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Introduction


The area of metal-catalyzed olefin metathesis reactions is a
remarkable topic in current chemistry because of its relevance
as an efficient and elegant method to form carbon�carbon
double bonds.[1] Over the past decade, well-defined rutheni-
um-based catalysts have been developed which combine high
activity and excellent tolerance to many common functional
groups. Grubbs et al. introduced the first such catalyst with
the general formula [(PR3)2X2Ru�CHR�],[2] the most prom-
inent example being [(PCy3)2Cl2Ru�CHPh] (1).[3] The re-
placement of one trialkylphosphane ligand by an N-hetero-
cyclic carbene (NHC) has led to a new class of metathesis
catalysts with the general formula [(PR3)(NHC)X2Ru�CHR�]
which are even more active than the original Grubbs


complexes; the most representative of these second-gener-
ation compounds is the 1,3-dimesityl-4,5-dihydroimidazol-2-
ylidene (Im) substituted ruthenium-based catalyst [Cl2(Im)-
(Cy3P)Ru�CHPh] (2).[4] Furthermore, a growing number of
newly discovered catalytic processes mediated by Grubbs×
carbene complex broaden its synthetic utility beyond olefin
metathesis. The aim of this concept article is to summarize
these advances, with special focus on practical concerns.


Discussion


Snapper et al. reported in 1999 that the classical Grubbs×
ruthenium benzylidene complex [(PCy3)2Cl2Ru�CHPh] cata-
lyzes the chemo- and regioselective addition of chloroform
across mono- and 1,1-disubstituted olefins.[5] In fact, during an
investigation on cross-metathesis, they isolated a product
derived not from olefin metathesis but from a metal-catalyzed
addition of CHCl3 across an alkene (Scheme 1).
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Scheme 1. New reactivity of Grubbs× ruthenium benzylidene complex as
catalyst for Kharasch addition.


In comparison to previously described ruthenium-based
Kharasch catalysts, the mild conditions under which Grubbs×
carbene affects the addition of CHCl3 are particularly note-
worthy (Scheme 2). The ability of Grubbs× carbene to catalyze
the Kharasch addition of CHCl3 across various olefins was
contrasted to the known catalyst [Cl2Ru(PPh3)3]. While
higher temperatures (�120 �C) and prolonged reaction times
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Scheme 2. Grubbs× carbene as mild catalyst for the metal-promoted
addition of CHCl3 across alkenes. a) [(PCy3)2Cl2Ru�CHPh], CHCl3, 45 ±
65 �C, 2 ± 12 h.
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(�8 h) were usually required under [Cl2Ru(PPh3)3] catalysis,
exposure of styrene to CHCl3 in the presence of [(PCy3)2Cl2-
Ru�CHPh] for only 2 h at 65 �C resulted in a quantitative
yield of Kharasch product. The same reaction conditions with
[Cl2Ru(PPh3)3] provided �5% of the addition product.
However, it was noted that in CHCl3 under Grubbs× carbene
catalysis, readily metathesizable olefins, such as unhindered
alkenes, are susceptible to both reactions pathways. Whereas
the specific structures and events in the catalytic cycle are
unclear for alkylidene complex 1, some experiments support
the ruthenium-mediated radical nature of the reaction.


The ability to control molecular architecture constitutes a
major challenge for synthetic polymer chemistry. Transition
metal species have been introduced in controlled radical
polymerization systems, a methodology which goes by the
name of atom transfer radical polymerization (ATRP).
Demonceau et al. tested Grubbs× carbene as a catalyst for
the ATRP of methyl methacrylate in the presence of ethyl
2-bromo-2-methylpropionate as the polymerization initia-
tor.[6, 7] Complex 1 was found to be even more active (kapp�
1.95� 10�4 s�1) than the exceptionally efficient [RuCl2-
(p-cymene)(PCy3)] (kapp� 1.05� 10�4 s�1), [RuCl2(p-cymene)-
(PiPr3)] (kapp� 5.65� 10�5 s�1), or [RuCl2(p-cymene)-
(PPhCy2)] (kapp� 5.2� 10�5 s�1), but to the detriment of
polymer control (Mw/Mn� 1.28; f� 0.60).[7]


It has been reported that complex 1, or its more active
second generation imidazolidine derivative 2, is also useful
mediating a variety of catalytic hydrogenation reactions that
include regiospecific ketone and olefin reductions, transfer
hydrogenations of ketones, and dehydrogenative oxidations
of alcohols.[8] As synthetic application of these catalytic
reactions outlined above, a one-pot tandem metathesis trans-
fer dehydrogenation ± hydrogenation procedure was devel-
oped and used for the total synthesis of the natural product
(R)-(�)-muscone in 56% overall yield from the acyclic
precursor (Scheme 3).[8]


Ring-opening metathesis polymerization (ROMP) of cyclo-
olefins, followed by hydrogenation, enables synthesis of high-
molecular-weight, narrow-polydispersity polyolefins with de-
sirable optical characteristics. It has been reported recently a
tandem ROMP-hydrogenation via a single Ru precursor,
namely complex 1, permitting catalytic reduction of ROMP
polymers under exceptionally mild, homogeneous conditions
(1 atm of H2, 60 �C). Repeated catalyst cycling between
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Scheme 3. A one-pot/three-step synthesis of (R)-(�)-muscone catalyzed
by the second generation Grubbs× carbene. a) [Cl2(Im)(Cy3P)Ru�CHPh],
ClCH2CH2Cl, 40 �C. b) NaOH, 3-pentanone, 80 �C. c) H2, 70 �C.


metathesis and hydrogenation chemistry is effected in a one-
pot procedure (Scheme 4).[9]
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Scheme 4. Grubbs× carbene-catalyzed tandem ROMP-hydrogenation.
a) PCy3)2Cl2Ru�CHPh], CH2Cl2, RT. b) Et3N, 1 atm of H2, 60 �C.


Silyl ethers comprise one of the most widely used classes of
protecting groups in synthetic chemistry. Although the con-
ventional silylation procedure is straightforward and depend-
able, it usually needs environmentally undesirable solvents
such as CH2Cl2 and DMF as well as excess of amine bases. In
this context, it has been recently reported a greener method-
ology to silyl ethers promoted by complex 1. On investigating
the activation of silicon-hydrogen bonds by a variety of
transition metal complexes, Lee et al. found that Grubbs×
carbene is an effective catalyst for the condensation of
alcohols and silanes, showing no indication of competing
olefin metathesis even with a terminal alkene.[10] In addition
to the above dehydrogenative condensation, the same authors
described the ability of [(PCy3)2Cl2Ru�CHPh] to accomplish
the hydrosilylation of carbonyls (Scheme 5). Silanes in both
hydrosilylation and dehydrogenative condensation reactions
showed similar reactivity profiles. In general, dialkyl aryl and
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Scheme 5. Activation of silanes by Grubbs× carbene: dehydrogenative
condensation of alcohols and hydrosilylation of carbonyls. a) [(PCy3)2Cl2-
Ru�CHPh], 25 ± 55 �C, neat. b) [(PCy3)2Cl2Ru�CHPh], 50 ± 80 �C, neat.
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alkyl diaryl silanes react more efficiently than either trialkyl
or trialkoxy silanes.


Grubbs× carbenes 1 and 2 must be added to the list of
various metal complexes which act as efficient catalysts for
the isomerization of unsaturated oxygen and nitrogen con-
taining compounds. Rutjes et al. encountered an interesting
ruthenium-induced isomerization of allenamides to diena-
mides catalyzed by complex 2 (Scheme 6) in the ring-closing
metathesis reactions of olefin containing-enamides.[11] In a
different study, it has been outlined that in some cases the
isomerization to the internal double bond in a N-allyl �-
lactam is favored versus ring-closing metathesis under
Grubbs× carbene catalysis (Scheme 6).[12] Similarly, Cossy
et al. reported in 2002 that the second-generation Grubbs×
carbene 2 mediates efficiently the isomerization of �,�-
unsaturated ethers to the corresponding vinyl ethers
(Scheme 6).[13]
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Scheme 6. Grubbs× catalyst-promoted isomerization of allenamides, ally-
lamides, and allyl ethers. a) [Cl2(Im)(Cy3P)Ru�CHPh], ethylene dichlor-
ide, 84 �C. b) [(PCy3)2Cl2Ru�CHPh], CH2Cl2, 40 �C. c) [Cl2(Im)(Cy3P)-
Ru�CHPh], CH2Cl2, RT.


Snapper et al. described a new preparation of cyclic enol
ethers through a tandem RCM-olefin isomerization catalyzed
by Grubbs× carbene 2 (Scheme 7).[14] The authors suggested
that the isomerization is sensitive to steric factors because it
was unable to generate trisubstituted enol ethers.
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Scheme 7. Preparation of cyclic enol ethers through a Grubbs× carbene-
catalyzed tandem RCM-olefin isomerization. a) [Cl2(Im)(Cy3P)-
Ru�CHPh], CH2Cl2, 45 ± 70 �C.


We have reported in 2001 a novel application of Grubbs×
carbene 1, namely, the first examples accounting for the
catalytic deprotection of tertiary allylic amines by using
reagents different from palladium catalysts.[12] Significantly,
the catalytic system directs the reaction toward the selective
deprotection of allylamines in the presence of allylic ethers.
This ruthenium-promoted method is more convenient, che-


moselective, and operationally simple in comparison to the
conventional palladium-catalyzed method. The current mech-
anistic hypothesis invokes a nitrogen-assisted ruthenium-
catalyzed isomerization, followed by hydrolysis of the enam-
ine intermediate (Scheme 8).
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Scheme 8. Grubbs× carbene-catalyzed deprotection of allylic amines.
a) [(PCy3)2Cl2Ru�CHPh], toluene, 110 �C. b) Chromatographic workup.


Hoye and Zhao reported that alk-1-en-3-ols under expo-
sure to complex 1 give an allylic alcohol ±methyl ketone
transformation.[15] The possible intermediates accounting for
this cleavage reaction are shown in Scheme 9.
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Scheme 9. Alkenol-methyl ketone transformation induced by complex 1.
a) [(PCy3)2Cl2Ru�CHPh], CDCl3, RT.


Similar C�C bond isomerizations have been also described
by F¸rstner et al. for unsubstituted olefins.[16] The authors
found an intrinsic bias of a 1,22-diene for ring contraction
under RCM conditions. Thus, treatment of the terminal 1,22-
diene with the second generation Grubbs× carbene 2 leads to
essentially complete consumption of the starting material, but
yields significant amounts of the 20-membered ring in
addition to the desired 21-membered lactone (Scheme 10).
The 21-membered macrocycle likely results from an initial
isomerization of one of the double bonds in the starting diene,
followed by elimination of propene instead of ethylene during
ring closure.
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Scheme 10. Second-generation Grubbs× carbene-catalyzed tandem iso-
merization/ring contraction. a) [Cl2(Im)(Cy3P)Ru�CHPh], toluene, 80 �C.
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Recent research by Verpoort et al. described the catalytic
activity of Grubbs× first-generation catalyst towards the
dimerization, vinylation or nucleophilic attack of carboxylic
acids on terminal alkynes (Scheme 11).[17] The preference for
dimerization or vinylation is strongly dependent on the nature
of the terminal alkyne. Aliphatic alkynes produce only
vinylation products, with a high regioselectivity for Markov-
nikov addition. Dimerization only takes place with a con-
jugate arylacetylene. In addition, the acidity of the carboxylic
acid plays a key role in the preference of terminal alkynes
towards dimerization or towards vinylation of the triple bond:
vinylation is preferred at low pKa , but at increasing pKa the
selectivity changes towards the formation of dimeric products.
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Scheme 11. Vinylation or dimerization on terminal alkynes mediated by
Grubbs× catalyst. a) [PCy3)2Cl2Ru�CHPh], toluene, 110 �C. b) [PCy3)2Cl2-
Ru�CHPh], R2-COOH, toluene, 110 �C.


Conclusion


The metathetic ability of Grubbs× ruthenium-based catalyst is
known for a decade and extensive studies have been devoted
over these years. However, non-metathetic behavior patterns
have appeared very recently that deserves special attention.[18]


Complex 1 has been shown to catalyze the Kharasch addition,
the removal of allyl groups from amines, the atom transfer
radical polymerization, the hydrogenation of olefins, the
transfer hydrogenation of ketones, the dehydrogenative
oxidation of alcohols, the dehydrogenative condensation of
alcohols, and the hydrosilylation of carbonyls. Therefore, this
growing number of newly discovered catalytic processes
mediated by Grubbs× carbene complex broaden its synthetic
utility beyond olefin metathesis. Tuning and new uses of this
ruthenium-based catalyst are likely, and will contribute to its
relevance as a versatile and effective tool in organic and
organometallic chemistry.
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Abstract: We present an examination of
the structural and photophysical charac-
teristics of [Pt(N2O2)] complexes bear-
ing bis(phenoxy)diimine auxiliaries
(diimine� 4,7-Ph2phen (1) and 4,4�-
tBu2bpy (2)) that are tetradentate rela-
tives of the quinolinolato (q) ligand.
These neutral derivatives display high
thermal stability (�400 �C in N2). While
the crystal lattice in 1 consists of (head-
to-tail)-interacting dimers, molecules of
2 are arranged into infinitely stacked
planar sheets with possible � ±� inter-
actions but no close Pt ¥¥¥ Pt contacts.


Complexes 1 and 2 exhibit moderately
intense low-energy UV/Vis absorptions
around �� 400 ± 500 nm that undergo
negative solvatochromic shifts. Both de-
rivatives are highly luminescent in sol-
ution at 298 K with emission lifetimes in
the �s range, and mixed 3[l��*(di-
imine)] (l� lone pair/phenoxide) and
3[Pt(d)��*(diimine)] charge-transfer


states are tentatively assigned. The ex-
cited-state properties of 2 are also in-
vestigated by time-resolved absorption
spectroscopy and by quenching experi-
ments with pyridinium acceptors to
estimate the excited-state redox poten-
tial. These emitters have been employed
as electrophosphorescent dopants in
multilayer OLEDs. Differences be-
tween the brightness, color, and overall
performance of devices incorporating 1
and 2 are attributed to the influence of
the diimine substituents.


Keywords: charge transfer ¥ electro-
luminescence ¥ N,O ligands ¥ phos-
phorescence ¥ platinum


Introduction


The pursuit of highly luminous and efficient electrolumines-
cent (EL) materials with suitable chemical and operational
stability has proliferated over the last decade, and commerci-
alization of technologies based on organic light-emitting


diodes (OLEDs) have resulted. More recently, intense efforts
have been devoted to electrophosphorescent emitters because
of the theoretical augmentation in device efficiency relative to
established fluorescent OLEDs.[1, 2] Phosphorescent emitters
containing heavy transition metals, which promote spin-orbit
coupling, have the potential to harness both singlet (25%) and
triplet (75%) excitons after charge recombination. In this
regard, several accounts of platinum(��)[3, 4] and iridium(���)[5]


complexes supported by organic ancillary ligands as dopants
in small molecule- and polymer-based OLEDs have ap-
peared, and exceptional device performances have been
reported.[6]


Research into ligand design for EL materials has been
dominated by the 8-hydroxyquinoline moiety, as in Alq3.[7] Its
use as an emissive and electron-transporting material has
been widespread because Alq3 combines many chemical and
physical attributes that are requisite for such a function,
including sufficient electron mobility, high photolumines-
cence (PL) quantum efficiency, and stability for vacuum
deposition coupled with resistance to subsequent recrystalli-
zation of the amorphous film. Surprisingly, optimization
studies involving systematic variation of the quinoline ligand
structure have not proven particularly fruitful and have often
afforded adverse device parameters.[8] Attempts to develop
alternative q-containing metal complexes for EL applications
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have focused on the closest relatives of Alq3, such as trivalent
Ga, In, and Sc,[8, 9] as well as Znq2 (or (Znq2)4).[10]


By integrating the two design features described above, we
have prepared phosphorescent platinum(��) complexes ligated
by tetradentate q-related auxiliaries N2O2 (N2O2H2� bis(2�-
phenol)bipyridines and -phenanthrolines; Scheme 1) for em-
ployment as new dopants in EL devices. The N2O2 ligand
framework is devised with chemically inert functionalities and
the considerable chelate effect should ensure good thermal
stability. Phenyl and tert-butyl substituents are appended to
the Pt(N2O2) moiety, since coordinatively unsaturated square-
planar PtII compounds are known to engage in excited-state
and exciton self-quenching reactions in solution[11] and EL
devices,[12] respectively. The nature of these substituents may
therefore yield emitting layers with different quenching
behavior as well as other relevant physical properties. Both
complexes have been structurally characterized and an
assessment of their crystal packing arrangements is presented.
Investigations into the performances of these emitters in
OLEDs have revealed substituent-dependent electrophos-
phorescent energies and device characteristics.


Experimental Section


General : All chemicals were obtained from commercial sources and used
as received. All reactions were performed under a nitrogen atmosphere
and solvents for syntheses (analytical grade) were used without further
purification. Solvents for photophysical measurements were purified
according to conventional methods.[13] 1H and 13C NMR spectra were
obtained on Bruker DRX 300, 500, and 600 FT-NMR spectrometers with
tetramethylsilane (TMS) as reference. Mass spectra (FAB and EI) were
obtained on a Finnigan Mat 95 mass spectrometer. Elemental analyses
were performed by the Institute of Chemistry at Chinese Academy of
Sciences, Beijing.


UV/Vis absorption spectra were obtained on a Perkin ±Elmer Lambda 19
UV/Visible spectrophotometer. Steady-state emission spectra were re-
corded on a SPEX 1681 Fluorolog-2 series F111 spectrophotometer
equipped with a Hamamatsu R928 PMT detector. Emission lifetimes were
obtained with a Quanta Ray DCR-3 pulsed Nd:YAG laser system (pulse
output 355 nm, 8 ns). Errors for � (�1 nm), � (�10%), and � (�10%)
values are estimated. Further details of instrumentation and emission
measurements have been given previously.[4a]


2,9-Bis(2�-methoxyphenyl)-4,7-diphenyl-1,10-phenanthroline : A solution
of o-bromoanisole (15 g) in Et2O (30 mL) was added in a dropwise fashion
to a suspension of lithium metal pieces (2 g) in Et2O (20 mL) under a
nitrogen atmosphere. The mixture was refluxed for 2 h to yield a freshly
prepared solution of o-lithioanisole. This was slowly added to an ice-cooled
solution of 4,7-diphenyl-1,10-phenanthroline (4.4 g) in degassed toluene


(50 mL), and a wine-red solution was
obtained immediately. The resultant
mixture was refluxed for 24 h and
cooled in an ice bath, then deionized
water (25 mL) was added to hydrolyze
the products. The organic phase was
separated and stirred with MnO2 (50 g)
for 24 h, then filtered and dried with
MgSO4. A pale yellow solid was ob-
tained upon concentration of the sol-
ution, and this was collected by filtra-
tion, washed successively with MeOH
and Et2O, and dried under vacuum.
Yield: 3.7 g (51%). 1H NMR
(300 MHz, [D6]acetone): 8.41 (d, J�
7.6 Hz, 2H; C6H4), 8.29 (s, 2H; phen),
7.89 (s, 2H; phen), 7.54 ± 7.7 (m, 10H;
Ph), 7.49 (t, J� 7.8 Hz, 2H; C6H4),
7.16 ± 7.25 (m, 4H; C6H4), 3.97 ppm (s,
6H; OMe); EI-MS: m/z : 544 [M]� .


2,9-Bis(2�-hydroxyphenyl)-4,7-diphen-
yl-1,10-phenanthroline (Ph2N2O2H2):
A mixture of the anisole precursor
(2 g, 3.7 mmol) and pyridinium hydro-
chloride (4.23 g, 37 mmol) was heated
under nitrogen at 210 �C for 36 h. After
cooling, water (30 mL) was added and


the aqueous solution was extracted with chloroform (3� 30 mL). The
combined organic extracts were washed with saturated sodium bicarbonate
solution (5� 30 mL) and water (3� 30 mL), dried over magnesium sulfate,
and evaporated to give a bright yellow solid. Chromatography on silica gel
with n-hexane/dichloromethane (1:2) as eluent afforded a yellow solid.
Yield: 0.99 g (52%). 1H NMR (300 MHz, CDCl3): 14.69 (s, 2H; OH), 8.22
(s, 2H; phen), 8.00 (d, J� 8.2 Hz, 2H; C6H4), 7.84 (s, 2H; phen), 7.58
(virtual s, 10H; Ph), 7.41 (t, J� 7.7 Hz, 2H; C6H4), 7.30 (d, J� 8.3 Hz, 2H;
C6H4), 6.98 ppm (t, J� 7.5 Hz, 2H; C6H4); 13C NMR (151 MHz, CDCl3):
160.5, 157.7, 150.3, 142.8, 137.8, 132.2, 129.6, 128.9, 128.8, 127.1, 125.7, 123.7,
120.6, 119.4, 119.2, 118.9 ppm; FAB-MS: m/z : 517 [M�H]� .


6,6�-Bis(2��-methoxyphenyl)-4,4�-bis(tert-butyl)-2,2�-bipyridine : The proce-
dure for the 4,7-diphenyl-1,10-phenanthroline analogue was adopted by
using 4,4�-di-tert-butyl-2,2�-bipyridine. Upon workup, a yellow oily sub-
stance was obtained. This was purified by chromatography on a silica gel
column with petroleum ether (60 ± 80 �C)/ethyl acetate (8:1) as eluent. The
crude product was collected and recrystallized from hexane to give white
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crystals. Yield: 3.3 g (35%). 1H NMR (300 MHz, CDCl3): 8.47 (d, J�
1.8 Hz, 2H; bpy), 8.01 (d, J� 7.6, 2H; C6H4), 7.91 (d, J� 1.8 Hz, 2H;
bpy), 7.40 (t, J� 7.8 Hz, 2H; C6H4), 7.15 (t, J� 7.4 Hz, 2H; C6H4), 7.05 (d,
J� 8.2 Hz, 2H; C6H4), 3.90 (s, 6H; OMe), 1.42 ppm (s, 18H; tBu); EI-MS:
m/z : 479 [M]� .


6,6�-Bis(2��-hydroxyphenyl)-4,4�-bis(tert-butyl)-2,2�-bipyridine (tBu2N2O2H2):
A mixture of the anisole precursor (1 g) in hydrobromic acid (47%, 20 mL)
was refluxed for 12 h. This was cooled to room temperature and neutralized
with a saturated Na2CO3 solution. The organic product was extracted with
chloroform, washed with deionized water (2� 50 mL), and dried over
Na2SO4. A solid residue was obtained by removal of volatiles, and this was
recrystallized from a methanol/dichloromethane solution to afford white
crystals. Yield: 0.56 g (60%). 1H NMR (300 MHz, CDCl3): 14.45 (s, 2H;
OH), 8.16 (d, J� 1.4 Hz, 2H; bpy), 7.97 (d, J� 1.3 Hz, 2H; bpy), 7.90 (d, J�
8.0 Hz, 2H; C6H4), 7.34 (t, J� 8.4 Hz, 2H; C6H4), 7.07 (d, J� 8.2 Hz, 2H;
C6H4), 6.96 (t, J� 8.1 Hz, 2H; C6H4), 1.47 ppm (s, 18H; tBu); 13C NMR
(151 MHz, CDCl3): 163.3 159.7, 157.5, 152.2, 131.5, 126.5, 119.2, 118.9, 118.4,
116.7, 116.4, 35.6, 30.6 ppm; EI-MS: m/z : 452 [M]� .


Pt(Ph2N2O2) (1): A mixture of K2PtCl4 (0.10 g, 0.25 mmol) and Ph2N2O2H2


(0.13 g, 0.25 mmol) was refluxed in glacial acetic acid (10 mL) for 48 h.
After cooling, the resulting suspension was collected by filtration, washed
with acetic acid and water, and dried under vacuum to afford a brown solid.
The crude product was recrystallized by slow evaporation of a dichloro-
methane solution to afford red crystals. Yield: 0.11 g (62%). 1H NMR
(400 MHz, CD2Cl2): 8.67 (s, 2H; phen), 8.36 (d, J� 8.8 Hz, 2H; C6H4), 8.02
(s, 2H; phen), 7.61 ± 7.47 (m, 14H; Ph and C6H4), 6.88 ppm (m, 2H; C6H4);
FAB-MS: m/z : 710 [M]� ; elemental analysis calcd (%) for C36H22N2O2Pt ¥
0.5 CH2Cl2: C 58.29, H 3.08, N 3.72; found: C 58.50, H 3.03, N 3.81.


Pt(tBu2N2O2) (2): The same procedure was used as for 1. The product was
recrystallized by slow diffusion of diethyl ether into a dichloromethane
solution to afford yellow crystals. Yield: 25%. 1H NMR (300 MHz, CDCl3):
8.32 (d, J� 1.3 Hz, 2H; bpy), 8.01 (d, J� 8.5 Hz, 2H; C6H4), 7.86 (d, J�
1.7 Hz, 2H; bpy), 7.48 (d, J� 8.5 Hz, 2H; C6H4), 7.38 (t, J� 7.6 Hz, 2H;
C6H4), 6.78 (t, J� 7.5 Hz, 2H; C6H4), 1.54 ppm (s, 18H; tBu); 13C NMR
(151 MHz, CDCl3): 162.7, 159.1, 155.3, 149.9, 131.3, 128.0, 124.1, 120.5,
120.4, 116.3, 36.0, 30.4 ppm; FAB-MS: m/z : 645 [M]� ; elemental analysis
calcd (%) for C30H30N2O2Pt: C 55.81, H 4.68, N 4.34; found: C 55.39, H 4.70,
N 4.14.


X-ray crystallography : Crystal data for 1 ¥CH2Cl2: C37H24N2O2Cl2Pt, Mr�
794.57, triclinic, P1≈, a� 8.481(2), b� 13.292(3), c� 14.024(3) ä, ��
71.48(3)�, �� 87.14(3)�, �� 72.20(3)�, V� 1425.3(6) ä3, Z� 2, �calcd�
1.851 gcm�3, �(MoK�)� 5.150 mm�1, F(000)� 776, crystal size� 0.40�
0.15� 0.10 mm3, T� 293(2) K, 2	max� 50.7�, 4746 independent reflections
(Rint� 0.032), 397 variable parameters, R1� 0.038 (I� 2�(I)), wR2� 0.099,
GOF(F 2)� 1.09, max./min. residual electron density 0.928/� 2.373 eä�3.
For 2 : C30H30N2O2Pt, Mr� 645.65, monoclinic, P21/m, a� 12.359(2), b�
6.9720(14), c� 14.438(3) ä, �� 93.12(3)�, V� 1242.2(4) ä3, Z� 2, �calcd�
1.726 gcm�3, �(MoK�)� 5.678 mm�1, F(000)� 636, crystal size� 0.50�
0.20� 0.03 mm3, T� 301(2) K, 2	max� 50.9�, 2074 independent reflections
(Rint� 0.048), 205 variable parameters, R1� 0.044 (I� 2�(I)), wR2� 0.112,
GOF(F 2)� 1.12, max./min. residual electron density 1.559/� 1.789 eä�3.
Data collection was performed on an MAR diffractometer with a 300 mm
image plate detector (�� 0.71073 ä). Crysystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publications no. CCDC-193494 (2) and CCDC-193493 (1). Copies
of the data can be obtained free of charge via www.ccdc.cam.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 : deposit@ccdc.cam.ac.uk).


Device fabrication : ITO-coated glass slides (ITO� indium tin oxide) with a
sheet resistance of 20 �/square were used as substrate and anode. Before
loading into a deposition chamber, the ITO-coated glass slides were
cleaned with organic solvents (toluene, acetone, and methanol) and
deionized water, dried using an infrared oven, and finally treated with
ultraviolet (uv)-ozone before use. Each device was assembled in sequence
using the following materials: ITO electrode; hole-transport materialN,N�-
di(�-naphthyl)-N,N�-diphenyl-(1,1�-biphenyl)-4,4�-diamine (NPB) (thick-
ness 300 ä); emitting layer composed of host material beryllium bis(2,2�-
hydroxyphenyl)pyridine (Bepp2) and emitting dopant (complex 1 or 2)


(thickness 300 ä); electron-injection layer of lithium fluoride (LiF)
(thickness 5 ä), and aluminum layer as cathode (thickness 2500 ä).
The organic layers were laminated in sequence under 5� 10�6 mbar
without breaking vacuum between different vacuum deposition processes.
The cathode metal was deposited in another chamber under 5� 10�6 mbar
vacuum immediately after organic deposition. The layers were deposited at
rates of 2 ± 5 äs�1. The emissive area of the devices as defined by the
overlapping area of the cathode and anode was 3� 3 mm2. EL spectra and
brightness-current density-voltage characteristics of the devices were
measured in air at room temperature with a Spectroscan PR650 spectro-
photometer and a computer-controlled direct-current power supply.


Results


Synthesis and characterization : The potentially tetradentate
bisphenols Ph2N2O2H2 and tBu2N2O2H2 are derived from 4,7-
Ph2phen and 4,4�-tBu2bpy, respectively, by modification of the
literature preparation for 2,9-bis(2�-hydroxylphenyl)-1,10-
phenanthroline.[14] By adapting the procedure reported by
Scandola et al.[15] for Ptq2, treatment of the ligands with
K2PtCl4 in refluxing glacial acetic acid yielded the neutral
platinum(��) complexes [Pt(Ph2N2O2)] (1) and [Pt(tBu2N2O2)]
(2) (Scheme 1). Although 1 is readily soluble only in DMF,
CH2Cl2, and C6H6, the tert-butyl groups in 2 impart high
solubility in most common organic solvents, except aliphatic
hydrocarbons. These materials are indefinitely stable in the
solid state but undergo partial decomposition in solution
when exposed to light and atmospheric conditions. To
examine their suitability for vacuum deposition processes
during OLED fabrication, complexes 1 and 2 were studied by
thermal gravimetric analysis (Figure 1), and both materials
exhibited high thermal stability in nitrogen and air (heating
rate 15 �C min�1). Hence 1 and 2 are stable up to 440 and
530 �C, respectively, in N2, while both undergo significant
weight loss from around 380 �C in air.


Figure 1. TGA thermograms of complexes 1 and 2 under nitrogen and air.


Crystal structures and packing : The molecular structures of
complexes 1 and 2 were determined by X-ray crystallography
(Figure 2, top). Several similarities, as well as important
differences, are evident and are described below. The square-
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planar geometry around the Pt cores and the Pt�N and Pt�O
distances (mean 1.960 and 1.978 ä in 1 and 1.963 and 1.975 ä
in 2) are generally unremarkable. The central Pt(N2O2)
frameworks in both structures are highly planar. However,
the two phenyl substituents of the phen ligand in 1 deviate
significantly (47.8 and 70.7�) from the mean plane of the
molecule, hence the Ph groups may not participate in �


overlap with the phenanthroline moiety in the solid state.
Close examinations of the crystal lattices of 1 and 2 reveal
contrasting intermolecular contacts (Figure 2, bottom). Mol-
ecules of 2 form extended sheets that are stacked directly
along the c axis, and the interplanar distance is equivalent to
b/2, that is 3.486 ä. This allows the possibility of extended �-
stacking interactions, but a view of the ac plane shows a
noticeably displaced configuration and non-interacting metal
centers (Pt ¥¥ ¥ ¥ Pt 5.521 ä). In the crystal lattice of 1, molecules
are assembled into dimeric entities that are stacked in a head-
to-tail manner. The Pt(N2O2) planes of the dimers are
separated by 3.462 ä, which is comparable to 2. The distinctly
eclipsed and overlapping dimeric arrangement and the closest
Pt�Pt distance of 3.517 ä[16] in 1 may result in solid-state
photo- and electroluminescent properties that are different
from 2 (see below).


Electronic absorption and emission spectra: excited-state
properties : The photophysical data of 1 and 2 are summarized
in Table 1 and their UV/Vis absorption spectra in CH2Cl2 are
depicted in Figure 3. Both derivatives exhibit intense high-
energy absorptions at �max� 375 (
� 104 mol�1dm3cm�1). In
addition, moderately intense bands are observed at �max� 420
and (488 sh) 504 nm (5300 and �7000 mol�1dm3cm�1 respec-
tively) for 1 and �max� 397 and 479 nm (504 sh) (8400 and
�2700 mol�1dm3cm�1, respectively) for 2. The effects of
solvent polarity on the UV/Vis absorptions of 1 and 2 were
investigated. While the energies of the absorption maxima for
2 at �� 315 nm remain virtually unchanged, the low-energy
absorption bands undergo significant blue shifts in solvents of
greater polarity (�max): 408, 500 nm (533 sh) in C6H6/CH2Cl2
(10:1); 397, 479 nm (504 sh) in CH2Cl2; 390, 465 nm in
CH3CN; 385, 465 nm in CH3OH (Figure 4). Likewise, the low-
energy absorptions of 1 display similar shifts (�max): 438, (504
sh) 535 nm in C6H6; 420 and (488 sh) 504 nm in CH2Cl2; 420
and (478 sh) 502 nm in DMF.
The photoluminescent data of 1 and 2 in various media are


listed in Table 1. Complexes 1 and 2 are highly luminescent in
solution at 298 K and display a structureless emission in
CH2Cl2 at �max� 586 and 595 nm, respectively (Figure 3), with


Figure 2. Perspective views (50% thermal probability) and packing arrangements along the ab plane for 1 (left) and 2 (right). Selected bond lengths [ä] and
angles [�] for 1: Pt1�N1 1.978(6), Pt1�N2 1.941(6), Pt1�O1 1.983(6), Pt1�O2 1.972(5); Pt1�O1�C1 123.8(5), Pt1�O2�C20 124.1(5). For 2 : Pt1�N1 1.97(1),
Pt1�N2 1.96(1), Pt1�O1 1.97(1), Pt1�O2 1.98(1); Pt1�O1�C1 123.4(9), Pt1�O2�C18 123(1).
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Figure 3. Absorption and emission (normalized, �ex� 400 nm) spectra of 1
and 2 in CH2Cl2 at 298 K.


Figure 4. UV/Vis absorption spectra of 2 in various solvents at 298 K.


emission lifetimes and luminescent quantum yields of 5.3 �s
and 0.6 for 1 and 1.9 �s and 0.1 for 2. The time-resolved
absorption-difference (TA) spectra for the excited state of 2 in
various solvents at 298 K were obtained. Blue-shifted absorp-
tion peak maxima were observed from C6H6/CH2Cl2 (10:1)
(450 nm) to CH2Cl2 (440 nm), and CH3CN and CH3OH
(430 nm respectively; see Supporting Information for details
and TA spectra in CH3CN). For all of the solvents studied, the
decay lifetimes (�TA) and emission lifetimes are in good
agreement, indicating that the observed excited-state absorp-
tion can be ascribed to the excited state of 2.
Upon examination, we found that the emission energies of 1


and 2 are influenced by solvent polarity. The emission
maximum blue-shifts from 599 (in C6H6) to 586 (CH2Cl2),
and 589 nm (DMF) for 1 and from 605 (in C6H6/CH2Cl2
(10:1)) to 595 (CH2Cl2), 596 (CH3CN), and 592 nm (CH3OH)
for 2. Compared with fluid solutions, the emissions of 1 and 2
in alcoholic glasses at 77 K are blue-shifted and highly
structured. For example, the emission of 1 exhibits peak
maxima at 555 and 597 nm (vibronic progression� 1270 cm�1)
and a lifetime of 13 �s. While the solid-state emissions of 1 and
2 are relatively diffused, the 77 K emissions are distinctly
vibronic (progression about 1300 cm�1). In this case, the
emission of the Ph2phen analogue 1 appears at partially lower
energies (Figure 5).
To understand the excited-state reactivities and photoredox


properties of the [Pt(N2O2)] complexes, it was beneficial to
establish their excited-state redox potentials. This was per-
formed for 2 by using spectroscopic and electrochemical data
to estimate E0[Pt2�*/�] and E0[Pt3�/2�*] (Pt� 2). The cyclic
voltammogram of 2 shows irreversible reduction and oxida-
tion waves at �1.94 and �0.56 V versus [Cp2Fe]�/0, respec-
tively, in CH2Cl2. The irreversible nature of these electro-
chemical waves means that the excited-state reduction
potential cannot be determined precisely. Therefore, quench-
ing studies using a series of pyridinium acceptors [A�] with
different reduction potentials have also been employed.[17] A
table listing the quenching data for 2 and the nonlinear least-


Table 1. Photophysical data.


Complex Medium T, K �abs [nm] (
, �104 mol�1dm3cm�1) �em [nm] (�, �s; �em)


Pt(Ph2N2O2) (1) C6H6 298 298 (2.50), 324 (2.68), 331(sh, 2.57), 363 (2.09),
384 (2.08), 438 (0.45), 504 (sh, 0.59), 535 (0.68)


599 (5.0; 0.58)


CH2Cl2 298 291 (3.92), 315 (3.40), 325 (3.23), 352 (2.58), 375 (2.47),
420 (0.52), 488 (sh, 0.67), 504 (0.72)


586 (5.3; 0.6)


DMF 298 292 (3.45), 317 (3.64), 326 (sh, 3.54), 353 (2.84), 376 (2.69),
420 (0.64), 478 (sh, 0.73), 502 (0.78)


589 (3.2; 0.45)


thin film 298 - 651
EtOH/MeOH (4:1) 77 - 555 (max, 13), 597
solid 298 - 660 (2.0)
solid 77 - 594 (max, 4.5), 644, 700


Pt(tBu2N2O2) (2) C6H6/CH2Cl2 (10:1) 298 319 (1.69), 408 (0.773), 500 (0.240), 533 (sh, 0.203) 605 (1.7; 0.09)
CH2Cl2 298 253 (4.10), 313 (1.84), 397 (0.840), 479 (0.294), 504 (sh, 0.252) 595 (1.9; 0.12)
CH3CN 298 250 (4.45), 315 (1.85), 390 (0.847), 465 (0.309) 596 (1.3; 0.06)
MeOH 298 247 (4.59), 310 (1.92), 385 (0.859), 465 (0.317) 592 (1.1; 0.05)
thin film 298 - 599
EtOH/MeOH (4:1) 77 - 535 (max, 17), 575, 620
solid 298 - 562, 593 (max, 1.5 and 0.3[a]), 656, 718
solid 77 - 577 (max, 3.3 and 0.4[a]), 625, 682


[a] Bi-exponential decay.
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Figure 5. Normalized solid-state 77 K emission spectra of 1 and 2 (�ex�
355 nm).


square fitting of lnkq� versus E0(A�/A) using the Marcus
equation (1) is provided in the Supporting Information.


(RT/F)lnkq�� (RT/F)ln(K��)� [�(1��G/�)2/4] (1)


Here, K� kd/k�d (which is approximately 1 ± 2 dm3mol�1)
and �, �, and � are the transmission coefficient, nuclear
frequency, and reorganization energy for electron transfer,
respectively; �G is the standard free-energy change for the
reaction [Eq. (2)]; the work terms �p and �r associated with
bringing the reactants/products to mean separation are small
and are neglected.


�G�E0[Pt3�/2�*]�E0(A�/A)��p��r (2)


Thus an excited-state reduction potential of�1.40 V versus
SSCE (or �1.71 V versus [Cp2Fe]�/0) for E0[Pt3�/2�*] was
calculated. This value closely corresponds to that (� � 1.7 V
versus [Cp2Fe]�/0) obtained from Equation (3), in which E0±0 is
approximated from the spectroscopic data (2.3 eV), and
E0[Pt3�/2�] is estimated from the Epa of the irreversible
oxidation wave in cyclic voltammetry measurements (0.56 V
versus [Cp2Fe]�/0). The large negative values obtained for
E0[Pt3�/2�*] indicate that the excited state of 2 is strongly
reducing.


E0[Pt3�/2�*]�E0[Pt3�/2�]�E0±0 (3)


Electroluminescent properties : The photophysical properties
and apparent stability of 1 and 2 signify that they are good
candidates as phosphorescent emitters in organic electro-
luminescent (EL) devices. The following EL device structures
were prepared: (ITO/NPB (300 ä)/1 (or 2) doped (x wt%)
Bepp2 (300 ä)/LiF (5 ä)/Al (2500 ä)) (devices A and B
correspond to Bepp2 layers doped with 2 and 10 wt% of
complex 1 respectively; devices C ±E correspond to Bepp2
layers doped with 0.3, 1, and 2 wt% of complex 2, respec-
tively). Hence, the device structure is a multilayer stack


deposited on ITO glass, and various EL devices at different
doping concentrations of the platinum materials were fabri-
cated. Bis(2-(2�-hydroxyphenyl)pyridine)beryllium (Bepp2)[18]


and N,N�-di(�-naphthyl)-N,N�-diphenyl-(1,1�-biphenyl)-4,4�-
diamine (NPB) were employed as the host and hole-trans-
porting layers respectively.
All devices exhibited low turn-on voltages of 5 ± 7 V and


generated yellow to yellow-green EL at various voltages. In
device A, at 2% ratio of 1, only the Bepp2 emission at around
450 nm was observed when driven under forward bias. When
the dopant concentration level of 1 was increased to 10% in
device B, the resultant yellow EL was dominated by 1 at �max


588 nm. The EL of this device and the involvement from
Bepp2 was found to be voltage-dependent (Figure 6). Namely,
the Bepp2 emission at 444 nm was insignificant below 8 V, but
slowly became observable at voltages above 8 V. Maximum
luminance and power efficiency of 850 cdm�2 (at
360 mAcm�2) and 0.26 lmW�1 (at 14 mAcm�2), respectively,
were achieved (see Supporting Information).


Figure 6. Voltage-dependent EL for [ITO/NPB/1-doped (10%) Bepp2/
LiF/Al].


The EL spectra of devices C ±E are depicted in Figure 7.
The EL spectrum of device C (0.3% of 2) displayed two peaks
at �max� 453 and 540 nm, due to emission from Bepp2 and 2
respectively, that culminated in strong yellow-green EL (CIE
0.33, 0.47). Saliently, maximum luminance (Figure 8) and
power efficiency of 9330 cdm�2 (at 330 mAcm�2) and
1.44 lmW�1 (at 40 mAcm�2), respectively, were detected.
Upon enhancing the concentration of 2 to 1% in device D,
the 550 nm emission from 2 became noticeably more intense
than the Bepp2 emission at 450 nm. However, this EL color
adjustment (CIE 0.39, 0.54) was accompanied by detrimental
device performance. For example, the maximum luminance
dropped to 6200 cdm�2 at 390mAcm�2 while the optimum
efficiency fell to 0.80 lmW�1 at 84 mAcm�2.
In device E, a 2% dopant content of 2 generated yellow EL


(CIE 0.42, 0.56) with minimal contribution from Bepp2
emission, but the observed optimal luminance (4480 cdm�2


at 280 mAcm�2) and power efficiency (0.51 lmW�1 at
280 mAcm�2) were comparatively poor. The EL band shape
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Figure 7. EL spectra for devices C ±E: [ITO/NPB/2-doped (x%) Bepp2/
LiF/Al].


Figure 8. I-V-L characteristics for device C: [ITO/NPB/2-doped (0.3%)
Bepp2/LiF/Al].


is similar to the corresponding thin-film photoluminescence at
�max� 599 nm but the EL energy (�max� 548 nm) is blue-
shifted.


Discussion


Singlet and triplet states : The intense absorptions in the high-
energy region (�� 375 nm) of the UV/Vis spectra of com-
plexes 1 and 2 are assigned to ligand-centered 1(��*)
transitions by comparison with the corresponding bisphenol
ligands in CH2Cl2. However, the origins of the moderately
intense absorptions at �max� 420 and 504 nm (488 sh) for 1 and
�max� 397 and 479 nm (504 sh) for 2 are more problematic to
elucidate. These absorption bands are clearly too low in
energy for ��* transitions (the free ligands absorb very
weakly at �� 370 nm). We have plotted the absorbance of 2 at
510 nm against complex concentration and shown that this
band obeys Beer×s law, so the possibility of involvement by
oligomeric species may be eliminated.
At this juncture, it is appropriate to discuss the photo-


physical and electronic nature of the closely related bischelate
Ptq2, which was first investigated in detail by Scandola et al.[15]


and more recently by Yersin et al.[19] In DMF solution, Ptq2
exhibits a low-energy band at 478 nm (
	
6900 mol�1dm3 cm�1). Because corresponding transitions ap-
pear at higher energies for Alq3 and Rhq3 (�max� 388 and
425 nm respectively), a metal-perturbed, ligand-centered
1(l��*) (l� lone pair/phenoxide) charge-transfer assign-
ment was proposed[15] and later confirmed by Shpol×skii
spectroscopic measurements.[19]


Because the absorption maxima, bandshape, and intensity
of the low-energy bands for Ptq2 and especially 2 bear great
resemblance, we tentatively assign the low-energy absorptions
at 400 ± 500 nm in 1 and 2 to a 1[l��*(diimine)] CT transition
mixed with Pt(d)��*(diimine) 1MLCT. Furthermore, like
Ptq2, 1 and 2 also display negative solvatochromic shifts (the
absorption of 2 at 24500 cm�1 (408 nm) in C6H6/CH2Cl2 (10:1)
blue-shifts to 26000 cm�1 (385 nm) in MeOH), and this is
consistent with the polar character of the electron-rich
oxygen/phenoxide fragment in the ground state. We suggest
that mixing with the 1MLCT state is likely, and indeed, the
energies of the absorptions for 1 and 2 at 420 and 397 nm,
respectively, are typical of 1MLCT transitions in PtII diimine
complexes.[11, 20]


Finally, it is noteworthy that the above assignment is in
essence equivalent to the S(p)/Pt(d)��*(diimine) (i.e.
�charge-transfer-to-diimine�) assignment designated by Eisen-
berg for the lowest energy absorption band in a related family
of PtII diimine derivatives containing aromatic dithiolate
ligands.[21] For example, the CT absorption for [Pt(4,4�-
tBu2bpy)(toluene-3,4-dithiolate)] appears at �max� 563 nm
(
	 7200 mol�1dm3cm�1) in CH2Cl2 and similarly undergoes
negative solvatochromic shifts.[22]


The long emission lifetimes for 1 and 2 (in the �s range)
strongly indicate phosphorescence. In general, the structure-
less emissions of 1 and 2 undergo blue shifts on cooling from
298 to 77 K and become highly structured. Vibronic pro-
gressions of about 1300 cm�1 are evident in the 77 K solid-
state emission spectra and this is emblematic of 3��* excited
states for monomeric PtII diimine compounds.[23] However,
the room-temperature fluid emissions of 1 and 2 are
excessively red-shifted for this assignment. In addition, the
negative solvatochromism observed for the PL of 1 and 2 is
also inconsistent with a ™normal∫ 3��* state. By comparison
with the emission spectra of Ptq2 in absolute EtOH at 77 K
(�max� 625, 680 nm; progression 	1300 cm�1), the equivalent
spectra of 1 and 2 in glassy EtOH/MeOH are blue-shifted but
the bandshape for 1 is remarkably similar and all three
complexes display matching vibronic progressions. We there-
fore tentatively assign the emissions of 1 and 2 to mixed
3MLCT and 3[l��*(diimine)] (l� lone pair/phenoxide) ex-
cited states.


Electrophosphorescence and substituent effects : The toler-
ance of complexes 1 and 2 to heat and vacuum deposition
conditions is thought to arise from the strong chelate effect and
the chemically inert nature of the N2O2 ligand. The novel
beryllium(��) chelate Bepp2 (Hpp� 2(2�-phenol)pyridine) was
recently employed by Wang and co-workers as an emitting
layer in high-performance blue OLEDs[18a] and as a host
material for the construction of orange-red light EL devices.[18b]
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In the devices containing complex 1 as dopant, only EL
from Bepp2 was observed at 2% (device A), suggesting
ineffective host ± dopant Fˆrster energy transfer. However,
this would be surprising because there is excellent overlap
between the host-emission and dopant-absorption spectra, so
the shorter-range Dexter process is presumably dominant in
the Bepp2:1 system. At 10% dopant level of 1 (device B),
yellow EL from 1 only was visible at low voltages but
contribution from the Bepp2 host became noticeable around
10 V (Figure 6). This is consistent with the long electro-
phosphorescent lifetime exhibited by 1, which leads to
saturated triplet exciton population at high voltages so that
energy transfer from Bepp2 excitons becomes blocked. While
the abundance of � electrons in 1may be beneficial for charge
mobility, the favorable formation of dimeric assemblies (see
crystal lattice of 1) and the presence of pendant phenyl
substituents can facilitate intermolecular quenching (includ-
ing self-quenching) processes. This may explain the inferior
brightness and efficiency of devices derived from dopant 1.
The employment of ancillary ligands containing bulky


substituents has been demonstrated to be advantageous for
electrophosphorescent OLEDs with regards to the suppres-
sion of self-quenching activities[24] and the maintenance of
amorphous films.[25] In this work, modification of the diimine
fragment from Ph2phen in 1 to tBu2bpy in 2 results in
substantially improved OLED performance. At 0.3% dopant
level of 2, (device C), long-range Fˆrster energy transfer from
host excitons appears considerably more efficient compared
to 1 and EL from 2 at �max� 540 nm is observed, although the
Bepp2 emission at 450 nm remains prominent. Excellent
maximum luminance (9330 cdcm�2) and power efficiency
(1.44 lmW�1) have been realized, and this can be ascribed to
the molecular structure of 2, which may mediate effective
charge transport to yield relatively balanced charge recombi-
nation within the 2-doped Bepp2 layer without promoting
quenching mechanisms.
A device that produces EL from 2 only was targeted. When


the concentration of 2 was increased to 2%, the Bepp2
emission is drastically reduced and the EL from 2 became
dominant. However, this was achieved at the expense of
diminished device function, which may be accredited to
enhanced aggregation of dopant molecules leading to inter-
molecular quenching (see continuously stacked layers in
crystal lattice of 2) or formation of crystalline domains. In
summary, the overall brightness and performance of devices
derived from the tert-butyl substituted complex 2 is superior
to those using the phenyl derivative 1. While the perform-
ances of these devices have yet to be optimized, it is our
intention in this work to highlight the potential merit of this
class of electrophosphorescent materials in OLED applica-
tions.
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Multisite Catalysis: A Mechanistic Study of �-Lactone Synthesis from
Epoxides and CO–Insights into a Difficult Case of Homogeneous Catalysis


Ferenc Molnar,*[a] Gerrit A. Luinstra,*[b] Markus Allmendinger,[c] and Bernhard Rieger*[c]


Abstract: Carbonylation of epoxides
with a combination of Lewis acids and
cobalt carbonyls was studied by both
theoretical and experimental methods.
Only multisite catalysis opens a low-
energy pathway for trans opening of
oxirane rings. This ring-opening reaction
is not easily achieved with a single-site
metal catalyst due to structural and
thermodynamic constraints. The overall
reaction pathway includes epoxide ring
opening, which requires both a Lewis
acid and a tetracarbonylcobaltate nucle-
ophile, yielding a cobalt alkyl–alkoxy ±


Lewis acid moiety. After CO insertion
into the Co�Calkyl bond, lactone forma-
tion results from a nucleophilic attack of
the alkoxy Lewis acid entity on the
acylium carbon atom. A theoretical
study indicates a marked influence of
the Lewis acid on both ring-opening and
lactone-formation steps, but not on car-


bonylation. Strong Lewis acids induce
fast ring opening, but slow lactone for-
mation, and visa versa: a good balance
of Lewis acidity would give the fastest
catalytic cycle as all steps have low
barriers. Experimentally, carbonylation
of propylene oxide to �-butyrolactone
was monitored by online ATR-IR tech-
niques with a mixture of tetracarbonyl-
cobaltate and Lewis acids, namely BF3,
Me3Al, Et2Al� ¥ diglyme, and a combi-
nation of Me3Al/dicobaltoctacarbonyl.
We found that the last two mixtures are
extremely active in lactone formation.


Keywords: carbonylation ¥ homo-
geneous catalysis ¥ multisite cataly-
sis ¥ polymerization ¥ reaction mech-
anisms


Introduction


Catalysis is the key to controlling chemical reactions in many
cases. Recognizing and understanding the functionality of
catalysts has without doubt been of tremendous importance
for progress in chemistry. In this context, homogeneous
catalysis has very much become a domain of organometallic
chemistry.[1] Recently, combinatorial and parallel experimen-
tation techniques have been introduced into the field.
Encouraging results are emerging, but these do not necessa-
rily represent a systematic extension to our understanding of
catalysis.[2] Catalysts have been developed for a fair number of
reactions. However, the scope of the so-called single-site


catalysts has its inherent limitations, that is, excellent catalysts
are available for olefin and CO transformations such as
metathesis,[3] polymerization,[4] hydrogenation,[5] (hydro)car-
bonylation,[6] epoxidation,[7] and other processes in which
individual elementary reactions of a sequence of steps are
thermodynamically accessible.[8] Other processes, however,
like methane oxidation,[9] nitrogen fixation,[10] and also
carbonylation of epoxides (vide infra) are not yet conven-
iently amenable.[11]


This might be the consequence of an oversimplified
approach and too narrow a view of single-site catalysis for
™non-simple reactions∫: both in enzyme and heterogeneous
catalysis, multiple sites and multiple interactions are of
essential importance. One key element of the catalytic action
of enzymes is the ™favorable∫ orientation of the substrate in
both space and time with respect to some catalytic entity.
Minute structural and dynamic details of the multiple
interactions of the active site with the substrate are very
important for a highly selective and smooth transition from
reactants to products. In heterogeneous catalysis, in a differ-
ent and yet related way, several intermediates in metal
catalysts for carbon monoxide hydrogenation, for example,
are stabilized on the catalytic surface with its multiple binding
sites and types.
Homogeneous hydrogenation of CO on the other hand is


still a challenging reaction.[12] Although multisite catalysis has
been around in homogeneous catalysis for some time, it has


[a] Dr. F. Molnar
BASF Aktiengesellschaft, Polymer Research
67056 Ludwigshafen (Germany)
Fax: (�49)621-60-92281
E-mail : ferenc.molnar@basf-ag.de


[b] Dr. G. A. Luinstra
BASF Aktiengesellschaft, Polymer Research
67056 Ludwigshafen (Germany)
Fax: (�49)621-60-20313
E-mail : gerrit.luinstra@basf-ag.de


[c] Prof. B. Rieger, M. Allmendinger
Department of Materials and Catalysis, University of Ulm
89069 Ulm (Germany)
Fax: (�49)731-50-23039
E-mail : bernhard.rieger@chemie.uni-ulm.de


FULL PAPER


Chem. Eur. J. 2003, 9, No. 6 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0906-1273 $ 20.00+.50/0 1273







FULL PAPER F. Molnar, G. A. Luinstra, B. Rieger, and M. Allmendinger


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0906-1274 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 61274


perhaps received too little attention thus far.[13] It seems to
play a role in reactions with relatively strong bonds: these
cannot be broken without sufficient compensation. Such
reactions that do not readily occur are, for example, the
oxidative addition of strong C�H bonds in alkanes to
(electron-rich) metals or dehydrogenation of alcohols. Op-
portunities for homogeneous catalysis become wider if, as in
the case of enzymes, more than one center of a catalytic
system directs the reaction. This is perspicuous when consid-
ering the smooth activation of methane at room temperature
with a dinuclear rhodium complex,[14] the action of rutheni-
um± nitrogen complexes in the reduction of keto com-
pounds,[15] or the hydroxylation of olefins.[16] In the first of
these, a hydrogen atom and the corresponding methyl group
end up at two different sites, and in the second case, two
hydrogen atoms are delivered from a ruthenium center and a
nitrogen functionality, respectively.
We became interested in the catalytic conversion of


oxiranes,[17] and performed studies on metal-centered reac-
tions involving single-site catalysts with these substrates,
which clearly behave quite differently to simple olefins. To
minimize time-consuming experiments, a broad theoretical
study was initiated. The theoretical results and their exper-
imental verification are reported herein. We demonstrate that
multisite homogeneous catalysis is key to controlling the
reactivity of epoxides. Recently, two publications appeared on
the carbonylation of oxiranes with a mixture of Lewis acids
and cobalt carbonyls.[18] Here also cooperation of two differ-
ent catalytic centers is conjecturable. Older reports by Inoue
and Aida on aluminum porphyrins show similar behavior.[19]


The notion of multisite catalysis is therefore not new in this
context, but it still has to establish its role in the field of
homogeneous catalysis. We therefore want to offer ™multisite
thinking∫ as a general concept for the future development of
tailor-made homogeneous catalytic systems.


Results and Discussion


The formation of �-lactones through cobalt-catalyzed carbon-
ylation of epoxides has been observed in a number of cases
and as a side reaction in the synthesis of polyesters (vide
supra).[17] It is this reaction (Scheme 1) that is in the focus of
our efforts.


Scheme 1. Generalized formation of lactones starting from epoxides and
CO.


We started our theoretical investigation by considering the
interaction of ethylene oxide with single-site catalysts. How-
ever, in spite of numerous attempts, calculations (also
involving Zn and Pd catalysts, data not shown) did not reveal
a chemically attractive low-energy pathway for ethylene oxide
ring opening at the metal center. Following these initial
attempts, we turned to cobalt carbonyl complexes, with the
cobaltate anion [Co(CO)4�] as a model for the active species.


However, ring opening of ethylene oxide, which should be a
step in forming the lactone with ™naked∫ Co(CO)4�, was not
observed; slowly decreasing the distance between Co and a
C atom of ethylene oxide, while at each point relaxing the rest
of the molecular structure, eventually does lead to opening of
the epoxide. However, the resulting structure is not stable and
reverts to the cobaltate ion and ethylene oxide after the
distance constraint is relaxed.
For reaction to occur, it seems that an initial activation


(polarization) of ethylene oxide is required for two reasons: 1)
the energetic barrier to ring opening must be lowered by
stabilizing the transition state, and 2) the ring-opened
structure needs to be stabilized. The latter can be achieved,
for example, through interaction with the alkoxy oxygen atom
generated. An elegant way to arrive at such a situation is the
use of a two-site interaction. Polarization of ethylene oxide
could in general be affected by interaction of electron-
deficient species with the epoxide oxygen atom. On the one
hand, the use of a proton for the purpose of polarizing
ethylene oxide results in immediate ring opening of ethylene
oxide without direct participation of the carbonylation
catalyst, and the concomitant risk of side reactions taking
place. A weaker electrostatic interaction on the other hand,
such as with the tetramethylammonium ion, does not improve
the situation compared to Co(CO)4� alone: instead of polar-
izing ethylene oxide, the cation tends to associate with the
cobaltate anion and to decrease the anion×s effective nucle-
ophilicity. A whole variety of Lewis acids with ™tunable∫ acid
strength are available in between the tetramethylammonium
ion and a proton. Lewis acids turn out to be ideal candidates
for polarizing epoxides for ring opening in combination with
cobalt carbonyl complexes and for eventually forming �-
lactones by multisite catalysis.
The carbonylation reaction is thought to proceed through


consecutive steps of epoxide activation, ring opening, CO
insertion, and ring closure to eventually yield the lactone.
Various mechanisms for activation, ring opening, and CO
insertion have been put forward;[20] however, details about
these reactions are still unknown. We set out to elucidate the
characteristics of the reaction pathway with the help of
quantum-chemical calculations. Density functional theory
(DFT) was used to determine the potential energy surfaces
and structures of the key intermediates in the proposed
reaction scheme (Scheme 2). Details of the methodology used
for the calculations can be found later.
An active catalytic system comprises the combination of the


tetracarbonylcobaltate anion and a Lewis acid. The Lewis
acid polarizes (activates) the epoxide, and the cobaltate ion
facilitates ring opening through backside attack. The resulting
alkoxy group is stabilized by a Lewis acid. Thereafter, CO
insertion occurs into the Co�Calkyl bond. After the coordina-
tion sphere of Co has again been completed by the addition of
a CO ligand, lactone ring closure with subsequent dissociation
of the lactone/Lewis acid complex and carbonylation unit
takes place.
Each of the following subsections discusses one of the


reaction steps of the proposed mechanism of Scheme 2.
Calculations for each step were carried out for the following
Lewis acids: Al(iPrO)3, AlMe3, AlMe2� ¥ diglyme, Bi(OMe)3,
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Bi(O2CPh)3, BF3, BF3 ¥ Et2O, BH3, B(OMe)3, BMe3,
SnMe3Cl, and SO3. Ethylene oxide was used as the model
epoxide. Structures and energies for each step were calculated
as a function of Lewis acid strength. Figures are used to
illustrate molecular structures at critical points on the
potential energy surface for the BF3 case.


Ring opening of epoxide and formation of Co ± alkyl com-
plexes : Figure 1 displays the ring opening of ethylene oxide by
backside attack of Co(CO)4�with BF3 as the Lewis acid. From
the geometrical parameters presented in Table 1 it can be
inferred that a Co�C interaction is present in the reactants
structure even before reaction; the Co�C distance shortens in
the transition state (TS). In the product, a typical Co�C bond
length of approximately 2.2 ä is achieved. Ring opening is
also characterized by a growing C�O bond length, on going
from reactant to product. The C�O bond is already weak in
the TS structure. In addition, based on bond length consid-
erations, the B ¥¥¥ O interaction is strongest in the product
structure, thus stabilizing the (formation of the) alkoxy-type
oxygen.
Table 2 gives an overview of the energetics of the ring-


opening reaction with various Lewis acids. Assuming that
Lewis acid strength correlates with bond length between the
Lewis acid and the oxygen atom within a set of related Lewis


acids (cf. O ±B in Table 2), a
shorter bond length indicates a
stronger (interaction with the)
Lewis acid. Stronger Lewis acid
strength corresponds to lower
activation energies for the ring-
opening TS and to more exo-
thermic reaction energies. Ring
opening involving AlMe2� ¥ di-
glyme, which is the strongest
Lewis acid in Table 2, repre-
sents an extreme case (very
exothermic) and behaves differ-
ently to the rest of the Lewis
acids, as will be discussed in
detail later.


CO insertion : Figure 2 shows the details of the CO insertion
into the Co�C bond of the �-alkoxy species in the CoCO4�/
BF3 system. A cobalt acyl species is formed in the process. The
CO inserted originates from the ligand sphere. The geo-
metrical data in Table 3 shows the changes in structure. The
length of the C�CO bond formed in the reaction shortens


from 2.70 ä to a typical C�C
value of 1.51 ä. The B�O bond
length remains virtually unaf-
fected by this transformation.
The Lewis acid is remote from
the cobalt site, and therefore as
expected the energetics of the
CO insertion are more or less
independent of the type of
Lewis acid (Table 4). As in the
case of ring opening, AlMe2� ¥


diglyme represents a special case. The influence of the cation
is even felt by the insertion of CO into the remote Co�C bond.


CO uptake and lactone formation : The formation of the free
lactone does not occur before uptake of additional CO
completes the coordination sphere of cobalt to [Co(CO)4-


Scheme 2. Reaction scheme for formation of lactones starting from epoxides and CO.


Figure 1. Schematic representation of the ring-opening event. From left to right: reactants, transition state (TS),
and product structure. Color code: Co: dark blue; C: gray; O: red; H: white; B: pink; F: light blue.


Table 1. Geometry data: distances between atoms.[a,b]


Initial TS Product


Co�C 3.659 3.003 2.199
C�O 1.484 1.769 2.337
B�O 1.683 1.602 1.499


[a] Bond lengths [ä]. [b] Data corresponds to structures in Figure 2.


Table 2. Energies for EO ring opening with Lewis acid assistance.[a]


Ea [kJmol�1][b] Er [kJmol�1][c] d [ä][d]


Al(OiPr)3 14 � 42 1.81
AlMe3 23 � 12 1.86
AlMe2� ¥ diglyme 11 � 116 1.77
Bi(OMe)3 82 35 2.17
Bi(O2CPh)3 34 � 34 2.33
BF3 14 � 38 1.50
BF3 ¥ Et2O 16 � 44 1.49
BH3 25 5 1.52
B(OMe)3 35 � 3 1.52
B(Me)3 27 3 1.56
SnClMe3 41 18 2.26
SO3 13 � 52 1.80


[a] All energies were determined at the B-P86/TZVP//B-P86/SV(P) level
except for systems containing Bi, for which the B-P86/SV(P) level energies
are given. [b] Ea� activation energy. [c] Er�Reaction energy. [d] Bond
length between the Lewis acid and the alkoxy oxygen atom.
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(acyl)]. This became clear after
multiple attempts to locate
transition state structures failed
for a Co(CO)3 species. A com-
mon feature of all these fruit-
less attempts was that the lac-
tone resulting from a nucleo-
philic attack of the alkoxy
moiety at the acyl carbon was
bound too strongly to cobalt at
the vacant coordination site.
After prior CO uptake, mod-
eled by a simple addition of CO to cobalt and relaxation of the
structure, the resulting [Co(CO)4(acyl)] species readily con-
verts to propiolactone as the BF3 (or other Lewis acid)
complex.
Figure 3 displays this final step of the proposed reaction


pathway. Ring closure occurs by nucleophilic attack of the
alkoxy oxygen on the carbonyl carbon atom. During this
attack the Co�Cacyl bond is broken. The Lewis acid has a


marked effect on the transition
state structure (Table 5) and
energetics of lactone ring clo-
sure (Table 6) in this step.
Weaker Lewis acids lead to
smaller activation energies and
more exothermic reaction en-
ergies. They tend to bind less
strongly to the alkoxy group
and render it more reactive for
the formation of the final C�O


bond. This effect can also be inferred by considering the O�B
(Lewis acid) bond length (Table 5). In the TS, the O�B (Lewis
acid) bond is stretched from the initial structure. This
elongation will be easier to achieve with weaker Lewis acids
which is also expected intuitively. After ring closure to the
lactone is complete, the Co ¥¥¥ C interaction in the product can
be transformed to a Co ¥¥ ¥H interaction between the tetra-
carbonylcobaltate and the lactone, which is energetically
more favorable (cf. Table 6; AlMe3 versus AlMe3_H). For the
strong Lewis acid AlMe2� ¥ diglyme this switch fromCo ¥¥¥ C to
Co ¥¥ ¥ H interaction can already occur in the transition state of
ring closure, and constitutes an alternative reaction channel.
Since AlMe2� ¥ diglyme is a strong Lewis acid, a high barrier to
lactone formation would be expected based on the data for
the other Lewis acids. This is indeed found for the ™normal∫
reaction channel (cf. Table 6, AlMe2� ¥ diglyme). However,
switching from the Co ¥¥ ¥ C to Co ¥¥ ¥H interaction in the
transition state (c.f. Table 6, AlMe2� ¥ diglyme H) opens up an
alternative low-energy pathway for lactone formation.


Experimental investigation : The theoretical study provided
the insight that a multicomponent catalytic system based on
tetracarbonylcobaltate and various Lewis acids should induce
the carbonylation of epoxides. We set therefore out to screen
such combinations for catalytic activity. Bis(triphenylphos-
phoranylidene)ammonium (PPN) or tetraethylammonium
cobaltcarbonylate salts (PPN[Co(CO)4] or Et4N[Co(CO)4])


Figure 2. Schematic representation of CO insertion into the Co�C bond. Energetics of insertion is indifferent to
the nature of the Lewis acid. From left to right: reactants, transition state (TS), and product structure. Color code:
Co: dark blue; C: gray; O: red; H: white; B: pink; F: light blue.


Table 3. Geometry data: distances between atoms.[a,b]


Initial TS Product


Co�C[c] 1.798 1.765 1.888
C�CO[d] 2.698 2.007 1.511
O�B 1.498 1.502 1.499


[a] Bond lengths [ä]. [b] Data corresponds to structures in Figure 3.
[c] Distance between cobalt and carbonyl carbon atom. [d] Carbon ± car-
bon bond created in reaction.


Table 4. Energies for CO insertion into Co�C bond.[a]


Ea [kJmol�1][b] Er [kJmol�1][c] d [ä][d]


Al(OiPr)3 27 � 16 1.81
Al(CH3)3 24 � 17 1.79
Al(CH3)2� ¥ diglyme 35 4 1.79
Bi(OCH3)3 19 � 24 2.25
Bi(O2CPh)3 22 � 24 2.14
BF3 25 � 19 1.50
BF3 ¥ Et2O 28 � 16 1.49
BH3 22 � 23 1.52
B(OCH3)3 24 � 21 1.52
B(CH3)3 21 � 19 1.56
CO2 26 � 19 1.52
SnCl(CH3)3 24 � 13 2.28
SO3 28 � 17 1.80


[a] All energies were determined at the B-P86/TZVP//B-P86/SV(P) level
expect for systems containing Bi, for which the B-P86/SV(P) level energies
are given. [b] Ea� activation energy. [c] Er�Reaction energy. [d] Bond
length between the Lewis acid and the alkoxy oxygen atom.


Figure 3. Schematic representation of the ring-closure step. Weaker Lewis acids lead to easier C�O bond
formation. From left to right: reactants, transition state (TS), and product structure. Color code: Co: dark blue; C:
gray; O: red; H: white; B: pink; F: light blue.


Table 5. Geometry data: distances between atoms.[a,b]


Initial TS Product


Co�C[c] 2.127 2.664 4.929
C�O[d] 2.904 1.860 1.459
O�B 1.502 1.565 1.751


[a] Bond lengths [ä]. [b] Data corresponds to structures in Figure 4.
[c] Distance between cobalt and carbonyl carbon atom. [d] Carbon ± oxy-
gen bond created in reaction.
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are not active on their own
(Table 7, entries 1 and 2) as
expected, but are both suitable
sources for Co(CO)4� ions.
The carbonylation reactions


were monitored in an autoclave
equipped with a ReactIRTM Si-
CompTM probe for in situ ATR-
IR measurements under high-
pressure conditions. In the
starting situation, we could de-
tect the characteristic absorp-
tion of the tetracarbonylcobal-
tate ion (�� � 1887 cm�1). Addi-
tion of propylene oxide to the
mixture did not result in a
change in the carbonyl region,
demonstrating that without
Lewis acids, no reaction takes
place. Next, combinations of
tetracarbonylcobaltate ion salts with a series of Lewis acids
were investigated for catalytic activity. We will present our
findings for the Lewis acids BF3, AlMe3, and Et2Al� in
combination with various sources of the tetracarbonylcobal-
tate ion. Diglyme was used as solvent.


A rather complicated IR spectrum was obtained by mixing
BF3 ¥OEt2 and PPN[Co(CO)4]. Next to Co(CO)4� (�� �
1887 cm�1), several absorptions of metal carbonyls were
present at 1800 ± 2200 cm�1, reminiscent of several cobalt
carbonyl species. Addition of propylene oxide and carbon
monoxide to this solution yielded a clean spectrum assigned to
a mixture of three species: Co(CO)4� (�� � 1887 cm�1), �-
butyrolactone (�� � 1829 cm�1), and a tetracarbonyl cobaltate
acyl species with absorptions at 2107, 2043, 2024, 2005, and
1710 cm�1 (Figure 4).[21]


Figure 5 represents an IR stack-plot of the catalytic
carbonylation reaction of propylene oxide with BF3 ¥OEt2 as
Lewis acid to give �-butyrolactone. Apart from minor


amounts of polyester no other species were detectable. While
the concentration of �-butyrolactone (�� � 1829 cm�1) grows
linearly with time during the first 2 ± 3 h, the carbonylation
reaction slows down somewhat afterwards. Conversion after
5 h was determined to be 40% (Table 7, entry 3).


Comparable observations
were made with AlMe3 as
Lewis acid in combination with
PPN[Co(CO)4]. Again, the IR
spectrum is indicative of the
same three compounds (Fig-
ure 6), albeit in different ratios.
The concentration of the tetra-
carbonylcobaltate is higher rel-
ative to the corresponding acyl
species when BF3 ¥OEt2 is used
as the Lewis acid. This indicates
the impact of the Lewis acidity
on the catalytic reaction: the
acyl species is more reactive, or
in other words, the epoxide
ring-opening reaction is rela-
tively slow, resulting in a high
concentration of the tetracar-
bonylcobaltate resting state.


Table 6. Energies for lactone ring closure.[a]


Ea [kJmol�1][b] Er [kJmol�1][c] d [ä][d]


Al(iPrO)3 27 � 41 1.99
Al(CH3)3 28 � 55 2.08
Al(CH3)3 H 24 � 90 2.06
Al(CH3)2� ¥ diglyme 97 88 1.99
Al(CH3)2� ¥ diglyme H 0 � 24 1.94
BF3 44 � 18 1.76
BH3 23 � 61 1.64
B(CH3)3 9 � 88 1.89
SO3 50 � 18 2.29


[a] All energies were determined at the B-P86/TZVP//B-P86/SV(P) level.
[b] Ea� activation energy. [c] Er�Reaction energy. [d] Bond length be-
tween the Lewis acid and the alkoxy oxygen atom.


Table 7. Carbonylation reactions: conversion of propylene oxide to �-butyrolactone.[a]


Entry Catalyst Epoxide Reaction Temperature Yield
(equiv) (equiv) time [h] [�C] [%][b]


1 Et4N[Co(CO)4] (1) PO (100) 20 75 0
2 PPN[Co(CO)4] (1) PO (100) 20 75 0
3 PPN[Co(CO)4] (1)/BF3 ¥OEt2 (1) PO (160) 20 75 90 (88)
4 PPN[Co(CO)4] (1)/AlMe3 (1) PO (160) 20 75 65 (93)
5 Na[Co(CO)4] (1) PO (80) 20 75 10
6 Na[Co(CO)4] (1)/ClAlEt2 (1) PO (80) 4 75 70 (92)
7 [Co2(CO)8] (1)/AlMe3 (2) PO (160) 5 75 100 (96)
8 [Co2(CO)8] (1)/AlMe3 (4) PO (160) 4 75 100 (92)
9 [Co2(CO)8] (1)/AlMe3 (4) PO (160) 2 95 100 (92)
10 [Co2(CO)8] (1)/AlMe3 (4) PO (1200) 16 95 80 (90)


[a] Reaction conditions: 250-mL B¸chi autoclave, diglyme (50 mL), 60 bar CO, entries 1 ± 4: PPN[Co(CO)4]
(1.65 g), Et4N[Co(CO)4] (696 mg), BF3 ¥OEt2 (300 �L), AlMe3 (2.3 mL of 2� solution in toluene), corresponding
amount of PO; entries 5,6: Na[Co(CO)4] (900 mg), ClAlEt2 (4.6 mL of 1� solution in heptane), corresponding
amount of PO; entries 7 ± 10: [Co2(CO)8] (780 mg), Me3Al (2.3 mL or 4.6 mL of 2� solution in toluene),
corresponding amount of PO, 60 bar CO (indeed, even much lower pressures of CO (40, 20, or 5 bar) do not
influence the activity and product distribution of the catalytic reaction). [b] First values represent the total
amount of carbonylated epoxide, the values in brackets are the percentage of �-butyrolactone formed. Side
products are in general low amounts of polyhydroxybutyrate and some acetone.


Figure 4. IR spectrum of the carbonylation reaction with BF3 ¥OEt2 as Lewis acid after 15 min [Co(CO)4� (�� �
1887 cm�1), �-butyrolactone (�� � 1829 cm�1), tetracarbonylcobaltate acyl (�� � 2107, 2043, 2024, 2005, and
1710 cm�1)]
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This corresponds well with the
activation barriers for ring
opening given in Table 2: ring
opening with the model AlMe3
species has a higher activation
barrier (23 kJmol�1) than ring
opening with BF3 ¥ Et2O
(16 kJmol�1).
The next Lewis acid used was


a diglyme adduct with Et2Al�


prepared in situ. According to
our calculations, (alkyl)2Al� in
diglyme is most probably coor-
dinated by at least one diglyme
molecule, weakening the very
strong acidity of a ™free∫ cati-
onic aluminum center. The de-
sired catalyst mixture of (al-
kyl)2Al� ¥ diglyme and tetracar-


bonylcobaltate was generated
by combining Et2AlCl and Na-
Co(CO)4. The addition of
Et2AlCl in heptane to a color-
less solution of NaCo(CO)4 in
diglyme and propylene oxide
results in a gradual color
change to deep red. Transfer-
ring this mixture to an auto-
clave and treatment with car-
bon monoxide gives the IR
spectrum presented in Figure 7.
With the mixture of Et2AlCl


and Na[Co(CO)4], no tetracar-
bonylcobaltate absorption is
detectable; only the character-
istic absorptions of the cobalt
acyl intermediate are found
(�� � 2107, 2043, 2024, 2007, and
1715 cm�1). This behavior is
consistent with rapid ring open-
ing of the epoxide and corre-
lates well with the calculated
high reactivity of model
AlMe2� ¥ diglyme (cf. Table 2).
In due course, the propylene
oxide is easily converted to
butyrolactone within 4 h at
75 �C (Table 7, entry 6).
Our intention was to gener-


ate a highly active epoxide
carbonylation system by com-
bining [Co2(CO)8] with two
equivalents of Me3Al. Since
aluminum alkyls may act as
reducing agents, we anticipated
that a catalyst based on
Co(CO)4� and the cation


Figure 5. Stack-plot of IR spectra for the carbonylation reaction with BF3 ¥OEt2/PPN[Co(CO)4] (�-butyrolac-
tone �� � 1829 cm�1, polyhydroxybutyrate �� � 1744 cm�1)


Figure 6. IR spectrum of the carbonylation reaction with AlMe3 after 40 min [Co(CO)4� (�� � 1887 cm�1), �-
butyrolactone (�� � 1829 cm�1), tetracarbonylcobaltate acyl (�� � 2107, 2043, 2024, 2005, and 1715 cm�1)]


Figure 7. IR spectrum of the carbonylation reaction with Et2AlCl/Na[Co(CO)4] and CO/PO in the early stage
(10 min); similar to that obtained for a reaction with [Co2(CO)8]/Me3Al as catalytic system [�-butyrolactone (�� �
1829 cm�1), tetracarbonylcobaltate acyl (�� � 2107, 2043, 2024, 2007, and 1715 cm�1)]
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Me2Al� ¥ diglyme would be formed in situ. Addition of Me3Al
in toluene to a solution of [Co2(CO)8] in diglyme immediately
causes a significant change in the IR spectrum leading to two
main strong single absorptions (Figure 8). These correspond
to the tetracarbonylcobaltate (�� � 1887 cm�1) and another
carbonyl compound at �� � 1980 cm�1 which can be assigned to
a tetracarbonylcobaltate coordinated to a Al(alkyl)� species.
This assignment is based on theoretical calculations of
vibration frequencies (data not shown).
The addition of propylene oxide to this mixture followed by


treatment with carbon monoxide instantaneously yields an IR
spectrum that is identical to the one obtained with Et2AlCl/
Na[Co(CO)4] (Figure 7). The �-butyrolactone product is
formed rapidly and grows linearly over time (Figure 9).
Analysis of the reaction mixture after 4 ± 5 h by NMR
spectroscopy indicates quantitative consumption of the epox-
ide. Additionally, the carbonylation proceeds smoothly after
further addition of propylene oxide to the reaction mixture.
Side-products such as polyhydroxybutyrate are found in
amounts lower than 10% (Table 7, entries 7 ± 10). By fine-
tuning the reaction parameters (temperature, epoxide equiv-


alents) we were able to optimize the performance of the
dinuclear catalytic system further. The rapid conversion of the
acyl species to lactones is explained by the results of the
theoretical calculations (cf. Table 6). In solution the AlMe2�


ion is coordinated by at least one diglyme molecule, which
helps to adjust its Lewis acidity. Therefore, tuning of the Lewis
acidic catalyst moiety is clearly one decisive factor in
controlling rapid lactone formation.


Conclusion


The present study emphasized the concept of multisite
catalysis by using the important example of lactone formation
from epoxides and CO. This reaction was shown to comprise a
Lewis acid controlled prepolarization of the epoxide ring with
a migratory CO insertion on the Co(CO)4� ion. The funda-
mental understanding of the basic reaction principles and the
design of an optimized Lewis acid fragment is essentially
guided by theoretical calculations that fit the portfolio of our
experimental findings with high precision.


We are convinced that a successful
combination of nucleophilic and elec-
trophilic (Lewis acid) sites will offer a
promising platform for a wide variation
of multisite catalysis effects. Similar
reaction principles already belong to
the established paradigms in enzymes
and heterogeneous transformations, but
are now on the verge of entering the
field of homogeneous catalysis.


Experimental Section


General methods : Dicobaltoctacarbonyl ([Co2(-
CO)8]), Me3Al (2� in toluene), Et2ClAl (1� in
heptane), and BF3 ¥OEt2 were obtained form
Fluka or Aldrich and used without further
purification. Racemic propylene oxide (rac-
PO) was supplied by BASF AG (water
�15 ppm). Water-free diglyme was purchased
from Fluka and degassed before use. Na[Co(-
CO)4] was synthesized according to reference
[22]. Et4N[Co(CO)4] and PPN[Co(CO)4] were
both synthesized by the following one-pot
procedure under argon: [Co2(CO)8] (4 g) was
added to water-free degassed THF (150 mL)
together with excess powdered NaOH (10 ±
20 equiv). After the solution had been stirred
for 20 ± 30 min, its color gradually changed from
deep red to slightly yellow. After addition of
PPNCl (10 g) or Et4NCl (3.5 g), respectively,
stirring was continued for several hours. Filtra-
tion of the reaction mixture under argon gave a
slightly yellow solution. Removal of the THF in
vacuo afforded the crude white product. The
solid was extracted with degassed water and
isolated by filtration under argon. Finally, the
products were washed with cold degassed dieth-
yl ether and dried in vacuo. The desired salts
were obtained by this method in nearly quanti-
tative yields and were characterized by elemen-
tal analysis and IR.


Figure 8. IR spectrum of [Co2(CO)8] in diglyme before (black; �� � 2072, 2040, and 1845 cm�1) and after
addition of 2 equivalents of Me3Al (red; �� � 1887 and 1980 cm�1).


Figure 9. IR stack-plot of the [Co2(CO)8]/Me3Al carbonylation reaction (�-butyrolactone ��
1829 cm�1); after 4 ± 5 h, addition of further 160 equivalents of PO (red spectrum).
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General carbonylation procedure : Reactions were conducted in a 250-mL
B¸chi reactor equipped with a ReactIRTM SiCompTM probe (Mettler
Toledo) for in situ ATR-IR measurements under high-pressure conditions.
All manipulations were performed under an argon atmosphere. For
preparation of the catalyst mixture the appropriate amount of diglyme
was transferred to the autoclave. The system was cooled to 5 �C with a
cryostat and the catalyst compounds together with the appropriate amount
of propylene oxide were introduced. After pressurizing the reactor with
60 bar CO the carbonylation reactions were carried out at the desired
temperatures for periods of 2 ± 20 h. The reactor was cooled and ventilated
to terminate the carbonylation reaction. Yields were determined by online
IR and NMR analysis of the resulting solutions.


Theoretical methods : The overall copolymerization reaction involving CO
and epoxides was conceptually split into several steps. For each the step, the
corresponding reaction mechanism was investigated by locating the
transition state (TS) and the associated reactants and products. The nature
of all transition states was verified (only one negative eigenvalue of the
hessian). Reactants and products were identified by inducing small
distortions in the TS structure along the eigenvector associated with the
negative eigenvalue. Distortions with positive and negative amplitude lead
to reactants and products after subsequent geometry optimization. All
calculations were performed with the quantum chemistry package TUR-
BOMOLE.[23] DFT methodology was used at the B-P86/SV(P)[24] level of
theory to locate all stationary points. Single-point energy calculations were
carried out with the TZVP[25] basis set. Geometries were optimized on a
20 processor Pentium II Linux cluster and a 64 CPU IBM SP3. Calculation
of hessians (vibrational spectra) was achieved with a modified version of
TURBOMOLE×s NumForce utility. The numerical calculation of second
derivatives requires 6N (N� number of atoms) energy and gradient
calculations, which can be efficiently distributed and carried out in parallel
on a network of workstations. This calculation is achieved by using
TURBO-SERVER, an in-house development of BASF polymer research,
by harnessing the power of ordinary NT desktop PCs to carry out quantum-
chemical calculations ™at night∫.[26] The effect of solvent (diglyme) was in
general not taken into account. In the case of very (bi)polar structures,
explicit solvation by diglyme molecules was considered.
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Shape and Symmetry of Heptacoordinate Transition-Metal Complexes:
Structural Trends


David Casanova,[a] Pere Alemany,*[b] Josep M. Bofill,[c] and Santiago Alvarez*[a]


Abstract: The stereochemistries of hep-
tacoordinate transition-metal complexes
are analyzed by using continuous sym-
metry and shape measures of their
coordination spheres. The distribution
of heptacoordination through the tran-
sition-metal series is presented based on
structural database searches including
organometallic and Werner-type molec-
ular complexes, metalloproteins, and
extended solids. The most common
polyhedron seems to be the pentagonal


bipyramid, while different preferences
are found for specific families of com-
pounds, as in the complexes with three
or four carbonyl or phosphine ligands,
which prefer the capped octahedron or
the capped trigonal prism rather than


the pentagonal bipyramid. The symme-
try maps for heptacoordination are pre-
sented and shown to be helpful for
detecting stereochemical trends. The
maximal symmetry interconversion
pathways between the three most com-
mon polyhedra are defined in terms of
symmetry constants and a large number
of experimental structures are seen to
fall along those paths.


Keywords: continuous symmetry
measures ¥ coordination modes ¥
metal complexes ¥ structure correla-
tions ¥ symmetry maps


Introduction


Interest in heptacoordination has experienced a resurgence in
recent years, from the preparation of ferromagnetic com-
pounds using heptacyanometalate building blocks,[1] to struc-
tures of new homoleptic heptacoordinate complexes[2, 3] such
as [MoMe7]� or [ReF7] and the use of halocarbonyl seven-
coordinate Mo and W complexes as versatile starting
materials in a number of synthetic reactions.[4] Furthermore,
heptacoordinate complexes are interesting as intermediates in
associative reactions of six-coordinate complexes and in


dissociative reactions of eight-coordinate ones.[5] Finally, a
few active centers in metalloproteins seem to be heptacoor-
dinate, such as the Mo center in the oxidized form of a dmso
reductase,[6, 7] manganese atoms in glutamine synthetase,[8]


inositol monophosphatase[9] complexed by troponin (a cal-
cium-binding protein)[10] or in �-fucose isomerase from
Escherichia Coli,[11] and Cd centers in the cytochrome domain
of cellobiose oxidase[12] or complexed by hydrolases.[10, 13, 14]


Several reviews on heptacoordination have been published,
although extensive data compilation and detailed discussions
date back to 1985.[4, 15±18]


The relative abundance of heptacoordinate complexes is
generally a matter that is dealt with in a rather subjective way.
Hence, in most textbooks or treatises on stereochemistry it is
under-represented: only a few examples are given, which say
little about the variety of chemical species nowadays known.
A completely opposite view is given in a review devoted to
heptacoordinated molybdenum compounds: ™coordination
number seven dominates much of the coordination chemistry
of molybdenum∫.[17] A simple structural database search tells
us that neither of the two extreme views gives an adequate
account of the abundance of heptacoordinated transition
metal complexes. It is therefore convenient to make a brief
survey of the abundance and distribution of heptacoordina-
tion in transition-metal chemistry, based on a structural
database analysis. Coordination number seven is not common
in transition-metal chemistry: an estimate based on the
number of transition-metal �-bonded complexes found in
the Cambridge Structural Database reveals that heptacoordi-
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nate complexes represent 1.8% of the total number of
structures reported (see Database Searches section). The
distribution of heptacoordination throughout the transition
metal series is also peculiar (Figure 1): for late transition
metals (Groups 7 ± 11), heptacoordination seems to be more


common for the first-row metal than for its heavier congeners,
whereas for early (Groups 3 ± 6) and Zn Group metals
heptacoordination is more common for second- or third-row
elements. On the other hand, heptacoordination is, in general,
less common for the late than for the early transition metals,
with no structures found for Rh, Ir, Pd, Pt, or Au. Unlike the
late transition metals, the Zn group metals again present quite
a large number of examples of heptacoordination. An
intriguing anomaly is found for Cr, for which few heptacoor-
dinate complexes are found, in contrast with its first-row
neighbors and with the heavier elements of the same group.


Seven being an odd coordination number, no regular
polyhedron can describe the coordination sphere around a
heptacoordinated metal atom. The most commonly used


polyhedra have two (the pentagonal bipyramid (PBP), 1) or
three (the capped octahedron (CO) 2 and the capped trigonal
prism (CTP) 3) types of vertices in different proportions,
which should allow for easy identification of the stereo-
chemistry through NMR spectroscopy in solution or by


infrared spectroscopy in the
solid state.[19] However, very
often one observes solution
spectra consistent with seven
equivalent ligands due to the
existence of low-barrier fluxio-
nal processes.[5, 20] Single crystal
X-ray crystallography seems to
be better adapted to fully char-
acterize the stereochemistry of
a given heptacoordinate mole-
cule, yet it is not easy to decide
by visual inspection or by a
simple analysis of the bond
angles on the most appropriate
coordination polyhedron. This
is especially because in many
instances the site symmetry in


the crystal is lower than the D5h , C3v, and C2v symmetries of
the ideal polyhedra 1 ± 3. In addition to the three polyhedra
already mentioned (1 ± 3), we will also take into account other
less likely arrangements, such as the hexagonal pyramid (4),
the heptagon (5), or the so called 4:3 geometry (6). For
simplicity we will refer to these polyhedra with the commonly
employed acronyms reflected in 1 ± 6.


It had been suggested[21, 22] that crystal structure data offer a
guide to reaction pathways between polytopes, specifically in
that distortions from ideal geometry follow explicit geometric
reaction paths, and this has been well demonstrated for


Abstract in Catalan: Les estereoquÌmiques dels complexos de
metalls de transicio¬ heptacoordinats han estat analitzades
emprant les mesures contÌnues de simetria i de forma de llurs
esferes de coordinacio¬. Es presenta la distribucio¬ de l×hepta-
coordinacio¬ al llarg de les se¡ries de metalls de transicio¬, d×acord
amb els resultats de cerques de bases de dades estructurals que
inclouen complexos moleculars organometa¡llics i de tipus
Werner, aixÌ com metal ¥ loproteÔnes i so¡lids estesos. El polÌedre
me¬s comu¬ sembla ser la bipira¡mide pentagonal, mentre que per
famÌlies concretes de compostos es troben diferents prefere¡n-
cies, com en el cas dels complexos amb tres o quatre lligands
carbonil o fosfina, que prefereixen l×octaedre cofiat o el prisma
trigonal cofiat. Es presenten els mapes de simetria per a
l�heptacoordinacio¬ i es mostra que aquests poden ser d�utilitat
per detectar tende¡ncies estereoquÌmiques. Els camins de
ma¡xima simetria per a la interconversio¬ dels tres polÌedres
me¬s comuns es defineixen en funcio¬ d×unes constants de
simetria i es troba que un gran nombre d×estructures experi-
mentals es situen al llarg d×aquests camins.


Figure 1. Distribution of �-heptacoordinate complexes through the transition metal series.
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pentacoordinate complexes.[23] A theoretical analysis of the
stereochemistry of heptacoordinate complexes based on a
point charge model has been presented by Kepert.[24] He
found, however, that differences between the three character-
istic polyhedra are rather small, both in energy and in
geometry, since only small angular displacements of the
ligands can take one from one polyhedron to the other. A
molecular orbital analysis of bonding and stereochemistry in
heptacoordinate complexes was reported by Hoffmann and
co-workers,[22] based on extended H¸ckel calculations. More
recently, Lin and Bytheway[25] performed ab initio Hartree ±
Fock calculations on d0-fluoro complexes [MoF7]� , [WF7]� ,
and [ReOF6]� , and concluded that the CO and CTP structures
have approximately the same energy for the heptafluoro
complexes and are more stable than the pentagonal bipyr-
amidal geometry by approximately 1 ± 4 kcalmol�1. In con-
trast, for [ReOF6]� the PB geometry was calculated to be
more stable than CO and CTP by some 28 kcalmol�1.
However, the same authors note that experimental structures
of heptafluoro complexes can be found in any of the three
polyhedra.


The continuous symmetry (or shape) measures (CSM)
proposed by Avnir and coworkers[26, 27] essentially allow one
to numerically evaluate by how much a particular structure
deviates from an ideal symmetry or from an ideal shape (such
as a polyhedron). The continuous shape measure relative to a
polyhedron A for a set of N atoms (in the present case the set
of atoms analyzed comprises the metal and the seven donor
atoms, thus N� 8), characterized by their position vectors Qi,
is defined according to Equation (1), where Pi is the position
vector of the corresponding vertex in the reference polyhe-
dron A and Q0 is the position vector of the geometrical center
of the problem structure.


S(A)�min


�N


I�1


�Qi � Pi�2


�N


I�1


�Qi � Q0�2
¥ 100 (1)


The minimum is taken for all possible relative orientations
in space, scale factor, and for all possible mappings of the
vertices of the problem and the reference polyhedra. For the
study of coordination compounds, only those vertex permu-
tations that leave the metal atom in the center of the
polyhedron are considered. With such a definition, S(A)� 0
corresponds to a structure fully coincident in shape with the
reference polyhedron and the maximum allowed value of
S(A) is 100, which corresponds to the hypothetical case in
which all eight atoms occupy the same position in space.


For those cases in which the choice of a reference
polyhedron with a given symmetry is not unique we have
actually two alternative choices for the definition of its Pi


coordinates: either we search for the nearest polyhedron that
has the desired symmetry or we establish a conventional
polyhedron relative to which we will calculate the measures
using Equation (1). The symmetry criterion is in general less
restrictive than the definition of a conventional polyhedron,
so we term the two approaches continuous symmetry measures
and continuous shape measures, respectively. As an example,
consider the trigonal pyramids shown in 7. All of them have


the full C3v symmetry, and consequently have symmetry
measures S(C3v)� 0. If we were to consider the central figure
as a conventional trigonal pyramid (cTP), we would obtain
nonzero shape measures S(cTP) for the other two pyramids.
For practical purposes, we find it more adequate in the case of
seven-vertex polyhedra to define conventional reference
polyhedra, and the corresponding shape measures will be
used throughout this paper. Complementarily, we will also use
symmetry measures to identify the presence of a given
symmetry element, such as the fivefold rotation axis in the
pentagonal bipyramid.


Drew reported a least-squares procedure to assign the
stereochemistry of heptacoordinate complexes,[15] and a
similar approach has been more recently proposed by
Maseras and Eisenstein,[28] but the assignment of a coordina-
tion polyhedron is still in most cases done in a non systematic
way. A related approach applied by Allen and coworkers to
the study of the shape of heptacoordinate complexes consists
in analyzing the n(n� 1)/2 bond angles of anMLn core and use
of a Euclidean dissimilarity metric as a one-dimensional
comparator of those angles.[29, 30] Compared to the least-
squares algorithm proposed by Drew and by Maseras and
Eisenstein, the CSM formalism has the advantage that the
resulting measures are size-normalized and allows one to
compare on the same scale the deviation from a particular
polyhedron of a diversity of molecules, or the deviation of a
particular molecule from different polyhedra. Compared to
the dissimilarity measures proposed by Allen and co-workers,
the CSM approach has the advantage that it takes into
account not only angular but also distance distortions.
Previous work in our group has investigated what we can
learn from continuous symmetry measures about the struc-
tural trends of transition metal compounds with coordination
numbers four,[31] five,[32] or six.[33] The objective of the present
work is to establish the general criteria for the continuous
symmetry analysis of the seven-vertex polyhedra and to
investigate whether the use of such an approach can offer us
some new insight into the general structural trends of
heptacoordinate transition-metal compounds.


Database searches : From the Cambridge Structural Data-
base[34] (version 5.23), compounds with a metal atom defined
in the database as heptacoordinate and belonging to any of
the periodic Groups 3 through 12 were retrieved with the
following restrictions: no �-bonded ligands were allowed, no
direct bonds between donor atoms coordinated to the metal
were allowed, and structures with agreement factors R larger
than 10% as well as disordered structures were disregarded.
As donor atoms we considered any element of Groups 14 ± 17
or hydrogen. A total of 791 compounds were found, compris-
ing 968 crystallographically independent structural data sets.
Removal of the restraint of heptacoordination resulted in a
total of 43319 structures retrieved, indicating a relative
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abundance of heptacoordination of 1.8%. For inorganic
compounds, searches were carried out in the Karlsruhe
database (ICSD, version 2001/2) for binary or ternary com-
pounds with isolated MX7 units (X�F, O, CO, or CN), and a
total of 24 structural data sets were found. Heptacoordinate
transition-metal sites in metallobiomolecules were retrieved
with the help of the Metalloprotein Database (MDB, 13
structures found).[35]


Conventional Seven Vertices Polyhedra and
Symmetry Maps


Of the seven-vertex shapes considered, only the heptagon is
fully determined by symmetry and its shape and symmetry
measures are thus equivalent. In all other cases, an infinite
number of polyhedra exist with the given symmetry, shape
therefore being a more stringent criterion than symmetry, and
for practical purposes we find it more adequate to define a
unique reference shape for each symmetric set of ideal
polyhedra. Let us consider as an example the capped
octahedron, which has ideal C3v symmetry. There is a wide
structural variability within the C3v symmetry, since there are
three independent sets of bond lengths and two independent
sets of bond angles (a, b, c, �, and � in 8), and it seems


therefore more adequate to choose one specific capped
octahedron as a reference shape with which to compare the
experimental structural data. On one hand, we had previously
observed that small differences in metal ± ligand bond lengths
do not significantly affect the symmetry measures and a
criterion for ideality applied for other coordination numbers
consists of requiring all distances from the vertices to the
center of the polyhedron to be
the same, a� b� c, that is, the
radius of the coordination
sphere around the central atom
or ion.[32] In addition, we ob-
serve that � bond angles (72 ±
77�) in homoleptic complexes
are systematically larger than
the corresponding values in the
octahedron (54.7�), whereas the
� angles (117 ± 137�) can be
smaller or larger than in the
octahedron (125.3�), while the
minimum interligand repulsion


is found at 73.3��� 75.8� and 128.8� �� 131.4� according to
point charges calculations,[36] or 70��� 84� and 127� ��
138� from molecular orbital calculations.[22] Considering all
these data, the criterion of ideality for the CO adopted by
Drew (�� 74.1�, �� 125.5�)[15] seems a reasonable one. Those
values were found in the structure of the [W(CO)4Br3]� ion,[37]


which has crystallographically imposed C3v symmetry. From
here on we will refer to that structure as the conventional
capped octahedron and refer to all the corresponding shape
measures as S(cCO). It is important to keep in mind the
possibility of a given molecule having a perfectly C3v capped
octahedron symmetry but with different geometrical param-
eters than in our conventional CO, resulting in nonzero
S(cCO) values. The uncertainty in the S(cCO) values can be
dealt with in two ways: 1) by considering as significant only
differences in shape measures that are beyond the uncertainty
due to the choice of the reference polyhedron, and 2) by
checking the existence of a C3 symmetry axis with the
corresponding S(C3) symmetry measures.


In Figure 2a we show how S(cCO) varies for C3v heptahe-
dra with varying � or � angles (see 8). There it can be seen that
for angle variations of �5�, S(cCO) adpots values of 0.2 at
most. Hence, for the time being we take 0.1 as the typical
uncertainty in our symmetry measures due to the adoption of
a conventional capped octahedron among the infinite number
of possible C3v heptahedra, but the calculated values will be
given with two decimal figures for internal consistency. We
will come back to this issue after analyzing experimental
structures to apply the second criterion, that is, comparison
with S(C3) values.


Similarly, our definition of a conventional CTP (9) corre-
sponds to seven identical metal ± ligand distances, a square
geometry for the capped face and bond angles �� 82� and ��
144.25�, also adequately providing a representative geometry
of point charges,[36] molecular orbital,[22] and experimental
data analyzed by us below. As found for the CO, the
uncertainty associated with the choice of a conventional
polyhedron (Figure 2b) can be evaluated as approximately
0.2. Finally, for the PBP the only convention we adopt is that
the seven bond distances are identical, since the rest of the
bonding parameters are determined by the D5h symmetry, and
the uncertainty relative to a S(D5h) measure is estimated to be
about 0.01. For the hexagonal pyramid, our reference poly-
hedron is one with seven identical metal ± ligand distances and
with the metal atom in the center of the basal hexagon.


Figure 2. Variation of the S(cCO) and S(cCTP) values as a function of the deviation of angles � (circles) and �


(triangles) described in 8 and 9 from the values adopted in our conventional reference polyhedra.
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If fortunate when analyzing a given molecular structure, we
can find a conventional polyhedron that describes to a good
approximation the experimental coordination sphere, that is,
S(polyhedron)� 1.0, which our experience with other coor-
dination numbers indicates represents minor deviations from
ideality. In most cases, however, significant deviations from
ideality are found for all the relevant polyhedra. We can, of
course, compare the different values–S(cCO), S(cCTP), and
S(PBP) in the present case–and take the smallest one to
describe the coordination polyhedron. However, such a mode
of operation does not guarantee that a sensible description of
the molecular structure is obtained, since some cases may be
found in which the geometry cannot be appropriately
described by any of the polyhedra chosen. For that purpose
it seems more appropriate to use symmetry maps that have
been explored for other coordination numbers by us recent-
ly.[31, 33] A symmetry map is just a scatterplot of the symmetry
measures corresponding to two different polyhedra with the
same number of vertices. In the case of heptacoordination, we
will systematically use two symmetry maps in which we
represent either S(cCTP) or S(PBP) as a function of S(cCO).


The calculated values of the shape measures for the
reference structures 1 ± 6 are given in Table 1 and plotted in
the CO-CTP symmetry map (Figure 3). By definition, the


Figure 3. Position of the heptahedra 1 ± 6 in the cCO-cCTP (a) and cCO-
PBP (b) symmetry maps.


cCO has S(cCO)� 0, and it is found that its corresponding
deviation from the cCTP is 1.53, which is rather small
compared to those between, for example, the octahedron
and the trigonal prism, 16.74,[33] or between the tetrahedron
and the square, 33.33.[31] At the other extreme, the heptagon is
seen to be far away from the rest of the ideal heptahedra. It
can also be seen that the separation between two polyhedra
depends essentially on their bi- or tridimensional character.
Thus, the nearly spherical cCO and cCTP are close to each
other (1.53), the ellipsoidal PBP is somewhat farther from the
two nearly-spherical structures (6.6 ± 8.4), the hemispherical


HP is still farther (17 ± 20), and the two-dimensional heptagon
is at a still larger separation (35 ± 38). This is best seen in the
symmetry map (Figure 3a), where we represent S(cCTP) as a
function of S(cCO). Further reduction of dimensionality leads
to systems that are unattainable in a coordination compound,
but a geometry in which the seven ligands have collapsed at
the central atom has the largest possible values of both
S(cCO) and S(cCTP), 100.


An alternative symmetry map that will be used below is
obtained by representing S(PBP) as a function of S(cCO),
illustrated in Figure 3b for the conventional polyhedra.
Again, the proximity of cCO and cCTP and the increasing
difference with increasing separation in dimensionality are
easily recognized in such a representation.


An additional seven-vertex polyhedron that we have
considered is a trigonal prism with a capped trigonal face.
The position of a variety of such capped trigonal prisms in the
two symmetry maps considered is close to that of the
hexagonal pyramid (HP in Figure 3). There are a wealth of
possible trigonal face-capped trigonal prisms with C3v sym-
metry, similar to what has been discussed for the CO, and the
average values of their shape measures, together with their
deviations, are as follows: S(PBP)� 23.2 (1.2), S(cCO)� 17.8
(1.4) and S(cCTP)� 18.3 (1.0).


Which polyhedron?: In this section we ask ourselves: Are the
experimental structures reasonably described by the conven-
tional polyhedra? Which is the preferred polyhedron among
heptacoordinate compounds? Are any of the available
polyhedra favored by a certain metal or electron configura-
tion or by a specific type of ligand? Before trying to address
such questions, let us show by way of a few examples how the
use of the continuous symmetry measures provides a sensible
criterion to assign the coordination polyhedron, a task which
is otherwise not easy. First, we show in Figure 4 the molecular
structures of three heptacoordinate compounds, outlining the
edges of alternative polyhedra to stress how a visual
inspection leads to the conclusion that the same structure
resembles more than one reference polyhedron.We leave it to
the reader to identify which is the best description according
to the CSM criterion with the help of the values given later
(see Table 6). A second case is provided by halo-carbonyl
tungsten complexes given by Baker[4] as examples of the ideal
polyhedra. The symmetry measures (Table 2) clearly indicate
that assignment of an ideal polyhedron is not always granted
and in the case of [WI(acac)(CO)2(PEt3)2] the proposed
pentagonal bipyramid is not a better choice than the CO or
the CTP.


To answer the above questions we have analyzed the
structures of a variety of heptacoordinate transition-metal
compounds from structural databases, as indicated in the
Database Searches section. For all the selected structures we
have calculated their shape measures relative to PBP, cCO,
and cCTP (1 ± 3) and assigned to each structure the closest
ideal polyhedron. First we do this for the whole set of
heptacoordinate �-bonded complexes and then we will
analyze some representative families individually. In a
subsequent section we will consider how accurate those


Table 1. Shape measures of seven-vertex polyhedra (1 ± 6) relative to each
other.


PBP cCO cCTP HP HEP


PBP 0.000 8.404 6.641 26.688 35.213
cCO 0.000 1.528 17.056 37.774
cCTP 0.000 19.951 35.874
HP 0.000 25.468
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Figure 4. Coordination polyhedra of three sample heptacoordinate com-
plexes in which different polyhedra are superimposed on the same
experimental structure to show the similarity of those polyhedra at first
sight (see Table 4 and Supporting Information for references and symmetry
measures).


idealized descriptions are or, in
other words, how much do the
real structures deviate from
ideality and in which direction.


A breakdown of the whole
set of retrieved structures by
central metal has already been
presented in the introductory
section (Figure 1). The electron
configuration of the metal
atoms in most complexes of
the selected families is seen to
present from 0 to 4 electrons in
the d manifold, with the d4


configuration being the most


common, in agreement with the expectations of the 18-
electron rule. Only those compounds having at least four N- or
O-donor atoms and a first-row transition-metal atom, or a Zn
group metal, have five or more d electrons.


A broad perspective of the symmetry measures of such a
collection of structures can be obtained by plotting them in
symmetry maps (Figure 5). Figure 5 shows that there are
numerous structures close to the reference CO, CTP, and PBP
polyhedra, but also that these are outnumbered by the
structures which significantly deviate from the reference
shapes. Comparison with Figure 3 clearly indicates that no
heptagonal structures were found, and only one point is
relatively close to the ideal hexagonal pyramid region (20,20
point in the cCO/cCTP symmetry map); this point, however,
corresponds neither to a hexagonal pyramid nor to a trigonal-
face-capped trigonal prism. There are only six structural data
sets, corresponding to five different compounds (shown as
squares in Figure 5) that deviate from the general behavior,
best seen in the PBP/cCO map (Figure 5b): 1) One of the Ti
atoms in two crystallographically independent molecules in
[Ti2Me8]� is described as coordinated by three methyl groups
and by three hydrogen atoms of another methyl group that
acts as a bridge;[38] this structure is best described as a trigonal
bipyramid with the �3-methyl group occupying an axial
coordination position (Figure 6a), although it could also be
described as a capped octahedron (Table 3) with the base
formed by the three agostic H atoms; the bond angles
corresponding to such a trigonal bipyramid are responsible for
the large value of S(cCO) in this case. 2) The Fe atom in
[FeH3(PPh2nBu)3(SnMe3)] also presents[39] a CO coordination
sphere which, nevertheless, is far from our conventional CO
because the three ligands in the capped face are hydrides (see
Table 3), most probably the large S(cCO) value is due to
differences in bond distances (see angles in Table 3). An
alternative description of such a structure would be an FeP3Sn
tetrahedron (actually this core is close to the tetrahedron, with
S(Td)� 0.85), with three faces capped by hydrides (Fig-
ure 6b). 3) A similar CO is found (Figure 6c) for the W atom
in [WH3(N{EtNSiMe3}3)],[40, 41] but in this case the hydrides
occupy the basal face (Table 3). 4) An approximate 5:2
geometry would describe the unusual coordination geometry
of Ag (S(C5)� 1.84 for Ag and the five basal ligands) in a
complex with an antibiotic[42] (Figure 6d), and in an


Table 2. Proposed[4] geometries and calculated shape measures relative to
conventional polyhedra for some examples of heptacoordinate tungsten com-
plexes. The values in boldface indicate the smallest shape measure for a given
structure.


Proposed Closest
Compd. polyhedron PB CO CTP polyhedron ref.


[WI2(CO)3(CNMe)2] CO 7.09 2.32 2.88 CO icbicw
[WI2(CO)3(NCMe)(SbPh3)] CTP 8.44 2.51 3.46 CO yevfag
[WI(CO)3([9]aneS3)]� 4:3 6.63 1.90 2.09 CO tundel
[WI(acac)(CO)2(PEt3)2] PB 4.82 4.44 4.08 none poyfis


Figure 5. Symmetry maps of the experimental structures of �-heptacoordinate complexes. The positions of the
conventional polyhedra in the symmetry maps can be seen in Figure 3. The outliers (squares) are discussed in the
text.
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Figure 6. Coordination sphere around the metal atoms in a) [Ti2Me8]�


considering the bridging methyl group as monodentate, b) [FeH3(PPh2-
nBu)3(SnMe3)], c) [WH3(N{EtNSiMe3}3)], d) antibiotic A-130A-silver(�).


[15]crown-5 ether complex (S(C5)� 5.16)[43] that could alter-
natively be described as a pentagonal antiprism with a Ag ion
sandwiched between two crown ethers, one of which has three
oxygen atoms at long distances to Ag.


Let us now go back to the search for the closest conven-
tional polyhedra. We first looked for molecular structures that
correspond to a nearly perfect polyhedron, arbitrarily asso-
ciated with a shape measure smaller than 1.0. Since some cases
may present small values for both S(cCO) and S(cCTP), we


assign for the present purposes the polyhedron with the
smallest shape measure. The first conclusion is that only about
one third of the structures can be unambiguously identified
with one of the three conventional polyhedra according to
such criteria. Still more interesting is the fact that the
pentagonal bipyramid is significantly more abundant (20%),
whereas the nearly perfect capped octahedron and the capped
trigonal prism have similar abundances (7% each).


A different, less restrictive approach consists in searching
for the conventional polyhedron that best describes the
coordination sphere of each compound, still accepting some
degree of distortion from ideality but not severe distortions,
represented by shape measures larger than 5.0. In that case, a
unique assignment can be applied to most structures, while a
few remain unassigned.[44] The assignment of polyhedra for
our reference data set is summarized in Table 4, where
breakdown by families is also shown. The number of PBP
structures (47%) again dominates heptacoordination, but
COs (21%) and CTPs (24%) combined have practically the
same abundance, leaving 8% of structures that cannot be
assigned to any of these polyhedra. It is remarkable that a
similar analysis for �-bonded heptacoordinate rare earth


Table 3. Nonconventional capped octahedral structures (see 8 for the defi-
nition of bond angles). The corresponding angles for the conventional CO are
also given for comparison.


M Capping Capped Basal � � S(cCO) S(C3) refcode
ligand face face


Fe SnMe3 H� PPh2nBu 76 115 10.94 0.00 poswoj
W N(tripod) N(tripod) H� 78 146 8.21 0.01 zagkey01
Ti CH3 CH3 H 90 160 10.73 0.07 kelqoh
cCO 74.1 125.5 0.00 0.00


Table 4. Summary of the polyhedral distribution of �-bonded heptacoordinate transition-metal compounds according to their shape measures.[a]


Family Subfamily PBP CO CTP Other Unassigned Total


all �-bonded and metalloproteins 443 195 232 58 20 948
monodentate ligands 16 43 25 5 89


homoleptic 8 11 15 3 37
[Mo(CO)4X3]� 0 12 2 0 14
[M(CO)3LnX4�n] 0 16 3 0 19
[M(PR3)3X4] 0 3 1 2 6
[M(thf)nX7�n]� (n� 4,5) 5 0 0 0 5
[MXL6] 4 1 3 0 8


bidentate ligands 38 19 22 4 83
[M(NO3)2L3] 12 0 0 1 13
[M(dtc)3L] 15 0 0 0 15
[M(carbox)2L3] 10 0 0 0 10
[M(diphos)L5] 0 14 7 1 22
[M(diphos)2L3] 1 5 15 2 23


multidentate ligands 72 8 8 3 91
[M(10)L2] 23 0 0 0 23
[M(O5-crown)L2] 34 0 0 1 35
[M(N5-macrocycle)L2] 13 0 0 0 13
[M(tacn)L4] 1 1 3 0 5
[M(tpb)L4] 1 7 5 2 15


metallobiomolecules 5 0 3 5 13
dihalobridged [b] 16 6 5 3 30
cyclobutadiene [b] 0 0 0 26 4:3 0 26
alkaline-metal crown-6 [b] 0 0 0 32 HP 0 32


[a] A polyhedron is assigned for the reference shape giving the smallest symmetry measure; structures whose shape measures are all larger than 5.0 are
unassigned. [b] Not comprised in the �-bonded structural data set.
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complexes gives a quite similar distribution (46, 27, and 26%
of PBP, CO, and CTP structures among 288 structural data
sets from 242 independent structural determinations; the
corresponding symmetry maps are provided as Supporting
Information, Figure S1). While these numbers reflect the
overall distribution, we will see below that significant differ-
ent distributions can be found within a given family. An
interesting finding is that in no case the shape measures
studied exceed 20 (maximum CSM values found: 15.5, 16.2,
and 19.3 for PBP, cCO, and cCTP, respectively). Comparison
of those limiting values with Figure 3 tells us that the presence
of heptagons among the �-bonded structures can be excluded.
Similarly, hexagonal pyramids, if present at all, must be
significantly distorted.


Next, some families of heptacoordinate compounds that
were found to present a significant number of members were
studied separately. The families analyzed, and the corre-
sponding results, are summarized in Table 4. Data for com-
plexes with monodentate ligands are given in Tables 5 and 6,
whereas data for other families are provided as Supporting
Information.


Hepta(monodentate) complexes : Data for homoleptic com-
plexes are presented in Table 5, and those for several families
of mixed ligand complexes in Table 6. Most of these com-
pounds are seen to have one shape measure of less than 1.0
and an ideal polyhedron can be unequivocally associated to
their coordination spheres. For these compounds, all having d0


to d4 electron configurations, no clear structural preference
exists, according to the dispersion of their shape measures.
This finding agrees well with the similar molecular orbital
diagrams of the three conventional polyhedra[22] that show
two nonbonding and three metal ± ligand antibonding d
orbitals, thus making heptacoordination unfavorable for
electron configurations with five or more d electrons.


If we analyze the results according to the nature of the
ligands we find no clear structural preferences among the
homoleptic complexes and even the same anion may appear
as different polyhedra depending on the counterion, as
happens for [WF7]� , or even two shapes can be found for
the two crystallographically independent molecules in the
asymmetric unit of [Mo(CO)4Br3]. Such a structural varia-
bility cannot be overemphasized, since there is a tendency to
ascribe structural preferences based on a limited amount of
data. Hence, we see in Table 5 that [ZrF7]3� appears mostly as
a CTP but an example of a PBP is also known, yet we can find
in the literature the assertion that [ZrF7]3� prefers the PBP
structure.[45, 46]


Among the mixed-ligand complexes, those with three or
four carbonyl or phosphine ligands present CO (most
common) or CTP structures, but not PBP. The most perfect
examples of CO-CTP structures seem to correspond to the
tetrahalo-tris(phosphine) complexes (0.19� S� 0.60), and
their deviations from either the CO or CTP polyhedra will
be discussed below with respect to the pathway for their
interconversion. In contrast, the families of tetrahydrofuran
compounds of formulae [M(thf)4L3] and [M(thf)5L2] prefer
the PBP geometry. Although only five such structures have
been found, having M�Y or La, the same trend is found


among the rare earth analogues (the corresponding symmetry
map is provided as Supporting Information, Figure S2). A few
complexes with six identical monodentate ligands, [MXL6]
have been identified. Structural variability seems again to be
the rule. The only apparent trend is that oxo complexes
present the PBP geometry, with the oxo ligand occupying an
axial position. However, such a conclusion should be drawn
with care since we have only three structural data sets at hand.


Complexes with bidentate ligands : We have identified five
families of complexes with bidentate ligands (10) that have a
significant number of structures, corresponding to the general
formulae [M(NO3)2L3], [M(carboxylate)2L3], [M(dtc)3L],
[M(chel)L5], and [M(chel)2L3] (dtc� dithiocarbamate;
chel� bidentate ligands forming five-membered chelate rings,
such as 1,2-bis(diphenylphosphino)ethane (dppe)). According
to the calculated shape measures (data provided as Support-


Table 5. Shape measures of homoleptic heptacoordinate complexes. The
values in boldface indicate the closest polyhedron according to the
continuous shape measures.


Compound Closest dn S(PBP) S(cCO) S(cCTP) ref[a]


polyhedron


� donors
[MoMe7]� CO 0 8.75 0.42 1.89 lojdod
[WMe7]� CO 0 8.61 0.36 1.77 retnej
[WMe7]� CO 0 8.67 0.28 1.79 retnin
[RuH7]3� PBP 4 0.98 6.34 5.41 Na3[RuH7]
[OsH7]3� PBP 4 0.37 6.94 5.71 Na3[OsH7]
� donors
[ScF7]4� CTP 0 6.22 2.01 0.58 Sr2ScF7


[ZrF7]3� CTP 0 4.99 1.74 0.36 dadvin
CTP 0 4.97 1.66 0.36 enfzrb10
CTP 0 6.22 1.15 0.35 enfzrb10
PBP 0 0.25 6.71 5.13 pivvar
CTP 0 7.04 2.10 0.77 NaBaZrF7


[HfF7]3� PBP 0 0.24 7.73 6.16 Ag3HfF7


PBP 0 0.09 8.41 6.68 KPdHfF7


[NbF7]2� CTP 0 6.18 1.19 0.39 K2NbF7


[TaF7]2� CTP 0 6.25 1.19 0.37 K2TaF7


[MoF7]� CO 0 5.23 0.84 1.13 zobgig
CO 0 8.26 0.33 1.69 CsMoF7


CO-CTP 0 4.49 0.95 0.89 zobgus
[WF7]� CTP 0 4.02 1.52 1.25 yidbes


CO 0 8.29 0.36 1.32 CsWF7


[ReF7] PBP 0 1.13 3.78 3.00 ReF7


ZrO7 CO 0 5.82 1.16 1.34 monocl.-ZrO2


0 11.23 3.07 3.16 orthorh.-ZrO2


[Sc(H2O)7]3� 0 2.08 2.76 2.17 hosfok
� acceptors
[V(CN)7]4� PB 2 0.14 7.90 6.19 6083
[Mo(CN)7]4� CTP 3 2.39 2.69 1.36 86685
[La(NCS)7]4� CTP 0 6.79 1.70 0.42 kerhuk
[Mo(CN)7]4� CTP 3 3.90 1.68 0.72 86686


CTP 3 4.08 1.69 0.76 280015
CTP 3 5.66 4.05 0.50 bocmel


[Ta(CN-Xyl)7]� CO 4 6.99 0.50 0.66 wodnos
[Cr(CNBu)7]2� CO 4 4.93 0.61 1.17 begsov
[Mo(CN)7]5� PBP 4 0.22 7.99 6.35 200038
[Mo(CNMe)7]2� CO 4 5.43 0.50 0.77 hpmimo
[Mo(CNPh)7]2� CO 4 6.08 0.50 0.75 bezfuh
[Mo(CNBu)7]2� CTP 4 6.65 1.54 0.01 ibicmo
[W(CNBu)7]2� CTP 4 6.69 1.52 0.03 bavxur


[a] Alphabetic characters correspond to the CSD refcodes, numeric entries
to ICSD collection codes.
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ing Information) all the compounds in the first three families
show a clear preference for the PBP. In the first two families,
the bidentate ligands occupy equatorial positions, whereas in
the dithiocarbamato complexes one of the ligands occupies
one equatorial and one axial position, forcing a deviation of


one S donor atom from the
ideal axial position. The only
exception to the preference for
the bipyramid is found among
the family of nitrato complexes,
in the structure[47] of [Co(N-
O3)3(NCMe)]� that is isosym-
metric (that is, has the same
value of the shape measures)
with respect to the three con-
ventional polyhedra.


According to the bite angle
criterion, one should expect
other small bite ligands to favor
the PBP geometry; that is ac-
tually confirmed by one com-
plex with two bis(diphenyl-
phosphino)methane (dppm) li-
gands, [MoI2(dppm)2(CO)][48]


(average bite angle of 72�), for
which the S(PBP) value is 1.58.
Along the same line, we will see
below that in difluoro-bridged
dinuclear complexes the bond
angle imposed by the M2F2 core
seems to favor the PBP. Con-
versely, the complexes with a
dppe ligand (bite angle of 83�)
and the like give a PBP struc-
ture only for a La com-
pound[49, 50] but CO, CTP, or
intermediate structures in all
other cases.


Complexes with multidentate li-
gands : The symmetry measures
of a variety of heptacoordinate
complexes with multidentate
ligands are provided as Sup-
porting Information and sum-
marized in Table 4. The extend-
ed tripod ligand pytren (11)
and its analogue with exocyclic
N�C single bonds have been
found to form heptacoordinat-
ed complexes with Mn. These
two complexes[51, 52] are clearly
in the CO geometry, (S(cCO)�
0.61 and 0.91, respectively) and
further exploration of hepta-
coordination with this ligand
seems worth pursuing.


The quite rigid tridentate
macrocyclic ligand triazacyclo-


nonane (tacn, 12) seems to be well adapted to occupy the
uncapped face of the CO. The experimental structures of
complexes of the type [M(tacn)L4] (data provided as Sup-
porting Information) are found as CO[53] or CTP[54, 55]


structures, and complexes with the analogous sulfur macro-


Table 6. Shape measures of several families of mixed-monodentate ligand heptacoordinate complexes. The
values in boldface indicate the closest polyhedron according to the continuous shape measures.


Compd. Closest
M X/L[a] polyhedron dn S(PBP) S(cCO) S(cCTP) ref[b]


[Mo(CO)4X3]�


Mo I CO 4 9.87 2.71 3.63 feykoj
Mo Br CTP 4 8.21 1.81 1.42 jumcav


CO 8.57 1.47 2.56
Mo I CO 4 9.83 2.40 3.49 kabzui
W Br CO 4 8.79 1.42 2.52 dukcuh
W I CO 4 8.32 2.05 2.46 lepdit


CO 8.51 2.48 3.35
W I CTP 4 7.99 3.04 1.79 lepdoz


0 ± 98 2 ± 40 3.71
W Cl CO 4 8.98 1.71 2.79 nuwsaz
W I CO 4 10.07 2.38 3.67 sarnii
W Cl CO 4 7.95 0.86 1.80 yocsis
W Cl CO 4 8.17 0.95 1.98 yocsoy


CO 7.95 1.02 1.98
[M(CO)3LnX4�n]
Nb CO 4 8.09 1.92 2.16 sodzug
Ta CTP 4 6.04 3.29 1.67 cusmim


CTP 5.68 2.96 1.75
Ta CO 4 7.79 1.82 2.03 cuyzeb
Mo CO 4 8.38 1.35 2.13 tcdcpm
W CTP 4 8.36 2.69 2.03 cipwpb
W CO 4 9.35 2.53 3.71 gifgad
W CO 4 8.55 2.59 3.41 givqad
W CO 4 9.06 2.31 3.29 givqeh
W CO 4 9.37 2.75 3.58 payyet
W CO 4 9.05 2.95 3.75 sabcut
W CO 4 8.78 1.93 2.93 suqmew
W CO 4 7.66 2.51 2.74 tundip
W CO 4 7.60 1.87 2.70 yevduy
W CO 4 8.44 2.51 3.46 yevfag
W CO 4 9.38 2.38 3.34 yundug
W CO 4 9.50 2.69 3.69 yuvtoy
W CO 4 7.90 2.62 3.06 zabnev
W CO 4 8.68 2.37 3.27 zabniz
[M(PR3)3X4]
Nb Br CTP 1 5.49 0.92 0.45 devyos
Nb Cl CO-CTP 1 7.17 0.60 0.60 gijbuw
Ta Cl CO-CTP 1 6.98 0.58 0.58 cukrij
Mo Cl CO 2 8.91 0.19 1.81 cmpmoc
Mo Cl CO 2 7.89 0.14 1.43 mppcmo10
W Cl CO 2 7.39 0.23 0.80 cugsus
[M(thf)nX7�n]� (n� 4, 5)
Y Cl, O PBP 0 0.27 7.65 5.98 kelsup
Y Cl PBP 0 0.44 6.30 4.65 pehjan
La I2 PBP 0 1.04 8.68 6.92 riktag
La Br3 PBP 0 1.23 6.07 4.87 rigruu
La I3 PBP 0 1.49 7.89 6.35 ronmem
[MXL6]
[NbOF6]3� PBP 0 0.48 6.26 4.83 Na3NbOF6


[W(CN)6O]2� PBP 0 0.38 7.98 6.31 vecguf10
[WF6(CF3CH2O)]� CO 0 5.78 0.64 1.43 joncaq
[WF6(Fpy)] CTP 0 6.64 1.89 0.72 lahrob
[ReOF6]� PBP 0 0.23 8.61 6.85 CsReOF6


[V(CN)6(NO)]4� PBP 4 0.31 7.87 6.25 1451
[Mo(CNBu)6Br]� CTP 4 6.72 2.51 0.73 tbicmo
[Mo(CNBu)6I]� CTP 4 7.09 3.14 1.25 buicmo


[a] X represents anionic and L neutral ligands. [b] Alphabetic characters correspond to the CSD refcodes,
numeric entries to ICSD collection codes.
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cycle [9]ane-S3 also present CO coordination spheres.[56, 57]


The coordination sphere of one tacn complex[58] seems to be
closer to the PBP geometry, but this has a side-bound peroxo
ligand. If the peroxo ligand is considered to occupy one
coordination position, octahedral coordination might be
expected and the approximate PBP shape indicates that it is
nearly coplanar with three other mer ligands. The tridentate
tris(pyrazolyl)borato ligand, even if significantly more flexible
than tacn, behaves in a similar way, giving CO and CTP
geometries, but not PBP ones.


The complexes with the pentadentate [15]crown-5 ether are
practically all PBP (data provided as Supporting Informa-
tion), with the crown ether occupying the equatorial plane of
the bipyramid. The only exception is a Cd complex[59] with a
structure that is nearly isosymmetric relative to the three ideal
polyhedra. In this structure, the coordination sphere of the
Cd2� ion is completed with two bridging bromide ions, a
feature that requires a cis arrangement of the two bromides.
Hence, the macrocycle is folded to occupy four equatorial and
one axial position, whereupon two of the equatorial O donors
are strongly pulled away from the mean equatorial plane. A
few complexes with other pentadentate macrocyclic com-
pounds all form pentagonal bipyramids with the macrocyclic
ligand in the equatorial planes, but even a semirigid open-
chain pentadentate ligand such as the one shown in 13 yields
PBP geometries with first row transition metals in a variety of
electron configurations.


Dihalo-bridged dinuclear com-
plexes : A significant number of
heptacoordinate compounds appear
as di- or polynuclear units. So far we
have disregarded di- and polynu-
clear complexes from our analysis,
in order to restrict any conclusions
about stereochemical preferences to
the interplay of metal ± ligand bond-
ing and ligand ± ligand repulsions,
without the constraints imposed by
bridging ligands. Now we loosen the
restriction to see if we can obtain
some relevant information on the
effect of bridging ligands. To that
end, we have analyzed the family of
di- and polynuclear complexes
bridged by two halides (data sup-
plied as Supporting Information)
and the results are summarized in
Table 4.


Most Zr and Hf complexes with
fluoro bridges present rather small
F-M-F bridging angles (65.1� 0.3�
for ten structural data sets of eight
compounds) and appear as nearly
perfect pentagonal bipyramids, as
expected from the bite angle crite-
rion discussed above. The excep-
tions are compounds with two
small-bite bidentate ligands[60] and
polynuclear compounds,[61±63] for


which the PBP is no longer the best option, as well as a Cd
compound coordinated by a pentadentate crown ether in
addition to the two halo bridges. Another PBP corresponds to
a bromo-bridged complex with a bite angle of 90�. While the
fluoro bridges occupy two equatorial positions (ideal bite
angle of 72�), the bromo bridges occupy one equatorial and
one axial position (ideal bite angle of 90�) of the PBP.


4:3 Coordination geometry : The 4:3 geometry (6) has been
proposed for the coordination spheres of the metal atoms in
the monoclinic form of ZrO2,[51] as well as for the cationic
complex[4] [WI(CO)3([9]aneS3)]� . The corresponding shape
measures tell us that the former (Table 4) is better identified
as a CO as a good approximation. For [WI(CO)3([9]aneS3)]� ,
the shape measures (Table 2) tell us that the W coordination
polyhedron is in between the cCO and the cCTP as for many
homoleptic complexes discussed above. Does such a small
distortion from the ideal cCO and cCTP warrant a description
as a distinct 4:3 polyhedron? To answer this question, we have
to analyze the symmetry measures of compounds that can be
clearly described as sandwiches of a metal atom between a
triangle and a square, namely the cyclobutadiene complexes
of general formula [M(�4-C4R4)L3]. All these complexes (data
provided as Supporting Information) consistently appear in a
region of the cCO/cCTP symmetry map that is far away from
the conventional polyhedra, with CSM values larger than
13.76, 9.05, and 8.23 relative to PBP, cCO, and cCTP,
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respectively. These structures appear forming two clusters of
points in the symmetry map (Figure 7) that correspond to the
subfamilies with L�CO and L�Cl.


Figure 7. Position of the [M(�4-C4R4)L3] complexes in the cCO-cCTP
symmetry map (open circles). The monoclinic form of ZrO2 and
[WI(CO)3([9]aneS3)]� , which have been previously assigned a 4:3 geom-
etry, are also shown for comparison (closed circles).


Returning to [WI(CO)3([9]aneS3)]� , its symmetry measures
appear in a quite different region of the cCO/cCTP symmetry
map than the cyclobutadiene complexes (Figure 7) and it was
probably assigned the 4:3 geometry because the tridentate
nature of the macrocyclic ligand visually suggests such a
simplified description. A closer look at the structural data
shows that the basal face of the 4:3 polyhedron formed by the
four monodentate ligands is strongly distorted from a square
(for example, the C-I-C angle is 62.5� and S(C4) for the four
monodentate ligands is 3.98). Similarly, the ZrO7 group in the
monoclinic form of ZrO2 falls well off the 4:3 region of the
symmetry map.


Hexagonal pyramids : Among the structures disregarded for
having disorder or high R values we were surprised to find a
silver compound[64] far away from the three conventional
polyhedra: S(PBP)� 23.23, S(cCO)� 18.19 and S(cCTP)�
20.62 for one of the two crystallographically independent
molecules, and similar values for the other one. The coordi-
nation sphere of the silver ion in such a compound turned out
to be a hexagonal pyramid, characterized by S(C6) values of
1.43 and 1.10 for the two crystallographically independent
silver ions and S(HP) values of
1.57 and 1.22. We have been
unable to identify such a geom-
etry in any other transition
metal complex. To facilitate
the future identification of
new hexagonal pyramidal struc-
tures of transition metals we
tried to pinpoint a variety of
structurally characterized hex-
agonal pyramids, and these
were found among the
[18]crown-6 complexes of alka-
line metals. Among these, those
that have approximately a six-
fold symmetry axis (that is,
S(C6)� 3.6) are presented in


the symmetry maps (Figure 8, data provided as Supporting
Information). Comparing those structures with our reference
hexagonal pyramid, we found a fair correlation between
shape -S(HP)- and symmetry -S(C6)- measures: S(HP)�
0.05� 1.41 S(C6) (r2� 0.892 for 33 data sets). In contrast, no
correlation is found between S(C6) and the other shape
measures (PBP, cCO, and cCTP).


Figure 8. Position in the cCO± cCTP symmetry map of the heptacoordi-
nate [18]crown-6 complexes of alkaline-metal ions (triangles, data provided
as Supporting Information), and of a related Ag complex (circles, see text
for reference).


Interestingly, the structures of the alkaline metal complexes
in Figure 8 form two clusters of points. The group of
structures with larger shape measures are seen to correspond
to compounds with two benzo rings in the crown ether and all
of them appear close to the ideal hexagonal pyramid (S(HP)
values of less than 1.3). Complexes with unsubstituted ligands,
on the other hand, are slightly closer to the cCO and cCTP but
their hexagonal pyramidal measures are more variable
(between 0.5 and 6.3). One compound with only one benzo
group has also been found, which appears in the symmetry
map among the unsubstituted ligands.


Metallobiomolecules : The metallobiomolecules with hepta-
coordinate metal centers retrieved from the MDB are shown
in Table 7, together with their symmetry measures. None of


Table 7. Shape measures for the coordination sphere of heptacoordinate transition-metal centers in metal-
lobiomolecules. The values in boldface indicate the closest polyhedron according to the continuous shape
measures.


M PBP cCO cCTP Compound/source PDB code


Mo 7.46 8.90 8.14 dmso reductase/Rhodobacter capsulatus 1dmr
Mo 5.74 5.54 4.62 oxidized dmso reductase/Rhodobacter capsulatus 1e5v
Mn 3.68 6.97 6.27 arginase (hydrolase)/Rattus norvegicus 1d3v
Mn 5.74 3.52 2.18 manganese concanavalin A/Canavalia ensiformis 1dq5
Mn 5.38 3.52 1.81 sugar-binding protein/Canavalia ensiformis dq6
Mn 4.42 3.25 2.58 glutamine synthetase/Salmonella typhimurium 1f52
Mn 5.49 9.11 8.38 �-fucose isomerase/Escherichia coli 1fui
Mn 5.58 7.14 6.54 hydrolase/Methanococcus jannaschii 1g0i
Mn 3.10 4.64 3.87 Mn complex troponin-C/Gallus gallus 1ncy
Cd 1.80 8.93 7.38 oxidoreductase/Phanerochaete chrysosporium 1d7b
Cd 0.66 5.93 4.42 carrageenase complex/Pseudoalteromonas carrageenovora 1dyp
Cd 6.56 4.78 4.58 alkaline cellulase/Bacillus sp. 1g0c
Cd 3.59 4.88 4.06 troponin C (Ca binding-protein)/Gallus gallus 1ncx







FULL PAPER P. Alemany, S. Alvarez et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0906-1292 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 61292


the structures given in the table are close to the cCO or cCTP
shapes, while some of them are quite close to the PBP. In fact,
all those structures are nicely placed along the pathway from
CO and CTP to the PBP (see discussion below and Figures 9
and 12).


Interconversion pathways : The maximum symmetry pathways
for the interconversion of the PBP, the CO, and the CTP[22, 23]


correspond to the symmetry group Cs, a common subgroup of
each pair of ideal symmetries (D5h , C3v, and C2v). Thus only a
symmetry plane can be preserved along such interconversion
pathways, which corresponds in the schematic representation
14 to the plane formed by ligands c, d, and e.


These pathways therefore offer good study cases to be
analyzed in terms of continuous symmetry measures. As an
example, when going from the CO to the CTP we should be
able to see how the C3 rotation gradually disappears, the C2


rotation becomes closer to being a symmetry operation, and
the reflection plane �v (the cde plane) is preserved. In an
analogous way, conversion of the CO (or the CTP) into a PBP
must be accompanied by the gradual lose of the C3 (or C2)
rotation and the gradual appearance of C5 , while �v should be
retained throughout.


Since the symmetry measures have the meaning of the
square of a distance to ideal polyhedra, we define the
maximum-symmetry pathway between two polyhedra A and
B as that which makes the distance function �AB minimum
[Eq. (2)]. We have seen in previous work on hexa- and


�AB �
�����������
S�A�� � ����������


S�B�� �kAB (2)


tetracoordinate compounds[31, 33] that such an expression
describes to a very good approximation the symmetry
measures along polytopal rearrangement pathways if kAB is
chosen as the �AB value obtained from the shape measure of A
relative to B (or vice versa), a parameter that we have termed


the symmetry constant of the A±B interconversion pathway.
The symmetry constants for the interconversion of the seven-
vertex polyhedra are given in Table 8.


If we construct a triangle the edges of which have lengths
given by the symmetry constants for the interconversion
involving the PBP, CO, and CTP (see 15), these edges
represent the maximum symmetry paths defined by Equa-


tion (2). Simple geometry allows us to ana-
lytically define the corresponding shape
measures as a function of the corresponding


distance �AB (that is, the distance of a given
point along the pathway to one of the
vertices), and to plot those pathways in a
symmetry map (Figure 9, solid lines). An
interesting result is that direct interconver-
sion between each pair of polyhedra seems
feasible through maximum-symmetry paths.
Another interesting finding is that the trans-
formation of a cCO to a PBP is nearly
coincident with the path to a cCTP at early
stages but then diverges, a result that is


imposed by the symmetry constants that determine the
triangle in 15, since the minimum distance to the CTP vertex
is at the point indicated by an arrow. Given the large


Figure 9. Variation of S(cCTP) as a function of S(cCO) for structures that
fall along the CO±PBP interconversion pathway


Table 8. Symmetry constants for the interconversion of seven-vertex
polyhedra (1 ± 6).


PBP cCO cCTP HP HEP


PBP 0.000 2.899 2.577 5.166 5.934
cCO 0.000 1.236 4.130 6.146
cCTP 0.000 4.467 5.989
HP 0.000 5.047
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separation between the PBP and cCO or cCTP and the close
proximity of these two, the two pathways that start at the PBP
are practically indistinguishable in the initial stages (for
S(cCO) larger than about 6.0). In contrast, the cCTP-CO and
cCTP-PBP paths diverge practically from the beginning. It is
instructive to compare this symmetry map for the maximum
symmetry transformations with the experimental data pre-
sented in Figure 5. The behavior of the large amount of
structural data is captured in its essence by these geometrical
paths, although the variety of structural situations present in
the experimental sample results in a widening of the irregular
wedge of Figure 9.


We recall that many of the structures (Table 4) could not be
unequivocally assigned to a particular polyhedron. It is thus
appropriate at this point to ask whether this means that these
correspond to geometries that fall along one of the possible
interconversion pathways. Looking first at the homoleptic
complexes studied here (Table 5) we find that more than half
of them appear approximately aligned along the CO±CTP,
CO±PBP, or CTP ±PBP pathways, characterized by �AB


values of less than 1.70, 3.20, and 2.90, respectively (that is,
close to the corresponding symmetry constants of 1.24, 2.90,
and 2.60). Among the mixed-ligand complexes (Table 6), the
tetrahalotriphosphine family is spread mostly along the
pathway for the interconversion between the CO and the
CTP (�CO-CTP values between 1.37 ± 1.78, compared to the
corresponding symmetry constant, kCO±CTP� 1.24).


In Figure 10 we show several symmetry measures of those
structures that fall along the CO±CTP interconversion
pathway (�CO±CTP� 1.7). Some interesting trends can be
observed: a) The structures with S(cCO) values of less than
0.4 have nearly perfect C3 symmetry, as indicated by S(C3)
values smaller than 0.1; b) the amount of C3 symmetry and the
proximity to the conventional CO show an approximately
linear correlation; c) there is a gradual loss of C3 symmetry as
one moves from the CO to the CTP, and d) the C2 symmetry
increases (S(C2) decreases) along the path from CO to CTP,
becoming fully C2-symmetric for the perfect cCTP (linear
correlation with S(cCTP)). Finally, it must be noted that all
the structures selected with the �CO±CTP criterion retain a
symmetry plane, as indicated by reflection measures smaller
than 0.18. Our observation in a previous section, when we
defined the conventional CO, that the choice of the reference


polyhedron induces an uncertainty in the value of S(cCO) of
around 0.2 units is confirmed by the fact that the smallest
S(cCO) values are 0.1 to 0.2 units larger than the correspond-
ing S(C3) value (Figure 10).


As done above for the CO±CTP pathway, we empirically
define the shortest pathway between the CO and PBP
structures by the corresponding symmetry constant (Table 8)
and show in Figure 9 the data for complexes with �CO±PB values
of less than 3.20. Again, we can find good correlations
between the symmetry measures associated with the C3v and
C5v point groups of the two extremes of the interconversion
pathway. As examples, the correlations between S(PBP),
S(C3), and S(C5) are illustrated in Figure 11. As in the above
case, a symmetry plane is preserved along the CO±PBP path,
as shown by reflection measures of less than 0.31. A similar
analysis can be done for the cCTP ±PBP pathway.


Figure 11. Dependence on S(C5) of S(PBP) (triangles) and S(C3) (circles)
for complexes that fall along the CO±PBP interconversion pathway,
selected according to the criterion �CO±PBP� 3.20.


The shape measures of the structures selected with the
above criteria nicely reproduce the geometrical lines corre-
sponding to the three maximum symmetry pathways in the
cCO± cCTP symmetry map (Figure 9). The maximum-sym-
metry paths in the above symmetry map can be thus applied to
describe in a visual, systematic way the structures of
heptacoordinate metal centers in metallobiomolecules dis-
cussed above (Figure 12). In such a figure it is clear that the
analyzed structures are pentagonal bipyramids with varying
degrees of distortion towards the CO and CTP region of the
map.


Conclusion


For the particular case of hep-
tacoordination, we have chosen
conventional reference polyhe-
dra relative to which we obtain
the continuous shape measures
of the metal coordination
spheres. The polyhedra that
have been explored include
the pentagonal bipyramid
(PBP), the capped octahedron
(CO), the capped trigonal
prism (CTP), the hexagonal


Figure 10. Evolution of the cCO (squares), and cCTP (circles) shape measures as a function of the rotational
symmetry measures a) S(C2) and b) S(C3) for a set of structures that represent the maximum symmetry
interconversion pathway between cCO and cCTP geometries (�CO±CTP� 1.70).
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Figure 12. Position of the structures of heptacoordinated metal centers in
metallobiomolecules (closed circles) in a cCTP ± cCO symmetry map. The
positions of the reference polyhedra are also indicated and the maximum-
symmetry paths for the interconversion of the three polyhedra are
represented by continuous lines.


pyramid (HP), and the heptagon (HEP). The separation
between two reference polyhedra depends mostly on differ-
ences in their three-dimensional character. Two symmetry
maps have been analyzed in which either S(cCTP) or S(PBP)
are plotted as a function of S(cCO).


The distribution of heptacoordination throughout the
periodic table has been analyzed according to the structural
data available in the Cambridge Structural Database. Most
heptacoordinate compounds are seen to correspond to metal
atoms with d0 to d4 electron configurations, the only excep-
tions being the complexes with N- or O-donor atoms of the
first-row transition metals or of the Zn group.


The shape measures S(PBP), S(cCO), and S(cCTP) have
been obtained from the experimental structural data of about
1000 heptacoordinate transition metal compounds. Only one
third of the analyzed structures can be accurately described by
one of the reference polyhedra, with the pentagonal bipyr-
amid being the most common case. For most molecular
structures, however an unambiguous assignment of the closest
coordination polyhedron can be made by comparing its
symmetry measures relative to the three conventional poly-
hedra and choosing the shape that gives the smallest value. In
other cases, the coordination sphere is best described as lying
along one of the possible interconversion pathways. No
heptagonal and only one hexagonal pyramidal structures
were found among transition metals, but it has been shown
that hexagonal pyramids present in alkaline-metal complexes
can be easily identified through their S(cCO) and S(cCTP)
measures. The 4:3 geometry is well differentiated from the
conventional polyhedra (PBP, cCO, and cCTP) in the family
of cyclobutadiene complexes of formula [M(�4-C4R4)L3].
Other compounds for which a 4:3 geometry has been
proposed are best described in terms of one of the conven-
tional polyhedra.


From the analysis of the structures by families, the following
conclusions can be drawn:
1) No clear structural preference is found for homoleptic


complexes according to their electron configuration or
type of ligands.


2) Among mixed monodentate ligand complexes structural
preferences are found for some specific families: a) the
tetrahalotris(phosphine) complexes [M(PR3)3X4] can be


found as CO, CTP, or intermediate structures, but not as
pentagonal bipyramids; b) the tetrahydrofuran com-
pounds [M(thf)5L2] (M�Y, La) seem to prefer the PBP,
and c) oxo complexes of composition [MOL6] prefer the
PBP with the oxo ligand in an axial position.


3) The presence of one or two bidentate ligands with small
bite angles (dithiocarbamates, carboxylates, nitrate) favors
the PBP structure, with the bidentate ligands occupying
the equatorial positions. Exceptions corresponding to
polynuclear complexes have been discussed.


4) Among the multidentate ligands analyzed, the extended
tripod pytren seems to favor the CO geometry, whereas
tridentate ligands such as triazacyclononane and tris(pyr-
azolyl)borate show a diversity of coordination polyhedra.
The pentadentate crown ethers such as [15]crown-5 clearly
favor the PBP geometry. The [18]crown-6 and related
crown ethers, on the other hand, favor the hexagonal
pyramid for the alkaline-metal ions as well as for the only
transition-metal complex found with such a type of ligand.


5) Heptacoordinate Mn, Cd, and Mo sites in metallobiomo-
lecules are aligned along the paths that connect the PBP
with the CO or the CTP. A few structures are close to PBP
but none is close to the other two conventional polyhedra.
The symmetry constant kAB for a polytopal rearrangement


between polyhedra A and B has been defined. The maximum
symmetry pathway for such a polytopal pathway can be
approximated by one along which the sum of the square roots
of the corresponding symmetry measures, S(A) and S(B),
presents a minimum deviation from the symmetry constant.
The analysis of the molecular structures that meet this
criterion for the CO±CTP, CO±PBP, and CTP ±PBP path-
ways shows gradual changes in the rotational symmetry
corresponding to the C5v, C3v, and C2v point groups of the three
polyhedra.


Appendix


A detailed description of the algorithms used to calculate
continuous symmetry (or shape) measures defined according
to Equation (1) can be found in reference [65] and will only
briefly be outlined here. The basic steps to obtain the
coordinates Pk of the ideal polyhedron that is closest to an
arbitrary distorted polyhedron with vertices at positions Qk


are:
1) The distorted polyhedron is translated so that its center of


mass is placed at the origin of coordinates (Q0� 0). Its
orientation, size and vertex labeling are either arbitrary or
selected for convenience of computation.


2) The target shape, a size-normalized reference polyhedron,
is also placed with its center of mass at Q0. Its orientation
and vertex labeling are also arbitrary.


3) The transformation that the set P0k of vertices of this
reference polyhedron has to undergo to yield the desired
set Pk that is closest to the distorted polyhedron Qk is
simply Pk � ARP0k�T, where A is an isotropic scaling
factor, R is a (3	 3) rotation matrix, and T a (3	 1)
displacement vector.
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4) Minimization to find the ideal polyhedron Pk that is closest
(in the root-mean-square sense) to the distorted polyhe-
dron Qk involves three consecutive minimization steps
(minimization with respect to T, R, and A).


5) Step 4 must be repeated over all possible corresponding
pairs between the vertices of the reference and the
distorted polyhedron in order to find the vertex labeling
that minimizes the distance between the two polyhedra.
Shape and symmetry measures were calculated with the


computer programs sym_he, symm, and cn, developed at the
Hebrew University of Jerusalem by D. Avnir and M. Pinsky,
and shape, developed during the present work at the
University of Barcelona. Interface programs for transferring
a large quantity of data from structural databases to the
symmetry measure programs were developed by our group.
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Abstract: The synthesis of the novel unprotected carboranyl C-glycosides 2 and 20 ±
24 starting from ethynyl C-glycosides 1, 5 ± 8, 10, and 13 is described. The new
compounds are highly water-soluble and display only a very low cytotoxicity, which
makes them promising candidates for use in boron neutron capture therapy for the
treatment of cancer.


Keywords: alkynes ¥ antitumor
agents ¥ boron neutron capture ther-
apy ¥ carboranes ¥ drug research ¥
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Novel Carboranyl C-Glycosides for the Treatment of Cancer by Boron
Neutron Capture Therapy


Lutz F. Tietze,*[a] Ulrich Griesbach,[a] Ingrid Schuberth,[a] Ulrich Bothe,[a] AlbertoMarra,[b]
and Alessandro Dondoni*[b]


Introduction


Boron neutron capture therapy
(BNCT) is a binary system used
for the treatment of cancer, which
involves administration of a bor-
on compound and subsequent
irradiation with slow neutrons. It
relies on the specific ability of the
isotope 10B to react with thermic neutrons to give an � particle
and a 7Li3� ion in a nuclear reaction. If boron is present in a
tumor cell, irradiation with a beam of slow neutrons will cause
destruction of the malign tissue.[1] However, there are several
problems associated with this approach, such as the need to
introduce high levels of boron into the cancer cells. The stable
ortho-carboranes[2] are therefore used as the boron source,
which allow the transport of ten boron atoms per molecule
into the cancer cells. However, the poor solubility in water
and distinct cytotoxicity of most of these compounds has
limited their use in BNCT. In view of their excellent water
solubilities, negligible toxicities, and high rates of uptake into
cancer cells, we have focused our interest on carboranyl O-
glycosides such as maltoside 3 for use in BNCT.[3] Mixed
carboranediyl O-bisglycosides such as 4 show almost no


uptake into tumor cells due to their enhanced hydrophilicities.
They may therefore be used for a selective delivery into
malignant cells by employing glycohydrolases connected to
monoclonal antibodies that bind to tumor-associated antigens.
These glycohydrolases can transform the bisglycosides into
lipophilic compounds.[4]


A possible disadvantage of O-glycosylated carboranes
might be the enzymatic cleavage of such compounds by
glycohydrolases. This problem would not arise with C-
glycosylated carboranes, although, to date, there has been
only one example of a carborane unit connected to the
anomeric carbon atom of a tetrahydropyran ring with the
anomeric carbon atom still bearing a hydroxy group, as
reported by Dahlhoff et al.[5] Such C-linked compounds were
obtained as anomeric mixtures by the addition of monolithio
meta-carborane to trimethylsilyl-protected �-glucono-1,5-lac-
tone or analogous 1,4-lactones.
Herein, we describe the stereoselective synthesis of novel


C-glycosylated carboranes for use in BNCT by reaction of
decaborane(14) with alkynyl C-glycosides, and their biolog-
ical evaluation. We expected the biological and chemical
properties of this new class of configurationally stable
carboranyl C-glycosides to be as good as those of their O-
glycosidic analogues. As already mentioned, the novel C-
glycosides should not be affected by the action of any
glycohydrolase.
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Results and Discussion


The carboranyl-C-glycosides 2, 20 ± 24 were synthesized by a
well-established procedure involving addition of the B10H12 ¥
2CH3CN complex to the triple bond of the perbenzylated
ethynyl C-glycosides 1, 5 ± 8, 10, and 13, followed by hydro-
genolytic cleavage of the benzyl protecting groups.


Synthesis of C-glycosyl acetylenes : The known perbenzylated
ethynyl �-C-glycoside 1 was readily prepared[6, 7] by a se-
quence of addition of cerium TMS-acetylide to the corre-
sponding gluconolactone, deoxygenation with triethylsilane
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and boron trifluoride etherate (Et3SiH/BF3 ¥ Et2O), and cleav-
age of the TMS group with sodium hydroxide.[6, 7] The �-
linked derivatives 5 ± 7 were also obtained as described
previously,[7] by C-glycosidation (ethynylation) of the corre-
sponding sugar acetates using tributylstannyl(trimethylsilyl)-
ethyne (nBu3SnC�CSiMe3) in the presence of trimethylsilyl
triflate (TMSOTf), followed by desilylation. The 1-propynyl
C-glucoside 8 was synthesized in high yield (90%) in one step
by methylation of the lithio derivative of 1 using methyl
triflate as the alkylating agent.[8] The stereointegrity of the �-
linkage at the pseudoanomeric center of 8, as in the precursor
C-glycoside 1, was confirmed by 1H NMR spectroscopy; the
signal of the pseudoanomeric proton (4-H), observed at ��
4.06 ppm, shows a coupling constant of J4,5� 9.5 Hz, which is
typical for a trans-diaxial arrangement. The bisglycosylated
ethyne 10 was also prepared in good yield (52%) in a
straightforward manner by addition of the lithio derivative of


1 to the gluconolactone 9 and deoxygenation with Et3SiH/
BF3 ¥ Et2O (Scheme 1). The �-linkage at the anomeric centers
of the two glycoside residues was again confirmed by the
vicinal coupling constant of the anomeric proton (9.2 Hz).
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Scheme 1. Synthesis of 10. a) BuLi, THF, �70 �C, 1.5 h; b) Et3SiH, BF3 ¥
Et2O, CH3CN/CH2Cl2, �10 �C, 1 h.


The synthesis of the ethynyl C-gentiobioside 13 was more
laborious because it involved the stereoselective formation of
two C-glycosidic bonds, one in the assembly of the two sugar
residues, and the other in installing the ethynyl group into the
resulting C-disaccharide. The methyl O-glycoside 11
(Scheme 2) had already been prepared in one of our
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Scheme 2. Synthesis of 13. a) AcOH, H2SO4, 100 �C, 75 min; PCC,
CH2Cl2, RT, 1 h; c) TMS-ethyne, BuLi, CeCl3, THF, �78 �C, 2 h; d) Et3-
SiH, BF3 ¥ Et2O, CH3CN/CH2Cl2, �10 �C, 1 h; e) aq. NaOH, CH3OH/THF,
RT, 1 h.


laboratories by Wittig coupling of a sugar aldehyde and a
sugar phosphorane.[9] Acid-catalyzed hydrolysis of the anome-
ric methoxy group in 11, followed by oxidation of the
corresponding hemiacetal with pyridinium chlorochromate
(PCC) afforded the C-gentiobionolactone 12 in very good
overall yield (82%). The ethynyl group was introduced by
following the same reaction sequence as employed for the
ethynylation of monosaccharides, that is addition of cerium
TMS-acetylide, deoxygenation with Et3SiH/BF3 ¥ Et2O, and
desilylation with NaOH. Compound 13 was obtained in 63%
overall yield according to this three-step reaction sequence.
The �-linkage at the anomeric center of 13 was confirmed by
the vicinal coupling constant of J� 9.7 Hz for the signal at ��
3.96 ppm attributable to the pseudoanomeric proton (3-H).


Synthesis of carboranyl C-glycosides : To prepare the carbor-
anyl C-glycosides, decaborane(14) (B10H14) was heated in
acetonitrile under reflux for 1 h to give the B10H12 ¥ 2CH3CN
adduct,[10] which was then treated with the ethynyl C-glyco-
sides 1, 5 ± 8, 10, and 13 in toluene to give the benzyl-protected
carboranyl C-glycosides 14 ± 19 in moderate to excellent


Abstract in German: Die Synthese der neuartigen ungesch¸tz-
ten Carboranyl-C-Glycoside 2 und 20 ± 24 ausgehend von
Ethinyl-C-Glycosiden wie 1, 5 ± 8, 10 und 13 wird beschrieben.
Die neuen Verbindungen sind wasserlˆslich und zeigen eine
nur sehr geringe Cytotoxizit‰t, was sie zu vielversprechenden
Kandidaten f¸r den Einsatz in der Bor-Neutroneneinfang-
Tumortherapie macht.
Abstract in Italian: Viene descritta la sintesi di una nuova serie
di carboranil C-glicosidi deprotetti 2 e 20 ± 24 a partire dagli
etinil C-glicosidi 1, 5 ± 8, 10 e 13. I nuovi composti oltre ad
essere molto solubili in acqua mostrano una bassa citossicita¡
cosÏ che si presentano come promettenti candidati nella terapia
del cancro basata sulla cattura di neutroni da parte del boro.
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yields depending on the substituents in the vicinity of the
triple bond. Thus, starting from the �-ethynyl C-glucoside 1,
the yield of the corresponding carborane 14 was 92%
(Scheme 3), whereas the C2-symmetric carborane 19 was
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Scheme 3. Synthesis of 2. a) B10H14, CH3CN, reflux 30 ± 60 min; then 1 in
toluene, reflux, 16 ± 18 h, 92%; b) Pd(OH)2/C, H2 (2 ± 3 bar), MeOH/
EtOAc, RT, 5 ± 8 h, 81%.


obtained in only 13% yield from ethynyl bisglucoside 10 due
to the steric demand of the two sugar moieties. Ethynyl C-
glycosides with terminal triple bonds such as 1, 5, 6, and 13
gave consistently higher yields (64 ± 92%) as compared to the
acetylenes 8 and 10 with internal triple bonds (13 ± 31%).
Astoundingly, in the case of the acetyl amide 6, protection of
the acidic amide NH, as reported in our previous work,[3e] was
not necessary and the corresponding carborane 17 was
obtained in 73% yield. In contrast, starting from azide 7, no
carborane was obtained, presumably due to the thermal
instability of the azido group (Table 1).
Debenzylation was carried out by hydrogenation under


elevated H2 pressure (2 ± 3 bar) in the presence of Pearlman×s
catalyst[11] (Pd(OH)2 on activated charcoal). The deprotected
carboranyl C-glycosides 2, 20 ± 24 were obtained in good
yields in every case (Table 1). The novel compounds 2, 20 ± 24
could not be purified by column chromatography due to
partial degradation under the conditions employed. This
decomposition also occurred on standing for several days in


MeOH. Therefore, the crude products obtained by removal of
the catalyst and evaporation of the solvents were merely
washed with Et2O to give satisfactory purities.


Structure determination of the carboranyl C-glycosides : The
structures of the new compounds were determined by means
of 1H and 13C NMR spectroscopy (1D and 2D experiments)
and mass spectrometry. As is typical for carboranes, a broad
signal due to the ten protons attached to boron atoms is seen
at �� 0.5 ± 4.0 ppm in the 1H NMR spectra. Furthermore, the
IR spectra of the novel carboranes feature the typical strong
B ±H stretching signal at approximately 2590 cm�1. The
prepared boron compounds contain the natural isotopic
distribution of boron. In the mass spectra of the new
compounds, a broad assembly of peaks is therefore detected,
together with the peak of highest intensity, which correlates to
the most abundant 10B/11B ratio. As proven by NMR experi-
ments on the compounds obtained, upon addition of B10H14 to
the triple bond of the ethynyl C-glycosides and subsequent
deprotection, the configuration at the pseudoanomeric center
is not affected. The �-linkage at the anomeric centers of the
carboranyl C-glycosides 2, 14, 16, 18, 19, 21, 23, and 24 was
also confirmed by the large values (9.0 ± 10.0 Hz) of the vicinal
coupling constant of the doublets attributable to the anomeric
protons, as is typical for a trans-diaxial arrangement. In
contrast, the �-linkage at the pseudoanomeric centers of
compounds 15, 17, 20, and 22 was indicated by the low J values
(1.0 ± 2.0 Hz) observed for the signals of the anomeric protons
due to an equatorial ± axial arrangement. The C ±H of the
carborane moiety of C-glycosides with monosubstituted
carboranes gives rise to a characteristic broad singlet at
around �� 4.0 in the 1H NMR spectra. In the case of the C2
symmetric bisglucosides 10, 19, and 24, with an internal triple
bond or carborane moiety, two equivalent carbons give rise to
just one signal in the 13C NMR spectra.


In vitro cytotoxicity tests : The cytotoxicities of the novel
carboranyl C-glycosides 2 and 20 ± 23 were determined using
the MTT test.[12] This test is based on the irreversible
reduction of the yellow tetrazolium salt 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into a dark
blue, water-insoluble but alcohol-soluble formazane deriva-
tive by mitochondrial dehydrogenases of viable cells. MTT is
taken up by viable cells and then reduced. The concentration
of the resulting blue formazane derivative is measured with a
photometer after cell lysis. The optical density of the blue
formazane derivative is proportional to the fraction of the
living, metabolically active cells.[12]


In vitro studies with the new compounds were carried out
on four different cell lines: on human bronchial carcinoma
cells of line A549,[13] on murine melanoma cells of line B-16,
on human pancreas carcinoma cells of line PancTu 1,[14] and on
colonrectal human adeno carcinoma cells of line LoVo.[15]


The results of these in vitro studies are presented in Table 2
and Figure 1. The �- and �-carboranyl C-glucosides 2 and 20,
with ED50 values in the range 227 ± 482�� (ED50� drug
concentration required for 50% effect on target cells), show
only a low cytotoxicity. The ED50 values for the methylcar-
borane 21 and acetamide 22 are slightly lower, falling in the


Table 1. Structures and yields of the carboranyl C-glycosides and -bisglycosides.
Reaction conditions for carborane formation and debenzylation were similar to
those given in Scheme 3.


Starting Structures of the
carboranes obtained


Yield [%] after
carborane formation


Yield [%] after
hydrogenation


(R�Bn) (R�H)


5 15, 68 20, 82


8 16, 31 21, 61


7 decomp


6 17, 73 22, 75


13 18, 64 23, 69


10 19, 13 24, quant.
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range �124 ± 293��. With ED50 values greater than 1.1m�
with all four cell lines, carboranyl C-gentiobiose 23 displays
the lowest cytotoxicity among the carboranes investigated. In
comparison, hydroxymethylcarboranes such as 25, which we
have investigated in our previous work,[3] have a significantly
higher toxicity. For example, an ED50 value of 78�� was
measured in the case of 25[3c, 16] (Table 2, Figure 1).


B10H10
O


R1
O


HO
HO
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R2


HO


25


In conclusion, we have prepared several novel C-glycosidic
carboranes by way of a short and convenient synthesis from
the corresponding alkynes. As shown by an MTT cytotoxicity
assay, this new class of compounds displays lower cytotox-
icities and an increased water solubility compared to simple
carborane derivatives such as hydroxymethylcarborane 25.
The biological properties of the carboranylC-glycosides make
them promising candidates for use in boron neutron capture
therapy for the treatment of cancer.


Experimental Section


Synthesis of the C-glycosides: general :
All moisture-sensitive reactions were
performed under a nitrogen or argon
atmosphere using oven-dried glass-
ware. Anhydrous solvents were dried
over standard drying agents[17] and
were freshly distilled prior to use.
Commercially available powdered
4 ä molecular sieves (average particle
size 5 mm) was used without further
activation. Reactions were monitored
by TLC on silica gel 60F254 with de-
tection using sulfuric acid alone or in
conjunction with vanillin. Flash col-
umn chromatography[18] was per-
formed on silica gel 60 (230 ±
400 mesh). The sugar lactone 9[19] was
prepared by oxidation of the corre-
sponding hemiacetal with pyridinium
chlorochromate.[20]


Melting points were determined with a
capillary apparatus and are uncorrect-
ed. Optical rotations were measured at
20� 2 �C in the stated solvent; [�]20D
values are given in 10�1 degcm2g�1. IR
spectra were recorded on a Bruker
Vector 22 spectrometer. 1H and
13C NMR spectra were recorded on
Varian XL-200, Unity 300, Inova 500,
Unity Inova 600, and Bruker
AMX300 spectrometers, at room tem-
perature unless otherwise specified;
chemical shifts are quoted in ppm (�)
from SiMe4 (TMS) as an internal
standard; assignments were aided by
homo- and heteronuclear two-dimen-
sional experiments. Signals marked
with an asterisk (*) could not be
assigned with certainty. In the
1H NMR data listed below, the n and
m values quoted for geminal or vicinal
proton-proton coupling constants Jn,m


denote the number of corresponding sugar protons, where applicable. Mass
spectra were measured on a Finnigan MAT 95 spectrometer. MALDI-TOF
mass spectra were acquired using �-cyano-4-hydroxycinnamic acid as the
matrix. Elemental analysis was carried out in the analytical laboratories of
the universities of Gˆttingen and Ferrara.


4,8-Anhydro-5,6,7,9-tetra-O-benzyl-1,2,3-trideoxy-�-glycero-�-manno-
non-2-ynitol (8): A stirred solution of 1 (549 mg, 1.00 mmol) in anhydrous
THF (10 mL) was cooled to �50 �C, whereupon butyllithium (1.25 mL,
2.00 mmol, 1.6� solution in hexane) was added dropwise. Stirring was
continued at �50 �C for 10 min, and then methyl trifluoromethanesulfo-
nate (340 �L, 3.00 mmol) was added. After an additional 30 min at �50 �C,
the reaction mixture was diluted with 1� phosphate buffer at pH 7 (20 mL),
allowed to warm to room temperature, and extracted with Et2O (2�
100 mL). The combined organic phases were dried (Na2SO4) and concen-
trated. The residue was chromatographed on a column of silica gel eluting
with cyclohexane/EtOAc (9:1) to give 8 (506 mg, 90%) as a syrup. [�]20D �
�1.5� (c� 1.2, CHCl3); 1H NMR (300 MHz, C6D6): �� 1.42 (d, 3H; 1-H),
3.24 (ddd, 1H; 8-H), 3.64 (dd, J8,9b� 2.0 Hz, 1H; 9b-H), 3.66 (dd, J5,6�
9.0 Hz, 1H; 5-H), 3.68 (dd, J8,9a� 3.5, J9a,9b� 10.8 Hz, 1H; 9a-H), 3.78 (dd,
J7,8� 9.7, J6,7� 8.9 Hz, 1H; 7-H), 4.06 (dq, J4,5� 9.5, J1,4� 2.0 Hz, 1H; 4-H),
4.34 and 4.47 (2d, J� 12.0 Hz, 2H; PhCH2), 4.60 and 4.86 (2d, J� 11.1 Hz,
2H; PhCH2), 4.80 and 4.91 (2d, J� 11.5 Hz, 2H; PhCH2), 4.82 and 5.05 (2d,
J� 11.0 Hz, 2H; PhCH2), 7.02 ± 7.40 ppm (m, 20H; 4 Ph); 13C NMR
(75 MHz, C6D6): �� 3.2 (C-1), 69.4 (C-9), 70.7 (C-4), 73.6, 74.9, 75.3, and
75.5 (4 PhCH2), 78.2 (C-7), 79.4 (C-8), 77.8 and 82.0 (C-2, C-3), 83.2 (C-5),
86.4 (C-6), 127.6 ± 128.4, 138.9, 139.2, 139.3, and 139.5 ppm (Ph); elemental


Table 2. Cytotoxicities of carboranyl C-glycosides 2 and 20 ± 23 as well as hydroxymethylcarborane 25.


R1 R2 R3 ED50 Values [��]
A549 B-16 PancTu 1 Lovo


2 �-carboranyl OH OH 379 472 355 410
20 �-carboranyl OH OH 482 –[b] 236 227
21 �-carboranylmethyl OH OH 178 203 198 199
22 �-carboranyl NHAc OH 291 � 124 278 222
23 �-carboranyl OH X[a] � 1100 � 1100 � 1100 � 1100
25[16] ± ± ± 78 ±[b] ±[b] ±[b]


[a] X�methylene-�-�-C-glucosyl. [b] Not determined.


Figure 1. Inhibition of proliferation on different cell lines by the novel carboranyl C-glycosides 2 and 20 ± 23.
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analysis (%) calcd for C37H38O5 (562.7): C 76.98, H 6.81; found: C 77.20, H
6.71.


1,2-Bis(2�,3�,4�,6�-tetra-O-benzyl-�-�-glucopyranosyl)ethyne (10): A stirred
solution of 1 (200 mg, 0.36 mmol) in anhydrous THF (3.6 mL) was cooled
to �70 �C, whereupon butyllithium (0.25 mL, 0.40 mmol, 1.6� solution in
hexane) was added dropwise. Stirring was continued at �70 �C for 15 min,
and then a solution of lactone 9 (194 mg, 0.36 mmol) in anhydrous THF
(3.6 mL) was added. After a further 1.5 h at �70 �C, the reaction mixture
was diluted with 1� phosphate buffer at pH 7 (20 mL), allowed to warm to
room temperature, and extracted with CH2Cl2 (2� 100 mL). The combined
organic layers were dried (Na2SO4) and concentrated to afford the
hemiacetal as a mixture of anomers. A stirred mixture of the crude
hemiacetal, activated 4 ä powdered molecular sieves (0.36 g), and
triethylsilane (240 mL, 1.49 mmol) in anhydrous CH3CN (6.5 mL) and
CH2Cl2 (2.5 mL) was cooled to�10 �C, and then freshly distilled BF3 ¥ Et2O
(180 �L, 1.40 mmol) was added dropwise. Stirring was continued at �10 �C
for 1 h, and then the mixture was diluted with Et3N (0.6 mL) and CH2Cl2
(50 mL), filtered through a pad of Celite, and concentrated. The residue
was chromatographed on a column of silica gel eluting with cyclohexane/
EtOAc (12:1� 5:1) to give 10 (200 mg, 52%) as a white solid; m.p. 89 ±
90 �C (cyclohexane/pentane); [�]20D ��20.5� (c� 1.3, CHCl3); 1H NMR
(300 MHz, C6D6): �� 3.21 (ddd, 2H; 2 5�-H), 3.50 (dd, 2H; 2 3�-H), 3.60
(dd, J5�,6�b� 1.8 Hz, 2H; 2 6�b-H), 3.65 (dd, J6�a,6�b� 11.2, J5�,6�a� 3.6 Hz, 2H; 2
6�a-H), 3.68 (dd, J2�,3�� 9.1 Hz, 2H; 2 2�-H), 3.74 (dd, J4�,5�� 9.8, J3�,4�� 8.7 Hz,
2H; 2 4�-H), 4.08 (d, J1�,2�� 9.2 Hz, 2H; 2 1�-H), 4.30 and 4.42 (2d, J�
12.1 Hz, 4H; 2 PhCH2), 4.56 and 4.82 (2d, J� 11.4 Hz, 4H; 2 PhCH2), 4.78
and 4.90 (2d, J� 11.5 Hz, 4H; 2 PhCH2), 4.84 and 5.19 (2d, J� 11.0 Hz,
4H; 2 PhCH2), 7.03 ± 7.32 and 7.47 ± 7.53 ppm (2m, 40H; 8 Ph); 13C NMR
(75 MHz, C6D6): �� 69.3 (2 C-6�), 70.4 (2 C-1�), 74.9, 75.4, and 77.9 (8
PhCH2), 79.6 (2 C-5�), 82.5 (2 C-2�), 84.0 (C-1, C-2), 86.3 (2 C-3�), 127.7 ±
128.7, 138.8, 138.9, 139.2, and 139.5 ppm (Ph); MS (MALDI-TOF): m/z :
1095.6 [M�H�Na], 1111.8 [M�H�K]; elemental analysis (%) calcd for
C70H70O10 (1071.3): C 76.48, H 6.59; found: C 76.31, H 6.74.


8,12-Anhydro-2,3,4,9,10,11,13-hepta-O-benzyl-6,7-dideoxy-�-glycero-�-
gulo-�-gluco-tridecopyranolactone (12): A stirred solution of 11 (450 mg,
0.46 mmol) in acetic acid (18 mL) was heated to 100 �C, and then 1�
aqueous H2SO4 (1.8 mL) was added dropwise. The solution was stirred at
100 �C for a further 75 min, and then cooled to room temperature, diluted
with CH2Cl2 (100 mL), and washed with saturated aqueous Na2CO3


solution (5� 20 mL). The organic phase was dried (Na2SO4) and concen-
trated. The residue was chromatographed on a column of silica gel eluting
with cyclohexane/EtOAc (8:1� 4:1) to give the disaccharidic hemiacetal
as an approximately 1:1 mixture of anomers (370 mg). A mixture of this
product, activated 4 ä powdered molecular sieves (0.38 g), and anhydrous
CH2Cl2 (3.8 mL) was stirred at room temperature for 15 min, and then
pyridinium chlorochromate (410 mg, 1.90 mmol) was added in one portion.
The mixture was vigorously stirred at room temperature for 60 min until
the starting material had been consumed (TLC analysis), and then diluted
with cyclohexane (3.8 mL) and Et2O (7.6 mL) to precipitate the chromium
salts. Stirring was continued for a further 10 min, and then the brown
suspension was filtered through a pad of silica gel (5� 4 cm). Further
elution with Et2O/cyclohexane (2:1; ca. 100 mL) gave 12 as a white solid
(363 mg, 82%); m.p. 117 ± 119 �C (cyclohexane); [�]20D ��36.3� (c� 0.9,
CHCl3); 1H NMR (300 MHz, C6D6): �� 1.52 ± 1.62 (m, 1H; 7b-H), 1.65 ±
1.75 (m, 1H; 6b-H), 2.12 ± 2.23 (m, 2H; 6a-H, 7a-H), 3.20 ± 3.27 (m, 2H),
3.38 (dd, J4,5� 8.4 Hz, 1H; 4-H), 3.34 ± 3.40 (m, 1H), 3.65 ± 3.79 (m, 4H),
3.83 (dd, J3,4� 5.3 Hz, 1H; 3-H), 4.10 (d, J2,3� 5.4 Hz, 1H; 2-H), 4.38 and
4.46 (2d, J� 12.1 Hz, 2H; PhCH2), 4.39 ± 4.45 (m, 1H; 5-H), 4.28 and 4.47
(2d, J� 11.5 Hz, 2H; PhCH2), 4.32 and 4.51 (2d, J� 11.5 Hz, 2H; PhCH2),
4.50 and 4.84 (2d, J� 11.3 Hz, 2H; PhCH2), 4.54 and 4.93 (2d, J� 11.8 Hz,
2H; PhCH2), 4.65 and 4.90 (2d, J� 11.4 Hz, 2H; PhCH2), 4.90 (s, 2H;
PhCH2), 7.02 ± 7.36 ppm (m, 35H; 7 Ph); elemental analysis (%) calcd for
C62H64O10 (969.2): C 76.84, H 6.66; found: C 76.60, H 6.92.


3,7:10,14-Dianhydro-4,5,6,11,12,13,15-hepta-O-benzyl-1,2,8,9-tetradeoxy-
�-erythro-�-talo-�-gulo-pentadec-1-ynitol (13): Commercially available
CeCl3 ¥ 7H2O (261 mg, 0.70 mmol) was heated in a reaction flask at
120 �C/0.1 mbar for 1 h and at 140 �C/0.1 mbar for 1 h, and then cooled to
0 �C under an argon atmosphere. It was taken up in anhydrous THF
(2.8 mL), the suspension was stirred at room temperature for 2 h, and then
cooled to �78 �C. Meanwhile, a stirred solution of commercially available
trimethylsilylacetylene (122 �L, 0.88 mmol) in anhydrous THF (1 mL) was


cooled to�78 �C, and then butyllithium (0.55 mL, 0.88 mmol, 1.6� solution
in hexane) was slowly added. The resulting solution was stirred at �78 �C
for 45 min, and then transferred via a cannula into the stirred suspension of
CeCl3 in THF, prepared immediately prior to use as described above. The
yellow mixture obtained was stirred at �78 �C for 30 min, and then a
solution of lactone 12 (336 mg, 0.35 mmol) in anhydrous THF (2.5 mL) was
added dropwise. The mixture was stirred at �78 �C for an additional 2 h,
then diluted with 0.1� HCl (4 mL), allowed to warm to room temperature,
and extracted with Et2O (3� 50 mL). The combined organic layers were
dried (Na2SO4) and concentrated to give the disaccharidic hemiacetal as an
approximately 1:1 mixture of anomers. A stirred mixture of the hemiacetal,
activated 4 ä powdered molecular sieves (0.35 g), and triethylsilane
(232 �L, 1.45 mmol) in anhydrous CH3CN (6 mL) and CH2Cl2 (2 mL)
was cooled to �10 �C, and then freshly distilled BF3 ¥ Et2O (174 �L,
1.37 mmol) was added dropwise. Stirring was continued at �10 �C for a
further 1 h, and then the mixture was diluted with Et3N (0.6 mL) and
CH2Cl2 (50 mL), filtered through a pad of Celite, and concentrated. A
solution of the residue in CH2Cl2 (100 mL) was washed with H2O, dried
(Na2SO4), and concentrated. A solution of the crude silylated C-disacchar-
ide in CH3OH/THF (1:1; 12 mL) was treated with 1� NaOH (0.7 mL) for
1 h at room temperature, then neutralized with 1� HCl, and concentrated
to remove the organic solvents. The residue was diluted with CH2Cl2
(100 mL), and this solution was washed with H2O, dried (Na2SO4), and
concentrated. The residue was chromatographed on a column of silica gel
eluting with CH2Cl2/Et2O (40:1� 30:1) to afford 13 (213 mg, 63%) as a
white solid; m.p. 178 ± 180 �C (EtOAc/cyclohexane); [�]20D ��7.4� (c� 1.0,
CHCl3); selected 1H NMR data (300 MHz, C6D6): �� 1.99 (d, 1H; 1-H),
1.63 ± 1.69 and 2.25 ± 2.29 (2m, 4H; 2 8-H, 2 9-H), 3.18 ± 3.29 (m, 4H), 3.34 ±
3.40 (m, 1H), 3.45 ± 3.51 (m, 3H), 3.66 ± 3.72 (m, 3H), 3.76 (dd, J4,5� 8.8,
J5,6� 9.7 Hz, 1H; 5-H), 3.96 ppm (dd, 1H, J1,3� 2.2, J3,4� 9.7 Hz; 3-H);
elemental analysis (%) calcd for C64H66O9 (979.2): C 78.50, H 6.79; found:
C 78.72, H 6.61.


Synthesis of the perbenzylated carboranyl C-glycosides: general proce-
dure : Decaborane(14) (B10H14, 1.3 ± 1.4 equivalents with respect to the
alkyne as the starting material) was heated in refluxing CH3CN (2 mL per
mmol of the alkyne) for 30 min, in the course of which the solution turned
yellow, indicating the formation of the adduct B10H12 ¥ 2CH3CN. A solution
of the alkyne in toluene (2 mL per mmol) was then added and heating was
continued for 16 ± 18 h. For work-up, MeOH (1 mL) was added, the
mixture was heated to reflux for 30 min, cooled to room temperature, and
concentrated in vacuo. Baseline impurities were removed by filtration
through a short plug of silica with EtOAc as eluent. The pure products were
obtained by column chromatography using n-pentane/EtOAc (15:1) as the
eluent.


(2R,3R,4R,5S,6S)-3,4,5-Tris(benzyloxy)-2-benzyloxymethyl-6-(1C,2C-
dicarba-closo-dodecaboran(12)ylethyl)tetrahydropyran (14): 92% from 1,
colorless solid; Rf (n-pentane/EtOAc, 15:1)� 0.52; [�]20D ��32.0� (c� 0.2,
CHCl3); IR (KBr): �� � 2866, 2584 (B ±H), 1362, 1098 cm�1; UV (CH3CN);
�max (lg�)� 205.0 (4.462), 257.5 nm (2.930); 1H NMR (300 MHz, CDCl3):
�� 1.00 ± 3.20 (br s, 10H; BH), 3.42 (ddd, J� 9.3, 3.7, 3.2 Hz, 1H; 2-H), 3.54
(dd, J� 9.2, 8.0 Hz, 1H; 4-H), 3.59 ± 3.69 (m, 3H; 5-H, CH2OBn), 3.72 (dd,
J� 9.3, 8.0 Hz, 1H; 3-H), 3.79 (d, J� 9.4 Hz, 1H; 6-H), 4.09 (br s, 1H;
carborane-CH), 4.52 (s, 2H; PhCH2OCH2), 4.62 and 4.76 (2d, J� 10.8 Hz,
2H; PhCH2), 4.72 and 5.02 (2d, J� 11.0 Hz, 2H; PhCH2), 4.77 and 4.98 (2d,
J� 11.4 Hz, 2H; PhCH2), 7.16 ± 7.39 ppm (m, 20H; 4 Ph); 13C NMR
(50 MHz, CDCl3): �� 59.42 (carborane-CH), 68.14 (CH2OBn), 73.09
(PhCH2OCH2), 73.61 (PhCH2), 74.76 (carborane-C-1�), 74.94 (PhCH2),
75.26 (PhCH2), 77.64 (C-5), 77.88 (C-6), 79.01 (C-2), 79.97 (C-4), 87.31 (C-
3), 127.3 ± 128.5, 137.4, 137.6, 137.8, 137.9 (Ph); MS (DCI): m/z (%): 685
(100) [M�NH4]� ; elemental analysis (%) calcd for C36H46B10O5 (666.9): C
64.84, H 6.95; found: C 64.72, H 6.82.


(2R,3R,4R,5S,6R)-3,4,5-Tris(benzyloxy)-2-benzyloxymethyl-6-(1C,2C-
dicarba-closo-dodecaboran(12)yl-ethyl)tetrahydropyran (15): 68% from 5,
colorless oil; Rf (n-pentane/EtOAc, 15:1)� 0.35; [�]20D ��24.2� (c� 0.6,
CHCl3); IR (film): �� � 3031 (C ±H), 2865, 2582 (B ±H), 1497, 1454, 1362,
1095 cm�1; UV (CH3CN): �max (lg�)� 191.0 (5.124), 205.5 (4.477), 257.5 nm
(2.914); 1H NMR (300 MHz, CDCl3): �� 1.00 ± 3.20 (br s, 10H; BH), 3.58
(dd, J� 10.6, 4.0 Hz, 1H; CHaHbOBn), 3.61 ± 3.73 (m, 3H; 3-H, 5-H,
CHaHbOBn), 3.85 (dd, J� 3.8, 2.7 Hz, 1H; 4-H), 4.08 ± 4.17 (m, 2H;
carborane-CH, 2-H), 4.35 (d, J� 1.8 Hz, 1H; 6-H), 4.36 and 4.54 (2d, J�
10.8 Hz, 2H; PhCH2), 4.46 ± 4.53 (m, 6H; 3 PhCH2), 7.19 ± 7.41 ppm (m,
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20H; 4 Ph); 13C NMR (75 MHz, CDCl3): �� 58.10 (carborane-CH), 68.50
(CH2OBn), 71.37 (C-6), 71.76, 72.05, 72.69, 73.16 (4 PhCH2), 74.45 (C-5*),
74.97 (carborane-C-1�), 75.28, 76.08, 76.31 (C-2, C-3, C-4*), 127.4 ± 128.7,
136.6, 137.1, 137.8, 138.0 ppm (Ph); MS (DCI): m/z (%): 685 (100)
[M�NH4]� , 594 (20) [M�Bn�NH4]� ; C36H46B10O5 (666.9).


(2R,3R,4R,5S,6S)-3,4,5-Tris(benzyloxy)-2-benzyloxymethyl-6-(1C,2C-
dicarba-closo-dodecaboran(12)ylpropyl)tetrahydropyran (16): 31% from
8, colorless solid; Rf (n-pentane/EtOAc, 12:1)� 0.29; [�]20D ��23.9� (c�
0.6, CHCl3); IR (film): �� � 3031, 2868, 2582 (B ±H), 1736, 1497, 1362,
1097 cm�1; UV (CH3CN): �max (lg�)� 191.0 (4.958), 251.5 (2.768), 257.0 nm
(2.785); 1H NMR (500 MHz, CDCl3): �� 1.00 ± 3.20 (br s, 10H; BH), 1.96
(s, 3H; CH3), 3.42 (ddd, J� 9.3, 4.1, 3.1 Hz, 1H; 2-H), 3.65 ± 3.71 (m, 5H;
CH2OBn, 3-H, 5*-H, 6-H), 3.72 (ddd, J� 9.0, 5.8, 1.5 Hz, 1H; 4*-H), 4.46
and 4.57 (2d, J� 12.2 Hz, 2H; PhCH2OCH2), 4.62 and 4.77 (2d, J�
11.0 Hz, 2H; PhCH2), 4.74 and 5.01 (d, J� 10.9 Hz, 1H; PhCH2), 4.76
and 4.98 (2d, J� 11.0 Hz, 2H; PhCH2), 7.18 ± 7.38 ppm (m, 20H; 4 Ph);
13C NMR (50 MHz, CDCl3): �� 23.27 (CH3), 68.63 (CH2OBn), 73.31
(PhCH2OCH2), 73.43, 74.73 (2 PhCH2), 74.79 and 78.15 (carborane-C),
75.05 (PhCH2), 76.86 (C-5), 77.54 (C-6), 79.26 (C-2), 79.62 (C-4), 87.37 (C-
3), 127.3 ± 128.5, 137.6, 137.7, 137.9, 138.0 ppm (Ph); MS (DCI):m/z (%): 699
(100) [M�NH4]� ; elemental analysis (%) calcd for C37H48B10O5 (680.9): C
65.27, H 7.11; found: C 65.42, H 7.01.


(2R,3S,4R,5R,6R)-N-[4,5-Bis(benzyloxy)-6-benzyloxymethyl-2-(1C,2C-
dicarba-closo-dodecaboran(12)yl-ethyl)tetrahydropyran-3-yl]acetamide
(17): 73% from 6, colorless oil; Rf (toluene/acetone, 10:1)� 0.37; [�]20D �
�19.0� (c� 0.5, CHCl3); IR (film): �� � 3424 (N ±H), 3032, 2920 (C ±H),
2579 (B ±H), 1660 (C�O), 1454, 1030 cm�1; UV (CH3CN): �max (lg�)�
192.5 nm (5.079), 251.5 (3.176), 257.0 (3.206); 1H NMR (300 MHz, CDCl3):
�� 1.00 ± 3.20 (br s, 10H; BH), 1.83 (s, 3H; CH3 of NAc), 3.33 (br s, 1H;
5-H*), 3.49 (dd, J� 10.4, 6.2 Hz, 1H; CHaHbOBn), 3.73 (br s, 1H; 4-H*),
3.83 (dd, J� 10.4, 8.2 Hz, 1H; CHaHbOBn), 4.01 (br s, 1H; carborane-CH),
4.28 ± 4.23 (m, 3H; 2-H, 3-H, PhCH), 4.39 ± 4.53 (m, 5H; 6-H,
PhCH2OCH2, 2 PhCH), 4.64 (d, J� 11.9 Hz, 1H; PhCH), 6.26 (d, J�
10.1 Hz, 1H; NH), 7.14 ± 7.40 ppm (m, 15H; 3 Ph); 13C NMR (75 MHz,
CDCl3): �� 23.25 (CH3 of NAc), 46.82 (C-3), 58.16 (carborane-CH), 66.35
(CH2OBn), 67.67 (C-2), 71.69 (PhCH2), 72.42 (PhCH2), 72.64 (C-4*), 73.31
(PhCH2OCH2), 73.46 (carborane-C-1�), 73.92 (C-5*), 77.83 (C-6), 127.7 ±
128.6, 136.7, 136.9, 137.8, 137.4 (Ph), 169.8 ppm (C�O); MS (DCI):m/z (%):
636 (100) [M�NH4]� , 619 (25) [M�H]� , 547 (25) [M�Bn�NH4]� , 529 (5)
[M�Bn�H]� ; C31H43B10NO5 (617.8).


(2aS,3aS,4aR,5aR,6aR,2bS,3bS,4bR,5bR,6bR)-2a-(1C,2C-Dicarba-
closo-dodecaboran(12)yl-ethyl)-3a,4a,5a-tris(benzyloxy)-6a-{2-
[3b,4b,5b-tris(benzyloxy)-6b-benzyloxymethyl-tetrahydropyran-2b-yl]-
ethyl}tetrahydropyran (18): 64% from 13, colorless foam; Rf (n-pentane/
EtOAc, 5:1)� 0.74; [�]20D ��19.4� (c� 0.5, CHCl3); IR (KBr): �� � 3030
(C ±H), 2862, 2577 (B ±H), 1454, 1361, 1095 cm�1; UV (CH3CN): �max
(lg�)� 191.5 nm (5.331); 1H NMR (500 MHz, CDCl3): �� 1.20 ± 2.80 (br s,
10H; BH), 1.45 (mc, 2H; 2��-H2), 1.97 (dt, J� 9.0, 2.3 Hz, 1H; 1��-Ha), 2.06 ±
2.14 (m, 1H; 1��-Hb), 3.15 ± 3.25 (m, 3H; 5a-H, 6a-H, 3b-H), 3.33 (td, J�
9.0, 3.0 Hz, 1H; 2b-H), 3.39 (ddd, J� 9.0, 4.4, 2.3 Hz, 1H; 6b-H), 3.49 (dd,
J� 9.3, 8.4 Hz, 1H; 4a-H), 3.58 (dd, J� 9.3, 9.3 Hz, 1H; 3a-H), 3.62 (dd,
J� 8.8, 8.4 Hz, 1H; 4b-H), 3.64 (m, 1H; CHaHbOBn), 3.66 (dd, J� 10.8,
2.3 Hz, 1H; CHaHbOBn), 3.67 (dd, J� 9.0, 8.8 Hz, 1H; 5b-H), 3.75 (d, J�
9.3 Hz, 1H; 2a-H), 4.09 (br s, 1H; carborane-CH), 4.48 and 4.54 (2d, J�
12.2 Hz, 2H; PhCH2), 4.55 and 4.70 (2d, J� 10.9 Hz, 2H; PhCH2), 4.59 and
4.74 (2d, J� 10.9 Hz, 2H; PhCH2), 4.60 and 4.81 (2d, J� 10.9 Hz, 2H;
PhCH2), 4.68 and 4.87 (2d, J� 10.6 Hz, 2H; PhCH2), 4.90 ± 4.93 (m, 3H;
PhCH2OCH2 , PhCH), 5.01 (d, J� 10.9 Hz, 1H; PhCH), 7.10 ± 7.34 ppm (m,
35H; 7 Ph); 13C NMR (75 MHz, CDCl3): �� 27.64, 28.10 (C-1��, C-2��), 59.20
(carborane-CH), 69.29 (CH2OBn), 73.41, 73.52, 75.02, 75.20, 75.49, 75.57,
76.88 (7 PhCH2), 77.29 (carborane-C-1�), 77.74, 78.64, 78.74, 79.49, 79.74,
80.26, 81.94, 82.20, 87.23, 87.27 (C-2a, C-2b, C-3a, C-3b, C-4a, C-4b, C-5a,
C-5b, C-6a, C-6b), 127.3 ± 128.6, 137.5, 137.6, 137.8, 137.9, 138.0, 138.1,
138.5 ppm (Ph); MS (ESI): m/z (%): 1120 (100) [M�Na]� ; elemental
analysis (%) calcd for C64H76B10O9 (1097.4): C 70.05, H 6.98; found: C 70.36,
H 6.75.


(2aR,3aR,4aR,5aS,6aS,2bR,3bR,4bR,5bS,6bS)-1,2-Bis[3,4,5-tris(benzy-
loxy)-2-benzyloxymethyltetrahydropyran-6-yl]-1C,2C-dicarba-closo-do-
decaborane(12) (19): 13% from 10, yellowish wax-like solid;Rf (n-pentane/
EtOAc, 6:1)� 0.78; [�]20D ��33.3� (c� 0.5, CHCl3); IR (KBr): �� � 3031
(C ±H), 2866, 2574 (B ±H), 1497, 1454, 1362, 1101 cm�1; UV (CH3CN): �max


(lg�)� 191.5 (5.388), 257.0 nm (2.850); 1H NMR (300 MHz, CDCl3): ��
1.00 ± 3.20 (br s, 10H; BH), 3.48 ± 3.67 (m, 10H; 2 CH2OBn, 2a-H, 2b-H,
3a-H, 3b-H, 4a-H, 4b-H, 5a-H, 5b-H), 4.14 (d, J� 9.0 Hz, 2H; 6a-H, 6b-
H), 4.46 (d, J� 12.2 Hz, 2H; PhCH), 4.53 (d, J� 12.2 Hz, 2H; PhCH), 4.53
(d, J� 11.2 Hz, 2H; PhCH), 4.60 (d, J� 11.2 Hz, 2H; PhCH), 4.61 (d, J�
10.9 Hz, 2H; PhCH), 4.69 (d, J� 10.9 Hz, 2H; PhCH), 4.80 (d, J� 11.2 Hz,
2H; PhCH), 4.90 (d, J� 11.2 Hz, 2H; PhCH), 7.13 ± 7.40 ppm (m, 40H; 8
Ph); 13C NMR (75 MHz, CDCl3): �� 69.01 (2 CH2OBn), 72.66 (2
PhCH2OCH2), 73.46 (2 PhCH2), 74.34 (2 PhCH2), 74.86 (2 PhCH2), 76.67
(C-5a, C-5b), 77.57 (C-6a, C-6b), 78.98 (C-2a, C-2b), 79.82 (C-4a, C-4b),
80.27 (2 carborane-C), 86.92 (C-3a, C-3b), 127.3 ± 128.5, 137.7, 137.8, 137.9,
138.0 ppm (Ph); MS (ESI): m/z (%): 1212 (100) [M�Na]� ; C70H80B10O10


(1189.5).


Deprotection of the perbenzylated carboranyl C-glycosides: general
procedure : The benzylated sugar derivative was dissolved in EtOAc/
MeOH (1:5; 1 mL/25 �mol of the C-glycoside), Pd(OH)2/C (10%, 1 mg/
�mol of the C-glycoside) was added, and the resulting mixture shaken
under H2 atmosphere (up to 3 bar) in a Parr apparatus for 5 ± 8 h. The
progress of the reaction was monitored by TLC. The catalyst was carefully
filtered off (danger of spontaneous combustion when dry!), the solvents
were removed, and the residue was washed with Et2O to obtain the
deprotected compound.


(2R,3S,4R,5R,6S)-3,4,5-Tris(hydroxy)-2-hydroxymethyl-6-(1C,2C-dicar-
ba-closo-dodecaboran(12)ylethyl)tetrahydropyran (2): 81% from 14, col-
orless solid; Rf (EtOAc/MeOH, 4:1)� 0.29; [�]20D ��11.6� (c� 0.5,
MeOH); IR (KBr): �� � 3396 (O ±H), 2916 (C ±H), 2581 (B ±H), 1339,
1094 cm�1; UV (CH3CN): �max (lg�)� 275.0 nm (1.929); 1H NMR
(300 MHz, CD3OD): �� 1.00 ± 3.00 (br s, 10H; BH), 3.16 (dd, J� 9.2,
9.2 Hz, 1H; 5-H), 3.18 ± 3.15 (m, 3H; 2-H, 3-H, 4-H), 3.57 (dd, J� 12.4,
6.3 Hz, 1H; CHaHbOH), 3.71 (d, J� 9.2 Hz, 1H; 6-H), 3.84 (dd, J� 12.4,
2.0 Hz, 1H; CHaHbOH), 4.60 ppm (br s, 1H; carborane-CH); 13C NMR
(50 MHz, CD3OD): �� 61.56 (carborane-CH), 62.72 (CH2OH), 70.83 (C-
5), 74.66 (C-3), 76.73 (carborane-C-1�), 79.39 (C-6), 82.02 (C-4), 82.44 ppm
(C-2); MS (ESI�): m/z (%): 612 (10) [2M�H]� , 305 (100) [M�H]� ;
C8H22B10O5 (306.4).


(2R,3S,4R,5R,6R)-3,4,5-Tris(hydroxy)-2-hydroxymethyl-6-(1C,2C-dicar-
ba-closo-dodecaboran(12)ylethyl)tetrahydropyran (20): 82% from 15,
colorless solid; Rf (EtOAc/MeOH, 4:1)� 0.10; [�]20D ��7.7� (c� 0.1,
MeOH); IR (KBr): �� � 3417 (O±H), 2928 (C ±H), 2583 (B ±H), 2361,
1384, 1038 cm�1; UV (CH3CN): �max (lg�)� 195.0 nm (3.267); 1H NMR
(500 MHz, CD3OD): �� 1.20 ± 3.00 (br s, 10H; BH), 3.52 (mc, 1H; 3-H*),
3.63 (dd, J� 12.0, 4.0 Hz, 1H; CHaHbOH), 3.69 (mc, 1H; 5-H), 3.85 (mc,
1H; 4-H*), 3.92 (dd, J� 12.0, 8.3 Hz, 1H; CHaHbOH), 3.98 ± 4.06 (m, 1H;
2-H), 4.34 (d, J� 0.9 Hz, 1H; 6-H), 4.70 ppm (br s, 1H; carborane-CH);
13C NMR (50 MHz, CDCl3): �� 60.32 (carborane-CH), 60.64 (CH2OH),
69.54, 70.43, 71.17, 71.44 (C-3, C-4, C-5, C-6), 76.97 (carborane-C-1�),
82.63 ppm (C-2); MS (ESI�): m/z (%): 612 (10) [2M�H]� , 351 (100)
[M�EtOH�H]� , 306 (80) [M�H]� ; C8H22B10O5 (306.4).


(2R,3S,4R,5R,6S)-3,4,5-Tris(hydroxy)-2-hydroxymethyl-6-(1C,2C-dicar-
ba-closo-dodecaboran(12)ylpropyl)tetrahydropyran (21): 61% from 16,
colorless solid. Rf (EtOAc/MeOH, 4:1)� 0.16; [�]20D ��2.0� (c� 0.3,
MeOH); IR (KBr): �� � 3417 (O ±H), 2936 (C ±H), 2581 (B ±H), 1385,
1092 cm�1; 1H NMR (300 MHz, CD3OD): �� 1.20 ± 3.00 (br s, 10H; BH),
2.05 (s, 3H; CH3), 3.17 ± 3.15 (m, 4H; 2-H, 3-H, 4-H, 5-H), 3.59 (dd, J�
12.0, 6.0 Hz, 1H; CHaHbOH), 3.65 (d, J� 10.0 Hz, 1H; 6-H), 3.84 ppm (dd,
J� 12.0, 2.0 Hz, 1H; CHaHbOH); 13C NMR (75 MHz, CD3OD): �� 23.63
(CH3), 62.80 (CH2OH), 70.91 (C-5), 74.31 (C-3), 76.39 (carborane-C-1�*),
77.89 (C-6), 80.05 (carborane-C-2�*), 80.39, 82.06 (C-2, C-4); MS (ESI�):
m/z (%): 639 (100) [2M�H]� , 319 (20) [M�H]� ; C9H24B10O5 (320.4).


(2R,3R,4R,5S,6R)-N-[4,5-Bis(hydroxy)-6-hydroxymethyl-2-(1C,2C-di-
carba-closo-dodecaboran(12)ylethyl)tetrahydropyran-3-yl]acetamide (22):
75% from 17, colorless solid;Rf (EtOAc/MeOH, 4:1)� 0.09; [�]20D ��28.2�
(c� 0.5, MeOH); IR (KBr): �� � 3407 (N ±H, O±H), 2925 (C ±H), 2584
(B ±H), 1656 (C�O), 1384, 1054 cm�1; UV (CH3CN): �max (lg�)� 254.0 nm
(2.373); 1H NMR (500 MHz, CD3OD): �� 1.00 ± 3.20 (br s, 10H; BH), 1.99
(s, 3H; CH3 of NAc), 3.52 (ddd, J� 2.6, 1.3, 1.3 Hz, 1H; 4-H*), 3.60 (dd, J�
11.9, 4.5 Hz, 1H; CHaHbOH), 3.73 (dd, J� 2.6, 2.6 Hz, 1H; 5-H*), 3.98 (dd,
J� 11.9, 9.0 Hz, 1H; CHaHbOH), 4.02 ± 4.07 (m, 2H; 3-H, 6-H), 4.58 (d, J�
1.1 Hz, 1H; 2-H), 4.66 (br s, 1H; carborane-CH), 7.47 ppm (d, J� 9.9 Hz,
1H; NH); 13C NMR (150 MHz, CD3OD): �� 23.02 (CH3 of NAc), 51.81
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(C-3), 60.11 (CH2OH), 60.63 (carborane-CH), 68.50, 68.68, 70.94 (C-2, C-4,
C-5), 75.98 (carborane-C-1�), 83.88 (C-6), 172.7 ppm (C�O); MS (ESI�):
m/z (%): 694 (50) [2M�H]� , 384 (70) [M�H2O�H2O�H]� , 346 (100)
[M�H]� ; C10H25B10NO5 (347.4).


(2aS,3aR,4aS,5aS,6aR,2bS,3bS,4bR,5bS,6bR)-2a-(1C,2C-Dicarba-
closo-dodecaboran(12)yl-ethyl)-3a,4a,5a-tris(hydroxy)-6a-{2-[3b,4b,5b-
tris(hydroxy)-6b-hydroxymethyltetrahydropyran-2b-yl]ethyl}tetrahydro-
pyran (23): 69% from 18, colorless solid containing traces of impurities; Rf
(EtOAc/MeOH, 4:1)� 0.09; [�]20D ��16.5� (c� 0.6, MeOH); IR (KBr):
�� � 3406 (O ±H), 2920 (C ±H), 2590 (B ±H), 1384, 1087 cm�1; 1H NMR
(500 MHz, CD3OD): �� 1.00 ± 3.00 (br s, 10H; BH), 1.32 ± 1.48, 2.05 ± 2.20
(2m, 2� 2H; 1��-H2, 2��-H2), 3.00 ± 3.40 (m, 9H; 2b-H, 3a-H, 3b-H, 4a-H,
4b-H, 5a-H, 5b-H, 6a-H), 3.60 (dd, J� 12.1, 5.8 Hz, 1H; CHaHbOH), 3.69
(d, J� 9.0 Hz, 1H; 2a-H), 3.83 (dd, J� 12.1, 2.4 Hz, 1H; CHaHbOH), 3.84
(m, 1H; 6b-H), 4.62 ppm (br s, 1H; carborane-CH); 13C NMR (75 MHz,
CD3OD): �� 28.80, 28.81 (C-1��, C-2��), 61.11 (carborane-CH), 63.10
(CH2OH), 71.94 (C-3a), 74.43, 74.74 (C-2b, C-6a), 75.33 (C-4a*), 76.93
(carborane-C-1�), 79.24 (C-4b*), 79.50 (C-2a), 79.72, 81.02 (C-5a, C-3b),
81.39 (C-5b*), 81.47 ppm (C-6b); MS (ESI�):m/z (%): 465 (100) [M�H]� ;
C15H34B10O9 (466.5).
(2aR,3aS,4aR,5aR,6aS,2bR,3bS,4bR,5bR,6bS)-1,2-Bis[3,4,5-tris(hy-
droxy)-2-hydroxymethyltetrahydropyran-6-yl]-1C,2C-dicarba-closo-do-
decaborane(12) (24): Quantitative from 19, colorless solid; Rf (EtOAc/
MeOH, 4:1)� 0.06; [�]20D ��7.5� (c� 0.1, MeOH); IR (KBr): �� � 3385
(O ±H), 2925 (C ±H), 2574 (B ±H), 1339, 1094 cm�1; UV (CH3CN): �max
(lg�)� 191.0 (3.847), 248.5 (3.376), 280.0 (2.965), 326.0 nm (3.278);
1H NMR (500 MHz, CD3OD): �� 1.50 ± 3.00 (br s, 10H; BH), 3.14 (dd,
J� 9.2, 9.2 Hz, 2H; 5a-H, 5b-H), 3.26 (ddd, J� 9.5, 7.3, 2.2 Hz, 2H; 2a-H,
2b-H), 3.33 ± 3.39 (m, 4H; 3a-H, 3b-H, 4a-H, 4b-H), 3.58 (dd, J� 12.1,
7.3 Hz, 2H; 2 CHaHbOH), 3.67 (d, J� 9.1 Hz, 2H; 6a-H, 6b-H), 3.89 ppm
(dd, J� 12.1, 2.2 Hz, 2H; 2 CHaHbOH); 13C NMR (125 MHz, CD3OD):
�� 63.15 (2 CH2OH), 71.17 (C-5a, C-5b), 74.61 (C-3a, C-3b), 77.49 (C-6a,
C-6b), 80.49 (C-4a, C-4b), 81.75 (2 carborane-C), 82.47 ppm (C-2a, C-2b);
MS (ESI):m/z (%): 960 (100) [2M�Na]� , 492 (45) [M�Na]� ; C14H32B10O10


(468.5).


Cytotoxicity tests : Adherent cells of the human bronchial carcinoma cell
line A549, of the murine melanoma cell line B-16, of the human pancreas
carcinoma cell line PancTu 1, and of the colorectal human adeno carcinoma
cell line LoVo were seeded in 96-well plates (TCMicrowell 96F, Nunc) and
cultivated at 37 �C under air with a CO2 content enriched to 7.5% in
Dulbecco×s modified Eagle×s medium (DMEM, Biochrom) supplemented
with �-glutamine (4m�, Gibco), NaHCO3 (44m�, Biochrom), and 10%
fetal calf serum (FCS, heat-inactivated for 30 min at 56 �C, Gibco). The cells
were incubated with compounds 2 and 20 ± 23 at various concentrations for
24 h in a serum-free medium (Ultra Culture, Cambrex) containing 1%
DMSO. After five days of cultivation, the cells were treated with MTT
(final concentration 0.5 mg mL�1) for 4 h, and with a solubilizing solution
(10% SDS in 0.1� HCl) overnight. The optical density of the resulting blue
formazane derivative was measured with a photometer (thermo max
microplate reader, Molecular Devices) after cell lysis. The measured
optical density is proportional to the fraction of the living, metabolically
active cells. The experiments were performed in duplicate.
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Abstract: Reaction of the diborane(4)
B2(NMe2)2I2 with two equivalents of
K[(�5-C5H5)M(CO)3] (M�Cr, Mo, W)
yielded the dinuclear boryloxycarbyne
complexes [{(�5-C5H5)(OC)2M�CO}2-
B2(NMe2)2] (4a, M�Mo; b, M�W; c,
M�Cr), which were fully characterised
in solution by multinuclear NMR meth-
ods. The Mo and W complexes 4a, b
proved to be kinetically favoured prod-
ucts of this reaction and underwent
quantitative rearrangement in solution


to afford the complexes [{(�5-C5H5)-
(OC)2M�CO}B(NMe2)B(NMe2)-
{M(CO)3(�5-C5H5)}] (5a, M�Mo; b,
M�W); 5a was characterised by X-ray
crystallography in the solid state. Corre-
sponding reactions of B2(NMe2)2I2 with
only one equivalent of K[(�5-C5H5)-


M(CO)3] (M�Mo, W) initially afforded
1:1 mixtures of the boryloxycarbyne
complexes 4a,b and unconsumed
B2(NMe2)2I2. This mixture, however,
yielded finally the diborane(4)yl com-
plexes [(�5-C5H5)(OC)3M{B(NMe2)-
B(NMe2)I}] (6a, M�Mo; b, M�W)
by [(�5-C5H5)(OC)3M] transfer and re-
arrangement. Density functional calcu-
lations were carried out for 4c and 5a,b.


Keywords: boranes ¥ boron ¥ boryl
complexes ¥ carbyne ligands ¥
transition metals


Introduction


Over the past decade transition-metal complexes of boron
have become established as a novel class of compounds
involving direct metal ± boron interactions. In contrast to the
other three major groups in this area, that is, borides,
metallaboranes, and � complexes with boron-containing
ligands, transition-metal complexes of boron are character-
ised by electron-precise two-centre, two-electron bonds
between boron and the metal centre. A variety of different
coordination modes for boron-centred ligands has been
realised, and allows systematic classification of these com-


pounds into borane, boryl and borylene complexes.[1a±e] Boryl
complexes of general formula [LxMBR2] have attracted
considerable interest as key intermediates in transition-
metal-catalysed hydroboration[2a±d) ] and for the �-borylation
of alkenes by C�H activation.[3a±c] Oxidative additions of
boron ± element bonds to low-valent metal centres and salt-
elimination reactions between haloboranes HalBR2 and
anionic transition-metal complexes, most commonly carbon-
ylate derivatives M�[LxM(CO)y], were successfully applied to
the synthesis of boryl complexes over the past decade.[1a±e]


Salt-elimination reactions have a pivotal role not only for the
synthesis of boryl complexes, but also for obtaining complexes
of the type [Lx(CO)yMERz] with bonds between transition
metals M and main group elements E in general
[Eq. (1a)].[4a,b]


The formation of M�E bonds suggests that the transition
metal acts as the nucleophilic centre in these reactions.[4b]


There is, however, both spectroscopic and experimental
evidence that the carbonyl oxygen atom also displays some
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nucleophilic character in anionic complexes M�[LxM(CO)y],
especially towards hard and bulky lewis acids.[5a±d) ] In the case
of addition of the carbonyl oxygen atom to the element E with
salt elimination according to Equation (1b), formation of


transition-metal oxycarbyne complexes of the type
[Lx(CO)y�1M�C�O�ERz] can be expected. This alternative
pathway to the common formation of [Lx(CO)yM�ERz],
however, is very rare and was observed only in the case of
[(dmpe)2(OC)M�C�O�SiiPr3] (1a, M�Nb; b, M�Ta;
dmpe� 1,2-bis(dimethylphosphanyl)ethane), obtained from
the reaction of Na[(dmpe)2M(CO)2] with iPr3SiCl.[6]


In the course of our investigations on diborane(4)yl
complexes[7a±d) ] we obtained a series of compounds such as
[(�5-C5H5)(OC)nM{B(NMe2)B(NMe2)Hal}] (2a, M�Mo; b,
M�W; n� 3; 3a, M�Fe; b, M�Ru, n� 2; Hal�Cl, Br)[7a,b]
from salt elimination reactions of B2(NMe2)2Hal2 and corre-
sponding anionic transition-metal complexes. All these reac-
tions with 1,2-dichloro- and 1,2-dibromodiboranes(4) proceed
according to Equation (1a) with nucleophilic addition of the
metal centre to one boron atom and formation of a metal ±
boron bond.
Recently, however, we com-


municated the unprecedented
formation of the boryloxycar-
byne complexes 4a, b, which
were obtained from corre-
sponding 1,2-diiododibor-
anes(4) with nucleophilic addi-
tion of carbonyl oxygen atoms
to both boron centres, thus
following the pathway outlined
in Equation (1b). These com-
plexes undergo a unique rear-
rangement to yield the novel
diborane(4)yl complexes
5a, b.[8]


Here we report full details on
the synthesis, structural charac-
terisation, novel reactivity and
computational studies of these
compounds.


Results and Discussion


Treatment of B2(NMe2)2I2 with two equivalents of
K[(�5-C5H5)M(CO)3] for one hour at ambient temperature
afforded the dinuclear boryloxycarbyne complexes
[{(�5-C5H5)(OC)2M�CO}2B2(NMe2)2] (4a, M�Mo; b, M�
W; c, M�Cr) according to Equation (2).
The molybdenum and tungsten complexes 4a and 4b,


respectively, were obtained in yields of about 33% as yellow,
crystalline materials, while the chromium anologue 4c could
be isolated in a significantly higher yield of 62% in the form of
green crystals. All three compounds are extremely sensitive to
air and moisture and dissolve readily in common aliphatic and
aromatic solvents.
Their molecular structure in solution was derived from


multinuclear NMR data (Table 1). Single sets of signals in all
NMR spectra for the cyclopentadienyl, carbonyl and amino
groups indicates C2v symmetry of the molecules in solution.
The presence of two CH3 resonances in the 1H and 13C NMR
spectra is due to restricted rotation about the boron ± nitrogen
double bonds. The signals of the carbyne carbon atoms in the
13C NMR spectra were at about �� 245 ppm, and thus display
the expected characteristic low-field shifts.[6] The 11B NMR
signals at �� 31.1 (4a), 30.8 (4b) and 31.3 ppm (4c) are
shielded with respect to those of the borane precursors and of
diborane(4)yl complexes, and hence indicate the presence of
boron ± oxygen bonds.[7a,b]


Table 1. Selected experimental and calculated data.


4a 4b 4c 5a 5b 6a 6b


�(1H) Cpobsd 5.22 5.15 4.72 5.03; 5.20 5.04, 5.12 5.00 4.97
Cpcalcd ± ± 4.73 5.29; 5.33 5.41; 5.44 5.30 5.42


�(11B) BMobsd ± ± ± 65.2 62.7 66.0 63.3
BMcalcd ± ± ± 63.6 61.4 63.0 60.8


31.1 30.8 31.3 31.5 32.6 ± ±
BOcalcd ± ± 29.9 29.5 30.0 ± ±
BIobsd ± ± ± ± ± 35.5 37.4
BIcalcd ± ± ± ± ± 44.0 44.7


�(13C) M�Cobsd 245.2 242.7 250.4 241.2 239.0 ± ±
M�Ccalc ± ± 248.5 235.3 226.4 ± ±


d/pm BMobs ± ± ± 234.8(4) ± ± ±
BMcalcd ± ± ± 240.0 240.2 240.3 240.4
BOobs ± ± ± 146.0(5) ± ± ±
BNobs ± ± ± 139.8(5); 137.4(5) ± ± ±
BNcalcd ± ± 139.3 140.5; 140.0 140.6; 140.2 140.4; 139.8 140.6; 139.9
BOcalcd ± ± 144.7 144.7 144.5 ± ±
BBobsd ± ± ± 170.4(6) ± ± ±
BBcalcd ± ± 171.2 170.7 170.9 169.6 169.8
M�Cobsd ± ± 182.5(4) ± ± ± ±
M�Ccalcd ± ± 170.9 184.6 185.0 ± ±
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Interestingly, the complexes 4a and 4b represent only
kinetically favoured products of the reaction. These com-
pounds undergo an unprecedented rearrangement according
to Equation (3) to give the thermodynamically more stable
products [{(�5-C5H5)(OC)2M�CO}B(NMe2)B(NMe2){M(CO)3-
(�5-C5H5)}] (5a, M�Mo; b, M�W), which were isolated in
quantitative yield from solutions of 4a and 4b, repsectively, in
benzene after seven days at ambient temperature as yellow,
crystalline materials. Complexes 5a, b are readily soluble in
all common hydrocarbons, and in contrast to their precursors,
only moderately sensitive towards air and moisture. Although
the conversion requires a considerable time for completion,
11B NMR spectra of the reaction mixture show that traces of
5a, b are already present after two hours.
To avoid contamination with the rearranged products, short


reaction times of only one hour are crucial for the synthesis of
the boryloxycarbyne complexes 4a, b, and thus the yields of
these compounds are limited. The conversion of 4a and 4b to
5a and 5b, respectively, occurs with a 1,3-shift of one boryl
group from the carbyne oxygen atom to the metal centre and
restoration of the former carbonyl ligand. A corresponding
rearrangement of the secondM�C�O�Bmoiety, which would
lead to compounds of the type [{(�5-C5H5)(OC)3M}B-
(NMe2)B(NMe2){M(CO)3(�5-C5H5)}] with two metal ± boron
bonds is not observed, even at slightly elevated temperatures.
This is believed to be due to the increased steric requirements
of the (�5-C5H5)(OC)3M moiety with respect to the (�5-
C5H5)(OC)2M�C�O fragment. This observation corresponds
with the finding that in complexes [(�5-C5H5)(OC)nMB-
(NMe2)B(NMe2)Hal}] (2a, M�Mo; b, M�W, n� 3; 3a,
M�Fe; b, M�Ru, n� 2; Hal�Cl, Br) all attempts to
substitute the remaining boron-bound halide by a second (�5-
C5H5)(OC)nMmoiety failed.[7a,b] Although 1,3-silatropic shifts
from transition-metal centres to acyl oxygen atoms are well
known,[9] reverse intramolecular migration of a main group
element from oxygen to a transition-metal centre was not
observed before.
In contrast to the facile rearrangement of the molybdenum


and tungsten complexes 4a and 4b, their chromium counter-
part 4c displays no such reactivity. It remains unaltered in
benzene solutions at ambient or slightly elevated temper-
atures for weeks, as proven by 11B NMR spectroscopy;
heating the solution to reflux finally leads to complete
degradation of the complex.


The structure of 5a and 5b in solution was revealed by
multinuclear NMR spectroscopy (Table 1). Owing to their C1
symmetry the complexes show two sets of signals for the
cyclopentadienyl and amino ligands, the latter again doubled
due to hindered rotation about the boron ± nitrogen double
bond. The presence of the carbyne carbon atom is proven by
signals in the 13C NMR spectra at �� 241.2 (5a) and
239.0 ppm (5b). The most significant spectroscopic difference
between compounds 4 and 5 is found in the 11B NMR spectra.
The rearranged complexes display two signals: the shielded
resonance signals at �� 31.5 (5a) and 32.6 ppm (5b) match
those of the precursor compounds 4a and 4b and indicate the
oxygen-bound boron atoms. The signals at �� 65.2 (5a) and
62.7 ppm (5b) are significantly deshielded and thus closely
resemble the characteristic shifts of the transition-metal-
bound boron atoms in diborane(4)yl complexes.[7a,b]


Single crystals of 5a suitable for X-ray structure analysis
(Figure 1) were obtained from hexane at �30 �C after several
days. The compound crystallises in the space group P21/c and


Figure 1. Structure of 5a in the crystal. Selected distances [pm] and
angles [�]: Mo2�B2 234.8(4), B1�N5 137.4(5), B2�N6 139.8(5), B1�B2
170.4(6), Mo1�C13 182.5(4); O13-C13-Mo1 174.9(3).


hasC1 symmetry in the solid state. The geometry of the central
B2(NMe)2 moiety closely resembles that of related dibora-
ne(4)yl complexes.[7a,b]


Both boron atoms have trigonal-planar coordination envi-
ronments with boron ± boron distances of 170.4(6) pm and
boron ± nitrogen distances of 137.4(5) pm (B1�N5) and
139.8(5) pm (B2�N6). The latter are in the expected range
for boron ± nitrogen double bonds. The molybdenum±boron
distance of 234.8(4) pm is similar to that of 236.5(5) pm in
[(�5-C5H5)(OC)3Mo{B(NMe2)B(NMe2)Br}] (2a),[7b] but sig-
nificantly shorter than that of 249.7(5) in [(�5-C5Me5)2-
Mo(BH2PMe3)], in which the boron atom has a higher
coordination number of four.[10] The Mo�C�O moiety in 5a
displays the expected linear arrangement with an Mo1-C1-O1
angle of 174.9(3)� and a molybdenum± carbon distance of
182.5(4) pm, which is characteristic of a triple bond.[11] The
boron ± oxygen distance of 146.0(5) pm, the C1-O1-B1 angle
of 127.4(3)� and the aforementioned boron ± nitrogen distance
suggest that the bonding situation at the boron centre should
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be described in terms of a boron ± oxygen single and a boron ±
nitrogen double bond.[12]


We also investigated 1:1 reactions of B2(NMe2)2I2 with
K[(�5-C5H5)M(CO)3] (M�Mo, W). The diborane(4)yl com-
plexes [(�5-C5H5)(OC)3M{B(NMe2)B(NMe2)I}] (6a, M�Mo;
b, M�W) were obtained according to Equation (4) after
stirring 1:1 mixtures of the starting materials in benzene at
ambient temperature for seven days.


The new complexes were isolated in yields of about 28% as
red (6a) or maroon (6b) crystalline solids, which are readily
soluble in aliphatic and aromatic hydrocarbons and extremely
sensitive towards air and moisture. The IR and multinuclear
NMR data for 6a, b are unobtrusive and match corresponding
findings for related diborane(4)yl complexes. The 11B NMR
spectra show two widely separated signals at �� 35.5 (6a) and
37.4 ppm (6b) for the iodo-substituted boron atom and at ��
66.0 (6a) and 63.3 ppm (6b) for the metal-coordinated boron
centre. Both compounds display three carbonyl stretching
frequencies in the IR spectra in the range from 1992 to
1883 cm�1, that is, no evidence for metal ± boron � back-
donation in solution.[1, 7a,b] Monitoring the progress of this
reaction by 11B NMR spectroscopy revealed that already after
one hour the boryloxycarbyne complexes 4a, b had formed,
as proven by the characteristic shielded resonance signals for
the oxygen-bound boron atoms at �� 31.1 and 30.8 ppm,
respectively.[13] The presence of an equimolar amount of
unconverted B2(NMe)2I2 was deduced from the second 11B
NMR signal at �� 36.2 ppm.[14] The characteristic 11B NMR
signals of the diborane(4)yl complexes 6a,b could be detected
after an additional hour in very low intensities, which however
continually increased over a period of several days. This
observation provides evidence that even in the presence of
surplus B2(NMe)2I2 the formation of the boryloxycarbyne
complexes 4a, b with nucleophilic attack of carbonyl oxgen
atoms at both boron centres of the same diborane(4) molecule
is favoured. Additionally, it must be concluded that the
complexes 4a, b are not stable in the presence of B2(NMe)2I2,
but transfer one (�5-C5H5)(OC)3M moiety with formation of
the diborane(4)yl complexes 6a, b. This assumption was
proven by treating the isolated and purified complexes 4a,b
with one equivalent of B2(NMe2)2I2. After stirring the two
reactants in benzene at ambient temperatures for 5 d, the
diborane(4)yl complexes 6a, b were obtained according to
Equation (5) and isolated in yields of about 30%.
Monitoring the progress of this reaction with 1H and 11B


NMR spectroscopy showed 6a, b to be the major products
after five days. Besides, only traces of the unconverted
boryloxycarbyne complexes 4a,b together with some uniden-
tified boron-containing products, presumably originating
from the degradation of B2(NMe2)2I2, were detected. The


absence of significant amounts of 5a, b during the reaction, as
proven by 1H and 11B NMR spectroscopy, implies that 1) (�5-
C5H5)(OC)3M transfer to B2(NMe2)2I2 proceeds faster than
the rearrangement of 4a, b and 2) 6a, b are not formed via
5a, b as intermediates.
Further evidence for this was provided by an experiment in


which the reactivity of the rearranged complexes 5a,b
towards an equimolar amount of B2(NMe)2I2 was investigat-
ed. Monitoring corresponding solutions in benzene with 1H
and 11B NMR spectroscopy showed that 5a, b also transfer
one (�5-C5H5)(OC)3M moiety to B2(NMe2)2I2 with formation
of the diborane(4)yl complexes 6a,b according to Equa-
tion (6). This reaction, however, is complete only after 14 days
at ambient temperature, and is thus significantly slower than
the corresponding transfer from the boryloxycarbyne com-
plexes 4a, b.


Density functional calculations were carried out on the
chromium carbyne complex 4c, the rearranged products
5a, b, M�W) and the diborane(4)yl complexes 6a, b with
ECP basis sets for transition metals, 6-311G(d, p) basis sets for
iodine and 6-31G(d, p) basis sets for all other nonmetal atoms.
The structures shown in Figure 2 were calculated to be
minima, as proven by vibrational analysis.
The chromium complex 4c was optimised in C2 symmetry


and an unobtrusive geometry was found for the central
diborane(4) moiety (Table 1). The boron ± boron and boron ±
nitrogen distances are in the expected range for single and
double bonds, respectively, and the two bonding planes
around the boron centres enclose an angle of approximately
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80 �C, that is, somewhat distorted from an ideal orthogonal
arrangement. The oxycarbyne ligand shows the expected
linear geometry with a Cr-C-O angle of 178.5�.
The geometry calculated for 5a is in very good agreement


with the experimental data; as expected, the calculated
interatomic distances are slightly longer. The related tungsten
complex 5b was optimised in C1 symmetry, and the structural
data match those of its molybdenum counterpart (Table 1).
The diborane(4)yl complexes 6a, b were optimised in C1


symmetry, and their overall geometry resembles that of the
closely related tungsten complex [(�5-C5H5)(OC)3W{B-
(NMe2)B(NMe2)Cl}] (7), the structure of which was derived
from X-ray crystallography.[7a] In particular, the tungsten ±
boron, boron ± boron and boron ± nitrogen distances of 6b
and 7 differ by less than 3 pm.
The NMR shifts for all five compounds were calculated


with the GIAO method (Table 1) and are generally in good
agreement with the experimental data (Table 1). However,
more pronounced deviations between calculated and exper-
imental shifts are observed in the case of the tungsten-bound
carbyne carbon and iodine-bound boron atoms.


Conclusion


The reactivity of the diiododiborane(4) B2(NMe2)2I2 towards
K[(�5-C5H5)M(CO)3] (M�Cr, Mo, W) proved to be rather
complex and in sharp contrast to the common reactions of
B2(NMe2)2Hal2 (Hal�Cl, Br) with transition metal carbon-
ylates.
The various reactions and rearrangements observed and


described here are summarized in Scheme 1.
The formation of the dinuclear boryloxycarbyne complexes


[{(�5-C5H5)(OC)2M�CO}2B2(NMe2)2] (4a, M�Mo; b, M�
W; c, M�Cr) with two boron ± oxygen bonds clearly proves


the intrinsic nucleophilic char-
acter of the carbonyl oxygen
centre in the transition metal
carbonylates. In the case of
molybdenum and tungsten
these complexes undergo an
unprecedented rearrangement
with formation of the thermo-
dynamically favoured dibora-
ne(4)yl complexes 5a,b with
one boron ± oxygen and one
boron ±metal linkage. The fail-
ure of the corresponding chro-
mium complex 4c to undergo
the same rearrangement re-
mains to be explained. Howev-
er, this observation is well in
line with the fact that chromium
boryl complexes are unknown
as yet and could not be ob-
tained by salt elimination reac-
tions or any other synthetic
method.
The reaction of 4a,b and


5a,b with B2(NMe2)2I2 to give the diborane(4)yl complexes
6a, b is of some significance, as it represents a novel, albeit not
very specific, method for the generation of classical metal ±
boron bonds. Future investigations will focus on the exploi-
tation of this potentially useful method.


Experimental Section


All manipulations were carried out under a dry nitrogen atmosphere with
common Schlenk techniques. Solvents and reagents were dried by standard
procedures, distilled and stored under nitrogen over molecular sieves.
B2(NMe2)2I2,[14] K[(�5-C5H5)Mo(CO)3],[15] K[(�5-C5H5)W(CO)3][15] and
K[(�5-C5H5)Cr(CO)3][16] were obtained according to literature procedures.
NMR: Varian Unity 500 at 499.843 (1H, standard TMS, internal), 150.364
(11B, standard BF3 ¥OEt2 in C6D6, external), 125.639 MHz (13C{1H}, APT,
standard TMS, internal). All NMR spectra were recorded at 25 �C in C6D6


unless otherwise stated. Mass spectra were recorded on a Finnigan MAT 95
(70 eV), and elemental analyses (C, H, N) were obtained from a Carlo-Erba
elemental analyzer, model 1106.


4a : A solution of B2(NMe2)2I2 (0.98 g, 2.70 mmol) in benzene (10 mL) was
added dropwise to a suspension of K[(�5-C5H5)Mo(CO)3] (1.53 g,
5.30 mmol) in benzene (10 mL). After the mixture had been stirred for
1 h at ambient temperature, all volatile materials were removed under high
vacuum. The residue was suspended in hexane (30 mL), filtered and the
remaining solid was rinsed with hexane (10 mL). The filtrate was
concentrated in vacuo to 20 mL and stored at �30 �C. After 48 h 4a
(0.53 g, 32.7%) was obtained as a yellow, very air- and moisture-sensitive,
crystalline material. 1H NMR: �� 2.31, 2.37 (s, 6H; N(CH3)2), 5.22 ppm (s,
10H; C5H5); 11B NMR: �� 31.1 ppm (BO); 13C NMR: �� 35.28, 39.33
(N(CH3)2), 91.31 (C5H5), 229.49 (CO), 245.18 ppm (carbyne C); elemental
analysis (%) calcd for C20H22B2Mo2N2O6 (599.90): C 40.04, H 3.70, N 4.67;
found: C 39.52, H 3.83, N 4.66.


4b : As described for 4a, a suspension of K[(�5-C5H5)W(CO)3] (1.19 g,
3.20 mmol) in benzene was treated with a solution of B2(NMe2)2I2 (0.58 g,
1.60 mmol) in benzene. 4b (0.40 g, 32.2%) was obtained as yellow, very air-
and moisture-sensitive crystals. 1H NMR: �� 2.39, 2.41 (s, 6H; N(CH3)2),
5.15 ppm (s, 10H; C5H5); 11B NMR: �� 30.8 ppm (BO); 13C NMR: ��
35.31, 39.44 (N(CH3)2), 89.80 (C5H5), 220.11 (CO), 242.72 ppm (carbyne C);


Figure 2. Calculated structures of 4c, 5a and 6b.
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elemental analysis (%) calcd for C20H22B2N2O6W2 (775.72): C 30.97, H 2.86,
N 3.61; found: C 30.17, H 2.84, N 3.37.


4c : As described for 4a, a suspension of K[(�5-C5H5)Cr(CO)3] (1.39 g,
5.78 mmol) in benzene was treated with a solution of B2(NMe2)2I2 (1.05 g,
2.89 mmol) in benzene. 4c (0.92 g, 62.3%) was obtained as green, very air-
and moisture-sensitive crystals. 1H NMR: �� 2.29, 2.37 (s, 6H; N(CH3)2),
4.72 ppm (s, 10H; C5H5); 11B NMR: �� 31.3 ppm (BO); 13C NMR: ��
35.21, 39.31 (N(CH3)2), 87.32 (C5H5), 238.90 (CO), 250.39 ppm (carbyne C);
elemental analysis (%) calcd for C20H22B2Cr2N2O6 (512.02): C 46.92, H
4.33, N 5.47; found: C 46.20, H 4.48, N 5.35.
5a : A solution of 4a (0.20 g, 0.33 mmol) in benzene (10 mL) was stirred for
seven days at ambient temperature, after which all volatile materials were
removed under high vacuum. The residue was dissolved in hexane (20 mL),
and the resulting yellow solution was concentrated in vacuo to 10 mL and
stored at�30 �C. After 48 h 5a was obtained in quantitative yield as yellow
crystals. 1H NMR: �� 2.16, 2.24, 2.79, 2.84 (s, 3H; N(CH3)), 5.03, 5.20 ppm
(s, 5H; C5H5); 11B NMR: �� 31.5 (BO), 65.2 ppm (BMo); 13C NMR: ��
34.78, 38.32, 42.84, 48.95 (N(CH3)), 91.50, 93.68 (C5H5), 224.11, 226.58,
229.75, 229.97, 233.78, (CO), 241.20 ppm (carbyne C); elemental analysis
(%) calcd for C20H22B2Mo2N2O6 (599.90): C 40.04, H 3.70, N 4.67; found: C
39.59, H 3.65, N 4.66.


5b : As described for 5a, a solution of 4b (0.20 g, 0.26 mmol) in benzene
(10 mL) was stirred for seven days. Compound 5b was obtained in
quantitative yield as yellow crystals. 1H NMR: �� 2.21, 2.26, 2.80, 2.87 (s,
3H; N(CH3)), 5.04, 5.12 (s, 5H, C5H5); 11B NMR: �� 32.6 (BO), 62.7
(BW); 13C NMR: �� 34.74, 38.46, 43.46, 49.29 (N(CH3)), 89.92, 92.51
(C5H5), 215.47, 218.04, 220.38, 220.68, 223.42 (CO), 239.02 ppm (carbyne
C); elemental analysis (%) calcd for C20H22B2N2O6W2 (775.72): C 30.97, H
2.86, N 3.61; found: C 30.39, H 3.07, N 3.50.


6a : A solution of B2(NMe2)2I2 (1.03 g, 2.83 mmol) in benzene (10 mL) was
added dropwise to a suspension of K[(�5-C5H5)Mo(CO)3] (0.81 g,
2.81 mmol) in benzene (10 mL). After the mixture had been stirred for
seven days at ambient temperature, all volatile materials were removed
under high vacuum. The remaining residue was suspended in hexane
(40 mL), filtered and the remaining solid was rinsed with hexane (5 mL).
The filtrate was concentrated in vacuum to 15 mL and stored at �30 �C.


After several days 6a (0.40 g, 29.3%) was obtained as a red, very air- and
moisture-sensitive, crystalline material.


Alternative 1: A solution of 4a (0.86 g, 1.42 mmol) in benzene (10 mL) was
treated with a solution of B2(NMe2)2I2 (0.52 g, 1.42 mmol) in benzene
(10 mL) and stirred for five days at ambient temperature. All volatiles were
removed in high vacuum, and the remaining solid repeatedly recrystallised
from hexane at �30 �C to yield pure 6a (0.40 g, 29.1%).
Alternative 2: A solution of 5a (0.59 g, 0.97 mmol) in benzene (10 mL) was
treated with a solution of B2(NMe2)2I2 (0.36 g, 0.97 mmol) in benzene
(10 mL) and stirred for 14 days at ambient temperature. All volatiles were
removed in high vacuum, and the remaining solid repeatedly recrystallised
from hexane at �30 �C to yield pure 6a (0.26 g, 27.6%).
1H NMR: �� 2.49, 2.63, 2.70, 2.80 (s, 6H; N(CH3)2), 5.00 ppm (s, 5H;
C5H5); 11B NMR: �� 35.5 (BI), 66.0 ppm (BMo); 13C NMR: �� 42.45,
42.58, 44.27, 47.58 (N(CH3)2), 93.65 (C5H5), 224.72, 227.96, 233.39 ppm
(CO); IR (hexane): �� � 1992 (m), 1916 (m), 1895 cm�1 (m) (C�O);
elemental analysis (%) calcd for C12H17B2IMoN2O3 (481.74): C 29.92, H
3.56, N 5.82; found: C 29.90, H 3.59, N 5.71.


6b : As described for 6a, B2(NMe2)2I2 (1.00 g, 2.75 mmol) was treated with a
suspension of K[(�5-C5H5)W(CO)3] (1.02 g, 2.75 mmol) in benzene for
seven days at ambient temperature. Compound 6b (0.43 g, 27.4%) was
obtained as a maroon, very air- and moisture-sensitive, crystalline material.


Alternative 1: As described for 6a, 4b (0.75 g, 0.98 mmol) was treated with
B2(NMe2)2I2 (0.36 g, 0.98 mmol) to yield 6b (0.34 g, 30.5%).


Alternative 2: As described for 6a, 5b (0.68 g, 0.88 mmol) was treated with
B2(NMe2)2I2 (0.33 g, 0.88 mmol) to yield 6b (0.29 g, 28.5%). 1H NMR: ��
2.47, 2.67, 2.72, 2.85 (s, 6H; N(CH3)2), 4.97 ppm (s, 5H; C5H5); 11B NMR:
�� 37.4 (BI), 63.3 ppm (BW); 13C NMR: �� 42.45, 43.21, 44.20, 47.95
(N(CH3)2), 92.39 (C5H5), 216.31, 219.39, 222.58 ppm (CO); IR (toluene):
�� � 1992 (m), 1899 (m), 1883 cm�1 (m) (C�O); elemental analysis (%) calcd
for C12H17B2IN2O3W (569.65): C 25.30, H 3.01, N 4.92; found: C 24.93, H
3.09, N 4.51.


X-ray structure determination of 5b : X-ray quality crystals were removed
from a Schlenk tube and immediately covered with a layer of viscous
hydrocarbon oil (Paratone N, Exxon). A suitable crystal was selected,


Scheme 1. Summary of reactions and rearrangements described.
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attached to a glass fiber and instantly placed in the low-temperature N2


stream of a P4 four-circle diffractometer (Siemens). C20H22B2Mo2N2O6;
formula mass 599.90 gmol�1, monoclinic space group P21/c (no. 14); a�
17.607(4), b� 8.456(2), c� 18.242(4) pm, �� 117.55(3)�, V�
2.4080(9) mm3, Z� 4, �calcd� 1.655 gcm�3 ; MoK� radiation (��
1.078 mm�1). Data collection at 173 K on a yellow crystal of about 0.4�
0.5� 0.2 mm by using 	 scans in the diffraction range 4.48� 2
� 58�
yielded 7899 reflections. Empirical absorption correction by � scans; 6412
of 6415 unique reflections were used for refinement of 293 parameters;
max./min. residual electron density: �786/715 enm�3. R1� 0.045 (F�
4�(F)) and wR2� 0.101 (all data) with R1�� � �Fo ���Fc � � /� �Fo �
and wR2� {�w(F 2


oF 2
c �2/�w(F 2


o�2}0.5. Calculations were carried out with the
SHELXTL PC 5.03[17] and SHELXL-97[18] program suites. The phase
problem was solved by direct methods, and the structures were refined on
F 2
o by full-matrix least-squares techniques. Anisotropic thermal parameters
were included for all non-hydrogen atoms. H atoms were placed geometri-
cally and refined using a riding model, including free rotation of methyl
groups. Their isotropic thermal parameters were constrained to 1.2
(cyclopentadienyl H) or 1.5 (methyl groups) times Ueq of the bonded
carbon atom. CCDC-116236 contains 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 deposit@ccdc.cam.uk).
SCF calculations : all calculations were performed by using Gaussian98
package with the Becke three-parameter hybrid exchange functionals and
Lee ±Young ±Parr correlation functionals (B3LYP) of DFT.[19] All the
geometries have been fully optimised with CEP-31G basis set for
chromium, molybdenum and tungsten, 6-311G(d,p) basis set for iodine,
and 6-31G(d,p) basis set for other non-metal atoms. For the obtained
stationary points, harmonic frequency analysis at the same level of theory
were performed. Optimisation following the negative eigenvector was
carried out for geometries with imaginary frequencies. The calculations
utilizedC1 symmetry for all molecules except 4c, which was calculated inC2
symmetry. The total energies Eh and the ZPVE (in Hartrees, in
parentheses) are as follows; 4c : �1559.207902 (0.401361); 5a :
�1522.139270 (0.397303); 5b : �1521.728002 (0.365861); 6a :
�7840.099668 (0.286767); 6b : �7839.902147 (0.287680).
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Morphogenetic Control of Calcite Crystal Growth in
Sulfonic Acid Based Hydrogels


Olaf Grassmann and Peer Lˆbmann*[a]


Abstract: In this paper the mineraliza-
tion of CaCO3 in various hydrogel
matrices is presented. Sulfonic acid
based hydrogels were prepared by in-
troduction of sulfonate-containing mono-
mers into a polyacrylamide network.
The sulfonate content of polyacryl-
amide-co-vinylsulfonate and polyacryl-
amide-co-allylsulfonate decreases dur-
ing elution of the copolymers in demin-
eralized water, indicating insufficient
linking of the sulfonate-bearing mono-
mers within the hydrogel. In contrast to
this, acrylamidomethylpropanesulfonate
(AMPS) effectively copolymerizes with
acrylamide (AAm) monomers. To study
the influence of spatial arrangement of


ionic functional groups within hydrogel
networks on the mineralization of Ca-
CO3, AMPS copolymers with different
degrees of AMPS cross-linking were
synthesized. For the mineralization ex-
periments the copolymers were placed
into a double-diffusion arrangement.
Calcite as the thermodynamically stable
modification of CaCO3 was obtained
with a particular morphology. The pseu-
docubic habitus resembles aggregates
obtained by mineralization in pure poly-


acrylamide. However, closer examina-
tion of the aggregates by scanning elec-
tron microscopy (SEM) shows that the
crystal growth in the AMPS copolymers
is different from that observed in poly-
acrylamide. Whereas the morphology of
the calcite aggregates could be fine-
tuned by using copolymers with differ-
ent sulfonate content, the spatial distri-
bution of the ionic functional groups
alters the course of crystallization. Cal-
cium ions are locally accumulated due to
the heterogeneous distribution of func-
tional sulfonate groups within the co-
polymer network. Thereby the nuclea-
tion of calcite is triggered, resulting in
enhanced mineralization.


Keywords: biomineralization ¥
calcite ¥ copolymerization ¥ crystal
growth ¥ double diffusion


Introduction


In biological systems deposition of inorganic materials
commonly takes place in gel-like extracellular matrices.[1]


The mineralization of human bone and aragonite layers of
nacre is governed by complex protein-mediated processes.
Matrix macromolecules from shell nacre are characterized by
two different sets of proteins:[2] acidic macromolecules con-
taining carboxylate groups are adsorbed onto a scaffold of
silk-fibroin-like proteins. Whereas the uncharged framework
molecules provide the physical environment for crystalliza-
tion, the acidic macromolecules, rich in aspartate and
glutamate side groups, promote the nucleation of the inor-
ganic CaCO3 phase.[3] Since these processes take place at
ambient temperature and the resulting biominerals show
remarkable mechanical properties,[4] biomimetic deposition
processes are promising for technical applications.


For preparing TiO2 coatings on silicon substrates a bio-
logically inspired approach has been employed. Highly ionic,


sulfonic acid containing silanes self assemble on a substrate,
leading to organized monolayers with acidic terminal groups.
It was observed that the deposition of TiO2 on these
functionalized substrates is modified resulting in partially
crystalline coatings.[5] SAMs (SAM� self-assembled mono-
layer) with �SO3


� end groups on metal surfaces induce the
nucleation of calcite better than bare metal films.[6] So far it is
still debated whether biomimetic crystallization is mediated
through an epitactical match of acidic head groups and the
inorganic phase or solely by the presence of charged
functionalities.[7, 8] According to the ionotropic model of
nucleation[9] the spatial distribution of polar functional
groups, that is, the local charge density, is of crucial
importance for the nucleation.


To compare the effect of highly polar groups in a system
more closely related to nature than SAMs, we study the
crystallization of CaCO3 within a functionalized hydrogel
network. For that pupose, sulfonic acid containing monomers
are copolymerized with acrylamide monomers to provide a
model system for demonstrating the principles of biominer-
alization. In this paper we describe the synthesis of sulfonic
acid containing copolymers with varying degrees of steric
restriction of the sulfonate groups. CaCO3 is precipitated
within the functionalized hydrogels by means of a counter-
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diffusion arrangement. The effect of the hydrogel matrix on
the crystallization is analyzed and compared to the deposition
within an unmodified polyacrylamide hydrogel network.


Results and Discussion


Synthesis of sulfonic acid based hydrogels : To evaluate the
influence of sulfonate groups on the crystallization of CaCO3


it is crucial to quantify the efficiency of copolymerization, that
is, the proportion of covalently linked sulfonate containing
monomers within the hydrogel network. Incubation of the
copolymers in demineralized water will elute monomers not
covalently bonded to the hydrogel network by diffusion
following the concentration gradient. For that reason, the
amount of sulfur within the hydrogels is an indicator for the
degree of copolymerization. Thus copolymers characterized
by a sulfur content of the eluted samples, corresponding to the
theoretical (as-synthesized) amount, show efficient copoly-
merization. The molar ratio of sulfonate groups within these
hydrogel networks is adjustable.


To synthesize sulfonic acid based hydrogels three different
types of sulfonate-containing monomers were employed:
sodium vinylsulfonate (VlS), sodium allylsulfonate (AlS)
and sodium 2-acrylamido-2-methyl-1-propanesulfonate
(AMPS). In order to investigate the degree of copolymeriza-
tion, the �SO3


�-bearing monomers were copolymerized in
various mole fractions. In Figure 1 the theoretical sulfur


Figure 1. Sulfur content of AlS, VlS and AMPS copolymers determined by
XRF. The sulfur content of eluted AMPS copolymers corresponds to the
theoretical sulfur content.


content of VlS, AlS, and AMPS that corresponds to the
synthesis is compared with the sulfur content of eluted
samples. The molar ratio of sulfur within the eluted VlS and
AlS copolymers deviates significantly from the theoretical
values. Increasing the amount of sulfonate-containing mono-
mers within the hydrogels leads to a pronounced discrepancy
to the theoretical sulfur content, indicating a distinctive
elution effect during incubation. The insufficient copolymer-
ization of acrylamide (AAm) with AlS is in agreement with
different reactivity ratios of the monomers determined by the
Kelen ± Tudos method.[12] The AMPS copolymers, however,


show a molar sulfur ratio that closely corresponds to the
theoretical amount. Thus the AMPS monomers are suitable
components for the synthesis of sulfonic acid based hydrogels.


Since the ratio, in the IR spectrum, of the absorption peak
of the SO group (1040 cm�1) and the C�O stretching peak
(1660 cm�1) is characteristic for the amount of AMPS mono-
mers within a hydrogel,[13] samples were analyzed by IR
spectroscopy. Figure 2 (top) shows a typical IR spectrum of an


Figure 2. IR spectroscopy of AMPS copolymers: typical IR spectrum of a
10 mol- % sulfonate monomer containing copolymer (top), IR absorption
ratio Arel �A1040/A1660(bottom).


AAm-AMPS copolymer with 10 mol% AMPS relative to the
AAm monomers. At 1040 cm�1 the SO absorption peak is
clearly visible. An absorption peak at 1660 cm�1 corresponds
to the C�O stretching peak of AAm and AMPS units. The
absorption band around 3450 cm�1 is due to moisture of the
hygroscopic potassium bromide. To quantify the AMPS
content within the copolymers the intensity of the character-
istic absorption peak of AMPS is normalized by using the
C�O stretching peak. In Figure 2 (bottom) the ratio Arel �
A1040/A1660 for as-synthesized and eluted hydrogels is shown.
The absorption ratio of the eluted samples only slightly
deviates from the as-synthesized hydrogels. This efficient
copolymerization of AAm and AMPS has already been
shown in previous studies,[13] and the results of the sulfur
analysis determined by X-ray fluorescence analysis (XRF) are
confirmed. It is possible to adjust the content of�SO3


� groups
within a hydrogel network by using AMPS monomers.
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Consequently, AAm-AMPS copolymers are suitable growth
environments to analyze the effect of polar functional groups
on the biomimetic mineralization of CaCO3.


To investigate the effect of the spatial distribution of
functional groups within a hydrogel network on biomimetic
mineralization, the AAm-AMPS copolymer synthesis was
modified so as to regulate the spatial distribution of AMPS
monomers within the network. Local accumulation of AMPS
is achieved by prepolymerization of the monomers. After
addition of the radical starter to a solution of AMPS and
cross-linker the monomers locally polymerize. Since the
gelation time of pure poly-AMPS hydrogels exceeds the time
of one hour,[14] it is possible to synthesize poly-AAm-AMPS
copolymers by pouring the prepolymerization solution into a
solution of AAm monomers. The prepolymerization of
AMPS is altered by the amount of cross-linker present. It is
expected that weakly AMPS-cross-linked hydrogels (AMPS-
2) are generally characterized by linear polymerization of
AMPS monomers. During prepolymerization the cross-linker
content of highly AMPS-cross-linked copolymers (AMPS-3)
is by an order of magnitude higher; this leads to cross-linked
AMPS clusters. The supposed topography of the various
copolymers is illustrated in Figure 3. The limiting factor of the
degree of AMPS cross-linking is the insufficient solubility of
MBAAm in water. Since for the synthesis of strongly cross-
linked copolymers the N,N�-methylenbis(acrylamide)
(MBAAm) monomers are very concentrated within the
prepolymerization solution, the maximum mole fraction of
AMPS within these copolymers is restricted to 10 mol %.


Copolymer swelling : According to Flory,[15] the equilibrium
swelling is determined by compensation of the potential
differences between a polymer and the swelling solution.
Essential parameters affecting the swelling are the osmotic
pressure, due to polar groups within the hydrogel, and the
elastic properties of the network. The osmotic pressure has to
be compensated by the repulsive force inherent to the
network. For hydrogels with a physical density comparable
to the swelling solution, the degree of swelling is sufficiently
approximated by the weight swelling ratio Qw �mq/m0 , in
which mq and m0 are the weight of the swollen samples and the
weight of the unswollen hydrogel, respectively.[16]


The spatial arrangement of polar functional groups within
the synthesized hydrogels is estimated by comparison of the
swelling behaviour. It is expected that a statistical distribution
of AMPS moieties (AMPS-1) will result in the highest relative
swelling ratios. In contrast to the AMPS-cross-linked copoly-
mers the hydrate shells surrounding the polar functional
groups should not hinder each other. Analogously, highly
AMPS-cross-linked hydrogels should be characterized by a
less pronounced osmotic pressure. The swelling ratios of the
different hydrogels in relation to the mole fraction of AMPS
monomers are shown in Figure 4 (top). For 5 and 10 mol %
AMPS the statistical copolymer is characterized by the
highest relative swelling ratios. Weakly AMPS-cross-linked
(AMPS-2) copolymers show the smallest swelling ratios,
whereas the swelling behaviour of highly AMPS-cross-linked
(AMPS-3) copolymers is intermediate. Since the overall
cross-linker concentration of the different copolymer types


Figure 3. Illustration of the supposed spatial arrangement of functional
groups in various AMPS copolymers: random distribution of functional
groups (top), weakly AMPS-cross-linked copolymers (middle), and highly
AMPS-cross-linked copolymers (bottom).


is identical, less cross-linker is available for bulk polymer-
ization of AMPS-3 relative to AMPS-2. Because of the local
clustering of the cross-linker, the AMPS-3 copolymers are
expected to show less stiffness of the bulk network.


To evaluate the effect of the cross-linker content on the
hydrogel swelling ratio, statistical copolymers with different
AAm-AMPS/cross-linker ratios were synthesized. The swel-
ling ratios of the AMPS-1 gels are clearly dependent on the
AAm-AMPS/cross-linker ratio. Copolymers with a monomer
: cross-linker ratio of 19:1 swell significantly less than
copolymers with a ratio of 29:1 (Figure 4, bottom). Thus, it
has to be taken into account that highly AMPS-cross-linked
(AMPS-3) gels are characterized by a relatively low swelling
ratio despite the small cross-linker content of the bulk
hydrogel network. Consequently, the swelling behavior is
determined by two opposing effects: reduction of the swelling
ratio due to the hindering of �SO3


� groups and an increased
swelling because of inhomogeneous distribution of cross-
linker.
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Figure 4. Top: Weight swelling ratios of AMPS copolymers with varying
spatial arrangemnets of functional groups within the network. Bottom:
Weight swelling ratio of copolymers with different monomer/cross-linker
ratio.


Mineralization of CaCO3 in sulfonate bearing hydrogels :
Crystals obtained by counter diffusion experiments in AAm-
AMPS copolymers have a characteristic morphology (Fig-
ure 5). After one week the experiments were terminated and
aggregates of isometric habitus were isolated from the
hydrogel. As confirmed by powder X-ray diffraction
(XRD), the thermodynamically stable calcite modification
of CaCO3 is obtained. The size varies from 100 to 500 �m,
dependent on the location within the hydrogel bodies. Calcite
crystals closer to the CaCl2 solution are smaller relative to


Figure 5. Micrograph of a pseudo-cuboctahedral aggregate crystallized
within an AMPS copolymer containing 10 mol % sulfonate groups bearing
monomers.


those near the NaHCO3 solution of the double-diffusion set-
up.


Upon closer inspection with SEM, the aggregates do not
show smooth faces as expected for pure calcite crystals. In
contrast to these, the macrocrystals are composed of numer-
ous calcite rhombohedra that build up a polyhedral aggregate.
The orientation of rhombohedral ™subcrystals∫ to the macro-
crystal faces show strong similarities to calcite aggregates
isolated from pure polyacrylamide (p-AAm) hydrogels.[10]


The aggregates grown in p-AAm are composed of individual
rhombohedral building blocks, leading to a pseudo-octahedral
morphology of the macrocrystal. Both, aggregates obtained
from crystal growth within the copolymer network, and
p-AAm grown aggregates produce single-crystal X-ray dif-
fraction patterns that correspond to distorted single crystals.
Thus, the mineral tectonics and the structure of these macro-
crystals is closely related.


While the calcite grown in p-AAm has a pseudo-octahedral
habitus, the morphology of the aggregates isolated from the
central part of AAm-AMPS copolymers resembles a cuboc-
tahedron in which the vertices of the pseudo-octahedra are
flattened. The crystallographic orientation of the flattened
vertices is shown by SEM investigation of the macrocrystal
surface (Figure 6). Terraces composed of crystal faces are


Figure 6. SEM images of the copolymer grown aggregate surface:
a) Flattened vertices of pseudo-cuboctahedral particles showing calcite
rhombohedra faces. b) Orientation of rhombohedral subcrystals on aggre-
gate faces.
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visible. As indicated in Figure 6a the angles between the edges
amount to 104� and 76�, which correspond to those between
the {10-14} faces of calcite. Another set of the pseudo-
cuboctahedral faces is characterized by calcite rhombohedra
vertices standing approximately perpendicularly (Figure 6b)
to the macrocrystal faces, in analogy with the pseudo-
octahedral faces of the p-AAm grown aggregates. As the
Miller indices of the pseudo-octahedral faces were calculated
in our previous paper, it is straightforward to describe the
pseudo-cuboctahedra crystallographically. Utilizing the pro-
gram JCrystal[17] the morphology is calculated with the {0001},
{01-11} (pseudo-octahedra faces), and {10-14} (flattened
vertices) indices. The resulting habitus matches the observed
pseudo-cuboctahedral morphology very well, as it can be seen
by comparing Figure 7 and Figure 5. From the SEM inves-
tigations it can be concluded that the properties of aggregates
grown in sulfonic acid based hydrogels are not fundamentally
different from crystals grown in unfunctionalized p-AAm
hydrogels.


Figure 7. Schematic illustration of the pseudo-cuboctahedral morphology
of calcite aggregates. The Miller indices of the corresponding calcite crystal
faces are indicated. Compare with Figure 5.


Crystal growth mechanism in sulfonate bearing hydrogels :
Comparison of crystals obtained from copolymers with
increasing AMPS content reveals a pronounced change from
the pseudo-octahedral towards a cuboctahedral morphology
(Figure 8). Whereas the morphology of aggregates grown in
copolymers with 1 mol % �SO3


� only slightly deviates from
the pseudo-octahedral morphology, those obtained from
copolymers with higher AMPS monomer content resemble
a cuboctahedron. We suppose that the morphology is varied
gradually, depending on the content of sulfonate groups
within the copolymer. Due to the �SO3


�-bearing functional
groups the aggregate growth of the gel-grown particles is
modified. Thus, the AMPS concentration of the copolymer
network is a tool for fine-tuning the aggregate morphology.


For the aggregate growth of p-AAm grown pseudo-
octahedra, it is supposed that the growth rate of {10-14} faces
is enhanced owing to aggregation of preformed building
blocks on the faces of a supercritical nucleus.[10] Therefore, the
{10-14} faces dissappear during advanced aggregate growth.
Since the AAm-AMPS-grown crystals have a pseudo-cuboc-
tahedral morphology, composed of octahedral and rhombo-
hedral faces, it seems that the growth rate of the {10-14} faces
exceeds the growth rate of the octahedral faces to a lesser
extent relative to the pseudo-octahedral growth.


The {10-14} form of calcite is the equilibrium morphology of
calcite and results from crystal growth by ionic supply in


Figure 8. Micrographs of calcite aggregates crystallized in AMPS copoly-
mers with an increasing content of sulfonate bearing monomers:
a) 1 mol %, b) 5 mol %, c) 10 mol %. Arrows indicate the flatened octahe-
dra vertices.


diluted solutions.[18] In contrast to this, the pseudo-octahedra
grown in p-AAm seem to be a consequence of aggregation of
building blocks, which result from the reduced activation
energy of nucleation in supersaturated solutions. Polar�SO3


�


functional groups effectively immobilize Ca2� ions (compara-
ble to ion exchangers[19]) leading to retarded diffusion.
Consequently the concentration of Ca2� in the central part
of the hydrogel body is decreased compared to double
diffusion in unmodified p-AAm. The comparably moderate
supersaturation leads to a hybrid crystal growth mechanism:
Besides the aggregation of preformed building blocks, the {10-
14} faces of calcite evolve due to ionic supply at near
equilibrium crystallization conditions. Thus, the growth rate
of the rhombohedral and octahedral faces are similar,
resulting in a cuboctaheral morphology of the AAm-AMPS-
grown aggregates.







Calcite Crystal Growth 1310 ± 1316


Chem. Eur. J. 2003, 9, No. 6 ¹ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/03/0906-1315 $ 20.00+.50/0 1315


Spatial distribution of sulfonate functional groups : The
morphologies of aggregates isolated from statistical and
AMPS-cross-linked copolymers are similar. Consequently,
the distribution of the AMPS functional groups within the
network does not significantly affect the aggregate growth
mechanism. However, the location of the particles within the
hydrogel bodies, and the course of crystallization, is altered by
the spatial arrangement of the AMPS functional groups. In
Figure 9 photographs of the double-diffusion set-up are
shown. Within AMPS-cross-linked copolymers first precip-
itation occurs near the CaCl2 solution. In contrast to this, the
first precipitation in a statistical AMPS copolymer (AMPS-1)
takes place approximately in the middle of the gel bodies, and
the time for the first crystallization is retarded.


Figure 9. Photographs of hydrogel mounted in the double-diffusion set-up:
CaCl2 solution diffuses from the left, NaHCO3 from the right; the sharp
white ring results from manufacturing of the glass tubes. The boundaries of
the hydrogels are indicated by dashed lines. a ) statistical, b) weakly AMPS-
cross-linked, and c) highly AMPS-cross-linked copolymer.


We suppose that the nucleation of calcite is affected by the
spatial distribution of �SO3


� groups. Grouping of sulfonate
functionalities in AMPS-2 and especially in AMPS-3 leads to
local accumulation of Ca2�. Thus, local enrichment of Ca2�


will result in triggering the nucleation of calcite. A compara-
ble mechanism is observed for the nucleation of ferrihydrite
(5 Fe2O3 ¥ 9 H2O) within ferritin proteins.[20] On the other hand,
the statistical distribution of polar groups within AMPS-1
hydrogels inhibits the nucleation due to the immobilization
and separation of Ca2�. For that reason, the formation of
critical nuclei is suppressed compared to copolymers with
heterogeneous distribution of sulfonate groups.


Conclusions


Whereas vinylsulfonate and allylsulfonate monomers are
eluted from the corresponding polyacrylamido-copolymers,
acrylamidomethylpropanesulfonate (AMPS) is covalently
linked within the copolymer network. The �SO3


� content
of this hydrogel is adjustable in the range from 0 to 20 mol %.
The functional groups do not generally affect the aggregate
growth mechanism of calcite, but modify the morphogenesis
of the obtained crystals with respect to pure polyacylamide (p-
AAm). By using p-AAm-AMPS copolymers with increasing
amounts of �SO3


� groups, it is possible to fine-tune the
morphology of the resulting aggregates. The local grouping of
sulfonate groups within a hydrogel network results in
unaltered morphologies with respect to copolymers with a
random distribution of AMPS. The nucleation of calcite,
however, is affected by the topography of the copolymers. We
suppose that the crystallization of calcite is triggered by local
accumulation of negatively charged nucleation sites. A
comparable mechanism may promote the crystallization of
various biominerals.


Experimental Section


Hydrogel synthesis : The copolymerization of acrylamide monomers with
sulfonate-containing monomers was based on the synthesis of pure
polyacrylamide hydrogels.[10] Acrylamide (AAm, Fluka) and N,N�-methyl-
enbis(acrylamide) (MBAAm, Aldrich) were dissolved together with either
sodium vinylsulfonate (VlS, Aldrich), sodium allylsulfonate (AlS; ABCR),
or 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS, Aldrich) in
demineralized water (conductivity 0.055 �S). The cross-linking copolymer-
ization was initiated with the radical starter ammonium-peroxodisulfate
(APoxS, Aldrich), and the radical transmitter N,N,N�,N�-tetramethylethyl-
ene-diamine (TMEDA, Aldrich). The cross-linker ratio (mole ratio of
cross-linker MBAAm to monomers AAm � (VlS, AlS, AMPS)) was fixed
at 1:29 with an overall monomer concentration of 1.35�. The content of
sulfonate containing monomers (VlS, AlS, AMPS) of the polymerization
mixture was varied from 0 to 20 mol % relative to the AAm monomers.


Stock solutions of VlS, AlS and AMPS with concentrations of 0.1� were
prepared. The pH of the AMPS solution was adjusted by titration with 3�
NaOH solution to 7.0 ± 7.4; the pH of VlS and AlS stock solutions amounted
to 7.4 without further addition of NaOH. After mixing of the monomers,
TMEDA and APoxS were added, resulting in concentrations of 10.1 m�
and 1.8m�, respectively, within the polymerization solvent. After addition
of the starter, gelation of the copolymers occurred within 5 minutes. To
ensure homogeneous polymerization throughout the gel bodies, the
copolymers were placed in a drying chamber for 30 minutes and thereafter
kept at ambient temperature for 48 hours. After ageing, the hydrogels were
placed for four days into a 0.05� solution of tris(hydroxymethyl)amino-
methane, which was adjusted with a 2� solution of HCl to a pH of 8.35
(Tris-HCl). Thereby the pH of the pore solution within the hydrogels was
set to 8.35 and monomers not covalently linked to the network were eluted.
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Besides the statistical copolymer (random distribution of the different
monomer types; AMPS-1) described above, copolymers with a heteroge-
neous distribution of the AMPS monomer within the copolymer network
were prepared. These hydrogels were synthesized in two steps (see
flowcharts in Figure 10). For the ™prepolymerization∫ AMPS stock solution


was diluted with water and the cross-linker (MBAAm) was added. After
complete dissolution of MBAAm the starter system was admixed to the
AMPS-MBAAm monomer solution. By varying the amount of cross-linker
during prepolymerization of AMPS, copolymers with different degrees of
AMPS-cross-linking were obtained. Whereas for a weakly AMPS-cross-
linked hydrogel (AMPS-2) the ratio AMPS/MBAAm amounted to 40:1,
highly cross-linked copolymers (AMPS-3) had a corresponding ratio of 4:1.
After adding APoxS the prepolymerization solution was agitated with a
magnetic stirrer for 30 minutes. Simultaneous to the prepolymerization,
AAm and MBAAm were dissolved in water (™bulk polymerization∫) and
mixed with TMEDA. For reasons of comparability the total amount of
cross-linker during synthesis was identical for the different copolymers.
Thus less cross-linker was added to the bulk polymerization solution of
AMPS-3 with respect to AMPS-2. After 30 minutes the AMPS-MBAAm
monomer solution was poured into the bulk polymerization solution. The
resulting solution was stirred for another 5 minutes before adding the
remaining amount of radical starter. Gelation occurred within 5 minutes;
ageing and elution with Tris-HCl was carried out analogously to the
statistical polymerization.


Hydrogel characterization : To analyze the amount of sulfonic acid moieties
covalently linked within the copolymer network, hydrogel portions (10 g)
were eluted in demineralized water (50 mL). The hydrogels were not
placed into Tris-HCl prior to elution. After 4 days the hydrogels were
removed from the eluant, remaining water on the surface of the gels was
removed with a blotting paper. Thereafter the eluted hydrogels were dried
for 48 hours in an oven at 90 �C and ground by using an agate mortar. The
sulfur content of the copolymers was determined by X-ray fluorescence
analysis (XRF, Siemens SRS 3000) and compared to the initial sulfur
concentration corresponding to the synthesis.


IR spectroscopy of dried copolymer samples was carried out with a Nicolet
FT-IR 760 spectrometer. The potassium bromide (Aldrich, FT-IR grade)
pellets contained 5 mass % xerogel and were prepared with a thickness of
approximately 700 �m. The absorbances were calculated by using the base-
line method.[11]


To examine the swelling behaviour of the AAm-AMPS copolymers, the
hydrogel (10 g) was placed in demineralized water (250 mL) for 4 days. The
gel plugs were weighed prior to incubation and immediately after swelling.
At least two measurements of the weight swelling ratio were carried out to
achieve good precision.


Crystal growth : The biomimetic crystallization of CaCO3 was carried out
by using a double-diffusion arrangement. The experimental set up was
analogous to the one discribed in our previous paper.[10] The hydrogel plugs
were placed into an U-shaped tube between aqueous solutions of buffered
0.1� CaCl2 (Alfa Aesar) and 0.1� NaHCO3 (Aldrich), respectively. The
mineralization experiments were terminated after one week, and the
CaCO3 precipitates were separated from the hydrogel by oxidative
decomposition of the organic matrix in a sodium hypochlorite solution
(Riedel de Haen, 6 ± 14% Cl active) and successive centrifugation.


The remaining inorganic phase was analyzed by powder X-ray diffraction
(XRD; Stoe Stadi P) and scanning electron microscopy (SEM; Hitach
S800). Single-crystal X-ray diffraction data were obtained by using a three-
circle single-crystal diffractometer equipped with a CCD camera (Bruker
AXS, SMART APEX-detector).
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Abstract: A tetra- and a hepta-homo-
peptide from the C�-tetrasubstituted
Aib (�-aminoisobutyric acid) residue
were covalently linked to the POEPOP
resin by the fragment-condensation ap-
proach. The conformational preferences
of the two model peptides were deter-
mined for the first time on a solid
support by means of high-resolution
magic angle spinning NMR spectrosco-
py. The results obtained indicate that the
Aib homopeptides adopt a regular 310-


helical structure even when they are
covalently bound to a polymeric matrix,
and thus confirm the remarkable con-
formational stability of the peptides rich
in this amino acid. An ATR-FTIR
spectroscopic investigation, performed


in parallel, also confirmed that these
polymer-bound peptides do indeed
adopt a helical conformation. The re-
sults of this study open the possibility to
exploit the peptide-resin conjugates
based on C�-tetrasubstituted �-amino
acids as helpful, structurally organized
templates in molecular recognition stud-
ies or as catalysts in asymmetric syn-
thesis.
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Introduction


High-resolution magic angle spinning (HRMAS) NMR
spectroscopy is a very promising technique in the field of
solid-phase organic chemistry for the characterization of
resin-bound compounds.[1] HRMAS NMR has been success-
fully used for the analysis of multi-step synthesis of small
organic molecules,[2] to shed light on the drawbacks of amino
acid coupling during solid-phase peptide synthesis,[3] and for
the conformational characterization of model and bioactive
peptides covalently attached to different resins.[4] The model
poly(Ala)n sequences, for example, have been studied to
determine their tendency to self-aggregate when bound to a


polystyrene-type resin.[4b] However, the same peptides are
able to fold in an �-helix when their loading on the solid
support is decreased.[4b] More recently, we have found that the
141 ± 159 peptide sequence from foot-and-mouth disease virus
covalently linked to the POEPOP (polyoxyethylene-polyox-
ypropylene) resin, swollen in an organic solvent, is able to fold
into a regular helical structure, which is very close to the
secondary structure adopted by the free peptide in solutio-
n.[4a, 5] The determination of the conformation adopted by
bioactive peptides when bound to a solid support can be
strictly related to the use of peptide-resin conjugates for the
generation or the purification of specific antibodies. Peptides
could also exhibit relevant biological activity when linked to a
polymer matrix in which the resin itself plays the role of the
carrier, thus replacing the classical carrier proteins.[6]


While the propensity to form �-helices and �-turns has been
studied on peptides bound to a solid support,[4] other common
peptide secondary structures, the 310-helix and �-pleated
sheet, have not yet been characterized by HRMAS NMR. In
particular, the 310-helix represents the third principal secon-
dary structure in globular proteins after �-helices and �-
sheets,[7] and it has been described at atomic resolution both in
model peptides and peptaibol antibiotics.[8] A high proportion
of C�-tetrasubstituted �-amino acids within a peptide se-
quence strongly favours the formation of this type of helix.
Aib (�-aminoisobutyric acid) can be considered as the
prototype and the simplest member of the C�-tetrasubstituted
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residue family.[8a±c, e] It has been demonstrated that Aib-rich
peptides tend to adopt helical structures of remarkable
stability. In the case of (Aib)n homo-oligopeptides up to the
dodecamer, fully developed and stable 310-helices are gen-
erated either in the crystalline state or in structure-supporting
solvents.
In this paper we present an HRMAS NMR conformational


analysis of a series of Aib-based peptides covalently linked to
the POEPOP resin. We chose the POEPOP resin for its
peculiar features to swell in a wide range of solvents and to
give HRMAS NMR spectra of the bound molecules very
close in resolution to those obtained for the same molecules
analyzed free in solution.[2a, 9] Additional information on the
preferred conformation adopted by these model compounds
was obtained from ATR (ATR, attenuated total reflection)
FTIR experiments.
Deuterated DMSO resulted to be the most suitable


swelling solvent for the structural characterization of the
PEOPOP-bound peptides. The determination of the temper-


ature coefficients of the unambiguously assigned NH proton
resonances confirmed the tendency of these peptides to fold
into a regular 310-helix. In this context, Aib-rich peptides,
which adopt a conformationally constrained structure with a
well-defined spatial geometry, can be exploited as useful
templates in molecular recognition studies[10] even if cova-
lently linked to polymeric matrices. The present HRMAS
NMR characterization of the structure adopted by solid-
supported model peptides containing Aib residues can be
viewed as the first step along this direction. Moreover, chiral
C�-tetrasubstituted residue-containing peptides covalently
linked to a resin and characterized by defined helical motifs
could be exploited as catalysts in asymmetric synthesis.
Indeed, the only examples reported to date involve short
peptides, made up of protein amino acids, that are generally
less prone to adopt a well defined secondary structure.[11]


Results and Discussion


Synthesis and characterization : Several methods have been
developed for the incorporation of C�-tetrasubstituted �-
amino acids on a solid support.[12] In particular, the step-by-
step solid-phase synthesis of Aib-rich peptides has allowed to
obtain oligomers of a limited length.[13] We decided to explore
the possibility to couple model Aib homopeptides of different
length to a resin using the fragment condensation strategy.
More specifically, two peptides, containing four and seven Aib
residues, protected at the N-terminus as pBrBz (p-bromo-
benzoyl) and Z (benzyloxycarbonyl) derivatives, respectively,
and unprotected at the C-terminus were coupled to the amino
groups of POEPOP resin.
Initially, we focused on the synthesis of 1. pBrBz-(Aib)4-


OH was activated by treatment with triphosgene and collidine
in N,N-dimethylformamide (DMF) and subsequently added
to the resin.[14] The mixture was first shaken at room temper-
ature and then at 50 �C for more than one week. Due to the
limited excess of peptide used (see Experimental Section) the
reaction was not complete as detected by the positive Kaiser
test.[15] The free amino functions on the resin were eventually
blocked by acylation with trifluoroacetic anhydride. We
reasoned that the introduction of a flexible spacer such as
Ahx (6-aminohexanoic acid) between the resin and the Aib
sequence could have increased the yield of the coupling step.
However, when Z-(Aib)7-OH, activated as described above
for pBrBz-(Aib)4-OH, was coupled to the Ahx-resin, to give 2,
we did not achieve a better result despite the presence of the
spacer. Moreover, in the HRMASNMR spectra (see below) a
number of unidentified signals generated by impurities was
observed. Our tentative explanation calls for the 5(4H)-
oxazolone intermediary role rather than for the absence or
the presence of the spacer. Indeed, it is known that peptides
based on C�,�-disubstituted glycines undergo a rapid, intra-
molecular conversion to their corresponding 5(4H)-oxazo-
lones when C-activated by any procedure.[16] These hetero-
cycles display a modest acylating capability, thus requiring
very long reaction times to reach satisfactory coupling
yields.[13a, 16] Under these conditions, the use of overactivating
reagents, such as triphosgene, may be responsible for the
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number of side-products observed.We then decided to choose
a milder activating reagent. Z-(Aib)7-OH was treated with
HATU [O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroni-
um hexafluorophosphate] in 3% NMM (N-methyl morpho-
line) in DMF[17] and the resulting mixture added to the spacer-
free POEPOP resin to give 3. In this case, complete resin


acylation was achieved after shaking for four days at room
temperature without any necessary capping of the resin free
NH groups. As expected, the acylating mixture, analyzed by
MALDI-TOF mass spectrometry, contained the 5(4H)-oxa-
zolone from Z-(Aib)7-OH rather than the peptide/HOAt (7-
aza-1-hydroxybenzotriazole) derivative. From the above de-
scribed experiments we conclude that, due to the slowly reacting
5(4H)-oxazolones formation, fragment condensations of pep-
tides made up of C�-tetrasubstituted �-amino acid residues
give better results when mild activating reagents are used.


Conformational analysis : The resin bound Aib homopeptides
1 ± 3were initially analyzed by ATR-FTIR. Figure 1 shows the
amide N-H stretching (amide A) region. The spectra exhibit
an intense band at 3300 ± 3325 cm�1 typical of NH groups
involved in H bonds,[18] and a broad band between 3400 and
3600 cm�1 attributed to a combination of free amide N-H and
water O-H stretching. It is worth noting that the spectra of
compounds 1 and 2 include also a contribution from the amide
groups generated after trifluoroacetic anhydride acylation of
the resin free NH groups. Due to the high hygroscopic
character of the POEPOP resin, residual water molecules
could significantly contribute to the stretching band above
3500 cm�1. As compared to 1, an increase of the band related
to the H-bonded NH groups is displayed by 2 and 3. In the
1800 ± 1500 cm�1 spectral region the amide C�O stretching
(amide I) band is observed at 1664, 1660 and 1657 cm�1 for 1 ±
3, respectively, while for the same conjugates the amide II
band is visible at 1537, 1533 and 1531 cm�1, respectively
(Figure 2).[19] In particular, the amide A region is strongly
indicative of a peptide conformation stabilized by intra-
molecular C�O ¥ ¥ ¥H-N hydrogen bonds, while the positions of


the amide I bands are in accordance with the presence of a
helical structure.[18a,b,19a] However, the positions of the amide I
bands did not allow us to discriminate between 310- and �-
helices. Indeed, it has been reported that the amide I band for
(Aib)n homo-oligomers in a 310-helical conformation is
located at about 1666 cm�1,[19b] while the same band for �-


helices is found at slightly lower
wavenumbers and, moreover,
its position is strongly depend-
ent on the experimental condi-
tions.[19c] Therefore, an unequiv-
ocal assignment of the helix
type adopted by homopeptides
1 ± 3 is not straightforward if
based exclusively on the posi-
tion of the amide I IR absorp-
tion.
To determine more precisely


the preferred helical conforma-
tion of the peptides covalently
bound to the resin (constructs
1 ± 3), a series of 1D and 2D
HRMAS NMR experiments
was performed. Initially, the
influence of the deuterated sol-
vents on the resolution of the
HRMAS spectra was investi-


gated. Seven different aprotic solvents ranging from low
(cyclohexane) to high (DMSO) polarity were used.[20] Figure 3


Figure 1. ATR-FTIR spectra in the N-H stretching (amide A) region of
the POEPOP-peptides 1 (A), 2 (B) and 3 (C).
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Figure 2. ATR-FTIR spectra in the amide I and II regions of the
POEPOP-peptides 1 (A), 2 (B) and 3 (C).


shows the 1H NMR resonances of peptide 1 in the amide
proton region. The best resolved spectra were obtained by
swelling the peptide-resin conjugate in DMSO and DMF,
while the typical chlorinated solvents used in the solution
conformational analysis gave broad and unresolved NH
proton signals.
Although the POEPOP resin displays very good swelling


properties[9b] in all of the solvents tested, with the exception of
cyclohexane, solvents of low polarity such as chloroform
afforded HRMAS spectra of poor quality and difficult
interpretation. Therefore, for the NMR study of the secon-
dary structure of the POEPOP-bound peptides 1 ± 3 we
decided to use deuterated DMSO.[21] To unambiguously
assign all NH proton signals[22] and to confirm the helical
arrangement of the peptides, as suggested by ATR-FTIR
spectroscopy, two-dimensional NMR (NOESY) experiments
were performed by swelling compounds 1 ± 3 in [D6]DMSO.
In each case the resonance of the first Aib residue was
attributed by means of the NOE correlation between the NH
proton of Aib1 and the protons of the N-terminal protecting
group. In compound 1 the Aib1 NH cross-correlates with the
aromatic protons of the pBrBz group (Figure 4), while for
compounds 2 and 3 a cross-peak between the Aib1 NH (at
7.83 ppm) and the methylene protons of the Z-group (at
5.10 ppm) was observed in the NOESY spectra. The NH
functionality of the POEPOP resin was easily assigned in 1
and 3 thank to the spatial interaction occurring between this
amide proton (at 7.06 ppm) and the vicinal methylene protons
(at 3.42 ppm) of the polyoxyethylene chain. These interac-


Figure 3. Amide proton region of the HRMAS NMR spectrum of the
POEPOP-peptide 1 swollen in different deuterated solvents. The polarity
increases from cyclohexane to DMSO.


tions, in turn, do confirm that the peptides are covalently
bound to the solid support. Compound 2 bears the Ahx spacer
between the Aib sequence and the NH function of the resin.
In this case dipolar interactions were observed for the resin
NH proton (at 7.57 ppm) with both the �-methylene protons
of Ahx (at 2.08 ppm) and the polyoxyethylene vicinal
methylene protons (at 3.41 ppm). Then, the 2D HRMAS
NMR analysis allowed a straightforward assignment of all
remaining amide proton resonances. The NOESY spectra
showed a series of strong sequential NH(i� i�1) dipolar
interactions, the presence of which is considered diagnostic of
helical structures[23] (Figures 4 and 5).
However, these interactions alone do not allow to assess if a


310- or an �-helical conformation is present. Indeed, in
peptides and proteins there are two NOE constraints [d�N
(i, i�2)] and [d�N (i, i�4)] believed to be characteristic of the
310- and the �-helix, respectively.[23] Unfortunately, these
interactions do not occur in the case of peptides based
exclusively on C�-tetrasubstituted �-amino acids as such
residues lack any �CH proton.[22] In the case of the POE-
POP-peptide 3, additional medium-range (i� i�n, n� 1)
cross-peaks, albeit weak, were observed in the amide proton
region of the NOESY spectrum (Figure 5). In particular, the
Aib2 ±Aib4, Aib5 ±Aib7 and Aib6-resin NH protons correla-
tions of the NHi ±NHi�2 type were found. These signals helped
us also to solve the ambiguities in the sequential assignment of
the backbone region from residue 3 to 6.
To investigate the 3D-structure of the POEPOP-bound Aib


homopeptides in more detail and, hopefully, to establish
whether a 310- or an �-helical structure is present, a series of
monodimensional spectra was recorded by increasing the
temperature from 300 to 340 K. On the basis of the high-field
shift of the NH resonances, the temperature coefficients of
these protons were calculated for the three POEPOP-linked
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Figure 4. Amide proton region of the HRMAS 2D NOESY (�m� 300 ms)
spectrum for the POEPOP-peptide 1 swollen in [D6]DMSO.


Figure 5. Amide proton region of the HRMAS 2D NOESY (�m� 500 ms)
spectrum for the POEPOP-peptide 3 swollen in [D6]DMSO.


Aibhomopeptides (Figure 6).[21] In order to assess if any
influence is exerted by the resin on the conformation of the
bound peptides, we also recorded the monodimensional
spectra of Z-(Aib)7-OtBu (for synthetic and conformational
details on this peptide see ref. [24]) in the same solvent and
temperature ranges examined for 1 ± 3. The NH proton
temperature coefficients of this terminally protected tetra-
peptide are reported in Figure 7. From this study, two classes
of NH protons were clearly observed: i) the first class includes
two amide protons, namely the Aib1 and Aib2 NH protons,
particularly sensitive to the increase of temperature; ii) the
second class involves all other amide protons, only marginally
perturbed by heating.
These HRMAS NMR findings (Figure 6) strongly support


the conclusion that POEPOP-supported Aib homo-oligomers


Figure 6. Temperature coefficients of the amide NH protons of the
POEPOP-peptides 1 (A), 2 (B) and 3 (C), swollen in [D6]DMSO, measured
in the range 300 ± 340 K. The assignment of the residues was performed by
NOESY HRMAS experiments (see Figures 4 and 5). The residues are
ordered as they appear in the NMR spectrum from high to low chemical
shifts, and numbered according to their assignment.


fold into a 310-helix rather than into a �-helix. As a matter of
fact, the latter structural motif would have required the first
three backbone NH protons not being involved in the
intramolecular hydrogen-bonding stabilization of the helix,
while the first two only are expected not to be hydrogen
bonded in a 310-helix.[8a±c, 8e, 24] Moreover, the HRMAS NMR
NH proton temperature coefficients of the resin-bound
homopeptide 3 are remarkably similar to those displayed by
Z-(Aib)7-OtBu (Figure 7), that is known to adopt a 310-helical
structure.[24] From the latter comparison it can be concluded


Figure 7. Temperature coefficients of the amide NH protons of Z-(Aib)7-
OtBu in [D6]DMSO, measured in the range 300 ± 340 K. The assignment of
the residues was performed by a ROESY experiment. The residues are
ordered as they appear in the NMR spectrum from high to low chemical
shifts, and numbered according to their assignment.
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that the 310-helical conformation of the -(Aib)7- stretch is
entirely preserved when the peptide is bound to the resin.


Conclusion


We successfully linked a series of Aib-based homopeptides of
different length to the POEPOP resin by the fragment
condensation approach. The conformational analysis of the
peptide-resin conjugates was performed for the first time by
HRMAS NMR and ATR-FTIR spectroscopy. The two
complementary techniques allowed us to demonstrate the
high propensity of the model Aib-peptides to fold into a
regular 310-helical structure even when they are covalently
bound to an insoluble polymer. We believe that this is an
important finding in view of the possibility to exploit solid-
supported, conformationally constrained peptides containing
C�-tetrasubstituted �-amino acids as useful scaffolds in
molecular recognition studies. Moreover, the insertion of
chiral residues as hosts within a guest Aib homopeptide
sequence or the synthesis of resin-bound homopeptides based
on chiral C�-tetrasubstituted �-amino acids can be exploited
in asymmetric catalysis. We are currently directing our
research along these lines.


Experimental Section


General : All reagents and solvents were obtained from commercial
suppliers and used without further purification. Dichloromethane was
distilled prior to use. POEPOP-NH2 resin (substitution, 0.58 mmolg�1) was
prepared as described by Furrer et al.[4a]


Abbreviations : Symbols and abbreviations for amino acids and peptides
are in accord with the recommendations of the IUPAC-IUB Commission
on Biochemical Nomenclature (J. Biol. Chem. 1972, 247, 977).


Synthesis of 1: 2,4,6-Collidine (24 �L, 181 �mol) was added to a solution of
pBrBz-Aib4-OH[25] (35 mg, 65 �mol) and triphosgene (6.4 mg, 21.5 �mol) in
dry CH2Cl2 (2 mL). After 1 min this solution was added to the POEPOP-
NH2 resin (74 mg, 43 �mol) and the mixture was shaken 3 d at room
temperature. The solvent was changed to DMF and the mixture heated to
50 �C for additional 4 d. After the usual work-up the resin was treated for
20 min with a trifluoracetic anhydride/pyridine/CH2Cl2 (1:1:1) solution
(1.5 mL). The mixture was filtered and the resin extensively washed and
dried in vacuo.


Synthesis of 2 : A solution of Fmoc-Ahx-OH (59 mg, 165 �mol), benzo-
triazole-1-yl-oxy-tris(dimethylamino)phosphonium hexafluorophosphate
(74 mg, 165 �mol) and 1-hydroxybenzotriazole (26 mg, 165 �mol) in
DMF (1.5 mL) was added to the POEPOP-NH2 resin (58 mg, 33 �mol),
followed by diisopropylethylamine (87 �L, 500 �mol). The mixture was
shaken for 30 min. The coupling was repeated twice. Removal of the Fmoc
group was accomplished by treating the resin twice for 15 min with a
solution of 25% piperidine in DMF. The acylating mixture, prepared by
dissolving Z-Aib7-OH[24] (50 mg, 67 �mol) and triphosgene (6.6 mg,
22 �mol) in dry CH2Cl2 (2 mL) followed by 2,4,6-collidine (25 �L,
185 �mol), was added to the POEPOP-Ahx-NH2 resin. After the reaction
mixture was shaken for 6 d at room temperature the solvent was exchanged
for DMF and the mixture heated at 70 �C for additional 4 d. The resin was
washed and treated for 20 min with a trifluoracetic anhydride/pyridine/
CH2Cl2 (1:1:1) solution (1.5 mL). The mixture was filtered and the resin
washed and dried in vacuo.


Synthesis of 3 : Z-Aib7-OH[24] (84.5 mg, 113 �mol) and HATU (43 mg,
113 �mol) were dissolved in a 3% NMM solution in DMF (1.5 mL). After
20 min, this solution was added to the POEPOP-NH2 resin (65 mg,
38 �mol) and the mixture shaken for 4 d at room temperature. Then, the
reaction mixture was filtered and the resin washed and dried in vacuo.


ATR-FTIR spectroscopy: The ATR spectral data were obtained in the
4000 ± 650 cm�1 range with four scans at 4 cm�1 resolution on a Spectrum
One Perkin-Elmer spectrophotometer. Before data collection, the samples
were pressed on a diamond crystal upon being dried on a high-vacuum
pump.


NMR spectroscopy : HRMAS 1D NMR spectra were recorded on a Bruker
DSX 500 and/or on a MSL 300 spectrometer equipped with 4 mm 1H/X (X
tuned to 2H) MAS probe. The samples were swollen in different deuterated
solvents (Figure 2) into a 4 mmHRMAS rotor. The solvents were added to
about 5 mg of peptide-resin conjugate directly inside the rotor. The samples
were spun at 6 or 8 kHz. The 1D spectra for the determination of
temperature coefficients of the NH protons were acquired in the range
300 ± 340 K with an increment of 5 K. The temperature was calibrated using
a mixture of 80% ethylene glycol/[D6]DMSO. HRMAS 2D NMR spectra
were recorded on a Bruker DSX 500 MHz spectrometer equipped with
4 mm 1H/X (X tuned to 2H) MAS probe and operating at 500.03 MHz for
1H. The samples were spun at 8 kHz. The spectra were acquired at a
temperature of 300 K and referenced to the peak of the solvent. Through-
space dipolar connectivities were obtained from NOESY spectra using
mixing times of 300 or 500 ms. The spectra were recorded in the pure phase
mode using a states-time proportional phase increment method, with 2048
points in t2 and 512 increments in t1. A spectral width of 7575.76 or
5252.10 Hz was used for the proton signals. A presaturation pulse sequence
was applied for the suppression of the POEPOP methylene proton signals.
1D and 2D NMR experiments in solution were acquired on a Bruker
Avance DMX 600 spectrometer. Z-(Aib)7-OtBu was dissolved in
[D6]DMSO at 1 m� concentration. 1D NMR spectra for the determination
of the temperature coefficients of the NH protons were recorded in the
range 300 ± 340 K with an increment of 10 K. ROESY spectrum was
acquired at 300 K.
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Synthesis, X-ray Powder Structure, and Magnetic Properties of Layered NiII
Methylphosphonate, [Ni(CH3PO3)(H2O)], and NiII Octadecylphosphonate,
[Ni{CH3-(CH2)17-PO3}(H2O)]


Carlo Bellitto,*[a] Elvira M. Bauer,[a] Said A. Ibrahim,[b] Mohamed R. Mahmoud,[b] and
Guido Righini[a]


Abstract: [Ni(CH3PO3)(H2O)] (1) and
[Ni{CH3-(CH2)17-PO3}(H2O)] (2) were
synthesised by reaction of NiCl2 ¥ 6H2O
and the relevant phosphonic acid in
water in presence of urea. The com-
pounds were characterised by elemental
and thermogravimetric analyses, UV-
visible and IR spectroscopy, and their
magnetic properties were studied by
using a SQUID magnetometer. The
crystal structure of 1 was determined
™ab initio∫ from X-ray powder diffrac-
tion data and refined by the Rietveld
method. The crystals of 1 are ortho-
rhombic, space group Pmn21, with a�
5.587(1), b� 8.698(1), c� 4.731(1) ä.
The compound has a hybrid, layered
structure made up of alternating inor-
ganic and organic layers along the b
direction of the unit-cell. The inorganic
layers consist of NiII ions octahedrally
coordinated by five phosphonate oxygen
atoms and one oxygen atom from the


water molecule. These layers are sepa-
rated by bilayers of methyl groups and
van der Waals contacts are established
between them. A preliminary structure
characterisation of compound 2 suggests
the crystallisation in the orthorhombic
system with the following unit-cell pa-
rameters: a� 5.478(7), b� 42.31(4), c�
4.725(3) ä. The oxidation state of the Ni
ion in both compounds is �2, and the
electronic configuration is d8 (S� 1), as
determined from static magnetic sus-
ceptibility measurements above 50 K.
Compound 1 obeys the Curie ± Weiss
law at temperatures above 50 K; the
Curie (C) and Weiss (�) constants were
found to be 1.15 cm3 Kmol�1 and �32 K,
respectively. The negative value of �


indicates an antiferromagnetic exchange
coupling between near-neighbouring
NiII ions. No sign of 3D antiferromag-
netic long-range order is observed down
to T� 5 K, the lowest measured temper-
ature. Compound 2 is paramagnetic
above T� 50 K, and the values of C
and � were found to be 1.25 cm3 Kmol�1


and �24 K, respectively. Below 50 K the
magnetic behavior of 2 is different from
that of 1. Zero-field cooled (zfc) and
field-cooled (fc) magnetisation plots do
not overlap below T� 21 K. The irre-
versible magnetisation, �Mfc�zfc, ob-
tained as a difference from fc and zfc
plots starts to increase at T� 20 K, on
lowering the temperature, and it be-
comes steady at T� 5 K. The presence
of spontaneous magnetisation below
T� 20 K indicates a transition to
a weak-ferromagnetic state for com-
pound 2.


Keywords: layered compounds ¥
magnetic properties ¥ nickel ¥
phosphonates ¥ structure elucidation.


Introduction


Metal(��) phosphonates, [M(RPO3)(H2O)][1] and bisphospho-
nates, [M2(O3P-R-PO3)(H2O)2][2] (in which M is a divalent


metal ion, and R is an alkyl or aryl group) represent an
interesting class of layered metal ± salt compounds.[3±4] [MII(R-
PO3)(H2O)] (M�Cd, Mn, Fe, Co, Ni, Zn) crystallise mainly
in layered structures composed of metal ions and the
phosphonate oxygen atoms lying in puckered sheets. The
pendent organic R group occupies the interlamellar space,
and two organic layers with van der Waal contacts are
interspersed with the inorganic ones. The number of carbon
atoms in the organic chain can be varied and the interlamellar
distance can be then increased. It has been shown that the
structures of divalent metal phosphonates tend to comprise
zigzag layers with the metal ion six-coordinate (see Fig-
ure 1).[5±7]


For each phosphonate group two oxygens form a bridge
between a pair of metal atoms, whereas the third oxygen is
coordinated to only one metal atom. Each metal atom is thus
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Figure 1. Zigzag-layered structure of divalent metal phosphonates.


surrounded by six oxygens in a distorted octahedral coordi-
nation. These six oxygens comprise four bridging, one
terminal, and one from a water molecule. The resulting 2D
lattice is interesting from the point of view of the search for
new low-dimensional magnetic materials and for thin-film
magnetic solids. The two-dimensional nature of the crystal
lattice in paramagnetic metal(��) phosphonates favours the
next-neighbour-exchange magnetic interaction and, at low
temperatures, a long-range magnetic ordering is often ob-
served.[8]


We have recently reported on several paramagnetic diva-
lent metal phosphonates [Cr(CH3PO3)(H2O)],[9] [Fe2{O3P-
(CH2)n-PO3)(H2O)2],[10] [Fe(C6H5PO3)(H2O)][11] and [Fe(CH3-
PO3)(H2O)],[12, 7] and we found that these compounds order
antiferromagnetically at low temperatures. Below the anti-
ferromagnetic-ordering temperature (TN) the equilibrium
distribution of the magnetic moment is not perfectly antipar-
allel, as would be expected for an antiferromagnet, but canted
from the magnetic easy axis giving rise to a spontaneous
magnetisation. This phenomenon is better known as ™canted
antiferromagnetism∫ or ™weak-ferromagnetism∫ and it has
been observed for the first time in �-Fe2O3.[13] For divalent
transition metals, most studies were carried out within the
field of inorganic solid-state chemistry and the main difficulty
was the lack of a general procedure for the formation of the
crystalline materials, possibly single crystals. For example, a
recent report on nickel(��) methylene-bis-phosphonates by
Cheetham et al. showed that a phosphonate NiII compound of
formula [Ni4{O3P-(CH2)-PO3}2(H2O)3] could be prepared by
using an hydrothermal method.[14] It dehydrates topotactically
in two steps, giving firstly [Ni4{O3P-(CH2)-PO3}2(H2O)] and
then [Ni4{O3P-(CH2)-PO3}2]. The crystal structures are differ-
ent from those reported for other divalent transition metal
ions. The first one is built from sheets of trimeric edge-sharing
units of octahedral NiII ions, on which octahedral Ni and the
diphosphonate groups are grafted. The second one, having
lost a water molecule, has one NiII tetrahedrally coordinated
and the structure is 3D. The anhydrous compound on the
other hand contains NiII in six-, five- and fourfold coordina-
tion. More interesting the magnetic behaviour of these
compounds is different. [Ni4{O3P-(CH2)-PO3}2(H2O)2] shows


ferromagnetic interaction and a long-range ferromagnetic
ordering at T� 3.8 K. Further, another recent report has
appeared on similar nickel(��) organo-phosphonates. In this
case the compounds were prepared by a solid-state reaction of
a stoichiometric mixture of phosphonic acid and nickel(��)
hydroxide at the melting point of the ligand, but no crystal
structure and magnetic studies were reported.[15] We have
found a general method of preparation of metal(��) phospho-
nates that provides at least a microcrystalline product, and has
allowed us to grow single crystals in the case of [Fe(CH3PO3)-
(H2O)].[7]


This paper deals with the synthesis and magnetic properties
of [Ni(CH3PO3)(H2O)] (1) and of [Ni{CH3-(CH2)17-PO3}-
(H2O)] (2) and the ™ab initio∫ X-ray powder structure
determination of 1. The compounds were studied mainly for
two reasons: 1) to study the influence of the organic thickness
on their magnetic properties and 2) the synthesis of a truly 2D
magnetic system.


Results and Discussion


NiII alkylphosphonates were prepared from the reaction of
the relevant phosphonic acid in water, with NiCl2 ¥ 6H2O in
the presence of urea at temperatures above 80 ± 90 �C. Under
these conditions urea decomposes to give ammonium car-
bonate, thus rising gradually the pH of the solution. The
compounds were precipitated as greenish-yellow microcrys-
talline powders after days of reflux. The final pH of the
solution was found to be near the neutrality. This method has
been proved to be general for the synthesis of several divalent
metal phosphonates. Both compounds were characterised by
elemental analyses, thermogravimetric analysis (TGA), dif-
ferential scanning calorimetry (DSC) and X-ray powder
diffraction (XRPD) techniques, as well as by the electronic
and FT-IR absorption spectroscopy. The TGA of compound 1
shows stepwise mass losses. Below 100 �C �1% of loss is due
to adsorbed water. The compound starts to lose coordinated
water at 107 �C and it stops at �280 �C. The observed weight
loss at this stage is 10.21%, a value which corresponds to one
water molecule per formula unit (the calculated weight loss
for one water molecule per formula unit is 10.54%). The
compound is then stable up to 570 �C, when it starts to
decompose, loosing the organic part of the ligand. The TGA
of compound 2 shows one mass loss between 50 to 100 �C
(2.3%) due to the water of crystallisation or adsorbed water.
The compound then starts to lose coordinated water at
�130 �C and it stops at 270 �C. The observed weight loss at this
stage is 5.2%, a value that corresponds roughly to one water
molecule per formula unit. The calculated weight loss for one
water molecule is 4.40%. Above 280 �C the compound starts
to decompose and stops at 570 �C, loosing the 52.89% of the
weight, corresponding to the aliphatic chain of the ligand in
the compound.


Crystal structure of [Ni(CH3PO3)(H2O)] (1): The X-ray
powder diffraction spectra of 1 was recorded, and the crystal
structure was solved ™ab initio∫ and refined by the Rietveld
method (see Experimental Section). The final Rp, Rpw and RF
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agreement factors, together with details of data collections
and analyses for the compound 1 are given in Table 1. The
final Rietveld plots are shown in Figure 2. The lists of bond
lengths and angles are reported in Table 2 and final fractional
coordinates are reported in Table S1, supplied as Supporting
Information.


NiII methylphosphonate crystallises in a lamellar structure
and is isomorphous to several [MII(CH3PO3)(H2O)] (M�Mg,


Figure 2. Observed (� �� ) and calculated (––) powder X-ray diffrac-
tion profiles for the Rietveld refinement of compound 1. The bottom curve
is the difference plot on the same scale intensity. The tic marks are the
calculated 2� angles for Bragg peaks.


Mn, Zn) complexes, the crystal structures of which have been
previously reported.[6a] The unit-cell packing of compound 1
along the c axis is shown in Figure 3 and the projection along
the b axis is presented in Figure 4. The Ni atom is six-
coordinate, surrounded by five oxygens of the phosphonate


Figure 3. Unit-cell packing of compound 1 viewed along the c axis.


Figure 4. Structure of compound 1 viewed along the b axis.


groups (O2,O3) and one from the water molecule (O1). As
the compound contains only one ligand per metal ion, all the
phosphonate oxygen atoms take part in metal binding; two
oxygens (O2) chelate the metal ions and at the same time
bridge adjacent metal ions in the same row. Oxygen O3 of the
phosphonate lying in the mirror plane bonds to only one Ni
atom and is located trans to the oxygen of the water molecule
(i.e., 168.6�). The octahedron is distorted and one of the
lowest cis O-Ni-O angles is 64�, while the others range
between 96 to 103.2�. The P�C bonds are inclined by �7� with
respect to the b axis. The layers are translationally related
along the b axis. This kind of organic ± inorganic layered
structure has been observed previously in [Cd(CH3PO3)-
(H2O)],[5] and in [Fe(CH3PO3)(H2O)].[7, 12]


Structural characterisation of [Ni{CH3-(CH2)17-PO3}(H2O)]
(2): The X-ray powder diffraction spectrum of compound 2
was also recorded and it is shown in Figure 5. The diffraction
patterns in the low-angle region are dominated by the (0k0)
reflections, which were used to estimate the interlayer
spacing. The patterns could be indexed assuming the ortho-
rhombic space group Pmn21 with the following unit-cell
parameters: a� 5.478(7), b� 42.31(4), c� 4.725(3) ä.


Table 1. Crystallographic data for [Ni(CH3PO3)(H2O)] (1).


formula NiO4PCH5


Mr 170.72
space group Pmn21 (no. 31)
a [ä] 5.587 (1)
b [ä] 8.698 (1)
c [ä] 4.731 (1)
V [ä3] 229.91 (2)
Z 2
T [K] 293
�calcd [gcm�3] 2.407
2� range [�] 7 ± 75
parameters 18
Rp


[a] 0.097
Rwp


[a] 0.121
RF


2[a] 0.128
�2 1.860


[a] See ref. [31] for definitions.


Table 2. Bond lengths [ä] and angles [�] for the nonhydrogen atoms for
compound 1.


O1�Ni 2.10(1) O2�P 1.45(1)
O2�Ni 2.09(1) O3�P 1.59(1)
O2��Ni 2.18(1) C�P 1.91(1)
O3�Ni 2.10(1)


O1-Ni-O2 91.3(3) O3-Ni-O1 168.6(5)
O1-Ni-O2� 89.2(3) O2-P-O2 106.2(8)
O2-Ni-O2 103.2(4) O3-P-O2 117.3(5)
O2�-Ni-O2 96.5(3) C-P-O2 106.8(5)
O3-Ni-O2 95.8(3) C-P-O3 101.6(8)
O3-Ni-O2� 81.1(4)
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Figure 5. X-ray powder diffraction patterns of compound 2.


The lattice constants a and c were assumed to be similar to
those observed in the NiII methylphosphonate, demonstrating
that the compound is lamellar and originating from self-
assembling of bilayers of nickel(��) octadecylphosphonate.


Optical properties : The IR absorption spectrum of compound
1 is reported in Figure 6. It is similar to that of [Fe(CH3PO3)-
(H2O)][7, 12] and it features two intense bands centred at
3416 cm�1 and 3442 cm�1, assignable to an H-O-H stretching


Figure 6. Absorption FTIR spectrum of compound 1 in the KBr region.


vibration of the coordinated water molecule. The strong and
sharp nature of these bands confirms that the water is
coordinated to the metal ions in these compounds. The
medium band, observed at 1648 cm�1, is assigned to the H2O
bending frequency. Three strong bands due to the PO3


2� group
symmetric (1000 and 978 cm�1) and asymmetric (1096 cm�1)
vibrations are observed in the range 1200 ± 970 cm�1. The
complete conversion of the phosphonic acid to its NiII salt is
demonstrated by the absence of an OH stretching vibration of
the POH group at �2700 ± 2550 cm�1 and 2350 ± 2100 cm�1.


The IR absorption spectrum of compound 2 is reported in
Figure 7 and shows some remarkable differences when
compared with that of 1. Intense peaks were found at 2954,
2916 and 2848 cm�1 together with a shoulder at 2870 cm�1;
these are assigned to the asymmetric methyl (�a(CH3):


Figure 7. Absorption FTIR spectrum of compound 2 in the KBr region.


2954 cm�1), the symmetric methyl (�s(CH3): 2870 cm�1), the
asymmetric methylene (�a(CH2): 2916 cm�1) and the symmet-
ric methylene (�s(CH2): 2848 cm�1) stretches of the octadecyl
group. It is well known that the position and the shape of the
�a(CH2) and �s(CH2) absorption bands reflects the conforma-
tional order and packing of the aliphatic chains in mono-
layers.[16] For long-chain hydrocarbons when the aliphatic
chain is in all-trans conformation the energy of the �a(CH2)
band ranges between 2918 ± 2920 cm�1. The observed position
of the �a(CH2) band at 2918 cm�1 implies that alkyl chains are
in a fully extended all-trans conformation. Another indication
of the state of the hydrocarbon chains comes from the �s(CH2)
band. The peak position of this band for crystalline hydro-
carbons lies at 2850 cm�1 and shifts to a higher value,
2856 cm�1, as the organic chains become less packed. The
appearance of the band at 2848 cm�1 is consistent with a high
density crystalline phase. The presence of two bands at
3430 cm�1 and a shoulder at 3396 cm�1 and a band at
1660 cm�1 in the spectrum indicates that water is coordinated
to the metal ion.[17] In the region 900 ± 1800 cm�1 of the
infrared spectrum, a medium intense peak at 1468 cm�1 and a
weak one at 1408 cm�1 are assigned to the methylene scissor
deformation bands. An intense peak at 1150 cm�1 and a
progression of weak peaks up to 1400 cm�1 are assigned to the
CH2 rocking and wagging modes of all-trans alkyl chains in
this compound (absent in the other one). The band at
1096 cm�1 is assigned to the asymmetric PO3


�2 stretch and
bands between 1066 and 962 cm�1 to the symmetric [PO3]�2


stretches; these split as a result of lower than C3v local
symmetry of the phosphonate groups (cf. the IR spectrum of
compound 1).


The reflectance spectra in the visible and near-infrared
regions of the two compounds display three bands with peaks
centred at 7600, 12800 and 23600 cm�1. These bands are
characteristic of NiII in octahedral environment,[18] and
correspond to the following electronic transitions: 3A2g�
3T2g(F), 3A2g� 3T1g(F), 3A2g � 3T1g(P).


Magnetic properties of [Ni(CH3PO3)(H2O)] (1): Static mag-
netic susceptibility measurements were made on a polycrys-
talline sample with an applied magnetic field of 50 Oe in the
temperature range 5 to 250 K, by using a SQUID magne-
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tometer. The 1/� versus T and �T versus T plots are reported
in Figure 8. The 1/� versus T plot is linear above 120 K; this is
typical behaviour for a paramagnet. The fit to the data at


Figure 8. 1/� versus T plot for compound 1 and �T versus T in the
temperature range 20 ± 270 K.


temperatures above 120 K gave values of Curie (C) and Weiss
(�) constants of 1.1578 cm3 Kmol�1 and �32 K, respectively.
The value of C corresponds to an effective magnetic moment
of 3.04 �B, a value that is consistent with the presence of a d8


(S� 1) electronic configuration, as expected for a NiII ion.[18]


The negative value of the Weiss constant (���32 K)
indicates strong antiferromagnetic near-neighbour exchange
couplings between the adjacent NiII ions. Deviation from
Curie ± Weiss behaviour occurs below 120 K, below which the
magnetic susceptibility increases until a broad peak at
�12.0 K is observed. Figure 9 shows the susceptibility versus
temperature plot from 5 ± 270 K for this compound. The
broad maximum in the temperature-dependent static mag-
netic susceptibility is characteristic of antiferromagnetic
exchange couplings. Based on the fact that the compound
has a layered structure, the magnetic behaviour of compound


Figure 9. Temperature dependence of � versus T plot for compound 1 in
the temperature range 20 ± 270 K. The 1D and 2D lines are the fit to the 1D
and 2D Heisenberg models, respectively (see text).


1 can be analysed in terms of a 2D square-planar Heisenberg
model for an S� 1 system. In this model the position of the
maximum in the � versus T plot is related directly to the
intraplanar exchange constant J/k. The relationship between
the T(�max) and the exchange coupling value J/k, for an S
system, is, according to De Jongh and Miedema, given by
Equation (1):[19]


�� kT(�max)//J/S(S� 1) (1)


For a magnetic S� 1 system, � is 2.20 and, therefore, the
estimated J/k value is �2.7 K. The fit of the � versus T plot
was also made by using the analytical expression reported by
Lines[20] for a 2D square-planar Heisenberg model from a
high-temperature expansion series studied by Rushbrooke
and Wood [Eq. (2)]:[21]


�� (2Ng2�B
2/3kT) [1�Ax�Bx2 �Cx3�Dx4�Ex5�Fx6]�1 (2)


in which x� J/kT and A, B, C, D, E, F are parameters that
depend upon the S value. For S� 1: A� 5.3333, B� 9.77778,
C� 9.48148, D� 19.0617, E� 45.08971 and F� 25.46392.


As a result of the fit reported in Figure 9, it can be
concluded that the 2D Heisenberg model does not work in
this system. The discrepancy can be explained by the fact that
the layer is not really square planar, as assumed in the 2D
model, but a corrugated or crenelated one. An attempt has
also been made by using a 1D Heisenberg model, but the
quality of the fit has not improved. A similar magnetic
behaviour has been observed previously in [Ni(NH4)(PO4)-
(H2O)].[22] This purely inorganic compound is lamellar, it
crystallises in the same orthorhombic space group Pmn21 of
compound 1 and it has the same metal ± oxygen phosphorus
layer, formed by {NiO6} chromophores. The NH4


� ions lie in
the interlayer region, and the organic part of the phosphonic
groups are replaced by the phosphate oxygen. The interlayer
distance is similar in value. In the latter the magnetic
measurements were carried out down to T� 1.8 K, but no
sign of 3D long-range antiferromagnetic ordering was ob-
served.


Magnetic properties of [Ni{CH3-(CH2)17-PO3}(H2O)] (2):
Static magnetic susceptibility measurements were performed
on a polycrystalline sample of 2 in the applied magnetic field
of 200 Oe and in the temperature range of 5 ± 270 K, both in
zero and field-cooled modes. The temperature dependence of
the molar magnetic susceptibility plotted as 1/� versus T is
reported in Figure 10. The plot is linear and it obeys to the
Curie ± Weiss law. The deduced C value, that is,
1.25 cm3 Kmol�1, is in agreement with the expected value for
NiII d8 (S� 1) electronic configuration. The Weiss constant is
negative in value: ���24 K. The �T versus T plot decreases
slowly on lowering the temperature down to 30 K and then
starts to rise again. Below this temperature the magnetic
behaviour of 2 is different from that observed in 1. Zero-field
(zfc) and field-cooled (fc) M versus T plots under an applied
field of 10 Oe were measured and are reported in Figure 11.
The two plots do not overlap below T� 21 K and the
bifurcation point is at T �21 K. The zfc magnetisation







Nickel Phosphonates 1324±1331


Chem. Eur. J. 2003, 9, No. 6 ¹ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/03/0906-1329 $ 20.00+.50/0 1329


Figure 10. Temperature dependence of 1/� versus T plot of compound 2 in
the temperature range 20 ± 270 K.


Figure 11. Temperature dependence ofM versus T plot for compound 2 in
the temperature range 5 ± 30 K in zero-field (�) and field cooling modes
(�). Irreversible magnetisation, �Mfc�zfc as obtained from the difference of
the fc and zfc plots (––).


increases up to �16 K reaching a broad maximum and then
decreases again slowly down to 5 K. The fc magnetisation
shows a continuous increase on lowering the temperature. The
experiment provides an indication that the compound is
magnetically ordered below T� 21 K. The difference between
the fc and zfc magnetisations depicted in Figure 11 represents
the irreversible magnetisation (�Mfc�zfc). The value of �Mfc-zfc


starts to increase on lowering the temperature and it reaches
60 cm3 Oemol�1 at T� 5 K. The temperature at the onset of
the zfc plot is taken as the critical temperature TN. Hysteresis
loops were observed at different temperatures below
T � 20 K for applied magnetic fields �1 Tesla. The plot
recorded at T� 5 K is reported in Figure 12 and is not
characteristic of a ferromagnetically ordered material. In fact,
at 3 T, the magnetisation does not saturate and the value at
that field is 18% in value of that expected for the fully aligned
moment Ni2� (i.e., 11170 cm3 Oemol�1). This behaviour is
typical of a weak ferromagnet. The presence of the weakly
ferromagnetic state is due to the ™spin-canting∫.[13] The local
spins in this ordered state are not perfectly antiparallel,
leading to a net spontaneous magnetisation that saturates in a
small field.


Figure 12. Hysteresis loop of Ni[CH3-(CH2)17-PO3(H2O)] measured at T�
5 K.


The value of magnetisation increases nonlinearly up to
3.0 T, the highest measured field. From the plot the values of
the remnant magnetisation (Mremn) and of the coercive field
(Hc) can be directly obtained; they are 220 cm3 Oemol�1 and
516 Oe, respectively. The estimation of the value of Ms (5 K)
from Equation (3) is difficult :


M(H,T)�Ms(T) � �(T)H (3)


If we approximate the value ofMs to theMremn found at 5 K,
then the canting angle is estimated to be �1�.


Conclusion


Two NiII alkylphosphonates have been synthesised by reaction
of NiCl2 ¥ 6H2O and the relevant phosphonic acid in water in
presence of urea. The reaction affords pure and microcrystal-
line yellow-green solids. The compound [Ni(CH3PO3)(H2O)]
(1) has a layered structure, with the inorganic and organic
layers alternating along the b axis of the unit cell. The
inorganic sheet is made of NiII ions, octahedrally coordinated
by five phosphonate oxygen atoms and one oxygen atom from
a water molecule. The octahedron is distorted due to the fact
that two oxygen atoms of the phosphonate ligand bond to two
Ni atoms and one acts as monodentate. The antiferromagnetic
behaviour observed in 1 cannot be rationalised in terms of 2D
or 3D Heisenberg models. The compound [Ni{CH3-(CH2)17-
PO3}(H2O)] (2) was prepared for the first time and charac-
terised by X-ray diffraction and IR spectroscopy; it has a
layered structure. The position and the shape of the �a(CH2)
and �s(CH2) absorption bands reflect the conformational
order and packing of the aliphatic chains in monolayers.[16]


The observed position of the �a(CH2) band at 2918 cm�1


implies that alkyl chains are in a fully extended all-trans
conformation. The presence of the split bands in the �PO3


2�


stretching mode range, that is, at 1100 ± 950 cm�1, indicates
that the local symmetry around P atom is lower than C3v. The
structure of the NiII octadecylphosphonate compound is
lamellar and the interlayer distance is 42.31 ä, a distance
which is lower than that observed in films of bilayers of MnII
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octadecylphosphonates (i.e. , 48.5 ä) obtained by Langmuir ±
Blodgett techniques.[23] Surprisingly, the magnetic properties
of NiII octadecylphosphonate at low temperatures are differ-
ent to those shown by 1; its behaviour is typical of a weak-
ferromagnet. The broad maximum in the � versus T plot
consistent with a low-dimensional magnetic system is absent.
An estimation of the intraplanar super-exchange J/k value is
thus prevented. The hysteresis loop observed at T� 20 K, a
temperature that corresponds to the bifurcation of the M
versus T plot, indicates that the solid is still magnetised, and
that the transition to 3D long-range antiferromagnetic order-
ing is at T� 21 K. The presence of the weakly ferromagnetic
state is due to the ™spin-canting∫.[13] The local spins in this
ordered state are not perfectly antiparallel; this leads to a net
spontaneous magnetisation that saturates in a small field.


On the basis of the similarity of the lattice in both the
reported compounds, it is difficult to understand why at low
temperatures the magnetic behaviour of compound 2 is
different from that of 1; it is also difficult to suggest which
mechanism is responsible for the spin-canting: that is, single-
ion magnetic anisotropy,[13, 24] and/or the so-called antisym-
metric Dzyaloshinsky ± Moriya (DM) exchange coupling.[25, 26]


Experimental Section


Materials and methods : Methylphosphonic acid (CH3PO3H2) was of
analytical grade (Aldrich) and was used without further purification. Urea
was of analytical grade (Carlo ERBA). The octadecylphosphonic acid CH3-
(CH2)17-PO3H2 was prepared according to literature methods and the
purity checked by elemental analysis.[27] HPLC water was used as solvent.


Synthesis of [Ni(CH3PO3)(H2O)] (1): This compound was recently
prepared by neat reaction between NiII hydroxide and methylphosphonic
acid at the melting point of the acid.[15] We have prepared NiII organo-
phosphonates from solution. For this purpose NiCl2 ¥ 6H2O (2.33 g,
9.8 mmol) was dissolved in water (35 mL). The solution was filtered and
added to a clean aqueous solution containing methylphosphonic acid
(0.94 g, 9.8 mmol) and urea (1.17 g, 19.5 mmol). The resulting solution was
refluxed for 3 days at 80 �C, then the temperature was raised up to 90 �C and
reflux was continued for other six days. A greenish-yellow microcrystalline
solid was separated. The product was washed several times with water, then
methanol and finally dried to the air. Elemental analysis calcd (%) for
NiCH5O4P: C 7.03, H 2.95, H2O 10.54; found: C 7.02, H 2.92, H2O 10.41.
This compound was also prepared by a hydrothermal method and similar
elemental analysis results were obtained.


Synthesis of [Ni{CH3-(CH2)17-PO3}(H2O)] (2): The compound was pre-
pared by following the above-described procedure. NiCl2 ¥ 6H2O (1.0 g,
4.2 mmol) was dissolved in water (30 mL). The solution was filtered and
added to a clean aqueous solution containing octadecylphosphonic acid
(1.00 g, 3 mmol) and urea (0.37 g, 6 mmol). The resulting solution was
refluxed for a week at 80 �C. A greenish-yellow microcrystalline solid was
separated. The compound was then washed three times with water and then
with hot methanol, and finally dried to the air. Elemental analysis calcd
(%) for NiC18H39O4P: C 52.84, H 9.11, H2O 4.40; found: C 53.44, H 9.87,
H2O 4.29.


Characterisation and physical measurements : Elemental analyses were
performed by the Servizio di Microanalisi della Area di Ricerca di Roma
del CNR. Thermogravimetric (TGA) data were obtained in flowing dry
nitrogen at a heating rate of 10�min�1 on a Stanton-Redcroft STA-781
thermoanalyser. The FT-IR absorption spectra were recorded on a
Perkin ± Elmer 621 spectrophotometer by using KBr pellets. Static mag-
netic susceptibility measurements were performed by using a Quantum
Design MPMS5 SQUID magnetometer in fields up to 5 T. A cellulose
capsule was filled with a freshly prepared polycrystalline sample and placed
inside a polyethylene straw at the end of the sample rod. All the


experimental data were corrected for the core magnetisation using Pascal×s
constants.


X-ray data collection : Room temperature X-ray powder diffraction data
were recorded on a Seifert XRD-3000 diffractometer, Bragg ± Brentano
geometry, equipped with a curved graphite monochromator (�(CuK�1,2)�
1.54056/1.5444 ä) and a scintillation detector. The data were collected with
a step size of 0.02�, �2� and at count time of 8 s per step of 0.2�min�1 over
the range 4�� 2�� 80�. The sample was mounted on a flat glass plate
giving rise to a strong preferred orientation. The diffractometer zero point
was determined from an external Si standard.


Structure solution and refinements of [Ni(CH3PO3)(H2O)] (1): The low-
angle powder diffraction patterns of the compound 1 were indexed by using
the TREOR program,[28] which suggested a primitive orthorhombic cell
with the following unit-cell parameters: a� 5.59(1), b� 8.70(1), c�
4.74(1) ä. The fit was characterised by the figure of merit M�(20)� 124
and F(20)� 33 (0.0165, 46). The unit-cell parameters and the space group
were found to be the same as those reported for [Ni(CH3PO3)(H2O)]
prepared by Hix et al. ;[15] this shows that the same nickel compound can be
obtained by two different synthetic procedures. The systematic absences
observed in the XRD spectrum of [Ni(CH3PO3)(H2O)] were consistent
with the space group Pmn21 and later confirmed by successful solution and
Rietveld refinement. The starting atomic coordinates were found by using
the EXPO[29] program, which afforded the location of the Ni, P, C and O
atoms. The asymmetric unit was build up by the help of the program
PowderCell.[30] The structure was refined with the Rietveld method by
using a PC version of the crystal structure analysis package program
GSAS[31a] with the graphical user interface EXPGUI.[31b] Powder diffrac-
tion patterns were calculated for this model in the orthorhombic space
group Pmn21, and by using the unit-cell parameters refined by a least-
squares procedure described above. Data were evaluated in the 7 ± 75� 2�
angular range. By using the utility CONVX,[32] the raw data were
transferred to the GSAS program package[31a] for full profile refinement.
Initially the scale factor, the lattice parameters, the background coefficients
and the peak shape were refined by the Le Bail method.[33] Atomic
positions were refined and soft constraints for the ligand were introduced
by fixing the P�C and P�O bonds at �1.80 ä and �1.50 ä, respectively;
otherwise the refinement produces incorrect P�C and P�O bond lengths.
In the last stage of the process the atomic isotropic thermal parameters
were also refined. A correction was made for the preferred orientation
[010], as also suggested by the EXPO analysis of the data by using the
March ± Dollase method in the GSAS suite of programs.
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Tetra- and Octalactam Macrocycles and Catenanes with Exocyclic Metal
Coordination Sites: Versatile Building Blocks for Supramolecular Chemistry


Xi-you Li,[a] Jens Illigen,[a] Martin Nieger,[b] Steffen Michel,[a] and Christoph A. Schalley*[a]


Abstract: The synthesis of a new tetra-
lactam macrocycle and the simultaneous
formation of catenanes and larger octa-
lactam macrocycles is reported. These
species bear 2,2�-biquinoline moieties
suitably positioned to bind a metal
center at the outer periphery of the
macrocycles. 1H NMR chemical shifts
permit the unambiguous distinction of
transoid and cisoid conformations of the
biquinoline moiety, thereby allowing an
unequivocal identification of the cate-
nane and octalactam structures, despite
the fact that both have the same ele-
mental composition and bear identical
structural subunits. With the aid of an
anion template effect, rotaxanes can be


prepared from the smaller tetralactam
macrocycle. These reveal significantly
altered requirements in terms of the
stopper size as compared to previously
reported tetralactam wheels. Several
copper(�)-mediated dimers and a
(bpy)2RuII complex (bpy� 2,2�-bipyri-
dine) have been synthesized from the
tetralactam macrocycle and the rotax-
anes. The anion binding abilities of the
tetralactam macrocycle and its (bpy)2-
RuII complex in DMSO have been


compared by 1H NMR titration experi-
ments, which revealed significantly en-
hanced binding by the metal complex.
Mass spectrometry has been used to
study the potential formation of larger
assemblies of copper(�) and the catenane
built-up from two tetralactam macro-
cycles. Indeed, a 2:2 complex was iden-
tified. In contrast, the octalactam mac-
rocycle of the same elemental composi-
tion yields only 1:1 complexes, with the
CuI ion connecting its two biquinoline
moieties in the center of a figure-eight-
shaped molecule. Molecular modeling
studies support the structural assign-
ments made.


Keywords: supramolecular
chemistry ¥ rotaxanes ¥ catenanes
¥ anion receptors ¥ self-assembly


Introduction


Rotaxanes, that is axles threaded through macrocycles
equipped with two stopper groups to prevent dethreading,
and catenanes,[1] that is two interlocking macrocycles, can now
be efficiently assembled with the aid of several different
template effects.[2] There exist a variety of approaches,
including those based on the tetrahedral[3] or octahedral[4]


coordination geometry of metal ions, �-donor/�-acceptor
interactions,[5] and hydrogen bonding involving ammonium
ions,[6] neutral amides,[7] or phenolate stoppers.[8] With these
methods at hand, the research in this field has become
increasingly focused on the properties of the mechanical


bond, among them topological chirality,[9] electron- or energy
transfer from one stopper to the other,[10] the quenching of
luminescence in self-assembled pseudorotaxanes,[11] the pho-
toswitchability of the catenanes× ring geometry,[12] electrical
conductance through polyrotaxanes,[13] and the kinetics of the
deslipping reaction which liberates the wheel and axle without
cleavage of a covalent bond.[14] Two of the most intriguing
applications of rotaxanes are the construction of logic gates[15]


and rotary devices[16] at the molecular level.
Herein, we report the synthesis of new tetralactam and


octalactam macrocycles bearing one or two biquinoline
moieties, respectively, that allow the binding of metal centers
to their outer periphery. Catenanes are also formed in the
macrocyclization step, which can be distinguished from the
octalactammacrocycles of identical elemental composition by
1H NMR experiments. The smaller macrocycle can be utilized
for the synthesis of rotaxanes. Several CuI complexes of these
species have been prepared. The complexes of CuI are of
particular interest, because previous examples have shown
their ability to effect the catalytic reduction of dioxygen,[17]


their diverse activities in many biological systems,[18] and their
ability to transfer energy to anthracene, which may prove
useful in photocatalytic solar energy harvesting systems.[19]
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Also, the (bpy)2RuII complex (bpy� 2,2�-bipyridine) of the
tetralactam macrocycle has been synthesized and its anion
binding properties[20] have been examined in comparison to
those of the tetralactam macrocycle alone.


Another aspect attracting considerable recent interest is
that of the self-assembly of structures of nanometer dimen-
sions from simpler building blocks.[21] Utilizing the tetrahedral
coordination geometry of copper(�) ions, many different types
of assemblies have been reported, prominent examples being
the grid-type complexes[22] of Lehn and others and the copper-
templated rotaxanes and catenanes mentioned above.[3] Both
the catenane made from two tetralactam wheels and the
octalactam macrocycle bear two metal coordination sites and
could therefore be expected to yield larger assemblies on
addition of copper ions. This aspect has been studied using
ESI mass spectrometry.


Results and Discussion


Synthesis of macrocycles and catenanes
The synthesis of the tetralactam macrocycle is shown in


Scheme 1. The biquinoline dicarboxylic acid salt 1 is first
converted to the acid chloride 2 and then coupled with
diamine 3 to yield building block 4 according to well-known
literature procedures.[23] A macrocyclization with acid chlor-
ide 5 carried out under high dilution conditions yields the
desired macrocycle 6 in a disappointingly low yield of only
about 10%. In fact, three additional products could be
separated: a catenane 7 built from two interlocked wheels 6 in


Abstract in German: Die Synthese eines neuen Tetralactam-
Macrocyclus und die gleichzeitige Bildung von Catenanen und
grˆ˚eren Octalactam-Cyclen wird beschrieben. Diese Mole-
k¸le enthalten 2,2�-Bischinolin-Einheiten in einer Position, die
die Bindung von Metallkationen an der Au˚enseite des
Macrocyclus erlaubt. 1H-NMR-chemische Verschiebungen ge-
statten die eindeutige Zuordnung der transoiden bzw. cisoiden
Konformationen der Bischinolin-Einheit und ermˆglichen
damit eine sichere Identifikation von Catenanen und Octal-
actam-Cyclus, obwohl beide dieselbe Elementarzusammenset-
zung haben und identische strukturelle Untereinheiten enthal-
ten. Mittels eines Anionentemplateffekts kˆnnen Rotaxane des
kleineren Tetralactam-Reifs synthetisiert werden, der gegen-
¸ber fr¸heren Tetralactam-Cyclen deutlich ver‰nderte Grˆ˚en-
anforderungen an den Stopper stellt. Kupfer(�)-verbr¸ckte
Dimere und ein (bpy)2Ru(��)-Komplex des Tetralactam-Ma-
crocyclus und der Rotaxane wurden synthetisiert. Die Anio-
nenbindungsf‰higkeit des Tetralactam-Cyclus in DMSOwurde
mit seinem (bpy)2RuII-Gegenst¸ck verglichen und 1H-NMR-
Titrationsexperimente zeigen eine deutlich verst‰rkte Anionen-
bindung an den Metallkomplex. Die Massenspektrometrie
eignet sich f¸r die Detektion grˆ˚erer Komplexe von Kupfer(�)-
Ionen mit dem Catenan aus zwei Tetralactam-Reifen. Tats‰ch-
lich bildet sich ein 2:2-Komplex. Hingegen bildet der Octal-
actam-Macrocyclus gleicher Zusammensetzung lediglich 1:1-
Komplexe, in denen ein CuI-Ion die beiden Bischinolin-
Untereinheiten im Zentrum eines achtfˆrmigen Molek¸ls
verbindet. Molecular Modeling unterst¸tzt die strukturellen
Aussagen.
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1% yield, a larger octalactam macrocycle 8 as the major
product (32%), and, presumably, a catenane 9 assembled
from one octalactam and one tetralactam wheel (7%).
However, catenane 9 could not be fully characterized due to
its complicated NMR spectra (see Experimental Section). All
attempts to increase the yield of 6 by optimizing this route, for
example by further decreasing the concentration of the
reactants in order to shift the ratio of the two macrocycles
towards 6, were unsuccessful. Starting with the acid chloride 5
in the first reaction with 3 and subsequent macrocyclization
with 2 did not give higher yields either.


Single-crystal X-ray structural data (Table 1) and results
frommolecular modeling (Figure 1) on intermediate 4 suggest
that the biquinoline moiety exists primarily in a transoid
conformation. In this conformation, unfavorable interactions
between the lone pairs located on the biquinoline nitrogen
atoms, as well as between the hydrogen atoms in the 3- and 3�-
positions, are avoided. The � system is almost planar, thus
maximizing delocalization. Figure 1 (top) shows a superposi-
tion of the 40 most favorable conformers found in a 3000 step
Monte Carlo conformational search performed with the
Amber* force field[24] as implemented in MacroModel 7.0.[25]


In all of these structures, which lie within a range of about
5 kcalmol�1 above the lowest-energy structure, the central
biquinoline part is transoid, while the amide groups appear to
have four different favorable positions (carbonyl groups
above or below the ring plane and pointing outwards or
inwards). Furthermore, the diamine arms are rather rigid, but
can be rotated about the amide ± benzene single bonds, so that


they show several different orientations with respect to the
biquinoline plane that are similar in energy. Single crystals of
4 suitable for X-ray structure analysis were obtained by


recrystallization from DMSO. In the
crystal structure, the central biquino-
line part of this building block is
again seen to be in a transoid con-
formation, confirming the results
obtained from modeling. The side
arms are, however, more or less
fixed, probably due to packing ef-
fects. Several hydrogen bonds are
formed, either to neighboring mole-
cules or to DMSO molecules in the
crystal.[26]


These results give an insight into
why macrocycle 8 is formed in much
greater yield in the macrocyclization
as compared to the smaller analogue
6. For the formation of 8, a transoid
conformation of 4 is advantageous,
because the two isophthalic acid
building blocks that come together
in 8 provide sufficient curvature for
closing the macrocycle, while the
diamine building blocks 4 may re-
main in a relaxed transoid geometry.
This is again supported by molecular
modeling, which shows that the
stretched, transoid conformation of
the two biquinoline moieties is real-
ized in the energetically most favor-
able conformers of 8 (Figure 2). In
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Table 1. Crystallographic data and summary of data collection and refine-
ment for 4.


formula C64H68N6O2 ¥ 7C2H6OS
crystal system triclinic
space group P1≈ (no. 2)
a [ä] 7.6535(2)
b [ä] 22.3356(5)
c [ä] 25.6017(7)
� [�] 107.769(1)
� [�] 96.686(1)
� [�] 96.780(1)
V [ä3] 4087.2(2)
Z 2
� [g cm�3] 1.22
� [mm�1] 0.250
diffractometer Nonius-KappaCCD
radiation MoK�


� [ä] 0.71073
T [K] 123
max. 2� [�] 50
no. of data 34942
no. of unique data 13957
no. of unique data [I� 2�(I)] 7212
no. of variables 945
no. of restraints 841
R(F) for I� 2�(I) 0.092
wR2(F 2) for all data 0.280
min./max. diff. peak [eä�3] � 0.838/1.882 (in solvent DMSO)
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contrast, for ring closure to 6, intermediate 4 needs to adopt
the less favorable cisoid conformation. Thus, due to the
conformational preferences of 4, macrocycle 8 is formed more
readily, even though its formation can be expected to be
entropically less favorable than that of 6.


From these considerations, coordination of the biquinoline
to a metal ion such as CuI seemed like a suitable means of
preorganizing building block 4 such that the macrocyclization
would yield the copper complex of 6 as the main product.
However, the amounts of 6 obtained after demetalation of the
resulting mixture of copper complexes with potassium cya-
nide were disappointing and, consequently, we used the
procedures outlined in Scheme 1 for the synthesis of wheel 6.


Two catenanes, 7 and 9, are also formed during the
macrocyclization, most probably through the formation of
hydrogen bonds between macrocycle 6 or 8, respectively,
already present in solution, and building block 4. According to
previous reports on X-ray structures of rotaxanes[27] and on
the binding constants of different types of carbonyl com-
pounds,[28] three hydrogen bonds mediate the template effect.


Two of them connect the carbonyl group of the open-chain
guest in a forked manner with two amide NH hydrogen atoms,
while the third one is formed between the amide NH
hydrogen of the guest and a carbonyl group on the macro-
cyclic host. Final capping of building block 4, threaded into
one of the two macrocycles, with isophthalic acid dichloride 5
yields the interlocked catenane structure. Since we were
unable to detect a catenane built from two octalactam wheels,
we suggest that the small wheel binds either building block 4
to yield catenane 7 or its analogue elongated by an isophthalic
acid dichloride 5 and a second subunit 4. The latter complex
would then yield catenane 9. Although somewhat speculative,
this would imply that 6 is more favorably preorganized for
mediating the template effect as compared to 8, which is likely
to be too flexible to provide favorable binding.


Rotaxane synthesis: new size requirements for the stopper
groups : Among the many different template effects that are
suitable for rotaxane synthesis, one of the most efficient is the


Figure 1. Top: Superposition of the 40 lowest energy conformers of 4 obtained from a Monte Carlo conformer search with 3000 steps. Bottom: Structure of
intermediate 4 (ORTEP plot; 50% probability level). Carbon-centered hydrogen atoms and solvent molecules are omitted for clarity. Dotted lines indicate
hydrogen bonds to adjacent molecules and DMSO incorporated in the crystal.
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Figure 2. Lowest energy conformations (tert-butyl groups omitted) out of
3000 structures optimized in a Monte Carlo conformational search for
tetralactam macrocycle 6 (top), catenane 7 (center), and octalactam
macrocycle 8 (bottom). Some structural parameters are given for 6 to
provide an idea of the increased cavity size resulting from the use of the
biquinoline moiety (carbonyl ± carbonyl distance 7.4 ä versus 5.0 ä) in the
cisoid conformation; the two aromatic planes of the halves of the
biquinoline moiety are mutually tilted by about 30�. The catenane is also
shown in a space-filling representation to show how densely packed the
cavities of the two macrocycles are. Note that 8 prefers a figure-eight-
shaped structure that permits stacking interactions of the aromatic rings in
the center of the molecule. The two biquinoline units in 8 display a transoid
conformation.


anion template method established by Vˆgtle and co-work-
ers.[8] However, the yield of rotaxane is strongly dependent on
the particular structural features of the stopper, the axle
center piece, and the wheel.[8d] Consequently, it is not clear a
priori whether the new macrocycle 6 would be suitable for
rotaxane synthesis and what stopper would be large enough to
prevent the axle from deslipping. The biquinoline moiety is
not only larger, but also more flexible than the usual
isophthalic acid building blocks, due to the single bond
connecting the two quinolines. Thus, somewhat larger stop-
pers may be required for the generation of rotaxanes.
Molecular modeling supports these assumptions: while the
distance between the two carbonyl carbon atoms of the
isophthalic acid amide unit is about 5.0 ä, the corresponding
distance in the biquinoline part amounts to about 7.4 ä


(Figure 2). Accordingly, all attempts to use the standard
tritylphenol stopper 12a or its trimethyl derivative 12b were
unsuccessful. Even trityl stopper 12c with two methylphenyl


OH


'R


'R


R 12a  (R = R'  = H)
12b  (R = R'  = Me)
12c  (R = tBu, R'  = Me)
12d  (R = R' = tBu)


groups and one tert-butylphenyl group did not yield rotaxanes,
presumably because these stoppers still can readily deslip.
Finally, a rotaxane was successfully assembled with the tris(4-
tert-butylphenyl)phenol stopper 12d. A similar ∫all-or-noth-
ing∫ effect has been described previously for closely related
stopper groups.[14a] The rationale for such an effect is that in a
first step the rotaxane wheel slips over one of the three
aromatic groups of the trityl part of the stopper. In a second
step, the rest of the stopper passes through the wheel and the
rotaxane, if initially formed, dissociates into its free compo-
nents. Such a stepwise mechanism for deslipping proceeds via
two different energy barriers, both of them small enough to
allow the axle to deslip even at room temperature. In the
present case, this means that the presence of three tert-butyl
groups around the tritylphenol stopper is mandatory, as
realized in 12d. Finally, the two rotaxanes 16 and 17 could be
obtained by the anion template method[8] as depicted in
Scheme 2. The stopper phenol is deprotonated with potassium
carbonate and dibenzo[18]crown-6 (18-C-6), which is used as
a solid/liquid phase-transfer catalyst. In a first step, the
phenolate and one of the axle center pieces 10 or 11 form the
semi-axle 13 or 14, respectively. Also, the phenolate binds
with its anionic oxygen inside macrocycle 6 by hydrogen
bonding to two of the amide protons to yield the supra-
molecular nucleophile 15. It is not clear as to which side of the
wheel is more suitable for binding the phenolate. However, as
shown in Scheme 2, we prefer the isophthalic acid amide half
of the macrocycle, because it 1) presents the two amide
protons at a smaller distance and 2) positions them almost in a
plane, while the two amide protons on the biquinoline side are
not as well preorganized due to the torsional angle about the
2-2� single bond in the biquinoline unit. In the final step, 15
reacts with 13 or 14 in a nucleophilic displacement reaction,
trapping the wheel on the axle and giving rise to the rotaxanes
16 and 17 as final products in yields of 23 and 34%,
respectively.


Synthesis and molecular modeling of metal complexes : The
dimeric CuI complexes 19 and 20 of the rotaxanes 16 and 17
were easily obtained in good quantities by reaction with
0.5 equivalents of [Cu(CH3CN)4]PF6 at room temperature
(Scheme 3). Similarly, the [Cu(wheel)2]� complex 18 was also
prepared. The (bpy)2RuII complex 22 also proved to be easily
accessible in its racemic form by the reaction of 6 with its
precursor complex 21 in refluxing ethylene glycol
(Scheme 4).[29]
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To get some idea of their structures, we performed
molecular dynamics calculations on the copper complexes
18 ± 20 (see Scheme 3) and the (bpy)2RuII complex with the
augmented MM2 force field implemented in the CACHE 5.0
program.[30] We used this program in addition toMacroModel,
partly because on one hand, the latter program does not


provide parameters for copper or
ruthenium, but in our experience
gives excellent result as far as
hydrogen bonding and other non-
covalent interactions are con-
cerned. On the other hand, the
augmented MM2 force field in
CACHE allows us to calculate the
copper complexes, but does not
give as good results with respect
to hydrogen bonding. To ensure
comparability, we performed sev-
eral test calculations on the free
macrocycle 6 with CACHE as
well as MacroModel. Since 6 is
rather rigid and intramolecular
hydrogen bonding does not play
a role at all, it was no surprise that
both programs gave similar re-
sults, with only small differences
between the torsional angles cal-
culated for the bond connecting
the two quinoline moieties. With
MacroModel, an angle of 30� was
obtained, while the CACHE pro-
gram generated an angle of 39�.
Larger discrepancies between the
two programs were obtained


when modeling the catenane 7, in which hydrogen bonding
connects the two interpenetrating wheels. Also, the calculated
conformations of octalactam macrocycle 8 differ somewhat
with the two programs. For these molecules, it is apparent that
caution needs to be exercised in comparing calculations
obtained from the different programs.
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Scheme 2. Synthesis of 16 and 17. 18-C-6�dibenzo[18]crown-6.


Scheme 3. Synthesis of copper complexes 18 ± 20.
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Figure 3 shows low-energy conformations of the dimeric
CuI complexes 18 and 20. The differences in conformation are
easy to see. While the biquinoline unit of 6 is in a nonplanar


Figure 3. Dimeric CuI complex 18 (top: tert-butyl groups omitted) of wheel
6. Note that the biquinoline unit is planarized through metal coordination
in 18. The ligand sphere around the central copper ion is typical for
biquinoline complexes, with bite angles of 89�. Bottom: Space-filling
representation of the dimeric rotaxane complex 20. Note that the addition
of the two rotaxane axles does not greatly affect the conformation of the
two wheels, indicating that the two axles are unlikely to impose much strain
on the assembly.


cisoid conformation with a torsional angle between the two
aromatic planes of about 30� (see above), it is planarized upon
metal coordination. In 18, there is no significant deviation
from a typical ligand sphere around the central copper ion. At
89�, the bite angle of the biquinolines is in the usual range for
such metal complexes. The change in torsional angle, how-
ever, alters the overall conformation of the whole macrocycle.


While 6 bears an almost helical loop arrangement, the ends of
which are connected quasi-perpendicularly by the biquino-
line, coordination to the metal in 18 forces the macrocycle
into a bent butterfly-shaped geometry. Despite the rigid
building blocks, both compounds are flexible enough to
permit rotation of the four amide groups into an ∫in∫ or an
∫out∫ conformation, without causing large energy differences
between the different conformers. This also holds true for the
free macrocycles and catenanes.


For the rotaxane complexes 19 and 20, the modeling
approach using CACHE is again straightforward. This is
because these rotaxanes are ether rotaxanes, for which
hydrogen bonding between wheel and axle is of marginal
importance.[28] Figure 3 shows a minimized structure for 20,
which is the reoptimized conformer of lowest energy from a
series of 1000 ps dynamics trajectories at 600 K. It can clearly
be seen that the wheel conformation is very similar to that of
the [Cu(wheel)2]� complex 18. Again, the biquinoline moi-
eties are planar. The ligand shell around the copper core is not
significantly distorted. Furthermore, the two axles maximize
van der Waals interactions between two stoppers by interdi-
gitating their aromatic rings. However, such van der Waals
interactions may be overestimated by the calculation, since no
solvation is taken into account.


The monomeric (bpy)2RuII complex 22 has a similar overall
conformation. The only notable difference to the structure of
the dimeric copper complex 18 is the slightly distorted
biquinoline moiety. The torsional angle about the 2,2� bond
is 9�, which is still significantly less than that in the macrocycle
6. However, due to steric crowding around the ruthenium
center, complete planarization is not achieved.


Assignment of the biquinoline conformation by 1H NMR
experiments : As regards the above-mentioned conformations
of the biquinoline moieties, 1H NMR experiments give
detailed insight.[31] Although a complete assignment for the
rotaxanes 16 and 17 and the corresponding copper complexes
19 and 20 is somewhat hampered by the superposition of some
signals with those from the stoppers, a detailed analysis of the
aromatic regions is straightforward and our assignment is in
agreement with literature data.[32] Figure 4 shows the aromatic
regions of the 1H NMR spectra of compounds with a transoid
conformation, namely building block 4 and octalactam
macrocycle 8, followed by those having a cisoid conformation,
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Figure 4. Aromatic regions (	� 9.5 ± 6.9 ppm) of the 1H NMR spectra of
a) building block 4, b) octalactam macrocycle 8, c) catenane 7, d) tetralac-
tam wheel 6, e) its copper complex 18, f) rotaxane 16, and g) the [Cu(16)2]�


complex 19 (bottom to top). Assignments are made as indicated in the
structures shown above. Note that all spectra were recorded from samples
in [D6]acetone, except those of 4 and 6, which were only soluble in
[D6]DMSO. Consequently, small signal shifts might occur due to differ-
ences in solvation. The assignment of the biquinoline conformation,
however, is not affected by these minor shifts.


namely catenane 7, macrocycle 6, its copper complex 18,
rotaxane 16, and the [Cu(16)2]� dimer 19 (from bottom to
top). The spectra have been deliberately arranged in such an
order to facilitate comparison. The data obtained from
rotaxane 17 and the corresponding copper complex 20 are
very similar to those of 16 and 19 and hence are not shown. A
large, conformation-dependent shift is observed for the
signals for H3,3�, and hence we will now consider their
chemical shifts in more detail. They appear at an almost equal
chemical shift of 	� 9.0 ppm for transoid compounds 4 and 8
(traces (a) and (b)), whereas they are observed in the range
	� 8.0 ± 8.7 ppm for cisoid 6, 7, and 16 (traces (c), (d), and (f)).
The slight upfield shift of this signal for rotaxane 16 (	�
8.1 ppm) relative to that of macrocycle 6 (	� 8.3 ppm) has
been observed previously[8] for other similar rotaxanes, and
can be attributed to the anisotropy of the aromatic rings of the
axle center pieces. In contrast, it is not quite clear as to why
the signal in the spectrum of catenane 7 is shifted downfield to
	� 8.7 ppm. Complexation with a copper ion induces a strong
downfield shift back to a position around 	� 9.2 ppm,
probably due to a planarization of the biquinoline system
upon metal complexation.


The amide protons, which are sometimes difficult to
identify, can be unequivocally assigned by adding a small
amount of deuterated methanol. These protons rapidly
exchange with the methanol-OD deuterium atoms and hence
their signals vanish almost completely.


Finally, we should mention that the formation of rotaxanes
affects the chemical shifts of wheel protons other thanH3,3� to
some extent. The signals of H6,6�, H7,7�, and H8,8� are all
subject to a small upfield shift, probably because, on average,
these protons ∫feel∫ the anisotropy of the aromatic rings
incorporated in the axle. Much more pronounced, however,
are the effects of rotaxane formation on the signals of the axle
center pieces.[14h] The anisotropy of the aromatic rings in the
wheel causes upfield shifts of up to 1 ppm. In conclusion, the
1H NMR spectra not only allow us to determine the
conformation of the biquinoline subunit, but also permit the
identification of rotaxanes and catenanes and their distinction
from the macrocycles. In particular, unambiguous assignment
and distinction of the catenated and macrocyclic structures is
possible for 7 and 8, respectively.


UV/Vis absorption spectra of metal complexes 18 ± 20 and 22 :
Figure 5 shows the absorption spectra of the copper com-
plexes, which are all almost identical. No significant changes


Figure 5. UV/Vis absorption spectra of 18 (dashed line), 19 (dotted line),
and 20 (solid line) in dichloromethane. The inset shows the UV/Vis
absorption spectrum of ruthenium complex 22 in acetonitrile.


are observed that can be attributed to the presence of the axle
or its nature. Strong absorption bands are observed in the
region from 250 to 400 nm, which probably correspond to
ligand � ±�* absorptions.[32] The band at 574 nm can be
assigned to the metal-to-ligand charge transfer (MLCT) state.
These spectra are very similar to that of an unsubstituted
biquinoline copper(�) complex, except for some minor shifts in
the peak positions.[32] For the unsubstituted biquinoline
complex, the MLCT band appears at 546 nm, while for 17 ±
19 it is red-shifted by about 30 nm, presumably due to the
presence of the amide groups.


A previous report on a series of 3,3�-bridged biquinoline
copper(�) complexes revealed the MLCT band to be strongly
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dependent on the distortion of
the ligand sphere from an ideal
tetrahedral structure, in terms
of both its wavelength and in-
tensity.[32b] A perfectly planar
conformation of the biquino-
line ligands allows the � elec-
trons to delocalize completely
over both aromatic systems and
thus lowers the energy level of
the �* orbital. Consequently, a
distortion from this ideal geom-
etry results in a decrease in
intensity and a blue shift of
the MLCT band. All three CuI


complexes under study here
display a strong MLCT band
at 574 nm, indicating a Cu(bi-
quinoline)2 core without signif-
icant distortion. Furthermore,
the interlocking of the axle,
with its two bulky stoppers,
does not change this situation.


Mass spectrometric characterization : The macrocycles, cate-
nanes, and rotaxanes under study here can easily be observed
in their FAB and MALDI mass spectra. Usually, FAB
ionization generates mainly protonated ions and to some
extent induces fragmentation due to the higher internal
energy imparted to the ions as compared to MALDI, which
on the other hand provides protonated, sodiated, and
potassiated species. The mass peaks for the catenanes and
rotaxanes are accompanied by signals for the components,
predominantly the wheel. For example, the large catenane 9
shows signals in its FAB spectrum corresponding to its
pseudomolecular ion [M�H]� (m/z 3415) along with fragment
signals at m/z 1139 for the small protonated wheel and at m/z
2277 for the larger protonated wheel. It is mainly this result
that led us to the assignment of a catenated structure for 9.
The NMR spectra are complicated and not as easily inter-
pretable. If a monocyclic species had been formed, no ready
fragmentation would be expected, since two bonds would
have to be broken for the generation of fragments instead of
only one in the case of the catenane, followed by deslipping of
the open macrocycle. At higher internal energies, a whole
series of fragments would be expected for a single macrocycle,
because cleavage of the first bond could be followed by
cleavage of a second at many different positions. Instead, a
catenane would yield only the two component macrocycles. A
more detailed study[33] involving MS/MS and ion mobility
experiments yielded more precise data on this matter, and
therefore we refrain here from a more in-depth analysis of the
mass spectra. The copper complexes yield clean MALDI
spectra, which are dominated by signals corresponding to the
loss of a PF6


� counterion. Fragments due to the loss of one
ligand are also observed. Similar results were obtained by
ESI-MS. Finally, the (bpy)2RuII complex 22 yields a clean
MALDI mass spectrum with only two prominent signals
(Figure 6). One corresponds to the loss of one PF6


� counter-


ion (m/z 1698), the other to the loss of both counterions (m/z
1552). Interestingly, this ion, which would be expected to be
doubly charged and thus should appear at m/z 776 with a
spacing between the isotope peaks of 0.5 amu, is actually
observed atm/z 1552 with peak distances of 1 amu and thus is
singly charged. This indicates that an electron-transfer process
from the PF6


� ion to the ruthenium complex must be
operative during the ionization procedure.[34] As shown for
22, which has the most complex isotope pattern due to the
ruthenium present, the experimental pattern is in good
agreement with that calculated on the basis of natural
abundances (Figure 6, insets). This holds true for all other
species under study as well and thus confirms the elemental
compositions.


To assess their potential to form larger assemblies, we
tested catenane 7 and octalactam macrocycle 8 with respect
to their binding behavior towards CuI by electrospray
ionization mass spectrometry.[35] Equimolar mixtures of
[Cu(CH3CN)4]PF6 with either one of these species in acetone
indeed resulted in the formation of copper-mediated com-
plexes, as indicated by the purple color of the solutions, which
were 50�� when subjected to the MS experiments. To our
surprise, no broad distributions of oligomeric assemblies were
formed. Rather, the catenane gave a 2:2 complex of CuI and 7
accompanied by a minor signal for a 1:1 complex, while the
octalactam macrocycle yielded exclusively 1:1 complexes.[33]


Since it is hard to imagine how a 1:1 complex of catenane 7
and CuI might be geometrically possible in a species with all
bonding sites saturated, we interpret the minor signal as a
fragment resulting from the 2:2 complex. No larger complexes
were observed, although these were initially expected to form
to avoid steric strain within the complexes; we thus tried to
find the observed complexes by molecular modeling to get an
impression of their structure. The resulting structures are
shown in Figure 7. According to these calculations, formation


Figure 6. MALDI mass spectrum of 22 obtained with 2,5-dihydroxybenzoic acid as the matrix. The insets show
the measured (top) and calculated (bottom) isotope patterns.
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of such assemblies should be possible. Catenane 7 dimerizes
through two CuI ions, which are separated by a distance of
about 10 ä, so that the repulsive interactions between the two
positive charges are minimized. The presence of some strain is
indicated by a slight distortion of the coordination sphere
around the CuI ions. In contrast, macrocycle 8 binds a copper
ion at its center and forms a figure-eight-shaped molecule as
shown in Figure 7 (right). Seemingly, larger assemblies are not
formed due to the entropic costs of assembling a larger
number of molecules into one entity. These findings further
support the assignment of catenated and simple macrocyclic
structures to 7 and 8.


Anion binding behavior of 22 : It is well known that
tetralactam macrocycles and their analogues are capable of
anion binding,[36, 37] which is also reflected in the rotaxane
synthesis described above. We were interested in two aspects:
1) Is anion binding with our macrocycle possible in a
competitive solvent such as DMSO? 2) How does the
coordination to a positively charged metal fragment change
the binding abilities of macrocycle 6?[38] To address the latter
question, 1H NMR titration experiments are the method of
choice because they allow the direct comparison of 6 and 22
and at the same time yield qualitative information on the
position of the guest.


Before performing NMR titrations, a Job analysis[39] of the
stoichiometry was first performed, as shown in Figure 8 for 22.
Four proton signals were followed: the two different NH
signals and the signals of CH protons pointing into the cavity
of the macrocycle (H3 and Ha according to the assignment


Figure 8. Job plot of solutions of 22 with tetrabutylammonium chloride as
the guest salt. The maximum at a molar ratio of x� 0.5 indicates the
formation of 1:1 complexes.


given in Figure 4). For all four protons, the maximum complex
concentration was found for a molar fraction of x� 0.5,
indicating the formation of 1:1 complexes.


Next, NMR titrations with 6 and 22 were carried out with
tetrabutylammonium chloride as the guest in DMSO. This
solvent not only readily dissolves the hosts and the guest salt,


Figure 7. Assemblies of catenane 7 (left) and octalactam macrocycle 8 (right) with CuI ions, each shown in top and side views. For clarity, the rings of the
catenane assembly are represented with different graytones.
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but also strongly competes with the guest for hydrogen bonds
and thus presents a challenge for anion binding within these
hosts. The chloride anion should be small enough to fit easily
into the macrocycle×s cavity and should bind through two
hydrogen bonds, provided that the DMSO molecules in the
vicinity are not too competitive. Indeed, significant shifts are
observed for several signals (Figure 9). Depending on the
concentration of the guest, the signals of the amide protons
move by a maximum of about 0.6 ppm for both species. This is,
of course, expected, because they are directly involved in
binding the anion through hydrogen-bonding interactions.
However, the carbon-centered hydrogens pointing into the
cavity (H3 and Ha) also strongly ∫feel∫ the influence of the
anion. This indicates the presence of the anion inside the
cavity. Smaller effects on other signals are also observed. For
example, the signals of the aromatic protons of the ∫Hunter
diamine∫ building blocks are subject to some smaller shifts.
Nevertheless, the effects on the amide protons and H3/Ha are
most pronounced and, therefore, these signals were chosen in
order to gather titration data for the fitting of the binding
constants.


The model used for the fitting not only included the free
receptor and guest, but also a 1:1 complex of the two and a 1:2
complex in which two anions are bound to the macrocycle.
This model provided the best fit of all models tested for both
receptors. From the binding constants in Table 2, we can
conclude that binding of the second anion (K� 20��1 in 22,
3��1 in 6) is much weaker than that of the first (K� 1020��1


in 22, 180��1 in 6). Otherwise, this result would not be
consistent with the Job plot analysis. It is, of course, not
unexpected, in view of the accumulation of negative charges
inside the host cavity. The other conclusion that can be made
is that chloride binds more strongly to the ruthenium complex
22 as compared to 6. Two factors are likely to contribute to
this effect: 1) the ruthenium complex is positively charged and
electrostatic interactions with the anion may stabilize the
host ± guest complex; 2) coordination of the macrocycle to the
metal center almost completely planarizes the biquinoline
moiety and thus better preorganizes the two biquinoline NH
groups for anion binding. In 6, the binding of the anion must
provide the necessary energy in order to force the receptor
into an appropriate conformation, at the expense of its
binding energy.


Figure 9. Bottom: Aromatic region of 1H NMR titration spectra of 4m� solutions of macrocycle 6 (left) and the corresponding RuII bipyridine complex 22
(right) in [D6]DMSO. The guest was tetrabutylammonium chloride. The assignment of the 1H NMR signals is given at the top of each series of spectra, as
defined in Figure 4. Asterisks indicate signals originating from the bipyridine ligands. Top: Titration curves derived from these two series of 1H NMR spectra.


Table 2. Binding constants K1 and K2 [��1] and free association energies
�G1 and �G2 [kJmol�1] obtained from a least-squares fit of the NMR
titration data with the Specfit program for hosts 6 and 8.[45]


Host Guest K1
[a] K2


[b] �G1 �G2


[��1] [��1] [kJmol�1] [kJmol�1]


6 Cl� 180� 20 3� 2 � 12.9 � 2.3
8 Cl� 1020� 50 20� 5 � 17.2 � 7.0
6 H2PO4


� 420� 30 ± � 14.9 ±
8 H2PO4


� 25300� 300 ± � 25.1 ±


[a] Binding constant for the equilibrium reaction R�S�RS. [b] Binding
constant for the equilibrium reaction RS�S�RS2.
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Analogous experiments with dihydrogen phosphate
H2PO4


� revealed much larger shifts in the 1H NMR signals
upon titration of 8 with the anion. A particularly large shift of
about �	� 2.5 ppm was observed for the biquinoline NH
signals of 22. Fitting of the titration data with the model used
for the chloride complexes resulted in a rather poor fit, but the
situation greatly improved when a simpler model was used
involving the exclusive formation of 1:1 complexes without
any contribution from a 1:2 complex of host and guest. The
binding constant for binding of H2PO4


� to ruthenium complex
22 (K� 25300��1) is not only much greater than that for
macrocycle 6 (K� 420��1), it also exceeds that of the chloride
complex by a factor of about 25. Consequently, at 25 kJmol�1,
the binding energy of H2PO4


� to ruthenium complex 22 is
almost twice as high as that for binding to macrocycle 6
(15 kJmol�1). Also, the differences as compared to the
chloride guest are much larger for 22 (25 versus 17 kJmol�1)
than for 6 (15 versus 13 kJmol�1). One might speculate that
these results indicate a different binding pattern of dihydro-
gen phosphate as compared to chloride. The H2PO4


� ion may
bind through more than one of its oxygen atoms, which is of
course impossible for chloride and may thus rationalize the
large differences.


Conclusion


We have reported the synthesis of new macrocycles and
catenanes. A particular feature of these species is their ability
to complex metal cations at the periphery of rather rigid
macrocyclic structures.[38a, 40] Conformational arguments pro-
vide an explanation as to why two different macrocycles are
formed; the fact that both are accompanied by the corre-
sponding catenanes can be rationalized in terms of Vˆgtle×s[1h]


amide template effect. We have tested these systems with
respect to their ability to form rotaxanes and have determined
the stopper size necessary to trap the axle in the cavity of the
wheel, which is larger than in previous examples.[8] To further
demonstrate the utility of these macrocycles for supramolec-
ular applications, several metal complexes have been synthe-
sized, the sizes of the assemblies have been determined by ESI
mass spectrometry, and the anion binding behaviors of
tetralactam macrocycle 6 and its (bpy)2RuII complex 22 have
been compared. The latter complex shows increased binding
constants due to electrostatic interactions and a favorable
preorganization. In particular, dihydrogen phosphate binds
with quite a high binding energy to the metal complex, even in
competitive solvents such as DMSO. Consequently, we
believe that these macrocycles and catenanes are interesting
and valuable building blocks for supramolecular chemistry.


Experimental Section


Instruments and methods: Melting points were determined on a Reichert
microscope heating unit and are uncorrected. NMR spectra were measured
on Bruker AMX250 (1H: 250 MHz, 13C: 62.9 MHz), AMX400 (1H:
400 MHz, 13C: 100.6 MHz), or (for 1H NMR titration experiments)
DRX500 (1H: 500 MHz) spectrometers. All chemical shifts are given in
ppm with the solvent signals taken as internal standards; coupling constants


are in hertz. FAB mass spectra were obtained with a Concept 1H mass
spectrometer (Kratos) and MALDI mass spectra were recorded with a
MALDI-TOF-Spec-E (Micromass). m-Nitrobenzylic alcohol and 2,5-
dihydroxybenzoic acid, respectively, were used as matrices. To record
ESI mass spectra, a Micromass Q-TOF 2 mass spectrometer equipped with
a Z geometry nanospray ion source was used with acetone as the spray
solvent. A Perkin-Elmer Lambda-3B spectrometer was used to obtain UV/
Vis absorption spectra.


Syntheses : All precursors for the syntheses were obtained from Aldrich or
Fluka and were used as purchased. Compounds 3,[23] 5,[41] and 12a ± d[42]


were synthesized according to well-established literature procedures.
Solvents were purified by standard methods and dried if necessary. TLC
was carried out on Merck silica gel 60F254 plates; for column chromatog-
raphy, Merck silica gel 60 with a mesh size of 63 ± 100 �m was used. The
macrocycles and rotaxanes under study gave unsatisfactory elemental
analyses due to solvent molecules encapsulated in the crystals. This
phenomenon is well known[8] and, even after prolonged heating in high
vacuum, the solvents can still be detected in the NMR spectra. The isotope
patterns obtained by MALDI-MS (and FAB-MS, if not superimposed by
hydrogen losses and/or cation radicals) are, however, consistent with those
calculated on the basis of natural isotope abundances and thus confirm the
elemental compositions.


2,2�-Biquinoline-4,4�-dicarboxylic acid dichloride hydrochloride (2): Start-
ing material 1 (5 g) was dissolved in the minimum volume of ethanol and
converted to the hydrochloride with concentrated hydrochloric acid. The
yellow precipitate was collected by filtration and carefully washed with
water. The solid was dried in vacuo and then refluxed with a large excess of
SOCl2 and two drops of DMF for 8 h. The excess SOCl2 was completely
evaporated under reduced pressure. The acid chloride 2 was obtained as a
pale yellow solid in 95% yield. This product was used in the next step
without further purification.


N,N�-Bis[4-{1�-(4��-amino-3��,5��-dimethylphenyl)cyclohexyl}-2,6-dimethyl-
phenyl]-2,2�-biquinoline-4,4�-dicarboxylic amide (4): A solution of 1,1-
bis(4�-amino-3�,5�-dimethylphenyl)cyclohexane 3 (11.4 g, 0.035 mol) in dry
dichloromethane (150 mL) and triethylamine (2 mL) was placed in a
250 mL flask. This solution was stirred at room temperature and protected
from moisture by bubbling dry argon through it. 2,2�-Biquinoline-4,4�-
dicarboxylic acid dichloride hydrochloride 2 (2.8 g, 0.006 mol) was then
added in six portions over a period of 1 h. After the mixture had been
stirred at room temperature for a further 1 h, the solvents were evaporated
under reduced pressure. The residue was subjected to column chromatog-
raphy on silica eluting with dichloromethane/ethyl acetate (8:1). 3.6 g of
white product was obtained. Yield: 62%; m.p. 260 �C (decomp); 1H NMR
(300 MHz, CDCl3): 	� 1.38 ± 1.69 (br, 12H; CH2 of Cy), 2.10 (s, 12H;
PhCH3), 2.14 ± 2.18 (br, 8H; CH2 of Cy), 2.34 (s, 12H; PhCH3), 3.30 ± 3.70
(br, 4H; NH2), 6.81 (s, 4H; PhH), 7.02 (s, 4H; PhH), 7.46 (s, 2H; NH), 7.60
(ddd, J� 8.3, 8.2, 1.3 Hz, 2H; 7,7�-biquino H), 7.76 (ddd, J� 8.3, 8.2, 1.3 Hz,
2H; 6,6�-biquino H), 8.20 (d, J� 8.2 Hz, 2H; 5,5�-biquino H), 8.42 (d, J�
7.9 Hz, 2H; 8,8�-biquino H), 9.04 ppm (s, 2H; 3,3�-biquino H); 1H NMR
(300 MHz, [D6]DMSO): 	� 1.3 ± 1.6 (br, 12H; CH2 of Cy), 2.06 (s, 12H;
PhCH3), 2.2 ± 2.4 (br, 8H; CH2 of Cy), 2.34 (s, 12H; PhCH3), 4.29 (br, 4H;
NH2), 6.80 (s, 4H; PhH), 7.07 (s, 4H; PhH), 7.79 (dd, J� 7.8, 7.5 Hz, 2H; 7,7�-
biquino H), 7.94 (dd, J� 7.8, 7.5 Hz, 2H; 6,6�-biquino H), 8.29 (d�d, 4H;
5,5� and 8,8�-biquino H), 9.00 (s, 2H; 3,3�-biquino H), 10.27 ppm (s, 2H;
NH); 13C NMR (CDCl3): 	� 14.45, 18.62, 19.09 (CH3); 21.12, 23.03, 26.29,
36.79 (CH2); 116.48, 120.72, 125.09, 125.74, 126.55, 128.92, 130.39, 131.11,
134.79 (CH); 40.7, 135.26, 141.88, 144.23, 147.97, 148.88, 154.66 (Cq);
165.82 ppm (CO); MS (FAB): m/z : 952 ([M]� , 100%).


11�-tert-Butyl-5�,17�,23�,48�,51�,54�,57�,59�-octamethyldispiro[cyclohexane-
1,2�-{7�,15�,25�,34�,37�,46�-hexaazadecacyclo[45.2.2.23�.6�.216�.19�.221�.24�.19�.13�.
127�.35�.136�.44�.028�.33�.038�.43�]hexaconta-3�,5�,9�,11�,13�(58�),16�,18�,21�,23�,27�,29�,
31�,33�,35�(53�),36�,38�,40�,42�,44�(52�),47�,49�,50�,54�,56�,59�-pentaeicosaene-
8�,14�,26�,45�-tetraone}-20�,1��-cyclohexane] (6): A solution of 5-tert-butyl
isophthalic acid dichloride 5 (0.26 g, 1 mmol) in dry dichloromethane
(250 mL) and a mixture of 4 (0.952 g, 1 mmol) and triethylamine (2 mL) in
dry dichloromethane (250 mL) were simultaneously added dropwise to dry
dichloromethane (1200 mL) from separate dropping funnels, while the
system was kept under argon atmosphere. The addition was completed
within about 8 h, and then the solution was stirred at room temperature
overnight. The solvents were subsequently evaporated under reduced
pressure. The residue was subjected to column chromatography on silica
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eluting with a mixture of dichloromethane, ethyl acetate, and ethanol
(200:65:2) (Rf� 0.35). 0.11 g of macrocycle 6 was obtained as a white solid
from the third fraction. Yield: 11%; m.p. 310 �C (decomp); 1H NMR
(400 MHz, [D6]DMSO): 	� 1.32 (s, 9H; C(CH3)3), 1.41 ± 1.60 (br, 12H;
CH2 of Cy), 2.01 (s, 12H; PhCH3), 2.03 (s, 4H; PhCH3), 2.36 ± 2.41 (br, 8H;
CH2 of Cy), 6.94 (s, 4H; PhH), 7.13 (s, 4H; PhH), 7.82 (t, J� 8.3, 8.1 Hz, 7,7�-
biquino H), 7.95 (t, J� 8.3, 8.1 Hz, 2H; 6,6�-biquino H), 8.09 (d, J� 1.0 Hz,
2H; 4,6-isophth H), 8.29 (s, 2H; 3,3�-biquino H), 8.35 (d, J� 9.2 Hz, 4H;
5,5�,8,8�-biquino H), 8.58 (s, 1H; 2-isophth H), 9.30 (s, 2H; isophth NH),
10.11 ppm (s, 2H; biquino NH); 13C NMR (100.6 MHz, [D6]DMSO): 	�
13.9, 14.5, 19.1, 31.4 (CH3); 23.1, 26.1, 30.5, 39.7 (CH2); 118.9, 124.1, 125.5,
126.5, 127.8, 128.8, 131.1, 132.9, 134.8 (CH); 130.6, 135.5, 143.5, 148.7, 149.1,
152.7, 156.7 (Cq); 165.1, 165.4 ppm (CO); MS (FAB): m/z : 1139 ([M�H]� ,
100%).


The same reaction yielded three other fractions, one of which contained
catenane 7 built from two macrocycles 6 (Rf� 0.82, CH2Cl2/EtOAc, 8:1).
The second fraction corresponded to the octalactam macrocycle 8 (Rf�
0.56, CH2Cl2/EtOAc, 8:1), bearing four ∫Hunter diamines∫ 3 in addition to
two isophthalic acid and two biquinoline building blocks. Finally, catenane
9 was collected from the third fraction.


[2]-{11�-tert-Butyl-5�,17�,23�,48�,51�,54�,57�,59�-octamethyldispiro[cyclohex-
ane-1,2�-{7�,15�,25�,34�,37�,46�-hexaazadecacyclo[45.2.2.23�.6�.216�.19�.221�.24�.19�.13�.
127�.35�.136�.44�.028�.33�.038�.43�]hexaconta-3�,5�,9�,11�,13�(58�),16�,18�,21�,23�,27�,29�,
31�,33�,35�(53�),36�,38�,40�,42�,44�(52�),47�,49�,50�,54�,56�,59�-pentaeicosaene-
8�,14�,26�,45�-tetraone}-20�,1��-cyclohexane]}-�11�-t-butyl-5�,17�,23�,48�,51�,
54�,57�,59�-octamethyldispiro[cyclohexane-1,2�-{7�,15�,25�,34�,37�,46�-hexaa-
zadecacyclo[45.2.2.23�.6�.216�.19�.221�.24�.19�.13�.127�.35�.136�.44�.028�.33�.038�.43�]hexaconta-
3�,5�,9�,11�,13�(58�),16�,18�,21�,23�,27�,29�,31�,33�,35�(53�),36�,38�,40�,42�,44�(52�),
47�,49�,50�,54�,56�, 59�-pentaeicosaene-8�,14�,26�,45�-tetraone}-20�,1��-cyclo-
hexane]�catenane (7): Yield: 1%; m.p. �300 �C; 1H NMR (400 MHz,
[D6]acetone): 	� 1.23 (s, 18H; C(CH3)3), 1.35 ± 1.60 (br, 24H; CH2 of Cy),
1.92 (s, 24H; PhCH3), 7.06 (s, 24H; PhCH3), 2.24 (br, 16H; CH2 of Cy), 7.02
(s, 8H; PhH), 7.06 (s, 8H; PhH), 7.24 (t, J� 7.63 Hz, 4H; 7,7�-biquino H),
7.46 (t, J� 7.82 Hz, 4H; 6,6�-biquino H), 7.74 (d, J� 8.48 Hz, 4H; 8,8�-
biquino H), 8.00 (d, J� 8.29 Hz, 4H; 5,5�-biquino H), 8.16 (d, J� 1.13 Hz,
4H; 4,6-isophth H), 8.56 (s, 2H; 2-isophth H), 8.62 (s, 4H; 3,3�-biquino H),
9.03 (4H; isophth NH), 9.29 ppm (s, 4H; biquino NH); 13C NMR
(100.6 MHz, [D6]acetone): 	� 14.46, 18.92, 19.07 (CH3); 23.82, 28.75,
31.31, 31.52, 37.7 (CH2); 117.1, 125.8, 127.5, 128.8, 130.7, 132.6 (CH); 35.7,
54.47, 57.1, 135.7, 136.0, 136.4, 148.7, 155.1 (Cq); 165.8, 166.8 ppm (CO); MS
(MALDI): 2313 ([M�K]� , 30%), 2299 ([M�Na]� , 70%), 2277 ([M�H]� ,
100%).


42�,91�-Di-tert-butyl-5�,30�,36�,48�,54�,79�,85�,97�,100�,102�,105�,108�,111�,113�,
116�,119�-hexadecamethyltetraspiro[cyclohexane-1,2�-cyclohexane-1��,33�-
cyclohexane-1���,51�-cyclohexane-1����,82�-7�,16�,19�,28�,38�,46�,56�,65�,68�,77�,
87�,95�-dodecaaza-nonadecacyclo[94.2.2.23�.6�.229�.32�.234�.37�.247�.56�.252�.55�.278�.81�.
283�.86�.19�,17�.118�.26�.140�.44�.158�.66�.167�.75�.189�.93�.010�.15�.020�.25�.059.64�.069�.74�]hectacosa-
3�,5�,9�(118�),10�, 12�,14�,16�,18�(117�),19�,21�,23�,25�,29�,31�,34�,36�,40�(112�),
41�,43�,47�,49�,52�,54�,58�(107�),59�,61�,63�,65�,67�(106�),68�,70�,72�,74�,78�,80�,
83�,85�,89�(101�),90�,92�,96�,98�,99�,102�,104�,108�,110�,113�,115�,119�-penta-
contaene-8�,27�,39�,45�,57�, 76�,88�,94�-octaone] (8): Yield: 32%; m.p.�
300 �C; 1H NMR (400 MHz, [D6]DMSO): 	� 1.40 (s, 18H; C(CH3)3),
1.45 ± 1.62 (br, 24H; CH2 of Cy), 2.20 (s, 24H; PhCH3), 2.30 (br, 16H; CH2


of Cy), 2.36 (s, 24H; PhCH3), 7.15 (s, 8H; PhH), 7.16 (s, 8H; PhH), 7.74 (t,
J� 7.75 Hz, 4H; 6,6�-biquino H), 7.85 (t, J� 7.58 Hz, 4H; 7,7�-biquino H),
8.20 (d, J� 1.01 Hz, 4H; 4,6-isophth H), 8.25 ± 8.30 (d� d, 8H; 5,5�- and
8,8�-biquino H), 8.34 (s, 2H; 2-isophth H), 9.04 (s, 4H; 3,3�-biquino H), 9.78
(s, 4H; isophth NH), 10.29 ppm (s, 4H; biquino NH); 13C NMR
(100.6 MHz, [D6]DMSO): 	� 18.88, 19.08 (CH3); 23.01, 26.18, 29.64,
29.83, 30.02, 30.22, 30.41, 30.60, 30.79, 36.62 (CH2); 116.4, 124.60, 125.10,
125.75, 126.58, 126.64, 127.48, 128.85, 130.34, 131.03, 132.12, 132.96 (CH);
35.2, 45.12, 135.10, 135.51, 144.13, 146.54, 147.94, 151.89, 154.56, 155.51
(Cq); 165.78, 165.19 ppm (CO); MS (MALDI):m/z : 2313 ([M�K]� , 33%),
2299 ([M�Na]� , 100%), 2277 ([M�H]� , 75%).


[2]-{11�-tert-Butyl-5�,17�,23�,48�,51�,54�,57�,59�-octamethyldispiro[cyclohex-
ane-1,2�-{7�,15�,25�,34�,37�,46�-hexaazadecacyclo[45.2.2.23�.6�.216�.19�.221�.24�.19�.13�.
127�.35�.136�.44�.028�.33�.038�.43�]hexaconta-3�,5�,9�,11�,13�(58�),16�,18�,21�,23�,27�,29�,
31�,33�,35�(53�),36�,38�,40�,42�,44�(52�),47�,49�,50�,54�,56�,59�-pentaeicosaene-
8�,14�,26�,45�-tetraone}-20�,1��-cyclohexane]}-{42�,91�-di-tert-butyl-5�,30�,36�,
48�,54�,79�,85�,97�,100�,102�,105�,108�,111�,113�,116�,119�-hexadecamethyl-
tetraspiro[cyclohexane-1,2�-cyclohexane-1��,33�-cyclohexane-1���,51�-cyclo-


hexane-1����,82�-7�,16�,19�,28�,38�,46�,56�,65�,68�,77�,87�,95�-dodecaazanonade-
cacyclo[94.2.2.23�.6�.229�.32�.234�.37�.247�.56�.252�.55�.278�.81�.283�.86�.19�,17�.118�.26�.140�.44�.
158�.66�.167�.75�.189�.93�.010�.15�.020�.25�.059.64�.069�.74�]hectacosa-3�,5�,9�(118�),10�,12�,14�,
16�,18�(117�),19�,21�,23�,25�,29�,31�,34�,36�,40�(112�),41�,43�,47�,49�,52�,54�,58�
(107�),59�,61�,63�,65�,67�(106�),68�,70�,72�,74�,78�,80�,83�,85�,89�(101�),90�,92�,-
96�,98�,99�,102�,104�, 108�,110�,113�,115�,119�-pentacontaene-8�,27�,39�,45�,
57�,76�,88�,94�-octaone]� catenane (9): This catenane yields rather compli-
cated 1H and 13C NMR spectra which we were unable to fully interpret. Our
structural assignment is based on 1) the MALDI mass spectrum (see
discussion above) and 2) several clearly discernible signals in the 1H NMR
spectrum indicating a 1:2 ratio of two similar components. For example, the
methyl groups of the ∫Hunter diamine∫ building blocks appear as four
singlets in a 1:2:1:2 ratio at 	� 2.38, 2.36, 2.21, and 2.09.


General procedure for the synthesis of rotaxanes : A 50 mL flask was
charged with macrocycle 6 (0.1 mmol), the axle center piece (1,2-di-4-
bromomethylphenylethane 10 for 16 ; 1,4-dibromomethylbenzene 11 for
17) (0.2 mmol), 4-[tris(4-tert-butyl)phenylmethyl]phenol 12d (0.4 mmol),
dibenzo[18]crown-6 (20 mg), anhydrous potassium carbonate (100 mg),
and dry dichloromethane (30 mL). The mixture was stirred at room
temperature under the protection of argon for seven days. The solids were
then removed by filtration and the filtrate was concentrated under reduced
pressure. The residue was subjected to column chromatography on silica
gel. The column was eluted with a mixture of dichloromethane and ethyl
acetate (8:1). The third fraction (Rf� 0.22 for 16 and 0.28 for 17) was
collected.


[2]-{4,4�-Bis[tris(4-tert-butylphenyl)methylphenyloxymethyl]-1,1�-biben-
zyl}-{11�-tert-butyl-5�,17�,23�,48�,51�,54�,57�,59�-octamethyldispiro[cyclo-
hexane-1,2�-{7�,15�,25�,34�,37�,46�-hexaazadecacyclo[45.2.2.23�.6�.216�.19�.221�.24�.
19�.13�.127�.35�.136�.44�.028�.33�.038�.43�]hexaconta-3�,5�,9�,11�,13�(58�),16�,18�,21�,23�,27�,
29�,31�,33�,35�(53�),36�,38�,40�,42�,44�(52�),47�,49�,50�,54�,56�,59�-pentaeico-
saene-8�,14�,26�,45�-tetraone}-20�,1��-cyclohexane]}rotaxane (16): Yield
23%; m.p. � 300 �C; 1H NMR (400 MHz, [D6]acetone): 	� 1.25 (s, 54H;
C(CH3)3), 1.41 (s, 9H; C(CH3)3), 1.47 ± 1.74 (br, 12H; CH2 of Cy), 2.03 (s,
12H; PhCH3), 2.13 (s, 12H; PhCH3), 2.24 ± 2.48 (br, 8H; CH2 of Cy), 2.59
(br, 4H; PhCH2), 4.41 (s, 4H; PhCH2O), 6.55 (d, J� 9.0 Hz, 4H; PhH),
6.78 ± 7.33 (m, 44H; PhH), 7.54 (t, J� 7.2 Hz, 2H; 7,7�-biquino H), 7.73 (t,
J� 7.2 Hz, 2H; 6,6�-biquino H), 8.06 (s, 2H; 3,3�-biquino H), 8.11 (d, J�
8.4 Hz, 2H; 8,8�-biquino H), 8.23 (d, J� 1.0 Hz, 2H; 4,6-isophth H), 8.26 (s,
2H; isophth NH), 8.36 (d, J� 8.4 Hz, 2H; 5,5�-biquino H), 8.41 (s, 1H;
2-isophth H), 9.08 ppm (s, 2H; biquino NH); 13C NMR (100.6 MHz,
[D6]acetone): 	� 18.9, 19.3, 19.7, 31.6, 31.7 (CH3); 23.7, 27.1, 29.1, 29.3, 29.6,
29.8, 30.1, 30.3, 30.6, 37.6, 70.1 (CH2); 125.0, 126.4, 127.4, 127.6, 128.6, 128.8,
129.0, 129.3, 132.7, 132.8 (CH); 34.8, 46.0, 119.3, 131.2, 131.3, 131.4, 133.5,
135.6, 135.8, 135.9, 136.0, 140.4, 142.2, 144.7, 145.3, 149.0, 149.2, 149.8, 156.6,
157.6 (Cq); 165.5, 165.7 ppm (CO); MS (MALDI): m/z : 2388 ([M�K]� ,
30%), 2372 ([M�Na]� , 100%), 2350 ([M�H]� , 70%), 1140 (6�H�,
100%).


[2]-{1,4-Bis[tris(4-tert-butylphenyl)methylphenyloxymethyl]benzene}-
{11�-tert-butyl-5�,17�,23�,48�,51�,54�,57�,59�-octamethyldispiro[cyclohexane-
1,2�-{7�,15�,25�,34�,37�,46�-hexaazadecacyclo[45.2.2.23�.6�.216�.19�.221�.24�.19�.13�.
127�.35�.136�.44�.028�.33�.038�.43�]hexaconta-3�,5�,9�,11�,13�(58�),16�,18�,21�,23�,27�,29�,
31�,33�,35�(53�),36�,38�,40�,42�,44�(52�),47�,49�,50�,54�,56�,59�-pentaeicosaene-
8�,14�,26�,45�-tetraone}-20�,1��-cyclohexane]}rotaxane (17): Yield: 34%; m.p.
� 300 �C; 1H NMR (400 MHz, [D6]acetone): 	� 1.24 (s, 54H; C(CH3)3),
1.41 (s, 9H; C(CH3)3), 1.50 ± 1.78 (br, 12H; CH2 of Cy), 2.06 (s, 12H;
PhCH3), 2.16 (s, 12H; PhCH3), 2.29 ± 2.50 (br, 8H; CH2 of Cy), 4.30 (s, 4H;
PhCH2O), 6.49 (d, J� 9.9 Hz, 4H; PhH), 6.8 ± 7.30 (m, 40H; PhH), 7.43 (t,
J� 7.4 Hz, 2H; 7,7�-biquino H), 7.63 (t, J� 7.5 Hz, 2H; 6,6�-biquino H),
7.97 ± 8.01 (s� d, J� 8.2 Hz, 4H; 3,3�- and 8,8�-biquino H), 8.22 (d, J�
1.0 Hz, 2H; 4,6-isophth H), 8.27 (d, J� 8.3 Hz, 2H; 5,5�-biquino H), 8.38 (s,
2H; isophth NH), 8.46 (s, 1H; 2-isophth H), 9.24 ppm (s, 2H; biquino NH);
13C NMR (100.6 MHz, [D6]acetone): 	� 14.5, 19.2, 19.8, 20.8, 31.6 (CH3);
23.9, 27.2, 29.0, 29.3, 29.6, 29.9, 30.1, 30.4, 30.6, 37.2, 70.0 (CH2); 114.3, 119.0,
124.9, 125.0, 126.3, 127.6, 127.7, 128.9, 132.9, 133.6 (CH); 34.9, 46.0, 52.3,
131.0, 131.2, 135.6, 135.9, 136.2, 137.7, 140.4, 144.9, 149.2, 149.7, 145.3, 155.9,
157.6 (Cq); 165.7, 165.8 ppm (CO); MS (MALDI): m/z : 2289 ([M�K]� ,
30%), 2272 ([M�Na]� , 100%), 2250 ([M�H]� , 55%), 1140 (6�H�,
100%).


General procedure for the preparation of CuI complexes: The ligand
(0.02 mmol) and [Cu(CH3CN)4]PF6 (0.01 mmol) were dissolved in acetone
(10 mL), and the mixture was stirred at room temperature for 30 min. The
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solvent was then evaporated under reduced pressure. The purple solid was
washed several times with diethyl ether and then dissolved in the minimum
volume of dichloromethane. Upon slow addition of hexane, the product
precipitated. This procedure was repeated at least three times in order to
obtain a pure product.


Bis-{11�-tert-butyl-5�,17�,23�,48�,51�,54�,57�,59�-octamethyldispiro[cyclohex-
ane-1,2�-{7�,15�,25�,34�,37�,46�-hexaazadecacyclo[45.2.2.23�.6�.216�.19�.221�.24�.19�.13�.
127�.35�.136�.44�.028�.33�.038�.43�]hexaconta-3�,5�,9�,11�,13�(58�),16�,18�,21�,23�,27�,
29�,31�,33�,35�(53�),36�,38�,40�,42�,44�(52�),47�,49�,50�,54�,56�,59�-pentaeico-
saene-8�,14�,26�, 45�-tetraone}-20�,1��-cyclohexane]} copper(�) hexafluoro-
phosphate (18): Yield 75%; 1H NMR (400 MHz, [D6]acetone): 	� 1.47
(s, 18H; C(CH3)3), 1.58 ± 1.76 (br, 24H; CH2 of Cy), 2.28 (s, 24H; PhCH3),
2.42 (s, 24H; PhCH3), 2.43 ± 2.58 (br, 16H; CH2 of Cy), 7.10 (s, 8H; PhH),
7.21 (s, 8H; PhH), 7.48 (t, J� 8.1 Hz, 4H; 7,7�-biquino H), 7.75 (t, J� 8.1 Hz,
4H; 6,6�-biquino H), 8.10 (d, J� 8.4 Hz, 2H; 8,8�-biquino H), 8.29 (d, J�
1.2 Hz, 4H; 4,6-isophth H), 8.6 (d, J� 8.4 Hz, 4H; 5,5�-biquino H), 8.75 (s,
2H; 2-isophth H), 8.78 (s, 4H; isophth NH), 9.3 (s, 2H; 3,3�-biquino H),
9.49 ppm (s, 4H; biquino NH); 13C NMR (100.6 MHz, [D6]acetone): 	�
19.0, 19.4, 23.8, 27.1, 31.5, 35.8, 37.4, 46.4, 119.5, 127.0, 127.5, 127.9, 128.9,
129.2, 129.3, 130.8, 132.4, 133.0, 133.7, 135.6, 136.2, 136.8, 146.6, 147.0, 150.3,
153.0, 153.7, 155.5, 157.2, 165.2, 165.5 ppm; MS (MALDI): m/z : 2341 ([M�
PF6]�).


Bis{[2]{4,4�-Bis[tris(4-tert-butylphenyl)methylphenyloxymethyl]-1,1�-bi-
benzyl}-{11�-tert-butyl-5�,17�,23�,48�,51�,54�,57�,59�-octamethyldispiro[cyclo-
hexane-1,2�-{7�,15�,25�,34�,37�,46�-hexaazadecacyclo[45.2.2.23�.6�.216�.19�.221�.24�.
19�.13�.127�.35�.136�.44�.028�.33�.038�.43�]hexaconta-3�,5�,9�,11�,13�(58�),16�,18�,21�,23�,
33�,35�(53�),36,29�,31�,prime;,38�,40�,42�,44�(52�),47�,49�,50�,54�,56�,59�-pen-
taeicosaene-8�,14�,26�,45�-tetraone}-20�,1��-cyclohexane]}rotaxanato}cop-
per(�) hexafluorophosphate (19): Yield 36%; 1H NMR (400 MHz, [D6]ace-
tone): 	� 1.27 (s, 108H; C(CH3)3), 1.44 (s, 18H; C(CH3)3), 1.54 ± 1.71 (br,
24H; CH2 of Cy), 2.05 (s, 24H; PhCH3), 2.16 (s, 24H; PhCH3), 2.24 ± 2.52
(br, 16H; CH2 of Cy), 2.69 (br, 8H; PhCH2), 4.35 (s, 8H; PhCH2O), 6.58 (d,
J� 8.8 Hz, 4H; PhH), 7.02 ± 7.32 (m, 62H; PhH), 7.43 (t, J� 7.3 Hz, 4H; 7,7�-
biquino H), 7.71 (t, J� 7.3 Hz, 4H; 6,6�-biquino H), 8.04 (d, J� 8.1 Hz, 4H;
8,8�-biquino H), 8.23 (d, J� 1.3 Hz, 4H; 4,6-isophth H), 8.27 (s, 4H; isophth
NH), 8.36 (s, 2H; 2-isophth H), 8.59 (d, J� 8.1 Hz, 4H; 5,5�-biquino H),
9.07 (s, 4H; 3,3�-biquino H), 9.32 ppm (s, 4H; biquino NH); 13C NMR
(100.6 MHz, [D6]acetone): 	� 19.0, 19.5, 23.8, 29.2, 29.4, 29.6, 29.7, 31.5,
34.8, 37.8, 119.6, 127.6, 127.8, 128.7, 129.0, 129.4, 132.4, 132.8, 133.0, 133.6,
135.7, 135.9, 136.0, 140.4, 142.6, 145.3, 146.4, 147.0, 149.2, 152.8, 164.9,
165.7 ppm; MS (MALDI):m/z : 4771 ([M�PF6]�), 2417 ([M� 16�PF6]�).


Bis{[2]{1,4-Bis[tris-(4-tert-butylphenyl)methylphenyloxymethyl]benzene}-
{11�-tert-butyl-5�,17�,23�,48�,51�,54�,57�,59�-octamethyldispiro[cyclohexane-
1,2�-{7�,15�,25�,34�,37�,46�-hexaazadecacyclo[45.2.2.23�.6�.216�.19�.221�.24�.19�.13�.
127�.35�.136�.44�.028�.33�.038�.43�]hexaconta-3�,5�,9�,11�,13�(58�),16�,18�,21�,23�,27�,29�,
31�,33�,35�(53�),36�,38�,40�,42�,44�(52�),47�,49�,50�,54�,56�,59�-pentaeicosaene-
8�,14�,26�,45�-tetraone}-20�,1��-cyclohexane]}rotaxanato copper(�) hexafluoro-
phosphate (20): Yield 54%; 1H NMR (400 Hz, [D6]acetone): 	� 1.27 (s,
108H; C(CH3)3), 1.44 (s, 18H; C(CH3)3), 1.52 ± 1.73 (br, 24H; CH2 of Cy),
2.06 (s, 24H; PhCH3), 2.16 (s, 24H; PhCH3), 2.21 ± 2.50 (br, 16H; CH2 of
Cy), 4.35 (s, 8H; PhCH2O), 6.54 (d, J� 7.5 Hz, 8H; PhH), 6.90 ± 7.34 (m,
80H; PhH), 7.43 (t, J� 7.4 Hz, 4H; 7,7�-biquino H), 7.71 (t, J� 7.4 Hz, 4H;
6,6�-biquino H), 8.03 (d, J� 8.7 Hz, 4H; 8,8�-biquino H), 8.22 (d, J� 1.3 Hz,
4H; 4,6-isophth H), 8.38 (s, 4H; isophth NH), 8.40 (s, 2H; 2-isophth H),
8.59 (d, J� 8.7 Hz, 4H; 5,5�-biquino H), 9.08 (s, 4H; 3,3�-biquino H),
9.41 ppm (s, 4H; biquino NH); 13C NMR (100.6 MHz, [D6]acetone): 	�
19.2, 19.4, 29.0, 29.3, 29.7, 30.0, 30.3, 31.5, 31.6, 34.8, 114.3, 125.0, 128.9,
131.5, 132.5, 135.6, 137.8, 145.2, 149.3, 164.8, 165.5 ppm; MS (MALDI):
m/z : 4563 ([M�PF6]�), 2313 ([M� 17�PF6]�).


Bis(bipyridyl)-{11�-tert-butyl-5�,17�,23�,48�,51�,54�,57�,59�-octamethyldispiro-
[cyclohexane-1,2�-{7�,15�,25�,34�,37�,46�-hexaazadecacyclo[45.2.2.23�.6�.216�.19�.
221�.24�.19�.13�.127�.35�.136�.44�.028�.33�.038�.43�]hexaconta-3�,5�,9�,11�,13�(58�),16�,18�,21�,
23�,27�,29�,31�,33�,35�(53�),36�,38�,40�,42�,44�(52�),47�,49�,50�,54�,56�,59�-pen-
taeicosaene-8�,14�,26�,45�-tetraone}-20�,1��-cyclohexane]}ruthenium(��) bis-
hexafluorophosphate (22): The (bpy)2RuII complex of macrocycle 6 was
prepared by refluxing 6 (166.8 mg, 0.15 mmol) with an equimolar amount
of bipyridine ruthenium dichloride 21 (75.9 mg, 0.15 mmol) in ethylene
glycol (15 mL) for 3 h. After the reaction mixture was cooled to 130 �C, part
of the solvent was removed by bubbling argon through the solution. After
the removal of two-thirds of the solvent, the mixture was cooled to room
temperature and dissolved in the minimum volume of water. A clear red


solution was formed. Excess NH4PF6 was added to this solution and the
mixture was stirred at room temperature for 1 h. A red solid was formed,
which was collected by filtration, washed thoroughly with water, dried
under reduced pressure overnight, and purified by column chromatography
on silica. The red fraction with Rf� 0.6 (CH2Cl2/EtOH, 20/1) was collected.
Yield 85%; 1H NMR (500 MHz, [D6]DMSO): 	� 1.39 (s, 9H; C(CH3)3),
1.47 (m, 4H; CH2 of Cy), 1.58 (m, 8H; CH2 of Cy), 2.23 (s, 12H; PhCH3),
2.27 (s, 12H; CH2 of Cy), 2.39 (m, 8H; CH2 of Cy), 6.97 (s, 4H; PhH), 7.13
(s, 4H; PhH), 7.19 (d, 3J� 8.8 Hz, 2H; 8,8�-biquino H), 7.38 (dd, 3J� 8.8 Hz,
3J� 8.2 Hz, 2H; 7,7�-biquino H), 7.52 (t, 3J� 7.05, 4H; bipy H), 7.78 (dd,
3J� 8.2 Hz, 3J� 8.4 Hz, 2H; 6,6�-biquino H), 7.85 (d, 3J� 5.4 Hz, 2H; bipy
H), 7.91 (d, 3J� 5.5 Hz, 2H; bipy H), 8.10 (d, 4J� 1.1 Hz, 4,6-isophth H),
8.20 (m, 4H; bipy H), 8.35 (d, 3J� 8.4 Hz, 2H; 5,5�-biquino H), 8.61 (s, 1H;
2-isophth H), 8.78 (d, 3J� 8.5 Hz, 2H; bipy H), 8.80 (d, 3J� 8.6 Hz, 2H;
bipy H), 9.01 (s, 2H; 3,3�-biquino H), 9.40 (s, 2H; NH-isophth), 10.31 ppm
(s, 2H; NH-biquino); 13C NMR (100.6 MHz, [D6]DMSO): 	� 166.0, 164.8,
161.4, 158.0, 157.7, 154.6, 153.5, 152.7, 152.0, 150.1, 146.9, 145.8, 140.2, 139.8,
136.3, 135.6, 135.6, 133.8, 132.9, 132.4, 131.3, 129.3, 128.7, 128.1, 128.0, 127.6,
126.6, 126.2, 126.0, 126.0, 125.2, 123.1, 120.4, 49.0, 45.7, 35.2, 31.4, 23.2, 20.7,
19.4, 19.1 ppm; MS (MALDI): m/z : 1697.5 ([M�PF6]� , 15%), 1552.4
([M� 2PF6]� , 100%).


Crystal structure determination of building block 4 : Single crystals suitable
for X-ray diffraction experiments were obtained by recrystallization of 4
from DMSO. The structure was solved by direct methods (SHELXS-97).[43]


The non-hydrogen atoms were refined anisotropically against F 2


(SHELXL-97).[44] H atoms were refined using a riding model. Two DMSO
solvent molecules were found to be highly disordered. Further details are
given in Table 1. A detailed description of the crystal structure can be found
in the Supporting Information accompanying this paper. CCDC-193229
contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-336-033; or
deposit@ccdc.cam.ac.uk).
1H NMR titrations : First, a Job plot analysis was carried out in [D6]DMSO
with the hosts and tetrabutylammonium salt of the guest to confirm a 1:1
stoichiometry for the complexes observed. In order to determine the
binding constants for chloride, 4m� solutions of the free macrocycle and
the corresponding (bpy)2Ru(��) complex were each titrated separately in
[D6]DMSO with up to 16 equivalents of tetrabutylammonium chloride as
the guest salt, and the shifts of the proton signals were monitored as
described in the text. The titration curves were fitted with the global
analysis program Specfit 3.0.31 for Windows.[45] For dihydrogen phosphate,
good fits were obtained with a simple model including the free receptors,
the anion, and the 1:1 complex as the species present in solution. For the
halide, the fit was further improved if a 1:2 complex of receptor and
chloride was also taken into account. There is no aggregation of the
receptors in DMSO and thus this was not considered in the model.


Molecular modeling : Building block 4, the macrocycles 6 and 8, and the
catenane 7 were examined with the Amber* force field[24] as implemented
in the MacroModel 7.1 program package.[25] In our experience, this method
gives excellent results, especially when noncovalent interactions such as
hydrogen-bonding and van der Waals forces are operative. We were
interested in the lowest energy conformations, in particular with respect
to the dihedral angle between the two aromatic planes in each biquinoline
moiety. The lowest energy conformers out of 3000 structures were
determined using the Monte Carlo algorithm provided with this program.
Closure bonds were placed in the macrocycles (one of the amide bonds)
and the attached cyclohexyl side chains. While the aromatic rings and the
amides were constrained to planarity, all single bonds (with the exception
of the methyl groups) were given the freedom to allow rotations into other
conformations. Finally, the two wheels of catenane 7 were treated as
independent molecules which could move relative to each other. It should
be noted that during the search, the catenane may convert to a structure
consisting of two independent macrocycles. This problem is merely due to
the algorithm, which treats cyclic molecules like chains by opening one
covalent bond (the closure bond). This does not, of course, have any
chemical implications. To prevent the problem, it is wise to choose amide
bonds at the periphery as closure bonds with a maximum closure distance
of 2 ä. For each minimization, the number of iterations was set to 10000 in
order to generate fully converged structures. The energy range for
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structures to store in the output file was set at 100 kJmol�1 above the lowest
energy conformer.
For the copper and ruthenium complexes, the MacroModel program does
not provide the necessary parameters for modeling the metal-centered
cores of the molecules. We therefore used the augmented MM2 force field
as implemented in the CACHE 5.0 program package for these complexes.
After minimization of a local minimum, several dynamics calculations were
performed for 1000 ps at 600 K with a step size of 2 fs. The energetically
most favorable conformers were then reoptimized with the MM2 force
field.


Acknowledgements


We are grateful to Prof. Fritz Vˆgtle for valuable suggestions and inspiring
discussions. We thank Gabriele Silva for help with the synthesis. Dr. Jˆrg
Hˆrnschemeyer is acknowledged for technical assistance with ESI-MS
experiments. X.-y.L. thanks the Alexander von Humboldt foundation for a
postdoctoral research fellowship. C.A.S. acknowledges support by the
Fonds der Chemischen Industrie (Liebig research fellowship), and the
Deutsche Forschungsgemeinschaft for funding this project.


[1] For reviews on mechanically interlocked molecules, see: a) G. Schill,
Catenanes, Rotaxanes and Knots, Academic Press, New York, 1971;
b) C. O. Dietrich-Buchecker, J.-P. Sauvage, Chem. Rev. 1987, 87, 795;
c) J.-P. Sauvage, Acc. Chem. Res. 1990, 23, 319; d) S. Anderson, H. L.
Anderson, J. K. M. Sanders,Acc. Chem. Res. 1993, 26, 469; e) R. Hoss,
F. Vˆgtle, Angew. Chem. 1994, 106, 389; Angew. Chem. Int. Ed. Engl.
1994, 33, 375; f) D. A. Amabilino, J. F. Stoddart, Chem. Rev. 1995, 95,
2725; g) J.-C. Chambron, C. O. Dietrich-Buchecker, V. Heitz, J.-F.
Nierengarten, J.-P. Sauvage, C. Pascard, J. Guilhem, Pure Appl. Chem.
1995, 67, 233; h) R. J‰ger, F. Vˆgtle, Angew. Chem. 1997, 109, 966;
Angew. Chem. Int. Ed. Engl. 1997, 36, 931; i) S. A. Nepogodiev, J. F.
Stoddart, Chem. Rev. 1998, 98, 1959; j) F. M. Raymo, J. F. Stoddart,
Chem. Rev. 1999, 99, 1043; k)Molecular Catenanes, Rotaxanes, and
Knots, (Eds.: J.-P. Sauvage, C. Dietrich-Buchecker), Wiley-VCH,
Weinheim, 1999.


[2] Reviews on template effects in general: a) D. H. Busch, N. A.
Stephensen, Coord. Chem. Rev. 1990, 90, 119; b) R. Cacciapaglia, L.
Mandolini, Chem. Soc. Rev. 1993, 22, 221; c) N. V. Gerbeleu, V. B.
Arion, J. Burgess, Template Synthesis of Macrocyclic Compounds,
Wiley-VCH, Weinheim, 1999 ; d) Templated Organic Synthesis, (Eds.:
F. Diederich, P. J. Stang) Wiley-VCH, Weinheim, 2000 ; e) T. J. Hubin,
D. H. Busch, Coord. Chem. Rev. 2000, 100, 5.


[3] Selected examples: a) C. O. Dietrich-Buchecker, J.-P. Sauvage, J.-P.
Kintzinger, Tetrahedron Lett. 1983, 24, 5095; b) A. M. A. Gary, C. O.
Dietrich-Buchecker, Z. Saad, J.-P. Sauvage, J. Am. Chem. Soc. 1988,
110, 1467; c) A. Livoreil, C. O. Dietrich-Buchecker, J.-P. Sauvage, J.
Am. Chem. Soc. 1994, 116, 9399; d) F. Baumann, A. Livoreil, W. Kaim,
J.-P. Sauvage, Chem. Commun. 1997, 35; e) A. Livoreil, J.-P. Sauvage,
N. Amaroli, V. Balzani, L. Flamigni, B. Ventura, J. Am. Chem. Soc.
1997, 119, 12114; f) J.-C. Chambron, J.-P. Sauvage, K. Mislow, A.
De Cian, J. Fischer, Chem. Eur. J. 2001, 7, 4085.


[4] D. A. Leigh, P. J. Lusby, S. J. Teat, A. J. Wilson, J. K. Y. Wong, Angew.
Chem. 2001, 113, 1586; Angew. Chem. Int. Ed. 2001, 40, 1538.


[5] For selected examples, see: a) B. L. Allwood, N. Spencer, H.
Shahriari-Zavareh, J. F. Stoddart, D. J. Williams, J. Chem. Soc. Chem.
Commun. 1987, 1064; b) P. R. Ashton, I. Iriepa, M. V. Reddington, N.
Spencer, A. M. Z. Slawin, J. F. Stoddart, D. J. Williams, Tetrahedron
Lett. 1994, 35, 4835; c) M. Asakawa, P. R. Ashton, S. E. Boyd, C. L.
Brown, S. Menzer, S. Pasini, J. F. Stoddart, M. S. Tolley, A. J. P. White,
D. J. Williams, P. G. Wyatt, Chem. Eur. J. 1997, 3, 463.


[6] For examples, see: a) A. G. Kolchinski, D. H. Busch, N. W. Alcock, J.
Chem. Soc. Chem. Commun. 1995, 1289; b) P. T. Glink, C. Schiavo,
J. F. Stoddart, D. J. Williams, J. Chem. Soc. Chem. Commun. 1996,
1483; c) P. R. Ashton, A. N. Collins, M. C. T. Fyfe, S. Menzer, J. F.
Stoddart, D. J. Williams, Angew. Chem. 1997, 109, 760; Angew. Chem.
Int. Ed. 1997, 36, 735; d) F. G. Gatti, D. A. Leigh, S. A. Nepogodiev,
A. M. Z. Slawin, S. J. Teat, J. K. Y. Wong, J. Am. Chem. Soc. 2001, 123,
5983.


[7] For a few examples, see: a) H. Adams, F. J. Carver, C. A. Hunter, J.
Chem. Soc. Chem. Commun. 1995, 809; b) A. G. Johnston, D. A.
Leigh, R. J. Pritchard, M. D. Deegan, Angew. Chem. 1995, 107, 1324;
Angew. Chem. Int. Ed. 1995, 34, 1209; c) Y. Geerts, D. Muscat, K.
M¸llen, Macromol. Chem. Phys. 1995, 196, 3425; d) T. D¸nnwald,
A. H. Parham, F. Vˆgtle, Synthesis 1998, 3, 339; e) O. Safarowsky, E.
Vogel, F. Vˆgtle, Eur. J. Org. Chem. 2000, 499.


[8] a) G. M. H¸bner, J. Gl‰ser, C. Seel, F. Vˆgtle, Angew. Chem. 1999,
111, 395; Angew. Chem. Int. Ed. 1999, 38, 383; b) C. Reuter, W.
Wienand, G. M. H¸bner, C. Seel, F. Vˆgtle, Chem. Eur. J. 1999, 5,
2692; c) C. Seel, F. Vˆgtle, Chem. Eur. J. 2000, 6, 21; d) C. A. Schalley,
G. Silva, C. F. Nising, P. Linnartz,Helv. Chim. Acta 2002, 85, 1578; e) P.
Ghosh, O. Mermagen, C. A. Schalley, Chem. Commun. 2002, 2628.


[9] a) D. K. Mitchell, J.-P. Sauvage, Angew. Chem. 1988, 100, 985; Angew.
Chem. Int. Ed. Engl. 1988, 27, 930; b) Y. Kaida, Y. Okamoto, J.-C.
Chambron, D. K. Mitchell, J.-P. Sauvage, Tetrahedron Lett. 1993, 34,
1019; c) P. R. Ashton, A. S. Reder, N. Spencer, J. F. Stoddart, J. Am.
Chem. Soc. 1993, 115, 5286; d) C. Yamamoto, Y. Okamoto, T. Schmidt,
R. J‰ger, F. Vˆgtle, J. Am. Chem. Soc. 1997, 119, 10547; e) P. R.
Ashton, J. A. Bravo, F. M. Raymo, J. F. Stoddart, A. J. P. White, D. J.
Williams,Eur. J. Org. Chem. 1999, 899; f) R. Schmieder, G. H¸bner, C.
Seel, F. Vˆgtle, Angew. Chem. 1999, 111, 3741; Angew. Chem. Int. Ed.
1999, 38, 3528; g) C. Reuter, A. Mohry, A. Sobanski, F. Vˆgtle, Chem.
Eur. J. 2000, 6, 1674. For a review, see: h) J.-C. Chambron, C. O.
Dietrich-Buchecker, J.-P. Sauvage, Top. Curr. Chem. 1993, 165, 131.


[10] a) D. J. Ca¬rdenas, P. Gavinƒ as, J.-P. Sauvage, Chem. Commun. 1996,
1915; b) D. B. Amabilino, C. O. Dietrich-Buchecker, J.-P. Sauvage, J.
Am. Chem. Soc. 1996, 118, 3285; c) D. J. Ca¬rdenas, P. Gavinƒ as, J.-P.
Sauvage, J. Am. Chem. Soc. 1997, 119, 2656. For a review, see: d) J.-C.
Chambron, S. Chardon-Noblat, A. Harriman, V. Heitz, J.-P. Sauvage,
Pure Appl. Chem. 1993, 65, 2343.


[11] F. Diederich, L. Echegoyen, M. Go¬mez-Lo¬pez, R. Kessinger, J. F.
Stoddart, J. Chem. Soc. Perkin Trans. 2 1999, 1577.


[12] F. Vˆgtle, W. M. M¸ller, U. M¸ller, M. Bauer, K. Rissanen, Angew.
Chem. 1993, 105, 1356; Angew. Chem. Int. Ed. Engl. 1993, 32, 1295.


[13] S. S. Zhu, P. J. Carroll, T. M. Swager, J. Am. Chem. Soc. 1996, 118,
8713.


[14] a) F. M. Raymo, K. N. Houk, J. F. Stoddart, J. Am. Chem. Soc. 1998,
120, 9318; b) A. Affeld, G. M. H¸bner, C. Seel, C. A. Schalley, Eur. J.
Org. Chem. 2001, 2877, and references therein.


[15] a) A. Credi, V. Balzani, S. J. Langford, J. F. Stoddart, J. Am. Chem.
Soc. 1997, 119, 2679; b) M. Asakawa, P. R. Ashton, V. Balzani, A.
Credi, G. Mattersteig, O. A. Matthews, M. Montalti, N. Spencer, J. F.
Stoddart, M. Venturi, Chem. Eur. J. 1997, 3, 1992.


[16] a) K. E. Drexler, Annu. Rev. Biophys. Biomol. Struct. 1994, 23, 377;
b) V. Balzani, M. Go¬mez-Lo¬pez, J. F. Stoddart, Acc. Chem. Res. 1998,
31, 405; c) J.-P. Sauvage, Acc. Chem. Res. 1998, 31, 611; d) J.-P. Collin,
P. Gavinƒ a, V. Heitz, J.-P. Sauvage, Eur. J. Inorg. Chem. 1998, 1; e) Z.
Asfari, J. Vicens, J. Incl. Phenom. Macrocycl. Chem. 2000, 36, 103;
f) V. Balzani, A. Credi, F. M. Raymo, J. F. Stoddart, Angew. Chem.
2000, 112, 3484; Angew. Chem. Int. Ed. 2000, 39, 3348; g) C. A.
Schalley, K. Beizai, F. Vˆgtle, Acc. Chem. Res. 2001, 34, 465; h) J.-P.
Collin, C. Dietrich-Buchecker, P. Gavinƒa, M. C. Jimenez-Molero, J.-P.
Sauvage, Acc. Chem. Res. 2001, 34, 477; i) A. W. Shipway, I. Willner,
Acc. Chem. Res. 2001, 34, 421; j) A. R. Pease, J. O. Jeppesen, J. F.
Stoddart, Y. Luo, C. P. Collier, J. R. Heath, Acc. Chem. Res. 2001, 34,
433; k) R. Ballardini, V. Balzani, A. Credi, M. T. Gandolfei, M.
Venturi, Acc. Chem. Res. 2001, 34, 445.


[17] Y. Lei, F. C. Anson, Inorg. Chem. 1995, 34, 1083.
[18] a) D. S. Sigman, T. W. Bruice, A. Mazumder, C. L. Sutton, Acc. Chem.


Res. 1993, 26, 98; b) M. M. Meijie, O. Zelenko, D. S. Sigman, J. Am.
Chem. Soc. 1997, 119, 1135, and references therein.


[19] a) F. N. Castellano, M. Ruthkosky, G. J. Meyer, Inorg. Chem. 1995, 34,
3; b) M. Ruthkosky, F. N. Castellano, G. J. Meyer, Inorg. Chem. 1996,
35, 6404.


[20] For recent reviews, see: a) C. Seel, A. Gala¬n, J. de Mendoza, Top.
Curr. Chem. 1995, 175, 101; b) F. P. Schmidtchen, M. Berger, Chem.
Rev. 1997, 97, 1609; c) P. D. Beer, Acc. Chem. Res. 1998, 31, 71; d) P.
B¸hlmann, E. Pretsch, E. Bakker, Chem. Rev. 1998, 98, 1593; e) P. A.
Gale, J. L. Sessler, V. Kra¬ l, Chem. Commun. 1998, 1; f) P. D. Beer,
P. A. Gale, Angew. Chem. 2001, 113, 502; Angew. Chem. Int. Ed. 2001,
40, 487; g) J. J. Lavigne, E. V. Anslyn, Angew. Chem. 2001, 113, 3212;







Lactam Macrocycles as Supramolecular Building Blocks 1332±1347


Chem. Eur. J. 2003, 9, No. 6 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0906-1347 $ 20.00+.50/0 1347


Angew. Chem. Int. Ed. 2001, 40, 3119; h) P. A. Gale, P. Anzenbacher,
Jr., J. L. Sessler, Coord. Chem. Rev. 2001, 101, 57; i) J. L. Sessler, J. M.
Davis, Acc. Chem. Res. 2001, 34, 989; j) P. A. Gale, Coord. Chem. Rev.
2001, 101, 79; k) J. J. Bodwin, A. D. Cutland, R. G. Malkani, V. L.
Pecoraro, Coord. Chem. Rev. 2001, 101, 489; l) V. Amendola, L.
Fabrizzi, C. Mangano, P. Pallavicini, A. Poggi, A. Taglietti, Coord.
Chem. Rev. 2001, 101, 821.


[21] For a selection of general reviews on self-assembly, see: a) G. M.
Whitesides, J. P. Mathias, C. T. Seto, Science 1991, 254, 1312; b) D.
Philp, J. F. Stoddart,Angew. Chem. 1996, 108, 1242;Angew. Chem. Int.
Ed. Engl. 1996, 35, 1154; c) C. Piguet, G. Bernardinelli, G. Hopfgart-
ner, Chem. Rev. 1997, 97, 2005; d) M. Albrecht, Chem. Soc. Rev. 1998,
27, 281; e) C. J. Jones, Chem. Soc. Rev. 1998, 27, 289; f) C. Piguet, J.
Inclusion Phenom. Macrocycl. Chem. 1999, 34, 361; g) J.-M. Lehn,
Chem. Eur. J. 2000, 6, 2097; h) M. Fujita, K. Umemoto, M. Yoshizawa,
N. Fujita, T. Kusukawa, K. Biradha, Chem. Commun. 2001, 509;
i) G. F. Swiegers, T. J. Malfetse, J. Inclusion Phenom. Macrocycl.
Chem. 2001, 40, 253; j) M. Albrecht, Chem. Rev. 2001, 101, 3457.


[22] a) O. Waldmann, J. Hassmann, P. M¸ller, G. S. Hanan, D. Volkmer,
U. S. Schubert, J.-M. Lehn, Phys. Rev. Lett. 1997, 78, 3390; b) A.
Semenov, J. P. Spatz, M. Mˆller, J.-M. Lehn, B. Sell, D. Schubert, C. H.
Weidl, U. S. Schubert, Angew. Chem. 1999, 111, 2701; Angew. Chem.
Int. Ed. 1999, 38, 2547; c) J. Rojo, F. J. Romero-Salguero, J.-M. Lehn,
G. Baum, D. Fenske, Eur. J. Inorg. Chem. 1999, 1421; d) P. N. W.
Baxter, J.-M. Lehn, G. Baum, D. Fenske, Chem. Eur. J. 2000, 6, 4510;
e) D. P. Funeriu, J.-M. Lehn, K. M. Fromm, D. Fenske, Chem. Eur. J.
2000, 6, 2103; f) P. N. W. Baxter, R. G. Khoury, J.-M. Lehn, G. Baum,
D. Fenske,Chem. Eur. J. 2000, 6, 4140; g) E. Breuning, U. Ziener, J.-M.
Lehn, E. Wegelius, K. Rissanen, Eur. J. Inorg. Chem. 2001, 1515; h) T.
Bark, M. D¸ggeli, H. Stoeckli-Evans, A. von Zelewsky,Angew. Chem.
2001, 113, 2924; Angew. Chem. Int. Ed. 2001, 40, 2848; i) O. Mamula,
F. J. Monlien, A. Porquet, G. Hopfgartner, A. E. Merbach, A.
von Zelewsky, Chem. Eur. J. 2001, 7, 533; j) M. Schmittel, C. Michel,
A. Wiegrefe, V. Kalsani, Synthesis 2001, 1561; k) U. Ziener, J.-M.
Lehn, A. Mourran, M. Mˆller,Chem. Eur. J. 2002, 8, 951; l) A. L¸tzen,
M. Hapke, J. Griep-Raming, D. Haase, W. Saak, Angew. Chem. 2002,
114, 2190; Angew. Chem. Int. Ed. 2001, 41, 2086.


[23] a) C. A. Hunter, J. Chem. Soc. Chem. Commun. 1991, 749; b) C. A.
Hunter, J. Am. Chem. Soc. 1992, 114, 5303; c) C. A. Hunter, D. H.
Purvis, Angew. Chem. 1992, 104, 779; Angew. Chem. Int. Ed. Engl.
1992, 31, 792; d) S. Ottens-Hildebrandt, T. Schmidt, J. Harren, F.
Vˆgtle, Liebigs Ann. 1995, 1855; e) R. J‰ger, M. H‰ndel, K. Rissanen,
F. Vˆgtle, Liebigs Ann. 1996, 1201; f) F. Vˆgtle, R. J‰ger, M. H‰ndel,
S. Ottens-Hildebrandt, W. Schmidt, Synthesis 1996, 353.


[24] a) S. J. Weiner, P. A. Kollman, D. A. Case, U. C. Singh, G. Alagona, S.
Profeta, P. Weiner, J. Am. Chem. Soc. 1984, 106, 765; b) S. J. Weiner,
P. A. Kollman, N. T. Nguyen, D. A. Case, J. Comput. Chem. 1987, 7,
230; c) D. M. Ferguson, P. A. Kollman, J. Comput. Chem. 1991, 12,
620.


[25] Schrˆdinger, Inc. 1500 SW First Avenue, Suite 1180, Portland, OR
97201, USA. Also, see: a) F. Mohamadi, N. G. Richards, W. C. Guida,
R. Liskamp, C. Caulfield, G. Chang, T. Hendrickson, W. C. Still, J.
Comput. Chem. 1990, 11, 440; b) D. Q. McDonald, W. C. Still,
Tetrahedron Lett. 1992, 33, 7743.


[26] Several of these DMSO molecules are disordered and this disorder is
responsible for the rather high R value (Table 1). Nevertheless, the
structure is of sufficient quality to deduce the transoid conformation
of the biquinoline moiety of 4.


[27] a) C. Reuter, C. Seel, M. Nieger, F. Vˆgtle,Helv. Chim. Acta 2000, 83,
630; b) A. Mohry, F. Vˆgtle, M. Nieger, H. Hupfer, Chirality 2000, 12,
76.


[28] C. Seel, A. H. Parham, O. Safarowsky, G. M. H¸bner, F. Vˆgtle, J. Org.
Chem. 1999, 64, 7236.


[29] P. Belser, A. von Zelewsky, Helv. Chim. Acta 1980, 63, 1675.
[30] CACHE 5.0 for Windows, Fujitsu Ltd. 2001, Krakow, Poland.
[31] a) R. P. Thummel, F. Lefoulon, Inorg. Chem. 1987, 26, 675; b) D. P.


Funeriu, J.-M. Lehn, G. Baum, D. Fenske, Chem. Eur. J. 1997, 3, 99.
[32] a) V. Goulle, R. P. Thummel, Inorg. Chem. 1990, 29, 1767; b) Y. Jahng,


J. Hazelrigg, D. Kimball, E. Riesgo, F. Wu, R. P. Thummel, Inorg.
Chem. 1997, 36, 5390; c) M. Schmittel, C. Michel, S.-X. Liu, D.
Schildbach, D. Fenske, Eur. J. Inorg. Chem. 2001, 1155.


[33] C. A. Schalley, J. Hˆrnschemeyer, X.-y. Li, G. Silva, P. Weis, Int. J.
Mass, Spectrom. in press.


[34] Similar findings have been reported before. See, for example: P. R.
Ashton, V. Baldoni, V. Balzani, A. Credi, H. D. A. Hoffmann, M.-V.
MartÌnez-DÌaz, F. M. Raymo, J. F. Stoddart, M. Venturi, Chem. Eur. J.
2001, 7, 3482.


[35] For recent reviews on the mass spectrometry of supramolecular
entities, see: a) C. A. Schalley, Int. J. Mass Spectrom. 2000, 194, 11;
b) C. A. Schalley,Mass Spectrom. Rev. 2001, 20, 253. See also: c) C. A.
Schalley, T. M¸ller, P. Linnartz, M.Witt, M. Sch‰fer, A. L¸tzen,Chem.
Eur. J. 2002, 8, 3538.


[36] For reviews on anion binding, see, for example: reference [20].
[37] a) D. H. Vance, A. W. Czarnik, J. Am. Chem. Soc. 1994, 116, 9397;


b) P. D. Beer, Chem. Commun. 1996, 689; c) A. P. de Silva, H. Q. N.
Gunaratine, C. McVergh, G. E. M. Maguire, P. R. S. Maxwell, E.
O�Hanlon, Chem. Commun. 1996, 2191; d) A. Andrievsky, F. Ahuis,
J. L. Sessler, F. Vˆgtle, D. Gudat, M. Moini, J. Am. Chem. Soc. 1998,
120, 9712; e) K. Kavallieratos, C. M. Bertao, R. H. Crabtree, J. Org.
Chem. 1999, 64, 1675; f) A. Szumna, J. Jurczak, Eur. J. Org. Chem.
2001, 4031; g) A. J. Ayling, S. Broderick, J. P. Clare, A. P. Davis, M. N.
Pe¬rez-Paya¬n, M. Lahtinen, M. J. Nissinen, K. Rissanen, Chem. Eur. J.
2002, 8, 2197.


[38] a) P. D. Beer, F. Szemes, V. Balzani, C. M. Sala¡ , M. G. B. Drew, S. W.
Dent, M. Maestri, J. Am. Chem. Soc. 1997, 119, 11864; b) S. Watanabe,
O. Onogawa, Y. Komatsu, K. Yoshida, J. Am. Chem. Soc. 1998, 120,
229; c) V. W.-W. Yam, A. S.-F. Kai, Chem. Commun. 1998, 109;
d) P. D. Beer, V. Timoshenko, M. Maestri, P. Passaniti, V. Balzani,
Chem. Commun. 1999, 1755; e) P. D. Beer, J. Cadman, New J. Chem.
1999, 23, 347; f) T. Mizuno, W.-H. Wei, L. R. Eller, J. L. Sessler, J. Am.
Chem. Soc. 2002, 124, 1134; g) P. Anzenbacher, Jr., D. S. Tyson, K.
JursÌkova¬ , F. N. Castellano, J. Am. Chem. Soc. 2002, 124, 6232.


[39] K. A. Connors, Binding Constants, Wiley, New York, 1987.
[40] a) M. Schmittel, A. Ganz, Synlett 1997, 710; b) M. Schmittel, A. Ganz,


Chem. Commun. 1997, 999; c) M. Schmittel, H. Ammon, Synlett 1999,
750; d) M. Schmittel, C. Michel, A. Ganz, M. Herderich, J. Prakt.
Chem. - Chem. Ztg. 1999, 341, 228; f) M. Schmittel, A. Ganz, D.
Fenske, Org. Lett. 2002, 4, 2289.


[41] A. S. H¸nten, Ph. D. Thesis, Universit‰t Bonn, 2000.
[42] H. W. Gibson, S. H. Lee, P. T. Engen, P. Lecavalier, J. Sze, X. Y. Shen,


M. J. Bheda, Org. Chem. 1993, 58, 3748.
[43] G. M. Sheldrick, SHELXS-90, Acta Crystallogr. Sect. A 1990, 46, 467.
[44] G. M. Sheldrick, SHELXL-97, Universit‰t Gˆttingen, Germany, 1997.
[45] Spectrum Software Associates, Chapel Hill, NC, USA; H. Gampp, M.


Maeder, C. J. Meyer, A. D. Zuberb¸hler, Talanta 1986, 33, 943, and
references therein.


Received: September 12, 2002 [F4419]








Structural Investigation of High-Valent Manganese ± Salen Complexes
by UV/Vis, Raman, XANES, and EXAFS Spectroscopy


Martin P. Feth,*[a] Carsten Bolm,[b] Jens P. Hildebrand,[b] Manuela Kˆhler,[b]
Oliver Beckmann,[b] Matthias Bauer,[a] Rivo Ramamonjisoa,[a] and Helmut Bertagnolli[a]


Abstract: XANES and EXAFS spec-
troscopic studies at the Mn ±K- and
Br±K-edge of reaction products of
(S,S)-(�)-N,N�-bis(3,5-di-tert-butylsali-
cylidene)-1,2-cyclohexanediaminoman-
ganese(���) chloride ([(salen)MnIIICl], 1)
and (S,S)-(�)-N,N�-bis(3,5-di-tert-butyl-
salicylidene)-1,2-cyclohexanediamino-
manganese(���) bromide ([(salen)-
MnIIIBr], 2) with 4-phenylpyridine N-
oxide (4-PPNO) and 3-chloroperoxy-
benzoic acid (MCPBA) are reported.
The reaction of theMnIII complexes with
two equivalents of 4-PPNO leads to a
hexacoordinated compound, in which
the manganese atom is octahedrally
coordinated by four oxygen/nitrogen


atoms of the salen ligand at an average
distance of �1.90 ä and two additional,
axially bonded oxygen atoms of the
4-PPNO at 2.25 ä. The oxidation state
of this complex was determined as
� � �� by a comparative study of MnIII


and MnV reference compounds. The
green intermediate obtained in reactions
of MCPBA and solutions of 1 or 2 in
acetonitrile was investigated with
XANES, EXAFS, UV/Vis, and Raman


spectroscopy, and an increase of the
coordination number of the manganese
atoms from 4 to 5 and the complete
abstraction of the halide was observed.
A formal oxidation state of �� was
deduced from the relative position of
the pre-edge 1s� 3d feature of the
X-ray absorption spectrum of the com-
plex. The broad UV/Vis band of this
complex in acetonitrile with �max�
648 nm was consistent with a radical
cation structure, in which a MCPBA
molecule was bound to the MnIV central
atom. An oxomanganese(�) or a dimeric
manganese(��) species was not detected.


Keywords: manganese ¥ N,O ligands
¥ Raman spectroscopy ¥ UV/Vis
spectroscopy ¥ XANES ¥ X-ray
absorption spectroscopy


Introduction


The asymmetric oxidation of alkenes is one of the most widely
used methods for the synthesis of epoxides with high
enantiomeric excesses. Several protocols have been described,
which are based on the oxidation of the organic substrates
with chiral metal catalysts.[1] Among the most established
ones, the Jacobsen/Katsuki epoxidation of unfunctionalized
alkenes with manganese����� ± salen complexes (H2salen�
bis(salicylidene)ethylenediamine) is known to proceed with
a wide range of substrates affording products with very high
enantioselectivies.[2] Despite its synthetic importance and the


performance of numerous mechanistic investigations, surpris-
ingly little is known about the exact path of the oxygen
transfer. Furthermore, the precise nature of the catalytically
active species is still under debate.[3] In almost all models it is
proposed to be a [MnV�O(salen)] complex. Generally it is
assumed that this oxomanganese complex is the reaction
product of the manganese(���) ± salen and the oxidant (e.g.
3-chloroperoxybenzoic acid (MCPBA)) and that it transfers
its oxygen atom onto the olefin either in a stepwise radical
process[4] or via a metallaoxetane.[5, 6] Alternatively, the
MnV�O species can be formed by disproportionation of a �-
oxomanganese(��) dimer.[7] The most striking evidence of the
high-valent manganese species stems from electronspray mass
spectrometry studies.[8] In view of this background we felt that
UV/Vis, Raman, XANES, and EXAFS spectroscopy could
also be useful tools in the search for high-valent manganese
intermediates derived from manganese(���) ± salen complexes
and oxidants, such as MCPBA, in solution. Furthermore, we
were interested in investigating the role of coligands, such as
4-phenylpyridine N-oxide (4-PPNO) or N-methylmorpholine
N-oxide (NMO), which are known to increase the reaction
rate and the enantioselectivity of the Jacobsen/Katsuki
epoxidation.[4, 9] Herein, we present results of spectroscopic
studies on two manganese(���) ± salen complexes, (S,S)-(�)-


[a] M. P. Feth, M. Bauer, R. Ramamonjisoa, Prof. Dr. H. Bertagnolli
Universit‰t Stuttgart, Institut f¸r Physikalische Chemie
Pfaffenwaldring 55, 70569 Stuttgart (Germany)
Fax: (�49)711-685-4443
E-mail : m.feth@ipc.uni-stuttgart.de


[b] Prof. Dr. C. Bolm, Dr. J. P. Hildebrand, M. Kˆhler, Dr. O. Beckmann
RWTH Aachen, Institut f¸r Organische Chemie
Professor-Pirlet-Strasse 1, 52056 Aachen (Germany)
Fax: (�49)241-809-23-91
E-mail : carsten.bolm@oc.rwth-aachen.de


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


FULL PAPER


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0906-1348 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 61348







1348±1359


Chem. Eur. J. 2003, 9, No. 6 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0906-1349 $ 20.00+.50/0 1349


N,N�-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediami-
nomanganese(���) chloride ([(salen)MnIIICl], 1) and (S,S)-(�)-
N,N�-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediami-
nomanganese(���) bromide ([(salen)MnIIIBr], 2), and their
reactions with 4-PPNO andMCPBA. As reference compound


The nitridomanganese(v) complex 3 was prepared as
reference compound. Compounds 1 ± 3 are illustrated in
Scheme 1.


Scheme 1. Structural representations of complexes 1 ± 3.


XANES and EXAFS have proven to be powerful tools to
elucidate the coordination sphere of catalytically active
species in many cases.[10] We used X-ray absorption spectro-
scopy at the manganese and the bromine K-edge to inves-
tigate a possible ligand exchange of the manganese(���)
complexes in the presence of 4-PPNO and the formation of
high-valent species in solution after the addition of MCPBA
as oxidant. First, comparative purposes, we present XANES
and EXAFS measurements of the manganese(���) ± salen
complexes 1 and 2 as well as nitridomanganese(�) complex 3
[(salen)MnVN][11] in the solid state. The latter complex was
regarded as an excellent reference compound for the detec-
tion of a possible [(salen)MnV�O]� intermediate resulting
from the reaction of the MnIII complexes with MCPBA, as the
local structure around the metal center atoms of both
[(salen)MnV�O]� and [(salen)MnV�N], and therefore their
XANES spectra and EXAFS functions, were expected to be
similar. The interpretation of the XANES spectra will be
focussed on the so-called pre-edge peaks (short: pre-peaks),
which are related to dipole electron excitations from inner
shells to unfilled bound states, for example 1s� 3d. These
pre-peaks are very sensitive to geometrical changes in the first
coordination shell of the absorbing atom. They can therefore
be used as fingerprints for the presence of a certain
coordination geometry.[12, 13] To obtain additional struc-
tural information UV/Vis, Raman, and IR studies were
performed.


Results and Discussion


Electronic spectra : The absorption spectra of the orange-
brown solutions of 1 and 2 in CH2Cl2 (Figure 1) show two
poorly resolved bands at 439 and 493 nm. They are in good


Figure 1. a) UV/Vis spectra of 1, 1�MCPBA, and 3 in CH2Cl2. b) UV/Vis
spectra of 1�MCPBA in CH3CN in dependence of time (every 10 s).


agreement with that of N,N�-di(3-tert-butyl-5-methylsalicyl-
idene)cyclohexanediaminemanganese(���) chloride in di-
chloromethane.[11] The UV/Vis spectrum of the light green
solution of 3 in CH2Cl2 shows a strong band at 394 nm (Soret
band) and a broad, weak band with �max� 616 nm (�max�
230 Lmol�1 cm�1). When MCPBA is added in a 20-fold excess
to a solution of 1/2 (0.3m�) in dichloromethane, toluene, or
acetonitrile, the color of the mixture immediately changes
from orange-brown into dark green. This behavior was also
observed by Adam et al., who oxidized 1 in CH2Cl2 with PhIO
or NaOCl,[3a] and by Bortolini et al., who treated
[(TMP)MnIIICl] with aqueous sodium hypochlorite solution
to study high-valent manganese ± porphyrin complexes.[14, 15]


The spectrum of a solution of 1 after the addition of MCPBA
in CH2Cl2 is also shown in Figure 1a. Compared with the
unoxidized complex 1, the spectrum of the resulting complex
shows a new broad band with �max� 684 nm. In acetonitrile
(Figure 1b) it is shifted to �max� 648 nm (�max�
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4400 Lmol�1 cm�1). However, as can be seen from the color
change from green back to brown, the new species, which is
formed when MCPBA is added, is not very stable at room
temperature. This change is revealed by time-dependent UV/
Vis spectra of 1 in CH3CN after addition of MCPBA
(Figure 1b). The absorbance of the solution at 648 nm
decreases with time, and a new band at 408 nm is formed.
Furthermore, from the two isosbestic points at 375 and 432 nm
it can be concluded that only two species exist: the short-lived
green intermediate and the brown reaction product. A kinetic
analysis of the data indicates a first-order rate with respect to
the intermediate species in acetonitrile with a rate constant of
k1� 6.20� 10�3 s�1 (�1/2� 112 s). In toluene and in dichloro-
methane, rate constants of k1� 2.44� 10�3 s�1 (�1/2� 284 s)
and 3.4� 10�2 s�1 (�1/2� 21 s), respectively, were observed,
revealing that in the latter solvent the reaction was much
faster than in acetonitrile and toluene.


The formation of the intermediate was also observed when
4-PPNOwas present as co-ligand in equal molar ratio to 1 or 2
to give 4 and 5, respectively. Srinisvasan et al. found a new
broad band with �max� 530 nm in the UV/Vis spectrum of a
solution of a cationic N,N�-ethylenebis(salicylideneaminato)-
manganese(���) complex in acetonitrile after oxidation with
iodosylbenzene.[16] The authors interpreted this phenomenon
with the formation of a thermally quite labile �-oxomanga-
nese(��) dimer. Furthermore, they performed a kinetic
analysis of the decay behavior of this intermediate in
acetonitrile (monitored by the absorbance change at
680 nm). They found a first-order rate constant of k1�
2.89� 10�3 s�1 (�1/2� 240 s) at 25 �C, which is in good agree-
ment with the results reported here. A broad band with �max�
640 nm (�max� 6200 Lcm�1mol�1) was also observed in a
solution of [(TPP)MnIV(OCH3)2] in dichloromethane,[15, 17]


which was synthesized by oxidation of [(TPP)MnIII(OAc)] in
methanol with iodosylbenzene. Groves et al. , who investigat-
ed oxomanganese(�) porphyrin complexes by rapid-mixing
stopped-flow spectrophotometry, related absorptions of oxi-
dized MnIII complexes near 700 nm to the presence of MnIV


cation radicals.[18] Baldwin et al. found a band at 638 nm in an
acetonitile solution of [{MnIV(salpn)}2(�-O,�-O�CH3)]-
(CF3SO3), which was treated with triflic acid.[15, 19] This band
rapidly bleached to yellow-brown (�max� 370 nm). They
assigned this band to the blue-shifted phenolate-to-Mn-trans-
fer band (from the salpn ligand) of a protonated dimeric MnIV


complex. In the nonprotonated form the transfer band was
observed at 528 nm. As in our system, the green color can also
be seen when K2S2O8 is used as oxidant, a protonated transfer
band of a dimeric MnIV complex is not very likely for our
green product. The new band at 408 nm in the acetonitrile
solution of the reaction product of 1 and 2, after the decay of
the short-lived green intermediate, is in good agreement with
a Soret Band at 425 nm, found by Bortolini et al. from the
brown product of the oxidation of [(TMP)MnIIICl] with
aqueous NaOCl solution.[14]


Raman and IR spectra : The Raman and IR spectra of the
MnIII complexes 1 and 2 are almost identical (Figure 2a). In
the Raman spectra of both compounds a double peak at 557


Figure 2. a) Raman spectra of solid 1, 2, and the isolated solid product of 1
� 1 equiv of 4-PPNO (4). b) Raman spectra of MCPBA in CH2Cl2, 1 in
CH2Cl2 and 1 in CH2Cl2 oxidized with MCPBA.


and 569 cm�1 can be detected, which is absent in the spectrum
of the pure salen. This double peak can also be seen in the IR
spectra at 545 and 569 cm�1. Typical metal ± nitrogen stretch-
ing vibrations occur in MnIII complexes between 230 (pyridine
complexes) and 610 cm�1 (ethylendiamine complexes).[20] In
MnIII ± porphyrin complexes, these values are typical for
MnIII�OLig/NLig stretching vibrations.[17] Thus the double peak
can be assigned to Mn�OSalen/NSalen stretching vibrations.
Since typical metal ± chlorine stretching vibrations of MnIII


complexes are visible between 300 ± 400 cm�1,[20] Raman
spectroscopy was used for the detection of this vibration.
The very weak signal at 381 cm�1 of the Raman spectrum,
visible in compound 1 but absent in compound 2, can be
assigned to the Mn�Cl vibration. TheMn�Br vibration, which
was expected to occur at a lower wave number, was not
detected. Most likely, this weak signal was superposed by
stronger Raman signals in this spectral range. In the Raman
spectra of compounds 4 and 5, as well as those of 6 and 7
(isolated solid products of 1 and 2, respectively, upon addition
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of one or two equivalents of 4-PPNO), the intensity of the
Raman peak at 569 is larger than that at 545 cm�1. As 4-PPNO
has no Raman peaks in this range, this might be regarded as
evidence for changes in the first coordination sphere of the
manganese central atom. Furthermore, the weak peak at
381 cm�1 is not present in compound 4. Thus, we conclude that
chloride was abstracted from the complex. In the Raman
spectra of 4 and 5 the presence of 4-PPNO can easily be
detected by comparison of the spectra with that of pure
4-PPNO. No indication for an oxygen transfer from 4-PPNO
to the MnIII complexes 1 and 2, like typical MnIV�O vibrations
of MnIV complexes at�800 cm�1,[21] were found. The presence
of a coordinated 4-PPNO molecule with a weak Mn�O single
bond can neither be excluded nor proven by the Raman
spectra, as no significant new signals were detected in the
range 400 ± 600 cm�1. Kochi and co-workers found 4-PPNO
coordinated axially to a [(salen)CrV�O] complex at a distance
of 2.18 ä.[22] This means that 4-PPNO is at best weakly
bonded to the manganese central atom and, therefore, the
Raman signal of the Mn�O4-PPNO vibration remains undetect-
able. In compound 3 the typical MnV�N stretching frequency
of a nitridomanganese(�) complex[23, 24] was observed at
1047 cm�1 in the Raman spectrum and at 1049 cm�1 in the
infrared spectrum (figure not shown). The Mn�O/N stretch-
ing frequencies of the salen-ligand with the manganese central
atom in 3 were found at 573 cm�1 as a single peak in the
Raman spectrum and as a double peak at 542 and 565 cm�1 in
the IR spectrum.


Raman investigations were also performed on the oxidized
systems (Figure 2b). A concentrated solution of complex 1 in
dichloromethane was oxidized with an equimolar amount of
MCPBA. In this concentrated solution the green intermediate
was found to be more stable than in the diluted solutions used
for UV/Vis spectroscopy. In the oxidized sample two new
Raman signals were observed at 599 and 725 cm�1. Signals
between 900 ± 1000 cm�1, which are typical of MnV�O vibra-
tions in oxomanganese(�) complexes[22] , or at �800 cm�1,
which indicate the presence of dimeric �-oxo-bridged man-
ganese(��) complexes[7, 21] or oxomanganese(��) complexes,[21]


were not found. For comparative purposes, a solution of
complex 1, which was oxidized with K2S2O8, was measured. In
this dark green solution the same two signals were detectable
at 601 and 724 cm�1. Bortolini et al. found in the IR spectra of
dichloromethane solutions of oxidized (with aqueous NaOCl
solution) [(TMP)MnIIICl] comparable signals at 605 and
710 cm�1.[14] The signal at 605 cm�1 was shifted to 610 cm�1,
when aqueous NaOBr solution was used for the oxidation,
and shifted to 583 cm�1, when labeled Na18OBr was used.
They assigned the signal at�600 cm�1 to a Mn�O single bond
and concluded, that �OCl or �OBr was coordinated to the
manganese central atom. The signal at 725 cm�1 in our, and at
710 cm�1 in Bortolini×s, system can be attributed to a weak
MnIV�O bond as reported by Groves and co-workers in
resonance Raman (RR) and IR spectroscopic investigations
on oxomanganese(��) ± porphyrin complexes.[25] They found
signals in the spectral range of 711 ± 757 cm�1, depending on
the trans-axial ligand of the complex. The two bands in our
oxidized system might be a hint for the presence of two
different MnIV species with single and double-bonded oxygen


at the manganese central atom. However, no evidence for the
presence of a MnV or a dimeric MnIV species was found.


XANES and EXAFS spectra : Mn K-edge XANES spectra :
From the XANES (X-ray absorption near edge structure)
region of an X-ray absorption spectrum, information about
the coordination geometry of the first coordination shell
around an absorbing atom can be obtained.[26] The X-ray
absorption edge position indicates the charge of the absorbing
atom. Since it is strongly affected by changes in the
coordination geometry,[12] information about the oxidation
state of the absorbing atom can also be misleading. In the
XANES region, and also some electron Volts before the
absorption edge, further absorptions can take place, caused by
the transitions of electrons from inner shells (such as 1s) to
unoccupied states (such as 3d).[12] Such features are called pre-
peaks. The strength of such pre-peaks strongly depends on the
coordination symmetry around the absorbing atom,[13] and it
can therefore be used as an indicator for symmetry changes at
the catalytic active center (for example the manganese central
atom in the manganese salen complex) during chemical
reactions. The energetic position of the pre-peak depends also
on the oxidation state of the absorbing atom, but is not
affected by multiple scattering. It therefore provides more
reliable information than the edge position. XANES and pre-
edge investigations are usually made as comparative studies.
Compounds 1 and 2 were used as MnIII reference samples.
Compound 3 allowed monitoring of the oxidation state ��.
The XANES spectra of 1, 2, and 3 at theMnK-edge are shown
in Figures 3 and 4. Table 1 summarizes the energetic positions
(EPP) and the energetic shift (�), compared to compound 3, of
the pre-peak features in these compounds.


Figure 3. Comparison of the Mn K-edge XANES regions of solid [(salen)-
MnIIICl] (1), the isolated solid product 4 of [(salen)MnIIICl]� 1 equiv of
4-PPNO, the isolated solid product 6 of [(salen)MnIIICl]� 2 equiv of
4-PPNO, and solid [(salen)MnVN] (3).


Since electric dipole transitions [1s� (A1,E)] in high-valent
manganese(��/�) complexes are allowed for a ligand field with
approximately C4v symmetry, whereas in hexacoordinated
complexes with D4h or D2h symmetry such transitions are
classically forbidden,[14, 18] the manganese(�) reference com-
pound 3 exhibited a very strong 1s� 3d pre-peak feature at
6535.3 eV, which was also described for [(TMP)MnV)N].[14]


Another reason for the amazing strength of the pre-peak







FULL PAPER M. P. Feth et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0906-1352 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 61352


Figure 4. Comparison of the Mn K-edge XANES regions of the oxidized
[(salen)MnIIIBr] (2) in acetonitrile. a) Solid [(salen)MnIIIBr] (2), 2 oxidized
with MCPBA in acetonitrile after 0 min, 2 oxidized with MCPBA in
acetonitrile after 90 min (dotted line), solid [(salen)MnVN] (3). b) Solid
[(salen)MnIIIBr] (2), isolated solid product of 2�MCPBA in acetonitrile,
isolated solid product of 2� 1 equiv of 4-PPNO�MCPBA in acetonitrile,
solid [(salen)MnVN] (3).


could be due to the so-called ™molecular-cage-size effect∫,
described by Kutzler et al.[27] and Lytle and co-workers.[13]


They found that the strength of the pre-peak transition
depended on the size of the molecular-cage defined by the
nearest neighbour atoms coordinating the X-ray absorbing
center. A cage-size parameter R can be defined as an average
bond distance of all nearest neighbours. The pre-peak
intensity increases at a given geometry with decreasing
cage-size parameter. Lytle and co-workers found this behav-
ior in several vanadium compounds, for example in the five-
coordinate, distorted tetragonal pyramidal compounds V2O5


(R� 1.83 ä), VOPBD[15] (R� 1.90 ä) and VOSO4 ¥ 3H2O
(R� 1.95 ä), where V2O5 had the highest and VOSO4 ¥
3H2O the lowest pre-peak intensity. Therefore a high-valent
oxomanganese(�) complex with C4v symmetry, postulated as
the active catalytic species in the enantioselective epoxidation
of olefins, should also be expected to show such a high pre-
peak feature and therefore be easily detectable. The 1s� 3d
transition can be observed in the MnIII complexes 1 and 2 as
well; however, the pre-peak intensity is significantly smaller
than in the MnV reference compound 3 and shifted towards
lower energies (6534.1 eV in the case of 1 and 6534.3 eV in 2).
The energetic shifts � compared to 3 are �1.2 eV for complex
1 and �1.0 eV for complex 2. These values are in good
agreement with those found by Bortolini et al. for mangane-
se(���/�) porphyrin complexes.[14]


Figure 3 also shows the Mn K-edge XANES spectra of
compounds 4 and 6. The absorption edge, as well as the pre-
peak position in 4 and 5, are shifted towards higher energies.
This is also observed in the corresponding compounds 6 and 7.
The pre-peak position shifts (�) of 6 and 7 (Table 1) fit to the
one reported for a MnIV complex by Bortolini et al.[14] Since
differences in the edge position of 4 and 6 (5 and 7) can be
detected, different structures in the reaction products of 1 (2)
with one or two equivalents of 4-PPNO must be expected. In
Figure 4a and 4b the XANES spectra of the oxidized systems
are shown. The solution of 2 oxidized with 1 equivalent of
MCPBA in acetonitrile (to give 9) (Figure 4b) shows an
absorption edge, which is shifted to higher energies compared
with 2 and even with 3. However, the pre-peak position has an
intermediate value between the two extremes MnIII and MnV,
thus the manganese central atom is most probably in the
valence state � ��. The pre-peak height of the solution of 9 is
lower than the one for compound 3, which shows that the
formation of an oxomanganese(�) complex with C4v symmetry
is unlikely. This fits to the results reported by Bortolini et al.[14]


In the XANES spectra of the solution recorded 90 minutes
after adding the oxidant (Figure 4a) no significant changes
were observed. Actually the edge position has a slight shift to
lower energies, which might indicate that some of the oxidized
complex is reduced again to MnIII or that another MnIV


complex is formed. The same result was obtained, when
complex 1 was oxidized with MCPBA in acetonitrile (to give
8). From a solution of 2, which was oxidized with two
equivalents of MCPBA in acetonitrile (9), a dark green
amorphous product was isolated after evaporation of the
solvent. The XANES spectrum of this product is shown in
Figure 4b. Again, no indication for an oxomanganese(�)
complex was observed. The position of the pre-peak and the


Table 1. Positions (EPP) and shifts of the pre-edge features (�) in the
investigated manganese complexes relative to the energy position of the pre-
edge feature in compound 3, determined from the Mn K-edge XANES spectra.


Compound EPP [eV] ��EPP�EPP,3 [eV]


[(salen)MnIIICl] (1) 6534.1� 0.2 � 1.2
[(salen)MnIIIBr] (2) 6534.3� 0.2 � 1.0
1 � 2 equiv of 4-PPNO (6) 6534.8� 0.2 � 0.5
2 � 2 equiv of 4-PPNO (7) 6534.8� 0.2 � 0.5
1 � 1 equiv MCPBA in acetonitrile (8) 6534.7� 0.2 � 0.6
2 � 1 equiv MCPBA in acetonitrile (9) 6534.8� 0.2 � 0.5
2 � 1 equiv MCPBA in acetonitrile (9)
(after 90 min) 6534.6� 0.2 � 0.7
isolated solid product of 2 oxidized
with 1 equiv of MCPBA in acetonitrile 6534.6� 0.2 � 0.7
isolated solid product of 2 � 1 equiv
of 4-PPNO oxidized with 1 equiv of
MCPBA in acetonitrile 6534.6� 0.2 ± 0.7
2 � 1 equiv 4-PPNO � 1 equiv MCPBA
in acetonitrile (11) 6534.8� 0.2 � 0.5
[(salen)MnVN] (3) 6535.3� 0.2 0.0
[(TMP)MnIIIBr][14] � 1.4
[(TMP)MnIV(OCl)][14] � 0.6
[(TMP)MnVN][14] 0.0
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absorption edge showed that
the green complex was quite
stable under the conditions of
the reaction (molar ratio oxi-
dant/complex 1:1, high concen-
trated solution), as no shifts in
the absorption edge/pre-peak
compared with the solution of
9 were detected. At the end of
the XANES and EXAFS study
the investigated solutions still
had a dark green color.


When a mixture of the iso-
lated olive-brown solid product
of complex 2 and one equiva-
lent of 4-PPNO was oxidized
with two equivalents of
MCPBA in acetonitrile (to give
11) the absorption edge and the
pre-peak were significantly
shifted to lower energies, com-
pared with the solid product
without 4-PPNO. Evidently, the
oxidized complex shows a high-
er rate of decomposition in the
presence of the co-ligand.


EXAFS analysis at the Mn
K-edge and Br K-edge : The
structural parameters deter-
mined by Mn K-edge and Br
K-edge EXAFS on solid MnIII


(1, 2) and MnV reference com-
pounds are summarized in Ta-
ble 2. The EXAFS function
(Mn K-edge) of complex 1 (Fig-
ure 5a) was fitted with a three-
shell model. The first coordina-
tion shell at �1.9 ä, visible as a
strong peak in the Fourier-
transformed (FT) EXAFS
spectrum in Figure 5b, consists of nitrogen and oxygen
backscatterers of the coordinated salen ligand. As oxygen
and nitrogen atoms have almost the same amplitude and
phase functions, and moreover, as known from XRD, the
Mn�N and Mn�O distances of the coordinated salen ligand
do not differ significantly, this shell was only fitted with
oxygen backscatterers. The peak at �2.3 ä of the FT
spectrum can be assigned to a chlorine backscatterer, the
signal at 2.8 ä to further carbon backscatterers of the salen
ligand. The determined coordination numbers and distances
in compound 1 are in very good agreement with those found
by single-crystal XRD studies.[11, 28] The same fitting proce-
dure was performed with the EXAFS function of complex 2
(Mn K-edge). The structural parameters of the first N/O
coordination shell of 1 and 2 are quite similar. The bromine
backscatterer in 2 was found at 2.54 ä, which is in good
agreement with a Mn�Br distance of 2.51 ä found in


[(TMP)MnIIIBr].[14] This distance was verified by EXAFS
measurements at the Br K-edge of complex 2.


In the manganese(�) reference compound 3 the short
manganese ± nitrogen separation of the nitrido group was
found at 1.51 ä, visible as a shoulder at 1.5 ä in the FT-
EXAFS spectrum at the Mn K-edge (Figure 5d). This value is
in excellent agreement with those found for similar nitrido-
manganese(�) complexes.[14, 23a, 14, 29] Table 3 summarizes the
structural parameters of the reaction products of 1 and 2 with
4-PPNO (4 and 5, respectively). In both case, where one
equivalent of 4-PPNO was added to 1 or 2, a significant
reduction of the halogen contribution in the EXAFS function
and a decrease of the peak intensity of the halogen back-
scatterer in FT-EXAFS spectrum was observed. This is
visualized in Figure 6a and 6b for system 5.


The coordination number of the chlorine backscatterer
decreases from 0.9 to 0.5 in the case of system 4, and from 1.0


Table 2. Structural parameters of solid reference MnIII and MnV complexes, determined from theMn K-edge and
Br K-edge EXAFS spectra.[a]


A ±Bs r [ä] N � [ä] �E0 [eV] k-range [ä�1]
fit index


[(salen)MnIIICl] (1), Mn�O/N 1.90� 0.02 4.2� 0.4 0.084� 0.008 20.5 3.30 ± 15.00
solid-state EXAFS Mn�Cl 2.39� 0.02 0.9� 0.2 0.081� 0.012 25.7


Mn�C 2.89� 0.03 3.6� 1.1 0.055� 0.015
[(salen)MnIIICl] (1) in Mn�O/N 1.91� 0.02 3.8� 0.4 0.081� 0.008 19.7 3.03 ± 11.00
acetonitrile, Mn-Cl 2.37� 0.02 1.0� 0.2 0.100� 0.015 27.8
liquid-state EXAFS Mn-C 2.89� 0.03 4.4� 1.1 0.077� 0.023
[(salen)MnIIIBr] (2), Mn�O/N 1.89� 0.02 4.1� 0.4 0.081� 0.008 19.0 3.09 ± 15.00
solid-state EXAFS Mn�Br 2.54� 0.03 0.9� 0.2 0.081� 0.012 26.1


Mn�C 2.91� 0.03 5.0� 1.5 0.067� 0.020
Br�Mn 2.53� 0.03 0.9� 0.1 0.071� 0.007 19.2 3.65 ± 12.30


32.3
[(salen)MnVN] (3), Mn�N 1.51� 0.01 1.2� 0.4 0.059� 0.006 25.9 3.50 ± 16.00
solid-state EXAFS Mn�O/N 1.91� 0.02 3.8� 0.2 0.063� 0.006 23.7


Mn�C 2.89� 0.03 3.7� 1.2 0.063� 0.017
[(salen)MnIIICl] (1) Mn�O/N 1.93 4
single-crystal XRD[11] Mn�Cl 2.39 1
[(salen)MnIIICl] (1) Mn�O/N 1.92 4
single-crystal XRD[28] Mn�Cl 2.36 1
[(salen)MnVN][b] Mn�N 1.54 1
single-crystal XRD[24] Mn�O/N 1.93 4
[(saltmen)MnVN][c] Mn�N 1.51 1
single-crystal XRD[23a]


[(TMP)MnIIIBr][d],
Mn�N 1.99 4
Mn�Br 2.51 1
Mn�C 3.02 ? [g]


Solid-state EXAFS[14]


[(TMP)MnVN][d] Mn�N 1.50 1
solid-state EXAFS[14] Mn�N 2.01 4
[(dmOEP)MnVN][e] Mn�N 1.51
single crystal XRD[23b]


[(DPPF20)MnIIICl][f] Mn�N 2.00 4
EXAFS[29] Mn-Cl 2.37 1
[(DPPF20)MnIIIBr][f] Mn�N 2.00 4
EXAFS[29] Mn-Br 2.51 1
[(DPPF20)MnVN][f] Mn�N 1.51 1
EXAFS[29] Mn�N 2.01 4


[a] Absorber (A) - backscatterer (Bs) distance r, coordination number N, Debye ±Waller factor � with their
calculated deviation, shift of the energy threshold �E0 . [b] Salen: (R,R)-diphenyl-tert-butylmethylsalen [c] Salt-
men: 2,3-diamino-2,3-dimethylbutane backbone in the salen ligand without tert-butyl groups [d] TMP: chloro-
(5,10,15,20-meso-tetramesitylporphorin) [e] dmOEP: 5,15-dimethyl-2,3,7,8,12,13,17,18-octaethyl-5H,15H-por-
phorin. [f] DPPF20: meso-5,10,15,20-tetrakispentafluorophenyl-2,3,7,8,12,13,17,18-octakisphenylporphorin.
[g] Coordination number is not given in the reference.
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to 0.4 in the case of the bromine backscatterer in system 5.
Furthermore, a slight increase in the manganese halogen
distance was found in both cases. In the reaction products 6
and 7, where two equivalents of 4-PPNO were added to the
managnese(���) complexes 1 and 2, no halogen backscatterers
contribute to the EXAFS function (Figures 6c and 6d).


For a better quantification of the halogen abstraction,
systems 5 and 7 were investigated by EXAFS spectroscopy at
the Br K-edge. The EXAFS functions together with their
Fourier-transformations are shown in Figures 7a and 7b. The
structural parameters prove the results of the EXAFS spectra


at the Mn K-edge. The decrease
of the manganese signal is clear-
ly visible in the EXAFS func-
tion as well as in the FT spectra.
In the Mn K-edge spectra of
system 6 and 7 a new coordina-
tion shell of oxygen backscat-
terer was observed at 2.25 ä
with a coordination number of
�2. These oxygen atoms obvi-
ously belong to the 4-PPNO,
thus the manganese central
atom is hexacoordinate in these
systems. The observation that
two 4-PPNO molecules are ax-
ially coordinated to the manga-
nese central atom, while the
halogen atom is abstracted
from the complex, is supported
by the XANES investigations,
from which a formal oxidation
state of approximately � �� for
the manganese atoms in sys-
tems 6 and 7 can be deduced.
Furthermore, a recently pub-
lished EPR study of Campbell
et al. also supports our re-
sults.[30] From the comparison
of the parallel mode EPR spec-
tra of a dichloromethane solu-
tion of 1 with the dichlorome-
thane solutions of 1 after addi-
tion of either 4-PPNO or NMO,
they found indications for the
axial coordination of two
4-PPNO (NMO) molecules to
the manganese(���) complex,
which leads to an octahedral
geometry around the manga-
nese center. The observed
Mn�O4-PPNO distance of 2.25 ä
also corresponds to a Cr�OPNO


distance of 2.18 ä found by
Kochi and co-workers in a
[(salen)CrV(oxo)(PNO)] com-
plex.[22]


Table 4 shows the structural
parameters, determined by Mn


K-edge EXAFS, of the oxidized manganese systems. In all
oxidized systems the halide of complexes 1 or 2 does not
continue to contribute to the EXAFS function. Thus, it can be
concluded that the addition of one equivalent of MCPBA
leads to the complete abstraction of the halide from the
complex. Figures 8a and 8b show a comparison of the
EXAFS and FT-EXAFS spectra of the acetonitrile solutions
of complex 2 with and without addition of 4-PPNO, respec-
tively, after oxidation with one equivalent of MCPBA. Clearly
visible in the FT spectra is the absence of the bromine
backscatterer at �2.5 ä in both systems. In the oxidized


Figure 5. a,b) Experimental (solid line) and calculated (dotted line) k3�(k) functions (a) and their Fourier
transforms (b) of solid [(salen)MnIIICl] (1) (Mn K-edge). c,d) Experimental (solid line) and calculated (dotted
line) k3�(k) functions (c) and their Fourier transforms (d), of solid [(salen)MnVN] (3) (Mn K-edge).


Table 3. Structural parameters of the MnIII complexes with addition of 4-PPNO determined from the Mn K-edge
and Br K-edge EXAFS spectra.[a]


A ±Bs r [ä] N � [ä] �E0 [eV] k-range [ä�1]
fit index


4 : 1�1 equiv of 4-PPNO Mn�O/N 1.91� 0.02 4.0� 0.4 0.081� 0.008 20.8 3.14 ± 14.50
solid-state EXAFS Mn�Cl 2.43� 0.02 0.5� 0.1 0.074� 0.011 30.9


Mn�C 2.88� 0.03 3.8� 1.0 0.055� 0.015


6 : 1 � 2 equiv of 4-PPNO Mn�O/N 1.90� 0.02 4.0� 0.4 0.087� 0.009 23.4 3.62 ± 12.50
solid-state EXAFS Mn�O 2.25� 0.02 1.8� 0.3 0.097� 0.015 25.2


Mn�C 2.89� 0.03 3.7� 1.1 0.059� 0.017


5 : 2 � 1 equiv of 4-PPNO Mn�O/N 1.89� 0.02 4.1� 0.4 0.081� 0.008 20.5 3.29 ± 14.00
solid-state EXAFS Mn�Br 2.56� 0.03 0.4� 0.2 0.081� 0.012 27.0


Mn�C 2.91� 0.03 4.4� 1.3 0.059� 0.017
Br�Mn 2.53� 0.03 0.3� 0.1 0.071� 0.007 25.2 4.20 ± 10.20


49.3


7 : 2 � 2 equiv of 4-PPNO Mn�O/N 1.89� 0.02 4.1� 0.4 0.084� 0.008 25.0 3.41 ± 12.50
solid-state EXAFS Mn�O 2.25� 0.02 1.6� 0.2 0.092� 0.012 25.7


Mn�C 2.89� 0.03 3.8� 1.3 0.063� 0.021
Br�Mn ± ± ± ± 4.20 ± 10.20


[a] Absorber (A) - backscatterer (Bs) distance r, coordination number N, Debye ±Waller factor � with their
calculated deviation, shift of the energy threshold �E0 .
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system without the presence of 4-PPNO an increase in the
coordination number of the first coordination shell from 4.1 to
4.8 was observed. The average length of the shell, however,
shows no significant changes (1.90 ä in complex 1 and 1.89 ä
in the oxidized sample). A short bonded backscatterer in the
range of 1.5 ± 1.6 ä, typical for a MnV�O bond, or manganese
backscatterer at �2.7 ± 2.8 ä, typical for dimeric MnIV


species,[19] is not observed. Bortolini et al. reported in an
[(TMP)MnIIICl] complex, oxidized with aqueous NaOCl
solution, an additional oxygen backscatterer at 1.84 ä and
related this oxygen atom to a coordinated OCl�.[14]


This observation is in very good agreement with our result,
as a calculated average distance of all five backscatterers (four
of the salen ligand at 1.90 ä and one of the oxidant at 1.84 ä)
would lead to a value of 1.89 ä, which is exactly the value
determined by our EXAFS study. An oxygen backscatterer at


1.8 ± 1.9 ä would also explain
the Raman signal found at
599 cm�1 in the same system,
which is typical for an Mn�O
single bond. In the study of
Bortolini et al. an additional
backscatterer at 2.30 ä, as-
signed to a H2O molecule, is
discussed.[14] Their EXAFS re-
sults, however, did not prove
the existence of this backscat-
terer, thus pentacoordination at
the manganese central atom is
most likely. A fivefold coordi-
nation is also more probable as
the additional backscatterer has
a relatively short distance
(�1.8 ± 1.9 ä). In an octahedral
coordination the distance is ex-
pected to be longer.[29] For ex-
ample, for an octrahedral
[(DPPF20)MnIV(O3)2] complex,
two Mn�Oozone bond lengths of
2.09 ä have been found. This
result, together with our
XANES results, leads to the
conclusion that a MCPBA mol-


ecule is coordinated with a Mn�O single bond to the
manganese central atom, which is in the oxidation state � ��.


The EXAFS result of the oxidized solution of 2 in the
presence of one equivalent of 4-PPNO does not reveal the
presence of additional backscatterers. Neither bromide nor an
oxygen atom of 4-PPNO is detectable. The absence of any
additional backscatterer might be the result of a faster
decomposition of the oxidized complex in this system, as
mentioned in the XANES study.


Our EXAFS investigations on oxidized acetonitrile solu-
tions of complex 1 (Table 4), are in complete agreement with
the results found for the oxidized solutions of complex 2.


To examine the stability of the oxidized complex 2, the dark
green, amorphous solid, which was isolated from the acetoni-
trile solution of 2 oxidized with two equivalents of MCPBA,
was investigated by EXAFS. A comparison of the EXAFS


Figure 6. a,b) Comparison of the experimental k3�(k) functions (a) and their Fourier transforms (b) of solid
[(salen)MnIIIBr]] (2) (solid line), isolated solid product 5 of [(salen)MnIIIBr]� 1 equiv of 4-PPNO (dotted line)
(Mn K-edge). c,d) Experimental (solid line) and calculated (dotted line) k3�(k) functions (c) and their Fourier
transforms (d) of the isolated solid product 7 of [(salen)MnIIIBr]� 2 equiv of 4-PPNO (Mn K-edge).


Figure 7. Comparison of the experimental k3�(k) functions (a) and their Fourier transforms (b) of solid [(salen)MnIIIBr]] (1) (solid line), isolated solid
product 5 of [(salen)MnIIIBr]� 1 equiv of 4-PPNO (dashed line), and isolated solid product 7 of [(salen)MnIIIBr]� 2 equiv of 4-PPNO (dotted line) (Br
K-edge).
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and FT-EXAFS spectra of this
product and pure complex 2 can
be seen in Figures 8c and 8d.
The structural parameters,
found for this complex, are in
very good agreement with those
determined from the solution.
Thus the complex seems to be
quite stable under the condition
at which the complex was pro-
duced (concentrated solution
and addition of 2 equivalents
of MCPBA), and no hexacoor-
dination of the metal center was
found. This result is in very
good agreement with the EPR
studies and mass spectral anal-
ysis of Adam et al. on a dark
green solid complex,[3a] isolated
from a solution of 1� 5 equiv of
NaOCl or PhIO in CH2Cl2.
They determined the complex
to be a monomeric paramag-
netic (radical) manganese(��)
complex, in which an OCl or
OH ligand (formed by Cl or H
abstraction from CH2Cl2) was


Figure 8. a,b) Comparison of the experimental k3�(k) functions (a) and their Fourier transforms (b) of
[(salen)MnIIIBr]] (2)�MCPBA in acetonitrile (solid line, 9), [(salen)MnIIIBr] (2)� 1 equiv of 4-PPNO �
MCPBA in acetonitrile (dotted line, 11) (Mn K-edge). c,d) Comparison of the experimental k3�(k) functions (c)
and their Fourier transforms (d) of solid [(salen)MnIIIBr] (solid line, 2) and solid [(salen)MnIIIBr], oxidized with
MCPBA in acetonitrile (dotted line) (Mn K-edge).


Table 4. Structural parameters of the oxidized MnIII complexes with and without addition of 4-PPNO determined from the Mn K-edge EXAFS spectrum.[a]


A ±Bs r [ä] N � [ä] �E0 [eV] k-range [ä�1]
fit index


1 � 1 equiv of MCPBA in Mn�O/N 1.89� 0.02 4.6� 0.5 0.084� 0.008 22.3 3.54 ± 12.0
acetonitrile (8), Mn�C 2.87� 0.03 4.0� 1.3 0.089� 0.020 27.8
liquid-state EXAFS


1 � 1 equiv of 4-PPNO � Mn�O/N 1.89� 0.02 4.0� 0.4 0.089� 0.008 20.2 3.43 ± 12.7
1 equiv of MCPBA in Mn-C 2.88� 0.03 4.6� 1.3 0.087� 0.020 22.4
acetonitrile (10),
liquid-state EXAFS


2 � 1 equiv of MCPBA in Mn�O/N 1.89� 0.02 4.8� 0.5 0.083� 0.008 22.6 3.50 ± 13.50
acetonitrile (9), Mn-C 2.90� 0.03 4.5� 1.3 0.067� 0.020 23.2
liquid-state EXAFS


solid product of Mn�O/N 1.89� 0.02 4.7� 0.5 0.081� 0.008 24.2 3.09 ± 14.00
2 oxidized with 2 equiv of Mn�C 2.89� 0.03 4.3� 1.0 0.063� 0.020 19.1
MCPBA in acetonitrile,
Solid-state EXAFS


2 � 1 equiv of PPNO Mn�O/N 1.89� 0.02 3.9� 0.4 0.084� 0.008 21.5 3.50 ± 12.90
� 1 equiv of MCPBA in Mn�C 2.90� 0.03 3.6� 1.3 0.067� 0.020 27.6
acetonitrile (11),
liquid-state EXAFS


solid product of Mn�O/N 1.89� 0.02 3.9� 0.4 0.081� 0.008 22.1 3.10 ± 12.00
2 � 2 equiv of 4-PPNO Mn�C 2.88� 0.03 4.0� 1.0 0.063� 0.020 23.5
oxidized with 1 equiv of
MCPBA in acetonitrile,
solid-state EXAFS


[(DPPF20)MnIIIBr][b] � Mn�Nporph 4 2.00
O3, Mn�Oozone 2 2.09
EXAFS[29] Mn�Oozone 2 2.49


[(TMP)MnIIICl][c], Mn�O 1 1.84
EXAFS[14] Mn�Nporph 4 1.98


Mn�OSolv? 1 2.30


[a] Absorber (A) ± backscatterer (Bs) distance r, coordination numberN, Debye ±Waller factor �with their calculated deviation, shift of the energy threshold
�E0. [b] DPP: dodecaphenyl-porphorinato manganeseIII bromide. [c] TMP: tetramesitylporphorin.
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coordinated to the manganese central atom. They also found a
neutral MnIV�O complex as a decomposition product of the
latter MnIV complexes.


Conclusion


The coordination behavior of MnIII complexes upon addition
of potential co-ligands, such as 4-PPNO, was determined by
EXAFS and XANES studies. Such additives are usually used
in salen-catalyzed epoxidations of olefins to improve epox-
idation yields and enantioselectivity (stabilization of the
putative oxomanganese(�) species). From the Mn K-edge
and Br K-edge EXAFS spectra of the solid products of the
complexes 1 and 2 with one and two equivalents of 4-PPNO,
we deduced the abstraction of the halide from the manganese
center with simultaneous addition of 4-PPNO. The structural
parameters of the product of the reaction of 1 and 2 with two
equivalents of 4-PPNO, obtained from the Mn K-edge
EXAFS spectra, are consistent with an octahedral coordina-
tion around the manganese atoms (Scheme 2). The
Mn�O4-PPNO distance was found to be 2.25 ä. From the
energy shift of the 1s� 3d pre-peak in the X-ray absorption


spectra, the increase of the oxidation state from MnIII to MnIV


is most likely accompanied by a change of the coordination
from distorted tetragonal pyramidal to octahedral. These
observations are in good agreement with related studies
described in the literature.[30]


In the UV/Vis spectra of oxidized 1 and 2 (upon treatment
of their solutions with MCPBA) a new broad band between
600 ± 700 nm, depending on the solvent used, was observed. In
the literature such absorption bands are interpreted as typical
for dimeric MnIV or MnIV cation radical complexes. In very
diluted samples, and in the
presence of a 20-fold excess of
oxidant, this green intermedi-
ate was found to be quite un-
stable, as indicated by the color
change from green to brown
and as revealed in the UV/Vis
spectra by the disappearance of
the new absorption band with
time. In acetonitrile it was pos-


sible to monitor the reaction kinetically with UV/Vis spectros-
copy. The decay reaction shows a rate law of first order with
the rate constant k1� 2.89� 10�3 s�1. However, time-depend-
ent XANES investigations show that in very high concen-
trated solutions and upon addition of only one or two
equivalents of MCPBA, the stability of the green complex
increases significantly (stability of the green solution �2 h).
In the EXAFS spectra of the oxidized systems of the pure
salen complexes 1 and 2 an additional oxygen backscatterer at
�1.9 ä was observed. Such a distance is typical for a Mn�O
single bond and was also reported for a high-valent manga-
nese(��) porphorinato complex.[14] The observation of a
Mn�O single bond is supported by the Raman Mn�O
stretching signal found in these systems at 599 cm�1. An
additional backscatterer, which produces a hexacoordination
of the metal, was not found. From the energetic position of the
1s ± 3d pre-peak in the oxidized systems one can conclude an
oxidation state of the manganese atoms of � �� rather than of
��. The hypothesis that the oxidized green complex has a �-
oxo dimeric structure is wrong because no manganese back-
scatterers, typically found at distances of 2.6 ± 2.7 ä,[19] were
observed. This result is also consistent with the Raman
investigations, in which no significant additional signals from a


Mn�O�Mn stretching band at
�810 cm�1 were observa-
ble.[7, 21] Furthermore, the pres-
ence of an oxomanganese(�)
complex can be ruled out for
the following three reasons:
1) no short MnV�OOxo distance
was found in the range of 1.5 ±
1.6 ä in the EXAFS spectra,
2) the typically very high and
shifted 1s ± 3d pre-peak, known
from the nitridomanganese(�)
reference complex 3, is absent
in the oxidized systems, and
3) no MnV�O Raman signal in
the range of 900 ± 1000 cm�1


was detected. A structural proposal for the green complex,
formed by the reaction of 1 and 2 with MCPBA, is shown in
Scheme 3.


From those results we conclude the formation of a MnIV


intermediate complex, in which an MCPBA molecule is
associated with an Mn�O single bond to the manganese
central atom. A radical cationic structure of this complex
(explaining its high reactivity) can be assumed from the
observed UV/Vis band at 640 nm. The product of the decay of
the greenMnIV complex in CH2Cl2 might be a neutral MnIV�O


Scheme 2. Reactions of 1 and 2 with two equivalents of 4-PPNO in CH3CN or CH2Cl2.


Scheme 3. Proposed reaction of 1 and 2 with one equivalent of MCPBA in CH3CN.
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species, as proposed by Adam et al.,[3a] which would also
explain the Raman signal at 725 cm�1, observed in the solution
of 1 in CH2Cl2 oxidized with MCPBA.


Experimental Section


Materials : [(salen)MnIII] complex 1, MCPBA, and 4-PPNOwere purchased
from Sigma-Aldrich Co. and used as received. Acetonitrile, toluene, and
dichloromethane were spectroscopic grade (Sigma-Aldrich Co.).


Preparation of [(salen)MnIIIBr] (2): Bromo-(S,S)-(�)-N,N�-bis(3,5-di-tert-
butylsalicylidene)-1,2-cyclohexanediaminomanganese(���) (2) was synthe-
sized in an analogous manner to the method reported by Boucher and
Farrel.[31] The product was obtained as a brown solid (2.0 g, 95%);Rf� 0.29
(dichloromethane:ethanol, 20:1); m.p. �320 �C; [�]20D ��1285 (c� 0.0184
in chloroform); IR (KBr): 	
568, 839, 1175, 1252, 1534, 1608, 2866, 2866,
2953, 3444 cm�1; MS (70 eV, EI): m/z (%): 681.3 (0.3), 679.2 (0.3) [M]� ,
608.3 (5), 607.3 (4), 599.3 (4), 593.3 (4), 547.4 (27), 546.4 (74), 314.2 (24),
313.2 (100), 298.2 (16), 273.3 (5), 259.0 (6), 258.2 (29), 244.2 (6), 234.2 (6),
218.2 (9), 81.2 (4), 57.2 (18), 55.2 (5); elemental analysis calcd (%) for
C36H52BrMnN2O2 (679.7): C 63.62, H 7.71, N 4.12; found: C 63.51, H 7.80, N
4.01.


Preparation of [(salen)MnVN] (3): Nitrido-(S,S)-(�)-N,N�-bis(3,5-di-tert-
butylsalicylidene)-1,2-cyclohexanediaminomanganese(���) (3) was synthe-
sized according to the method reported by Jespen et al.[24] The product was
obtained as a dark green solid (1.47 g, 65%); Rf� 1 (dichloromethane);
m.p.� 205 �C (decomp); [�]20D ��600 (c� 0.000284, CH2Cl2); 1H NMR
(300 MHz, CDCl3, TMS): �� 1.18 (s, 2H; CH2), 1.21 (s, 9H; CH3), 1.21 (s,
9H; CH3), 1.33 (s, 2H; CH2), 1.37 (s, 9H; CH3), 1.42 (s, 9H; CH3), 1.94 (d,
3J(H,H)� 6.3 Hz, 2H; CH2), 2.85 (d, 3J(H,H)� 11.2 Hz, 1H; CH2), 2.60
(br s, 1H; CH2), 2.93 (t, 3J(H,H)� 11.2 Hz, 1H; CH), 3.36 (t, 3J(H,H)�
9.9 Hz, 1H; CH), 7.36 (s, 1H; CHar.) 7.37 (s, 1H; CHar.), 7.39 (s, 1H; CHar.),
7.40 (s, 1H; CHar.), 7.85 (s, 1H; NCH), 7.91 ppm (s, 1H; NCH); 13C NMR
(CDCl3, TMS): �� 24.50 (CH2), 24.92 (CH2), 28.79 (CH2), 29.22 (CH2),
30.10 (CH2), 31.72 (CH3), 31.71 (CH3), 34.28 (CH2), 34.29 (CH2), 36.17
(CH2), 36.22 (CH2), 71.79 (CH), 73.63 (CH), 118.49 (Car.), 120.69 (Car.),
127.66 (Car.), 128.10 (Car.), 130.79 (Car.), 131.11 (Car.), 137.37 (Car.), 137.56
(Car.), 140.74 (Car.), 140.83 (Car.), 162.05 (CN), 162.71 (CN), 165.18 (Car.),
167.80 ppm (Car.) ; IR (KBr): 466, 480, 506, 1100, 1686, 1702, 1720, 1737,
1808, 2342, 2371, 3904, 3840, 3871, 3889, 3904 cm�1; MS (70eV, EI): m/z
(%): 613.3 (16) [M]� , 546.8 (93), 313.2 (100), 258.0 (43); elemental analysis
calcd (%) for C36H52MnN3O2 (613.7): C 70.45, H 8.54, N 6.85; found: C
70.45, H 8.50, N 6.64.


Preparation of [(salen)MnIIICl]/[(salen)MnIIIBr]� 4-PPNO complexes (4,
5); molar ratio of Mn complex:4-PPNO� 1:1: Complexes 1/2 (400 mg)
were dissolved in 100 mL of CH2Cl2 and an equimolar amount of 4-PPNO
was added. The solution was stirred for 2 hr. After evaporation of the
solvent and drying of the residue under vacuum a dark brown amorphous
solid (4 from 1 and 5 from 2) was obtained.


Preparation of [(salen)MnIIICl]/[(salen)MnIIIBr]� 4-PPNO complexes (6,
7); molar ratio of Mn complex:4-PPNO� 1:2 : Complexes 1/2 (400 mg)
were dissolved in CH2Cl2 (100 mL) and two equivalents of 4-PPNO were
added. The solution was stirred for 2 h. After evaporation of the solvent
and drying of the residue under vacuum, a dark brown amorphous solid (6
from 1 and 7 from 2) was obtained.


Preparation of oxidized [(salen)MnIIICl]/[(salen)MnIIIBr] samples (8, 9)
for the EXAFS measurements : Complexes 1/2 (400 mg) were suspended in
CH3CN (4 mL) and an equimolar amount of MCPBA was added.
Immediately after the addition of the oxidant the solution became clear.
This dark green solution (containing 8 from 1 and 9 from 2) was shaken
vigorously for 2 min and filled into the EXAFS sample cell for liquids.


Preparation of oxidized [(salen)MnIIICl]/[(salen)MnIIIBr]� 4-PPNO sam-
ples (10, 11) for the EXAFS measurements : Complexes 4/5 (400 mg) were
suspended in CH3CN (4 mL) and an equimolar amount of MCPBA was
added. Immediately after the addition of the oxidant the solution became
clear. This dark green solution (containing 10 from 1 and 11 from 2) was
shaken vigorously for 2 min and filled into the EXAFS sample cell for
liquids.


UV/Vis measurements : Electronic spectra were recorded on a Hewlett
Packard HP8452 diode-array spectrometer under ambient conditions
(25 �C) in the wavelength range 190 ± 800 nm with a spectral resolution of
2 nm. For the kinetic studies, solutions of 1 and 2 in CH3CN and CH2Cl2
with concentrations of �0.3m� were prepared and filled into 1 cm quartz
cuvettes. The oxidant MCPBA was added in a 20-fold excess (6m�), and
the spectra were recorded every 10 s.


IR and Raman measurements : The measurements of the IR spectra were
performed on a Bruker IFS 66v/S FTIR spectrometer with a DLATGS
detector and a spectral resolution of 2 cm�1. The samples were prepared as
KBr pellets and measured under ambient conditions (512 scans). Raman
spectra were recorded on a Bruker RFS 100/S Fourier Transform (FT)
Raman with an air-cooled near infrared (NIR) Nd:YAG laser with a
wavelength of 1064 nm and a power of 25 mW for the dark samples, such as
1 and 2, and 150 mW for the weakly colored samples, for example 3,
4-PPNO and the pure salen. The scattered light was collected with a high-
sensitivity Ge diode (cooled with liquid nitrogen). For an average
measurement, 400 scans were accumulated (spectral resolution 4 cm�1).
For the measurements on liquids a special Raman quartz cell was used.


XANES and EXAFS measurements : The XANES and EXAFS measure-
ments were performed at the beamlines E4 and X1.1 (R÷MO II) at the
Hamburger Synchrotronstrahlungslabor of the Deutschen Elektronen-
Synchrotrons (HASYLAB at DESY, Hamburg, Germany) under ambient
conditions at 25 �C. The synchrotron beam current was between 80 ±
100 mA (positron energy 4.45 GeV). For the measurements at the Mn
K-edge (6539.0 eV) a Si(111) double crystal monochromator was used at
beamline E4. For the measurements at the Br K-edge a Si(311) double
crystal monochromator was used at beamline X1.1. The tilt of the second
monochromator crystal was set to 30% harmonic rejection. Energy
resolution was estimated to be about 1.0 eV for the Mn K-edge and
4.0 eV for the Br K-edge. The spectra were collected in transmission mode
with ion chambers. All ion chambers were filled with nitrogen in the case of
the measurements at the Mn K-edge. The second and third ion chamber
was filled with argon in the case of the measurements at the Br K-edge.
Energy calibrations were performed with the corresponding metal foil in
the case of manganese and with lead foil (Pb LIII-edge) in the case of
bromine. To avoid mistakes in the Mn XANES spectra comparison due to
small variations in the energy calibration between two measurements, all
spectra were corrected to the theoretical edge energy of manganese foil,
which was measured during each scan. The samples in the solid state were
embedded in a polyethylene matrix and pressed into pellets. Liquid
samples were measured in a specially designed transmission sample cell for
liquids. The concentration of the solid samples was adjusted to yield an
absorption jump of ��d� 1.5.


Data evaluation started with background absorption removal from the
experimental absorption spectrum by subtraction of a Victoreen-type
polynomial. The background-subtracted spectrum was then convoluted
with a series of increasingly broader Gauss functions and the common
intersection point of the convoluted spectra was taken as energy E0.[32, 33] To
determine the smooth part of the spectrum, corrected for pre-edge
absorption, a piecewise polynomial was used. It was adjusted in such a
way that the low-R components of the resulting Fourier transform were
minimal. After division of the background-subtracted spectrum by its
smooth part, the photon energy was converted to photoelectron wave
numbers k. The resulting EXAFS function was weighted with k3. Data
analysis in k space was performed according to the curved wave multiple
scattering formalism of the program EXCURV92 with XALPHA phase
and amplitude functions.[34] The mean free path of the scattered electrons
was calculated from the imaginary part of the potential (VPI was set to
�4.00) and an overall energy shift (�E0) was assumed. The amplitude
reduction factor (AFAC) was set to a value of 0.8 in the case of the Mn
K-edge as well as the Br K-edge.
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Electronic and Steric Substituent Influences on the Conformational Equilibria
of Cyclohexyl Esters: The Anomeric Effect Is Not Anomalous!


Erich Kleinpeter,*[a] Ferdinando Taddei,*[b] and Philipp Wacker[a]


Abstract: The cyclohexyl esters of a
series of carboxylic acids, RCO2H, span-
ning a range of electronegativities and
quotients of steric hindrance for the R
substituent (R�Me, Et, iPr, tBu, CF3,
CH2Cl, CHCl2, CCl3, CH2Br, CHBr2,
and CBr3) were prepared. Their confor-
mational equilibria in CD2Cl2 were ex-
amined by low-temperature 1H NMR
spectroscopy to study the axial or equa-
torial orientation of the ester function-
ality with respect to the adopted chair
conformation of the cyclohexane ring.
The ab initio and DFT geometry-opti-
mized structures and relative free ener-
gies of the axial and equatorial con-
formers were also calculated at the HF/
6-311G**, MP2/6-311G**, and B3LYP/
6-31G** levels of theory, both in the gas


phase and in solution. In the latter case,
a self-consistent isodensity polarized
continuum model was employed. Only
by including electron correlation in the
modeling calculations for the solvated
molecules was it possible to obtain a
reasonable correlation between �G�calcd
and �G�exp. Both the structures and the
free energy differences of the axial and
equatorial conformers were evaluated
with respect to the factors normally
influencing conformational preference,
namely, 1,3-diaxial steric interactions in


the axial conformer and hyperconjuga-
tion. It was assessed that hypercon-
jugative interactions, �C�C/�C�H and
�*C�O, together with a steric effect–the
destabilization of the equatorial con-
former with increasing bulk of the R
group–were the determinant factors for
the position of the conformational equi-
libria. Thus, because hyperconjugation is
held responsible as the mitigating factor
for the anomeric effect in 2-substituted,
six-membered saturated heterocyclic
rings, and since it is also similarly
responsible, at least partly, in these
monosubstituted cyclohexanes for a
preferential shift towards the axial con-
former, the question is therefore raised:
can the anomeric effect really be con-
strued as anomalous?


Keywords: ab initio calculations ¥
conformation analysis ¥ cyclohex-
anes ¥ hyperconjugation ¥ NMR
spectroscopy


Introduction


It is generally accepted that the chair ± chair conformational
equilibrium of monosubstituted cyclohexanes with respect to
the axial or equatorial disposition of the substituent (the A
value) is primarily determined by the steric interactions
between the axial substituent and the axial protons in the 3-
and 5-positions.[1] In the case of oxygen as the first atom of the
axial substituent, that is �OR, this amounts to steric
interactions with the oxygen lone pairs.[2] An R group with
electron-withdrawing properties leads to an increase in the
population of the axial conformer, which is consistent with a
decreased electron density on the oxygen atom and conse-


quently a reduction in the nonbonded repulsions with the syn-
axial hydrogen atoms in the axial conformation.[2] The
presence of this repulsion, reflecting steric strain within the
cyclohexane ring, is supported by the results of a survey of
appropriate X-ray structures in the Cambridge Structural
Data Base based on inclination angles (� C3, C5, C1-OR)
greater than 90�.[3] Seemingly enigmatically, the tendency of
polar substituents, such as �OR, at the C2 position of
tetrahydropyrans to occupy the axial position has been
termed the anomeric effect.[4] The hyperconjugative origin
of the anomeric effect has been recently stressed[5] and
quantitatively modeled on the basis of ab initio calculations
and the natural bond orbital (NBO) method.[6] The origin of
this phenomenon is considered to be unfavorable dipole ±
dipole (electrostatic) interactions[7] that destabilize the equa-
torial conformer and the favorable hyperconjugation between
the ring-oxygen lone-pair electrons and the antibonding
C-OR orbital (nO� �*C�H) stabilizing the axial conformer.[4]


However, although the steric 1,3-diaxial interactions that
destabilize the axial conformer are still present, it is not a
simple matter to separate them from the electronic substitu-
ent effect. The original concept of the anomeric effect has also
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been extended[8] to various oth-
er substituents and six-mem-
bered saturated heterocycles.
To take into account the differ-
ent steric requirements of vari-
ous substituents in different
heterocycles in comparison to
cyclohexane (and thereby char-
acterize the anomeric effect as
the difference of the A value of
a certain substituent in mono-
substituted cyclohexane and in
the 2-position of a heterocycle),
empirical correlation factors �


for each particular heterocycle
were introduced.[9, 10]


Previously,[11±13] we studied the influence of increasing the
polarity of substituents on the conformational equilibria of
cyclohexyl esters of acetic acid analogues with respect to the
chair conformation of the cyclohexane ring (i.e., the ring
substituents are�O2CR) and assessed the observed increasing
preference of the axial conformer with an increase in the
polarity of the �O2CR substituent within the context of
Bushweller×s steric interaction model.[2] Other reports have
corroborated[14, 15] our finding[11±13] that increasing electron
withdrawal by the substituent in monosubstituted cyclohex-
anes leads to an increase in the amount of the axial con-
former; however, Kirby and Williams ascertained[15] from
simultaneous bond length variations that �C�H(axial)� �*C�OAr
hyperconjugation is the factor responsible for this observa-
tion.
In fact, workers have long been aware of the presence of


hyperconjugation in substituted cyclohexanes ever since the
elaboration of the Perlin effect[16] (where 1J(C,Hax)�
1J(C,Heq) in cyclohexane) and which has been corroborated
by a natural bond orbital population (NBO) analysis based on
high-level ab initio MO calculations on cyclohexanol deriv-
atives.[17] Moreover, there was no evidence for 1,3-diaxial
interactions between the axial�OR substituent and the axial
protons in positions 3 and 5 as being a determinant factor for
the equilibrium position.[17] The same result was obtained by
Wiberg et al.[18] in a study of the conformational equilibria of
monoalkyl-substituted cyclohexanes of varying steric bulk,
and also employing high-level ab initio MO calculations. In
both cases, the agreement between calculated and experi-
mental �G� values was found to be excellent.[17, 18] The isotope
effects of 1H versus 2D and 12C versus 13C were also in
complete agreement.[19, 20]


Because this divergence in pinpointing the underlying cause
for the equilibrium preference and the understanding of the
substituent/cyclohexane ring interaction dependency on the
substituent polarity is not yet fully understood,[21] we synthe-
sized a variety of cyclohexyl esters (1 ± 11, Scheme 1) to study
and scrutinize the long-held belief that steric interactions in
the axial conformer prevailed in determining the position of
the conformational equilibrium (Scheme 1). The study con-
sisted of an experimental component, whereby the conforma-
tional equilibria were studied by low-temperature NMR
spectroscopy, and a theoretical component. The structures


of the axial and equatorial conformers were calculated by
both ab initio HF (at the HF/6-311G** and MP2/6-311G**
levels of theory) and DFT calculations (at the B3LYP/6-
31G** level of theory), both in the gas phase and in solution,
and determined their free energy differences, �G�. In
addition, NBO analysis at this level of theory was also used
to understand the interaction mechanism. Initial results,[22]


obtained for the cyclohexanol esters with R�CH3, CF3, and
CCl3 were encouraging as calculations correctly provided the
sequence order, but not the amount, of the corresponding A
values. This prompted the current expanded study.


Results and Discussion


Experimental studies : The esters 1 ± 11 were prepared simply
and efficiently by admixture of equimolar quantities of
cyclohexanol and the corresponding carboxylic acid in
toluene or chloroform (depending on the boiling points of
the product esters) with the removal of any accumulated
water by azeotropic distillation. Final distillation provided the
esters 1 ± 11 in reasonable purity, confirmed by 1H and
13C NMR spectroscopy and mass spectral analysis.
For the determination of the equilibrium constants K


(Scheme 1), the 1H and the 13C NMR spectra of the esters
were recorded in CD2Cl2 at low temperatures on Bruker
NMR instruments (Avance 300 and 500); two sets of signals,
one for each of the axial and equatorial conformers, were
obtained and the set of cyclohexane carbon atoms that lay
upfield were assigned to the axial conformers in each case on
account of the steric compression effects they experience.[23]


The equilibrium constants (K� [1eq]/[1ax], etc.) of the con-
formational equilibria were evaluated by careful integration
of the well-separated H1 signals in each case at 193 and 203 K
(except in the case 5 (R�CF3) where measurements were
made at 183 and 193 K). These constants subsequently
provided the free energy differences (�G���RT lnK). The
13C chemical shifts of the two conformers for 1 ± 11 are
presented in Table 1. For the 1H NMR spectra, only the
chemical shifts of H1 and the protons of the R substituent
(H10) are given because protons H2 ±H6 furnished subspec-
tra of higher order and severe overlap which, because of the
poor state of homogeneity at the lower temperatures, were
not amenable to simulation. The conformational energy


Scheme 1. Structure of the compounds 1 ± 11 and the conformational equilibrium examined.
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differences between the axial and equatorial conformers of
1 ± 11 are summarized in Table 2. These values differ appreci-
ably from those reported previously[11, 12] as they are depend-
ent both on the method used and the solvent employed.
However, the sequence order with respect to the polarity of
the R substituent remains intact.
The 1J(C,H) coupling constants were determined from


standard HMQC spectra (without proton decoupling).


Computational studies : Ab initio MO calculations were
performed with the GAUSSIAN98 program package.[24]


Different levels of theory were previously tested on three of
the compounds (1, 3, and 6) and a number of sulfur
analogues.[22] The results at the HF/6-311G**//HF/6-31G**,
and MP2/6-311G**//HF/6-311G** theoretical levels proved
to be the most reliable and were therefore used to calculate
the energies of the axial and equatorial conformers of 1 ± 11,


both in the gas phase and in solution. In addition, DFT
calculations at the B3LYP/6-31G** level of theory were also
performed. The Onsager reaction field theory was applied to
calculate the solvent effect by self-consistent reaction field
theory (SCRF). A self-consistent isodensity polarized con-
tinuum model (SCIPCM) was employed with the 6-311G**
basis set in a solvent with a dielectric constant �� 2.6. The
solvent effect was estimated with the routines of the
GAUSSIAN98 program package.[24]


By means of internal rotation about the C1�O7 and O7�C8
bonds (rotation about the C8�C10 bond was not taken into
consideration), a number of nondegenerate, but stable, con-
formers were assessed for each of the orientations of the ester
group. This set of conformers was whittled down to the stage
where only one conformer was found to be significant for each
of the equatorial and axial orientations (Scheme 2). For
example, for the equatorial conformation, a second con-


Scheme 2. Preferred rotamers about C1�O7 and O7�C8 bonds for the
axial and equatorial conformers of compounds 1 ± 11.


Table 1. Experimental 1H and 13C chemical shifts and 1J(C,H) coupling constants for compounds 1 ± 11 at 183 K (see Scheme 1 for structures and atom
numbering).


Compd. Conf. 13C� 1H� 1J(C1,H1) [Hz] 1J(C2,H2ax) [Hz] 1J(C2,H2eq) [Hz]
C1 C2/C6 C3/C5 C4 C8 C10 H1 H10


1 ax 69.2 28.9 20.0 24.9 170.5 21.2 4.98 2.10 151.2 n.a.[a] n.a.
eq 72.2 31.2 23.8 24.4 170.3 21.2 4.62 2.10 145.8 127.7 130.5


2 ax 68.9 28.9 20.0 24.8 173.8 28.9 4.98 2.31 150.4 n.a. n.a.
eq 72.4 31.1 23.8 24.4 173.5 28.9 4.63 2.31 146.7 127.5 129.9


3 ax 68.8 29.0 20.2 25.0 176.5 33.6 4.96 2.50 151.9 n.a. 129.7
eq 72.4 31.2 24.0 24.6 176.5 33.4 4.61 2.50 145.9 130.0 131.4


4 ax 68.7 29.1 20.3 25.1 177.5 38.4 4.88 ± 150.3 126.9 131.2
eq 72.3 31.2 24.1 24.7 177.5 38.0 4.51 ± 145.4 127.8 129.6


5 ax 75.5 28.6 19.7 24.5 158.8 113.9 5.29 ± 154.7 128.2 132.7
eq 78.3 30.6 23.8 24.1 156.2 113.9 4.91 ± 149.2 130.7 133.2


6 ax 71.9 28.9 20.0 24.8 166.5 41.8 4.99 4.15 151.3 n.a. n.a.
eq 75.1 31.1 23.9 24.3 166.3 41.8 4.62 4.10 147.0 128.0 131.1


7 ax 73.8 28.8 20.0 24.6 163.4 64.7 5.15 6.16 152.8 n.a. 132.5
eq 76.9 30.9 24.0 24.4 163.4 64.5 4.78 6.01 148.0 129.4 131.8


8 ax 76.2 28.7 20.0 24.8 160.6 89.8 5.21 ± 153.7 n.a. n.a.
eq 79.2 30.5 23.9 24.5 160.6 89.5 4.84 ± 148.8 130.0 131.8


9 ax 71.8 28.8 20.0 24.8 166.3 27.9 5.08 4.03 151.7 128.8 131.9
eq 75.1 31.0 23.9 24.3 166.1 27.9 4.72 3.99 148.7 128.8 131.6


10 ax 73.5 28.7 20.1 24.9 163.9 34.2 5.12 6.00 152.5 127.4 132.3
eq 76.7 30.7 23.9 24.4 163.9 34.0 4.76 5.92 148.0 129.5 131.1


11 ax 76.1 28.5 20.0 24.7 160.7 30.9 5.19 ± 153.0 126.2 128.4
eq 79.0 30.3 23.7 24.2 160.7 30.7 4.83 ± 148.1 130.4 132.5


[a] n.a.�Not available because the coupling pattern was too complex and because of an insufficient signal-to-noise ratio.


Table 2. Axial ± equatorial conformational equilibria (K� [eq]/[ax]) and
�G�exp (�G�exp��RT lnK) for compounds 1 ± 11.


Compd K193 ��G� K203 ��G�
[kcalmol�1] [kcalmol�1]


1 7.4704 0.771 6.7145 0.678
2 9.5275 0.864 7.9572 0.836
3 6.1489 0.696 5.9011 0.716
4 2.9079 0.409 2.6448 0.392
5 5.7954[a] 0.639 5.3600[b] 0.644
6 6.1818 0.698 5.6146 0.696
7 4.1900 0.549 3.8675 0.545
8 2.7106 0.384 2.6056 0.386
9 5.9925 0.686 5.2484 0.668


10 3.8176 0.513 3.4987 0.505
11 2.3456 0.327 2.1963 0.317


[a] At 183 K. [b] At 193 K.
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former, identified as a local minimum, was more than
3 kcalmol�1 higher in energy and was therefore not consid-
ered to contribute significantly to the population of the
equatorial form. The two conformers, axial and equatorial,
both adopted staggered orientations for the groups of C1 and
O7 with, in each case, a lone pair of electrons on the oxygen
atom orientated towards the cyclohexane ring (Scheme 2).[22]


In both cases, the ester group was found to be in the Z
configuration.[25]


The structural parameters of the molecular-relaxed geo-
metries of the two conformations of 1 ± 11 are summarized in
Tables 3 and 4; the theoretical free energies of activation,
�G�calcd , obtained by the different methods, both in the gas
phase and in solution, are reported in Table 5. The electron


Table 3. Selected geometrical parameters for compounds 1 ± 11 calculated at the B3LYP/6-31G** level of theory.


Bond lengths [ä][a] Angles [�]
Compd C1�C2 C1�C6 C1�O7 C2�C3 C5�C6 C2�H2eq C2�H2ax C6�H6eq C6�H6ax O7-C1-C4 �[b]


equatorial conformers
1 1.5301 1.5268 1.4544 1.5380 1.5377 1.0943 1.0983 1.0956 1.0980 147.56 157.660
2 1.5269 1.5302 1.4542 1.5377 1.5379 1.0956 1.0980 1.0943 1.0983 148.80 157.648
3 1.5301 1.5267 1.4542 1.5380 1.5379 1.0943 1.0984 1.0956 1.0980 148.86 157.699
4 1.5269 1.5300 1.4539 1.5376 1.5378 1.0957 1.0981 1.0943 1.0983 148.82 157.658
5 1.5284 1.5251 1.4658 1.5383 1.5380 1.0945 1.0977 1.0952 1.0976 148.60 157.464
6 1.5259 1.5293 1.4600 1.5378 1.5385 1.0952 1.0977 1.0945 1.0982 148.57 157.450
7 1.5286 1.5253 1.4640 1.5384 1.5383 1.0944 1.0977 1.0952 1.0974 148.51 157.391
8 1.5281 1.5249 1.4675 1.5385 1.5383 1.0944 1.0976 1.0951 1.0974 148.53 157.410
9 1.5260 1.5293 1.4588 1.5376 1.5380 1.0952 1.0979 1.0945 1.0981 148.75 157.593


10 1.5286 1.5254 1.4623 1.5383 1.5380 1.0944 1.0977 1.0952 1.0976 148.44 157.324
11 1.5283 1.5250 1.4653 1.5385 1.5380 1.0944 1.0975 1.0952 1.0974 148.43 157.323


axial conformers
1 1.5331 1.5294 1.4608 1.5362 1.5371 1.0943 1.0987 1.0956 1.0983 102.58 93.377
2 1.5330 1.5294 1.4611 1.5363 1.5370 1.0943 1.0987 1.0956 1.0983 102.54 93.326
3 1.5329 1.5296 1.4607 1.5364 1.5371 1.0943 1.0987 1.0956 1.0983 102.38 93.190
4 1.5293 1.5334 1.4610 1.5372 1.5361 1.0956 1.0984 1.0938 1.0987 103.14 93.894
5 1.5312 1.5277 1.4728 1.5362 1.5373 1.0946 1.0984 1.0953 1.0980 101.71 92.460
6 1.5285 1.5321 1.4677 1.5371 1.5364 1.0955 1.0982 1.0945 1.0986 102.43 93.125
7 1.5318 1.5277 1.4716 1.5363 1.5369 1.0944 1.0985 1.0952 1.0982 102.39 93.087
8 1.5307 1.5275 1.4753 1.5365 1.5368 1.0946 1.0985 1.0951 1.0981 102.59 93.236
9 1.5285 1.5326 1.4652 1.5377 1.5365 1.0956 1.0980 1.0942 1.0985 100.88 91.767


10 1.5319 1.5281 1.4684 1.5367 1.5377 1.0946 1.0984 1.0953 1.0980 100.84 91.669
11 1.5310 1.5275 1.4720 1.5367 1.5376 1.0945 1.0984 1.0952 1.0980 100.83 91.643


[a] No changes in the following bond lengths for 1 ± 11 : C1�H1, C3�H3ax, C3�H3eq, C5�H5ax, and C5�H5eq. [b] Angle between the axis of the bond C1�O7
and the plane defined by C3-C1-C5.


Table 4. Selected geometrical parameters (interatomic distances) for compounds 1 ± 11 calculated at the B3LYP/6-31G** level of theory.


Interatomic distances [ä]
O7�H2eq O7�H2ax O7�C2 O7�H6eq O7�H6ax O7�C6 O7�H3eq O7�H3ax O7�H5eq O7�H5ax O7�C1 O7�H1 O9�H2eq O9�H6eq C1�C10


equatorial conformers
1 2.638 2.584 2.394 2.719 2.634 2.449 4.556 4.125 4.606 4.160 1.454 2.070 4.269 2.801 3.720
2 2.638 2.585 2.395 2.719 2.635 2.449 4.557 4.125 4.606 4.159 1.454 2.070 4.271 2.799 3.726
3 2.719 2.636 2.449 2.638 2.586 2.395 4.607 4.159 4.557 4.125 1.454 2.068 2.793 4.271 3.735
4 2.640 2,587 2.395 2.716 2.633 2.447 4.557 4.126 4.605 4.158 1.454 2.068 4.263 2.790 3.752
5 2.721 2.631 2.450 2.643 2.585 2.399 4.605 4.164 4.559 4.133 1.466 2.073 2.847 4.297 3.735
6 2.637 2.582 2.395 2.722 2.632 2.450 4.556 4.129 4.606 4.161 1.460 2.071 4.279 2.821 3.741
7 2.721 2.629 2.449 2.641 2.582 2.397 4.604 4.163 4.557 4.131 1.464 2.072 2.826 4.294 3.752
8 2.722 2.631 2.450 2.642 2.583 2.398 4.605 4.164 4.558 4.131 1.468 2.074 2.818 4.266 3.756
9 2.637 2.584 2.396 2.720 2.634 2.449 4.557 4.127 4.605 4.161 1.459 2.070 4.269 2.835 3.726


10 2.720 2.627 2.448 2.638 2.580 2.395 4.603 4.162 4.555 4.129 1.462 2.072 2.820 4.293 3.741
11 2.722 2.627 2.449 2.638 2.581 2.396 4.604 4.163 4.556 4.129 1.465 2.073 2.824 4.284 3.746


axial conformers
1 2.678 3.378 2.451 2.588 3.334 2.394 4.016 2.746 3.962 2.699 1.461 2.068 2.768 4.273 3.726
2 2.677 3.378 2.450 2.590 3.335 2.394 4.014 2.743 3.962 2.699 1.461 2.069 2.765 4.274 3.733
3 2.677 3.377 2.449 2.591 3.335 2.394 4.012 2.741 3.959 2.693 1.461 2.069 2.773 4.270 3.741
4 2.584 3.333 2.394 2.680 3.380 2.456 3.970 2.712 4.029 2.766 1.461 2.067 4.304 2.683 3.758
5 2.680 3.377 2.448 2.594 3.337 2.396 3.997 2.718 3.956 2.692 1.473 2.073 2.801 4.312 3.740
6 2.588 3.334 2.394 2.679 3.378 2.452 3.959 2.695 4.016 2.748 1.468 2.071 4.282 2.789 3.754
7 2.682 3.379 2.454 2.585 3.335 2.395 4.019 2.754 3.957 2.693 1.472 2.071 2.775 4.305 3.758
8 2.676 3.378 2.452 2.588 3.337 2.398 4.019 2.756 3.966 2.707 1.475 2.072 2.822 4.290 3.763
9 2.593 3.332 2.388 2.689 3.376 2.447 3.937 2.665 3.983 2.694 1.465 2.073 4.342 2.718 3.729


10 2.681 3.374 2.443 2.592 3.333 2.390 3.980 2.692 3.939 2.668 1.468 2.074 2.781 4.317 3.743
11 2.687 3.377 2.447 2.587 3.332 2.388 3.985 2.699 3.936 2.664 1.472 2.074 2.752 4.325 3.750
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populations of the atoms and lone pairs of the axial and
equatorial conformers of the cyclohexane ring in compounds
1 ± 11 were obtained by NBO analysis[26] and refer to the
B3LYP/6-31G** molecular geometries. Both the hyperconju-
gative interactions of the C�H and C�C bonds of the
cyclohexane moiety with the antibonding orbital of the
C1�O7 bond and the electron population of the oxygen O7
lone pairs, which are both generally of interest with respect to
the effects dominating the conformational equilibria of 1 ± 11,
are presented in Table 6.


Relative energies of the equatorial and axial conformers : The
free-energy differences of the monosubstituted cyclohexanes
1 ± 11 exhibit a distinct trend: the more polar (� I effect) the R


group, the more preferred is the axial conformer (Table 2).
For example, with an increasing number of chlorine atoms the
differences in energy between the two conformers are: CH3


(�0.771 kcalmol�1))�CH2Cl (�0.699 kcalmol�1))�CHCl2
(�0.549 kcalmol�1))�CCl3 (�0.382 kcalmol�1)). Similarly
with an increasing number of bromine atoms, the population
of the axial conformer in the conformational equilibria
increases, with the larger bromine atoms not limiting a
greater shift towards the axial conformer. This result is in
complete agreement with previously obtained measure-
ments.[11±13] On the other hand, the effect of the alkyl
substituents is also noticeable; however, the differences
in �G� are not that remarkable: CH2CH3


(�0.865 kcalmol�1))�CH3 (�0.771 kcalmol�1))�CH(CH3)2
(�0.695 kcalmol�1))�C(CH3)3 (�0.409 kcalmol�1)).
Clearly, since polarity differences in the series 1 ± 4 can be


neglected, the increasing volume of the substituent also
increases the population of the axial conformer, or, to state it
alternatively, destabilizes the equatorial counterpart. This
latter result, in particular, does not bode well for the
interpretation of substituent influences on the cyclohexane
ring in terms of destabilizing steric 1,3-nonbonding interac-
tions.
The total energy of the preferred conformers of the


equatorial and axial conformers of compounds 1 ± 11 was
calculated with the 6-311G** basis set at the HF level of
theory; for the DFT calculations, the 6-31G** basis set was
used. The results, together with the free-energy differences,
�G�, for the two conformers of 1 ± 11 are presented in Table 5.
Correction for the solvent effect, calculated according to the
methods described in the Experimental Section, was applied
to HF and MP2 calculations (data sets C and D in Table 5).
The correlation between the experimental �G� values for


1 ± 11 with the theoretical values is only reasonable if the


Table 5. Comparison of experimental free energy differences, �G�exp, with
calculated[a] thermodynamic values, �G�calcd or �E�calcd , at various levels of
theory for compounds 1 ± 11.


�G�exp �G�calcd or �E�calcd[b, c] [kcalmol�1]
[kcalmol�1] A B C D E F


1 � 0.771 � 0.547 0.070 � 0.626 0.001 0.294 � 0.514
2 � 0.865 � 0.548 0.096 � 0.699 � 0.025 0.221 � 0.507
3 � 0.695 � 0.579 0.061 � 0.664 0.093 0.178 � 0.523
4 � 0.409 � 0.739 0.121 � 0.719 0.141 0.277 � 0.654
5 � 0.639 � 0.286 0.370 � 0.347 0.328 0.514 � 0.407
6 � 0.699 � 0.542 0.421 � 0.542 0.257 0.579 � 0.403
7 � 0.549 � 0.348 0.436 � 0.453 0.332 0.568 � 0.442
8 � 0.382 � 0.323 0.317 � 0.435 0.438 0.614 � 0.429
9 � 0.687 � 0.479 0.420 ± ± 0.577 0.350


10 � 0.514 � 0.451 0.450 ± ± 0.584 0.231
11 � 0.327 � 0.511 0.492 ± ± 0.626 0.455


[a] At 173.15 K. [b] A: HF/6-311G**//HF/6-311G**, GP; B: MP2/6-311G**//
HF/6-311G**, GP; C: HF/6-311G**//HF/6-31G**, S; D: MP2/6-311G**//HF/6-
311G**, S; E: MP2/6-311G**//HF/6-31G**, �E� ; F: B3LYP/6-31G**, �E�.
(Note: GP� gas phase, S� solution state). [c] Solution-state values were not
calculated for the brominated compounds 9 ± 11.


Table 6. Hyperconjugative interactions [kcalmol�1] of C�H and C�C bonds with the antibonding �*(C1�O7) and occupancy by electrons of this orbital and
of the O7 lone pairs[a] in compounds 1 ± 11 from NBO analysis.


Conf. Donor orbital � of all � �ax��eq Lone pair
occupancy (O7)


�*(C1 ±O7)
occupancy�(C2 ±H2eq) �(C2 ±H2ax) �(C6 ±H6eq) �(C6 ±H6ax) �(C2 ±C3) �(C5 ±C6)


1 eq 0.345 0.699 0.445 0.709 3.677 3.384 9.259 2.955 1.8768 0.0431
ax 0.692 5.387 0.817 4.978 0.162 0.178 12.214 1.8770 0.0489


2 eq 0.446 0.707 0.347 0.697 3.429 3.717 9.344 2.889 1.8769 0.0431
ax 0.681 5.402 0.801 5.049 0.141 0.159 12.233 1.8768 0.0364


3 eq 0.343 0.687 0.443 0.700 3.683 3.404 9.260 2.944 1.8762 0.0432
ax 0.692 5.366 0.807 4.988 0.169 0.182 12.204 1.8760 0.0489


4 eq 0.439 0.697 0.345 0.694 3.421 3.672 9.268 3.012 1.8762 0.0430
ax 0.828 5.015 0.695 5.436 0.161 0.145 12.280 1.8760 0.0490


5 eq 0.362 0.736 0.452 0.744 3.916 3.647 9.857 3.053 1.8624 0.0470
ax 0.718 5.663 0.845 5.283 0.196 0.205 12.910 1.8627 0.0533


6 eq 0.452 0.733 0.349 0.724 3.519 3.796 9.573 3.091 1.8680 0.0444
ax 0.842 5.153 0.719 5.592 0.189 0.169 12.664 1.8663 0.0509


7 eq 0.359 0.736 0.453 0.745 3.897 3.622 9.812 3.122 1.8635 0.0449
ax 0.453 0.745 0.359 5.263 0.171 0.194 12.934 1.8636 0.0513


8 eq 0.460 0.749 0.367 0.737 3.982 3.689 9.984 3.189 1.8642 0.0457
ax 0.767 5.784 0.878 5.388 0.169 0.187 13.173 1.8642 0.0525


9 eq 0.454 0.705 0.352 0.697 3.599 3.839 9.646 3.301 1.9056 0.0313
ax 0.827 5.282 0.651 5.802 0.204 0.181 12.947 1.9057 0.0376


10 eq 0.352 0.717 0.459 0.724 3.934 3.660 9.846 3.346 1.9016 0.0316
ax 0.697 5.832 0.856 5.405 0.192 0.210 13.192 1.9022 0.0379


11 eq 0.360 0.742 0.464 0.749 3.945 3.638 9.898 3.060 1.8659 0.0451
ax 0.692 5.676 0.863 5.146 0.193 0.218 12.788 1.8672 0.0518


[a] Averaged value of the two lone pairs.
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calculations take account of both electron correlation and the
solvent effect. The best results were obtained by the use of the
MP2/6-311G**//HF/6-311G** calculations (data set D in
Table 5); the corresponding diagram is depicted in Figure 1. In


Figure 1. Plot of �G�calcd (MP2/6-311G**//HF/6-311G**,S) versus �G�exp
for compounds 1 ± 8.


this case, the correct order of the conformational energies as a
function of the R substituent was obtained. In addition, there
seem to be two linear dependencies, one for the more polar
substituents R and another one (of lower ascent) for the alkyl
substituents R, further corroborating the former view of a
combined dependence of the long-range influence of the R
substituent on the conformational equilibria of 1 ± 11 based on
both electronic and steric substituent effects. For this reason,
the substituent ± cyclohexane interaction has been studied in
more detail on the basis of the experimental NMR spectra and
the calculated results.


Molecular geometries : The structural parameters of the
molecular-relaxed geometries of the axial and equatorial
conformers of 1 ± 11 by means of the B3LYP/6-31G** method
are reported in detail in Tables 3 and 4 including bond lengths
(Table 3), interatomic distances (Table 4), and the inclination
angle � (Table 3). These theoretical structural parameters,
together with the experimental NMR parameters (13C and 1H
chemical shifts and 1J(C,H), see Table 1), are now discussed in
light of the long-range substituent influence of the R group on
the conformational equilibria of 1 ± 11.
First, the trend of the bond lengths and bond angles of


monosubstituted cyclohexanes reported previously[1, 21] are
also found for these compounds 1 ± 11, for example, the
C1�O7 bonds are longer in the axial conformer than in the
respective equatorial conformer. The same holds for the
C1�H1 bond lengths, with the axial bonds being longer than
those in the equatorial conformer and in agreement with the
corresponding observed coupling constants, 1J(C,H), (Ta-
ble 1) and the well-described Perlin effect.[16]


Second, the electron densities at O7 and along the axial
C�H bond fragments in the 3- and 5-positions in the axial
conformers have been examined with respect to the steric
bond polarization model, which is widely accepted for the
conformational analysis of substituted cyclohexanes and
heterocyclic analogues.[1, 2] For the calculated electron density
at O7, the results were consistent with expectations (Table 7);
electron-donating substituents (compounds 1 ± 4) increase the
electron density at O7 whilst electron-withdrawing substitu-
ents (compounds 5 ± 11) reduce it. For these parameters, a fine
correlation of q(O7) versus the inductive effect of the R group
was obtained.
Finally, the electron densities at H3ax and H5ax and at C3


and C5 correlate exceptionally well (Figure 2). As the
electron density at C3 and C5 increases, the electron density


Table 7. Electronic properties (dipole moments and selected atomic charge densities) for compounds 1 ± 11 calculated at the B3LYP/6-31G** level of theory.


� Atomic charge densities, q [e]
[Debye] C1 C3 C5 H2eq H2ax H6eq H6ax H3eq H3ax H5eq H5ax O7 O9


equatorial conformers
1 1.929 0.1697 � 0.1884 � 0.1887 0.0988 0.1002 0.1142 0.0956 0.0950 0.0953 0.0951 0.0984 � 0.4816 � 0.4732
2 1.801 0.1703 � 0.1884 � 0.1886 0.0988 0.1002 0.1140 0.0956 0.0950 0.0952 0.0950 0.0983 � 0.4947 � 0.4819
3 1.861 0.1702 � 0.1886 � 0.1883 0.1140 0.0955 0.0993 0.0997 0.0950 0.0984 0.0950 0.0953 � 0.4982 � 0.4860
4 1.897 0.1701 � 0.1882 � 0.1904 0.0993 0.0995 0.1143 0.0957 0.0951 0.0954 0.0951 0.0985 � 0.5008 � 0.4916
5 3.486 0.1557 � 0.1908 � 0.1911 0.1176 0.1065 0.1076 0.1090 0.1017 0.1010 0.1015 0.0982 � 0.4745 � 0.4519
6 2.253 0.1603 � 0.1904 � 0.1894 0.1081 0.1052 0.1142 0.0998 0.0988 0.0966 0.0978 0.0997 � 0.4605 � 0.4627
7 2.418 0.1546 � 0.1903 � 0.1912 0.1165 0.1078 0.1082 0.1095 0.1005 0.0998 0.1006 0.0972 � 0.4498 � 0.4522
8 3.499 0.1547 � 0.1911 � 0.1917 0.1189 0.1085 0.1094 0.1104 0.1011 0.1011 0.1019 0.0984 � 0.4537 � 0.4269
9 2.381 0.1611 � 0.1899 � 0.1894 0.1082 0.1035 0.1138 0.0986 0.0982 0.0968 0.0975 0.0998 � 0.4694 � 0.4623


10 2.249 0.1562 � 0.1905 � 0.1908 0.1165 0.1071 0.1078 0.1089 0.0999 0.0996 0.1000 0.0969 � 0.4586 � 0.4579
11 3.172 0.1555 � 0.1910 � 0.1915 0.1184 0.1079 0.1087 0.1097 0.1013 0.1007 0.1011 0.0979 � 0.4644 � 0.4391


axial conformers
1 1.983 0.1520 � 0.1781 � 0.1796 0.1149 0.0948 0.1008 0.0958 0.0907 0.0995 0.0895 0.1064 � 0.4744 � 0.4730
2 1.851 0.1523 � 0.1780 � 0.1797 0.1146 0.0946 0.1005 0.0956 0.0905 0.0998 0.0894 0.1066 � 0.4876 � 0.4817
3 1.892 0.1508 � 0.1786 � 0.1792 0.1148 0.0942 0.0999 0.0957 0.0905 0.1006 0.0892 0.1063 � 0.4905 � 0.4862
4 1.904 0.1554 � 0.1804 � 0.1807 0.1008 0.0961 0.1175 0.0942 0.0898 0.1057 0.0908 0.1017 � 04956 � 0.4918
5 3.229 0.1383 � 0.1820 � 0.1834 0.1185 0.1031 0.1096 0.1027 0.0965 0.1085 0.0954 0.1137 � 0.4679 � 0.4523
6 1.633 0.1424 � 0.1835 � 0.1836 0.1028 0.0989 0.1162 0.0983 0.0913 0.1170 0.0925 0.1145 � 0.4530 � 0.4656
7 2.069 0.1385 � 0.1841 � 0.1842 0.1179 0.1014 0.1104 0.1008 0.0946 0.1135 0.0939 0.1166 � 0.4441 � 0.4523
8 3.213 0.1359 � 0.1846 � 0.1846 0.1189 0.1037 0.1115 0.1030 0.0964 0.1133 0.0955 0.1159 � 0.4477 � 0.4270
9 1.912 0.1466 � 0.1817 � 0.1862 0.1016 0.0988 0.1190 0.0969 0.0906 0.1124 0.0913 0.1182 � 0.4630 � 0.4621


10 1.866 0.1389 � 0.1859 � 0.1840 0.1171 0.1002 0.1092 0.1000 0.0929 0.1160 0.0927 0.1169 � 0.4521 � 0.4576
11 2.821 0.1399 � 0.1863 � 0.1847 0.1199 0.1021 0.1105 0.1018 0.0945 0.1148 0.0940 0.1169 � 0.4585 � 0.4393
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Figure 2. Plot of the H3ax (H5ax) electron density, q, against the electron
density of C3 (C5), respectively, for the axial conformers of compounds 1 ±
11.


at the axial protons, H3ax and H5ax, abates. Interestingly, the
increased electron density at O7 does not polarize the axial
C�H bonds in the 3- and 5-positions in the expected manner
by decreasing the H3ax and H5ax electron density whilst
concomitantly increasing the C3 and C5 electron densities and
thereby destabilizing the axial conformer overall. However,
the opposite is in fact happening: an increasing O7 electron
density increases the polarization of the axial C3�H3
(C5�H5) bond and shifts electron density from C3 and C5
to the H3ax and H5ax protons, respectively. The correlations
are without doubt fine and the bond polarization model (used
also for the quantification of the � effect in 13C NMR
spectroscopy[23]) is not active in the accepted manner in the
conformational analysis of saturated six-membered ring
systems. In addition, the axial C3(5)�H3(5) bond length in
the axial conformers does not change in 1 ± 11; the same is also
true for the inclination angle � (see Table 4).


Hyperconjugation : According to the Perlin effect,[16] but also
based on detailed ab initio quantum-chemical calculations,
hyperconjugation should be active in cyclohexane and its
monosubstituted derivatives.[27] This electronic interaction
within the saturated six-membered ring skeleton was origi-
nally purported to be responsible for the anomeric effect of
polar substituents in the 2-position of six-membered saturated
heterocyclic compounds (e.g., in the 2-OH oxanes as donation
of the ring-oxygen lone pair into the antibonding C ±O orbital
of the exocyclic C�O bond, nO� �*C�O). In light of the studied
compounds 1 ± 11, hyperconjugation can be best represented
by the Lewis bond/nonbonded structures depicted in
Scheme 3. Consequently, for the axial conformers, extended
axial C2(6)�H2(6) and C1�O7 bond lengths and concom-
itantly reduced C1�C2 bond lengths are anticipated if hyper-
conjugation is present or increasing. In the corresponding
equatorial conformer, the C2�C3 and C1�O7 bond lengths
are expected to appropriately increase whilst the C1�C2 bond
should shorten. In a comparison of the axial and equatorial
conformers of compounds 1 ± 11, the C1�O7 and the C1�H1
bond lengths, and also the 1J(C1,H1) coupling constants in the
axial conformers were found to be larger than in the
equatorial conformers. In the context of hyperconjugation,
this means stronger hyperconjugation in the axial conformer
in comparison to its equatorial counterpart.


Scheme 3. Lewis bond/nonbonding structures of monosubstituted cyclo-
hexane.


To see if this effect also has an influence on the position of
the conformational equilibria of 1 ± 11, subject to the different
polarity of the R substituents, the characteristic bond lengths,
axial C2(6)�H2(6), C2�C3, C2�C1, and C1�O7 in the two
conformers have been appropriately compared. In addition,
the electron populations of the atoms involved in the hyper-
conjugation mechanism have been calculated by NBO
analysis[6] and are presented in Table 6. Both types of
measurements provide promising indications for the presence
of hyperconjugation in the compounds 1 ± 11 for the following
reasons:
1) There is a clear tendency that, with increasing polarity of
the R substituent, the C1�C2 bond length shortens and the
corresponding C1�O7 bond lengthens in both conformers.
The corresponding effect on the lengths of the axial
C2(6)�H2(6) bonds in the axial conformer and C2�C3 in
the equatorial conformer is less sensitive. However, there is a
clear tendency in the corresponding direct C,H coupling
constants of the C(2,6)�H(2,6-axial) fragments (Table 1);
with increasing population of the axial conformer also the
1J(C-2,6)(H-2,6-axial) values decrease indicating less effective
coupling on account of the increasing C�H bond length. In
terms of hyperconjugation, this implies the presence of this
electronic interaction in the two conformers and because the
C1�O7 and C1�H1 bond lengths in the axial conformers were
found to be longer than in the equatorial conformers (the
1J(C1,H1) coupling constants also change appropriately), a
stronger contribution by hyperconjugation occurs in the case
of the axial conformer. In short, the higher the polarity of R,
the higher the population of the axial conformer. This is
complete agreement with the experimental results (Table 2).
2) Similar conclusions can be drawn from the occupation
numbers of lone pair/antibonding orbitals involved in hyper-
conjugation: the total � of occupancies of all � orbitals
donating into the antibonding orbital of the C1�O7 bond
(�*C1�O7) by way of hyperconjugation proved to be remarkably
higher in the axial conformer, indicating more extensive
hyperconjugation in this conformer and corroborating also
the former experimental results. In addition, the stronger
hyperconjugation in the axial conformer correlates with the
experimental free energy differences. This is depicted in
Figure 3 which shows that increasing hyperconjugation sta-







Conformational Equilibria of Cyclohexyl Esters 1360±1368


Chem. Eur. J. 2003, 9, No. 6 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0906-1367 $ 20.00+.50/0 1367


Figure 3. Plot of the calculated, stronger donation of the � orbitals, �d, for
the axial conformers of 1 ± 11 against �G�exp.


bilizes the axial conformer with respect to its equatorial
counterpart.


Steric substituent effect : From the correlation of �G�exp
versus �G�calcd given in Figure 1, it is clear that, besides the
electronic long-range substituent effect of R in 1 ± 11, there
should be another substituent effect present, probably of
steric origin on account of the two dependencies indicated in
Figure 1. Although the correlation coefficient is not very
good, the tendency that there really is a steric effect is,
nonetheless, evident. Thus, the volumes of the R groups in 1 ±
11 have been tabulated (Table 8) and correlated with the


conformational equilibria of 1 ± 11 (Figure 4). It provides a
rather good correlation (r2� 0.78), even better than the
corresponding correlation of �G�exp versus hyperconjugation
given in Figure 3. The best correlation, however, was obtained
if the least-squares treatment of a linear fit is conducted


Figure 4. Plot of the volumes of the CR3 substituents in compounds 1 ± 11
against �G�exp. Linear regression analysis (r2� 0.78) provides an equation,
y� ax � b with values of 31.17 (�5.53) for a and 40.06 (�3.41) for b.


Figure 5. Plot of �G�exp against �G�calcd after taking account of the volume
V of the CR3 substituents and the hyperconjugation �d, for compounds 1 ±
11 against �G�calcd� 0.125�d � 0.024V� 1.499. Linear regression analysis
(r2� 0.80) provides an equation, y� ax � b with, values of 0.899 (�0.154)
for a and 0.047 (�0.113) for b.


employing the two variables of R volume and hyperconjuga-
tion (Figure 5). The correlation coefficient improves consid-
erably (r2� 0.89); the slope is close to 1 and the intercept close
to 0, both of which are evidence for a close dependence
[Eq. (1)].


�G�exp� 0.8986�G�calcd � 0.0474 (1)


The stabilization of the axial conformer by the hyper-
conjugative effect of the OC(O)CR3 substituent is evident, yet
it only has a partial influence on the relative stability �Go as a
function of R. The dependence of �Go on the volume of the
CR3 group is present and should be caused by steric
interactions involving the cyclohexane ring and the whole
OC(O)CR3 group. Nevertheless, how this effect intervenes to
destabilize the equatorial conformer is a point that needs
further insight. Although bond polarization via nonbonding
1,3-diaxial interactions as a cause can be discarded (vide
supra), conversely, the reversed-substituent effect has to be
considered. Thus, the characteristic bond lengths C1�O7 and
spatial distances (internuclear distances between substituent
atoms and the protons and carbon atoms of the cyclohexane
ring, see Table 4) have been examined to illuminate the steric
effects present in the two conformers of 1 ± 11. First, there is
no clear trend amongst any of the distances examined, except
the C1�O7 bond lengths and the spatial distances H1�O7 and
H1�O9, and this occurs in both conformers. Furthermore, the
increase of the bond lengths and spatial distances is very
similar in the two conformers with the same R substituent.
The inclination angle � in the equatorial and axial conformers
was found to be rather independent of the volume of CR3


(Table 4). This should mean that the steric interaction of the
OC(O)CR3 substituent does not modify the geometry of the
cyclohexane ring, while it is influential in changing the relative
energy of axial and equatorial conformers. The fact that the
modifications of the geometrical features of the cyclohexane
ring in the series of compounds with different R are rather
small should be assumed as further evidence that hyper-
conjugation only partly changes the relative stability of axial/


Table 8. Spatial volumes[a] of the R substituents in compounds 1 ± 11.


R V [cm3mol�1] R V [cm3mol�1]


1 Me 11.76 7 CHCl2 21.85
2 Et[b] 16.88 8 CCl3 26.36
3 iPr[b] 22.00 9 CH2Br 19.43
4 tBu[b] 27.12 10 CHBr2 26.26
5 CF3 15.93 11 CBr3 32.37
6 CH2Cl 16.98


[a] Reference [29]. [b] Calculated by employing van der Waals atomic radii
and assuming spherical shapes for the atoms.
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equatorial conformers as a funcion of R, since more significant
geometric distortions should have otherwise been expected.[28]


When the size of the CR3 group increases as a function of R,
more probably, it is able to provoke deformations within the
ester group itself. In fact, the calculated C10�C1 distances
(Table 4) always have a greater value in the axial conformer
than in the equatorial analogue and this interatomic distance
increases with increasing bulk of CR3. This is particularly
evident within the series of the alkyl substituents, since the
C10�C1 distance increases in the order Me�Et� iPr� tBu.
Furthermore, we performed the natural steric analysis within
the framework of the NBO model with the facilities of the
NBO5.0 program.[6] From the pairwise additive estimate of
steric exchange energy and referring to the difference
between the two conformers of each R-substituted molecule,
it turns out that the steric effect is always greater in the
equatorial conformer. For example, for the alkyl groups, the
contribution �E to the relative destabilization of the two
conformers are: Me 0.47, Et 0.73, iPr 0.77, tBu 1.12 kcalmol�1


(B3LYP/6-31G** wavefunctions). The steric effect should
thus also influence the molecular stabilization of the two
conformers as a result of intramolecular hydrogen bonding
since the relative orientation of O9 and the hydrogen atoms
H1, H2eq/H6eq changes as a function of the spatial require-
ments of the CR3 group.


Conclusion


The long-range substituent influences on the conformational
equilibria of a number of monosubstituted cyclohexanes are
partly based on electronic factors–hyperconjugation by way
of �C2�H2ax� �*C1�O7 and �C2�C3� �*C1�O7–but also partly on
steric influences–ironically, by destabilization of the equato-
rial conformer with increasing volume of the R substituent.
The hyperconjugation �C2�H2ax� �*C1�O7 in the axial conformer
is more effective than hyperconjugation �C2�C3��*C1�O7 in the
equatorial counterpart, thereby leading to a preference of the
former conformer with increasingly stronger electronic inter-
actions between the�O2CR substituent and the cyclohexane
skeleton. The linear fit obtained employing the two variables
of R, hyperconjugation and R volume, is excellent. Signifi-
cantly, there is no hint of the existence of sterically destabiliz-
ing 1,3-diaxial nonbonding interactions in the axial con-
formers. Steric interactions, occurring in the whole molecule,
estimated also from the NBO method, destabilize the
equatorial conformer and the increasing bulk of the CR3


group is one relevant component of the global effect.
Because this electronic interaction found here is similarly


responsible for the stabilization of the axial conformer in the
case of 2-substituted, six-membered saturated heterocyclic
compounds (i.e. the anomeric effect), the question therefore
arises: can the anomeric effect really be construed as
anomalous or rather, is it a general physical-organic phenom-
enon? The mass of previous theoretical work and the results
of this study clearly indicate that the answer is ™No∫.
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Synthesis of a Core Trisaccharide as a Versatile Building Block
for N-Glycans and Glycoconjugates


Carlo Unverzagt*[a, b]


Dedicated to Professor Lutz Tietze on the occasion of his 60th birthday


Abstract: N-Linked oligosaccharides
from glycoproteins (N-glycans) can be
conveniently assembled with a building
block approach. A protected form of the
core trisaccharide (�-mannosyl chito-
biose) was identified as a key building
block. The chitobiose part of the core
trisaccharide was built from a glycosyl


fluoride, which served as a precursor for
the reducing GlcNAc azide and the
inner GlcNAc moiety. �-Mannosylation


was accomplished at the trisaccharide
stage by intramolecular inversion of a �-
glucosyl chitobiose. The benzylidene
protection of the �-mannoside and the
azido group at the reducing end of the
core trisaccharide allow modular syn-
thesis of N-glycans and their glycocon-
jugates.


Keywords: �-mannosides ¥ carbo-
hydrates ¥ glycosylation ¥ glyco-
proteins ¥ oligosaccharide


Introduction


Asparagine-linked oligosaccharides (N-glycans) are a com-
mon feature of eucaryotic proteins that are surface bound or
secreted.[1] The biological properties of glycoproteins are
influenced by the structure of their oligosaccharides. Despite
a wide knowledge of structural details of N-glycans little is
known about detailed structure ± activity relationships of
entire glycoproteins.[2] One of the few glycoproteins studied
thoroughly is recombinant human erythropoietin (EPO), used
in the treatment of cancer and kidney patients. The serum
halflife of EPO and its modification (NESP) can be tuned by
the extent of N-glycosylation.[3]


A combinatorial biochemical machinery is installing N-gly-
cans as a posttranslational modification leading to a large
variety of possible oligosaccharide structures. The resulting
glycoproteins are therefore heterogeneous mixtures of indi-
vidual glycoforms. The diversity of natural N-glycans is thus
impairing the isolation of these compounds from glycopro-
teins.[4±6] Therefore, the synthesis of N-glycans has been used
to overcome the shortage of material for biological studies.
While only few groups pioneered the chemical synthesis of


N-glycans,[7±9] the last decade has seen considerable increase
in activity.[10±15] Up to now several strategies have been
developed leading to complete N-glycans or partial struc-
tures.[16] The key challenges of the syntheses have been the
construction of the �-mannoside[17] followed by the incorpo-
ration of terminal sialic acid and the deprotection of the final
products. Besides the chemical approaches the core trisac-
charide has also been synthesized by enzymatic methods.[18]


Results and Discussion


The total synthesis of N-glycans and their derivatives can be
facilitated by combining chemical and enzymatic ap-
proaches.[19] Our initial goal in N-glycan synthesis was the
heptasaccharide ± asparagine conjugate 1,[20] which can serve
both as a building block for glycopeptides[21] and as an
acceptor for enzymatic elongation of the sugar chains.[19]


Retrosynthetic analysis of 1 (Scheme 1) suggested a division
into building blocks of general applicability.[22] A protected
core trisaccharide was desired which would permit good
coupling to various building blocks for the antennae and allow
the convenient construction of glycoconjugates through an
amino function at the reducing end. Furthermore, the
protected core trisaccharide should be available in amounts
over 10 g on a typical laboratory scale to yield sufficient
quantities of N-glycans after deprotection. The building block
meeting these requirements was found in trisaccharide 2 (see
Scheme 1). An optimized approach to this versatile com-
pound is described in the following.
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Synthesis of chitobiosylazide : The early introduction of an
azido functionality[23, 24] at the reducing end of the core
trisaccharide 2 is advantageous because this moiety remains
neutral under most reaction conditions applied in carbohy-
drate chemistry. Glycosyl azides can also be converted into
glycosyl donors after derivatization.[25, 26] The stable azido
group at the anomeric center protects the labile amino
function required for the attachment of aspartic acid[27] or
spacers. Glycosyl azides are obtained from the corresponding
fluorides[28] in high yield. The latter can be generated
conveniently from thioglycosides.[29, 30]


The starting material for the intermediate chitobiosyl azide
13 (Scheme 2) was the thioglycoside 3,[31, 32] a useful inter-
mediate, which is accessible on a 100 g scale in a five-step
sequence starting from glucosamine hydrochloride. First, the
hydroxyl group was acetylated and the resulting thioglycoside
4 was converted to fluoride 6 with N-bromosuccinimide
(NBS) and HF/pyridine according to Nicolaou.[29] When
activated with BF3 ¥Et2O the fluoride[28] 6 readily reacted
with trimethylsilylazide to give the �-azide 8. The deacetyla-
tion using potassium methoxide in dioxane/methanol 1:1
proceeded slowly and gave only 67% yield. A nearly identical


Rf value of compounds 8 and 10
required monitoring of the re-
action by 1H NMR spectrosco-
py. The cleavage appears to be
sterically hindered[33] and led to
phthalimido ring opening dur-
ing the prolonged reaction
time. Similar difficulties occur-
red for the deacetylations at the
di- and trisaccharide stage,
which suggested the synthesis
of an alternative set of building
blocks carrying chloroacetyl
groups. After introduction of
the chloroacetyl moiety[34] (5)
the following transformations
to fluoride 7 and azide 9 pro-


ceeded analogously in yields over 90%. With a base lability
increased by three orders of magnitude,[35] a dechloroacety-
lation occurs much faster than the cleavage of the corre-
sponding acetate. The improved cleavage conditions permit-
ted the deprotection of compound 9 to furnish the acceptor 10
in 92% yield.
Acceptor 10 was treated with the glycosylfluorides 6 and 7


activated by BF3 ¥Et2O to give the chitobiosyl azides 11 and 12
in good yields. In the following deacylation step the chlor-
oacetyl moiety could be readily removed. Compound 13 is
equipped with a combination of protective groups suitable for
the construction of the �-mannoside. The neighboring benzyl
groups increase the reactivity[36] of the OH-4�� group; the
phthalimido groups are known to be inert during nucleophilic
substitutions and glycosylation reactions.


Synthesis of �-mannosides : The �-mannosidic linkage[17] was
established following a procedure introduced by Kunz.[32, 37, 38]


This method is based on the intramolecular inversion of 4,6-
benzylidenated �-glucosides, which excludes unwanted
anomeric or epimeric side products. For the synthesis of
N-glycans with title compound 2 it was highly advantageous


that the �-mannosyl moiety was
not blocked by permanent pro-
tective groups, for example
benzyl ethers, but could be
easily debenzylidenated at the
desired time under mild condi-
tions.[32]


To introduce the �-glucosyl
moiety the Kunz group used a
glucosyl bromide,[32] which gave
also orthoesters under glycosy-
lation conditions. Therefore, we
converted peracetylated 3-phe-
nylcarbamoyl glucose 14[32] to
the anomeric fluoride 15 by
reaction with HF/pyridine
(Scheme 3).[39] Elongation of
the chitobiosyl acceptor 13 with
the donor 15 under BF3 ¥Et2O
activation yielded 85% of the


Scheme 1. Retrosynthetic analysis of the heptasaccharide-asparagine 1 suggests the disconnection to the core
trisaccharide 2 as the key building block for N-glycans.
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Scheme 2. a) Ac2O/pyridine (quant.); b) chloroacetic anhydride/pyridine, CH2Cl2 (93%); c) HF/pyridine, NBS,
CH2Cl2 (93% 6), (96% 7); d) TMS-N3, BF3 ¥OEt2, CH2Cl2 (91% 8), (92% 9); e) MeOH, dioxane, NaOMe
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Scheme 3. a) HF/pyridine (56%); b) 13, BF3 ¥OEt2, CH2Cl2 (85%);
c) 1) K2CO3, MeOH, dioxane, 2) benzaldehyde dimethylacetal, p-TosOH,
CH3CN (44% over two steps).


�-gluco configured trisaccharide 16. Prior to the inversion of
the �-glucoside to the �-mannoside the 2-OH�� group had to
be selectively activated. Removal of the acetates and regio-
selective benzylidenation of the intermediate triol gave the
trisaccharide 17. This compound was suitably functionalized
for the ensuing inversion sequence to the �-mannoside.
Unfortunately, compound 17 was obtained in only 44%


yield after the two-step reaction. The main reason was again a
difficult removal of acetyl groups, in particular of the sterically
hindered 2��-acetate.[40] It is known that the deprotection of
esters in the vicinity of sterically demanding residues is
impaired. During the prolonged reaction times (1.5 d) the
base labile phthalimido groups were also cleaved.
To circumvent these difficulties the novel �-glucosyl donor


20 (Scheme 4) was constructed, which was already equipped
with a benzylidene acetal and carried an easily removable
chloroacetyl group[41] in position 2. Thus, the critical change of
protective groups at the trisaccharide stage was avoided. In
contrast to 3-phenylcarbamoyl �-glucosides, the free 3-phe-


nylcarbamoyl glucose 18 could not be acetalized selectively
with benzaldehyde dimethylacetal. However, the traditional
procedure with benzaldehyde in the presence of zinc chloride
avoided the overreaction and gave the crystalline benzylidene
acetal 19. After chloroacetylation the anomeric center was
liberated chemoselectively with hydrazine acetate and con-
verted to the trichloroacetimidate 20 according to Schmidt.[42]


The imidate 20 could be converted to the �-fluoride 21, which
was formed stereoselectively through neighboring-group
participation.
Initial experiments to glycosylate the chitobiosyl azide 13


with the imidate 20 showed only little conversion when BF3 ¥
Et2O was employed. Use of trimethylsilyl triflate[42]


(TMSOTf) gave the �-glucoside 22 in 62% yield. The quality
of the reagent was crucial for the success of the reaction. Only
freshly opened trimethylsilyl triflate could suppress orthoest-
er formation, which suggests that the deactivating 2-chloroa-
cetyl moiety allows for the reaction to proceed via an
intermediate orthoester. Furthermore, the yields were low-
ered by trimethylsilylation of the acceptor 13, which was
desilylated and recycled after large-scale reactions. These
problems were avoided using the fluoride 21 as a donor. The
glucosyl fluoride could be activated with BF3 ¥Et2O and did
not show formation of the orthoester. From compounds 21
and 13 the chloroacetylated trisaccharide 22 was obtained in
45% yield, which was conveniently deacylated (17) by mild
base treatment. For the removal of the chloroacetyl moiety
alternative methods[43] are known, however, the rapid and
easily adjustable procedure favored the use of potassium
carbonate in methanol/dichloromethane.
The conversion of the �-gluco configured trisaccharide 17


to the �-mannoside 2 was achieved by a four-step procedure.
This reaction sequence was previously established for mono-
or disaccharides[32] and was successfully applied to the
trisaccharide 17. First, the 2��-OH function was converted to
a good leaving group with trifluoromethanesulfonic acid
anhydride and pyridine (Scheme 5). The intermediate triflate
17 a was substituted by an intramolecular nucleophilic attack
of the neighboring carbonyl group of the phenylcarbamoyl
moiety. This was achieved by warming a solution of the triflate
in DMF/pyridine to 65 �C. The initially formed �-manno
configured iminocarbonate 17 b was unstable and was con-
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Scheme 5. 1) Tf2O, pyridine, CH2Cl2; 2) DMF, pyridine, 65 �C; 3) AcOH,
dioxane, water; 4) NaOMe, MeOH, CH2Cl2 (overall yield 70%).


verted to the carbonate 17 c by mild acid hydrolysis. Depro-
tection of the carbonate 17 c by methanolysis gave the desired
core trisaccharide 2 in 70% yield over the reaction se-
quence.[22] The inversion at C-2�� was conducted as a one-pot
reaction and every step was monitored by TLC. NMR
spectroscopy confirmed the newly formed �-mannosidic
linkage via the C-1��/H-1�� coupling constant of 163.3 Hz[44, 45]


determined from an HMQC spectrum without decoupling.[46]


Following this approach the protected core trisaccharide 2
was obtained in overall amounts of more than 10 g. This
building block has proven to be a key compound in the
synthesis of several families of natural N-glycans[15, 47] with
different substitution patterns.


Experimental Section


General methods : Solvents were dried according to standard methods.
Melting points were determined on a B¸chi apparatus and are uncorrected.
Optical rotations were measured on a Perkin ±Elmer 241 polarimeter at
589 nm. NMR spectra were recorded on Bruker AC 250 and AMX 500
instruments. Coupling constants are reported in Hz. For mass spectra a
Varian CH5 instrument was used in the fast atom bombardment mode
(FAB) with a thioglycerine/HOAc (MB) or a m-nitrobenzylalcohol matrix
(NBA). ESI-TOF mass spectra were recorded on a Micromass LCT
instrument coupled to an Agilent 1100 HPLC. Flash chromatography was


performed on silica gel 60 (230 ± 400 mesh, Merck Darmstadt). The
reactions were monitored by thin-layer chromatography on coated
aluminum plates (silica gel 60 GF254, Merck Darmstadt). Spots were
detected by UV light or by charring with a 1:1 mixture of 2� H2SO4 and
0.2% resorcine monomethyl ether in ethanol.


Ethyl 4-O-acetyl-3,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-gluco-
pyranoside (4): Compound 3[31, 32] (13.31 g, 24.9 mmol) was dissolved in
pyridine (20 mL) and acetic anhydride (10 mL). After 20 h at ambient
temperature the reaction mixture was concentrated and codistilled three
times with toluene (50 mL). The residue was dried in high vacuo to yield 4
(14.35 g, quant.). [�]23D ��77.5� (c� 1.0 in CH2Cl2); Rf� 0.34 (hexane/
acetone 2:1); 1H NMR (250 MHz, [D6]DMSO): �� 7.87 ± 7.79 (m, 4H, Pht),
7.25 (m, 5H, Ph), 6.92 (m, 5H, Ph), 5.30 (d, J1,2� 10.4 Hz, 1H, H-1�), 5.00
(dd, J4,5� 9.8 Hz, 1H, H-4), 4.56 ± 4.44 (m, 3H, CH2O), 4.35 (dd, J3,4�
8.1 Hz, 1H, H-3), 4.26 (d, Jgem� 12.2 Hz, 1H, CH2O), 4.05 (dd, J2,3�
10.4 Hz, 1H, H-2), 3.90 ± 3.83 (m, 1H, H-5), 3.59 ± 3.47 (m, 2H, H-6a,b),
2.57 (m, 2H, SCH2), 2.02 (s, 3H, OAc), 1.09 (t, J� 7.4 Hz, CH3); 13C NMR
(62.5 MHz, [D6]DMSO): �� 168.8 (C�O Ac), 166.9, 166.5 (C�O, Pht),
137.6, 136.9 (C-i Ph), 134.3 (C-4/5 Pht), 130.1 (C-1/2 Pht), 127.6, 127.4, 127.0,
126.8 (C-Ar), 122.9 (C-3/6 Pht), 80.0 (C-1), 77.1 (C-3), 76.1 (C-5), 73.0, 71.08
(CH2O), 70.9 (C-4), 68.2 (C-6), 53.9 (C-2), 23.4 (CH2), 20.7 (OAc), 15.0
(CH3); elemental analysis calcd (%) for C32H33NO7S (575.68): C 66.77, H
5.78, N 2.43; found: C 66.69, H 5.56, N 2.57.


4-O-Acetyl-3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosyl-
fluoride (6): Thioglycoside 4 (12.6 g, 21.9 mmol) was dissolved in dichloro-
methane (130 mL) and cooled to 0 �C. N-Bromosuccinimide (5.83 g,
32.7 mmol) was added to the stirred solution followed by HF/pyridine
complex (12.6 mL). The reaction was complete after 10 min (TLC: hexane/
acetone 1.5:1). Subsequently, dichloromethane (130 mL) was added and
the reaction mixture was extracted in a Teflon separatory funnel with
water, aq HCl (3� ) and aq Na2CO3. The organic phase was dried (MgSO4),
concentrated and purified by flash chromatography (hexane/acetone 2:1)
to yield 6 (10.83 g, 92.7%). The product was recrystallized from acetone/
hexane. M.p. 100 �C; Rf� 0.45 (hexane/acetone 1.5:1); [�]23D ��76.4� (c�
0.5 in CH2Cl2); 1H NMR (250 MHz, [D6]DMSO): �� 7.88 (m, 4H, Pht),
7.35 (m, 5H, Ph), 6.93 (m, 5H, Ph), 5.93 (dd, J1,2� 8.0, J1,F� 53.6 Hz, 1H,
H-1�), 5.10 (dd, J4,5� 9.5 Hz, 1H, H-4), 4.57 ± 4.44 (m, 3H, CH2O), 4.39
(dd, J2,3� J3,4� 9.9 Hz, 1H, H-3), 4.27 (d, Jgem� 12.0 Hz, 1H, CH2O), 4.14
(m, 1H, H-2), 4.04 (m, 1H, H-5), 3.58 (m, 2H, H-6a,b), 2.05 (s, 3H, OAc);
13C NMR (62.5 MHz, [D6]DMSO): �� 169.2, 167.2 (C�O), 137.9, 137.3 (C-i
Ph), 134.9 (C-4/5 Pht), 130.5 (C-1/2 Pht), 128.2 ± 127.5 (C-Ar), 123.5 (C-3/6
Pht), 104.0 (d, JC-1,F� 212.3 Hz, C-1), 75.9 (d, JC-3,F� 9.7 Hz, C-3), 73.4
(CH2O), 72.5 (C-5), 72.4 (CH2O), 70.7 (C-4), 68.1 (C-6), 55.1 (d, JC-2,F�
21.8 Hz, C-2), 20.6 (OAc); elemental analysis calcd (%) for C30H28FNO7
(533.55): C 67.53, H 5.29, N 2.63; found: C 67.62, H 5.48, N 2.52.


4-O-Acetyl-3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosyl-
azide (8): Trimethylsilylazide (2.35 mL, 17.7 mmol) was added to a stirred
solution of fluoride 6 (4 g, 7.5 mmol) in dry dichloromethane (70 mL). The
reaction was initiated with BF3 ¥OEt2 (300 �L, 2.4 mmol). After complete
reaction (TLC: hexane/acetone 1.5:1) dichloromethane was added fol-
lowed by extraction with dilute K2CO3. The organic phase was dried
(MgSO4), evaporated and purified by flash chromatography (hexane/
acetone 2:1) to afford 8 (3.81 g, 91.3%). [�]23D ��49.5� (c� 0.5 in
dichloromethane); Rf� 0.48 (hexane/acetone 1.5:1); 1H NMR (250 MHz,
[D6]DMSO): �� 7.9 ± 7.7 (m, 4H, Pht), 7.4 ± 7.25 (m, 5H, Ph), 6.94 (m, 5H,
Ph), 5.54 (d, J1,2� 9.5 Hz, 1H, H-1�), 5.04 (dd, J3,4� J4,5� 9.5 Hz, 1H, H-4),
4.57 ± 4.47 (m, 3H, CH2O), 4.37 (dd, J2,3� 10.1 Hz, 1H, H-3), 4.26 (d, Jgem�
12.0 Hz, 1H, CH2O), 3.98 (m, 1H, H-5), 3.94 (dd, 1H, H-2), 3.6 ± 3.5 (m,
2H, H-6a,b), 2.03 (s, 3H, OAc); 13C NMR (125 MHz, [D6]DMSO): ��
169.3, 167.0 broad (C�O), 138.1, 137.4 (C-i Ph), 134.9 (C-4/5 Pht), 130.6 (C-
1/2 Pht), 128.2, 127.9, 127.6, 127.50, 127.47, 127.42 (C-Ar), 123.5 (C-3/6 Pht),
85.0 (C-1), 76.4 (C-3), 74.6 (C-5), 73.5 (CH2O), 71.1 (C-4), 72.4 (CH2O),
71.1 (C-4), 68.3 (C-6), 54.6 (C-2), 20.7 (OAc); elemental analysis calcd (%)
for C30H28N4O7 (556.57): C 64.74, H 5.07, N 10.07; found: C 64.71, H 5.00, N
10.00.


3,6-Di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosylazide (10):
a) Starting from 8 : NaOMe (100 mg) was added to a stirred solution of
acetate 8 (3.7 g, 6.65 mmol) in dioxane/methanol 1:1 (40 mL). The course
of the reaction was monitored by 1H NMR spectroscopy following the
disappearance of the signal of the acetyl group. Two further portions of
sodium methylate (100 mg each) were added after 30 min intervals. After
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complete reaction the solution was neutralized with the acidic ion exchange
resin Amberlyst 15H�, filtered and concentrated. The residue was purified
by flash chromatography (hexane/acetone 2.2:1) and gave 10 (2.3 g,
67.2%).


b) Starting from 9 : K2CO3 (200 mg) was added to a stirred solution of
chloroacetate 9 (12.0 g, 20.3 mmol) in methanol/dichloromethane 1:2
(120 mL). After complete reaction (TLC: hexane/ethyl acetate 1.5:1) the
solution was filtered, neutralized with acidic acid and concentrated. The
residue was purified by flash chromatography (hexane/ethyl acetate 5:3)
and gave 10 (9.6 g, 91.9%). [�]23D ��17.2� (c� 0.5 in CH2Cl2); Rf� 0.45
(hexane/ethyl acetate 1.5:1); 1H NMR (500 MHz, [D6]DMSO): �� 7.9 ± 7.7
(m, 4H, Pht), 7.4 ± 7.33 (m, 5H, Ph), 6.93 ± 6.86 (m, 5H, Ph), 5.74 (d, J4,OH�
7.2 Hz, 1H, OH-4), 5.42 (d, J1,2� 9.5 Hz, 1H, H-1�), 4.78 (d, Jgem� 12.2 Hz,
1H, CH2O), 5.58 (s, 2H, CH2O), 4.42 (d, Jgem� 12.2 Hz, 1H, CH2O), 4.14
(dd, J3,4� J2,3� 9.6 Hz, 1H, H-3), 3.86 ± 3.82 (m, 2H, H-6a, H-2), 3.75 ± 3.68
(m, 2H, H-6b, H-5), 3.54 (ddd, J4,5� 8.5 Hz, 1H, H-4); 13C NMR (125 MHz,
[D6]DMSO): �� 167.3 (C�O), 138.4, 138.1 (C-i Ph), 134.7 (C-4/5 Pht), 130.6
(C-1/2 Pht), 128.2 ± 127.1 (C-Ar), 123.5 (C-3/6 Pht), 84.9 (C-1), 78.3 (C-3),
77.8 (C-5), 73.6, 72.3 (CH2O), 71.1 (C-4), 68.9 (C-6), 54.6 (C-2); elemental
analysis calcd (%) for C28H26N4O6 (514.53): C 65.36, H 5.09, N 10.89; found:
C 65.45, H 5.33, N 10.78.


Ethyl 3,6-di-O-benzyl-4-O-chloroacetyl-2-deoxy-2-phthalimido-1-thio-�-
�-glucopyranoside (5): Compound 3[31, 32] (97 g, 181.8 mmol) and pyridine
(100 mL) were dissolved in dichloromethane (500 mL) and cooled to 0 �C.
Chloroacetic acid anhydride (45 g, 263.2 mmol) was added and the reaction
was maintained at 0 �C until the starting material was consumed (TLC:
hexane/ethyl acetate 1:1). Subsequently, the solution was diluted with
dichloromethane (500 mL) and extracted with dilute K2CO3, dilute HCl
(3� ) and dilute K2CO3. The organic phase was dried (MgSO4), concen-
trated and purified by flash chromatography (hexane/acetone 2:1) to give 5
(103.4 g, 93.2%). [�]23D ��50.9� (c� 1 in dichloromethane); Rf� 0.66
(hexane/EtOAc 1:1); 1H NMR (250 MHz, [D6]DMSO): �� 7.9 ± 7.7 (m,
4H, Pht), 7.34 (m, 5H, Ph), 6.92 (m, 5H, Ph), 5.30 (d, J1,2� 10.4 Hz, 1H,
H-1�), 5.10 (dd, J4,5� 9.5 Hz, 1H, H-4), 4.6 ± 4.35 (m, 6H, CH2O, CH2Cl,
H-3), 4.26 (d, Jgem� 12.2 Hz, 1H, CH2O), 4.07 (dd, J2,3� 10.3 Hz, 1H, H-2),
3.92 (m, 1H, H-5), 3.58 (m, 2H, H-6a,b), 2.68 ± 2.47 (m, 2H, SCH2), 1.09 (t,
J� 7.4 Hz, CH3); 13C NMR (62.5 MHz, [D6]DMSO): �� 167.4, 167.0, 166.4
(C�O), 138.4, 137.4 (C-i Ph), 134.9 (C-4/5 Pht), 130.6 (C-1/2 Pht), 128.2 ±
127.4 (C-Ar), 123.5 (C-3/6 Pht), 80.5 (C-1), 77.5 (C-3), 76.3 (C-5), 73.7
(CH2O), 74.1 (C-4), 72.5 (CH2O), 68.5 (C-6), 54.4 (C-2), 41.0 (CH2Cl), 23.5
(CH2), 15.1 (CH3); elemental analysis calcd (%) for C32H32ClNO7S
(610.12): C 63.0, H 5.29, N 2.30; found: C 62.85, H 5.48, N 2.07.


3,6-Di-O-benzyl-4-O-chloroacetyl-2-deoxy-2-phthalimido-�-�-glucopyra-
nosylfluoride (7): Thioglycoside 5 (112.0 g, 183.6 mmol) was dissolved in
dichloromethane (800 mL) and cooled to 0 �C. N-Bromosuccinimide
(42.5 g, 239.8 mmol) was added to the stirred solution followed by HF/
pyridine complex (20 mL). The reaction was complete after 20 min (TLC:
hexane/acetone 1.5:1). Subsequently, the reaction mixture was transferred
to a Teflon separatory funnel and extracted with a mixture of water and ice
(2� ), dilute HCl (3� ) and aq Na2CO3. The organic phase was dried
(MgSO4), concentrated and purified by flash chromatography (hexane/
ethyl acetate 2:1) to yield 7 (99.6 g, 95.5%). The product was recrystallized
from acetone/hexane. M.p. 115 �C; [�]23D ��75.4� (c� 1 in CH2Cl2); Rf�
0.33 (hexane/acetone 2:1); 1H NMR (250 MHz, [D6]DMSO): �� 7.85 (m,
4H, Pht), 7.35 (m, 5H, Ph), 6.93 (m, 5H, Ph), 5.96 (dd, J1,2� 7.8, J1,F�
53.4 Hz, 1H, H-1�), 5.22 (dd, J3,4� J4,5� 9.4 Hz, 1H, H-4), 4.6 ± 4.4 (m, 6H,
CH2O, CH2Cl, H-3), 4.27 (d, Jgem� 12.0 Hz, 1H, CH2O), 4.2 (m, 1H, H-2),
4.13 (m, 1H, H-5), 3.64 (m, 2H, H-6a,b); 13C NMR (62.5 MHz,
[D6]DMSO): �� 167.2, 166.4 (C�O, Ac, Pht), 137.9, 137.2 (C-i Ph), 134.9
(C-4/5 Pht), 130.5 (C-1/2 Pht), 128.2, 127.9, 127.6, 127.5 (C-Ar), 123.6 (C-3/6
Pht), 104.5 (d, JC-1,F� 212.4 Hz, C-1), 75.3 (d, JC-3,F� 9.7 Hz, C-3), 73.6
(CH2O), 72.5 (CH2O), 72.3 (C-4), 72.2 (C-5), 68.0 (C-6), 55.1 (d, JC-2,F�
22.0 Hz, C-2), 40.9 (CH2Cl); elemental analysis calcd (%) for
C30H27ClFNO7�H2O (586.01): C 61.49, H 4.99, N 2.39; found: C 61.82,
H 4.94, N 2.66.


3,6-Di-O-benzyl-4-O-chloroacetyl-2-deoxy-2-phthalimido-�-�-glucopyra-
nosylazide (9): TMS-N3 (20 mL, 150.6 mmol) followed by BF3 ¥OEt2 (2 mL,
16.3 mmol) was added to a stirred suspension of fluoride 7 (40.0 g,
70.4 mmol) and ground molecular sieves 4 ä (20 g) in dry dichloromethane
(400 mL). After complete reaction (TLC: hexane/acetone 2:1) the mixture
was diluted with dichloromethane and filtered. The organic phase was


washed with aq K2CO3, dried (MgSO4) and concentrated. The residue was
purified by flash chromatography (hexane/acetone 2:1) to yield 9 (38.2 g,
91.8%). Crystals were obtained by trituration of the product with
methanol. M.p. 86� 91 �C; [�]23D ��45.0� (c� 0.5 in dichloromethane);
Rf� 0.37 (hexane/acetone 2:1); 1H NMR (250 MHz, [D6]DMSO): �� 7.85
(m, 4H, Pht), 7.35 (m, 5H, Ph), 6.92 (m, 5H, Ph), 5.57 (d, J1,2� 9.4 Hz, 1H,
H-1�), 5.15 (dd, J4,5� 9.5 Hz, 1H, H-4), 4.6 ± 4.4 (m, 6H, CH2O, CH2Cl,
H-3), 4.25 (d, Jgem� 12.0 Hz, 1H, CH2O), 4.03 (m, 1H, H-5), 3.97 (dd, J2,3�
10.6 Hz, 1H, H-2), 3.63 (m, 2H, H-6a,b); 13C NMR (62.5 MHz,
[D6]DMSO): �� 167.2, 166.4 (C�O, ClAc, Pht), 138.0, 137.3 (C-i Ph),
134.9 (C-4/5 Pht), 130.5 (C-1/2 Pht), 128.2, 127.9, 127.5 (C-Ar), 123.5 (C-3/6
Pht), 84.9 (C-1), 76.2 (C-3), 74.3 (C-5), 73.6 (CH2O), 72.6 (C-4), 72.4
(CH2O), 68.0 (C-6), 54.5 (C-2), 40.9 (CH2Cl); ESI-MS: m/z : calcd for
C30H27ClN4O7: 590.16; found: 613.26 [M�Na]� .
O-(4-O-Acetyl-3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyrano-
syl)-(1� 4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosyl-
azide (11): A suspension of azide 10 (3.0 g, 5.8 mmol), fluoride 6 (3.9 g,
7.3 mmol) and ground molecular sieves 4 ä (7 g) in dry dichloromethane
(70 mL) was stirred for 30 min at room temperature. BF3 ¥OEt2 (150 �L,
1.2 mmol) was added and the reaction was allowed to proceed for 1 h
(TLC: hexane/acetone 1.5:1). The suspension was filtered over Celite,
washed with dichloromethane followed by extraction with aq Na2CO3. The
organic phase was dried (MgSO4), concentrated and the residue was
purified by flash chromatography (hexane/acetone 2.3:1) to give 11 (5.0 g,
83.4%). [�]23D ��26.5� (c� 0.5 in CH2Cl2); Rf� 0.42 (hexane/acetone
1.5:1); 1H NMR (500 MHz, [D6]DMSO): �� 8.0 ± 7.7 (m, 8H, Pht), 7.4 ± 7.2
(m, 10H, Ph), 6.95 ± 6.80 (m, 10H, Ph), 5.31 (d, J1,2� 7.2 Hz, 1H, H-1��),
5.29 (d, J1,2� 9.0 Hz, 1H, H-1�), 5.01 (dd, J3,4� J4,5� 9.5 Hz, 1H, H-4�), 4.81
(d, Jgem� 12.3 Hz, 1H, CH2O), 4.54 ± 4.36 (m, 7H, CH2O, H-3�), 4.26 (d,
Jgem� 12.0 Hz, 1H, CH2O), 4.12 ± 4.07 (m, 3H, H-2�, H-3, H-4), 3.80 (dd,
J2,3� 10.6 Hz, 1H, H-2), 3.62 ± 3.54 (m, 3H, H-5, H-5�, H-6a�), 3.49 (d,
Jgem� 10.9 Hz, 1H, H-6a), 3.41 (dd, Jvic� 5.5, Jgem� 11.2 Hz, 1H, H-6b�),
3.37 (dd, Jvic� 3.8 Hz, 1H, H-6b), 2.03 (OAc); 13C NMR (125 MHz,
[D6]DMSO): �� 169.4, 167.1 (C�O), 138.2, 138.0, 137.9, 137.4 (C-i Ph),
134.9, 134.8 (C-4/5 Pht), 130.6 (C-1/2 Pht), 128.2 ± 127.0 (C-Ar), 123.5 (C-3/6
Pht), 96.4 (C-1�), 84.8 (C-1), 76.3 (C-3�), 76.1 (C-3), 75.6 (C-5), 75.1 (C-4),
73.7, 73.5 (CH2O), 73.0 (C-5�), 72.5, 71.7 (CH2O), 71.5 (C-4�), 68.3 (C-6�),
67.6 (C-6), 55.7 (C-2�), 54.6 (C-2), 20.6 (OAc); elemental analysis calcd (%)
for C58H53N5O13� 0.5H2O (1028.08): C 67.17, H 5.25, N 6.75; found: C 67.07,
H 5.07, N 6.42.


O-(3,6-Di-O-benzyl-4-O-chloroacetyl-2-deoxy-2-phthalimido-�-�-gluco-
pyranosyl)-(1� 4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyra-
nosylazide (12): A suspension of azide 10 (13.0 g, 25.3 mmol), fluoride 7
(17.0 g, 29.9 mmol) and ground molecular sieves 4 ä (22 g) in dry dichloro-
methane (350 mL) was stirred for 30 min at room temperature. BF3 ¥OEt2
(1.46 mL, 11.9 mmol) was added and the reaction was allowed to proceed
for 1 h (TLC: hexane/acetone 1.5:1). The suspension was filtered over
Celite, washed with dichloromethane followed by extraction with aq
Na2CO3. The organic phase was dried (MgSO4), concentrated and the
residue was purified by flash chromatography (hexane/acetone 2:1)
furnishing 12 (23.12 g, 86.1%). [�]23D ��17.6� (c� 0.5 in dichloromethane);
Rf� 0.36 (hexane/acetone 1.5:1); 1H NMR (500 MHz, [D6]DMSO): ��
7.9 ± 7.7 (m, 8H, Pht), 7.4 ± 7.2 (m, 10H, Ph), 6.92 ± 6.79 (m, 10H, Ph), 5.31
(d, J1,2� 7.9 Hz, 1H, H-1��), 5.29 (d, J1,2� 9.2 Hz, 1H, H-1�), 5.12 (dd, J3,4�
J4,5� 9.4 Hz, 1H, H-4�), 4.81 (d, Jgem� 12.3 Hz, 1H, CH2O), 4.56 (d, Jgem�
12.0 Hz, 1H, CH2O), 4.50 (d, Jgem� 12.0 Hz, 1H, CH2O), 4.44 ± 4.38 (m,
7H, CH2O, CH2Cl, H-3�), 4.26 (d, Jgem� 12.1 Hz, 1H, CH2O), 4.16 ± 4.05 (m,
3H, H-2�, H-3, H-4), 3.81 (dd, J2,3� 10.5 Hz, 1H, H-2), 3.63 ± 3.55 (m, 3H,
H-5, H-5�, H-6a�), 3.49 (d, Jgem� 10.8 Hz, 1H, H-6a), 3.45 (dd, Jvic� 5.0,
Jgem� 11.1 Hz, 1H, H-6b�), 3.37 (dd, Jvic� 3.7 Hz, 1H, H-6b); 13C NMR
(125 MHz, [D6]DMSO): �� 168.1, 167.1, 166.5 (C�O), 138.3, 138.1, 138.0,
137.4 (C-i Ph), 134.9, 134.8 (C-4/5 Pht), 130.6 (C-1/2 Pht), 128.3 ± 127.0 (C-
Ar), 123.6, 123.4 (C-3/6 Pht), 96.5 (C-1�), 84.8 (C-1), 76.2 (C-3�, C-3�), 75.6
(C-5), 75.2 (C-4), 73.8, 73.7 (CH2O), 73.1 (C-4�), 72.7 (C-5�), 72.6, 71.7
(CH2O), 68.1 (C-6�), 67.6 (C-6), 55.8 (C-2�), 54.6 (C-2), 41.0 (CH2Cl);
elemental analysis calcd (%) for C58H52ClN5O13 (1062.53): C 65.56, H 4.93,
N 6.59; found: C 65.39, H 4.89, N 6.50.


O-(3,6-Di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosyl)-(1� 4)-
3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosylazide (13):
a) Starting from 11: Disaccharide 11 (4.1 g, 3.99 mmol) was dissolved
in dioxane/methanol 1:1 (80 mL) and stirred for 36 h at �4 �C with
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potassium carbonate (350 mg). The suspension was filtered, neutralized
with acetic acid and concentrated. The residue was purified by flash
chromatography (hexane/acetone 2:1) and gave title compound 13 (3.1 g,
78.7%).


b) Starting from 12 : Disaccharide 12 (14.0 g, 13.2 mmol) was dissolved in
methanol/dichloromethane 1:2 (120 mL) and stirred with potassium
carbonate (30 mg). After complete reaction (TLC: hexane/acetone 1.5:1)
the suspension was filtered, neutralized with acetic acid and concentrated.
The residue was purified by flash chromatography (hexane/acetone 1.5:1)
and yielded 13 (12.2 g, 93.7%). [�]23D ��3.3� (c� 0.5 in CH2Cl2); Rf� 0.22
(hexane/acetone 1.5:1); 1H NMR (500 MHz, [D6]DMSO): �� 7.95 ± 7.7 (m,
8H, Pht), 7.4 ± 7.2 (m, 10H, Ph), 6.95 ± 6.80 (m, 10H, Ph), 5.63 (d, J4,OH�
7.2 Hz, 1H, OH-4), 5.29 (d, J1,2� 9.1 Hz, 1H, H-1�), 5.27 (d, J1,2� 7.1 Hz,
1H, H-1��), 4.82 (d, Jgem� 12.2 Hz, 1H, CH2O), 4.77 (d, Jgem� 12.2 Hz, 1H,
CH2O), 4.60 (d, Jgem� 12.4 Hz, 1H, CH2O), 4.48 (d, Jgem� 12.4 Hz, 1H,
CH2O), 4.45 ± 4.38 (m, 4H, CH2O), 4.15 (dd, J3,4� 8.4 Hz, 1H, H-3�), 3.98
(dd, J2,3� 10.5 Hz, 1H, H-2�), 3.85 ± 3.80 (m, 2H, H-2, H-6a�), 3.60 (m, 1H,
H-5), 3.56 ± 3.48 (m, 3H, H-6b�, H-4�, H-6a), 3.43 (m, 1H, H-5�), 3.37 (dd,
Jvic� 3.6, Jgem� 11.3 Hz, 1H, H-6b); 13C NMR (125 MHz, [D6]DMSO): ��
168.2, 167.1 (C�O), 138.8, 138.3, 138.1, 138.0 (C-i Ph), 134.8 (C-4/5 Pht),
130.8, 130.6 (C-1/2 Pht), 128.2 ± 127.0 (C-Ar), 123.4 (C-3/6 Pht), 96.5 (C-1�),
84.9 (C-1), 78.4 (C-3�), 76.1 (C-3, C-5�), 75.8 (C-5), 74.8 (C-4), 73.6, 72.4,
71.71 (CH2O), 71.65 (C-4�), 68.9 (C-6�), 67.5 (C-6), 55.9 (C-2�), 54.6 (C-2);
elemental analysis calcd (%) for C56H51N5O12 (986.05): C 68.21, H 5.21, N
7.10; found: C 68.09, H 5.15, N 7.02.


2,4,6-Tri-O-acetyl-3-O-(N-phenylcarbamoyl)-�-�-glucopyranosylfluoride
(15): Acetate 14[32] (11.0 g, 23.5 mmol) was dissolved in HF/pyridine
(20 mL). After 20 h at ambient temperature the mixture was added to
dichloromethane (200 mL) and ice (200 mL) in a Teflon separatory funnel.
The organic phase was extracted with aq HCl (3� ), aq K2CO3 and dried
(MgSO4). After removal of the solvent the residue was purified by flash
chromatography (hexane/acetone 2.5:1) and furnished fluoride 15 (5.6 g,
55.7%). [�]23D ��57.6� (c� 1 in dichloromethane); Rf� 0.38 (hexane/
acetone 1.5:1); 1H NMR (250 MHz, [D6]DMSO): �� 9.8 (s, 1H, NH), 7.5 ±
7.0 (m, 5H, Ph), 5.94 (dd, J1,F� 52.9, J1,2� 2.5 Hz, 1H, H-1�), 5.32 (dd, J2,3�
J3,4� 9.9 Hz, 1H, H-3), 5.15 (dd, J4,5� 8.8 Hz, 1H, H-4), 5.06 (ddd, J2,F�
24.8 Hz, 1H, H-2), 4.28 ± 4.2 (m, 2H, H-5, H-6a), 4.10 (dd, Jgem� 14.4, Jvic�
4.5 Hz, 1H, H-6b), 2.04, 1.98 (2s, 9H, OAc); 13C NMR (125 MHz,
[D6]DMSO): �� 169.9, 169.4, 169.1 (C�O), 152.3 (C�O urethane), 138.6
(C-i Ph), 128.7, 122.8, 118.4 (C-Ar), 104.0 (d, JC-1,F� 226.4 Hz, C-1), 69.7 (C-
5), 69.4 (d, JC-2,F� 24.2 Hz, C-2), 69.3 (C-3), 67.2 (C-4), 61.4 (C-6), 20.4, 20.2
(OAc); elemental analysis calcd (%) for C19H22FNO9 (427.38): C 53.4, H
5.19, N 3.28; found: C 53.51, H 5.10, N 3.44.


O-(2,4,6-Tri-O-acetyl-3-O-(N-phenylcarbamoyl)-�-�-glucopyranosyl)-
(1� 4)-O-(3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosyl)-
(1� 4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosylazide
(16): Disaccharide 13 (2.9 g, 2.9 mmol), fluoride 15 (1.95 g, 4.6 mmol) and
ground molecular sieves 4 ä (3.4 g) in dry dichloromethane (50 mL) were
stirred for 30 min at room temperature. BF3 ¥OEt2 (500 �L, 4.1 mmol) was
added and the reaction was allowed to proceed for 7 h (TLC: hexane/
acetone 1.5:1). The suspension was filtered over Celite, washed with
dichloromethane followed by extraction with aq Na2CO3. The organic
phase was dried (MgSO4), concentrated and the residue was purified by
flash chromatography (hexane/acetone 2:1) to yield trisaccharide 16 (3.5 g,
85.4%). [�]23D ��7.5� (c� 0.5 in dichloromethane); Rf� 0.28 (hexane/
acetone 1.5:1); 1H NMR (500 MHz, [D6]DMSO): �� 9.7 (s, 1H, NH), 7.9 ±
7.65 (m, 8H, Pht), 7.50 ± 7.20 (m, 20H, Ar), 7.02 ± 6.8 (m, 10H, Ar), 5.28 (d,
J1,2� 9.5 Hz, 1H, H-1�), 5.27 (m, 1H, H-3��), 5.25 (d, J1,2� 8.5 Hz, 1H,
H-1��), 4.95 (dd, J3,4� J4,5� 9.6 Hz, 1H, H-4��), 4.90 ± 4.86 (m, 2H, H-1��,
H-2��), 4.83 ± 4.78 (m, 2H, CH2O), 4.63 (d, Jgem� 12.3 Hz, 1H, CH2O), 4.57
(d, Jgem� 12.3 Hz, 1H, CH2O), 4.41 (m, 3H, CH2O), 4.31 (d, Jgem� 12.3 Hz,
1H, CH2O), 4.20 ± 4.06 (m, 4H, H-3�, H-3, H-4, H-6a��), 4.03 (dd, J2,3�
10.5 Hz, 1H, H-2�), 3.94 ± 3.89 (m, H-4�, H-5��, H-6b��), 3.83 ± 3.78 (m, 2H,
H-2, H-6a�), 3.61 ± 3.58 (m, 2H, H-5, H-6b�), 3.50 (dd, Jvic � 1.0, Jgem�
11.6 Hz, 1H, H-6a), 3.4 ± 3.3 (m, 2H, H-5, H-6b); 13C NMR (125 MHz,
[D6]DMSO): �� 169.8, 169.2, 168.9, 168.1, 167.1 (C�O), 152.42 (C�O
urethane), 138.7, 138.31, 138.25, 138.1, 138.0 (C-i Ar), 134.8 (C-4/5 Pht),
130.6 (C-1/2 Pht), 128.8, 128.3, 128.2, 127.8, 127.7, 127.5, 127.4, 127.2, 127.0
(C-Ar), 123.5 (C-3/6 Pht), 122.8, 118.5 (C-Ar), 99.8 (C-1��), 96.3 (C-1�), 84.9
(C-1), 78.4 (C-4�), 76.8 (C-3�), 76.1 (C-3), 75.6 (C-5), 75.0 (C-4), 74.7 (C-5�),
73.8, 73.7 (CH2O), 72.4 (CH2O, C-3��), 71.7 (CH2O), 71.5 (C-2��), 70.6 (C-5��),


68.4 (C-4��), 67.6 (C-6), 67.5 (C-6�), 61.7 (C-6��), 55.8 (C-2�), 54.7 (C-2), 20.4,
20.3 (OAc); elemental analysis calcd (%) for C75H72N6O21 (1393.42): C
64.65, H 5.21, N 6.03; found: C 64.81, H 5.24, N 5.66.


4,6-O-Benzylidene-3-O-(N-phenylcarbamoyl)-�-glucopyranoside (19):
Compound 18[32] (101 g, 337 mmol) and anhydrous zinc chloride (25 g)
were suspended in benzaldehyde (270 mL) and stirred for 3 d at ambient
temperature (TLC: hexane/acetone 1:1). The reaction was added to ethyl
acetate/water 1:1 (1.6 L). After thorough extraction a first fraction of
product crystallized. The crystals were filtered off and washed with water
and diethyl ether. The organic phase was dried (MgSO4) and diluted with
hexane. A second crop of crystalline product was filtered off and washed
with water and diethyl ether. The fractions of crystalline 19 were combined
(45 g, 34.4%). M.p. 179 �C; [�]23D ��2.2� (1, MeOH/DMF 5:1); Rf� 0.42
(hexane/acetone 1:1); in DMSO compound 19 was present as a mixture of
anomers (� :�� 2:1); �-anomer: 1H NMR (500 MHz, [D6]DMSO): �� 9.61
(s, 1H, NH), 7.5 ± 7.2 (m, 9H, Ph), 6.95 (m, 1H, Ph), 6.88 (d, J1,OH� 4.8 Hz,
1H, OH-1), 5.59 (s, 1H, �CH-Ph), 5.15 (dd, J2,3� J3,4� 9.7 Hz, 1H, H-3),
5.08 (dd, J1,2� 3.6 Hz, 1H, H-1�), 5.02 (d, J2,OH� 7.7 Hz, 1H, OH-2), 4.16
(dd, Jgem� 10.2, Jvic� 4.5 Hz, 1H, H-6a), 3.93 (m, 1H, H-5), 3.74 (dd, Jvic�
10.2 Hz, 1H, H-6b), 3.62 (m, 1H, H-4), 3.55 (m, 1H, H-2); �-anomer:
1H NMR (500 MHz, [D6]DMSO): �� 9.63 (s, 1H, NH), 7.5 ± 7.2 (m, 9H,
Ph), 7.07 (d, J1,OH� 6.5 Hz, 1H, OH-1), 6.95 (m, 1H, Ph), 5.60 (s, 1H,�CH-
Ph), 5.48 (d, J2,OH� 5.7 Hz, 1H, OH-2), 4.99 (dd, J2,3� J3,4� 9.5 Hz, 1H,
H-3), 4.63 (dd, J1,2� 7.5 Hz, 1H, H-1�), 4.22 (dd, Jgem� 10.2 Hz, Jvic�
5.0 Hz, 1H, H-6a), 3.74 (dd, Jvic� 10.2 Hz, 1H, H-6b), 3.64 (m, 1H, H-4),
3.53 (m, 1H, H-5), 3.28 (m, 1H, H-5); 13C NMR (125 MHz, [D6]DMSO):
�� 153.1 (C�O urethane), 139.2 ± 118.1 (C-Ar), 100.5 (�CH-Ph�), 100.3
(�CH-Ph�), 97.7 (C-1�), 93.3 (C-1�), 79.1 (C-4�), 78.6 (C-4�), 74.3 (C-3�),
73.7 (C-2�), 72.1 (C-3�), 70.9 (C-2�), 68.2 (C-6�), 67.9 (C-6�), 65.5 (C-5�),
62.1 (C-5�); FAB-MS (MB): m/z : calcd for C20H21NO7: 387.1; found: 388
[M�H]� .
4,6-O-Benzylidene-2-O-chloroacetyl-3-O-(N-phenylcarbamoyl)-�-gluco-
pyranosyltrichloroacetimidate (20): Benzylidene acetal 19 (11.4 g,
29.4 mmol) and pyridine (20 mL) were dissolved in dichloromethane
(100 mL) and cooled to 0 �C. Chloroacetic acid anhydride (15 g, 87.7 mmol)
was added and the reaction was allowed to proceed at 0 �C until the starting
material disappeared (TLC: hexane/acetone 1.5:1). The solution was
diluted with dichloromethane (200 mL) and extracted with aq K2CO3, aq
HCl (3� ) and aq K2CO3. After drying (MgSO4) the solvent was
evaporated. The residue (14.6 g) was dissolved in DMF (21 mL) and
hydrazine acetate (2.4 g) was added. After complete reaction (TLC:
hexane/acetone 1.5:1) the mixture was diluted with dichloromethane
(400 mL) and extracted with water (2� ) and aq KHCO3. The organic
phase was dried (MgSO4) and concentrated. Subsequently, the hemiacetal
was dissolved in dry dichloromethane (100 mL) and cooled to 0 �C.
Trichloroacetonitrile (8 mL, 54 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) (775 �L, 7.7 mmol) were added. Upon complete consumption
of the starting material (TLC: hexane/acetone 1.5:1) the solution was
evaporated to dryness and the residue was purified by flash chromatog-
raphy (hexane/acetone 2:1) to give the imidate 20 (9.77 g, 54.6%). Rf bis-
chloroacetate� 0.44 (hexane/acetone 1.5:1); Rf hemiacetal� 0.33 (hexane/
acetone 1.5:1); Rf imidate� 0.47 (hexane/acetone 1.5:1); 1H NMR
(500 MHz, [D6]DMSO): �� 9.97 (s, 1H, C�NH), 9.78 (s, 1H, NH
urethane), 7.49 ± 6.96 (m, 10H, Ph), 6.53 (d, J1,2� 3.6 Hz, 1H, H-1�), 5.71
(s, 1H,�CH-Ph), 5.49(dd, J2,3� J3,4� 9.8 Hz, 1H, H-3), 5.30 (dd, 1H, H-2),
4.42 ± 4.27 (m, 3H, CH2Cl, H-6a), 4.11 (dd, J4,5� 9.6 Hz, 1H, H-4), 4.01 (m,
1H, H-5), 3.89 (dd, Jgem� Jvic� 10.2 Hz, H-6b); 13C NMR (125 MHz,
[D6]DMSO): �� 166.3 (C�O), 158.0 (C�N), 152.3 (C�O urethane), 138.7 ±
118.4 (C-Ar), 100.6 (�CH-Ph), 92.5 (C-1�), 77.2 (C-4), 71.4 (C-2), 68.8 (C-
3), 67.2 (C-6), 65.3 (C-5), 40.5 (CH2Cl); FAB-MS (MB): m/z : calcd for
C24H22Cl4N2O8: 606.0; found: 607 [M�H]� .
4,6-O-Benzylidene-2-O-chloroacetyl-3-O-(N-phenylcarbamoyl)-�-�-glu-
copyranosylfluoride (21): Imidate 20 (2 g, 21.9 mmol) was dissolved in dry
dichloromethane (30 mL) in a polyethylene container and cooled to 0 �C.
To the stirred solution was added HF/pyridine complex (420 �L). The
reaction was complete after 5 min (TLC: hexane/acetone 2:1). Subse-
quently, the biphasic reaction was diluted with dichloromethane (130 mL),
transferred to a Teflon separaratory funnel and neutralized with cold aq
KHCO3. The organic phase was extracted with aq HCl (3� ) and aq
KHCO3. After concentration the residue was purified by flash chro-
matography (hexane/acetone 2:1) to yield the fluoride 21 (1.4 g, 91.4%).
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[�]23D ��32.2� (c� 1 in dichloromethane); Rf� 0.44 (hexane/acetone 2:1);
1H NMR (500 MHz, [D6]DMSO): �� 9.80 (s, 1H, NH), 7.45 ± 6.96 (m, 10H,
Ph), 5.79 (dd, J1,2� 6.5, J1,F� 53.7 Hz, 1H, H-1�), 5.68 (s, 1H, �CH-Ph),
5.38 (dd, J2,3� J3,4� 8.9 Hz, 1H, H-3), 5.09 (m, 1H, H-2), 4.51, 4.41 (2d,
Jgem� 15.3 Hz, 1H, CH2Cl), 4.34 (dd, Jgem� 9.9, Jvic� 4.5 Hz, 1H, H-6a),
4.03 (dd, J4,5� 9.4 Hz, 1H, H-4), 3.97 (m, 1H, H-5), (dd, Jgem� 9.9, Jvic�
10.1 Hz, 1H, H-6b); 13C NMR (125 MHz, [D6]DMSO): �� 152.3 (C�O
urethane), 138.6, 136.9 (C-i Ph), 129.4 ± 118.5 (C-Ar), 106.3 (d, JC-1,F�
214.1 Hz, C-1), 100.5 (�CH-Ph), 79.9 (C-4), 73.4 (d, JC-2,F� 25.4 Hz, C-2),
70.8 (d, JC-3,F� 9.5 Hz, C-3), 67.2 (C-6), 65.1 (C-5), 40.6 (CH2Cl); FAB-MS
(MB): m/z : calcd for C22H21ClFNO7: 665.1; found: 666 [M�H]� .
O-(4,6-O-Benzylidene-2-O-chloroacetyl-3-O-(N-phenylcarbamoyl)-�-�-
glucopyranosyl)-(1� 4)-O-(3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-
glucopyranosyl)-(1� 4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glu-
copyranosylazide (22): a) Starting from 21: Disaccharide 13 (85 mg,
86 �mol), fluoride 21 (120 mg, 258 �mol) and ground molecular sieves
4 ä (320 mg) were suspended in dry dichloromethane (3 mL) and stirred
for 30 min at 0 �C. BF3 ¥OEt2 (40 �L, 326 �mol) was added and the reaction
was allowed to proceed at ambient temperature for 24 h (TLC: hexane/
acetone 1.5:1). Subsequently, the suspension was filtered over celite,
washed with dichloromethane and extracted with aq K2CO3. The organic
phase was dried (MgSO4), concentrated and the residue was purified by
flash chromatography (hexane/acetone 2:1) to furnish the title trisacchar-
ide 22 (56 mg, 45.5%).


b) Starting from 20 : Disaccharide 14 (5.8 g, 5.9 mmol), imidate 20 (6.65 g,
10.9 mmol) and ground molecular sieves 4 ä (18 g) were suspended in dry
dichloromethane (50 mL) and stirred for 20 min at 0 �C. Trifluorometha-
nesulfonic acid trimethylsilylester (600 �L, 3.2 mmol) was added and the
reaction was monitored for 3 h (TLC: hexane/acetone 1.5:1). Subsequently,
the solids were filtered off over Celite, washed with dichloromethane and
the organic phase was extracted with dilute K2CO3. The dried solution
(MgSO4) was concentrated and the residue was purified by flash
chromatography (hexane/acetone 2:1) to give trisaccharide 22 (5.26 g,
62.4%). [�]23D ��14.1� (c� 0.5 in dichloromethane); Rf� 0.33 (hexane/
acetone 1.5:1); 1H NMR (500 MHz, [D6]DMSO): �� 9.71 (s, 1H, NH),
7.95 ± 7.65 (m, 8H, Pht), 7.50 ± 7.20 (m, 20H, Ar), 7.00 ± 6.78 (m, 10H, Ar),
5.61 (s, 1H, �CH-Ph), 5.30 ± 5.24 (m, 3H, H-1, H-1�, H-3��), 4.95 (m, 2H,
H-1��, H-2��), 4.83 (d, Jgem� 12.4 Hz, 1H, CH2O), 4.79 (d, Jgem� 11.9 Hz, 1H,
CH2O), 4.63 (d, Jgem� 11.6 Hz, 1H, CH2O), 4.58 (d, Jgem� 12.2 Hz, 1H,
CH2O), 4.43 ± 4.37 (m, 4H, CH2O), 4.32 (m, 2H, CH2Cl), 4.20 (dd, J2,3�
J3,4� 9.8 Hz, 1H, H-3�), 4.15 (dd, Jvic� 4.7 Hz, Jgem� 9.8 Hz, 1H, H-6a��),
4.12 ± 4.08 (m, 2H, H-3, H-4), 4.03 (m, 1H, H-2�), 3.98 (dd, J4,5� 8.4 Hz, 1H,
H-4�), 3.84 ± 3.80 (m, 3H, H-2, H-4��, H-6a�), 3.68 ± 3.60 (m, 3H, H5, H-6b�,
H-6b��), 3.54 (m, 1H, H-5��), 3.49 (dd, Jvic � 1.0, Jgem� 10.8 Hz, 1H, H-6a),
3.41 (m, 1H, H-5�), 3.36 (dd, Jvic� 3.1 Hz, 1H, H-6b); 13C NMR (62.5 MHz,
[D6]DMSO): �� 167.1, 166.1 (C�O), 152.5 (C�O urethane), 138.7, 138.3,
138.0, 137.0 (C-i Ar), 134.8 (C-4/5 Pht), 130.6 (C-1/2 Pht), 129.0 ± 126.1 (C-
Ar), 123.4 (C-3/6 Pht), 122.3, 118.6 (C-Ar), 100.4 (�CH-Ph), 99.6 (C-1��),
96.4 (C-1�), 84.8 (C-1), 77.6 (C-4��, C-4�), 76.5 (C-3�), 76.2 (C-3), 75.7 (C-5),
75.1 (C-4), 74.5 (C-5�), 74.2 (C-2��), 73.9 (CH2O), 73.7 (CH2O), 72.3
(CH2O), 71.7 (C-2��, CH2O), 67.6 (C-6, C-6�), 67.4 (C-6��), 65.5 (C-5��), 55.8
(C-2�), 54.6 (C-2), 40.6 (CH2Cl); ESI-MS: m/z : calcd for C78H71ClN6O19:
1430.45; found: 1453.50 [M�Na]� .
O-(4,6-O-Benzylidene-3-O-(N-phenylcarbamoyl)-�-�-glucopyranosyl)-
(1� 4)-O-(3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosyl)-
(1� 4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosylazide
(17): a) Starting from 22 : Trisaccharide 22 (14 g, 9.78 mmol) was dissolved
in methanol/dichloromethane 1:2 (120 mL). To the stirred solution was
added K2CO3 (300 mg). After complete deacylation (TLC: hexane/acetone
1.5:1) the solids were filtered off, followed by neutralization with acetic
acid. The solution was concentrated and purified by flash chromatography
(hexane/acetone 1.5:1) furnishing the trisaccharide 17 (11.82 g, 89.2%).


b) Starting from 16 : Trisaccharide 16 (3.25 g, 2.3 mmol) was dissolved in
dioxane/methanol 1:1 (80 mL) and cooled to 4 �C. K2CO3 (400 mg) was
added and the suspension was stirred for 36 h. Subsequently, the solids were
removed by filtration. The solution was neutralized with Amberlyst 15 ion-
exchange resin (H�) and concentrated. The residue was dissolved in
acetonitrile (50 mL) and benzaldehyde dimethylacetal (10 mL) and p-
toluenesulfonic acid (100 mg) were added. After 1 h the reaction was
stopped with triethylamine (150 �L), concentrated and purified by flash
chromatography (hexane/acetone 2.5:1) to give the trisaccharide 17


(1.395 g, 44.1%). [�]23D ��8.2� (c� 0.5 in dichloromethane); Rf� 0.28
(hexane/acetone 1.5:1); 1H NMR (500 MHz, [D6]DMSO): �� 9.6 (s, 1H,
NH), 7.95 ± 7.65 (m, 8H, Pht), 7.50 ± 7.20 (m, 20H, Ar), 7.00 ± 6.75 (m, 10H,
Ar), 5.92 (d, J2,OH� 6.0 Hz, 1H, OH-2��), 5.56 (s, 1H, �CH-Ph), 5.28 (d,
J1,2� 9.2 Hz, 1H, H-1�), 5.27 (d, J1,2� 8.3 Hz, 1H, H-1��), 5.01 (dd, J2,3�
J3,4� 9.5 Hz, 1H, H-3��), 4.85 (d, Jgem� 12.4 Hz, 1H, CH2O), 4.79 (d, Jgem�
11.9 Hz, 1H, CH2O), 4.67 (d, J1,2� 6.9 Hz, 1H, H-1���), 4.65 (d, Jgem�
11.6 Hz, 1H, CH2O), 4.55 (d, Jgem� 12.2 Hz, 1H, CH2O), 4.42 ± 4.34 (m,
4H, CH2O), 4.27 (dd, J2,3� 10.4, J3,4� 8.9 Hz, 1H, H-3�), 4.14 ± 3.96 (m, 6H,
H-3, H-4, H-6a�, H-6a��, H-2�, H-4�), 3.89 (dd, Jvic� 4.2, Jgem� 11.0 Hz, 1H,
H-6b�), 3.81 (dd, J2,3� 10.5 Hz, 1H, H-2), 3.67 ± 3.60 (m, 3H, H-4��, H-6b��,
H-5), 3.54 (m, 1H, H-5�), 3.48 (dd, Jvic � 1.0, Jgem� 10.6 Hz, 1H, H-6a),
3.45 ± 3.32 (m, 3H, H-2��, H-5��, H-6b); 13C NMR (62.5 MHz, [D6]DMSO):
�� 168.1, 167.0 (C�O), 152.9 (C�O urethane), 139.1, 138.6, 138.1, 138.0,
137.9, 137.3 (C-i Ar), 134.8 (C-4/5 Pht), 130.6 (C-1/2 Pht), 128.7 ± 126.1 (C-
Ar), 123.4 (C-3/6 Pht), 122.3, 118.2 (C-Ar), 103.2 (C-1��), 100.2 (�CH-Ph),
96.5 (C-1�), 84.8 (C-1), 78.1 (C-4��), 77.9 (C-4�), 76.6 (C-3�), 76.2 (C-3), 75.7
(C-5), 75.0 (C-4), 74.7 (C-5�), 74.0 (C-3��), 73.7 (CH2O), 72.7 (C-2��), 72.1,
71.6 (CH2O), 67.5 (C-6), 67.5 (C-6�, C-6��), 65.7 (C-5��), 56.0 (C-2�), 54.6 (C-
2); elemental analysis calcd (%) for C76H70N6O18 (1355.42): C 67.35, H 5.21,
N 6.20; found: C 67.32, H 5.15, N 6.00.


O-(4,6-O-Benzylidene-�-�-mannopyranosyl)-(1� 4)-O-(3,6-di-O-benzyl-
2-deoxy-2-phthalimido-�-�-glucopyranosyl)-(1� 4)-3,6-di-O-benzyl-2-de-
oxy-2-phthalimido-�-�-glucopyranosylazide (2): Trisaccharide 17 (4.2 g,
3.1 mmol) and pyridine (2 mL) were dissolved in dry dichloromethane
(150 mL). The stirred solution was cooled to �40 �C and trifluorometha-
nesulfonic acid anhydride (700 �L, 4.16 mmol) was added. Upon warming
to 0 �C the reaction went to completion (TLC: hexane/acetone 1.5:1). The
mixture was concentrated in a water bath at ambient temperature followed
by evaporation to drynesss in high vacuo. Subsequently, dry DMF (20 mL)
and pyridine (2 mL) were added prior to heating to 65 �C. After 2 h the
reaction was complete (TLC: dichloromethane/methanol 50:1) and con-
centrated in high vacuo. The residue was dissolved in dichloromethane
(250 mL) and extracted with aq K2CO3. The organic phase was dried
(MgSO4), concentrated to dryness and subsequently dissolved in a mixture
of dioxane (20 mL), acetic acid (6 mL) and water (4 mL). After complete
hydrolysis of the iminocarbonate (TLC: dichloromethane/methanol 50:1)
the solvents were removed at ambient temperature in a rotary evaporator.
The residue was taken up in dichloromethane (250 mL), extracted with aq
HCl and aq K2CO3, dried (MgSO4) and concentrated. The crude product
(carbonate) was dissolved in dry dichloromethane (150 mL) and a freshly
prepared solution (5 mL) of sodium (100 mg) in dry methanol (100 mL)
was added. After complete reaction (TLC: hexane/acetone 1.5:1) the
solution was neutralized with acetic acid, concentrated and purified by flash
chromatography (hexane/acetone 1.5:1) to give trisaccharide 2 (2.69 g,
70.2%). [�]23D ��3.3� (c� 0.5 in dichloromethane); Rf phenylurethane
17� 0.28 (hexane/acetone 1.5:1); Rf triflate� 0.34 (hexane/acetone 1.5:1);
Rf triflate 17 a� 0.67 (dichloromethane/methanol 50:1); Rf iminocarbonate
17b� 0.62 (dichloromethane/methanol 50:1); Rf carbonate 17c� 0.64
(dichloromethane/methanol 50:1); Rf carbonate 17c� 0.29 (hexane/ace-
tone 1.5:1); Rf diol 2� 0.21 (hexane/acetone 1.5:1); 1H NMR (500 MHz,
[D6]DMSO): �� 7.95 ± 7.65 (m, 8H, Pht), 7.41 ± 7.22 (m, 15H, Ar), 6.96 ±
6.75 (m, 10H, Ar), 5.51 (s, 1H,�CH-Ph), 5.28 (d, J1,2� 9.5 Hz, 1H, H-1�),
5.25 (d, J1,2� 8.5 Hz, 1H, H-1��), 4.96 (d, J2,OH� 4.3 Hz, 1H, OH-2��), 4.92
(d, J3,OH� 6.9 Hz, 1H, OH-3��), 4.82 (d, Jgem� 12.1 Hz, 2H, CH2O), 4.62 (d,
J1,2 � 1.0 Hz, 1H, H-1���), 4.60 (d, Jgem� 12.2 Hz, 1H, CH2O), 4.55 (d,
Jgem� 12.2 Hz, 1H, CH2O), 4.43 ± 4.37 (m, 4H, CH2O), 4.21 (dd, J2,3� 10.4,
J3,4� 8.8 Hz, 1H, H-3�), 4.14 ± 3.96 (m, 5H, H-3, H-4, H-6a��, H-2�, H-4�),
3.80 ± 3.76 (m, 3H, H-2, H-2��, H-6a�), 3.71 (dd, J3,4� J4,5� 9.5 Hz, 1H,
H-4��), 3.66 ± 3.47 (m, 5H, H-5, H-6a, H-6b�, H-3��, H-6b��), 3.41 (m, 1H,
H-5�), 3.36 (m,1H, H-6b), 3.10 (m, 1H, H-5��); 13C NMR (62.5 MHz,
[D6]DMSO): �� 168.0, 167.1, 167.0 (C�O), 138.4, 138.3, 138.1, 137.9 (C-i
Ar), 134.8 (C-4/5 Pht), 130.7, 130.5 (C-1/2 Pht), 128.7 ± 126.3 (C-Ar), 123.4
(C-3/6 Pht), 100.9 (�CH-Ph), 100.4 (C-1���, JC-1,H-1� 158.6 Hz from a
coupled HMQC spectrum), 96.5 (C-1��, JC-1,H-1� 169.0 Hz see above), 84.8
(C-1�, JC-1,H-1� 166.9 Hz see above), 78.3 (C-4��), 77.3 (C-4�), 76.2 (C-3), 76.0
(C-3�), 75.6 (C-5), 74.9 (C-4), 74.5 (C-5�), 73.7, 73.6, 72.1, 71.5 (CH2O), 70.9
(C-2��),69.9 (C-3��), 67.8 (C-6�, C-6��), 67.5 (C-6), 66.8 (C-5��), 56.0 (C-2�), 54.7
(C-2); elemental analysis calcd (%) for C69H65N5O17 (1236.30): C 67.04, H
5.30, N 5.66; found: C 66.70, H 5.18, N 5.52. ESI-MS: m/z : calcd for
C69H65N5O17: 1235.44); found: 1258.45 [M�Na]� .
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Time-Resolved Resonance Raman and Density Functional Study of an
Azirine Intermediate in the 2-Fluorenylnitrene Ring-Expansion Reaction
To Form a Dehydroazepine Product


Shing Yau Ong, Peizhi Zhu, King Hung Leung, and David Lee Phillips*[a]


Abstract: We report time-resolved res-
onance Raman spectra for the azirine
intermediate produced in the 2-fluore-
nylnitrene ring-expansion reaction to
form a dehydroazepine product. The
Raman bands obtained with a 252.7 nm
probe wavelength and 500 ns delay time
exhibit reasonable agreement with pre-
dicted vibrational frequencies from den-
sity functional calculations for two iso-
mers of azirine intermediates that may
be formed from a 2-fluorenylnitrene
precursor. The Raman bands observed
for delay times of 15 ns and 10 �s were


consistent with predicted vibrational
frequencies from density functional cal-
culations for the 2-fluorenylnitrene and
dehydroazepine product species as well
as previously reported 416 nm time-
resolved Raman spectra obtained on
the ns and �s time scales. Our results
demonstrate that the 2-fluorenylnitrene


ring-expansion reaction to produce de-
hydroazepine products proceeds via rel-
atively long-lived 2-fluorenylnitrene and
azirine intermediates. Substitution of a
phenyl ring para to the nitrene group of
phenylnitrene appears to lead to signifi-
cant changes in the ring-expansion re-
action so that longer lived arylnitrene
and azirine intermediates can be ob-
served. This should enable the chemical
reactivity of azirine intermediates
formed from arylnitrenes to be exam-
ined more readily.


Keywords: arylnitrenes ¥ azirines ¥
density functional calculations ¥
dehydroazepines ¥ Raman spectros-
copy


Introduction


The photochemistry of aryl azides[1±59] has been extensively
investigated over many years by numerous research groups.
The use of laser flash photolysis methods that directly probe
the reaction intermediates and photoproducts has led to an
increased understanding of their reaction mechanisms and
intermediates. Solution-phase photolysis of aryl azides usually
gives a singlet nitrene intermediate and a nitrogen molecule.
The singlet nitrene intermediate can then undergo a fast ring-
expansion reaction to form ketenimines (dehydroazepine)
that can be readily trapped by nucleophiles. However, there
are examples, such as the singlet 2-pyrimidylnitrene,[55] in
which the singlet nitrene species mostly decays by intersystem
crossing (ISC) to the triplet nitrene species. Triplet state
arylnitrenes can subsequently form diazo products in some
cases.


The reaction mechanisms and photochemistry of the
prototypical singlet phenyl nitrene has been particularly well


examined.[7, 8, 18, 20, 21, 42±46, 52±54] The singlet phenyl nitrene spe-
cies has been directly seen in room-temperature solutions[44, 45]


and was found to have a short lifetime of�1 ns. This is mainly
the result of a fast ring-expansion reaction. A number of
different substituents have been observed to significantly
increase the lifetime of the singlet nitrene spe-
cies.[16±18, 22±25, 29, 40, 55, 57] The photolysis of polyfluorinated phe-
nyl azides in acetonitrile solutions formed singlet nitrenes
with lifetimes of tens to hundreds of nanoseconds[40] because
the substituents cause the ring-expansion reaction to have a
higher activation barrier and proceed more slow-
ly.[16±18, 22±25, 29, 40, 55, 57] These longer lived singlet nitrene species
can be more readily trapped by nucleophiles (such as diethyl-
amine, pyridine, and tetramethylethylene) and some have also
been observed to form singlet arylnitrenium ions from a fast
protonation reaction.[26, 28, 31±37, 40, 47, 48] Although much is
known about the chemistry and reaction mechanisms of
arylnitrenes, there are few direct vibrational mode-specific
characterizations of singlet or triplet arylnitrenes in room-
temperature solutions in the literature.


We recently reported a time-resolved resonance Raman
spectroscopic study of arylnitrenes formed after ultraviolet
photolysis of 2-azidofluorene in acetonitrile solution.[60] We
observed a number of vibrational bands for two species and
their vibrational frequencies were found to have reasonable
agreement with those predicted from density functional
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calculations for singlet (and triplet) 2-fluorenylnitrene and
their two ring-expansion dehydroazepine products, respec-
tively.[60] The time-resolved resonance Raman bands of the
2-fluorenylnitrene species were observed to decrease in
intensity with no prompt production of another intermediate
or the dehydroazepine product seen in the 5 and 10 �s
spectra.[60] This suggests there is an unobserved intermediate
that is dark with respect to the 416 nm probe wavelength used
in these time-resolved experiments. Since this unobserved
intermediate is produced from the decay of the 2-fluorenylni-
trene species and then subsequently forms the dehydroaze-
pine products, it was suggested that the unobserved species
could be a relatively long-lived azirine intermediate. Several
other azirine intermediates have been observed in elegant
matrix isolation experiments by Morawietz and Sander.[38]


They were found to have a notice-
able absorption band with a max-
imum �250 nm with little absorp-
tion in the 350 ± 450 nm region[38]


near the 416 nm used in our initial
time-resolved resonance Raman
study.[60]


Herein, we present a time-re-
solved resonance Raman investiga-
tion that used a 252.7 nm probe
wavelength to attempt to observe
the intermediate species not seen
with the 416 nm probe wavelength.
At a delay of 500 ns between the
pump and probe pulses, we obtained
a time-resolved resonance Raman
spectrum whose vibrational frequen-
cies are in reasonable agreement
with those predicted for two azirine
intermediates that could be formed
from a singlet 2-fluorenylnitrene
species. At 15 ns and 10 �s, different
spectra were obtained and their
vibrational frequencies are reasona-
bly consistent with those predicted
from density functional calculations
for the singlet 2-fluorenylnitrene and
the dehydroazepine products of
2-fluorenylnitrene, respectively. The
252.7 nm probe wavelength results
correlate well with those obtained
with the 416 nm excitation and dem-
onstrate that the 2-fluorenylnitrene
species decays to produce a fairly
long-lived azirine intermediate that
then proceeds to form the dehydro-
azepine intermediates observed in
the 5 and 10 �s 416 nm time-resolved
Raman spectra. To our knowledge,
this is the first direct experimental
structural evidence that an arylni-
trene ring-expansion reaction pro-
ceeds via an azirine intermediate in
room-temperature solutions. The


para-substituted phenyl group in the fluorene moiety appears
to significantly alter the relative stabilities of the nitrene,
azirine, and dehydroazepine intermediates so that the ring-
expansion reaction proceeds via a longer lived azirine
intermediate. We briefly discuss the possibility of the use of
nucleophiles and electrophiles to trap the longer lived
2-fluorenylnitrene and azirine intermediates in order to learn
more about the chemical reactivity of these interesting
reactive species.


Results and Discussion


Figure 1 presents the 252.7 nm time-resolved resonance
Raman spectra obtained at 15 ns, 500 ns, and 10 �s after


Figure 1. Time-resolved resonance Raman spectra acquired with 15 ns (top), 500 ns (middle), and 10 �s
(bottom) time delay between the 309 nm pump and 252.7 nm probe laser pulses following photolysis of
2-azidofluorene in acetonitrile solution. The time-resolved resonance Raman spectra were found by
subtracting the probe-only spectra and pump-only spectra from pump ± probe spectra in order to remove
solvent and precursor Raman bands. The larger Raman bands are labeled with their tentative assignments
(see text and Tables 1, 2, and 3 for more details).
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photolysis of 2-azidofluorene at 309 nm in acetonitrile. The
500 ns time-resolved resonance Raman spectrum is noticeably
stronger than the spectra obtained at 15 ns and 10 �s. This
suggests that the species observed at 500 ns is more resonantly
enhanced with a 252.7 nm probe wavelength than the species
observed at 15 ns and 10 �s. Use of a 416 nm probe wave-
length in previous time-resolved resonance Raman experi-
ments showed spectra of 2-fluorenylnitrene being stronger at
10 ns and decaying noticeably in the 50 ns and 100 ns spectra
and almost gone in the 500 ns spectrum with no other
apparent species being formed. The intermediate mainly
present at 500 ns is easily observed with a 252.7 nm probe
wavelength and difficult to observe with a 416 nm probe
wavelength. This is consistent with results for several azirine
intermediates which showed an absorption band with a
maximum at �250 nm, but with little absorption in the
350 ± 450 nm region in matrix isolation experiments.[38] Sev-
eral investigations have used a comparison of DFT-computed
vibrational frequencies to experimental values from either
time-resolved Raman or IR spectra to assign several different
arylnitrenium ions to their singlet ground states.[48, 56, 61, 62] We
anticipate a similar approach should prove useful for nitrene,
azirine, and dehydroazepine species.


We have performed UBPW91/cc-PVDZ computations to
obtain the optimized geometry and predict vibrational
frequencies for the two azirine isomers (AZ1 and AZ2) that
can be formed from the singlet 2-fluorenylnitrene species. The
optimized geometry parameters found from the UBPW91/cc-
PVDZ are listed in the Supporting Information. Figure 2
displays selected parameters from the UBPW91/cc-PVDZ
calculations. Table 1 compares the UBPW91/cc-PVDZ com-
puted vibrational frequencies and normal Raman intensities
to the 500 ns time-resolved resonance Raman experimental
values. Inspection of Table 1 shows that there is reasonable
agreement between the calculated and experimental vibra-
tional frequencies with differences of 16 cm�1 (for AZ1) and
17 cm�1 (for AZ2), on average, for the UBPW91/cc-PVDZ
calculations. The twelve Raman bands observed in the 500 ns
spectrum of Figure 1 cannot clearly distinguish between the
two azirine isomers (AZ1 and AZ2); however, the exper-
imental vibrational frequencies are consistent with an azirine
intermediate. In particular, the observation of the 1782 cm�1


Raman band in the 500 ns spectrum of Figure 1 is character-
istic of the C�N stretch of the three-membered ring in azirines
and similar to the 1708 cm�1 and 1730 cm�1 infrared vibra-
tional bands observed for two azirines formed from the
photolysis of 1-napthylazide in low-temperature matrix iso-
lation experiments.[63] Therefore, we assign the 500 ns time-
resolved resonance Raman spectrum obtained with a
252.7 nm probe wavelength to the azirine species formed
from the 2-fluorenylnitrene precursor.


Inspection of Table 1 reveals that the computed normal
Raman intensities are reasonably consistent with the reso-
nance Raman intensities of the azirine intermediate observed
at 500 ns for the higher frequency modes in the 1200 ±
1800 cm�1 region. We note the caveat that the resonance
enhancement of the Raman intensities can lead the intensity
pattern to be substantially different in the resonance Raman
spectrum compared to the normal Raman spectrum and this


probably accounts for differences between the computed and
experimental intensities. Several azirine intermediates in
matrix isolation experiments have their most intense absorp-
tion band in the UV/Vis region around 250 nm, but little
absorption in the 350 ± 450 nm region.[38] The large oscillator
strength of the 250 nm absorption band and little intensity in
absorption bands at longer wavelengths suggests that the
250 nm band could make a substantial contribution to the
nonresonant Raman spectrum and lead to some similarities in
the Raman intensity patterns for the 250 nm resonance
Raman and normal Raman spectra.


Comparison of the computed Raman vibrational frequen-
cies and intensities to those of the experimental 500 ns TR3


spectrum in Table 1 suggests that both azirine isomers (AZ1
and AZ2) contribute to the experimental spectra. The
experimental 500 ns TR3 spectrum has intense Raman bands
at 1408, 1469, 1523, 1566, and 1584 cm�1 bands in the 1370 ±
1650 cm�1 region. Neither AZ1 nor AZ2 is predicted to have
a large amount of intensity in modes correlating to all these
bands. However, the presence of both AZ1 and AZ2 in
noticeable amounts can account for a large degree of intensity
in all of the 1408, 1469, 1523, 1566, and 1584 cm�1 bands of the
experimental spectrum. The 1408 cm�1 experimental band can
be assigned mainly to the AZ2 �18 mode (calculated to be at
1377 cm�1 with a Raman intensity of 140) with smaller
contributions from the AZ1 �18 and/or �17 modes. The
1469 cm�1 experimental band can be assigned mainly to the
AZ2 �15 and/or �16 modes (calculated to be at 1440 and
1454 cm�1 with intensities of 120 and 77 respectively) with
smaller contributions from theAZ1 �15 and/or �16 modes. The
1523 cm�1 experimental band can be assigned to both the
AZ2 �13 mode (calculated to be at 1534 cm�1 with an intensity
of 126) and the AZ1 �14 mode (calculated to be at 1517 cm�1


with an intensity of 220). The 1566 cm�1 experimental band
can be mainly attributed to the AZ1 �13 and �12 modes
(calculated to be at 1583 and 1589 cm�1 with intensities of 125
and 193, respectively) and maybe some small contribution
from the AZ2 �12 mode. The experimental 1584 cm�1 band
can be assigned to both theAZ1 �11 mode (calculated to be at
1612 cm�1 with an intensity of 255) and the AZ2 �11 mode
(calculated to be at 1614 cm�1 with an intensity of 222). The
presence of appreciable amounts of both AZ1 and AZ2
intermediates can account for the experimental bands at 1408,
1469, 1523, 1566, and 1584 cm�1, all having a large intensity
and is reasonably consistent with the computed Raman
intensities of the AZ1 and AZ2 species.


Based on our previous 416 nm time-resolved resonance
Raman study,[60] we would tentatively assign the 252.7 nm
15 ns and 10 �s spectra in Figure 1 to the singlet 2-fluorenyl-
nitrene and its dehydroazepine products (DA1 and DA2),
respectively. Tables 2 and 3 compare the Raman vibrational
frequencies observed in the 252.7 nm 15 ns and 10 �s spectra
in Figure 1 to the (U)BPW91/cc-PVDZ-computed vibrational
frequencies for singlet 2-fluorenylnitrene and its dehydro-
azepine products (DA1 and DA2). The six Raman bands
observed in the 252.7 nm spectrum at 15 ns are in reasonable
agreement with the calculated results. Different Raman bands
are resonantly enhanced in the 252.7 nm spectrum compared
to the 416 nm spectrum since the excitation wavelength is in
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resonance with different excited electronic states. The three
bands in the C ±C stretch region (�10, �11, and �12) are
observed in both the 252.7 nm and 416 nm spectra. Their


experimental frequencies are within 7 cm�1 of each other and
consistent with being from the same 2-fluorenylnitrene
species (note the mutual experimental uncertainty is


Figure 2. Schematic diagrams of the singlet state of 2-fluorenylnitrene, the two isomers of the azirine intermediates (AZ1 and AZ2), and the two
dehydroazepine product species (DA1 and DA2) with the atoms numbered. The numbering of the atoms corresponds to those used in the Supporting
Information of reference [60] for the UBPW91/cc-PVDZ and BPW91/cc-PVDZ calculations for the 2-fluorenylnitrene and dehydroazepine species (DA1
and DA2) and the Supporting Information of this paper for the two azirine species (AZ1 and AZ2). Selected geometry parameters (bond lengths [ä] and
bond angles [�]) are shown in the diagrams.
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8 cm�1). Thus, the spectrum obtained with the 252.7 nm probe
wavelength at 15 ns is assigned to the same 2-fluorenylnitrene
species observed in the 10 ns, 50 ns, and 100 ns 416 nm probe
Raman spectra.


The five Raman bands observed in the 252.7 nm time-
resolved resonance Raman spectrum at 10 �s exhibit good
agreement with the computed vibrational frequencies for the
two dehydroazepine isomer products (within �7 cm�1, on
average, for both DA1 and DA2). The two bands at
1226 cm�1 and 1550 cm�1 in the 252.7 nm spectrum are close
to those observed in the 416 nm spectrum at 5 and 10 �s (1231
and 1550 cm�1, respectively). This is consistent with the same
dehydroazepine products being observed in both the 252.7 nm
and 416 nm spectra on the microsecond time scale. The
relative intensity pattern is different in the 252.7 nm and
416 nm time-resolved resonance Raman spectra of the


dehydroazepine isomers. This is attributed to excitation of
different electronic transitions.


The 252.7 nm time-resolved resonance Raman spectra in
conjunction with the previously reported 416 nm time-re-
solved resonance Raman spectra indicate that photolysis of
2-azidofluorene first leads to formation of a 2-fluorenylni-
trene species (10 ± 100 ns time scale lifetime). The 2-fluoren-
ylnitrene then subsequently forms an azirine intermediate
(hundreds of ns time scale lifetime and clearly observed at
500 ns) which, in turn, forms the dehydroazepine ring-
expansion products on the microsecond time scale. These
time-resolved Raman spectra also provide clear evidence that
arylnitrene ring-expansion reactions proceed via an azirine
intermediate species to produce the dehydroazepine products
in room-temperature solutions. Our results are consistent with
and strongly support the predictions by several theoretical


Table 1. Experimental Raman vibrational frequencies observed in the time-resolved resonance Raman spectrum at 500 ns shown in Figures 1 and 2.[a] The
experimental vibrational frequencies are compared to those from BPW91/cc-PVDZ computations for the two isomers of the azirine intermediates formed
from the decay of the 2-fluorenylnitrene species (see text for more details).


Azirine isomer 1 (AZ1) Azirine isomer 2 (AZ2) Experiment
vibrational mode UBPW91/cc-PVDZ calcd vibrational mode cc-PVDZ calcd 500 ns TR3
possible description freq. int. possible description freq. int. freq. int.


[cm�1] [arb. unit] [cm�1] [arb. unit] [cm�1] [arb. unit]


�49, C�N�C bend 601 4
�48, ring def. 619 2 �48 , CCC bend 625 7
�47, ring def. 649 4 �47 , ring def. 632 6
�46, CCC bend 704 7 �46 , ring def. 689 1
�45, ring def. 714 3 �45, CCC bend 704 10 680 137
�44, ring def. 728 6 �44, C±H bend 724 2 729 209
�43, ring def. � C±H bend 756 4 �43 , C ±H bend 763 4
�42, CCC bend � C±H bend 773 20 �42 , ring def. 780 5
�41, CCC bend 816 31 �41, CCC bend 817 50 824 144
�40, ring def. � C±H bend 834 2 �40 , C ±H bend �CH2 rock 845 3
�39, ring def. 852 3 �39 , C ±H bend 858 14
�38, C ±H bend 872 50 �38 , C ±H bend � CH2 rock 890 6
�37, CH2 rock � C±H bend 907 2 �37 , C ±H bend 907 1
�36, 934 1 �36 , C ±H bend 927 2
�35, C ±H bend 949 4 �35 , CCC bend 946 2
�34, 964 0 �34 , CCC bend 962 0
�33, CCC bend 970 1 �33 , CCC bend 975 3
�32, CCC and CNC bend 995 3 �32 , C ±C stretch 1020 49
�31, C ±H bend 1025 30 �31 , ring def. 1024 10
�30, C ±C str. 1082 11 �30 , C ±H bend 1078 12
�29, C ±C str 1091 3 �29 , CH2 twist 1090 8
�28, CH2 twist � C±H bend 1119 12 �28 , C ±H bend 1097 8
�27, C ±C str 1122 21 �27 , CH2 wag � C±H bend 1130 8
�26, C ±H bend 1142 20 �26 , C ±H bend 1142 11
�25, CH2 wag � C±H bend 1167 13 �26 , C ±H bend 1144 0
�24, C ±C str 1183 21 �24 , C ±C stretch 1184 14
�23, C±C str 1201 22 �23, C±H bend 1208 43 1205 198
�22, C±C str � C±H bend 1263 148 �22, C±H bend 1257 58 1230 91
�21, C±C str � C±H bend 1276 86 �21, C±H bend 1280 104 1260 150
�20, C ±C str � C±H bend 1291 11 �20 , C ±C stretch 1341 8
�19, CH2 scissor � C±C str 1340 29 �19 , CH2 scissor 1356 44
�18, C ±C str 1375 17 �18, C±C stretch 1377 140 1408 164
�17, CH2 scissor 1383 22 �17 , C ±C stretch 1384 20
�16, ring 3 C ±C str 1452? 17 �16, C±C stretch 1440? 120
�15, ring 3 C ±C str 1455? 9 �15, C±C stretch 1454? 77 1469 244
�14, rings 1 and 2 C±C str 1517 220 �14 , C ±C stretch 1490 35
�13, C±C str 1583? 125 �13, C±C stretch 1534 126 1523 164
�12, C±C str 1589? 193 �12 , C ±C stretch 1588 2 1566 321
�11, ring 3 C ±C str 1612 255 �11, ring 3 C ±C stretch 1614 222 1584 238
�10, C�N str 1762 20 �10, C�N stretch 1755 30 1782 102


[a] Possible vibrational band assignments are also shown based on comparison to calculated vibrational frequencies from BPW91/cc-PVDZ computations in
the 600 ± 1800 cm�1 fingerprint region for the ground singlet state of the two isomers of the azirine intermediates formed from 2-fluorenylnitrene (see text).
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groups that arylnitrene ring-expansion reactions proceed via
azirine intermediates to form dehydroazepine species.[42, 64]


For example, Karney and Borden[42] used CASSCF and
CASPT2N calculations and found the ring-expansion reaction
from the 1A2 state of phenylnitrene occurs in two steps via an
azirine intermediate (7-azabicyclo[4.1.0]-hept-2,4,6-triene).
Similarly, Hadad, Kozankiewicz, and co-workers[64] used
B3LYP/6-31G* calculations to study the ring-expansion
reactions of perfluorophenyl nitrene and perfluoro-2-napthyl
nitrene and also found these proceed via a two-step mecha-
nism to form ketenimimes.


From the time-resolved resonance Raman spectra previ-
ously obtained with the 416 nm probe wavelength,[60] we can


try to estimate the decay of the
2-fluorenylnitrene to produce
the AZ1 and AZ2 intermedi-
ates and the appearance time of
the dehydroazepine products
(DA1 and DA2) from decay
of the azirine intermediates.
Figure 3 plots the intensity of
the Raman bands of the 2-fluo-
renylnitrene species (circles) at
10 ns, 50 ns, 100 ns, and the
dehydroazepine species (dia-
monds) at 1 �s, 5 �s, and 10 �s
versus time. A simple exponen-
tial decay (or appearance) best
fit was made to these data
(given by the solid curves in
Figure 3). The decay time con-
stant of the 2-fluorenylnitrene
(or appearance of the azirine
intermediates) was estimated to
be �40 ns (�15 ns) and the
appearance time of the dehy-
droazepine products was esti-
mated to be �6 �s (�3 �s). We
note these are rough estimates
based only on a few time-delays
of the TR3 spectra. More accu-
rate estimates could be ob-
tained by means of methods,
such as time-resolved transient
absorption spectroscopy, that
are better able to follow the
kinetics.


Experimental and theoretical
studies of the phenylnitrene
ring-expansion reaction indi-
cate the singlet phenylnitrene
species (generated by photoly-
sis of phenylazide) has a very
short lifetime and quickly pro-
ceeds to the dehydroazepine
product.[7, 8, 44, 45] This has made
it very difficult to experimen-
tally observe the azirine inter-
mediate in this arylnitrene ring-


expansion reaction. Spectroscopic studies have established
that the dehydroazepine (ketenimine) product is the species
trapped by nucleophiles in the phenylnitrene ring-expansion
reaction[9, 14, 15] and this is consistent with the lack of exper-
imental observation of the azirine intermediate and its
apparent short lifetime. This is in contrast to our present
study of the 2-fluorenylnitrene ring-expansion reaction where
the azirine intermediate has a relatively long lifetime and is
readily observed in the 500 ns 252.7 nm time-resolved Raman
spectrum.


We have carried out additional B3LYP/6-31G* calculations
to find the relative energies of selected species involved in the
singlet 2-fluorenylnitrene ring-expansion reactions involving


Table 2. Experimental Raman vibrational frequencies observed in the 252.7 nm time-resolved resonance Raman
(TR3) spectra of 2-fluorenylnitrene at 15 ns (Figure 1 of this work).[a] The experimental vibrational frequencies
are compared to those from UBPW91/cc-PVDZ computations for the singlet 2-fluorenylnitrene (computational
results from ref. [60]; see text for more details).


Singlet 2-fluorenylnitrene Experiment
vibrational mode UBPW91/cc-PVDZ 252.7 nm and 15 ns TR3 416 nm and 10, 50, 100 ns
possible description calcd value [cm�1] freq. shift [cm�1] TR3 freq. shift [cm�1]


�51, ring def. 524
�50, CCC bend 563
�49, ring def. 567
�48, CCC bend 623 637
�47, ring def. 690
�46, CCC bend 709
�45, C ±H bend (o.p.)[b] 722
�44, CCC bend 738
�43, C ±H bend 766
�42, ring def. � C±H bend 798
�41, CCC bend 814 818
�40, C ±H bend (o.p.) 835
�39, C ±H bend 850
�38, ring def. 885
�37, ring def. 907
�36, ring def. � C±H bend 934
�35, C ±H bend (o.p.) 941
�34, C ±H bend (o.p.) 964
�33, CCC bend 980
�32, ring 3 C ±C stretch 1021
�31, C ±H bend 1078
�30, C ±H bend 1102
�29, CH2 twist 1114
�28, ring def. � C±H bend 1121
�27, ring def. � C±H bend 1141
�26, C ±H bend � CH2 wag 1165
�25, ring def. � C±H bend 1183
�24, ring def. � C±H bend 1202
�23, C±C stretch 1221 1226
�22, C±H bend � CH2 wag 1276 1257
�21, C ±C stretch 1296
�20, C±C stretch � CH2 scissor 1352 1331
�19, C±C stretch � CH2 scissor 1371 1367
�18, C ±C stretch � CH2 scissor 1377
�17, C±C stretch � N±H stretch 1429 1410
�16, C±C stretch � C±H2 scissor 1431
�15, C±C stretch 1453 1451
�14, C±C stretch � C±N stretch 1475 1479
�13, C±C stretch 1495 1501
�12, C±C stretch 1575 1544 1551
�11, C±C stretch � N±H stretch 1579 1568 1573
�10, C±C stretch 1604 1598 1591


[a] Possible vibrational band assignments are also shown based on comparison to calculated vibrational
frequencies from UBPW91/cc-PVDZ computations in the 500 ± 1700 cm�1 fingerprint region for the ground
singlet and triplet state of 2-fluorenylnitrene (see text). [b] o.p.� out-of-plane







Azirine Intermediates 1377±1386


Chem. Eur. J. 2003, 9, No. 6 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0906-1383 $ 20.00+.50/0 1383


AZ1 and AZ2 azirines to form DA1 and DA2 dehydroaze-
pine products and these results are depicted in Figure 4.
Inspection of Figure 4 shows that the transition states (TS1
and TS2) leading from the 2-fluorenylnitrene species to the
two azirines AZ1 and AZ2 have very similar energies within
�0.2 kcalmol�1 of each other. This predicts that both AZ1
and AZ2 intermediates will be produced in significant
amounts from the singlet 2-fluorenylnitrene species. This is
in agreement with the comparison of the experimental TR3


spectra and computed vibrational frequencies and intensities
that indicate both AZ1 and AZ2 species both contribute
noticeably to the 500 ns TR3 spectrum of the azirine species.
The barriers to reaction for the azirines AZ1 and AZ2 to go


on to their dehydroazepine products DA1 and DA2 are
similar with the barrier being somewhat higher for the
formation of the DA2 product. This suggests that both DA1
and DA2 products would be formed with DA1 being
somewhat more prevalent than DA2.


Interestingly, the stronger iminocyclohexadienyl character
of singlet 2-fluorenylnitrene relative to triplet 2-fluorenylni-
trene leads to a noticeably smaller singlet ± triplet gap of
�7.4 kcalmol�1 (from UBPW91/cc-PVDZ) compared to
�18 kcalmol�1 for the singlet ± triplet gap of the phenyl-
nitrenes.[60] This smaller singlet ± triplet splitting in the 2-fluo-
renylnitrene system could be caused by its larger conjugation
system and greater charge delocalization into the phenyl ring


Table 3. Experimental Raman vibrational frequencies observed in the 252.7 nm time-resolved resonance Raman (TR3) spectra of the dehydroazepine
product(s) at 10 �s shown in Figure 2.[a] The experimental vibrational frequencies are compared to those from UBPW91/cc-PVDZ computations for the two
isomers of the dehydroazepine 2-fluorenyl derivatives (computational results from reference [60]; see text for more details).


Isomer 1 of 2-fluorenyl Isomer 2 of 2-fluorenyl Experimental freq. shift
dehydroazepine dehydroazepine This work ref. [60]


vibrational mode BPW91/cc-PVDZ vibrational mode BPW91/cc-PVDZ 10 �s TR3 5 �s TR3
possible description calcd value [cm�1] possible description calcd value [cm�1] 252.7 nm[cm�1] 416 nm[cm�1]


�52, ring def. 503 �51, ring def. 518
�51, ring def. � C�C�N bend 517 �50, ring def. 552
�50, ring def. � C�C�N bend 537 �49, ring def. � C�C�N bend 565 586
�49, CCC bend 591 �48, ring def. 617
�48, ring def. 621 �47, ring def. 646
�47, ring def. 652 �46, CCC bend 684
�46, ring def. 677 �45, ring def. 691
�45, ring def. 698 �44, C±H bend (o.p.) 715 720
�44, C±H bend (o.p.)[b] 720 �43, CCC bend � C±H bend (o.p.) 748
�43, ring def. 728 �42, C ±H bend (o.p.) 760
�42, C ±H bend (o.p.) 761 �41, CCC bend 814 808
�41, CCC bend 814 �40, ring def. 830
�40, ring def. 838 �39, C±H bend (o.p.) � CH2 rock 845 844
�39, C ±H bend � CH2 rock 850 �38, ring def. � CH2 rock 887
�38, ring 1 C ±H bend (o.p.) 866 �37, ring def. � C±H bend 909
�37, C ±H bend (o.p.) � CH2 rock 910 �36, ring def. � C±H bend 925
�36, C ±H bend (o.p.) 935 �35, CCC bend 948
�35, CCC bend 945 �34, ring def. 970
�34, C ±H bend (o.p.) 963
�33, C ±N str 1000 �33, CCC bend � C�C±N bend 970
�32, ring 3 C ±C str 1025 �32, ring def. 1023
�31, ring 1 C ±C str 1037 �31, ring def. 1055
�30, ring def. � C±H bend 1085 �30, ring def. � C±H bend 1088
�29, C ±C str � C±N str 1099 �29, ring def. �CH2 twist 1094
�28, CH2 twist 1120 �28, C ±C stretch 1111
�27, C ±C str � C±H bend 1133 �27, C ±H bend � CH2 wag 1124
�26, C ±H bend 1142 �26, C ±H bend 1142
�25, rings 2 and 3 C±C str 1172 �25, C ±H bend 1177
�24, CH2 wag � C±H bend 1185 �24, C±C str 1182 1188
�23, C±C str 1228 �23, C±H bend 1215 1226 1231
�22, C±C str 1260 �22, C±C str 1260 1257
�21, C ±H bend 1275 �21, C ±C str � C±H bend 1278
�20, ring 1 C ±C str 1300 �20, C ±C str 1330
�19, C ±C str 1334 �19, CH2 scissor 1355
�18, ring 3 C ±C str 1373 �18, C ±C str � C±N str 1372
�17, CH2 scissor 1390 �17, C±C str 1383 1407
�16, ring 3 C ±C str 1452 �16, C±C str 1443 1439
�15, ring 3 C ±C str 1454 �15, C±C str 1452 1457
�14, C ±C str rings 1 and 2 1548 �14, C ±C str 1512
�13, C±C str 1570 ��13, C±C str 1556 1550 1560
�12, C±C str 1588 �12, C±C str 1587 1598
�11, C±C str ring 3 1611 �11, C±C str ring 3 1612 1608
�10, N�C�C asym. str 1887 �10, N�C�C asym. str 1891


[a] Possible vibrational band assignments are also shown based on comparison to calculated vibrational frequencies from BPW91/cc-PVDZ computations in
the 500 ± 1700 cm�1 fingerprint region for the ground singlet state of the two isomers of the dehydroazepine products (see text). [b] o.p.� out-of-plane.
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Figure 3. Plot of the intensity of the Raman bands from the 416 nm TR3
spectra of reference [60] for the 2-fluorenylnitrene species (�) at 10 ns,
50 ns, 100 ns and the dehydroazepine species (�) at 1 �s, 5 �s, and 10 �s
versus time. A simple exponential decay (or appearance) best fit was made
to these data and is displayed as a solid line.


Figure 4. The relative energies [kcalmol�1] of selected species participat-
ing in the singlet 2-fluorenylnitrene ring-expansion reactions involving
AZ1 and AZ2 azirines to form DA1 and DA2 dehydroazepine products
obtained from B3LYP/6 ± 31G* calculations.


compared to the phenylnitrene system. This suggests the
singlet 2-fluorenylnitrene species may become more stable
relative to the transition state to form the azirine species
(AZ1 and AZ2). This hypothesis is consistent with the
significantly longer lifetime of the 2-fluorenylnitrene species
in the 416 nm TR3 spectra (10 ± 100 ns)[60] compared to the
singlet phenylnitrene (�1 ns).[7, 8, 44, 45] The greater iminocy-
clohexadienyl character of the singlet 2-fluorenylnitrene also
appears to lead to longer C�C bond lengths adjacent to the
C�N bond. This could conceivably help relieve some of the
ring strain of the azirine three-membered ring and substan-
tially stabilize the azirine intermediate. This could be
consistent with our time-resolved resonance Raman exper-
imental observation of a relatively long-lived azirine inter-
mediate in the 2-fluorenylnitrene ring-expansion reaction to


produce dehydroazepine products. The iminocyclohexadienyl
character of the 2-fluorenylnitrene and their azirine inter-
mediates affects both the C�C bonds of the phenyl ring and
the C�N bond and appears to affect the relative stability of
these species in the ring-expansion reaction to make dehy-
droazepines. This suggests that the ability of the para-phenyl
substituent to influence or change the iminocyclohexadienyl
character of the phenylnitrene moiety may be responsible for
the longer lived 2-fluorenylnitrene and azirine intermediates.
If this is actually the case, then we would predict that different
para-phenyl ring derivatives with differing degrees of imino-
cyclohexadienyl character would lead to noticeable differ-
ences and some correlation with the lifetimes of the singlet
arylnitrene and its azirine intermediates. The related para-
phenyl-substituted phenylnitrenium ion derivatives display
varying iminocyclohexadienyl character with the degree
following the order: 2-fluorenylnitrenium ion� 4-biphenylyl-
nitrenium ion�N-(4-biphenylyl)-N-methylnitrenium ion, as
determined from previous time-resolved vibrational and
density functional studies.[56, 61, 62] If the para-phenyl-substi-
tuted singlet arylnitrene derivatives display similar trends,
then we would expect the lifetimes of the singlet arylnitrenes
and their azirine intermediates to follow a similar trend with
the longer lifetimes correlated with larger iminocyclohexa-
dienyl character of the para-phenyl-substituted arylnitrene.
Further experimental and theoretical work is needed to
ascertain if this is actually the case and to better understand
how a para-phenyl substituent effects influence the arylni-
trene ring-expansion reactions.


The relatively long-lived nitrene and azirine intermedi-
ate(s) observed in the 2-fluorenylnitrene ring-expansion
reaction provide a valuable opportunity to explore the
chemical reactivity of these types of species with various
substrates. It has been difficult to trap or directly probe the
structure of the azirine intermediate in the phenylnitrene and
other arylnitrene ring-expansion reactions in room-temper-
ature solutions, and only the trapping of several azirines
formed from substituted phenylnitrenes have been report-
ed.[19, 65, 66] Aryl azirine intermediates are similar to 2H-
azirines, which are highly reactive and useful compounds for
many synthetic reactions and can function as either an
electrophile or as a nucleophile.[67±73] Time-resolved vibra-
tional (Raman or IR) and absorption spectroscopies should
prove useful to examine the reactions of various substrates
with the arylnitrene and arylazirine intermediates to produce
further intermediates or products. Such studies are planned
and will enable the chemical reactivity of para-substituted
arylnitrenes and arylazirines to be more fully explored.


Conclusion


Time-resolved resonance Raman spectra of photoproducts
formed from ultraviolet photolysis of 2-azidofluorene in
acetonitrile solution were obtained with a 252.7 nm probe
wavelength. Different Raman spectra were observed at delay
times of 15 ns, 500 ns, and 10 �s. The Raman vibrational
frequencies were compared to those predicted by density
functional calculations for probable photoproduct species.
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The 15 ns, 500 ns, and 10 �s Raman band frequencies agreed
reasonably well for those of 2-fluorenylnitrene, the two
isomers of azirine formed from 2-fluorenylnitrene, and the
two dehydroazepine products, respectively. The Raman band
frequencies observed in the 15 ns and 10 �s spectra were also
consistent with those observed in previous time-resolved
resonance Raman experiments with a 416 nm probe wave-
length.[60] The 252.7 nm and 416 nm time-resolved resonance
Raman spectra indicate that photolysis of 2-azidofluorene
first produces 2-fluorenylnitrene then forms a relatively long-
lived azirine intermediate (observed at 500 ns with the
252.7 nm probe wavelength) that then forms dehydroazepine
ring-expansion products seen on the microsecond time scale.
Our results indicate that arylnitrenes produce dehydroaze-
pine ring-expansion products via azirine intermediates in
room-temperature solutions, and this supports the reaction
mechanism proposed by several theoretical groups.[42, 64]


Comparison of the 2-fluorenylnitrene ring-expansion with
several other arylnitrenes suggest that substitution of another
phenyl ring para to the nitrene in phenylnitrenes significantly
alters the stability and lifetimes of the intermediates so that
the arylnitrenes and azirines can have noticeably longer
lifetimes. The chemical reactions and reactivity of these
interesting arylnitrene and azirine intermediates can, there-
fore, be more easily explored by means of trapping experi-
ments.


Experimental Section and Computational Methods


Synthesis of the azide precursor, 2-azidofluorene : 2-Azidofluorene was
made based on a literature method for making azido compounds.[74] We
employed the same procedure and characterization of the synthesized
compound as previously detailed in reference [60]. The reader is referred
to those for a detailed description of the synthetic procedure.


Caution: The azide precursor compound, 2-azidofluorene, is potentially
explosive (more likely if allowed to dry) and should be handled with care.


Computational methods : The Gaussian98W set of programs[75] were used
for all of the density functional calculations reported here. Complete
geometry optimization and vibrational frequency calculations were carried
out analytically by means of the BPW91 method[76, 77] and the cc-PVDZ
basis set[78] for the two azirine intermediates that can be formed from
2-fluorenylnitrene (AZ1 and AZ2). The computed geometry parameters
and vibrational frequencies for the two azirine intermediates (AZ1 and
AZ2 formed from 2-fluorenylnitrene) from selected parts of the Gaussian
output files are given in the Supporting Information. The optimized
geometry for the two transitions states (TS1 and TS2) forming the two
azirine intermediates from 2-fluorenylnitrene, the two azirine intermedi-
ates (AZ1 andAZ2, respectively), the two transition states (TS3 and TS4)
for the ring-expansion reaction, and the ring-expansion products (DA1 and
DA2, respectively) were found from B3LYP/6-31G* calculations and are
given in Figure 4.


Time-resolved resonance Raman spectroscopy experiments : The 2-azido-
fluorene parent compound was prepared with concentrations in the 2 ±
5m� range in acetonitrile solvent for the time-resolved resonance Raman
experiments. The time-resolved resonance Raman experimental apparatus
and methods have been detailed in previous publications, so only a short
description will be given here.[60±62, 79±83] The harmonics of two nanosecond-
pulsed Nd:YAG lasers and their hydrogen Raman-shifted laser lines
supplied the pump (266 nm) and probe (252.7 nm) excitation wavelengths
were used in the time-resolved resonance Raman experiments. A pulse
delay generator (Stanford Research Systems model DG-535) was used to
electronically synchronize the two Nd:YAG lasers with respect to each
other and to control their relative timing (monitored by two fast photo-


diodes whose output was shown on a 500-MHz oscilloscope). The pump
and probe pulses had a jitter of �5 ns. A near-collinear geometry was used
to softly focus the two laser beams onto a flowing liquid jet of the sample.
Reflective optics and a backscattering geometry were used to collect the
Raman scattered light and image it through a polarization scrambler
mounted on the entrance slit of a 0.5-m spectrograph. The spectrograph
grating then dispersed the Raman scattered light onto a liquid nitrogen-
cooled CCD detector that accumulated the Raman signal for �300 ± 600 s
before being read out to an interfaced PC computer. Approximately 10 ± 20
of these readouts were added together to obtain a resonance Raman
spectrum and pump-only, probe-only, and pump ± probe resonance Raman
spectra. The known Raman bands from the acetonitrile solvent were
employed to calibrate the wavenumber shifts of the resonance Raman
spectra. The time-resolved resonance Raman spectrum was obtained by
subtracting the probe-only spectrum from the pump ± probe spectrum to
delete the solvent and parent Raman bands and then the pump-only
spectrum and the background spectrum were also subtracted from the
pump ± probe spectrum.
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Identification and Characterization of Monomeric, Volatile SiCl3NH2 as
Product of the Reaction between SiCl4 and NH3: An Important Intermediate
on the Way to Silicon Nitride?


Hans-Jˆrg Himmel,[a] Nils Schiefenhˆvel,[b] and Michael Binnewies*[b]


Abstract: We studied the reaction of SiCl4 with NH3 by mass spectrometry and IR
spectroscopy. By means of mass spectrometry, SiCl3NH2 was for the first time
identified as an intermediate generated in significant amounts in the course of the
reaction. In additional experiments, SiCl3NH2 was formed as a stable gaseous product
of the ammonolysis of SiCl4, and the product was identified and characterized in
detail by IR spectroscopic methods (gas phase and matrix isolation) in combination
with quantum-chemical calculations. The calculations also gave access to important
thermodynamical data.


Keywords: ammonolysis ¥ density
functional calculations ¥ IR spectro-
scopy ¥ mass spectrometry ¥ silanes


Introduction


The nitrides of some elements, for example, titanium, boron,
and silicon, have interesting technological properties such as a
high degree of chemical and thermal stability, and in
condensed forms show outstanding mechanical strength and
resistance to wear.[1] Among these nitrides Si3N4 is one of the
most important nonoxide ceramic materials. A common
method of preparation is the reaction of ammonia with
silicon tetrachloride. A better knowledge of this reaction is of
great interest because silicon ± nitride-containing materials
and devices are fabricated by this route in industrial processes.


The complete ammonolysis of silicon tetrachloride [Eq.
(1)] is an endothermal reaction, though it involves a consid-
erable gain of entropy.


3SiCl4(g)� 4NH3(g)� Si3N4(s)� 12HCl(g)
�H0


R(298)� 319 kJmol�1, �S0
R(298)� 591.9 Jmol�1K�1[2]


(1)


Neglecting the specific heats, the Gibbs free energy for
Equation (1) is calculated to be negative above 540 K, and
therefore the formation of Si3N4 is expected to require
temperatures higher than 540 K. Including the formation of


NH4Cl in Equation (1) leads to Equation (2), which defines an
exothermal reaction, but with considerable loss of entropy.


3SiCl4(g)� 16NH3(g)� Si3N4(s)� 12NH4Cl(s)
�H0


R(298)��1801.8 kJmol�1, �S0
R(298)��2846 Jmol�1K�1[2]


(2)


The Gibbs free energy for Equation (2) is calculated to be
negative for temperatures below 630 K if the evaporation of
NH4Cl and the specific heats are neglected. In this case,
according to thermodynamics, the formation of Si3N4 should
occur readily at room temperature.


Silicon tetrachloride is known to react spontaneously with
ammonia at room temperature. However, this reaction does
not lead directly to silicon nitride Si3N4, but to a polymeric
silicon diimide with the formula [Si(NH)2]n.[3] Amorphous
Si3N4 can be obtained by decomposition of this diimide
polymer at 1300 K.[4] Recently, silicon diimide has attracted
growing attention, because it can be used as a nonoxide
ceramic for heterogeneous catalysis, and there have been
some studies on the synthesis of mesoporous silicon imido
nitride.[5, 6] Nevertheless, little is known about the existence of
any precursor of the latter, and so far the reaction mechanism
remains unknown. From the reaction of silicon tetrachloride
with oxygen, it is known that the highly reactive species
SiOCl2 is involved in the primary step of the reaction.[7]


Another example for a reactive intermediate is trichlorosila-
nol SiCl3OH, which was monitored in the reaction of SiCl4 and
H2O.[8] Another reaction that is reasonably closely related to
the reaction of SiCl4 with NH3 is the ammonolysis of BCl3.
The initial steps of this reaction have been studied by means
of quantum-chemical calculations,[9] which concluded that
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BCl(NH2)2 should be the reactive intermediate in the
polymerization process leading to boron nitride.


Therefore, it was interesting to study the reaction of SiCl4
with NH3, particularly with regard to the primary intermedi-
ates, to get an idea of the reaction mechanism. So far this
reaction was only followed in a few in situ studies.[10]


Results


Mass spectra : The mass spectra we obtained with the
experimental setup described in the Experimental Section
were very similar. The weak intensity of the M� peaks made
measurements of appearance potential impractical, and
therefore the definite assignment of observed ions to the
corresponding neutral molecules was not possible. However
the fragmentation of several halogenated metal and nonmetal
compounds is well known. In almost all cases a [M�Cl]� ion
is observed with high intensity. This also holds for the mass
spectra of the chlorosilazanes (Cl3Si)2NH and (Cl3Si)3N.[11] In
our mass spectra we found a group of peaks that can be
assigned to the [M�Cl]� peak of aminotrichlorosilane on the
basis of mass (m/z) and isotope pattern (observed and
calculated relative intensity in parentheses): 114 (100, 100),
115 (7, 5.5), 116 (70, 67.3), 117 (5, 3.5), 118 (15, 12.4).
Furthermore, the mass spectra gave no evidence for the
presence of the above-mentioned compounds (Cl3Si)2NH and
(Cl3Si)3N or the possible (NH2)2SiCl2.


Gas-phase IR spectra : Figure 1 shows the IR spectrum of the
gas phase obtained from the above-mentioned reaction.
Comparison of this spectrum to those of pure gaseous SiCl4
and pure NH3 shows that the gas phase contains SiCl4 but no
NH3. We found five new absorptions at 3440, 1540, 920, 830,
and 470 cm�1. To obtain more information on the vibrational
properties of the new species responsible for these absorp-
tions, additional experiments were carried out using the
matrix-isolation technique, which has been shown in the past
to be useful for characterizing reaction intermediates.


Matrix-isolation experiments : Figure 2 shows a typical IR
spectra taken after deposition of the gas phase obtained after
addition of 14NH3 to SiCl4 (see Experimental Section) in the
presence of an excess of Ar. The strong and broad band that


Figure 2. IR spectrum of the vapor obtained after addition of 14NH3 to
SiCl4, isolated in a amatrix of excess Ar (absorptions marked by arrows can
be assigned to SiCl3NH2).


appeared at about 615 cm�1 has previously been assigned to
the stretching fundamental �3(F2), of SiCl4. This mode appears
at 616.5 cm�1 in the gas phase.[12] Weaker features at 1229.2,
1034.2, and 763.8 cm�1 also belong to SiCl4. The band at
1229.2 cm�1 belongs to an overtone 2�3(F2), and the absorp-
tions at 763.8 and 1034.2 cm�1 are due to combination modes
(�3(F2)� �2(E) and �3(F2)� �1(A1), respectively) of SiCl4.[12]


Figure 3 shows for better comparison a spectrum of SiCl4
isolated in an Ar matrix. In addition to these bands, another
sharp and strong absorption appears at 220.8 cm�1 in both
spectra, which can be assigned to the �4(F2) mode of SiCl4.
From this comparison it is clear that the vapor under
investigation contains a fair amount of unconsumed SiCl4
molecules. On the other hand, the spectra gave no evidence
for the presence of any traces of NH3. Instead, a family of
seven new absorptions appeared at 3508.9, 3423.6, 1529.5,


924.1, 829.4, 585.2, and
461.4 cm�1. The two absorptions
at 3508.9 and 3423.6 cm�1 occur
in a region characteristic of
N�H stretching modes. The
absorptions are red-shifted with
respect to those of free NH3.
The absorption at 1529.5 cm�1


occurs in a region in which the
deformation mode of a NH2


group, �(NH2), is expected (cf.
1564 and 1534 cm�1 for FNH2


and ClNH2, respectively,[13] and
the series 1530.4 cm�1 for
H2GaNH2, 1528.7 cm�1 for
HGaNH2, and 1505.9 cm�1 for
GaNH2).[14] Thus the IR spectra
indicate the presence of an NH2


group in the molecule. The
signal at 829.4 cm�1, which par-Figure 1. Gas-phase IR spectrum of the vapor obtained after addition of 14NH3 to SiCl4.
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tially overlaps with the intense
and broad �3(F2) mode of SiCl4,
points to the presence of termi-
nal Si�Cl bonds. The proximity
of this band to an SiCl4 band
might argue for the presence of
a SiCl3 group. When groups
which have higher electronega-
tivity than Cl are attached to
the SiCl3 moiety, the mode
which corresponds to the
�3(F2) mode of SiCl4 shifts to
higher wavenumber (cf.
640 cm�1 for FSiCl3);[15] for
groups with lower electronega-
tivity than Cl, the correspond-
ing band shifts to lower wave-
number (cf. 610 cm�1 for
BrSiCl3).[16]


The experiment was repeat-
ed, but with ND3 in place of
NH3. In this experiment, all
absorptions belonging to the
new species were red-shifted
(see Figure 4c and Figure 5c).
The largest shifts were ob-
served for the bands at 3508.9
and 3598.2 cm�1 in the experi-
ment with NH3. These two
bands now occurred at 2617.3
and 2601.1 cm�1, corresponding
to �(H)/�(D) ratios of 1.3407
and 1.3657, respectively. The
mode at 1529.5 cm�1 with NH3


shifted to 1166.8 cm�1 (�(H)/
�(D)� 1.3109). The bands at
924.1, 585.2, and 461.4 cm�1 all
exhibited only small shifts to
867.0, 580.6 and 457.9 cm�1, cor-


responding to �(H)/�(D) ratios
of 1.0659, 1.0079, and 1.0076,
respectively. The band at
829.4 cm�1 was now observed
at 688.0 cm�1 (�(H)/�(D)�
1.2055). An additional band at
556.4 cm�1 had no counterpart
in the experiments with NH3.
Besides these absorptions, addi-
tional weak bands appeared at
3349.1, 2556.2, 1370.7, 914.2,
and 725.3 cm�1. It will be shown
below that these absorptions
belong to the NHD version of
the product.


Finally, a matrix experiment
was conducted with 15NH3 (see
Figure 4b and Figure 5b). TheFigure 3. IR spectrum of pure SiCl4 isolated in an Ar matrix.


Figure 4. IR spectra in the range 400 ± 3600 cm�1 of the vapor obtained after addition of a) 14NH3, b) 15NH3, and
c) 14ND3 to SiCl4 isolated in an excess of Ar at 12 K.


Figure 5. IR spectra in the range 200 ± 600 cm�1 of the vapor obtained after addition of a) 14NH3, b) 15NH3, and
c) 14ND3 to SiCl4, isolated in an excess of Ar at 12 K.
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IR spectrum again showed seven new absorptions due to the
15N-rich guise of the new, so far unknown, reaction product.
All absorptions were red-shifted with respect to the experi-
ments with NH3, but the shifts were smaller than in the
experiment with ND3. The bands at 3508.9 and 3423.6 cm�1


now exhibited only small shifts to 3492.6 and 3412.1 cm�1,
corresponding to �(H)/�(D) ratios of 1.0047 and 1.0034,
respectively. The band at 1529.5 cm�1 shifted only slightly to
1522.9 cm�1 (�(H)/�(D)� 1.0043). The strongest effect was
monitored for the absorption at 924.1 cm�1, which was
observed at 911.1 cm�1 in the experiments with 15NH3 (�(H)/
�(D)� 1.0143). The absorptions at 829.4 and 461.4 cm�1 were
shifted to 825.6 and 459.4 cm�1, corresponding to �(H)/�(D)
ratios of 1.0046 and 1.0044, respectively.


Discussion


The IR spectra clearly show that the vapor contains, besides
SiCl4, a single product of the reaction between SiCl4 and
NH3.[17] The positions of the absorptions due to this product
further indicate the presence of an NH2 and an SiCl3 group.
Therefore we believe the product to be the amide SiCl3NH2.
According to our quantum-chemical hybrid DFT (B3LYP)


calculations (Figure 6), such a
molecule has Cs symmetry,
Si�N, Si�Cl, and N�H bond
lengths of 1.6903, 2.0526 ±
2.0637, and 1.0082 ä, and Cl-
Si-Cl and H-N-H angles of
106.8� and 113.3�, respectively.
The sum of angles at the N
atom is 357.8�.


Table 1 compares the calcu-
lated wavenumbers with the
observed ones, and the general


degree of agreement is pleasing. For example, the two bands
exhibiting a high contribution of the antisymmetric and
symmetric �(N�H) stretching fundamentals located in the
experiments at 3508.9 and 3423.6 cm�1, respectively, were


predicted to occur at 3693.1 [�10(a��)] and 3598.2 cm�1 [�1(a�)].
The calculated and observed relative intensities of these two
modes tally nicely. Unfortunately, due to mode coupling, the
relative intensities cannot be used to estimate the H-N-H
bond angle. The agreement between the calculated and
observed �(H)/�(D) ratios is pleasing (calcd: 1.3545 and
1.3833; obsd: 1.3407 and 1.3657). The band at 1529.5 cm�1,
which can be assigned to a mode with pronounced character
of the NH2 scissoring mode �(NH2) is calculated to appear at
1573.7 cm�1 [�2(a�)]. For this mode the calculations predict
�(H)/�(D) and �(14N)/�(15N) ratios of 1.3258 and 1.0034, which
compare with observed ratios of 1.3109 and 1.0043. A mode
with significant contribution of the Si�N stretching funda-
mental �3(a�) is responsible for the absorption at 924.1 cm�1 in
the experimental and at 916.1 cm�1 in the calculated spec-
trum. Calculations and experiment agree that this mode
exhibits the largest � (14N)/� (15N) ratio of all vibrational
modes (calcd: 1.0170; obsd: 1.0143). It follows the band at
829.4 cm�1, which can be roughly described as the NH2


wagging mode �11(a��). At 848.1 cm�1, the calculated value is
close to the experimental one. Again, the agreement between
the �(H)/�(D) and �(14N)/�(15N) ratios observed (1.2055 and
1.0034) and calculated (1.2247 and 1.0059) is pleasing. The
strong absorption at 585.2 cm�1 belongs most likely to the
�4(a�) mode, calculated to occur at 573.9 cm�1. This mode
involves mainly motion of the Si atom, but it is heavily
coupled with the rocking mode of the NH2 group, which is
calculated to appear at 332.6 cm�1 [�6(a�)]. Although the
observed shifts are slightly larger than expected on the basis of
the calculated values, both experiment and calculations agree
that the effects of H/D or 14N/15N substitution are only very
small. The weak band at 461.4 cm�1 can be assigned to the
symmetric Si�Cl stretching fundamental �(a�). This mode is
calculated to occur at 447.7 cm�1. The calculated isotopic shifts
for this mode are in excellent agreement with the observed
ones. The only mode which escaped detection although it was
predicted to have sufficient intensity is that calculated to
occur at 332.6 cm�1 for SiCl314NH2. This mode can roughly be
described as the rocking mode of the NH2 group. As can be
seen in Figure 5, the region of 200 ± 600 cm�1, in which this


Figure 6. Structure of
SiCl3NH2.


Table 1. Observed and calculated wavenumbers with IR intensities [kmmol�1] in parentheses for SiCl3NH2.


SiCl314NH2 SiCl315NH2 SiCl314ND2 Assignment
obsd calcd[a] obsd calcd[a] obsd calcd[a]


3423.6 3598.2 (59) 3412.1 3593.3 (57) 2506.8 2601.1 (50) �1(a�)
1529.5 1573.7 (76) 1522.9 1568.3 (72) 1166.8 1187.0 (97) �2(a�)
924.1 916.1 (147) 911.1 900.8 (147) 867.0 862.2 (107) �3(a�)
585.2 573.9 (263) 582.6 573.7 (261) 580.6 573.0 (243) �4(a�)
461.4 447.7 (21) 459.4 445.7 (20) 457.9 443.7 (19) �5(a�)


±[e] 332.6 (150) ±[e] 330.0 (149) ±[e] 285.0 (71) �6(a�)
±[b] 261.5 (1) ±[b] 258.7 (2) ±[b] 236.0 (7) �7(a�)
±[b] 234.5 (14) ±[b] 233.4 (14) ±[b] 225.5 (27) �8(a�)
±[c] 147.2 (3) ±[c] 146.4 (3) ±[c] 143.2 (5) �9(a�)


3508.9 3693.1 (53) 3492.6 3682.3 (52) 2617.3 2726.5 (38) �10(a��)
829.4 848.1 (114) 825.6 843.1 (113) 688.0 692.5 (178) �11(a��)


±[d] 575.2 (149) ±[d] 575.0 (148) 556.4 546.5 (71) �12(a��)
±[b] 281.0 (9) ±[b] 278.1 (9) ±[b] 242.7 (6) �13(a��)
±[b] 208.2 (0.2) ±[b] 208.2 (0.2) ±[c] 191.6 (0.3) �14(a��)
±[c] 89.3 (5) ±[c] 88.9 (5) ±[c] 72.1 (3) �15(a��)


[a] B3LYP/6 ± 311�G(df,p); Cs symmetry. [b] Too weak to be detected. [c] Outside the range of detection in our experiments. [d] Masked by strong SiCl4
absorptions. [e] See text.
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mode should occur, is free of any significant absorption. The
most likely explanation is that the calculations failed to
predict the correct intensity for this mode.[18, 19]


The weak absorptions at 3349.1, 2556.2, 1370.7, 914.2, and
725.3 cm�1 in the experiments with ND3 can be assigned to
traces of SiCl3NDH. Our DFT calculations resulted in the
following wavenumbers (intensities in kmmol�1 in parenthe-
ses) for such a molecule (C1 symmetry): 3640.1 (55), 2650.1
(41), 1398.6 (74), 894.0 (143), 727.5 (143), 573.3 (251), 561.0
(106), 443.6 (18), 307.7 (111), 262.9 (8), 243.4 (5), 230.9 (16),
196.1 (1), 144.9 (3), 79.1 (4). Thus, the agreement between the
observed and calculated wavenumbers for this isotopomer is
excellent.


Additional calculations were performed by applying ab
initio (MP2) methods. These calculations lead to a global
minimum-energy structure with Si�Cl, N�H, and Si�N
distances of 2.0293/2.0197, 1.0083, and 1.6845 ä, and Cl-Si-
Cl, Cl-Si-N, and H-N-H bond angles of 106.9/111.9�, 115.6/
107.8�, and 112.6�, respectively. Thus, the values are very close
to those obtained with B3LYP. The following wavenumbers
were calculated (intensities in kmmol�1 and symmetry assign-
ments in brackets): 3640.0 [64, �1(a�)], 1595.1 [79, �2(a�)], 945.0
[150, �3(a�)], 626.6 [267, �4(a�)], 485.5 [18, �5(a�)], 386.1 [167,
�6(a�)], 273.1 [2, �7(a�)], 246.1 [15, �8(a�)], 149.5 [3, �9(a�)],
3745.8 [59, �10(a��)], 868.6 [121, �11(a��)], 628.8 [146, �12(a��)],
309.2 [14, �13(a��)], 231.4 [0.5, �14(a��)], 136.4 [4, �15(a��)]. As
expected, the wavenumbers calculated with MP2 are higher
than the corresponding values at the B3LYP level. Never-
theless, the general degree of agreement is again pleasing.


Our calculations gave a wavenumber of 599.0 cm�1 for the
stretching fundamental �3(F2) of SiCl4. The calculated inten-
sity of this mode was 600 kmmol�1. From this value and the
intensity calculated for one of the SiCl3NH2 absorptions (e.g.,
147 kmmol�1 for the Si�N stretching fundamental �3(a�) at
916.1 cm�1 in the calculated spectrum), the relative propor-
tions of SiCl4 and SiCl3NH2 in the matrix can be estimated
from the observed intensities of the absorptions due to the
�3(F2) mode of SiCl4 and �3(a�) mode of SiCl3NH2. On this
basis, the ratio SiCl4/SiCl3NH2 can be estimated to be on the
order of 30/1.


We also considered the possible formation of other amides
such as SiCl2(NH2)2. According to our calculations (Figure 7,
this molecule has C2 symmetry and an 1A electronic ground
state. The Si�N, N�H, and Si�Cl distances are 1.6985, 1.0080/
1.0090, and 2.0779 ä, and the N-Si-N, H-N-H, and Cl-Si-Cl
bond angles 108.9, 112.7, and 105.5�, respectively. The
calculations were also employed to predict the IR properties


Figure 7. Structure of SiCl2(NH2)2.


of this species, and resulted in the following values (intensities
in kmmol�1 and symmetry assignments in brackets: 3683.5 [27,
�1(a)], 3590.5 [25, �2(a)], 1580.3 [34, �3(a)], 891.1 [170, �4(a)],
829.2 [15, �5(a)], 474.7 [87, �6(a)], 425.1 [90, �7(a)], 404.4 [56,
�8(a)], 267.3 [1, �9(a)], 185.4 [0.4, �10(a)], 157.9 [6, �11(a)],
3684.5 [54, �12(b)], 3589.5 [57, �13(b)], 1574.9 [122, �14(b)],
950.1 [173, �15(b)], 837.8 [74, �16(b)], 541.3 [260, �17(b)], 403.8
[144, �18(b)], 285.7 [13, �19(b)], 277.7 [7, �20(b)], 246.7 [1,
�21(b)]. From the experimental results it is clear that
SiCl2(NH2)2 is not present in the vapor phase.


Thermodynamics and possible reaction pathways : Several
reactions must be considered. Reaction (3) leads to SiCl3NH2,
the observed reaction product, and HCl. Surprisingly, accord-
ing to our hybrid DFT (B3LYP) calculations, this reaction is
slightly endothermic (�H0


R(298)��7.5 kJmol�1). The
�G0


R(298) and �S0
R (298) values were calculated to be


�9.5 kJmol�1 and �6.6 Jmol�1 K�1, respectively. Therefore
reaction (3) is not expected to proceed spontaneously. The
standard enthalpies of formation for HCl(g), SiCl4(g) and
NH3(g) are �92.3, �662.7, and �46.1 kJmol�1.[2] From these
values, the enthalpy of formation of SiCl3NH2(g) can be
calculated to be �609.0 kJmol�1. For the standard Gibbs free
energy and the standard entropy of formation for HCl(g),
SiCl4(g), and NH3(g), values of�95.3,�622.7, �16.6 kJmol�1


and 186.9, 330.9, 192.8 Jmol�1 K�1, respectively, were previ-
ously determined in experiments. These lead to values of
�534.5 kJmol�1 and 330.2 Jmol�1K�1, respectively, for the
standard Gibbs free energy and the standard entropy of
formation for SiCl3NH2(g). However, this equation does not
describe the experimental results adequately, since HCl is not
observed in the IR spectra. Equation (4) is a better descrip-
tion of what happens, since it involves the formation of solid
NH4Cl. The enthalpy of formation of solid NH4Cl is
�314.5 kJmol�1. With these values, one obtains a standard
reaction enthalpy of �168.6 kJmol�1 for Equation (4).


SiCl4(g)�NH3(g)� SiCl3NH2(g)�HCl(g) (3)


SiCl4(g)� 2 NH3(g)� SiCl3NH2(g)�NH4Cl(s) (4)


The standard Gibbs free energy of formation and the
standard entropy of formation of solid NH4Cl are
�203.1 kJmol�1 and 95.0 Jmol�1 K�1, respectively.[2] There-
fore, �G0


R(298) and �S0
R(298) for Equation (4) can be


estimated to be �82.0 kJmol�1 and �290.6 Jmol�1K�1. This
implies that, in contrast to reaction (3), reaction (4) is
expected to proceed spontaneously at room temperature.
This is in agreement with the experimental findings.


The first step of the pathway leading to SiCl3NH2 should be
the formation of a 1:1 or a 1:2 complex of SiCl4 with NH3.
Such 1:2 complexes of SiF4 have long been known,[20] and
some 1:1 complexes have also been characterized.[21] Recently,
the complex SiH4 ¥NH3 was generated and characterized in an
argon matrix.[22] Quantum-chemical calculations verify the
suspicion from the experimental results that the complex is
only very weakly bound (by about 11 kJmol�1, and about
5.5 kJmol�1 if zero-point energy corrections are included).[23]


As expected, the interaction in the complex SiF4 ¥NH3 is much
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stronger, about 36 kJmol�1.[24] According to ab initio calcu-
lations, the global minimum structure of SiF4 ¥NH3 has C3v


symmetry and can be described as a distorted trigonal
bipyramid in which NH3 occupies an axial position. Structures
with C2v (NH3 near the edge of the distorted SiF4 tetrahedron)
or C4v symmetry have significantly higher energies than the
C3v-symmetric global minimum structure. Our calculations
[MP2/6 ± 311�G(df,p)] also resulted in a global minimum
structure of SiCl4 ¥NH3 with C3v symmetry (Figure 8). The
Si�N distance was calculated to be 2.0654 ä, a value very


close to that calculated for
SiF4 ¥NH3 (2.072 ä). The Si�Cl
and N�H distances are 2.0862
and 1.0182 ä, and the Cl-Si-Cl
and Cl-Si-N bond angles
96.4/118.8� and 180/84�, respec-
tively.


Our B3LYP calculations
cannot provide accurate ener-
gies for the formation of the
complex SiCl4 ¥ NH3. Much
more sophisticated methods
are necessary to describe the
bonding within such a complex.
However, our simple calcula-


tions may give a first estimate. According to this estimate, the
reaction energy for the formation of the complex amounts to
not more than �0.3 kJmol�1. If zero-point energy corrections
and thermal contributions are considered, one obtains a
�H0


R(298) value of �9.9 kJmol�1. The �G0
R(298) value is


�57.4 kJmol�1. The conversion of this complex to SiCl3NH2


and HCl in the gas phase then has �H0
R(298) and �G0


R(298)
values of �2.4 and �47.9 kJmol�1, respectively.


We also performed calculations on the 1:2 complex SiCl4 ¥
2NH3 (Figure 9). Again, our calculations can only provide
first estimates and are certainly far from accurate. They are


Figure 9. Structure of the 1:2 complex SiCl4 ¥ (NH3)2.


certainly more appropriate for molecules with comparatively
strong interactions, such as SiCl3NH2 and SiCl2(NH2)2. Our
calculations on the 1:2 complex resulted in Si�N, Si�Cl, and
N�H distances of 1.9715, 2.2202/2.2057/2.2122, and 1.0189 ä,
and Cl-Si-Cl, Cl-Si-N and H-N-H bond angles of 89.6, 90.0,
and 109.2�. These are in excellent agreement to previously


calculated values.[25] The �H0
R(298) and �G0


R(298) values for
the formation of the 1:2 complex from SiCl4 and two
equivalents of NH3 were calculated to be �26.9 and
�66.0 kJmol�1, respectively. The reaction yielding SiCl3NH2


and solid NH4Cl from this 1:2 complex then has �H0
R (298)


and �G0
R (298) values of �141.7 and �148.0 kJmol�1,


respectively. A possible alternative, which can, however, be
excluded on the basis of the experimental results, is the
formation of SiCl2(NH2)2 and two equivalents of HCl. This
reaction starting from the 1:2 complex is endothermic
(�H0


R(298)��44.6 kJmol�1) and has a �G0
R(298) value of


�37.8 kJmol�1.
The two possible reaction pathways via the 1:1 and 1:2


complexes are summarized in Scheme 1. The calculations give
a satisfactory explanation for the failure to observe the
formation of SiCl2(NH2)2. The sum of all calculations seems to
favor the pathway via the 1:2 complex. However, as men-
tioned above, the energies calculated for the complexes must
be treated with caution, because the methods of calculation
employed here are likely not able to accurately describe the
bonding in such complexes.


Scheme 1. Reactions of SiCl4 with one and two equivalents of NH3 with
reaction enthalpies [kJmol�1].


Conclusion


Mass spectrometry made it possible to identify for the first
time SiCl3NH2 as an intermediate formed in significant
amounts in the ammonolysis of SiCl4 at 570 and 300 K. When
the reaction of SiCl4 with NH3 is carried out at 170 ± 220 K,
volatile SiCl3NH2 can be obtained in relatively good yield.
The product was characterized by detailed IR spectroscopic
studies in conjunction with quantum chemical calculations.
The structural information on SiCl3NH2 in its global energy
minimum given by the quantum chemical calculations met
expectations. The calculated Si�N bond length of 1.6903 ä is
appreciably shorter than the sum of the covalent radii, and
this can be explained by involvement of � bonding. As


Figure 8. Structure of the 1:1
complex SiCl4 ¥ NH3.
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expected, the Si�N bond length is somewhat longer than in
SiCl3N(CH3)2 (1.657 ä).[28] This can be explained by higher
electron density at the nitrogen atom in the latter compound.
The sum of angles at the nitrogen atom in SiCl3NH2 is 357.8�, a
value in good agreement with that found previously in
SiCl3N(CH3)2 (359.3�).[28]


Experimental Section


Mass spectrometry : The experiments were conducted with two different
measurement setups. One setup was a plug-flow reactor, which was placed
inside the vacuum system of the mass spectrometer (Varian MAT CH7).
The reaction of the gaseous components NH3 and SiCl4 was carried out at
300 K. In the second array we used gaseous SiCl4 and dry NaNH2 as
ammonia source for the reaction at 570 K. In each setup the components
were mixed just in front of the inlet orifice of the ion source.


IR spectroscopy: The reaction was carried out in a glass vessel. NH3 (Linde,
99.98%) was condensed onto and stored over Na prior to use. SiCl4
(Riedel, 99%) was purified by fractional condensation in vacuo. First,
NH3 (0.3 mmol) was condensed into the reaction vessel, and then SiCl4
(0.3 mmol) was condensed onto the NH3. The reaction vessel was warmed
to 170 K and then continuously to 220 K over 3 h. After warming to room
temperature, a white solid and a gaseous product were obtained. The
gaseous product was characterized by IR spectroscopy. The gas-phase
spectra were acquired by using a gas cuvette with silicon windows. The
spectra were recorded with a Bruker IFS 25 spectrometer. The experiment
was repeated with 14ND3 and 15NH3.


Matrix isolation : Details of the matrix isolation technique are given
elsewhere.[26] In a vacuum system the vapor phase obtained after reaction of
SiCl4 with NH3 was slowly sprayed onto a freshly polished Cu block kept at
12 K by a closed-cycle refrigerator (Leybold LB 510). The gas flow was
controlled by a needle valve. At the same time, an excess of Ar gas was
sprayed onto the Cu block to give an Ar matrix containing vapor molecules
in the relative proportions 20:1. Matrix IR spectra were recorded with a
Bruker 113v spectrometer equipped with an MCT detector in the range
4000 ± 400 cm�1 and a DTGS detector for measurements in the region 700 ±
200 cm�1.


Methods of calculation : Quantum-chemical calculations were carried out
with the Gaussian98 suite of programs[27] Both hybrid DFT (B3LYP) and
ab initio (MP2) methods were used in combination with a 6-311�G(df,p)
basis set.
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Novel Macrocyclic EuII Complexes: Fast Water Exchange Related to an
Extreme M�Owater Distance**


La¬szlo¬ Burai, E¬ va To¬ th,* Gilles Moreau, Ange¬ lique Sour, Rosario Scopelliti,
and Andre¬ E. Merbach[a]


Abstract: EuII complexes are potential
candidates for pO2-responsive contrast
agents in magnetic resonance imaging.
In this regard, we have characterized
two novel macrocyclic EuII chelates,
[EuII(DOTA)(H2O)]2� and [EuII-
(TETA)]2� (H4DOTA� 1,4,7,10-tetraa-
zacyclododecane-1,4,7,10-tetraacetic
acid, H4TETA� 1,4,8,11-tetraazacyclo-
tetradecane-1,4,8,11-tetraacetic acid) in
terms of redox and thermodynamic
complex stability, proton relaxivity, wa-
ter exchange, rotation and electron spin
relaxation. Additionally, solid-state
structures were determined for the SrII


analogues. They revealed no inner-
sphere water in the TETA and one
inner-sphere water molecule in the DO-
TA complex. This hydration pattern is
retained in solution, as the 17O chemical
shifts and 1H relaxation rates proved for


the corresponding EuII compounds. The
thermodynamic complex stability, deter-
mined from the formal redox potential
and by pH potentiometry, of [EuII-
(DOTA)(H2O)]2� (lgKEu(II)� 16.75) is
the highest among all known EuII com-
plexes, whereas the redox stabilities of
both [EuII(DOTA)(H2O)]2� and [EuII-
(TETA)]2� are inferior to that of 18-
membered macrocyclic EuII chelates.
Variable-temperature 17O NMR,
NMRD and EPR studies yielded the
rates of water exchange, rotation and
electron spin relaxation. Water ex-
change on [EuII(DOTA)(H2O)]2� is re-
markably fast (k298ex � 2.5� 109 s�1). The


near zero activation volume (�V��
�0.1� 1.0 cm3mol�1), determined by
variable-pressure 17O NMR spectrosco-
py, points to an interchange mechanism.
The fast water exchange can be related
to the low charge density on EuII, to an
unexpectedly long M�Owater distance
(2.85 ä) and to the consequent inter-
change mechanism. Electron spin relax-
ation is considerably slower on [EuII-
(DOTA)(H2O)]2� than on the linear
[EuII(DTPA)(H2O)]3� (H5DTPA� di-
ethylenetriaminepentaacetic acid), and
this difference is responsible for its
25% higher proton relaxivity (r1�
4.32 m��1 s�1 for [EuII(DOTA)(H2O)]2�


versus 3.49 m��1 s�1 for [EuII(DTPA)-
(H2O)]3� ; 20 MHz, 298 K).Keywords: europium ¥ macrocyclic


ligands ¥ MRI contrast agents ¥
NMR spectroscopy ¥ N,O ligands


Introduction


Current research developments in MRI contrast agents aim to
visualize the physicochemical state and activity of tissues.[2±3]


Such responsive or ™smart∫ contrast agents can report on
physiological parameters such as oxygen partial pressure, pH,
temperature, intra- and extracellular distributions of ions,
metabolite concentration and enzymatic activity. Information
on oxygen partial pressure pO2 in blood or tissue could give
insight into metabolic processes of cells, permit the differ-


entiation of arterial and venous blood or show pathological
mutation (strokes, tumors, ischemic diseases). The simplest
pO2-responsive contrast agent would be a complex with a
redox-active metal center in which one oxidation state is
™MRI active∫ (characterized by strong enhancement of
proton relaxation) and the other is ™MRI inactive∫ (weak
enhancement of proton relaxation). Thus, MR image intensity
will depend on the oxidation state of the metal ion, which is
related to the oxygen partial pressure. So far MnIII/MnII TPPS
complexes were reported to have pO2-dependent proton
relaxivities (TPPS� 5,10,15,20-tetrakis(p-sulfonatophenyl)-
porphinate).[4] The EuII/EuIII redox system is another candi-
date for application as a pO2-responsive contrast agent. Like
GdIII, EuII has seven unpaired electrons, and hence strong
relaxation enhancement, while the EuIII ion has a negligible
effect on proton relaxation.[5±6] The difficulty with this system,
however, resides in the redox instability of the EuII oxidation
state. In the last few years we have characterized several EuII


complexes in terms of redox and thermodynamic complex
stability. Parameters that are important for potential use as a
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pO2-responsive contrast agent, such as the rates of water
exchange and electronic relaxation, were also determined.[7±10]


In addition, we obtained the first solid-state X-ray structure
for a EuII poly(amino carboxylate) chelate, namely, [EuII-
(DTPA)(H2O)]3�. In comparison to the GdIII complexes, the
EuII analogues have faster water exchange, and usually faster
electronic relaxation. Eighteen-membered macrocyclic che-
lators such as ODDA2� and ODDM4� (Scheme 1) were found
to better protect EuII from oxidation than linear ligands.
The EuII cryptate complex formed with the cryptand


4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (2.2.2)
has the highest redox stability among all chelates studied. In a
preliminary communication, it was shown that [EuII-
(2.2.2)(H2O)2]2� has several interesting features with respect
to pO2-responsive MRI contrast agents. In addition to its
relative stability against oxidation, it has two inner-sphere
water molecules, and water exchange and electron spin
relaxation rates are in the optimal range to attain high proton
relaxivities, provided rotation is also optimized.[10] We have
extended these investigations to macrocyclic ligands of
varying size: EuII chelates with the 14-membered TETA4�


and the 12-membered DOTA4� were studied. The latter
ligand is known as one of the best chelators for a variety of
metal ions, including GdIII.
The EuII ion has an ionic size and charge similar to SrII (125


and 126 pm, respectively, for coordination number 8),[11] and
consequently they show similar coordination chemistry. For
instance, practically identical crystal structures (very similar
bond lengths and angles) were found for the SrII and EuII


DTPA complexes, with eight coordinating donor atoms from
the ligand and one inner-sphere water molecule.[9] Hence, the
structure of a EuII complex is often deduced from that of the
SrII analogue. Concerning DOTA and TETA complexes,
Varnek et al. performed a molecular dynamics study which
showed different coordination patterns and hydration num-


bers for [Sr(DOTA)]2� and [Sr(TETA)]2�.[12] [Sr(TETA)]2�


was found to be nine-coordinate with one water molecule in
the inner coordination sphere, whereas an eight-coordinate
structure without inner-sphere water was obtained for
[Sr(DOTA)]2�.
The objective of the present work was threefold: i) to assess


the redox stability and thermodynamic complex stability of
[EuII(DOTA)]2� and [EuII(TETA)]2� in aqueous solution by
cyclovoltammetry and potentiometry, ii) to characterize the
two complexes with respect to application as MRI contrast


agents, and iii) to obtain infor-
mation on their solid-state struc-
tures. To accomplish these goals,
1H and 17O relaxation rates were
measured on solutions of the
EuII complexes at several mag-
netic fields and temperatures.
This study was coupled with
variable-temperature EPR
measurements. The crystal struc-
tures of [Sr(DOTA)]2� and
[Sr(TETA)]2� were also deter-
mined. The results are discussed
in comparison to previously re-
ported EuII complexes.


Results and Discussion


Crystal structures of
[C(NH2)3]2[Sr(DOTA)(H2O)] ¥
4H2O and [C(NH2)3]2[Sr(TE-
TA)(H2O)] ¥ 5H2O : In the ab-
sence of suitable crystals of


[EuII(DOTA)]2� and [EuII(TETA)]2�, we determined the
structure of the corresponding SrII complexes. The crystal-
lization of EuII complexes from aqueous solution for X-ray
analysis is often problematic due to ready oxidation. It was
proved in several cases that crystals of SrII and EuII complexes
are isomorphic, as a consequence of the close ionic radius and
identical charge of the two metal ions.[9, 13] Moreover, recent
XAFS studies proved that in aqueous solution SrII and EuII


chelates adopt identical structures.[14] Therefore SrII is gen-
erally accepted as a surrogate of EuII in structural studies
when suitable crystals of EuII compounds cannot be obtained.
In [Sr(DOTA)(H2O)]2� (Figure 1, top), the coordination


number of the metal atom is nine, and the coordination
geometry of the ligand is a distorted capped twisted square
antiprism (TSA, also called minor isomer m) with C4
symmetry. As required by the symmetry, all metal ± oxygen
and metal ± nitrogen bond lengths are identical (Sr�O
2.548(4) ä; Sr�N 2.731(6) ä). The two planes formed by the
ring nitrogen atoms and by the carboxylate oxygen atoms
below and above the central metal ion are parallel, with an
N-Sr1-O twist angle of 23.9� between the N4 and O4 planes.
The distances of these planes from the SrII center are 1.735
and 0.815 ä, respectively. The inner-sphere water molecule
occupies the ninth coordination site, 2.85(2) ä from the SrII


ion. This Sr�Owater distance is remarkably long, 0.23 ä longer
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Scheme 1. Macrocyclic ligands used in this study.
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Figure 1. Crystal structures of [Sr(DOTA)(H2O)]2� (top) and
[Sr(TETA)]2� (bottom).


than that in [Sr(DTPA)(H2O)]3� (and in [EuII-
(DTPA)(H2O)]3�).[9] Other SrII or EuII chelates also have
considerably shorter M�Owater distances. For instance, a recent
XAFS study in solution found 2.58 ä for EuII(aq), 2.54 ä
for [EuII(ODDA)(H2O)], and 2.62 ä for [EuII-
(DTPA)(H2O)]3�.[14] This unusually long distance may explain
why a previous MD simulation in aqueous solution gave no
inner-sphere water molecule in [Sr(DOTA)]2�.[12]


On the other hand, the MD
simulations showed one water
molecule in [Sr(TETA)]2�. As
the structure in Figure 1 (bot-
tom) shows, [Sr(TETA)]2� has
no inner-sphere water in the
solid state. The coordination
number is eight, and the coordi-
nation geometry is a distorted
square antiprism with C2 sym-
metry. The twofold symmetry
axis means that two types of
donor oxygen and nitrogen
atoms are present (Sr�O1
2.526(2), Sr�O3 2.543(2) ä;
Sr�N1 2.742(3), Sr�N2
2.747(3) ä). The average planes
of the coordinating oxygen and


nitrogen atoms are parallel. Due to the inequivalence of the
four Sr�O and four Sr�N distances, there are two different
twist angles (22.0� and 31.8�). The distance between SrII and
the N4 and O4 mean planes are 1.416 and 1.173 ä, respectively.
The O1-Sr1-O1A and O3-Sr1-O3A bond angles are 111.2(1)�
and 137.7(1)�, respectively, in [Sr(TETA)]2�, while the same
angle in [Sr(DOTA)(H2O)]2� is 142.7(3)�. In contrast to
[Sr(TETA)]2�, the larger bond angles and the shorter distance
of SrII from the coordinated O4 plane in [Sr(DOTA)(H2O)]2�


open the ninth coordination site for a water molecule
(Figure 2). GdIII and EuIII analogues show similar pattern: in
[Gd(DOTA)(H2O)]� , the Ocarboxylate-Gd-Ocarboxylate angles are
146�,[15] leaving room for one inner-sphere water molecule,
whereas in [Eu(TETA)]� , which has no inner-sphere water,
these angles are considerably smaller (104, 131�).[16] Accord-
ingly, the 13-membered macrocyclic chelate [Gd(TRITA)-
(H2O)]� (TRITA� 1,4,7,10-tetraazacyclotridecane-1,4,7,10-tet-
raacetic acid) has intermediate O-Gd-O bond angles (136.7
and 142.7�) that indicate increased steric crowding around the
water-binding site relative to [Gd(DOTA)(H2O)]� .[17] Some
selected bond lengths of the complexes are presented in Table 1
with data for the corresponding GdIII and/or EuIII complexes
for comparison.[15, 18±19] As previously observed for DTPA5�,
the geometry of the SrII (EuII) and GdIII complexes is similar
for both DOTA4� and TETA4� complexes; only the bond
lengths are 0.1-0.2 ä longer in the MII complexes. (Detailed
tables of bond lengths and angles in [Sr(DOTA)(H2O)]2� and
[Sr(TETA)]2� are available as Supporting Information.)


Redox and thermodynamic stability of the EuII complexes :
The formal potential E1/2 of a EuIIIL/EuIIL redox couple gives
direct information on the redox stability of the EuII state: a
less negative E1/2 indicates higher resistance of EuIIL to
oxidation. The formal potential is related to the ratio of the
thermodynamic stabilities of EuIIIL and EuIIL [Eq. (1)],[20]


where KEuIII and KEuII are the thermodynamic stability
constants of the oxidized and reduced forms, respectively. A
positive �E1/2 value means higher thermodynamic stability of
the EuIIL complex relative to its EuIIIL analogue.


�E1/2�E1/2,complexed�E1/2,uncomplexed�
RT


F
ln
KEuII


KEuIII
(1)
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Figure 2. Schematic representation of the coordination polyhedra for [Sr(DOTA)(H2O)]2� (right) and
[Sr(TETA)]2� (left).
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The cyclovoltammetric curves of [EuII(DOTA)(H2O)]2�,
[EuII(TETA)]2, and EuII(aq) are shown in Figure 3. The
formal potentials (�1135, �995, and �585 mV versus Ag/
AgCl for [EuII(DOTA)(H2O)]2�, [EuII(TETA)]2�, and EuII-
(aq), respectively) reveal lower stability against oxidation for


Figure 3. Cyclovoltammograms of EuCl3 (a), [EuIII(TETA)]� (b), and
[EuIII(DOTA)(H2O)]� (c).


these complexes than for the aquated ion. In practice, in an
aqueous solution of [EuII(DOTA)(H2O)]2� or [EuII(TETA)]2


under nitrogen at room temperature, oxidation is noticeable a
few hours after preparation. Table 2 summarizes formal
potentials of different EuII complexes. The potentials of
[EuII(DOTA)(H2O)]2�and [EuII(TETA)]2� are between the
values measured for the complexes of 18-membered diazate-
traoxa macrocycles [EuII(ODDA)(H2O)] and [EuII-
(ODDM)]2� and for the noncyclic [EuII(DTPA)(H2O)]3�.
This may be the consequence of the relatively small 12- and
14-membered rings, in which the smaller EuIII fits better. The
four carboxylate groups are also unfavorable for the reduced
EuII state. Presumably, the redox stability of the complexes
with 12- and 14-membered tetraaza macrocyclic rings could


be also increased by substituting the carboxylates by nitrogen-
donor groups. The most redox stable complex found so far is
[EuII(2.2.2)(H2O)2]2� (E1/2��205 mV versus SCE).[21] Hence,
the stability constant of [EuII(2.2.2)(H2O)2]2� calculated from
Equation (1) is approximately 107-fold higher than that of the
corresponding EuIII complex. Note, however, that it is not
sufficient to have a high relative stability of an EuII complex
over its EuIII analogue (expressed by a positive formal
potential [Eq. (1)]); the absolute values of both EuII and
EuIII thermodynamic complex stability constants should also
be high enough to avoid dissociation and hydrolysis of the
EuIII complex following oxidation. Any dissociation of the
EuIII or EuII chelate would further accelerate the oxidation
process by displacing the redox equilibrium towards the EuIII


state. This phenomenon could result in toxicity problems in in
vivo medical application of the EuII complex as a responsive
contrast agent.
The thermodynamic stability constants lgKEuII of [EuII-


(DOTA)(H2O)]2� and [EuII(TETA)]2� were determined by
pH potentiometric titration and electrochemically by apply-
ing Equation (1). In the analysis of the pH-potentiometric
data, previously published values of the ligand protonation
constants lgKH were used (11.22, 9.64, 4.86, 3.68 for DOTA4�


and 10.92, 10.09, 4.08, 3.19 for TETA4� ; I� 0.1�
(CH3)4NCl).[22] For the first lgKH of DOTA4�, a higher value
(lgKH


1 � 12.6) was recently reported.[23] However, for the sake
of comparison between the stability constant determined in
this study for [EuII(DOTA)(H2O)]2� and that previously
published for [Sr(DOTA)(H2O)]2�, we used lgKH


1 � 11.22).
The use of Equation (1) requires stability constants for the
corresponding EuIII complexes. We used lgKEuIII� 26.21 for
[EuIII(DOTA)(H2O)]� and lgKEuIII� 14.02 for [EuIII-
(TETA)]� .[24] For both complexes, the stability constants
calculated from the potentiometric data and those from the
formal electrode potentials agree well. For [EuII-
(DOTA)(H2O)]2�, a complex protonation constant of
lgKH


ML� 4.17� 0.13 was measured, which is comparable to
the literature value of 4.52 for [Sr(DOTA)(H2O)]2�.[22]


Table 2 also presents the lgK values for the corresponding
SrII (lgKSr) and GdIII (lgKGd) complexes.[25±27] As usual, lgK of
the EuII complexes are slightly higher than those of the SrII


analogues. The thermodynamic stability of [EuII-
(DOTA)(H2O)]2� is the highest among all EuII complexes
studied so far. Nevertheless, it is seven orders of magnitude
lower than that of [Gd(DOTA)(H2O)]� , a clinically usedMRI
contrast agent.
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Table 1. Solid-state metal to coordinating atom bond lengths determined by X-ray
analysis in selected macrocyclic complexes.


Complex M�Ocarboxylate M�N M�Owater Ref.


[Sr(DOTA)(H2O)]2� 2.548(4) 2.731(6) 2.849(16) this work
[Gd(DOTA)(H2O)]� 2.362 ± 2.370 2.648 ± 2.679 2.458 [15a]
[EuIII(DOTA)(H2O)]� 2.247 ± 2.511 2.519 ± 2.900 2.480 [18a]
[Sr(TETA)]2� 2.526(2)/2.543(2) 2.742(3)/2.747(3) ± this work
[EuIII(TETA)]� 2.339 ± 2.362 2.579 ± 2.683 ± [19]


Table 2. Formal potentialsE1/2 of EuIII/EuII complexes, thermodynamic stability constants of EuII (lgKEuII), SrII (lgKSr), and GdIII (lgKGd) complexes (I� 0.1�
(CH3)4NCl; 25 �C).


Ligand E1/2 [mV] versus Ag/AgCl Ref. lgKEuII Ref. lgKSr Ref. lgKGd Ref.


H2O � 585 this work
DTPA � 1340[a] [8] 10.08[b] [26a] 9.68 [26b] 22.46 [26b]
ODDA � 820 [9] 9.85 [9] 8.66 [9] 11.93 [27a]
ODDM � 920 [9] 13.07 [9] 11.34 [9] 15.51[f] [27b]
2.2.2 � 205[a] [21] 10.5 [21] 8.26 [25] ± ±
DOTA � 1135 this work 16.75� 0.07[c]/16.91[d] this work 14.38[e] [22a] 24.0[e] [22b]
TETA � 996 this work 7.02� 0.05[c]/7.06[d] this work 5.91[e] [22a] 13.77[e] [22b]


[a] Measured versus SCE. [b] In 1� KCl. [c] Determined by pH potentiometry. [d] Calculated value from Equation (1). [e] In 0.1� KCl. [f] In 0.16� NaCl.
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17O NMR, NMRD, and EPR measurements : A variable-
temperature and multiple-field oxygen-17 and proton relax-
ation study, complemented with EPR measurements, was
performed on [EuII(DOTA)(H2O)]2� and [EuII(TETA)]2� in
aqueous solution with the objective of determining parame-
ters that describe water exchange, rotation, electronic relax-
ation, and proton relaxivity. Oxygen-17 chemical shifts ��r ,
longitudinal (1/T1r) and transverse (1/T2r) relaxation rates,
longitudinal proton relaxivities r1 and EPR peak-to-peak
linewidths were measured and then analyzed simultaneous-
ly.[9] All equations used are given in the Appendix. The
number of inner-sphere water molecules q the EuII complex in
solution was assumed to be the same as determined in the
solid state for the SrII analogues, that is, q� 1 for [EuII-
(DOTA)(H2O)]2� and q� 0 for [EuII(TETA)]2�. The 17O
NMR and NMRD data in both cases support this assumption.
For [EuII(TETA)]2�, the 1/T1r and 1/T2r values are equal within
the experimental error, and the ��r values are about 10 ±
20% of those measured for [EuII(DOTA)(H2O)]2�, which
indicates only outer-sphere contributions to the chemical shift
(experimental data in Supporting Information). Hence, for
[EuII(TETA)]2� the experimental NMRD and EPR data were
fitted to Equations (13) ± (15) and (21) ± (23) by assuming
only outer-sphere proton relaxation, and the parameters
describing electronic relaxation and diffusion were thus
obtained. The experimental data and the fitted curves are
presented in Figures 4 and 5, and the parameters obtained are
given in Table 3.


Water exchange on [EuII(DOTA)(H2O)]2� : Based on the 17O
chemical shifts, a value of A/�h� -3.3� 0.3 was calculated for
the scalar coupling constant of [EuII(DOTA)(H2O)]2�. This
was obtained without assuming any outer-sphere contribution
(Cos� 0), since due to the lack of a regime of slow water
exchange in the temperature range studied, Cos could not be
determined. Nevertheless, the outer-sphere mechanism can
contribute up to 20% of the total chemical shift, as is known
for GdIII complexes[28] and also evidenced by the chemical
shifts measured on [EuII(TETA)]2�. By fixing Cos to 0.2 in the
fit, A/�h��3.16� 0.08 could be calculated. The quantity A/�h
characterizes electron delocalization from the EuII onto the
ligand nucleus, and hence the low A/�h value of [EuII-
(DOTA)(H2O)]2� in comparison with other EuII complexes
(Table 3) implies a weaker interaction between the metal ion
and the water oxygen atom. This is in perfect agreement with
the longer M�Owater bond length.
The transverse 17O relaxation rates 1/T2r lie in the fast


exchange region and thus are determined by the relaxation
rate of the coordinated water molecule 1/T2m, which itself is
influenced by the water residence time �m� 1/kex, the
longitudinal electronic relaxation rate 1/T1e, and the nuclear
hyperfine coupling constant A/�h [Eq. (10)]. The water ex-
change rate k298ex on [EuII(DOTA)(H2O)]2� is one order of
magnitude higher than on the 18-membered macrocyclic
[EuII(ODDA)(H2O)] or macrobicyclic [EuII(2.2.2)(H2O)2]2�,
and it is the highest among all EuII complexes,[8±10] albeit lower
than on the aqua ion (Table 3). The pressure dependence of
the transverse 17O relaxation rates gives access to the
water-exchange mechanism. The experimental data for


Figure 4. a) 1H NMRD profiles at 5, 15, 25, 37, and 50 �C (from top to
bottom). b) Temperature dependence of transverse electronic relaxation
rates at 0.34 T. c) Longitudinal (filled squares) and transverse (empty
squares) 17O relaxation rates. d) 17O chemical shifts at 9.4 T of
[EuII(DOTA)(H2O)]2� in solution.


[EuII(DOTA)(H2O)]2� were fitted to Equation (16) (Fig-
ure 6). The almost zero activation volume (�V���0.1�
1.0 cm3mol�1) indicates an interchange (I) water exchange
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mechanism. In comparison to GdIII complexes, the EuII


analogues have 2 ± 3 orders of magnitude faster water
exchange, which generally proceeds by a less dissociative
mechanism. For instance, for [Gd(DOTA)(H2O)]� the acti-
vation volume �V���10.5 cm3mol�1 points to an almost
limiting dissociative (D) mechanism.[5, 29] There are multiple
reasons for this shift in the water exchange mechanism from


Figure 6. Pressure dependence of the reduced transverse 17O relaxation
rates at B� 9.4 T and 3 �C for [EuII(DOTA)(H2O)]2�.


dissociative for GdIIIL towards less dissociative or even
associative for EuIIL complexes. In addition to the larger
ionic size and smaller charge (lower charge density) of
divalent EuII, the longer EuII�Owater distance is another
significant factor. In the DOTA4� complex, the EuII�Owater
distance is particularly elongated (2.85 versus 2.41 ä in
[Gd(DOTA)(H2O)]�).[15] This long distance allows a second
water molecule to enter the coordination sphere parallel with
the departure of the loosely coordinated leaving water
molecule in the case of [EuII(DOTA)(H2O)]2�, as was
experimentally proved by the near-zero activation volume
(i.e., I mechanism). The approach of the incoming water
molecule facilitates the departure of the coordinated water
molecule and accelerates the exchange process. Interestingly,
an interchange water exchange mechanism, but with an
exchange rate one order of magnitude lower (k298ex � 0.31�
109 s�1) was determined for [EuII(2.2.2)(H2O)2]2�.[10] In this
cryptate, the metal ion is ten-coordinate, in contrast to the
nine-coordinate [EuII(DOTA)(H2O)]2�. Therefore the inter-
change mechanism here means the entrance of a third water
molecule (eleventh donor atom) into the coordination sphere
of EuII, which requires more energy than the entrance of a
second water molecule (tenth coordinating atom) in [EuII-
(DOTA)(H2O)]2�. In addition, the considerably shorter
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Table 3. Parameters obtained from the simultaneous fit of variable-temperature 17O relaxation rates, chemical shifts, and 1H NMRD and EPR data.


[EuII(H2O)8]2� [a] [EuII(DTPA)(H2O)]3� [b] [EuII(ODDA)(H2O)][c] [EuII(2.2.2)(H2O)2]3� [d] [EuII(DOTA)(H2O)]2� [EuII(TETA)]2�


k298ex [109 s�1] 4.4 1.3 0.43 0.31 2.46� 0.5
�H� [kJmol�1] 15.7 26.3 22.5 30.6 21.4� 2.0
�S� [Jmol�1 K�1] � 7.0 � 18.4 -4.0 � 20.5 � 6.9� 0.4
�V� [cm3mol�1] � 11.3 � 4.5 � 3.9 � 0.9 � 0.1� 0.1[e]
A/�h [106 rads�1] � 3.7 � 3.5 � 4.3 � 4.1 � 3.3� 0.3
�298r [ps] 16.3 74 58.2 90.3[f] 123� 10[f]
ER [kJmol�1] 21.3 18.9 23.9 17.9 22.3� 2.3
�298v [ps] 1.0 13.6 14.3 17.0 22.7� 1.7 17.9� 1.4
Ev [kJmol�1] 12.5 1[g] 1[g] 1[g] 1[g] 1[g]


�2 [1020 s�2] 1.13 1.7 1.01 0.21 0.20� 0.02 0.73� 0.06
D298
EuH [10�10m2 s�1] 22.9 23 24.3 15.7 15.2� 1.0 18.4� 0.4


EDeuH [kJmol�1] 20.1 29 25.4 36.3 30.2� 0.9 22.5� 0.7
[a] Ref. [7]. [b] Ref. [8], fit without EPR data. [c] Ref. [9], fit without EPR data. [d] Ref. [10]. [e] The error in �V� is usually considered to be�1 cm3mol�1 or
10% of the �V� value, whichever is largest, to take into account possible effects of nonrandom errors. [f] �298RO. [g] Value fixed in the fit.


Figure 5. a) 1H NMRD profiles at 5, 15, 25, 37, and 50 �C (from top to
bottom). b) Temperature dependence of transverse electronic relaxation
rates at 0.34 T of [EuII(TETA)]2� in solution.
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M�Owater distance in [EuII(2.2.2)(H2O)2]2� indicates stronger
binding.


Rotation : The rotational correlation time �R also has a
determining role in proton relaxivity, and for low molecular
weight complexes it is usually a limiting factor. Information
on �R is obtained from the longitudinal 1H and 17O relaxation
rates, which are related to rotation of the EuII�Hwater and
EuII�Owater vectors, respectively. Recently, it was found for
[Gd(DOTA)(H2O)]� that �R of the GdIII�Hwater vector is
about 65% of the overall correlation time of the complex,
which itself is close to �R of the GdIII�Owater vector.[30] In our
analysis we also separated the rotational correlation times of
the M�Owater and the M�Hwater vectors [�RO and �RH; Eqs. (8)
and (20)]. Two parameters were fitted: �RO, regarded as a true
rotational correlation time of the complex, and the �RH/�RO
ratio. For the distance rEuO in [EuII(DOTA)(H2O)]2� the solid-
state value of the corresponding SrII complex was used, and
the distance rEuH was estimated to be 3.50 ä.[7] The calculated
�RH/�RO ratio is 0.54� 0.13, similar to that of
[Gd(DOTA)(H2O)]� (0.65� 0.2).[30] For [EuII(DOTA)-
(H2O)]2� there is no experimentally determined quadrupolar
coupling constant for the bound oxygen atom of water [� in
Eq. (7)], in contrast to [LnIII(DOTAM)(H2O)]3� complexes,
for which �(1� �2/3)1/2� 5.2 MHz was obtained (DOTAM�
DOTA tetraamide).[30] EuII has a lower charge density than
the lanthanide(���) ions and, moreover, the M�Owater distance
is considerably longer than in [LnIII(DOTAM)(H2O)]3� com-
plexes, so it seemed more reasonable in the present study to
use the value for pure water of �(1� �2/3)1/2� 7.58 MHz. The
rotational correlation times obtained for [EuII(DOTA)-
(H2O)]2� (�RO298� 123 ps and �RH298� 66 ps) are typical values
for a low molecular weight complex and are comparable to
those of other EuII complexes.


Electronic relaxation : The transverse electronic relaxation
rates 1/T2e were measured experimentally by EPR spectro-
scopy, while the longitudinal relaxation rates 1/T1e were
calculated from the 1/T2e values by using Equations (13) ±
(15). Additionally, the NMRD data also contain information
on electronic relaxation. The EPR spectrum of EuII is the
superposition of 12 lines originating from coupling to two
isotopes, 151Eu and 153Eu, which have the same spin (I� 5/2)
and similar natural abundance (47.82 and 52.18%, respec-
tively). This isotropic hyperfine structure becomes more
visible at high frequency (Figure 7), where the lines are
narrower (�20 ± 30 G). The analysis of the EPR spectra led to
a coupling constant of around 36 G for [EuII-
(DOTA)(H2O)]2�, a similar value to that calculated for
EuII(aq).[7] For GdIII complexes, the new Rast ±Borel ap-
proach, which also involves static zero-field splitting, has
contributed much to the understanding of electron spin
relaxation.[31] The extension of this theory to EuII is currently
in progress but has not yet achieved. Therefore, in the present
study, we used the traditional Solomon ±Bloembergen ±
Morgan analysis, and only a transient zero-field splitting
(ZFS) mechanism was considered. This is characterized by the
trace of the square of the zero-field splitting tensor �2 and the
correlation time for the modulation of the ZFS �v as fitted


Figure 7. X band (top) and 225 GHz EPR (bottom) spectra of [EuII-
(DOTA)(H2O)]2� at 25 �C. Signal at 8.07 T corresponds to the BDPA
reference.


parameters.[32] However, the quality of fit of the X-band EPR
data for both [EuII(DOTA)(H2O)]2� and [EuII(TETA)]2�


(Figures 4 and 5) evidences the imperfection of the present
theory (the analysis of the EPR spectra recorded at 75 and
225 GHz, 2.7 and 8.1 T, was not possible with the current
approach and hence will be reported later using the improved
theory). Nevertheless, the peak-to-peak EPR linewidths,
obtained by deconvolution of the spectra to 12 lines to take
into account the hyperfine coupling, give a direct experimen-
tal proof of a remarkable variation in rate of electron spin
relaxation in the series of EuII complexes studied. The
linewidth (X band, 298 K) is greater than 1000 G for
[EuII(DTPA)(H2O)]3�, 763 G for [EuII(TETA)]2�, 317 G for
[EuII(DOTA)(H2O)]2�, 135 G for [EuII(2.2.2)(H2O)2]2�, and
84 G for EuII(aq). Interestingly, the same pattern, that is,
much faster electronic relaxation of the TETA complex in
comparison to the DOTA complex was found for GdIII.[33]


Proton relaxivity : The longitudinal water proton relaxation
rates were measured at variable temperature and multiple
fields, and then normalized to 1 m� concentration to obtain
the relaxivity r1. The relaxivity curves of [EuII-
(DOTA)(H2O)]2� are typical of low molecular weight com-
plexes with one inner-sphere water molecule, whereas those
of [EuII(TETA)]2� are much lower and represent only the
outer-sphere contribution (e.g., r1� 2.60 m��1 s�1 for [Eu-
II(TETA)]2� vs 4.32 m��1 s�1 for [EuII(DOTA)(H2O)]2� ;
298 K, 20 MHz). Remarkably, [EuII(DOTA)(H2O)]2� has a
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25% higher relaxivity at 298 K and 20 MHz than [EuII-
(DTPA)(H2O)]3� (3.49 m��1 s�1), and it is very close to r1 of
[GdIII(DOTA)(H2O)]� (4.74 m��1 s�1). The electron spin
relaxation in the DTPA complex is the fastest among all EuII


chelates, and it is fast enough to limit proton relaxivity at
20 MHz. This phenomenon has never been observed for GdIII


complexes, not even for macromolecular ones such as
dendrimers, in which the large number of gadolinium ions in
a close proximity usually increases the rate of electron spin
relaxation by an additional dipole ± dipole coupling mecha-
nism.[34] Electron spin relaxation in [EuII(DOTA)(H2O)]2� is
much slower than in [EuII(DTPA)(H2O)]3�, probably due to
the higher symmetry of the complex, and does not limit
proton relaxivity. Therefore, the relaxivity of [Eu-
II(DOTA)(H2O)]2� is exclusively limited by rotation, like that
of [Gd(DOTA)(H2O)]� , which explains the similar values.
The next step towards potential EuII-based pO2-responsive


MRI contrast agents will be the synthesis of macromolecules
to optimize (slow down) rotation and thus increase proton
relaxivity. A good chelator for attachment to macromolecules
must ensure sufficient control of the reduced EuII state, and
the complex must have optimal rates of water exchange and
electronic relaxation. The water exchange rate on [Eu-
II(DOTA)(H2O)]2� is about one order of magnitude higher
than the optimal value (kex,opt� 108 s�1) for attaining max-
imum proton relaxivity. The complex that fulfils most of these
criteria is [EuII(2.2.2)(H2O)2]2�. This cryptate has several
beneficial features: high redox stability, two inner-sphere
water molecules to allow for increased proton relaxivity,
optimal water exchange rate, and slow electron spin relaxa-
tion.[10]


Appendix


Oxygen-17 NMR spectroscopy : From the measured 17O NMR
relaxation rates and angular frequencies of the paramagnetic
solutions (1/T1, 1/T2, and �), and of the reference (1/T1A, 1/
T2A, and �A) one can calculate the reduced relaxation rates
and chemical shift, 1/T1r, 1/T2r, and �r, which may be written
as in Equations (2) ± (4), where Pm is the molar fraction of
bound water, 1/T1m and 1/T2m are the relaxation rates of the
bound water and �m is the chemical shift difference between
bound and bulk water.


��m is determined by the hyperfine or scalar coupling
constant A/�h according to Equation (5), where B is the
magnetic field, S is the electron spin, and gL is the isotropic
Lande¬ g factor.


The outer-sphere contribution to the chemical shift is
assumed to be linearly related to ��m by a constant Cos
[Eq. (6)].


The 17O longitudinal relaxation rates are given by Equa-
tion (7) (see also Equation (8)), where �S is the electron and �I
is the nuclear gyromagnetic ratio (�S� 1.76� 1011 rads�1T�1,
�I��3.626� 107 rads�1T�1), r is the effective distance be-
tween the electron charge and the 17O nucleus, I is the nuclear
spin (5/2 for 17O), � is the quadrupolar coupling constant, and
� is an asymmetry parameter.


where:


The overall rotational correlation time �RO is assumed to
have a simple exponential temperature dependence with an
activation energy ER [Eq. (9)].


In the transverse relaxation the scalar contribution 1/T2sc is
the most important [Eq. (10)], where 1/�s1 is the sum of the
exchange rate constant and the electron spin relaxation rate
[Eq. (11)].


where:


The inverse binding time (or exchange rate kex) of water
molecules in the inner sphere is assumed to obey the Eyring
equation [Eq. (12)], where �S� and �H� are the entropy and
enthalpy of activation for the exchange process, and k298ex is the
exchange rate at 298.15 K.


The electron spin relaxation rates 1/T1e and 1/T2e for metal
ions in solution with S� 1/2 are mainly governed by a
transient zero-field splitting (ZFS) mechanism.[31] The ZFS
terms can be expressed by Equations (13) and (14), where �2


is the trace of the square of the transient zero-field splitting
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tensor, �v is the correlation time [Eq. (15)] for the modulation
of the ZFS with the activation energy Ev, and �s is the Larmor
frequency of the electron spin.


The pressure dependence of lnkex is linear [Eq. (16)], where
�V� is the activation volume and (kex)T0 is the water exchange
rate at zero pressure and temperature T.


NMRD : The measured proton relaxivities (normalized to
1 m� EuII concentration) contain both inner- and outer-
sphere contributions [Eq. (17)].


The inner-sphere term is given by Equation (18), where q is
the number of inner-sphere water molecules.


The longitudinal relaxation rate of inner sphere protons, 1/
TH1m can be expressed by Equation (19), where rEuH is the
effective distance between the EuII electron spin and the
water protons,�I is the proton resonance frequency, and �diH is
given by Equation (20), where �RH is the rotational correlation
time of the EuII�Hwater vector.


The outer-sphere contribution can be described by Equa-
tion (21), where NA is the Avogadro constant, and Jos is a
spectral density function [Eq. (22)].


For the temperature dependence of the diffusion coefficient
DEuH for the diffusion of a water proton away from a EuII


complex, we assume a exponential temperature dependence,
with an activation energy EDEuH [Eq. (23)].


Conclusion


The redox stability of the EuII complexes formed with the 12-
membered DOTA4� and 14-membered TETA4� macrocycles
is inferior to that of 18-membered macrocyclic EuII chelates.
The thermodynamic complex stability constants calculated
from the formal electrode potentials agree well with those
measured by pH potentiometry. In comparison to the SrII


analogues, EuII complexes have about two orders of magni-
tude higher thermodynamic stability constants, [EuII-
(DOTA)(H2O)]2� being the most stable among all EuII


complexes reported so far (logKEuII� 16.75). Solid-state
structures of the corresponding SrII chelates revealed no
inner-sphere water in the TETA, and one water molecule in
the DOTA complex, in contrast to previous MD simulations.
This hydration pattern is retained in solution, as the 17O NMR
and NMRD data showed for the EuII analogues. [EuII-
(DOTA)(H2O)]2� has very fast water exchange (k298ex �
2.46� 109 s�1). This was explained in terms of a long M�Owater
distance, which, together with the low charge density of the
divalent EuII ion, results in an interchange water exchange
mechanism.


Experimental Section


H4TETAwas purchased from Fluka, and H4DOTAwas kindly provided by
Guerbet GCA and used without further purification. The concentration of
ligand solutions was determined from the pH-potentiometric titration
curves obtained in the absence and presence of a 50-fold excess of CaCl2. In
this method, the difference of the inflection points of the two titration
curves corresponds to two ligand equivalents. For the preparation of
Eu(O3SCF3)3 and EuCl3 solutions, we used the salts of the highest analytical
grade (Fluka and Alfa Aesar). The concentration of the solutions was
determined by complexometric titrations with standardized Na2(H2EDTA)
and xylenol orange indicator at pH 5.6 ± 6.0 in hexamethylenetetraamine
buffer. The solutions of the EuIII complexes were prepared by mixing
appropriate quantities of the ligand and the metal (3 ± 5% ligand excess)
and setting the pHwith NaOH. The solutions of [EuII(DOTA)(H2O)]2� and
[EuII(TETA)]2� were prepared by reducing the corresponding EuIII


complexes with controlled coulometry in a home-built electrolysis cell by
using an EG&G 263A galvanostat/potentiostat.[8] The reduction potential
used was 0.4 ± 0.5 V lower than the E1/2 calculated from the cyclovoltammo-
gram of the EuIIIL solution (L�DOTA4� and TETA4�). The cyclovoltam-
metry curves were recorded on the same EG&G 263A galvanostat/
potentiostat apparatus with a standard cell in EuL solution (cEuL� 0.004�
and 0.1� NaCl as supporting electrolyte) with a glassy carbon micro-
electrode and an Ag/AgCl in 3� NaCl reference electrode at 50 mVs�1


scan rate.


After reduction, the yellow [EuII(DOTA)(H2O)]2� and orange [EuII-
(TETA)]2� solutions were kept at�20 �C until used to avoid oxidation. The
UV/Vis spectra of the solutions were recorded on a Perkin-Elmer Lambda
5 spectrophotometer in a special 1 mm cuvette suitable for use under
anaerobic conditions. The spectra are deposited in the Supporting
Information.
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The concentration of the EuII samples prepared by electrolysis was
determined by Zimmermann ±Reinhardt redox titration with a tenfold
excess of Fe2(SO4)3 in H2SO4/H3PO4 solution (4�), then the quantity FeII


produced, corresponding to the amount of EuII, was titrated with a K2Cr2O7
solution. The poly(amino carboxylate) ligands showed no interference with
the K2Cr2O7 solution. The redox potential of the titrated solution was
monitored with a combined Pt redox electrode (reference electrode part
3� KCl, Ag/AgCl, Metrohm) connected to a Metrohm 692 pH/ion meter.
The concentration determined in this way corresponded well, within the
limit of the precision of the titration, to the EuIII quantity weighed in. All
EuII samples were manipulated under nitrogen atmosphere with rigorous
exclusion of oxygen.


Equilibrium studies : The complex stability constants were determined by
pH potentiometry at constant ionic strength (0.1� (CH3)4NCl). The
titrations were carried out in a thermostatically controlled vessel (25.0�
0.2 �C), and the (CH3)4NOH titrant solution was dosed with a Metrohm
Dosimat 665 automatic burette and a combined glass electrode (C14/02-SC,
reference electrode part Ag/AgCl in 3� KCl, Moeller Scientific Glass
Instruments, Switzerland) connected to a Metrohm 692 pH/ion meter. The
titrated solution (3 ± 4 mL) was stirred with a magnetic stirrer and bubbled
with a constant N2 flow to avoid the effects of O2 and CO2. Stability
constants were determined in 0.002 ± 0.003� solutions from 3 ± 4 parallel
titrations, each curve containing 30 ± 40 volume/pH data pairs in the pH
range 2 ± 10. Freshly reduced EuCl2 solution was added to the previously
deoxygenated sample solution and titrated immediately. The hydrogen ion
concentration was calculated from the measured pH values, as suggested by
Irving, by using a correction term, obtained as the difference between the
measured and calculated pH values in a titration of HCl (0.01�) with
standardized (CH3)4NOH.[35]


17O NMR measurements : For the variable-temperature studies, the
[EuII(DOTA)(H2O)]2� (c� 0.0769 molkg�1, pH 9.6) and [EuII(TETA)]2�
(c� 0.0607 molkg�1, pH 10.5) solutions were filled with a syringe into glass
spheres which were fitted into 10 mm NMR tubes. The NMR tubes
containing the spheres had been previously closed with a septum in a glove
box under nitrogen. Glass spheres are used to eliminate susceptibility


effects.[36] The relaxation rates and chemical shifts were measured with
respect to solutions of the corresponding SrII complex at similar concen-
trations and pH values as external reference. To improve the sensitivity in
17O NMR, 17O-enriched water (10%H217O, Yeda (Israel)) was added to the
solutions to yield in 1 ± 2% 17O enrichment. The 17O NMR measurements
were performed on a Bruker AM-400 spectrometer at 9.4 T, 54.2 MHz.
Bulk-water longitudinal relaxation rates 1/T1 were obtained by the
inversion recovery method,[37] and transverse relaxation rates 1/T2 by the
Carr ± Purcell ±Meiboom±Gill spin echo technique.[38] Variable-pressure
NMR spectra were recorded up to a pressure of 200 MPa on a Bruker
AMX-400 spectrometer equipped with a home-made high-pressure
probe.[39]


NMRD measurements : The 1/T1 nuclear magnetic relaxation dispersion
(NMRD) profiles of the solvent protons at 5, 15, 25, 37, and 50 �C were
obtained on 0.01� EuIIL solutions on a Spinmaster FFC fast field cycling
NMR relaxometer (Stelar), covering a continuum of magnetic fields from
5� 10�4 to 0.47 T (corresponding to a proton Larmor frequency range of
0.022 ± 20 MHz). Higher frequency measurements were performed on a
60 MHz electromagnet connected to an Avance-200 console and on a
Bruker Avance-200 spectrometer.


EPR measurements : The X-band (9.425 GHz) spectra were recorded on a
Bruker ESP 300E spectrometer. The spectra of [EuII(DOTA)(H2O)]2� at
higher frequencies were obtained on a home-built spectrometer (Depart-
ment of Experimental Physics, Technical University of Budapest, Hun-
gary). In this instrument a frequency-stabilized Gunn diode oscillator at
75 GHz base frequency is followed by a frequency tripler for 225 GHz
measurements. A PTFE sample holder containing the aqueous samples is
placed in an oversized waveguide so no resonant cavities are used. The
transverse electronic relaxation rates 1/T2e at various temperatures were
obtained from the EPR line widths according to Reuben.[40] The concen-
trations of the samples were 0.01� for the X-band experiments and 0.09�
for the higher frequencies.


Data analysis : The thermodynamic equilibrium constants were calculated
by the program PSEQUAD.[41] The simultaneous least-squares fit of 17O
NMR, NMRD, and EPR data was performed with the program Scientist for
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Table 4. Crystal data and structure refinement.


[C(NH2)3]2[Sr(DOTA)(H2O)] ¥ 4H2O [C(NH2)3]2[Sr(TETA)] ¥ 5H2O


formula C18H44N10O12Sr C20H50N10O13Sr
Mr 680.25 726.32
temperature [K] 143(2) 143(2)
wavelength [ä] 0.71070 0.71070
crystal system tetragonal orthorhombic
space group P4/ncc P21212
unit cell dimensions [ä]
a [ä] 12.8200(10) 13.377(3)
b [ä] 13.676(2)
c [ä] 18.501(3) 8.947(3)
volume [ä3] 3040.7(6) 1636.8(7)
Z 4 2
�calcd [Mgcm�3] 1.486 1.474
absorption coefficient [mm�1] 1.844 1.720
F(000) 1424 764
crystal size [mm] 0.22� 0.21� 0.20 0.28� 0.25� 0.19
� range for data collection [�] 2.25 ± 24.40 2.28 ± 24.40
index ranges � 14�h� 14, �14� k� 14, �19� l� 19 � 15� h� 15, �15� k� 15, �10� l� 10
reflections collected 15713 8648
independent reflections 1187 [R(int)� 0.0506] 2526 [R(int)� 0.0366]
completeness to �� 24.40� 94.4% 99.2%
absorption correction none none
refinement method full-matrix least-squares on F 2 full-matrix least-squares on F 2


data/restraints/parameters 1187/0/104 2526/9/221
final R indices [I� 2	(I)][a] R1� 0.0688, wR2� 0.1566 R1� 0.0317, wR2� 0.0859
R indices (all data)[a] R1� 0.0734, wR2� 0.1585 R1� 0.0330, wR2� 0.0865
GOF[b] 1.183 1.128
extinction coefficient 0.027(2) 0.074(4)
largest diff. peak and hole [eä�3] 0.567, �1.050 0.442, �0.422
[a] R�� � �Fo � � �Fc � � /� �Fo �, wR2� {�[w(F 2o �F 2c 	2]/�[w(F 2o	2]}1/2. [b] GOF� {�[wF2o�F 2c 	2]/(n�p)}1/2, where n is the number of data and p is the number
of parameters refined.
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Windows by Micromath, version 2.0. The reported errors correspond to
one standard deviation obtained by the statistical analysis.


X-ray measurements : For the preparation of crystals of [C(NH2)3]2[Sr(DO-
TA)] ¥ 4H2O, H4DOTA ¥ 3.5H2O (116 mg, 0.248 mmol), SrCO3 (35 mg,
0.237 mmol), and [C(NH2)3]2CO3 (45 mg, 0.242 mmol) were dissolved in
water (0.5 mL). The solution was stirred and heated to 50 �C for a while.
After the complete dissolution and CO2 production the pH was set to 9.5
with NaOH, then the solution was filtered. After a few days of slow
evaporation, one large colorless crystal had grown. This crystal was
removed and dissolved in a quantity of water sufficient to produce a
saturated solution after heating to 95 �C. Then the mixture was slowly
cooled, and small crystals suitable for X-ray experiments were obtained.


To prepare crystals of [C(NH2)3]2[Sr(TETA)] ¥ 5H2O, H4TETA ¥ 4HCl ¥
4H2O (50 mg, 0.0775 mmol), SrCO3 (11 mg, 0.0745 mmol), and
[C(NH2)3]2CO3 (14 mg, 0.0777 mmol) were dissolved in water (0.5 mL).
When the production of CO2 finished, the pH was set to 10 with NaOH,
then the solution was filtered, and part of the water was evaporated until
the solution became oversaturated. After a few days of storage in
refrigerator, small colorless plates were obtained and used for X-ray
structural determination.
Data collection for [C(NH2)3]2[Sr(DOTA)(H2O)] ¥ 4H2O and
[C(NH2)3]2[Sr(TETA)] ¥ 5H2O was performed on a mar345 imaging plate
detector system at 143 K, and data reduction was carried out with marHKL
release 1.9.1.[42] Structure solution for all compounds was performed with
ab initio direct methods. All structures were refined by full-matrix least-
squares methods on F 2 with all non-H atoms anisotropically defined. H
atoms were placed in calculated positions using the riding model with
Uiso� a*Ueq(X) (where a is 1.5 for methyl hydrogen atoms and 1.2 for
others, and X is the parent atom). Some water molecules in the complex
[C(NH2)3]2[Sr(DOTA)(H2O)] ¥ 4H2O were disordered, and their occupan-
cy factors were set to 0.5 for O4 and 0.25 for O5. In the case of
[C(NH2)3]2[Sr(TETA)] ¥ 5H2O, hydrogen atoms were placed on water
molecules, and their geometry retained by using the DFIX and the HTAB
cards. Space group determination, structure solution, refinement, molec-
ular graphics, and geometrical calculation were carried out for all structures
with the SHELXTL software package, release 5.1. Crystal data and
structure refinement details are presented in Table 4. CCDC-194130 and
CCDC-194131 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 Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or deposit@ccdc.cam.uk).
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A Stereoselective and Short Total Synthesis of the Polyhydroxylated
�-Amino Acid (�)-Detoxinine, Based on Stereoselective Preparation of
Dihydropyrrole Derivatives from Lithiated Alkoxyallenes


Oliver Flˆgel,[a] Marlyse Ghislaine Okala Amombo,[a] Hans-Ulrich Rei˚ig,*[a]
Gernot Zahn,[b] Irene Br¸dgam,[c] and Hans Hartl[c]


Abstract: Based on our earlier results
employing lithiated methoxyallene 2 as
C3 building block and imines 3 for the
synthesis of dihydropyrrole derivatives
5, we have investigated chiral imines 6,
10, and 15 as electrophilic components.
Combined with lithiated alkoxyallenes,
these imines provide the corresponding
primary adducts and finally the dihydro-
pyrrole derivatives 8, 12, 17, 20, and 22 in
good yields and with high to excellent
syn selectivities. This stereochemical
outcome is interpreted as a result of �-
chelate control. Treatment with hydro-
chloric acid converted syn-8 and syn-12
into bicyclic compounds 9 and 13, where-


as under more mildly acidic conditions
adduct syn-17 was transformed into diol
syn-18. The total synthesis of the un-
common �-amino acid (�)-detoxinine
could be achieved by starting from (S)-
malic acid, which was converted into
imine 15 in four steps. Lithiated benzyl-
oxyallene added to imine 15 and effi-
ciently furnished the crucial dihydropyr-
role derivative syn-22. The hydrogenol-
ysis of this compound did not directly
provide the protected triol 29 as antici-


pated, but a stepwise protocol made the
triol available in a fairly satisfactory
manner. A second crucial step of the
synthesis was the selective oxidation of
29, which could be achieved by employ-
ing platinum dioxide and oxygen. The
resulting bicyclic lactone 30 was smooth-
ly transformed into enantiopure (�)-
detoxinine. Thus, a fairly short synthesis
of this natural product based on a
lithiated alkoxyallene could be per-
formed, demonstrating the potential of
these intermediates for syntheses of
interesting functionalized heterocyclic
compounds.


Keywords: allenes ¥ amino acids ¥
imines ¥ pyrroles ¥ total synthesis


Introduction


In a preliminary communication we reported an expedient
synthesis of pyrrole derivatives with lithiated methoxyallene
and imines as crucial building blocks.[1] Addition of the
nucleophilic C3 unit 2–easily generated by lithiation of
methoxyallene 1 with n-butyllithium–to the imines 3 and
aqueous workup generally provided primary adducts 4 in
excellent yields. Since methoxyallene 1 is easily available on
large scale it is often used in excess to improve the conversion
and yields of this reaction. The allenyl amines 4 can be


cyclized to the dihydropyrrole derivatives 5 either under basic
conditions (potassium tert-butoxide in DMSO) or alterna-
tively by use of silver nitrate in acetone. Depending on the
substituents at the nitrogen center, the cyclization may also
occur at the stage of N-lithiated 4, leading directly to
dihydropyrroles 5. Thus, the combination of 2 with 3
established a new and highly flexible synthesis of functional-
ized pyrrole derivatives by means of an efficient [3�2]
cyclization (Scheme 1).[2, 3]


Herein we present our investigations on the diastereose-
lective additions of 2 and related lithiated alkoxyallenes to
chiral imines,[4] which allow syntheses of enantiopure dihy-
dropyrrole derivatives. As a first application we also present
the straightforward synthesis of the unusual �-amino acid (�)-
detoxinine.


Results and Discussion


Model reactions : Initial examples with chiral imines were
already presented in our preliminary publication.[1] Treatment
of lithiated methoxyallene 2 with the (R)-glyceraldehyde-
derived N-phenyl imine 6 in tetrahydrofuran furnished an
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Scheme 1. Synthesis of dihydropyrrole derivatives 5 from methoxyallene 1
and imines 3.


89:11 mixture of the two diastereomeric adducts syn-7 and
anti-7 in excellent yield (Scheme 2). Treatment of this mixture
with silver nitrate afforded a moderate yield of the two
expected cyclization products syn-8 and anti-8 in a similar
ratio of isomers. Chromatography allowed isolation and
characterization of the major diastereomer syn-8, and an
X-ray analysis of a crystal unequivocally confirmed the
anticipated syn configuration (Figure 1).[5] Treatment of syn-
8 with hydrochloric acid (generated by methanolysis of p-
toluenesulfonyl chloride (p-TsCl)) provided bicyclic acetal 9
in good yield, a transformation which demonstrates the
potential of enantiopure dihydropyrroles of type 8 for further
synthetic elaboration. Compound 9 was also used to establish
the configuration by NMR spectroscopy (NOE).


Scheme 2. Diastereoselective addition of lithiated methoxyallene 2 to
chiral imine 6.


Similar results were obtained with the (R)-glyceraldehyde-
derived N-benzyl imine 10 (Scheme 3). Addition of lithiated
methoxyallene 2 to this imine in tetrahydrofuran gave syn-
configured products exclusively. Under standard conditions
with aqueous quenching at �20 �C, a 1:1 mixture of primary
adduct syn-11 and its cyclization product syn-12 was isolated


Figure 1. Structure of dihydropyrrole syn-8 (Schakal representation,
hydrogen atoms are shown only at the stereogenic centers).


Scheme 3. Diastereoselective addition of lithiated methoxyallene 2 to
chiral imine 10.


in excellent yield. This mixture was converted into pure syn-12
by silver nitrate catalysis in 57% yield. A more efficient
preparation of this compound was achieved when imine 10
and lithiated methoxyallene 2 were combined at �40 �C and
the reaction mixture was allowed to warm up to room
temperature over 24 h. This reaction protocol furnished pure
syn-12 in 63% yield. Generally, lithiated primary adducts
bearing an N-alkyl substituent are prone to cyclization under
conditions considerably milder than those required for sub-
strates with electron-withdrawing groups such as phenyl,
tosyl, or tert-butoxycarbonyl substituents.[2, 6, 7] Dihydropyr-
role 12 was converted into bicyclic acetal 13 by treatment with
6� hydrochloric acid in methanol. The moderate yield of only
44% may be due to loss of material by formation of the highly
polar hemiacetal related to 13.


Whereas only syn-configured products were observed in
tetrahydrofuran as solvent, treatment of 2 with imine 10 was
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considerably less diastereoselective in diethyl ether (syn-11/
anti-11 63:37, 83% yield of crude product) or in toluene (syn-
11/anti-11 57:43, conversion ca. 90%, 72% yield of crude
product).[2] Interestingly, only primary adducts 11 and no
cyclized dihydropyrroles 12 were isolated when these less
polar solvents were employed.[8] It is evident that the excellent
syn selectivity requires polar solvents such as tetrahydrofuran,
which also enhance the cyclization rate, due to the increased
nucleophilicity of the intermediate N-lithiated addition pro-
duct. The syn selectivity may be explained in terms of a chelate-
controlled addition of lithiated methoxyallene 2 to imine 10
involving the �-oxygen of the dioxolane ring in complex
formation (Figure 2).[9] Chelation of the lithium ion by the


Figure 2. �-Chelate model for the addition of 2 to imines 6 and 10.


imine nitrogen atom and the �-oxygen atom should lead to the
anti products, which would also predominate if stereoelec-
tronic Felkin ±Anh control were operative in these additions
to 10. Among the solvents examined, tetrahydrofuran is
apparently the most suitable solvent to steer the reaction
pathway via the �-chelate. This interpretation is in accordance
with other reported nucleophilic addition reactions involving
chiral imine 10.[5]


Another model reaction involved imine 15, since alkoxy-
allene adducts derived thereof might be highly suitable for the
planned (�)-detoxinine synthesis (see below). The ultimate
precursor of 15 was (S)-malic acid, which was smoothly
reduced to a chiral 1,2,4-butanetriol.[10] Regioselective pro-


tection of this triol furnished 1,3-dioxane derivative 14 in
excellent overall yield (Scheme 4).[11] Swern oxidation of this
alcohol and condensation of the resulting aldehyde with
benzylamine in the presence of magnesium sulfate provided
crude imine 15, which was not purified but directly treated
with lithiated methoxyallene 2. Standard conditions (aqueous
quenching at�20 �C) furnished the desired primary adduct 16
exclusively as the required syn diastereomer in 45% overall
yield (with respect to alcohol 14). Silver nitrate treatment
converted syn-16 into dihydropyrrole syn-17 in good yield.
This compound was available even more efficiently by direct
cyclization of the lithiated primary adduct derived from 15
and 2, when the reaction mixture was allowed to warm up to
room temperature. The overall yield for syn-17 of 51%, based
on alcohol 14, is very satisfactory since four reaction steps are
involved (oxidation, condensation, addition, cyclization).
Again, the syn diastereomer of 17 was isolated exclusively.
The assignment as the syn isomer was first assumed by
analogy to the outcome with the related imines 6 and 10, but
later confirmed by conversion of derivative syn-22 into (�)-
detoxinine and the X-ray analysis of intermediate 30 (see
below).


Interestingly, compound syn-17 could be hydrolyzed in
good yield just to the stage of diol syn-18–and not to the
expected cyclic acetal related to compounds 9 or 13–by
application of p-toluenesulfonic acid. Apparently, the weaker
sulfonic acid attacks the enol ether unit of syn-17 and syn-18
only slowly, although this behavior was not studied system-
atically.[7] A second model reaction with imine 15 involved
lithiated 2-(trimethylsilyl)ethoxyallene (19) which was gen-
erated under standard conditions from the corresponding
alkoxyallene derivative (Scheme 5).[12] The cyclized product
syn-20 was isolated exclusively, and the overall yield of 44%
(based on alcohol 14) was again fair.


Total synthesis of (�)-detoxinine : (�)-Detoxinine is an
uncommon polyhydroxylated �-amino acid and the parent
component of several depsipeptide metabolites produced by
Streptomyces caespitosus var. detoxicus 7072 GC1 and known
as detoxin complex.[13] Glasshouse tests have shown that


Scheme 4. Synthesis of chiral imine 15 and its diastereoselective reaction with lithiated methoxyallene 2.
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Scheme 5. Diastereoselective addition of lithiated alkoxyallene 19 to
chiral imine 15.


detoxins decrease the phytotoxicity of the rice blast fungicide
Blasticidin S–a nucleoside antibiotic–without interfering
with its desired properties. Total syntheses of racemic[14] and
enantiopure detoxinine[15] have been reported. In general,
these involve many steps with complex reagents, since the
dense sequence of functional groups and the three stereogenic
centers of the natural product are rather challenging.


Our retrosynthetic analysis of (�)-detoxinine first goes
back to (protected) trihydroxylated pyrrolidine derivative 21,
which should be available from the appropriately functional-
ized dihydropyrrole syn-22 (Scheme 6). This compound dis-
connects into C3 building block benzyloxyallene 23 and chiral


Scheme 6. Retrosynthetic analysis of (�)-detoxinine.


imine 15. Since our model studies suggested that syn-22
should be readily available–see the synthesis of compounds
syn-17 and syn-20–the first crucial step of our approach
should be the conversion of syn-22 into triol 21 or its
equivalents. For this purpose we initially planned a one-step
transformation with hydrogen and an appropriate catalyst,


which should first reduce the enol ether double bond to
deliver the required configuration at the missing stereogenic
center, and then transform the benzyl ether and N-benzyl-
amine moieties into free hydroxyl groups and the secondary
amine function under mild conditions. The second, crucial,
reaction would involve the selective oxidation of the primary
alcohol of 21 or its equivalent to the carboxylic acid of
(�)-detoxinine, a problem which could be solved in a
satisfactory manner.


Benzyloxyallene 23 was prepared and lithiated under
standard conditions.[16] Addition of freshly generated imine
15 to the solution of lithiated 23 at �40 �C followed by slow
warming up to room temperature led to the formation of syn-
22 in 50% overall yield (based on the precursor of 15, alcohol
14, Scheme 7). When this reaction was performed on a larger
scale it was possible to isolate the second diastereomer anti-22
in small amounts by HPLC separation.[17] On the basis of this
experiment, the diastereoselectivity of the addition of lithi-
ated 23 to 15 was calculated to be higher than 97:3 in favor of
the syn isomer. To explore the reactivity of compounds of type
syn-22 we treated it with diisobutylaluminum hydride
(DIBALH), which induced a reductive cleavage of the 1,3-
dioxane ring. Surprisingly, the secondary hydroxy group in the
resulting product syn-24 was unprotected, but not the
expected primary hydroxyl group as expected according to a
literature report.[18] The additional functional groups of syn-22
may undergo complexation with the reducing agent and thus
lead to altered ring-opening behavior. Our hope of selectively
deprotecting the primary alcohol function incorporated in
syn-22, which should facilitate its smooth conversion into a
carboxylic group as required in (�)-detoxinine, was thus
frustrated by this unexpected regioselectivity.


We therefore followed our initial plan (Scheme 6) and
examined the reductive conversion of syn-22 into triol 21.
Although we employed several catalysts and a variety of
different reaction conditions, we disappointingly did not
succeed in performing this transformation directly.[7, 19] Hydro-
genolysis of syn-22 in the presence of Pearlman×s catalyst
Pd(OH)2 and Boc anhydride gave dihydropyrrole 25 as major
product, together with smaller amounts of pyrrolidinone 26
(Scheme 8). This experiment reveals to our surprise that the
reductive N-debenzylation of syn-22 is apparently the fastest
step in the anticipated sequence of hydrogenolysis leading to
N-Boc-protected compounds 25 and 26. It also demonstrates
that debenzylation of the enol ether unit of the dihydropyr-
role core is probably faster than debenzylation of the 1,3-
dioxane ring and, most importantly, faster than hydrogenation
of the enol ether double bond. O-Debenzylation leads to an
enol intermediate, which is evidently the precursor of the


Scheme 7. Stereoselective synthesis of enantiopure dihydropyrrole derivative syn-22.
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Scheme 8. Hydrogenolyses of syn-22 to provide pyrrolidinone derivative
26.


carbonyl group in compound 26. The moderate mass balance
(50% yield) of this experiment indicates that further products
are generated during this reduction, but these could not be
isolated, due to their higher polarity. We believe that free
secondary amines are formed and that these poison the
palladium catalyst, which is then not able to catalyze the
subsequent desired steps. Experiments performed in the
absence of Boc anhydride or with longer reaction times
provided rather complex product mixtures that could not be
characterized. This is interpreted as further evidence that free
secondary amines generated during the hydrogenolysis com-
plicate this reductive transformation. The 1,3-dioxane ring
with benzylic bonds can be smoothly cleaved under similar
conditions as shown by transformation of 28 into 29 (see
below).


We came closer to our goal when performing the reduction
with palladium on carbon in the presence of Boc anhydride.
Pyrrolidinone 26 was now the major component, isolated in
50% yield together with saturated pyrrolidine derivative 27.
Formation of 26 is explained by consecutive N- and O-
debenzylation followed by enol ketone tautomerism and N-
Boc protection. The isolation of the benzyl ether 27 demon-
strates that the reduction of the enol ether double bond of
syn-22 is apparently only slightly slower than the O-debenzy-
lation under these conditions. The configuration of 27 was not
rigorously established, but we assume that the double bond
was reduced from the less shielded back side, forming the
stereogenic center as depicted. Again, the catalyst was
probably poisoned by produced amines, since the 1,3-dioxane
ring of 26 and 27 survived under the reductive conditions.


Although syn-22 could be transformed into pyrrolidinone
26 in 50% yield only, this compound is a very good precursor
for the remaining steps of our (�)-detoxinine synthesis.
Reduction of the carbonyl group of 26 proceeded with
excellent diastereoselectivity and efficiency, furnishing pyrro-
lidinol derivative 28 in 84% yield (Scheme 9). Reductive
cleavage of the 1,3-dioxane ring of 28 now occurred without
any problems, leading to an almost quantitative yield of N-
Boc-protected triol 29, which is equivalent to the desired triol
21 as introduced in our plan (see Scheme 6). We mentioned
above that the next hurdle in our route might be the selective
oxidation of the primary hydroxy group. We tried several


Scheme 9. Completion of the total synthesis of (�)-detoxinine.


methods–including variants which first provide an inter-
mediate aldehyde[20, 7] to be further oxidized into the carbox-
ylic acid–but finally found that direct oxidation of 29 with
platinum dioxide and oxygen provided the most satisfactory
result.[21, 15c] The generated carboxylic acid immediately cy-
clized to �-lactone 30, isolated in 66% yield. The constitution
and configuration of this bicyclic lactone was verified by an
X-ray structure analysis (Figure 3), which clearly demon-
strates that the anticipated syn configuration of all precursors


Figure 3. Structure of lactone 30 (ORTEP representation, hydrogen atoms
are shown only at the stereogenic centers).


of this compound was correct. This crystal structure makes it
very likely that the assignments for model compounds syn-17
and syn-20 as discussed are also correct. Finally, lactone 30
was treated with trifluoroacetic acid, which induced Boc-
deprotection and opening of the lactone ring to provide (�)-
detoxinine in 89% yield as colorless crystals. The optical
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rotation of our sample (�5.0 in water), the melting point, and
the spectroscopic data agree well with values reported in
literature for the enantiopure natural product.[15] Most
importantly, these results establish that no racemization
occurred during our multistep synthesis.


A new and short synthesis of (�)-detoxinine, based on a
compound derived from the pool of chiral compounds (malic
acid), was thus established. Our route to this natural product
also opens the way to analogues by exploitation of the enol
ether functionality of syn-22 or the carbonyl group of
pyrrolidinone 26 for the introduction of other or additional
substituents. In addition, epimers of this �-amino acid may be
prepared by selective inversion of configuration at one of the
stereogenic centers.


Conclusion


In this report we have demonstrated that lithiated alkoxyal-
lenes add with high to outstanding syn diastereoselectivities to
chiral N-phenyl and N-benzyl imines derived from (R)-
glyceraldehyde or an aldehyde prepared from (S)-malic acid.
The resulting primary adducts were either cyclized under
appropriate conditions, or they underwent direct ring-forma-
tion, leading to enantiopure syn-dihydropyrrole derivatives
syn-8, syn-12, syn-17, syn-20, and syn-22. With compound syn-
22 as crucial intermediate we were able to complete a fairly
short and efficient synthesis of the uncommon �-amino acid
(�)-detoxinine. From (S)-malic acid, as a chiral pool com-
pound, we required ten steps (with eight isolated intermedi-
ates) to arrive at this natural product, with an overall yield of
10%. Several of these steps have not been optimized. The
most intriguing feature of our synthetic plan–the reductive
transformation of dihydropyrrole derivative syn-22 into triol
29–could not be achieved directly, but the problem could be
solved by the introduction of two additional steps.


Our results again demonstrate the versatility and high
synthetic value of lithiated alkoxyallenes for serving as C3


building blocks, allowing the stereoselective preparation of
highly functionalized enantiopure heterocycles such as furans,
pyrroles, and 1,2-oxazines, suitable for many further trans-
formations, including syntheses of natural products and their
analogues.[22] Our (�)-detoxinine synthesis emphasizes that
the combination of lithiated alkoxyallenes with chiral imines
allows smooth, flexible, and stereoselective synthesis of
substituted pyrrolidin-3-ol derivatives, a structural motif quite
frequently found in many biologically active natural prod-
ucts.[23]


Experimental Section


General methods : Unless otherwise stated, all reactions were performed
under argon atmosphere in flame-dried flasks by addition of the
components by syringe. All solvents were dried by standard procedures.
IR spectra were measured with Perkin ±Elmer Nicolet 5 SXC or Nico-
let 205 FT-IR spectrometers. 1H and 13C NMR spectra were recorded on
Bruker instruments (AC 300, WH 270, AC 250, AC 200, AC 500). Proton
chemical shifts are reported in ppm relative to TMS (�� 0.00 ppm) or to
CHCl3 (�� 7.26 ppm). Higher order NMR spectra were approximately


interpreted as first-order spectra if possible. 13C chemical shifts are
reported relative to CDCl3 (�� 77.0 ppm). Neutral aluminium oxide
(activity III, Fluka/Merck) or silica gel (0.040 ± 0.063 mm, Fluka) were
used for column chromatography. Nucleosil 50 ± 5 (Macherey & Nagel) was
used for HPLC. Melting points are uncorrected. Optical rotations were
determined with Perkin ±Elmer 141 or Perkin ±Elmer 241 polarimeters.
Starting materials 1,[24] 6,[25] 10,[26] and 23[16] were prepared by literature
procedures. All other chemicals were commercially available and were
used as received.


(1R,4�S)- and (1S,4�S)-[1-(2,2-Dimethyl-1,3-dioxolan-4-yl)-2-methoxybuta-
2,3-dienyl]phenylamine (syn-7, anti-7): nBuLi (2.1� in n-hexane, 6.60 mL,
13.8 mmol) was added at �40 �C to a solution of methoxyallene 1 (1.08 g,
15.4 mmol) in absolute THF (30 mL). After the mixture had been stirred at
�40 �C for 5 min, 6 (1.44 g, 7.03 mmol) in absolute THF (7 mL) was added,
and the reaction mixture was allowed to warm up to �20 �C over 2 h and
then quenched with water (20 mL). The aqueous phase was separated and
extracted with Et2O (3� 40 mL). The organic extracts were combined and
dried (Na2SO4). After removal of the solvents, a brown oil (1.76 g, 91%,
purity �90%) was isolated as a mixture of two diastereomers (syn-7/anti-7
89:11, calculated from 1H NMR spectroscopy).


Major diastereomer syn-7: 1H NMR (CDCl3, 300 MHz): �� 7.16 (dd, J�
7.3, 7.8 Hz, 2H; Ph), 6.72 (t, J� 7.3 Hz, 1H; Ph), 6.65 (d, J� 7.8 Hz, 2H;
Ph), 5.58 ± 5.51, 5.47 ± 5.42 (2�m, 2H; 4-H), 4.42 (q, J� 6.3 Hz, 1H; 4�-H),
4.17 (dbr, J� 8.0 Hz, 1H; N�H), 4.10 ± 4.05 (m, 1H; 1-H), 3.93 ± 3.88 (m,
2H; 5�-H), 3.41 (s, 3H; OMe), 1.45, 1.39 ppm (2� s, each 3H, 2�Me); 13C
�MR (CDCl3, 75.5 MHz): �� 198.5 (s; C-3), 147.3, 129.1, 117.9, 114.1 (s,
3� d; Ph), 132.9 (s; C-2), 109.8 (s; C-2�), 92.5 (t; C-4), 76.6 (d; C-4�), 66.9 (t;
C-5�), 57.3 (d; C-1), 56.5 (q; OMe), 26.6, 25.4 ppm (2� q; 2�Me).


Minor diastereomer anti-7: 1H NMR signals are hidden by those of the
major diastereomer; 13C �MR (CDCl3, 75.5 MHz): �� 198.9 (s; C-3),
147.1, 129.2, 118.1, 114.2 (s, 3� d; Ph), 131.5 (s; C-2), 110.5 (s; C-2�), 91.4 (t;
C-4), 77.2 (d; C-4�), 66.4 (t; C-5�), 58.0 (d; C-1), 56.5 (q; OMe), 26.6,
25.4 ppm (2�q; 2�Me).


(2R,4�S)- and (2S,4�S)-2-(2,2-Dimethyl-1,3-dioxolan-4-yl)-3-methoxy-1-
phenyl-2,5-dihydro-1H-pyrrole (syn-8, anti-8): Silver nitrate (618 mg,
3.60 mmol) was added to a mixture of crude 7 (3.64 g, syn/anti 89:11)
dissolved in acetone (106 mL), and the resulting mixture was stirred under
argon with exclusion of light at room temperature for 3 h. The mixture was
filtered through Celite with ethyl acetate (84 mL) and the filtrate was
evaporated. After column chromatography on aluminium oxide (n-hexane/
ethyl acetate 9:1), dihydropyrrole 8 was isolated as a yellow oil (1.97 g,
54%, two diastereomers). The mixture was treated with n-hexane and the
major diastereomer syn-8 was isolated as a yellow solid (916 mg, 25%).
After removal of n-hexane from the remaining solution, a yellow oil was
isolated as a mixture of both diastereomers (syn-8/anti-8 43:57, 1.05 g,
29%).


Major diastereomer syn-8 : M.p. 83 ± 84 �C; [�]32D ��165.7 (c� 1.0, CHCl3);
1H NMR (CDCl3, 500 MHz): �� 7.25 ± 7.22 (m, 2H; Ph), 6.74 ± 6.68 (m,
3H; Ph), 4.78 (sbr, 1H; 4-H), 4.65 (mc, 1H; 2-H), 4.43 (dt, J� 4.0, 6.6 Hz,
1H; 4�-H), 4.21 (ddd, J� 1.6, 5.4, 12.0 Hz, 1H; 5-HA), 3.97 ± 3.93 (m, 2H;
5-HB, 5�-HA), 3.82 (dd, J� 6.6, 8.3 Hz, 1H; 5�-HB), 3.68 (s, 3H; OMe), 1.45,
1.32 ppm (2� s, each 3H; 2�Me); 13C �MR (CDCl3, 125.8 MHz): ��
155.6 (s; C-3), 147.4, 129.1, 116.7, 111.8 (s, 3�d; Ph), 109.1 (s; C-2�), 91.4 (d;
C-4), 75.9 (d; C-4�), 65.4 (t; C-5�), 63.0 (d; C-2), 56.8 (q; OMe), 53.9 (t; C-5),
25.8, 24.9 ppm (2� q; 2�Me); IR (KBr): �� � 3100 ± 3000 (�C�H), 2990 ±
2800 (C�H), 1660 (C�C), 1240 (C�O), 1060 cm�1 (C�N); elemental
analysis calcd (%) for C16H21NO3 (275.3): C 69.79, H 7.69, N 5.09; found: C
70.05, H 8.05, N 5.06.


Crystals of syn-8 suitable for X-ray analysis were obtained by recrystalli-
zation from n-hexane/ethyl acetate. C16H21NO3, Mr� 275.3; T� 302(2) K;
crystal size: 1.20� 0.60� 0.50 mm; orthorhombic, space group P212121, a�
7.9028(8), b� 8.6153(7), c� 21.862(2) ä; V� 1488.5(2) ä3; Z� 4; �calcd�
1.229 Mgm�3; F(000)� 592; �(MoK�)� 0.084mm�1. 	 range for data
collection: 1.86 ± 27.98� ; index ranges: �8� h� 8, �13� k� 13, �42�
l� 42; reflections collected/unique: 4062/3592 (Rint� 0.0085); final R [I�
2�(I)]: R1� 0.0358, wR2� 0.0931; R (all data): R1� 0.0439, wR2� 0.1012.


The programs SHELXS97 and SHELXL97 were used for structure
solution and refinement.[27]


Minor diastereomer anti-8 : 13C �MR (CDCl3, 75.5 MHz): �� 155.4 (s;
C-3), 148.1 (s; i-Ph), 128.7, 116.5, 112.6 (3�d; Ph), 109.7 (s; C-2�), 91.0 (d;
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C-4), 77.4 (d; C-4�), 64.9 (t; C-5�), 62.6 (d; C-2), 56.9 (q; OMe), 54.6 (t; C-5),
25.9, 25.5 ppm (2� q; 2�Me).


(3S,3aS,6aS)-6a-Methoxy-4-phenyl-3,3 a,4,5,6,6a-hexahydrofuro[3,2-b]-
2H-pyrrol-3-ol (9): Compound syn-8 (100 mg, 0.36 mmol) in absolute
methanol (2 mL) was added to p-TsCl (35 mg, 0.18 mmol) in absolute
methanol (2 mL). After the mixture had been stirred at room temperature
for one day, NaHCO3 solution (10 mL) was added. The aqueous phase was
extracted with dichloromethane (3� 10 mL), the combined organic phases
were washed with water and dried (Na2SO4), and the solvents were
removed. After column chromatography on aluminum oxide (n-hexane/
ethyl acetate 6:4), 9 (61 mg, 71%) was isolated as a colorless oil. [�]31D �
�93 (c� 0.55, CHCl3); 1H NMR (CDCl3, 300 MHz): �� 7.28 ± 7.23 (m, 2H;
Ph), 6.74 (t, J� 7.3 Hz, 1H; Ph), 6.66 ± 6.63 (m, 2H; Ph), 4.30 ± 4.27 (m, 1H;
3-H), 4.17 ± 4.10 (m, 1H; 2-H), 4.08 ± 3.97 (m, 2H; 2-H, 3a-H), 3.52 ± 3.32
(m, 2H; 5-H), 3.42 (s, 3H; OMe), 2.49 (sbr, 1H; OH), 2.39 ± 2.32, 2.10 ±
2.05 ppm (2�m, each 1H; 6-H); 13C �MR (CDCl3, 75.5 MHz): �� 146.1,
129.3, 116.8, 112.4 (s, 3�d; Ph), 117.2 (s; C-6a), 76.3, 47.3, 32.1 (3� t; C-2,
C-5, C-6), 74.1 (d; C-3), 73.4 (d; C-3a), 51.1 ppm (q; OMe); IR (neat): �� �
3600 ± 3400 (O�H), 3100 ± 3000 (�C�H), 2940 ± 2800 (C�H), 1200 (C�N),
1130 cm�1 (C�O); elemental analysis calcd (%) for C13H17NO3 (235.3): C
66.36, H 7.28, N 5.95; found: C 66.44, H 7.56, N 6.23.


(1S,4�S)-Benzyl[1-(2,2-dimethyl-1,3-dioxolan-4-yl)-2-methoxybuta-2,3-di-
enyl]amine (syn-11): nBuLi (2.3� in n-hexane, 9.00 mL, 20.7 mmol) was
added at �40 �C to a solution of methoxyallene 1 (1.61 g, 23.0 mmol) in
absolute THF (46 mL). After the mixture had been stirred at �40 �C for
5 min, 10 (2.45 g, 11.2 mmol) in absolute THF (12 mL) was added, and the
reaction mixture was allowed to warm up to �20 �C over 2 h and then
quenched with water (20 mL). The aqueous phase was separated and
extracted with Et2O (3� 40 mL). The organic extracts were combined and
dried (Na2SO4). After removal of the solvents, 3.04 g (94%) of an orange
oil was isolated as a mixture of allene syn-11 and dihydropyrrole syn-12
(ratio 52:48). The cyclization of the mixture was completed in the next step.


Allene syn-11: 13C �MR (CDCl3, 75.5 MHz): �� 198.9 (s; C-3), 140.2,
128.3, 128.2, 127.9 (s, 3�d; Ph), 130.7 (s; C-2), 109.5 (s; C-2�), 91.1 (t; C-4),
77.2 (d; C-4�), 67.0 (t; C-5�), 62.2 (d; C-1), 56.3 (q; OMe), 51.1 (t; CH2Ph),
27.7, 26.7 ppm (2� q; 2�Me).


(2S,4�S)-1-Benzyl-2-(2,2-dimethyl-1,3-dioxan-4-yl)-3-methoxy-2,5-dihydro-
1H-pyrrole (syn-12): The mixture of syn-11 and syn-12 (2.98 g) was
dissolved in acetone (42 mL) under argon atmosphere, silver nitrate
(245 mg, 1.44 mmol) was then added, and the resulting mixture was stirred
at room temperature with exclusion of light for 3 h. The mixture was
filtered through Celite with ethyl acetate (84 mL) and the filtrate was
evaporated. After column chromatography on aluminium oxide (n-hexane/
ethyl acetate 19:1), syn-12 was isolated as a yellow oil (1.69 g, 57%), which
crystallized during storage. M.p. 58 ± 60 �C; [�]20D ��50.7 (c� 1.0, CHCl3);
1H NMR (500 MHz, CDCl3): �� 7.40 ± 7.19 (m, 5H; Ph), 4.56 (dd, J� 1.5,
1.9 Hz, 1H; 4-H), 4.30 (d, J� 13.2 Hz, 1H; NCH2Ph), 4.14 (ddd, J� 6.7, 7.8,
8.3 Hz, 1H; 4�-H), 4.07 (dd, J� 6.7, 8.3 Hz, 1H; 5�-HA), 3.80 (dd, J� 7.8,
8.3 Hz, 1H; 5�-HB), 3.70 ± 3.65 (m, 1H; 2-H), 3.64 (d, J� 13.2 Hz, 1H;
NCH2Ph), 3.61 ± 3.57 (m, 1H; 5-HA), 3.58 (s, 3H; OMe), 3.17 (ddd, J� 1.9,
3.5, 12.0 Hz, 1H; 5-HB), 1.41, 1.36 ppm (2� s, each 3H; 2�Me); 13C NMR
(125.8 MHz, CDCl3): �� 155.9 (s; C-3), 139.7, 128.8, 128.2, 126.8 (s, 3� d;
Ph), 108.5 (s; C-2�), 92.4 (d; C-4), 79.7 (d; C-4�), 69.4 (d; C-2), 66.8 (t; C-5�),
60.3 (t; NCH2Ph), 56.8 (q; OMe), 56.7 (t; C-5), 26.5, 25.5 ppm (2� q; 2�
Me); IR (KBr): �� � 3130 ± 2780 (�C�H, C�H), 1660 cm�1 (C�C); elemental
analysis calcd (%) for C17H23NO3 (289.4): C 70.56, H 8.01, N 4.84; found: C
70.84, H 8.18, N 4.65.


One-pot synthesis of syn-12 from 10 : nBuLi (2.3� in n-hexane, 2.90 mL,
6.54 mmol) was added at �40 �C to a solution of methoxyallene 1 (509 mg,
7.26 mmol) in absolute THF (15 mL). After the mixture had been stirred
for 5 min at �40 �C, 10 (717 mg, 11.2 mmol) in absolute THF (12 mL) was
added, the reaction mixture was allowed to warm up to�20 �C over 2 h, the
cooling bath was removed, and the reaction mixture was stirred for 22 h at
room temperature. After addition of water (20 mL) the aqueous phase was
separated and extracted with Et2O (3� 20 mL). The organic extracts were
combined and dried (Na2SO4), and the solvents were removed. After
column chromatography on aluminium oxide (n-hexane/ethyl acetate 19:1)
syn-12was isolated as a yellow oil (614 mg, 63%), which crystallized during
storage.


(3S,3aS,6aS)-4-Benzyl-6a-methoxy-3,3a,4,5,6,6a-hexahydrofuro[3,2-b]-
2H-pyrrol-3-ol (13): Compound syn-12 (168 mg, 0.58 mmol) in absolute
methanol (10 mL) was added to 6� HCl (10 mL). After stirring for 18 h at
room temperature the solution was neutralized by addition of 2� NaOH
solution. After addition of Et2O (10 mL) the aqueous phase was separated
and extracted with ethyl acetate (5� 15 mL). The organic extracts were
combined and dried (Na2SO4), and the solvents were removed. After
column chromatography on aluminium oxide (100% n-hexane to 100%
ethyl acetate), 13 (63 mg, 44%) was isolated as a colorless oil. 1H NMR
(CDCl3, 300 MHz): �� 7.33 ± 7.23 (m, 5H; Ph), 4.24 (dd, J� 4.4, 9.0 Hz,
1H; 3-H), 3.96 ± 3.92 (m, 2H; 2-H), 3.84, 3.61 (2�d, J� 13.0 Hz, each 1H;
CH2-Ph), 3.35 (s, 3H; OMe), 2.99 (ddd, J� 2.0, 7.5, 9.0 Hz, 1H; 5-H), 2.91
(s, 1H; 3a-H), 2.51 (td, J� 7.5, 9.0 Hz, 1H; 5H), 2.12 ± 2.04 (m, 1H; 6-H),
2.00 ± 1.90 (m, 1H; 6-H), 1.88 ppm (sbr, 1H; OH); 13C �MR (CDCl3,
75.5 MHz): �� 138.4, 128.9, 128.4, 127.3 (s, 3� d; Ph), 118.7 (s; C-6a), 79.4
(d; C-3), 75.7 (t; C-2), 74.7 (d; C-3a), 59.0 (t; C-5), 53.4 (t; CH2Ph), 50.5 (q;
OMe), 33.4 ppm (t; C-6); IR (neat): ��� 3440 (O�H), 3090 ± 3030 (�C�H),
2940 ± 2800 (C�H), 1100 (C�N), 1130 cm�1 (C�O); elemental analysis calcd
(%) for C13H17NO3 (235.3): C 67.45, H 7.68, N 5.62; found: C 66.96, H 7.25,
N 5.62.


(S)-1,2,4-Butanetriol :[10] (S)-Malic acid (2.00 g, 14.9 mmol) in dry THF
(10 mL) was added dropwise at 0 �C to a stirred solution of borane ± di-
methylsulfide complex (24.0 mL, 48.0 mmol, 2� in THF) and trimethylbo-
rate (5.00 mL, 4.55 g, 43.8 mmol). After the mixture had been stirred for
15 min at 0 �C, the cooling bath was removed. After the mixture had been
stirred for 16 h, methanol (12 mL) was carefully added and the resulting
solution was evaporated to dryness. A further three co-evaporations with
methanol (3� 20 mL) and subsequent flash chromatography (dichloro-
methane/methanol 85:15) afforded the triol as a colorless oil (1.58 g,
quant.). 1H NMR (250 MHz, [D6]DMSO): �� 4.46 (t, J� 5.7 Hz, 1H),
3.97 ± 3.90 (m, 2H), 3.17 ± 3.02 (m, 3H; OH), 2.91 ± 2.76 (m, 2H), 1.58 (dtd,
J� 3.9, 7.1, 13.9 Hz, 1H), 1.03 ± 0.89 ppm (m, 1H).


(2S,4S)-4-(Hydroxymethyl)-2-phenyl-1,3-dioxane (14):[11] (S)-1,2,4-Butane-
triol (1.58 g, 14.9 mmol) and benzaldehyde dimethylacetal (2.64 g,
15.9 mmol) in dry dichloromethane (50 mL) were stirred at room temper-
ature in the presence of camphorsulfonic acid (174 mg, 0.75 mmol). After
the mixture had been stirred for 16 h, triethylamine (144 mg, 1.57 mmol)
was added and the solvents were removed under reduced pressure. The
product 14 (2.45 g, 84%, purity 90 ± 95%, ca. 5 ± 10% stereoisomers and
constitutional isomers) was obtained after column chromatography on
silica gel (n-hexane/ethyl acetate 2:1 to 1:1) as a colorless oil. 1H NMR
(500 MHz, CDCl3): �� 7.51 ± 7.30 (m, 5H; Ph), 5.49 (s, 1H; 2-H), 4.24 (dd,
J� 5.2, 11.4 Hz, 1H; 4-HA), 3.94 ± 3.87 (m, 2H; 4-HB, 2-H), 3.60 ± 3.55 (m,
2H; CH2OH), 2.69 ± 2.56 (sbr, 1H; OH), 1.88 ± 1.77 (m, 1H; 5-HA), 1.36 ppm
(dbr, J� 13.4 Hz, 1H; 5-HB); 13C NMR (125.8 MHz, CDCl3): �� 138.2,
128.8, 128.1, 126.0 (s, 3�d; Ph), 101.1 (d; C-2), 77.4 (d; C-4), 66.4 (t; C-6),
65.3 (t; CH2OH), 26.7 ppm (t; C-5); IR (neat): �� � 3430 (O�H), 3070 ± 3035
(�C�H), 2955–2860 cm�1 (C�H); MS (80 eV, EI):m/z (%): 194 (85) [M]� ,
163 (96) [M�CH2OH]� , 105 (100) [M�C7H5]� , 91 (36) [Bn]� ; elemental
analysis calcd (%) for C11H14O3 (194.2): C 68.02, H 7.27; found: C 67.93, H
7.21.


(2S,4S)-4-Formyl-2-phenyl-1,3-dioxane :[11] A solution of dry DMSO
(0.70 mL, 771 mg, 9.86 mmol) in dichloromethane (5 mL) was added
dropwise, at �60 �C under argon, to a solution of oxalyl chloride (0.40 mL,
582 mg, 4.59 mmol) in dichloromethane (10 mL). After the mixture had
been stirred for 12 min, a solution of alcohol 14 (826 mg, 4.25 mmol) in
dichloromethane (5 mL) was added dropwise. The mixture was stirred at
�60 �C for 30 min and was then treated with triethylamine (2.80 mL, 2.03 g,
20.1 mmol). After a further 5 min the cooling bath was removed, water
(20 mL) was added, and the mixture was allowed to warm up to room
temperature. The phases were separated, the aqueous phase was extracted
with dichloromethane (3� 20 mL), and the combined organic extracts were
washed with saturated ammonium chloride solution (60 mL) and water
(60 mL) and dried (Na2SO4). Evaporation of the solvents afforded crude
aldehyde (800 mg, 98%). The product was used in the next step without
purification. 1H NMR (250 MHz, CDCl3): �� 9.73 (s, 1H; CHO), 7.56 ± 7.35
(m, 5H; Ph), 5.61 (s, 1H; 2-H), 4.41 ± 4.33 (m, 2H; 4-H, 6-HA), 4.03 (td, J�
2.8, 11.9 Hz, 1H; 6-HB), 2.06 ± 1.76 ppm (m, 2H; 5-H); 13C NMR
(62.9 MHz, CDCl3): �� 200.1 (s; CHO), 137.6, 129.0, 128.1, 126.0 (s, 3�
d; Ph), 100.9 (d; C-2), 80.1 (d; C-4), 66.2 (t; C-6), 25.7 ppm (t; C-5).
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(2S,4S)-Benzyl[2-phenyl-(1,3-dioxan-4-yl)methylen]amine (15): Magnesi-
um sulfate (501 mg, 4.16 mmol) and benzylamine (446 mg, 4.16 mmol) in
dichloromethane (5 mL) were added to a solution of freshly prepared
(2S,4S)-4-formyl-2-phenyl-1,3-dioxane (800 mg, 4.16 mmol) in dichloro-
methane (15 mL). The mixture was stirred for 3 h at room temperature and
then filtered, and the filtrate was evaporated to produce a yellowish oil
(1.03 g, 88%). Product 15 was used in the next step without purification.
[�]20D ��13.8 (c� 0.96, CHCl3); 1H NMR (250 MHz, CDCl3): �� 7.76 (d,
J� 3.7 Hz, 1H; N�CH), 7.53 ± 7.15 (m, 10H; Ph), 5.52 (s, 1H; 2-H), 4.55 (s,
2H; PhCH2), 4.47 (dbr, J� 11.5 Hz, 1H; 4-H), 4.23 (ddd, J� 1.3, 5.0,
11.6 Hz, 1H; 6-HA), 3.91 (ddd, J� 2.6, 11.6, 12.3 Hz, 1H; 6-HB), 2.02 (dddd,
J� 5.0, 11.5, 12.3, 13.3 Hz, 1H; 5-HA), 1.68 ppm (dtd, J� 1.3, 2.6, 13.3 Hz,
1H; 5-HB); 13C NMR (62.9 MHz, CDCl3): �� 164.3 (s; C�N), 138.3, 138.0,
128.6, 128.2, 128.0, 127.7, 126.8, 125.9 (2� s, 6� d; Ph), 100.9 (d; C-2), 77.8
(d; C-4), 66.3 (t; C-6), 64.3 (t; CH2Ph), 28.3 ppm (t; C-5).


(1R,2�S,4�S)-Benzyl[2-methoxy-1-(2-phenyl-1,3-dioxan-4-yl)buta-2,3-dienyl]-
amine (syn-16): nBuLi (2.5� in n-hexane, 4.00 mL, 10.0 mmol) was added
at �40 �C to a solution of methoxyallene 1 (1.00 mL, 840 mg, 12.0 mmol) in
absolute THF (20 mL). After the mixture had been stirred at �40 �C for
15 min, crude 15 (1.00 g, from 4.25 mmol 14) in absolute THF (10 mL) was
added, and the reaction mixture was allowed to warm up to�20 �C over 2 h
and then quenched with water (20 mL). The aqueous phase was separated
and extracted with Et2O (3� 20 mL). The organic extracts were combined
and dried (Na2SO4), and the solvents were removed. After column
chromatography on aluminium oxide (20% ethyl acetate/n-hexane) syn-
16 was isolated as a yellowish oil (672 mg, 45% with respect to 14). [�]20D �
�10.3 (c� 0.6, CHCl3); 1H NMR (500 MHz, CDCl3): �� 7.60 ± 7.25 (m,
10H; Ph), 5.60 (s, 1H; 2�-H), 5.56 (s, 2H; 4-H), 4.32 (dd, J� 4.3, 11.1 Hz,
1H; 6�-HA), 4.14 (mc, 1H; 4�-H), 4.03 ± 3.97 (m, 1H; 6�-HB), 4.00, 3.82 (2�d,
J� 13.9 Hz, each 1H; PhCH2), 3.50 (s, 3H; OMe), 3.39 (d, J� 8.3 Hz, 1H;
1-H), 2.43 (sbr, 1H; NH), 1.97 (ddt, J� 4.3, 11.7, 12.6 Hz, 1H; 5�-HA),
1.62 ppm (dbr, J� 12.6 Hz, 1H; 5�-HB); 13C NMR (125.8 MHz; CDCl3): ��
199.4 (s; C-3), 139.9, 138.2, 128.3, 127.8*, 127.7, 126.3, 125.6 (2� s, 5� d; Ph),
130.8 (s; C-2), 100.6 (d; C-2�), 90.2 (t; C-4), 77.6 (d; C-4�), 66.3 (t; C-6�), 63.8
(d; C-1), 55.8 (q; OMe), 50.8 (t; PhCH2), 27.7 ppm (t; C-5�),* higher
intensity; IR (neat): �� � 3340 (N�H), 3085 ± 2850 (C�H), 1955 cm�1


(C�C�C); MS (80 eV, EI): m/z (%): 351 (6) [M]� , 336 (1) [M�CH3]� ,
188 (100) [M�C10H11O2]� ; elemental analysis calcd (%) for C22H25NO3


(351.5): C 75.19, H 7.17, N 3.99; found: C 74.82, H 7.19, N 3.76.


(2R,2�S,4�S)-1-Benzyl-3-methoxy-2-(2-phenyl-1,3-dioxan-4-yl)-2,5-dihy-
dro-1H-pyrrole (syn-17): Compound syn-16 (657 mg, 1.87 mmol) was
dissolved in acetone (20 mL), silver nitrate (63 mg, 0.37 mmol) was added,
and the resulting mixture was stirred under argon with exclusion of light at
room temperature for 16 h. The mixture was filtered through Celite with
ethyl acetate (3� 20 mL) and the filtrate was evaporated. After column
chromatography on aluminium oxide (n-hexane/ethyl acetate 8:1), syn-17
was isolated as a colorless oil (579 mg, 88%). [�]20D ��27.6 (c� 1.25,
CHCl3); 1H NMR (500 MHz, CDCl3): �� 7.57 ± 7.53 (m, 2H; Ph), 7.41 ± 7.22
(m, 8H; Ph), 5.56 (s, 1H; 2�-H), 4.54 (sbr, 1H; 4-H), 4.24 (dd, J� 4.7,
11.3 Hz, 1H; 6�-HA), 4.17 (d, J� 13.3 Hz, 1H; NCH2Ph), 3.95 ± 3.87 (m, 2H;
6�-HB, 4�-H), 3.74 (dbr, J� 4.8 Hz, 1H; 2-H), 3.64 (d, J� 13.3 Hz, 1H;
NCH2Ph), 3.62 (ddd, J� 2.1, 4.8, 12.4 Hz, 1H; 5-HA), 3.56 (s, 3H; OMe),
3.13 (ddd, J� 2.1, 3.2, 12.4 Hz, 1H; 5-HB), 1.94 (ddt, J� 4.7, 12.0, 12.9 Hz,
1H; 5�-HA), 1.78 ppm (dbr, J� 12.9 Hz, 1H; 5�-HA); 13C NMR (125.8 MHz,
CDCl3): �� 156.0 (s; C-3), 139.5, 138.7, 128.4, 128.3, 128.0, 127.9, 126.6,
125.9 (2� s, 6� d; Ph), 101.2 (d; C-2�), 92.2 (d; C-4), 79.8 (d; C-4�), 70.5 (d;
C-2), 66.9 (t; C-6�), 60.7 (t; NCH2Ph), 56.6 (q; OMe), 56.6 (t; C-5), 27.0 ppm
(t; C-5�); IR (neat): �� � 3090 ± 3000 (�C�H), 2960 ± 2850 (C�H), 1660 cm�1


(C�C); MS (80 eV, EI):m/z (%): 351 (1) [M]� , 246 (3) [M�NCH2Ph]� , 188
(45) [M�C10H11O2]� , 91 (100) [Bn]� ; HRMS (80 eV): calcd for C22H25NO3:
351.18344; found 351.18731; elemental analysis calcd (%) for C22H25NO3


(351.5): C 75.19, H 7.17, N 3.99; found: C 74.92, H 7.16, N 3.64.


One-pot synthesis of syn-17 from 15 : nBuLi (2.5� in n-hexane, 4.00 mL,
10.0 mmol) was added at�40 �C to a solution of methoxyallene 1 (1.00 mL,
840 mg, 12.0 mmol) in absolute THF (20 mL). After the mixture had been
stirred at �40 �C for 15 min, crude 15 (1.00 g, from 4.12 mmol 14) in
absolute THF (10 mL) was added. The reaction mixture was allowed to
warm up to room temperature over 16 h and was then quenched with water
(20 mL). The aqueous phase was extracted with Et2O (3� 20 mL), the
combined organic phases were dried (Na2SO4), and the solvents were
removed under reduced pressure. After purification by column chroma-


tography on aluminium oxide (n-hexane/ethyl acetate 8:1), syn-17 was
isolated as a yellowish oil (736 mg, 51% with respect to 14).


(2R,4�S)-1-(1-Benzyl-3-methoxy-2,5-dihydro-1H-pyrrol-2-yl)propane-1,3-
diol (syn-18): p-Toluenesulfonic acid monohydrate (571 mg, 3.00 mmol)
was added at room temperature to a solution of syn-17 (702 mg, 2.00 mmol)
in absolute methanol (40 mL). After stirring for 44 h at room temperature,
the reaction mixture was quenched with potassium carbonate solution
(10% in water, 40 mL). The aqueous phase was extracted with dichloro-
methane (3� 40 mL), the combined organic phases were dried (Na2SO4),
and the solvents were removed under reduced pressure. After purification
by column chromatography on silica gel (dichloromethane/methanol 20:1),
18 was isolated as a yellowish oil (402 mg, 76%). [�]20D ��49.2 (c� 0.25,
CHCl3); 1H NMR (500 MHz, CDCl3): �� 7.36 ± 7.25 (m, 5H; Ph), 4.59 ±
4.56 (mc, 1H; 4�-H), 4.05 (d, J� 13.1 Hz, 1H; NCH2Ph), 3.86 ± 3.60 (m, 6H;
1-H, 3-HA, 3-HB, 2�-H, 5�-HA, OH), 3.72 (d, J� 13.1 Hz, 1H; NCH2Ph), 3.66
(s, 3H; OMe), 3.50 (sbr, 1H; OH), 3.23 (ddd, J� 2.1, 3.2, 12.4 Hz, 1H; 5�-
HB), 1.84 ± 1.78 ppm (m, 2H; 2-H); 13C NMR (125.8 MHz, CDCl3): ��
155.7 (s; C-3), 138.0, 128.6, 128.5, 127.4 (s, 3� d; Ph), 91.6 (d; C-4�), 71.8,
71.6 (2� d; C-1, C-2�), 61.6, 61.1 (2� t; NCH2Ph, C-3), 57.0 (t, q; C-5�,
OMe), 36.9 ppm (t; C-2); IR (neat): �� � 3405 (O�H), 3085 ± 3005 (�C�H),
2935 ± 2835 (C�H), 1665 cm�1 (C�C); MS (80 eV, EI): m/z (%): 263 (2)
[M]� , 220 (6) [M�C2H3O]� , 188 (100) [M�C3H7O2]� , 172 (3) [M�
C7H7]� , 91 (75) [C7H7]� ; HRMS (80 eV): calcd for C15H21NO3: 263.15214;
found 263.15365.


(2R,2�S,4�S)-1-Benzyl-(2-phenyl-1,3-dioxan-4-yl)-3-[2-(trimethylsilyl)ethoxy]-
2,5-dihydro-1H-pyrrole (syn-20): nBuLi (2.5� in n-hexane, 5.00 mL,
12.5 mmol) was added at �50 �C to a solution of 1-[2-(trimethylsilyl)-
ethoxy]allene[12] (2.24 g, 14.4 mmol) in absolute THF (30 mL). After the
mixture had been stirred for 30 min at �40 to �50 �C, crude 15 (1.51 g,
from 6.00 mmol 14) in absolute THF (10 mL) was added, and the reaction
mixture was allowed to warm up to room temperature over 16 h and then
quenched with water (20 mL). The aqueous phase was extracted with Et2O
(3� 20 mL), the combined organic phases were dried (MgSO4), and the
solvents were removed under reduced pressure. After purification by
column chromatography on aluminium oxide (n-hexane/ethyl acetate 10:1)
and drying in vacuo (0.02 mbar, 50 �C), syn-20was isolated as a yellowish oil
(1.15 g, 44% with respect to 14). [�]20D ��13.6 (c� 1.38, CHCl3); 1H NMR
(500 MHz, CDCl3): �� 7.57 ± 7.24 (m, 10H; Ph), 5.58 (s, 1H; 2�-H), 4.69 ±
4.58 (mc, 1H; 4-H), 4.32 (ddd, J� 1.1, 4.7, 11.3 Hz, 1H; 6�-HA), 4.24 (d, J�
13.4 Hz, 1H; NCH2Ph), 4.04 ± 3.96 (m, 2H; 4�-H, 6�-HB), 3.93 ± 3.88 [m, 2H;
OCH2CH2Si(CH3)3], 3.80 ± 3.76 (m, 1H; 2-H), 3.72 (d, J� 13.4 Hz, 1H;
NCH2Ph), 3.71 (ddd, J� 2.0, 4.9, 12.3 Hz, 1H; 5-HA), 3.18 (ddd, J� 2.0, 3.0,
12.3 Hz, 1H; 5-HB), 2.11 ± 2.01 (m, 1H; 5�-HA), 1.83 ± 1.78 (m, 1H; 5�-HB),
1.17 ± 1.12 (mc, 2H; CH2Si(CH3)3), 0.10 ppm (s, 9H; Si(CH3)3); 13C NMR
(125.8 MHz, CDCl3): �� 155.0 (s; C-3), 139.8, 139.0, 128.5, 128.3, 128.0,
127.9, 126.6, 126.1 (2� s, 6�d, Ph), 101.2 (d; C-2�), 92.3 (d; C-4), 80.1 (d;
C-4�), 70.9 (d; C-2), 67.0, 67.0 (2� t; C-6�, OCH2CH2Si(CH3)3), 61.2 (t;
NCH2Ph), 57.1 (t; C-5), 27.5 (t; C-5�), 17.4 (t; CH2Si(CH3)3), �1.5 ppm (q;
Si(CH3)3); IR (neat): �� � 3085 ± 3000 (�C�H), 2960 ± 2850 (C�H),
1655 cm�1 (C�C); MS (80 eV, EI): m/z (%): 437 (6) [M]� , 274 (100)
[M�C10H11O2]� , 91 (48) [Bn]� , 73 (55) [Si(CH3)3]� ; elemental analysis
calcd (%) for C26H35NO3Si (437.7): C 71.35, H 8.06, N 3.20; found: C 71.15,
H 8.18, N 2.99.


(2R,2�S,4�S)-1-Benzyl-3-benzyloxy-2-(2-phenyl-1,3-dioxan-4-yl)-2,5-dihy-
dro-1H-pyrrole (syn-22): nBuLi (2.5� in n-hexane, 10.0 mL, 25.0 mmol)
was added at �50 �C to a solution of benzyloxyallene 23 (3.98 g, 27.2 mmol)
in absolute THF (50 mL). After the mixture had been stirred for 20 min at
�40 to �50 �C, crude 15 (2.65 g, from 10.0 mmol 14) in absolute THF
(20 mL) was added, and the reaction mixture was allowed to warm up to
room temperature over 16 h and then quenched with water (50 mL). The
aqueous phase was extracted with Et2O (3� 50 mL), the combined organic
phases were dried (MgSO4), and the solvents were removed under reduced
pressure. After purification by column chromatography on aluminium
oxide (n-hexane/ethyl acetate 10:1), syn-22 was isolated as a yellowish oil
(2.15 g, 50% with respect to 14). [�]20D ��32.9 (c� 0.49, CHCl3); 1H NMR
(250 MHz, CDCl3): �� 7.51 ± 7.16 (m, 15H; Ph), 5.51 (s, 1H; 2�-H), 4.83 (s,
2H; OCH2Ph), 4.66 (mc, 1H; 4-H), 4.26 (ddd, J� 1.2, 4.9, 11.3 Hz, 1H; 6�-
HA), 4.16 (d, J� 13.5 Hz, 1H; NCH2Ph), 4.00 ± 3.88 (m, 2H; 4�-H, 6�-HB),
3.84 (ddt, J� 1.4, 3.3, 4.7 Hz, 1H; 2-H), 3.69 (d, J� 13.5 Hz, 1H; NCH2Ph),
3.67 (ddd, J� 2.0, 4.7, 12.4 Hz, 1H; 5-HA), 3.18 (ddd, J� 2.0, 3.3, 12.4 Hz,
1H; 5-HB), 2.10 ± 1.91 (m, 1H; 5�-HA), 1.80 ± 1.69 ppm (m, 1H; 5�-HB);
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13C NMR (62.9 MHz, CDCl3): �� 155.0 (s; C-3), 139.7, 138.9, 136.7, 128.5,
128.5, 128.3, 128.1, 128.0, 127.7, 127.2, 126.7, 126.2 (3� s, 9� d; Ph), 101.5 (d;
C-2�), 93.6 (d; C-4), 79.6 (d; C-4�), 71.3 (t; OCH2Ph), 70.8 (d; C-2), 67.0 (t;
C-6�), 60.9 (t; NCH2Ph), 57.0 (t; C-5), 27.0 ppm (t; C-5�); IR (neat): �� �
3100 ± 3000 (�C-H), 2975 (C�H), 1655 cm�1 (C�C); MS (80 eV, EI): m/z
(%): 427 (1) [M]� , 336 (5) [M�C7H7]� , 264 (100) [M�C10H11O2]� , 91 (72)
[Bn]� ; HRMS (80 eV): calcd for (C28H29NO3�C10H11O2; mol peak is too
weak): 336.15996; found 336.15756; elemental analysis calcd (%) for
C28H29NO3 (427.6): C 78.66, H 6.84, N 3.28; found: C 78.44, H 6.80, N 2.94.


(1S,2�R)-1-(1-Benzyl-3-benzyloxy-2,5-dihydro-1H-pyrrol-2-yl)-3-benzyl-
oxypropan-1-ol (syn-24): Diisobutylaluminum hydride (1.5� in toluene,
1.30 mL, 1.95 mmol) was added under argon at �78 �C to a solution of syn-
22 (270 mg, 0.63 mmol) in dry dichloromethane (5 mL). The mixture was
allowed to warm up to room temperature over 16 h and then cooled to 0 �C,
and saturated sodium potassium tartrate solution (5 mL) was added. After
1 h, water (20 mL) was added and the solution was extracted with
dichloromethane (3� 20 mL). The combined organic phases were dried
(MgSO4) and the solvents were removed under reduced pressure. After
column chromatography on silica gel (n-hexane/ethyl acetate 1:1), 24
(191 mg, 71%) was obtained as colorless oil. [�]20D ��39.6 (c� 1.05,
CHCl3); 1H NMR (500 MHz, [D6]DMSO): �� 7.44 ± 7.18 (m, 15H; Ph),
4.84 (s, 2H; OCH2Ph), 4.70 (s, 1H; 4�-H), 4.44 (s, 2H; OCH2Ph), 4.22 ± 4.00
(sbr, 1H; OH), 3.99 (d, J� 13.7 Hz, 1H; NCH2Ph), 3.70 (dbr, J� 9.8 Hz, 1H;
1-H), 3.73 ± 3.61 (m, 4H; NCH2Ph, 2�-H, 3-H), 3.52 ± 3.48 (m, 1H; 5�-HA),
3.05 (dbr, J� 12.2 Hz, 1H; 5�-HB), 1.98 ± 1.80 (m, 1H; 2-HA), 1.73 ± 1.53 ppm
(m, 1H; 2-HB); 13C NMR (62.9 MHz, [D6]DMSO): �� 155.1 (s; C-3�),
139.6, 138.7, 136.9, 128.3, 128.1, 128.1*, 127.7, 127.3, 127.2, 127.2, 126.7 (3� s,
8� d; Ph), 92.7 (d; C-4�), 72.0 (d; C-2�), 71.8 (t; OCH2Ph), 70.8 (t;
OCH2Ph), 68.2 (d; C-1), 67.4 (t; C-3), 60.7 (t; NCH2Ph), 57.0 (t; C-5�),
33.5 ppm (t; C-2), * signal with higher intensity; IR (neat): �� � 3435 (O�H),
3085 ± 3030 (�C�H), 2925 ± 2860 (C�H), 1665 cm�1 (C�C); MS (80 eV, EI):
m/z (%): 429 (1) [M]� , 338 (3) [M�Bn]� , 264 (60) [M�C10H11O2]� , 91
(100) [Bn]� ; HRMS (80 eV): calcd for C28H31NO3: 429.23029; found
429.23245.


Reduction of syn-22 with Pd(OH)2/H2 : A suspension of palladium
hydroxide on charcoal (100 mg, 0.19 mmol, pre-dried for 2 h at 60 �C
under reduced pressure of 10�2 mbar) in dry ethanol (8 mL) was saturated
with hydrogen for 1 h. Boc anhydride (0.22 mL, 209 mg, 0.96 mmol) and
syn-22 (200 mg, 0.47 mmol) dissolved in dry ethanol (4 mL) were then
added. After stirring at room temperature under hydrogen atmosphere for
48 h, the mixture was filtered through Celite with methanol (60 mL). After
evaporation of the solvents and purification by column chromatography on
silica gel (n-hexane/ethyl acetate 4:1), pyrrolidinone 26 (21 mg, 13%) and
dihydropyrrole 25 (73 mg, 37%) were obtained as colorless oils.


(2R,2�S,4�S)-1-tert-Butoxycarbonyl-2-(2-phenyl-1,3-dioxan-4-yl)pyrrolidin-
3-one (26) (two rotamers, ratio ca. 1:1): [�]20D ��133.9 (c� 0.72, CHCl3);
1H NMR (500 MHz, CDCl3): �� 7.43 ± 7.26 (m, 5H; Ph), 5.45, 5.44 (2� s,
1H; 2�-H), 4.47 ± 4.23 (m, 1H; 4�-H), 4.25, 4.16 (2� dt, J� 2.5, 10.5 Hz, 1H;
5-HA), 4.15, 4.03 (2� sbr, 1H; 2-H), 4.05 ± 3.92 (m, 1H; 6�-HB), 3.73 ± 3.57
(m, 1H; 5-HB), 2.60 ± 2.35 (m, 2H; 4-H), 2.21 ± 2.02 (m, 1H; 5�-HA), 1.65 ±
1.45 (m, 1H; 5�-HB), 1.51, 1.49 ppm (2� s, 9H; C(CH3)3); 13C NMR
(125.8 MHz, CDCl3): �� 213.7, 213.1 (2� s; C-3), 155.0, 154.4 (2� s;
NCO), 138.2, 138.0, 128.8, 128.7, 128.1, 125.7, 125.6 (2� s, 5� d; Ph), 101.3,
101.0 (2� d; C-2�), 80.6, 80.3 (2� s; C(CH3)3), 79.8, 79.4 (2�d; C-4�), 66.8,
66.6 (2� t; C-6�), 65.4, 64.8 (2� d; C-2), 43.5, 42.8 (2� t; C-5), 37.1, 36.6
(2� t; C-4), 28.3 (q; C(CH3)3), 27.8 ppm (t; C-5�); IR (neat): �� � 3100 ± 3065
(�C�H), 2975 ± 2860 (C�H), 1760, 1695 cm�1 (C�O); MS (80 eV, EI): m/z
(%): 347 (1) [M]� , 290 (1) [M�C(CH3)3]� (1), 274 (4) [M�OC(CH3)3]� ,
163 (100) [C10H11O2]� , 91 (42) [Bn]� , 57 (69) [C(CH3)3]� ; HRMS (80 eV):
found 257.12732; C12H19NO5 calcd 257.12632; elemental analysis calcd (%)
for C19H25NO5 (347.4): C 65.69, H 7.25, N 4.03; found: C 65.68, H 7.26, N
4.00.


(2R,2�S,4�S)-3-Benzyloxy-1-tert-butoxycarbonyl-2-(2-phenyl-1,3-dioxan-4-
yl)-2,5-dihydro-1H-pyrrole (25) (two rotamers, ratio ca. 1:1): [�]20D ��84.6
(c� 0.69, CHCl3); 1H NMR (500 MHz, CDCl3): �� 7.45 ± 7.25 (m, 10H;
Ph), 5.52, 5.48 (2� s, 1H; 2�-H), 4.87 (sbr, 2H; OCH2Ph), 4.75, 4.59 (2� sbr,
1H; 4-H), 4.68 (sbr, 1H; 2-H), 4.38 ± 4.15 (m, 3H; 4�-H, 5-HA, 6�-HA), 4.01 ±
3.92 (m, 2H; 5-HB, 6�-HB), 2.06 ± 1.95 (m, 1H; 5�-HA), 1.55 ± 1.42 (m, 1H; 5�-
HB), 1.49, 1.48 ppm (2� s, 9H; C(CH3)3); 13C NMR (125.8 MHz, CDCl3):
�� 154.8, 154.4, 153.4, 153.3 (4� s; C�O, C-3), 138.8, 138.6, 136.3, 136.2,
128.6, 128.3*, 128.0, 128.0, 127.9, 127.8, 127.3, 127.2, 126.1, 126.0 (4� s,


10� d; Ph), 101.5, 101.0 (2� d; C-2�), 92.4, 90.0 (2� d; C-4), 80.0, 79.6 (2�
s; C(CH3)3), 76.9, 76.4 (2� d; C-4�), 71.4 (t; OCH2Ph), 66.9, 66.9 (2� t;
C-6�), 64.2, 64.1 (2�d; C-2), 51.5, 51.0 (2� t; C-5), 28.4 (q; C(CH3)3), 26.9,
26.6 ppm (2� t; C-5),* higher intensity; IR (neat): �� � 3090 ± 3035 (�C�H),
2975 ± 2860 (C�H), 1700 (C�O), 1660 cm�1 (C�C); MS (80 eV, EI): m/z
(%): 437 (2) [M]� , 436 (7) [M�H]� , 380 (2) [M�C(CH3)3]� , 163 (16)
[C10H11O2]� , 91 (100) [Bn]� , 57 (80) [C(CH3)3]� ; HRMS (80 eV):
C26H31NO5 calcd 437.22022; found 437.22485.


Reduction of syn-22 with Pd/C/H2 : A stirred suspension of palladium on
charcoal (498 mg, 0.47 mmol) in dry ethanol (15 mL) was saturated with
hydrogen for 30 min. A solution of syn-22 (500 mg, 1.17 mmol) in dry
ethanol (12 mL) was then added, and the mixture was stirred under
hydrogen atmosphere at normal pressure for 20 h at room temperature.
The mixture was filtered through Celite with methanol (60 mL). After
removal of the solvents under reduced pressure and column chromatog-
raphy on silica gel (n-hexane/ethyl acetate 4:1), pyrrolidinone 26 (204 mg,
50%) and pyrrolidine 27 (54 mg, 11%) were obtained as colorless oils.


(2S,3R,2�S,4�S)-3-Benzyloxy-1-tert-butoxycarbonyl-2-(2-phenyl-1,3-diox-
an-4-yl)pyrrolidine (27): [�]20D ��18.8 (c� 1.17, CHCl3); 1H NMR
(500 MHz, CDCl3, 330 K): �� 7.50 ± 7.25 (m, 10H; Ph), 5.52 (s, 1H; 2�-
H), 4.58 (s, 2H; OCH2Ph), 4.25 (ddd, J� 1.4, 4.9, 11.3 Hz, 1H; 6�-HA),
4.29 ± 4.25 (m, 1H; 4�-H), 4.09 (td, J� 7.5, 9.9 Hz, 1H; 3-H), 4.05 ± 4.00 (m,
1H; 2-H), 3.93 (ddd, J� 2.5, 11.3, 12.4 Hz, 1H; 6�-HB), 3.47 ± 3.36 (m, 2H;
5-H), 2.21 (dddd, J� 4.9, 12.0, 12.4, 13.4 Hz, 1H; 5�-HA), 2.20 ± 2.06 (m, 2H;
4-H), 1.52 ± 1.47 (m, 1H; 5�-HB), 1.45 ppm (s, 9H; C(CH)3)3); 13C NMR
(125.8 MHz, CDCl3, 330 K): �� 155.3 (s; C�O), 139.3, 138.5, 128.4*, 128.0,
127.6, 127.4, 126.1 (2� s, 5�d; Ph), 101.3 (d; C-2�), 79.5 (s; C(CH3)3), 78.0
(d; C-4�), 76.4 (d; C-3), 72.2 (t, OCH2Ph), 67.4 (t; C-6�), 59.9 (d; C-2), 44.0 (t;
C-5), 29.3 (t; C-4), 29.0 (t; C-5�), 28.5 ppm (q; C(CH3)3),* higher intensity;
IR (neat): �� � 3090 ± 3035 (�C�H), 2975 ± 2865 (C�H), 1695 cm�1 (C�O);
MS (80 eV, EI): m/z (%): 439 (3) [M]� , 382 (1) [M�C(CH3)3]� , 366 (9)
[M�OC(CH3)3]� , 276 (76) [M�C10H11O2]� , 163 (20) [C10H11O2]� , 91
(100) [Bn]� , 57 (35) [C(CH3)3]� ; HRMS (80 eV): C26H33NO5 calcd
439.23587; found 439.23373.
(2S,3R,2�S,4�S)-1-tert-Butoxycarbonyl-3-hydroxy-2-(2-phenyl-1,3-dioxan-
4-yl)-pyrrolidine (28): Pyrrolidinone 26 (728 mg, 2.10 mmol) was dissolved
in dry THF (70 mL), and L-Selectride (4.20 mL, 4.20 mmol, 1� in THF)
was slowly added at �78 �C under argon. After the mixture had been kept
for 4 h at this temperature, water (70 mL) was added and the solution was
extracted with dichloromethane (3� 70 mL). The combined organic phases
were dried with MgSO4 and the solvents were removed under reduced
pressure. Product 28 was obtained as a colorless solid (612 mg, 84%) after
column chromatography on silica gel (n-hexane/ethyl acetate 2:1). M.p.
55 ± 57 �C; [�]20D ��76.1 (c� 0.71, CHCl3); 1H NMR (500 MHz, CDCl3):
�� 7.45 ± 7.41 (m, 2H; Ph), 7.36 ± 7.28 (m, 3H; Ph), 5.50 (s, 1H; 2�-H), 4.48 ±
4.39 (m, 2H; 4�-H, 3-H), 4.27 (ddd, J� 1.5, 5.1, 11.4 Hz, 1H; 6�-HA), 4.02
(dd, J� 3.7, 7.1 Hz, 1H; 2-H), 3.93 (ddd, J� 2.5, 11.4, 12.5 Hz, 1H; 6�-HB),
3.53 ± 3.46 (m, 1H; 5-HA), 3.43 (ddd, J� 5.2, 8.7, 10.8 Hz, 1H; 5-HB), 2.68
(dbr, J� 6.3 Hz, 1H; OH), 2.21 (dddd, J� 5.1, 11.9, 12.5, 13.5 Hz, 1H; 5�-
HA), 2.10 (dddd, J� 5.2, 7.3, 8.3, 12.4 Hz, 1H; 4-HA), 1.94 (tdd, J� 7.4, 8.7,
12.4 Hz, 1H; 4-HB), 1.51 (dtd, J� 1.5, 2.5, 13.5 Hz, 1H; 5�-HB), 1.47 ppm (s,
9H; C(CH3)3); 13C NMR (125.8 MHz, CDCl3): �� 155.2 (s; C�O), 138.3,
128.8, 128.1, 125.8 (s, 3�d; Ph), 101.4 (d; C-2�), 79.6 (s; C(CH3)3), 77.3 (d;
C-4�), 72.1 (d; C-3), 67.3 (t; C-6�), 60.6 (d; C-2), 44.3 (t; C-5), 33.1 (t; C-4),
28.3 (q; C(CH3)3), 27.5 ppm (t; C-5�); IR (KBr): �� � 3435 (O�H), 3100 ±
3000 (�C�H), 2975 ± 2895 (C�H), 1695, 1670 cm�1 (C�O); MS (80 eV, EI):
m/z (%): 349 (5) [M]� , 331 (2) [M�H2O]� , 292 (10) [M�C(CH3)3]� , 276
(14) [M�OC(CH3)3]� , 186 (83) [M�C10H11O2]� , 163 (40) [C10H11O2]� , 91
(21) [Bn]� , 57 (69) [C(CH3)3]� ; HRMS (80 eV): C19H27NO5 calcd
349.18588; found 349.18892; elemental analysis calcd (%) for C19H27NO5


(349.4): C 65.31, H 7.79, N 4.01; found: C 65.27, H 7.85, N 3.79.


(2S,3R,1�S)-1-tert-Butoxycarbonyl-2-(1,3-dihydroxyprop-1-yl)-3-hydroxy-
pyrrolidine (29): A stirred suspension of palladium on charcoal (174 mg,
0.17 mmol) in dry ethanol (12 mL) was saturated with hydrogen for 30 min.
A solution of 28 (555 mg, 1.59 mmol) in dry ethanol (8 mL) was then added,
and the mixture was stirred under hydrogen atmosphere at normal pressure
and at room temperature for 16 h. The mixture was filtered through Celite
with methanol (100 mL), and the filtrate was evaporated to give triol 29 as a
colorless solid (408 mg, 98%). M.p. 78 ± 80 �C (with decomposition);
[�]20D ��61.3 (c� 1.02, CHCl3); 1H NMR (500 MHz, CD3OD, 330 K):
�� 4.39 (td, J� 7.1, 7.8 Hz, 1H; 3-H), 4.14 (td, J� 3.8, 9.5 Hz, 1H; 1�-H),
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3.79 (dd, J� 3.8, 7.1 Hz, 1H; 2-H), 3.77 ± 3.68 (m, 2H; 3�-H), 3.50 ± 3.38 (m,
2H; 5-H), 2.10 ± 1.96 (m, 2H; 4-H), 1.93 ± 1.84 (m, 1H; 2�-HA), 1.78 (dtd,
J� 5.9, 9.5, 14.1 Hz, 1H; 2�-HB), 1.46 ppm (s, 9H; C(CH3)3); 13C NMR
(125.8 MHz, CD3OD, 326 K): �� 157.6 (s; C�O), 81.1 (s; C(CH3)3), 72.6 (d;
C-3), 69.9 (d; C-1�), 64.2 (d; C-2), 60.7 (t; C-3�), 45.6 (t; C-5), 38.4 (t; C-2�),
33.1 (t; C-4), 28.8 ppm (q; C(CH3)3); IR (KBr): �� � 3370 (O�H), 3000 ±
2890 (C�H), 1695, 1660 cm�1 (C�O); MS (FAB, negative-mode): m/z (%):
260 (100) [M�H]� ; MS (FAB, positive-mode):m/z (%): 262 (35) [M�H]� ;
elemental analysis calcd (%) for C12H23NO5 (261.3): C 55.16, H 8.87, N 5.36;
found: C 55.21, H 8.75, N 5.24.


(3aR,7S,7aR)-1-tert-Butoxycarbonyl-1,2,3,3a,5,6,7,7a-octahydro-7-hy-
droxypyrano-[3,2-b]pyrrol-5-one (30): A suspension of platinum dioxide
(44 mg, 0.19 mmol) in water (1 mL) was first treated with hydrogen for 1 h,
and was then saturated with argon (5 min) and then with oxygen (5 min). A
solution of triol 29 (49 mg, 0.19 mmol) in water (2 mL) was then added, and
oxygen gas was bubbled through this mixture at 40 �C. After 2 h the mixture
was stirred under an oxygen atmosphere at room temperature for 17 h,
water was then removed under reduced pressure, and column chromatog-
raphy on silica gel (n-hexane/ethyl acetate 1:1) furnished lactone 30 as a
colorless solid (32 mg, 66%). M.p. 140 ± 141 �C (literature value:[15c] 141 ±
142 �C); [�]20D ��35.9 (c� 0.73; CHCl3) (literature value: �6.5 (c� 1.0,
CHCl3),[15b] �31.7 (CHCl3)[15c]); 1H NMR (500 MHz, C6D6, 334 K): �� 5.12
(s, 1H; OH), 3.74 ± 3.67 (m, 2H; 3a-H, 6-H), 3.38 (t, J� 5.0 Hz, 1H; 7a-H),
3.08 ± 3.03 (m, 1H; 2-HA), 2.91 (dt, J� 6.1, 11.3 Hz, 1H; 2-HB), 2.72 (dd, J�
4.2, 15.0 Hz, 1H; 6-HA), 2.12 (dd, J� 12.7, 15.0 Hz, 1H; 6-HB), 1.51 ± 1.45
(m, 1H; 3-HA), 1.37 (s, 9H; C(CH3)3), 0.97 ppm (dddd, J� 5.1, 8.9, 11.3,
13.9 Hz, 1H; 3-HB); 13C NMR (125.8 MHz, CDCl3): �� 169.6 (s; C-5),
156.0 (s; C(O)OC(CH3)3), 80.6 (s; C(CH3)3), 78.0 (d; C-3a), 70.4 (d; C-7),
66.2 (d; C-7a), 44.6 (t; C-2), 36.3 (t; C-6), 30.5 (t; C-3), 28.3 ppm (q;
C(CH3)3); IR (KBr): �� � 3375 (O�H), 3000 ± 2885 (C�H), 1715, 1695 cm�1


(C�O); MS (80 eV, EI): m/z (%): 257 (1) [M]� , 242 (1) [M�CH3]� , 57
(100) [C(CH3)3]� ; HRMS (80 eV): C12H19NO5 calcd 257.12632; found
257.12732; elemental analysis calcd (%) for C12H19NO5 (257.1): C 55.73, H
7.25, N 5.15; found: C 56.02, H 7.44, N 5.44.


Crystals of 30 suitable for X-ray analysis were obtained by recrystallization
from n-hexane/dichloromethane. C12H19NO5, Mr� 257.1; T� 113(2) K;
crystal size: 0.09� 0.12� 0.70 mm; monoclinic, space group P21, a�
6.2068(14), b� 8.725(2), c� 11.671(3) ä, �� 96.877(5)� ; V� 627.5(2) ä3;
Z� 2; �calcd � 1.362 Mgm�3; F(000)� 276; �(MoK�)� 0.106 mm�1. 	 range
for data collection: 1.76 ± 30.59� ; index ranges: �8� h� 8, �12� k� 12,
�16� l� 16; reflections collected/unique: 7864/3702 (Rint� 0.0222); final
R [I� 2�(I)]: R1� 0.0317, wR2� 0.0782; R (all data): R1� 0.0340, wR2�
0.0794.


For structure solution and refinement the programs SHELXS97 and
SHELXL97 were used.[27]


(�)-Detoxinine, (3S,2�S,3�R)-3-Hydroxy-3-(3-hydroxypyrrolidin-2-yl)pro-
pionic acid : Trifluoroacetic acid (1 mL) was added under argon at 0 �C to
lactone 30 (97 mg, 0.39 mmol). After 2 h the cooling bath was removed and
the mixture was stirred for 15 min at room temperature. After removal of
trifluoroacetic acid under reduced pressure and ion exchange chromatog-
raphy (Dowex¾ 50� 4 ± 100, 1� aqueous NH3 solution as eluent), (�)-
detoxinine was isolated as a colorless solid (61 mg, 89%). M.p. 224� 227 �C
(literature value: 224� 227 �C,[15f] 225� 228 �C[15a]); [�]20D ��5.0 (c� 0.60,
H2O) (literature value: �4.8 (c� 0.5, H2O),[15a] �4.4 (c� 0.5, H2O)[15d]);
1H NMR (250 MHz, D2O): �� 4.51 ± 4.44 (m, 1H; 3�-H), 4.30 (ddd, J� 4.5,
7.8, 9.2 Hz, 1H; 3-H), 3.55 ± 3.33 (m, 3H; 2�-H, 5�-H), 2.61 (dd, J� 4.5,
15.7 Hz, 1H; 2-HA), 2.40 (dd, J� 7.8, 15.7 Hz, 1H; 2-HB), 2.21 (dtd, J� 4.1,
10.0, 14.2 Hz, 1H; 4�-HA), 2.09 ppm (dddd, J� 1.2, 3.5, 7.8, 14.2 Hz, 1H; 4�-
HB); 13C NMR (125.8 MHz, D2O): �� 181.2 (s; C-1), 72.9 (d; C-3�), 71.9 (d;
C-2�), 68.4 (d; C-3), 45.2 (t; C-5�), 44.4 (t; C-2), 35.3 ppm (t; C-4�); IR (KBr):
�� � 3200 (br; N�H, O�H), 2915, 2720, 2505 (br; C�H), 1630 (C�O),
1555 cm�1 (N�H); MS (FAB, negative-mode): m/z (%): 174 (4) [M�H];
MS (FAB, positive-mode): m/z (%): 176 (4) [M�H]� ; elemental analysis
calcd (%) for C7H13NO4 (175.2): C 47.99, H 7.48, N 8.00; found: C 47.66, H
7.37, N 7.73.


CCDC-195173 (syn-8) and CCDC-195174 (30) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Center, 12 Union Road, Cambridge CB21EZ,
UK; Fax: (�44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Homogeneous Catalysts Supported on Soluble Polymers: Biphasic
Sonogashira Coupling of Aryl Halides and Acetylenes Using MeOPEG-
Bound Phosphine ±Palladium Catalysts for Efficient Catalyst Recycling


Axel Kˆllhofer and Herbert Plenio*[a]


Abstract: The Sonogashira coupling of
various aryl bromides and iodides with
different acetylenes was studied under
biphasic conditions with soluble, poly-
mer-modified catalysts to allow the effi-
cient recycling of the homogeneous
catalyst. For this purpose, several steri-
cally demanding and electron-rich
phosphines of the type RPPR2 were
synthesised. They are covalently linked
to a monomethyl polyethylene glycol
ether with a mass of 2000 Dalton
(RP�MeOPEG2000) RPPR2: �PR2�
�CH2C6H4CH2P(1-Ad)2, �C6H4-P-
(1-Ad)2, �C6H4-PPh2. To couple aryl
iodides and acetylenes, the catalyst
[(MeCN)2PdCl2]/2RP-C6H4-PPh2 was


used in CH3CN/Et3N/n-heptane (5/2/5).
The combined yields of coupling prod-
uct over five reaction cycles are between
80 ± 95%. There is no apparent leaching
of the catalyst into n-heptane, as evi-
denced by 1H NMR spectroscopy. The
new catalyst [(MeCN)2PdCl2]/2 (1-
Ad)2PBn can be used for room-temper-
ature coupling of various aryl bromides
and acetylenes in THF with HNiPr2 as a
base. A closely related catalyst
Na2[PdCl4]/2RP-CH2C6H4CH2P(1-Ad)2


linked to the polymer was used to couple
aryl bromides and acetylenes in DMSO
or DMSO/n-heptane at 60 �C with
0.5 mol% Na2[PdCl4], 1 mol% RPPR2


and 0.33 mol%CuI. The combined yield
of coupling products over five cycles is
always greater than 90%, except for
sterically hindered aryl bromides. The
determination of the turnover frequency
(TOF) of the catalyst indicates only a
small decrease in activity over five
cycles. Leaching of the catalyst into the
product containing n-heptane solution
could not be detected by means of
1H NMR and TXRF; this is indicative
of �99.995% catalyst retention in the
DMSO solvent.


Keywords: homogeneous catalysis ¥
biphasic catalysis ¥ C±C coupling ¥
palladium ¥ polymers


Introduction


The problems associated with the recovery of catalysts after
product formation pose a serious drawback for large-scale
applications of homogeneous catalysis and are the main
reason why heterogeneous catalysis has a share of more than
80% in industrial processes.[1]


Consequently, numerous approaches that deal with the
problem of catalyst recovery, such as thermal or chemical
recovery,[2] immobilisation of catalysts on solid, liquid or
aqueous supports,[3] membrane processes[4] or multiphase
systems (phase-transfer catalysis, thermoregulated phase-
transfer catalysis, liquid ± liquid biphasic catalysis),[5] have
been studied.[6]


The huge commercial success of the Ruhrchemie/Rho√ne-
Poulenc hydroformylation[7] and the SHOP process [8] dem-
onstrates that homogeneous catalysis with precious metals is


economically competitive as soon as efficient options for
catalyst recovery are at hand. Hydroformylation relies on a
biphasic aqueous/organic solvent system, with the catalyst
[HRh(CO)(TPPTS)3] residing exclusively in the aqueous
phase, whereas the product is located within the organic
solvent.[9] Hence simple phase separation affects the separa-
tion of catalyst and product; losses of precious Rh are
negligible.[10] Consequently, several liquid ± liquid biphasic
concepts are currently studied for applications in catalysis:[11]


aqueous/organic,[12] fluorous/organic,[13, 14] ionic liquids,[15, 16]


polymer-supported catalysts[17] and amphiphilic catalysts.[18]


Palladium-catalysed C±C coupling reactions are powerful
synthetic methods[19] which have been receiving tremendous
interest in recent years, especially since significant progress in
this field has been made, as represented by publications of the
groups of Beller,[20] Buchwald,[21] Fu,[22] Hartwig,[23] Herr-
mann,[24] Reetz[25] and others.[26] Nevertheless, the high price
of Pd renders commercial processes based on Pd less
attractive[27] unless extremely active and/or recyclable cata-
lysts are available.[28] This is all the more important as
heterogeneous Pd catalysts in coupling reactions rarely match
the activity of the homogeneous ones[29, 30] and they also suffer
from deactivation after recycling.[31]
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Applications of the liquid ± liquid biphasic concept to Pd-
catalysed C ±C coupling reactions are rare and mainly[32]


limited to the work of the Bergbreiter group who has
demonstrated that poly(N-isopropylacrylamide) linked to
SCS ±PdCl complexes yields recyclable Heck ±Mizoroki and
Suzuki ±Miyaura catalysts.[33±36] However, the activity of these
catalysts with respect to substrates other than aryl iodides is
low, while for these substrates good heterogeneous catalysts
are also available. Consequently, more active catalysts are
needed to access less reactive aryl bromides or chlorides for
biphasic C ±C coupling reactions.


Apart from Bergbreiter×s research, the biphasic concept
that employs soluble polymer-supported catalysts has only
been applied to other metal-catalysed reactions, such as
hydrosilylation,[37] hydrogenation[38] (asymmetric)[39] and hy-
droformylation.[40, 41] The less well-developed status of this
field is somewhat surprising as the concept of the use of
soluble polymer-supported catalysts has been suggested as
early as 1976 by Beyer and Schurig.[42±44] Compared with the
fluorous biphasic concept, the use of soluble polymer-
supported catalysts appears to have a number of advantages:
1) Polymers, such as polyethylene glycol (PEG), are extreme-
ly cheap, quite in contrast to perfluorinated molecules.
2) Standard organic solvents can be applied to biphasic
solvent systems that use PEG-supported catalysts;[45] per-
fluorinated solvents used for fluorous catalysis are not
needed.[46] 3) Polyethylene glycol is environmentally be-
nign,[47] whereas fluorocarbons are persistent and pose certain
risks related to ozone damage and the greenhouse effect.
4) Leaching of polymer-supported catalysts into the product
phase is negligible, whereas this often poses a problem with
fluorous biphasics.


Consequently, we have initiated a program to develop
polymer-tagged palladium± phosphine complexes for car-
bon ± carbon bond-forming reactions, such as Heck, Suzuki
and Sonogashira coupling. The Sonogashira reaction[48] is now
widely applied to the synthesis of natural compounds,
pharmaceuticals, liquid crystalline polymers and optical or
electronic materials.[49, 50, 51] We decided to use monomethyl
polyethylene glycol (MeOPEG) as a cheap and chemically
robust support for the attachment of sterically demanding and
electron-rich phosphines, to allow the efficient recycling of the
catalyst and its multiple use. We report here on our results on
the palladium-catalysed Sonogashira coupling of aryl halides
and acetylenes under biphasic conditions and the efficient
recycling of the catalysts.


Results and Discussion


Synthesis of phosphines covalently bonded to MeOPEG : A
soluble polymer used for attachment to a phosphine coordi-
nated to a catalytically active metal should fulfil several basic
requirements. Firstly, the polymer must not have functional
groups along the chain which might react during catalysis.
Secondly, it should not coordinate to the catalytically active
metal. Thirdly, for use in biphasic catalysis, the ideal polymer
also has to be fairly polar (which unfortunately readily
interferes with the first and second conditions) so it is soluble


in the polar solvent and completely insoluble in the non-polar
solvent to prevent any leaching of the catalyst. Fourthly, it also
has to posses one or a few functional groups that can be used
to attach the catalytically active complex efficiently. Since it is
assumed that the catalytically active species in Pd-catalysed
coupling reactions is a [Pd(PR3)1] complex,[52] a high spatial
density of phosphines groups attached to the polymer is not
desirable, as this would favour chelated and thus higher
coordinated and less active complexes.


For application of these restrictions, monomethyl poly-
ethylene glycol (MeOPEG) appears to be a good choice. The
ether groups are rather unreactive, coordination of the ether
oxygen to the catalytically active Pd0 species is unfavourable
while the �OH is suitable for the attachment of the catalyti-
cally active group. The linear polyether is highly soluble in a
number of polar solvents, but completely insoluble in
alkanes.[43] Furthermore, MeOPEG is available commercially
in various molecular weights ranging from 350 to 5000 Dal-
ton.[53]


A simple polymer-tagged phosphine was synthesised
(Scheme 1) by first reacting 4-iodophenol with Ph2PH under
Pd catalysis.[54] The respective phenol, formed in virtually


Scheme 1. Synthesis of a simple polymer-tagged phosphine.


quantitative yield, is treated with mesylated MeOPEG-OMes
(MeOPEG�CH3(OCH2CH2)nOH, here nmax� 44, 2000 Dal-
ton) to give MeOPEG-O-C6H4PPh2 in 81% yield.[55, 56] We
decided to use the 2000 Dalton polymer because preliminary
1H NMR experiments had shown that this molecular weight is
sufficient to prevent any leaching of the phosphine into n-
heptane.


It should be noted that this phosphine and all other
MeOPEG phosphines synthesised by us display solubility in
water, which should also allow their use in aqueous/organic
solvent systems.[57]


Biphasic Sonogashira reactions of aryl iodides : To validate the
concept of effective catalyst recycling by means of liquid ±
liquid biphasic catalysis, we applied the standard Sonogashira
coupling reaction to a biphasic system. These conditions
include the classic catalyst[58] consisting of [(PPh3)3PdCl2], CuI
and an amine as the base. Initially, we studied the Sonogashira
coupling of 1-hexyne, 1-octyne, PhC�CH and Et3SiC�CH
with aryl iodides (Scheme 2).


The coupling reactions of the aryl iodides were performed
in a ternary solvent mixture of CH3CN/Et3N/n-heptane
(5:2:5; vol) as a biphasic system. The catalyst was prepared
in situ from [(CH3CN)2PdCl2] and two equivalents of the


Scheme 2. The Sonogashira coupling reaction of aryl iodides.
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MeOPEG-linked PPh3 (1). Et3N acts not only as a base, but
also as a solubility mediator for this biphasic system, which
helps to produce complete miscibility of the solvents (i.e.
monophasic conditions) above 80 �C. The biphasic reaction
mixture was heated above the critical mixing temperature[59]


and the reaction was allowed to proceed for the specified
period of time after which it was cooled to room temperature
whereupon phase separation occurred. Each reaction was
repeated five times in the biphasic solvent mixture with a
single batch of catalyst added prior to the first cycle (Fig-
ure 1).


Figure 1. Biphasic catalysis.


Following each reaction the n-heptane solution containing
most of the product (according to the respective partition
coefficient) was separated, the volatiles were removed in
vacuum to isolate the crude product. The evaporated solvents,
mainly n-heptane and some leached Et3N and CH3CN,[60] can
be 100% recycled by adding the mixture to the CH3CN
solution containing the catalyst prior to the next cycle. For
each consecutive cycle one equivalent of the respective aryl
iodide and the respective acetylene were added to the catalyst
in the acetonitrile solution. The main results of the catalytic
reactions are summarised in Table 1.


Initially, perfect miscibility in the ternary solvent system is
possible. However, monophasic conditions are more and
more difficult to achieve after the first cycles as a result of the
formation of HNEt3�I�, which dissolves in acetonitrile leading
to an increase in the polarity of this solvent. This problem,


however, can be solved by adding K2CO3 as a second base to
regenerate Et3N by deprotonation of the ammonium salt.
Excess salt (KHCO3, KI) can be removed by filtration after a
number of cycles.


The overall yields for all coupling reactions after a few
hours are higher than 80% or even 90% after chromato-
graphic purification. This compares favourably to results of a
brief report by Bergbreiter et al. ;[61] Bannwarth and Markert
recently reported on a fluorous biphasic Sonogashira catalysis
of aryl iodides.[62] However, the amount of isolated product
from the n-heptane layer after each cycle (i.e. phase yield) can
be much lower during the first cycles. This is not caused by a
reduced activity of the catalyst during the first cycles.
Independent tests have shown that the yields of product after
the first cycle are consistently higher than 90%.


Instead, depending on the nature of the coupling product,
its distribution coefficient between CH3CN and n-heptane is
not always favourable. The isolated yields of the products
from the n-heptane layer (phase yields) increase after each
cycle sometimes to values larger than 100% (Table 1), once
the polar CH3CN/NEt3 phase is saturated with the product.
The probable explanation is the partial solubility of Et3NH�I�


in CH3CN/NEt3 leading to an increasing polarity of the lower
phase after each cycle. This will result in a decrease of the
product solubility in the polar acetonitrile layer.


Attempted biphasic Sonogashira coupling of aryl bromides
and acetylenes : Encouraged by the positive results with aryl
iodides, the same procedure was tested for the Sonogashira
coupling of aryl bromides, which are commercially more
attractive on account of their lower price, while from a
reactivity point of view they are more challenging substrates.
However, reactions of various aryl bromides with PhCCH in
several biphasic systems (acetonitrile/n-heptane, DMSO/n-
heptane, DMF/n-heptane, propylene carbonate/n-heptane)
gave modest-to-poor yields of the desired coupling product.
Even with extended reaction times of up to 24 h per cycle,
only modest (30 ± 50%) yields with reactive substrates such as
4-bromoacetophenone were isolated. Deactivated substrates,


Table 1. Biphasic Sonogashira coupling of aryl iodides and acetylenes.[a]


Entry Acetylene Time 1 2 3 4 5 Extraction after Overall
[h] [%] [%] [%] [%] [%] last cycle [%] yield [%]


1 4-Me n-C4H9C�CH 3 89 93 93 97 89 19 88
2 4-Me PhC�CH 3 52 83 89 92 94 64 91
3 4-Me Et3SiC�CH 1.5 80 101 99 102 102 16 96
4 4-MeO n-C4H9C�CH 2 82 89 96 99 99 15 85
5 4-MeO PhC�CH 2 32 74 74 109 117 96 83
6 4-MeO Et3SiC�CH 2 73 89 98 108 105 5 86
7 4-Cl n-C4H9C�CH 3 78 90 98 99 100 13 89
8 4-Cl PhC�CH 3.5 46 76 76 96 109 90 91
9 4-Cl Et3SiC�CH 4 81 92 95 104 108 7 95


[a] Conditions: solvents CH3CN/Et3N/n-heptane (5:2:5), 1 mol% [(CH3CN)2PdCl2], 2 mol%MeOPEGOC6H4PPh2 1, 4 mol% CuI. The yields given for the
cycles 1 ± 5 are phase yields of the crude products, which are different from the chemical yields of the respective reaction as they are influenced by the
partition coefficient of the product between the two solvents in the biphasic system. Extraction after the last cycle corresponds to the amount of product
extracted completely with n-heptane from CH3CN after the fifth cycle. The overall yields correspond to the amount of isolated products after
chromatographic purification.
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such as 4-bromotoluene or 4-bromoanisole, gave less than
10% of the coupling product.


At this point, we decided to investigate in more detail the
reason for this failure. There are three probable causes: a) the
attachment of the MeOPEG polymer to the catalyst, b) the
influence of the polar solvent or c) the standard Sonogashira
conditions may not be suitable for such biphasic solvent
systems and need to be re-optimised.


The basic lesson learned from the recent work on Pd-
catalysed coupling reactions is that low-coordinate PdL1


complexes are the most active catalysts.[63] Consequently, it
is clear both the coordinating solvent CH3CN as well as the
less bulky polymer-linked PPh3 are detrimental to high
catalytic activity.


Our next task, therefore, was to synthesise a sterically
demanding and electron-rich phosphine co-catalyst that could
be readily attached to a MeOPEG polymer.


Synthesis of sterically demanding phosphines : Bulky and
electron-rich phosphines, such as PtBu3, are responsible for
excellent activity of the respective Pd complexes in C ±C
coupling reactions.[20±24] The catalyst [(PhCN)2PdCl2]/PtBu3 is
the only one known to allow room-temperature Sonogashira
coupling.[50, 51] Since the phosphine in this catalyst appears to
be unsuitable for the attachment to MeOPEG, we decided to
synthesise various di-(1-adamantyl)phosphines ((1-Ad)2-
phosphines) as Beller et al. showed that (1-Ad)2PBu is an
excellent co-catalyst in Suzuki coupling reactions.[20] (1-
Ad)2PH is readily accessible in quantities �100 g on account
of its facile preparation starting from adamantane and PCl3.[64]


To obtain high activity catalysts for biphasic Sonogashira
coupling, we had to synthesise suitable phosphines that carry
additional functional groups to allow the covalent attachment
to the MeOPEG backbone.


Prior to the synthesis of MeOPEG-tagged (1-Ad)2-phos-
phines, three low molecular weight analogues 2 ± 4, were
prepared to study their catalytic performance in the mono-
phasic Sonogashira reaction (Scheme 3).


Phosphine 2 was prepared from PhLi/CuI and (1-Ad)2PCl,
the latter being readily accessible in quantitative yield from
(1-Ad)2PH and CCl4. The phosphonium salts 3 and 4 were
obtained by reacting the respective alkyl halides with (1-
Ad)2PH in toluene at 100 �C; precipitation from the reaction
mixture gave air-stable, colourless powders in quantitative
yields. It is convenient to store the phosphonium salts rather
than the respective phosphines, since the protonated form is
stable towards oxidation (Scheme 4).


Phosphine 2 and the phosphonium salts 3 and 4 could be
used directly for catalysis as the latter two are deprotonated


Scheme 4. Synthesis of phosphonium salts 3 and 4.


under the basic reaction conditions of Sonogashira coupling.
All three phosphines are easily modified to incorporate
additional functional groups which allow their attachment to a
MeOPEG polymer.


Room-temperature Sonogashira coupling : Next, the perform-
ance of the (1-Ad)2-phosphine-based co-catalysts 2 ± 4 was
tested. (Table 2). The only catalyst which gave virtually
quantitative yields for all coupling reactions tested is
[(PhCN)2PdCl2]/(1-Ad)2PBn. It should be stated at this point
that our catalytic system has the same activity as the one
relying on [(PhCN)2PdCl2]/PtBu3 described recently by Buch-
wald, Fu et al.[50] The next step was to attach the top
performers (1-Ad)2PBn (3) and (1-Ad)2PPh (2) to the
MeOPEG polymer and study the coupling reaction under
biphasic conditions.


Synthesis of sterically demand-
ing and electron-rich phos-
phines covalently linked to
MeOPEG : To synthesise MeO-
PEG-tagged analogues of 2 and
3, phosphines 5 and 6 were
prepared as described for the
respective unsubstituted rela-
tives 2 and 3 (Scheme 5).


Scheme 5. Sterically demanding and electron-rich phosphines 5 and 6 to be
covalently linked to MeOPEG.


Scheme 3. Low molecular weight analogues 2 ± 4 of the MeOPEG-tagged (1-Ad)2-phosphines.


Table 2. Yields of room-temperature Sonogashira reactions of aryl bro-
mides and acetylenes.[a]


R� PR3 R
4-CH3CO[%] H[%] 4-CH3O[%]


Ph 4 92 � 10 � 5
Ph 2 � 95 45 60
Ph 3 � 95 � 95 � 95
n-C6H13 3 � 95 � 95 � 95


[a] Yields given correspond to isolated compounds after chromatographic
purification. Catalyst: 4 mol% PR3, 2 mol% [(PhCN)2PdCl2], 1.5 mol%
CuI.
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To our surprise, a simple Williamson-type etherification of
MeOPEG2000OH with 6 was not successful. On the other
hand, 7 could be readily synthesised from the reaction of
MeOPEG-OH and 1,4-(CH2Br)2C6H4 with NaH as a base to
produce MeOPEG-O-CH2C6H4CH2Br, which upon reaction
with (1-Ad)2PH generates the respective air-stable phospho-
nium salt in almost quantitative yield. The loading of the (1-
Ad)2P group on the polymer is in excess of 90%, as
determined by 1H NMR spectroscopy (Scheme 6).


Scheme 6. Synthesis of 7.


Deprotection of phosphine 5 with CsF and reaction of the
respective phenol with mesylated MeOPEG-OH gave the
corresponding polymer-tagged phosphine 8 with �90%
loading of the phosphine.


Optimising the coupling reaction in solvents suitable for
biphasic catalysis : For liquid ± liquid biphasic catalysis, a
solvent is needed which is immiscible at room temperature
with simple alkanes used as the product phase. Low-polarity
solvents (such as dioxane) are not suitable as a catalyst phase,
moreover, the selection of polar solvents is limited as a typical
polar solvent almost invariably has donor groups which can
block the active palladium complex and thus reduce its
catalytic activity. Consequently, the right choice of solvent is
the key for the success of biphasic catalysis.


For a solvent/base screen of the Sonogashira coupling of
phenylacetylene and 1-octyne with co-catalyst 2, we chose the
deactivated substrate p-bromoanisole with different solvent/
base combinations. This first screen is based on estimated
TLC spot intensity of the reaction mixtures. Furthermore, we
decided to use Na2[PdCl4], which is reasonably soluble in
polar solvents, as a simple palladium source since it is cheaper
than [(PhCN)2PdCl2].


More forcing conditions are required (compared to the use
of dioxane or THF as a solvent), for coupling reactions in
polar and coordinating solvents (Table 3). The screening
clearly shows that DMSO gives the highest yield both with
Na2CO3, K2CO3 and HNiPr2 as bases. A more detailed screen
revealed HNiPr2 to be the best base for Sonogashira coupling
reactions in DMSO.


Biphasic Sonogashira coupling of aryl bromides and acety-
lenes by the use of polymeric phosphines : Next, the Pd
complexes of the MeOPEG-linked phosphines 7 and 8 were
tested under biphasic conditions in DMSO/heptane with
HNiPr2 as a base and Na2[PdCl4] as the Pd source. It
immediately became clear that 7 performed much better than
8, which then was not studied in more detail.


The reaction of several aryl bromides (bromoacetophe-
none, bromobenzene, 4-bromochlorobenzene, 4-bromoani-
sole, 2-bromotoluene) and acetylenes (PhCCH, Me3SiCCH,
1-octyne) was tested under the conditions described in
Table 4. The reaction times depend on the substrate and were
optimised for all reactions, by monitoring the progress of the
reaction by TLC. The time needed for apparent completion of
the reaction (TLC test, absence of starting material) in the
first cycle was doubled and used for all consecutive cycles.
When following this procedure, the yield of the reaction is a
useful criterion for the evaluation of catalyst recyclability. The
fact that during each individual cycle from 1 ± 5 the reaction is
quantitative for the coupling of PhCCH and Me3SiCCH with
most aryl bromides indicates that there is no significant
deactivation of the catalyst. The concentration of the catalyst
can be lowered slightly to 0.5 mol% of Na2[PdCl4] with only a
small reduction in the yield (Table 5).


Further lowering of the catalyst concentration (PR3


0.4 mol%, Na2[PdCl4] 0.2 mol%, CuI 0.17 mol%) in the
reaction of 4-bromoanisole and PhCCH led to a significant
increase in times needed to achieve quantitative yields, which
is considered impractical.


Much to our surprise, the catalyst performance in the
coupling reactions involving 1-hexyne and 1-octyne deterio-
rated rapidly after the first cycle. While initially almost
quantitative yields are produced, the coupling yields in the
2nd to the 5th cycle drop drastically. We also noticed that in
contrast to the other coupling procedures, the reaction
mixture invariably turns black during the first cycle, indicating
formation of insoluble Pd black. Information from the
vendors revealed that 1-hexyne and 1-octyne are contami-
nated with up to 3% of alkyl bromides.[65] We reasoned that
this could be a cause for catalyst deactivation. Consequently,
commercially available alkynes were treated with Et2NH to
remove the alkyl bromides and tested again. Unfortunately,
this treatment did not result in an improvement of the
coupling reaction in the second cycle.


The chemical yield of the coupling reaction is easy to
determine, but it may not be a perfect criterion to evaluate the
recyclability of catalysts according to Gladysz.[66] Therefore,
we probed the yield of the catalytic reaction during several
cycles after fixed periods of time to obtain TOF data. The
reactions of PhCCH with 4-bromoacetophenone, bromoben-


Table 3. Solvent and base screening for Sonogashira coupling.[a, b]


MeCN DMA DMF DMSO PC[c]


Ph C6H13 Ph C6H13 Ph C6H13 Ph C6H13 Ph C6H13


NEt3 � � � � � � � � �� ��
Na2CO3 �� �� � � � � �� �� � �
K2CO3 � �� � � � � �� �� � �
Cs2CO3 � � �� � �� � � � � �
K3PO4 � � � � � � � � � �
NaOAc � � � � � � � � � �
HNiPr2 � �� �� �
[a] Catalyst: (1-Ad)2PBn (4 mol%), Na2[PdCl4] (2 mol%), CuI (1.5 mol%).
[Pd(OAc)2] was used for reactions with NaOAc. [b] Conversions: � � 40%,
� 40 ± 80%, � �80%, � � near quantitative. [c] Propylene carbonate.
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zene and 4-bromoanisole were conducted and GC samples
taken, prior to completion of the reaction.[67] The individual
yields (run, TOF) of the coupling reactions were as follows:
4-bromoanisol for 30 min 84% (run 1, 336 h�1), 80% (run 2,
320 h�1), 73% (run 3, 292 h�1), 65% (run 4 260 h�1), 63%
(run 5, 252 h�1); bromobenzene for 20 min: 75% (run 1,
440 h�1), 72% (run 2, 432 h�1), 65% (run 3, 390 h�1), 56%
(run 4, 336 h�1), 52% (run 5, 312 h�1); 4-bromoacetophenone
for 10 min: 96% (run 1, 1150 h�1), 93% (run 2, 1120 h�1),
85% (run 3, 1020 h�1), 76% (run 4, 912 h�1), 73% (run 5,
880 h�1), 83% (run 6, 1000 h�1). In all three test reactions
there is a small but significant decrease in the chemical yield
over the five cycles probed. It is, however, pleasing to note
that the addition of CuI after the 5th cycle reactivates the
catalysts. In this manner, the catalytic coupling of 4-bromoa-
cetophenone rises to 83% yield (TOF 1000 h�1) in a 6th cycle
(from 73%, TOF 880 h�1 in the 5th run) after having added
the same amount of CuI as used initially. We thus believe the
deactivation of the catalyst to be mainly caused by adventi-
tious oxidation of CuI to CuII.


Comparison of the catalysts–polymeric versus low molecular
weight : As can be seen from the Tables above, the polymeric
catalyst derived from phosphine 7 in DMSO solution is
slightly less efficient than the small molecule catalyst with
phosphine (1-Ad)2PBn (3) in THF solvent. We wanted to find


out the reason for this somewhat lower activity of the
polymeric catalyst in DMSO. To do this, we compared the
performance of Na2[PdCl4]/(1-Ad)2PBn and Na2[PdCl4]/RP-
OCH2C6H4CH2P(1-Ad)2 in DMSO and that of
[(PhCN)2PdCl2]/(1-Ad)2PBn and [(PhCN)2PdCl2]/RP-
OCH2C6H4CH2P(1-Ad)2 in THF. There is no significant
difference between the two catalysts in DMSO, while the
polymeric catalyst is less efficient in THF.


Retention of the catalyst in DMSO : The absence of leaching,
that is the virtually quantitative retention of the catalyst in the
polar solvent solution, is very important for the evaluation of
biphasic catalysis. As evidenced by 1H NMR spectra of the
crude product there seems to be no leaching of MeOPEG-
phosphine from CH3CN or DMSO into the n-heptane layer
during the reactions of the aryl halides. Because of the large
signal associated with the polymer, the detection limit for
phosphine leaching is fairly low and the absence of a signal
shows that retention of the catalyst must be much larger than
99.5%. We also studied catalyst leaching by means of total
reflection X-ray fluorescence (TXRF), which is a very
sensitive technique for metal (here palladium and copper)
detection. The amount of palladium lost into the n-heptane is
extremely small and below the detection limit of the TXRF
method, this means that the retention of the catalyst within


Table 4. Biphasic Sonogashira coupling of aryl bromides with acetylenes.[a]


Entry R Time Run 1 Run 2 Run 3 Run 4 Run 5 Extraction after Overall
[h] [%] [%] [%] [%] [%] last cycle [%] yield [%]


1 4-CH3CO Ph 0.5 36 79 92 109 123 72 94
2 H Ph 0.5 73 99 107 109 108 21 94
3 4-Me Ph 1 90 99 104 103 104 13 96
4 4-Cl Ph 1 87 97 102 105 105 16 94
5 4-MeO Ph 2 48 88 93 100 103 77 94
6 2-Me Ph 3 94 100 103 104 104 10 96
7 H Me3Si 3 80 88 103 100 105 25 92
8 4-Cl Me3Si 3 93 99 101 103 103 9 93
9 4-Me Me3Si 3 94 107 110 100 104 9 94


10 4-CH3CO Me3Si 2 76 93 99 102 103 25 92
11 4-MeO Me3Si 4 92 99 103 105 108 5 93
12 2-Me Me3Si 5 83 87 88 90 90 6 81
13 4-CH3CO n-C6H13 12 95 80 52 36 25 6 57
14 4-Me n-C6H13 12 95 77 47 33 16 6 52
15 4-MeO n-C6H13 12 81 61 31 15 6 0 37


[a] Conditions: catalyst: PR3 (7, 2 mol%), [Na2PdCl4] (1 mol%), CuI (0.7 mol%), DMSO/n-heptane, 60 �C. Reactions involving 1-octyne and 1-hexyne were
conducted at 75 �C. The yields given for the cycles 1 ± 5 are phase yields of the crude products (taking account of the partition coefficient of the product).
Extraction after last cycle corresponds to the amount of product extracted with n-heptane from DMSO after the fifth cycle. The overall yields correspond to
the amount of isolated products after chromatographic purification.


Table 5. Biphasic Sonogashira coupling of aryl bromides with acetylenes (0.5 mol% Pd).[a]


Entry R Time Run 1 Run 2 Run 3 Run 4 Run 5 Extraction after Overall
[h] [%] [%] [%] [%] [%] last cycle [%] yield [%]


1 4-CH3CO PhCCH 1 46 83 96 104 115 45 93
2 H PhCCH 3 82 91 105 104 109 13 91
3 4-MeO PhCCH 4 63 87 97 103 110 56 90


[a] Conditions: catalyst: PR3 (7, 1 mol%), Na2[PdCl4] (0.5 mol%), CuI (0.35 mol%), DMSO/n-heptane, 60 �C. See also the legend to Table 4.
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the DMSO solution must be �99.995%![68] The same applies
to copper leaching.


During each cycle there is, however, a small loss of the polar
solvent DMSO into the n-heptane layer, since a saturated n-
heptane solution contains 1.1% (vol.) of DMSO.[69]


Conclusions


Sterically demanding and electron-rich phosphines were
covalently linked to soluble monomethyl polyethylene glycol
polymer RP (RP�MeOPEG2000). The use of a suitable
palladium source yields highly effective palladium± phos-
phine catalysts for Sonogashira-type coupling reactions with
aryl iodides and bromides, which can be conducted under
biphasic conditions, to allow the efficient recycling of the
polymeric catalyst.


Aryl iodides can be coupled to acetylenes in almost
quantitative yields during several cycles by means of a ternary
biphasic solvent system consisting of MeCN/Et3N/n-heptane
and a simple catalyst derived fromMeOPEG-OC6H4PPh2 and
[(MeCN)2PdCl2]. To use less reactive substrates, a new
catalyst [(PhCN)2PdCl2]/(1-Ad)2PBn was synthesised, which
is able to couple aryl bromides with acetylenes in quantitative
yields at room temperature. A closely related catalyst was
Na2[PdCl4]/RP-OCH2C6H4CH2P(1-Ad)2 tested under biphasic
conditions. By the use of DMSO as a polar catalyst phase and
n-heptane as the product phase, aryl bromides can be coupled
with various acetylenes with 0.5 mol% catalyst at 60 �C in
almost quantitative yields over five catalytic cycles. The
leaching of the catalyst into the n-heptane layer appears to be
negligible because TXRF measurements show the retention
of the catalyst in the DMSO solution to �99.995%. The
stability of the catalyst over several cycles was demonstrated
by the almost quantitative yields of the coupling reaction and
by a nearly constant turnover frequency of the catalyst. The
concept of sterically demanding phosphines as highly active
co-catalysts can be applied to polymer-tagged phosphines.
Comparative experiments have also shown that the MeOPEG
polymer chain has no detrimental effect on catalyst perform-
ance in aryl bromide coupling. The application of the concept
of MeOPEG-supported carbon ± carbon bond-forming cata-
lysts appears to be quite general as biphasic Heck ±Mizoroki
and Suzuki coupling reactions are also possible.[70, 71]


Experimental Section


General : MeOPEG2000OH, aryl halides and acetylenes were used as
received. Solvents were purified by standard procedures.[72] Carbonate and
acetate bases were dried at 80 �C under vacuum. Reactions were performed
under an atmosphere of argon by means of standard Schlenk techniques.


Column chromatography was performed on silica MN60 (63 ± 200 �m), and
thin-layer chromatography (TLC) onMerck plates coated with silica gel60,
F254. Yields of the coupling reactions were determined by 1H NMR
spectroscopy. Gas chromatography was carried out with an Perkin Elmer
Autosystem. NMR spectra were recorded at 293 K with a Bruker AC300
(1H NMR 300 MHz, 13C NMR 75 MHz) or a Bruker 200AC (1H NMR


200 MHz, 31P NMR 81 MHz) spectrometer. 1H NMR were referenced to
residual protonated impurities in the solvent, 13C NMR to the solvent signal
(CDCl3 : �(1H)� 7.24 ppm, �(13C)� 77.0 ppm) and 31P NMR spectra were
referenced to PMe3 (38% in benzene ���62 ppm) as an external
standard. Starting materials were commercially available or prepared
according to literature procedures: (1-Ad)2PH,[64] MetBu2SiO(CH2)4I,[73]


[(PhCN)2PdCl2] and [(CH3CN)2PdCl2].[74]


Screening experiments : To evaluate the yield in the first solvent, base
screening of coupling reactions was carried out by estimating the TLC spot
intensities.


4-BrC6H4OSitBuMe2 : To 4-bromophenol (3.46 g, 20 mmol) in CH2Cl2
(50 mL), were added triethylamine (2.53 g, 25 mmol) and ClSitBuMe2
(3.02 g, 20 mmol) at room temperature with vigorous stirring. The solution
was stirred for 12 h at room temperature and subsequently added to a
separatory funnel containing water (50 mL) and CH2Cl2 (50 mL). The
phases were separated and the organic phase was washed with water (2�
50 mL). After drying and evaporation of the solvent, the oily residue was
purified by chromatography on silica with cyclohexane. Yield 5.63 g (98%)
with spectroscopic data identical to those previously reported.[75]


4-(HO-C6H4)PPh2 (1): This compound was prepared according to a
procedure reported by Stelzer and co-workers with a modified workup.[54]


The crude product, dissolved in cyclohexane/ethyl acetate (4:1), was
filtered over a silica plug to yield 4-(HO-C6H4)PPh2 (1) as a pale yellow
solid in 92% yield (literature value: 67%).


(1-Ad)2PCl : (1-Ad)2PH (12.1 g, 40 mmol), dissolved in dry and degassed
CCl4 (100 mL), was stirred at 50 �C for 16 h. After removal of the solvent
and drying in a vacuum, the pure product was obtained as a colourless
powder with spectroscopic data identical to those reported by Schmutzler
et al.[64] Yield: 13.5 g (100%).


(1-Ad)2PPh (2): CuBr (1.44 g, 10 mmol) was added at room temperature to
the freshly prepared Grignard reagent, made from bromobenzene (1.46 g
10 mmol) and Mg turnings (270 mg, 11.1 mmol) in THF (50 mL). The
mixture was stirred for 20 min to effect a complete transmetallation. After
addition of 2 (3.37 g, 10 mmol) the mixture was heated under reflux for
14 h. The solvent was removed, the dark residue was extracted with hot
cyclohexane and filtered to yield a yellow solution containing the product
as the CuI complex. This solution was extracted repeatedly with 10%
aqueous ammonia (50 mL) until the aqueous phase remained colourless.
After the organic layer (MgSO4) had been dried and the solvent removed,
the crude product was obtained as a sticky yellow solid which was
recrystallised from ethanol to yield (1-Ad)2PPh (3) as a pale yellow powder.
Yield 2.46 g (65%); 1H NMR (CDCl3): �� 7.65 ± 7.45 (m, 2H; ArH), 7.30 ±
7.20 (m, 3H; ArH), 2.10 ± 1.55 (m, 30H; AdamantylH); 13C NMR (CDCl3):
�� 134.5, 130.9, 128.8, 127.3, 42.4, 36.6, 34.8, 28.9; 31P NMR (CDCl3): ��
41.9.


4-(tBuMe2SiO)C6H4P(1-Ad)2 (5): This compound was prepared as descri-
bed for 2 from 4-(tBuMe2SiO)-bromobenzene (2.87 g, 10 mmol) instead of
bromobenzene. Yield 3.21 g (63%); 1H NMR (CDCl3): �� 7.60 ± 7.40 (m,
2H; ArH), 6.77 (d, 2H; 3J� 8.1 Hz, ArH), 2.10 ± 1.50 (m, 30H; Adaman-
tylH), 0.96 (s, 9H; SiC(CH3)3), 0.20 (s, 6H; SiCH3); 13C NMR (CDCl3): ��
15 6.6, 125.8, 119.2, 118.9, 41.7, 37.0, 36.2, 28.9, 25.7, 18.3, �4.3; 31P NMR
(CDCl3):�� 39.4.


General procedure for the synthesis of alkyl-di-(1-adamantyl)phosphoni-
um halides : (1-Ad)2PH (1.21 g, 4 mmol) and the respective alkyl halide
(5 mmol) were dissolved in toluene (20 mL) and stirred at 90 �C. In all
reactions, precipitation of the product started after a few minutes. After
14 h heating of the reaction mixture ended. The product was filtered
through a fritted funnel and washed with toluene (20 mL) and ether (3�
20 mL). After drying in a vacuum the phosphonium salts were obtained as
colourless powders.


(1-Ad)2PBn ¥ HBr (3): Prepared from benzyl bromide (0.86 g, 5 mmol).
Yield: 1.75 g (92%); 1H NMR (CDCl3): �� 7.95 (dt, 1J(P,H)� 478, 3J�
6.0 Hz, 1H; PH), 7.63 (d, 3J� 7.2 Hz, 2H; ArH), 7.40 ± 7.10 (m, 3H; ArH),
3.83 (dd, 2J(P,H)� 13.3, 3J� 6.0 Hz, 2H; ArCH2), 2.40 ± 1.55 ppm (m, 30H;
AdamantylH); 13C NMR (CDCl3): �� 130.7 (d, 2J(P,C)� 7.5 Hz), 130.3 (d,
3J(P,C)� 5.8 Hz), 129.6, 128.2, 38.6, 38.2, 35.6, 27.6, 19.6 ppm (d, 1J(P,C)�
37.2 Hz); 31P NMR (CDCl3): �� 23.6 ppm.


4-BrC6H4CH2P(1-Ad)2 ¥ HBr : Prepared from 4-bromobenzyl bromide
(1.25 g, 5 mmol). Yield: 1.96 g (89%); 1H NMR (CDCl3): �� 8.32 (dt,
1J(P,H)� 480, 3J� 6.1 Hz, 1H; PH), 7.60 (d, 3J� 8.2 Hz, 2H; ArH), 7.48 (d,
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3J� 8.2 Hz, 2H; ArH), 3.75 (dd, 2J(P,H)� 13.1, 3J� 6.1 Hz, 2H; ArCH2),
2.40 ± 1.55 ppm (m, 30H; AdamantylH); 13C NMR (CDCl3): �� 132.7,
132.1 (d, 3J(P,C)� 5.7 Hz), 130.1 (d, 2J(P,C)� 7.6 Hz), 38.7, 38.3, 35.6, 27.6,
19.1 ppm (d, 1J(P,C)� 37.8 Hz); 31P NMR (CDCl3):�� 23.3 ppm.


4-BrCH2C6H4CH2P(1-Ad)2 ¥ HBr (6): Prepared from 1,4-(CH2Br)2C6H4


(1.00 g, 3.79 mmol). Yield: 1.69 g (79%); 1H NMR (CDCl3): �� 8.14 (dt,
1J(P,H)� 478, 3J(H,H)� 5.8 Hz, 1H; PH), 7.6 (d, 3J� 7.8 Hz, 2H; ArH),
7.34 (d, 3J� 7.8 Hz, 2H; ArH), 4.40 (s, 2H; CH2Br), 3.78 (dd, 2J(P,H)� 13.2,
3J(H,H)� 5.8 Hz, 2H), 2.4 ± 1.6 ppm (m, 30H; 1-AdH); 31P NMR (CDCl3):
�� 23.1 ppm.


tBuMe2SiO(CH2)4P(1-Ad)2 ¥ HI (4): Prepared from tBuMe2SiO(CH2)4I
(1.57 g, 5 mmol). Yield: 2.32 g (94%); 1H NMR (CDCl3): �� 7.39 (dt,
1J(P,H)� 464, 3J� 3.6 Hz, 1H; PH), 3.59 (t, 3J� 5.6 Hz, 2H; OCH2), 2.40 ±
1.50 (m, 36H; AdamantylH and CH2CH2CH2P), 0.77 (s, 9H; SiC(CH3)3),
�0.05 ppm (s, 6H; SiCH3); 13C NMR (CDCl3): �� 60.8, 38.7, 38.0, 36.1,
32.9, 27.5, 25.8, 23.3, 18.3, 12.0,�5.7 ppm; 31P NMR (CDCl3): �� 22.7 ppm.


MeOPEG2000OTs (9) and MeOPEG2000OMes (10): A solution of MeOPE-
G2000OH (20 g, 10 mmol), triethylamine (2.02 g 20 mmol) and the respec-
tive sulfonyl chloride (TsCl, 2.86 g 15 mmol or MesCl 1.72 g 15 mmol) in
dry CH2Cl2 (200 mL) were stirred for 10 h at room temperature. The
reaction mixture was added to a separating funnel containing CH2Cl2
(800 mL) and water (100 mL). The organic layer was washed with water
(2� 100 mL), dried over MgSO4 and evaporated to yield a sticky, pale
yellow solid. The solid was stirred with diethyl ether (200 mL) for 2 h,
filtered and washed again with diethyl ether to remove traces of excess
amine and sulfonyl chloride. Drying in a vacuum yielded the desired
products as nearly colourless solids.


MeOPEG2000OTs : Yield 19.6 g (91%): 1H NMR (CDCl3): �� 4.35 ± 4.28
(m, 2H; SO2OCH2), 3.80 ± 3.45 (m, �170 ± 180H; PEGH), 3.32 (s, 3H;
CH3OPEG), 2.35 ppm (s, 3H; CH3Ar).


MeOPEG2000OMes : Yield 17.9 g (86%): 1H NMR (CDCl3): �� 4.35 ± 4.28
(m, 2H; SO2OCH2), 3.80 ± 3.45 (m, �170 ± 180H; PEGH), 3.32 (s, 3H;
CH3OPEG), 3.03 ppm (s, 3H; CH3SO2); 1H NMR spectroscopy showed
almost quantitative coverage of the polymer with OTs or OMes groups.


4-(MeOPEG2000OCH2)C6H4CH2Br (12): To a solution of MeOPEG2000OH
(10 g, 5 mmol) in THF (50 mL) was added NaH (50 wt% suspension in
mineral oil, 960 mg, 20 mmol) and the mixture was stirred for 30 min at
room temperature. Solid 1,4-dibromomethylbenzene (10 g, 37.8 mmol) was
added and the resulting yellow solution was stirred at room temperature for
another 3 h. After filtration over Celite, the solution was concentrated to
20 mL in a vacuum. Diethyl ether (100 mL) was added which yielded a pale
yellow precipitate that was collected by filtration. To remove impurities
(mainly excess 1,4-dibromomethylbenzene), the precipitate was suspended
in ether (100 mL), stirred for 1 h and filtered again. This procedure was
repeated 3 ± 4 times until virtually all impurities had been removed (TLC).
After drying in a vacuum, the desired product was obtained as a pale yellow
powder. Yield 9.7 g (89%). 1H NMR spectroscopy showed almost
quantitative etherification of the terminal OH group (�90%).


4-(MeOPEG2000O)C6H4PPh2 (13): MeOPEG2000OMes (10.4 g 5 mmol) 9,
4-(HO-C6H4)PPh2 (1, 2.09 g 7.5 mmol) and K2CO3 (2.8 g 20.2 mmol) in
CH3CN (100 mL) were heated under reflux for 14 h. The mixture was
cooled to room temperature and filtered over Celite. The solvent was
removed in a vacuum and the brownish residue was dissolved in warm
ethanol (25 mL). The product precipitated upon addition of diethyl ether
(100 mL) and cooling to 4 �C. This precipitate was collected by filtration,
suspended in diethyl ether (100 mL), stirred for 2 h at room temperature
and filtered again to obtain the pure product as a pale yellow powder, which
was dried in a vacuum. Yield: 10.1 g (85%); 1H NMR (CDCl3): �� 7.54 ±
7.25 (brm, 12H; ArH), 6.93 (d, 3J� 7.9 Hz, 2H; ArH), 4.14, (m, 2H; �-
CH2), 3.9 ± 3.4 (m, �170 ± 180H; PEGH), 3.34 ppm (s, 3H; CH3OPEG);
31P NMR (CDCl3): ���6.9 ppm. 1H NMR spectroscopy showed 90 ± 95%
coverage with the phosphine moiety.


[4-(MeOPEG2000O)C6H4PPh2]2PdCl2 (14): 4-(MeOPEG2000O)C6H4PPh2


(12, 2.76 g, 1 mmol) and [(CH3CN)2PdCl2] (130 mg 0.5 mmol) were stirred
in CH2Cl2 (10 mL) for 15 min to yield a yellow solution. The solvent was
removed in a vacuum and the sticky residue was treated with diethyl ether
(25 mL) until a fine yellow powder remained. The diethyl ether was
removed by careful decantation and the product was dried in a vacuum.
Yield: 2.80 g (99%); 31P NMR spectroscopy showed quantitative con-
version; 1H NMR (CDCl3): �� 7.69 ± 7.52 (m, 6H; ArH), 7.40 ± 7.22 (m, 6H;


ArH), 6.86 (d, 3J� 78.4 Hz, 2H; ArH), 4.14, (m, 2H; �-CH2), 3.9 ± 3.4 (m,
�170 ± 180H; PEGH), 3.34 ppm (s, 3H; CH3OPEG); 31P NMR (CDCl3):
�� 34.4 ppm.


4-(MeOPEG2000OCH2)C6H4CH2P(1-Ad)2 ¥ HBr (15): 4-(MeOPeg2000CH2)-
C6H4CH2Br (11, 4.4 g, 2 mmol) and (1-Ad)2PH (1.2 g, 4 mmol) were
dissolved in toluene (50 mL) and heated to 90 �C for 14 h whereupon a
small amount of colourless precipitate was formed. The warm reaction
mixture was filtered over Celite, concentrated to �15 mL in a vacuum and
added to diethyl ether (60 mL) with vigorous stirring. The precipitate was
collected by filtration, washed with diethyl ether and dried in a vacuum.
Yield 4.6 g (92%); 1H NMR (CDCl3): �� 7.55 (d, 3J� 7.6 Hz, 2H; ArH),
7.32 (d, 3J� 7.6 Hz, 2H; ArH), 4.50 (s, 2H; ArCH2O), 3.8 ± 3.4 (br s, 170 ±
180H; PEG), 3.33 (s, 3H; H3COPEG), 2.4 ± 1.6 ppm (m, 30H; AdH); 31P
NMR (CDCl3): �� 23.7 ppm; 1H NMR spectroscopy showed 80 ± 85%
coverage of the polymer with the phosphine.


General procedure for the biphasic Sonogashira coupling of aryl iodides
and acetylenes : To a thoroughly deoxygenated mixture of n-heptane
(10 mL), acetonitrile (10 mL) and Et3N (4 mL), were added 1.5 mmol
of the respective aryl iodide, 1.7 mmol of the respective acetylene,
MeOPEG2000O(C6H4)PPh2 (70 mg, 1 mol%), (MeOPEG2000O-
(C6H4)PPh2)2PdCl2 (140 mg, 2 mol%) (alternatively a mixture of two
equivalents of the phosphine and [(MeCN)2PdCl2] can be used), CuI
(12 mg, 4 mol%) and K2CO3 (210 mg, 1.5 mmol). The mixture was heated
under reflux until the starting materials were consumed (TLC). After
cooling to room temperature the upper layer was separated by means of a
cannula. The solvent was evaporated to yield the crude product. The
reaction vessel was recharged with degassed n-heptane (10 mL), triethyl-
amine (2 mL), K2CO3 (210 mg, 1.5 mmol) and the two substrates and the
next catalytic cycle was started. After the last cycle, the lower phase was
extracted with n-heptane (3� 10 mL) to isolate the remaining product. The
crude products from the different runs were combined and purified by
column chromatography on silica (n-heptane) to yield the respective pure
compounds.


General procedure for the room-temperature Sonogashira coupling of aryl
bromides and acetylenes : HNiPr2 (0.3 mL, 2.1 mmol), [(PhCN)2PdCl2]
(11.5 mg, 2 mol%), CuI (3.8 mg, 1.3 mol%) and the respective phosphine
(4 mol%) were added to THF (2 mL). The mixture was sonicated until all
compounds had dissolved (5 ± 10 min). The respective aryl bromide and
acetylene were added and the mixture was stirred at room temperature.
Precipitation of HNiPr2 ¥HBr occurred after a few minutes. After 12 h, the
reaction mixture was filtered over Celite, evaporated to dryness and
purified by chromatography on silica.


General procedure for the biphasic Sonogashira coupling of aryl bromides
and acetylenes : To thoroughly deoxygenated DMSO (5 mL) were added
1.5 mmol of the respective halide, 1.8 mmol of the acetylene, 4-(MeOPE-
G2000OCH2)C6H4CH2P(1-Ad)2 ¥HBr (75 mg, 2 mol%), Na2[PdCl4] (4.5 mg,
1 mol%), CuI (2 mg, 0.7 mol%) and HNiPr2 (0.5 mL, 3.5 mmol). The
mixture was heated to 60 �C until the starting materials were consumed
(TLC). After the mixture had been allowed to cool to room temperature, n-
heptane (15 mL) was added and the mixture was stirred for 5 min. The
upper layer was removed bymeans of a cannula and evaporated to yield the
crude product. The reaction vessel was recharged with HNiPr2 (0.5 mL,
3.5 mmol) and the two substrates and another reaction cycle was started.
After the last cycle, the DMSO was extracted with n-heptane (3� 10 mL)
to isolate the remaining product. The crude products from the different
runs were combined and purified by column chromatography on silica (n-
heptane or cyclohexane/ethyl acetate 4:1) to yield the respective pure
compounds.


General procedure for the TOF experiments over five cycles : To a mixture
of Na2[PdCl4] (2.2 mg, 0.5 mol%), RP-OCH2C6H4CH2P(1-Ad)2 (7, 45 mg,
1 mol%) and CuI (1.0 mg, 0.4 mol%) in DMSO (3 mL) and HNiPr2
(0.5 mL, 3.6 mmol) held at 60 �C, were added the respective aryl bromide
(1.5 mmol) and PhCCH (220 �L, 2 mmol). The reaction was stirred for
30 min (in the case of 4-bromoacetophenone for 10 min) and a 50 �L
sample was taken. This was added to a 0.043� solution of diethylene glycol
dibutyl ether in acetone (1 mL) and examined by GC. After taking the GC
sample, the reaction was reheated and run to completion, then the whole
procedure was repeated.
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Introduction


Hydrogenolysis of cyclic alkanes has been widely studied on
metal particles, and has given rise to numerous mechanistic
debates over the past thirty years.[1] Most of the mechanisms
involve an ™ensemble∫ of adjacent metal atoms or preferably
two metal centres in the carbon ± carbon bond-cleavage step,
since such types of arrangements are readily found on metallic
surfaces. On the other hand, it is possible to generate
™isolated∫ metal centres directly attached to the support
by covalent metal ± oxygen bonds. This is achieved by surface
organometallic chemistry.[2] For example, the reaction
of an organometallic complex like [Ta(�CHtBu)(CH2tBu)3]


with a partially dehydroxylated silica generates
[(�SiO)xTa(�CHtBu)(CH2tBu)3�x] (x� 1 or 2 or both, de-
pending on the temperature of pretreatment of silica).[3] Upon
treatment under hydrogen at 150 �C, these surface complexes
rearrange into [(�SiO)2Ta�H] (1), and under these conditions
the neopentane evolved undergoes hydrogenolysis to meth-
ane.[4] This new surface complex can readily be considered as
an isolated atom of tantalum in an oxidation state of III
stabilized by two siloxy (surface) and the hydride (external)
ligands.


This hydride of unusual structure, for both molecular and
surface chemistry, exhibits tremendous reactivity towards
alkanes (Scheme 1): a) it readily activates their C�H bonds at
low temperatures (25 ± 80 �C) to give the corresponding
surface alkyl complexes with evolution of molecular hydro-
gen,[4, 5] b) it catalyses H/D exchange in mixtures of deuter-
ated and nondeuterated alkanes including methane,[6] c) it
transforms acyclic alkanes into their lower and higher
homologues under mild conditions (alkane metathesis),[7]


and d) it catalyses the hydrogenolysis of acyclic alkanes into
methane at low temperatures in the presence of H2.[8] In the
latter reaction, it has clearly been shown that the key step for
carbon ± carbon bond cleavage was different from a �-alkyl
transfer, in contrast to supported Group 4 metal hydrides.[9, 10]


In our continuing effort to understand the reactivity of 1 with
alkanes, we investigated the hydrogenolysis of cyclic alkanes,
and the results are disclosed below.
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Hydrogenolysis of Cycloalkanes on a Tantalum Hydride Complex Supported
on Silica and Insight into the Deactivation Pathway by the Combined Use of
1D Solid-State NMR and EXAFS Spectroscopies


Franck Rataboul,[a] Mathieu Chabanas,[a] Aimery de Mallmann,[a] Christophe Cope¬ret,[a]
Jean Thivolle-Cazat,[a] and Jean-Marie Basset*[a]


Abstract: Hydrogenolysis of cyclic al-
kanes is catalysed by [(�SiO)2Ta�H] (1)
at 160 �C and leads to lower alkanes and
cyclic alkanes including cyclopentane.
The turnover number is correlated with
the number of carbon atoms of the cyclic
alkanes, and therefore while cyclohep-
tane is readily transformed, cyclopen-
tane does not give any product (�1%).
The mechanism of ring contraction
probably involves carbene de-insertion
as a key carbon ± carbon bond-cleavage


step. The reluctance of cyclopentane to
undergo hydrogenolysis was further
studied: under the reaction conditions
cyclopentane reacts with 1 to give the
corresponding cyclopentyl derivative
[(�SiO)2Ta�C5H9] (13), which evolves
towards cyclopentadienyl derivative


[(�SiO)2Ta(C5H5)] (14) according to
both solid-state NMR and EXAFS spec-
troscopies. This latter complex is inac-
tive in the hydrogenolysis of alkanes,
and therefore the formation of cyclo-
pentane in the hydrogenolysis of various
cyclic alkanes is probably responsible
for the de-activation of the catalyst by
formation of cyclopentadienyl com-
plexes.


Keywords: alkanes ¥ EXAFS spec-
troscopy ¥ hydrogenolysis ¥ NMR
spectroscopy ¥ tantalum
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Results and Discussion


Hydrogenolysis of cycloalkanes :[11] This reaction was carried
out with various cyclic alkanes under identical conditions: a
mixture of hydrogen (360 equiv), a cycloalkane (14.5 equiv)
and a catalytic amount of 1 (1 equiv) was heated at 160 �C.
Under these conditions, cycloheptane is converted into a
mixture of acyclic alkanes from methane to heptanes and
cyclic alkanes (cyclopentane, cyclohexane, and methylcyclo-
hexane; see Figure 1a and Figure 2). Their proportions are in
agreement with what would be expected based on the
difference in the respective free energies of reaction, which
favour the formation of cyclohexane over that of methylcy-
clohexane and heptane (Table 1). Cyclohexane and methyl-
cyclohexane are also transformed into a mixture of acyclic and
cyclic alkanes (Figure 1b ± d and Figure 2), while cyclopen-
tane gives no product (�1%). The hydrogenolysis of meth-


ylcyclopentane is noteworthy
since it forms a mixture of
acyclic alkanes, cyclopentane
and the ring-expansion product
cyclohexane (for the free en-
ergy of reaction, see Table 1,
entry 7).


In all cases the activity of the
catalyst decreases rapidly, and
after 20 h little or no conversion
is observed, in agreement with
deactivation of 1. The percent-
age conversion varies as a func-
tion of the ring size of the


starting alkane and its substituents as follows: cyclo-
heptane � methylcyclohexane � cyclohexane � methylcyclo-
pentane� cyclopentane.


The formation of smaller cyclic compounds must involve a
carbon ± carbon activation step followed by rearrangement of
the carbon ± carbon bond skeleton by ring expansion or
contraction,[12] while the formation of acyclic alkanes prob-
ably arises from the ring opening of the corresponding cyclic
alkane (vide infra for mechanistic discussion) followed by the
subsequent hydrogenolysis of the open alkane chains.[8] In
some cases, for example, methyl-substituted cycloalkanes
(methylcyclopentane and methylcyclohexane), direct cleav-
age of the pendant methyl substituent is clear from the higher
selectivity in methane compared to other acyclic alkanes
(Figure 1c, d).


We previously described the hydrogenolysis of acyclic
alkanes in the presence of 1 and showed that successive


Scheme 1. Reactivity of [(�SiO)2Ta�H] (1) toward alkanes.


Figure 1. Product distribution (selectivities) after 50 h of reaction. a) cycloheptane, b) cyclohexane, c) methylcyclohexane and d) methylcyclopentane. x axis:
products (C1 �methane, C2 � ethane, C3 � propane, C4 � butanes, C5 � pentanes, cC5 � cyclopentane, C6 � hexanes, cC6 � cyclohexane, McC6 �
methylcyclohexane and C7 � heptanes. y� selectivity for cycloalkane [%].
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Figure 2. Conversion of cycloalkane as a function of time. Cycloheptane
(*). methylcyclohexane (�). cyclohexane (�). methylcyclopentane (�).
cyclopentane (�).


cleavage of one carbon atom at a time was preferred over a
two-carbon cleavage process like a �-alkyl transfer.[8] We have
therefore proposed a mechanism for carbon ± carbon bond
cleavage based on a �-bond metathesis mechanism (vide
supra, Scheme 1), but also pointed out that 1, a d2 transition-
metal complex, could also participate in oxidative pathways
(e.g., direct oxidative addition[13] and �-alkyl transfer (car-
bene de-insertion) processes).[14, 15] In the case of cyclo-
alkanes, more specifically cycloheptane, C�C bond activation
by a �-bond metathesis mechanism would lead to the
formation of 2, which could then undergo a series of intra-
molecular C�C or C�H bond activations by a similar �-bond
metathesis mechanism[16] to form cyclohexane and methyl-
cyclohexane, respectively (Scheme 2, Pathway 1). The forma-
tion of cyclopentane in the hydrogenolysis of cycloheptane
could occur either by subsequent hydrogenolysis of cyclo-


hexane or directly by cleavage of a terminal ethyl group in
place of the methyl group in 2. Direct oxidative addition of
cycloalkane to 1 (Scheme 2, Pathway 2)[13] could also take
place and generate the surface intermediate 3. This process
can also explain the formation of acyclic alkanes, and the
smaller cyclic alkanes would have to be formed via a route
similar to that delineated for a �-bond metathesis mechanism,
but in which the steps would involve successive oxidative
addition and reductive elimination. Note that the formation of
cyclohexane and methylcyclohexane by intramolecular oxi-
dative addition or �-bond metathesis mechanisms in the
intermediate 2 must involve the formation of metallacyclo-
heptane intermediates or the corresponding transition states
(activation of the C�H and C�C bonds in the � position of 2).
The high selectivity for cyclohexane derivatives via these
rather disfavoured pathways probably argues for an alter-
native mechanism.


Additionally, it is known that the activation of C�H bonds
is often faster than that of C�C bonds, despite the lower bond
energies of the latter.[17] In fact the chemistry observed for
silica-supported Group 4 metal hydrides shows exactly this
principle; that is, �-alkyl transfer is the key step for carbon ±
carbon activation (intramolecular process), yet the first step,
which is required for the carbon ± carbon bond activation step,
is in fact an intermolecular C�H bond activation by �-bond
metathesis. The C�H bond activation of cycloheptane on the
surface complex 1 would give 4. In fact this reaction has been
shown to take place, and the corresponding cycloalkyl
tantalum surface species characterised.[4, 5] This surface com-
plex can itself participate in various intramolecular C�C and
C�H bond activations. Firstly, activation of a proton in the �,
� or � position in 4 (also called �- or �-H transfer and �-H
abstraction[18]) generates alkylidene hydride,[19] olefin hydride
or metallacyclobutane[20] (5) intermediates (Scheme 3). While
the first two processes can be involved in H-scrambling
reactions, they do not contribute to carbon ± carbon activa-
tion. On the other hand, the latter generates a metallacyclo-
butane 5, which is a key intermediate for carbon ± carbon
cleavage, for example, in olefin metathesis (Scheme 4, Path-
way 3).[20, 21] The formation of smaller cyclic products can
readily be explained by a combination of rearrangements and
hydrogenolysis of metallacyclobutanes as delineated in
Scheme 4 (6� 7� 8, 7� 9 and 8� 10).


Secondly, the intermediate 4 could also directly undergo
intramolecular activation of a carbon ± carbon bond in the �


or in the � position (Scheme 4, Pathways 4 and 5). Pathway 5
corresponds to an �-alkyl transfer,[14, 15] which gives an
intermediate 11 that can readily transform into either
intermediate 3 upon hydrogen addition or 12 via successive
�-H and �-H transfer steps. While the former pathway (via 3)
could potentially account for the two-carbon ring-contraction
product (cyclopentane) or smaller linear products (pentane)
via a �-alkyl transfer (Scheme 4: 3� 13),[22] it cannot readily
explain the formation of one-carbon ring-contraction prod-
ucts. On the other hand, the conversion of 11 to 6 and/or 12 by
simple hydrogen-transfer processes does allow the formation
of all the products to be explained. Carbon ± carbon activation
in the � position in intermediate 4 (Pathway 4) can be
regarded as a �-alkyl transfer,[23] depending on whether one


Table 1. Thermodynamic data for the hydrogenolysis of cycloalkanes.


Entry Reaction �G450 [kcalmol�1]


1 � 20.0


2 � 8.7


3 � 15.4


4 � 11.6


5 � 11.3


6 � 12.2


7 � 0.6


8 � 6.2


9 � 8.6







Hydrogenolysis of Cycloalkanes 1426±1434


Chem. Eur. J. 2003, 9, No. 6 ¹ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/03/0906-1429 $ 20.00+.50/0 1429


considers that the oxidation
state of the metal centre has
changed or not (metallacyclo-
propane versus �-olefin com-
plex). This pathway gives �-
alkenyl complexes like 12,
which can readily undergo in-
sertion to give 9, either directly
or via 6, and hence leads to the
formation of smaller ring sys-
tems (cyclohexane or methyl-
cyclopentane). Note that most
intermediates (5, 11 and 12)
can readily fall into one or
another carbon ± carbon acti-
vation manifold, since �- and
�-H transfer processes are very
common for Group 5 transition
metals.[19]


In the case of the hydro-
genolysis of Group 4 metal hy-
drides, the ring contraction was
best explained by a �-alkyl
transfer mechanism–like for
acyclic alkanes–and was very
dependent on the alkane ring
size (cycloheptane� cyclohex-
ane (no reaction)).[9b] This was
readily explained by the neces-
sity for the metal ± carbon and
carbon ± carbon bonds to be in
a syn-coplanar arrangement to
undergo a �-alkyl transfer and
thereby carbon ± carbon cleav-
age. In the case of 1, a similar
trend in ring size dependence
was also observed (vide supra),
yet cyclohexane undergoes hy-
drogenolysis, which is not ob-
served with Group 4 metal hy-
drides. This, along with the
formation of one-carbon ring-
contraction products, speaks
for a mechanistic difference
between Group 4 metal hy-
drides and 1. While it is diffi-
cult to point to a specific mech-
anism in this system, it seems
that metallacyclobutane and
carbene intermediates are
more likely than �-bond meta-
thesis or direct oxidative addi-
tion, since they both involve
transition states with seven-
membered rings.


To probe this mechanism the
reaction of cyclohexene with 1
was also investigated. At
150 �C, in the absence of H2,


Scheme 2. �-Bond metathesis versus oxidative addition pathway: intermolecular C�C bond activation.


Scheme 3. Intramolecular C�H bond activation.


Scheme 4. Intramolecular C�C bond activation.
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cyclohexene is mainly transformed into cyclohexane
(2.8 equiv), cyclohexadiene (0.001 equiv) and benzene
(0.6 equiv) in a disproportionation reaction.[24] Moreover
cyclopentane (0.1 equiv), cyclopentadiene (0.02 equiv), tol-
uene (0.01 equiv) and methylcyclohexane (0.01 equiv) are
also observed. Despite their presence in small amounts, their
formation is consistent with ring-opening/ring-closing meta-
thesis pathways in which cyclohexene is transformed into
cyclopentene and methylcyclohexene, which under the reac-
tion conditions are transformed into cyclopentane, cyclo-
pentadiene, methylcyclohexane and toluene (Scheme 5). This
speaks in favour of metallacyclobutane/carbene mechanism,
which is to be related to that found on metallic surfaces, for
which carbene de-insertion was proposed to be a key step in
carbon ± carbon bond cleavage.[1]


Besides these mechanistic intricacies, the lack of reactivity
of cyclopentane towards 1 in the presence of H2 is still
puzzling, and its reactivity towards 1 has been investigated in
more details in the hope of understanding this difference in
reactivity compared to higher cycloalkanes.


Activation of cyclopentane : The activation of cycloalkanes at
low temperatures (�80 �C) has already been studied, and it
was reported that this reaction yielded the corresponding
cycloalkyl complex (4 in the case of cycloheptane) with the
formation of H2 (ca. 1 equiv).[4, 5] Nonetheless, their stability at
higher temperatures, that is, those of hydrogenolysis (160 �C),
has not been investigated. Therefore, the stability of the
cyclopentyl derivative 13 was further studied (Scheme 6), first
by using in situ IR spectroscopy (see Supporting Information).
Reaction of cyclopentane with 1 at room temperature is slow
and is not complete, since a residual band (55%) at 1820 cm�1


associated with Ta�H remains unchanged. At 80 �C this IR
band has disappeared to the extent of 75%. Heating this
species further under static vacuum leads to changes in the IR
bands associated with �(C�H) such as the appearance of


bands above 3000 cm�1 in agreement with the formation of
Csp2�H fragments. To gain further insight, this reaction was
also monitored by solid-state NMR spectroscopy by treating
13C-labelled cyclopentane with 1 at various temperatures. The
solid-state 13C NMR spectrum is indeed consistent with the
formation of 13 as a major surface species, since the signals are
typical of those of cyclopentyl derivatives (Figure 3b).[25] On
the other hand, the 1H NMR spectrum displays a peak at ��
6.3 ppm, in agreement with the formation of small amounts of
unsaturated hydrocarbyl species (Figure 3a). Heating the
putative 13 at 150, 200 or 250 �C for 12 h gives rise to the
evolution of H2 (1 ± 2 equiv/Ta). It also leads to an increase of
the proportion of the signal at �� 6.3 ppm in the solid-state
1H NMR spectrum (Figure 3a, c, e and g). At 250 �C this signal
predominates, and most of the signal at �� 0.8 ppm has


disappeared. At the same time,
the signal at �� 27 ppm in the
13C NMR spectrum has almost
vanished (Figure 3h). These da-
ta are most consistent with the
transformation of 13 into the
cyclopentadienyl derivative
[(�SiO)2TaCp] (14).[26] Elemen-
tal analyses of these surface
complexes gave 5 ± 6 carbon
atoms per Ta center, independ-
ent of the temperature of treat-
ment (�80 �C), which is consis-
tent with the presence of mainly
a C5 compound/Ta. Hydrolysis
gave only a small amount of
CpH (0.01 equiv/Ta; the reac-
tion was probably not quanti-
tative due to the reluctance of
Cp complexes to undergo hy-
drolysis). All the data are in
agreement with the formation
of [(�SiO)2TaCp] (14). More-


over, EXAFS on samples treated at room temperature and at
200 �C confirms the evolution of the surface species from
[(�SiO)2Ta�C5H9] (13), a major species at room temperature,
into [(�SiO)2TaCp] (14) at higher temperatures. EXAFS on
the sample prepared at room temperature is most consistent
with about two oxygen neighbours located at 1.91 ä along
with one carbon atom per Ta center at 2.03 ä[27, 28] (Figure 4).
For the sample treated at higher temperatures (e.g., 200 �C),
EXAFS is consistent with a tantalum atom surrounded by an
average of 4.6 neighbouring carbon atoms at 2.42 ä (Cp)
along with about two oxygen atoms at 1.94 ä (Figure 5).[27]


These data are again fully consistent with 1) the formation of
13 from the activation of cyclopentane on 1, and 2) its
evolution towards cyclopentadienyl derivative 14 at higher
temperatures. The NMR data also show that the proportion of
Cp derivatives increases with the reaction temperature, which
would speak for tantalum sites with different reactivities.


The formation of cyclopentandienyl surface complexes
from cyclopentyl derivatives leads to the presence of less
electrophilic surface complexes (12- versus 8-electron com-
plexes if oxygen atoms are considered to be pure �-donor


Scheme 5. Proposed pathway for the reaction of cyclohexene with 1.


Scheme 6. Intramolecular dehydrogenation of a cyclopentyl ligand to give a Cp ligand.
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Figure 3. Solid-state NMR spectrum of 1 after reaction with 13C-labelled cyclopentane at various temperatures. 25 �C: a) 1H MAS NMR (lb� 1 Hz); b) 13C
CP/MAS NMR (lb� 50 Hz). 150 �C: c) 1H MAS NMR (lb� 1 Hz); d) 13C CP/MAS NMR (lb� 50 Hz). 200 �C: e) 1H MAS NMR (lb� 1 Hz); f) 13C CP/MAS
NMR (lb� 50 Hz). 250 �C: g) 1H MAS NMR (lb� 1 Hz); h) 13C CP/MAS NMR (lb� 50 Hz). *� (SiOH); �� (SiH).


Figure 4. EXAFS of 1 after reaction with cyclopentane at 25 �C. Experimental (�), simulated (––). ya �k3�(k). yb ��F(R) � . ��5.6%, dTa�O�0.1909 nm
(NO �1.9���0.057), dTa�C�0.2028 nm (NC �1.0���0.058), dTa�Si�0.330 nm (NSi �2.0���0.144).
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ligands). In fact these species do not catalyse the hydro-
genolysis of acyclic alkanes. Since cycloalkanes generate
cyclopentane during their hydrogenolysis, it is therefore
possible that the corresponding cyclopentyl derivatives
formed will be transformed into cyclopentadienyl surface
complexes, which are inactive. Thus, the hydrogenolysis of
cyclic alkanes generates its own poison (cyclopentane), which
explains the fast deactivation and the low conversion in these
cases, in contrast to what has been observed for acyclic
alkanes.[8] Solid-state 1H NMR spectra of a catalyst after its
use in the hydrogenolysis of cyclohexane at 160 �C do indeed
display similar spectral feature (i.e. , typical signals at �� 6 ±
7 ppm of the cyclopentadienyl tantalum species, see Support-
ing Information) as that of 1 treated with cyclopentane under
the same conditions, even in the presence of H2, which further
confirms that the active sites have been transformed into
inactive cyclopentadienyl derivatives, formation of which
corresponds to the deactivation pathway.


Conclusion


We have shown that cycloalkanes undergo hydrogenolysis
under mild conditions, albeit with low turnovers; the activities
are much lower than those obtained with acyclic alkanes. A
key feature is the ring contraction of cycloalkanes under
hydrogenolysis conditions, which probably occurs via carbene
intermediates (carbene de-insertion/metallacyclobutane).
The order of reactivity of cycloalkanes is as follows: cyclo-
heptane�methylcyclohexane� cyclohexane�
methylcyclopentane� cyclopentane. Cyclopentane does not
undergo hydrogenolysis, while it readily reacts with 1 to give a
cyclopentyl surface complex as a major surface species. This
cyclopentyl derivative evolves upon heating towards the
cyclopentadienyl derivative 15, which is inactive in the
hydrogenolysis of cyclic or acyclic alkanes. This species has
been characterized by the combined use of chemical analysis,
1D NMR and EXAFS spectroscopies. Since cyclopentane is
formed in the hydrogenolysis of higher cycloalkanes, cyclo-
pentane is transformed into cyclopentadienyl species (which
are inactive in the hydrogenolysis of alkanes) and the
hydrogenolysis of cycloalkanes on 1 provides an aged catalyst
with similar spectroscopic features to that of the model


cyclopentadienyl surface com-
plex 14, we propose that the
deactivation observed in the
hydrogenolysis of all cycloal-
kanes is most consistent with
the formation of cyclopenta-
dienyl derivatives as inactive
species under hydrogenolysis
conditions.


Experimental Section


Preparation of 1 was carried out
according to the literature proce-
dure.[4] Gaseous alkanes and H2 were


dried over freshly regenerated molecular sieves (3 ä) and deoxo traps
before addition. Liquid alkanes were dried on sodium and degassed. All
reactions were carried out with the same batch of catalyst in the strict
absence of oxygen and water.


Solid-state NMR spectroscopy : 1D MAS 1H and 13C CP/MAS solid-state
NMR spectra were recorded on a Bruker DSX-300 spectrometer operating
at 300 and 75 MHz for 1H and 13C, respectively. The samples were
introduced under Ar in a zirconia rotor, which was then tightly closed. In all
experiments, the rotation frequency was set to 10 kHz. Chemical shifts are
given with respect to TMS as an external standard, with a precision of 0.2 ±
0.3 and 1 ppm for 1H and 13C NMR, respectively. For CP/MAS 13C NMR,
the following sequence was used: 90� pulse on the protons (impulsion
length 3.8 �s), then a cross-polarization step with a contact time typically
set to 5 or 10 ms and finally recording of the 13C signal under high-power
proton decoupling. The delay between each scan was set to 1 s. For 1H and
CP/MAS 13C NMR spectra, apodisation functions (exponential) corre-
sponding to line broadenings (lb) of 1 and 50 Hz were applied, respectively.


EXAFS spectroscopy: X-ray absorption spectra were recorded at LURE
(Orsay, France) on the DCI storage ring (1.85 GeV positrons, with an
average current of ca. 300 mA). They were collected in the transmission
mode at the tantalum LIII edge, from 9700 to 11000 eV. EXAFS analysis was
performed with software written by Michalowicz.[29] The background
absorption 	0 was calculated by using a theoretical expression developed by
Lengeler and Eisenberger,[30] and the single atomic absorption of the
absorber 	1 was interpolated by a sixth-degree polynomial. The pseudor-
adial distribution �F(R) � was obtained by Fourier transformation of the
weighted �(k)k3�(k) spectrum, where k is the intensity of the photo-
electron wave vector, �(k)� [(	� 	1)/(	1 �	0)] is the oscillatory part of the
absorption coefficient normalised to the structureless (atomic-like) back-
ground (	1 � 	0) and �(k) is a window using a Kaiser function defined
between 2.5 and 12.5ä�1. The best removal of low-frequency noise was
checked by this Fourier transformation. Fits were carried out by using
FEFF 7 theoretical phase and amplitude files.[31] The structural parameters
which were fitted are the number of neighbours around the tantalum atom
N, the tantalum ± neighbour distance R and the Debye ± Waller factor �,
accounting for both thermal and structural disorders. The fit residue � is
calculated by Equation (1), where �exptl(k) and �cald(k) designate respec-
tively the experimental and simulated oscillatory parts of the absorption
coefficient.


��


�


k


	k3�exptl
k� � k3�calcd
k��2
�


k


	k3�exptl
k��2
(1)


Hydrogenolysis of cycloalkanes : The catalyst 1 (135 mg, 31.7� 10�6 mol of
Ta, 1 equiv) was weighed and loaded into a Pyrex batch reactor (440 mL) in
a glove box. After evacuation of the reactor, the cycloalkane (19 Torr,
14.5 equiv) followed by H2 (470 Torr, 360 equiv) were introduced, and the
reaction mixture was heated with an oil bath at 160 1 �C. During the
reaction, aliquots were expanded in a small volume, brought to atmos-
pheric pressure and analysed by gas chromatography to follow the
evolution of lighter compounds quantitatively (methane to butanes) and


Figure 5. EXAFS of 1 after reaction with cyclopentane at 200 �C. Experimental (�), simulated (––). ya� k3�(k).
yb ��F(R) � . �� 4.7%, dTa�O � 0.1941 nm (NO� 2.4� �� 0.072), dTa�C� 0.2416 nm (NC


� 4.6��� 0.089), dTa�Si � 0.334 nm (NSi � 2.0��� 0.173).







Hydrogenolysis of Cycloalkanes 1426±1434


Chem. Eur. J. 2003, 9, No. 6 ¹ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/03/0906-1433 $ 20.00+.50/0 1433


heavier compounds only qualitatively (HP 5890 apparatus, Al2O3/KCl on
fused silica column, 50 m� 0.32 mm). At the end of the reaction, 2 mL of a
1� solution of internal standard (2,2-dimethylpentane) in octane was added
to the reaction mixture, and the composition of heavier compounds
(�butanes) was determined by GC analysis (mass balance was found to be
100, 92, 87 and 81% for cycloheptane, methylcyclohexane, cyclohexane and
methylcyclopentane, respectively). All the compounds were identified by
GC/MS. Selectivities Si were calculated as the amount of product i divided
by the sum of the amounts of products.


Activation at room temperature : The surface complex 1 (68 mg, 18.8�
10�6 mol of Ta, 1 equiv) was loaded into a glove box in a Pyrex reactor and
then contacted at room temperature with cyclopentane vapour. After 3 h
the reactor was evacuated at this temperature for 60 min, and the solid was
loaded into an NMR rotor in a glove box.


Activation of cyclopentane at other temperatures : The same procedure as
described above was performed, but after addition of cyclopentane at room
temperature the reactor was heated at the desired temperature for 12 h,
evacuated at 150 �C under vacuum for 10 min, and the solid loaded into the
NMR rotor for NMR analysis.


Reaction of cyclohexene with 1: The surface complex 1 (68 mg, 18.8�
10�6 mol of Ta, 1 equiv) was loaded into a glove box in a Pyrex reactor and
then contacted at room temperature with cyclohexene vapor (20 equiv).
After 12 h an aliquot was expanded in a small volume, brought to
atmospheric pressure and analyzed by GC and GC/MS.
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Total Synthesis of Mannosyl Tryptophan and Its Derivatives


Shino Manabe, Yoshihiko Marui, and Yukishige Ito*[a]


Abstract: Glycosylation is one of the
most important post- or co-translational
modifications of proteins, which affects
the biological activities of the parent
proteins by influencing the higher-order
structure. Recently, a highly novel var-
iant of glycoproteins that incorporate a
C-glycosylated amino acid was identi-
fied in various proteins. The total syn-
thesis of one such C-glycosyl amino acid,
namely, C2-�-�-C-mannosylpyranosyl-
�-tryptophan and related peptides were


successfully achieved. The mannose and
tryptophan moieties were connected via
ring opening of benzyl-protected 1,2-
anhydro-mannose by a lithiated indole
derivative. After the functional group
conversion and deprotection steps, the
glyco-amino acid was synthesized in a


concise and stereoselective manner, in
high overall yields. The stereoisomer,
C2-�-�-C-glycosylpyranosyl-�-tryptophan
was synthesized in a similar way. Fur-
thermore, it was revealed that the inter-
mediate azido acid can serve as a useful
building block for peptide elongation. A
synthetic route for the peptide bond
formation of a glycopeptide, without
protection of the hydroxyl groups, using
the triazine salt derivative as a coupling
reagent is also reported.


Keywords: C-glycosides ¥ carbo-
hydrates ¥ glycopeptides ¥ total
synthesis


Introduction


Post- or co-translational modifications of proteins, such as
phosphorylation, ubiquitination, and disulfide bond forma-
tion, are involved in many important biological events.[1] One
of the most common and widespread post-translational
modifications of proteins is glycosylation.[2] The carbohydrate
moiety of glycoproteins have been known to exert influence
upon the properties of the parent proteins in various ways,
such as enhancing their thermal stability, protecting against
proteolysis, influencing the protein conformation, and mod-
ifying the physiochemical properties, which include solubility,
electrical charge, mass, and viscosity of the solution. Charac-
teristic carbohydrate entities, which are present in cell
adhesion molecules, tumor-associated antigens, viral or bac-
terial invasion targets, and blood group determinants, are
most typically involved in the binding process of molecular
recognition systems in the form of glycoproteins.
Although other linkages have been reported,[3] in most


cases, protein glycosylation can be classified into two major
groups: i) O-glycosylation, where an N-acetylgalactosamine
residue is covalently attached to the hydroxyl group of either
serine or threonine of the protein, and ii) N-glycosylation,
where a glycan chain is linked via a glycosylamido linkage to


an asparagine side chain. The latter is further classified into
subtypes as high mannose-type, complex-type, and hybrid-
type. However, in 1994, a novel structural class of glycopro-
teins (Figure 1) was identified in human RNase Us, where a
mannose residue is connected to tryptophan via a C-glycosidic
linkage.[4] The primary structure of glycosylated peptide 2 was
determined by Edman degradation, and by mass and NMR
spectroscopy. Subsequent studies have revealed that C-man-
nosylation involves the attachment of a mannose residue to
the indole moiety of Trp-Xaa-Xaa-Trp (Xaa is any amino
acid; glycosylated tryptophan is italicized) as a consensus
recognition site.[5] The activated donor, dolichyl-phosphate
mannose, is the precursor in the biosynthetic pathway; the
necessary C-mannosyltransferase activity is found in most
mammalian organism.[6] Although the function of C-glycosy-
lated tryptophan remains unclear, additional examples of
C-mannosylated proteins are continually discovered from
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Figure 1. Structures of mannosylated tryptophan 1 and related peptides 2
and 3.
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several sources, including recombinant human IL-12 ex-
pressed in Chinese hamster ovary cells, thrombospondin
type 1 repeat, and terminal components of complement (C6,
C7, C8 and C9).[7±9] Most strikingly, properdin, a positive
regulator of complement, contains 20 tryptophan residues, in
which as many as 17 are mannosylated.[10] Moreover, man-
nnosyl-tryptophan 1 was found, not only in higher vertebra,
but also in marine ascidians.[11]


Rapidly growing interest to understand the molecular
mechanisms of biological events involving glycoproteins has
resulted in intense attention to protein glycosylation in the
last decade. Since glycosylated proteins are not readily
available in a homogenous form by gene technological
methods, chemical syntheses of precisely defined model
glycopeptides are especially important as a valuable tool.[12]


We have recently succeeded in the first total synthesis of
C-mannosyl tryptophan in a concise stereocontrolled man-
ner.[13] Isobe et al. have also reported on the synthesis of
C-mannosyl-tryptophan 1 through their alkyne C-glycosyla-
tion method and indole construction by use of palladium
chemistry.[14] Furthermore, an alternate synthesis of 1 was
carried out through the nucleophilic addition of metallo-
indole derivatives to a lactone that was derived from
mannose.[15] Herein, we describe the novel synthesis of
C-mannosyl-tryptophan 1, its related peptides 2 and 3, and
C-glucosyl-tryptophan, which is a stereoisomer of 1.


Results and Discussion


Strategy 1–Epoxide ring opening and aziridine for the amino
acid precursor : Important points for the successful synthesis
of 1 are: i) construction of a C�C bond between the 2-position
of the indole ring of tryptophan and the anomeric carbon of
mannose, and ii) installation of the asymmetric carbon of
amino acid (Scheme 1). Although there are several well-
established methods for the synthesis of C-glycosides,[16] our
plan was to directly incorporate the indole ring at the
anomeric carbon of mannose. N-Arylsulfonated indoles 6
(see Table 1) have been known to be amenable to direct
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Scheme 1. Synthetic strategies for 1. PG� protecting group.


metallation at the 2-position. Subsequent quenching with an
electrophile provides an easy access to 2-substituted indole
derivatives.[17] We expected that the coupling between C-2
lithiated indole derivatives and 1,2-anhydro-mannose[18] 4
would result in the direct incorporation of the C-1 linked
mannose onto the 2-position of indole. Furthermore, because
epoxide ring openings by organometallic reagents are known
to proceed via an SN2 pathway, the product was expected have
�-configuration. In fact, some studies have demonstrated that
nucleophilic attacks on 1,2-anhydro-�-�-mannopyranoses by
organometallic reagents gave �-C-glycosides.[19]


Initially, lithionated 6 a was tested as a model substrate
(Table 1). Contrary to our expectation, the reaction resulted


in a mixture of two compounds, which were difficult to
separate by silica gel column chromatography. However, after
removal of the benzyl group and subsequent acetylation
(Scheme 2), compounds 9 and 10were readily separated using
silica gel column chromatography. Compound 9, which was
derived from 7 a, was confirmed as the �-linked product with
1C4 conformation of the mannopyranoside ring; conversely,
8 a corresponded to 10, which was assigned as the �-isomer
with 4C1 conformation (Figure 2). The stereochemistry at the
anomeric carbon and conformation analyses were based on
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Scheme 2. i) H2, 20% Pd(OH)2/C; ii) Ac2O, pyridine, 9 (50%), 10 (45%).
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Table 1. Sterochemistry of the reactions between epoxide 4 and lithiated
indole 6.
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Entry 6 R1 R2 Yield [%] Products � :�


1 a H SO2Ph 39 7a/8 a 69:31
2 b H Boc 49 7b/8b 34:66
3 c CH3 SO2Ph 39 7c/8 c 87:13
4 d CH3 Boc 56 7d/8d 17:83
5 e CH2CH3 SO2Ph 38 7e/8 e � 95:5
6 f CH2OTBS SO2Ph 50 7 f/8 f � 95:5
7 g CH2OTBS Boc 17 7g/8 g 77:23
8 h CH2CH2OTBS SO2Ph 50 7h/8h � 95:5
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Figure 2. Conformation analyses of 9 and 10 using 1H NMR spectroscopy.


1H NMR studies (coupling constants between H-1 and H-2 of
9 and 10 were 4.8 Hz and �0 Hz, respectively; NOE between
H-1 and H-5 was observed only for 10).
Using NMR studies, Vliegenthardt et al. has also reported


that the mannnopyranosyl ring of glycopeptide 2 adopted 1C4
conformation.[3c, 4a] This unusual conformation can be attrib-
uted to two reasons: i) the absence of the anomeric effect in
C-glycosides, which is a dominant stereoelectronic factor in
O-glycosides, and 2) the bulkiness of the indole moiety, which
prefers the equatorial conformation. Accordingly, following
the removal of the sulfonamide moiety using basic conditions,
the conformation of compound 11 flipped back to the 4C1
conformation (3J1,2 �0 Hz) due to the reduced steric hin-
drance of the indole ring (Scheme 3).
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Scheme 3. i) 10% NaOH, EtOH, reflux overnight (84%).


Further systematic investigations have revealed that the
stereoselectivity of epoxide opening is strongly dependent on
the nature of the substituents on the nitrogen, as well as the
3-position of the indole ring. Representative results are shown
in Table 1.[20] When sulfonamide was used as a nitrogen
protecting group and the substituent at the 3-position of
indole was larger than methyl, the reactions were highly
stereoselective, in favor of the � products (Table 1, entries 1, 3,
5, 6, and 8). On the other hand, when Boc was used as a
protecting group for the amine groups, the � product was
obtained as a major product (Table 1, entries 2, 4, and 7). In
the presence of weaker Lewis acids, such as ZnCl2, MgBr2, or
absence of Lewis acids, the reaction did not proceed, and the
unreacted epoxide was recovered.
From these results, this epoxide ring opening appears to


proceed through a mixed SN1/SN2 mechanism (Scheme 4).
The significant lack of stereospecificity can be explained as
the Lewis acid pre-activating epoxide 4 into oxocarbenium-
type intermediate 13, which is subsequently captured by an
electrophile in a non-stereospecific manner. However, at this
time, we were unable to rationalize the substituent effects on
stereoselectivity.
In attempt to complete the synthesis of 1, we undertook the


seemingly straightforward reaction between aziridine 5[21] and
indole 14 to introduce the asymmetric center of amino acid
(Scheme 5). However, in the presence of BF3 ¥OEt2,[22] the


Scheme 4. Mechanisms to explain the stereochemistry of the reaction
between 1,2-anhydromannose and lithiated indole derivatives.


reaction did not proceed at all, and unreacted 14 was
recovered. Although the use of Sc(OTf)3 as an efficient
catalyst for this type of reaction was recently reported by
Bennani,[23] our yields were extremely low when applied to
substrate 14 (Scheme 5).[24]
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Scheme 5. i) BnBr, Bu4NI, NaH, DMF, RT, overnight (87%); ii) 10%
NaOH aq, EtOH, reflux, overnight (80%).


Strategy 2–Chiral glycine enolate : Since the formation of the
C�C bond between mannose and tryptophan was successful
with 6 f, we turned our attention to the synthesis of the amino
acid through one-carbon homologation. Since various chiral
glycine enolates have been developed,[25] our strategy in-
volved the reaction between enolates 16 ± 19[26±29] and bromide
15, as illustrated in Scheme 6. Following the protection of the
2-hydroxy group as a benzyl ether, the TBS group was
removed under acidic conditions, and the resulting alcohol
was converted to compound 15 using NBS/PPh3 (Scheme 6).
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Scheme 6. i) BnBr, Bu4NI, NaH, DMF, RT, overnight (85%); ii) TsOH ¥
H2O, MeOH, RT, 5 h (90%); iii) NBS, PPh3, CH2CH2, quant.
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However, all four chiral glycine enolates 16 ± 19 did not result
in the desired products, presumably because of the steric
hindrance of substrate 15.


Strategy 3–Pre-introduction of the amino acid moiety : Since
following the indole-mannose coupling with the introduction
of the amino acid moiety proved to be highly challenging, our
third approach involved a coupling reaction between man-
nose and a fully constructed and masked tryptophan, that is,
6 i (Scheme 7) and 6 j (Scheme 8). In the case of 6 i, cyclic
2,6,7-trioxabicyclo[2.2.2]octane orthoester[30] was employed
as the protecting group for the carboxylic acid because of its
stability under strongly basic conditions, such as BuLi, and
facile deprotection under mild Brˆnsted acidic conditions.
Following the procedures of Corey,[31] orthoester 6 i was
prepared from 3-methyl-3-oxetanmethanol ester 21, however
the yield was moderate because of the acid sensitivity of the
indole. Subsequently, the azide, which is stable under strongly
basic conditions, was chosen as the latent amino group. After
deprotection of the benzyloxycarbonyl group under catalytic
hydrogenation conditions, the amino group was transformed
to the azide through a diazo transfer, using TfN3, with
retention of configuration of the chiral carbon (Scheme 7).[32]


Alternately, in the case of compound 6 j, the amino and the


acid groups were protected as the bis-lactim ether ring. As
shown in Scheme 8, compound 6 j was prepared from
sulfonamide-protected indolyl bromide 22 and Schˆllkopf×s
chiral bis-lactim ether[26] 16. Although the coupling between
protected tryptophan derivatives 6 i and 6 j and mannose
epoxide 4 afforded the desired properly functionalized
precursors of the target molecule, the yields and stereo-
selectivities were unsatisfactory.


The total synthesis of mannosyl tryptophan : The successful
strategy involved indole derivative 6 k as a latent tryptophan
moiety, in which the bulky acyclic substituent at the 3-position
of the indole ring and sulfonamide as the protection group of
the indole nitrogen would enhance �-selectivity. As shown in
Scheme 9, the straightforward synthesis of 6 k from commer-
cially available �-tryptophanol 23 resulted in high yields.
After the amino group was converted to an azide using TfN3,


N
SO2Ph


Br


N


N OMe


MeO N N


N OMe


MeO


O


BnO


OBn


OBn
OH


N


PhO2S


O
BnO


BnO
BnO


N
SO2Ph


OH


N


N


N
N


OMe


OMe


OMeMeO


SO2Ph
22 16


6j


+
i)


4


ii) +


7j
8j


Scheme 8. i) BuLi, THF, �78 �C (78%); ii) BuLi, BF3 ¥OEt2, THF,
�78 �C, 7j (10%) and 8j (8%).


the hydroxyl group was protected as tert-butyldimethylsilyl
(TBS) ether. The indole ring was protected as the benzene-
sulfomamide using benzenesulfonyl choloride and BuLi to
give 6 k in 61% yield (from 23). Subsequent coupling with 1,2-
anhydro-mannose 4 proceeded with high selectivity (95:5)
and satisfactory efficiency (63% yield) to afford 7 k, along
with a small amount of stereoisomer 8 k. Benzylation and


subsequent removal of the TBS
ether under acidic conditions
afforded 24 in 91% yield. With
expectations that the strong
electron withdrawing nature of
the sulfonamide group would
protect the indole group from
oxidation, attempts to directly
oxidize alcohol 24 to carboxylic
acid 25 were carried out using
typical oxidizing reagents. How-
ever, under various oxidizing
conditions that included Jones
reagent, PCC, RuCl3, and Fet-
izon reagent,[33] compound 24
either decomposed or was al-
most inert. Likewise, partial ox-
idation to the aldehyde using


IBX,[34] Dess ±Martin reagent,[35] TPAP,[36] or ADD[37] was
unsuccessful. As a note, the aldehyde was obtained in a small-
scale using a combination of DMSO/DCC,[38] and can be
subsequently oxidized using sodium hypochlorite[39] to the
carboxylic acid; unfortunately, the transformation was diffi-
cult to reproduce, especially on a larger scale. In the end, a
combination of TEMPO and iodosobenzene diacetate[40] was
found to afford carboxylic acid 25 directly from 24 in excellent
yields.
We have previously described the final deprotection step in


the synthesis of 1 as an indirect route by way of Boc-protected
intermediate 27.[13b] However, a two-step deprotection via 26
was accomplished with concurrent reduction of the azido
group. Final purification was performed using reverse-phase
silica gel column chromatography (H2O/MeOH 4:1) or size-
exclusion column chromatography (Bio-Gel P-2 gel, extra
fine, H2O/MeOH 9:1). 1H NMR data of synthetically derived
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Scheme 9. i) TfN3, DMAP, CH3CN, RT, overnight, then TBSCl, imidazole,
DMF, RT, overnight (82%, two steps); ii) PhSO2Cl, BuLi, THF, �78 �C�
RT, overnight (75%); iii) BuLi, BF3 ¥OEt2, THF (63%), 7 k/8k 95:5;
iv) BnBr, Bu4NI, NaH, THF, 0 �C�RT, overnight (92%); v) TsOH ¥H2O,
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(68%); viii) H2, 20% Pd(OH)2/C, EtOH, dioxane, H2O (67%).


1 (in D2O; 3J1,2� 8.1 Hz) clearly showed that the mannose ring
generally adopts the 1C4 conformation, with the tryptophan
moiety in the equatorial position; the NMR data is in good
agreement with those reported for mannosyl-tryptophan
containing peptides.[4b]


Peptide elongation : With attainment of homogeneous syn-
thetic 1, we consequently undertook the synthesis of hex-
apeptide 2, which corresponds to residues 5 ± 10 of human
RNase Us. As shown in Scheme 10, intermediate 26 was
proposed as the building block for C-mannosyl tryptophan.
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Scheme 10. i) PMe3, THF, H2O, Fmoc-Thr-OH, EDC ¥HCl, HOBt,
CH2Cl2; ii) piperidine, DMF; iii) Boc-Phe-OH, EDC ¥HCl, HOBt, CH2Cl2
(76%) (three steps).


Azido acids, which do not form oxazolones, can be used for
peptide synthesis without likelihood of racemization.[41] The
peptide bond formation between azido acid 26 and tripeptide
28 was performed using the tetramethylfluoroformidium
hexafluorophosphate (TFFH) mediated in situ acid fluoride
formation protocol to provide tetrapeptide 29 in 90% yield
(Table 2, entry 2),[42] which did not exhibit any epimerization,
within the detection limits of 500 MHz 1H NMR spectros-
copy. Bromo-tris-pyrrolidino-phosphonium hexafluoroborate
(PyBrop)[43] was equally effective (Table 2, entry 3), whereas a
combination of carbodiimide/HOBt was less satisfactory
(Table 2, entry 1).


After selective reduction of the azido group using PMe3,
subsequent coupling reactions with Fmoc-Thr(tBu)-OH and
Boc-Phe-OH were successfully carried out to afford 30 in
good yields. However, under strongly acidic conditions,
deprotection of protected hexapeptide 30 proved to be
somewhat troublesome. Treatment of 30 with trifluorometha-
nesulfonic acid/trifluoroacetic acid/dimethyl sulfide or trime-
thylsilyltrifluoromethanesulfonate/dimethylsulfide,[44] or HF[45]


resulted in the decomposition of the mannosyl tryptophan
moiety, as evidenced by the complete disappearance of the
characteristic 1H NMR signal from the anomeric proton (�
5.2). Thus, in order to avoid acidic deprotection conditions, the
protection/deprotection strategy of the peptide was modified
by employing benzyl groups to protect the C- and N-termini
(Scheme 11). The final deprotection of compound 33 was
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(84%); iii) piperidine, DMF, Z-Phe-OH, EDC ¥HCl, HOBt, CH2Cl2
(72%); iv) H2, 20% Pd(OH)2/C, MeOH, H2O, THF, AcOH (57%).
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Table 2. The peptide bond formation under various conditions.
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performed under mild catalytic
hydrogenation conditions using
Pd(OH)2/C to yield product 2,
which was purified by gel filtra-
tion column chromatography
(Sephadex LH-20, MeOH).
A more concise approach to


glycopeptide synthesis is based
upon minimal protection strat-
egy, in which only the side chain
carboxylic acid and amino
groups are protected. Because
of the large differences in reac-
tivities between amino and hy-
droxyl groups, protection of the
hydroxyl groups of the sugar
moiety may be omitted. Accord-
ingly, synthesis of glycopeptides
using non-protected sugar moi-
eties has been reported,[46] in
which a pentafluorophenyl ester
was employed as the activated amino acid. In contrast, we
turned our attention to a novel amide formation protocol that
is compatible with hydroxyl groups, which features 4-(4,6-
dimethoxyl-1,3,5-triazin-2-yl)-4-methyl-morpholinium chlor-
ide (36). Compound 36 was reported to be effective for
amide bond formation in protic solvents (MeOH, H2O).[47]


The amino group of mannosyl tryptophan was protected with
Fmoc in a usual manner in 68% yield (Scheme 12). The
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Scheme 12. i) Fmoc-OSu, NaHCO3, DME, H2O (67%); ii) 35, 36, MeOH
(94%).


peptide bond formation between 34 and 35 in MeOH
proceeded smoothly, and was complete within 30 min. Rac-
emization of 37 was not observed within the detection limits
of 400 MHz 1H NMR spectroscopy. The advantage of this
procedure is that the carboxylic acid can be used directly
without previous activation.


Synthesis of glucosyl tryptophan : Using similar procedures as
described above, glucosyl tryptophan, which is a steroisomer
of mannosyl tryptophan, was synthesized (Scheme 13). Re-
action between 1,2-anhydro-glucose 38[48] and indole deriva-


tive 6 k afforded a mixture of �-isomer 39 and �-isomer 40 in a
ratio of 82:18;[49] following similar procedures as described for
the synthesis of 1, glycosylated tryptophan 41 was obtained,
and purified by reverse-phase column chromatography. From
the 1H NMR coupling constants, the glycosyl pyranose ring
seemed to adopt the non-chair conformation (3J1,2� 5.6 Hz, in
D2O).


Conclusion


In summary, the total synthesis of C-linked glyco amino acid 1
was achieved in a concise and stereoselective manner.
Furthermore, our strategy proved to be useful for peptide
elongation reactions, with or without protection of the
hydroxyl groups. Investigations on conformational analysis
of peptides containing 1 are currently underway.


Experimental Section


General procedures : 1H and 13C NMR spectra were taken by JEOL EX-
270 or AL-400 apparatus as solutions in CDCl3. Chemical shifts are
expressed in ppm relative to the signal of either CHCl3 or Me4Si, adjusted
to 7.24 or 0.00 ppm, respectively unless otherwise mentioned. CHCl3 (�C
77.0 ppm) was used as an internal standard. Melting points were uncor-
rected. Optical rotations were measured by JASCODIP-310 as solutions in
CHCl3 at ambient temperature. THF was distilled from Na/benzophenon
just before use. Kanto silica gel (spherical, neutral, 100 ± 210 �m) was used
for column chromatography. TLC analysis was performed on Merck TLC
plates (silica gel 60F254). Reverse phase silica gel was purchased from
Senshu Kagaku. Bio-Gel P-2 gel and Bio-Beads S-X4 are available from
BIO-RAD. Sephadex LH-20 was purchased from Amersham Pharmacia
Biotech AB.


1,2-Anhydro-3,4,6-tri-O-benzyl-�-�-mannose (4): KOtBu (3.05 g,
27.14 mmol) was added in small portions to a solution of 2-O-acetyl-3,4,6-
tri-O-benzyl-�-�-mannosyl chloride (12.61 g, 24.67 mmol) in THF
(300 mL). The mixture was heated under reflux under exclusion of
moisture with CaCl2 tube for 1 h. After cooling, the mixture was partitioned
between CHCl3 and brine. The aqueous layer was extracted with CHCl3.
The combined layers were washed with brine and dried over Na2SO4. After
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filtration through Celite, the solvent was evaporated. The residue was
washed with Et2O/hexane to give 1,2-anhydride 4 as a white powder (9.98 g,
94%). The physical data was identical with those reported in ref. [17].


1-(Phenylsulfonyl)-2-(3,4,6-tri-O-benzyl-�-�-mannopyranosyl)-1H-indole
(7 a): BuLi (1.2 mL, 1.59� in hexane, 1.95 mmol) was added dropwise at
�78 �C to a solution of indole 6 a (537.0 mg, 2.09 mmol) in THF (8 mL).
The mixture was stirred at 0 �C for 30 min. To a solution of epoxide 4
(611 mg, 1.39 mmol) in THF (20 mL), the solution of lithiated indole was
transferred through a cannula. Then BF3 ¥OEt2 (0.25 mL, 1.95 mmol) was
added at �78 �C. The whole mixture was stirred at �78 �C for 10 h. The
mixture was neutralized with Et3N (0.5 mL), then partitioned between sat.
NH4Cl and EtOAc. The aqueous layer was extracted with EtOAc. The
combined layers were washed with brine. After drying the extract over
Na2SO4, the solvent was evaporated. The residue was purified by silica gel
column chromatography (toluene/EtOAc 9:1� 4:1) to give 7 a (258 mg,
27%) and 8a (115 mg, 12%). [�]24D ��102 (c� 1.90, in CHCl3); 1H NMR:
�� 8.10 (d, J� 8.3 Hz, 1H), 7.87 (d, J� 8.3 Hz, 2H), 7.5 ± 7.2 (m, 21H), 6.74
(s, 1H), 5.73 (d, J� 7.3 Hz, 1H), 4.66 (d, J� 11.5 Hz, 1H), 4.6 ± 4.5 (m, 6H),
4.3 (m, 1H), 3.84 (dd, J� 5.9 Hz, J� 10.2 Hz, 1H), 3.57 (dd, J� 5.6,
10.2 Hz, 1H), 2.52 (d, J� 7.9 Hz, 1H); 13C NMR: �� 138.7 (C), 138.5 (C),
138.2 (C), 137.9 (C), 137.4 (C), 137.2 (C), 133.5 (CH), 129.1 (CH), 128.9
(CH), 128.8 (CH), 128.6 (CH), 128.4 (CH), 128.3 (CH), 128.2 (CH), 128.1
(CH), 127.9 (CH), 127.8 (CH), 127.7 (CH), 127.6 (CH), 127.5 (CH), 126.8
(CH), 125.0 (CH), 123.7 (CH), 121.2 (CH), 115.0 (CH), 111.6 (CH), 77.8
(CH), 74.9 (CH), 73.3 (CH), 73.2 (CH2), 72.7 (CH2), 68.9 (CH), 68.1 (CH2),
68.0 (CH); elemental analysis calcd (%) for C41H39NO7S: C 71.39, H 5.70, N
1.97; found C 71.44, H 5.74, N 1.97.


1-(Phenylsulfonyl)-2-(3,4,6-tri-O-benzyl-�-�-mannopyranosyl)-1H-indole
(8 a): [�]24D � 92 (c� 0.45, in CHCl3); 1H NMR: �� 8.02 (d, J� 8.2 Hz, 1H),
7.82 (d, J� 8.6 Hz, 2H), 7.5 ± 7.2 (m, 21H), 5.23 (s, 1H), 4.92 (d, J� 10.9 Hz,
1H), 4.82 (d, J� 11.6 Hz, 1H), 4.72 (d, J� 11.6 Hz, 1H), 4.61 (d, J�
11.9 Hz, 1H), 4.6 (m, 1H), 4.49 (d, J� 11.9 Hz, 1H), 4.0 ± 3.7 (m, 5H), 2.39
(d, J� 3.4 Hz, 1H); 13C NMR: �� 138.4 (C), 138.3 (C), 138.2 (C), 137.6 (C),
137.2 (C), 137.0 (C), 133.6 (CH), 129.5 (CH), 129.0 (CH), 128.6 (CH), 128.3
(CH), 128.1 (CH), 128.0 (CH), 127.9 (CH), 127.8 (CH), 127.7 (CH), 127.6
(CH), 126.6 (CH), 124.9 (CH), 123.8 (CH), 121.3 (CH), 114.8 (CH), 112.6
(CH), 83.2 (CH), 79.4 (CH), 76.5 (CH), 75.2 (CH2), 74.3 (CH), 73.5 (CH),
73.3 (CH2), 71.5 (CH2), 69.3 (CH2), 68.4 (CH); elemental analysis calcd (%)
for C41H39NO7S: C 71.39, H 5.70, N 1.97; found C 72.09, H 5.70, N 1.99.


2-(3,4,6-Tri-O-benzyl-�-�-mannopyranosyl)-1H-indole-1-carboxy tert-bu-
tyl ester (7 b): tBuLi (0.31 mL, 1.59� in pentane, 0.49 mmol) was added
dropwise at�78 �C to a solution of indole 6 b (115 mg, 0.529 mmol) in THF
(10 mL). The mixture was stirred at �78 �C for 30 min. Then the epoxide 4
(152 mg, 0.353 mmol) in THF (5 mL) was added to the lithiated indole. The
flask was rinsed with THF (1 mL). Then BF3 ¥OEt2 (63 �L, 0.49 mmol) was
added dropwise. After the mixture was stirred at �78 �C for 10 h, Et3N
(0.2 mL) was added to neutralize the mixture. The mixture was partitioned
between EtOAc and sat. NaHCO3. The aqueous layer was extracted with
EtOAc. The combined layers were washed with brine. After drying the
extract over Na2SO4, the solvent was evaporated. The residue was purified
by silica gel column chromatography (hexane/EtOAc 7:3) to give �-product
8b (80 mg, 32%) and �-product 7b (41 mg, 17%). [�]24D �� 92.2 (c� 1.08,
in CHCl3); 1H NMR: �� 8.01 (d, J� 8.4 Hz, 1H), 7.4 ± 7.1 (m, 23H), 6.27 (s,
1H), 5.70 (d, J� 3.2 Hz, 1H), 4.79 (d, J� 11.6 Hz, 1H), 4.73 (d, J� 11.2 Hz,
1H), 4.71 (d, J� 11.9 Hz, 1H), 4.57 (d, J� 11.1 Hz, 1H), 4.54 (d, J�
12.2 Hz, 1H), 4.47 (d, J� 12.2 Hz, 1H), 4.35 (m, 1H), 3.95 (m, 2H), 3.73
(dd, J� 10.5, 4.6 Hz, 1H), 3.62 (dd, J� 10.5, 3.2 Hz, 1H), 3.50 (m, 1H), 1.63
(s, 9H); 13C NMR: �� 150.3 (C), 138.1 (C), 137.8 (C), 136.9 (C), 136.3 (C),
128.6 (CH), 128.3 (CH), 128.2 (CH), 128.0 (CH), 127.9 (CH), 127.8 (CH),
127.7 (CH), 127.6 (CH), 127.5 (CH), 124.5 (CH), 122.6 (CH), 120.5 (CH),
114.8 (CH), 109.1 (CH), 84.4 (C), 79.2 (CH), 74.5 (CH), 74.2 (CH2), 73.9
(CH), 73.3 (CH2), 72.6 (CH2), 71.7 (CH2), 69.4 (CH), 68.8 (CH2), 27.9
(CH3); elemental analysis calcd (%) for C40H43NO7: C 73.94, H 6.67, N 2.16;
found: C 73.86, H 6.78, N 2.09.


2-(3,4,6-Tri-O-benzyl-�-�-mannopyranosyl)-1H-indole-1-carboxy tert-bu-
tyl ester (8 b): [�]24D ��30.5 (c� 0.59, in CHCl3); 1H NMR: �� 8.01 (d,
J� 8.2 Hz, 1H), 7.51 (d, J� 7.4 Hz, 1H), 7.4 ± 7.2 (m, 17H), 6.88 (s, 1H), 5.31
(s, 1H), 4.92 (d, J� 10.5 Hz, 1H), 4.79 (d, J� 11.6 Hz, 1H), 4.72 (d, J�
11.6 Hz, 1H), 4.64 (d, J� 11.3 Hz, 1H), 4.58 (d, J� 11.3 Hz, 1H), 4.44 (m,
1H), 3.95 (dd, J� 9.7 Hz, 1H), 3.9 ± 3.7 (m, 3H), 3.7 ± 3.6 (m, 1H), 2.14
(br s, 1H), 1.62 (s, 9H); 13C NMR: �� 150.3 (C), 138.3 (C), 138.3 (C), 137.9


(C), 136.9 (C), 136.4 (C), 129.1 (CH), 128.4 (CH), 128.3 (CH), 127.9 (CH),
127.8 (CH), 127.8 (CH), 127.6 (CH), 127.5 (CH), 124.0 (CH), 122.8 (CH),
120.6 (CH), 115.7 (CH), 110.0 (CH), 84.3 (CH), 82.9 (CH), 79.6 (C), 75.1
(CH2), 75.0 (CH), 74.4 (CH), 73.4 (CH2), 71.3 (CH2), 69.3 (CH2), 67.4
(CH2), 28.2 (CH3); elemental analysis calcd (%) for C40H43NO7: C 73.94, H
6.67, N 2.16; found: C 73.81, H 6.67, N 2.16.


3-Methyl-1-(phenylsulfonyl)-2-(3,4,6-tri-O-benzyl-�-�-mannopyranosyl)-
1H-indole (7 c): tBuLi (1.53� pentane solution, 0.13 mL, 0.20 mmol) was
added at �78 �C to a solution of indole 6c (82.8 mg, 0.215 mmol) in THF
(6 mL). The mixture was stirred at �78 �C for 1 h. To the solution of
lithiated indole, a solution of epoxide 4 (62 mg, 0.14 mmol) in THF (1 mL)
was added. The flask was rinsed with THF (0.5 mL). Then BF3 ¥OEt2
(25 �L, 0.20 mmol) was added. The mixture was stirred at �78 �C for 10 h.
Then Et3N (0.5 mL) was added to neutralize the mixture. The mixture was
partitioned between EtOAc and sat. NaHCO3. The aqueous layer was
extracted with EtOAc. The combined layers were washed with brine. After
drying the extract over Na2SO4, the solvent was evaporated. The residue
was purified by silica gel column chromatography (hexane/EtOAc 9:1�
4:1). Further purification was achieved by preparative TLC (toluene/
EtOAc 9:1) to give �-product 7c (38.4 mg, 33%) and �-product 8c (5.9 mg,
5.0%). [�]25D ��63 (c� 1.05, in CHCl3); 1H NMR: �� 8.14 (dd, J� 0.99,
7.2 Hz, 1H), 7.72 (dd, J� 0.99, 8.4 Hz, 2H), 7.4 ± 7.2 (m, 21H), 5.77 (d, J�
10.0 Hz, 1H), 4.67 (d, J� 11.9 Hz, 1H), 4.62 (d, J� 11.6 Hz, 1H), 4.54 (d,
J� 11.6 Hz, 1H), 4.54 (d, J� 11.9 Hz, 1H), 4.48 (d, J� 12.2 Hz, 1H), 4.40
(d, J� 12.2 Hz, 1H), 4.4 ± 4.3 (m, 2H), 3.98 (dd, J� 3.2 Hz, 3.2 Hz, 1H),
3.9 ± 3.7 (m, 3H), 2.41 (s, 3H); 13C NMR: �� 138.7 (C), 138.1 (C), 137.9 (C),
137.6 (C), 134.1 (CH), 133.3 (C), 128.9 (CH), 128.6 (CH), 128.4 (CH), 128.3
(CH), 128.0 (CH), 127.8 (CH), 127.6 (CH), 127.6 (CH), 126.5 (CH), 124.9
(CH), 123.5 (C), 121.2 (CH), 118.9 (CH), 115.3 (CH), 77.3 (CH), 74.6 (CH),
73.2 (CH2, CH, CH2), 71.5 (CH2), 68.0 (CH), 67.8 (CH2), 65.9 (CH), 9.8
(CH3); elemental analysis calcd (%) for C42H41NO7S: C 71.67, H 5.87, N
1.99; found: C 71.56, H 5.81, N 1.96.


3-Methyl-1-(phenylsulfonyl)-2-(3,4,6-tri-O-benzyl-�-�-mannopyranosyl)-
1H-indole (8 c): [�]25D ��75 (c� 0.39, in CHCl3); 1H NMR (500 MHz): ��
8.12 (dd, J� 7.6, 1.6 Hz, 1H), 7.54 (d, J� 7.3 Hz, 1H), 7.4 ± 7.2 (m, 22H), 5.45
(s, 1H), 4.93 (d, J� 11.1 Hz, 1H), 4.78 (d, J� 11.6 Hz, 1H), 4.70 (d, J�
11.6 Hz, 1H), 4.60 (d, J� 11.1 Hz, 1H), 4.60 (d, J� 12.1 Hz, 1H), 4.55 (m,
1H), 4.53 (d, J� 12.1 Hz, 1H), 3.97 (t, J� 9.1 Hz, 1H), 3.87 (dd, J� 2.9,
8.9 Hz, 1H), 3.77 (m, 2H), 3.55 (m, 1H), 2.46 (s, 3H), 2.23 (br s, 1H, D2O
exchangeable); 13C NMR (125 MHz): �� 138.4 (C), 137.8 (C), 136.6 (C),
133.6 (CH), 132.2 (C), 130.9 (C), 130.5 (C), 129.2 (CH), 128.5 (CH), 128.4
(CH), 128.3 (CH), 128.0 (CH), 128.0 (CH), 127.6 (CH), 126.0 (C), 124.9
(CH), 123.7 (CH), 122.4 (CH), 119.0 (CH), 115.2 (CH), 82.9 (CH), 79.9
(CH), 75.9 (CH), 75.2 (CH2), 74.0 (CH), 73.3 (CH2), 71.4 (CH2), 69.5 (CH2),
69.3 (CH2), 10.4 (CH3); elemental analysis calcd (%) for C42H41NO7S: C
71.67, H 5.87, N 1.99; found: C 71.58, H 5.80 N 1.87.


3-Methyl-2-(3,4,6-tri-O-benzyl-�-�-mannopyranosyl)-1H-indole-carboxy
tert-butyl ester (8 d): BuLi (2.9 mL, 1.59� in hexane, 4.44 mmol) was added
dropwise at�78 �C under Ar atmosphere to a solution of indole 6d (1.37 g,
4.76 mmol) in THF (50 mL). After stirring the mixture for 30 min at
�78 �C, the mixture was warmed to 0 �C. Then the mixture was stirred at
0 �C for 10 min. To a solution of epoxide 4 (1.37 g, 3.17 mmol) in THF
(20 mL), the solution of lithium reagent was transferred through a cannula
at �78 �C. Then BF3 ¥OEt2 (0.40 mL, 3.17 mmol) was added dropwise. The
whole mixture was stirred at �78 �C for 10 h. After neutralize the mixture
with Et3N (1 mL), the mixture was partitioned between sat. NH4Cl and
EtOAc. The aqueous layer was extracted with EtOAc. The combined layers
were washed with brine and dried over Na2SO4. The residue was purified
by silica gel column chromatography (hexane/EtOAc 4:1) to give 8d
(1.01 g, 48%). 1H NMR (CDCl3): �� 7.97 (d, J� 7.3 Hz, 1H), 7.5 ± 7.1 (m,
24H), 5.52 (s, 1H), 4.94 (d, J� 10.9 Hz, 1H), 4.79 (d, J� 11.5 Hz, 1H), 4.72
(d, J� 11.5 Hz, 1H), 4.7 ± 4.4 (m, 3H), 4.0 ± 3.7 (m, 5H), 3.78 (m, 1H), 2.51
(s, 3H), 2.24 (d, J� 3.3 Hz, 1H); 13C NMR: �� 150.6 (C), 138.5 (C), 138.4
(C), 138.0 (C), 135.3 (C), 131.3 (C), 130.9 (C), 128.4 (CH), 128.3 (CH), 127.9
(CH), 127.8 (CH), 127.5 (CH), 127.4 (CH), 124.2 (CH), 122.4 (CH), 119.3
(C), 118.5 (CH), 115.5 (CH), 83.9 (C), 82.7 (CH), 79.5 (CH), 76.1 (CH), 75.1
(CH2), 74.4 (CH), 73.4 (CH2), 73.1 (CH2), 71.3 (CH2), 69.6 (CH2), 68.8
(CH), 28.3 (CH3), 10.3 (CH3); elemental analysis calcd (%) for C41H45NO7:
C 74.19, H 6.83, N 2.11; found: C 73.98, H 6.87, N 2.00.


3-Ethyl-1-(phenylsulfonyl)-2-(3,4,6-tri-O-benzyl-�-�-mannopyranosyl)-
1H-indole (7 e): BuLi (0.15 mL, 1.53� hexane solution, 0.23 mmol) was
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added at �78 �C under Ar atmosphere to a solution of indole 6 e (70.0 mg,
0.245 mmol) in THF (6 mL). After stirring the mixture at �78 �C for 1.5 h,
a solution of epoxide 4 (70.0 mg, 0.164 mmol) in THF (3 mL) was added.
Then BF3 ¥OEt2 (29 �L, 0.23 mmol) was added, and the whole mixture was
stirred at �78 �C overnight. After addition of triethylamine (0.05 mL), sat.
NaHCO3 was added. The aqueous layer was extracted with EtOAc, then
the combined layers were washed with brine. After the organic layer was
dried over Na2SO4, the solvent was evaporated. The crude was purified by
silica gel column chromatography (hexane/EtOAc 4:1) to give the adduct
8e (44.2 mg, 38%). [�]24D ��54.3 (c� 1.02, in CHCl3); 1H NMR: �� 8.03
(d, J� 7.6 Hz, 1H), 7.61 (d, J� 8.7 Hz, 2H), 7.6 ± 7.0 (m, 21H), 5.66 (d, J�
10.1 Hz, 1H), 4.56 (d, J� 11.9 Hz, 1H), 4.52 (d, J� 12.1 Hz, 1H), 4.52 (d,
J� 12.1 Hz, 1H), 4.43 (d, J� 11.9 Hz, 1H), 4.32 (q, J� 7.6 Hz, 1H), 4.19 (m,
1H), 3.98 (m, 1H), 3.76 (d, J� 3.5 Hz, 1H), 3.65 (m, 2H), 2.92 (m, 1H), 2.77
(m, 1H), 1.09 (t, J� 7.6 Hz, 3H); 13C NMR: �� 138.7 (C), 138.1 (C), 137.6
(C), 134.0 (C), 133.3 (CH), 130.9 (C), 128.8 (CH), 128.6 (CH), 128.5 (CH),
128.4 (CH), 128.3 (CH), 128.0 (CH), 127.8 (CH), 127.7 (CH), 127.6 (CH),
127.5 (CH), 126.5 (CH), 124.7 (CH), 123.4 (CH), 119.2 (CH), 115.6 (CH),
74.6 (CH), 73.4 (CH), 73.2 (CH2), 71.5 (CH2), 68.7 (CH), 67.9 (CH2), 66.1
(CH), 14.5 (CH3); elemental analysis calcd (%) for C43H43NO7S: C 71.94, H
6.04, N 1.95; found: C 71.88, H 5.97, N 1.77.


3-[[(tert-Butyldimethylsilyl)oxy]methyl]-1-(phenylsulfonyl)-2-(3,4,6-tri-O-
benzyl-�-�-mannopyranosyl)-1H-indole (7 f): BuLi (1.53� hexane,
0.14 mL, 0.209 mmol) was added dropwise at �78 �C to a solution of
indole 6 f (86.4 mg, 0.224 mmol) in THF (4 mL). After stirring the mixture
for 1 h at �78 �C, a solution of epoxide 4 (64 mg, 0.149 mmol) in THF
(3 mL) was added at �78 �C. Then BF3 ¥OEt2 (26 �L, 0.209 mmol) was
added. After stirring the mixture for 10 h at �78 �C, Et3N (0.1 mL) was
added to neutralize the mixture. After the mixture was partitioned between
EtOAc and sat. NaHCO3, the aqueous layer was extracted with EtOAc.
The combined layers were washed with brine. After drying the mixture
over Na2SO4, the solvent was evaporated. The residue was purified by silica
gel column chromatography (hexane/EtOAc 9:1) to give the adduct 8 f
(61.4 mg, 50%). 1H NMR: �� 8.11 (d, J� 7.8 Hz, 1H), 7.74 (d, J� 7.3 Hz,
1H), 7.66 (d, J� 7.3 Hz, 1H), 7.3 ± 7.1 (m, 21H), 5.86 (d, J� 10.3 Hz, 1H),
5.07 (d, J� 12.4 Hz, 1H), 5.00 (d, J� 12.4 Hz, 1H), 4.63 (d, J� 11.6 Hz,
1H), 4.62 (d, J� 12.2 Hz, 1H), 4.61 (d, J� 12.2 Hz, 1H), 4.56 (d, J�
12.2 Hz, 1H), 4.50 (d, J� 12.2 Hz, 1H), 4.45 (d, J� 11.9 Hz, 1H), 4.37 (d,
J� 11.9 Hz, 1H), 4.3 ± 4.2 (m, 2H), 3.95 (d, J� 3.2, 3.2 Hz, 1H), 3.9 ± 3.6 (m,
3H), 2.64 (d, J� 10.3 Hz, 1H), 0.82 (s, 9H), 0.00 (s, 3H), �0.08 (s, 3H);
13C NMR: �� 138.51 (C), 138.03 (C), 127.66 (C), 137.63 (C), 136.76 (C),
134.98 (C), 133.20 (CH), 130.38 (C), 128.75 (CH), 128.36 (CH), 128.30
(CH), 128.19 (CH), 128.14 (CH), 128.02 (CH), 127.86 (CH), 127.73 (CH),
127.66 (CH), 127.54 (CH), 127.46 (CH), 127.38 (CH), 126.50 (CH), 125.76
(CH), 124.16 (C), 123.38 (CH), 120.56 (CH), 115.16 (CH), 77.32 (CH), 75.18
(CH), 73.56 (CH), 73.29 (CH2), 73.12 (CH2), 71.65 (CH2), 69.43 (CH), 67.96
(CH2), 65.71 (CH), 56.70 (CH2), 26.11 (CH3), 18.42 (C), �5.14 (CH3),
�5.28 (CH3); elemental analysis calcd (%) for C48H55NO8SSi: C 69.12, H
6.65, N 1.68; found: C 68.82, H 6.35, N 1.65.


3-[[(tert-Butyldimethylsilyl)oxy]methyl]-2-(3,4,6-tri-O-benzyl-�-�-manno-
pyranosyl)-1H-indole-carboxy tert-butyl ester (7 g and 8g): BuLi (1.53�
hexane, 0.15 mL, 0.23 mmol) was dropped at �78 �C to a solution of indole
6g (90 mg, 0.25 mmol) in THF (6 mL). After 1 h at �78 �C, a solution of
epoxide 4 (72 mg, 0.17 mmol) in THF (2 mL) was transferred through a
cannula. Then, BF3 ¥OEt2 (29 �L, 0.23 mmol) was added. The whole
mixture was stirred at �78 �C for 6 h. After the mixture was neutralized
with Et3N (0.1 mL), the mixture was partitioned between EtOAc and sat.
NaHCO3. The aqueous layer was extracted with EtOAc. The combined
layers were washed with brine. After drying the mixture over Na2SO4, the
solvent was evaporated. The residue was purified by silica gel column
chromatography (hexane/EtOAc 9:1� 4:1) to give the adduct (22.0 mg,
17%) as a mixture of �-product 7g and �-product 8g (�-7g :�-8 g �1:0.3
from 1H NMR analysis). � product 7g : 1H NMR: �� 7.94 (d, J� 6.6 Hz,
1H), 7.84 (d, J� 7.1 Hz, 1H), 7.3 ± 7.0 (m, 17H), 5.87 (d, J� 10.0 Hz, 1H),
5.07 (s, 2H), 4.40 (d, J� 12.2 Hz, 1H), 4.33 (d, J� 12.2 Hz, 1H), 4.22 (t, J�
6.2 Hz, 1H), 3.93 (t, J� 3.0 Hz, 1H), 1.60 (s, 9H), 0.84 (s, 9H), 0.00 (s, 3H);
� product 8g : �� 5.52 (s, 1H), 5.27 (d, J� 11.3 Hz, 1H), 4.88 (t, J� 11.9 Hz,
1H), 4.76 (d, J� 11.6 Hz, 1H), 3.57 (d, J� 8.4 Hz, 1H), 0.09 (s, 3H), 0.06 (s,
3H).


3-[2-[(tert-Butyldimethylsilyl)oxy]ethyl]-1-(phenylsulfonyl)-2-(3,4,6-tri-O-
benzyl-�-�-mannopyranosyl)-1H-indole (7 h): BuLi (0.19 mL, 1.53� hex-


ane solution, 0.28 mmol) was dropped at �78 �C under Ar atmosphere to a
solution of indole 6h (126.0 mg, 0.303 mmol) in THF (5 mL). After 1 h at
�78 �C, a solution of epoxide 4 (87.0 mg, 0.202 mmol) in THF (2 mL) was
transferred via cannula. Then, BF3 ¥OEt2 (36 �L, 0.28 mmol) was added,
and the mixture was stirred at �78 �C for 13 h. After addition of
triethylamine (0.1 mL), sat. NaHCO3 was added. The aqueous layer was
extracted with EtOAc. The combined layers were washed with brine and
dried over Na2SO4. After evaporation, the reside was purified by silica gel
column chromatography (hexane/EtOAc 4:1) to give 7 h (85.1 mg, 50%) of
adduct as a colorless oil. [�]26D ��35.3 (c� 1.2, in CHCl3); 1H NMR: ��
8.22 (d, J� 7.4 Hz, 1H), 7.64 (d, J� 8.4 Hz, 1H), 7.64 (d, J� 8.4 Hz, 1H),
7.61 (d, J� 7.1 Hz, 1H), 7.4 ± 7.2 (m, 15H), 5.88 (d, J� 10.1 Hz, 1H), 4.73 (d,
J� 12.2 Hz, 1H), 4.68 (s, 2H), 4.61 (d, J� 12.2 Hz, 1H), 4.53 (d, J�
11.9 Hz, 1H), 4.46 (d, J� 11.9 Hz, 1H), 4.5 ± 4.3 (m, 2H), 4.1 (m, 1H).
4.0 ± 3.7 (m, 5H), 3.4 ± 3.2 (m, 2H), 0.88 (s, 9H), �0.11 (s, 6H); 13C NMR:
�� 138.7 (C), 138.2 (C), 138.0 (C), 137.7 (C), 136.9 (C), 135.3 (C), 133.3 (C),
131.3 (CH), 128.8 (C), 128.5 (CH), 128.4 (CH), 128.3 (CH), 127.9 (CH),
127.8 (CH), 127.7 (CH), 127.5 (CH), 126.5 (CH), 124.8 (CH), 123.4 (CH),
122.4 (C), 119.8 (CH), 115.4 (CH), 77.5 (CH), 74.8 (CH), 73.3 (CH), 73.2
(CH2), 71.5 (CH2), 68.8 (CH), 68.0 (CH2), 66.1 (CH), 63.4 (CH2), 28.7
(CH2), 26.0 (CH3), 18.4 (C), �5.4 (CH3); elemental analysis calcd (%)
for C49H57NO8SSi: C 69.39, H 6.77, N 1.65; found: C 69.30, H 6.86,
N 1.67.


2-(2,3,4,6-Tetra-O-acetyl-�-�-mannopyranosyl)-1H-indole (9): A suspen-
sion of benzyl ether 7 a (94.0 mg, 0.136 mmol) and 20% Pd(OH)2/C
(20 mg) in EtOH (20 mL) and THF (5 mL) was stirred at room temper-
ature vigorously under H2 atmosphere. The catalyst was filtered through
celite and washed with CHCl3 and MeOH. After evaporation, the material
was dried in vacuo, and dissolved in pyridine (1 mL) and acetic anhydride
(0.5 mL). The mixture was stirred overnight, and subsequently the solvent
was evaporated and purified by preparative TLC (hexane/EtOAc 3:2) to
give 9 (40 mg, 50%). [�]24D ��107 (c� 1.22, in CHCl3); 1H NMR: �� 8.12
(d, J� 8.4 Hz, 1H), 7.89 (d, J� 8.4 Hz, 2H), 7.54 (m, 2H), 7.43 ± 7.25 (m,
4H), 7.02 (s, 1H), 5.96 (d, J� 4.8 Hz, 1H), 5.85 (dd, J� 3.6, 4.8 Hz, 1H),
5.47 (dd, J� 3.2, 7.6 Hz, 1H), 5.26 (t, J� 7.2 Hz, 1H), 4.31 (dd, J� 5.6,
12.0 Hz, 1H), 3.74 (m, 1H), 3.63 (dd, J� 12.4, 3.6 Hz, 1H), 2.13 (s, 3H),
2.09 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H); 13C NMR: �� 170.57 (C), 170.11 (C),
169.95 (C), 169.31 (C), 138.76 (C), 137.44 (C), 134.76 (C), 133.77 (CH),
128.99 (CH), 128.28 (C), 126.56 (CH), 125.76 (CH), 123.93 (CH), 121.54
(CH), 115.05 (CH), 112.74 (CH), 100.50 (CH), 72.31 (CH), 69.44 (CH),
68.40 (CH), 68.24 (CH), 67.14 (CH), 61.16 (CH2), 20.94 (CH3), 20.85 (CH3),
20.80 (CH3); elemental analysis calcd (%) for C28H29NO11S: C 57.23, H 4.97,
N 2.38; found: C 57.14, H 4.99, N 2.22.


2-(3,4,6-Tri-O-benzyl-�-�-mannopyranosyl)-1H-indole (11): 10% NaOH
(0.12 mL) was added to a solution of sulfonamide 7 a (13.6 mg,
0.0197 mmol) in EtOH (1.5 mL), and the mixture was heated under reflux
for 3 h. After cooling to room temperature, the mixture was partitioned
between brine and CHCl3. The aqueous layer was partitioned with CHCl3
and dried over Na2SO4. After evaporation, the crude material was purified
by preparative TLC (toluene/EtOAc 1:1) to give 11 (8.4 mg, 84%) of the
desired product. [�]24D ��84.4 (c� 1.20, in CHCl3); 1H NMR: �� 8.50 (br s,
1H), 7.67 ± 7.0 (m, 20H), 6.03 (s, 1H), 5.25 (s, 1H), 4.80 (d, J� 11.5 Hz, 1H),
4.79 (d, J� 11.2 Hz, 1H), 4.72 (d, J� 11.5 Hz, 1H), 4.59 (d, J� 11.9 Hz,
1H), 4.53 (d, J� 11.9 Hz, 1H), 4.50 (d, J� 11.2 Hz, 1H), 4.45 (m, 1H), 3.90
(dd, J� 3.3, 8.6 Hz, 1H), 3.80 (t, J� 8.9 Hz, 1H), 3.8 ± 3.7 (m, 2H), 3.53 (m,
1H), 2.78 (br s, 1H); 13C NMR: �� 137.85 (C), 137.48 (C), 135.78 (C),
133.82 (C), 128.53 (CH), 128.26 (CH), 128.17 (CH), 128.10 (CH), 127.90
(C), 127.63 (CH), 127.56 (CH), 127.51 (CH), 122.08 (CH), 120.16 (CH),
119.68 (CH), 110.85 (CH), 100.42 (CH), 79.88 (CH), 74.69 (CH2), 74.62
(CH), 74.11 (CH), 73.35 (CH2), 72.65 (CH), 69.42 (CH2), 68.43 (CH);
elemental analysis calcd (%) for C35H35NO5: C 76.48, H 6.42, N 2.55; found:
C 76.50, H 6.55, N 2.45.


3-Methyloxy-1-(phenylsulfonyl)-2-(3,4,6-tri-O-benzyl-�-�-mannopyrano-
syl)-1H-indole : NaH (68 mg, 1.70 mmol) was added at room temperature
to a solution of 7 f (852 mg, 1.02 mmol), BnBr (0.5 mL, 2.04 mmol) and
Bu4NI (377 mg, 1.02 mmol) in DMF (2 mL). After the mixture was stirred
overnight, the excess benzyl bromide was quenched with triethylamine.
The mixture was partitioned between EtOAc and brine. The aqueous layer
was extracted with EtOAc. After drying the extract over Na2SO4, the
solvent was evaporated. To a solution of silyl ether (802 mg, 85%) in
MeOH (5 mL), TsOH ¥H2O (3 mg) was added. The mixture was stirred
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overnight and subsequently concentrated. The residue was purified by
silica gel column chromatography (hexane/EtOAc 7:3) to give alcohol
(631 mg, 90%). [�]27D ��41 (c� 1.26, in CHCl3); 1H NMR: �� 8.12 (d, J�
7.3 Hz, 1H), 7.70 (d, J� 8.4 Hz, 2H), 7.59 (d, J� 9.1 Hz, 1H), 7.5 ± 7.2 (m,
25H), 5.87 (d, J� 10.1 Hz, 1H), 4.95 (d, J� 12.7 Hz, 1H), 4.80 (d, J�
12.7 Hz, 1H), 4.66 (d, J� 11.9 Hz, 1H), 4.61 (s, 2H), 4.53 (d, J� 11.9 Hz,
1H), 4.44 (d, J� 11.9 Hz, 1H), 4.38 (d, J� 11.9 Hz, 1H), 4.3 (m, 2H), 3.98
(dd, J� 3.2, 3.2 Hz, 1H), 3.83 (m, 1H), 3.80 (dd, J� 10.0, 7.3 Hz, 1H), 3.65
(dd, J� 10.0, 3.7 Hz, 1H); elemental analysis calcd (%) for C42H41NO8S: C
70.08, H 5.74, N 1.95; found: C 69.78, H 5.87, N 1.90.


3-Bromomethyl-1-(phenylsulfonyl)-2-(3,4,6-tri-O-benzyl-�-�-mannopyra-
nosyl)-1H-indole (15): PPh3 (12 mg, 0.066 mmol) and NBS (17 mg,
0.066 mmol) were added at 0 �C to a solution of alcohol (38.7 mg,
0.0551 mmol) in CH2Cl2 (0.5 mL). After 1 h, the mixture was purified by
silica gel column chromatography directly (hexane/EtOAc 7:3) to give
bromide 15 (40.2 mg, 96%). 1H NMR: �� 8.14 (dd, J� 1.8, 6.1 Hz, 1H),
7.73 (d, J� 7.4 Hz, 2H), 7.61 (d, J� 1.0, 6.4 Hz, 1H), 7.5 ± 7.1 (m, 25H), 5.90
(d, J� 10.3 Hz, 1H), 5.17 (d, J� 10.5 Hz, 1H), 4.75 (d, J� 10.5 Hz, 1H),
4.65 (d, J� 11.6 Hz, 1H), 4.57 (d, J� 11.6 Hz, 1H), 4.50 (d, J� 11.9 Hz,
1H), 4.41 (d, J� 11.9 Hz, 1H), 4.32 (dd, J� 3.2 Hz, 1H), 4.04 (d, J� 3.2 Hz,
1H), 3.87 (dd, J� 10.0 Hz, 7.8 Hz, 1H), 3.8 (m, 1H), 3.66 (dd, J� 10.0,
6.2 Hz, 1H), 2.50 (d, J� 11.4 Hz, 1H).
N-(Benzyloxycarbonyl)-(2-methyl-2-oxetanyl)-�-tryptophan methyl ester :
EDC ¥HCl (2.64 g, 13.8 mmol) was added at 0 �C to a solution of Z-Trp-OH
(4.66 g, 13.8 mmol), 3-methyl-3-oxetanemethanol (1.1 mL) and DMAP
(90 mg, 0.74 mmol) in CH2Cl2 (30 mL). After the mixture was stirred at 0 �C
to room temperature overnight, 1� HCl was added to the mixture. The
aqueous layer was extracted with EtOAc. The combined layer was washed
with brine. After the extract was dried over Na2SO4, the solvent was
evaporated. The residue was purified by silica gel column chromatography
(hexane/EtOAc 7:3) to give ester (4.85 g, quant). 1H NMR: �� 8.12 (br s,
1H), 7.52 (d, J� 11.6 Hz, 1H), 7.3 ± 6.99 (m, 9H), 5.32 (m, 1H), 5.10 (s, 2H),
4.74 (m, 1H), 4.3 ± 4.0 (m, 7H), 3.2 (m, 2H), 0.88 (s, 3H); elemental analysis
calcd (%) for C24H26N2O5: C 68.23, H 6.20, N 6.63; found: C 68.09, H 6.20,
N 6.40.


(�S)-�-Azido-1H-indole-3-propanoic acid (2-methyl-2-oxetanyl) methyl
ester (21): The suspension of benzyloxycarbonyl compound (0.42 g,
1.00 mmol) and 10% Pd/C (50 mg) in MeOH was stirred vigorously under
H2 atmosphere. After consuming the starting material from TLC analysis,
the catalyst was filtered through Celite. The catalyst was washed with
MeOH. The mixture was concentrated in vacuo. To a solution of the above
prepared amine (0.29 g, 1.01 mmol) and DMAP (488 mg, 4.00 mmol) in
CH3CN (20 mL), TfN3 (0.20�, CH2Cl2 solution) was added at 0 �C. After
the mixture was stirred at room temperature overnight, the solvent was
evaporated. The crude mixture was purified by silica gel column
chromatography (hexane/EtOAc 7:3) to give azido compound 21 (0.23 g,
72%). 13C NMR: �� 170.51 (C), 136.13 (C), 127.00 (C), 123.14 (CH),
122.37 (CH), 119.76 (CH), 118.40 (CH), 111.31 (CH), 79.26 (CH2), 70.00
(CH2), 62.39 (CH), 38.90 (C), 27.72 (CH2), 20.85 (CH3); elemental analysis
calcd (%) for C16H18N4O3: C 61.13, H 5.77, N 17.82; found: C 59.97, H 5.70,
N 17.50.


3-[(2S)-2-Azido-2-(4-methyl-2,6,7-trioxabicyclo[2.2.2]oct-1-yl)ethyl]-1H-
indole : BF3 ¥OEt2 (58 �L, 0.46 mmol) was added dropwise at �10 �C to a
solution of ester 21 (640.7 mg, 1.82 mmol) in CH2Cl2 (4 mL). The mixture
was stirred at �10 �C for 21 h, then at 0 �C for 6 h. After neutralized the
reaction mixture by adding triethylamine (0.1 mL), sat. NH4Cl was added.
The aqueous layer was extracted with ethyl acetate. The combined layers
were washed with sat. NaHCO3 and brine. After drying the extract over
Na2SO4, the solvent was evaporated. The crude material was purified by
silica gel column chromatography (hexane/EtOAc 3:2) to give orthoester
as a colorless oil (218.8 mg, 34%). 1H NMR: �� 8.02 (br s, 1H), 7.64 (d, J�
7.6 Hz, 1H), 7.37 (d, J� 8.1 Hz, 1H), 7.2 ± 7.0 (m, 3H), 4.02 (s, 6H), 3.64 (dd,
J� 2.4, 11.3 Hz, 1H), 3.25 (dd, J� 2.4, 14.6 Hz, 1H), 2.85 (dd, J� 14.6,
11.3 Hz, 1H), 0.87 (s, 3H); 13C NMR: �� 136.17 (C), 127.31 (C), 122.85
(CH), 121.93 (CH), 119.30 (CH), 118.71 (CH), 112.03 (C), 111.13 (CH),
108.69 (CH), 72.76 (CH2), 64.98 (CH), 30.68 (C), 24.61 (CH2), 14.26 (CH3);
elemental analysis calcd (%) for C15H16N4O3: C 59.99, H 5.37, N 18.66;
found: C 59.70, H 5.32, N 18.46.


3-[(2S)-2-Azido-2-(4-methyl-2,6,7-trioxabicyclo[2.2.2]oct-1-yl)ethyl]-1-
(phenylsulfonyl)-1H-indole (6 i): BuLi (1.53� hexane, 0.59 mL, 0.91 mmol)


was added at �78 �C to a solution of the above indole (259.0 mg,
0.824 mmol) in THF (8 mL). After addition, the mixture was warmed to
0 �C then stirred for 1 h. The mixture was cooled to �78 �C again, and
PhSO2Cl (126 �L, 0.989 mmol) was added dropwise. The mixture was
warmed gradually to room temperature and the mixture was stirred at
room temperature for 1 d. The mixture was quenched with sat. NH4Cl, and
the aqueous layer was extracted with EtOAc. The organic layer was washed
with brine, and dried over Na2SO4. After evaporation, the crude material
was purified by silica gel column chromatography (hexane/EtOAc 7:3) to
give 23 (256.7 mg, 68%) of sulfonamide 6 i. [�]28D ��9.0 (c� 1.00, in
CHCl3); 1H NMR: �� 7.98 (d, J� 8.1 Hz, 1H), 7.84 (d, J� 7.0 Hz, 1H),
7.52 ± 7.20 (m, 8H), 3.98 (s, 6H), 3.54 (dd, J� 2.2, 10.8 Hz, 1H), 3.12 (dd,
J� 2.4 Hz, 15.1 Hz, 1H), 2.75 (dd, J� 15.1, 10.8 Hz, 1H), 0.85 (s, 3H);
13C NMR: �� 138.13 (C), 135.32 (C), 133.66 (CH), 130.78 (C), 129.16 (CH),
126.67 (CH), 124.77 (CH), 124.50 (CH), 123.23 (CH), 119.45 (CH), 113.84
(CH), 108. 58 (C), 72.82 (CH2), 64.02 (CH), 30.77 (CH), 24.51 (CH), 21.46
(CH2), 14.30 (CH3); elemental analysis calcd (%) for C21H20N4O5S: C 57.26,
H 4.58, N 12.72; found: C 57.03, H 4.50, N 12.59.


3-[(2S)-2-Azido-2-(4-methyl-2,6,7-trioxabicyclo[2.2.2]oct-1-yl)ethyl]-1-
(phenylsulfonyl)-2-(3,4,6-tri-O-benzyl-�-�-mannopyranosyl)-1H-indole
(7 i): BuLi (0.15 mL, 1.53� hexane solution, 0.23 mmol) was added at
�78 �C under Ar atmosphere to a solution of indole 6 i (112.0 mg,
0.246 mmol) in THF (6 mL). After 1 h at �78 �C, a solution of epoxide 4
(71 mg, 0.16 mmol) in THF (3 mL) was transferred through a cannula.
Then BF3 ¥OEt2 (29 �L, 0.23 mmol) was added. The mixture was stirred at
�78 �C for 5 h. After addition of triethylamine (0.1 mL), then sat. NaHCO3
was added. The aqueous layer was extracted with EtOAc. The combined
layers were washed with brine and dried over Na2SO4. After evaporation,
the indole derivative 6 i was removed by silica gel column chromatography
(hexane/EtOAc 7:3) and purified by preparative TLC (toluene/EtOAc 9:1)
to give �-adduct 7 i (14.3 mg, 9.8%) and �-adduct 8 i (23.1 mg, 15%).
[�]28D ��2.0 (c� 0.70, in CHCl3); 1H NMR: �� 8.13 (d, J� 7.8 Hz, 1H),
7.67 (dd, J� 7.4, J� 1.2 Hz, 1H), 7.55 (dd, J� 6.6, 1.7 Hz, 1H), 7.2 ± 7.0 (m,
21H), 5.78 (d, J� 10.1 Hz, 1H), 4.72 (d, J� 12.2 Hz, 1H), 4.64 (d, J�
11.9 Hz, 1H), 4.58 (d, J� 11.9 Hz, 1H), 4.51 (d, J� 12.2 Hz, 1H), 4.4 ± 4.3
(m, 4H), 3.98 (m, 1H), 3.88 (m, 1H), 3.75 (s, 6H), 3.84 (dd, J� 4.3, 9.7 Hz,
1H), 3.35 (dd, J� 4.3, 14.6 Hz, 1H), 3.20 (dd, J� 14.6, 9.7 Hz, 1H), 0.71 (s,
3H); 13C NMR: �� 138.41 (C), 138.33 (C), 138.29 (C), 137.67 (C), 137.28
(C), 135.89 (C), 133.27 (CH), 131.39 (CH), 128.76 (CH), 128.55 (CH),
128.36 (CH), 128.29 (CH), 127.96 (CH), 127.75 (CH), 127.64 (CH), 127.58
(CH), 127.49 (CH), 126.46 (CH), 124.83 (CH), 123.59 (CH), 122.63 (C),
120.07 (CH), 115.72 (CH), 108.59 (C), 77.93 (CH), 74.13 (CH), 73.26 (CH),
73.06 (CH2), 72.53 (CH2), 71.36 (CH2), 68.62 (CH), 67.93 (CH2), 66.36
(CH),. 64.38 (CH), 30.50 (CH2), 24.84 (C), 14.26 (CH3); elemental analysis
calcd (%) for C49H50N4O10S: C 66.35, H 5.68, N 6.32; found: C 66.21, H 5.60,
N 6.01.


[3-[[(2S,5R)-2,5-Dihydro-3,6-dimethoxy-5-(1-methylethyl)pyrazinyl]-
methyl]-1-(phenylsulfonyl)-indole (6 j): BuLi (1.53� hexane, 0.74 mL,
1.13 mmol) was added dropwise within 10 min at �78 �C under Ar
atmosphere to a solution of pyrazine 16 (207 mg, 1.13 mmol) in THF
(10 mL). After 30 min, the bromide 22 (358 mg, 1.02 mmol) was added as a
solution of THF (13 mL) to the resulting yellow solution at �78 �C. The
mixture was stirred at �78 �C for 14 h. The mixture was partitioned
between sat. NH4Cl and EtOAc. The aqueous layer was extracted with
EtOAc. The combined layers were washed with brine. After drying the
mixture over Na2SO4, the solvent was evaporated. The crude material was
purified by silica gel column chromatography (hexane/EtOAc 9:1� 4:1) to
give the desired compound 6 j (358 mg, 78%). [�]27D ��6.8 (c� 0.89, in
CHCl3); 1H NMR: �� 8.02 (d, J� 8.1 Hz, 1H), 7.88 (d, J� 8.1 Hz, 1H), 7.88
(d, J� 8.6 Hz, 1H), 7.6 ± 7.2 (m, 6H), 4.41 (dd, J� 4.5 Hz, 8.2 Hz, 1H), 3.74
(s, 3H), 3.73 (s, 3H), 3.3 ± 3.2 (m, 3H), 2.17 (d, sesq, J� 3.5 Hz, J� 6.9 Hz,
1H), 0.96 (d, J� 6.9 Hz, 3H), 0.68 (d, J� 6.9 Hz, 3H); 13C NMR: ��
163.88 (C), 162.03 (C), 138.24 (C), 133.52 (CH), 131.53 (C), 129.12 (CH),
126.48 (CH), 124.44 (CH), 124.41 (CH), 122.79 (CH), 120.00 (CH), 118.61
(C), 113.33 (CH), 60.33 (CH), 55.54 (CH), 52.25 (CH3), 31.33 (CH), 29.07
(CH2), 18.89 (CH3), 16.39 (CH3); elemental analysis calcd (%) for
C24H27N3O4S: C 63.56, H 6.00, N 9.26; found: C 62.53, H 5.88, N 9.07.


3-[[(2S,5R)-2,5-Dihydro-3,6-dimethoxy-5-(1-methylethyl)pyrazinyl]meth-
yl]-1-(phenylsulfonyl)-2-(3,4,6-tri-O-benzyl-�-�-mannopyranosyl)-1H-in-
dole (7 j and 8j): BuLi (1.53� hexane, 0.24 mL, 0.370 mmol) was added to a
solution of indole 6j (193 mg, 0.401 mmol) in THF (8 mL). After stirring
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the mixture for 30 min at �78 �C, a solution of epoxide 4 (115 mg,
0.267 mmol) in THF (3 mL) was added to the mixture. Then BF3 ¥OEt2
(47 �L, 0.370 mmol) was added. The mixture was stirred at�78 �C for 10 h.
After neutralization of the mixture with Et3N (0.1 mL), the mixture was
partitioned between EtOAc and sat. NaHCO3. The aqueous layer was
extracted with EtOAc. The combined layers were washed with brine. After
evaporation, the residue was purified by silica gel column chromatography
(hexane/EtOAc 4:1) to give the adduct (19.3 mg, 8.7%) as a mixture of
(� :� 55:45 from 1H NMR analysis) isomers.


3-[(2S)-2-Azido-3-[(tert-butyldimethylsilyl]oxy]propyl]-1H-indole : A sol-
ution of TfN3 (0.26�) in CH2Cl2 (10 mL) was added dropwise at room
temperature within 15 min to a solution of �-tryptophanol 23 (380.0 mg,
2.00 mmol) and DMAP (1.07 g, 8.80 mmol) in CH3CN (20 mL). After
stirring the mixture overnight, the solvent was removed by evaporation.
The concentrated solution was directly purified by silica gel column
chromatography (hexane/ethyl acetate 7:3� 1:1). The obtained pale
yellow oil (476 mg) was dissolved in DMF (20 mL), then imidazole
(216 mg, 3.00 mmol) was added. TBSCl (364 mg, 2.42 mmol) was added to
the solution in small portions at 0 �C. The mixture was stirred at room
temperature overnight. The mixture was diluted with ethyl acetate
(200 mL), then sat. aq NH4Cl (40 mL) was added. The aqueous layer was
extracted with ethyl acetate (3� 50 mL). The combined organic layers
were washed with sat. aq NaHCO3 (50 mL), then brine (50 mL). After
drying the mixture over Na2SO4, the solvent was removed under reduced
pressure. The crude material was purified by silica gel column chromatog-
raphy (hexane/EtOAc 9:1� 4:1) to afford the silyl ether as a colorless oil
(543.2 mg, 82%, two steps). [�]28D ��16.3 (c� 1.01, in CHCl3); 1H NMR
(270 MHz): �� 7.95 (br s, 1H), 7.52 (d, J� 7.8 Hz, 1H), 7.29 (d, J� 7.9 Hz,
1H), 7.2 ± 7.0 (m, 3H), 3.7 ± 3.6 (m, 3H), 2.95 (dd, J� 9.6, 14.8 Hz, 1H), 2.85
(dd, J� 7.0, 14.8 Hz, 1H), 0.85 (s, 9H), 0.00 (s, 6H); 13C NMR (67.8 MHz):
�� 136.17 (C), 127.40 (C), 122.70 (CH), 122.14 (CH), 119.50 (CH), 118.66
(CH), 111.87 (C), 111.18 (CH), 65.58 (CH2), 63.61 (CH), 26.26 (CH2), 25.82
(CH3), 18.24 (C), �5.51 (CH3); elemental analysis calcd (%) for
C17H26N4OSi: C 61.78, H 7.93, N 16.95; found: C 61.89, H 7.93, N 16.85.


3-[(2S)-2-Azido-3-[(tert-butyldimethylsilyl)oxy]propyl]-1-(phenylsulfon-
yl)-1H-indole (6 k): BuLi (1.51� in hexane, 44.0 mL, 66.63 mmol) was
added dropwise at �78 �C under Ar atmosphere to a solution of the above
indole (20.0 g, 60.57 mmol) in THF (500 mL). The mixture was stirred at
�78 �C for 15 min, then at 0 �C for 60 min. The mixture was cooled again to
�78 �C, then benzenesulfonyl chloride (8.5 mL, 66.61 mmol) was dropped.
The mixture was warmed slowly to room temperature, then stirred for 5 h.
The reaction was quenched with sat. aq NH4Cl (20 mL), then the aqueous
layer was extracted with ethyl acetate (3� 50 mL). The combined layers
were washed with sat. aq NaHCO3 (30 mL) and brine (30 mL). After drying
the extract over Na2SO4, the solvent was removed. The residue was purified
by silica gel column chromatography (hexane/EtOAc 20:1� 10:1) to
afford 6k as a pale yellow oil (22.27 g, 78%). [�]24D ��4.8 (c� 0.91, in
CHCl3); 1H NMR (270 MHz): �� 7.92 (d, J� 8.1 Hz, 1H), 7.71 (d, J�
8.1 Hz, 2H), 7.59 (dd, J� 1.2, 6.9 Hz, 1H), 7.5 ± 7.2 (m, 7H), 3.65 (dd, J� 3.0,
7.0 Hz, 1H), 3.6 ± 3.5 (m, 2H), 2.88 (dd, J� 10.0, 3.8 Hz, 1H), 2.75 (dd, J�
10.0, 5.4 Hz, 1H), 1.48 (s, 9H), �0.01 (s, 6H); 13C NMR (67.8 MHz): ��
138.14 (C), 135.23 (C), 133.74 (CH), 130.71 (CH), 129.22 (CH), 126.69
(CH), 124.92 (CH), 124.33 (CH), 123.28 (CH), 119.32 (CH), 118.73 (C),
113.83 (CH), 65.41 (CH2), 62.56 (CH), 26.01 (CH2), 25.78 (CH3), 18.21 (C),
�5.5 (CH3); elemental analysis cacld (%) for C23H30N4O3SiS: C 58.69, H
6.24, N 11.90; found: C 58.56, H 6.45, N 11.67.


3-[(2S)-2-Azido-3-[(tert-butyldimethylsilyl)oxy]propyl]-1-(phenylsulfon-
yl)-2-(3,4,6-tri-O-benzyl-�-�-mannopyranosyl)-1H-indole (7 k): nBuLi
(1.52� hexane solution, 4.4 mL, 6.64 mmol) was added dropwise at
�78 �C under Ar atmosphere to a solution of 6k (3.32 g, 7.09 mmol) in
THF (150 mL). The mixture was stirred at �78 �C for 1.5 h, then a THF
solution (30 mL) of epoxide 4 (2.03 g, 4.71 mmol) in THF (30 mL) was
transferred through a cannula at �78 �C. The flask was rinsed with THF
(2� 5 mL). Then BF3 ¥OEt2 (0.84 mL, 6.6 mmol) was added dropwise. The
mixture was stirred at �78 �C for 20 h, then triethylamine (5 mL) was
added to neutralize the mixture. After 5 min, sat. aq NaHCO3 (40 mL) was
added. The aqueous layer was extracted with ethyl acetate (200 mL, 3�
100 mL). The combined layers were washed with brine (50 mL), then dried
over Na2SO4. After filtration, the solvent was evaporated, and the crude
mixture was purified by silica gel column chromatography (hexane/ethyl
acetate 20:1� 10:1) to give 7 k as a colorless oil (2.68 g, 63%).


[�]24D ��33.6 (c� 0.63, in CHCl3); 1H NMR (270 MHz): �� 8.18 (d, J�
8.4 Hz, 1H), 7.73 (dd, J� 8.2, 1.0 Hz, 2H), 7.69 (dd, J� 1.0, 6.9 Hz, 1H),
7.5 ± 7.1 (m, 20H), 5.85 (d, J� 10.1 Hz, 1H, H-1�), 4.72 (d, J� 12.2 Hz, 1H,
Bn), 4.65 (d, J� 11.5 Hz, 1H, Bn), 4.61 (d, J� 11.5 Hz, 1H, Bn), 4.55 (d, J�
12.2 Hz, 1H, Bn), 4.49 (d, J� 11.9 Hz, 1H, Bn), 4.43 (d, J� 11.9 Hz, 1H,
Bn), 4.4 ± 4.2 (m, 2H), 3.99 (t, J� 3.0 Hz, 1H), 3.9 ± 3.8 (m, 2H), 3.8 ± 3.7
(m, 2H), 3.55 (dd, J� 10.5, 3.5 Hz, 1H), 3.31 (dd, J� 10.5, 5.9 Hz, 1H), 3.13
(m, 2H), 2.57 (d, J� 11.4 Hz, 1H, OH), 0.89 (s, 9H, Bu), 0.00 (s, 3H, Me),
�0.02 (s, 3H, Me); 13C NMR (67.8 MHz): �� 138.11 (C), 137.82 (C), 137.49
(C), 136.92 (C), 136.00 (C), 133.37 (CH), 128.78 (CH), 128.58 (CH), 128.48
(CH), 128.32 (CH), 128.04 (CH), 127.93 (CH), 127.82 (CH), 127.79 (CH),
127.71 (CH), 127.62 (CH), 127.58 (CH), 126.53 (CH), 125.08 (CH), 123.73
(C), 121.89 (CH), 119.68 (CH), 115.73 (CH), 77.37 (CH), 74.49 (CH), 73.17
(CH2), 73.13 (CH2), 72.88 (CH), 71.54 (CH2), 68.33 (CH), 67.70 (CH2), 65.00
(CH2), 63.99 (CH), 25.83 (CH3), 25.63 (CH2), 18.25 (C), �5.5 (CH3), �5.6
(CH3); elemental analysis calcd (%) for C50H58N4O8SiS: C 66.49, H 6.47, N
6.20; found: C 66.40, H 6.58, N 6.08.


3-[(2S)-2-Azido-3-[(tert-butyldimethylsilyl)oxy]propyl]-1-(phenylsulfon-
yl)-2-(2,3,4,6-tetra-O-benzyl-�-�-mannopyranosyl)-1H-indole : NaH
(60%, 58 mg, 1.45 mmol) was added in several portions at 0 �C to a
solution of alcohol 7k (653 mg, 0.723 mmol), BnBr (0.34 mL, 2.89 mmol),
and nBu4NI (773 mg, 1.45 mmol) in DMF (15 mL). The mixture was stirred
at 0 �C� room temperature overnight. Triethylamine (2 mL) was added to
destroy the excess of benzyl bromide. After 20 min, sat. aq NH4Cl (30 mL)
was added to the mixture, and the aqueous layer was extracted with ethyl
acetate (100 mL, 3� 50 mL). The combined layers were washed with brine
(50 mL), then dried over Na2SO4. After removal of the solvent, the residue
was purified by silica gel column chromatography (hexane/ethyl acetate
9:1) to give the product (652 mg, 92%). [�]24D ��36.7 (c� 0.55, in CHCl3);
1H NMR (270 MHz): �� 8.29 (d, J� 8.4 Hz, 1H), 7.83 (d, J� 7.4 Hz, 2H),
7.5 ± 7.1 (m, 22H), 7.03 (t, J� 7.3 Hz, 2H), 6.84 (d, J� 7.3 Hz, 2H), 6.32 (br s,
1H, H-1�), 4.89 (d, J� 12.2 Hz, 1H, Bn), 4.73 (d, J� 12.2 Hz, 1H, Bn), 4.65
(d, J� 12.2 Hz, 1H, Bn), 4.55 (d, J� 11.6 Hz, 1H, Bn), 4.51 (d, J� 11.9 Hz,
1H, Bn), 4.38 (m, 1H), 4.3 ± 4.2 (m, 3H), 4.2 ± 4.0 (m, 3H), 3.8 (m, 2H), 3.6
(m, 1H), 3.37 (dd, J� 3.2, 10.8 Hz, 1H), 3.03 (dd, J� 5.1, 10.8 Hz, 1H), 2.94
(dd, J� 5.1, 13.2 Hz, 1H), 2.75 (dd, J� 8.9, 13.2 Hz, 1H), �0.06 (s, 9H),
0.00 (s, 3H), �0.03 (s, 3H); 13C NMR (67.8 MHz): �� 138.45 (C), 138.31
(C), 138.11 (C), 137.19 (C), 133.04 (CH), 128.40 (CH), 128.34 (CH), 128.24
(CH), 128.13 (CH), 127.98 (CH), 127.95 (CH), 127.88 (CH), 127.70 (CH),
127.64 (CH), 127.59 (CH), 127.47 (CH), 127.46 (CH), 127.08 (CH), 124.99
(CH), 123.79 (CH), 123.09 (CH), 119.56 (CH), 5.17 (CH), 74.97 (CH), 73.27
(CH2), 68.26 (CH), 64.20 (CH2), 63.33 (CH), 25.84 (CH3), 24.95 (CH2),
18.23 (CH2), �5.6 (CH3), �5.6 (CH3); elemental analysis calcd (%) for
C50H58N4O8SSi:C 66.49, H 6.47, N 6.20; found: C 66.29, H 6.21, N 5.90.


3-[(2S)-2-Azido-3-hydroxypropyl]-1-(phenylsulfonyl)-2-(2,3,4,6-tetra-O-
benzyl-�-�-mannopyranosyl)-1H-indole (24): TsOH ¥H2O (100 mg) was
added at room temperature to a solution of TBS ether (3.14 g, 3.16 mmol)
in MeOH (150 mL). The mixture was stirred at room temperature for 11 h,
then TsOH ¥H2O was quenched by triethylamine (2 mL). After removal of
MeOH, the residue was purified directly by silica gel column chromatog-
raphy (hexane/ethyl acetate 7:3) to give 24 (2.77 g quant.). [�]24D ��48
(c� 0.59, in CHCl3); 1H NMR (270 MHz): �� 8.24 (d, J� 8.2 Hz, 1H), 7.75
(d, J� 7.6 Hz, 2H), 7.43 (dd, J� 0.7, 7.7 Hz, 1H), 7.4 ± 7.2 (m, 21H), 6.96 (t
like, J� 7.6 Hz, 1H), 6.75 (d, J� 7.7 Hz, 1H), 6.27 (br s, 1H, H-1�), 4.82 (d,
J� 12.2 Hz, 1H, Bn), 4.62 (d, J� 12.7 Hz, 1H, Bn), 4.56 (d, J� 12.4 Hz,
1H, Bn), 4.53 (d, J� 12.7 Hz, 1H, Bn), 4.48 (d, J� 11.9 Hz, 1H, Bn), 4.43
(d, J� 13.5 Hz, 1H, Bn), 4.4 ± 3.9 (m, 6H), 3.7 ± 3.6 (m, 3H), 3.0 ± 2.9 (m,
3H), 2.58 (m, 1H), 2.20 (t, J� 6.4 Hz, OH, 1H); 13C NMR (67.8 MHz): ��
138.32 (C), 138.16 (C), 137.94 (C), 137.45 (C), 133.19 (CH), 128.43 (CH),
128.38 (CH), 128.32 (CH), 128.26 (CH), 128.02 (CH), 127.98 (CH), 127.93
(CH), 127.80 (CH), 127.76 (CH), 127.66 (CH), 127.53 (CH), 126.99 (CH),
125.20 (CH), 124.10 (CH), 119.75 (CH), 116.76 (CH), 76.66 (CH), 75.71
(CH2), 74.32 (CH2), 73.24 (CH2), 71.60 (CH), 67.94 (CH2), 63.69 (CH), 62.55
(CH2), 25.37 (CH2); HRMS: m/z : cacld for C51H51N4O8S: 879.3428; found:
879.3484.


�-Azido-1-(phenylsulfonyl)-2-(2,3,4,6-tetra-O-benzyl-�-�-mannopyrano-
syl)-1H-indole-3-propanoic acid (25): TEMPO (7.0 mg, 0.045 mmol) was
added at room temperature to a mixture of alcohol 24 (175.0 mg,
0.199 mmol), and iodosobenzene diacetate (153.0 mg, 0.475 mmol) in
CH3CN (4 mL) and H2O (4 mL). The mixture was stirred vigorously at
room temperature for 3 h. The reaction mixture was diluted with CHCl3
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(100 mL), then 1� HCl (15 mL) solution was added. After separation, the
aqueous layer was further extracted with CHCl3 (2� 50 mL). The
combined layers were dried over Na2SO4. After evaporation, the crude
was purified by silica gel column chromatography (CHCl3/ethyl acetate 1:2)
to afford acid 25 (169.5 mg, 97%); HRMS: m/z : calcd for C51H49N4O9S:
893.3220; found: 893.3222.


�-Azido-2-(2,3,4,6-tetra-O-benzyl-�-�-mannopyranosyl)-1H-indole-3-
propanoic acid (36): 10% NaOH aq (0.9 mL) was added to a solution of
sulfonamide 25 (78.6 mg, 0.0881 mmol) in EtOH (9 mL). Then the mixture
was heated under reflux for 20 h. The solvent was evaporated, and 1� aq
HCl was added. The aqueous layer was extracted with CHCl3. The
combined layers were dried over Na2SO4. Then the solvent was evaporated.
The residue was purified by silica gel column chromatography (CHCl3/
CH3CN 4:1� 1:1) to give deprotected compound 26 (45.0 mg, 68%).
[�]24D ��40 (c� 0.46, in CHCl3); 1H NMR: �� 8.29 (s, 1H), 7.54 (d, J�
7.3 Hz, 1H), 7.37 ± 7.0 (m, 28H), 6.85 (d, J� 6.8 Hz, 2H), 5.16 (d, J� 9.7 Hz,
1H), 4.82 (d, J� 12.2 Hz, 1H), 4.70 (d, J� 11.9 Hz, 1H), 4.6 ± 4.5 (m, 2H),
4.46 (d, J� 11.9 Hz, 1H), 4.39 (d, J� 11.9 Hz, 1H), 4.32 (d, J� 11.6 Hz,
1H), 4.24 (m, 1H), 4.04 (d, J� 10.8 Hz, 1H), 4.00 (d, J� 10.8 Hz, 1H), 3.9 ±
3.8 (m, 3H), 3.5 ± 3.2 (m, 4H); 13C NMR: �� 172.99 (C), 137.98 (C), 137.64
(C), 137.29 (C), 136.70 (C), 135.52 (C), 133.78 (C), 128.47 (CH). 128.41
(CH), 128.39 (CH), 128.23 (CH), 128.11 (CH), 127.99 (CH), 127.93 (CH),
127.77 (CH), 127.69 (CH), 127.55 (CH), 127.46 (CH), 122.26 (CH), 119.55
(CH), 118.04 (CH), 111.23 (CH), 108.60 (C), 75.48 (CH), 75.38 (CH), 75.15
(CH), 73.95 (CH), 73.54 (CH2), 72.61 (CH2), 72.08 (CH2), 71.86 (CH2),
66.94 (CH2), 64.37 (CH), 61.39 (CH), 27.50 (CH2); elemental analysis calcd
(%) for C45H44N4O7: C 71.79, H 5.89, N 7.44; found C 71.55, H 5.71, N 7.16.


2-�-�-C-Mannosylpyranosyl-�-tryptophan (1): 20% Pd(OH)2/C (100 mg)
was added to a solution of tetrabenzyl indole 26 (431 mg, 0.573 mmol) in
dioxane (40 mL) and H2O (20 mL). The mixture was stirred at 40 �C under
H2 atmosphere for 2 d. The catalyst was filtered through Celite. The Celite
was washed with MeOH and water. The mixture was evaporated and
purified by reverse-phase silica gel column chromatography (MeOH/H2O
1:4)to give 1 (140.0 mg, 67%). 1H NMR (D2O, tBuOH was used as an
internal standard, �� 1.23): �� 7.73 (d, J� 7.7 Hz, 1H, H-4), 7.52 (d, J�
7.7 Hz, 1H, H-7), 7.30 (t, J� 7.3 Hz, 1H, H-6), 7.20 (t, J� 7.3 Hz, 1H, H-5),
5.16 (d, J� 8.1 Hz, 1H, H-1�), 4.42 (dd, J� 8.1, 3.3 Hz, 1H, H-2�), 4.25 (dd,
J� 12.5, 8.8 Hz, 1H, H-6�), 4.11 (dd, J� 3.3, 3.3 Hz, 1H, H-3�), 4.01 (dd, J�
9.2, 5.1 Hz, 1H, H-�), 3.94 (dd, J� 4.0, 3.3 Hz, 1H, H-4�), 3.88 (ddd, J� 3.3,
3.3, 8.8 Hz, 1H, H-5�), 3.72 (dd, J� 3.3, 12.5 Hz, 1H, H-6�), 3.55 (dd, J� 5.1,
15.3 Hz, 1H, H-�), 3.35 (dd, J� 15.3, 9.2 Hz, 1H, H-�); 13C NMR: �� 175.9
(C), 137.5 (C), 134.8 (C), 128.5 (C), 124.4 (CH, C-6), 121.3 (CH, C-5), 120.2
(CH, C-4), 113.3 (CH, C-7), 109.8 (C), 80.5 (CH, C-5�), 71.9 (CH, C-3�), 70.4
(CH, C-4�), 69.1 (CH, C-2�), 67.4 (CH, C-1�), 60.4 (CH2, C-6�), 56.6 (CH,
C-�), 27.3 (CH2, C-�).


Tetrapeptide (32): TFFH (16 mg, 0.061 mmol) was added at room temper-
ature to a solution of HCl ¥H-Ala-Gln-Trp-OBn (31; 65 mg, 0.13 mmol),
acid 29 (31.7 mg, 0.0420 mmol) and Na2CO3 ¥ 10H2O (48 mg, 0.17 mmol) in
CH2Cl2 (2 mL) and H2O (1 mL). The mixture was stirred overnight and
then partitioned between CH2Cl2 and brine. The aqueous layer was
extracted with CH2Cl2. After drying the extracts over Na2SO4, the solvent
was evaporated. The crude material was purified by silica gel column
chromatography (CHCl3/EtOAc 1:1� 1:4) to give tetrapeptide 32 (47 mg,
90%). 1H NMR: �� 9.04 (s, 1H), 8.41 (s, 1H), 7.44 (d, J� 7.6 Hz, 1H), 7.37
(d, J� 7.6 Hz, 1H), 7.4 ± 6.9 (m, 30H), 6.79 (s, 1H), 6.21 (d, J� 7.1 Hz, 1H),
5.64 (s, 1H), 5.24 (s, 1H), 5.22 (s, 1H), 5.03 (d, J� 12.0 Hz, 1H), 4.98 (s, J�
12.0 Hz, 1H), 4.76 (m, 1H), 4.78 (m, 1H), 4.67 (d, J� 12.4 Hz, 1H), 4.55 (d,
J� 12.0 Hz, 1H), 4.50 (d, J� 12.4 Hz, 1H), 4.43
(d, J� 12.0 Hz, 1H), 4.38 (d, J� 11.6 Hz, 1H), 4.32 (d, J� 12.0 Hz, 1H),
4.1 (m, 6H), 3.91 (m, 1H), 3.84 (m, 1H), 3.80 (m, 1H), 3.68 (m, 1H),
2.0 ± 1.9 (m, 4H), 0.70 (d, 7.1 Hz, 3H); 13C NMR: �� 175.30 (C), 171.68 (C),
171.55 (C), 170.53 (C), 169.35 (C), 137.92 (C), 137.70 (C), 137.58 (C),
137.49 (C), 135.93 (C), 135.42 (C), 135.05 (C), 133.53 (C), 128.87 (CH),
128.39 (CH), 128.33 (CH), 128.24 (CH), 128.20 (CH), 128.15 (CH), 128.06
(CH), 127.76 (CH), 127.66 (CH), 127.61 (CH), 127.51 (CH), 127.12 (CH),
123.40 (CH), 122.01 (CH), 121.79 (CH), 119.34 (CH), 119.24 (CH), 118.24
(CH), 118.20 (CH), 111.22 (CH), 109.22 (C), 108.20 (C), 75.67 (CH), 75.42
(CH), 74.14 (CH), 73.15 (CH2), 72.94 (CH2), 72.17 (CH2), 71.97 (CH2),
68.34 (CH2), 67.25 (CH2), 65.72 (CH), 63.60 (CH), 52.88 (CH), 52.55 (CH),
48.82 (CH), 31.01 (CH2), 27.60 (CH2), 27.27 (CH2), 27.18 (CH2), 18.10
(CH3).


�-�-C-Mannosylpyranosyl-�-tryptophan-N-fluorenylmethyl carbamate
(34): Fmoc-OSu (18.8 mg, 0.0557 mmol) was added to a solution of C-
mannosyl tryptophan 1 (6.8 mg, 0.0186 mmol) in 0.5% aq NaHCO3 (1 mL),
and DME (1 mL). The mixture was stirred at room temperature overnight.
The mixture was acidified to pH 4 with 1� HCl. Then the mixture was
purified directly by reverse-phase silica gel column chromatography
(MeOH/H2O 1:9� 1:1�MeOH only) to give Fmoc-mannosyltrypto-
phan 34 (7.4 mg, 68%). [�]24D ��20 (c� 0.61, MeOH); 1H NMR (CD3OD,
55 �C): �� 7.82 (d, J� 7.3 Hz, 3H), 7.61 (d, J� 7.6 Hz, 1H),
7.56 (d, J� 7.6 Hz, 1H), 7.4 ± 7.2 (m, 5H), 6.61 (t, J� 7.3 Hz, 1H), 7.13
(t, J� 7.3 Hz, 1H), 5.34 (d, J� 8.0 Hz, 1H), 4.41 (dd, J� 3.2, 7.6 Hz, 1H),
4.30 (d, J� 12.0 Hz, 1H), 4.29 (d, J� 12.0 Hz, 1H), 4.12 (m, 3H), 4.01 (t,
J� 3.2 Hz, 1H), 3.96 (m, 1H), 3.88 (dd, J� 3.6, 12.0 Hz, 1H), 3.54 (dd, J�
14.4 Hz, 5.2 Hz, 1H), 3.32 (dd, J� 9.2 Hz, 14.4 Hz, 1H); 13C NMR
(CD3OD, 55 �C): �� 180.15, 157.91, 145.18, 145.07, 142.15, 142.08, 137.32,
135.02, 129.34, 128.33, 127.90, 126.45, 126.22, 122.40, 120.48, 120.44, 119.80,
119.58, 111.72, 110.75, 80.76, 72.25, 70.86, 69.65, 68.34, 67.80, 61.27, 58.28,
28.75.


Tetrapeptide (37): Triazine compound 36 (9.0 mg) and iPr2NEt (10 �L)
were added to a solution of tripeptide 35 (25 mg) and 34 (12.5 mg,
0.0213 mmol) in MeOH (1 mL). The mixture was stirred at room temper-
ature for 30 min. The mixture was purified directly by size-exclusion
column chromatography (Sephadex LH20; MeOH) and preparative TLC
to give tetrapeptide 37 (18.9 mg, 94%). [�]24D ��4.4 (c� 0.29, in MeOH);
1H NMR (CD3OD): �� 7.73 (d, J� 7.6 Hz, 2H), 7.62 (d, J� 8.0 Hz, 1H),
7.56 (d, J� 8.0 Hz, 1H), 7.48 (t, J� 8.0 Hz, 2H), 7.35 ± 7.3 (m, 3H), 7.25 ± 7.22
(m, 2H), 7.0 ± 6.9 (m, 4H), 5.12 (d, J� 8.8 Hz, 1H), 4.63 (dd, J� 4.8 Hz,
8.8 Hz, 1H), 4.47 (dd, J� 5.6 Hz, 9.6 Hz, 1H), 4.28 ± 4.05 (m, 7H), 3.91 (m,
2H), 3.72 (dd, J� 2.0 Hz, 12.4 Hz, 1H), 3.16 ± 3.11 (m, 2H), 2.1 ± 2.0 (m,
2H), 2.0 ± 1.9 (m, 2H), 1.19 (d, J� 7.3 Hz, 3H); 13C NMR: �� 178.08 (C),
177.59 (C), 176.80 (C), 176.76 (C), 175.93 (C), 175.45 (C), 173.55 (C), 173.45
(C), 158.83 (C), 145.17 (C), 144.96 (C), 142.44 (C), 141.40 (C), 139.30 (C),
138.04 (C), 137.97 (C), 137.59 (C), 135.73 (C), 129.86 (CH), 128.68 (CH),
128.18 (CH), 128.15 (CH), 126.46 (CH), 126.29 (CH), 124.58 (CH), 122.97
(CH), 122.42 (CH), 122.02 (CH), 120.79 (CH), 120.65 (CH), 119.88 (CH),
119.34 (CH), 112.31 (CH), 112.24 (CH), 112.14 (CH), 111.16 (C), 111.09
(C), 109.51 (C), 108.19 (C), 81.32 (CH), 81.13 (CH), 72.48 (CH), 72.23
(CH), 71.07 (CH), 69.34 (CH), 69.14 (CH), 68.16 (CH2), 67.54 (CH), 67.06
(CH), 61.32 (CH2), 61.06 (CH2), 57.74 (CH), 57.26 (CH), 55.31 (CH), 55.23
(CH), 55.18 (CH), 55.07 (CH), 51.37 (CH), 51.18 (CH), 48.83 (CH), 32.35
(CH2), 31.89 (CH2), 30.74 (CH2), 30.67 (CH2), 28.70 (CH2), 28.69 (CH2),
27.99 (CH2), 27.80 (CH2), 27.44 (CH2), 24.23 (CH), 17.27 (CH3), 17.14 (CH3).


3-[(2S)-2-Azido-3-[(tert-butyldimethylsilyl)oxy]propyl]-1-(phenylsulfon-
yl)-[3,4,6-tris-O-(4-methoxybenzyl)-�-�-glucopyranosyl]-1H-indole (39):
BuLi (0.51 mL, 0.76 mmol) was added at �78 �C under Ar atmosphere to
a solution of indole 6k (386 mg, 0.82 mmol) in THF (17 mL). After stirring
the mixture at�78 �C for 1.5 h, the epoxide 4 (236 mg, 0.547 mmol) in THF
(4 mL) was transferred through a cannula. Then, BF3 ¥OEt2 (95 �L,
0.075 mmol) was added. The mixture was stirred at �78 �C overnight.
After triethylamine (0.2 mL) was added to neutralize the mixture, the
mixture was partitioned between sat. aq NH4Cl and EtOAc. After the
aqueous layer was extracted with EtOAc, the combined layers were washed
with brine. After drying the mixture over Na2SO4, the solvent was
evaporated. The crude was purified by silica gel column chromatography
(hexane/EtOAc 6:1) and size exclusion column chromatography (Bio-
beads S-X4, toluene) to give �-product 39 (45.0 mg, 10%) and �-product 40
(10.0 mg, 2%). [�]27D ��24.8 (c� 0.97, in CHCl3); 1H NMR: �� 8.14 (d,
J� 8.3 Hz, 1H), 7.64 (d, J� 7.3 Hz, 2H), 7.55 (d, J� 7.8 Hz, 1H), 7.29 ± 7.13
(m, 20H), 6.90 ± 6.82 (m, 6H), 5.80 (d, J� 10.3 Hz, 1H), 4.60 (d, J�
11.7 Hz, 1H), 4.54 (d, J� 11.2 Hz, 1H), 4.49 (d, J� 11.2 Hz, 1H), 4.45 (s,
1H), 4.42 (s, 1H), 4.36 (d, J� 11.7 Hz, 1H), 4.26 (m, 1H), 4.21 (m, 1H),
3.9 ± 3.7 (m, 6H), 3.82 (s, 6H), 3.79 (s, 3H), 3.62 (dd, J� 6.1, 10.0 Hz, 1H),
3.51 (dd, J� 3.2, 10.5 Hz, 1H), 3.25 (dd, J� 6.1, 10.5 Hz, 1H), 3.09 (d, J�
7.3 Hz, 2H), 2.47 (d, J� 11.5 Hz, 1H), 0.86 (s, 9H), 0.00 (s, 6H); 13C NMR:
�� 159.2 (C), 159.1 (C), 158.9 (C), 137.8 (C), 136.7 (C), 136.0 (C), 133.2 (C),
131.4 (C), 130.1 (C), 129.8 (C), 129.5 (C), 129.2 (CH), 129.1 (CH), 128.6
(CH), 126.5 (CH), 124.9 (CH), 123.6 (CH), 121.8 (C), 119.6 (CH), 115.7
(CH), 113.8 (CH), 113.7 (CH), 113.6 (CH), 77.3 (CH), 77.2 (CH), 74.6 (CH),
72.8 (CH), 72.5 (CH), 71.1 (CH2), 68.2 (CH), 67.5 (CH2), 65.0 (CH), 64.0
(CH), 60.4 (CH), 55.3 (CH2), 55.3 (CH2), 26.0 (CH3), 25.7 (CH2), 21.7
(CH2), 18.4 (C), 14.3 (CH3), �5.3 (CH3), �5.4 (CH3); elemental analysis
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calcd (%) for C53H64N4O11SSi: C 64.59, H 6.49, N 5.64: found: C 64.04, H
6.53, N 5.66.


3-[(2S)-2-Azido-3-[(tert-butyldimethylsilyl)oxy]propyl]-1-(phenylsulfon-
yl)-(3,4,6-tri-O-benzyl-�-�-glucopyranosyl)-1H-indole (40): [�]24D ��21.6
(c� 0.56, in CHCl3); 1H NMR: �� 8.11 (d, J� 7.1 Hz, 1H), 7.55 (d, J�
7.1 Hz, 3H), 7.49 (m, 1H), 7.35 ± 7.23 (m, 20H), 7.08 (d, J� 8.5 Hz, 1H),
6.89 ± 6.82 (m, 6H), 5.43 (s, 1H), 4.81 (d, J� 10.5 Hz, 1H), 4.71 (d, J�
11.2 Hz, 1H), 4.63 (d, J� 11.2 Hz, 1H), 4.55 (m, 1H), 4.54 (s, 1H), 4.43 (d,
J� 2.2 Hz, 1H), 4.41 (s, 1H), 3.92 (m, 1H), 3.83 (m, 1H), 3.81 (s, 3H), 3.80
(s, 3H), 3.78 (s, 3H), 3.75 ± 3.69 (m, 6H), 3.55 (m, 1H), 3.24 (dd, J� 4.9,
13.6 Hz, 1H), 2.92 (dd, J� 9.5, 13.6 Hz, 1H), 2.53 (d, J� 2.2 Hz, 1H), 0.89
(s, 9H), 0.00 (s, 6H); 13C NMR: �� 170.9 (C), 159.0 (C), 138.0 (C), 136.7
(C), 133.6 (C), 132.5 (C), 131.6 (C), 130.4 (C), 130.0 (C), 129.7 (C), 129.6
(CH), 129.4 (CH), 129.3 (CH), 129.1 (CH), 125.8 (CH), 125.0 (CH), 123.8
(CH), 122.9 (C), 119.6 (CH), 115.4 (CH), 113.8 (CH), 113.7 (CH), 113.6
(CH), 82.5 (CH), 79.7 (CH), 77.2 (CH), 76.3 (CH), 74.8 (CH2), 73.8 (CH),
72.8 (CH2), 71.0 (CH2), 69.4 (CH2), 69.0 (CH), 66.4 (CH2), 65.4 (CH), 60.4
(CH2), 55.3 (CH3), 55.2 (CH3), 26.0 (CH3), 21.2 (CH3), 18.4 (C), 14.4 (CH3),
�5.2 (CH3); elemental analysis calcd (%) for C53H64N4O11SSi: C 64.59, H
6.49, N 5.64: found:C 64.34, H 6.33, N 5.56.


3-[(2S)-2-Azido-3-[(tert-butyldimethylsilyl)oxy]propyl]-1-(phenylsulfon-
yl)-(2,3,4,6-tetra-O-benzyl-�-�-glucopyranosyl)-1H-indole : NaH (29 mg,
0.73 mmol) was added at 0 �C under Ar atmosphere to a solution of
alcohol 39 (308.0 mg, 0.341 mmol), Bu4NI (365 mg, 0.988 mmol) and BnBr
(0.16 mL, 1.3 mmol) in DMF (5 mL). The mixture was stirred at 0 �C�
room temperature overnight. Triethylamine (0.2 mL) was added to destroy
the excess of benzyl bromide. After 10 min, the mixture was partitioned
between EtOAc and sat. NH4Cl. The aqueous layer was extracted with
EtOAc. The combined layers were washed with brine, and dried over
Na2SO4. After evaporation, the residue was purified by silica gel column
chromatography (hexane/EtOAc 9:1� 4:1) to give tetrabenzyl ether as a
colorless oil (259.5 mg, 77%). [�]24D ��89.8 (c� 1.12, CHCl3); 1H NMR:
�� 8.20 (d, J� 8.0 Hz, 1H), 7.6 ± 7.1 (m, 26H), 6.91 (m, 2H), 6.04 (s, 1H),
4.73 (d, J� 11.2 Hz, 1H), 4.72 (d, J� 11.2 Hz, 1H), 4.58 (d, J� 12.8 Hz,
1H), 4.57 (d, J� 12.8 Hz, 1H), 4.5 ± 4.4 (m, 3H), 4.27 (m, 3H), 4.11 (m,
1H), 4.0 ± 3.7 (m, 5H), 3.51 (m, 1H), 3.29 (m, 2H), 2.97 (m, 1H), 0.89 (s,
9H),�0.03 (s, 6H); 13C NMR: �� 138.23 (C), 138.16 (C), 137.84 (C), 137.49
(C), 137.23 (C), 136.57 (C), 133.73 (C), 133.32 (CH), 132.13 (C), 128.74
(CH), 128.26 (CH), 128.14 (CH), 128.13 (CH), 128.02 (CH), 127.95 (CH),
127.85 (CH), 127.63 (CH), 127.45 (CH), 127.37 (CH), 127.31 (CH), 126.11
(CH), 124.70 (CH), 123.76 (CH), 123.38 (C), 119.31 (CH), 115.69 (CH),
80.16 (CH), 77.70 (CH), 75.90 (CH), 73.91 (CH), 73.21 (CH2), 72.89 (CH2),
72.46 (CH2), 71.87 (CH2), 70.44 (CH), 69.18 (CH2), 64.97 (CH2), 64.31
(CH), 25.99 (CH3), 25.64 (CH2), 18.42 (C), �5.26 (CH3), �5.32 (CH3);
elemental analysis calcd (%) for C57H64N4O8SSi: C 68.92, H 6.49, N 5.64;
found: C 68.62, H 6.56, N 5.35.


3-[(2S)-2-Azido-3-hydroxypropyl]1-(phenylsulfonyl)-2-(2,3,4,6-tetra-O-
benzyl-�-�-glucopyranosyl)-1H-indole : TsOH ¥H2O (1 mg) was added to a
solution of TBS ether (55.9 mg, 0.0564 mmol) in MeOH (4 mL). The
mixture was stirred at room temperature. One drop of triethylamine was
added to neutralize the mixture. After evaporation of the solvent, the
residue was purified by preparative TLC (hexane/EtOAc 7:3) to give the
alcohol as a colorless oil (48.9 mg, 99%). [�]24D ��80.7 (c� 0.98, in
CHCl3); 1H NMR: �� 8.20 (d, J� 7.6 Hz, 1H), 7.6 ± 7.5 (m, 3H), 7.5 ± 7.2 (m,
18H), 7.17 (dd, J� 10.0, 8.4 Hz, 3H), 7.07 (t, J� 6.8 Hz, 2H), 6.92 (d, J�
6.8 Hz, 2H), 6.04 (d, J� 2.0 Hz, 1H), 4.69 (d, J� 11.2 Hz, 1H), 4.67 (d, J�
11.2 Hz, 1H), 4.54 (d, J� 11.6 Hz, 1H), 4.52 (d, J� 12.0 Hz, 1H), 4.48 (d,
J� 12.0 Hz, 1H), 4.40 (d, J� 11.6 Hz, 1H), 4.24 (m, 1H), 4.14 (d, J�
12.0 Hz, 1H), 3.9 ± 3.8 (m, 2H), 3.8 ± 3.7 (m, 2H), 3.71 (dd, J� 3.6,
10.4 Hz, 1H), 3.27 ± 3.17 (m, 4H); 13C NMR: �� 138.2 (C), 138.2 (C), 137.8
(C), 137.5 (C), 137.2 (C), 136.6 (C), 133.7 (C), 133.3 (CH), 132.1 (C), 128.7
(CH), 128.3 (CH), 128.1 (CH), 128.1 (CH), 128.0 (CH), 127.9 (CH), 127.7
(CH), 127.7 (CH), 127.6 (CH), 127.6 (CH), 127.5 (CH), 127.4 (CH), 126.0
(CH), 124.8 (CH), 124.0 (CH), 123.2 (CH), 119.2 (CH), 115.8 (CH), 77.7
(CH), 74.91 (CH), 74.27 (CH), 73.12 (CH), 72.52 (CH2), 72.50 (CH2), 91.95
(CH2), 70.02 (CH), 68.81 (CH2), 64.58 (CH), 63.61 (CH2), 26.03 (CH2);
elemental analysis calcd (%) for C51H50N4O8S: C 69.68, H 5.73, N 6.37;
found: C 69.45, H 5.84, N 6.21.


�-Azido-1-(phenylsulfonyl)-2-(2,3,4,6-tetra-O-benzyl-�-�-glucopyrano-
syl)-1H-indole-3-propanoic acid : TEMPO (5 mg, 0.03 mmol) was added at
room temperature to a solution of alcohol (47.9 mg, 0.0546 mmol) and


iodosobenzene diacetate (42 mg, 0.13 mmol) in CH3CN (1 mL), and H2O
(1 mL). After 2 h, the mixture was diluted with CHCl3, then the organic
layer was washed with aq 1� HCl. The aqueous layer was extracted with
CHCl3. After the combined layers were dried over Na2SO4 and filtered off,
the solvent was evaporated. The crude material was purified by preparative
TLC (CHCl3/EtOAc 1:1) to give the acid as a colorless oil (41.3 mg, 85%).
[�]24D ��50 (c� 0.73, in CHCl3); 1H NMR: �� 8.09 (d, J� 6.3 Hz, 1H),
7.54 (d, J� 6.3 Hz, 1H), 7.49 (d, J� 8.3 Hz, 2H), 7.3 ± 7.1 (m, 23H), 6.84 (d,
J� 7.6 Hz, 2H), 5.92 (s, 1H), 4.34 (d, J� 11.2 Hz, 1H), 4.58 (d, J� 11.6 Hz,
1H), 4.46 (d, J� 11.6 Hz, 1H), 4.45 (d, J� 11.2 Hz, 1H), 4.39 (d, J�
12.0 Hz, 1H), 4.35 (m, 1H), 4.28 (d, J� 11.2 Hz, 1H), 4.25 (m, 1H), 4.19
(m, 1H), 4.03 (m, 1H), 3.78 (m, 1H), 3.74 (dd, J� 7.6 Hz, 10.4 Hz, 1H), 3.61
(m, 1H), 3.57 (m, 1H), 3.38 (dd, J� 3.6 Hz, 14.4 Hz, 1H), 3.25 (dd, J� 8.0,
14.4 Hz, 1H); 13C NMR: �� 137.7 (C), 137.54 (C), 137.40 (C), 136.7 (C),
136.5 (C), 133.5 (CH), 131.6 (C), 129.0 (CH), 128.3 (CH), 128.1 (CH), 127.9
(CH), 127.8 (CH), 127.7 (CH), 127.7 (CH), 125.9 (CH), 125.0 (CH), 124.0
(CH), 121.7 (C), 119.1 (CH), 115.4 (CH), 76.1 (CH), 74.6 (CH), 73.3 (CH2),
72.7 (CH2), 72.4 (CH2), 71.9 (CH2), 69.9 (CH), 68.7 (CH2), 62.7 (CH), 27.7
(CH2); elemental analysis calcd (%) for C51H48N4O9S: C 68.59, H 5.42, N
6.27; found: C 68.25, H 5.33, N 6.20.


�-Azido-2-(2,3,4,6-tetra-O-benzyl-�-�-glucopyranosyl)-1H-indole-3-prop-
anoic acid : 10% NaOH (0.3 mL) was added at room temperature to a
solution of the above acid (25.9 mg, 0.0290 mmol) in EtOH (3 mL). The
mixture was heated under reflux overnight. The mixture was neutralized
with aq 2�HCl. The aqueous layer was extracted with CHCl3. After drying
the combined organic layers over Na2SO4 and filtering, the solvent was
evaporated. The crude material was purified by preparative TLC (CHCl3/
CH3CN 3:2) to give deprotected indole (11.8 mg, 56%). [�]24D � 10.6 (c�
1.17, MeOH); 1H NMR (CD3OD): �� 8.30 (s, 1H), 8.09 (d, J� 7.6 Hz, 1H),
7.7 ± 7.5 (m, 16H), 7.48 (t, J� 8.0 Hz, 1H), 7.40 (t, J� 6.8 Hz, 1H), 5.86 (s,
1H), 4.68 (t, J� 11.2 Hz, 2H), 4.56 (d, J� 11.2 Hz, 2H), 4.52 (d, J�
12.0 Hz, 1H), 4.49 (d, J� 12.0 Hz, 1H), 4.13 (m, 2H), 4.0 ± 3.8 (m, 4H),
3.7 ± 3.6 (m, 2H), 3.56 (m, 1H); 13C NMR (CD3OD): �� 139.53 (C), 139.29
(C), 139.07 (C), 136.99 (C), 134.10 (C), 129.23 (CH), 129.18 (CH), 128.98
(CH), 128.90 (CH), 128.83 (CH), 128.68 (CH), 128.59 (CH), 128.53 (CH),
128.45 (CH), 122.38 (CH), 119.64 (CH), 119.42 (CH), 112.06 (CH), 111.03
(C), 79.98 (CH), 76.54 (CH), 75.86 (CH), 74.29 (CH2), 72.51 (CH), 69.53
(CH2), 68.82 (CH), 67.77 (CH), 29.02 (CH2); elemental analysis calcd (%)
for C45H44N4O7: C 7.18, H 5.89, N 7.44; found: C 71.37, H 5.78, N 7.31.


2-�-�-Glucopyranosyl-�-tryptophan (41): A suspension of benzyl ether
(36.3 mg, 0.0483 mmol) and 20% Pd(OH)2 (15 mg) in dioxane (2 mL), and
H2O (1.2 mL) was stirred vigorously under H2 atmosphere at 40 �C for 2 d.
After filtration of the catalyst through Celite, the Celite was washed with
MeOH and water. After evaporation, the crude was purified by reverse
phase silica gel column chromatography (H2O/MeOH 9:1) to give glycosyl
tryptophan 41 (11 mg, 65%). 1H NMR (D2O, tBuOH as internal standard;
tBu� 1.23, 600 MHz): �� 7.72 (d, J� 8.3Hz, 1H), 7.53 (d, J� 8.3 Hz, 1H),
7.28 (t, J� 7.3 Hz, 1H), 7.20 (t, J� 7.3 Hz, 1H), 5.56 (d, J� 5.4 Hz, 1H), 4.09
(m, 2H), 4.01 (t, J� 8.3 Hz, 1H), 3.78 (s, 1H, H-6�), 3.77 (s, 1H, H-6�), 3.54
(t, J� 8.3 Hz, 1H), 3.49 (m, 2H, H-�), 3.44 (m, 1H); 13C NMR (D2O,
tBuOH as internal standard; tBu as 31.00, 150.80 MHz): �� 176.42 (C),
137.14 (C), 133.20 (C), 128.58 (C), 124.20 (CH), 121.38 (CH), 119.96 (CH),
113.52 (CH), 110.21 (C), 76.82 (CH), 75.36 (CH), 73.04 (CH), 71.18 (CH),
71.06 (CH, C-1�), 61.99 (CH2, C-6�), 56.81 (CH), 27.30 (CH2, C-�).
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