalmol�1).[a]


Compound 1(1) 1(2) 1(3) 2(1) 2(2) 2(3) 2(4) 2(5) 2(6)


DHacid 353.5 322.2 315.9 256.5 259.4 274.5 333.4 319.8 230.6


Compound 3 4 5 6


DHacid [317.4] [263.5] [269.4] [275.0]


[a] Values in brackets correspond to the most stable tautomers 3–6 (Scheme 1).
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and right-hand sides are such that the number of C�C s


bonds of the same hybridization composition is not con-
served. For example, taking into account that the
[CH3CHCH3]


� anion is pyramidal, one obtains in Equa-
tion (10) an imbalance in C�Cs bonds, since 3 [C(sp2)�
C(sp2)]s+ [C(sp3)�C(sp3)]s¼6 4 [C(sp3)�C(sp2)]s. An approxi-
mate idea of this imbalance in terms of bond energies can
be obtained by considering a relation between the overlap
integrals of the hybrid AOs forming the s bonds and the in
situ or instantaneous bond dissociation energies (IBDEs).
The latter are defined as energies required for a bond rup-
ture, but with the formed radicals kept frozen.[32] The hy-
bridization model gives the following IBDEs:[33] E[C(sp3)�
C(sp3)]=97.4, E[C(sp3)�C(sp2)]=105.8, E[C(sp2)�C(sp2)]=
117.5 kcalmol�1. When these differences are taken into ac-
count, the left-hand side of Equation (10) is more stable
than the right-hand side by
28.3 kcalmol�1, purely due to
imbalance in the C�Cs bonds,
which has nothing to do with
EASE(CP


�). Since ESE(10)CP� is
61.8 for both G2(MP2) and
B3LYP methods, it appears that
EASE(CP


�) is roughly 33.5 kcal
mol�1. Note that values offered
by Equations (10) and (11) are semiquantitative at best.
Nevertheless, they are useful, and it is of some interest to
compare them with EASE(B) of benzene obtained by means
of Equation (11). The imbalance in C�Cs bonds in this case
is 3 [C(sp2)�C(sp2)]+3 [C(sp3)�C(sp3)]¼6 6 [C(sp3)�C(sp2)],
which implies that the left-hand side of Equation (11) is
more stable by some 12 kcalmol�1 due to imperfect match-
ing of the C�Cs bonds. Since ESE(B) is 32.6 and 35.8 kcal
mol�1 according to G2(MP2) and B3LYP calculations, re-
spectively, it follows that the aromatic stabilization of B is
EASE(B)=20.6 or 23.8 kcalmol�1, respectively. Hence, it is
safe to say that EASE(CP


�)>EASE(B), which is an important
result.


An interesting insight is obtained by comparing the stabi-
lization energy ESE(CP


�) with a triadic analysis provided by
formula (3). For this purpose we make use of the data pre-
sented in Table 4, which refer to B3LYP/6-311+G(d,p)//
B3LYP/6-31G(d) calculations, because the G2(MP2) method
is not applicable in heavily substituted cyclopentadienes.
The (IE)Koop


1 of CP� is 44.9 kcalmol�1, and E(ei)ðnÞrex and
(BDE)Ca have values of 3.9 and 80.9 kcalmol�1, respectively.
At first sight the (IE)Koop


1 value, which influences acidity the
most, is surprisingly low compared to ESE(CP


�). However,


these two quantities are not di-
rectly comparable. Ionization is
a single-electron event which
additionally includes only the
molecule in question (CP�). In
contrast, homodesmotic reac-
tion (10) is based on the total
molecular energies and thus in-
volves all electrons. Conse-
quently ESE(CP


�) reflects a col-
lective effect. In particular,


three “aromatic” p MOs of CP� are protagonists of its aro-
matic stabilization, in contrast to single ionization from its p
HOMO. Nor should one neglect the influence of the s


framework, which is inherently included in reaction (10).
Furthermore, the stabilization energy of CP� is obtained rel-
ative to model compound (CH3�CH�CH3)


� by Equa-
tion (10). Hence, ESE(CP


�) depends on the way in which the
model system describes a localized anionic center. It is im-
portant to realize that (IE)Koop


1 mirrors intrinsic features of
CP� itself, whereas ESE(CP


�) measures deviation of the sta-
bilization energy from the more or less arbitrarily selected
“ideal” gauge system.


Nevertheless, it is possible to find a direct relation be-
tween the triadic formula (3) and quasihomodesmotic reac-
tion (10). It provides an illuminating and more detailed de-
scription of ESE(CP


�). Consider the following [Eq. (12)].


Taking the difference between Equations (10) and (12)
one obtains Equation (13).


DHacidðCPÞ�DHacidðpropaneÞ ¼ �½ESEðCP�Þ�ECP� ð13Þ


Here, it is tacitly assumed that DHacid(propane) refers to
deprotonation of the methylene group. The B3LYP calcula-
tion yields ECP=�1.1 kcalmol�1. DHacid(propane) is
416.6 kcalmol�1 for cleavage of a CH2 proton. Next, Equa-
tion (13) can be resolved by the triadic formula into three
terms [Eq. (14)], where D implies a difference between CP
and propane terms.


½Dð�ðIEÞKoop
n Þ, DEðeiÞðnÞrex, DðBDEÞCa� ð14Þ


More specifically, Equations (13) and (14) give Equa-
tion (15).


½�29:3, �18:4, �15:2� ¼ �62:9 kcalmol�1 ð15Þ


It follows that the HOMO is substantially stabilized in
CP� compared to that in the model anionic compound
(CH3CHCH3)


� , and this provides the largest (29.3 kcal -
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mol�1) contribution to ESE(CP
�). This is the one-electron


part of the aromatic stabilization described in reaction (10).
The many-body effects are embodied in trichotomy formula
in the remaining two terms: the relaxation energy E(ei)ðnÞrex


and homolytic bond dissociation energy (BDE)Ca. The
former is a genuine collective effect involving redistribution
of all electrons and rearrangement of the nuclei, while the


latter is essentially a two-electron interaction related to the
cleaved X�H bond in question (X=C). Perhaps it is better
to characterize the (BDE)Ca term as a quasi-two-electron
effect, because despite the fact that X�H bonds are highly
localized, their rupture triggers some geometric and elec-
tronic structure changes due to rehybridization and redis-
tribution of the p-electron density in the ring during the ho-


Table 4. Triadic analysis of conjugate bases of CP and some of its derivatives, calculated by the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) method (in
kcalmol�1).[a]


Molecule (IE)Koop
n (IE)ad


1 E(ei)ðnÞrex (BDE)Ca PA(anion) Molecule (IE)Koop
n (IE)ad


1 E(ei)ðnÞrex (BDE)Ca PA(anion)


(44.9)1 41.0 3.9 80.9 353.5 (112.1)1 108.4 3.8 69.3 274.5


(69.8)1 64.1 5.7 72.7 322.2 (112.1)1 108.4 3.8 69.8 275.0


(83.2)1 71.9 11.3 74.2 315.9 (40.1)1 28.9 11.2 89.0 373.3


(183.0)4 71.9 111.1 75.7 317.4


[43.4]1 [30.7] [12.7] [94.7] [377.6]


(144.3)1 127.3 17.0 70.2 256.5 (64.1)1 49.0 15.1 91.1 355.7


(144.3)1 127.3 17.0 77.2 263.5


[66.3]1 [49.3] [17.0] [96.3] [360.6]


(172.1)1 135.8 37.0 81.6 259.4 (79.6)1 59.3 20.3 89.0 343.3


(221.5)3 135.8 85.7 91.6 269.4


[84.1]1 [58.9] [25.2] [93.8] [348.5]


[a] Results obtained by the G2(MP2) method for molecules 7–9 are given in brackets. Deprotonation site is denoted by an asterisk.
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molytic dissociation process. They are mirrored in the struc-
tural and electronic features of CP� and CP and differences
thereof, just as is the case for the relaxation effect, albeit to
a lesser extent. The corresponding contributions of E(ei)ðnÞrex


and (BDE)Ca terms to stabilization of CP� are 18.4 and
15.2 kcalmol�1, respectively. It follows as a corollary that the
homodesmotic reaction approach is equivalent to triadic
analysis as far as global effects are concerned. However, the
latter has a distinct advantage that the one-electron, quasi-
two-electron, and collective effects are delineated and sepa-
rately described in the deprotonation process.


In what follows we focus only on the triadic analyses. It is
of some interest to compare acidity between CP and CH4.
According to triadic analysis and B3LYP results, [�17.6,
�23.7, �23.3]=�64.6 kcalmol�1, the differences in all three
terms entering triadic formula (3) are of comparable impor-
tance in enhancing acidity of CP compared to CH4. Employ-
ing data listed in Table 4 and adopting CP as a gauge mole-
cule reveals that increased acidity in CP derivatives mono-
substituted at C(sp3) center by CN and NO2 groups is pre-
dominantly a result of increased (IE)Koop


n . This is evidenced
by triads [D(�(IE)Koop


n ), DE(ei)ðnÞrex, D(BDE)Ca], which for 1(2)
and 1(3) read [�24.9, 1.8, �8.2]CN=�31.3 and [�38.3, 7.4,
�6.7]NO2


=�37.6 kcalmol�1. A particularly interesting case is
nitronic acid 3, since the ejected proton corresponds to the
HOMO-3 orbital. , which is composed of two s p AOs of
oxygen atoms that form an antibonding combination
(Figure 1), describing their in-plane lone pairs. This leads to
a huge increase in (IE)Koop


4 , which takes on a value of
183.0 kcalmol�1, and a very large relaxation energy of
111.1 kcalmol�1. The associated triad has the form [�138.1,
107.2, �5.2]3=�36.1 kcalmol�1. It is remarkable that the
acidities of 1(3) and 3 are very close, although their spatial
and electronic structures differ widely. Although the varia-
tions in the different terms entering the triadic formula are
very large, they give almost the same DHacid values. A simi-
lar situation occurs in our target compounds 2(1) and 4.
Their (IE)Koop


1 and E(ei)ðnÞrex terms are the same, since the cor-
responding anions are identical. The only difference is
found in the (BDE)Ca term, which in 4 is higher by 7 kcal
mol�1. A triad describing the increase in acidity of 4 com-
pared to CP is given by [�99.4, 13.1, �3.7]4=�90.0 kcal
mol�1. Consequently, the superacidity of 4 is a consequence
of the high stability of the HOMO in the (CN)5C5


� ion.
Finally, let us compare DHacid components of the penta-


substituted CP 4 and CNCH3. The B3LYP calculations yield


[�96.9, 5.4, �16.5]=�108.0 kcalmol�1. Again, the influence
of the final state, mirrored by the (IE)Koop


n value determines
the prominent acidity of 4 compared to that of CNCH3. It
follows as a general conclusion that properties of the result-
ing anions produced upon deprotonation are crucial.


The errors inherent in the B3LYP approach deserve com-
ment. They are considered for model compounds
CNH2CCH3 (7), CNH2CCH2CN (8), and
CNH2CCHCNCH2CN (9) first. Deviations of their DHacid


values from those obtained by the rather accurate G2(MP2)
method are �3.9, �4.9, and �5.2 kcalmol�1, respectively.
The error in estimating the acidity of CNH2CCHCNCH2CN
should be comparable to that for 2(1). Therefore, it appears
that the DHacid value of 2(1) predicted by the B3LYP calcu-
lations is too low by some 5 kcalmol�1. A good estimate of
its DHacid would be consequently 262 kcalmol�1. Taking into
account the offset value of 7 kcalmol�1 derived from results
obtained for triply substituted methanes, one arrives at con-
servative estimates of the acidity of 4, 5, and 6 of 271, 276,
and 282 kcalmol�1, respectively.


Structural parameters and the electron density distribu-
tions in the studied systems provide additional insight into
the properties of these strong acids. Some characteristic
bond lengths and Lçwdin p-bond orders calculated by the
B3LYP/6–31G(d) method are presented in Table S1 (Sup-
porting Information). The parent CP and its anion CP� ex-
hibit the expected distances and corresponding p-bond
orders. The latter assume in CP� a value close to that in
benzene (0.66) and are evenly distributed along the molecu-
lar perimeter. Monosubstitution by CN and NO2 in 1(2) and
1(3), respectively, introduces some changes in the neutral
species, but the qualitative picture remains the same. A
somewhat more pronounced influence of substituents is ob-
served in 1(2)� and 1(3)� ions, in which C1�C2 and C3�C4
bonds have lower p-bond orders compared to CP�, whereas
C2�C3 and C4�C5 become more localized. This is obviously
a consequence of the p-resonance interaction with CN and
NO2 groups. Structural differences between prototropic tau-
tomers 2(1) and 4 are appreciable. The C1�C2 and C5�C1
bonds are much shorter in 4 with concomitant increase in
the p-bond order due to p resonance with the C=NH frag-
ment. Concomitantly, the C2�C3 bond is elongated and the
C3�C4 bond shortened relative to those in tautomer 2(1).
The high bond order between C1 and the exo C=NH group
(0.63) reflects a strong p-type resonance between five-mem-
bered ring and substituent. Significant p-electron donation


Figure 1. Four highest MOs in the (NO2)C5H4
� ion calculated with the HF/6-311+G(d,p)//B3LYP/6-31G(d) model.
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occurs from the C=NH fragment to the ring in 4, which
shifts a portion of the nitrogen lone pair density into the ar-
omatic moiety (vide infra). A difference in spatial structural
parameters and p-bond orders between tautomers 2(2) and
5 follows qualitatively the same pattern. They are quantita-
tively somewhat larger, with the consequence that 5 is
better prepared for the resulting conjugate base 2(2)� . An-
other distinct difference is higher p-bond order between C1
and the NO2H fragment (0.48), which indicates a stronger
interaction with the ring.


The variation in the total p-electron density of the five-
membered ring in neutral acids and the corresponding con-
jugate bases (anions), denoted Qp (in je j ) is interesting
(Table S2, Supporting Information). We find four p elec-
trons in the ring of the parent CP, and six p electrons in
CP� . Monosubstitution of CP at C(sp3) atoms by CN and
NO2 groups diminishes the p-electron charge in the rings of
the respective anions, and Qp[1(2)�]=5.70 and Qp[1(3)�]=
5.56 result. The total p-electron charge of the ring in proto-
tropic tautomers 2(1) and 4 indicates that the former has
less than four p electrons (3.86 je j ), but that the latter ex-
hibits noticeable p backdonation due to the C=NH group
(Qp[4]=4.08). The final-state anion 2(1)� has five planar
CN groups that withdraw p-electron density from the ring,
which results in a total p density of only 5.45 p electrons
(Table S2), which is 0.55 je j less than is required for the ar-
omatic sextet. An analogous picture is found in tautomers
2(2), 5, and their common conjugate base 2(2)� . These re-
sults indicate that pentacyano-substituted CP in its anionic
2(1)� form has decreased aromaticity within the five-mem-
bered ring, and yet its stabilization is larger than that in ben-
zene due to a strong resonance effect with CN groups. This
finding is conceptually important, since it shows that 1) the
anionic resonance is stronger than the aromatic effect, and
2) the extraordinarily high acidity of 2(1) is strongly affected
by an interplay between aromatization and the anionic reso-
nance.


Conclusion


We found that polysubstituted methanes bearing strongly
electron withdrawing groups (F, Cl, Br, NC, CN, NO2) ex-
hibit increased acidity. Analysis with the triadic formula (3)
reveals that the most important term influencing DHacid


values is the Koopmans’ ionization energy of the final ions
formed upon deprotonation. In other words, the negative
charge is strongly stabilized in conjugate bases. The most
acidic compound in this family is (CN)3CH. This is a result
of a synergistic action of all three (IE)Koop


n , E(ei)ðnÞrex, and
(BDE)Ca terms. The pentasubstituted cyclopentadienes have
highly pronounced acidities. Some of them, such as
(CN)5C5H, (NC)5C5H, and (NO2)5C5H, are candidates for
superacids of unprecedented strength. The last-named is less
practical, however, due to its very high energy density. Note
that all three compounds exhibit prototropic tautomerism
by forming more stable structures involving C=NH, NO2H,
and N=CH exo fragments. They have decreased acidity com-
pared to the corresponding tautomers, but to a rather small


extent. The origin of the very strong acidity of (CN)5C5H,
(NO2)5C5H, and (NC)5C5H was identified as the very high
ionization energy (IE)Koop


n of the conjugate bases and some-
what lower (BDE)Ca terms compared to the parent CP. The
high (IE)Koop


1 in CP� is an essential part of a general collec-
tive stabilization of this anion. This is reflected in the high
stabilization energy E(SE) of CP� , which is close to 60 kcal
mol�1. A simple relation connecting ESE(CP


�) and the tria-
dic formula was derived by considering acidity difference
between CP and propane deprotonated at the methylene
carbon atom. It turns out that ESE(CP


�)= [29.3, 18.4,
15.2]�1.1=61.8 kcalmol�1. Clearly, all three terms (IE)Koop


n ,
E(ei)ðnÞrex, and (BDE)Ca act in concert, but the influence of the
(IE)Koop


n term is the most significant. Trichotomy analysis
shows that ESE(CP


�) is a result of one-electron (IE)Koop
n ,


many-electron E(ei)ðnÞrex, and quasi-two-electron (BDE)Ca ef-
fects. It is noteworthy that the aromatic stabilization of the
CP anion EASE(CP


�) of 33.5 kcalmol�1 is larger than that in
benzene (EASE(B)=20.6 kcalmol�1) according to G2(MP2)
calculations and homodesmotic reactions (10) and (11). An
even more conceptually interesting and important finding is
that the anionic resonance effect outweighs the aromaticity
in pentacyano derivative (CN)5C5


� in its contribution to the
very high acidity of its precursor acid. Both aromatiza-
tion[34–39] and (cationic) resonance effects[40,41] play a very im-
portant role in determining basicity of neutral organic super-
bases. Therefore, one can safely conclude that aromatiza-
tion, as well as cationic and anionic resonance in the corre-
sponding conjugate acids and bases, are the key concepts in
designing neutral organic superbases and superacids. These
ideas, combined with other intrinsically highly basic func-
tional groups such as S=N[42] and iminophosphorane[43] and
new general notions such as the use of zwitterionic sys-
tems[44] or cooperative multiple intermolecular hydrogen
bonding,[45] will undoubtedly close the gap which now sepa-
rates the ladders of superbases and superacids.


Finally, it is concluded that the B3LYP method represents
a reasonably good compromise for predicting acidities in
large systems, particularly if appropriate offset corrections
are applied. For example, it is estimated that the B3LYP
scheme yields a DHacid value for 2(1) which is too low by
some 5 kcalmol�1, as revealed by comparison with some
smaller model molecules. Hence, the best estimated DHacid


value of 2(1) is 262 kcalmol�1.
We expect that the present paper will stimulate experi-


mental work in this field of ultrastrong neutral Brønsted su-
peracids, in particular that it will promote syntheses of suita-
bly substituted cyclopentadienes. We hope that theoretical
methods will continue to provide help in this respect since
computational chemistry is almost a mandatory tool in con-
temporary acid/base chemistry, at least in the gas phase, as
pointed out by YWÇez et al.[19]


To summarize, the most acidic compounds studied here
are 2(1), 4, 2(2), and 5. The last two species are more of the-
oretical than practical interest in view of their very high
energy density and concomitant hazardous behavior, which
probably preclude laboratory applications. Hence, the best
candidates for highly powerful neutral organic superacids
are 2(1) and 4.
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Novel Metathesis Catalysts Based on Ruthenium 1,3-Dimesityl-3,4,5,6-
tetrahydropyrimidin-2-ylidenes: Synthesis, Structure, Immobilization, and
Catalytic Activity


Liangru Yang,[a] Monika Mayr,[a] Klaus Wurst,[b] and Michael R. Buchmeiser*[a]


Introduction


Carbon–carbon coupling reactions are of enormous impor-
tance in organic synthesis. Heck and other palladium-medi-
ated reactions were among the first to fulfill the criteria of
high selectivity, tolerance of functional groups, and high cat-
alyst efficiency.[1–8] The development of well-defined initia-
tors for metathesis-based reactions[9] was initially stimulated
by reactions related to polymer chemistry.[10–16] However,
with these initiators in hand, olefin metathesis has become a
powerful tool, maybe the tool in organic synthesis.[17,18] With
a few exceptions,[19,20] reactions that require high ee are still
the domain of molybdenum-based Schrock initiators.[21–33]


Nevertheless, “simple” metathesis-based reactions such as
ring-opening cross-metathesis, enyne metathesis, and others


are nowadays preferably accomplished by using air- and
moisture-tolerant ruthenium-based catalysts based on N-het-
erocyclic carbenes (NHCs), usually referred to as Grubbs
and Grubbs–Hoveyda catalysts.[1,2,16,34–47] Both NHC ligands
and carbene groups in ruthenium-derived catalysts have
been optimized over the years. So far, most variations in
NHC were accomplished by using different substituents on
the NHC and by switching from imidazol-2-ylidene to imi-
dazolin-2-ylidene.[5,38,39,44, 48–52] Even small, sometimes incre-
mental, variations resulted in dramatic changes in reactivity.
Recently, we reported new systems for olefin metathesis
generated by replacing one or two chloro ligands in
Grubbs–Hoveyda-type catalysts by strongly electron-with-
drawing groups such as trifluoroacetate and trifluorometha-
nesulfonate, and their special features in organic synthesis
and polymer chemistry.[53–59] Our latest goal was to investi-
gate the reactivity of a new class of ruthenium-based meta-
thesis catalysts prepared from tetrahydropyrimidin-2-yli-
denes.[60–62] This was accomplished by synthesizing
[RuCl2(NHC){=CH-2-(2-PrO)-5-NO2-C6H3}] (1; NHC=1,3-
bis(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydropyrimidin-2-yli-
dene) and its bis(trifluoroacetate) analogue [Ru(CF3-
COO)2(NHC)(=CH-2-(2-PrO)-5-NO2-C6H3) (2). In view of
the strong demand for supported catalysts,[63–68] heterogeni-


[a] Dr. L. Yang, Dr. M. Mayr, Dr. M. R. Buchmeiser
Institut fCr Analytische Chemie und Radiochemie
UniversitFt Innsbruck, Innrain 52 a, 6020 Innsbruck (Austria)
Fax: (+43)512-507-2677
E-mail : michael.r.buchmeiser@uibk.ac.at.


[b] Dr. K. Wurst
Institut fCr Allgemeine, Anorganische und Theoretische Chemie
UniversitFt Innsbruck, Innrain 52a, 6020 Innsbruck (Austria)


Abstract: The synthesis of novel ruthe-
nium-based metathesis catalysts con-
taining the saturated 1,3-bis(2,4,6-tri-
methylphenyl)-3,4,5,6-tetrahydropyri-
midin-2-ylidene ligand, that is,
[RuCl2(NHC){=CH-2-(2-PrO)-5-NO2-
C6H3}] (1) and [Ru(CF3-
COO)2(NHC){=CH-2-(2-PrO)-5-NO2-
C6H3}] (2) (NHC=1,3-bis(2,4,6-trime-
thylphenyl)-3,4,5,6-tetrahydropyrimi-
din-2-ylidene) is described. Both cata-
lysts are highly active in ring-closing
metathesis (RCM) and ring-opening
cross-metathesis (ROCM). Compound
1 shows moderate activity in enyne
metathesis. Compound 2 is not applica-


ble to enyne metathesis since it shows
high activity in the cyclopolymerization
of diethyl dipropargylmalonate
(DEDPM). Poly(DEDPM) prepared
by the action of 2 consists of 95% five-
membered rings, that is, poly(cyclo-
pent-1-enevinylene)s, and 5% of six-
membered rings, that is, poly(cyclohex-
1-ene-3-methylidene)s. The polymeriza-
tion proceeds in a nonliving manner
and results in polyenes with broad pol-


ydispersities (1.9%PDI%2.3). Support-
ed analogues of 2 were prepared by im-
mobilization on hydroxymethyl-Merri-
field resin and a monolithic support de-
rived from ring-opening-metathesis
polymerization (ROMP). Catalyst
loadings of 1 and 2.5%, respectively,
were obtained. Both supported ver-
sions of 2 showed excellent reactivity.
With 0.24–2% of the supported cata-
lysts, yields in RCM and ROCM were
in the range of 76–100%. Leaching of
ruthenium was low and resulted in Ru
contaminations of the products of less
than 0.000014% (0.14 ppm).


Keywords: heterogeneous catalysis ·
homogeneous catalysis · metathesis ·
ruthenium · supported catalysts
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zation of 2 on macroreticular poly(styrene-co-divinylben-
zene) resins and monolithic disks prepared by ring-opening
metathesis polymerization (ROMP) was achieved. To
benchmark the new systems, they were all subjected to vari-
ous metathesis-type reactions such as RCM, ring-opening
cross-, cross-, and enyne metathesis. Especially in the first
two types of reaction, the new catalysts were found to be
equally or more active than existing ruthenium-based me-
tathesis catalysts.


Results and Discussion


Synthesis of [RuCl2(NHC){=CH-2-(2-PrO)-5-NO2-C6H3}]
(1) and [Ru(CF3COO)2(NHC){=CH-2-(2-PrO)-5-NO2-
C6H3}] (2): Compound 1 was synthesized by a three-step,
one-pot process similar to that reported by Grela et al.[69] It
comprised reaction of 1,3-dimesityl-3,4,5,6-tetrahydropyrimi-
dinium tetrafluoroborate with potassium tert-pentanolate to
generate the free carbene, which was subsequently treated
with [RuCl2(=CHPh)(PCy3)2] and the ligand inroduced by
Grela et al., 2-(2-PrO)-5-NO2-styrene,[20,69–72] in the presence
of CuCl to yield, after flash chromatography, the desired
compound as an olive green powder in 50% overall yield
(Scheme 1).


Crystals of 1 suitable for X-ray analysis were obtained
from CH2Cl2/pentane; it crystallizes in the monoclinic space
group P21/c, a=1137.30(2), b=1523.49(3), c=
1797.18(4) pm, b=92.237(1)8, Z=4 (Figure 1). Selected X-
ray data are summarized in Table 1; selected bond lengths
and angles are given in Table 2.


The Ru�Cl distances in 1 are virtually identical (234.25(7)
and 234.28(7) pm) and only insignificantly longer than those
in [RuCl2(=CH-2-(2-PrO-C6H4)(IMesH2)] (232.79(12) and
233.93(12) pm; IMesH2=1,3-dimesityldihydroimidazol-2-yli-
dene).[70] The O(1)-Ru(1)-C(1) angle of 175.92(8)8 is similar
to that in [RuCl2(=CH-2-(2-PrO-C6H4)(IMesH2)]
(176.22(4)8), but the Ru(1)�C(1) distance is lengthened to
201.3(2) pm compared to 198.1(5) pm in [RuCl2(=CH-2-(2-


PrO-C6H4)(IMesH2)]. Despite this longer distance, a pro-
nounced trans effect is observed that leads to a Ru(1)�O(1)
distance of 231.03(16) pm as opposed to 226.1(3) pm in
[RuCl2(=CH-2-(2-PrO-C6H4)(IMesH2)]. These findings are


indicative of stronger binding
of the pyrimidin-2-ylidene
ligand compared to its parent
imidazolin-2-ylidene analogue.


Reaction of 1 with two equiv-
alents of silver trifluoroacetate
in CH2Cl2/THF yielded 2. Both
chloro ligands could be substi-
tuted in a clean reaction to pro-
vide pure bis(trifluoroacetate)-
substituted catalyst 2. In princi-
ple, this reaction proceeded in
quantitative yield, as demon-


strated by in situ 1H NMR experiments. Nevertheless, to
obtain analytically pure catalyst 2, AgCl had to be removed
by chromatography on silica, which resulted in lower yields
(68%). Crystals of 2 suitable for X-ray analysis were ob-


Scheme 1. Synthesis of 1 and 2. a) i) tC5H11OK, n-hexane, room temperature, 60 min; ii) [RuCl2(P-
Cy3)2(CHPh)], 80 8C, 30 min; iii) 2-(2-propoxy)-5-nitrostyrene, CuCl, CH2Cl2, room temperature, 30 min;
b) CF3COOAg, THF, room temperature, 2 h.


Figure 1. Molecular structure of 1.


Table 1. Selected crystal data and structure refinement for 1 and 2.


1 2


empirical formula C32H39Cl2N3O3Ru C36H39F6N3O7Ru·2CH2Cl2
formula weight 685.63 1010.62
crystal system monoclinic monoclinic
space group P21/c (no. 14) P21/n (no. 14)
a [pm] 1137.30(2) 1116.76(3)
b [pm] 1523.49(3) 2430.80(4)
c [pm] 1797.18(4) 1624.64(5)
a [8] 90 90
b [8] 92.237(1) 90.524(1)
g [8] 90 90
V [nm3] 3.11154(11) 4.41010(18)
Z 4 4
T [K] 233(2) 233(2)
1calcd [Mgm�3] 1.464 1.522
m [mm�1] 0.713 0.672
color, habit yellow prism colorless prism
no. of rflns with I>2s(I) 4646 6387
GOF on F2 1.041 1.060
R indices [I>2s(I)] R1=0.0296 R1=0.0439


wR2=0.0673 wR2=0.1145
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tained from CH2Cl2/pentane (Figure 2); it crystallizes in the
monoclinic space group P21/n, a=1116.76(3), b=
2430.800(4), c=1624.64(5) pm, b=90.524(1)8, Z=4. Select-
ed X-ray data are summarized in Table 1; selected bond
lengths and angles are given in Table 3.


As in 1, the O(1)-Ru(1)-C(1)
(177.58(10)8) angle is similar to
that in [Ru(CF3COO)2(=CH-2-
(2-PrO-C6H4)(IMesH2)]
(178.93(8)8).[53] The Ru(1)�C(1)
distance is lengthened to
200.7(3) pm compared to
197.9(25) pm in [Ru(CF3-
COO)2(=CH-2-(2-PrO-
C6H4)(IMesH2)]. Again, a pro-
nounced trans effect is ob-
served, which leads to a longer
Ru(1)�O(1) distance of
227.8(2) pm, as opposed to
224.28(15) pm in [Ru(CF3-
COO)2(=CH-2-(2-PrO-C6H4)-
(IMesH2)]. A striking feature
of the NHC-derived ruthenium
benzylidenes discussed here is
that the ruthenium–benzylidene
bond length does not vary. Thus, distances of
182.5�0.5 pm were found in 1, 2, [RuCl2(=CH-2-(2-PrO-
C6H4)(IMesH2)],


[70] and [Ru(CF3COO)2(=CH-2-(2-PrO-
C6H4)(IMesH2)].


[53]


Reactivity in ring-closing metathesis (RCM) and cross-meta-
thesis (CM): To obtain information on the optimum reaction
conditions for RCM and differences in reactivity, both 1 and
2 were used in the RCM of diethyl diallylmalonate
(DEDAM), one of the most straightforward substrates for
such reactions. The results are summarized in Table 4


Turnover numbers (TON) and frequencies (TOF) at 10,
22, and 25% conversion were used instead of yields as
measures for reactivity. Reactions in dichloromethane at
40 8C gave TONs of up to 1800 for 1 and 3100 for 2 over 1 h
(Table 4, entries 9 and 10). Higher and lower reaction tem-
peratures were unfavorable. These data show that both cata-
lysts are among the most reactive reported, and compound 2
is clearly the more reactive. They even exceed the activity
of the analogous ruthenium–carbene complexes containing
the 1,3-dimesityl-4,5-dihydroimidazolin-2-ylidine ligand, that
is, the Grubbs–Hoveyda catalyst [RuCl2(IMesH2){=CH-2-(2-
PrO-C6H4)}] (H)[70] and [Ru(CF3COO)2(IMesH2)(=CH-2-(2-
PrO-C6H4)}] (5)[53] (Table 4, entries 13 and 14).[53] However,
H and 5 gave the highest TOFs up to a conversion of 25%
(420 and 710 min�1, respectively). These findings are indica-
tive of the high stability of the intermediary Ru methyli-
denes formed in the catalytic cycles during the action of 1


and 2, as well as of restricted access due to steric constraints.
For further evaluation of the catalysts, reactions with other
dienes were carried with 1, 2, H, and 5 (Table 5, entries 1–
12).


Table 2. Selected bond lengths [pm] and angles [8] for 1.


Ru(1)�C(17) 182.5(3) Ru(1)�C(1) 201.3(2)
Ru(1)�O(1) 231.03(16) Ru(1)�Cl(2) 234.25(7)
Ru(1)�Cl(1) 234.28(7) C(17)-Ru(1)-C(1) 105.12(11)
Cl(2)-Ru(1)-Cl(1) 163.16(3) C(1)-Ru(1)-O(1) 175.92(8)


Figure 2. Molecular structure of 2.


Table 3. Selected bond lengths [pm] and angles [8] for 2.


Ru(1)�C(17) 182.5(3) Ru(1)-C(1) 200.7(3)
Ru(1)�O(6) 203.1(2) Ru(1)�O(4) 204.3(2)
Ru(1)�O(1) 227.8(2) C(17)-Ru(1)-C(1) 103.81(13)
C(1)-Ru(1)-O(1) 177.58(10) O(6)-Ru(1)-O(4) 162.51(9)
O(6)-Ru(1)-O(1) 88.52(9) O(4)-Ru(1)-O(1) 87.10(9)


Table 4. Activity of compounds 1 and 2 in the RCM of diethyl diallylmalonate (DEDAM) under various con-
ditions.


Entry Catalyst T [8C] Solvent (mol% cat., t) TON TOF


1 1 RT CH2Cl2 (0.1, 30 min) 100 3[b]


2 2 RT CH2Cl2 (0.1, 30 min) 320 10[a]


3 1 40 CH2Cl2 (1, 30 min) 100 50[a]


4 2 40 CH2Cl2 (1, 30 min) 100 50[a]


5 1 40 CH2Cl2 (0.1, 30 min) 330 150[a]


6 2 40 CH2Cl2 (0.1, 30 min) 630 170[a]


7 1 40 CH2Cl2 (0.05, 1 h) 980 10[a]


8 2 40 CH2Cl2 (0.05, 1 h) 2000 94[a]


9 1 40 CH2Cl2 (0.01, 1 h) 1800 83[a]


10 2 40 CH2Cl2 (0.01, 1 h) 3100 360[a]


11 1 55 ClCH2CH2Cl (0.01, 1 h) 1500 37[c]


12 2 55 ClCH2CH2Cl (0.01, 1 h) 2000 100[a]


13 H[d] 40 CH2Cl2 (0.1, 1 h) 1500[f] 420[a]


14 5[e] 40 CH2Cl2 (0.01, 1 h) 1400 [f] 710[a]


[a] TOF [min�1] at 25% conversion. [b] TOF [min�1] at 10% conversion. [c] TOF [min�1] at 22% conversion.
[d] [RuCl2(IMesH2){=CH-2-(2-PrO-C6H4)}]. [e] 5 : [Ru(CF3COO)2(IMesH2)(=CH-2-(2-PrO-C6H4)].


[53]


[f] 0.05 mol% catalyst, values taken from ref. [53].
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Excellent activity with TONs of around 2000 was ob-
served for 1,7-octadiene with 1 and 2, which clearly rival the
reactivity of both H and 5. For diallyldiphenylsilane moder-
ate activity (TON=40) was observed with 1, but the reactiv-
ity of 2 exceeded those of H and 5. For tert-butyl N,N-dia-
llylcarbamate (Table 5, entries 3, 6, 9, and 12) comparable
low reactivities (TON=360 and 560) were found for 1 and
2, respectively, which compare to TON=1900 and 2000 for
H and 5, respectively.


Supported and unsupported Ru-IMesH2- and Ru-MesH2-
derived metathesis catalysts have been reported to exhibit
good reactivity in CM of electron-poor substrates and in re-
actions involving the formation of tetrasubstituted al-
kenes.[41,47, 71,73–75] We therefore investigated the reactivity of
our new catalysts for these kinds of substrates. The reactivity
of both 1 and 2 for diethyl bis(2-methallylmalonate) was
poor (Table 5, entries 21 and 22). In view of the high reactiv-
ity of both catalysts for other substrates, we tentatively at-
tribute this to steric effects. However, the high reactivity of
1 and 2 in metathesis reactions involving electron-rich al-
kenes and their low reactivity for disubstituted and electron-
poor alkenes offers in principle access to selective metathe-
sis reactions with molecules containing both types of alkene.
Finally, both catalysts showed significant reactivity for elec-
tron-poor substrates such as styrene, n-butyl acrylate, and


ethyl acrylate (Table 5, en-
tries 23–28). Disappointingly,
no reaction was observed with
acrylic acid and acrylonitrile
(Table 5, entries 29–32).


Reactivity in ring-opening
cross-metathesis : Ring-opening
cross-metathesis (ROCM) reac-
tions were carried out with 7-
oxanorborn-5-ene derivatives.
As shown in Table 6 (entries 1–
8), quantitative yields were ob-
tained throughout with 2 mol%
of either 1 or 2 at room temper-
ature, which thus rival and in
most cases exceed those report-
ed in the literature, including
those for H and 5.[53,76]


Reactivity in enyne metathesis
and cyclopolymerization of 1,6-
heptadiynes : The catalytic ac-
tivity of 1 and 2 in enyne meta-
thesis reactions was tested by
investigating the reaction of di-
ethyl dipropargylmalonate
(DEDPM) with allyltrimethyl-
silane. With 10 mol% of 1, only
moderate yields (69%) of the
desired compound were ob-
tained (Table 6, entry 9). This is
a direct consequence of the
high reactivity of 1, which is ca-


pable of oligomerizing DEDPM. When the more reactive
catalyst 2 was used, the solution turned deep purple and
only 3% of the desired product was formed (Table 6,
entry 10). In fact, 2 in particular is highly active in the poly-
merization of DEDPM even at room temperature to form
poly(DEDPM) consisting of 95% five-membered rings, that
is, poly(cyclopent-1-enevinylene)s, and 5% of six-membered
rings, that is, poly(cyclohex-1-ene-3-methylidene)s, as evi-
denced by the two different chemical shifts (d=171.6 and
170.5 ppm, respectively) of the carbonyl carbon atoms of the
two repeat units in the 13C NMR spectrum (Figures 3 and
4).[77]


Table 5. Activity of compounds 1–4 in the RCM and CM of simple dienes. Reactions were performed in
CH2Cl2 at 40 8C. Reaction time: 2 h.


Entry Compound Catalyst mol% catalyst TON


1 1,7-octadiene H 0.05 1700[53]


2 diallyldiphenylsilane H 0.05 300
3 tert-butyl N,N-diallylcarbamate H 0.05 1900
4 1,7-octadiene 5 0.05 1800[53]


5 diallyldiphenylsilane 5 0.05 300
6 tert-butyl N,N-diallylcarbamate 5 0.05 1000
7 1,7-octadiene 1 0.05 2000
8 diallyldiphenylsilane 1 0.05 40
9 tert-butyl N,N-diallylcarbamate 1 0.05 360


10 1,7-octadiene 2 0.05 2000
11 diallyldiphenylsilane 2 0.05 480
12 tert-butyl N,N-diallylcarbamate 2 0.05 560
13 DEDAM 3 0.006 500
14 1,7-octadiene 3 0.006 3200
15 diallyldiphenylsilane 3 0.012 170
16 tert-butyl N,N-diallylcarbamate 3 0.012 80
17 DEDAM 4 0.05 280
18 1,7-octadiene 4 0.05 960
19 diallyldiphenylsilane 4 0.05 80
20 tert-butyl N,N-diallylcarbamate 4 0.05 300
21 diethyl bis(2-methallylmalonate) 1 0.05 10
22 diethyl bis(2-methallylmalonate) 2 0.05 4
23 styrene 1 0.1 900
24 styrene 2 0.1 970
25 n-butyl acrylate 1 2 50
26 n-butyl acrylate 2 2 50
27 ethyl acrylate 1 2 50
28 ethyl acrylate 2 2 50
29 acrylic acid 1 2 0
30 acrylic acid 2 2 0
31 acrylonitrile 1 2 0
32 acrylonitrile 2 2 0


H= [RuCl2(IMesH2){=CH-2-(2-PrO-C6H4)}], 5= [Ru(CF3COO)2(IMesH2)(=CH-2-(2-PrO-C6H4)}].


Figure 3. Structure of poly(DEDPM) (n :m=95:5).


K 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5761 – 57705764


FULL PAPER M. R. Buchmeiser et al.



www.chemeurj.org





Unlike with other Ru-based metathesis catalysts,[54,57] the
polymerization does not proceed in a living[78] manner: it
yields poly(DEDPM) with Mn=20000 and a PDI of 1.9–2.3.


In terms of stability, both 1 and 2 behave similar to H and
5. Thus, they may be purified by chromatography on silica
after synthesis or after metathesis reactions. When reactions
are performed with low catalyst loadings (<0.05 mol%), no
catalyst can be recycled.


Synthesis of immobilized versions of 2 : For several reasons,
demand for supported metathesis catalysts is increas-
ing.[63–68,79,80] First, contamination of products with metal ions
and/or ligands must be low, particularly in compounds rele-
vant to pharmaceutical chemistry. Second, since modern
metathesis catalysts significantly add to the total costs of a
product, regeneration and/or reuse are highly desirable.


Table 6. Enyne and ring-opening cross-metathesis reactions with 1 and 2.


Entry Reactants Product Conditions[a] Yield [%]


1 1, 2 mol% 100


2 2, 2 mol% 100


3 1, 2 mol% 100


4 2, 2 mol% 100


5 1, 2 mol% 100


6 2, 2 mol% 100


7 1, 2 mol% 100


8 2, 2 mol% 100


9 1, 10 mol% 69+oligomer


10 2, 10 mol% 3+polymer


[a] Reaction conditions: CDCl3, 12 h, room temperature.


Figure 4. 13C NMR spectrum of poly(DEDPM) in CDCl3 prepared by the
action of 2.


Chem. Eur. J. 2004, 10, 5761 – 5770 www.chemeurj.org K 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 5765


Ruthenium Metathesis Catalysts 5761 – 5770



www.chemeurj.org





Third, supported catalysts are suitable for high-throughput
techniques and continuous flow reactors. Therefore, the key
issues for supported metathesis catalysts are 1) preservation
of the activity and reaction rates of the parent homogeneous
system, 2) ease of catalyst sepa-
ration, 3) (multiple) catalyst re-
cycling, and 4) metal- and con-
taminant-free products.


In a first step, a hydroxy-
methyl-Merrifield resin (PS-
DVB-CH2OH, 1.1 mmol -
CH2OHg�1) was treated with
perfluoroglutaric anhydride by
following a procedure published
by Nieczypor et al.[53,81] Depro-
tonation and formation of the
silver salt were accomplished
by reaction with aqueous
sodium hydroxide followed by
treatment with AgNO3. Com-
plex 1 was dissolved in THF
and added to the polymer-
bound silver salt. By this ap-
proach, intermediary (polymer�
CH2OCOCF2CF2CF2COO)
RuCl(NHC)(=CH-2-(2-PrO)-5-
NO2�C6H3) was obtained. The
second chloro ligand was al-
lowed to react with CF3COOAg
to yield (polymer�CH2OC-
OCF2CF2CF2COO)Ru(CF3-
COO)(NHC)(=CH-2-(2-PrO)-
5-NO2-C6H3) (3) as a brown


powder (Scheme 2). A catalyst loading of 10 mgg�1 (1%)
was determined for 3 by means of ICP-OES.


As an alternative to the Merrifield support, a monolithic
support was synthesized by ring-opening-metathesis poly-


Scheme 2. Synthesis of hydroxymethyl-Merrifield resin supported catalyst 3. a) [RuCl2(NHC)(CH-2-(2-PrO)-5-
NO2-C6H3)], THF.


Scheme 3. Synthesis of the monolith-supported catalyst 4.
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merization (ROMP) of norborn-2-ene (NBE) and (NBE-
CH2O)3SiCH3 in a suitable mixture of porogens with first-
generation Grubbs catalyst [RuCl2(PCy3)2(=CHPh)] accord-
ing to published procedures.[56,58, 59,82] Since the catalyst re-
mains active on the inner surface of the monolith after rod
formation is complete, it was used for grafting of the per-
fluoroglutaric ligand norborn-5-ene-2-ylmethyl hexafluoro-
glutarate (Scheme 3). The initiator was removed by exten-
sive flushing with ethyl vinyl ether, which resulted in a Ru-
free support. After deprotonation of the carboxylic acid
groups of the graft polymer with aqueous KOH, the potassi-
um salt was transformed into the corresponding silver salt
with aqueous AgNO3. After reaction with catalyst 1,
CF3COOAg was added to substitute the second chloro
ligand. By following this procedure, 25 mgg�1 (i.e., 66% of
the original amount of catalyst 1 used) was bound to the
support. Unconsumed catalyst was recovered quantitatively
as 2.


Disk-shaped monolithic systems applicable to high-
throughput screening, similar to the silica-based systems de-


scribed by Hoveyda et al.,[83] were obtained by drying and
subsequent cutting of the parent monolith into pieces of
1 cm in height.


RCM and ROCM experiments with supported catalysts 3
and 4 : For the purpose of comparison, DEDAM, 1,7-octa-
diene, diallyldiphenylsilane, and tert-butyl N,N-diallylcarba-
mate were used in heterogeneous RCM reactions to bench-
mark heterogeneous catalysts 3 and 4 (Table 5, entries 13–16
and 17–20, respectively). Excellent reactivity was observed
for the Merrifield-supported version of 2 with TONs in the
range of 80–3200. The monolithic disk immobilized catalyst
showed somewhat reduced TONs in the range of 80–960.
This clearly stems from the fact that reactions within these
disks were not stirred and therefore depended on diffusion
of the substrates to the catalytic site. Nevertheless, the reac-
tivity observed with these systems definitely justifies the use
of such monolith-supported catalysts in high-throughput
screening, where the disk serves simultaneously as support,
reaction vessel, and filtration unit and can in principle be di-


Table 7. Ring-opening cross-metathesis reactions with 3 and 4.


Entry Reactants Product Conditions[a] Yield [%]


1 3, 2 mol% 100


2 3, 2 mol% 99


3 3, 2 mol% 71


4 3, 0.24 mol% 94


5 3, 0.24 mol% 76


6 4, 2 mol% 81


7 4, 2 mol% 89


8 4, 2 mol% 83


9 4, 2 mol% 89


[a] Reaction conditions: entries 1–9: CDCl3, 12 h, room temperature.
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rectly used in combination with commercially available ma-
chines. In ROCM, excellent yields were achieved at room
temperature with 2 mol% of 3 (Table 7, entries 1–3). Even
when only 0.24 mol% of 3 was used, yields were in the
range of 76–94% (Table 7, entries 4 and 5). Again, yields
obtained with 2 immobilized on monolithic disks were
somewhat lower (81–89%, entries 6–9, Table 7) compared
to the homogenous analogue, yet can still be regarded as
good.


Finally, in terms of product purity, it is noteworthy that
metal leaching from the supported systems 3 and 4 was low.
Thus, the typical Ru contamination of the products was in
the range of 0.14 ppm (0.000014%), as evidenced by ICP-
OES.


Conclusion


A new family of metathesis catalysts based on tetrahydro-
pyrimidin-2-ylidenes has been synthesized and immobilized
on different polymeric supports. With the supported systems,
access to both slurry-type reactions and high-throughput
screening methodologies was gained. Both the homogeneous
and supported systems are highly active in various metathe-
sis reactions including ring-closing, cross-, ring-opening
cross-, and enyne metathesis. In addition, they showed activ-
ity in the cyclopolymerization of 1,6-heptadiynes such as di-
ethyl dipropargylmalonate. The restrictions in the search for
even more active metathesis catalysts clearly become obvi-
ous. Similar to other highly active catalytic systems, the new
systems presented here are no longer allrounders. While
they became active enough to promote classical RCM with
high TON and reactions such as cyclopolymerizations domi-
nated so far by molybdenum catalysts, they can no longer be
used for related chemistry such as enyne metathesis. Ruthe-
nium-based metathesis chemistry has thus reached the point
where particular catalysts will be designed for distinct syn-
thetic problems.


Experimental Section


General : All experiments involving transition metals were performed
under a nitrogen atmosphere in an MBraun glove box or by standard
Schlenk techniques. Reagent-grade THF, toluene, hexane, and pentane
were distilled from sodium benzophenone ketyl under argon. Dichloro-
methane and [D1]chloroform were distilled from calcium hydride under
argon. 1,3-Dimesityl-3,4,5,6-tetrahydropyrimidin-1-ium tetrafluoroborate
was synthesized according to published procedures.[60] All other reagents
were commercially available and used as received. Column chromatogra-
phy was performed with silica gel 60 (220–440 mesh, Fluka, Buchs, Swit-
zerland). NMR spectra were recorded at 25 8C on a Bruker Spektrospin
300 at 300.13 MHz for proton and at 75.47 MHz for carbon in the indicat-
ed solvent and referenced to the solvent peaks (CDCl3: d=7.24 ppm,
77.0 ppm). FTIR spectra were recorded on a Bruker Vector 22 using
ATR technology. GC-MS measurements were carried out on a Shimadzu
GCMS QP 5050 using a SPB-5 fused silica column (30 mS0.25 mmS
25 mm film thickness) and helium as carrier gas. Elemental analyses were
performed at the Institute of Physical Chemistry, University of Vienna,
Austria, and at the Mikroanalytisches Labor, Technische UniversitFt
MCnchen, Garching, Germany. Further Instrumentation is described else-
where.[53, 60] Yields for RCM and enyne experiments were determined by


GC with the corresponding diene compound as internal standard, with
the exception of 1,7-octadiene, for which yields were determined by
1H NMR in CDCl3. Yields in ring-opening cross-metathesis experiments
were determined by 1H NMR in CDCl3.


[RuCl2(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene){=CH-2-(2-
PrO)-5-NO2-C6H3}]: Potassium tert-amylate (22 mg, 0.17 mmol) was
added to a suspension of of 1,3-dimesityl-3,4,5,6-tetrahydropyrimidinium
tetrafluoroborate (75 mg, 0.19 mmol) in n-hexane (5 mL) and the result-
ing slightly turbid, yellow solution was stirred at room temperature for
1 h. [RuCl2(PCy3)2(=CHC6H5)] (123 mg, 0.15 mmol) was added as a solid
and the reaction mixture was heated to reflux for 30 min. A solution of
2-(2-propoxy)-5-nitrostyrene (34 mg, 0.16 mmol) in CH2Cl2 (5 mL) and
CuCl (16 mg, 0.16 mmol) were added to the brown-pink suspension at
room temperature. The resulting mixture was stirred at room tempera-
ture for 30 min and then concentrated in vacuo. The resultant material
was purified by column chromatography using silica 60 and diethyl
ether:pentane (50:50). Evaporation of the solvent and crystallization
from CH2Cl2/pentane afforded green crystals (51 mg, 0.074 mmol, 50%).
IR (ATR mode): ñ=2923 (m), 2851 (w), 1603 (w), 1518 (w), 1484 (m),
1440 (m), 1336 (s), 1303 (m), 1295 (m), 1258 (s), 1090 (s), 1026 (s), 798
(s), 744 cm�1 (m); 1H NMR (CD3Cl) d=16.38 (s, 1H; H-17), 8.43 (dd, J=
12.08, 3.8 Hz, 1H; H-21), 7.88 (d, J=3.8 Hz, 1H; H-19), 7.14 (s, 2H; H-
13, H-15), 7.04 (s, 2H; H-7, H-9), 6.78 (d, J=12.68, 1H; H-22), 4.79 (m,
1H; H-24), 3.67 (m, 4H; H-2, H-4), 2.56, 2.33, 2.32 (3Ss, 20H; H-3, H-
061, H-081, H-101, H-121, H-141, H-161), 1.07 ppm (d, J=8.28, 6H; H-
25, H-26); 13C NMR (CD3Cl): d=298.0 (C17), 200.1 (C1), 155.5 (C23),
145.9 (C18), 144.3 (C20), 143.0 (C19), 141.6 (C21), 139.8 (C22), 138.8
(C11), 137.2 (C5), 136.7 (C12), 130.1 (C6), 129.6 (C13), 124.2 (C7), 117.7
(C14), 112.8 (C8), 65.8 (C24), 49.9 (C2, C4), 21.7 (C3), 21.4, 21.1, 21.0
(C121, C141, C161), 18.3 ppm (C25, C26). Elemental analysis (%) calcd
for C32H39Cl2N3O3Ru (685.63): C 56.06, H 5.73, N 6.13; found: C 56.27, H
5.66, N 5.73.


[Ru(CF3COO)2(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene){=
CH-2-(2-PrO)-5-NO2-C6H3}]: Compound 1 (150 mg, 0.22 mmol) was dis-
solved in CH2Cl2 (5 mL), and a solution of CF3COOAg (2 equiv, 97 mg,
0.44 mmol) in THF (5 mL) was slowly added to the stirred solution. Stir-
ring was continued for 2 h and formation of a precipitate was observed.
The precipitate was filtered off and the solution was evaporated to dry-
ness. It was redissolved in CH2Cl2, flashed over a pad of silica gel (5 cm),
and evaporated to dryness, yielding 2 as a light green powder (123 mg,
0.15 mmol, 68%). Crystals suitable for X-ray analysis were obtained by
layering pentane over a solution of 2 in CH2Cl2. IR (ATR mode): ñ=


2922 (w), 1687 (s), 1606 (w), 1519 (w), 1495 (m), 1476 (w), 1443 (w), 1397
(m), 1344 (m), 1312 (m), 1299 (m), 1276 (s), 1180 (s), 1128 (s), 1091 (s),
781 (s), 722 cm�1 (s); 1H NMR (CD3Cl): d=16.77 (s, 1H; H-17), 8.27 (dd,
J=6.21, 2.85 Hz, 1H; H-21), 7.90 (d, J=2.4 Hz, 1H; H-19), 7.19 (s, 4H;
H-7, H-9, H-13, H-15), 6.65 (d, J=9.06 Hz, 1H; H-22), 4.57 (m, 1H; H-
24), 3.61 (t, J=5.25, 4H; H-2, H-4), 2.58, 2.45, 2.42, 2.00 (4Ss, 18H; H-
061, H-081, H-101, H-121, H-141, H-161), 2.30 ( m, 2H; H-3), 0.76 ppm
(d, J=6.18, 6H; H-25, H-26); 13C NMR (CD3Cl): d=315.0 (C17), 198.7
(C1), 156.6 (C23), 144.2 (C18), 143.3 (C20), 143.2 (C19), 142.3 (C21),
140.9 (C22), 139.2 (C11), 136.4 (C5), 134.2 (C12), 130.3 (C6), 130.2
(C13), 125.1 (C7), 118.8 (C14), 115.8 (C28), 112.0 (C8), 110.3 (C27),
65.9(C24), 49.8, 49.5 (C2, C4), 21.3 (C3), 21.1, 21.0, 20.2 (C121, C141,
C161), 19.2 ppm (C25, C26). For atom numbering, see Figure 2. Elemen-
tal analysis (%) calcd for C36H39F6N3O7Ru (840.77): C 51.43, H 4.68, N
5.00; found: C 51.42, H 4.83, N 4.82.


Heterogenization on hydroxymethylpolystyrene, generation of (polymer-
CH2OCOCF2CF2CF2COO)(CF3CO2)Ru(NHC){=CH-2-(2-PrO)-5-
NO2C6H3} (3): PS-CH2�OH (2.00 g, 1% cross-linked with divinylben-
zene, mesh, 1.1 mmolOHg�1) was suspended in dry THF (40 mL), and
perfluoroglutaric anhydride (1 equiv, 488 mg, 2.2 mmol) was added. Stir-
ring was continued for 3 h, then the product was collected by filtration
and washed three times with THF. It was dried in vacuo to give a slightly
yellow solid (2.35 g). FTIR (ATR mode): ñ=3025 (br), 2920 (br), 1773
(vs), 1601 (br), 1492 (s), 1451 (s), 1241 (w), 1175 (vs), 1141 (vs), 1046
(vs), 910 (s), 871 (w), 822 (w), 751 (s), 697 cm�1 (vs). The solid was resus-
pended in THF (20 mL), and an excess of NaOH (181 mg dissolved in
40 mL of water) was added. The mixture was stirred for 3 h. The precipi-
tate was filtered off, washed three times with water, and finally suspend-
ed in water (25 mL). AgNO3 (1.2 equiv, 448 mg, 2.64 mmol) in water
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(15 mL) was added. Stirring was continued for 2 h, and the product was
filtered off and washed three times each with water, Et2O, and pentane.
Drying in vacuo gave a white solid (1.94 g). FTIR (ATR mode): ñ=3058
(br), 3024 (br), 2918 (br), 2849 (br), 2324 (br), 1868 (w), 1773 (w), 1511
(w), 1492 (s), 1451 (s), 1373 (w), 1311 (w), 1178 (w), 1154 (w), 1069 (w),
1028 (w), 945 (w), 906 (w), 836 (w), 817 (w), 754 (s), 696 cm�1 (vs). The
use of excess NaOH leads to partial hydrolysis of the ester. If high cata-
lyst loadings are required, equimolar amounts of NaOH or NH3 should
be used.


This solid (0.8 g) was resuspended in THF (25 mL), and 1 (70 mg,
0.102 mmol) was added. Stirring was continued for 2 h. Intermediary pol-
ymer-CH2OCOCF2CF2CF2COO)RuCl(NHC){=CH-2-(2-PrO)-5-NO2�
C6H3} was filtered off, washed with THF, and dried in vacuo to yield an
off-white powder. FTIR (ATR mode): ñ=3058 (w), 3024 (w), 2919 (br),
2849 (w), 1601 (w), 1492 (s), 1451 (s), 1421 (w), 1179 (br), 1153 (w), 1053
(w), 1028 (w), 906 (w), 822 (w), 750 (s), 697 cm�1 (vs).


CF3COOAg (1 equiv, 23 mg, 0.10 mmol) was dissolved in THF (2 mL)
and the solution was added to intermediary polymer-CH2OC-
OCF2CF2CF2COO)RuCl(NHC){=CH-2-(2-PrO)-5-NO2�C6H3} suspended
in THF (10 mL), and the mixture was stirred for 90 min. Extensive wash-
ing with THF and drying in vacuo gave 3 as a brown powder (0.77 g). Ru
content 0.012 mmolg�1, corresponding to 10.1 mg of 2 per gram (1.01%
catalyst loading). FTIR (ATR mode): ñ=3058 (w), 3024 (w), 2919 (br),
2849 (w), 2360 (w), 1870 (w), 1774 (w), 1655 (w), 1600 (w), 1582 (w),
1492 (s), 1451 (s), 1421 (w), 1364 (w), 1285 (w), 1065 (w), 1028 (w), 906
(w), 837 (w), 750 (s), 697 cm�1 (vs).


Synthesis of monolith-supported catalyst 4 : The monolithic support was
synthesized according to published procedures[58,59,82] from norborn-2-ene
(NBE, 1.0 g, 10.6 mmol), (NBE-CH2O)3SiCH3 (1.0 g, 2.42 mmol), 2-prop-
anol (2.9 mL), toluene (0.8 mL), and [RuCl2(PCy3)2(CHPh)] (20 mg).
Column dimensions: 60S8 mm i.d., V=5 mL. The monolith was washed
with dry toluene (5 mL). Argon was passed through the monolith for
30 min to elute the solvent. Hexafluoroglutaric anhydride (0.40 mL,
2.98 mmol) was added dropwise to a solution of norborn-5-ene-2-metha-
nol (0.30 mL, 2.48 mmol) in 6 mL of freshly distilled dichloromethane.
The mixture was stirred for 1 h in a Schlenk tube under argon at room
temperature. A 3 mL portion of this solution was introduced into the
monolith, which was sealed and kept at 40 8C overnight. Then the mono-
lith was flushed with ethyl vinyl ether (40 vol% in THF) to remove the
initiator, and then with water, each for 30 min. An aqueous solution of
KOH (10 mL, 0.05m) was passed through the monolith at a flow rate of
0.1 mLmin�1, followed by water until the washings were neutral. An
aqueous solution of AgNO3 (3.0 mL, 0.5m) was introduced into the mon-
olith, then the supports were washed with water until the effluent was
free of silver, as checked with aqueous sodium iodide solution. The mon-
olith was then flushed with dry THF. 1 (60 mg, 0.087 mmol) was dissolved
in freshly distilled CH2Cl2 (3 mL), and the solution was introduced into
the monolith, which was then kept sealed at room temperature for 1 h.
Then silver trifluoroacetate (21.2 mg, 0.096 mmol) was dissolved in fresh-
ly distilled THF (3 mL), and the solution was introduced into the mono-
lith, which was again kept sealed at room temperature for 1 h. Finally,
the monolith was flushed with freshly distilled THF until the effluent was
colorless and dried in vacuo. Ru loading: 0.03 mmol Ru per gram corre-
sponding to 25 mg of 2 per gram monolith. The monolith was chopped
into pieces of approximately 1 cm in height and put into syringes for
solid-phase-extraction (SPE) (ICT, Isolute, Austria).


Ring-opening cross metathesis and enyne metathesis reactions catalyzed
by 1–3 : The following procedure is representative for all homogeneous
and slurry-type reactions: DEDAM (500 mg, 2.08 mmol) was dissolved in
CH2Cl2 (2 mL) and the catalyst (homogeneous or supported, 0.006–
10 mol%, as indicated in Tables 5–7) was added. The mixture was heated
to the temperature indicated in Tables 5–7 and stirred for the indicated
time. After removal of the catalyst by filtration, yields were determined
by GC-MS and 1H NMR spectroscopy (in CDCl3).


Ring-opening cross metathesis catalyzed by monolith-supported catalyst
4 : The monolith was removed from the SPE column and chopped into
pieces of 140–200 mg (approximately 1 cm in length). Syringes for SPE
were used as encasements for these pieces. The following procedure is
representative: the monolithic disk (0.147 g, 4.41 mmol catalyst) was treat-
ed with 4.24 g of a 50 wt% solution of diethyl diallylmalonate (DEDAM)


in CH2Cl2. Other monolithic disks were treated in a similar way with the
monomers indicated in Tables 5–7. The reaction vessels were removed
from the glove box and reactions were allowed to proceed for the time
given there. Finally, the reaction mixtures were eluted with CH2Cl2 or
CDCl3. Yields were determined by GC-MS and 1H NMR (in CDCl3).


Leaching of the support : Aqua regia (3.0 mL) was added to the com-
bined effluents from which the solvent had been removed. The mixture
was placed in high-pressure Teflon tubes and leaching was carried out
under Microwave conditions (50, 600, and 450 W pulses, t=32 min).
After cooling to room temperature, the mixture was filtered and water
was added up to a volume of 10.00 mL.


Ruthenium analysis : Ru was anlyzed by ICP-OES (l=240.272 nm, ion
line). The background was measured at l=240.287 and l=240.257 nm.
Standardization was carried out with aqueous Ru standards containing 0
and 4 ppm of Ru.


X-ray structure determination of 1 and 2 : Data were collected on a
Nonius Kappa CCD equipped with graphite-monochromatized MoKa ra-
diation (l=0.71073 T) and a nominal crystal to area detector distance of
36 mm. The structures were solved with direct methods (SHELXS86)
and refined against F2 using SHELX97.[84] All non-hydrogen atoms were
refined with anisotropic displacement parameters. The hydrogen atoms
were refined on calculated positions, except at C(17), which was located
and refined with isotropic displacement parameters for 1 and 2.


CCDC-233916 and CCDC-233917 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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Injecting Electronic Excitation Energy into an Artificial Antenna System
through an Ru2+ Complex


Olivia Bossart,[a] Luisa De Cola,[b] Steve Welter,[b] and Gion Calzaferri*[a]


Introduction


To collect light energy, transporting it from A to B with as
little loss as possible and trapping it at a specific position, is
a challenging goal researchers have in mind when they try
to mimic the photosynthetic system of green plants.[1–4] Arti-
ficial photonic antenna materials that work well have been
obtained by inserting fluorescent dye molecules into zeo-
lite L crystals.[5]


Zeolite L is an aluminosilicate with one-dimensional
channels running along the c axis of the hexagonal crystals.[6]


Its stoichiometry with monovalent cations is (M)9[Al9-
Si27O72]·nH2O, where n equals 21 in fully hydrated materials
and 16 at about 20% relative humidity. The number of
channels in a zeolite L crystal of diameter dc given in nm is
equal to 0.265(dc)


2. As an example, a crystal with a diameter
of 550 nm consists of about 80000 parallel channels. They
can be subdivided into unit cells of 0.75 nm length. Hence,
zeolite crystals of 500 nm in length and diameter consist of
447106 unit cells. The channels have an opening diameter of
0.71 nm and a distance of 1.84 nm. Only dyes that can pass


the 0.71 nm opening are able to enter the crystals, in which
they are positioned at sites along the linear channels. A site
s is defined by the number of unit cells one dye molecule
covers and therefore depends on the size of the inserted
dye. The length of a site corresponds to a number s times
the unit cell length, so that one dye molecule fits into one
site. The occupation probability p is equal to the ratio of the
occupied sites to the total number of sites. Hence, the dye
concentration c(p) in molL�1 in a dye loaded zeolite L crys-
tal is related to the occupation probability p by Equation (1)
in which 1z is the density of the crystal, Mr is the molar mass
of the unit cell, and s is the number of unit cells needed for
one site.


cðpÞ ¼ 1Z


Mr


p
s ð1Þ


Inserting the values for zeolite L (1z=2.17 gcm�3 ; Mr=


2883 gmol�1) and an s value of 2 (corresponds to oxazine 1)
we obtain Equation (2). We refer to reference [5] for further
details.


cðpÞ ¼ ð0:376mol L�1Þp ð2Þ


Due to these one-dimensional channels, zeolite L is an
ideal host material. Dyes of appropriate shape can enter its
channels, but once inside they are prevented from forming
dimers due to spatial restrictions. Hence, highly anisotropic
materials with a very large dye concentration can be built.
This is a prerequisite for observing efficient electronic exci-


[a] Dipl.-Chem. O. Bossart, Prof. Dr. G. Calzaferri
Department of Chemistry and Biochemistry
University of Berne, 3012 Berne (Switzerland)
Fax: (+41)31-631-3994
E-mail : gion.calzaferri@iac.unibe.ch


[b] Prof. Dr. L. De Cola, MSc. S. Welter
University of Amsterdam, Nieuwe Achtergracht
166, 1018 WVAmsterdam (The Netherlands)


Abstract: The Ru2+ complex [Ru-
(bpy)2(bpy-ph4-Si(CH3)3)]


2+ can be
electrostatically bound to the negative-
ly charged channel entrances of dye-
loaded zeolite L crystals where it acts
as a functional stopcock molecule. Im-
pressive electronic triplet–singlet exci-
tation energy transfer from the Ru2+


complex to the acceptor dye oxazine 1
(Ox1) located inside the channels can
be observed when the donor molecule


is selectively excited. Time-resolved lu-
minescence experiments have been
performed on the separate components
and on the assembled donor–acceptor
material. The luminescence lifetime of
the Ru2+ complex attached to the zeo-


lite is reduced by a factor of 30 when
Ox1 acceptor molecules are present.
The fluorescence decay of Ox1 incor-
porated in zeolite L is single exponen-
tial with a lifetime of 3 ns. The much
longer lifetime in zeolite L than in so-
lution is due to the fact, that the dieth-
yl groups are sterically restricted when
the dye is inside the host.


Keywords: dyes/pigments · energy
transfer · luminescence · ruthenium ·
supramolecular chemistry · zeolites
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tation energy transfer.[7]


We have reported photonic antenna materials with two
and three different types of dyes, in which the donors are
either located in the middle of the zeolite L channels and
the acceptors at the ends or vice versa.[5,8,9] Using functional
stopcock molecules, we have synthesized systems in which
the excitation energy running through the channels can be
collected on the outside of the crystals or be injected into
them (Figure 1), depending on the arrangement.[10,11] In this
research, so far only organic dye molecules have been used,
in which singlet–singlet Fçrster type energy transfer was ob-
served [Eq. (3); D=donor, A=acceptor].


1D* þ 1A ! 1Dþ 1A* ð3Þ


We now report experiments with a luminescent Ru2+


complex acting as a functional stopcock molecule. It consists
of a head, which is too large to enter the 7.1 M wide entran-
ces of zeolite L, and a tail that can penetrate into the chan-
nels. The stopcocks are electrostatically bound to the nega-
tively charged channel entrances; this gives the system a
high stability. We will show that very efficient triplet–singlet
energy transfer takes place [Eq. (4)], leading to injection of
electronic excitation energy into the dye-loaded crystals,
when selectively exciting the stopcock, as illustrated in Fig-
ure 1a.


3D* þ 1A ! 1Dþ 1A* ð4Þ


Results and Discussion


Experiments were carried out with zeolite crystals ranging
from 30 nm up to 5000 nm in length. The large crystals
allow characterization by means of optical luminescence mi-
croscopy, while the small ones are interesting for incorpora-
tion into a device. Throughout this manuscript the stopcock
complex [Ru(bpy)2(bpy-ph4-Si(CH3)3)]


2+ will be abbreviated
as Ru-ph4-TMS and the strongly luminescent acceptor mol-
ecule oxazine 1 as Ox1.


Donor : Ru-ph4-TMS is a suitable stopcock molecule. Its or-
ganic tail fits nicely into the zeolite L channels, whereas its
head is too large to enter. Furthermore its photophysical
properties make it an ideal excitation energy donor. It is


highly luminescent, its excited state is long lived, and it pos-
sesses different absorption bands at different energies, al-
lowing selective excitation in the presence of an acceptor
molecule. The host material zeolite L can be subdivided into
two areas with distinctly different chemical properties: the
flat base containing the channel openings and the vaulted
coat. When one Ru-ph4-TMS per channel is added to zeoli-
te L, it is selectively adsorbed to the negatively charged
channel openings, where it is electrostatically bound as illus-
trated in Figure 1. The fluorescence microscopy images in
Figure 2 show a 5000 nm long crystal modified with one


Figure 1. Artificial antenna system. a) Representation of a cylindrical nanocrystal containing luminescent dye molecules (shaded rectangles) and func-
tional stopcock molecules closing the channels (shaded T-shaped bars). Electronic excitation energy absorbed by the stopcocks can be transferred to the
dyes located inside the channels. b) Scheme of a functional stopcock molecule which is electrostatically bound to the entrance of a channel. c) Incorpora-
tion of an antenna into a fluorescent polymer leads to interesting new materials, for example, LED devices.


Figure 2. Fluorescence microscopy images of 5000 nm long crystals. Top:
Crystal modified with one Ru-ph4-TMS per channel: a) conventional and
b) confocal microscopy images indicate that the Ru-ph4-TMS stopcocks
are selectively adsorbed at the channel ends. c) The luminescence intensi-
ty distribution of b). Bottom: Ox1 loaded crystals. The microscopy image
d) shows two crystals lying almost at right angles. Polarized images in e)
and f) of the same crystals show their anisotropic properties. The direc-
tion of the transmitted light is indicated by the double arrows.
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Ru-ph4-TMS per channel. The Ru-ph4-TMS molecule was
excited from 320 nm to 385 nm and the fluorescence was de-
tected with a 420 nm cut off filter (Figure 2a). The images in
Figures 2b and 2c were taken in confocal mode by exciting
the Ru-ph4-TMS by means of an Argon laser at 488 nm and
detecting the emitted light through a 510 nm cut off filter.
Figure 2c shows the relative intensity (Irel) of the emission in
a three-dimensional plot.


Acceptor : Ox1 was found to be an ideal acceptor for elec-
tronic excitation energy transfer from Ru-ph4-TMS. Its fluo-
rescent excited state is lower in energy than the 3MLCT ex-
cited state of the ruthenium complex. A difficulty encoun-
tered was that this cationic dye cannot be inserted by “stan-
dard” ion-exchange conditions from water, because of the
dimethylamino groups. We found that it can be inserted
from a suspension in toluene upon heating. Once inside the
channels, Ox1 is aligned parallel to the channels so that a
very stable, strongly luminescent and optically highly aniso-
tropic material is obtained as illustrated in Figure 2d–f. The
Ox1 molecules are located near the channel ends in these
crystals. Their slow diffusion at room temperature inside the
channels makes it possible to prepare such samples.


Coupled system—second stage of organization :[5] A prereq-
uisite for observing Fçrster type energy transfer is a large
spectral overlap between the absorption and the emission
spectra of the acceptor and the donor, respectively. Further-
more, it must be possible to selectively excite the donor.
The use of Ru-ph4-TMS as a donor and Ox1 as an acceptor
meets these conditions perfectly (Figure 3). The Fçrster
radius, at which 50% of the energy is transferred, is 10 nm
(spectral overlap 1.0710�9 cm6mol�1), which is unusually
large.[12,13] For the following experiments zeolite L crystals of
500 nm in length and diameter were used. The overall occu-
pation probability of Ox1 was chosen to be p=0.006. This
corresponds, according to Equation (2), to a mean concen-
tration of 2.3710�3 molL�1. This concentration would be too
low for the experiments envisaged here. However, the short
insertion time of the Ox1 molecules does not allow them to
diffuse far into the channels, so that the local concentration
at both ends of the channels is much higher. Hence, on aver-
age one Ox1 molecule is located close to the channel ends.
These conditions were used in order to minimize direct exci-
tation of the acceptors at the excitation wavelengths so that
it can be neglected. When these crystals are modified with
one molecule of Ru-ph4-TMS per channel, approximately a
2:1 acceptor to donor ratio is present. The Ru-ph4-TMS
complex can be excited in its 1MLCT band at 460 nm, at
which Ox1 exhibits a negligible absorption under the given
conditions. The data in Figure 3 illustrate that the Ru-ph4-
TMS!Ox1 energy transfer is indeed very efficient, even
though the donor and acceptor moieties are not covalently
linked. The emission of the ruthenium complex upon excita-
tion at 460 nm almost completely vanishes and is only pres-
ent as a shoulder at 610 nm, while sensitization of the Ox1 is
achieved as demonstrated by the intense emission at
670 nm, Figure 3b. The same behavior was observed when
30 nm long crystals were loaded with an acceptor to donor


ratio of 2:1. We note that irradiation of an isoabsorptive
sample at 460 nm containing only the Ox1 leads to almost
no emission.
Time-resolved luminescence experiments have been per-


formed on the separate components and on the assembled
donor–acceptor system with 500 nm long crystals at room
temperature. The data are reported in Table 1.
The Ru-ph4-TMS complex at the channel ends shows a


biexponential luminescence decay with an average lifetime t̄


of 580 ns [Eq. (5)].


�t ¼ a1t
2
1 þ a2t


2
2


a1t1 þ a2t2
ð5Þ


Figure 3. a) Excitation (dashed) and emission (solid) spectra of Ru-ph4-
TMS at the channel ends and of Ox1 inside. The spectral overlap region
is shaded. At 460 nm (arrow) Ru-ph4-TMS can be selectively excited.
b) Emission spectrum of Ox1 loaded zeolite (p=0.006) modified with
one Ru-ph4-TMS per channel, observed after excitation at 460 nm. The
shoulder at 610 nm is the remaining weak emission of Ru-ph4-TMS. The
large peak at 670 nm is the sensitized emission of Ox1. c) Fluorescence
microscopy images of crystals loaded with one Ru-ph4-TMS per channel
(left), with Ox1 (middle) and with both (right). The three images were
recorded upon selective excitation of Ru-ph4-TMS.
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The fluorescence decay of Ox1 incorporated in zeolite L
is single exponential with a lifetime of 3 ns. In solution at
room temperature, its lifetime ranges from 0.5 to 1.3 ns, de-
pending on the solvent.[14] The up to six times longer lifetime
in zeolite L is due to the fact that the diethyl groups are
sterically restricted when the dye is inside of the host, thus
blocking fast, radiationless decay channels.[15] The coupled
system shows a triple exponential decay. The long-lifetime
component can be assigned to the decay of the donor and
the two shorter ones to the acceptor. The average fluores-
cence lifetime of the acceptor is 2.6 ns. The luminescence
lifetime of Ru-ph4-TMS is reduced from 580 to 19 ns, which
is a factor of 30, when acceptor molecules are present, while
the rise of the Ox1 fluorescence was not observed. This un-
derlines the efficient and fast Ru-ph4-TMS to Ox1 energy
transfer.


Conclusion


The use of the Ru-ph4-TMS complex as a functional stop-
cock molecule results in an impressive electronic excitation
energy transfer to the acceptor dye unit inside the zeolite
channels. The efficiency of the process for a noncovalent
dyad based on a ruthenium complex as donor and organic
dyes as acceptor is astonishingly high. In covalently linked
systems in which the donor (ruthenium unit) and acceptor
(osmium unit) are separated by five tilted phenylene units
the efficiency of energy transfer was comparable.[16] The
system works with crystals ranging from 30 nm in length and
diameter to crystals of 5000 nm in length and 3000 nm in di-
ameter; this is equal to a change in volume by a factor of
106. The properties of this host–guest material differ strongly
from covalently linked donor–acceptor energy-transfer sys-
tems.[1,16] Our results are expected to advance a wide range
of applications, some of which we have recently discussed.[5]


Experimental Section


Zeolite L : Zeolite L material was synthesized and characterized as de-
scribed in reference [8]. The potassium-exchanged form of the crystals
was used. For luminescence and confocal microscopy images, crystals of
5000 nm in length and 3000 nm in diameter were used, while the energy
transfer experiments were conducted with crystals of 30 nm and 500 nm
in size. Laser grade Ox1 was used without further purification. Ox1 was


inserted into the zeolite L channels by ion exchange out of toluene. Typi-
cally zeolite L (20 mg) was suspended in toluene (5 mL). The suspension
was stirred vigorously while the desired amount of Ox1 supended in tolu-
ene (100 mL) was added. The mixture was heated to 80 8C for a few mi-
nutes. To remove any dye molecules adsorbed on the outer surface of the
zeolite, the crystals were then washed with diluted Genapol X-080 from
Fluka. Typically a watery Genapol X-080 solution (1:500; 5 mL) was
added and the resulting suspension was sonicated for 10 min. It was then
centrifuged until the supernatant was clear and could be discarded. For
the adsorption of the Ru-ph4-TMS to the channel ends, typically zeolite
crystals (10 mg) were suspended in CH2Cl2 (3 mL). A solution containing
the amount of Ru-ph4-TMS corresponding to one molecule per channel
in CH2Cl2 (100 mL) was added, and the suspension was sonicated for
15 min at room temperature. Best results were obtained when the crystals
were then kept in CH2Cl2 at room temperature for one week.


Luminescence spectra : Luminescence spectra of samples (6 mg) suspend-
ed in CH2Cl2 (3 mL) were measured with a Perkin–Elmer LS 50B instru-
ment. Time-resolved measurements of the Ox1 loaded crystals and of the
coupled system were conducted as described in reference [17]. Layers of
the samples were prepared on quartz plates. The samples were flushed
with N2 during the measurements. The zeolite crystals modified with Ru-
ph4-TMS were measured in a CH2Cl2 suspension. For the luminescence
microscopic images an Olympus BX60 microscope equipped with a Kap-
pa CF20DCX air-cooled CCD camera was used. The Ru-ph4-TMS com-
plex was excited from 320 to 385 nm and the fluorescence was detected
by using a 420 nm cut off filter. Ox1 was excited from 590 nm to 650 nm
and the emission was detected by using a cut off filter at 665 nm. The
confocal microscopy images were obtained with a fluoview FV300 acces-
sory equipped with an argon laser operating at 488 nm and a HeNe laser
at 543.5 nm. The microscopy images were made of single crystals on a
glass support exposed to air.


Synthesis of Ru-ph4-TMS


General : The synthesis of Ru-ph4-TMS was carried out as described
below, Scheme 1. Reagents and solvents were all commercially available


Table 1. Wavelengths of excitation lex and detection ldet, luminescence
decay time t, their relative weights a (a1 and a2) and the mean lumines-
cence decay time t̄ of the separate components and of the assembled
donor–acceptor system.


Sample lex [nm] ldet [nm] t [ns] t̄ [ns] a


zeolite with
Ru-ph4-TMS


450 450–700 610
110


576 0.71
0.29


zeolite with
Ox1


620 700 3.0


zeolite with
Ru-ph4-TMS and Ox1


465 690 3.0
1.2
19


2.6 0.51
0.42
0.07


Scheme 1. a) [Ru(bpy)2Cl2], ethylene glycol, microwave irradiation; b) 4-
trimethylsilylphenylboronic acid, K2CO3, [Pd(PPh3)4], DMF, 95 8C, 15 h;
c) ICl, CH2Cl2; d) 4’-trimethylsilylbiphenyl-4-boronic acid, K2CO3,
[Pd(PPh3)4], DMF, 95 8C, 15 h.[18]
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and used as received. [Ru(bpy)2Cl2],
[19] 4’-trimethylsilylbiphenyl-4-boron-


ic acid,[20] and the ligand 4-(4-bromophenyl)-[2,2’]bipyridine (1),[21] were
prepared following literature procedures. All experiments were carried
out under N2 atmosphere using standard Schlenk tube techniques. Chro-
matographic purification was conducted by using 40–63 mm silica gel pur-
chased from FLUKA. Thin-layer chromatography (TLC) on silica gel
was performed with CH3CN/H2O/CH3OH/NaCl (4:1:1:0.1) as eluent for
all the ruthenium complexes. NMR spectra were recorded on a Varian
Mercury-VX (300 MHz) by using the residual nondeuterated solvent as
reference. Electron spray ionizaton (ESI) mass spectra were measured
with a Bruker FTMS 4.7T Bio APEXII spectrometer. Further details are
reported in reference [18].


[Ru(bpy)2(bpy-ph-Br)]2+(PF6)2 (2): [Ru(bpy)2Cl2] (110.7 mg, 0.21 mmol)
and 1 (50.6 mg, 0.16 mmol) were dissolved in ethylene glycol (5 mL). The
mixture was placed in a modified microwave oven and irradiated at
450 Watt for 2 min and, after a cooling down period, for another 2 min-
utes. The stage of conversion was checked by TLC (silica, MeCN/H2O/
MeOH/KNO3, 4:1:1:0.1) and the reaction mixture was further irradiated
if necessary. The solvent was distilled under vacuum by using a “micro
distillation head” at high temperature (90–110 8C). The dark red com-
pound was dissolved in water (20 mL) and the water phase was extracted
with chloroform to remove the excess [Ru(bpy)2Cl2]. The remaining
chloroform and water phases were evaporated and the compound was
purified by column chromatography on silica gel using MeCN/H2O/
MeOH/NaCl, 4:1:1:0.1 as eluent. The desired compound was collected
and the organic solvents were evaporated. NH4PF6 (1 g) in water (2 mL)
was added to the remaining water layer to obtain an orange-red precipi-
tate. The precipitate was filtered over Celite and washed several times
with water. Finally the compound was eluted from Celite with acetone.
Compound 2 was obtained as an orange powder with 81% yield
(172 mg). 1H NMR (300 MHz, CD3CN, 25 8C): d=8.71 (s, 1H), 8.68 (d,
J=8.0 Hz, 1H), 8.52 (dd, J=8.3 Hz, 2.0 Hz, 4H), 8.06 (m, 5H), 7.82–7.70
(m, 10H), 7.62 (dd, J=6 Hz, 1.8 Hz, 1H), 7.41 ppm (m, 5H); MS ESI: m/
z (%): 869.02 (15) [M+�PF6], 363.03 (100) [M


+�2PF6].


[Ru(bpy)2(bpy-ph2-Si(CH3)3)]
2+(PF6)2 (3): In a Schlenk flask compound


2 (250 mg, 0.25 mmol), 4-trimethylsilylphenylboronic acid (190 mg,
0.99 mmol), and potassium carbonate (136 mg, 0.99 mmol) were dissolved
in N,N-dimethylformamide (25 mL). The solution was degassed three
times using pump-freeze-thaw technique. Finally [Pd(PPh3)4] (14 mg,
0.01 mmol) was added, and the mixture was heated at 95 8C for 15 h. The
solvent was removed under vacuum and the product was purified by
column chromatography on silica gel using MeCN/H2O/MeOH/NaCl,
4:1:1:0.1 as eluent. The fraction containing the pure complex was evapo-
rated to dryness to yield an orange solid (243 mg, 91%). 1H NMR
(300 MHz, CD3CN, 25 8C): d=8.78 (d, J=1.5 Hz, 1H), 8.70 (d, J=
8.0 Hz, 1H), 8.51 (dd, J=8.3 Hz, 5.0 Hz, 4H), 8.06 (m, 5H), 7.73 (dd, J=
28.7 Hz, 8 Hz, 4H), 7.81–7.60 (m, 11H), 7.40 (m, J=6 Hz, 5H), 0.33 ppm
(s, 9H); MS ESI: m/z (%): 887.11 (15) [M+�PF6], 371.06 (100) [M+


�2PF6].


[Ru(bpy)2(bpy-ph2-I)]
2+(PF6)2 (4): Compound 3 (103 mg, 0.95 mmol) was


dissolved in dichloromethane (10 mL), and the solution was cooled down
to 0 8C. A solution of iodine chloride (0.23 g, 1.4 mmol) in dichloro-
methane (2 mL) was added slowly. After 1 h the ice-bath was removed
and the solution was stirred for 1.5 h at room temperature. An aqueous
solution of sodium metabisulfite (10 mL, 1m) was added to quench the
reaction, and the reaction mixture was extracted with dichloromethane.
The organic layers were washed with water. After evaporation of the sol-
vent a red solid was obtained (106 mg, 98%). 1H NMR (300 MHz,
CD3CN, 25 8C): d=8.77 (d, J=1.5 Hz, 1H), 8.70 (d, J=8.0 Hz, 1H), 8.51
(dd, J=8.3 Hz, 5.0 Hz, 4H), 8.08–7.91 (m, 7H), 7.79–7.63 (m, 13H),
7.40 ppm (m, 5H); MS ESI: m/z (%): 992.98 (10) [M+�PF6], 423.99
(100) [M+�2PF6].


[Ru(bpy)2(bpy-ph4-Si(CH3)3)]
2+(PF6)2 (5): In a Schlenk flask compound


4 (125 mg, 0.11 mmol), 4’-trimethylsilylbiphenyl-4-boronic acid (60 mg,
0.22 mmol), and potassium carbonate (90 mg, 0.66 mmol) were dissolved
in N,N-dimethylformamide (20 mL). The solution was degassed three
times by using a pump-freeze-thaw technique. Finally [Pd(PPh3)4] (12 mg,
0.01 mmol) was added and the mixture was heated at 95 8C for 15 h.


After purification, as described above for 3, complex 5 was obtained as
orange powder (125 mg, 92%). 1H NMR (300 MHz, CD3CN, 25 8C): d=
8.89 (d, J=1.5 Hz, 1H), 8.81 (d, J=8.1 Hz, 1H), 8.59 (t, J=6.8 Hz, 4H),
8.15–8.05 (m, 6H), 7.97 (d, J=8.4 Hz, 2H), 7.91–7.68 (m, 20H), 7.47–
7.42 ppm (m, 5H); MS: ESI, m/z (%): 1091.31 (6) [M+�PF6], 473.15
(100) [M+�2PF6].
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Multiple Binding Modes of the Camptothecin Family to DNA Oligomers


Wojciech Bocian,*[a] Robert Kawȩcki,[b] Elzbieta Bednarek,[a] Jerzy Sitkowski,[a, b]


Agnieszka Pietrzyk,[b] Michael P. Williamson,[c] Poul Erik Hansen,[d] and
Lech Kozerski*[a, b]


Introduction


A wealth of information from NMR studies on drug binding
to DNA is now available.[1] The most detailed structural in-
formation is on intercalators, because their large association
constants allow easy observation of intermolecular NOEs.
Weaker ligands pose a much more difficult problem. The
major source of structural restraints for these compounds is
structure/activity relationships, and NMR input is largely


limited to analysis of chemical shift changes, which have to
date not been amenable to detailed structural interpreta-
tion.[2]


The cytotoxic plant alkaloid camptothecin (CPT) and a
synthetic derivative, topotecan (TPT), have emerged as clin-
ically useful anticancer drugs,[3] but are of this difficult,
weakly binding, type. They act as inhibitors of topoisomer-
ase I (TopoI)[4] through the formation of stable ternary com-
plexes composed of the drug, DNA and TopoI.[4a–c] An im-


Abstract: The binding constants of
camptothecin, topotecan and its lac-
tone ring-opened carboxylate deriva-
tive to DNA octamers were measured
by UV and NMR spectroscopy. The
self-association of topotecan (TPT) was
also measured. The carboxylate form
of TPT binds in the same way as the
lactone, but more weakly. Titration of
TPT into d(GCGATCGC)2 shows a
preferred location stacked onto the ter-
minal G1 base. However, the intermo-
lecular NOEs cannot be reconciled


with a single conformation of the com-
plex, and suggest a model of a limited
number of conformations in fast ex-
change. MD calculations on four pairs
of starting structures with TPT stacked
onto the G1–C8 base pair in different
orientations were therefore performed.
The use of selected experimental


“docking” restraints yielded ten MD
trajectories covering a wide conforma-
tional space. From a combination of
calculated free energies, NOEs and
chemical shifts, some of the structures
produced could be eliminated, and it is
concluded that the data are consistent
with two major families of conforma-
tions in fast exchange. One of these is
the conformation found in a crystal of
a TPT/DNA/topoisomerase I ternary
complex [Proc. Natl. Acad. Sci. USA
2002, 99, 15387–15392].


Keywords: alkaloids · antitumor
agents · conformation analysis ·
docking · NMR spectroscopy
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Table S1 gives
the fitted diffusion coefficients for the studied chemical shift depend-
ence on the gradient strength in the diffusion experiment, Table S2
gives the 1H NMR chemical shifts of free d(GCGATCGC)2, Tables S3
and S4 give the 1H NMR chemical shifts of d(GCGATCGC)2 in the
presence of topotecan (TPT), Table S5 gives the 1H T1 relaxation
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therm of TPT to d(GCGATCGC)2 established by UV, Figure S2
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portant feature of the binding interaction is the lactone
functionality of TPT, which hydrolyses to the ring-opened
carboxylate form in a pH-dependent manner (Scheme 1),
being >80% ring-opened at pH 7.4.[4e, f,h] Most biological


assays indicate that the carboxylate form of TPT is inactive
as a TopoI inhibitor. Structure/function relationships have
been analysed,[4f,5] and structures have been described.[6] The
enzyme forms a “clamp” around a nicked B-form DNA.
TPT intercalates, stacking with its long axis parallel to
GC(+1).


Two recent NMR studies give some preliminary informa-
tion concerning interactions of TPTwith short DNA oligom-
ers[7] and ss or ds polynucleotides.[8] However, the mode of
TPT binding to DNA was not systematically studied, and
the role of the carboxylate form of TPT was not fully recog-
nized. We have therefore been studying binding of the CPT
family to DNA oligomers, and show here that the data are
not consistent with binding in a single geometry. We present
a novel combination of experimental and theoretical meth-
ods, demonstrating that two major conformations exist. One
of these is similar to that seen in a ternary complex,[6a] but
the second is previously uncharacterized. This result may be
of relevance to the design of novel antitumor agents based
on the camptothecin family.


Results and Discussion


TPT self-association constant :[9] Before DNA binding could
be analysed, self-association of CPT or TPT had to be stud-
ied. TPT self-association was analysed by NMR by use of
the isodesmic model (see Experimental Section).[10] The re-
sults of the fit are given in Table 1, and the binding isotherm
is shown in Figure 1. All protons are shifted to lower fre-
quencies in the self-associated state, consistently with the
expected stacked structure. The self-association constant de-
rived from the data is 3.4�1.0N103m�1, in agreement with a
recent measurement.[11]


DNA/TPT binding constant measurements : The binding
constant of TPT to DNA was measured by UV, by use of
equations corrected for TPT self-association as described in
the Experimental Section. The binding constant of TPT with
d(GCGATCGC)2 was obtained as Ka = 2.5mm


�1 (Kd =


0.4mm) at 24 8C and pH 5.0 (100% of the lactone form).
The binding isotherm is shown in the Supporting Informa-
tion.


NMR determination of DNA/campthotecin family binding
constants : Two types of NMR experiment were used to
study binding of the CPT family of drugs to DNA: measure-
ments of the diffusion coefficients of CPT alone and in the
presence of DNA, and titration of buffered DNA with TPT.
Double-stranded DNA duplexes d(GCGTACGC)2 and
d(GCGATCGC)2 were used in pulsed field gradient experi-
ments with CPT and in titration experiments with TPT, re-
spectively.


CPT/DNA binding constant : The PGSE experiment is espe-
cially appropriate for measuring weak binding of a molecule
of low molecular weight, such as CPT (MW = 311 Da), to a
molecule of much higher molecular weight (DNA, MW�
2.8 kDa), because the diffusion constant for bound CPT is
the weighted average of the diffusion constant for free CPT
and the diffusion constant for DNA, which allows calcula-
tion of the ratio of free to bound CPT and thus of the associ-
ation constant. Applications of the method to solute binding
have recently been reviewed.[12]


Figure 2 shows a PGSE plot of CPT in the presence of
d(GCGTACGC)2. By published procedures,[13] the binding


Scheme 1. pH-dependent hydrolysis of the TPT lactone functionality to
the ring-opened carboxylate form.


Figure 1. Self-association isotherm of TPT in phosphate buffer (pH 6,
30 8C).


Table 1. Data for the evaluation of the self-association constant (K TPT
a )


of TPT from dilution experiments (30 8C, pH 6).


Proton dmon [ppm][a] Ddmax [ppm][a] K TPT
a [m�1]N103


H7 8.804 0.240 5.4
H12 8.222 0.419 2.8
H11 7.649 0.233 3.2
H14 7.675 0.431 3.1
H17a 5.678 0.281 2.7
H17b 5.492 0.177 3.0


[a] The experimentally determined values for the monomer (dmon) were
established at very low (5mm) concentrations and Ddmax obtained from
iterative fitting of the concentration dependence of the chemical shifts.
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constant for CPT to the
d(GCGTACGC)2 duplex was
obtained as Ka = 1.7mm


�1 (Kd


= 0.6mm) at pH 6.0.


TPT/DNA binding constant :
Shift changes observed on ti-
tration of d(GCGATCGC)2
with TPT are mostly upfield,
and are largest on the terminal
G1–C8 base pair. Some chemi-
cal shift changes in C8 are
downfield (see Figure 6 and
Supporting Information),
which implies stacking of TPT to the end of the DNA stem
in a restricted geometry. The largest shift change is of the
imine resonance of G1 (ca. �0.4 ppm), which is not surpris-
ing as it is in the centre of the base pair. A single set of reso-


nances is observed for each component, and the C2 symme-
try of the DNA duplex is maintained, the drug hence being
in fast exchange with DNA. In order to check the signifi-
cance of measured shifts we studied the chemical shift de-
pendence on dilution, temperature and pH changes. Dilu-
tion by 20% does not influence the DNA resonances, which
remain constant to �0.005 ppm. A change of pH from 7 to
6 changes the position of resonances uniformly, on average
by 0.15 ppm to higher frequencies. Raising the temperature
makes the chemical shift changes less specific (Supporting
Information), in that changes in the middle of the DNA
stem increase relative to changes at the end. This is presum-
ably due to a reduction in the specificity of binding at
higher temperature.


The DNA/TPT dissociation constant Kd was obtained by
NMR titration, as described in the Experimental Section, to
give Kd = 0.7�0.2mm (Ka = 1.4�0.3mm


�1) and KDNA
a =


0.4�0.4mm
�1 at 30 8C, pH 6.0 and 0.1mm TPT concentration


(Table 2, Figure 3). The errors are estimated as the sum of


standard deviation and systematic errors derived from im-
precision of DNA concentration, measured as the sum of di-
lution steps. The latter error has an especially high influence
on the KDNA


a value.
The precision of our NMR experiment is much higher


than that of the UV experiment, but nevertheless, the simi-
larity of this binding constant to that determined by UV in-
creases our confidence in its absolute value. As shown in the
Supporting Information (Figure S1), the changes in UV ab-
sorbance in the concentration range studied are very small.


TPT carboxylate/DNA binding : At physiological pH, TPT
exists in both the lactone and the carboxylate anion forms,
although the lactone form may be stabilized by the presence
of DNA.[7] It is therefore important to evaluate the binding
of the carboxylate form to DNA. In NMR titrations, the
chemical shifts of the carboxylate form change upon addi-
tion of DNA oligomers (Table 3). The pattern of the shift
changes, although limited, is similar to that seen for the lac-
tone, consistently with binding in a similar geometry (a
result at variance with a recent NMR investigation of the
linewidths of both forms in the presence of poly ss and
poly ds nucleotides).[8] The chemical shift changes suggest
that binding of the carboxylate is weaker than that of the


Figure 2. 1D Pulsed field gradient diffusion experiment, in which the
slope of the graph is proportional to the diffusion constant. Semilogarith-
mic plot of signal intensity against the square of the gradient strength,
showing different diffusion constants for DNA, bound CPT and free CPT
(same buffer and concentration).


Figure 3. Binding isotherm of d(GCGATCGC)2 DNA duplex interaction
with the lactone form of TPT at pH 6, 30 8C.


Table 2. Equilibrium constants relevant to the DNA/TPT interaction.[a]


Proton Kd Ka K TPT
a KDNA


a Ddmax Dd corr
max


[mm] [mm
�1] [mm


�1] [mm
�1] [ppm] [ppm]


H11 0.77 1.30 3.15 0.57 0.525 0.233
H12 0.87 1.15 2.82 0.53 0.518 0.419
H7 0.69 1.45 5.44 0.45 0.382 0.240
C9-CH2


[b] 0.58 1.72 3.38 0.22 0.296 0.234
H11[c] 0.80 1.25 0 0.60 0.558
H11[d] 0.75 1.33 0 0 0.461


[a] See Equations (8)–(12) for the meaning of the constants. Ka is defined as 1/Kd. The Dd corr
max value accounts


for the shift due to TPT association. [b] Negligible chemical shift nonequivalence was observed between the
geminal protons, which are treated throughout the work as a single signal. [c] The values given for Kd and Ka


refer to calculated constants assuming the K TPT
a = 0. [d] The values given for Kd and Ka refer to calculated


constants assuming K TPT
a = 0 and KDNA


a = 0.
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lactone, but do not allow us to fit a Kd value. We therefore
analysed binding by fluorescence spectroscopy of DNA/TPT
mixtures at pH 6.3 (lactone) and 7.8 (carboxylate). At
pH 6.3, the emission peak on excitation of the TPT 382 nm
band was quenched by 6.5% on addition of DNA. No
quenching of the TPT fluorescence was observed at pH 7.8.
The lack of quenching implies that binding of the carboxy-
late is weak, in line with its lack of biological activity, but
contrary to conclusions from the ternary complex structur-
e,[6a] which showed that the carboxylate form can be equally


well accommodated in an in-
tercalation pocket in an enzy-
matically prepared nick struc-
ture and has even better stabi-
lisation from close enzyme
units than the lactone.


The DNA/TPT binding mode


Experimental restraints : At a
2.5:1 TPT/DNA ratio, the drug
is still in fast exchange, but for
the first time it is possible to
observe cross-peaks due to
NOE effects between TPT and
DNA (Figure 4). These involve
the protons shown in Table 4,
and are not consistent with a
single geometry of the com-
plex. Some others are also an-
ticipated from molecular mod-
elling (indicated with question
marks in Table 4) but were not
used in this study due to over-
lap. Some of these cross-peaks
persist, with lowered intensi-
ties, if the temperature is
raised to 13 8C, which confirms
their intermolecular origin,
since the change in intensity
parallels the change in concen-
tration of the complex. In gen-
eral these cross-peaks are
much weaker than the intra-
molecular DNA or TPT cross-
peaks. Similarly to what was
seen with the chemical shift
changes, the cross-peaks are
observed at the edge of the
duplex but not in the centre of
the stem. These experiments
strongly suggest that the G1
base, located at the edge of
the duplex, is the predominant
site of TPT binding, consistent-
ly with spectrophotometric
studies.[14] However, our stud-
ies suggest that the interaction
is one of stacking against a


base pair rather than an interaction with the minor
groove.[11]


An issue that should be addressed in drug–DNA interac-
tions is the possibility of spin diffusion as a source of indi-
rect cross-peaks.[15] A good indicator of spin diffusion is the
presence of multiple cross-peaks involving a network of ad-
jacent nuclei, and these are not observed. Thus, no cross-
peaks from H7 and H14 of TPT to DNA were observed,
except for very weak responses to H8–G1, although both
protons give well resolved separate singlet resonances and


Figure 4. Example of one of the processed NOESY spectra of d(GCGATCGC)2 in the presence of TPT (3 8C,
TPT/DNA ratio 2.5:1, pH 5.0). Signals marked in ellipses indicate considered examples of intermolecular
cross-peaks between TPT and DNA.


Table 3. TPT lactone and carboxylate form chemical shifts for isolated TPT, together with changes in the pres-
ence of ds DNA oligomers (in brackets).


Form H7 H11 H12 H14 pH


lactone[a] 8.66 7.53 8.04 7.50 6.0
(�0.15) (�0.20) (�0.18) (�0.11)


lactone[a] 8.29 7.31 7.48 7.34 7.25
(+0.07) (�0.10) (�0.17) (�0.06)


lactone[b] 8.41 7.40 7.91 7.38 6.28
(�0) (��0.05) (>�0.1) (��0.05)


lactone[c] 8.62 7.43 7.87 7.3 7.0
(�0.07) (�0.19) (�0.14) (+0.10)


carboxylate[d] 8.38 7.33 7.91 7.58 7.25
(�0.01) (�0.07) (�0.10) (�0.05)


carboxylate[e] 8.45 7.41 7.98 7.60 6.28


[a] This work. Values in brackets indicate change with octamer d(GCGATCGC)2, 1:1 DNA/TPT ratio.
[b] From ref. [8], changes refer to interaction with poly ss(dA). Interaction with poly ss(dT) results in apprecia-
ble high-frequency shifts (not cited) for H7, H11 and H14, but no shift for H12. [c] From ref. [7], changes refer
to interaction with hexamer d(CGTACG)2. [d] This work. Changes with d(GCGATCGC)2, 1:1 lactone/carbox-
ylate ratio. [e] From ref. [8]. Changes on interaction with poly ss or poly ds not cited.
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are therefore easy for spectral analysis. Similarly, only the
DNA resonances facing the TPT molecule give cross-peaks:


H2’ and H2’’ of G1 or C2, for example, do not give cross-
peaks, whereas strong cross-peaks to H1’, H3’ and H4’ of G1
are observed. Spin diffusion is therefore unlikely to be re-
sponsible for significant NOE intensity in our spectra.


A further complication is that, irrespective of the temper-
ature of the measurements, aggregation of TPT is observed
in the sample with 2.5 times TPT molar excess. This is evi-
denced by NOE effects—H12–H7 or H11–H7, for exam-
ple—that cannot be intramolecular and can arise only from
intermolecular contacts. These cross-peaks diminish in inten-
sity with increasing temperature but are observed at all
three temperatures (3, 13 and 30 8C).


Molecular modelling : Modelling studies of DNA interac-
tions with the CPT family have been published.[16] However,
our approach is necessarily different, because the experi-
mentally observed data demonstrate multiple binding modes
in fast exchange. It is therefore necessary to adopt an un-
conventional approach. Rather than assume a single confor-
mation and restrain it with all the experimentally observed
NOEs, here we assume from the outset that several confor-
mations are present in fast exchange, implying that the com-


plete set of experimentally ob-
served NOEs cannot be satis-
fied simultaneously. Therefore,
we use only one or two experi-
mentally derived “docking”
NOEs to maintain TPT close
to the oligonucleotide, and
only compare the resultant
structures to the NOE and
chemical shift restraints after-
wards. In this way we avoid
biasing the calculation by in-
clusion of internally inconsis-
tent NOE values.


As starting conformations,
four possible stacking align-
ments of TPT along the termi-
nal GC units were used
(Scheme 2). Molecular dynam-
ics simulations were performed
over a nanosecond timescale,
with back-calculations of NOE
and chemical shift effects, with
the aim of determining the
most significant contributing
conformations. It is well
known that suitable reproduc-
tion of NOE effects requires
good coverage of conforma-
tional space. This turns out to
be very difficult for big mole-
cules and even worse when an
intermolecular interaction is
considered.[17] To minimize
computational time we have
used only the first four base
pairs of our DNA octamer


Figure 5. Average geometries derived from MD trajectories for selected
structures of the TPT/d(GCGA)2 complexes, showing TPT stacked over
the G1-C8 base pair.


Table 4. NMR-derived and MD back-calculated NOE effects for selected structures.[a]


Experimental TPT
DNA C9-CH2 NMe H11 H12 18-CH2 19-CH3 17-CH2


H8G1 * * * * ? *


H1’G1 * * * * * * *


H3’G1 * * ?
H4’G1 * * * ? * * *


H5’,H5’’G1 * * * * * * *


H1’C2 * *


H4’C2 * * *


H5’,H5-C2 ? * * *


H6C8 ? * * ? * * *


H1’C8 ? * * * * ?
H2’,H2’’C8 ? * * * * *


St 1CD TPT
DNA C9-CH2 NMe H11 H12 18-CH2 19-CH3 17-CH2


H8G1 * * * *


H1’G1 * *


H3’G1 *


H4’G1 * * *


H5’,H5’’G1 * * * *


H1’C2
H4’C2
H5’,H5’’C2
H6C8 *


H1’C8 * *


H2’,H2’’C8 * *


St 2AB TPT
DNA C9-CH2 NMe H11 H12 18-CH2 19-CH3 17-CH2


H8G1 * * * *


H1’G1 * * * *


H3’G1 *


H4’G1 * * *


H5’,H5’’G1 * * *


H1’C2 *


H4’C2 *


H5’,H5-C2 * *


H6C8 * * *


H1’C8 *


H2’,H2’’C8 *
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[d(GCGA)2] in simulations, with restraints holding the last
AT base pair atoms in their initial X-ray-derived positions.
We believe that this simplified model is adequate, because,
as our results show, only the terminal GC unit directly inter-
acts with TPT. A separate issue is correct docking of TPT.
During our initial studies (1 ns MD equilibration of the
starting complexes) we determined that the starting configu-
ration of TPT in the complex is very important, especially
when MD time is limited. In particular, proper docking was
only obtained for St3 in the initial calculations, and so, after
equilibration, we applied an additional re-docking procedure
for complexes St1, St2 and St4 (see Experimental Section).
Each trajectory was repeated with the other possible starting
orientation of the -CH2-NMe2 group (bent into or away
from the DNA). This intervention was necessary because of
a high energy barrier for rotation about its dihedral angle.
During our 600 ps production MD simulations we observed
only a limited number of spontaneous crossings to the oppo-
site orientation of the -CH2-NMe2 group, usually not more
than one (if any) per trajectory. The restraints used, and key
results, are listed in Table 4.


Since we are dealing with a multiconformation approach,
the criteria for choosing successful structures are crucial.
This is primarily achieved by examining free energy differ-
ences between structures. The calculated mean free energies
for the simulated complexes are listed in Table 5.


The computed total free energy changes are generally
small, of the order of a few kcalmol�1. The least stable are
adducts derived from the initial structure St1, while St2, St3


and St4 are of similar stability.
The largest contribution to the
free energy differences is the
gas-phase electrostatic energy
Eelec, which is mostly responsi-
ble for the attractive interac-
tions between ligand and re-
ceptor.[18] This favours the
complex St2B (the lowest
Eelec) over St1B (the highest
Eelec) by 23 kcalmol�1, while
the electrostatic solvation
energy GPB, the second largest
contribution to the free energy
changes, favours St1B over
ST2B by 11 kcalmol�1. The ab-
solutely most stable complex
St3B (i.e., the lowest DGtot)
owes its stability over St2B
mostly to a 3.3 kcalmol�1


lower internal energy (Eint).
The van der Waals energy
(EvdW) and nonpolar term of
the solvation free energy
(Gnpol) (the solvent-accessi-
ble surface area-dependent
term) make only small con-
tributions to the total free
energy changes, of less than


St 3A TPT
DNA C9-CH2 NMe H11 H12 18-CH2 19-CH3 17-CH2


H8G1 * *


H1’G1 *


H3’G1 *


H4’G1 *


H5’,H5’’G1 *


H1’C2 *


H4’C2
H5’,H5’’C2
H6C8 * * * *


H1’C8 * * *


H2’,H2’’C8 * * *


St 4AB TPT
DNA C9-CH2 NMe H11 H12 18-CH2 19-CH3 17-CH2


H8G1 *


H1’G1 * * *


H3’G1 *


H4’G1 * * *


H5’,H5’’G1 * * *


H1’C2 *


H4’C2 * *


H5’,H5’’C2 * *


H6C8 * * * *


H1’C8 * * * *


H2’,H2’’C8 * * * * *


[a] * and * denote large and small NOE effects, respectively. In the case of back-calculated NOE, “large”
means more than 15% of the reference H5–H6 cytosine NOE, and “small” means more than 1% and less
than 15% of the H5–H6 NOE. ? indicates that presence of the corresponding cross-peak in NOESY spectra
cannot be confirmed, mostly because of overlapping signals. In the case of CH2 groups (C9-CH2, 17-CH2, 18-
CH2, H5’, H5’’, H2’, H2’’) and CH3 groups (19-CH3, NMe) the sum of the NOEs was calculated.


Scheme 2. Schematic representation of the stacking interactions of TPT
with the terminal base pair in the DNA octamer d(GCGATCGC)2 in
four starting geometries used in MD calculations.


Table 4. (Continued)
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1 kcalmol�1, implying that in our weakly bonded complexes
neither the van der Waals interaction nor the solvent-acces-
sible surfaces make it possible to distinguish different con-
formations in the ligand–receptor interactions.


A comparison of experimentally derived NOE cross-
peaks with back-calculated NOE effects derived from MD
trajectories is reported in Table 4. The calculated NOE ef-
fects are presented as averages over inward and outward
-CH2-NMe2 geometries for starting structures St1, St2 and
St4. This was performed in order to probe the conformation-
al space more thoroughly. For St1 we have analysed trajec-
tories C and D instead of A and B, because they have lower
free energies, while for St3 we report only trajectory A, be-
cause trajectory B has a much higher free energy. Tables 4
and 6 show all those intermolecular effects that could be un-
ambiguously assigned. Expected but overlapped cross-peaks
are either not taken into account or are marked with a ques-
tion mark in the tables. Empty spaces in the tables mean
that the cross-peaks are not observed. It is important to
note that there are almost no unused calculated NOE ef-
fects for any of the investigated structures (the exception is
one weak unexpected NOE effect between H3’G1 (DNA)
and H11 (TPT) in St1 CD). Table 4 does not allow us auto-
matically to exclude any of our structures as definitely
wrong or of minor significance on the basis of observed
matching of the experimentally observed and the calculated
NOEs. Similarly, a simple analysis of the number of predict-
ed NOE effects is not very helpful. The fact that for none of
the individual structures does the number of predicted ef-
fects exceed 50% of the observed effects does not necessari-
ly mean that they are wrong, rather this clearly indicates
that we have to explore a multi-conformational model, of
which the simplest is a model considering averaging be-
tween pairs of structures.[19] In this model we cannot in ad-
vance anticipate the participation of each structure, and so
we cannot exclude any of them only on the basis of match
of predicted NOE effects.


Table 6 gives the results of back-calculations of NOE ef-
fects for the averages of pairs of selected conformations,
and Figure 5 displays the geometries for these structures.


The conformations were selected on the basis of free energy
and complementarities in NOE effect patterns. The averages
were calculated for equal concentrations of each structure.
The calculation is not sensitive to exact ratios of concentra-
tion, because the NOE effects are much more dependent on
the geometry (r�6 dependence) than on concentration. This
analysis shows an almost perfect match of experimentally
observed to calculated NOE effects for the 1:1 average of
structures St2AB and St4AB. Although we observe this very
good correlation for combination St2+St4, we cannot defi-
nitely exclude the remaining combinations. In particular, the
lowest-energy St3A may participate in the interactions, but
we cannot confirm or exclude this from the NOE data.


We therefore carried out an analysis of chemical shift ef-
fects, induced by ring current effects in the TPT/octamer


Table 5. Docking parameters and free energy analysis for simulated adducts.


Structure[a] Docking restraints Initial orient. of -NMe2 group Average energies [kcalmol�1][b]


hEeleci hEinti hEvdWi hEMMi hGnpoli hGPBi hGsolvi hGtoti DGtot


St1A H12-TPT/H1’G1 outward 162.0
(12.8)


429.3
(12.4)


�143.1
(5.3)


448.2
(19.3)


12.4
(0.1)


�924.5
(5.0)


�912.2
(5.0)


�463.8
(17.2)


0


St1B H12-TPT/H1’G1 inward 168.8
(12.2)


427.7
(12.4)


�143.9
(4.5)


452.6
(18.2)


12.3
(0.1)


�925.1
(4.8)


�912.8
(4.8)


�460.2
(17.6)


3.6


St1C H12-TPT/H8-G1 outward 160.7
(12.3)


429.3
(14.1)


�143.6
(4.8)


446.3
(17.1)


12.3
(0.1)


�923.3
(5.0)


�911.0
(5.0)


�464.6
(16.3)


�0.8


St1D H12-TPT/H8-G1 inward 159.9
(10.0)


427.8
(11.1)


�143.4
(4.1)


444.3
(14.8)


12.4
(0.1)


�922.8
(4.7)


�910.4
(4.6)


�466.1
(13.8)


�2.3


St2A[c] H12-TPT/H1’G1 outward 148.6
(10.5)


425.2
(11.8)


�143.8
(4.9)


430.0
(16.4)


12.2
(0.2)


�914.6
(4.8)


�902.3
(4.7)


�472.3
(14.6)


�8.5


St2B[c] H12-TPT/H1’G1 inward 145.8
(10.3)


426.5
(12.2)


�143.0
(5.1)


429.3
(16.8)


12.3
(0.2)


�914.1
(4.3)


�901.8
(4.3)


�472.5
(15.5)


�8.7


St3A[c] no restraints outward 152.3
(10.1)


423.2
(11.7)


�144.0
(4.8)


431.5
(15.9)


12.2
(0.1)


�916.9
(4.5)


�904.7
(4.5)


�473.2
(15.5)


�9.4


St3B no restraints inward 155.5
(12.7)


424.9
(12.1)


�143.6
(4.2)


436.8
(19.0)


12.2
(0.1)


�917.3
(5.0)


�905.1
(4.9)


�468.3
(16.8)


�4.5


St4A[c] 19-CH3 TPT/H5’,5’’G1-C2 outward 149.8
(10.8)


427.2
(12.2)


�143.4
(4.6)


433.6
(19.2)


12.2
(0.1)


�917.5
(4.1)


�905.3
(4.1)


�471.7
(17.6)


�7.9


St4B[c] 19-CH3 TPT/H5’,5’’G1-C2 inward 150.5
(10.2)


427.1
(13.0)


�143.5
(4.6)


434.0
(19.1)


12.2
(0.2)


�916.4
(4.5)


�904.3
(4.4)


�470.2
(18.0)


�6.4


[a] See Scheme 2. [b] Values in parentheses are standard deviations. DGtot are relative to St1A. [c] See Figure 5.


Figure 6. Experimentally observed chemical shift changes (ppm) on titra-
tion of TPT into d(GCGATCGC)2; 1:1 TPT/DNA molar ratio at 3 8C,
pH 6 in D2O, compared for each of the four starting structures. Shifts are
shown for four signals from the terminal base pairs (symmetry-related
signals from both strands retain identical shifts) and for four protons
from TPT.
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complex, both of TPT on DNA and of DNA on TPT, and
these are presented in Figure 6. The results confirm that
stacking against the terminal base pair is the major binding
mode, and that the St1 geometry does not contribute in any
significant way, since its predicted chemical shift patterns
(based on ring current effects) do not match the experimen-
tally observed shifts. From the chemical shift changes of the
DNA bases it is clear that St2 must be involved, since this is
the only model that adequately reproduces observed down-
field chemical shift changes on C8. St3A gives a poor match


to the experimentally observed
shifts on both G1 and C8, and
cannot therefore constitute a
large part of the conformation-
al ensemble. The chemical shift
changes on TPT match St4
better than St2 or St3. Overall,
the chemical shift changes
therefore agree well with the
NOEs in implicating a combi-
nation of St2 and St4 as the
major structural families.


In summary, we have shown
here that TPT binds parallel to
the face of the terminal GC
pair and that it does so in sev-
eral different conformations.
The methodology presented
here is likely to be of general
applicability to binding in mul-
tiple conformations, particular-
ly in DNA complexes. The
result is relevant to any model
of nick binding as long as TPT
binds against the face of the
DNA duplex. In support of this
reasoning, we note that in the
X-ray study of the ternary
DNA/TPT/TopoI complex,
TPT was found to intercalate
between the �1/+1 base pairs,
parallel to the face of the base
pairs and exactly in the St4
conformation as found in this
work. Furthermore, the binding
constant in the mm range estab-
lished in this study may be
viewed as reflecting the contri-
bution of the DNA/TPT bind-
ing to the overall TPT binding
energy in a ternary complex.


Conclusion


An NMR study was undertak-
en in order to evaluate the
binding constant and mode of
binding of the camptothecin


family drugs CPT and TPT to the DNA octamers
d(GCGTACGC)2 and d(GCGATCGC)2. All the results in-
dicate binding of the TPT lactone form, and chemical shift
changes show preference of TPT binding to the terminal G1
unit rather than to internal bases. The drug is in fast ex-
change, and multi-site exchange has been observed and
modelled. The carboxylate form of TPT interacts more
weakly than the lactone form with DNA.


Intermolecular NOE effects between the DNA oligomer
and TPT were observed for the first time, at pH 5 and 3 8C.


Table 6. NMR-derived and back-calculated total NOE effects for equal combination of selected structures.[a]


St 1CD+3A TPT
DNA C9-CH2 NMe H11 H12 18-CH2 19-CH3 17-CH2


H8G1 * * * * *


H1’G1 * * * *


H3’G1 *


H4’G1 * * *


H5’,H5’’G1 * * * * *


H1’C2
H4’C2


H5’,H5’’C2
H6C8 * * * *


H1’C8 * * * *


H2’,H2’’C8 * * * * *


St 1CD+4AB TPT
DNA C9-CH2 NMe H11 H12 18-CH2 19-CH3 17-CH2


H8G1 * * * * *


H1’G1 * * * * *


H3’G1 * *


H4’G1 * * * * *


H5’,H5’’G1 * * * * * * *


H1’C2 *


H4’C2 * *


H5’,H5’’C2 * *


H6C8 * * * * *


H1’C8 * * * * *


H2’,H2’’C8 * * * * * *


St 2AB+3A TPT
DNA C9-CH2 NMe H11 H12 18-CH2 19-CH3 17-CH2


H8G1 * * * * *


H1’G1 * * * *


H3’G1 *


H4’G1 * * * *


H5’,H5’’G1 * * * *


H1’C2 *


H4’C2 *


H5’,H5’’C2 *


H6C8 * * * * * *


H1’C8 * *


H2’,H2’’C8 * * * *


St 2AB+4AB TPT
DNA C9-CH2 NMe H11 H12 18-CH2 19-CH3 17-CH2


H8G1 * * * * * *


H1’G1 * * * * * * *


H3’G1 * *


H4’G1 * * * * * *


H5’,H5’’G1 * * * * * *


H1’C2 * *


H4’C2 * * *


H5’,H5’’C2 * * *


H6C8 * * * * * * *


H1’C8 * * * *


H2’,H2’’C8 * * * * * *


[a] See footnotes for Table 4.
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The observed cross-peaks cannot be reconciled with a single
TPT/DNA complex structure, which suggests a model of a
limited number of conformations in fast exchange. MD cal-
culations were therefore performed of the stacking interac-
tion of TPT against the terminal G1–C8 base pair with the
use of four starting structures. The use of a small number of
experimental restraints as tethers yielded ten MD trajecto-
ries (Table 4), and free energy, computed by the MM-PBSA
method, was used as a criterion in selecting the trajectories
contributing to the conformational space. Ring current ef-
fects were calculated for the complexes. These calculations
support a combination of two of the starting geometries, St2
and St4, as good fits to the experimentally observed NOE
and chemical shift effects. The latter geometry is found in a
crystal structure of a TPT/DNA/TopoI ternary complex.


In our model study, camptothecin family drugs bind to
DNA duplexes in at least two different orientations, which
by implication may both be involved in binding to nicked
DNA in vivo. As the binding is weak, the results presented
should aid understanding of the inhibitory action of TPT at
a molecular level and the design of novel analogues.


Experimental Section


Purification of DNA oligomers : The oligonucleotides d(GCGTACGC)2
and d(GCGATCGC)2 were purchased from Integrated DNA Technolo-
gies, Inc. and were purified by ion-exchange chromatography on a
HiTrap-Q column (Pharmacia Biotech) by gradient elution with ammoni-
um bicarbonate solution (0.1m–0.8m) and desalted on Sephadex G-10.
TPT was used as obtained from Glaxo SmithKline. CPT was purchased
from Sigma and used without any treatment.


UV experiments : Octamer d(GCGATCGC)2 (1.87mm, 500 mL) in TPT
stock solution (0.1mm) in a phosphate buffer (50mm NaCl, 50mm K3PO4,
pH 5) in D2O was placed in a 0.2 cm quartz cell. Increments of 50 mL
were removed and replaced by the stock TPT solution. Experiments
were performed at 24 8C with a Varian Cary UV/VIS spectrophotometer,
and absorbance changes were monitored at 382 nm. The overall associa-
tion constant for the equilibrium [Eq. (1)].


DNA þ TPT Ð DNA � TPT ð1Þ


is defined as [Eq. (2)]:


Ka ¼ ½DNA � TPT
½DNA � ½TPTi


ð2Þ


where [DNA·TPT] represents the concentration of DNA bound drug,
[DNA] represents the concentration of free DNA, and [TPTi] accounts
for the sum of all free TPT species (unbound to DNA). The UV absorb-
ance change is described by Equation (3).[20]


DA
l


¼ ½TPTi �Ka � De � ½DNA
1 þ Ka � ½DNA ð3Þ


where DA = A�A0 is the difference between the measured absorbance
and that for neat TPT, l stands for the cell width, and De = eDNA·TPT


�eDNA�eTPT is the UV molar absorptivity change. The free DNA concen-
tration [DNA] is given by Equation (4).


½DNA ¼ Ka � ½TPTi�Ka � ½DNA0 þ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKa � ½TPTi�Ka � ½DNA0 þ 1Þ2 þ 4 �Ka � ½DNA0


p
�2 �Ka


ð4Þ


[TPTi] can be related to [TPT0] (allowing for self-association) by Equa-


tions (5) and (6).


½TPTi ¼
½TPT


1�K TPT
a � ½TPT ð5Þ


½TPT ¼ ½TPT0 �
�


2


1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 �K TPT


a � ½TPT0 þ 1
q


�2


ð6Þ


where K TPT
a is previously determined by NMR, [TPT] is the concentra-


tion of TPT monomer, and [TPT0] and [DNA0] are total concentrations
of TPT and DNA, respectively.


Fluorescence spectroscopy : Steady-state fluorescence spectra were ob-
tained on a Shimadzu RF-5000 fluorimeter fitted with a thermostatted
cuvette compartment. Aliquots of DNA oligomer were added to a 1 cm
(2 mL) cuvette containing TPT and a magnetic stirrer, and the fluores-
cence intensity was measured. In experiments at pH 6.3, the initial TPT
solution was 10.1mm in phosphate buffer (50mm NaCl, 50mm K3PO4,
pH 6.3), and the stock solution of DNA was prepared in the TPT stock
solution, in order to keep the TPT concentration constant throughout the
titration with DNA. The titration resulted in the following concentrations
of DNA: 2.12, 6.29, 16.4, 26.0 and 37.85mm. The UV spectrum of the
stock TPT solution showed bands at 382 nm and 414 nm, which were
used for excitation. Quenching of the TPT fluorescence was observed
only on excitation of the 382 nm band. Experiments at pH 7.8 were per-
formed in the same way, with use of a starting TPT concentration of
11.1mm. The excitation bands were at 346 and 410 nm.


NMR sample preparation : Two samples were prepared by dissolving the
purified and lyophilized octamer in H2O/D2O (9:1 v/v) containing K3PO4


(38mm) and NaCl buffer (38mm) at 13 8C (sample 1) and in D2O contain-
ing K3PO4 (50mm) and NaCl (50mm) at 30 8C (sample 2). No EDTA was
added to the samples, which were purified from paramagnetic impurities
on a Chelex 100 column (Bio-Rad). Both samples contained TSP-d4, to
monitor the changes of chemical shifts, and were at pH 6. The samples
examined in H2O and D2O were 1.13 and 1.25mm in single-strand oligo-
nucleotide, respectively. During the titration experiment, after a DNA/
TPT ratio of 1:1 had been reached in sample 1 the pH was changed to 5
to increase the solubility of TPT and the titration was continued until the
DNA/TPT ratio was 1:2.5. Concentrations were measured by UV absorp-
tion.


NMR experiments


Self-association of TPT: The concentration dependence of TPT chemical
shifts was obtained from two experiments. In the first, a 1.3mm solution
of TPT in phosphate buffer (D2O, 50mm K3PO4, 50mm NaCl) at pH 6
was diluted stepwise with the same buffer by factors of two down to
0.062mm. In the second experiment, aliquots of a stock solution of TPT
in D2O (24.4mm, pH 4.35) were added to a starting solution of 0.91mm


TPT in phosphate buffer at pH 6, up to 7mm. Since the solubility at pH 6
is lower than in pure D2O, we measured the concentration in the final ad-
ditions from the integral of added TSP. The combined data from both ex-
periments were used for evaluation of the association constant by the iso-
desmic model,[10] which assumes that TPT associates to form stacks, with
a single self-association constant K TPT


a . The data from the dilution experi-
ments were used to fit Equation (7).[21]


Ddobs ¼ Ddmax �K TPT
a � ½TPT0 �


�
2


1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 �K TPT


a � ½TPT0 þ 1
q


�2


ð7Þ


where Ddobs = dmon�dobs means the change in observed average chemical
shift and Ddmax refers to the maximal chemical shift change between
monomer and oligomer.


Gradient spin diffusion experiments : One-dimensional pulsed field gradi-
ent diffusion experiments[22] were run in D2O solution with weak presatu-


ration of the water signal. The reference sample
for CPT was composed of D2O (400 mL), stock
solution of CPT in [D6]DMSO (20 mL) and of
neat [D6]DMSO (80 mL) to dissolve all CPT.
The sample of CPT with DNA
(d(GCGTACGC)2) was run in D2O (400 mL),
[D6]DMSO (60 mL) plus NaCl (38mm), with use
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of DNA (1.4mm) and CPT (1.15mm) from a stock solution in [D6]DMSO
(40 mL). Diffusion experiments were run on a Bruker DRX 500 MHz
spectrometer. The FIDs were acquired over 12500 Hz with a 908 pulse
width, with use of 0.6 s acquisition, and a 1 s delay after each of 64 scans.
A sine-shaped gradient pulse was incremented from 0 to 45 Gcm�1, and
the interval between gradients was 12 ms.


DNA/TPT titrations : A 0.466 mL solution of 5.8mm duplex DNA
(d(GCGATCGC)2) in a 0.1mm stock solution of TPT at pH 6 was placed
in a 4 mm NMR tube, and 0.128 mL of the solution were removed and re-
placed with the same volume of a stock 0.1mm TPT solution, repetitively
in 20 steps. Chemical shifts were measured at each step from NOESY
and TOCSY spectra, or from 1D spectra where possible. The dissociation
constant is given by Equation (8).


Kd ¼ ½DNA ½TPTi
½DNA � TPT ¼ 1=Ka ð8Þ


For the titration experiment, two approaches for Kd evaluation from
chemical shifts can in principle be attempted, assuming that the TPT is in
fast exchange with DNA.[9c] In the first one, the chemical shifts of DNA
are used, and in the latter, those of the TPT. The first way will not work
in the present case because a large concentration of TPT is required to
sample the full range of chemical shift changes, and such high TPT con-
centrations are not experimentally accessible. Therefore the more relia-
ble approach in this case is the use of the shifts induced on TPT resonan-
ces by complexation with DNA.


The concentration of TPT bound to DNA is given by Equation (9).[21]


½DNA � TPT ¼ Kd þ ½TPTi þ ½DNAi�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd þ ½TPTi þ ½DNAiÞ2�4 � ½TPTi � ½DNAi


p
2


ð9Þ


from which Kd is derived from the experimental measurements of Ddobs


with Equation (10)


Ddobs ¼ ðDdmax�Dd corr
maxÞ½DNA � TPT=½TPTi ð10Þ


Here, [DNAi] is the sum of all free DNA species (unbound to TPT),
[TPTi] represents the sum of all free TPT species (unbound to DNA),
Ddobs = dobs�dTPT, dTPT is the TPT chemical shift in the absence of DNA,
and dobs means the chemical shift of TPT at different DNA concentra-
tions. Ddmax refers to the maximum chemical shift change between TPT
and TPT·DNA, Dd corr


max (Ddmax in Table 1) is the correction of chemical
shift of TPTi for the self-association process, and [DNAi] can be related
to [DNA0] through Equations (11) and (12).


½DNAi ¼
½DNA


1�KDNA
a � ½DNA ð11Þ


½DNA ¼ ½DNA0 �
�


2


1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 �KDNA


a � ½DNA0 þ 1
q


�2


ð12Þ


where KDNA
a is the self-association constant in the isodesmic model of


DNA self-association, [DNA] is the concentration of DNA monomer,
and [DNA0] is the total concentration of DNA. The Kd value allows for
DNA and TPT self-association. However, neglect of the TPT or DNA
self-association constant has only a marginal effect on the true DNA/
TPT Kd value (Table 2). For this reason we have neglected calculation of
the even smaller effect of the influence of DNA/TPT binding on the
value of TPT self-association.


NOESY spectra :[23] NOESY spectra in H2O and D2O were recorded in
phase-sensitive mode[24] on a Varian INOVA 500 MHz spectrometer, with
4096 (H2O sample) and 2048 (D2O sample) data points in F2, 64 scans for
each of 512N2 increments in F1, a 250 ms mixing time and a 2 s delay
before each scan. Spectra were apodised in both dimensions by use of a
squared cosine bell. For the sample in H2O, linear prediction was applied
in the F1 dimension to extend the data twice, with zero-filling to yield
4096 data points in both dimensions. A binomial sequence was used to
suppress the solvent resonance in the H2O sample, and simple low-power
presaturation was applied in the D2O sample. To minimize zero quantum


coherence peaks a small random variation in the mixing time between
transients and between t1 increments was used.[25]


TOCSY spectra :[26] TOCSY spectra were acquired in D2O with a
5500 Hz spectral window in both dimensions, 2048 data points, and
16 transients over 512 increments with relaxation delays of 1.5 s. The
mixing times for TOCSY spectra were 20 and 80 ms with a spin-lock
field of 8 kHz.


Computational methods


General : All calculations were carried out by use of the AMBER 6.0
program[27] with the PARM99[28] parameter set. The nucleic acid mole-
cules were neutralized by Na+ cations. The molecules were surrounded
by a periodic box of water described by the TIP3P potential[29] extended
to a distance of 10 U from any solute atom. The number of explicit water
molecules included in the simulations varied from 2477 to 2545. The
force field parameters for TPT were selected by analogy with existing pa-
rameters in the force field. Charges were derived by use of the RESP[30]


multiconformational charge-fitting procedure. The ab initio electrostatic
potential for RESP was calculated with Gaussian98[31] at the HF/6-31G*
level of theory, and two low energy conformers of topotecan were used.


Starting structures : As starting structures for simulation of the TPT/
d(GCGATCGC)2 complex, the d(GCGA)2 fragment from the
d(CGCGAATTCGCG)2 dodecamer[32] was used, its coordinates being
obtained from the Nucleic Acid Database[33] (NDB code BDL001, PDB
code 1BNA). Topotecan was docked to the front of the d(GCGA)2 quar-
tet parallel to the G-C base pair in all four possible stacking orientations,


giving four starting structures as indicated in
Scheme 2.


Molecular dynamics : The particle mesh Ewald
(PME) method[34] was used to treat long-range elec-
trostatic interactions with a cubic B spline interpola-


tion and a 10�5 tolerance for the direct space sum cutoff. A 9 U cutoff
was applied to the nonbonded Lennard–Jones interactions. The SHAKE
algorithm was applied to constrain all bonds involving hydrogen atoms
with a tolerance of 10�5 U2, and a 1 fs time step was used in the dynamics
simulation. All systems used the same minimization and equilibration
protocols. Firstly, the water molecules and counter-ions were minimized
for 1000 steps of steepest descent and 4000 of conjugate gradient method
with the DNA and topotecan restrained by 10 kcalmol�1U�2 to the initial
positions, followed by a second unrestrained minimization. The next
steps of the equilibration protocol were 15 ps constant volume dynamics
MD with 5 kcalmol�1U�2 restraints on the DNA and topotecan with the
system gradually heated from 10 to 300 K with use of the Berendsen cou-
pling algorithm[35] with a coupling parameter of 1 ps. Then, by use of
50 ps constant pressure MD, with 1 ps pressure relaxation time, the densi-
ty of the system was adjusted close to 1 gcm�3. During a subsequent
35 ps of constant volume and temperature dynamics the restraints on the
TPT and three initial DNA base pairs were gradually reduced to 0.1 kcal
mol�1U�2. The restraint on the last A-T base pair was held constant at
10 kcalmol�1U�2 to prevent distortion in the short DNA model molecule.
This 10 kcalmol�1U�2 restraint on the A-T base pair was kept during all
subsequent equilibration and production MD simulations. The equilibra-
tion protocol was ended by a 1 ns MD run. A 200 kcalmol�1 rad�2 tor-
sional restraint force was gradually applied in each equilibrated system
to the (C8-C9, CH2-9, N-Me2) dihedral angle in TPT, giving additional
structures with opposite orientations of the -CH2-NMe2 group after 20 ps
MD runs. Next, we applied a re-docking procedure, consisting of 200 ps
MD runs with gradually applied distance restraints (10 kcalmol�1U�2


with 4 U upper bond threshold), followed by a relaxation. Finally, we ran
600 ps MD trajectories, and recorded the coordinates for further analysis
every 1 ps during the last 500 ps.


Free energy analysis : Snapshots for calculation of free energies were
taken from the MD trajectories. The 100 snapshots were selected at 5 ps
intervals from each trajectory and saved with the water and counter-ion
molecules removed. The total free energy changes (DGtot) were calculat-
ed from the molecular mechanics energies (EMM), and the solvation free
energies (Gsol).


[36] The entropic contribution (TDS) was omitted because
of the high inaccuracy of accessible methods for its calculation, as the
computed entropy vastly exceeds the expected free energy change
[Eq. (13)].[37]
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DGtot ¼ DEMM þ DGsol ð13Þ


Since all resulting structures have the same mode of binding—that is,
stacking to the termini GC base pair—and the DNA structure is not sig-
nificantly changed due to binding, one can anticipate that the entropy
change contribution, TDS, should be similar for all complexes in the con-
formational ensemble. Therefore we ignore the entropy contribution
below.


The EMM energies were calculated from internal energies (Eint), van der -
Waals interaction energies (EvdW), and electrostatic energies (Eelec), by
use of the Anal module from the AMBER 6.0 package with the same
force field and parameter sets as in the MD simulations, but with no
cutoff for non-bonded interactions [Eq. (14) and (15)]:


EMM ¼ Eint þ EvdW þ Eelec ð14Þ


Eint ¼ Ebond þ Eangl þ Edih ð15Þ


The internal energies (Eint) derive from deviations of the bonds (Ebond),
angles (Eangl), and dihedral angles (Edih) from their equilibrium values.


The solvation free energies (Gsolv) were estimated from the electrostatic
solvation energies (GPB) and the nonpolar solvation energies (Gnpol)
[Eq. (16)].


Gsolv ¼ GPB þ Gnpol ð16Þ


The electrostatic contribution to the solvation free energies (GPB) was
calculated with the DelPhi program[38] by use of the finite difference Pois-
son–Boltzmann (FDPB) method.[39] The atomic radii were taken from
the PARSE parameter set, and the dielectric boundary is defined by use
of a probe radius of 1.4 U, and a grid spacing of 0.5 U/grid with the
solute occupying 50% of the lattice. The boundary potentials were set to
the sum of the Debye–HWckel values. A total of 300 linear iterations fol-
lowed by 1000 nonlinear iterations was performed for each snapshot.


The nonpolar contribution to the solvation free energies (Gnpol) was esti-
mated as in Equation (17).


Gnpol ¼ gSASA þ b ð17Þ


where g = 0.00542 kcalU�2, b = 0.92 kcalmol�1,[40] and SASA is the sol-
vent-accessible surface area, which was estimated with an algorithm im-
plemented in the MSMS software.[41] A solvent probe radius of 1.4 U and
PARSE atomic radii values were used.


Back-calculations of NOE effects :[42] NOE effects were calculated with
the approximation that correlation times in the DNA/TPT complex are
the same for all nuclei, and with neglect of any exchange and motion ef-
fects derived from complexation. The NOEs were calculated for each
snapshot structure taken from the MD simulations, with use of the cyto-
sine H5–H6 cross-peak volumes for reference, and reported as the aver-
age over the trajectory [Eq. (18)].


�h ¼


P
i
100% � r


�6
i


r
�6
0


N


ð18Þ


where h̄ is the percentage of calculated average NOE compared to the
H5–H6 cytosine protons, ri is the distance between observed protons in i
snapshot structure for the total number of N structures and r0 is the refer-
ence distance of 2.47 U between the H5–H6 cytosine protons. When pro-
tons from a rapidly rotating methyl group are involved in an interaction,
the expression r�6 was replaced by hr�3i2. The calculated average NOE
effects are reported as small when they exceed 1% and as large when
they exceed 15% of the reference H5–H6 cytosine NOE.


Chemical shift calculations : Ring-current effects were calculated with a
modified version of the program TOTAL,[43] which uses the Haigh–Mal-
lion method.[44] The DNA bases had ring current intensity factors of 1.0
(G 5-m ring), 0.51 (G 6-m ring) and 0.37 (C ring),[45] while the three aro-
matic-like rings of TPT each had factors of 0.8. Shifts were calculated for
each snapshot of the trajectory, as described above, and averaged. For
the DNA octamer shifts in the 1:1 complex, calculated shifts were re-
duced by a factor of 2.5, because TPT can bind equally well at either end


(which will produce 0.5 binding occupancy at each end, and therefore
reduce shifts by a factor of two), and because of TPT aggregation, which
will further reduce the effective concentration of TPT.
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Chemoenzymatic Preparation of Optically Active trans-Cyclohexane-1,2-
diamine Derivatives: An Efficient Synthesis of the Analgesic U-(�)-50,488


Javier Gonz*lez-Sab,n, Vicente Gotor,* and Francisca Rebolledo*[a]


Introduction


Optically active trans-cyclohexane-1,2-diamine derivatives
are an important class of compounds due to their use as
chiral reagents, scaffolds, and ligands for asymmetric cataly-
sis.[1] Moreover, the cyclohexane-1,2-diamine unit can be
found in various compounds displaying a broad spectrum of
biological activity.[1b,2] For example, compound U-50,488[3]


(1) and other structural analogues[4] (such as 2 and 3 ;
Scheme 1) have been reported to be highly selective k-
opioid agonists, free from the adverse side effects of m-
opioid agonists like morphine.[5] As for the majority of phar-
macologically active compounds, their properties are related
to the configuration of their stereogenic centers. Thus,
(1S,2S)-(�)-1 exhibits greater k agonist activity than its
enantiomer, and the cis diastereomer of U-50,488 has practi-
cally no affinity for k receptors.[6]


The wide ranging applicability of cyclohexane-1,2-diamine
derivatives in various areas of chemistry makes the design
of efficient methods for their preparation of great interest.
Whereas the synthesis of nonracemic N,N’-disubstituted
trans-cyclohexane-1,2-diamines can be readily achieved from
the commercial but expensive (1R,2R)- or (1S,2S)-cyclohex-
ane-1,2-diamine,[7] the methods for obtaining the corre-


sponding N,N-disubstituted derivatives involve several addi-
tional steps: initial monoprotection of the diamine—a step
which often takes place with moderate to low yield—and
eventual removal of the protecting group.[8]


Here we wish to report a very simple and efficient
method for preparing optically active N,N-disubstituted cy-
clohexane-1,2-diamines by using cyclohexene oxide as the
starting material. Two key steps are involved in this method,
namely, stereospecific transformation of (� )-trans-2-(N,N-
dialkylamino)cyclohexanols into (� )-trans-1,2-diamines and
subsequent enzymatic resolution. Some of these diamines
were chosen for their importance as precursors of pharma-
cologically active compounds. This is the case, for instance,
with 4a, a chemically versatile intermediate for the synthesis
of analogues of 1. Diamines 4d and 4e bear additional me-
thoxycarbonyl and formamide functions, respectively, there-
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Departamento de Qu;mica Org:nica e Inorg:nica
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Abstract: Stereoespecific syntheses
of (� )-trans-N,N-cyclohexane-1,2-di-
amines ((� )-4a–g) were carried out
from the corresponding (� )-trans-N,N-
dialkylaminocyclohexanols by succes-
sive treatment with mesyl chloride and
aqueous ammonia. The stereochemical
outcome indicates the formation of a
meso-aziridinium ion intermediate. Ki-


netic resolutions of diamines (� )-4
were efficiently accomplished in ami-
nolysis reactions catalyzed by lipase B
from Candida antarctica with ethyl ace-


tate as the solvent and acyl donor.
Acetamides and the remaining dia-
mines, isolated as the benzyloxycarbon-
yl derivatives, were obtained with very
high ee values (92–99%). One of the
carbamates was used as a precursor of
the analgesic U-(�)-50,488.


Keywords: asymmetric synthesis ·
chemoenzymatic synthesis · di-
amines · kinetic resolution · lipases


Scheme 1. Selected k-opioid analgesics.
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by allowing their transformation into other interesting com-
pounds such as diamino acids or polyamines. Moreover, di-
amine 4g bears a benzyl group, which could be easily re-
moved to render the corresponding monomethylate deriva-
tive, a difficult task to accomplish from the unsubstituted cy-
clohexane-1,2-diamine.


Results and Discussion


Syntheses of racemic diamines (� )-4 were achieved by ap-
plying the methodology previously described for acyclic di-
amines.[9] Reaction of cyclohexene oxide with a secondary
amine provides the corresponding (� )-trans-2-aminocyclo-
hexanol 5 in quantitative yield.[10] One-pot reaction of the b-
amino alcohols with mesyl chloride and subsequently with
aqueous ammonia yielded the (� )-trans-cyclohexane-1,2-di-
amines (� )-4 in 70–90% overall yields (Scheme 2).


Reactions were stereospecific in all cases. Thus, the trans
configuration for diamines (� )-4a and (� )-4g was estab-
lished by the value of the coupling constants 3J1,2,


3J1,6ax, or
3J2,3ax in their respective


1H NMR spectra being greater than
10 Hz (Table 1, entries 1 and 2). The trans configuration for


the other diamines was established by analysis of the
1H NMR spectra of their corresponding acetamide or carba-
mate derivatives (Table 1, entries 4–8). In all cases, the large
J values are indicative of a trans-diaxial arrangement be-
tween H-1 and H-2, and H-1 and H-6ax. This trans configu-
ration indicates that the reaction proceeds through a meso-


aziridinium ion[11] intermediate (Az, Scheme 3), which is
stereospecifically opened by the ammonia present in the re-
action medium. Additional proof supports the notion that
trans-diamines are only formed through the meso-aziridini-
um ion: when enantiopure amino alcohol (1R,2R)-5g[10b]


was submitted to the same reaction conditions, a complete
loss of optical activity took place and racemic trans-diamine
(� )-4g was isolated. This result also demonstrates that opti-
cally active trans-2-N,N-dialkylaminocyclohexanols cannot
be used as precursors of their analogous optically active di-
amines.
Enzymatic resolution of diamines (� )-4 was carried out


by using lipase B from Candida antarctica (CAL-B) as a cat-
alyst. So far, CAL-B (Novozyme SP-435) has proven to be


Abstract in Spanish: Se ha llevado a cabo la s�ntesis este-
reoespec�fica de diversas (� )-trans-N,N-cyclohexano-1,2-dia-
minas ((� )-4a–g) a partir de los correspondientes (� )-trans-
N,N-dialquilaminociclohexanoles, mediante el tratamiento su-
cesivo con cloruro de mesilo y amon�aco acuoso. La estereo-
qu�mica de los productos sugiere la formaci(n de un ion
meso-aziridinio intermedio. La resoluci(n cin*tica de las dia-
minas (� )-4 ha sido realizada eficazmente mediante reaccio-
nes de amin(lisis catalizadas por la lipasa-B de Candida an-
tarctica, utilizando acetato de etilo como disolvente y como
dador de acilo. Las acetamidas producidas y las diaminas,
aisladas como sus derivados carbamatos, se obtuvieron con
altos excesos enantiom*ricos (92–99 %). Uno de los carbama-
tos se ha empleado como precursor del analg*sico U-(�)-
50,488.


Scheme 2. Preparation of racemic diamines (� )-4a–g. Ms=mesyl=meth-
ane sulfonate.


Table 1. Selected coupling constants [Hz] measured in the 1H NMR spec-
tra of (� )-4, (� )-6, or (� )-7.[a]


Entry Compound Solvent 3J1,2
3J1,6ax


3J1,6eq
3J2,3ax


3J2,3eq


1 (� )-4a CDCl3 10.3 10.3 3.0
2 (� )-4g CDCl3 10.3 10.3 4.3
3 (� )-6a[b] CDCl3 10.4 10.4 3.9
4 (� )-6b[b] CDCl3 10.8 10.8 3.0
5 (� )-6d CDCl3+D2O 10.6 10.6 3.9
6 (� )-6e CD3OD 10.3 10.3 4.3
7 (� )-6 f CDCl3+D2O 10.6 10.6 3.9
8 (� )-7c CDCl3+D2O 10.2 10.2 4.7


[a] Cbz=benzyloxycarbonyl. [b] J values were measured after decoupling
of the NH signal.


Scheme 3. The conversion of (� )-trans-2-aminocyclohexanols 5 into race-
mic diamines (� )-4a–g proceeds through a meso-aziridinium ion inter-
mediate (Az).
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the most effective catalyst for the aminolysis reaction in or-
ganic solvents.[12] In particular, this enzyme has shown great
efficiency in catalyzing the kinetic sequential resolution of
(� )-trans-cyclohexane-1,2-diamine, thereby resulting in a
useful route for the preparation of optically active symmet-
rically N,N’-disubstituted derivatives.[13]


We performed the CAL-B-catalyzed resolution of dia-
mines (� )-4 under the simplest of reaction conditions, that
is, by using ethyl acetate as the acyl donor and solvent. The
results presented in Table 2 show that lipase is a very effi-
cient catalyst, and all reactions proceeded with very high
values of enantiomer selectivity.[14] In the enzymatic reaction
of (� )-4g, the resulting mixture formed by the acetamide
(1R,2R)-6g and the diamine (1S,2S)-4g was easily separated
by flash chromatography. In the other cases, the isolation of
both diamine and acetamide was facilitated by the reaction
mixtures being previously treated with benzylchloroformate.
Thus, diamines (1S,2S)-4 were transformed into the corre-
sponding Cbz derivatives (1S,2S)-7, and the resulting mix-
tures of carbamate and acetamide were also separated by
flash chromatography. A base was not required in this deri-
vatization process because benzyloxycarbonylation of the


primary amino group of the diamine was catalyzed by the
vicinal tertiary amino group. The use of an additional base
such as sodium carbonate led to the formation of a mixture
of mono- and di-Cbz derivatives, with the di-Cbz derivative
being the major compound.
As can be seen in Table 2, yields of both remaining sub-


strate and product were high, especially in the reaction of
diamine (� )-4g. The high enantioselectivities observed in
all cases allowed us to obtain the acetamides (1R,2R)-6 with
very high ee values. The remaining diamines (1S,2S)-4, in
most cases isolated as their carbamates, were also mostly ob-
tained with very high ee values at conversions (C) near to
50%. Although only moderate enantiomeric excess was ob-
served for the remaining substrates of the reactions of (� )-
4d,e,g (C<50%, see Table 2), longer reactions times (13,
14, and 9 h, respectively) allowed us to isolate (1S,2S)-7d,
(1S,2S)-7e, and (1S,2S)-4g with ee>99%, albeit lower
yields. In addition, free diamines (1S,2S)-4a–f (ee : 93–99%)
were obtained in very high yields after removal of the Cbz
group (H2, 10% Pd/C).
In all cases, enantiomeric excess was determined by


HPLC with a chiral column. The configuration (1S,2S) for


Table 2. Enzymatic resolution of racemic diamines (� )-4.[a]


Diamine NR1R2 t C[b] Remaining substrate Product E[c]


[h] [%] diamine or yield ee amide yield ee
carbamate [%] [%] [%] [%]


(� )-4a 7 51 (1S,2S)-7a 44 99 (1R,2R)-6a 41 94 170


(� )-4b 8 50 (1S,2S)-7b 45 98 (1R,2R)-6b 43 98 >200


(� )-4c 8 49 (1S,2S)-7c 46 95 (1R,2R)-6c 45 98 >200


(� )-4d 7 44 (1S,2S)-7d 50 77 (1R,2R)-6d 43 98 >200


(� )-4e 8 44 (1S,2S)-7e 40 78 (1R,2R)-6e 38 98 >200


(� )-4 f 6 50 (1S,2S)-7 f 38 93 (1R,2R)-6 f 43 92 82


(� )-4g 5 46 (1S,2S)-4g 49 86 (1R,2R)-6g 45 >99 >200


[a] Reactions were carried out with CAL-B at 28 8C and 200 rpm. [b] Conversion: C=ees/(ees+eep). ees= substrate ee value, eep=product ee value.
[c] Enantiomeric ratio calculated according to ref. [14].
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the remaining diamine 4a was established after transforma-
tion into the analgesic 1 (see below) by comparison of the
optical rotation with the reported value for (1S,2S)-(�)-1.[15]
This means that CAL-B follows the rule of Kazlauskas
et al. ,[16] with the diamine with the 1R,2R configuration
being the one preferentially transformed. Taking into ac-
count the stereochemical preference shown by CAL-B to-
wards primary amines bearing the steregenic center in the a
position,[12] as well as the structural resemblance between di-
amines reported here, we have tentatively assigned the con-
figurations (1S,2S) to the other remaining diamines 4b–g
and (1R,2R) to the corresponding acetamides 6b–g.
As mentioned above, optically active diamine (1S,2S)-4a


is a suitable precursor of the analgesic U-(�)-50,488
((1S,2S)-(�)-1, see Scheme 1). We carried out the synthesis
of this compound from the optically active carbamate
(1S,2S)-7a, isolated after benzyloxycarbonylation of the re-
maining substrate from the enzymatic aminolysis of (� )-4a.
Thus, reduction of 7a with LiAlH4 yielded the N-methyl de-
rivative (1S,2S)-8, which was treated with 3,4-dichloropheny-
lacetyl chloride to give (1S,2S)-1 in 88% overall yield
(Scheme 4).


Previously, compound U-(�)-50,488 was synthesized from
N-methylcyclohexaneaziridine.[15] The strategy consisted of
the opening of the aziridine ring with pyrrolidine to yield
(� )-8 and further fractional crystallization of the diastereo-
meric salts formed from (� )-8 and an optically active car-
boxylic acid. Although (1S,2S)-1 was also obtained with a
very high ee value, we believe that the chemoenzymatic syn-
thesis described herein is an interesting alternative to that
previously reported. We use diamine (� )-4a, which is ob-
tained from an N-dialkylated aziridinium ion (Az,
Scheme 3) generated in situ under mild conditions. In con-
trast, the opening of a N-alkylaziridine for the preparation
of diamine (� )-8 requires activation by an acidic agent.
Moreover, enzymatic resolution of (� )-4a is a very simple
method, with the compounds being easy to separate by flash
chromatography. However, a tedious series of recrystalliza-
tions were needed to prepare optically active (1S,2S)-8.


Conclusion


We have developed an efficient chemoenzymatic method
for the preparation of a variety of optically active N,N-di-
substituted trans-cyclohexane-1,2-diamines and their acet-
amide derivatives from the inexpensive cyclohexene oxide.


As a proof of the utility of these diamines, one of them,
(1S,2S)-2-(pyrrolidin-1-yl)cyclohexanamine, has been used
in the synthesis of the analgesic U-(�)-50,488.


Experimental Section


General : Candida antarctica lipase B (CAL-B, available immobilized on
polyacrylamide as Novozyme SP-435, 7300 PLUg�1) was supplied by
Novo Nordisk Co. For the enzymatic reactions, ethyl acetate of spectro-
photometric grade (stored with 4 N molecular sieves) was used. Melting
points were taken on samples in open capillary tubes and are uncorrect-
ed. IR spectra were recorded on an Infrared FT spectrophotometer as
KBr pellets (for solids) or neat (for liquids). Flash chromatography was
performed by using silica gel 60 (230–400 mesh). Chiral HPLC analyses
were performed by using Chiralcel OD and OD-RH columns (Daicel) at
20–35 8C. 1H, 13C NMR, and DEPT spectra were recorded in CDCl3 or
CD3OD by using AC-200 (


1H, 200.13 MHz; 13C, 50.3 MHz) and AC-300
or DPX-300 (1H, 300.13 MHz; 13C, 75.5 MHz) spectrometers for routine
experiments. An AMX-400 spectrometer (1H, 400.13 MHz; 13C,
100.61 MHz) was used for the acquisition of 1H–1H and 1H–13C correla-
tion experiments. The chemical shift values (d) are given in ppm and the
coupling constants (J) are given in Hertz (Hz). Positive electrospray ioni-
zation (ESI+) was used to record mass spectra. Microanalyses were per-
formed on a Perkin–Elmer model 2400 instrument.


General procedure for the preparation of racemic diamines (� )-trans-
4a–g : The appropriate secondary
amine (49 mmol) was added to a so-
lution of cyclohexene oxide (30 mmol)
in EtOH (30 mL), and the resulting
mixture was heated under reflux for
18 h. After cooling, the solvent was
evaporated and the crude (� )-trans-2-
aminocyclohexanol (� )-5a–g[10b] was
purified by flash chromatography
(hexane/ethyl acetate or ethyl acetate/
methanol mixtures). The purified (� )-
trans-2-aminocyclohexanol (25 mmol)
was dissolved in anhydrous diethyl
ether (45 mL), and triethylamine


(39 mmol) was added. The solution was cooled to 0 8C, and mesyl chlo-
ride (29.7 mmol) was added dropwise. A white precipitate formed and
made stirring difficult. After 30 min, triethylamine (49 mmol) was added.
After the reaction mixture was allowed to warm to room temperature,
concentrated aqueous NH3 (50 mL) was added and the resulting two-
phase reaction mixture was vigorously stirred during 16 h. The layers
were separated, and the light-yellow aqueous layer was extracted with
Et2O (3P30 mL). The combined organic layers were washed with brine
(20 mL), dried with Na2SO4, and evaporated under reduced pressure to
give the crude product, which was purified by distillation or flash chro-
matography.


(� )-trans-2-(Pyrrolidin-1-yl)cyclohexanamine ((� )-4a): Yield: 90%; b.p.
55–56 8C (0.5 Torr); 1H NMR (200 MHz, CDCl3): d=1.30–1.00 (m, 4H;
(H-3, H-4, H-5, H-6)ax), 1.60–1.70 (m, 7H; H-8, H-8’, (H-3, H-4, H-
5)eq), 1.94 (brd, J6eq,6ax=10.6 Hz, 1H; H-6eq,), 2.12 (s, 2H; NH2), 2.28
(dt, J2,3eq=3.0, J1,2=J2,3ax=10.3 Hz, 1H; H-2), 2.45–2.70 ppm (m, 5H; H-
1, 2PCH2N);


13C NMR (75.5 MHz, CDCl3): d=21.34 (CH2), 23.62 (C-8),
24.89 (CH2), 25.37 (CH2), 34.84 (CH2), 46.97 (CH2N), 52.62 (C-1),
65.07 ppm (C-2); IR (neat): ñ=3356, 3302 cm�1; MS (ESI+): m/z (%):
169.1 (100) [M+H]+ , 191.1 (15) [M+Na]+ ; elemental analysis calcd (%)
for C10H20N2: C 71.37, H 11.98, N 16.65; found: C 71.43, H 11.85, N
16.72.


(� )-trans-2-(Piperidin-1-yl)cyclohexanamine ((� )-4b): Yield: 86%; b.p.
50–51 8C (0.5 Torr); 1H NMR (300 MHz, CDCl3): d=0.78–0.95 (m, 4H),
1.10–1.55 (m, 11H), 1.65–1.76 (m, 2H), 1.95–2.08 (m, 2H), 2.30–2.45 ppm
(m, 3H); 13C NMR (75.5 MHz, CDCl3): d=21.99 (CH2), 24.53 (CH2),
25.42 (CH2), 26.34 (2CH2), 34.66 (CH2), 49.15 (2CH2), 50.12 (CH),
70.68 ppm (CH); IR (neat): ñ=3358 cm�1; MS (ESI+): m/z (%): 183.2


Scheme 4. Synthesis of analgesic U-(�)-50,488 ((1S,2S)-1). LAH= lithium aluminum hydride.
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(100) [M+H]+ , 205.1 (5) [M+Na]+ ; elemental analysis calcd (%) for
C11H22N2: C 72.47, H 12.16, N 15.37; found: C 72.38, H 12.01, N 15.61.


(� )-trans-2-(Morpholin-4-yl)cyclohexanamine ((� )-4 c): Yield: 85%; b.p.
65–66 8C (0.5 Torr); 1H NMR (300 MHz, CDCl3): d=0.70–1.07 (m, 4H),
1.36–1.67 (m, 5H), 1.70–1.88 (m, 2H), 2.18 (ddd, J=3.5, 5.7, 10.7 Hz,
2H), 2.37–2.50 (m, 3H), 3.38–3.54 ppm (m, 4H); 13C NMR (75.5 MHz,
CDCl3): d=22.06 (CH2), 24.36 (CH2), 25.23 (CH2), 34.51 (CH2), 48.22
(CH2), 49.84 (CH), 67.10 (CH2), 70.12 ppm (CH); IR (neat): ñ=3373,
3318 cm�1; MS (ESI+): m/z (%): 185.1 (100) [M+H]+ , 207.1 (7)
[M+Na]+ ; elemental analysis calcd (%) for C10H20N2O: C 65.18, H 10.94,
N 15.20; found: C 65.05, H 10.87, N 15.31.


Methyl (� )-trans-1-(2-aminocyclohexyl)piperidine-4-carboxylate ((� )-
4d): Yield: 70%; m.p. 168–170 8C; 1H NMR (300 MHz, CDCl3): d=0.92–
1.15 (m, 4H), 1.45–2.05 (m, 12H), 1.70–1.88 (m, 2H), 2.15 (m, 1H), 2.41–
2.55 (m, 3H), 2.71 ppm (dt, J=3.1 and 11.7 Hz, 1H); 13C NMR
(75.5 MHz, CDCl3): d=22.47 (CH2), 24.77 (CH2), 25.64 (CH2), 28.84
(CH2), 29.00 (CH2), 34.85 (CH2), 41.50 (CH), 44.71 (CH2), 50.45 (CH),
51.33 (CH2), 51.38 (CH3), 70.58 (CH), 175.63 ppm (C=O); IR (KBr): ñ=
3360, 3285,1736 cm�1; MS (ESI+): m/z (%): 241.1 (100) [M+H]+ , 263.1
(3) [M+Na]+ ; elemental analysis calcd (%) for C13H24N2O2: C 64.97, H
10.07, N 11.66; found: C 65.05, H 10.12, N 11.50.


(� )-trans-2-(4-Formylpiperazin-1-yl)cyclohexanamine ((� )-4e): Yield:
80%; m.p. 168–170 8C; 1H NMR (200 MHz, CDCl3): d=0.90–1.20 (m,
4H), 1.45–1.70 (m, 3H), 1.85 (m, 1H), 2.05 (dt, J=3.1 and 11.0 Hz, 1H),
2.15–2.34 (m, 2H), 2.45–2.63 (m, 3H), 2.90–3.10 (m, 2H), 3.18–3.45 (m,
4H), 7.87 ppm (s, 1H); 13C NMR (75.5 MHz, CDCl3): d=22.47 (CH2),
24.26 (CH2), 25.07 (CH2), 33.86 (CH2), 40.16 (CH2), 45.88 (CH2), 47.41
(CH2), 48.70 (CH2), 50.09 (CH), 69.67 (CH), 160.33 ppm (C=O); IR
(Nujol): ñ=3472, 3344, 1666 cm�1; MS (ESI+): m/z (%): 212.1 (100)
[M+H]+ , 234.1 (12) [M+Na]+ ; elemental analysis calcd (%) for
C11H21N3O: C 62.52, H 10.02, N 19.89; found: C 62.68, H 10.11, N 19.80.


(� )-trans-N-Isopropyl-N-methylcyclohexane-1,2-diamine ((� )-4 f):
Yield: 86%; b.p. 48–50 8C (0.5 Torr); 1H NMR (200 MHz, CDCl3): d=
1.00–1.30 (m+2t, J=6.3 Hz, 11H), 1.60–1.80 (m, 3H), 1.85–2.00 (m,
2H), 2.10–2.20 (m+ s, 4H; CH, CH3), 2.45–2.60 (m, 1H), 2.84 ppm
(heptet, J=6.3 Hz, 1H); 13C NMR (75.5 MHz CDCl3): d=20.38 (CH3),
20.83 (CH3), 24.82 (CH2), 25.47 (CH2), 25.74 (CH2), 30.57 (CH3), 34.72
(CH2), 51.00 (CH), 51.93 (CH), 66.33 ppm (CH); IR (neat): ñ=3354,
3302 cm�1; MS (ESI+): m/z (%): 171.2 (100) [M+H]+; elemental analysis
calcd (%) for C10H22N2: C 70.53, H 13.02, N 16.45; found: C 70.65, H
12.99, N 16.40.


(� )-trans-N-Benzyl-N-methylcyclohexane-1,2-diamine ((� )-4g): Yield:
84%; b.p. 100–101 8C (0.5 Torr); 1H NMR (300 MHz, CDCl3): d=1.00–
1.30 (m, 4H), 1.60–2.00 (m, 6H), 2.10–2.25 (m+ s, 4H; CH, CH3), 2.67
(dt, J1,6eq=4.3, J1,2=J1,6ax=10.3 Hz, 1H; H-1), 2.37–2.50 (m, 3H), 3.45,
3.67, (AB system, JAB=13.4 Hz; CH2), 7.15–7.35 ppm (m, 5H; Ph);
13C NMR (75.5 MHz, CDCl3): d=21.83 (CH2), 24.91 (CH2), 25.58 (CH2),
34.99 (CH2), 36.20 (CH3), 51.21 (CH), 57.91 (CH2), 69.36 (CH), 126.55
(CH), 128.00 (CH), 128.42 (CH), 140.15 ppm (C); IR (neat): ñ=3356,
3302 cm�1; MS (ESI+): m/z (%): 219.1 (100) [M+H]+; elemental analysis
calcd (%) for C14H22N2: C 77.01, H 10.16, N 12.83; found: C 76.85, H
10.08, N 13.07.


General procedure for the enzymatic acetylation of (� )-trans-4a–g :
Ethyl acetate (12 mL) was added to a mixture of the appropriate racemic
diamine 4a–g (2.0 mmol) and CAL-B (200 mg) under a nitrogen atmos-
phere. The resulting mixture was shaken at 28 8C and 200 rpm for 5–8 h.
Afterward, the enzyme was filtered and washed with ethyl acetate. For
the reactions with 4a–f, the resulting solution was cooled to 0 8C and
then treated with benzyl chloroformate (1.6 mmol). After 15 h, the sol-
vent was evaporated, then the acetamide and carbamate present in the
residue were separated by flash chromatography (ethyl acetate/methanol
mixtures). For the reaction with 4g, after filtration of the enzyme, the
corresponding acetamide and the remaining diamine were separated by
flash chromatography with ethyl acetate/methanol (6:1).


(1R,2R)-N-[2-(Pyrrolidin-1-yl)cyclohexyl]acetamide ((1R,2R)-6a): Yield:
41%; m.p. 88–90 8C; [a]20D=�63.2 (c=1.0 in CHCl3); 94% ee ; 1H NMR
(300 MHz, CDCl3): d=1.05–1.40 (m, 4H), 1.60–1.82 (m, 7H), 1.97 (s,
3H; CH3), 2.40–2.65 (m, 6H), 3.51 (m (J1,6eq=3.9, J1,2=J1,6ax=10.4 Hz
measured after irradiation of NH signal), 1H; H-1), 6.20 ppm (br s, 1H;
NH); 13C NMR (75.5 MHz, CDCl3): d=21.99 (CH2), 23.59 (CH2), 23.64


(CH3), 24.23 (CH2), 24.70 (CH2), 32.04 (CH2), 46.95 (CH2), 52.01 (CH),
61.55 (CH), 170.28 ppm (C=O); IR (KBr): ñ=3289, 1634 cm�1; MS
(ESI+): m/z (%): 211.1 (80) [M+H]+ , 233.1 (25) [M+Na]+ ; elemental
analysis calcd (%) for C12H22N2O: C 68.53, H 10.54, N 13.32; found: C
68.69, H 10.50, N 13.41.


(1R,2R)-N-[2-(Piperidin-1-yl)cyclohexyl]acetamide ((1R,2R)-6b): Yield:
43%; m.p. 122–124 8C; [a]20D=�65.4 (c=1.0 in CHCl3); 98% ee ; 1H NMR
(300 MHz, CDCl3): d=0.95–1.62 (m, 11H), 1.70–1.88 (m, 2H), 1.92 (s,
3H; CH3), 2.10–2.32 (m, 3H), 2.40–2.60 (m, 3H), 3.51 (m (J1,6eq=3.0,
J1,2=J1,6ax=10.8 Hz, measured after irradiation of NH signal), 1H; H-1),
6.35 ppm (br s, 1H; NH); 13C NMR (75.5 MHz, CDCl3): d=22.90 (CH2),
23.45 (CH3), 24.48 (CH2), 24.70 (CH2), 25.53 (CH2), 26.63 (CH2), 32.61
(CH2), 48.98 (CH2), 50.63 (CH), 67.47 (CH), 170.52 ppm (C=O); IR
(KBr): ñ=3286, 1651 cm�1; MS (ESI+): m/z (%): 225.2 (80) [M+H]+ ,
247.1 (10) [M+Na]+ ; elemental analysis calcd (%) for C13H24N2O: C
69.60, H 10.78, N 12.49; found: C 69.50, H 10.64, N 12.61.


(1R,2R)-N-[2-(Morpholin-4-yl)cyclohexyl]acetamide ((1R,2R)-6 c):
Yield: 45%; m.p. 115–117 8C; [a]20D=�66.5 (c=1.0 in CHCl3); 95% ee ;
1H NMR (400 MHz, CDCl3): d=0.95–1.32 (m, 4H), 1.55–1.65 (m, 1H),
1.73–1.86 (m, 2H), 1.93 (s, 3H; CH3), 2.19 (dt, J=3.2, 10.7 Hz, 1H),
2.25–2.38 (m, 3H), 2.56–2.65 (m, 2H), 3.48–3.65 (m, 5H), 6.06 ppm (br s,
1H; NH); 13C NMR (75.5 MHz, CDCl3): d=22.89 (CH2), 23.05 (CH3),
24.29 (CH2), 25.00 (CH2), 32.55 (CH2), 47.94 (CH2), 49.52 (CH), 66.88
(CH), 67.18 (CH2), 169.74 ppm (C=O); IR (KBr): ñ=3270, 1652 cm�1;
MS (ESI+): m/z (%): 227.1 (20) [M+H]+ , 249.1 (100) [M+Na]+ ; elemen-
tal analysis calcd (%) for C12H22N2O2: C 63.68, H 9.80, N 12.38; found: C
63.75, H 9.92, N 12.29.


Methyl (1R,2R)-1-[2-(acetylamino)cyclohexyl]piperidine-4-carboxylate
((1R,2R)-6d): Yield: 43%; oil; [a]20D=++11.25 (c=0.93 in CHCl3); 94%
ee ; 1H NMR (300 MHz, CDCl3): d=0.89–1.28 (m, 4H), 1.43 (m, 1H),
1.51–1.85 (m, 6H), 1.88 (s, 3H; CH3), 2.02 (dt, J=2.6, 11.4 Hz, 1H),
2.10–2.25 (m, 2H), 2.32–2.55 (m, 3H), 2.67 (dt, J=11.1, 3.7 Hz, 1H), 3.43
(m (dt, J1,6eq=3.9, J1,2=J1,6ax=10.6 Hz, after amide NH to ND exchange
with D2O), 1H; H-1), 3.59 (s, 3H; CH3), 6.14 ppm (br s, 1H; NH);
13C NMR (75.5 MHz, CDCl3): d=22.90 (CH2), 23.09 (CH3), 24.28 (CH2),
25.15 (CH2), 28.63 (CH2), 28.69 (CH2), 32.49 (CH2), 41.03 (CH), 44.48
(CH2), 50.11 (CH), 51.19 (CH3), 59.84 (CH2), 66.93 (CH), 169.97 (C=O),
175.26 ppm (C=O); IR (Nujol): ñ=3296, 1732, 1651 cm�1; MS (ESI+): m/
z (%): 283.1 (100) [M+H]+ , 305.1 (5) [M+Na]+ ; elemental analysis calcd
(%) for C15H26N2O3: C 63.80, H 9.28, N 9.92; found: C 63.95, H 9.35, N
10.01.


(1R,2R)-N-[2-(4-Formylpiperazin-1-yl)cyclohexyl]acetamide ((1R,2R)-
6e): Yield: 38%; m.p. 140–142 8C; [a]20D=�27.7 (c=0.9 in MeOH); 98%
ee ; 1H NMR (200 MHz, CD3OD): d=1.15–1.27 (m, 4H), 1.65–1.97 (m+


s, 7H), 2.30–2.48 (m, 3H), 2.64–2.78 (m, 2H), 3.30–3.51 (m, 4H), 3.75
(dt, J1,6eq=4.3, J1,2=J1,6ax=10.3 Hz, 1H; H-1,), 7.97 ppm (s, 1H);
13C NMR (75.5 MHz, CD3OD): d=22.79 (CH3), 25.41 (CH2), 26.14
(CH2), 26.37 (CH2), 34.14 (CH2), 41.94 (CH2), 47.82 (CH2), 49.15 (CH2),
50.20 (CH2), 50.71 (CH), 68.70 (CH), 162.97 (CH), 172.52 ppm (C=O);
IR (KBr): ñ=3325, 1644 cm�1; MS (ESI+): m/z (%): 254.1 (8) [M+H]+ ,
276.1 (100) [M+Na]+ ; elemental analysis calcd (%) for C13H23N3O3: C
57.97, H 8.61, N 15.60; found: C 58.04, H 8.50, N 15.88.


(1R,2R)-N-[2-(N’-Isopropyl-N’-methylamino)cyclohexyl]acetamide
((1R,2R)-6 f): Yield: 43%; oil; [a]20D=�64.5 (c=1.0 in CHCl3); 92% ee ;
1H NMR (300 MHz, CDCl3): d=0.90–0.98 (t, J=6.8 Hz, 6H), 1.05–1.30
(m, 4H), 1.50–1.80 (m, 3H), 1.86 (s, 3H; CH3), 2.06 (s, 3H; CH3), 2.28–
2.45 (m, 2H), 2.75 (heptet, J=6.4 Hz, 1H), 3.34 (m (dt, J1,6eq=3.9, J1,2=
J1,6ax=10.6 Hz, after amide NH to ND exchange with D2O), 1H; H-1),
6.20 ppm (br s, 1H; NH); 13C NMR (75.5 MHz, CDCl3): d=20.33 (CH3),
21.45 (CH3), 23.31 (CH3), 24.34 (CH2), 25.35 (CH2), 25.46 (CH2), 30.90
(CH3), 32.42 (CH2), 50.22 (CH), 50.89 (CH), 63.75 (CH), 170.16 ppm (C=
O); IR (KBr): ñ=3289, 1650 cm�1; MS (ESI+): m/z (%): 213.2 (100)
[M+H]+ , 235.1 (8) [M+Na]+ ; elemental analysis calcd (%) for
C12H24N2O: C 67.88, H 11.39, N 13.19; found: C 68.05, H 11.30, N 12.99.


(1R,2R)-N-[2-(N’-Benzyl-N’-methylamino)cyclohexyl]acetamide
((1R,2R)-6g): Yield: 45%; m.p. 143–145 8C; [a]20D=�16.5 (c=1.0 in
CHCl3); >99% ee ; 1H NMR (200 MHz, CDCl3): d=0.95–1.40 (m, 4H),
1.60–2.05 (m+ s, 6H), 2.18 (s, 3H; CH3), 1.86 (s, 3H; CH3), 2.35 (dt, J=
3.1, 11.0 Hz, 1H), 2.53 (m, 1H), 3.39, 3.69 (AB system, JAB=13.3 Hz;
CH2), 3.59 (m, 1H), 6.09 (br s, 1H; NH), 7.15–7.35 ppm (m, 5H; Ph);
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13C NMR (75.5 MHz, CDCl3): d=22.42 (CH2), 23.57 (CH3), 24.50 (CH2),
25.34 (CH2), 32.67 (CH2), 36.73 (CH3), 50.92 (CH), 56.94 (CH2), 65.27
(CH), 126.87 (CH), 128.22 (CH), 128.39 (CH), 139.77 (C), 170.12 ppm
(C=O); IR (KBr): ñ=3285, 1638 cm�1; MS (ESI+): m/z (%): 261.1 (100)
[M+H]+ , 283.1 (20) [M+Na]+ ; elemental analysis calcd (%) for
C16H24N2O: C, 73.81, H 9.29, N 10.76; found: C 74.01, H 9.26, N 10.73.


Benzyl (1S,2S)-N-[2-(pyrrolidin-1-yl)cyclohexyl]carbamate ((1S,2S)-7a):
Yield: 44%; oil ; [a]20D=++49.2 (c=1.05 in CHCl3); 99% ee ; 1H NMR
(200 MHz, CDCl3): d=1.05–1.40 (m, 4H), 1.60–1.85 (m, 7H), 2.35–2.75
(m, 6H), 3.35 (m, 1H), 5.12, 5.09 (AB system, JAB=12.0 Hz; CH2), 5.73
(br s, 1H; NH), 7.20–7.35 ppm (m, 5H; Ph); 13C NMR (75.5 MHz,
CDCl3): d=22.06 (CH2), 23.57 (CH2), 24.04 (CH2), 24.51 (CH2), 31.98
(CH2), 47.06 (CH2), 52.89 (CH), 61.78 (CH), 66.11 (CH2), 127.79 (CH),
127.83 (CH), 128.30 (CH), 136.75 (C), 156.42 ppm (C=O); IR (neat): ñ=
3337, 1715 cm�1; MS (ESI+): m/z (%): 303.2 (100) [M+H]+ ; elemental
analysis calcd (%) for C18H26N2O2: C 71.49, H 8.67, N 9.26; found: C
71.56, H 8.70, N 9.15.


Benzyl (1S,2S)-N-[2-(piperidin-1-yl)cyclohexyl]carbamate ((1S,2S)-7b):
Yield: 45%; oil; [a]20D=++49.5 (c=1.0 in CHCl3); 98% ee ; 1H NMR
(200 MHz, CDCl3): d=1.00–1.95 (m, 13H), 2.10–2.30 (m, 3H), 2.45–2.65
(m, 3H), 3.29 (m, 1H), 5.12 (s, 2H; CH2), 5.72 (br s, 1H; NH), 7.20–
7.35 ppm (m, 5H; Ph); 13C NMR (75.5 MHz, CDCl3): d=22.78 (CH2),
24.37 (CH2), 24.70 (CH2), 25.43 (CH2), 26.42 (CH2), 32.74 (CH2), 49.00
(CH2), 51.44 (CH), 65.93 (CH2), 67.66 (CH), 127.64 (CH), 128.22 (CH),
136.85 (C), 156.53 ppm (C=O); IR (neat): ñ3348, 1724 cm�1; MS (ESI+):
m/z (%): 317.2 (100) [M+H]+ , 339.2 (5) [M+Na]+ ; elemental analysis
calcd (%) for C19H28N2O2: C 72.12, H 8.92, N 8.85; found: C 72.25, H
8.80, N 8.99.


Benzyl (1S,2S)-N-[2-(morpholin-4-yl)cyclohexyl]carbamate ((1S,2S)-7c):
Yield: 46%; oil; [a]20D=++45.7 (c=1.0 in CHCl3); 98% ee ; 1H NMR
(200 MHz, CDCl3): d=1.00–1.35 (m, 4H), 1.55–1.92 (m, 3H), 2.16 (dt,
J=3.1, 10.6 Hz, 1H), 2.28–2.50 (m, 3H), 2.55–2.70 (m, 2H), 3.33 (m, (dt,
J1,6eq=4.7, J1,2=J1,6ax=10.2 Hz, after NH to ND exchange with D2O),
1H; H-1), 3.58–3.75 (m, 4H), 5.09 (s, 2H; CH2), 5.44 ppm (brd, J=
4.7 Hz, 1H; NH); 7.20–7.35 (m, 5H; Ph); 13C NMR (75.5 MHz, CDCl3):
d=22.81 (CH2), 24.26 (CH2), 24.98 (CH2), 32.72 (CH2), 48.01 (CH2),
50.78 (CH), 65.81 (CH2), 67.02 (CH2), 67.24 (CH), 127.51 (CH), 128.04
(CH), 136.56 (C), 156.11 ppm (C=O); IR (neat): ñ=3333, 1710 cm�1; MS
(ESI+): m/z (%): 319.2 (100) [M+H]+ , 341.1 (15) [M+Na]+ ; elemental
analysis calcd (%) for C18H26N2O3: C 67.90, H 8.23, N 8.80; found: C
68.07, H 8.26, N 8.63.


Benzyl (1S,2S)-N-{2-[4-(methoxycarbonyl)piperidin-1-yl]cyclohexyl}car-
bamate ((1S,2S)-7d): Yield: 50%; oil; [a]20D=++33.6 (c=0.93 in CHCl3);
>99% ee ; 1H NMR (200 MHz, CDCl3): d=0.95–1.35 (m, 5H), 1.52–1.98
(m, 6H), 2.03–2.30 (m, 3H), 2.45–2.58 (m, 3H), 2.77 (dt, J=3.5, 11.3 Hz,
1H), 3.30 (m, 1H), 3.68 (s, 3H; CH3), 5.12, 5.09 (AB system, JAB=
12.1 Hz; CH2), 5.51 (br s, 1H; NH), 7.20–7.35 ppm (m, 5H; Ph);
13C NMR (75.5 MHz, CDCl3): d=22.99 (CH2), 24.42 (CH2), 25.37 (CH2),
28.61 (CH2), 28.78 (CH2), 32.86 (CH2), 41.29 (CH), 44.78 (CH2), 50.47
(CH2), 51.45 (CH3), 66.12 (CH2), 67.47 (CH), 127.79 (CH), 127.84 (CH),
128.33 (CH), 136.77 (C), 156.48 (C=O), 175.48 ppm (C=O); IR (neat):
ñ=3352, 1731 cm�1; MS (ESI+): m/z (%): 375.2 (100) [M+H]+ , 397.2 (5)
[M+Na]+ ; elemental analysis calcd (%) for C21H30N2O4: C 67.35, H 8.07,
N 7.48; found: C 67.50, H 8.24, N 7.41.


Benzyl (1S,2S)-N-[2-(4-formylpiperazin-1-yl)cyclohexyl]carbamate
((1S,2S)-7e): Yield: 40%; m.p. 92–94 8C; [a]20D=++38.9 (c=1.7 in
MeOH); 78% ee ; 1H NMR (200 MHz, CD3OD): d=1.05–1.40 (m, 4H),
1.65–2.07 (m, 5H), 2.30–2.95 (m, 4H), 3.20–3.55 (m, 5H), 4.79–5.18 (over-
lapping of CH2 and solvent signals), 7.25–7.36 (m, 5H; Ph), 7.94 ppm (s,
1H); 13C NMR (75.5 MHz, CD3OD): d=25.41 (CH2), 26.09 (CH2), 26.16
(CH2), 34.30 (CH2), 41.18 (CH2), 47.00 (CH2), 49.21 (CH2), 50.25 (CH2),
52.17 (CH), 67.17 (CH2), 69.60 (CH), 128.89 (CH), 129.39 (CH), 138.59
(C), 158.57 (C=O), 162.70 ppm (CH); MS (ESI+): m/z (%): 375.2 (100)
[M+H]+ , 397.2 (5) [M+Na]+ ; elemental analysis calcd (%) for
C19H27N3O3: C 66.06, H 7.88, N 12.16; found: C 65.90, H 8.02, N 12.29.


Benzyl (1S,2S)-N-[2-(N’-isopropyl-N’-methylamino)cyclohexyl]carbamate
((1S,2S)-7 f): Yield: 38%; oil; [a]20D=++51.5 (c=0.95 in CHCl3); 93% ee ;
1H NMR (300 MHz, CDCl3): d=1.05 (t, J=7.1 Hz, 6H), 1.18–1.35 (m,
4H), 1.65–1.92 (m, 3H), 2.18 (s, 3H; CH3), 2.41 (dt, J=3.0, 10.6 Hz, 1H),
2.59 (m, 1H), 2.84 (heptet, J=7.1 Hz, 1H), 3.28 (m, 1H), 5.13 (s, 2H;


CH2), 5.64 (br s, 1H; NH), 7.20–7.35 ppm (m, 5H; Ph); 13C NMR
(75.5 MHz, CDCl3): d=20.42 (CH3), 21.37 (CH3), 24.34 (CH2), 25.33
(CH2), 25.49 (CH2), 30.96 (CH3), 32.67 (CH2), 50.56 (CH), 51.95 (CH),
63.64 (CH), 65.90 (CH2), 127.62 (CH), 127.70 (CH), 128.16 (CH), 136.75
(C), 156.50 ppm (C=O); IR (neat): ñ=3349, 1723 cm�1; MS (ESI+): m/z
(%): 305.1 (100) [M+H]+, 327.1 (15) [M+Na]+ ; elemental analysis calcd
(%) for C18H28N2O2: C 71.02, H 9.27, N 9.20; found: C 71.28, H 9.40, N
8.99.


(1S,2S)-N-Benzyl-N-methylcyclohexane-1,2-diamine ((1S,2S)-4g): Yield:
49%; [a]20D=++48.2 (c=1.1 in CHCl3); 86% ee. Diamine (1S,2S)-4g with
ee>99% ([a]20D=++48.2 (c=1.1 in CHCl3)) was isolated if the enzymatic
reaction was conducted for 9 h.


General procedure for the hydrogenolysis of the benzyl carbamates
(1S,2S)-7a–f : A suspension of (1S,2S)-7a–f (0.75 mmol) and Pd/C (10%,
120 mg) in deoxygenated methanol (15 mL) was stirred for 12 h under a
hydrogen atmosphere. The reaction mixture was filtered through Celite,
and the filtrate was evaporated to yield pure (1S,2S)-4a–f.


(1S,2S)-2-(Pyrrolidin-1-yl)cyclohexanamine ((1S,2S)-4a): Yield: 90%;
[a]20D=++65.2 (c=1.0 in CHCl3); 99% ee.


(1S,2S)-2-(Piperidin-1-yl)cyclohexanamine ((1S,2S)-4b): Yield: 96%;
[a]20D=++54.0 (c=1.0 in CHCl3); 98% ee.


(1S,2S)-2-(Morpholin-4-yl)cyclohexanamine ((1S,2S)-4c): Yield: 97%;
[a]20D=++60.1 (c=0.80 in CHCl3); 95% ee.


Methyl (1S,2S)-1-(2-aminocyclohexyl)piperidine-4-carboxylate ((1S,2S)-
4d): Yield: 95%; [a]20D=++36.4 (c=1.1 in CHCl3); >99% ee.


(1S,2S)-2-(4-Formylpiperazin-1-yl)cyclohexanamine ((1S,2S)-4e): Yield:
93%; [a]20D=++47.2 (c=0.75 in CH3OH); >99% ee.


(1S,2S)-N-Isopropyl-N-methylcyclohexane-1,2-diamine ((1S,2S)-4 f):
Yield: 98%; [a]20D=++40.7 (c=1.4 in CHCl3); 93% ee.


(1S,2S)-N-Methyl-2-(pyrrolidin-1-yl)cyclohexanamine ((1S,2S)-8): A so-
lution of carbamate (1S,2S)-7a (0.80 mmol) in THF (3 mL) was added to
a suspension of LiAlH4 (1.25 mmol) in THF (5 mL) under a nitrogen at-
mosphere. The mixture was stirred at room temperature for 21 h. After
this time, the excess LiAlH4 was destroyed by addition of 3n aqueous
Na2CO3, the mixture was filtered through Celite, and the solvents were
evaporated. Diethyl ether (15 mL) was then added, and the organic so-
lution was extracted with 2n aqueous HCl (3P10 mL). The aqueous
phase was washed with diethyl ether (10 mL), and pellets of NaOH were
added until a basic pH value was reached. Extraction with diethyl ether
(4P15 mL) and evaporation of the organic solvent yielded pure diamine
(1S,2S)-8. Yield: 90%; oil; [a]20D=++90.3 (c=0.95 in CHCl3); 99% ee (lit-
erature value[15] for (1S,2S)-(+)-8 : [a]23D=++97.6 (c=0.29 in methanol); >
99.5% ee); 1H NMR (300 MHz, CDCl3): d=0.80–0.98 (m, 1H), 1.00–1.22
(m, 3H), 1.50–1.75 (m, 7H), 1.95–2.15 (m, 2H), 2.31 (s, 3H; CH3), 2.32–
2.55 (m, 5H), 2.71 ppm (br s, 1H; NH); 13C NMR (75.5 MHz, CDCl3):
d=21.16 (CH2), 23.57 (CH2), 24.39 (CH2), 25.17 (CH2), 30.98 (CH2),
34.00 (CH3), 46.69 (CH2), 61.33 (CH), 61.95 ppm (CH); IR (neat): ñ=
3315, 1357 cm�1; MS (ESI+): m/z (%): 183.1 (100) [M+H]+ , 205.1 (5)
[M+Na]+ , 112.1 (15), 152.1 (10); elemental analysis calcd (%) for
C11H22N2: C 72.47, H 12.16, N 15.37; found: C 72.58, H 12.06, N 15.36.


(1S,2S)-N-Methyl-N-[2-(pyrrolidin-1-yl)cyclohexyl]-2-(3,4-dichlorophen-
yl)acetamide ((1S,2S)-1): Under a nitrogen atmosphere, (1S,2S)-8
(0.60 mmol) was dissolved in dichloromethane (5 mL), and 3,4-dichloro-
phenylacetyl chloride (0.76 mmol) was added at 0 8C. After stirring for
5 h, dichloromethane (10 mL) was added, and the organic layer was
washed with saturated aqueous NaHCO3 (2P10 mL) and brine (10 mL),
dried (Na2SO4), and concentrated to yield crude (1S,2S)-1, which was pu-
rified by flash chromatography (hexane/ethyl acetate 1:2): Yield: 95%;
oil. Hydrochloride salt of (1S,2S)-1. [a]20D=�34.0 (c=0.7 in methanol);
99% ee ; (literature value[15] for (1S,2S)-(�)-1·HCl: [a]20D=�36.05 (c=
0.73 in methanol); >99% ee); 1H NMR (300 MHz, CDCl3) correspond-
ing to a 80:20 mixture of rotamers: d=0.90–2.00 (m, 12H), 2.40–2.70 (m,
5H), 2.79 (s, 3H for major rotamer, CH3), 2.80 (s, 3H for minor rotamer,
CH3), 3.46 (dt, J1,6eq=5.0, J1,2=J1,6ax=10.6 Hz, 1H for minor rotamer; H-
1), 3.60, 3.70 (AB system, JAB=15.4 Hz; CH2), 4.49 (dt, J1,6eq=3.6, J1,2=
J1,6ax=11.4 Hz, 1H for major rotamer; H-1), 7.10 (m, 1H; Ar), 7.33 ppm
(m, 2H; Ar); 13C NMR (75.5 MHz, CDCl3) corresponding to a 80:20 mix-
ture of rotamers: d=22.32, 23.62, 23.71, 24.94, 25.08, 25.11, 25.21, 27.27,
29.57, 29.74, 30.79, 39.45, 40.44, 46.84, 48.09, 54.82, 58.36, 59.58, 60.43,
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128.07, 128.47, 130.03, 130.51, 130.86, 132.07, 135.66, 135.90, 169.30,
169.59 ppm; IR (neat): ñ=1634 cm�1; MS (ESI+): m/z (%): 369.1 (100)
[M+H]+ , 371.1 (65) [M+2+H]+ , 373.1 (10) [M+4+H]+ ; elemental analy-
sis calcd (%) for C19H26Cl2N2O2: C 61.79, H 7.10, N 7.58; found: C 62.05,
H 7.19, N 7.46.


Determination of the enantiomeric excesses : The enantiomeric excess for
each optically active compound isolated from the enzymatic reactions
was determined by chiral HPLC. The following compounds were directly
analyzed: Acetamides 6d, 6e, and 6g were analyzed by using a Chiral-
cel OD column. The resolution is given by Rs. For (� )-6d : tR=18.7
(1R,2R) and 20.9 min (1S,2S), Rs=1.5 (hexane/propan-2-ol (95:5),
0.8 mLmin�1, 20 8C). For (� )-6e : tR=21.1 (1R,2R) and 24.3 min (1S,2S),
Rs=1.9 (hexane/propan-2-ol (88:12), 0.8 mLmin


�1, 35 8C). For (� )-6g :
tR=9.9 (1S,2S) and 11.9 min (1R,2R), Rs=2.3 (hexane/propan-2-ol
(90:10), 0.8 mLmin�1, 20 8C). Carbamates 7a–c were analyzed by using a
Chiralcel OD-RH column. For (� )-7a : tR=7.5 (1R,2R) and 9.1 min
(1S,2S), Rs=2.4 (0.5m aq NaClO4/acetonitrile (50:50), 0.4 mLmin


�1,
20 8C). For (� )-7b : tR=9.7 (1R,2R) and 13.2 min (1S,2S), Rs=2.9 (0.5m
aq NaClO4/acetonitrile (50:50), 0.4 mLmin


�1, 20 8C). For (� )-7c : tR=8.5
(1R,2R) and 11.6 min (1S,2S), Rs=4.0 (0.5m aq NaClO4/acetonitrile
(30:70), 0.4 mLmin�1, 20 8C). Carbamates 7d and 7 f were analyzed by
using a Chiralcel OD column (hexane/propan-2-ol (90:10), 0.8 mLmin�1,
20 8C). For (� )-7d : tR=8.5 (1R,2R) and 14.5 min (1S,2S), Rs=7.3. For
(� )-7 f : tR=5.9 (1R,2R) and 6.8 min (1S,2S), Rs=1.9.


Amine 4g was transformed into the acetamide 6g by conventional treat-
ment with acetyl chloride (1.2 equiv) and 4-dimethylaminopyridine
(1.0 equiv) in dichloromethane (>95% yield). Acetamides 6a–c and 6 f
were hydrolyzed (3n aq NaOH, reflux, 12 h, 93–95% yield), and the re-
sulting amines 4a–c and 4 f were transformed into the corresponding car-
bamates. Carbamate 7e was treated with H2 and Pd/C in methanol, and
the resulting amine 4e was transformed into the acetamide 6e.
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From Allylic Alcohols to Aldols by Using Iron Carbonyls as Catalysts:
Computational Study on a Novel Tandem Isomerization–Aldolization
Reaction


VicenÅ Branchadell,*[a] Christophe Cr'visy,[b] and Ren' Gr'e*[b, c]


Introduction


Transition-metal-mediated isomerization of allylic alcohols
such as 1 to enols 2 and to saturated carbonyls 3 is a known
reaction.[1,2] Various types of organometallic complexes can
perform this transformation, but among them iron carbonyls
proved to have both a good efficiency and a broad substrate
specificity.[3] When this isomerization was performed in the
presence of an aldehyde a novel reaction occurred affording
aldol-type derivatives 4 (Scheme 1). These compounds were
obtained together with small amounts of the isomerized


ketone 3 and the regioisomeric aldols 4’ (when R=


CH2R’’).[4] From a synthetic point of view this new tandem
isomerization/aldolization reaction starting from allylic alco-
hols appears particularly attractive, since it is a rare example
of an aldol-type reaction with full atom economy which also
occurs under mild and neutral conditions.[5,6] Thus, it could
be a complementary approach to the elegant direct catalytic
asymmetric aldol reaction that was developed recently.[7]


This new tandem reaction was first performed with
[Fe(CO)5] (2–5 mol%) as catalyst under irradiation condi-
tions.[4] More recently, it was established that [(bda)Fe-
(CO)3] (bda= trans-benylideneacetone) and [(cot)Fe(CO)3]
(cot=cyclooctatetraene) offer a significant improvement in
chemical reactivity, especially towards bulky aldehydes.
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Abstract: The tandem isomerization–
aldolization reaction between allyl al-
cohol and formaldehyde mediated by
[Fe(CO)3] was studied with the density
functional B3LYP method. Starting
from the key [(enol)Fe(CO)3] complex,
several reaction paths for the reaction
with formaldehyde were explored. The
results show that the most favorable re-
action path involves first an enol/allyl


alcohol ligand-exchange process fol-
lowed by direct condensation of form-
aldehyde with the free enol. During
this process, formation of the new C�C
bond takes place simultaneously with a


proton transfer between the enol and
the aldehyde. Therefore, the role of
[Fe(CO)3] is to catalyze the allyl alco-
hol to enol isomerization affording the
free enol, which adds to the aldehyde
in a carbonyl-ene type reaction. Similar
results were obtained for the reaction
between allyl alcohol and acetalde-
hyde.


Keywords: aldol reaction · density
functional calculations · ene
reaction · enols · iron


Scheme 1.
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However, these catalysts led to similar regio- and stereose-
lectivities.[8]


This reaction could be extended to some other transition
metal complexes: in the case of Rh and Ru complexes, com-
plete regioselectivity was obtained for the aldolization,[9]


and furthermore this type of reaction could also be per-
formed in water and protic solvents[10a–b] or in ionic liq-
uids.[10c] Finally, it was recently established that some nickel
hydride complexes are also highly efficient catalysts for this
reaction.[11]


From a mechanistic point of view, this new C�C bond for-
mation raises many intriguing questions. The mechanism
which is generally accepted for the isomerization of allylic
alcohols mediated by iron carbonyls involves a 1,3 intramo-
lecular hydrogen shift that occurs via h2 complex 5, p-allyl
hydride intermediate 6, and p-enol complex 7
(Scheme 2).[1,2]


We recently reported a theoretical study on this reaction
which confirmed this mechanistic proposal.[12] Based on
these results it can be anticipated that both the iron carbon-
yl complexes 7 and free enol 2 are good candidates as reac-
tive intermediates for addition to aldehydes affording aldol
products. Therefore, as a key step towards the development
of this novel reaction, it appeared important to obtain infor-
mation on the possible mechanisms and the catalytic cycle.
Thus, we performed an extensive computational study on
different possible pathways for aldol formation. We used
formaldehyde and acetaldehyde as models of the carbonyl
compound, and 2-propen-1-ol as the model of allyl alcohol.


Computational Methods


All geometries were fully optimized with the B3LYP[13] density functional
method implemented in Gaussian98.[14] Energy minima and transition
states were optimized by means of the standard Schlegel algorithm using
redundant internal coordinates.[15] Harmonic vibrational frequencies were
calculated for all structures to characterize them as energy minima (all
frequencies are real) or transition states (only one imaginary frequency).
In specific cases where examination of this imaginary frequency did not


allow the assignment of the transition state to the corresponding reac-
tants and products, the intrinsic reaction coordinate (IRC) was calculat-
ed.[16] In the geometry optimization we used the LANL2DZ basis set.[17]


This is a double-z basis set for C, O, and H and for the valence space of
Fe, whereas the inner shells of Fe (up to 2p) are represented by an effec-
tive core potential. This basis set was supplemented with a set of d polari-
zation functions for C and O with exponents of 0.75 and 0.85, respective-
ly. Electron charge distribution was analyzed with the natural population
analysis of Weinhold et al.[18] Effect of solvation by cyclohexane was in-
cluded for the most significant stationary points by using the conductor-
like screening model.[19]


Energies of all stationary points were recalculated by single-point calcu-
lations using the 6-311+G(d,p)[20] basis set. For Fe it involves a triple-z
basis set with a set of f polarization functions. The reported values for
Gibbs energies at 1 atm and 298.15 K were obtained from energies calcu-
lated with the 6-311+G(d,p) basis sets and vibrational frequencies calcu-
lated with the LANL2DZ basis set. In several cases, the transition states
were relocated, and the vibrational frequencies were calculated at the
B3LYP/6-311+G(d,p) level of theory. For the reaction between free enol
and formaldehyde we also performed single-point calculations using the
BB1K density functional method developed by Zhao et al.[21] and based
on BeckeOs exchange functional[22] and B95 correlation functional.[23]


These calculations were performed with Gaussian03.[24] Finally, the reac-
tion between free enol and formaldehyde was studied by the CCSD(T)
method[25] with the 6-311+G(d,p) basis set.


Results and Discussion


We considered three possible mechanisms for aldol forma-
tion (Scheme 3). Mechanism A involves first the coordina-
tion of formaldehyde to the iron atom of [(enol)Fe(CO)3]


complex 7, and the formation of the key C�C bond for the
aldolization process occurs at a later stage. Mechanism B in-
volves direct attack of formaldehyde on the coordinated
enol of [(enol)Fe(CO)3] complex 7. Finally, in mechanism C
formaldehyde reacts with free enol 2 after enol decoordina-
tion from 7.


Mechanism A: coordination of formaldehyde to iron before
formation of the key C�C bond : In the most stable struc-
ture of (enol)Fe(CO)3 complex 7 the enol ligand is coordi-
nated through the C=C bond and through one of the oxygen
lone pairs (7a in Figure 1).[12] Decoordination of the C=C
bond can lead to intermediate 7b, in which the enol is s-
bonded to the Fe(CO)3 moiety. This process has a Gibbs ac-
tivation energy of 11.3 kcalmol�1 and a Gibbs reaction
energy of 7.4 kcalmol�1. Our previous computational study
on the transformation of 1 into 2 established that the 7a!
7b rearrangement was involved in the most favorable reac-
tion path for the enol decoordination step.[12] For this
reason, we first studied the reaction path which starts with


Scheme 2.


Scheme 3. Three possible mechanisms.
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coordination of formaldehyde to 7b. The Gibbs energy dia-
gram for this process is shown in Figure 2, and the structures
of the most relevant stationary points are presented in
Figure 3. Table 1 lists the results of natural population analy-
ses for selected stationary points.


Formaldehyde coordinates to 7b without potential energy
barrier to form 8a with a Gibbs reaction energy of 1.2 kcal
mol�1. Complex 8a is a trigonal bipyramid in which the enol
group is in an axial position and the formaldehyde group is
in an equatorial one. We could not find a transition state for
aldol formation starting from this structure. Enol and form-
aldehyde ligands can easily exchange positions through a
Berry pseudorotation[26] leading to 8b. Then, rotation
around the two Fe�O bonds brings the carbon atom of
formaldehyde close to the C(2) atom of the enol ligand to
allow formation of a new C�C bond.


This process affords the first aldol-type intermediate 9a.
The Gibbs activation energy for 8b!9a is 17.7 kcalmol�1,
and the Gibbs reaction energy is �16 kcalmol�1. The natural
population analysis (see Table 1) shows that, at the transi-
tion state TS(8b-9a), electron density is transferred from
enol to formaldehyde, whereas the charge of the Fe(CO)3
moiety only slightly changes with respect to 8b. On the
other hand, a remarkable charge transfer from the Fe(CO)3
moiety to the aldol ligand is observed in 9a. The latter com-
pound can be formally considered as a FeII complex in
which an aldol ligand is coordinated through two s bonds
(Fe�C and Fe�O) and a dative bond involving one of the
OH lone pairs.


Note that intermediate 9a is not the final aldol complex,
since the hydrogen atom is still bonded to the oxygen atom
of the enol. Proton transfer to the oxygen atom that origi-
nated from formaldehyde takes place with a very low Gibbs
activation energy (0.8 kcalmol�1) to form 10a, which is ther-
modynamically more stable than 9a (DG=�8.9 kcalmol�1).
This process involves an important diminution of the charge
transfer between Fe(CO)3 and the aldol ligand. Complex
10a can be viewed as a Fe0 complex in which the aldol
ligand is coordinated through the p system of the carbonyl
group and one of the lone pairs of OH.


The complete reaction path from 7a to 10a via 8a and 8b
has a Gibbs activation energy of 26.4 kcalmol�1. Further-
more, the overall process is highly exergonic with a Gibbs
reaction energy of �16.2 kcalmol�1.


An alternative reaction path begins with the coordination
of formaldehyde to 7a. The Gibbs energy diagram is shown
in Figure 4, and the structures of the most relevant station-
ary points are presented in Figure 5. The first step affords
8c, in which the enol is coordinated only through the C=C
bond. Starting from 8c reorganization occurs in the coordi-
nation sphere of the metal to afford the intermediate 8d, in


Figure 1. Structures of the [(enol)Fe(CO)3] complex 7. Selected inter-
atomic distances in P.


Figure 2. Gibbs energy diagram for the aldol-formation reaction involving
coordination of formaldehye to 7b. Relative Gibbs energies in kcal
mol�1.


Figure 3. Structures of selected stationary points corresponding to the
aldol-formation reaction starting with the coordination of formaldehyde
to 7b. Selected interatomic distances in P.


Table 1. Natural population analysis[a] for selected stationary points[b]


corresponding to the reaction paths involving coordination of formalde-
hyde to [(enol)Fe(CO)3].


Fe(CO)3 Enol H2CO Aldol


8b �0.101 0.064 0.037
TS(8b-9a) �0.061 0.241 �0.180
9a 0.404 �0.404
10a 0.250 �0.250
8e 0.237 0.177 �0.414
TS(8e-9b) 0.269 0.001 �0.270
9b 0.334 �0.334


[a] In a.u. [b] See Figures 3 and 5.
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which the carbonyl group is now bonded to the iron atom in
an h2 mode and there is a hydrogen bond between the enol
and carbonyl groups. Rotation around the Fe–formaldehyde
bond leads to 8e, in which the hydrogen bond between enol
and formaldehyde is stronger than in 8d. At the same time,
the enol Fe�C distances notably increase. This change in the
coordination mode affords a significant stabilization for 8e
as compared to 8c (DG=�5.5 kcalmol�1).


Starting from this already preorganized complex 8e, we
localized the transition state for the key C�C bond coupling.
This process affords 9b, which is similar to 9a (see Figure 3)
but exhibits a C�H agostic interaction instead of an OH
dative one. Complex 9b can rearrange to the more stable
conformer 9a with a Gibbs activation energy of 7 kcalmol�1


and then to the complexed aldol 10a. Therefore, the reac-
tion path from 7a to 10a via 8c and 8e has a Gibbs activa-
tion energy of 26.2 kcalmol�1. This represents a difference
of only 0.2 kcalmol�1 to the path in Figure 2.


The hydrogen bond between the enol and formaldehyde
ligands in 8e is remarkably strong. Moreover, proton trans-
fer must occur to form the final enol product. In the mecha-
nism discussed above, this proton transfer takes place after
C�C bond formation. We also considered the possibility
that these two processes take place in the reverse order.
Figure 6 shows the corresponding Gibbs energy diagram,
and the structures of stationary points are presented in


Figure 7. Proton transfer in 8e
leads to the formation of 11
with a Gibbs reaction energy of
�0.04 kcalmol�1. We located a
transition state for this process
with a very low energy barrier
(0.5 kcalmol�1 with the
LANL2DZ basis set, and
1.2 kcalmol�1 with 6-311+
G(d,p)), but this structure be-
comes lower in Gibbs energy
than 8e. This result indicates


that the proton is mainly delocalized among both ligands. In
the next step, 11 rearranges to oxoallyl complex 12, from
which a transition state for C�C bond formation was local-
ized. This process, which can be considered as a C�C reduc-
tive elimination, leads to the formation of 10b, in which the
aldol ligand is coordinated only through the carbonyl group.
Complex 10b can then rearrange to the more stable isomer
10a, which is 7.1 kcalmol�1 lower in Gibbs energy. The


Figure 4. Gibbs energy diagram for the aldol-formation reaction involving coordination of formaldehyde to 7a.
Relative Gibbs energies in kcalmol�1.


Figure 5. Structures of selected stationary points corresponding to the
aldol-formation reaction starting with coordination of formaldehyde to
7a. Selected interatomic distances in P.


Figure 6. Gibbs energy diagram for the aldol-formation reaction involving
proton transfer prior to C�C bond formation. Relative Gibbs energies in
kcalmol�1.


Figure 7. Structures of selected stationary points corresponding to the
aldol-formation reaction involving proton transfer prior to C�C bond
coupling. Interatomic distances in P.
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Gibbs activation energy for the 12!10b transformation is
29.0 kcalmol�1, and 32.8 kcalmol�1 when calculated with re-
spect to 7a+ formaldehyde. This value is notably larger than
the 26.2 kcalmol�1 for the path shown in Figure 4.


Among the three reaction paths considered up to now,
that involving proton transfer prior to C�C coupling
(Figure 7) can be discarded. However, the two paths in
which proton transfer takes place after C�C coupling (Fig-
ures 2 and 4) involve very similar Gibbs activation energies.
In fact, the corresponding rate determining transition states
TS(8b-9a) and TS(8e-9b) are remarkably similar. Figure 8


shows a superposition of the structures of these two transi-
tion states, which can be considered to be of the Zimmer-
mann–Traxler type. These two structures differ mainly in the
coordination of iron to the enol ligand: through oxygen in
TS(8b-9a) and through the C=C bond in TS(8e-9b). This
fact has consequences for the electron distribution (see
Table 1). In TS(8b-9a) electron density is transferred mainly
from enol to formaldehyde, whereas in TS(8e-9b) charge
transfer takes place between Fe(CO)3 and formaldehyde.


To complete the catalytic cycle, replacement of the aldol
ligand by the allyl alcohol must be performed on the
Fe(CO)3 unit. We explored two different paths (Scheme 4).
Starting from 10a, decoordination of the OH group leads to
the intermediate 10b (Figure 7), in which the carbonyl
group is still bonded in a h2 mode to the Fe(CO)3 unit. Then
modification of the coordination mode leads to s complex
10c (Figure 9). Allyl alcohol can coordinate to this inter-
mediate without potential energy barrier to give 13a. Aldol
elimination from 13a restores the complexed allyl alcohol 5.
This process involves a rotation around the alcohol C(1)�
C(2) bond to allow coordination of the OH group in 5 with
a Gibbs activation energy of 4.9 kcalmol�1.[12]


Alternatively, decoordination of the carbonyl group of the
aldol ligand in 10a can lead to 10d (Figure 9). This process
is slightly more favorable than the 10a!10c rearrangement.
The coordination of allyl alcohol to 10d affords 13b, from
which the aldol ligand can be eliminated. The highest point
in Gibbs energy for this aldol decoordination is 10d (DG=


11.1 kcalmol�1 with respect to 10a). Overall this process is
slightly exergonic, with a Gibbs reaction energy of
�1.4 kcalmol�1. According to these results, the aldol decoor-
dination step is kinetically much more favorable than the
aldol formation step.


Mechanism B: addition of formaldehyde to coordinated
enol : Next we studied the direct addition of formaldehyde
to the enol moiety of [(enol)Fe(CO)3] complexes 7a and 7b.


The attack of formaldehyde from the top face and anti to
the Fe(CO)3 unit of 7a’


[27] was found to be possible, and the
structure of the corresponding transition state is shown in
Figure 10. This process leads to the formation of 10b’, which


Figure 8. Superposition of the structures of transition states TS(8b-9a)
(white) and TS(8e-9b) (gray) in the plane defined by the olefinic carbon
atoms of the enol ligand and the carbon atom of formaldehyde. CO
ligands omitted for clarity.


Scheme 4. DG values given in kcalmol�1.


Figure 9. Structures of intermediates corresponding to the allyl alcohol/
enol exchange processes shown in Scheme 4. Interatomic distances in P.
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is a diasteromer of 10b, with a Gibbs activation energy of
25.1 kcalmol�1 and a Gibbs reaction energy of �8.8 kcal
mol�1. This transition state has a hydrogen bond between
the enol and the aldehyde. Examination of the transition
vector shows that proton transfer from the enol ligand to
the incoming formaldehyde makes an important contribu-
tion to the reaction coordinate. The natural population anal-
ysis (Table 2) shows that the electron density of the enol


fragment only slightly changes on going from 7a’ to the
transition state, while a remarkable charge transfer occurs
from Fe(CO)3 to formaldehyde. After formation of the key
C�C bond, 10b’ can rearrange to the more stable isomer
10a’ (diastereomer of 10a) with a Gibbs reaction energy of
�7.8 kcalmol�1. Alternatively it can also rearrange to 10c
(DG=3.8 kcalmol�1) and coordinate an allyl alcohol mole-
cule to complete the catalytic cycle, as described earlier (see
Scheme 4).


We also studied the direct attack of formaldehyde on the
enol moiety of 7b, and the corresponding transition state is
shown in Figure 10. This process leads to the formation of
10c (Figure 9) with a Gibbs activation energy of 20.3 kcal
mol�1 (25.1 kcalmol�1 relative to the 7a+ formaldehyde
asymptote) and a Gibbs reaction energy of �12.4 kcalmol�1.
Complex 10c can rearrange to the most stable isomer 10a
with DG=�11.3 kcalmol�1 or coordinate an allyl alcohol
molecule to complete the catalytic cycle (see Scheme 4). For
this aldolization starting from 7b, the Gibbs activation
energy with respect to the 7a+ formaldehyde asymptote is
27.6 kcalmol�1, 2.5 kcalmol�1 higher than the value corre-
sponding to TS(7a’-10b’). The natural population analysis
(Table 2) shows that, on going from the reactant to the tran-
sition state, the charge transfer takes place mainly between
the enol ligand and formaldehyde, whereas the charge on
the Fe(CO)3 fragment changes only slightly.


Mechanism C: decoordination followed by aldolization of
the free enol : The last step in the 1!2 isomerization is de-
coordination of the enol. The most favorable mechanism in-
volves the coordination of allyl alcohol to 7b followed by
enol decoordination.[12] The transition state of highest Gibbs
energy is associated with the 7a!7b rearrangement, so that
the Gibbs activation energy for enol decordination is
11.3 kcalmol�1. Moreover, the process is exergonic with a
Gibbs reaction energy of �8.7 kcalmol�1. The Gibbs activa-
tion energy corresponding to this decoordination is more
than 10 kcalmol�1 lower than those corresponding to the
previous aldolization processes (mechanisms A and B).
Therefore, it appeared of interest to study also the attack of
formaldehyde on free enol. For this carbonyl-ene type aldol
reaction, we located the transition state corresponding to
the formation of the aldol product 4 (Figure 11). The Gibbs


activation energy associated with this process is 22.2 kcal
mol�1, and the Gibbs reaction energy is �9.0 kcalmol�1. Ex-
amination of the transition vector shows an important con-
tribution of proton transfer between enol and formaldehyde
in the reaction coordinate, as was already been observed for
TS(7a’-10b’) (Figure 10). In fact, there are remarkable simi-
larities between the two transition states, the main differ-
ence being the O�H distances associated with proton trans-
fer. The natural population analysis shows that an important
charge transfer from enol to formaldehyde (0.246 a.u.) takes
place at the transition state. The Gibbs activation energy
calculated with respect to the 7a+ formaldehyde asymptote
is 13.5 kcalmol�1, a value notably lower than those associat-
ed with any of the previous reaction paths.


The potential-energy barrier associated with the reaction
between 2 and formaldehyde is 9.8 kcalmol�1 when calculat-
ed with the 6-311+G(d,p) basis set. This value is much
lower than that of 26.2 kcalmol�1 reported by CoitiÇo
et al.[28] for the reaction between vinyl alcohol and formalde-
hyde at the Hartree–Fock level of theory. To verify that the
B3LYP method provides a good description of this process,
we performed single-point calculations at the BB1K/6-311+
G(d,p) and CCSD(T)/6-311+G(d,p) levels, and the calculat-
ed potential energy barriers are 9.5 and 11.4 kcalmol�1, re-
spectively.


We also examined a reaction path involving attack of a
free enol molecule on a species in which formaldehyde is co-
ordinated to the Fe(CO)3 moiety. One of the possible inter-
mediates involved in mechanism A, namely, 8e (see Fig-
ures 4 and 5), exhibits an h2-coordinated formaldehyde and


Figure 10. Structure of transition states corresponding to the attack of
formaldehyde on coordinated enol. Interatomic distances in P.


Table 2. Natural population analysis[a] for selected stationary points[b]


corresponding to the reaction paths involving direct attack of formalde-
hyde on [(enol)Fe(CO)3].


Fe(CO)3 Enol H2CO


7’a �0.042 0.042
TS(7a’-10b’) 0.140 0.085 �0.225
7b �0.145 0.145
TS(7b-10c) �0.151 0.274 �0.123


[a] In a.u. [b] See Figure 10.


Figure 11. Structure of the transition state corresponding to the reaction
between formaldehyde and 1-propen-1-ol. Interatomic distances in P.
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a weak Fe–enol interaction, so that formation of a free enol
seems feasible. The complete removal of the enol from 8e
to afford the [(formaldehyde)Fe(CO)3] complex 14
(Figure 12) involves lowering of the Gibbs energy by


6.4 kcalmol�1. Starting from 14, we located the transition
state for the attack of free enol from the top face of the co-
ordinated formaldehyde and anti to the Fe(CO)3 moiety.
This process, which involves a Gibbs activation energy of
32.7 kcalmol�1, leads to the formation of 10d (see Figure 9)
with DG=1.8 kcalmol�1. The Gibbs activation energy calcu-
lated with respect to the 7a+ formaldehyde asymptote is
25.7 kcalmol�1. This value is very close to those obtained in
the calculations performed for mechanisms A and B, but it
is much higher than for the previous reaction starting from
the free enol.


Comparison of results : Table 3 lists the Gibbs energies of
the rate-determining transition states associated with the re-
action paths presented above. To allow comparison, they are


referred to the same origin: the 7a+ formaldehyde asymp-
tote.


The transition state of lowest Gibbs energy is TS(2-4),
that is, that associated with mechanism C. The other transi-
tion states are at least 11.5 kcalmol�1 higher in Gibbs
energy, and furthermore they are within a range of less than
3 kcalmol�1. These values do not significantly change when
solvent effects are taken into account. Therefore, the main
conclusion of this study is that mechanism C, corresponding
to addition of the free enol to the aldehyde, is highly fa-
vored, at least in the case of reactions catalyzed by iron car-
bonyl complexes. The Gibbs energies listed in Table 3 are


based on geometries and vibrational frequencies obtained
with the LANL2DZ basis set. We reoptimized the geome-
tries of 1, formaldehyde, 5, 7a, and the rate-determining
transition states at the B3LYP/6-311+G(d,p) level of theory
and calculated the corresponding vibrational frequencies.
The calculated Gibbs activation energies are very similar to
those based on LANL2DZ geometries; the largest differ-
ence is 0.4 kcalmol�1 for TS(14-10d) (Figure 12).


To verify whether the conclusion about the most favora-
ble mechanism holds for other aldehydes, we extended our
study to acetaldehyde. We located the rate-determining
transitions states for the same reaction paths explored for
the reaction with formaldehyde. The structures of these
transition states are shown in Figure 13, and the correspond-


ing Gibbs activation energies are included in Table 3. The
presence of the methyl group in the aldehyde increases the
Gibbs activation energies by between 2.8 and 7.4 kcalmol�1,
depending on the transition state. However, the transition
state corresponding to the reaction between free enol and
acetaldehyde, TS(2–4), is clearly the most favorable. Hence,
the conclusions reached for the reaction of formaldehyde
are still valid for acetaldehyde.


Figure 14 schematically presents the catalytic cycle for the
tandem reaction involving formation of allylic alcohol and
aldol isomerization. The first stage of the process is
Fe(CO)3-mediated isomerization of allylic alcohol. The tran-
sitions state of highest Gibbs energy corresponds to the
enol/allyl alcohol substitution step, which has a Gibbs acti-
vation energy of 13.6 kcalmol�1 with respect to 5. After enol
decoordination, attack of formaldehyde leads to formation
of the aldol 4. This step involves the transition state with the
highest Gibbs energy of the whole process (Gibbs activation
energy 15.8 kcalmol�1 with respect to the 5+ formaldehyde
asymptote). The corresponding Gibbs reaction energy is
�15.4 kcalmol�1.


Figure 12. Structure of stationary points involved in the attack of enol 2
on [(formaldehyde)Fe(CO)3] complex 14. Interatomic distances in P.


Table 3. Gibbs activation energies[a] for the rate-determining transition
states[b] corresponding to different mechanisms of aldol formation for re-
actions with formaldehyde and acetaldehyde.


Mechanism Transition state Formaldehyde Acetaldehyde
gas phase cyclohexane gas phase


A TS(8b-9a) 26.4 (26.3) 26.0 31.0
A TS(8e-9b) 26.2 (26.3) 26.6 33.3
B TS(7a’-10b’) 25.1 (25.1) 27.0 28.5
B TS(7b-10c) 27.6 (27.6) 28.3 30.4
C TS(2–4)[c] 13.5 (13.6) 12.7 19.4
C TS(14–10d) 25.7 (26.1) 25.3 33.1


[a] Relative to the 7a+aldehyde asymptote in kcalmol�1. In parentheses:
values calculated from B3LYP/6-311+G(d,p) geometries and frequen-
cies. [b] See Figures 3, 5, 10, 11, and 12. [c] Relative to 7a+aldehyde+1.


Figure 13. Structures of the rate-determining transition states associated
with different paths for the reaction between acetaldehyde and enol 2.
Interatomic distances in P.
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Interestingly, during the Rh+-mediated isomerization of
allyl alcohols to carbonyl compounds, free enols could be
characterized by NMR spectroscopy and, in some cases,
were even isolated in pure form.[29,30] Furthermore, it has
been demonstrated that such enols undergo ene-type addi-
tion with very strong electrophiles such as iminium salts,
tosyl isocyanate, and tetracyanoethylene.[29b] To the best of
our knowledge their possible reactions with aldehydes have
been reported only once, as a possible source of byproducts
in the isomerization process.[29a]


Starting from the results obtained here it is possible to
discuss why the most favorable mechanism for aldol forma-
tion involves the reaction between free enol and aldehyde
molecules (mechanism C) instead of Fe(CO)3-coordinated
species (mechanisms A and B). The formation of the aldol
involves two key aspects: the first is an electron transfer
from the enol (as a nucleophile) to the electrophilic alde-
hyde, which is associated with the formation of the new C�
C bond, and the second is proton transfer from the enol to
the aldehyde. In mechanism C C�C bond formation takes
place simultaneously with proton transfer between the enol
and the aldehyde, as we observed for the transition state
TS(2–4) (see Figure 11). An efficient catalyst should be able
to favor at least one of these two processes.


Table 4 lists the potential energy barriers associated with
the aldol-formation step for the different mechanisms. If we
take as the reference the value corresponding to the reac-
tion between free enol and formaldehyde, that is, 9.8 kcal
mol�1 for TS(2–4), we observe only one case in which the
potential energy barrier decreases, namely, TS(7b-10c). For


TS(8b-9a) and TS(7a’-10b’) the barrier increases by less
than 4 kcalmol�1, whereas in the remaining two cases,
TS(14–10d) and TS(8e-9b), the increase is much larger.


Mechanism B involves the attack of formaldehyde on a
coordinated enol. We considered two different coordination
modes: h3 in 7a/7a’, and h1 in 7b. In both complexes the
natural population analysis shows that electron charge den-
sity is transferred from the enol to the Fe(CO)3 unit (see
Table 2), so that the electron-donor ability of the enol mole-
cule decreases and charge transfer from the enol to an in-
coming aldehyde is not favored. Proton transfer depends on
the coordination mode of the enol. For 7a/7a’ the Fe–enol
interaction involves p orbitals of the ligand. These orbitals
do not make any contribution to the O�H bond, so the
proton donor ability of the enol is not expected to increase.
Thus, the coordinated enol in 7a/7a’ is not activated for
charge transfer or for proton transfer, and the potential
energy for the attack of formaldehyde on 7a’ (13.6 kcal
mol�1) is larger than that corresponding to attack on the
free enol (9.8 kcalmol�1). On the other hand, when the enol
is coordinated in an h1 mode, as in 7b, the Fe–enol interac-
tion involves electron donation from an in-plane oxygen sp-
type orbital with O�H bonding character (Figure 15). Thus,


coordination to Fe increases the proton donor ability of the
enol. For this reason, the potential energy barrier corre-
sponding to attack of formaldehyde on the enol ligand in 7b
(8.9 kcalmol�1) is slightly lower than that corresponding to
attack on the free enol, and TS(7b-10c) (Figure 10) exhibits
a larger degree of proton transfer than TS(4–2) (Figure 11).
However, 7b is 9.4 kcalmol�1 higher in energy than 7a’, and
therefore TS(7b-10c) becomes less favorable than TS(7a’-
10b’).


In mechanism A the aldol reaction takes place after coor-
dination of formaldehyde to the [(enol)Fe(CO)3] complex.
There are two different modes of coordination: h1, as in 8b,
and h2, as in 8e. The natural population analysis (see
Table 1) shows that for 8b formaldehyde acts as an electron
donor, in such a way that it becomes activated for accepting
electrons from the enol. However, the enol ligand is not ac-
tivated, so the potential energy barrier for aldol formation
increases with respect to that corresponding to TS(2–4).


On the other hand, for 8e electron transfer occurs from
Fe to formaldehyde, and the aldol-formation step (8e!9b
in Figure 4) involves a much larger potential energy barrier


Figure 14. Catalytic cycle for tandem allyl alcohol isomerization/aldol for-
mation. Gibbs activation energies (boldface) and Gibbs reaction energies
(italics) in kcalmol�1.


Table 4. Potential energy barriers[a] for the aldol-formation step in the
different mechanisms.


Mechanism Transition state[b] DE�


A TS(8b-9a) 13.5
A TS(8e-9b) 25.5
B TS(7a’-10b’) 13.6
B TS(7b-10c) 8.9
C TS(2-4) 9.8
C TS(14-10d) 19.5


[a] In kcalmol�1. [b] See Figures 3, 5, 10, 11, and 12.


Figure 15. Molecular orbital of 2 involved in the interaction with
Fe(CO)3 in 7b.
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(25.5 kcalmol�1), since both ligands are electronically deacti-
vated. The same kind of deactivation of the formaldehyde
ligand can be observed in TS(14–10d).


As a consequence of this extensive computational study
several important aspects can be emphasized. First, we con-
clude that the role of the iron tricarbonyl-based catalysts is
to favor the allylic alcohol to enol isomerization, which af-
fords the free enol. Then, the aldol product is formed by re-
action between the aldehyde and the free enol (mecha-
nism C). The very facile carbonyl-ene-type aldol reaction is
noteworthy, since it has not been considered previously in
aldol processes and therefore warrants future exploration,
both from mechanistic and synthetic point of views. Work
along these lines is underway.
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Lanthanide(iii) Complexes of DOTA–Glycoconjugates: A Potential New
Class of Lectin-Mediated Medical Imaging Agents
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Introduction


The number of suitable radiometals for use in nuclear medi-
cine (both in diagnosis and in therapy) is considerable (g-
emitters like 111In or 67Ga; positron emitters as 68Ga or 64Cu,
and particle emitters like 90Y, 177Lu (b-emitter) or 213Bi (a-


emitter)).[1–4] However, the central question in the develop-
ment of new radiopharmaceutical agents is how to deliver
them specifically to the cellular targets (receptors). Many
strategies have been attempted and some are currently in
clinical use. The general strategy in the field of gamma-
imaging is based on the use of radio-labeled conjugates that
bind to specific receptors that are overexpressed in certain
regions or organs in the body. Specific carriers like monoclo-
nal antibodies[5] and peptides[6] proved, so far, to be the
most successful approaches. The moiety of the conjugate
that encapsulates the radio metal is a bifunctional chelator
which simultaneously presents a functionality (usually car-
boxylic and amine groups) suitable for covalent binding to
the carrier agent.


Magnetic resonance imaging (MRI) is a diagnostic modal-
ity based on the enhancement of contrast given by paramag-
netic contrast agents (CAs). Gadolinium(iii) chelates dem-
onstrated to be the most suitable paramagnetic CAs for
MRI, due to the high paramagnetism of the GdIII ion (4f7)
and to its slow electron spin relaxation. The efficiency of a
MRI CA is based on its ability to selectively reduce the
water proton relaxation times of normal and lesioned tissues
in the body, and is expressed by its relaxivity, r1 (in units of
mm


�1 s�1). The relaxivity is defined as the longitudinal relax-
ation rate enhancement of the water protons for 1mm con-
centration of paramagnetic compound.[7,8]


Nowadays molecular imaging is a field of fast rising inter-
est.[9] The main requisites in molecular imaging using MRI
are high relaxivity and high biospecificity, in order to deliver
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Abstract: The synthesis and characteri-
zation of a new class of DOTA
(1,4,7,10-tetrakis(carboxymethyl)-
1,4,7,10-tetraazacyclododecane) mono-
amide-linked glycoconjugates (glucose,
lactose and galactose) of different va-
lencies (mono, di and tetra) and their
SmIII, EuIII and GdIII complexes are re-
ported. The 1H NMR spectrum of
EuIII–DOTALac2 shows the predomi-


nance of a single structural isomer of
square antiprismatic geometry of the
DOTA chelating moiety and fast rota-
tion about the amide bond connected
to the targeting glycodendrimer. The in


vitro relaxivity of the GdIII–glycoconju-
gates was studied by 1H nuclear mag-
netic relaxation dispersion (NMRD),
yielding parameters close to those re-
ported for other DOTA monoamides.
The known recognition of sugars by
lectins makes these glycoconjugates
good candidates for medical imaging
agents (MRI and gamma scintigraphy).
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as many paramagnetic species as possible to the receptors of
interest and thus obtain images of the targeted cells.


For the detection of hepatic lesions there are a few hepa-
tocyte-specific MRI CAs which are lipophilic or amphiphilic
compounds: [Gd(BOPTA)(H2O)]2� (BOPTA=4-carboxy-
5,8,11-tris(carboxymethyl)-1-phenyl-2-oxa-5,8,11-trazatride-
can-13-oic acid),[10] [Gd(EOB-DTPA)(H2O)]2� (EOB-DTPA
= (S)-N-[2-[bis(carboxymethyl)amino]-3-(4-ethoxyphenyl)-
propyl]-N-[2-[bis(carboxymethyl)amino]ethyl]glycine),[11]


[Mn(dpdp)(H2O)] (DPDP = N,N’-1,2-ethanediylbis-[N-[[3-
hydroxy-2-methyl-5-[phosphonooxymethyl]-4-pyridinyl]me-
thyl]glycine]),[12] superparamagnetic iron oxides,[13] liposo-
mal[14] and micellar[15] paramagnetic systems.


The focus of our ongoing research plan is the synthesis of
multivalent glycoconjugates of metal complexes as potential
agents for medical imaging (MRI and scintigraphy). These
compounds include two different moieties: a metal chelator
capable of forming chelates with lanthanide(iii) ions with
high kinetic and thermodynamic stability, and a sugar
moiety capable of interacting with high affinity and selectivi-
ty with endogenous lectins.[16] Lectins are a large group of
carbohydrate binding proteins broadly found in nature (in-
cluding plants, animals and lower organisms). The lectin-car-
bohydrate interaction controls many biological events
(immune function, fertilization, infectious cycles, metastasis,
etc.).[17] The effect of the valence of synthetic and natural
glycoconjugates on the affinity to lectins has been fully dem-
onstrated, although the physical nature of the phenomenon
is still debatable.[18] A critical feature in the glycoconjugate-
lectin interaction is the topology of both the glycoconjugate
and lectin. In this respect, the relative orientation and spac-
ing of the carbohydrate residues in the glycoconjugate in re-
lation to the distribution of the Carbohydrate Recognition
Domains (CRDs) on the lectins is of fundamental impor-
tance.[18,19] The hepatocyte cells on liver express lectins that
recognize terminal b-galactosyl residues on desilylated gly-
coproteins- asialoglycoprotein receptor (ASGPR).[20] The
targeting of endogenous lectins for drug delivery is an ap-
pealing concept.[21] The ASGPR can be targeted by attach-
ing galactose residues to a desired carrier containing effi-
cient reporter groups.[22–26] The pioneering work of Lee and
others has demonstrated that the order of increasing affinity
(in vivo and in vitro) of multivalent glycoconjugates for the
ASGPR is tetra> tri>di>mono.[52]


The targeting of the ASGPR has been demonstrated both
in a cell line and mice with a 111In-radiolabelled galactopyra-
nosyl conjugate of DOTA (1,4,7,10-tetrakis(carboxymethyl)-
1,4,7,10-tetraazacyclododecane).[27] 99mTc-DTPA-GSA, a
conjugate of galactosylated serum albumin (GSA) with
99mTc-DTPA (DTPA=3,6,9-tris(carboxymethyl)-3,6,9-tria-
zaundecan-1,11-dioic acid), is useful in SPECT (single
photon emission computed tomography) hepatic imaging to
assess ASGPR in mice[28] and used clinically in humans.[29,30]


Monocrystalline iron oxide nanoparticles (MION) conjugat-
ed to the bovine plasma protein asialofetuin (ASF),
(MION-ASF),[31] arabinogalactan (AG)-coated ultra-small
superparamagnetic iron oxide particles (USPIO), (AG-
USPIO),[32,33] spin-labelled arabinogalactan,[34] and a Gd-
DTPA conjugate of polylysine (PL) derivatized with galac-


tosyl groups (Gd-DTPA-gal-PL),[35] have also been devel-
oped as potential contrast agents for liver MRI by targeting
the hepatocyte ASGPR and tested in cells and mice.


In this paper we report the synthesis and characterization
of a series of multivalent lanthanide(iii)–glycoconjugates,
based on DOTA-monoamide functionalized chelators
(Figure 1). DOTA-like chelators are well known to form
LnIII chelates of high thermodynamic and kinetic stability,
which is of crucial importance for in vivo applications.[36]


The covalent binding of GdIII chelates to macro and bio-
molecules[7,8] and the formation of supramolecular assem-
blies[15] have been reported to slow down the tumbling rate
of the paramagnetic chelates which leads then to higher re-
laxivities. In the present work, the in vitro relaxivity of the
GdIII–glycoconjugates was measured and the parameters
that influence relaxivity were determined. We hypothesised
that the glycoconjugates-lectin association could substantial-
ly slow down the rotation and therefore enhance proton re-
laxivity of the GdIII-labelled glycoconjugates. This could be
the basis of a new class of paramagnetic CAs targeted to
lectins, both soluble and membrane-bound. In order to test
this concept we studied the interaction of GdIII–glycoconju-
gates in vitro with the model lectin Ricinus communis agglu-
tinin (RCA) through relaxometric measurements. To our
knowledge this is the first time that the interaction between
a GdIII–glycoconjugate and a lectin is experimentally investi-
gated in the context of MRI.


Results and Discussion


Synthesis of the ligands : We devised the synthesis of a series
of glycoconjugates of metal complexes, which includes vari-
ous galactose (Gal), glucose (Glc) and lactose (Lac) deriva-
tives of different valencies, namely the monoderivatives 1
(DOTAGal, DOTAGlc, DOTALac), the divalent glycocon-
jugates 2 (DOTAGal2, DOTAGlc2, DOTALac2) and the tet-
ravalent glycoconjugate 3 (DOTAGal4) (Figure 1).


We have devised a convergent synthesis for these ligands.
A metal chelator block and a sugar block suitably function-
alised were synthesised separately. Subsequent coupling af-
forded the fully protected glycoconjugates, which were then
deprotected to give the final compounds 1, 2 and 3.


The metal pro-chelator block 7 is a protected amino-func-
tionalized DOTA monoamide derivative (Scheme 1).


As sugar block we used a carboxylic acid-functionalised
glycodendrimer, prepared as illustrated for generation 1
(G1) dendromers 10[37] (Scheme 2).


Generation 2 (G2) dendromer 12 was prepared in a con-
vergent way from diamine 9 and TFA salt 11a (Scheme 3).


The synthesis of diamine 9 was accomplished by a modifi-
cation of RoyQs original procedure[37] (Scheme 4).


The standard DCC/HOBt (DCC=dicyclohexylcarbodi-
imide; HOBt=1-hydroxybenzotriazol) coupling procedure
revealed successful for preparing fully protected monovalent
18, divalent 17 and tetravalent 16- glycoconjugates. A two-
step deprotection, TFA/CH2Cl2 followed by KOMe/EtOH,
afforded the fully deprotected monovalent 1, divalent 2 and
tetravalent 3 glycoconjugates (Schemes 5 and 6).
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The characterization of intermediate fully protected com-
pounds, especially glycoconjugates 16, 17 and 18 by
1H NMR spectroscopy proved difficult due to extensive


broadening and overlapping of
signals. The assignment of the
1H and 13C NMR spectra from
fully deprotected compounds in
D2O revealed even more chal-
lenging, as experienced by
other groups working with dif-
ferent types of multivalent gly-
coconjugates.[19,37] High resolu-
tion mass spectrometry
(HRMS) confirmed the identity
of the final compounds.


NMR characterization of the glycoconjugate ligands in
aqueous solution : The 1H NMR spectra of the DOTAGal
(1a), DOTAGlc (1b), DOTALac (1c), DOTAGal2 (2a),


Figure 1. Structure of monovalent 1, divalent 2 and tetravalent 3 glycoconjugate ligands.


Scheme 1. a) BrCH2C(O)OEt, CH2Cl2; b) BrCH2C(O)OtBu/K2CO3, CH3CN; c) neat H2N(CH2)2NH2.
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DOTAGlc2 (2b), DOTALac2
(2c) and DOTAGal4 (3) ligands
(10mm) in D2O were obtained
in the pH 0.90–9.50 range, at
25 8C, 60 8C and 80 8C and fully
assigned using the DQF-COSY
technique. The 1H shifts at
pH 7.0 are listed in the Experi-
mental section.


In all cases, changing the pH
did not affect the sugar proton
resonances, but had a profound
effect on the DOTA macrocy-
clic and pendant arm CH2 sig-
nals. The CH2 signals from all
pendant arms except one re-
mained sharp throughout the
pH range, as well as the signals
from the macrocyclic CH2 pro-
tons, which are very broad
below pH 3, due to the rigidify-
ing effect of the presence of in-
ternal hydrogen bonds.[38] These
signals sharpen considerably
and shift to low frequencies as
the pH increases above 3.0, due


to successive selective deprotonation of some of the nitro-
gens and carboxylate oxygens, destroying most of those in-
ternal hydrogen bonds. A temperature increase has a similar
sharpening effect on those resonances.


The CH2 resonances of the bridging moieties are generally
sharp, indicating flexibility, and have almost no pH depend-
ence, with some exceptions. In DOTAX2 (X=Gal, Glc and
Lac) and in DOTAGal4, the NCH2C(O) proton signals shift
somewhat (eg. from 4.06 ppm at pH 1.1 to 4.12 ppm at
pH 5.2, for DOTAGlc2) but broaden and disappear at pH >


5.5, while some broadening is also observed for the NCH2


protons close to the branching protonated nitrogen atoms.
This indicates that an interaction occurs at high pH between
these positively charged nitrogens and the negatively charg-
ed deprotonated DOTA-monoamide pendant carboxylate
groups.


Scheme 2. a) DCC/HOBt, CH2Cl2; b) TFA/CH2Cl2 1:3.


Scheme 3. a) i) DIPEA/CH2Cl2, ii) DCC/HOBt, CH2Cl2; b) TFA/CH2Cl2 1:3.


Scheme 4. a) i) CF3C(O)OEt, CH2Cl2; ii) BrCH2C(O)OtBu/DIPEA, CH3CN; b) Dowex 1X2-100-OH� ,
CH3OH/H2O.


Scheme 5. a) DCC/HOBt, CH2Cl2; b) i) TFA/CH2Cl2, ii) KOMe/EtOH
iii) Amberlyst 15, elution with NH3(aq).
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NMR studies of some LnIII–glycoconjugates : The 1H NMR
spectra of the paramagnetic complexes SmIII-DOTAGal,
SmIII-DOTAGlc2, SmIII-DOTALac2 and EuIII-DOTALac2
were obtained in D2O at 25 8C (see Figure 2 for EuIII-DO-
TALac2). For all the SmIII complexes and the EuIII complex,
the protons of the sugar moieties and the bridging arms are
hardly perturbed by the paramagnetic center, with very
small broadenings and paramagnetic shifts smaller than
0.05 ppm (with the exception of the NCH2CH2 protons of
the EuIII-DOTALac2 complex, with a paramagnetic shift of
+0.30 ppm). This indicates that they have preferred solution
conformations with the sugar and linker moieties extended
away from the LnIII-binding chelate moiety, due to the r�6


and r�3 dependency, respectively, of the dominant dipolar
contributions to the paramagnetic relaxation and shift in-
duced by the LnIII ion, where r is the LnIII-proton distance
in the complex.[39] However, the CH2 resonances within the


macrocyclic ring and pendant
arms of the derivatized DOTA
moiety are strongly shifted, and
somewhat broadened. These
features show close similarities
with the parent DOTA and re-
lated complexes.[39–42] These
complexes can adopt two dia-
stereomeric structures, the
square antiprismatic (M) and
the twisted square antiprismatic
(m) structure, which differ in
the layout of the coordinating
arms relative to the macrocyclic
ring, with a twist angle between
the two planes formed by the
four nitrogens and four oxygens
in the coordination sphere of
the LnIII of about 408 (M) and
�208 (m). For the same LnIII


complex, the paramagnetically
shifted 1H resonances of the M
isomer cover a spectral window
about double of the m
isomer.[40,41] The EuIII-DOTA-
Lac2 complex shows two sets of
signals corresponding to M- and
m- type structures, with a rela-
tive intensity ratio of about 3:1
(Figure 2), similar to what has
been found for other assymetric
DOTA derivatives.[42] The para-
magnetic centers are expected
to cause a separate resonance
for each of the protons of each
isomer in the assymetrically
substituted amide ligand, with a
total of 24. All of these are
seen for the M isomer, in the
+33.5 to �16.6 ppm range, but
only some for the m isomer, for
example, at ppm �8.8, �7.2,


�6.0, �1.2. A comparison of the relative shifts of the M
isomer of EuIII-DOTALac2 and EuIII-DOTA[43] allows the as-
signment of the resonances of this isomer to the types of
protons present in the DOTA moiety of the glycoconjugate
(ppm: �16.6, �15.5, �15.0, �14.8 for ac2; �14.6, �12.5,
�12.1, �11.4 for ax2; �10.6, �7.9, �7.6, �6.8 for ac1; �5.6,
�4.8, �3.1, �2.9 for eq2; �1.9, �0.1, 0.0, +1.9 for eq1,
+31.1, +31.4, +32.6, +33.5 for ax1, Figure 2). In the pres-
ent case, the orientation of the substituent did not lead to a
doubling of these resonances as a consequence of the forma-
tion of two structural isomers, indicating that fast rotation
about the amide bond occurs, similar to what has been
found for other monosubstituted amide derivatives, but not
in disubstituted ones.[42]


The signals are somewhat broadened at 25 8C due to
M$m isomeric exchange,[41] but this exchange broadening
effect is much more noticeable for the SmIII complexes,


Scheme 6. a) i) DIPEA/CH2Cl2, ii) DCC/HOBt, CH2Cl2; b) i) TFA/CH2Cl2 1:3, ii) KOMe/EtOH, iii) Amberlyst
15, elution with NH3(aq).
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where only six broad resonances are detectable at +7.2,
+4.2, +1.6, +1.4, +1.2 and �2.1 ppm, which, when com-
pared with those of SmIII-DOTA,[40] can be assigned, respec-
tively, to the ac2, ax2, ac1, eq1, eq2 and ax1 protons of the M
isomer. However, this broadening causes overlap of the four
signals from each type of proton in the four chelate units,
and does not allow observation of the m isomer.


NMRD studies of the GdIII–glycoconjugates and their bind-
ing to RCA : The proton relaxivity of the GdIII complexes
describes the efficiency of the magnetic dipolar coupling be-
tween the water proton nuclei and the paramagnetic metal
ion, therefore it is a direct measure of the efficacy of the
complex as a contrast agent. The paramagnetic ion enhances
the relaxation rates of the bulk water protons by long-range
and short-range interactions (outer sphere and inner sphere
relaxation, respectively). The inner sphere term is governed
by the exchange rate of the inner sphere water molecule
(kex), the rotational correlation time of the complex (tR),
and the longitudinal and transverse electronic relaxation
rates of the GdIII (1/T1e and 1/T2e). The outer sphere contri-
bution to the overall proton relaxivity depends on the elec-
tron spin relaxation rates and the diffusion coefficient for
the diffusion of a water proton away from a GdIII complex
(see Appendix).[43]


The proton relaxivities have been measured for the GdIII


glycoconjugates of the three types of sugars at three differ-
ent temperatures (25, 37 and 60 8C) between 0.2 and


20 MHz proton Larmor frequency. They are all characteris-
tic of low molecular weight GdIII complexes. As a represen-
tative example we show the nuclear magnetic relaxation dis-
persion (NMRD) profiles of the divalent glucose derivative
GdIII-DOTAGlc2 (Figure 3). The NMRD curves of the two


divalent derivatives of galactose and lactose, GdIII-DOTA-
Gal2 and GdIII-DOTALac2, respectively, can be found in the
supporting information. The profiles have been fitted to the
usual Solomon-Bloembergen-Morgan theory that relates the
paramagnetic relaxation rates to the microscopic parameters
of the GdIII complex (for equations see Appendix). As it has


Figure 2. 1H NMR spectrum of EuIII-DOTALac2 in D2O, pH 7.0, T=25 8C.


Figure 3. Variable temperature NMRD profiles for GdIII-DOTAGlc2. T=


25 (~); 37 (&) and 60 8C (*). The lines represent the least squares fit to
the experimental data points as described in the text.
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been pointed out previously, given the large number of fac-
tors influencing proton relaxivity, the parameters describing
relaxivity cannot be determined exclusively from the often
featureless NMRD profiles. Therefore an independent
access to some of the parameters is usually required. Water
exchange rates have been determined on numerous GdIII


chelates, including [Gd(DOTA)(H2O)]� , [Gd(DTPA)-
(H2O)]2� and their different amide derivatives. As a relative-
ly general rule, it was found that the replacement of each
carboxylate coordinating group of the poly(amino carboxy-
late) ligand by an amide function results in a decrease of the
water exchange rate by a factor of 3–4.[43] This decrease is
independent of the substituents on the amide group. The
glycoconjugates studied here are all monoamide derivatives
of DOTA4�. Therefore, based on the large body of available
data on the water exchange on similar DOTA-monoamides,
in the analysis of the NMRD profiles we fixed the rate as
well as the activation enthalpy of the water exchange to
usual values (kex


298=1.2S106 s�1 and DH�=30.0 kJmol�1).
Moreover, the diffusion coefficient for the diffusion of a
water proton away from a GdIII chelate (DGdH


298) as well as
its activation energy is not much dependent on the nature of
low molecular weight complexes; hence in the fitting proce-
dure these two parameters were also fixed to common
values.[44] Consequently, in the analysis of the NMRD pro-
files we fitted the rotational correlation time, tR, its activa-
tion energy, ER, and the parameters describing the electron
spin relaxation, that is, the trace of the square of the transi-
ent zero-field-splitting (ZFS) tensor, D2, and the correlation
time for the modulation of the ZFS, tv. The parameters ob-
tained for the three GdIII chelates are presented in Table 1.


The rotational correlation times calculated for the differ-
ent glycoconjugates are all reasonable for small chelates,
and as expected, increase with increasing molecular weight
from the galactose and glucose derivatives to the larger size
lactose conjugates.[43] As tR values dominate the high-field
NMRD values, the relaxivities of these complexes at
20 MHz and 25 8C are significantly higher than those previ-
ously found for smaller DOTA-monoamide com-
plexes.[42,43,45] The parameters obtained for the electron spin
relaxation of the GdIII complexes are also within the usual
range for similar GdIII-DOTA monoamide chelates, with a
significant increase of D2 relative to the more symmetric
GdIII-DOTA chelate, affecting the low-field NMRD


values.[42,43,45, 46] Although in the last few years it has become
evident that the simplified model of electron spin relaxation
used here is not fully adequate to describe GdIII chelates,[47]


the application of the novel theories requires EPR data in a
large field range which was beyond the scope of the present
study.


The proton relaxivities of these small molecular weight
chelates are limited by fast rotation. This is clearly shown by
the temperature dependence of the profiles: proton relaxivi-
ties increase when the temperature decreases, thus the rota-
tion slows down.


These glycoconjugates are capable of binding to lectins. In
a solid phase competitive assay (ELLA, enzyme-linked
lectin assay) we were able to verify a mini glycoside cluster
effect in the binding of these glycoconjugates to PNA
(peanut agglutinin).[18,48]


The binding could considerably decrease the tumbling
rate of the GdIII–glycoconjugates and thus enhance their
proton relaxivity. We have performed proton relaxivity
measurements in solutions of the GdIII–glycoconjugates in
the presence of Ricinus communis agglutinin, RCA120 (MW=


120000) as model lectin. RCA120 is a S–S dimer of two sub-
units. Each subunit (MW=60000) is a heterodimeric protein
made of two S–S linked chains, A and B chains. The B chain
is made of two globular domains, with a carbohydrate bind-
ing site, specific for terminal b-linked galactosides, per
domain. The A chain has N-glycosidase activity which inhib-
its protein synthesis. The two subunits are associated cova-
lently by a S�S bond between the two A chains. The dimer
is further stabilised by contacts on the interface.[16,17]


Under the best available experimental conditions, the
concentration of the RCA120 was 0.5%, corresponding to a
0.04 mm concentration (more concentrated solutions are not
commercially available), whereas the concentration of the
GdIII chelate was 1.0mm (at lower concentrations of the par-
amagnetic species the relaxivity measurements become im-
precise). Assuming an association constant of 104[16] and two
independent binding sites on the RCA molecule, and that
the spacing of the sugar terminals on the divalent glycocon-
jugates does not allow the simultaneous clustering of both
sugars on the same molecule of RCA, in the best case sce-
nario we would have two Gd-glycoconjugate units per RCA
molecule, that is, maximum 8% of all the GdIII chelate
would be bound to the protein. For all our systems we ob-
served a slight increase (around 5%) in proton relaxivity in
a solution of 0.5% RCA120. This relaxivity increase is not
much higher than the error margin of the measurements,
therefore we prefer not to interpret this result unambigously
in terms of lectin binding. Although the bound species very
likely has a higher proton relaxivity due to slower rotation,
its concentration is too low and therefore a substantial in-
crease in relaxivity is difficult to observe. A clear effect of
the glycoconjugate-lectin association on the in vitro proton
relaxivity could only be observed with considerably higher
concentrations of the lectin-bound GdIII complex. The only
possibility to increase the percentage of bound Gd-species,
and therefore the relaxivity, is to have a higher concentra-
tion of lectin in the assay, however the lectin availability is a
limiting factor.


Table 1. Parameters obtained from the analysis of the NMRD profiles
for the GdIII–glycoconjugates.[a]


DOTAGal2 (2a) DOTAGlc2 (2b) DOTALac2 (2c)


k298
ex /10


6 s�1 1.2 1.2 1.2
DH�/kJ mol�1 30.0 30.0 30.0
t 298
rH /ps 242�6 261�8 306�10
ERH/kJmol�1 28.3�0.3 27.2�0.2 29.9�0.2
t298v /ps 35�2 39�3 33�5
Ev/kJ mol�1 1 1 1
D2/1020 s�2 0.10�0.02 0.10�0.01 0.12�0.02
D 298


GdH/10
�10 m2 s�1 24.0 24.0 24.0


EDGdH/kJmol�1 20 20 20


[a] Parameters in italic have been fixed in the fit.
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The feasibility of in vivo MRI applications based on re-
ceptor binding in general depends on the concentration of
the given receptor as well as on the relaxivity of the recep-
tor-bound species. Targeted receptors in cells in general are
usually present at concentrations within the range 10�9–
10�13 molg�1 of tissue.[49] The minimal concentration of a
contrast agent that is detectable by MRI (the concentration
necessary to observe a signal enhancement) has been esti-
mated between 5S10�7 molg�1 for the low molecular weight
Gd(HP-DO3A)(H2O) (r1=3.7mm


�1 s�1) and 1.9S
10�10 molg�1 for a 6th generation, Gd(DTPA)-loaded den-
drimer (r1=5800mm


�1 s�1 per dendrimer) or 1.6S
10�11 molg�1 for superparamagnetic iron oxide particles
(r2=72000mm


�1 s�1 per particle) (HP-DO3A=1,4,7-tris(car-
boxymethyl)-10-hydroxypropyl-1,4,7,10-tetraazacyclo-dodec-
ane).[50] In addition to receptor binding on the cell surface,
receptor mediated endocytosis can lead to accumulation of
the magnetic species inside the cell. With an efficient inter-
nalization mechanism, the concentration of the MRI con-
trast agent inside the cell can largely exceed what is expect-
ed solely by surface binding, thus it can help circumvent the
problem of low MRI sensibility. Preliminary results of bio-
distribution studies with Wistar rats using 153Sm-labeled gly-
coconjugates of different valencies and sugar type indicate a
specific hepatic uptake of the galactose and (to a less
extent) lactose glycoconjugates through the ASGPR (results
to be published separately). However, the feasibility of MR
imaging based on the specific hepatic uptake of the GdIII


glycoconjugates remains to be tested.


Conclusions


Conjugating a small glycodendrimer ending with galactose
unit(s) to a DOTA scaffold via an amide bond generates a
new class of stable hydrophilic glycoconjugates. The glyco-
dendrimer architecture was found suitable to vary the sugar
type and valence in an interactive way from a reduced
number of building blocks.


The LnIII chelates of these glycoconjugates have predomi-
nant square antiprismatic solution structures of the coordi-
nating DOTA moiety, with one inner-sphere water molecule.
The flexibility of the glycodendrimer moiety in solution
somehow limits the relaxivity of their GdIII complexes to
values lower than expected from their molecular weight.
However we envisaged that the lectin–glycoconjugate inter-
action could considerably slow down the tumbling rate and
therefore increase the relaxivity of the GdIII chelates. Fur-
ther studies are needed in order to unambiguously verify
this effect. Our results open the way for the study of GdIII–
glycoconjugates as potential candidates for lectin-mediated
molecular imaging agents.


Experimental Section


Materials and analysis : Chemicals were purchased from Sigma-Aldrich
and used without further purification. Solvents used were of reagent
grade and purified by usual methods. Reactions were monitored by TLC


on Kieselgel 60 F254 (Merck) on aluminium support. Detection was by ex-
amination under UV light (254 nm), by adsorption of iodine vapour and
by charring with 10% sulphuric acid in ethanol. Flash chromatography
was performed on Kieselgel 60 (Merck, 230–400 mesh). The relevant
fractions from flash chromatography were pooled and concentrated
under reduced pressure, T<40 8C. FAB mass spectra (positive mode)
were recorded using a VG Autospec mass spectrometer with 3-nitroben-
zyl alcohol (NBA) as matrix.


NMR spectra : 1H NMR (1D and 2D) and 13C NMR spectra were run on
a Varian Unity Plus 300 NMR spectrometer, operating at 299.938 and
75.428 MHz, for 1H and 13C, respectively. Chemical shifts (d) are given in
ppm relative to the CDCl3 solvent (


1H, d 7.27; 13C 77.36) as internal stan-
dard. For 1H and 13C NMR spectra recorded in D2O, chemical shifts (d)
are given in ppm, respectively, relative to TSP as internal reference (1H,
d 0.0) and tert-butanol as external reference (13C, CH3 d 30.29). 13C NMR
spectra were proton broad-band decoupled using a decoupling scheme.
The pD of the D2O solutions was adjusted with DCl or CO2-free NaOD
and converted to pH values using the isotopic correction pH pD-0.4. The
pD values were measured on a HANNA pH meter with a HI1310 com-
bined electrode (HANNA instruments, Italy).


NMRD measurements : The 1/T1 nuclear magnetic relaxation dispersion
(NMRD) profiles of the water protons were obtained on a Spinmaster
FFC fast cycling NMR relaxometer (Stelar), covering a continuum of
magnetic fields from 5S10�4 to 0.47 T (corresponding to a proton
Larmor frequency range of 0.022–20 MHz). The concentration of the
GdIII solutions was determined by ICP (Perkin–Elmer Instruments,
Optim 200 DV).


Synthesis of monoalkylated cyclen (5): A solution of ethylbromoacetate
(3.0 g; 18.0 mmol) in CH2Cl2 (30 mL) was added dropwise over 30 min to
an ice-cooled solution of cyclen (4.08 g, 23.7 mmol) in CH2Cl2 (50 mL).
After 2 h the reaction mixture was allowed to reach room temperature
and further stirred for 24 h. The white precipitate was filtered of and the
solvent was removed under reduced pressure to give a yellow oil. Purifi-
cation by flash chromatography (100% CH2Cl2 ! CH2Cl2/MeOH/NH3/
H2O 70:30:5:5) afforded the title compound (4.83 g, 79%) as a white
syrup. 1H NMR (300 MHz, CDCl3): d=1.27 (t, J=7.2 Hz, 3H; CH3), 2.84
(m, 8H), 2.95 (m, 8H), 3.49 (m, 2H), 4.16 (q, J=7.2 Hz, 3H;
C(O)OCH2).


Synthesis of orthogonally alkylated cyclen (6): K2CO3 (9.43 g, 68.3 mmol)
was added to a solution of monoalkylated cyclen 5 (2.94 g, 11.4 mmol) in
MeCN (100 mL). To this suspension a solution of tert-butylbromoacetate
(6.66 g, 34.1 mmol) in MeCN (30 mL) was added dropwise over 20 mi-
nutes. The suspension was vigorously stirred at room temperature for 4 h.
The suspended solid was removed by filtration, the solvent was evaporat-
ed under reduced pressure, and the residue was purified by dry flash
chromatography (100% CH2Cl2!20% MeOH/CH2Cl2) to give the title
compound (5.72 g, 84%) as a white foam. 1H NMR (300 MHz, CDCl3):
d=1.15 (t, J=7.2 Hz, 3H; C(O)OCH2CH3), 1.33, 1.34 and 1.35 (s, 27H;
tBu), 1.80–3.70 (we observed a set of very broad multiplets with an inte-
gration corresponding to 24H), 4.04 (q, J=7.2 Hz, 3H; C(O)OCH2); MS
(FAB+ , NBA): m/z (%): 639 (89) [M+K]+ , 623 (100) [M+Na]+ ; HRMS
(FAB+ , NBA): m/z : calcd for C30H56N4NaO8 623.3996, found: 623.3981
[M+Na]+ .


Synthesis of ethylenediamine-functionalised cyclen (7): Compound 6
(5.24 g, 8.72 mmol) was dissolved in neat ethylenediamine (3 mL; 2.70 g,
44.9 mol) and the resulting solution was stirred at room temperature for
72 h. Ethylenediamine was removed under reduced pressure and the resi-
due was dried under vacuum to give a light yellow foam. This was puri-
fied by dry flash chromatography with (100% CH2Cl2!CH2Cl2/MeOH
1:1) to give the title compound (4.18 g, 68%) as a white foam. 1H NMR
(300 MHz, CDCl3): d=1.46 (s, 27H; tBu), 1.80–3.84 (we observed a set
of very broad signals with an integration corresponding to 30H), 8.18
(broad, 1H; C(O)NH); 13C NMR (75.6 MHz, CDCl3): d=27.68 and 27.84
(Me), 36.60 (CH2), 40.03 (CH2), 55.39 (CH2), 55.51 (CH2), 55.90 (CH2),
81.61 and 81.70 (CMe3), 172.17 (C(O)), 172.27 (C(O)); MS (FAB+ ,
NBA): m/z (%): 637 (100) [M+Na]+ ; HRMS (FAB+ , NBA): m/z : calcd
for C30H58N6NaO7 637.4265, found 637.4246 [M+Na]+ .


Synthesis of orthogonally protected amine (15): A solution of ethyltri-
fluoroacetate (2.24 g, 15.6 mmol) in dichloromethane (20 mL) was added
dropwise over 1 h to an ice-cooled solution of 3,3-iminobis(propylamine)
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(14) (0.94 g, 7.1 mmol) in dichloromethane (20 mL). The reaction mixture
was allowed to reach room temperature and further stirred for 16 h. The
solvent was removed under reduced pressure to give a colourless oil.
TLC analysis (CH2Cl2/MeOH 4:1) revealed a major spot and a small spot
ninhydrin-positive). The product was used on the next reaction without
further purification. The oil was redissolved in MeCN (50 mL) and diiso-
propylethylamine (DIPEA) (0.92 g, 7.1 mmol) was added. tert-Butylbro-
moacetate (1.38 g, 7.1 mmol) was added dropwise over 5 min and the re-
action mixture was stirred at room temperature for 6 h with formation of
a white precipitate. The reaction mixture was filtered to remove the
white precipitate (bromide salt of DIPEA) and the solvent was removed
under reduced pressure to give a light red oil. The product was purified
by flash chromatography with (100% CH2Cl2!10% MeOH/CH2Cl2) to
give the title compound as a colourless oil (2.50 g, 81% yield over two
steps). 1H NMR (300 MHz, CDCl3): d=1.40 (s, 9H; tBu), 1.67 (qt, J=
6.3 Hz, 4H; NCH2CH2), 2.50 (t, J=6.3 Hz, 4H; NCH2), 3.12 (s, 2H;
NCH2C(O)), 5.39 (appq, J=6.3 Hz, 4H; NCH2CH2CH2), 8.40 (br t), 2H;
NHC(O)CF3);


13C NMR (75.6 MHz, CDCl3): d=25.43 (NCH2CH2), 27.75
(CH3), 38.07 (NCH2CH2CH2), 51.83 (NCH2), 55.76 (NCH2C(O)), 81.98
(OC(CH3)3), 115.89 (q, J=287 Hz, CF3), 157.34 (q, J=37.0 Hz,
NHC(O)CF3), 171.18 (C(O)OtBu).


Synthesis of bis-amine (9): Dowex1-X2-100 resin (30 mL, wet resin,
OH�) was added to a solution of compound 15 (3.10 g, 7.1 mmol) in
MeOH/H2O (50/20 mL). The reaction mixture was shaken at room tem-
perature for 72 h. The resin was filtered off, washed with water and meth-
anol, and the filtrate was concentrated under reduced pressure to give a
yellow oil. The compound was purified by flash chromatography (100%
CH2Cl2! CH2Cl2/MeOH/H2O/NH3 40:60:10:10) to give the title com-
pound as a colourless thick oil (1.21 g, 69%). 1H NMR (300 MHz,
CDCl3): d=1.36 (s, 9H; tBu), 1.51 (qt, J=6.9 Hz, 4H; NCH2CH2), 2.50
(t, J=6.9 Hz, 4H; NCH2), 2.65 (t, J=6.9 Hz, 4H; NCH2CH2CH2), 3.09
(s, 2H; NCH2C(O)); 13C NMR (75.6 MHz, CDCl3): d=27.93 (CH3),
30.64 (NCH2CH2), 40.15 (NCH2CH2CH2), 51.77 (NCH2), 55.85
(CH2C(O)), 80.60 (C(CH3)3), 170.71 (C(O)).


Synthesis of divalent peracetylated thioglycosides 10a–c : Typical proce-
dure illustrated for 10a : To a solution of bis-amine 9 (0.95 g, 3.87 mmol)
in ice-cooled dichoromethane (100 mL) was sequentially added peracety-
lated (galactosylthio)propionic acid 8a (3.55 g, 8.13 mmol), HOBt (1.23 g,
9.76 mmol) and DCC (1.67 g, 9.76 mmol) were added dropwise as a so-
lution in dicloromethane (10 mL). After 15 minutes the reaction mixture
was removed from the ice bath and allowed to reach room temperature.
The reaction mixture was further stirred at room temperature overnight.
The precipitate dicyclohexylurea (DCU) was removed by filtration and
washed with dichloromethane. The filtrate was concentrated under re-
duced pressure to give thick syrup. The compound was taken into ethyl
acetate (200 mL) and sequentially washed with NaHCO3 (sat. sol. ; 3S
100 mL) and brine (100 mL). The organic phase was concentrated under
reduced pressure to give a white foam. Purification by dry flash chroma-
tography (100% CH2Cl2!MeOH/CH2Cl2 1:1) afforded the title com-
pound as a white foam (4.02 g, 96%). 1H NMR (300 MHz, CDCl3): d=
1.47 (s, 9H; tBu), 1.64 (m, 4H; NCH2CH2), 1.99, 2.05, 2.06, 2.16 (s, 4S
6H, OAc), 2.51 (m, 8H; overlapping signals from NCH2 and SCH2CH2),
2.91–2.06 (m, 4H; SCH2), 3.14 (s, 2H; NCH2C(O)), 3.35 (appq, J=
5.4 Hz, 4H; NCH2CH2CH2), 3.95 (appt, J=6.3 Hz, 2H; H-6a), 4.14 (m,
4H; H-6b, H-5), 4.57 (d, J=9.9 Hz, 2H; H-1), 5.05 (dd, J=9.9, 3.3 Hz,
2H; H-3), 5.21 (app t, J=9.9 Hz, 2H; H-2), 5.44 (d, J=3.3 Hz, 2H; H-4),
7.02 (brm, 2H; C(O)NH); MS (FAB+ , NBA): m/z (%): 1082 (100) [M]+ ;
HRMS (FAB+ , NBA): m/z : calcd for C46H72N3O22S2 1082.4049, found
1082.4038 [M+H]+ .


Compound 10b : Starting from deprotected bis-amine 9 (0.516 g,
2.10 mmol) and peracetylated (glucosylthio)propionic acid 8b (2.02 g,
4.62 mmol), 10b was obtained as a white foam (2.27 g, 96%). 1H NMR
(300 MHz, CDCl3): d=1.46 (s, 9H; tBu), 1.62 (m, 4H; NCH2CH2), 2.00,
2.03, 2.04, 2.09 (s, 4S6H, OAc), 2.51 (m, 8H; overlapping signals from
NCH2 and SCH2CH2), 2.81–3.03 (m, 4H; SCH2), 3.14 (s, 2H;
NCH2C(O)), 3.33 (m, 4H; NCH2CH2CH2), 3.71 (m, 2H; H-5), 4.10–4.34
(m, 4H), 4.58 (d, J=10.2 Hz, 2H; H-1), 5.0 (t, J=10.2, 2H; H-2), 5.07 (t,
J=10.2, 2H; H-4), 5.22 (t, J=9.3, 2H; H-3), 7.06 (brm, 2H; NHC(O));
MS (FAB+ , NBA): m/z (%): 1083 (100) [M+H]+ ; HRMS (FAB+ , NBA):
m/z : calcd for C46H72N3O22S2 1082.4049, found 1082.4059 [M+H]+ .


Compound 10c : Starting from deprotected bis-amine 9 (1.05 g,
4.28 mmol) and peracetylated (lactosylthio)propionic acid 8c (6.52 g,
9.00 mmol), 10c was obtained as a white foam (7.10 g, 97%). 1H NMR
(300 MHz, CDCl3): d=1.47 (s, 9H; tBu), 1.68 (m, 4H; NCH2CH2), 1.96,
2.03, 2.04, 2.05, 2.06, 2.13, 2.15 (s, 7S6H, OAc), 2.47 (m, 4H; SCH2CH2),
2.56–2.76 (brm, 4H; NCH2), 2.78–3.06 (m, 4H; SCH2), 3.35 (m, 6H),
3.62 (m, 2H; H-5), 3.87 (m, 2H), 3.90 (m, 2H), 4.10 (m, 6H), 4.54 (d, J=
10.2, 2H; H-1’), 4.61 (d, J=10.8 Hz, 2H; H-1), 4.91 (t, J=9.6, 2H; H-2),
4.97 (dd, J=10.2, 3.3 Hz, 2H; H-3’), 5.11 (dd, J=10.6, 7.5 Hz, 2H; H-2’),
5.19 (t, J=9.3 Hz, 2H; H-3), 5.35 (d, J=3.3 Hz, 2H; H-4’), 7.02 (br t,
2H; NHC(O); MS (FAB+ , NBA): m/z (%): 1659 (48.6) [M]+ ; HRMS
(FAB+ , NBA): m/z : calcd for C70H104N3O38S2 1658.5739, found 1658.5671
[M+H]+ .


Synthesis of tetravalent peracetylated thiogalactoside 12 : A solution of
divalent thiogalactoside 10a (2.83 g, 1.25 mmol) was stirred overnight
with CH2Cl2/TFA (3:1, 20 mL). The solvent was removed under reduced
pressure to give a light yellow foam, which was redissolved in CH2Cl2
(20 mL) and the solvent was removed under reduced pressure. This pro-
cedure was repeated several times and the compound was further dried
under vacuum to give 11a as a thick light yellow foam. 1H NMR analysis
revealed the disappearance of the signal at d=1.47 assigned to the tert-
butyl group. No further purification or characterisation was carried out
(we assumed a 100% yield on the deprotection reaction). The product
was dissolved in ice-cooled CH2Cl2 (10 mL) and titrated (pH paper) to
pH 9–10 with DIPEA. To this solution was added a solution of deprotect-
ed bis-amine 9 (0.146 g, 0.595 mmol) in CH2Cl2 (10 mL), followed by
HOBt (0.220 g, 1.49 mmol) and a solution of DCC (0.300 g, 1.49 mmol)
in CH2Cl2 (10 mL) was added dropwise. The resulting mixture was stirred
for 15 minutes while cooled on an ice bath, allowed to reach room tem-
perature and further stirred for 24 h. The precipitated DCU was removed
by filtration and the solvent was removed under reduced pressure. The
resulting oil was redissolved in ethyl acetate (200 mL) and washed with
NaHCO3 (sat. sol.; 3S50 mL) and brine (50 mL). The solvent was re-
moved under reduced pressure, and the residue was purified by dry flash
chromatography (100% CH2Cl2!20% EtOH/CH2Cl2) to give the title
compound as a white foam (1.12 g, 83%). 1H NMR (300 MHz, CDCl3),
selected signals: d=1.46 (s, 9H; tBu), 1.64 (m, 8H; NCH2CH2), 1.98,
2.05, 2.06, 2.16 (s, 4S12H; OAc), 2.55 (m, 20H), 2.86–3.10 (m, 16H),
3.32 (m, 14H), 3.98 (app t, J=6.6 Hz, 4H; H-6a), 4.14 (m, 8H; H-6b, H-
5), 4.59 (d, J=9.9 Hz, 4H; H-1), 5.06 (dd, J=10.0, 3.4 Hz, 4H; H-3), 5.20
(app t, J=9.9 Hz, 4H; H-2), 5.44 (d, J=2.4 Hz, 4H; H-4), 7.02 (br, 4H;
C(O)NH); HRMS (ESI): m/z : calcd for C96H151N9O44S4 1130.9363, found
1130.9385 [M+2H]2+ .


Synthesis of fully protected monovalent glycoconjugates 18a–c : Typical
procedure illustrated for 18a : A round-bottomed flask was charged with
ethylenediamine-functionalised cyclen 7 (0.375 g, 0.61 mmol), peracety-
lated galactosylthiopropionic acid 8a (0.292 g, 0.67 mmol) and HOBt
(0.100 g, 0.67 mmol) in CH2Cl2 (20 mL). The reaction was initiated by
adding dropwise a solution of DCC (0.140 g, 0.67 mmol) in CH2Cl2
(5 mL). The reaction mixture was stirred while cooled on an ice bath for
15 minutes, allowed to reach room temperature and further stirred for
16 h. The precipitate DCU was filtered off, the filtrate was concentrated
under reduced pressure and the resulting yellow foam was redissolved in
EtOAc (100 mL). The organic phase was washed sequentially with
KHCO3 (sat. sol. 3S50 mL) and brine (50 mL) and concentrated under
reduced pressure to give a white foam. The product was purified by dry
flash chromatography (100% CH2Cl2!30% MeOH/CH2Cl2) to give the
title compound as a white foam (0.580 g, 92%). 1H NMR (300 MHz,
CDCl3) for compounds 18a–c the signals from the cyclen moiety and
from the ethylenediamine linker, N(CH2)2)N, NCH2C(O) and
C(O)NH(CH2)2)NHC(O)), respectively, appear in the range of d=2.40–
3.60 as a set of broad multiplets overlaped with signals from the sugar
moiety. Selected signals: 1H NMR (300 MHz, CDCl3): d=1.44 (s, 3S9H;
tBu), 1.96, 2.01, 2.04, 2.13 (s, 4S3H; OAc), 4.15 (m, 3H; H-5, H-6a,
H-6b), 4.90 (d, J=9.3 Hz, 1H; H-1), 5.11 (dd, J=9.9, 3.3, 1H; H-3), 5.18
(t, J=9.9, 1H; H-2), 5.43 (d, J=3.3 Hz, 1H; H-4), 8.35, 8.43 (C(O)NH);
MS (FAB+ , NBA): m/z (%): 1056 (100) [M+Na]+ ; HRMS (FAB+ ,
NBA): m/z : calcd for C47H80N6O17NaS 1055.5198, found 1055.5204
[M+Na]+ .


Compound 18b : Starting from 7 (0.328 g, 0.534 mmol) and 8b (0.280 g,
0.640 mmol), the title compound was obtained as a white foam (0.381 g,
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69%). 1H NMR (300 MHz, CDCl3) selected signals: d=1.46 (s, 3S9H;
tBu), 1.98, 2.00, 2.05, 2.08 (s, 4S3H; OAc), 4.04–4.38 (m, 2H), 4.54 (d,
J=10.2 Hz, 1H; H-1), 5.0 (t, J=10.2, 2H; H-2), 5.07 (t, J=10.2, 2H; H-
4), 5.22 (t, J=9.3, 2H; H-3), 8.7, 8.9 (brm, 2H; NHC(O)); MS (FAB+ ,
NBA): m/z (%): 1082 (100) [M]+ ; HRMS (FAB+ , NBA): m/z : calcd for
C46H72N3O22S2 1082.4049, found 1082.4038 [M+H]+ .


Compound 18c : Starting from 7 (0.186 g, 0.302 mmol) and 8c (0.240 g,
0.332 mmol), the title compound was obtained was a white foam (0.358 g,
90%). 1H NMR (300 MHz, CDCl3) selected signald: d=1.45 (s, 3S9H;
tBu), 1.96, 2.02, 2.05, 2.06, 2.13, 2.15 (s, 21H; OAc), 4.73 (d, J=9.9 Hz,
1H; H-1), 5.35 (d, J=3.0 Hz, 1H; H-4’), 8.80, 9.02 (br, 2H; NHC(O));
MS (FAB+, NBA): m/z (%): 1344 (68) [M+Na]+ , 1343 (100)
[M�H+Na]+; HRMS (FAB+ , NBA): calcd for C59H96N6O25NaS
1343.6044, found 1343.6074 [M+Na]+ .


Synthesis of fully protected divalent 17a–c and tetravalent 16 glycoconju-
gates : Typical procedure illustrated for 17a : A solution of divalent thio-
galactoside 10a (0.480 g, 0.44 mmol) was stirred overnight with CH2Cl2/
TFA (3:1, 12 mL). The solvent was removed under reduced pressure to
give a light yellow foam, which was redissolved in CH2Cl2 (10 mL); sub-
sequently the solvent was removed under reduced pressure. This proce-
dure was repeated several times and further dried under vacuum.
1H NMR analysis revealed the disappearance of the signal at d=1.47 as-
signed to the tert-butyl group. The compound was carried forward with-
out further purification or characterisation (we assumed a 100% yield on
the deprotection reaction). The foam was dissolved in ice-cooled CH2Cl2
(5 mL) and titrated (pH paper) to pH 9–10 with DIPEA. To this reaction
mixture was added a solution of ethylenediamine-functionalised cyclen 7
(0.246 g, 0.40 mmol) in CH2Cl2 (5 mL), HOBt (0.060 g, 0.53 mmol); sub-
sequently a solution of DCC (0.100 g, 0.53 mmol) in CH2Cl2 (5 mL) was
added dropwise. The resulting mixture was stirred for 15 min on an ice
bath, allowed to reach room temperature and further stirred overnight.
The precipitated DCU was filtered of and the solvent was removed
under reduced pressure. The resulting oil was redissolved in ethyl acetate
(50 mL) and washed with satd KHCO3 (3S50 mL) and brine (50 mL).
The solvent was removed under reduced pressure, and the residue was
purified by dry flash chromatography (100% CH2Cl2!10% EtOH/
CH2Cl2) to give the title compound as a white foam (0.593 g, 90%).
1H NMR (300 MHz, CDCl3) for compounds 17a–c and 16 : the signals
from the cyclen moiety and from the ethylenediamine linker, N(CH2)2)N,
NCH2C(O) and C(O)NH(CH2)2)NHC(O), respectively, appear in the
range of d=1.40–3.70 as a set of broad multiplets overlapped with signals
from the sugar moiety and from the dendrimer scaffold; selected signals:
1.44, 1.46 (s, 3S9H; tBu), 1.62–1.64 (m, 4H; NCH2CH2), 1.96, 2.04, 2.06,
2.14 (s, 4S6H; OAc), 2.46–2.73 (m, 8H; overlapping signals from NCH2


and SCH2CH2), 2.89–3.08 (m, 4H; SCH2), 3.28 (m, 6H), 3.95 (app t, J=
6.3 Hz, 2H; H6a), 4.14 (m, 4H; H-6b, H-5), 4.57 (d, J=9.9 Hz, 2H; H-1),
5.05 (dd, J=9.9, 3.3 Hz, 2H; H-3), 5.21 (app t, J=9.9 Hz, 2H; H-2), 5.44
(d, J=3.3 Hz, 2H; H-4), 7.02 (br, 2H; C(O)NH); MS (FAB+ , NBA): m/
z (%): 1082 (100) [M]+ ; HRMS (FAB+ , NBA): m/z: calcd for
C46H72N3O22S2 1082.4049, found 1082.4038 [M+H]+ .


Compound 17b : Starting from compound 7 (0.522 g, 0.85 mmol) and
compound 10b (1.10 g, 1.02 mmol) the title compound was obtained
(0.874 g, 63%) as a white foam. 1H NMR (300 MHz, CDCl3) selected sig-
nals: d=1.45, 1.47 (s, 3S9H; tBu), 1.68 (m, 4H; NCH2CH2), 1.99, 2.02,
2.05, 2.09 (s, 4S6H, OAc), 2.53 (m, 4H; NCH2), 2.61 (m, 4H;
SCH2CH2), 2.84–3.05 (m, 4H; SCH2), 3.09 (br s, 2H; NCH2C(O)), 3.27
(m, 4H; NCH2CH2CH2), 3.33 (m, 4H; NCH2CH2NH), 3.82 (ddd, J=
10.0, 4.3, 2.2 Hz, 2H; H-5), 4.16 (dd, J=12.3, 2.0 Hz, 2H; H-6a), 4.27
(dd, J=12.3, 4.5 Hz, 2H; H-6b), 4.69 (d, J=10.2 Hz, 2H; H-1), 4.98 (t,
J=10.2, 2H; H-2), 5.08 (t, J=9.9 Hz, 2H; H-4), 5.22 (t, J=9.3 Hz, 2H;
H-3), 7.88 (brm, 2H; NHC(O)), 8.32 (brm, 1H; NHC(O)), 8.82 (brm,
1H; NHC(O)); MS (FAB+ , NBA): m/z (%): 1645 (100) [M]+ ; HRMS
(FAB+ , NBA): m/z : calcd for C72H119N9O28NaS2 1644.7504, found
1644.7455 [M+H+Na]+ .


Compound 17c : Starting from compound 7 (0.31 g, 0.50 mmol) and com-
pound 10c (0.912 g, 0.55 mmol) the title compound was obtained (1.01 g,
91%) as a white foam. 1H NMR (300 MHz, CDCl3) selected signals: d=
1.45, 1.47 (s, 3S9H; tBu), 1.74 (brm, 4H; NCH2CH2), 1.97, 2.03, 2.04,
2.06, 2.07, 2.13, 2.15 (s, 7S6H; OAc), 2.54 (m, 4H; SCH2CH2), 2.82–3.02
(brm, 4H; NCH2), 3.08 (s, 2H), 3.25–3.33 (m, 4H), 3.40–3.56 (m, 2H),
3.67 (m, 2H; H-5), 3.81 (t, J=9.4 Hz, 2H), 3.89 (t, J=6.6 Hz, 2H), 4.11


(m, 8H), 4.53 (d, J=9.9 Hz, 2H; H-1’), 4.59 (d, J=9.9 Hz, 2H; H-1), 4.92
(t, J=9.9 Hz, 2H; H-2), 4.95 (m, 2H; H-3’), 5.07 (dd, J=7.8, 2.7 Hz, 2H;
H-2’), 5.20 (t, J=9.3 Hz, 2H; H-3), 5.35 (d, J=3.0 Hz, 2H; H-4’), 7.79
(brm, 2H; NHC(O)), 8.30 (brm, 1H; NHC(O)), 8.83 (brm, 1H;
NHC(O)); HRMS (ESI): m/z : calcd for C96H153N9O44S2 1099.9721, found
1099.9760 [M+H+Na]+ .


Fully protected tetravalent glycoconjugate 16 : Starting from compound 7
(0.126 g, 0.20 mmol) and compound 12 (0.452 g, 0.20 mmol) the title com-
pound was obtained as a white foam (0.402 g, 72%). 1H NMR (300 MHz,
CDCl3) selected signals: 1.46 (s, 3S9H; tBu), 1.62–1.64 (m, 8H;
NCH2CH2), 1.97, 2.04, 2.06, 2.15 (s, 4S12H; OAc), 2.31 (brm, 4H), 2.57
(brm, 8H), 2.98 (brm, 8H), 3.39 (br s, 14H), 3.47 (s, 6H), 4.02 (m, 4H;
H-6a), 4.14 (m, 8H; H-6b, H-5), 4.56 (d, J=9.9 Hz, 4H; H-1), 5.06 (dd,
J=10.0, 3.4 Hz, 4H; H-3), 5.19 (app t, J=9.9 Hz, 4H; H-2), 5.43 (d, J=
2.7 Hz, 4H; H-4), 7.62, 8.44 (2brm, NHC(O)); HRMS (ESI): m/z : calcd
for C122H199N15O50S4 1401.1181, found 1401.1210 [M+2H]2+ .


Synthesis of fully deprotected monovalent (DOTAGal (1a), DOTAGlc
(1b) and DOTALac (1c)), divalent (DOTAGal2 (2a), DOTAGlc2 (2b),
DOTALac2 (2c)) and tetravalent (DOTAGal4 (3)) glycoconjugates : Typi-
cal procedure illustrated for DOTAGal2 (2a): A solution of fully protect-
ed glycoconjugate 17a (0.500 g, 0.304 mmol) in CH2Cl2/TFA (3:1, 4 mL)
was stirred at room temperature for 24 h. The solvent was removed at re-
duced pressure, the residue was redissolved in CH2Cl2 (20 mL) and the
solvent was evaporated at reduced pressure. This procedure was repeated
several times to afford a light yellow foam that was further dried under
vacuum. 1H NMR analysis (300 MHz, CDCl3) revealed complete depro-
tection of the tert-butyl groups. No further purification was deemed nec-
essary. The foam was dissolved in ethanol (10 mL) and adjusted to pH 9–
10 with a 1m KOMe solution in ethanol. The resulting solution was stir-
red at room temperature for 16 h. The solution was adjusted to pH ~1
(pH paper) with Amberlyte 15 resin. The resin was transferred into a
column, washed with water and eluted with aq. NH3 (0.5m) solution. The
relevant fractions were pooled and the solvent was evaporated at reduced
pressure to give the title compound as a vitreous solid (0.29 g, 85%) over
two steps. 1H NMR(300 MHz, D2O, pH 7.0): d=4.50 (d, J=9.0 Hz, 2H;
H-1), 3.55 (app t, 2H; H-2), 3.66 (app t, 2H; H-3), 3.74 (dd, J=9.4,
3.3 Hz, 2H; H-4), 3.98 (app t, J=3.3 Hz, 2H; H-5), 3.75 (m, 4H; H-6a,
H-6b), 3.30 (m, 4H; C(O)NHCH2), 3.40 (m, 8H; NCH2, NCH2CH2CH2),
1.87 (brm, 4H; NCH2CH2), 2.63 (m, J=6.6 Hz, 4H; SCH2CH2), 3.01 (t,
J=6.6 Hz, 4H; SCH2), 3.82 (m, 2H; DOTA amide NCH2C(O)), 3.44 (s,
6H; DOTA acetate NCH2CO2


�), 3.51, 3.20, 3.12, 2.80, 2.36, 2.23 (br, 8S
2H; DOTA macrocycle NCH2);


13C NMR (75.6 MHz, D2O): d=23.76,
26.69, 36.15, 36.30, 38.91, 39.42, 48.47 (cluster of signals), 53.27 (cluster of
signals), 54.45, 56.41, 56.76, 58.85, 61.38, 68.90, 69.65, 74.04, 79.01, 86.22
(C-1), 165.85, 169.78, 174.88, 180.14; MS (FAB+ , NBA): m/z (%): 1156
(5) [M+H+K]+ , 1119 (1) [M+H]+ ; HRMS (FAB+ , NBA): m/z : calcd for
C44H80N9O20S2 1118.4961, found 1118.4925 [M+H]+ .


DOTAGlc2 (2b): Starting from the fully protected compound 17b
(0.683 g, 0.420 mmol) the title compound was obtained (0.356 g, 76%)
over two steps as a vitreous solid. 1H NMR (300 MHz, D2O, pH 7.0): d=
4.55 (d, J=9.9 Hz, 2H; H-1), 3.63 (appt, 2H; H-2), 3.69 (app t, 2H; H-3),
3.56 (dd, J=12.3, 2.1 Hz, 2H; H-4), 3.91 (app t, 2H; H-5), 3.47 (m, 4H;
H-6a, H-6b), 3.30 (m, 4H; C(O)NHCH2), 3.40 (m, 8H; NCH2,
NCH2CH2CH2), 1.87 (brm, 4H; NCH2CH2), 2.64 (m, 4H; SCH2CH2),
3.00 (t, J=6.6 Hz, 4H; SCH2), 3.82 (m, 2H; DOTA amide NCH2C(O)),
3.44 (s, 6H; DOTA acetate NCH2CO2


�), 3.51, 3.20, 3.12, 2.80, 2.36, 2.23
(br, 8S2H; DOTA macrocycle NCH2);


13C NMR (75.6 MHz, D2O): d=
26.57, 36.42, 38.38, 38.99, 48.58, 48.78, 50.50, 52.15, 52.60, 56.44, 61.15,
69.77, 71.07, 72.30, 77.31, 79.92, 85.75 (C-1), 169.83, 172.85, 174.65,
178.82; MS (FAB+ , NBA): m/z (%): 1141 (9) [M+Na]+ , 1119 (6)
[M+H]+ ; HRMS (FAB+ , NBA): m/z : calcd for C44H81N9O20S2:
1119.5039, found 1119.4978 [M+H]+ .


DOTALac2 (2c): Starting from the fully protected compound 17c
(0.700 g, 0.314 mmol) the title compound was obtained (0.295 g, 65%)
over two steps as a vitreous solid: 1H NMR (300 MHz, D2O, pH 7.0): d=
4.42 (d, J=7.8 Hz, 2H; H-1), 3.52 (dd, J=10.2, 7.8 Hz, 2H; H-2), 3.63
(app t, 2H; H-3), 3.72 (dd, 2H; H-4), 3.98 (d, J=3.3 Hz, 2H; H-5), 3.70
(m, 4H; H-6a, H-6b), 4.55 (d, J=10.2 Hz, 2H; H-1’), 3.33 (app t, 2H; H-
2’), 3.64 (app t, 2H; H-3’), 3.72 (dd, 2H; H-4’), 3.88 (app t, 2H; H-5’),
3.72 (m, 4H; H-6a’, H-6b’), 3.30 (m, 4H; C(O)NHCH2), 3.40 (t, J=
6.0 Hz, 8H; NCH2, NCH2CH2CH2), 1.88 (brm, 4H; NCH2CH2), 2.60 (m,
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J=6.6 Hz, 4H; SCH2CH2), 2.96 (t, J=6.6 Hz, 4H; SCH2), 3.76 (m, 2H;
DOTA amide NCH2C(O)), 3.32 (s, 6H; DOTA acetate NCH2CO2


�),
3.51, 3.20, 3.12, 2.80, 2.36, 2.23 (br, 16H; DOTA macrocycle NCH2);
(Gal unit: H-1–H-6b; Glc unit: H-1’–H-6b’); 13C NMR (75.6 MHz, D2O):
d=23.83, 26.40, 36.38, 38.31, 39.07, 48.60, 48.83, 48.98, 50.42, 52.19, 52.71,
56.43, 57.56, 60.44, 61.18, 68.69, 71.08, 72.03, 72.64, 75.51, 75.91, 78.37,
78.79, 85.53 (C-1’), 103.03 (C-1), 169.77, 172.92, 174.70, 178.80; MS
(FAB+ , NBA): m/z (%): 1443 (5) [M+H]+ , 1442 (7) [M]+ , 1343 (17),
1321 (5); HRMS (FAB+ , NBA): m/z : calcd for C56H100N9O30S2


1442.6018; found 1442.6017 [M+H]+ .


DOTAGal4 (3): Starting from the fully protected compound 16 (0.330 g,
0.118 mmol) the title compound was obtained (0.122 g, 53%) over two
steps as a vitreous solid. 1H NMR (300 MHz, D2O, pH 7.0): d=4.46 (d,
J=9.6 Hz, 4H; H-1), 3.49 (app t, 4H; H-2), 3.63 (dd, J=9.3, 3.0 Hz, 4H;
H-3), 3.70 (dd, 4H; H-4), 3.93 (app t, 4H; H-5), 3.70 (m, 8H; H-6a, H-
6b), 3.30 (m, 4H; C(O)NHCH2), 3.40 (m, 8H; NCH2CH2CH2NHC(O),
NCH2CH2CH2 NHC(O)), 1.93 (m, 4H; NCH2CH2CH2NHC(O)), 1.88 (m,
16H; NCH2CH2CH2NHC(O), NCH2CH2CH2 NHC(O)), 1.70 (m, 8H;
NCH2CH2CH2NHC(O)), 2.60 (m, 4H; SCH2CH2), 2.96 (app t, 4H;
SCH2), 3.74 (m, 2H; DOTA amide NCH2C(O)), 3.32 (s, 6H; DOTA ace-
tate NCH2CO2


�), 3.51, 3.40, 3.12, 2.80, 2.36, 2.23 (br, 8S2H; DOTA mac-
rocycle NCH2);


13C NMR (75.6 MHz, D2O): d=24.87, 25.43, 26.64, 36.50,
36.89, 37.24, 38.52, 38.80, 48.68 (cluster of signals), 50.58, 52.08, 52.31,
56.31, 56.46, 56.95, 61.36, 68.93, 69.63, 74.05, 79.04, 86.24 (C-1), 169.83,
172.68, 174.42, 178.51; MS (FAB+ , NBA): m/z (%): 1999 (20) [M+K]+ ;
HRMS (FAB+ , NBA): m/z : calcd for C78H141N15O34S4K 1998.8285, found
1998.8325 [M+K]+ .


DOTAGal (1a): Starting from the fully protected compound 18a
(0.502 g, 0.486 mmol) the title compound was obtained (0.205 g, 60%)
over two steps as a vitreous solid. 1H NMR (300 MHz, D2O, pH 7.0): d=
4.50 (d, J=9.6 Hz, 1H; H-1), 3.55 (app t, J=9.6 Hz, 1H; H-2), 3.65 (dd,
J=9.3, 3.0 Hz, 1H; H-3), 3.74 (m, 1H; H-4), 3.97 (app t, J=3.3 Hz, 1H;
H-5), 3.70 (m, 2H; H-6a, H-6b), 3.46, 3.37 (m, 4H; NCH2, NCH2CH2),
2.59 (m, 2H; SCH2CH2), 2.99 (app t, 2H; SCH2), 3.81 (m, 2H; DOTA
amide NCH2C(O)), 3.44 (s, 6H; DOTA acetate NCH2CO2


�), 3.51, 3.20,
3.12, 2.80, 2.36, 2.23 (br, 16H; DOTA macrocycle NCH2);


13C NMR
(75.6 MHz, D2O): d=26.36, 36.54, 38.28, 38.66, 39.25, 48.49 (cluster of
signals), 50.92, 51.97, 52.90 (cluster of signals), 56.01, 56.12, 56.54, 57.04,
58.79, 59.12, 61.32, 61.38, 68.96, 69.69, 74.05, 79.09, 86.15 (C-1), 170.04,
172.53, 174.60, 174.70, 174.79, 178.09, 180.16, 180.24; HRMS (FAB+ ,
NBA): m/z : calcd for C27H49N6O13S 697.3078, found 697.3046 [M+H]+ .


DOTAGlc (1b): Starting from the fully protected compound 18b
(0.300 g, 0.290 mmol) the title compound was obtained (0.108 g, 53%)
over two steps as a vitreous solid. 1H NMR (300 MHz, D2O, pH 7.0): d=
4.50 (d, J=9.6 Hz, 1H; H-1), 3.55 (app t, J=9.6 Hz, 1H; H-2), 3.65 (dd,
J=9.3, 3.0 Hz, 1H; H-3), 3.74 (m, 1H; H-4), 3.97 (app t, J=3.3 Hz, 1H;
H-5), 3.70 (m, 2H; H-6a, H-6b), 3.46, 3.37 (m, 4H; NCH2, NCH2CH2),
2.59 (m, 2H; SCH2CH2), 2.99 (app t, 2H; SCH2), 3.81 (m, 2H; DOTA
amide NCH2C(O)), 3.44 (s, 6H; DOTA acetate NCH2CO2


�), 3.51, 3.20,
3.12, 2.80, 2.36, 2.23 (br, 16H; DOTA macrocycle NCH2);


13C NMR
(75.6 MHz, D2O) 26.27, 36.59, 38.72, 48.57, 50.94, 52.02, 55.72, 56.23,
56.58, 61.14, 69.78, 72.38, 77.36, 80.02, 85.66 (C-1), 170.02, 172.56, 174.70,
177.65; HRMS (FAB+ , NBA): m/z : calcd for C27H49N6O13S, 697.3078,
found 697.3068 [M+H]+ .


DOTALac (1c): Starting from the fully protected compound 18c
(0.310 g, 0.234 mmol) the title compound was obtained (0.098 g, 49%)
over two steps as a vitreous solid.1H NMR (300 MHz, D2O, pH 7.0): d=
4.50 (d, J=9.6 Hz, 1H; H-1), 3.55 (app t, J=9.6 Hz, 1H; H-2), 3.65 (dd,
J=9.3, 3.0 Hz, 1H; H-3), 3.74 (m, 1H; H-4), 3.97 (app t, J=3.3 Hz, 1H;
H-5), 3.70 (m, 2H; H-6a, H-6b), 3.46, 3.37 (m, 4H; NCH2, NCH2CH2),
2.59 (m, 2H; SCH2CH2), 2.99 (app t, 2H; SCH2), 3.81 (m, 2H; DOTA
amide NCH2C(O)), 3.44 (s, 6H; DOTA acetate NCH2CO2


�), 3.51, 3.20,
3.12, 2.80, 2.36, 2.23 (br, 16H; DOTA macrocycle NCH2);


13C NMR
(75.6 MHz, D2O, pH 7.0): d=26.19, 26.37, 27.61, 36.58, 38.70, 48.56,
50.94, 52.04, 56.13, 56.20, 56.54, 61.22, 61.35, 68.76, 69.02, 69.73, 71.15,
72.12, 72.70, 74.10, 75.53, 75.92, 78.32, 78.84, 79.13, 85.50, 86.19 (C-1’),
103.06 (C-1), 170.01, 172.58, 174.67, 174.73, 174.73, 178.16; HRMS
(FAB+ , NBA): m/z : calcd for C33H59N6O18S 859.3606, found 859.3644
[M+H]+ .


Preparation of LnIII–glycoconjugates for NMR : The LnIII–glycoconju-
gates were prepared by adding a slight excess (1.1 equiv) of an aqueous
solution of LnCl3 to an aqueous solution of the glycoconjugate. The so-
lution was slowly adjusted to pH 5 with aq. KOH and stirred at 70 8C for
8 h. The final pH was adjusted to 7 with KOH (aq) and any precipitate
was filtered off. The solution was concentrated and purified by gel filtra-
tion with Sephadex G10, eluting with water. The relevant fractions were
pooled and freeze dried to afford the LnIII complexes.


Preparation of GdIII–glycoconjugates for NMRD : The 1/T1 nuclear mag-
netic relaxation dispersion (NMRD) profiles of the water protons at 25,
37 and 60 8C were obtained on 2.52–4.63mm GdIII solutions. The concen-
tration of the GdIII solutions was determined by ICP. The concentration
of the DOTA-derivated glycoconjugates was determined from the pH-
potentiometric titration curves in the presence of a 50-fold excess of
CaCl2, with TMAOH. The solutions of the GdIII–glycoconjugates were
prepared by adding appropriate quantities of the glycoconjugates to an
aqueous solution of gadolinium perchlorate (3–5% glycoconjugate
excess). The GdIII–glycoconjugate solutions were freeze dried and diluted
with 25mm phosphate buffer (pH 7.4). The GdIII concentrations were
verified by ICP measurement.


Appendix


NMRD : The measured proton relaxivities (normalized to 1mm GdIII con-
centration) contain both inner and outer sphere contributions as in Equa-
tion (1):


r1 ¼ rlis þ rlos ð1Þ


The inner sphere term is given by Equation (2), where q is the number of
inner sphere water molecules.


rlis ¼ 1
1000


	 q
55:55


	 1
TH1mþtm


ð2Þ


The longitudinal relaxation rate of inner sphere protons, 1/TH
1m is ex-


pressed in Equation (3)


1
TH1m


¼ 2
15


�
mo
4p


�2 �h2g 2Sg
2
I


r 6GdH
SðSþ 1Þ


�
3td1H


1þ w 2
I t
2
d1H


þ 7td2H
1 þ w 2


St
2
d2H


�
ð3Þ


Here rGdH is the effective distance between the GdIII electron spin and
the water protons, wI is the proton resonance frequency and tdiH is given
by Equation (4), where tR is the rotational correlation time of the GdIII-
Hwater vector:


1
tdiH


¼ 1
tm


þ 1
tR


þ 1
T ie


i ¼ 1, 2 ð4Þ


The tR rotational correlation time is assumed to have simple exponential
temperature dependence with an ER activation energy, see Equation (5):


tR ¼ t 298R exp
�
ER
R


�
1
T
� 1
298:15


��
ð5Þ


The electron spin relaxation rates, 1/T1e and 1/T2e for metal ions in so-
lution with S> 1=2 are mainly governed by a transient zero-field-splitting
mechanism (ZFS).[51] In Equations (6) and (7) D2 is the trace of the
square of the transient zero-field-splitting tensor, tv is the correlation
time for the modulation of the ZFS with the activation energy Ev, and ws


is the electron spin Larmor frequency as in Equation (8):


�
1
T1e


�ZFS
¼ 1
25


D2tvf4SðSþ 1Þ�3g
�


1
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S t
2
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þ 4
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S t
2
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�
ð6Þ
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1
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¼ D2tv
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1 þ 0:372w 2
S t


2
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tv ¼ t 298v exp
�
EV
R


�
1
T
� 1
298:15


��
ð8Þ


The outer sphere contribution is described by Equation (9), where NA is
the Avogadro constant, and Jos is a spectral density function, see Equa-
tion (10):


rlos ¼
32NAp


405


�
m0
4p


�2 �h2g 2Sg
2
I


aGdHDGdH
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ð9Þ
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A value of 3.6 V was used for aGdH. For the temperature dependence of
the diffusion coefficient for the diffusion of a water proton away from a
GdIII complex, DGdH, we assume a exponential temperature dependence,
with an activation energy EDGdH as in Equation (11):


DGdH ¼ D 298
GdHexp


�
EDGdH
R


�
1
T
� 1
298:15


��
ð11Þ
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C�C Double- and Triple-Bond Formation from Reactions of B Atoms with
CO: Experimental and Theoretical Characterization of OBBCCO and
OBCCBO Molecules in Solid Argon


Mingfei Zhou,*[a] Ling Jiang,[b] and Qiang Xu*[b]


Introduction


Carbon monoxide activation and reduction are important in
a great many industrial processes, such as hydroformylation,
alcohol synthesis, and acetic acid synthesis.[1] The reactions
of carbon monoxide with transition-metal atoms have been
extensively studied. A variety of transition-metal–carbonyl
complexes have been experimentally characterized, and the-
oretical studies of the electronic structures and bonding of
these complexes have been carried out.[2] Recent infrared
spectroscopic investigations of the reactions of laser-ablated
early transition-metal and actinide metal atoms with CO
have demonstrated CO activation through transition-metal–
and actinide-metal–carbonyl complexes.[3–6] The monocar-
bonyls of Nb, Th, and U can be isomerized to form the in-
serted carbide-oxide molecules by using visible-light irradia-
tion. The dicarbonyls of the Ti group, V group, and the acti-
nide metals Th and U undergo photo-induced isomerization


to form the OMCCO molecules (M=Ti, Zr, Hf, V, Nb, Ta,
U, and Th) with visible or UV photons. The OMCCO mole-
cules can undergo a further photochemical rearrangement
to form the OTh(h3-CCO) or (h2-C2)MO2 molecules (M=


Nb, Ta, and U) with UV photons.
The spectra, structures, and bonding of main-group car-


bonyls, particularly the Group 13 metal carbonyls, have also
gained considerable attention, but no CO-activation reac-
tion was reported in the reactions of main-group elements
with CO.[7–18] We have characterized boron–carbonyl species
such as BBCO,[19] OCBBCO,[20] and B4(CO)2


[21] as products
from the reactions of boron atoms with CO in solid argon.
Similar to [HGa�GaH]2�,[22] OCB�BCO exhibits some
degree of boron–boron triple bonding.[20] B4(CO)2, with a
four-membered B4 ring, was characterized as a new s–p di-
radical, which represents a remarkable example of aromatic-
ity with three p electrons.[21] In this paper, we report a com-
bined matrix-isolation, spectroscopic, and theoretical study
of the photochemical formation of OBBCCO and
OBCCBO from the boron–carbonyl species.


Experimental Section


The experiments for laser ablation and matrix-isolation spectroscopy
were similar to those used previously.[23] Briefly, the Nd:YAG laser fun-
damental (1064 nm, 10 Hz repetition rate, 10 ns pulse width) was focused
on the rotating boron target. The laser-ablated boron atoms were co-de-
posited with CO in excess argon onto a CsI window cooled to 7 K by
means of a closed-cycle helium cryostat. The matrix-gas deposition rate
was typically 2–4 mmol per hour. Carbon monoxide, 13C16O (99%), and
12C18O (99%) were used to prepare the CO/Ar mixtures. Natural-abun-
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Abstract: Reactions of boron atoms
with CO molecules in solid argon form
the following boron carbonyl species
(which have been reported earlier):
BCO, BBCO, OCBBCO, B(CO)2, and
B4(CO)2. The OCBBCO molecule un-
derwent a photochemical rearrange-
ment where CO was activated to form
the OBBCCO and OBCCBO mole-


cules. The new molecules were identi-
fied on the basis of isotopic IR studies
with 10B, 11B, 13C16O, 12C18O, and carbon


dioxide mixtures in addition to compar-
ison with quantum-chemical calcula-
tions of isotopic frequencies. Theoreti-
cal analyses showed that the OBBCCO
and OBCCBO molecules are linear
with C�C double and triple bonding,
respectively, and lie at a much lower
energy than the linear OCBBCO struc-
ture.


Keywords: boron carbonyls ·
CO activation · density functional
calculations · IR spectroscopy ·
matrix isolation
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dance boron (10B 19.8%, 11B 80.2%) and 10B-enriched (97%) targets
were used in different experiments. In general, matrix samples were de-
posited for one to two hours. After sample deposition, IR spectra were
recorded on a BIO-RAD FTS-6000e spectrometer at 0.5 cm�1 resolution
using a liquid-nitrogen-cooled HgCdTe (MCT) detector for the spectral
range of 5000–400 cm�1. Samples were annealed at different temperatures
and subjected to broad-band irradiation (l>250 nm) by using a high-
pressure mercury arc lamp (Ushio, 100 W).


Computational methods : Quantum-chemical calculations were performed
to predict the structures and vibrational frequencies of the observed reac-
tion products using the Gaussian 98 program.[24] The Becke three-param-
eter hybrid functional with the Lee–Yang–Parr correlation correction
(B3LYP) was used.[25,26] Comparative ab initio calculations were also per-
formed at the CCSD(T) level.[27] The 6-311+G(d) basis sets were used
for B, C, and O atoms.[28] Geometries were fully optimized at both levels
of theory, while vibrational frequencies were calculated only at the
B3LYP level with analytical second derivatives.


Results and Discussion


Infrared spectra : A series of experiments have been carried
out with different CO concentrations (from 0.025 to 0.5% in
argon) and laser energies (from 5 to 20 mJpulse�1). Figure 1


shows the infrared spectra in the 2230–1970 cm�1 region
containing one absorption band for each reaction product
with 10B and 0.1% CO in argon. The new product absorp-
tion bands are listed in Table 1. After deposition (Figure 1a),
the 10BCO absorption bands (1148.1, 2007.3, 2291.1, 3139.1,
3992.7 cm�1)[11,29] were observed together with a CO absorp-
tion band at 2138.3 cm�1. After annealing the sample (7–
34 K, Figure 1b), the BCO absorption bands increased and
the 10B10BCO (2031.9, 1524.5 cm�1),[19] 10B(CO)2
(2022.5 cm�1),[29] OC10B10BCO (2016.4, 1116.5 cm�1),[20] and
10B4(CO)2 (1993.3, 1365.8 cm�1)[21] absorption bands were
produced. Broad-band irradiation (Figure 1c) decreased the
BCO and B(CO)2 bands, destroyed the BBCO and
OCBBCO bands, and produced new bands at 2216.6, 2064.6,


934.0, and 490.1 cm�1. These new bands sharpened on fur-
ther annealing of the sample to 38 K (Figure 1d).


Similar experiments were also carried out with a natural-
abundance boron target. The spectra in the 2230–1920 cm�1


region are shown in Figure 2. Again, the BCO absorption
bands (10BCO and 11BCO with approximately 1:4 relative in-
tensities) were observed on sample deposition (Figure 2a),
and markedly increased on annealing (7–34 K, Figure 2b).
The absorption bands of different BBCO, B(CO)2,
OCBBCO, and B4(CO)2 isotopomers appeared on annealing
to 34 K, as reported earlier.[19–21,29] New absorption bands at
2215.7, 2209.0, 2040.2, 1999.3, 1942.7, 930.9, 928.1, 480.7, and
473.7 cm�1 were produced after 15 min of broad-band irradi-
ation (Figure 2c). Another 15 min of irradiation (Figure 2d)
slightly increased the 2040.2, 1999.3, 1942.7, 930.9, 928.1,
480.7, and 473.7 cm�1 bands at the expense of the 2215.7 and
2209.0 cm�1 bands. Isotopic carbon monoxides (13C16O and
12C18O) and mixtures (12C16O+ 13C16O and 12C16O+ 12C18O)


Figure 1. Infrared spectra in the 2230–1970 cm�1 region from co-deposi-
tion of laser-ablated boron atoms (10B-enriched, 97%) with 0.1% CO in
Ar: a) 1 h of sample deposition at 7 K; b) after annealing to 34 K;
c) after 20 min of broad-band irradiation; d) after annealing to 38 K.


Table 1. Infrared absorption bands [cm�1] from co-deposition of laser-ab-
lated boron atoms with CO in solid argon.
12C16O[a] 13C16O 12C18O Assignment


2216.6 2140.0 2197.8 O10B10BCCO CO str.[b]


2215.7 2147.0 2196.9 O11B10BCCO
2209.0 2144.3 2190.4 O11B11BCCO
2064.6 2062.1 2034.9 O10BCC10BO as-BO str.[b]


2040.2 2034.5 2010.1 O10BCC11BO
1999.3 1996.8 1965.6 O11BCC11BO
1942.7 1936.1 1916.9 O10BCC11BO s-BO str.[b]


934.0 912.0 919.5 O10BCC10BO as-BC str.[b]


930.9 909.5 917.1 O10BCC11BO
928.1 906.8 914.9 O11BCC11BO
490.1 486.7 487.5 O10BCC10BO as-OBC bend.[b]


480.7 477.0 478.1 O10BCC11BO
473.7 470.2 471.1 O11BCC11BO


[a] Two matrix trapping sites were observed for the fundamentals of
OBCCBO and only the major site absorption bands are listed. [b] Abbre-
viations: str.= stretching mode, bend.=bending mode, as=asymmetric,
s= symmetric.


Figure 2. Infrared spectra in the 2230–1920 cm�1 region from co-deposi-
tion of laser-ablated boron atoms (natural abundance) with 0.1% CO in
Ar: a) 1 h of sample deposition at 7 K; b) after annealing to 34 K;
c) after 15 min of broad-band irradiation; d) after 30 min of broad-band
irradiation.
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were employed for product identification by observing iso-
topic shifts and splittings. The isotopic counterparts are also
listed in Table 1. Figures 3, 4, and 5 (see later) show the
spectra in selected regions using different isotopic samples
after broad-band irradiation.


Calculation results : Quantum-chemical calculations were
performed on the potential product molecules. The opti-
mized structures at both the B3LYP6-311+G* and
CCSD(T)/6-311+G* levels are shown in Figure 6 (see
later). The vibrational frequencies and intensities calculated
at the B3LYP6-311+G* level are listed in Table 2. Table 3
provides a comparison of observed and calculated isotopic
frequency ratios for the observed vibrational modes.


Molecule OBBCCO : We have recently characterized a
boron–boron triple-bonded OCBBCO molecule.[20] The
present experiments provide evidence for two other prod-
ucts of B2C2O2 stoichiometry. The band at 2216.6 cm�1 was
produced following broad-band irradiation; this band split
into a doublet at 2215.7 and 2209.0 cm�1 with approximately
1:4 relative intensities when the natural-abundance boron
target was used, which indicated that this vibration mainly
involves one boron atom and is slightly coupled with anoth-
er non-equivalent boron atom. The 2216.6 cm�1 band shifted
to 2140.0 cm�1 with 13C16O and to 2197.8 cm�1 with 12C18O,
giving the isotopic frequency ratio of 1.0358 for 12C/13C and
1.0086 for 16O/18O. These ratios are significantly larger and
smaller, respectively, than diatomic CO ratios, suggesting
strong coupling with another C atom. The band position and
isotopic frequency ratios imply the involvement of a CCO
subunit in the molecule (the C�O stretching mode of
CCCO was observed at 2242.6 cm�1 in solid argon, with iso-
topic ratios: 16O/18O 1.0083, 12C3O/12C13C2O 1.0316; the C�O
stretching mode of H2CCO was observed at 2142.1 cm�1 in
solid argon: 16O/18O 1.0126, 12C/13C 1.0298).[30] In the mixed
12C16O+ 13C16O experiment (Figure 3b), two intermediate
components at 2198.5 and
2159.2 cm�1 were clearly re-
solved, while in the mixed
12C16O+ 12C18O experiment
(Figure 3d), a quartet at 2216.6,
2214.9, 2199.8, and 2197.8 cm�1


with approximately 1:1:1:1 rela-
tive intensities was observed.
These observations demonstrat-
ed that two non-equivalent B


atoms, two non-equivalent C atoms, and two non-equivalent
O atoms were involved in this vibrational mode. According-
ly, we assigned the 2216.6 cm�1 band to the C�O stretching
vibration of the O10B10BCCO molecule.


Quantum-chemical calculations were performed to sup-
port the experimental assignment. Similar to OCBBCO,
which has a singlet ground state with a linear structure, we
found that OBBCCO also has a singlet ground state (1S+)
with a linear structure, as shown in Figure 6 (see later). Our
B3LYP6-311+G* calculations on O10B10BCCO predicted a
very strong C�O stretching mode at 2303.9 cm�1. This pre-
dicted frequency deviates from the experimentally observed
frequency by only 3.9%. The calculated isotopic frequency
ratios—10B/11B 1.0024, 12C/13C 1.0315, 16O/18O 1.0075—are in
reasonable agreement with the experimental ratios—10B/11B
1.0034, 12C/13C 1.0358, 16O/18O 1.0086 (see Table 3). It should
be mentioned that the calculated 12C/13C ratio of
O10B10BCCO is lower than the experimental value, whereas
the calculated 12C/13C ratio of O11B11BCCO (1.0325) is
higher than the experimental ratio (1.0302). This suggests
that the C�O stretching mode of OBB13C13CO is in anhar-
monic resonance with a combination of low-lying levels. The
C�O stretching mode was predicted to have the largest IR
intensity (1872 kmmol�1 for O10B10BCCO). The B�O
stretching vibration was predicted at 2113.3 cm�1 and is the
second most intense mode; its calculated intensity is about


Table 2. Vibrational frequencies [cm�1] and intensities [kmmol�1] of
O10B10BCCO and O10BCC10BO molecules calculated at the B3LYP6-
311+G* level.


Frequency (intensity, mode)


OBBCCO (1S+) 2303.9 (1872, s), 2113.3 (376, s), 1908.8 (77, s),
1138.3 (4, s), 622.2 (54, p), 514.4 (6, p),
486.3 (1, s), 246.4 (56, p), 81.6 (8, p)


OBCCBO (1Sg
+) 2347.8 (0, sg), 2123.6 (811, su), 2045.3 (0, sg),


982.1 (15, su), 561.7 (0, pg), 525.0 (0, sg),
511.5 (166, pu), 265.5 (0, pg), 90.7 (27, pu)


Figure 3. Infrared spectra in the 2240–2020 cm�1 region from co-deposi-
tion of laser-ablated boron atoms (10B-enriched, 97%) with different iso-
topic CO samples in excess argon. Spectra were recorded after sample
deposition followed by annealing (34 K) and 20 min of broad-band ir-
radiation: a) 0.1%13CO; b) 0.05%12CO+0.05%13CO; c) 0.1%12CO;
d) 0.05%C16O+0.05%C18O; e) 0.1%C18O.


Table 3. Comparison of the observed and calculated isotopic frequency ratios of the O10B10BCCO and
O10BCC10BO molecules.


Mode 10B/11B 12C/13C 16O/18O
calcd obsd calcd obsd calcd obsd


OBBCCO CO str.[a] 1.0024 1.0034 1.0315 1.0358 1.0075 1.0086
OBCCBO BO str.[a] 1.0334 1.0327 1.0011 1.0012 1.0152 1.0146


BC str.[a] 1.0016 1.0064 1.0263 1.0241 1.0184 1.0158
OBC bend.[b] 1.0346 1.0346 1.0069 1.0070 1.0053 1.0053


[a] str.= stretching mode. [b] bend.=bending mode.
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20% of the C�O stretching mode. A weak band at
2080.3 cm�1 might be assigned to this mode, however, the
isotopic shifts and splittings of this band are not clear due to
weakness and band overlap, and definitive assignment is not
possible. All the other modes were predicted to have very
low IR intensities (Table 2).


In addition to OBBCCO, we computed other possible
structural isomers, including the BOBCCO and OBCBCO
isomers, which also involve non-equivalent B, C, and O
atoms. Our calculations found that both BOBCCO and
OBCBCO have singlet ground states with linear structures.
These molecules were predicted to be 30 and 18 kcalmol�1


less stable than OBBCCO, respectively. None of these iso-
mers were computed to have infrared spectral features that
matched the observed frequencies.[31]


Molecule OBCCBO : The bands at 2064.6, 934.0, and
490.1 cm�1 in experiments with a 10B-enriched target, and
the bands at 2040.2, 1999.3, 1942.7, 930.9, 928.1, 480.7, and
473.7 cm�1 in experiments with a natural-abundance boron
target appeared following broad-band irradiation and were
assigned to a linear OBCCBO molecule. Each band has a
minor site absorption that is 1–2 cm�1 higher. These bands
can be grouped together on the basis of their growth/decay
characteristics measured as a function of change of experi-
mental conditions, suggesting that they are a result of differ-
ent vibrational modes of the same molecule. The 2064.6,
2040.2, and 1999.3 cm�1 bands were assigned to the antisym-
metric B�O stretching mode of the O10BCC10BO,
O10BCC11BO, and O11BCC11BO isotopomers, respectively.
The relative intensities of these three absorption bands are
consistent with two equivalent boron atom involvements.
With natural-abundance boron, a vibrational mode, involv-
ing two equivalent boron atoms, will split into three absorp-
tion bands with approximately 1:8:16 relative intensities.
The 2064.6 cm�1 band was shifted to 2062.1 cm�1 with 13C16O
and to 2034.9 cm�1 with 12C18O. The isotopic frequency
ratios (16O/18O 1.0146, 12C/13C 1.0012, 10B/11B 1.0327), are
characteristic of a predominantly terminal B�O stretching
vibration. As listed in Table 1, the 2040.2 and 1999.3 cm�1


bands exhibited very similar carbon-13 and oxygen-18 fre-
quency shifts to that of the 2064.6 cm�1 band. In the mixed
12C16O+ 13C16O experiment (Figure 3b), a triplet was ob-
served for the 2064.6 cm�1 band with an intermediate at
2063.3 cm�1, indicating that two equivalent C atoms are in-
volved in the mode. A similar triplet with an intermediate at
2051.9 cm�1 was also observed in the mixed 12C16O+ 12C18O
experiment (Figure 3d), which indicates that two equivalent
O atoms are involved. The symmetric B�O stretching mode
of the linear O10BCC10BO and O11BCC11BO molecules is
IR inactive, but the mode of O10BCC11BO is IR active be-
cause of the reduced symmetry. In the experiment with
a natural-abundance boron target, a weak band at
1942.7 cm�1 appeared following broad-band irradiation and
tracked with the 2040.2 and 1999.3 cm�1 bands; this was
assigned to the symmetric B�O stretching mode of
O10BCC11BO.


The bands at 934.0, 930.9, and 928.1 cm�1, and the bands
at 490.1, 480.7, and 473.7 cm�1 were assigned to the antisym-


metric B�C stretching and OBC bending vibrations of the
O10BCC10BO, O10BCC11BO, and O11BCC11BO isotopomers,
respectively. The spectra shown in Figures 4 and 5 clearly


demonstrate that two equivalent boron, two equivalent
carbon, and two equivalent oxygen atoms are involved in
these two vibrational modes. The 934.0 cm�1 band, for exam-
ple, is shifted to 912.0 cm�1 with 13C16O and to 919.5 cm�1


with 12C18O. A triplet at 934.0, 922.6, and 912.0 cm�1 with ap-
proximately 1:2:1 relative intensities was observed in the
mixed 12C16O+ 13C16O spectrum (Figure 4b). Similarly, a
triplet at 934.0, 926.9, and 919.5 cm�1 was observed in the
mixed 12C16O+ 12C18O experiment (Figure 4c).


Figure 4. Infrared spectra in the 945–905 cm�1 region from co-deposition
of laser-ablated boron atoms with CO in excess argon. Spectra were re-
corded after sample deposition followed by annealing (34 K) and 20 min
of broad-band irradiation: a) 0.1%12CO, 10B-enriched (97%);
b) 0.05%12CO+0.05%13CO, 10B-enriched (97%); c) 0.05%C16O+


0.05%C18O, 10B-enriched (97%); d) 0.1%CO, natural-abundance boron.


Figure 5. Infrared spectra in the 505–465 cm�1 region from co-deposition
of laser-ablated boron atoms with CO in excess argon. Spectra were re-
corded after sample deposition followed by annealing (34 K) and 20 min
of broad-band irradiation: a) 0.1%12CO, 10B-enriched (97%);
b) 0.05%12CO+0.05%13CO, 10B-enriched (97%); c) 0.05%C16O+


0.05%C18O, 10B-enriched (97%); d) 0.1% CO, natural-abundance boron.
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The assignment is strongly supported by quantum-chemi-
cal calculations. As shown in Figure 6, the OBCCBO mole-
cule was predicted to have a closed-shell singlet ground


state with a linear structure. There are thirteen vibrational
fundamentals for linear OBCCBO, but only six of them are
IR active. The antisymmetric B�O stretching (su), B�C
stretching (su), and doubly degenerated OBC bending (pu)
vibrations for O10BCC10BO were computed at 2123.6, 982.1,
and 511.5 cm�1, respectively, which should be multiplied by
0.972, 0.951, and 0.958, respectively, to reproduce the ob-
served frequencies. This is in accord with the expected accu-
racy of B3LYP calculations.[32] The calculated intensity ratio
of these three modes is 811:15:178, which is in good agree-
ment with the experimental ratio of the band intensities of
0.089:0.002:0.022. Two other IR-active bending vibrations
that are doubly degenerated were predicted at 90.7 cm�1,
which is outside the range of our spectrometer. The symmet-
ric B�O stretching mode (sg) of O


10BCC10BO is IR inactive,
but this mode of O10BCC11BO was calculated at 2008.8 cm�1


with appreciable IR intensity (89 kmmol�1), completely con-
sistent with the experiment. As listed in Table 3, the calcu-
lated 10B/11B, 12C/13C, and 16O/18O isotopic frequency ratios
for the B�O stretching and OBC bending modes are in ex-
cellent agreement with the observed values, but the calculat-
ed 10B/11B ratio for the B�C stretching mode is smaller than
the experimental value. This suggests the possibility of an-
harmonic resonance of the B�C stretching mode with the
bending vibration, exhibiting a relatively larger 10B/11B iso-
topic effect. As a reference point, anharmonic resonance be-
tween the B�CO stretching mode and the bending mode
was observed for the BCO molecule, which resulted in a
larger deviation between the calculated and observed iso-
topic frequency ratios for the B�C stretching mode.[29]


The co-deposition of laser-ablated boron atoms with CO
in excess argon produced BCO as the primary product. The
BBCO, B(CO)2, OCBBCO, and B4(CO)2 carbonyls were
formed following sample annealing. As has been dis-
cussed,[20] OCBBCO was formed by BCO dimerization and


not through B2 reactions. The OBBCCO and OBCCBO ab-
sorption bands were produced following broad-band irradia-
tion, during which those absorption bands for OCBBCO dis-
appeared, indicating that OBBCCO and OBCCBO were
formed by photo-induced isomerization of OCBBCO. The
absorption bands for OBBCCO decreased on prolonged
broad-band irradiation, during which the OBCCBO absorp-
tion bands still increased. These observations strongly sug-
gest the successive photo-induced rearrangement of
OCBBCO to OBBCCO and finally to OBCCBO, as shown
in Equations (1) and (2):


OCBBCOþ hv ! OBBCCO ð1Þ


OBBCCOþ hv ! OBCCBO ð2Þ


Our B3LYP calculations indicate that these rearrangements
are exothermic. All three B2C2O2 isomers observed in the
experiments are linear molecules. OBCCBO is the most
stable structure among the three isomers. The OBBCCO
and OCBBCO structures were predicted to be 35.0 and
94.9 kcalmol�1 less stable than OBCCBO, respectively, at
the B3LYP6-311+G* level of theory. Recent studies
showed that CnBO and OCnB (n=2 or 4) are linear mole-
cules with the CnBO structures being more stable than the
OCnB isomers. The rearrangement reactions from the CnBO
species to OCnB are endothermic and require significant ac-
tivation energies.[33]


The formation of OBBCCO, and in particular OBCCBO,
from the reactions of boron atoms with carbon monoxide is
of great interest. The optimized geometries of OBBCCO
and OBCCBO calculated at the B3LYP level are in excel-
lent agreement with those calculated at the CCSD(T) level,
as shown in Figure 6. The OBBCCO molecule involves a C�
C double bond. The C=C bond length was predicted to be
1.289 P (B3LYP) or 1.303 P (CCSD(T)). The Lewis struc-
ture is best described as O�B�B=C=C=O. The OBCCBO
molecule involves a C�C triple bond. The C�C bond length
was computed to be 1.212 P (B3LYP), slightly longer than
that of C2H2 (1.199 P) calculated at the same level of
theory. The Lewis structure of OBCCBO can be drawn as
O�B�C�C�B�O, a polyyne-like structure, which satisfies
the octet rule. Just as the N2 molecule can be seen as the
neutral dipnictide, corresponding to two nitride anions, N3�,
the present OCBBCO and OBCCBO species can be seen as
the neutral dipseudopnictides, whose closed-shell monomers
are OCB3� and OBC3�, respectively. The latter was predict-
ed to lie at a lower energy.[34] The asymmetrical OBBCCO
species could alternatively be seen as OB-BCCO. The pseu-
dohalide BCCO� seems new, its close neighbors in the di-
cyanogen isoelectronic series and the pseudohalide BO�


have been discussed.[35]


Although the other boron carbonyl absorption bands
BCO, BBCO, and B(CO)2 also decreased or disappeared on
broad-band irradiation, no photo-induced rearrangement
products such as CBO and OBCCO were observed. These
carbonyl species probably decomposed, as the CO absorp-
tion band at 2138.3 cm�1 greatly increased on broad-band ir-
radiation.


Figure 6. Optimized structures (bond lengths in angstroms) of the three
B2C2O2 isomers at the B3LYP6-311+G* and CCSD(T)/6-311+G* (in
parentheses) levels.
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Conclusion


The co-deposition of laser-ablated boron atoms with CO
molecules in solid argon formed the following boron carbon-
yl species (which have been reported earlier): BCO, BBCO,
OCBBCO, B(CO)2, and B4(CO)2. The OCBBCO molecule,
which exhibits some boron–boron triple-bond character, un-
derwent successive photochemical rearrangements to form
the OBBCCO isomer and finally the OBCCBO structure,
which provides an unprecedented mechanism for CO activa-
tion. The new molecules were identified on the basis of iso-
topic IR studies with 10B, 11B, 13C16O, 12C18O, and carbon
monoxide mixtures in addition to comparison with quan-
tum-chemical calculations of isotopic frequencies. The theo-
retical analyses found that OBBCCO and OBCCBO are
linear molecules with C�C double and triple bonding, and
lie much lower in energy than the linear OCBBCO isomer.
The stabilities of the three B2C2O2 isomers increase as
OCBBCO<OBBCCO<OBCCBO.
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Room-Temperature Surface-Erosion Route to ZnO Nanorod Arrays and
Urchin-like Assemblies


Zhengquan Li,[a, b] Yue Ding,[b] Yujie Xiong,[b] Qing Yang,*[a, b] and Yi Xie*[a, b]


Introduction


As a wide-band-gap semiconductor (3.37 eV), ZnO nanoma-
terials have various applications ranging from surface acous-
tic wave filters, photonic crystals, light-emitting diodes, pho-
todetectors, photodiodes, and optical modulator wave
guides, to varistors, gas sensors, and solar cells.[1] ZnO nano-
materials with one-dimensional (1D) structures, such as
nanowires or nanorods, are especially attractive due to their
tunable electronic and optoelectronic properties, and poten-
tial application in nanoscale devices.[2] Accordingly, various
preparative methods have been developed to synthesize 1D
ZnO nanostructures for the purpose of obtaining better
properties or for applying them to practical use.[3] Among
the 1D ZnO nanostructures obtained, well-aligned 1D ZnO
nanostructures on substrates seem to exhibit optimal per-
formance, which makes them suitable for the requirements
of devices.[2–10] For example, it has been demonstrated that
ZnO nanorod arrays on Si substrates can emit an UV or a


visible laser at room temperature,[4] and underwent reversi-
ble super-hydrophobicity and super-hydrophilicity transi-
tions in UV radiation.[5] Other forms of integrated 1D ZnO
nanostructures, such as ZnO nanopropellers on an Al2O3


substrates, coral-reef structures on glass, and a hierarchical
structures on In2O3 nanowires, have also attracted considera-
ble interest and more practical applications are expected.[12]


Several methods have been developed to produce ZnO
nanorod arrays, such as chemical vapor deposition (CVD),[6]


physical vapor deposition (PVD),[7] metal-organic vapor-
phase epitaxy (MOVPE),[8] and anodic aluminum oxide
(AAO) templates.[9] Generally, the above-mentioned meth-
ods require high temperature or additional templates to act
as a support, and they are constrained by expense or appa-
ratus. Comparatively, the solution approach was more at-
tractive for both its simplicity and commercial feasibility,
and its good potential for scale-up.[10] Vayssieres et al. devel-
oped a wet-chemical method to grow oriented ZnO nano-
rods on various heterogenous substrates such as Si wafer, F-
SnO2 glass, or single crystalline sapphire.[11] They introduced
the heterogenous substrates in a solution system, and then
heated the aqueous solution to produce ZnO on the sub-
strates at 95 8C. This “soft” method without any template,
apparatus, or surfactants, and so forth, has greatly simplified
the preparation of oriented 1D ZnO nanostructures on het-
erogenous substrates.


Although the orientation of 1D nanostructures on hetero-
genous substrates has made notable progress, it would seem
more convenient if the reactant directly acted as a substrate
to support the obtained 1D nanostructures to avoid using an
additional substrate. Recently, a high-temperature surface
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Abstract: A solution surface-erosion
route was successfully employed to
produce one-dimensional (1D) ZnO
nanostructures. ZnO nanorod arrays
and three-dimensional urchin-like as-
semblies could be selectively obtained
with different manipulations. In this
process, zinc foil was introduced to an
organic solution system and acted both
as a reactant and substrate to support


the 1D nanostructures obtained. This
method, without any template, appara-
tus, surfactants, or additional heteroge-
nous substrates, has greatly simplified
the preparation of oriented 1D ZnO


nanostructures. In particular, this
simple route could be carried out at
room temperature over a period as
short as several minutes, thus it could
be conveniently transferred to industri-
al applications. The possible formation
mechanism, erosion process, and influ-
ence factors were also investigated.
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reaction method has been developed to synthesize metal
oxide/sulfide nanowires on the metal foils through processes
such as vapor solid (VS).[13] The surface of the metal foil
acts as both the reactant and substrate in this route, which
improved the traditional CVD or PVD methods. Low tem-
perature is another desirable synthesis condition that chem-
ists pursue to modify the high-temperature surface-oxidation
method. It is thought that when metal foil erodes and pro-
duces metal oxide in solution at low temperature, if the
formed metal oxide transports to a certain region and then
deposits 1D nanostructures on the surface, the metal foil
can also act as both a reactant and supporting substrate in
solution. Such a solvent surface-erosion method combines
the advantages of the “soft” method and high-temperature
surface-oxidation method. Furthermore, the experimental
procedure can be freely altered in solution at low tempera-
ture, thus more than one kind of morphology may be ob-
tained through different manipulations. Based on the above-
mentioned consideration, we provide a surface-erosion
method to produce differently aligned 1D ZnO nanorods in
a solution system. Using this simple process, ZnO nanorod
arrays and three-dimensional (3D) urchin-like assemblies
were selectively obtained with different manipulations. In
particular, this method is carried out at room temperature
and is complete in as little as several minutes, thus it is con-
venient to transfer to industrial applications.


Results and Discussion


Morphologies of ZnO nanostructures on eroded zinc foils :
The surface morphologies of zinc foils eroded in both the
layered and agitated solution, producing ZnO nanorod
arrays and 3D urchin-like assemblies, respectively, were
studied by field emission scanning electron microscopy
(FESEM). The morphologies of the ZnO nanorod arrays
from the layered solution are shown in Figure 1. From the
panoramic image (Figure 1a) we can see ZnO nanorods
with uniform diameters densely packed and arranged on the
surface of zinc foil. The cross-section FESEM image (Fig-
ure 1b) shows that these ZnO nanorods grew perpendicular-
ly from the surface of the zinc foil, with diameters around
20 nm and lengths ranging from 200 to 300 nm. It was also
found that the substrate was not smooth and that these
nanorods were grown from the concave area of the sub-
strate, which indicated that the ZnO nanorod arrays did not


grow directly from the surface but from the slightly eroded
surface of the zinc foil. On the surface of the zinc foil
eroded in the agitated solution, there were many randomly
dispersed clusters of 3D urchin-like assemblies. The typical
panoramic morphology of a cluster is shown in Figure 2a,
which indicates that all the ZnO nanorods aggregated into


many separate 3D structures. The magnified FESEM image
of a single assembly (Figure 2b) shows that the assembly
took on an urchin-like appearance; the diameter of these
nanorods was about 30 nm and their length ranged from 300
to 500 nm. The inset image in Figure 2b shows that these
nanorods were grown from a rugged substrate on the sur-
face of the zinc foil.


Phases and purities of both samples


X-ray powder diffraction (XRD) pattern : XRD patterns of
sample a (nanorods) and sample b (urchin-like assemblies)
are shown in Figure 3. All the peaks can be clearly indexed
to the wurtzite ZnO (JCPDS card No. 36-1451; a=3.249,
c=5.206 N) and hexagonal Zn (JCPDS card No. 04-0831;
a=2.665, c=4.947 N). No characteristic peaks were ob-
served for the other impurities, such as Zn(OH)2. The XRD
patterns showed that the obtained products only consisted
of ZnO and Zn, indicating high purities of the two samples.
The peaks of Zn were much stronger than ZnO due to the
high proportion of Zn throughout the zinc foils. In the XRD
pattern of sample a, the relative intensities of peak (002)
were stronger than other peaks such as peak (100), which


Figure 1. FESEM images of ZnO nanorod arrays: a) panoramic; b) cross-
section. The smooth region of the substrate was slightly eroded Zn foil
covered by some ZnO.


Figure 2. FESEM images of 3D urchin-like assemblies: a) panoramic;
b) single 3D assembly.


Figure 3. XRD patterns of both samples: a) sample a ; b) sample b. The
peaks marked with * belong to ZnO, the others belong to zinc. The peak
(101) of ZnO was covered by peak (002) of Zn.
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suggests that many ZnO nanorods are oriented along this di-
rection, which is in agreement with their morphologies.


X-ray photoelectron spectra (XPS): XPS of both zinc foils
were identified (Figure 4) and confirmed the quality of our
products. The binding energies obtained in the XPS analyses


were corrected for specimen charging by referencing the
C1s peak to 284.6 eV. In Figure 4a, the peak around
1021.8 eV was attributed to Zn 2p3/2 of Zn0 and Zn2+ for
they have a very close value and integrated together.[14] In
Figure 4b, the strong peak at 530.7 eV could be assigned to
the O2� in ZnO. No obvious peaks for other elements were
observed and the result was in agreement with the XRD
patterns.


Photoluminescence (PL) spectra of both samples : The
room-temperature PL spectra of samples a and b are dis-
played in Figure 5. The excitation wavelength was 325 nm


and no filter was used. Strong emission at ~385 nm came
from the recombination of excitation centers in the ZnO
crystal and the green emission (~520 nm) of ZnO was gener-
ally attributed to the recombination of electrons in singly
occupied oxygen vacancies with photoexcited holes.[15] The
UV peaks in sample b were stronger than those in sample a,
which indicated that more ZnO may be produced in an agi-
tated solution than in a layered solution.


Possible formation mechanism of ZnO nanorod arrays and
3D urchin-like assemblies : In order to obtain ZnO on zinc
foil at room temperature, choosing a suitable reaction


system seemed to be a crucial factor. Although quite a lot
of oxidants in an aqueous system could react with zinc foil
at room temperature, Zn2+ or Zn(OH)4


2� usually formed in
acidic or basic solution, respectively, and no ZnO was de-
posited on the surface. In our experiment, the organic oxida-
tion solution system consisting of nitrobenzene, methanol,
and KOH was found to have the ability to erode zinc foil
and form ZnO nanorods on its surface. The overall reaction
could be described as shown in Equation (1):[16]


The redox reaction requires a concentrated basic medium,
so methanol was used as a solvent because solid KOH
would not dissolve in nitrobenzene. Methanol had the desir-
able KOH solubility and could be blended with nitroben-
zene at any ratio. The half-reactions, (�) and (+ ), of the
redox reaction are shown in Equations (2) and (3), respec-
tively:


2Znþ 8OH��4 e ! 4ZnðOHÞ42� ð2Þ


C6H5NO2 þ 2ZnðOHÞ42� þ 4 e ! ðC6H5NÞ2 þ 8OH� þ 2ZnO


ð3Þ


From the half-reactions, one can see that Zn(OH)4
2� was


produced from the erosion of zinc foil in solution before it
was transported to react with nitrobenzene. ZnO was depos-
ited on zinc foil rather than in solution because the electron
was transmitted through the zinc foil during the redox reac-
tion in the organic solution system.


In previous research concerning the formation mechanism
of ZnO nanorod arrays on a heterogenous substrate using
the “soft” process, it has been demonstrated that a ZnO
thin film (or nuclei) initially formed on the substrate before
the epitaxial growth.[11] Then, with respect to the structure
of wurtzite ZnO, these nuclei would preferentially grow
along the (002) direction to form 1D crystals if the chemical
environment constantly provided a ZnO resource. As nei-
ther templates nor surfactants were used to control the pro-
cess of crystallization in our experiment, we speculate that
the nanorods were formed in an analogous process. In
detail, when methanol was saturated with KOH and then
mixed with nitrobenzene, two intersaturated phases natural-
ly formed. The upper phase mainly consisted of methanol
and KOH, and the lower phase was nitrobenzene. The alkali
KOH only participated in the anodic half-reaction, so the
zinc foil was well eroded in the methanol phase while slight-
ly eroded in the lower phase. On the other hand, the ca-
thodic half-reaction required the participation of nitroben-
zene, thus as Zn(OH)4


2� eroded from the upper phase and
constantly diffused to the lower phase, the formation of
ZnO nanorods mainly occurred beneath the interface where
the concentration of nitrobenzene was higher. The separa-
tion of erosion and deposition made the upper phase con-


Figure 4. XPS analysis of both samples: a) Zn region; b) O region.


Figure 5. PL spectra of both samples: a) sample a ; b) sample b.
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stantly provide the Zn resource to deposit ZnO onto the
region beneath the interface, which is illustrated in Sche-
me 1a. Therefore, ZnO nanorod arrays could grow epitaxial-


ly from the slightly eroded substrate along with the constant
transfer of Zn(OH)4


2�. Figure 6a shows the morphology of a
sample reacted for about one minute. In this figure, the sub-
strate was slightly eroded and coated with immature ZnO
nanorods, which confirmed the formation mechanism de-
scribed above.


Our results have shown that the process of obtaining ZnO
nanorod arrays or 3D urchin-like assemblies depended on
the procedure used. In an agitated solution, it was no longer
possible to set apart the regions of erosion and deposition;
the whole zinc foil simultaneously divided into many erosion
and deposition regions that alternatively emerged on the
whole of the zinc foil. The erosion region provided a ZnO
resource to construct ZnO nanorods on the deposition
region. But apart from the layered solution, the deposition
regions in the agitated solution were uneven because it was
well eroded and produced some 3D structures before ZnO
nanorods matured. The experimental manipulation of the
3D urchin-like assemblies is illustrated in Scheme 1b. The
morphology of the samples eroded for one minute are
shown in Figure 6b, revealing the initial stage of these 3D


urchin-like assemblies, and providing strong evidence for
the 3D urchin-like assemblies growing directly from the
eroded surface of the zinc foil.


FESEM studies on the erosion
process of zinc foil : In the lay-
ered solution, the eroded zinc
foil in the methanol phase was
also inspected by FESEM and
it was found that the different
areas of eroded foil exhibited
various patterns. This result in-
dicated that the erosion of
these areas was not synchro-
nous in all areas. The observed
various erosion morphologies
could be divided into four dis-
tinct types, which are shown se-
quentially in Figure 7 based on


the severity of erosion, indicating the erosion process of the
Zn foil. The morphology shown in Figure 7a represents the
initial stage of erosion, which showed that shallow pits were
formed on the surface and that other areas were left un-
touched. These pits spread and polyhedral blocks with deep
grooves then formed, as shown in Figure 7b. When erosion
proceeded, the blocks evolved into individual flake-like
crystals with regular shapes, as shown in Figure 7c. For the
final step, thinner flakes were carved out and perpendicular-
ly packed to make the rugged landform as seen in Figure 7d.
By varying the reaction time, it was found that slight erosion
(as shown in Figure 7a, b) dominated the whole surface with
a shorter reaction time (<2 min), while the severe erosion
(as shown in Figure 7c, d) dominated the whole surface after
a longer reaction time (>8 min). No further types of mor-
phology were found even when the reaction time was pro-
longed to 30 minutes. These comparing experiments con-
firmed the erosion process of Zn foil described above. In


Scheme 1. Illustrations of the formation process of two kinds of morphologies: a) ZnO nanorod arrays;
b) 3D urchin-like assemblies.


Figure 6. FESEM images of deposition regions in both samples eroded
for one minute: a) morphology of sample in layered solution; b) mor-
phology of sample in agitated solution.


Figure 7. FESEM images of erosion areas of zinc foil with different se-
verity of erosion shown a–d.
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the agitated solution, the morphologies of the erosion
region on zinc foil were identical to those found in the lay-
ered solution.


Influencing factors on the morphology of ZnO nanostruc-
tures : It was clear that the difference between the nanorod
arrays and 3D urchin-like assemblies was the substrate that
these nanorods stood on. So, the key factor in obtaining
nanorod arrays was to keep the deposition region on the
substrate slightly eroded. Rough substrates or improper ma-
nipulation, such as constant shaking, usually produced a
hybrid of nanorod arrays and 3D structures (Figure 8a),
while the synthesis of 3D structures could be easily achieved
regardless of these factors, forming over a long period of
time. Figure 8b shows the 3D urchin-like assemblies with a
block background obtained after reacting for only three
minutes. Figure 8c shows the 3D urchin-like assemblies with
a flaky background when the zinc foil was well eroded for
ten minutes. While the reaction proceeded, the morphology
of the zinc foil remained the same as that shown in Fig-
ure 8c.


It has been found that when KOH was replaced by
NaOH in our experiment, ZnO nanorods could also be built
on zinc foil. But in contrast to the erosion with KOH, ZnO
nanorod arrays were formed even if the reaction was carried
out in an agitated solution. The surface morphologies of
zinc foil eroded for 10 minutes in such a system were inves-
tigated by FESEM. Two distinct regions, nanorod arrays
(~40%) and erosion regions (~60%) were found to emerge
alternatively. Their images are shown in Figure 9a and c, re-
spectively. The ZnO nanorod arrays in Figure 9a appeared
like bushes coated on the surface of zinc foil, less densely
packed than those obtained with KOH. A magnified
FESEM image (Figure 9b) showed these nanorods had a
wide size distribution with diameters of about 10–50 nm and
lengths of 80–500 nm. Figure 9c shows the eroded regions,
which were much different from those obtained with KOH.


In these regions, the substrate was not so severely eroded
and ZnO nanorods could still be found. As the erosion con-
tinued, the regions of bush-like ZnO nanorods gradually re-
duced while the eroded regions enlarged, but no 3D urchin-
like assemblies or zinc flakes were found. After about one
hour, the completely eroded surface remained the same as
the erosion areas demonstrated in Figure 9c. NaOH had
much weaker alkalescence and about one-third the solubility
of KOH in methanol, so the formation of ZnO nanorods re-
quired more time. Correspondingly, the severity of erosion
was constrained to the initial stage as described in Figure 7a.
Since the weak erosion would result in a comparatively
slightly eroded substrate, ZnO nanorod arrays could also be
built in the agitated solution. Other alkali salts weaker than
NaOH, such as Na3PO4 or Na2S could not react with zinc
foil and failed to build ZnO nanorods on it. This indicated
that strong basic conditions were necessary for this solution
surface-erosion process.


Conclusion


In conclusion, a solution surface-erosion route was success-
fully introduced to produce 1D ZnO nanostructures on zinc
foil. ZnO nanorod arrays and urchin-like assemblies could
be selectively obtained with different manipulations. This
method was carried out at room temperature without any
template, apparatus, surfactants, or additional heterogenous
substrates. It has greatly simplified the preparation of ori-
ented 1D ZnO nanostructures. The XRD analyses and XPS
showed the high purities of the products and the PL spectra
indicated their excellent optical properties. The possible for-
mation mechanism was proposed and the erosion process
and influence factors were also investigated.


Experimental Section


Syntheses


Surface-erosion process for obtaining ZnO nanorod arrays on zinc foil :
Nitrobenzene (30 mL) and methanol (20 mL) saturated with KOH
(6.374 g, 0.114 mol) were mixed in a 100 mL beaker, stirred for several
minutes, and then stopped to let the solution naturally separate into two
phases. Then, zinc foil (6Q1 cm) was slowly inserted in the layered so-
lution and kept in touch with both phases for five minutes. The solution
was then removed from the beaker and the foil was dried under vacuum


Figure 8. a) Typical FESEM image of deposition region of rough zinc foil
eroded for five minutes in layered solution. b) Typical FESEM image of
zinc foil eroded for three minutes in agitated solution. c) Typical FESEM
image of zinc foil eroded for ten minutes in agitated solution.


Figure 9. FESEM images of zinc foil eroded for 15 minutes in agitated so-
lution with saturated NaOH: a) panoramic image of deposition region;
b) magnified image of deposition region; c) image of erosion region.
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at 80 8C. A piece of eroded foil (1Q1 cm) beneath the interface of two
phases was cut for further examination (sample a).


ZnO 3D urchin-like assemblies : Nitrobenzene (30 mL) and methanol
(20 mL) saturated with KOH (6.374 g, 0.114 mol) were mixed in a
100 mL beaker and ceaselessly stirred to blend the two phases. Then,
zinc foil (2Q2 cm) was thrown into the agitated solution and taken out
five minutes later. The foil was dried under vacuum at 80 8C (sample b).


Apparatus : FESEM images were taken on a JEOL JSM-6700F SEM.
XRD analyses were performed using a Japan Rigaku D/max-cA X-ray
diffractometer equipped with graphite monochromatized high-intensity
CuKa radiation (l=1.54178 N). The accelerating voltage was set at 50 kV,
with 100 mA flux at a scanning rate of 0.06 8 s�1 in the 2q range 30–708.
XPS were collected on an ESCALab MKII X-ray photoelectron spec-
trometer, using non-monochromatized MgKa X-ray as the excitation
source. Room-temperature PL spectra were performed on a LABRAM-
HR Confocal Laser MicroRaman Spectrometer equipped with a He-Cd
laser.
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Noncovalent Anchoring of Asymmetric Hydrogenation Catalysts on a New
Mesoporous Aluminosilicate: Application and Solvent Effects


Chr�tien Simons,[a, b] Ulf Hanefeld,[b] Isabel W. C. E. Arends,[a] Roger A. Sheldon,*[a] and
Thomas Maschmeyer*[b, +]


Introduction


Transition-metal-catalysed asymmetric hydrogenation is be-
coming increasingly important for the production of enan-
tiopure pharmaceuticals and agrochemicals. The Monsanto
l-DOPA process[1] represents one of the most prominent ex-
amples of the successful implementation of this technology.


In recent years highly enantioselective catalysts for a broad
range of substrates such as olefins, ketones and imines[2]


have been developed. However, large-scale applications of
this mature methodology are often hampered by the difficult
removal of the homogeneous catalysts. Heterogenisation of
the metal complexes provides a way to greatly ease this sep-
aration and to improve the recycling of the expensive cata-
lyst. A commonly applied technique is the covalent binding
of the complex to a solid support.[3] Serious drawbacks of
this approach are the time-consuming and difficult ligand
modification as well as the not always predictable effects on
activity and selectivity. Augustine et al. reported a very ele-
gant method for the heterogenisation of ionic transition-
metal complexes, which did not require any modification of
the complexes and additionally, in some cases, improved
their catalytic activity and selectivity.[4] This method utilised
the cationic character of the complex to bind it noncovalent-
ly to an inorganic support, employing heteropoly acids as
the anchors. Variations of this approach using different sur-
face modification strategies to anchor by electrostatic bind-
ing have been reported by Hçlderich et al.,[5] Hems and
Hutchings,[6] and Broene et al.[7]


Inspired by these new anchoring techniques, we set out to
utilise the new mesoporous aluminosilicate, AlTUD-1, as a
support for chiral rhodium complexes. Here, we describe the
preparation of this new aluminosilicate and its use in the im-
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Abstract: A new Brønsted acidic alu-
minosilicate, AlTUD-1, with ideal char-
acteristics for catalyst immobilisation
(mesoporous structure, high surface
area, and high Altetrahedral/Si ratio), was
used successfully for the noncovalent
anchoring of two well-established
asymmetric hydrogenation catalysts:
[RhI(cod){(R,R)-MeDuPHOS}]BF4 (1)
and [RhI(cod){(S,S)-DiPAMP}]BF4 (2).
The new heterogeneous catalysts, 1-
AlTUD-1 and 2-AlTUD-1, prepared
by a straightforward ion-exchange pro-
cedure, were highly active and selective


in the asymmetric reduction of dimeth-
yl itaconate (3) and methyl 2-acetami-
doacrylate (4), giving enantiomeric ex-
cesses of up to >98%. The catalysts
showed similar behaviour to their ho-
mogeneous counterparts. Catalyst 2-
AlTUD-1 could be re-used multiple
times without loss of enantioselectivity


or activity. Leaching of Rh showed a
significant dependence on the polarity
of the solvent in which the catalysis
was performed. By applying tert-butyl-
methyl ether (MTBE) as solvent, the
loss of Rh could be reduced to
<0.1%. The solvent also had a note-
worthy effect on the enantioselectivity
in the hydrogenation of 4 (an effect
not seen with 3 as substrate), that is, in
MeOH the ee was 92%, in MTBE it
dropped to 26% when using 2-
AlTUD-1 as catalyst.


Keywords: asymmetric catalysis ·
hydrogenation · mesoporous
materials · solvent effects ·
supported catalysts
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mobilisation of two established, asymmetric hydrogenation
catalysts, [RhI(cod)((R,R)-MeDuPHOS)]BF4 (1)[8] and
[RhI(cod)((S,S)-DiPAMP)]BF4 (2),[9] wherein cod is 1,5-cy-
clooctadiene. The application of these new heterogeneous
catalysts in asymmetric hydrogenation and the striking influ-
ence of the solvent, a factor often ignored, were investigat-
ed.


Results and Discussion


The starting point for the development of the mesoporous
aluminosilicate (AlTUD-1, pore diameter 20–500 L) was
the recent discovery of a new templating method for meso-
porous networks.[10] This novel approach uses inexpensive,
nonsurfactant chemicals to produce mesoporous materials
with high surface areas (up to ca. 1000 m2g�1) and three-di-
mensional (3D) connectivities. The 3D pores should allow
better accessibility of the catalyst compared with one-di-
mensional pore systems as found in materials such as MCM-
41.[11]


For the purpose of immobilising cationic complexes on
the material, an unusually low Si/Al ratio of about 4 is desir-
able. Preferably, to ensure a high Brønsted acidity, the alu-
minium center should display tetrahedral coordination. The
templates described have the ability to stabilise metal alkox-
ides by complexation,[12] and thus seemed ideally suited for
production of the desired aluminosilicate.


Initial experiments with the most frequently reported
template triethanolamine, did not give satisfactory results.
However, with tetraethyleneglycol (TEG)[13] as a template, a
white solid, denoted as AlTUD-1, was obtained. The com-
plete removal of the template was confirmed by IR spectro-
scopy, and the structural properties of AlTUD-1 were inves-
tigated with X-ray powder diffraction and N2 physisorption.


The XRD pattern in Figure 1a shows one dominant
signal, an intense peak around 0.658 q, indicating that
AlTUD-1 is a mesostructured material. The N2 sorption iso-
therms (Figure 1b) show the mesoporous texture in what is
a typical Type IV isotherm with a type H1 hysteresis loop,
characteristic for mesoporous materials. Additional data, de-
rived from the isotherm, illustrate that AlTUD-1 has a large
surface area of about 600 m2g�1 and a total pore volume of
1.1 cm3g�1. The pore size distribution is fairly broad and
shows a maximum at 150 L (inset). In the synthesis of the
purely siliceous mesoporous silica (TUD-1) by this templat-
ing method, the pore-size distribution could be tuned by var-
iation of the hydrothermal treatment time: a longer duration


increased the pore diameter. For AlTUD-1, variation in the
hydrothermal treatment time had little to no effect on the
pore-size distribution. This is, to a large degree, due to the
faster formation of Al-O-Si bonds compared with Si-O-Si
bonds, which renders the overall system less dynamic and,
therefore, less sensitive towards changes in pore size with
temperature. Increasing the time over a range of 3 to 24 h
gave a pore diameter of 150–250 L, all with the same broad
distribution (see Figure 1b inset). Similarly, the surface area
increased only marginally when prolonging the hydrother-
mal treatment from 3 to 24 h (~500–625 m2g�1). It can rea-
sonably be assumed that AlTUD-1 exhibits a three-dimen-
sional structure owing to the synthesis method used. Fur-
thermore, all analyses of AlTUD-1 indicate that it is consis-
tent with a TUD-1-like structure.


The nature of Al in AlTUD-1 was investigated by using
27Al NMR spectroscopy (Figure 2). The spectrum exhibits a
strong resonance at d = 55 ppm, which can be assigned to
the desired Brønsted acidic, tetrahedrally coordinated Al


Figure 1. a) Powder XRD (CuKa) pattern of AlTUD-1; b) nitrogen sorp-
tion isotherms of AlTUD-1. Inset: corresponding pore-size distribution.
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(Altetrahedral) center. The signals
at d = 31 and 0 ppm can be as-
cribed to pentacoordinate Al
and hexacoordinate Al centers,
respectively. It follows from the
integration that approximately
43% of the Al is coordinated
tetrahedrally. Although the ad-
dition of TEG did not com-
pletely suppress the formation
of hexacoordinate Al centers, it
did allow the formation of a
mesoporous aluminosilicate
with a high surface area and a
Si/Altetrahedral ratio of 9:1 (overall
Si/Al = 4:1). This new material
(AlTUD-1) with its large sur-
face area, mesoporous struc-
ture, and high proportion of
Brønsted acidic Al combines all
the desired properties for an
anionic carrier.


Complexes 1 and 2 were immobilised by straightforward
ion exchange, using the three-dimensional mesoporous alu-
minosilicate (AlTUD-1). A high Altetrahedral/Rh ratio of ap-
proximately 10:1 was chosen, so that any cationic complex
that is inadvertently mobilised during the hydrogenation re-
action is surrounded by many vacant acidic sites, increasing
the chances to be immobilised again. Both, pre-formed com-
plexes and those prepared in situ, can be immobilised. The
resulting immobilised catalysts are expected to have a virtu-
ally unmodified, and possibly even improved, catalytic be-
haviour. The immobilised catalysts, denoted as 1-AlTUD-1
and 2-AlTUD-1, respectively, were washed with ethanol or
2-propanol to remove any unanchored catalyst. Typically, a
loading of 1 wt% Rh was obtained.


For a direct comparison of the immobilised and homoge-
neous catalysts, the catalytic behaviour of 1-AlTUD-1 was
studied in the asymmetric hydrogenation of dimethyl itaco-
nate (3) (Table 1). No difference was found between chiral
catalysts that were immobilised as synthesised and those
that were prepared by addition of a solution of bis(1,5-cyclo-
octadiene)rhodium tetrafluoroborate and the chiral ligand
to AlTUD-1. The comparison between the homogeneous


catalyst (entry 1, Table 1) and 1-AlTUD-1 (entry 2, Table 1)
under identical conditions reveals that there is no decrease
in either selectivity or activity upon anchoring 1 on AlTUD-
1. However, significant leaching of Rh was observed, casting
doubt on the heterogeneity of the reaction. We therefore
screened other solvents using the Avantium Quick Catalyst
Screen platform (entries 4–9, Table 1) to reduce this prob-
lem. When switching from the mechanically stirred auto-
clave to the magnetically stirred Quick Catalyst Screen plat-
form, a significant drop in activity was observed (entry 3
versus entry 5, Table 1), whereas the enantioselectivity was
hardly affected by the change of reaction vessel and stirring
mode. The reduction in activity is principally due to a re-


duced mass-transfer of hydrogen from the gas to the liquid
phase, caused by the different reaction vessel design. The re-
duction in hydrogen uptake slows down the reaction, since
hydrogen is involved in the rate-determining step.[14a] Never-
theless, this system is suited to finding trends in the leaching
of Rh. The lack of activity in toluene is not surprising, since
aromatic compounds tend to form stable h6-arene complexes
with RhI.[15]


The screening revealed a similar loss of Rh with methanol
as solvent, when compared with the original experiment. As
expected, the Rh loss could largely be overcome by switch-
ing to less polar solvents. With the less polar, but still protic,
2-propanol as solvent, leaching of Rh could already be re-
duced by a factor of 6. When we used dichloromethane or
ethyl acetate, both regarded as polar aprotic solvents, the
Rh in solution could be reduced to 0.29 mgL�1, correspond-
ing to 0.5–0.7% of the total amount of Rh. Minimal leach-
ing (0.04 mgL�1, 0.1% of the original Rh) was obtained
with the much less polar and aprotic tert-butylmethyl ether
(MTBE). By simply switching the polarity of the solvent,
the leaching of the catalyst could be reduced by a factor of
150.


Figure 2. 27Al NMR spectrum of AlTUD-1.


Table 1. Asymmetric hydrogenation of 3 in various solvents.[a]


Entry Catalyst Solvent Conv. 3/Rh TOF ee Rh loss
[%] ratio [molmol�1h�1] [%] [mgL�1] (%)[c]


1[b] 1 MeOH 100 1250 >1000 96 –
2[b] 1-AlTUD-1 MeOH 100 1250 >1000 98 2.00 (23)
3[b] 1-AlTUD-1 2-PrOH 100 200 >1000 96 0.35 (1.4)
4 1-AlTUD-1 MeOH 22 250 51 97 4.5 (15)
5 1-AlTUD-1 2-PrOH 32 325 105 96 0.78 (2.5)
6 1-AlTUD-1 CH2Cl2 26 250 62 98 0.29 (0.7)
7 1-AlTUD-1 EtOAc 11 175 19 98 0.29 (0.5)
8 1-AlTUD-1 MTBE 10 250 25 96 0.04 (0.1)
9 1-AlTUD-1 toluene 0 250 0 n.d. n.d.


[a] Reaction was performed using the Avantium Quick Catalyst Screen platform; conditions: ~6 mg supported
catalyst, pinitial(H2) = 5 bar, volume 1.5 mL, [substrate] = 0.1m, time = 60 min, S major enantiomer with
(R,R)-MeDuPHOS as ligand. [b] Reaction was performed in a Parr hastelloy C autoclave; conditions: 100 mg
supported catalyst, 50 mL solvent, p(H2) = 5 bar, [substrate] = 0.1m, time = 30 min, S major enantiomer
with (R,R)-MeDuPHOS) as ligand. [c] Percentage of total amount Rh.
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A good measure for solvent polarity is the normalised
empirical parameter ET


N,[16] which is based on the transition
energy for the longest wavelength solvatochromic absorp-
tion band of a pyridinium N-phenolate betaine dye. This pa-
rameter also takes into account specific solute–solvent inter-
actions, like hydrogen bonding and electron pair donation
and electron pair acceptance interactions. The correlation
between this parameter and loss of Rh is given in Figure 3.


This exponential correlation
can be rationalised by the in-
creasing ability to stabilise
charged species with increasing
polarity. Whereas MTBE has
almost no possibility to stabilise
charges, ethyl acetate has the
ability to stabilise positive
charges by lone pair donation
and its dipolar moment. How-
ever, ethyl acetate is far less ef-
ficient in the stabilisation of
negative charges. Methanol on
the other hand has the capabili-
ty to stabilise both cations and
anions, explaining the large
amounts of Rh in solution.


The screening of various sol-
vents also shows that the enan-
tioselectivity in the hydrogena-
tion of 3 with 1-AlTUD-1 is in-
dependent of the solvent. The
catalyst 1-AlTUD-1 exhibits ex-
cellent enantioselectivities of
up to 98% in all solvents. The enantioselectivity fluctuated
only within 1 to 2% between different solvents.


The encouraging results with 3 as substrate motivated us
to investigate the asymmetric hydrogenation of the more
highly functionalised substrate methyl 2-acetamidoacrylate
(4) (Table 2, the reaction times are close to the shortest re-
action times in which 100% conversion could be obtained
for the best solvent/catalyst combination; all reactions gave
quantitative yields when the reaction time was extended).


Again, 1-AlTUD-1 in methanol gave results similar to the
homogeneous catalyst, as was the case for 2-AlTUD-1. In-
terestingly, the asymmetric hydrogenation of 4 with 2-
AlTUD-1 proceeded even in water. The homogeneous cata-


lyst is poorly soluble in this solvent, but when using the im-
mobilised catalyst, reasonable TOFs with moderate ee were
obtained (entry 9, Table 2). Thus, immobilisation on
AlTUD-1 also broadens the range of solvents for asymmet-
ric hydrogenation.


Once more, significant leaching was observed with MeOH
as the solvent. Analogous to the experiments with 3, this
leaching could be reduced by a change of solvent. The
leaching could even be suppressed to <0.1%. Loss of Rh is
slightly higher for 2-AlTUD-1, especially when 2-propanol
is used as solvent. Surprisingly, the amount of Rh leached in
water is considerably lower than with methanol (entries 7
and 9, Table 2), although its ET


N value is higher (1.00). This
is due to the hydrophobic character of the cation.


The results with 2-AlTUD-1 clearly show that the solvent
also has an influence on the activity of the catalyst, where
the TOF drops from >200 for methanol and ethanol (en-
tries 7 and 8, Table 2) to 69 for 2-propanol (entry 10,
Table 2). An obvious explanation could be the different sol-
ubility of H2 in the various solvents. However, there is no
correlation between the hydrogen solubility and the TOF
(Table 3).


Unexpectedly, the solvent also had a significant influence
on the enantioselectivity of 1-AlTUD-1 and 2-AlTUD-1 in
the hydrogenation of 4. Whereas 3 was hydrogenated with


Figure 3. The correlation between the polarity of the solvent (ET
N) and


the loss of Rh (in percentage of total amount of Rh).


Table 2. Asymmetric hydrogenation of 4 in various solvents.[a]


Entry Catalyst p(H2)
[b] Solvent Conv. TOF ee Rh loss


[bar] [%] [molmol�1 h�1] [%] [mgL�1] (%)[c]


1 1 1 MeOH 100 >350 >98 –
2 1-AlTUD-1 1 MeOH 100 >350 >98 4.9 (17)
3 1-AlTUD-1 1 MTBE 100 >350 90 0.01 (0.05)
4 1-AlTUD-1 1 EtOAc 100 >350 84 0.01 (0.05)
5 1-AlTUD-1 1 2-PrOH 100 >350 75 0.4 (1.6)
6 2 3 MeOH 100 >200 92 –
7 2-AlTUD-1 3 MeOH 100 >200 92 4.6 (20)
8 2-AlTUD-1 3 EtOH 100 >200 79 0.9 (4)
9 2-AlTUD-1 3 water 81 159 64 1.2 (5.6)
10 2-AlTUD-1 3 2-PrOH 26 69 44 1.3 (7.5)
11 2-AlTUD-1 3 MTBE 54 103 26 0.02 (0.09)
12 2-AlTUD-1 3 EtOAc 35 75 30 0.09 (0.45)


[a] Reaction was performed in a Parr hastelloy C autoclave, conditions: 50 mL solvent, [4] = 0.025m, 0.1 g cat-
alyst, 4/Rh ratio = 100, R major enantiomer with (R,R)-MeDuPHOS) or (S,S)-DiPAMP) as ligand, reaction
time: 20 min for 1 and 30 min for 2. [b] Initial pressure. [c] Percentage of total amount Rh.


Table 3. The mole fraction solubilities xH2
of hydrogen and the TOF in


the asymmetric hydrogenation of 4 using 2-AlTUD-1 as catalyst in vari-
ous solvents.


Solvent xH2
(10�4)[a] TOF [molmol�1 h�1]


methanol 15 >200
ethyl acetate 3.5 75
2-propanol 2.7 69
ethanol 2.1 >200
water 0.14[b] 159


[a] xH2
at 10 bar H2 and 25 8C.[17] [b] xH2


at 1 bar H2 and 25 8C.[17b]
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excellent enantioselectivity using 1-AlTUD-1 in all solvents
screened, the ee in the reduction of 4 varied between
>98% for methanol and 75% for 2-propanol. Burk et al.
reported essentially identical enantiomeric excesses in the
solvents methanol, THF, dichloromethane, ethanol, 2-propa-
nol, and ethyl acetate for the homogeneous hydrogenation
of 4.[8] The interaction between the support and the catalyst,
which varies for different solvents, seems to influence the
enantioselectivity in the hydrogenation of 4. From these re-
sults, MTBE appears to be the ideal solvent when using 1-
AlTUD-1, since it combines high ee with virtually no loss of
Rh for either substrate.


With regard to leaching, MTBE is also the first choice for
2-AlTUD-1, but the enantioselectivity of 2-AlTUD-1 drops
dramatically (entry 11, Table 2). It appears that for this cata-
lyst the solvent dependence of the enantioselectivity is even
greater, ranging from 92 to 26 ee%. Once again the homo-
geneous complex shows different behaviour. Whereas
Knowles reports a marginally better efficiency in higher al-
cohols,[1] here the enantiomeric excess decreases with higher
alcohols. As for 1-AlTUD-1, the interaction between sup-
port and catalyst seemingly plays a significant role. Howev-
er, the relation between solvent and enantiomeric excess is
not identical for both catalysts, which becomes particularly
apparent for MTBE, ethyl acetate, and 2-propanol. For 1-
AlTUD-1, 2-propanol is the least suitable solvent, and
MTBE is the second best. For 2-AlTUD-1 MTBE is by far
the poorest solvent, whereas it performs reasonably well in
2-propanol.


This dependence of the enantioselectivity on the solvent
is unexpected. It is, however, not entirely surprising, since
the energy difference responsible for an enantiomeric excess
of 99.9% is only about 4 kcalmol�1.[14] This energy differ-
ence is similar to that between solvated species, making the
ee quite dependent on the solvent.


To confirm that the catalytic hydrogenation is indeed het-
erogeneous, the residual activity of the filtrate was measured
in a filtration test.[18] A few minutes after the start of a
normal hydrogenation procedure, 2-AlTUD-1 was removed
and the reaction was continued with the filtrate only. There
is no additional conversion after the removal of the catalyst,
(Figure 4), which clearly demonstrates that it is the hetero-
geneous catalyst that catalyses the reaction and that any Rh
leached is inactive. This was also confirmed for 1-AlTUD-1.


The recyclability of 1-AlTUD-1 and 2-AlTUD-1 was stud-
ied for all experiments described; results are depicted in Fig-


ures 5 and 6. In all solvents, with the exception of methanol,
the activity of 1-AlTUD-1 drops in the second run and in
the third run. But with prolongation of the reaction time,
100% conversion could again be achieved in the fourth run,
stressing the importance of short reaction times when com-


paring activities in consecutive runs. The enantioselectivity
remains almost constant upon re-use and decreases only
slightly in run 4, which can partially be explained by the al-
tered reaction conditions. In MeOH the catalyst retains its
activity in run 2, but is almost inactive in runs 3 and 4. The
different behaviour in MeOH can be ascribed to the consid-
erable leaching in this solvent. However, 2-AlTUD-1 could
be recycled without loss of activity or selectivity, even in
MeOH.1 In some cases the activity increased after run 1,
which could be rationalised by the induction period needed
to form the active species.[19]


The deactivation of 1-AlTUD-1 cannot only be ascribed
to the decreasing amount of Rh in successive runs, since this
effect should be equal for 1-AlTUD-1 and 2-AlTUD-1. An-
other reason why this cannot be the only explanation is that
the magnitude of deactivation is almost independent of the
solvent. Even in MTBE, in which leaching is <0.1%, the
same decrease of activity is observed. The dissimilarity in re-
cyclability between the two catalysts should most likely be


Figure 4. Determination of the heterogeneity of the AlTUD-1 supported
catalysts by a filtration test. Lines: (~) conversion of 4 in MeOH, with 2-
AlTUD-1 as catalyst (entry 7, Table 2); (R) conversion of 4 in methanol,
where the catalyst, 2-AlTUD-1, was removed after 5 min.


Figure 5. Recycling of 1-AlTUD-1 in the asymmetric hydrogenation of 4
using conditions described in Table 2. Different bars represent consecu-
tive runs. For run 4 modified conditions were used: pinitial(H2) = 5 bar,
time 120 min.


Figure 6. Recycling of 2-AlTUD-1 in the asymmetric hydrogenation of 4
using conditions described in Table 2. Different bars represent consecu-
tive runs.


1 Mass transfer limitations were investigated, but did not seem to occur.
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attributed to their different stabilities. The instability of Rh-
DuPHOS complexes has been described earlier.[20] The cata-
lyst probably decomposes at the end of the reaction or
during the recycling procedure.


Conclusion


The ability to readily separate and recycle homogeneous
catalysts was achieved by noncovalently anchoring this type
of catalyst on a new aluminosilicate. These new catalysts
showed a virtually identical behaviour to their homogeneous
counterparts. Upon recycling, the immobilised catalyst 2-
AlTUD-1 displayed neither loss of activity nor of selectivity.
1-AlTUD-1 was not fully recyclable, which is in line with
the known instability of the homogeneous catalyst. The ad-
vantage of not having to modify the complex for the immo-
bilisation and the absence of a negative influence of the im-
mobilisation make this methodology fast and reliable for
positively charged, proven homogeneous systems.


The choice of solvent is extremely important when apply-
ing this methodology. This factor not only influences the ac-
tivity, but also the enantioselectivity of the catalyst and the
leaching of Rh. The remobilisation of the Rh complex from
the support shows an exponential increase with increasing
polarity of the solvent. To minimise leaching, apolar solvents
are recommended, but solvents like ethyl acetate and di-
chloromethane already give satisfactory results. Further-
more, this new immobilisation of the catalysts makes it pos-
sibile to combine catalysts and substrates that are normally
incompatible owing to different solubilities. Thus, a new car-
rier material allows the straightforward immobilisation of
transition-metal catalysts, while simultaneously broadening
their applicability.


Experimental Section


General : Reactions and manipulations involving air-sensitive compounds
were performed under an atmosphere of dry nitrogen using standard
Schlenk techniques. Dry solvents were purchased from Aldrich and flush-
ed with nitrogen for an hour before use. Dimethyl itaconate (DMI) from
Acros was purified by crystallisation from methanol by cooling to
�78 8C. Bis(1,5-cyclooctadiene)rhodium tetrafluoroborate was prepared
according to a literature procedure.[21] Chloro(1,5-cyclooctadiene)rhodi-
um dimer was purchased from Strem. All other reagents were purchased
from Aldrich, Acros, or Fluka and used without further purification. Hy-
drogenations were performed in a 100-mL Parr hastelloy C autoclave
(A1128HC) or using the Avantium Quick Catalyst Screen platform:
96 small scale pressure reactors with a volume of 8 mL in parallel. These
reactors are equipped with a Teflon insert and utilise magnetic stirring.
IR spectra were recorded on a Perkin Elmer Spectrum One FT-IR spec-
trometer in KBr from 4000–450 cm�1. 1H and 13C NMR spectra were ob-
tained on a Varian Inova 300 MHz or a Varian VXR-400S spectrometer,
relative to TMS. 31P NMR spectra were recorded on a Varian Inova
300 MHz relative to 1% H3PO4 and were 1H decoupled. 27Al MAS ex-
periments were performed at 9.4 T on a Varian VXR-400 S spectrometer
operating at 104.2 MHz with pulse width of 1 ms. We used 4-mm zirconia
rotors with a spinning speed set to 6 kHz. The chemical shifts are report-
ed with respect to Al(NO3)3 as external standard at d = 0 ppm. The rho-
dium content of the immobilised catalysts was measured using instrumen-
tal neutron activation analysis (INAA), which was performed at the In-
terfaculty Reactor Institute (IRI), Delft. The “Hoger Onderwijs Reactor”


nuclear reactor, with a neutronflux of 1017 neutrons s�1 cm�2, was used as
a source of neutrons, and the gammaspectrometer was equipped with a
germanium semiconductor as detector. Rhodium leaching was deter-
mined by analysing the reaction filtrates with graphite AAS on a Perkin
Elmer 4100ZL. N2 desorption isotherms were measured on a Quantach-
rome Autosorb-6B at 77 K and X-ray powder diffraction patterns were
recorded by using CuKa radiation on a Philips PW 1840 diffractometer
equipped with a graphite monochromator. Conversions of the hydrogena-
tion reactions were determined by 1H NMR and GC analysis, using a
Varian Star 3400 CX GC with a CP wax 52 CB column (50 mR0.70 mm,
df = 2.0 mm), on column injection, FID at 250 8C and nitrogen as carrier
gas (10 psi). Oven program for 3 and its products: 60 8C (2 min),
5 8Cmin�1 to 185 8C (3 min). Oven program for 4 and its products: 60 8C
(2 min), 10 8Cmin�1 to 200 8C (6 min). Enantiomeric excesses in the hy-
drogenation of 3 were determined by chiral HPLC using a Chiralcel OD
column (250R4.6 mm) with 2-propanol/hexane (2:98) as eluent, a flow of
0.8 mLmin�1, and UV detection at 215 nm. Retention times (min): (R)-
dimethyl 2-methylsuccinate (10), dimethyl itaconate (15), and (S)-dimeth-
yl 2-methylsuccinate (19). Enantiomeric excesses in the hydrogenation of
4 were determined by chiral GC using a Shimadzu GC-17A, equipped
with a Chiralsil DEX CB column (25 mR0.32 mm, df = 0.25 mm), He as
carrier gas, split injector (36/100) at 220 8C and FID at 220 8C. Retention
times (min) at 95 8C isotherm: 2-acetamidoacrylate (5.4), (S)-methyl 2-
acetamidopropanoate (7.5), and (R)-methyl 2-acetamidopropanoate.


Synthesis of [RhI(cod){(R,R)-MeDuPHOS}]BF4 (1): [Rh(cod){(R,R)-Me-
DuPHOS}]BF4 was prepared by a slightly modified literature proce-
dure.[8] [Rh(cod)2]BF4 (0.12 g, 0.29 mmol) and (R,R)-MeDuPHOS (0.09 g,
0.29 mmol) were dissolved in CH2Cl2 (8 mL) and stirred for 30 min.
Slowly diethyl ether (28 mL) was added, yielding an orange precipitate,
which was collected by filtration. Yield 0.10 g (59%). 1H NMR (CDCl3):
d = 1.03 (dd, 3J(H,H) = 6.6 Hz Hz, 3J(P,H) = 15.0 Hz, 6H; CH3), 1.46
(dd, 3J(H,H) = 7.2 Hz Hz, 3J(P,H) = 18.3, 6H; CH3), 1.63 (m, 4H;
CH2), 1.93 (m, 2H; CH, CH2), 2.30–2.80 (m, 12H; CH2, CH), 2.61 (m,
2H; CH, CH2), 2.71 (m; CH, CH2), 5.07 (br, 2H; CH=C), 5.63 (br, 2H;
CH=C), 7.70 ppm (m, 4H; Ph); 31P NMR (CDCl3): d = 77.15 ppm (d,
1J(Rh,P) = 148.1 Hz).


Synthesis of [RhI(cod){(S,S)-DiPAMP}]BF4 (2): [Rh(cod){(S,S)-Di-
PAMP}]BF4 was synthesised according to the procedure of Knowles
et al.[9] [{Rh(cod)Cl}2] (0.27 g, 0.55 mmol) was added to (S,S)-DiPAMP
(0.50 g, 1.1 mmol) in 90% MeOH. The slurry became orange and after
1 h stirring gave a red-orange solution. The complex was precipitated by
the slow addition of NaBF4 (0.18 g) in water (1.37 mL). After 1 h of addi-
tional stirring a red-orange solid was obtained by filtration. The solid was
washed with water and recrystallised from ethanol, yielding 0.69 g
(84%). 1H NMR (CDCl3): d = 2.32–2.39 (m, CH2; 12H), 3.62 (s, 6H;
OCH3), 4.64 (br, 2H; CH=C), 5.30 (br, 2H; CH=C), 6.93–7.04 (m, 6H;
Ar), 7.50 (m, 2H; Ar), 7.66 (m, 6H; Ar), 7.97 ppm (m, 4H; Ar); 31P
NMR (CDCl3): d = 48.5 ppm (dd, J(Rh,P) = 151 Hz, 2J(P,P) = 38 Hz).


Synthesis of methyl 2-acetamidoacrylate (4): The procedure of Gladiali
et al. was used to methylate 2-acetamidoacrylic acid.[22] The 2-acetamido-
acrylic acid (6.45 g, 50 mmol) was added to acetone (300 mL), followed
by K2CO3 (13.82 g, 100 mmol). The mixture was stirred mechanically and
heated to 60–65 8C. Iodomethane (10.64 g, 75 mmol) was added slowly
and the suspension was stirred overnight at the same temperature. The
precipitate was removed by filtration and the acetone was removed by
evaporation. The residue was dissolved in a small amount of ethyl ace-
tate/petroleum ether (7:3) and filtered over silica. The volatiles were re-
moved by evaporation and the residue was crystallised from n-hexane,
yielding 5.86 g (82%) of a colourless solid. M.p. 50–51 8C; 1H NMR
(CDCl3): d = 2.14 (s, 3H; CH3CO), 3.85 (s, 3H; OCH3), 5.88 (d,
2J(H,H) = 1.2 Hz, 1H; HCH), 6.60 ppm (d, 2J(H,H) = 1.2 Hz, 1H;
HCH); 13C NMR (CDCl3): d = 24.7 (CH3(CO)), 53.0 (CH3O), 108.7
(CH2), 130.9 (CCH2), 164.6 (COOCH3), 168.9 ppm ((CO)N).


Preparation of AlTUD-1: Aluminium isopropoxide (6.12 g, 0.03 mol) was
added to a mixture of absolute ethanol (27.6 g, 0.60 mol), anhydrous 2-
propanol (27.05 g, 0.45 mol) and tetraethyl orthosilicate (25.0 g, 0.12 mol)
under stirring at 45 8C. This was followed by the addition of tetraethylene
glycol (29.1 g, 0.15 mol). Finally a solution of absolute ethanol (27.6 g,
0.60 mol), anhydrous 2-propanol (27.05 g, 0.45 mol) and H2O (5.41 g,
0.30 mol) was added dropwise to this mixture. The resulting mixture was
stirred for 0.5 h at room temperature, followed by aging without stirring
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for 6 h, also at room temperature. The resulting wet gel was dried at
70 8C for 21 h and at 98 8C for 2 h; it was then hydrothermally treated at
160 8C for 3–21 h in an autoclave with Teflon insert. Finally the solids
were calcined (with 1 8Cmin�1 to 550 8C, 4 h at 550 8C, with 1 8Cmin�1 to
600, 10 h at 600 8C). Elemental analysis gave a Si/Al ratio of 3.8–4:1. An
Altetrahedral/Si ratio of 0.11:1 was determined by 27Al MAS (see Figure 2).
For other analyses see Figure 1 in Results and Discussion.


Immobilisation procedure for 1: AlTUD-1 (1.1 g) was dried at 200 8C
under vacuum for 2 h. Some 2-propanol (45 mL) was added to the dried
support. After 30 min stirring, 1 (88.4 mg, 0.146 mmol) in 2-propanol
(20 mL) was added and the resulting suspension was stirred for 3 h. The
solid was collected by filtration and washed thoroughly with portions of
2-propanol (30 mL) until the washings were colourless (approx. 5 times).
Finally the catalyst was dried at 55 8C under vacuum for 2 h. Rh loading
was determined by INAA: 11.5 mgRhg�1 support, which corresponds to
an Altetrahedral/Rh ratio of approximately 10:1.


Immobilisation procedure for 2 : AlTUD-1 (1.1 g) was dried at 200 8C
under vacuum for 2 h. Absolute ethanol (45 mL) was added to the dried
support. After 30 min stirring, 2 (166.0 mg, 0.219 mmol) in absolute etha-
nol (20 mL) was added and the resulting suspension was stirred for 3 h.
The solid was collected by filtration and Soxhlet extracted with absolute
ethanol overnight. Finally the catalyst was dried at 55 8C under vacuum
for 2 h. Rh loading was determined by INAA: 12.2 mgRhg�1 support,
which corresponds to an Altetrahedral/Rh ratio of approximately 10:1.


Typical hydrogenation reaction : All hydrogenation experiments were
performed with 0.1 g of immobilised catalyst (~1 wt% Rh). The catalyst
was transferred to the autoclave under a nitrogen atmosphere, followed
by 50 mL of substrate solution (concentrations and solvents given in
Tables 1 and 2). The sealed autoclave was purged with hydrogen by pres-
surising to 7 bar while stirring at 300 rpm, followed by release of pres-
sure. This cycle was repeated five times and finally the desired pressure
was applied and the stirring speed was increased to 1000 rpm. At the end
of the reaction the remaining hydrogen pressure was released and the au-
toclave was purged three times with nitrogen, pressurizing to 5 bar while
stirring at 300 rpm, followed by release. Under a nitrogen atmosphere
the solution was separated from the catalyst by a syringe equipped with
an Acrodisc GF syringe filter (1.0 mm pore size). After removal of the so-
lution, fresh substrate solution was added to the used catalyst and the hy-
drogenation procedure was repeated. All catalysts were reused in this
way several times.


Hydrogenation using the Avantium Quick Catalyst screen : The small-
scale pressure reactors were charged with 1-AlTUD-1 (6 mg), followed
by 1.5 mL of a 0.1m solution of 3. The following solvents were screened
in parallel : methanol, ethyl acetate, dichloromethane, 2-propanol,
MTBE, and toluene. The reactors were simultaneously pressurised to
5 bar, followed by release of pressure to purge the system with hydrogen.
This cycle was repeated five times, after which the reactors were again
pressurized to 5 bars and stirred at 1500 rpm for 1 h.


Filtration test : To determine the heterogeneity of the reaction, the activi-
ty of the filtrate was measured using a filtration test. A hydrogenation re-
action was carried out according to the typical hydrogenation procedure
described above. After 5 min (17–25% of normal reaction time) the hy-
drogenation reaction was stopped by releasing the hydrogen pressure and
purging with nitrogen. The solution was withdrawn from the autoclave
with a syringe equipped with an Acrodisc GF syringe filter (1.0 mm pore
size) and the solution was stored under nitrogen. The catalyst was re-
moved from the autoclave and the stored solution was transferred back
into the autoclave under a nitrogen atmosphere. The hydrogenation reac-
tion was then continued using the typical hydrogenation procedure. After
filtration no additional conversion was observed.
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Some Novel Binuclear Group 13 Metal Tin Hydrides Formed in Ar Matrices
Following the Codeposition of the Metal Vapor with SnH4


Benjamin Gaertner,[b] Hans-Jçrg Himmel,*[b] Victoria A. Macrae,[a]


Jennifer A. J. Pardoe,[a] Paul G. Randall,[a] and Anthony J. Downs*[a]


Introduction


Activation of the E�H bond in hydride derivatives of a
group 14 element E remains a primary issue, particularly for
E=C or Si, attracting a huge investment of research
effort.[1] To bring about such activation by insertion of a
metal atom M into the E�H bond, it is necessary to design a
compound of M that is able to bind more or less specifi-
cally to the formally saturated EHn fragment of the hy-
dride. There is, therefore, particular interest in the iso-
lation of complexes in which an alkane or silane mole-
cule is coordinated to a metal center, for example,
[Pt(CH4)(Me)(H)2(Tp)] (Tp=hydridotris(pyrazolyl)bo-
rate)[2] and [(R3P)2(H)2Ru(SiH4)Ru(H)2(PR3)2] (R=Cy or
iPr).[3] Of the well-characterized Group 14 hydrides, stan-
nanes are the most polarizable and contain the most nucleo-
philic hydrogen atoms. In keeping with the expectation that
they are therefore the most susceptible to complexation,


several transition-metal complexes have indeed been charac-
terized, not with stannane itself but with derivatives such as
Ph3SnH. The crystal structures of representative examples,
namely [Mn(h5-MeC5H4)(CO)2(HSnPh3)]


[4] and [Cr(h6-
mesitylene)(CO)2(HSnPh3)],


[5] reveal h2-coordination of the
stannane through its Sn�H bond.
Relatively well established though transition-metal com-


plexes are, interaction of a Group 14 hydride with an s- or
p-block center is expected to be much weaker, and experi-
mental evidence of complexation is sparse. In such circum-
stances matrix-isolation experiments[6,7] are often instructive,
and indeed weak complexes of SiH4 with both base (NH3)


[8]


and acid (HF[9] and HONO[10]) partners have been success-
fully characterized in this way. Contact pairs M···SiH4 are
undoubtedly formed when metal atoms M are co-condensed
with an excess of SiH4-doped Ar. When M is a Group 12
metal atom (Zn, Cd or Hg) in its 1S ground electronic state,
interaction with the SiH4 is too weak to produce any detect-
able spectroscopic sign of complexation.[11] On the evidence
of the IR, EPR, and UV-visible spectra, however, the
Group 13 metal atoms Al and Ga form weakly bound, but
spectroscopically distinct, 1:1 complexes in which the metal
atom is h2-coordinated by the SiH4.


[12–14] 2S !2P or 2D !2P
excitation then results in insertion of the metal atom into an
Si�H bond to form the MII derivative HMSiH3, a process
which can be reversed by exchanging UV for visible photo-
lyzing radiation (l�580 nm). By contrast with Ga atoms,
though, the Ga2 dimer in its ground electronic state (


3Pu) in-
serts spontaneously into an Si�H bond of SiH4, probably
giving the SiH3-bridged product HGa(m-SiH3)Ga.


[14]
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Abstract: IR measurements show that
co-condensation of Al or Ga atoms
(M) with SnH4 in a solid Ar matrix at
about 12 K results mainly in the spon-
taneous insertion of the metal into an
Sn�H bond to form the MII hydride
HMSnH3. Simultaneously the Ga2
dimer also reacts with SnH4, possibly
to form a nido-type cluster Ga2(m-
H)4Sn, with a metal-deficient cubane-


like structure. All of these products are
photolabile. Irradiation with visible
light causes HMSnH3 to tautomerize to
the novel dihydrido-bridged species
H2M(m-H)2Sn, which decomposes in


turn under broad-band UV-visible light
(l=200–800 nm); some H2Al(m-H)2Sn
is formed even on deposition. The data
collected from experiments with SnH4


and SnD4 and different reagent concen-
trations, together with the results of
quantum chemical calculations, are
used to interpret the results and eluci-
date the structures and bonding of the
new species.


Keywords: aluminum · gallium ·
hydrides · matrix isolation ·
stannanes · structure elucidation
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The more polarizable SnH4 molecule affords the prospect
of a more complete spectroscopic characterization of an
adduct with a Group 13 metal atom, with a correspondingly
greater degree of pre-activation of one or more Sn�H
bonds. The IR evidence we present here testifies, however,
that co-deposition of Al or Ga (M) vapor with SnH4 in an
Ar matrix at approximately 12 K results in seemingly spon-
taneous insertion of the metal atom into an Sn�H bond to
form the MII hydride HMSnH3 (V). At the same time, Sn�H
bond activation is also effected by Ga2 dimers, possibly with
the formation of a hydrogen-bridged cluster Ga2(m-H)4Sn
(VIII). Irradiation with visible light causes tautomerization
of V to a novel dihydrido-bridged species H2M(m-H)2Sn
(VI), which decomposes under broad-band UV-visible light
(l=200–800 nm). The conclusions have been endorsed by
the results of detailed density functional theory (DFT) cal-
culations.


Experimental Section


Aluminum (Merck, purity 99.99%) was evaporated from a boron nitride
cell heated resistively to about 1100 8C, gallium (Aldrich, purity
99.9999%) from a tantalum cell similarly heated to about 900 8C. The
metal vapor was co-deposited with SnH4 or SnD4 and an excess of argon
(used as supplied by Messer, purity 99.998%, or BOC, Research grade)
on an appropriate support cooled to about 12 K by means of a closed
cycle refrigerator (Leybold LB 510 or Air Products CS 202). For experi-
ments with aluminum, carried out in Karlsruhe, the support was a highly
polished copper block and IR spectra of the matrices were recorded in
reflection;[15] for experiments with gallium, carried out in Oxford, the
support was a CsI window and IR spectra were recorded in transmis-
sion.[16] The proportions SnH4 (SnD4)/Ar were typically between 0.1:100
and 1:100, while the deposition rate was approximately 1.0–1.5 mmol of
matrix gas per hour, continued over a period of 0.5–1.5 h. The amount of
deposited Al metal was measured with a quartz microbalance; rates of
5 mgh�1 were chosen.


SnH4 (SnD4) was prepared by the reaction of LiAlH4 (LiAlD4) with
SnCl4 in diethyl ether and purified by repeated fractional condensation in
vacuo;[17] the purity was checked by reference to the IR spectrum of the
vapor.[18] Gas mixtures of Ar with SnH4 or SnD4 were prepared by stan-
dard manometric methods.


Photolysis was carried out with a medium-pressure Hg lamp (Philips
LP 125) operating at 70 W or a high-pressure Hg-Xe lamp (Spectral
Energy) operating at 800 W, IR radiation being absorbed by a water
filter so as to minimize any heating effects. Irradiation involved either
broad-band UV-visible light (l=200–800 nm) or, more selectively, the
light delivered through an appropriate interference filter: l=254 nm
(fwhh 10 nm), l=405 nm (fwhh 10 nm), l=436 nm (fwhh 11 nm), l=
580 nm (fwhh 9 nm), and l=700 nm (fwhh 5 nm).


IR spectra recorded at Karlsruhe were measured in the range 4000–
200 cm�1 with a Bruker 113v spectrometer operating with either a liquid
N2-cooled MCTB or a DTGS detector. Similar measurements at Oxford
were made with a Nicolet Magna-IR 560 instrument. UV-visible spectra
were recorded 1) with an Xe arc lamp (Oriel), an Oriel Multispec spec-
trograph and a photodiode-array detector for the Al experiments, or 2)
with a Perkin–Elmer–Hitachi Model 330 spectrophotometer for the Ga
experiments.


DFT calculations (using the BP86 functional in combination with a
TZVPP basis set for Al, Ga, H and an ecp-TZVPP for Sn) were per-
formed using the TURBOMOLE program suite.[19] Trial calculations
showed that this methodology reproduces satisfactorily the observed ge-
ometry, dimensions, and IR spectrum of SnH4.


Results


Progress of the thermally and photolytically initiated reac-
tions of the metal vapor species with stannane was tracked
and products were characterized principally with reference
to the IR spectra of the Ar matrices supporting the reagents.
The IR absorptions have been assigned and analyzed on the
basis of the following criteria: 1) their growth or decay char-
acteristics under different conditions, 2) comparisons with
the spectra registered in control experiments and with the
spectra of related species, and 3) the observed effects of ex-
changing SnH4 for SnD4 and of the different naturally occur-
ring isotopes of Ga (69Ga and 71Ga).


Aluminum


IR spectra : Table 1 gives relevant details of the wavenum-
bers and growth/decay behavior of the IR spectra recorded
in an experiment in which Al vapor was co-deposited with
an excess of Ar doped with SnH4 in the proportions 100:0.5.
In addition to the absorptions characteristic of free
SnH4


[18,20] and of trace impurities such as H2O,
[21] CO,[22] and


CO2,
[23] the IR spectrum recorded immediately after deposi-


tion contained numerous absorptions associated with the
product or products of spontaneous reactions involving Al
atoms in their ground electronic state. Certain weak features
could be identified with known products, for example,
AlCO[24] and Al2O,


[25] formed from the metal atoms and im-
purities. The major features, falling in the regions 1730–
1850, 1380–1430, 1100–1300, 700–750, 600–620, and 520–
550 cm�1, were attributable, however, to the outcome of re-
actions between Al atoms and SnH4. Their profusion, while
reflecting in part the occupancy by the guest species of dif-
ferent matrix sites, became accountable when the matrix
was subsequently irradiated with light of selected wave-
lengths. In a typical sequence, photolysis was carried out
first at l�700 nm, then successively at l�580 and 410 nm,
and finally with broad-band UV-visible light (l=200–
800 nm). The response of the IR spectrum to the different
conditions revealed the formation of two major products, 1a
and 2a, as well as at least one other species, believed to be a
matrix-separated adduct Al···SnH4, 3a.
Photolysis with red light at l�700 nm brought about the


rapid decay of a family of bands with the following wave-
numbers: 1839.3, 1830.6, 1821.7, 1774.8, 728.1, 720.3, and
657.8 cm�1 (see Figure 1). These we associate with the pri-
mary product (1a) of a spontaneous reaction between Al
atoms and SnH4. The bands occurring in the range 1730–
1850 cm�1, on the low-wavenumber flank of the antisymmet-
ric n(Sn�H) fundamental of SnH4, n3 (t2), are likely to arise
from the stretching vibrations of terminal Sn�H[18,20,26] or
Al�H[26,27] bonds. The others, near 720 cm�1, come close to
the scissoring, n2 (e), and antisymmetric bending, n4 (t2), fun-
damentals of SnH4.


[18]


The decay of the IR signals due to 1a was accompanied
by the growth of a second family of bands already evident
in the spectrum of the matrix prior to photolysis. Character-
ized by multiplet patterns in several cases and centered near
1880, 1400, 1260, 1220, 1130, 733, 612, and 535 cm�1, these
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denote a second major product (2a) of the reaction between
Al atoms and SnH4 formed either thermally or, more proba-
bly, photolytically with the surmounting of a comparatively


modest activation barrier. At
the lowest SnH4 concentration
(Ar/SnH4=100:0.02) it was pos-
sible to descry very close to the
n3 absorption of free SnH4 an
additional feature at
1878.0 cm�1 also belonging to
2a (see Figure 2). Most distinc-
tive of the IR absorptions due
to 2a are those appearing in
the range 1100–1430 cm�1, sug-
gesting by their wavenumbers
the stretching vibrations of one
or more M-H-M’ bridges, where
M and M’ may be the same or
different metal atoms (cf.
H2Al(m-H)2AlH2 1408/1268[28]


and Me2Al(m-H)2AlMe2 1353/
1215 cm�1[29]).
While irradiation at wave-


lengths near 700 nm brought
about the decay of the bands
due to 1a, it had no effect on a
third family of significantly
weaker bands that was present
at the outset. With wavenum-
bers of 1854.7/1853.1, 1845.0,
1835.3/1833.9 and 755.9 cm�1


(see Figure 1), these are associ-


ated with a species 3a showing the spectroscopic character-
istics to be expected of a perturbed SnH4 molecule. Yet a
fourth family of weak bands at 1633.7, 1630.2, 1612.0,
1424.9, 1408.8, 1234.4, 1121.2, and 1113.8 cm�1, also present


Table 1. IR absorption wavenumbers [cm�1] observed for an Ar matrix containing Al/SnH4 or Al/SnD4 mix-
tures at 12 K.


SnH4 SnD4 H/D ratio Dep[a] 700[a] 410[a] Bb[a] Species


1878.1 1390.1 1.3510 › › › fl 2a
1854.7/1853.1 › – fl – 3a
1845.0 › – fl – 3a
1839.3 1321.6 1.3951 › fl – – 1a
1835.3/1833.9 › – fl – 3a
1830.6 1316.2 1.3704 › fl – – 1a
1821.7 1307.9 1.3605 › fl – – 1a
1812.6 – – – › [b]


1774.8 1292.6 1.3513 › fl – – 1a
1633.7 › – – fl [b]


1630.2 › – – fl [b]


1612.0 › – – fl [b]


1424.9 › – – fl [b]


1414.5/1400.1 1010.3 1.3858 › › › fl 2a
1408.8 › – – fl [b]


1277.4/1271.4/1246.8 922.7 1.3730 › › › fl 2a
1238.2/1209.6 889.1 1.3928 › › › fl 2a
1234.4 › – – fl [b]


1129.1 › › › fl 2a
1121.2 › – – fl [b]


1113.8 › – – fl [b]


755.9 › – fl – 3a
732.9 534.8 1.3908 › › › fl 2a
728.1 › fl – – 1a
720.3 › fl – – 1a
705.1 – › – fl [b]


657.8 471.5 1.3917 › fl – – 1a
611.5 › › › fl 2a
541.2/528.6 › › › fl 2a


[a] Dep=on deposition; 700=700 nm photolysis; 410=410 nm photolysis; Bb=broad-band UV-visible photol-
ysis. [b] unknown product.


Figure 1. IR spectra showing the reactions of Al atoms in an Ar matrix
containing 0.5% SnH4: i) following deposition, ii) following photolysis at
l�700 nm, iii) following photolysis at l�580 nm, iv) following photolysis
at l�410 nm, and v) following broad-band photolysis at l=200–800 nm.
Regions relevant to products 1a and 3a.


Figure 2. IR spectra showing the reactions of Al atoms in an Ar matrix
containing 0.5% SnH4: i) following deposition, ii) following photolysis at
l�700 nm, iii) following photolysis at l�580 nm, iv) following photolysis
at l�410 nm, and v) following broad-band photolysis at l=200–800 nm.
Regions relevant to product 2a.
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at the outset, were likewise unaffected by 700 nm radiation.
The carrier of this family we have been unable to identify
positively, although the wavenumbers and photochemical re-
sponse of the bands suggest an adduct of 2a and H2O impur-
ity.
Subsequent photolysis with light of l�580 nm gave rise


to minimal changes in the IR spectrum of the matrix. On
the other hand, switching the wavelength of the photolyzing
radiation to l�410 nm caused the absorptions identified
with 3a to decay, while those due to 2a gained somewhat in
intensity. It was noted, too, that irradiation at l�580 and
410 nm induced some minor changes in the relative intensi-
ties of the components of the complex multiplets near 1880,
1400, 1200, and 1100 cm�1 associated with 2a. Completion
of the period of photolysis at l�410 nm left 2a and the un-
identified product as the sole surviving matrix guests. That
these, too, are photolabile was then demonstrated by a final
stage in which the matrix was exposed to broad-band UV-
visible radiation (l=200–800 nm) and resulting in the near-
extinction of the IR signatures of both products. Photode-
composition was accompanied, however, neither by the ap-
pearance of any new IR bands of significant intensity nor by
the reappearance of the bands associated with 1a or 3a. Of
the known binary hydrides AlHn


[27] and SnHn
[20] there was


also no sign for n=1–3.
Raising the SnH4 concentration added to the complexity


of the spectra by introducing additional satellites to some of
the absorptions identified with the products 1a–3a that are
attributable presumably to matrix site effects. Nevertheless,
there was a more or less proportionate increase in the inten-
sities of the initial product
bands, implying that a single
SnH4 molecule enters into the
reactions affording 1a, 2a, and
3a. Increasing the metal con-
centration by raising the fur-
nace temperature led to a simi-
lar increase in intensity of all
the relevant absorptions, caus-
ing us to infer that the products
1a–3a all derive from interac-
tion of Al atoms with SnH4 in
the proportions 1:1.
As illustrated in Figure 2,


many of the IR bands charac-
terizing 2a appeared as multip-
lets reflecting most probably
the influence of different trap-
ping sites on a highly deforma-
ble and/or reactive molecule,
compare with Ga(m-H)2Ga in
similar circumstances.[30] Sys-
tematic studies located the mul-
tiplet component corresponding
in most cases to the main trap-
ping site, and for the sake of simplicity, the rest of the dis-
cussion will refer only to these wavenumbers (as in Table 6,
see later). Experiments in Kr matrices gave no advantage,
resulting only in broad product absorptions.


Analogous experiments were carried out with SnD4 in
place of SnH4, with the results included in Table 1; represen-
tative IR spectra are shown in Figures 3 and 4. Again, prod-
uct absorptions were observed in the spectrum recorded im-
mediately after deposition of the matrix, and these could be


attributed satisfactorily to perdeuterated versions of the
products 1a, 2a, and 3a on the basis of their response to dif-
ferent conditions of photolysis. All the features were strong-
ly red-shifted with respect to their identifiable counterparts


Figure 3. IR spectra showing the reactions of Al atoms in an Ar matrix
containing 0.5% SnD4: i) following deposition, ii) following photolysis at
l�700 nm, iii) following photolysis at l�410 nm, and iv) following
broad-band photolysis at l=200–800 nm. Regions relevant to product
1a.


Figure 4. IR spectra showing the reactions of Al atoms in an Ar matrix containing 0.5% SnD4: i) following
deposition, ii) following photolysis at l�700 nm, iii) following photolysis at l�410 nm, and iv) following
broad-band photolysis at l=200–800 nm. Regions relevant to product 2a.
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for the isotopically natural
forms of the molecules. The
bands due to 1a at 1730–
1850 cm�1 moved on deutera-
tion to 1280–1330 cm�1, giving
H/D ratios near 1.392:1 for
each of the three main features
at higher wavenumber, but
1.3730:1 for the most promi-
nent feature at 1774.8/
1292.6 cm�1. The reduced H/D
ratio, combined with the wave-
numbers themselves, lends
some weight to the assignment
of this last transition not to a
n(Sn�H) but to the n(Al�H)
fundamental of an AlII hydride
(cf. HAlH 1806.3/1769.5,[27]


HAlCH3 1764/1746,
[31] HAlSiH3


1780.9,[13,14] HAlNH2 1761.1,[32]


and HAlPH2 1768.2 cm�1[33]).
The band of isotopically natural
1a at 657.8 cm�1 shifted on
deuteration to 471.5 cm�1 (H/
D=1.3951:1). Similar shifts
were noted for 2a. Thus, the
transitions near 1880, 1400,
1210, 1130, and 733 cm�1 moved
to 1390, 1010, 923, 889, and
535 cm�1, respectively, giving H/
D ratios ranging from 1.386:1
to 1.270:1. The measured IR
properties of the deutero ver-
sion of 3a were consistent with
the behavior expected of vibra-
tions localized within an SnH4


(SnD4) fragment.


UV-visible spectra : UV-visible
spectra of Ar matrices doped
with Al vapor and SnH4


showed no bands belonging to
any species other than Al
atoms[34,35] or Al2 dimers.


[36] Re-
cording IR and UV-visible
spectra of the same matrix for
different Al concentrations
served to validate the assump-
tion that products 1a to 3a
each contain only one Al atom.


Gallium


IR spectra : Figure 5 depicts the IR spectra recorded in an
experiment in which Ga vapor was co-deposited with an
excess of Ar doped with 0.15% SnH4; relevant details of
wavenumbers and growth/decay characteristics are itemized
in Table 2. On deposition, the matrix exhibited in addition
to the absorptions associated with SnH4


[18,20] and the usual


trace impurities[21–23] numerous new features attributable to
the product or products of spontaneous reactions between
SnH4 and either Ga atoms or Gan clusters in their ground
electronic states. Several occurred in the range 1720–
1860 cm�1, thereby suggesting their origin in the stretching
vibrations of terminal Sn�H[18,20,26] or Ga�H[26,27] bonds.
Others, near 720 and 660 cm�1, came close to the scissoring,
n2 (e), and antisymmetric bending, n4 (t2), fundamentals of


Figure 5. IR spectra showing the reactions of Ga vapor species in an Ar matrix containing 0.15% SnH4: i) fol-
lowing deposition, ii) following photolysis at l�405 nm, and iii) following broad-band photolysis at l=200–
800 nm.


Table 2. IR absorption wavenumbers [cm�1] observed for an Ar matrix containing Ga/SnH4 or Ga/SnD4 mix-
tures at 12 K.


SnH4 SnD4 H/D ratio Dep[a] 577[a] 405[a] Bb[a] Species


1961.2/1954.8 1390.9/1389.1 1.4086 › › fl 2b
1934.3 1375.7 1.4060 › › fl 2b
1849.3 1328.5/1324.5/1322.8/1320.4 1.3967 › fl fl fl 1b
1839.4 1305.5 1.4090 › [b] fl fl 3b
1835.3 1309.3/1301.0 1.4062 › fl fl fl 1b
1824.7 1288.4 1.4163 › fl fl fl 1b
1813.5 › fl fl fl 1b
1787.8 1281.4/1278.4 1.3968 › [b] fl fl 3b
1746.4 1269.8 1.3753 › [c] fl fl [d]


1734.4 1253.3 1.3839 › fl fl fl 1b
1669.9 1215.2 1.3742 › fl HGaOH[e]


1407.7/1401.2/1389.6 1008.6/998.7 1.3957 › › fl 2b
1232.5/1221.2/1196.5 888.2/882.7/867.8/864.3 1.3835 › › fl 2b
1180.3 857.3 1.3768 › [b] fl fl 4b
1144.1 830.9/829.2 1.3769 › › fl 2b
1122.0 811.1/808.2 1.3833 › › fl 2b
1002.2 › fl fl fl Ga2H2


[f]


724.8 516.1 1.4044 › fl fl fl 1b
714.8 511.0/509.1 1.4014 › fl fl fl 1b
704.8 505.6 1.3940 › › fl 2b
654.4/650.4 469.2/466.2 1.3949 › fl fl fl 1b
615.7 438.2/436.9 1.4072 › › fl 2b
602.4/599.4 430.5 1.3958 › [c] fl fl [d]


514.0 › › fl 2b
496.8 › fl fl fl 1b
485.8 › › fl [d]


[a] Dep=on deposition; 577=577 nm photolysis; 405=405 nm photolysis; Bb=broad-band UV-visible photol-
ysis. [b] Decreases but little. [c] Decreases rapidly. [d] Unknown product. [e] See reference [43]. [f] See refer-
ence [30].
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SnH4.
[18] The spectrum was significantly simpler, however,


than that observed in similar circumstances in experiments
with Al vapor. It included, for example, only one absorption
in the range 800–1700 cm�1, this occurring at 1180.3 cm�1.
Subsequent photolysis treatments brought to light further


differences between the behaviors of Al and Ga toward
SnH4. Thus, irradiation with light at l�700 nm had no de-
tectable effect on the products formed on co-condensation
of Ga and SnH4. Moving the wavelength of the photolyzing
radiation to l�580 nm (see Figure 6) did, however, result in


the decay of most of the new bands, some more quickly
than others. On the basis of numerous experiments and
careful scrutiny of the growth and decay patterns, it was pos-
sible to identify absorptions with the following wavenum-
bers with the main product formed on co-deposition of the
metal vapor with SnH4: 1849.3, 1835.3, 1824.7, 1813.5,
1734.4, 724.8, 714.8, 654.4/650.4, and 496.8 cm�1. The most
intense feature was that near 650 cm�1. Despite the higher
energy threshold to photodecomposition, the conditions of
formation and spectroscopic properties gave every reason to
label the associated product 1b, that is, the Ga analogue of
1a. Weak signals at 1746.4 and 602.4/599.4 cm�1 decayed
much more quickly than did the bands already identified
with 1b, whereas others, located at 1839.4, 1787.8, and
1180.3 cm�1, suffered little change of intensity. This behavior
pointed to the presence of more than one product in the ini-
tial deposit, although the trapping of a molecule in different
matrix sites can have a significant effect on its apparent pho-
tolability.[37] Such an effect may well be responsible, for ex-
ample, for the behavior of the bands at 1746.4 and 602.4/
599.4 cm�1, which we tentatively ascribe to 1b housed in a
photoactivating matrix site. We believe, nevertheless, that at
least two more products are present initially, namely 3b, as-
sociated with the transitions at 1839.4 and 1787.8 cm�1, and
4b (lacking an Al counterpart), associated with the
1180.3 cm�1 transition. As in the experiments with Al, there
was no sign of the photoreversible behavior displayed by


the products M···SiH4 and HMSiH3 (M=Al or Ga) formed
by M atoms and SiH4 under comparable conditions.


[13,14]


Simultaneously with the progressive depletion of the
matrix in 1b new IR absorptions belonging to a common
product were observed to develop. These were located at
1961.2/1954.8, 1934.3, 1407.7/1401.2/1389.6, 1232.5/1221.2/
1196.5, 1144.1, 1122.0, 704.8, 615.7, and 514.0 cm�1, with
those at 1144.1 and 704.8 cm�1 being the most intense. The
high wavenumber transitions at 1930–1965 cm�1 are note-
worthy for appearing in a region typically associated with


the n(Ga�H) modes of GaIII hy-
drides (cf. GaH3 1923.2,[27]


H2GaNH2 1970.8,[32] H2GaCl
1978.1/1946.4,[38] and H2Ga(m-
H)2BH2 2005/1982 cm


�1[39]). The
strong absorptions appearing in
the range 1120–1410 cm�1 find
an evident parallel with the
spectrum of 2a, suggesting by
their wavenumbers the stretch-
ing vibrations of bridging
metal-hydrogen bonds (cf.
Ga(m-H)2Ga 1002/906.5,[30]


H2Ga(m-H)2GaH2 1273/1202,[40]


and Me2Ga(m-H)2GaMe2 1290/
1185 cm�1[41]). The IR kinship
to 2a and the circumstances of
formation (from 1b) lead us to
identify the new compound as
2b, that is, the Ga analogue of
2a. On the basis of its wave-
number, the only IR marker


clearly attributable to product 4b (at 1180.3 cm�1) also im-
plies the presence of one or more metal-hydrogen-metal
bridges.
Exposing the matrix to light with l�405 or 436 rather


than 580 nm, for example, for 30 min, led to much more
rapid extinction of the bands due to 1b, as well as the con-
comitant build-up of those due to 2b. Such photolysis was
also less selective in that it resulted in the decay of all the
bands associated with the products formed on co-deposition
of the Ga vapor with SnH4, including 3b and 4b. However,
these changes were not accompanied by the appearance of
any new product signal. Subsequent irradiation with broad-
band UV-visible light (l=200–800 nm) had the effect of
eliminating all traces of the products 1b–4b, as well as the
weaker features that have not been definitely assigned. No
new IR absorptions of significant intensity were observed to
grow in as a result. At neither this nor any earlier stage did
the IR spectrum suggest the formation of a binary hydride
of gallium, for example, GaH, GaH2, GaH3, or Ga2H6,


[27,40]


or subvalent tin, for example, SnH, SnH2, or SnH3,
[20] previ-


ously characterized in varying degrees of detail. Annealing
the matrix at temperatures up to about 30 K had little effect
on its IR spectrum at either this or any earlier stage of its
history.
Varying the metal and SnH4 concentrations brought about


such changes in intensity of the IR bands as to imply that
1b, 2b and 3b each derive from a 1:1 stoichiometric reac-


Figure 6. IR spectra showing the reactions of Ga vapor species in an Ar matrix containing 0.15% SnH4: i) fol-
lowing deposition, i) following photolysis at l�577 nm, and iii) following photolysis at l�405 nm.
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tion of Ga atoms with SnH4, but that 4b is the product of a
spontaneous reaction of Ga2 with SnH4. Such a conclusion is
supported by the experience of other matrix studies in
which the Ga2 dimer has been implicated.


[14,30]


Analogous experiments were carried out with SnD4 in
place of SnH4, with the results included in Table 2 and illus-
trated in a typical experiment in Figure 7. Despite the com-


plications created in some cases by what appear to be
matrix site effects (which are even more marked than in the
experiments with SnH4), the product absorptions observed
on deposition could be attributed satisfactorily to perdeuter-
ated versions of the products 1b, 3b, and 4b on the basis of
the effects of changing the metal concentration and condi-
tions of photolysis. All the features were strongly red-shifted
with respect to their counterparts for the isotopically natural
forms of the molecules. Deutero analogues of all the main
features associated with 2b were likewise identified after
photolysis with visible radiation, giving H/D ratios ranging
from 1.3784:1 to 1.4101:1.
The bands due to 1b at 1730–1850 cm�1 moved on deuter-


ation to 1250–1330 cm�1, giving H/D ratios of 1.3839–
1.4163:1; those near 720 and 650 cm�1 were relocated to
about 515 and 470 cm�1, respectively, also corresponding to
H/D ratios near 1.40:1. Similar shifts were noted for the fea-
tures associated with 3b and 4b. Thus, for example, the
single band at 1180.3 cm�1 marking 4b moved to 857.3 cm�1


on deuteration, giving H/D=1.3768:1, consistent with its at-
tribution to the stretching vibration of an M-H-M’ bridge
(M, M’=Ga or Sn, being either the same or different
atoms). The lower value of the H/D ratio (1.3839:1) shown
by the intense absorption at 1734.4 cm�1 for the isotopically
natural form of 1b suggests that it may arise from a n(Ga�
H) rather than a n(Sn�H) mode. Since there is more motion


of the metal atom M in a n(M�D) than in a n(M�H) vibra-
tion, we have scrutinized the corresponding band at
1253.3 cm�1 in the spectrum of the perdeuterated version of
1b. Under a resolution of 0.125 cm�1, this could be seen, as
illustrated in Figure 7, to be a doublet with components
having relative intensities of roughly 3:2 and separated by
0.45 cm�1 (reflecting well the natural abundances of 69Ga
(60.1%) and 71Ga (39.9%)[42] and the splitting of 0.5 cm�1


calculated for the stretching of a diatomic Ga�D unit).


UV-visible spectra : With low furnace temperatures (850 8C),
the 300–900 nm range of the UV-visible spectrum of a
matrix doped with the metal vapor and SnH4 displayed, in
addition to a sharp absorption at 342 nm corresponding to
the 2S !2P transition of atomic Ga,[7,16,34] a new absorption
centered at 400 nm, the intensity of which showed a first-
order dependence on the SnH4 concentration. Photolysis of
the matrix with radiation at l�405 nm caused this absorp-
tion to decay. Simultaneously a new absorption appeared to
develop near 320 nm, accompanied by a weak, broader fea-
ture centered at 460 nm (see Figure S1, Supporting Informa-
tion). IR spectra measured under the same conditions wit-
nessed the initial formation of 1b and 3b with only low con-
centrations of 4b, followed by the photochemical conversion
of 1b to 2b. Raising the furnace temperature (to 900 8C)
gave matrices whose UV-visible spectrum included initially
not only the 342 and 400 nm bands, with proportionately en-
hanced intensities, but also a third band at 610 nm, weaker
and broader than the other two, which has been identified
previously[36] as arising from the Ga2 dimer. The IR spectra
measured under these conditions showed intensification of
all the product signals, but of those due to 4b conspicuously
more than those due to 1b and 2b. Hence the measure-
ments uphold the view that 1b, 2b, and 3b are monogallium
products, whereas 4b is a digallium product. The new fea-
tures at 400 and 320/460 nm are associated presumably with
the principal products 1b and 2b, respectively. There is a su-
perficial analogy between the first of these and the UV-visi-
ble transition characteristic of a weakly bound adduct in-
volving a Ga atom, such as Ga···NH3 (440 nm),


[32] Ga···OH2


(395 nm),[43] and Ga···SiH4 (ca. 350 nm).
[14]


Discussion


In the following account, we describe the results of detailed
DFT calculations on model molecules. By considering the
energies of plausible species, comparing the IR spectra si-
mulated for these with the spectra observed for the various
products, and taking into account all of the experimental cir-
cumstances, we are led to identify the main products as
HMSnH3 (1a or 1b ; V) and, surprisingly, its novel dihydri-
do-bridged tautomer, H2M(m-H)2Sn (2a or 2b ; VI) for M=


Al or Ga. We consider also the properties expected of the
metal atom adduct M(2P)···SnH4 (I–IV) and suggest a
matrix-frustrated version of this as probably accounting for
the secondary product 3a or 3b, while the digallium product
4b is most likely to be a hydrogen-bridged cluster Ga2(m-


Figure 7. IR spectra showing the reactions of Ga vapor species in an Ar
matrix containing 0.15% SnD4: i) following deposition, ii) following pho-
tolysis at l�405 nm, and iii) following broad-band photolysis at l=200–
800 nm. Inset: IR absorption at 1253.3 cm�1 as measured under a resolu-
tion of 0.125 cm�1.
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H)4Sn (VIII). The relevant reactions are then represented
by Equations (1)–(4) in which M=Al or Ga.


Mð2PÞ þ SnH4 ! Mð2PÞ � � � SnH4 ð3 a, 3 bÞ ð1Þ


Mð2PÞ þ SnH4 ! HMSnH3 ð1 a, 1 bÞ ð2Þ


HMSnH3 ! H2Mðm-HÞ2Sn ð2 a, 2 bÞ ð3Þ


Ga2 þ SnH4 ! Ga2ðm-HÞ4Sn ð4 bÞ ð4Þ


M···SnH4 (I–IV) and HMSnH3 (V), (M=Al or Ga): The IR
signatures of the products 1a and 1b and 3a and 3b show
an evident kinship to that of their SnH4 parent and all the
features could reasonably be ascribed on the basis of their
wavenumbers to either stretching or deformation of an
SnHn fragment, with the multiplicity of transitions suggest-
ing the absence of anything higher than a twofold axis of
symmetry. In line with expectations based on the results of
similar matrix experiments with, for example, NH3,


[32]


H2O,
[43] and SiH4,


[14] it might reasonably be assumed that the
product 1 and/or 3 is a 1:1 adduct of the form M(2P)···SnH4


(I–IV). Analogies with the behavior of SiH4 have led to
DFT calculations being carried out to establish minimum
energy structures, in the first place for the possible isomers
I–III illustrated in Figure 8. The geometries here differ ac-
cording to whether the metal atom is located above the
centroid of one of the faces (I), near a vertex (II), or above
the midpoint of one of the edges (III) of the SnH4 tetrahe-
dron.


For both Al and Ga each in their ground electronic states
[M(2P)], DFT calculations find minima for models I–III
with binding energies that follow the same order I< II< III
as the analogous SiH4 species.


[14] However, when the models
were allowed to assume unrestrained geometry, a more
stable structure was found with the M atom placed above an
Sn�H bond, which may thus be regarded as h2-coordinated
to M. In this structure, IV, the (h2-HSn)M unit is coplanar
with a second Sn�H bond to which M is proximal. The
energy change for the reaction given in Equation (1), in
which M···SnH4 represents each of the isomers I–IV, is
shown underneath the relevant geometries in Figure 8. Thus


IV is calculated to correspond to the global minimum with a
binding energy of 28.4 kJmol�1 for M=Al and 25.4 kJmol�1


for M=Ga; it lies to low energy of III by 15.2 (Al) and
11.3 kJmol�1 (Ga). The binding energy estimated at a simi-
lar level of theory for M···SiH4 in its preferred form (analo-
gous to III) is near 12 kJmol�1, irrespective of whether M=


Al or Ga.[14]


Tables 3 and 4 list the wavenumbers and IR intensities
predicted for the vibrational fundamentals, alongside details
of the IR spectra observed for the products 1a/1b and 3a/


Figure 8. Geometries of possible isomers of the adduct M·SnH4 (I–IV)
and the molecules HMSnH3 (V), H2M(m-H)2Sn (VI), GaGa(H)SnH3


(VII), and Ga2(m-H)4Sn (VIII). Energies relate to DE for the change
M(2P)+SnH4!MSnH4 or 2M(


2P)+SnH4!M2SnH4.


Table 3. Experimental IR wavenumbers [cm�1] of 1a and 3a and calculated wavenumbers [cm�1] and intensities [kmmol�1, given in parentheses] of the
four isomers of Al·SnH4, I-IV, and HAlSnH3, V.


Observed Al·SnH4 (I) Al·SnH4 (II) Al·SnH4 (III) Al·SnH4 (IV) HAlSnH3 (V)
1a 3a Assign BP86[a] Assign BP86[a] Assign BP86[a] Assign BP86[a] Assign BP86[a]


1839.3 1854.7 n1 (a1) 1870.1 (48) n1 (a1) 1871.8 (105) n1 (a1) 1845.9 (372) n1 (a’) 1817.0 (181) n1 (a’) 1834.4 (171)
1821.7 1835.3 n2 (a1) 1824.2 (332) n2 (a1) 1699.8 (406) n2 (a1) 1797.2 (50) n2 (a’) 1793.6 (137) n2 (a’) 1810.7 (119)
1774.8 n3 (a1) 660.4 (262) n3 (a1) 671.7 (364) n3 (a1) 708.8 (132) n3 (a’) 1069.3 (236) n3 (a’) 1785.7 (212)
728.1 n4 (a1) 35.2 (0.08) n4 (a1) 118.6 (3) n4 (a1) 625.5 (313) n4 (a’) 892.4 (26) n4 (a’) 715.0 (46)
657.8 755.9 n5 (e) 1875.9 (136) n5 (e) 1884.9 (125) n5 (a1) 120.7 (7) n5 (a’) 670.3 (227) n5 (a’) 673.6 (286)


n6 (e) 726.6 (0.2) n6 (e) 717.8 (38) n6 (a2) 614.9 (0) n6 (a’) 648.2 (276) n6 (a’) 544.4 (69)
n7 (e) 687.5 (139) n7 (e) 617.1 (47) n7 (b1) 1832.9 (160) n7 (a’) 370.1 (15) n7 (a’) 352.9 (22)
n8 (e) 214.6 (0.2) n8 (e) 167.2 (1) n8 (b1) 535.0 (48) n8 (a’) 147.9 (0.1) n8 (a’) 248.6 (1)


1830.6 1845.0 n9 (b1) 204.1 (0.1) n9 (a’’) 1824.4 (147) n9 (a’’) 1818.8 (144)
720.3 n10 (b2) 1774.9 (52) n10 (a’’) 713.8 (78) n10 (a’’) 714.4 (55)


n11 (b2) 669.8 (114) n11 (a’’) 382.5 (7) n11 (a’’) 332.4 (33)
n12 (b2) 230.8 (2) n12 (a’’) 290.6 (5) n12 (a’’) 322.4 (0)


[a] Calculated using a BP86 functional in combination with a TZVPP basis set for Al and H and an ecp-TZVPP basis set for Sn.
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3b ; the calculated dimensions are given in the Supporting
Information (Table S1). Unlike III, the more stable isomer
IV involves marked perturbation of one Sn�H bond, elon-
gating it by some 23 pm and effectively establishing an Sn�
H···M bridge. The result is that what approximates to a
n(Sn�H) mode is predicted to occur at unusually low wave-
number (e.g., 1069.3 cm�1 for the Al version of IV) and with
high intensity in IR absorption. No absorption answering to
this description could be discerned in the spectrum associat-
ed with either 1a/1b or 3a/3b, although none of the absorp-
tions characteristic of 3a/3b was observed more than
weakly, so that the possibility of such a structure cannot so
easily be discounted in this case. The IR spectrum calculated
for III is dominated by four quite closely spaced absorptions
of comparable intensity between 1770 and 1850 cm�1, with
others near 710, 670–680, 620–650 and 530 cm�1. Although
this matches quite closely the spectra of 1a and 1b, theory
and experiment diverge in two particulars. Firstly, the inten-
sity pattern of the four prominent bands observed in each
case between 1730 and 1850 cm�1 differs significantly from
the calculated pattern, such that the feature at lowest wave-
number (1774.8 or 1734.4 cm�1 for 1a or 1b, respectively) is,
for example, the most intense of the four in practice, but
the least intense in theory. Secondly, the H/D ratios and,
most significantly, the Ga isotopic splitting in the Ga experi-
ments leave little doubt that the transition at 1774.8 or
1734.4 cm�1 represents a vibration that approximates closely
not to a n(Sn�H) but to a n(M�H) mode (M=Al or Ga).
None of the models I–IV is able to accommodate this find-
ing.
The experimental results give strong prima facie evidence


therefore that in 1a and 1b, the main product formed on co-
deposition of Al or Ga (M) vapor with SnH4, the M atom
has inserted into an Sn�H bond to give the MII compound
HMSnH3 (V). This would then appear to occur spontane-
ously, despite the fact that the corresponding silane deriva-
tive is formed only on photoactivation at l=ca. 254 or
410 nm.[14] Our DFT calculations show that HMSnH3 (V)
has a global minimum energy structure with Cs symmetry
and the dimensions recorded in Table S1 (Supporting Infor-
mation). With a 2A’ ground state and the unpaired electron
localized largely at M, the molecule resembles other MII hy-


drides in featuring an angular H-M-Sn skeleton (aH-Al-
Sn=117.78, aH-Ga-Sn=120.08), compare with MH2,


[27]


HMCH3,
[16] HMSiH3,


[14] HMNH2,
[32] and HMPH2.


[33] The cal-
culated energy change, DE, for its formation from SnH4 and
an M atom in its 2P ground electronic state [Eq. (2)] is
�102.0 and �65.8 kJmol�1 for M=Al and Ga, respectively.
Hence V lies 40–74 kJmol�1 lower than IV on the MSnH4


energy hypersurface. The wavenumbers and IR intensities
estimated for the vibrational fundamentals of HAlSnH3 and
HGaSnH3 (1a/1b) in their normal and perdeuterated forms
reveal patterns in good agreement with those of the corre-
sponding versions of 1a and 1b, with four quite closely
spaced absorptions expected at 1700–1840 cm�1, as well as
an intense absorption at 640–680 cm�1 (see Table 5). There
seems little doubt therefore that 1a and 1b are indeed the
insertion products HAlSnH3 and HGaSnH3 (V).
The case of 3a/3b is more problematic. The spectroscopic


signs are those that might be anticipated for a 1:1 adduct of
the metal atom M with SnH4. As already noted, however,
there is no sign of an absorption in the range 900–1150 cm�1


to be expected of the most stable isomer IV. Although the
isomer III, with the M atom directed toward an edge of the
SnH4 tetrahedron, would provide a rather better match for
the spectra displayed by 3a and 3b, this seems to be an un-
likely identity, given that it is calculated to be less stable
than IV. More seriously, the photochemical properties of 3a/
3b which, unlike 1a/1b, decays only on exposure to light of
quite short wavelength (l�410 nm), run counter to those
expected of a metal atom adduct M···SnH4. Such an adduct
is inevitably the precursor to the insertion product V the
formation of which is evidently opposed by little or no acti-
vation barrier. Taking everything into account, we believe
that 3a/3b is indeed a loose aggregate of the type M···SnH4,
but inhibited from further reaction by the intercession of
the rigid matrix environment. For example, M and SnH4


may be not nearest but next nearest neighbors in the matrix.
The calculations give some support to this notion in reveal-
ing quite strong interaction for an M···SnH4 contact pair, so
that even with the increased separation between M and
SnH4 enforced by the matrix, weak but significant interac-
tion may be expected to persist. Only by exciting the metal
atom by exposure to blue or near-UV light is sufficient


Table 4. Experimental IR wavenumbers [cm�1] of 1b and 3b and calculated wavenumbers [cm�1] and intensities [kmmol�1, given in parentheses] of the
four isomers of Ga·SnH4, I–IV, and HGaSnH3, V.


Observed Ga·SnH4 (I) Ga·SnH4 (II) Ga·SnH4 (III) Ga·SnH4 (IV) HGaSnH3 (V)
1b 3b Assign BP86[a] Assign BP86[a] Assign BP86[a] Assign BP86[a] Assign BP86[a]


1849.3 1839.4 n1 (a1) 1863.3 (39) n1 (a1) 1873.1 (93) n1 (a1) 1844.7 (311) n1 (a’) 1802.5 (129) n1 (a’) 1821.7 (170)
1824.7 n2 (a1) 1817.4 (353) n2 (a1) 1740.7 (433) n2 (a1) 1806.3 (70) n2 (a’) 1808.1 (181) n2 (a’) 1782.9 (140)
1734.4 n3 (a1) 653.9 (266) n3 (a1) 671.7 (339) n3 (a1) 714.6 (86) n3 (a’) 1007.5 (31) n3 (a’) 1710.8 (298)
714.8 n4 (a1) 20.1 (0.1) n4 (a1) 76.2 (0.8) n4 (a1) 646.7 (322) n4 (a’) 925.9 (224) n4 (a’) 701.6 (50)
650.4 n5 (e) 1867.4 (145) n5 (e) 1884.8 (130) n5 (a1) 79.1 (1) n5 (a’) 667.2 (90) n5 (a’) 650.8 (355)
496.8 n6 (e) 725.1 (0.1) n6 (e) 718.7 (37) n6 (a2) 620.0 (0) n6 (a’) 324.3 (21) n6 (a’) 487.8 (24)


n7 (e) 684.6 (141) n7 (e) 623.1 (53) n7 (b1) 1831.3 (161) n7 (a’) 643.7 (467) n7 (a’) 301.2 (17)
n8 (e) 182.9 (0.05) n8 (e) 158.9 (0.2) n8 (b1) 528.4 (60) n8 (a’) 82.1 (2) n8 (a’) 171.0 (0.8)


1835.3 1787.8 n9 (b1) 129.6 (1) n9 (a’’) 1832.0 (147) n9 (a’’) 1793.8 (157)
724.8 n10 (b2) 1787.3 (70) n10 (a’’) 716.0 (88) n10 (a’’) 713.0 (57)


n11 (b2) 675.8 (107) n11 (a’’) 485.2 (16) n11 (a’’) 328.7 (16)
n12 (b2) 180.7 (1) n12 (a’’) 270.0 (3) n12 (a’’) 268.5 (9)


[a] Calculated using a BP86 functional in combination with a TZVPP basis set for Ga and H and an ecp-TZVPP basis set for Sn.
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energy imparted to overcome the constraints of the matrix
environment and promote reaction. Under circumstances in
which 1a/1b is highly photolabile, this reaction proceeds
with the formation of 2a/2b.


H2M(m-H)2Sn (VI; M=Al or Ga): Earlier studies of matrix
reactions of Al or Ga atoms (M) with simple hydride mole-
cules, HX, have revealed that photoactivation at wave-
lengths near 400 nm results in insertion to give a MII hydride
HMX, for example, X=NH2


[32] or OH;[43] broad-band UV-
visible photolysis then results typically in decomposition to
HC+MX. Insertion having already occurred on co-deposi-
tion with SnH4, the course taken on subsequent photolysis
at l=400–800 nm, with the conversion of HMSnH3 (V) to
2a/2b comes as a surprise. The fact that 2a is actually
formed to some extent even on deposition of the matrix is
most probably due to photolysis by radiation emitted by the
metal furnace. In fact, the IR spectra characterizing 2a/2b
have little in common with that to be expected of a subva-
lent M[14,16,27, 32,33] or tin[20] hydride. For example, it shows no
sign of the stretching vibrations of the terminal M�H or Sn�
H bonds normally associated with such species. What
appear to be the defining properties of the spectra are the
bands at 1100–1420 and 1870–1970 cm�1, which bear the
marks of one or more metal–hydrogen–metal
bridges[28–30,40,41] and terminal MIII�H bonds,[26,27,32, 38,39,44] re-
spectively. Since 2a/2b is formed from V, it must be as-
sumed that there is no increase in nuclearity with regard to
the metal atoms, and the failure to detect any known binary
hydrides of M or Sn makes it most likely that 2a/2b is an
isomer of V.
The only model for 2a/2b that is consistent with the ex-


perimental findings is H2M(m-H)2Sn (VI), a novel mixed-
metal hydride, remarkable as much for the implied oxida-
tion states of the metals as for its structure. Our DFT calcu-
lations find a well-defined minimum for such a molecule
with the geometry VI illustrated in Figure 8. The ground
state is a doublet with C2v molecular symmetry. One plane
of symmetry contains the planar M(m-H)2Sn skeleton with
M�H and Sn�H distances of 176.0 and 197.0 pm for M=Al
and of 175.5 and 198.1 pm for M=Ga, while the second,
perpendicular to the first, contains the terminal M�H bonds


each measuring 159.2 and 156.4 pm for M=Al and Ga, re-
spectively. The angles (in the order Al/Ga; br=bridging, t=
terminal) are as follows: Hbr-Sn-Hbr 73.2/72.88 ; Hbr-M-Hbr


83.8/84.28 ; Ht-M-Ht 124.8/127.88. The energy change, DE,
then calculated for the formation of VI from M(2P) and
SnH4 [Eq. (5)] is �200.8 or �125.7 kJmol�1 according to
whether M=Al or Ga, so that this appears to correspond to
the global minimum on the MSnH4 PE hypersurface, being
more stable than V (Al/Ga) by 98.8 and 59.9 kJmol�1, re-
spectively.


Mð2PÞ þ SnH4 ! H2Mðm-HÞ2Sn ðVIÞ ð5Þ


The wavenumbers and IR intensities calculated for the vi-
brational fundamentals of the normal and perdeuterated iso-
topomers of VI match remarkably closely those of the IR
features observed for the corresponding versions of 2a/2b.
Indeed, the calculations reproduce the wavenumbers of the
17 fundamentals that appear to have been located experi-
mentally for H2Ga(m-H)2Sn and D2Ga(m-D)2Sn with a root
mean square deviation of no more than 2.4% (see Table 6).


Hence experiment and theory combine to suggest that
photolysis with light at wavelengths of 400–800 nm results in
the tautomerization of HMSnH3 (V) to H2M(m-H)2Sn (VI).
The net outcome is a redox reaction in which the M atom
has ultimately been oxidized to MIII, while the tin atom has
been formally reduced to the unusual state of SnI. The only
comparable SnI species to have been identified previously is
SnH. Although short-lived in the gas phase,[45] this can be
preserved, as can its dimer Sn(m-H)2Sn apparently, under
matrix conditions.[20] The DFT calculations confirm, as ex-
pected, that the unpaired electron in H2M(m-H)2Sn (VI) oc-
cupies an orbital that is localized mainly on the Sn atom.
Perhaps the closest analogy to this product is provided by
H2MPH, another M


III radical species, which is formed to-
gether with HMPH2 in an Ar matrix on photolysis of the
adduct M···PH3 at l�436 nm.[33] The response of SnH4 to
the Group 13 metal atoms contrasts in this respect with its
response under similar conditions to Ti atoms which, with
minimal activation, gives rise to the triply hydrogen-bridged
product HTi(m-H)3Sn.


[46] Exchange of hydrogen between
one metal or metalloid center and another is also known to


Table 5. Experimental IR wavenumbers [cm�1] of 1a and 1b and calculated wavenumbers [cm�1] and intensities [kmmol�1, given in parentheses] for
HMSnH3 and DMSnD3 (V) (M=Al and Ga).


Assign HAlSnH3 (V) DAlSnD3 (V) HGaSnH3 (V) DGaSnD3 (V)
1a, obsd calcd[a] 1a, obsd calcd[a] 1b, obsd calcd[a] 1b, obsd calcd[a]


n1 (a’) 1839.3 1834.4 (171) 1321.6 1303.4 (100) 1849.3 1823.6 (168) 1328.5/1320.4 1295.3 (88)
n2 (a’) 1821.7 1810.7 (119) 1307.9 1288.7 (61) 1824.7 1778.0 (142) 1288.4 1260.7 (70)
n3 (a’) 1774.8 1785.7 (212) 1292.6 1281.0 (99) 1734.4 1710.7 (298) 1253.3 1219.0 (152)
n4 (a’) 728.1 715.0 (46) 507.4 (24) 714.8 702.1 (50) 511.0 498.2 (25)
n5 (a’) 657.8 673.6 (286) 471.5 480.8 (143) 650.4 652.3 (355) 469.2/466.2 466.1 (179)
n6 (a’) 544.4 (69) 400.1 (39) 496.8 487.4 (24) 352.2 (13)
n7 (a’) 352.9 (22) 258.9 (8) 304.0 (17) 216.8 (9)
n8 (a’) 248.6 (1) 237.8 (4) 171.1 (0.8) 169.7 (0.9)
n9 (a’’) 1830.6 1818.8 (144) 1316.2 1292.8 (74) 1835.3 1788.8 (158) 1309.3/1301.0 1271.9 (81)
n10 (a’’) 720.3 714.4 (55) 507.2 (28) 724.8 713.7 (57) 516.1 506.9 (29)
n11 (a’’) 332.4 (33) 236.0 (17) 329.5 (16) 234.1 (8)
n12 (a’’) 322.4 (0) 235.3 (0) 270.4 (9) 194.8 (5)


[a] Calculated using a BP86 functional in combination with a TZVPP basis set for Al, Ga and H and an ecp-TZVPP basis set for Sn.
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occur in certain chemical vapor deposition processes involv-
ing, for example, MMe3 (M=Ga or In) and Me3N·AlH3.


[47]


Ga2(m-H)4Sn (VIII; 4b): The product 4b is formed on co-
deposition of Ga vapor with SnH4 in yields that vary with
the reagent concentrations in such a way as to suggest that
its source is Ga2+SnH4 [see Eq. (4), for example]. Parallels
are then evident with similar matrix experiments involving
Ga vapor and H2,


[30] H2O,
[43] or SiH4.


[14] Ga2 reacts spontane-
ously with H2 to form the cyclic molecule Ga(m-H)2Ga,


[30,48]


whereas with SiH4 it forms, again spontaneously, what is
probably the product HGa(m-SiH3)Ga.


[14] Several possible
models for 4b commend themselves, for example, Ga(m-
H)(m-SnH3)Ga, Ga(m-H)GaSnH3, HGa(m-SnH3)Ga, as well
as GaGa(H)SnH3 and trans-HGaGaSnH3 with terminal H
and SnH3 ligands bound either to the same or to different
Ga atoms of a diatomic Ga2 unit (cf. GaGaH2 and
HGaGaH which have been identified in earlier experi-
ments[30]). The only minima on the GaGaSnH4 energy hyper-
surface correspond, on the evidence of our DFT calcula-
tions, to GaGa(H)SnH3 (VII) with terminal Ga�H and Ga�
SnH3 bonds and a novel hydrogen-bridged metal cluster,
namely the armchair-shaped isomer VIII (see Figure 8). Al-
though this second molecule can be regarded as an adduct
of Ga(m-H)2Ga


[30] and SnH2, the hydrogen atoms establish
comparable contacts to all the metal atoms which they
bridge (at distances ranging from 183 to 229 pm; see
Table S2, Supporting Information), and the molecule is per-
haps viewed more aptly as a metal-deficient cubanelike clus-
ter. The single IR absorption at 1180.3 cm�1 by which 4b is
recognizable clearly implies a molecule featuring a bridging
Ga-H-Ga or Ga-H-Sn unit. This circumstance declares
isomer VIII, but not VII, to be a reasonable candidate for
4b. According to the calculations, the vibrational transitions
of VIII predicted to be most intense in IR absorption occur
at 1363.6, 1321.8, and 1255.7 cm�1 (Table S2, Supporting In-
formation). The formation energies starting from two metal
atoms and one SnH4 molecule are �249.7 and
�315.5 kJmol�1 for VII and VIII, respectively, making the
latter 65.8 kJmol�1 more stable than the former. On the
very limited experimental evidence available, VIII seems
therefore to be the most likely product of the facile reaction


between Ga2 and SnH4. Further experiments are in progress
to test this conclusion and seek a more detailed characteri-
zation of the product.


Effect of broad-band UV-visible photolysis : Less discrimi-
nate irradiation with broad-band UV-visible light (l=200–
800 nm) brings about the photodecomposition of all the spe-
cies 1a/1b, 2a/2b, 3a/3b, and 4b, without giving rise to any
new IR absorptions of significant intensity. Although HC
atoms or H2 might have been expected to be eliminated
under these conditions, it seems rather unlikely that these
would not be accompanied by the formation of known hy-
drides of the metals, such as MH[27] and SnHn (n=1–3),


[20] or
unknown but potentially detectable ones such as MSnH3.
The most likely explanation is that regeneration of M atoms
or M2 dimers and SnH4 [i.e. , reversal of reactions in
Eqs. (1), (2), (4), and (5)] occurs under these circumstances.
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Self-Assembly of Human Serum Albumin (HSA) and l-a-
Dimyristoylphosphatidic Acid (DMPA) Microcapsules for Controlled Drug
Release


Zhihua An,[a] Gang Lu,[a] Helmuth Mçhwald,[b] and Junbai Li*[a]


Introduction


Controlled-release drugs have many advantages over con-
ventional dosage forms, such as minimizing deleterious side
effects, prolonging the duration of activity, protecting sensi-
tive drugs from enzymatic or acidic degradation, taste mask-
ing, and targeted release. Thus, controlled-release technolo-
gies are of interest to the pharmaceutical industry in the de-
velopment of modern medications.[1] Many techniques have
been developed during the past few decades,[2] for example,
encapsulation, which is regarded as a versatile and feasible
approach. Various microstructures such as liposomes, micro-
gels, microemulsions and polymer micelles have been widely
employed as drug-delivery systems.[3] The specific require-
ments in this field make microencapsulation increasingly at-
tractive and competitive.
A recently developed layer-by-layer (LbL) self-assembly


technique was employed to fabricate nanoporous polyelec-
trolyte microcapsules, by which oppositely charged polyelec-
trolytes were adsorbed onto various colloid templates, fol-
lowed by removal of the template cores.[4] The permeability


of polyelectrolyte microcapsules can be adjusted by control-
ling the number of layers as well as the environmental con-
ditions.[5] The potential use of such microcapsules as drug
carriers for controlled drug release has already been consid-
ered.[6] The presence of a lipid layer on the microcapsule
wall provides the possibility to incorporate specific compo-
nents, such as targets, for the purpose of drug-targeted re-
lease.
In this work, HSA and DMPA were chosen as a pair to


fabricate multilayers onto drug crystals. HSA is a globular
protein of known crystal structure (Figure 1a). It is abundant
in human blood, where it is responsible for the transport of
metabolites around the body.[7] DMPA (Figure 1b), is the
important lipid component of biological membranes. Com-
plex films of proteins and lipids have unique biological
properties, which makes them of significant interest as a
model for biological membranes. Such films can be con-
structed at a planar or curved interface by using self-assem-
bly techniques.[8] With such a lipid/protein pair, the incorpo-
ration of membrane-specific components, such as receptor
channels, into the films for the purpose of molecular recog-
nition can be considered.
Ibuprofen is an acidic, nonsteroidal, anti-inflammatory


drug (Figure 1c). It has limited solubility in solutions of low
pH (<7), but is readily soluble in high pH (>7) solutions.[9]


Thus, the deposition of protein and lipid on ibuprofen crys-
tals under conditions of pH<7, and the release of ibuprofen
from the capsules performed in a simulated intestinal fluid
at pH 7.4, enabled us to demonstrate that the protein/lipid
multilayer could be used to encapsulate drugs that are suit-
able for sustained release.
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International Joint Lab
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The Center for Molecular Sciences, Institute of Chemistry
Chinese Academy of Sciences, Beijing 100080 (China)
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Abstract: Human serum albumin
(HSA) and l-a-dimyristoylphosphati-
dic acid (DMPA) were applied as a
pair to encapsulate ibuprofen micro-
crystals by means of a technique based
on the layer-by-layer (LbL) assembly
of oppositely charged species, for the
purpose of controlling drug release.
The successful adsorption of HSA and


DMPA multilayers onto ibuprofen
crystals was confirmed by optical mi-
croscopy. The drug release process, in a
solution of pH 7.4, was monitored by


optical microscopy and UV spectrosco-
py. The results revealed that the rate of
release of ibuprofen from HSA/DMPA
microcapsules decreased as the capsule
wall thickness and drug crystal size in-
creased, indicating that the permeabili-
ty of the microcapsules can be control-
led by simply varying the number of
HSA/DMPA deposition cycles.


Keywords: controlled release ·
lipids · microcapsules · proteins ·
self-assembly
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Results and Discussion


The surface of an ibuprofen crystal is negatively charged.
HSA is positively charged under conditions of pH 3.8 (lower
than its isoelectric point of
pH 4.8). For this reason, HSA
was used as the first layer to
coat the ibuprofen crystals.[10]


The crystals were encapsulated
with HSA (mixed with fluores-
cein isothiocyanate (FITC)-la-
beled HSA) and the successful
adsorption of the first layer
was confirmed by using optical
microscopy. Figure 2a shows
microscope images of the ibu-
profen crystal surface covered
with positively charged HSA.
The negatively charged DMPA
solution (containing fluores-
cently labeled nitrobenzoxa-
diazole dipalmitoyl phosphati-
dylcholine (NBD-DPPC)) was
then added to the drug crystal
suspension and the processes
repeated, resulting in the for-


mation of multilayers. The number of layers was determined
by the number of deposition cycles. Figure 2b displays the
microscope images of ibuprofen crystals encapsulated by
five layer pairs, in which DMPA forms the outermost layer.
The fluorescent rings of lipids reveal the successful encapsu-
lation of ibuprofen crystals by HSA/DMPA multilayers.
The release of ibuprofen crystals from HSA/DMPA mi-


crocapsules was induced by adding a buffer solution of
pH 7.4 to the microcapsule dispersion and was recorded as a
function of time (Figure 3a). It can be seen that, initially, the
individual microcrystals were well separated; however, with
the addition of a buffer solution of pH 7.4, they began to


Figure 1. a) Three-dimensional structure of the HSA molecule. b) Chemi-
cal structure of l-a-dimyristoylphosphatidic acid (DMPA). c) Chemical
structure of ibuprofen.


Figure 2. Microscope images of encapsulated ibuprofen crystals a) after
adsorption of HSA mixed with 20% FITC-HSA as the first layer, and
b) after adsorption of five layer pairs, in which DMPA mixed with 5%
NBD-DPPC was the outermost layer. Left, fluorescence image; right,
transmission image.


Figure 3. a) The dynamic release of ibuprofen from HSA/DMPA microcapsules. b) Dissolution process of bare
ibuprofen crystals. The experiments were performed in a buffer solution of pH 7.4.
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dissolve and shrink, making the surrounding HSA/DMPA
shells more visible. The HSA/DMPA shells maintained the
shape of the crystals throughout the release process until
the dissolution of ibuprofen was complete. It is clear that
the ibuprofen molecules diffuse out of the capsule through
the capsule wall, rather than being released on breaking a
capsule, indicating that the HSA/DMPA microcapsules are
permeable to small molecules. The shapes of the hollow cap-
sules remain basically the same as those of the original crys-
tals, demonstrating that the capsules are very flexible and
have high elastic strength.
As a control experiment, the process of dissolution of


bare ibuprofen crystals of similar size was also recorded
(Figure 3b). This showed that, following the addition of a
buffer solution of pH 7.4, the bare crystals dissolved faster
than the encapsulated crystals. Comparison of an encapsu-
lated crystal (blue circle in Figure 3a), with a bare crystal of
similar size (approximately 20 mm), revealed that the com-
plete dissolution of the bare crystal took only 30 s, whereas
the encapsulated crystal required 2.5 min. This clearly dem-
onstrates that HSA/DMPA microcapsules act as a barrier,
prolonging the release time of the ibuprofen crystal.
To obtain more quantitative release data, the release pro-


files were measured on ensembles by using UV spectroscopy
(Figure 4a). These results show that, whereas the bare crys-
tal was partially dissolved after 25 s, coating it with five and
ten layer pairs increased the dissolution half-time to 50 and
75 s, respectively. This indicates that the HSA/DMPA capsu-
les can substantially sustain the release of the encapsulated
substances. The drug release time decreases as the number
of coating layers increases. These times may not be suffi-
cient for specific pharmaceutical applications; however, it
has been shown that by reducing the pH, the release times
can be increased by up to 3 orders of magnitude.[6]


The rate of drug release also depends on the size of the
ibuprofen crystals. The half-times of release for the 15 mm
and 36 mm ibuprofen crystals from ten layer pairs of HSA/
DMPA capsules were 75 and 130 s, respectively (Figure 4b).
This indicates that the release rate of the ibuprofen crystals
from the capsules decreases with increasing ibuprofen crys-
tal size. The faster release for smaller crystals is due to their
higher surface area to volume ratio; the smaller crystals
have a much greater surface area in contact with the buffer
solution and, thus, they dissolve more quickly.In fact, the re-
lease of the encapsulated ibuprofen crystals takes place by
two simultaneous processes; the dissolution of the ibuprofen
crystals and the diffusion of the ibuprofen molecules out of
the capsules. Thus, the wall thickness of the HSA/DMPA
microcapsules, that is, the number of HSA/DMPA layers,
will also influence the release rate. This can be quantified by
calculating the permeability coefficient (P) by using Equa-
tion (1),[11]


P ¼ ðDct=DtÞVd
Sðc0�ctÞ ð1Þ


in which P (cm2 s�1) is the permeability coefficient of the
capsule membrane, S is the effective surface area of the dis-
persed capsules, d (cm) is the thickness of the capsule wall,


V is the volume of the bulk solution, Dct/Dt is the concentra-
tion change per unit time, which can be evaluated from the
derivative of the fractional release curve, and ct and c0 are
the drug concentrations in the bulk solution and within the
capsules, respectively. We assumed that 1) the microcapsules
were cubic, with a mean size of 15K15K15 mm3, 2) c0 was
equal to the saturation solubility of ibuprofen in the buffer
solution, and 3) the average thickness of an HSA/DMPA
capsule was 10 nm (as confirmed by the single-particle light
scattering experiment[12]). By using Equation (1) we calculat-
ed the permeability coefficients for the capsules with five
((HSA/DMPA)5) and ten ((HSA/DMPA)10) layer pairs to be
3.7K10�10 and 2.0K10�10 cm2s�1, respectively. These values
are indeed a factor of 10 lower than those for polyelectro-
lyte capsules with the same number of layers ((PSS/PAH)5,
7.6K10�9 cm2s�1; PSS=polystyrenesulfonate, PAH=poly(al-
lylamine hydrochloride)).[13] Furthermore, the permeability
decreases with the increase in capsule thickness. This result
is consistent with that obtained from measuring the half-
time of drug release.


Figure 4. Release profiles of ibuprofen from HSA/DMPA capsules, per-
formed in a buffer solution of pH 7.4. a) 0, 5, or 10 layer pairs encapsulat-
ing small crystal cores, b) 10 layer pairs encapsulating small (15 mm) or
medium (36 mm) crystal cores.
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Conclusion


HSA and DMPA can be applied successfully as a pair to en-
capsulate ibuprofen microcrystals by using a method based
on the LbL assembly technique. In a simulated intestinal
fluid, the rate of release of the ibuprofen crystals from the
HSA/DMPA capsules can be clearly delayed. The permea-
bility of the microcapsules can be controlled by simply vary-
ing the number of HSA/DMPA deposition cycles. The retar-
dation effect can be increased by several orders of magni-
tude by decreasing the pH of the experimental conditions.
The bilayer structure formed on the HSA surface may pro-
vide a means to incorporate membrane-specific components,
such as channels and receptors, to improve targeted drug de-
livery and recognition.


Experimental Section


Materials : Ibuprofen powder (crystals) was purchased from TCI (Japan).
Fluorescein isothiocyanate conjugated human serum albumin (FITC-
HSA), human serum albumin (HSA, lyophilized powder protein ca. 95%
by biuret 66500 Da), fluorescently labeled nitrobenzoxadiazole dipalmi-
toyl phosphatidylcholine (NBD-DPPC), and l-a-dimyristoylphosphatidic
acid (DMPA) were purchased from Sigma. The water used in all experi-
ments was prepared in a three-stage Millipore Milli-Q Plus purification
system and had a resistivity greater than 18.2 MWcm.


An HSA solution was prepared by directly dissolving the weighed
amount of HSA powder in a buffer solution of pH 3.8. The aqueous
DMPA solution was prepared as follows: DMPA was dissolved in a so-
lution of chloroform/methanol (1:1). The solvent was evaporated in a ro-
tavap at 30 8C, and water was added up to a final lipid concentration of
0.025 mgmL�1. The aqueous lipid solution was then sonicated for 5 min.


The ibuprofen powder as received is composed of polydispersed white
crystals. This was finely ground with an agate mortar and the ground
crystals were fractionated by sedimentation into three fractions. The
mean crystal size and size distribution were estimated by measuring
more than 100 crystals, according to the method proposed by Jolivet and
co-workers.[14] The mean crystal size D, standard deviation s(D), and the
polydispersity index p of the fractions are listed in Table 1.


Encapsulation : HSA/DMPA multilayer encapsulation of ibuprofen crys-
tals was accomplished by the consecutive adsorption of oppositely
charged HSA and DMPA using the centrifugation technique. In each ex-
periment, ibuprofen crystals (50 mg) were dispersed in 2 mL of HSA so-
lution (1 mgmL�1, pH 3.8). The HSA was left to adsorb for 2 h, with oc-
casional shaking. The dispersion was then centrifuged at room tempera-
ture. The supernatant was removed carefully and the crystals were redis-
persed in pure water. The centrifugation and resuspension procedure was
repeated three times to remove the unadsorbed HSA from the solution
before the next lipid solution was added. The above process was repeated
until the desired number of coating layers was reached (Scheme 1).


Release experiments : The process of drug release was performed in a si-
mulated intestinal fluid (pH 7.4) prepared with phosphate buffer (0.02m).
The release measurements were performed on an Agilent-8453 UV/Visi-
ble spectrophotometer. The release of ibuprofen from protein and lipid
multilayer capsules was conducted in a 1-cm quartz cuvette with constant


magnetic stirring, and was monitored by using UV spectroscopy at a
wavelength of 260 nm. All release measurements were conducted at
room temperature.


Optical microscopy: The microscopic images and the release process of
individual drug crystals were recorded by using an Olympus AX-70
equipped with a CCD camera.
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Hydrogen-Bonded Polyrotaxane-like Structure Containing Cyclic (H2O)4 in
[Zn(OAc)2(m-bpe)]·2H2O: X-ray and Neutron Diffraction Studies**


Meng Tack Ng,[a] Theivanayagam C. Deivaraj,[a] Wim T. Klooster,*[b]


Garry J. McIntyre,*[c] and Jagadese J. Vittal*[a]


Introduction


Research in crystal engineering and the construction of co-
ordination polymers with specific topologies has progressed
in recent years by virtue of the possible design of materials
with specific electronic, optic, magnetic, and catalytic prop-
erties.[1] In spite of a few cases wherein the molecules are as-
sembled in a predetermined fashion, prediction of the crys-
tal structure is largely considered to be serendipitous.[2] This
could be attributed to the poor understanding of the role
played by various factors employed for the growth of the


particular crystal, and other subtle attractive or repulsive
forces that prevail in the crystal lattice.[3] Coordination poly-
mers of various structural motifs such as one- (1D; e.g.
linear chain, zigzag chain, helix, open ladder structures),
two- (2D; e.g. square grid, brick wall, honeycomb,) and
three-dimensional (3D; e.g. adamantanoid) are known to
exist.[4] Of these, 1D coordination polymers are thought to
be structurally the least interesting, but nevertheless have
been found to have properties such as molecular ferromag-
netism, synthetic metallic conductivity, and nonlinear optical
response.[5] Moreover, noncovalent interactions between
such 1D infinite chains can lead to the formation of interest-
ing architectures.[6–8] For example, subtle differences in the
noncovalent interactions such as hydrogen bonds or Ag···Ag
interactions in the compounds [Ag(3-amp)ClO4] and [Ag(4-
amp)ClO4] (amp=aminomethylpyridine) lead to the forma-
tion of a triple-helical coordination polymer or helical
ladder, respectively.[5] On the other hand, rotaxanes and cat-
enanes are, in all likelihood, considered as molecular ma-
chines.[9,10] Many examples of coordination polyrotaxane
networks have been reported;[11–14] however, to the best of
our knowledge, hydrogen-bonded structures with polyrotax-
ane-like interactions are rare.[15] The molecular Chinese
blinds described by Sharma and Rogers can also be classi-
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3 Science Drive 3, Singapore 117543 (Singapore)
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[**] bpe=4,4’-bipyridylethane.


Abstract: The reaction of 4,4’-bipyri-
dylethane (bpe) and 4,4’-dipyridyl di-
sulfide (dpds) with Zn(OAc)2·2H2O
has led to the formation of two coordi-
nation polymers, [Zn(OAc)2(m-
bpe)]·2H2O (1) and [Zn(OAc)2(m-
dpds)] (2). Both the compounds have
zigzag coordination polymeric struc-
tures as revealed by X-ray crystallogra-
phy. However, the presence of two lat-
tice water molecules in 1 results in an
interesting difference between the crys-
tal structures. In 1, the carboxylate car-
bonyl oxygen atoms of the Zn(OAc)2
groups from two different adjacent
zigzag polymers and four lattice water


molecules form 24-membered hydro-
gen-bonded rings (graph set notation,
R6


6(24)). One of the two bpe ligands
associated with each ZnII center passes
through the center of this ring to form
a two-dimensional hydrogen-bonded
coordination polymeric structure. In
the solid state, the adjacent 24-mem-
bered hydrogen-bonded rings further
fuse together through O�H···O hydro-


gen bonds among four waters to form
cyclic (H2O)4. This results in a one-di-
mensional hydrogen-bonded ribbon-
like polymer comprising fused alternat-
ing 24- and eight-membered O�H···O
hydrogen-bonded rings. One of the bpe
ligands passes through the center of
the larger ring to produce an unexpect-
ed single self-penetrating three-dimen-
sional hydrogen-bonded network with
polyrotaxane-like association. A neu-
tron diffraction study provides a de-
tailed description of the hydrogen
bonds involved.


Keywords: crystal engineering ·
hydrogen bonds · neutron diffrac-
tion · noncovalent interactions ·
rotaxanes · X-ray diffraction · zinc
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fied under this category,[16] and a new type of hydrogen-
bonded polyrotaxane architecture was reported by Pudde-
phatt and co-workers.[17]


The structures of hydrogen-bonded water clusters and
channels continue to attract interest since they play a crucial
role in contributing to the stability and function of biological
assemblies. Several theoretical calculations and experimen-
tal evidence confirm the presence of water oligomers such
as trimer, tetramer, pentamer, hexamer, octamer, and deca-
mer.[18] Furthermore, many of these water oligomers and
polymers have been stabilized by organic and inorganic
hosts.[19]


Herein we report the synthesis and structural characteri-
zation of two 1D coordination polymers and their subse-
quent formation of interesting but contrasting supramolec-
ular architectures of general formula [Zn(OAc)2(m-
bpe)]·2H2O (1) and [Zn(OAc)2(m-dpds)] (2) (bpe=4,4’-di-
pyridylethane; dpds=4,4’-dipyridyl disulfide). Of these, one
of the bpe ligands in the zigzag coordination polymer is en-
cased by 24-membered hydrogen-bonded rings to furnish an
unexpected polyrotaxane-like structure. These 24-membered
rings are further fused with eight-membered tetrameric
water clusters, (H2O)4, alternatively to form a 1D hydrogen-
bonded ribbon-like polymeric structure of alternating 24-
and eight-membered rings. These two structures also illus-
trate the fact that the structurally similar spacer ligands can
lead to interesting differences in the crystal structures of the
compounds depending on the presence of solvent molecules
and other noncovalent interactions.


Interpenetrating network structures with polyrotaxane-
like connectivities are not very common among hydrogen-
bonded coordination polymers[20] and are only found abun-
dantly in coordination polymeric network structures.[21] We
have therefore decided to investigate the solid-state struc-
ture of 1 in more detail by using neutron diffraction.


Results and Discussion


Compounds 1 and 2 were produced by reacting bpe and
dpds with zinc acetate in the ratio of 1:1 in suitable solvents,
and diffraction-quality single crystals were obtained by slow
evaporation. The stoichiometry of these compounds was
confirmed by 1H NMR spectroscopy and elemental analysis.
Furthermore, thermogravimetry was used to confirm the
number of water molecules in 1, and IR spectra were em-
ployed to characterize the bonding mode of the acetate
anion. The same 1:1 reaction mixture of Zn(OAc)2·2H2O
and bpe in a MeOH/acetonitrile solvent mixture gave a mix-
ture of [Zn2(OAc)4(bpe)] and [Zn7(m4-O)2(OAc)10(bpe)].


[22]


Structure of [Zn(OAc)2(m-bpe)]·2H2O (1): The structure
solved by X-ray crystallography is discussed here. A portion
of the polymeric segment showing the coordination environ-
ment around the ZnII center is shown in Figure 1. Each ZnII


atom adopts a four-coordinate tetrahedral geometry, being
coordinated to the nitrogen atoms of two crystallographical-
ly different pyridyl groups and the oxygen atoms of the two
acetate ligands. Two lattice water molecules are found in the


asymmetric unit of 1, which are hydrogen-bonded to the
other oxygen atoms of the two acetate anions as shown in
Figure 1.


In 1 the ZnII atom is bonded to two bridging bpe spacer
ligands (Figure 2). Selected geometric parameters for 1 are
given in Table 1. The two Zn�O bond lengths are unequal


at 1.922(3) and 1.949(3) M. Similarly, the Zn�N distances
are also not equal (2.044(3) and 2.010(3) M), and are slightly
shorter than those reported for [(TPP)Zn]2(m-bpe)(C6H5-


NO3)] (2.179(6) M)[23] and [Zn(m-bpe)(bpe)2(H2O)2]-
(ClO4)2·bpe·H2O (2.151(3)–2.185(4) M).[24] The tetrahedral
ZnII center is highly distorted as inferred from the bond
angles, which range between 96.35(1) and 129.72(1)8. A crys-
tallographic inversion center is present in the middle of each
bpe spacer ligand. The interplanar angle between the pyridyl
rings in bpe is 08 and the two pyridyl rings in bpe have an
anti conformation with a C-CH2-CH2-C torsion angle of
1808. All the polymeric chains are aligned parallel to each
other in the ab plane and propagate along the b direction.


The oxygen atoms of the carboxylate carbonyl groups
present in Zn(OAc)2 from two different adjacent polymeric


Figure 1. Structure of the asymmetric unit of 1 (an ORTEP diagram;
showing 50% probability ellipsoids for the non-hydrogen atoms).


Figure 2. A segment of the zigzag coordination polymer in 1. Only rele-
vant atoms are shown.


Table 1. Selected bond lengths [M] and angles [8] from X-ray data for 1.


Zn(1)�O(1) 1.922(3) Zn(1)�N(2) 2.010(3)
Zn(1)�O(3) 1.949(3) Zn(1)�N(1) 2.044(3)
C(11)�C(11)[a] 1.512(8) C(12)�C(12)[b] 1.524(8)
O(1)-Zn(1)-O(3) 103.52(1) O(1)-Zn(1)-N(1) 105.42(1)
O(1)-Zn(1)-N(2) 129.72(1) O(3)-Zn(1)-N(1) 96.35(1)
O(3)-Zn(1)-N(2) 110.30(1) N(2)-Zn(1)-N(1) 106.59(1)
C(3)-C(11)-C(11)[a] 112.4(4) C(8)-C(12)-C(12)[b] 111.8(4)


[a] Symmetry operator: �x+1, �y+2, �z+1. [b] Symmetry operator:
�x, �y, �z.
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chains are O�H···O hydrogen-bonded to four lattice water
molecules to form a 24-membered ring (with graphic set no-
tation, R6


6(24)
[25] ; Figure 3). This ring has the shape of a dis-


torted square in which the O(5)···O(5a) distance is 9.84 M
and the O(6)···O(6a) distance is 7.73 M. Adjacent polymeric


chains below the hydrogen-bonded rings are slip-stacked
along the c direction such that one of the two bpe ligands
goes through the center of the larger hydrogen-bonded ring
(Figure 4). The side view of this penetration of the coordina-
tion polymeric chain into the hydrogen-bonded ring is


shown in Figure 5. It is clear that only the bpe ligand con-
taining the N(2) atom goes through the center of the hydro-
gen-bonded ring. The center of the two methylene groups of
bpe coincides with the crystallographic inversion center
present at the center of the hydrogen-bonded ring. Howev-
er, the bond parameter found in this bpe ligand is very simi-
lar to that with the atom N(1). The hydrogen-bonded poly-
rotaxane-like structure in 1 (Scheme 1) forms a sheetlike
structure approximately in the ab plane. These hydrogen-
bonded rings are further fused with two eight-membered
rings formed by four water molecules through O�H···O hy-
drogen bonds to generate a 1D hydrogen-bonded polymer
that propagates approximately along the c direction


(Figure 6). According to Infantes and co-workers, this hy-
drogen-bonded tape can be described as T4(2)18(2).[26] In
the poly-fused hydrogen-bonded polymer, the acceptors are
the carboxylate carbonyl oxygen atoms of the Zn(OAc)2
and the hydrogen-donor group is the water tetramer, (H2O)4


(graph set notation, R4
4(8)).


[25] In other words, the 2D hy-
drogen-bonded structures are further linked through a cyclic
quasi-planar water tetramer to provide a single self-pene-
trating 3D hydrogen-bonded coordination polymeric struc-
ture. Although hydrogen-bonded cyclic oligomers and poly-
mers in various hosts have been described in the litera-


Figure 3. Diagram showing the 24-membered hydrogen-bonded ring in 1.
Only relevant atoms are shown.


Figure 4. The hydrogen-bonded wheel and bpe axle in the rotaxane-like
structure. Only selected atoms are shown for clarity.


Figure 5. A section of the hydrogen-bonded polyrotaxane-like sheet in 1.


Scheme 1. The 2D sheet containing the hydrogen-bonded polyrotaxane-
like structure in 1.


Figure 6. Perspective view of the 1D hydrogen-bonded polymer formed
between the (H2O)4 and Zn(OAc)2 in 1. Only relevant atoms are shown
for clarity.
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ture[19a–c,27] they are not similar to that observed in 1. On the
other hand, the metal-containing hydrogen-bonded ring ob-
served for 1 is a feature commonly observed in metal coor-
dination polymeric structures.[20]


The closest interplanar distances between the pyridyl
groups of two adjacent bpe spacer ligands are in the range
of 4.702(2)–4.844(2) M, indicating the absence of any p···p
interactions between adjacent polymeric chains. The O�
H···O hydrogen bonds present in the crystal lattice for 1 are
quite strong, to judge from the hydrogen-bond distances
(Table 2), together with the results of the neutron study (see


below). Recently Infantes and co-workers analyzed various
extended motifs of water and chemical functional groups in
organic molecular crystals by using the Cambridge Structur-
al Database.[26] In their paper, an interesting tape-like struc-
ture (with the notation T4(2)10(2))[28] formed between
(H2O2)4 and two trifluoroacetate groups generates a 16-
membered ring. In 1 this ring size has been increased to 24
owing to Zn(OAc)2 instead of the trifluroacetate groups.
The size of the ring is large enough in 1 for a bpe ligand to
pass through. On the other hand, in the structure of [H31O14]
[CdCu2(CN)7], reported by Nishikiori and Iwamoto, each
Cu2(CN)7 moiety is encircled by 12 hydrogen-bonded water
molecules to form a 22-membered ring.[15]


Neutron diffraction studies on 1: The distances and angles
involving non-hydrogen atoms were more accurately ob-
tained by the X-ray data, but none of the neutron values are
significantly different, and the trends observed from the X-
ray results are also obtained from the neutron data. Where
neutron diffraction can make its contribution is when look-
ing at the hydrogen atoms. Looking at the data recorded at
20 K, all hydrogen-bond distances are in the range 1.06(1)–
1.11(1) M for the main structure, and in the range 0.93(2)–
1.00(2) M for the water molecules. These are normal values.
The angles involving H(1) through H(10) are in the range
115.8(8)–122.3(8)8, those involving H(11) through H(16) are
in the range 107(1)–113(1)8, and those within the water mol-
ecules are 102(1)8 and 108(1)8, all as to be expected. The
latter are comparable to the angles of 105(4)8 and 103(4)8
obtained from the X-ray data.


Of more interest is the hydrogen bonding. The O···O dis-
tances are very similar to those obtained by X-ray diffrac-
tion, and those involving the water molecules are in a


narrow range: 2.73(1)–2.80(1) M and the H···O distances are
in the range 1.77(1)–1.87(1) M (Table 2). These are fairly
strong hydrogen bonds. The two hydrogen bonds that are
almost linear (172(1)8 and 175(2)8) are those to the carboxy-
late oxygen atoms, and the other angles are not far from
being linear (157(1)8 and 168(1)8), so this configuration is
close to optimal.


The standard deviations from the neutron data involving
distances of hydrogen atoms are only slightly better than
those obtained from the X-ray data. But the positions them-
selves should be more accurate, since the X-ray locations
are biased by the non-spherical electron densities in the X�
H bonds, which results in a shortening of the X�H bond of
about 0.1 M, in this structure 0.12–0.19 M (Table 2), and cor-
respondingly longer H···A distances. The standard deviations
obtained from the neutron data for the angles are about a
factor of 4 better than those obtained from the X-ray data.
The quality of the crystal was not the best, as is not uncom-
mon when growing (relatively) large crystals suitable for
neutron diffraction. Also, as noted, the quality degraded fur-
ther upon cooling, resulting in a refinement that was not op-
timal. All this resulted in relatively high standard deviations.


There are no other strong hydrogen bonds in the struc-
ture. Some of the weaker interactions are: O(2)···H(4)
(2.43(2) M) and O(2)···H(6) (2.45(1) M), and O(4)···H(7)
(2.47(1) M). The only other potential hydrogen-bond accept-
ors are O(1) and O(3), each of which has a weak intramo-
lecular interaction with one of the methyl hydrogen atoms
(O(1)···H(14B) 2.56(2) and O(3)···H(16C) 2.50(2) M).


Structure of [Zn(OAc)2(m-dpds)]n (2): When the bpe ligand
is replaced by dpds, the compound does not contain any
water molecule and the structure as determined by X-ray
crystallography was found to adopt the expected zigzag co-
ordination polymer. A segment of the polymeric structure
of 2 is shown in Figure 7. The ZnII center has the same ge-
ometry and coordination environment as in 1.


Selected bond lengths and angles for 2 are given in
Table 3. The Zn�O and Zn�N bond lengths, and angles at
the ZnII center are very similar to those found in 1. The C-
S-S-C torsion angle in the dpds spacer ligand is 90.4(2)8 and
the S�S bond length is 2.0301(7) M. The C-S-S-C torsion
angles in aromatic disulfide groups are known to be within
about 208 of 908.[29,30] Thus, the disulfide moiety in the
spacer ligand seems to maintain its characteristic shape even
after bonding to the ZnII center. The two carbonyl oxygen
atoms are involved in intramolecular C�H···O bonding to


Table 2. Hydrogen-bond parameters from X-ray and neutron diffraction
data for 1.


D�H···A D�H H···A D···A aDHA


X-ray data
O5�H5A···O2[a] 0.80(2) 1.95(3) 2.744(5) 170(5)
O5�H5B···O6 0.80(2) 1.99(3) 2.769(4) 164(4)
O6�H6A···O4 0.81(2) 1.95(3) 2.752(5) 169(5)
O6�H6B···O5[b] 0.81(2) 1.96(2) 2.763(6) 168(6)
neutron data
O5�H5A···O2[a] 0.98(2) 1.77(2) 2.75(1) 172(1)
O5�H5B···O6 0.98(1) 1.87(1) 2.80(1) 157(1)
O6�H6A···O4 0.93(2) 1.81(1) 2.73(1) 175(2)
O6�H6B···O5[b] 1.00(2) 1.77(2) 2.76(1) 168(1)


[a] Symmetry operator: �x+2, �y, �z. [b] Symmetry operator: x, y, z�1.


Figure 7. A portion of the one-dimensional polymeric structure of 2 is
shown with the numbering scheme. The H atoms are omitted for clarity.
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the pyridyl groups. The H···O distances vary from 2.374 to
2.563 M, which are considered to indicate very strong hydro-
gen bonds.[31]


In the crystal lattice, the 1D coordination polymeric
strands propagate in the c direction and are stacked in such
a way that the disulfide and the Zn(OAc)2 groups are below


one another along the b direction (Figure 8). The bond
lengths between the sulfur atom and the hydrogen atoms of
methyl group between the adjacent polymer strands
(3.545(2)–3.548(2) M) indicate that there is no C�H···S hy-
drogen bond interaction between the polymer strands. That
the pyridine rings in each of the polymer strands are parallel
to each other and the perpendicular distances between the
rings are in the range of 4.823(2)–4.877(2) M appears to sug-
gest that no p···p interaction is present between the adjacent


polymer strands. It is interesting
to observe that these linear
polymers are aligned in parallel
as found in 1.


Conclusion


Both bpe and dpds ligands
form 1D polymeric structures
with Zn(OAc)2 in the ratio 1:1.


Although the two conformationally flexible dinitrogen
spacer ligands are expected to give structurally similar poly-
mers, the py-C-C-py fragment in 1 has an anti conformation
with the torsion angle 1808, whereas the C-S-S-C group in 2
has syn geometry with a S-C-C-S torsion angle of 90.4(2)8,
and an interplanar angle between the pyridine rings of
89.6(1)8. Owing to the turn at the -S-S- group, all the
Zn(OAc)2 groups are on one side of the chain and the disul-
fide groups are on the opposite side in 2. It is not clear from
this study if the backbone of the spacer group dictates the
incorporation of the lattice water molecules that is responsi-
ble for the hydrogen-bonded ring pattern in 1 (Scheme 2).
In the recently published crystal structure of [Zn(OAc)2-
(bpy)], which contains yet another linear spacer ligand,
namely 4,4’-bipyridyl (bpy), the 1D coordination polymer
was found to adopt ladder (or rail road) geometry[32] with
no solvent incorporated in the crystal structure. The unique
feature of the hydrogen-bonded polyrotaxane-like structure
is the role of a water tetramer, (H2O)4 to act as a hydrogen-
bond donor which bonds to four different oxygen atoms of
the Zn(OAc)2 groups to generate a 1D polymer containing
alternate 24- and eight-membered fused hydrogen-bonded
rings. The size of the R6


6(24) hydrogen-bonded ring is large
enough to encapsulate one of the bpe ligands in a rotaxane-
like fashion. The neutron diffraction study of 1 is the first
report of its kind on a 3D hydrogen-bonded network with
polyrotaxane-like structures.


Experimental Section


General remarks : All starting materials were purchased from Aldrich
and were used without further purification. Elemental analyses were car-
ried out at the Microanalysis Laboratory of the National University of
Singapore and the yields are reported with respect to the metal salts. In-
frared data were collected on a Bio-Rad FTIR spectrophotometer using
the KBr pellet method. Thermogravimetric analysis of 1 was performed
(under N2 atmosphere) using a SDT 2980 TGA Thermal Analyzer instru-
ment with a sample size of about 10 mg.


[Zn(OAc)2(m-bpe)]n·2nH2O (1): Equimolar amounts of Zn(OAc)2·2H2O
(0.1 g, 0.5 mmol) and bpe (0.08 g, 0.45 mmol) were mixed together in
DMF to give a clear solution. The solvent was evaporated off and color-
less platelike single crystals of 1 were formed after a day. The crystals
were separated by filtration, washed with Et2O, and dried under vacuum.
Yield: 0.13 g (72%). Elemental analysis calcd (%) for C16H22N2O6Zn: C
47.60, H 5.49, N 6.94; found: C 48.42, H 5.18, N 6.43; 1H NMR
(300 MHz, CDCl3, 25 8C): d=8.62 (d, J=6 Hz, 4H of py in bpe), 7.20 (d,
J=6 Hz, 4H of py in bpe), 3.02 (s, 2CH2 of bpe), 2.06 ppm (s, 6H, CH3


of acetate); IR (KBr): ñvs, C=O), 1560 (s, bpe), 1432 (s, bpe), 1412 (s, C=
O), 1343 (vw, bpe), 1212 (w, bpe), 1074 (m, bpe), 1031 (m=1617,


Table 3. Selected bond lengths [M] and angles [8] from X-ray data for 2.


Zn(1)�O(1) 1.922(3) O(1)�C(11) 1.307(6)
Zn(1)�O(3) 1.946(4) O(2)�C(11) 1.244(5)
Zn(1)�N(1) 2.038(3) C(11)�C(12) 1.457(7)
Zn(1)�N(2) 2.053(4) O(3)�C(13) 1.252(6)
S(1)�C(3) 1.783(5) O(4)�C(13) 1.226(5)
S(2)�C(8) 1.771(4) C(13)�C(14) 1.542(6)
S(2)�S(1)[a] 2.030(1)
O(1)-Zn(1)-O(3) 101.14(6) C(6)-N(2)-Zn(1) 117.9(3)
O(1)-Zn(1)-N(1) 111.48(2) C(11)-O(1)-Zn(1) 123.3(3)
O(3)-Zn(1)-N(1) 113.63(2) O(2)-C(11)-O(1) 120.6(5)
O(1)-Zn(1)-N(2) 114.50(2) O(2)-C(11)-C(12) 123.0(4)
O(3)-Zn(1)-N(2) 112.74(2) O(1)-C(11)-C(12) 116.2(4)
N(1)-Zn(1)-N(2) 103.79(6) C(13)-O(3)-Zn(1) 122.2(3)
C(1)-N(1)-Zn(1) 122.8(3) O(4)-C(13)-O(3) 127.2(5)
C(5)-N(1)-Zn(1) 121.0(3) O(4)-C(13)-C(14) 117.3(5)
C(10)-N(2)-Zn(1) 122.6(3) O(3)-C(13)-C(14) 115.4(4)


[a] Symmetry operator: x, y, z+1.


Figure 8. Packing diagram of compound 2 viewed down the b axis. Only
relevant atoms are shown for clarity.


Scheme 2. Schematic representation of the crystal structure of 1.
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bpe) cm�1. TG weight loss for loss of
2H2O: expected: 8.9%; found: 8.7%.


Crystals suitable for neutron diffrac-
tion studies were obtained by evapo-
rating a concentrated solution of 1 in
DMF at room temperature.


[Zn(OAc)2(m-dpds)]n (2): A solution
of Zn(OAc)2 (0.10 g, 0.45 mmol) in
MeOH (0.5 mL) was added to a so-
lution of dpds (0.10 g, 0.45 mmol) in
THF (0.5 mL). A clear solution was
obtained and the solution was left for
slow evaporation at room temperature.
Pale yellowish rhombic-shaped single
crystals of 2 were formed after a day.
The crystals were collected by filtra-
tion, washed with Et2O, and dried
under vacuum. Yield: 0.14 g (71%).
Elemental analysis calcd (%) for
C14H14N2S2O4Zn: C 38.23, H 3.20, N
6.30, S 14.58; found: C 37.98, H 3.66,
N 6.16, S 14.33. 1H NMR (300 MHz,
CD3OD, 25 8C): d=8.47 (d, J=6 Hz,
4H of py in dpds), 7.63 (d, J=6 Hz,
4H of py in dpds), 1.98 ppm (s, 2CH3


of acetate); IR (KBr): ñ=1593 (vs, C=
O), 1484 (m, dpds), 1420 (s, dpds),
1389 (s, C=O), 1336 (w, dpds), 1211
(w, dpds), 1062 (m, dpds), 927 (w,
dpds), 818 (m, dpds), 717 (m, dpds),
669 (w, dpds), 498 (m, dpds) cm�1.


X-ray crystallographic study : The diffraction experiments were carried
out on a Bruker SMART CCD diffractometer with a MoKa sealed tube
at 23 8C. The program SMART[33] was used for collecting frames of data,
indexing reflections, and determination of lattice parameters, the pro-
gram SAINT[33] was used for integration of the intensity of reflections
and scaling. SADABS[34] was used for absorption correction, and
SHELXTL[35] for determining the space group and the structure and
least-squares refinements on F2. The positional and isotropic thermal pa-
rameters of hydrogen atoms associated with lattice water molecules in 1
were varied in the least-squares refinements. Relevant crystallographic
data are listed in Table 4.


Neutron diffraction experiments : Neutron diffraction data were collected
on VIVALDI, at the Institut Laue-Langevin (ILL), Grenoble, France.
VIVALDI uses the Laue diffraction technique on an unmonochromated
thermal-neutron beam and with a large solid-angle (8 sterad) cylindrical
image-plate detector, to increase the detected diffracted intensity by one-
to-two orders of magnitude compared with a conventional monochromat-
ic experiment.[36] A colorless crystal of 1, with well-developed faces and
maximum dimensions 1.7P0.9P0.6 mm3, volume ~0.5 mm3, was selected,
wrapped in aluminum foil with some silicon grease, and mounted on a
vanadium pin. Seven Laue diffraction patterns were collected at room
temperature, at 308 intervals around the vertical axis perpendicular to the
incident neutron beam, each exposure lasting 4.5 h. Another seven pat-
terns were collected with a different vertical orientation of the crystal. At
a later date the crystal was cooled to 20 K, and 18 patterns were collected
at 108 intervals around the vertical axis with an average exposure of
2.2 h.


The diffraction patterns were indexed by using the program LAUE-
GEN[37,38] and the reflections were integrated by using a 2D version of
the s(I)/I algorithm described by Wilkinson et al.[39] and Prince et al.[40]


No absorption correction was deemed necessary because of the small size
of the crystal. The reflections were normalized to the same incident
wavelength, using a curve derived by comparing equivalent reflections
and multiple observations, by usingf the program LAUENORM.[41] Only
reflections with wavelengths between 0.9 and 2.8 M were accepted in the
normalization procedure, as reflections outside this range were too weak
or had too few equivalents to be able to determine the normalization
curve with confidence. The total number of observed reflections accepted
at 295 K was 7992, which were averaged to give 2192 unique reflections


(Rint=0.0264), of which 1622 have F2>1.5s(F2) There were 13062 ob-
served reflections accepted at 20 K, which were averaged to give 3100
unique reflections (Rint=0.265), 1906 with F2>1.5s(F2). The resulting in-
tensities were used in full-matrix least-squares refinement using
UPALS.[42] Preliminary refinements indicated negligible extinction, and
this correction was thenceforth omitted. In the final refinement at 295 K,
the scale factor, the positional and anisotropic parameters for all atoms
were refined, 424 variables in all. The diffraction patterns taken at 20 K
indicated that the quality had degraded slightly after cooling, with a lot
of spots quite elongated. Nevertheless, the refinement at 20 K resulted in
an excellent structure using isotropic displacement parameters, 189 varia-
bles in all. The R values obtained from the refinements are fairly large,
but this reflects the small crystal volume and the large proportion of
weak data finally accepted. The values of the goodness-of-fit are however
close to 1.0, which indicates that lower R factors cannot be expected. The
structural conclusions drawn from the data at 295 K and 20 K are identi-
cal, and only the results from the more extensive 20 K data are quoted in
Table 2. A summary of the crystal, data collection, and refinement pa-
rameters is given in Table 4. The absolute scale of the unit-cell lengths
cannot be determined in the white-beam Laue method; a was fixed to
the value determined by X-ray diffraction at 223 K at both 295 K and
20 K. In view of the typical thermal expansion of organic materials the
neutron hydrogen-bond lengths quoted in Table 2 are overestimated by
less than 1.5%, itself similar to the observed estimated standard devia-
tions in the bond lengths.[43]


CCDC 240080–240083 contain the supplementary crystallographic data
for 1 and 2 discussed in this paper. The data can be obtained free of
charge via www.ccdc.ac.uk/conts/retrieving.html or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK, Fax (+44) 1223-336-033 or e-mail to deposit@cccd.ac.uk.
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Table 4. Crystallographic data and refinement parameters for compounds 1 and 2.


1 (X-ray) 1 (neutron) 2


formula C16H22N2O6Zn C16H22N2O6Zn C14H14N2O4S2Zn
M 403.73 403.73 403.76
T [K] 223(2) 20 223(2)
l [M] 0.71073 0.9�l�2.8 0.71073
crystal system triclinic triclinic monoclinic
space group P1̄ P1̄ Cc
unit cell dimensions
a [M] 8.360(1) 8.360[a] 16.462(4)
b [M] 10.950(2) 10.991 10.054(2)
c [M] 11.066(2) 10.974 10.936(3)
a [8] 114.292(3) 114.27 90
b [8] 96.613(3) 97.15 109.556(1)
g [8] 93.051(3) 92.65 90
V [M3] 911.3(2) 906.8 1705.46(7)
Z 2 2 4
1calcd [gcm


�3] 1.471 1.479 1.573
m [mm�1] 1.381 0.197 0.703
independent reflections (Rint) 3169 (0.0442) 3100 (0.265) 3309 (0.0276)
data/restraints/parameters 3169/7/244 3095/0/189 3309/2/211
Goof [F2] 1.048 1.227 1.097
R indices (I>2s(I))
R1 0.0493 0.1953 0.0303
wR2 0.0870 0.2001 0.0801
R indices (all data)
R1 0.0661 0.2711 0.0326
wR2 0.0896 0.2157 0.0816


[a] The value of a was fixed to the 223 K X-ray value at both 295 K and 20 K (see text for details).
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