
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




14/29 2008


www.chemeurj.orgC E U J E D  1 4  ( 2 9 )  8 7 3 7 – 9 0 8 0  ( 2 0 0 8 )  ·  I S S N  0 9 4 7 - 6 5 3 9  ·  V o l .  1 4  ·  N o .  2 9  ·  2 0 0 8


Concept
Classical Reagents: New Surprises 


in Palladium-Catalyzed C–C Coupling Reactions
T. Skrydstrup and A. T. Lindhardt


New ISI
Impact Factor


5.330


Supported by







… without long alkyl tails! Unlike
organic polymers, coordination
polymers are not processable,
owing to their highly crystalline
nature. However, long alkyl chains
in the backbone of the ligands
have been used to produce first-
generation coordination polymeric
hydrogels. In the Full Paper on
page 8822 ff., J.J. Vittal, S. Kasapis
et al. describe that there is no need
for such alkyl chains in second-
generation coordination polymeric
hydrogels; the disclike coumarin-
derivatized l-alanine ligand, with
fluorescent chromophore, can facil-
itate the hydrogel formation.
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Pincer Ligands
The synthesis of a novel neutral PNP-pincer ligand, which
has two phosphinine donors and a bridging pyridine moiety,
is described by C. M-ller et al. in their Communication on
page 8803 ff. In contrast to its terpyridine analogue, facile
coordination of this tridentate ligand towards a neutral CuI
center was observed. Due to the presence of electronically
rather inequivalent donor atoms, this novel ligand repre-
sents a new class of neutral p-accepting PNP-pincer sys-
tems.


Microporous Materials
In their Full Paper on page 8812 ff. , M. P. Suh and H. J.
Park describe mixed-ligand metal–organic frameworks with
large pores. These systems display interesting gas sorption
properties and single-crystal to single-crystal transformation
on guest exchange.


C�C Coupling Reactions
In their Concepts article on page 8756 ff., T. Skrydstrup and
A. T. Lindhardt describe new properties of palladium as a
catalyst based on two serendipitous discoveries. In the first
case, b-hydride eliminations, which are well known for alkyl
metal complexes, were found to be equally feasible with
alkenyl metal compounds. Secondly, conditions were found
for promoting intermolecular ene–yne couplings via a
PdII–H intermediate, representing an atom economical
Mizoroki–Heck type reaction.
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Introduction


In 1968, Richard Heck published an astonishing series of
seven back-to-back papers on work,[1] which paved the way
for the development of one of the most exciting organic
transformation over the last 35 years. This reaction allows
the direct coupling of activated arenes and olefins with an
unactivated alkene through palladium catalysis via a formal
C�H activation, creating a s-bond between two sp2 carbon
centers.[2] Both Mizoroki and Heck made an important con-
tribution to this coupling independently in the early 70s re-
porting on the significance of added base, thereby resulting
in catalytic activity with substoichiometric quantities of the
transition-metal complex.[3,4] Also in the early 70s, the pio-
neering work of numerous brilliant chemists, including
Kumada and Corriu, Negishi, Migita and Kosugi, Stille, So-
nogashira, Suzuki and Miyaura, and others laid the founda-
tion for the discovery of another valuable class of transition
metal catalyzed reactions referred to as cross-couplings reac-
tions, which bear the names of their discoverers.[5] Along
side the Mizoroki–Heck (MH) coupling, these transition
metal catalyzed reactions have revolutionized the synthetic
strategies pursued today in both academia and industry for
constructing carbon�carbon bonds in complex organic struc-
tures.[6]


Many significant developments have since then been ach-
ieved for these coupling reactions over the years improving
the scope of the reactions, increasing the reactivity and
chemo-, regioselectivity of the catalysts, as well as the intro-
duction of other cross-coupling based reactions, such as the


Hiyama reaction with readily available organosilicon re-
agents,[7] and the important discovery in 1995 regarding a
practical approach for the assembling carbon�heteroatom
bonds.[8] The importance of palladium-catalyzed coupling re-
actions is also reflected by the numerous reports on the ap-
plication or development of such reactions in almost every
issue of journals dealing with organic synthesis. A newcomer
to the field of palladium catalysis would be overwhelmed by
the wealth of information already published, and questions
as to what else can be achieved in this field certainly must
come to mind. But in spite of this, much more is still to be
accomplished! As an example, numerous groups have re-
vealed the exciting new possibilities in palladium chemistry
involving applied C�H activations.[9] Many mechanistic de-
tails about the individual steps of in the catalytic cycle of
the Pd-catalyzed couplings are still vague and work by
Jutand, Blackmond, Espinet and others are contributing to a
better understanding of the intricacies of these steps.[10]


However, discovering new chemical phenomena can
depend highly on the research philosophy adapted by the in-
dividual research group. Karl Ziegler is quoted for stating,


“Keep an eye open for unexpected developments, and do not
neglect new phenomena as irrelevant for the main project.”[11]


In other words, following chemistry to new adventures is
more likely to lead to interesting and novel discoveries than
in the opposite situation where the chemist guides the
chemistry to own narrow directions.


Our own contributions in palladium-catalyzed reactions
transpired from work directed to expanding the repertoire
of coupling reagents for the MH reaction. Traditionally, acti-
vated phenols and alkyl ketones in the form of aryl and al-
kenyl triflates or nonaflates represent worthy coupling part-
ners with electron-deficient and electron-rich olefins.[12,13]


However, stability issues of these reagents and the necessity
for expensive triflating and nonaflating agents for their
preparation limit the usefulness of these Heck precursors.
Hence, cheaper coupling reagents that are easier to handle
and stable would be more desirable. In this respect, aryl and
alkenyl tosylates, mesylates and phosphates represent viable
substitutes, being relatively straightforward to prepare and
more convenient to handle. Furthermore, their appeal as
coupling partners have already been confirmed in a variety
of cross-coupling reactions such as the Kumada–Curriu, Ne-
gishi, Migita–Kosugi–Stille, Sonogashira, Suzuki–Miyaura,
Buchwald–Hartwig, as well as carbonyl enolate arylations.[14]


Nevertheless, for the case of nonactivated alkenyl sulfonates
and phosphates and the complementary derivatives of aryl
alcohols, a significant hurdle must be surmounted in the first
step of the catalytic cycle, namely the oxidative addition
into the C�O bond. Two approaches have been pursued to
overcome this demanding step. In the first, catalysts based
on palladium(0) possessing bulky electron rich phosphine li-
gands have been applied with great success in cross-coupling
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reactions.[15] Alternatively, the use of the more reactive
nickel(0) complexes can be applied.[16] Yet, at the time we
commenced our work to examine these substrates for the
MH reaction, there had been no previous reports in this line
for this C�C bond forming reaction, which may also be ex-
plained by the dissimilarities between the MH and cross-
coupling reactions. For example, catalytic systems well
known to promote the cross-coupling with aryl tosylates
completely fail when applied to the corresponding MH reac-
tion.


Pursuing this line of research, we were able to successfully
identify conditions, which effectively promoted the MH re-
action of alkenyl tosylates and phosphates.[17] Whereas this
represented an accomplishment on its own, more important-
ly, this work, which was originally initiated on a simple con-
cept, led us to discover and mechanistically comprehend
new properties of palladium catalysts in C�C bond forming
reactions. In the first case, we have observed very effective
1,2-migrations in the MH and Negishi couplings promoted
by a possible b-hydride elimination of alkenyl palladium(II)
intermediates, suggesting that the boundaries for such hy-
dride elimination processes are greater than originally as-
sumed (Scheme 1).[14,18] Furthermore, in our investigations
of this unusual migration, an intermolecular ene–yne cou-
pling has emerged,[19] which not only represents an atom
economical version of the MH reaction, but also comple-
ments Trost�s seminal work on the cycloisomerization reac-
tion of ene–ynes.[20] The work leading to these observations
and their exploitation in synthesis is outlined in this con-
cept.


Discussion


b-Hydride elimination of alkenyl palladium(II) intermedi-
ates : b-Hydride elimination is an important elementary
transformation in organometallic chemistry, where a hydride
(hydrogen atom) from the b-position of the ligand is trans-
ferred to the metal center. These processes, which are more
commonly observed with alkyl metal complexes, lead to the
formation of a metal hydride and an olefin.[21] Although, in
many instances this step represents an unproductive side re-
action in transition metal catalyzed transformations, it can


also be exploited for chemical synthesis as in the Shell
higher olefin process and in the MH coupling (Scheme 2).


Less familiar are b-hydride eliminations involving alkenes
as ligands on the metal center as illustrated in Scheme 3. In
fact, general organometallic chemistry textbooks discuss
only such eliminations with alkyl metal complexes, and do
not describe similar eliminations to produce an alkyne or
benzyne coordinated metal hydride species.


However, our work on the palladium-catalyzed MH and
Negishi reaction suggest perhaps that such b-hydride elimi-
nations on alkenes can indeed be quite effective leading to
the corresponding alkyne metal hydride complex. This spe-
cies is most likely to be a transient species as the back reac-
tion, hydrometalation of the alkyne, is undoubtedly rapid.
But nevertheless if a fast equilibrium is brought about be-
tween the b-hydride elimination and hydrometalation steps,
then two isomeric s-bound metal alkenes complexes can be
generated, where the rates of the ensuing reactions will de-
termine the regioisomeric composition of the products as in
a Curtin-Hammett situation.


The discovery of b-hydride elimination reactions with al-
kenyl palladium complexes began with our work on the
search for new substrates for the MH reaction as discussed
in the introduction. After some experimentation, conditions
were identified,[17] that effectively coupled nonactivated al-
kenyl tosylates to electron poor alkenes using modified con-
ditions developed by Greg Fu�s group for the coupling of


Scheme 1. Examples of MH couplings with or without 1,2-migration and
Pd-catalyzed intermolecular ene–yne couplings of alkynes with olefins.


Scheme 2. b-Hydride elimination of alkyl palladium(II) species and their
role in the MH coupling.


Scheme 3. b-Hydride elimination of an alkenyl palladium(II) species and
re-addition of the palladium hydride intermediate.
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aryl bromides and chlorides to similar alkenes
(Scheme 4).[22]


To promote these reactions, an electron-rich bulky phos-
phine ligand such as tri(tert-butyl)phosphine and dicyclohex-
ylmethylamine as the base in presence of a PdII source were
adapted. However, effective coupling also required the addi-
tion of one equivalent of lithium chloride to the reaction
mixture, whereas other halide ions proved less effective.
This observation can be accounted for by one or a combina-
tion of three explanations, where the introduction of chlo-
ride ions allows 1) the generation of a more reactive anionic
Pd0 species, which facilitates oxidative addition into the dif-
ficult C�O bond, b) the trapping of the intermediate PdII


cationic species after oxidative addition to furnish the corre-
sponding neutral complex, and c) the stabilization of the in-
termediate vinyl PdII cationic complex, which has been re-
ported by Jutand et al. to undergo carbon to phosphor mi-
gration generating a vinyl phosphonium salt in the absence
of chloride ions as shown in Scheme 5.[10b]


After screening a variety of substrates, we eventually also
examined the coupling of 1-tert-butyl vinyl tosylate with sty-
rene. To our surprise, the expected coupling product was not
observed but instead the isomeric product 1 was generated
from an apparent 1,2-migration of the intermediate alkenyl–
PdII complex with full trans-selectivity with respect to the
newly formed diene (Scheme 6). Reißig et al. have reported
the use of the corresponding tert-butyl vinyl nonaflate in


similar MH couplings with acrylates under phosphine free
conditions with no observation of the same migration.[23]


The reaction of tert-butyl vinyl tosylate with a variety of
alkenes revealed this migration to be quite effective provid-
ing the linear diene in yields up to 95 % and with good
trans-selectivity (Scheme 7).


Whereas, the vinyl tosylates necessitate for their forma-
tion the reaction of a preformed enolate with tosyl anhy-
dride;[24] the corresponding and more stable vinyl phos-
phates can easily be prepared from the considerably less ex-
pensive phosphoryl chloride. Gratifyingly, these substrates
proved their worth in the MH coupling and were also con-
demned to participate in the 1,2-migration when bearing the
appropriate substituent in the C1 position (Scheme 8).


Further examination of the scope and limitation of this
migration revealed, that the 1,2-migration in the MH cou-
pling was confined to vinyl tosylates and phosphates bearing
substituents with a quaternary carbon connected to the C1
carbon of the alkene.[18] Both alkyl and aryl substituents pro-
vided the isomerized products, although the nature and sub-
stitution pattern of these substituents was decisive on the
degree of the migration, as seen with the aryl derivatives
where in certain cases the migration is not complete. Where-


Scheme 4. MH-couplings of nonactivated alkenyl tosylates with electron
poor alkenes.


Scheme 5. Formation of a vinyl phosphonium salt in the absence of
chloride ions.


Scheme 6. Coupling of 1-tert-butyl vinyl tosylate to styrene with 1,2-mi-
gration (top). Coupling of an in situ generated 1-tert-butyl vinyl nonaflate
to an acrylate without 1,2-migration (bottom).[23]


Scheme 7. MH couplings of tert-butyl vinyl tosylate with different
electron poor alkenes.
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as heating was required for promoting these MH-couplings,
it was interesting to observe the efficacy of the migration
even at room temperature when the more reactive tert-butyl
vinyl triflate was examined (Scheme 9).


A mechanistic understanding of these migrations was
brought to light through DFT calculations performed by the
group of Norrby at the Technical University of Denmark.[17]


The hypothesis that a b-hydride elimination pathway of the
intermediate alkenyl palladium(II) species followed Pd–
alkyne dissociation/association and then hydropalladation
was examined in this study. As with b-hydride elimination
involving an alkyl metal complex, a vacant site on the metal
center is imperative. This criterion is most likely fulfilled
under our reaction conditions, as a trigonally coordinated T-
shaped PdII complex is the most likely species after the oxi-
dative addition step, due to the sterical bulk of the mono-
dentate phosphine ligand employed.[25] Calculations per-
formed at the B3LYP/LACVP* level concluded that the
highest barrier for isomerization between the two isomeric
palladium–alkenyl intermediates is only 62 kJ mol�1, suggest-
ing migration proceeds rapidly under the reaction conditions
employed (Scheme 10).[17]


Furthermore, our calculations suggested that the product
outcome for this substrate is determined at the more ener-
getically demanding carbopalladation step as in a Curtin–
Hammett situation. Partial support for this mechanism was


acquired from the deuterium labeling experiment with the
vinyl tosylate 2 (Scheme 11). Greater than 95 % deuterium
incorporation was obtained in the diene product with a
trans-relationship between the two deuterium atoms. Finally,
it is interesting to note, that C1 substituents at the alkene
bearing a-hydrogens were not suitable for these MH reac-
tions, which is explained by an alternative and more favora-
ble b-hydride elimination pathway involving the alkyl sub-
stituent side chain.


With conditions in hand for promoting the 1,2-migration,
we then undertook studies in attempts to identify alternative
reaction conditions, which suppress the migration and afford
the normal MH products.[18] Our initial attempts were fo-
cused at blocking the empty coordination site on the Pd–
metal center employing an electron-rich bidentate phos-
phine, but after extensive experimentation a catalyst system
composed of [PdCl2 ACHTUNGTRENNUNG(cod)], the dialkylbiarylphosphine, X-
Phos,[26] in the presence of 10 equivalents of LiCl proved to
be the most active and general (Scheme 12). This catalyst
composition proved effective in the MH reaction for all al-
kenyl phosphates tested with or without C1- or C2-alkyl
substituents bearing a-hydrogens. Although, X-Phos is in
general considered as a bulky electron rich monodentate
ligand, the sterically encumbering diaryl moiety could
simply block the vacant site of the possible trigonally coor-
dinated metal center.


Whereas 1,3-, 1,4-, and 1,6-migrations are more commonly
observed in Pd-catalyzed reactions,[27] examples of 1,2-mi-
gration are extremely rare. Hartwig and co-workers ob-
served a single case of this migration in the Kumada–Corriu


Scheme 8. MH couplings of alkenyl phosphates with 1,2-migration.


Scheme 9. Room-temperature MH coupling of tert-butyl vinyl triflate
with 1,2-migration.


Scheme 10. Mechanistic proposal for the 1,2-migration.


Scheme 11. 1,2-Migration with deuterium labeling.
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coupling of the vinyl tosylate 3 with phenyl magnesium bro-
mide in the presence of a palladium catalyst with the biden-
tate Josiphos ligand, (R,S)-Cy2PF-PtBu2 (Scheme 13).[24]


Here too, a b-hydride mechanism was briefly discussed as
a possible explanation for this observation. Nevertheless, if
this mechanism is operating for this single case, then it is re-
markable that trans-metalation followed by reductive elimi-
nation to provide the final olefin, is faster than b-hydride
elimination with one of the three hydrogens of the methyl
group! Although speculative, perhaps the trans-metalation
takes place before the oxidative addition step such that re-
ductive elimination is fast after isomerization. The ligand
structure and reactions conditions appear also to have an
important influence on the efficiency of this elimination
pathway as no migration was observed in the analogous
product from 1-phenyl vinyl tosylate in contrast to our ob-
servations in the MH couplings.


These 1,2-migrations are not only confined to the MH
and the Kumada–Corriu coupling reactions. We have recent-
ly reported similar observations for the Negishi coupling of
alkenyl phosphates and tosylates with aryl and alkyl zinc re-
agents.[14] Several surprises also came about in this study. Ini-
tial work was concentrated on the exploitation of a Ni-cata-
lyzed Suzuki–Miyaura coupling for the preparation of 1,1-
diaryl and 1-alkyl-1-aryl olefins from C1-aryl and C1-alkyl
vinyl phosphates. While this reaction performed admirably
in many cases, increased sterical bulk at the C1 position of
the alkenyl phosphates or at the ortho-position of the aryl


boronic acids led to drastic reductions in the coupling yields
(Scheme 14).


As an alternative solution, we resorted to examining zinc
reagents under the hypothesis that transmetalation is faster
with such reagents than with the corresponding boronic
acids and hence sterical effects would be less imperative. Of
the five ferrocene diphosphine ligands tested, two proved to
demonstrate synthetic use. The palladium catalyst with
DPPF as the ligand provided good coupling yields even in
the synthesis of highly encumbered products as 4 and 5
(Scheme 15). It was vital to run the reactions with chloride
as the counterion of the organozinc reagents as the corre-
sponding bromide provided no turnover unless added LiCl
was present. Noteworthy is the observation that the use of
DPPF in the MH reactions with the same alkenyl phos-
phates did not even promote the first step, oxidative addi-
tion, of the catalytic cycle!


The other ferrocene-based diphosphines included four
representatives of the commercially available Josiphos li-
gands.[28] Only the two ligands possessing the di-tert-butyl-


Scheme 12. MH-couplings of alkenyl phosphates without 1,2-migration.


Scheme 13. Kumada–Corriu coupling with 1,2-migration.


Scheme 14. Suzuki–Miyaura couplings of alkenyl phosphates with boronic
acids.


Scheme 15. Negishi couplings of alkenyl phosphates with organozinc
reagents.
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phosphine moiety exhibited good reactivity (Table 1). How-
ever, where catalysts generated with (R,S)-Cy2PF-PtBu2 pro-
vided a mixture of the normal and migrated coupling prod-
ucts (entry 3), the use of (R,S)-PPF-PtBu2 led to almost
complete isomerization (entry 5). This observation deviates
from those observed by Hartwig and co-workers, where the
former ligand was reported to promote full migration in the
Kumada–Corriu reaction.[24] Additionally, it is interesting to
note the poor regioselectivity observed for this reaction
when tri-tert-butylphosphine was tested (entry 4), where the
normal Negishi product was obtained as the major regioiso-
mer, in contrast to complete migration in the MH coupling.


Cleaner reactions were noted when the alkenyl diphenyl
phosphates were replaced by either the tosylates or diethyl
phosphates. Nevertheless, due to stability issues of certain
vinyl tosylates particularly those bearing a C1-aryl substitu-
ent, further studies were continued with the dialkyl phos-
phates. These substrates also performed well with the exam-
ples illustrated in Scheme 16 with aryl zinc reagents, though
under the criteria that the chloride counter ion is present.
Again, subtle changes in the reaction conditions have a
marked influence on the product outcome and yield. For ex-
ample, 1-ispropyl-2-methylvinyl phosphate does not react
under these Negishi conditions with (R,S)-PPF-PtBu2. Also
noteworthy are the observations that alkyl zinc reagents


only lead to the formation of coupling products without 1,2-
migration.


Although a full understanding of the driving force and in-
tricacies behind this 1,2-migration necessitates further inves-
tigations, there are still some characteristic traits that can be
drawn about the catalytic system required for promoting iso-
merization in the MH, Negishi and Kumada–Corriu cou-
plings. Firstly, sterical effects involving the C1 substituents
of the alkene appear to be important. And secondly, a cata-
lyst generated with bulky phosphine ligands bearing for ex-
ample tert-butyl groups appear to be mandatory for encour-
aging the migration. This was clearly illustrated from our


observations in the Negishi cou-
plings, where the simple ex-
change of the tert-butyl to cy-
clohexyl groups in the Josiphos
ligands completely abolished
the reactivity. Nevertheless, Jo-
siphos is normally classified as
a bidentate ligand, which would
not provide an empty site on
the metal center for b-hydride
elimination. However, because
of the different electronic and
sterical nature of the two phos-
phorus atoms on this class of li-
gands, these diphosphines can
possibly switch between two
different binding states, display-
ing either bi- or monodentate
character depending on the re-


action conditions used (Scheme 17). Further studies are now
underway to confirm this hypothesis.


An atom-efficient Mizoroki–Heck reaction : The develop-
ment of atom-efficient reactions is of ever increasing inter-
est not only for minimizing waste production in fine chemi-


Table 1. Optimization of Negishi couplings with 1,2-migration.


Entry Ligand (%) Conversion [%][b]ACHTUNGTRENNUNG(Yield [%])
Ratio 5/6


1 ACHTUNGTRENNUNG(R,S)-PPF-PCy2 (5) 0 –
2 ACHTUNGTRENNUNG(R,S)-Cy2PF-PCy2 (5) 0 –
3 ACHTUNGTRENNUNG(R,S)-Cy2PF-PtBu2 (5) 100 43:57
4 P ACHTUNGTRENNUNG(tBu)3 (10 %) n.d.[c] 72:28
5 ACHTUNGTRENNUNG(R,S)-PPF-PtBu2 (5) 100 1:99


[a] Reactions were run in sealed sample vials. [b] Conversions measured by 1H NMR spectroscopy. [c] Not de-
termined.


Scheme 16. Negishi couplings of alkenyl phosphates with 1,2-migration.


Scheme 17. Josiphos-type ligand acting both as a bidentate and monoden-
tate ligand affording 1,2-migration.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8756 – 87668762


T. Skrydstrup and A. T. Lindhardt



www.chemeurj.org





cals manufacturing but certainly also for reducing environ-
mental issues involved in the treatment of wastes. Hence
much effort is being made to the discovery and implementa-
tion of new catalytic processes, which display good atom
economy.[29]


The palladium-catalyzed enyne cycloisomerizations, first
reported about 20 years ago by Trost and co-workers, repre-
sent an excellent example of an atom economical transfor-
mation for the preparation of 1,3- or 1,4-dienes.[20,30] An im-
pressive display of applications to complex natural and non-
natural products have since then been reported exploiting
this reaction as a key intramolecular C�C bond forming re-
action. The catalytic system, which primarily is composed of
[Pd2ACHTUNGTRENNUNG(dba)2] and a triaryl phosphine ligand in the presence of
acetic acid, was proposed by Trost to proceed via a palladiu-
m(II) hydride intermediate involving hydropalladation of
the alkyne, cyclization and subsequent b-hydride elimination
to regenerate the Pd–H complex and the diene product. In
spite of the numerous papers dealing with cycloisomeriza-
tions, the intermolecular version of this Pd-catalyzed reac-
tion is not known. Whereas cationic RuII complexes can ini-
tiate the coupling of alkynes with olefins, the majority of the
products are branched 1,4-dienes as illustrated in the upper
example of Scheme 18.[31] Only one paper reported by Wata-


nabe et al. deals with the Ru-catalyzed coupling of alkynes
to acrylates generating linear 1,3-dienes.[32] In this communi-
cation, a 5-membered metallocycle via a [2+ 2+1] cycload-
dition step was invoked to explain the product outcome,
rather than hydrometalation.


Our work in this area originated from mechanistic studies
on the 1,2-migrations observed in the MH couplings. As an
alkyne coordinated palladium(II) complex was hypothesized
to be the intermediate of the migration, we speculated
whether the addition of another alkyne would allow cross-
over under the reaction conditions and subsequently be in-
corporated into the final MH product. Sure enough, the ad-
dition of diphenyl acetylene to the coupling of tert-butyl
vinyl phosphate and an acrylamide at 100 8C in DMF fur-
nished the diene 6 in a 90 % yield (Scheme 19).[19] Continued
work on this reaction, revealed that neither the base, nor
the vinyl phosphate or the lithium chloride were necessary
for promoting this ene–yne coupling. On the other hand,
after extensive screening, the structure of the phosphine


ligand proved to be essential for catalyst reactivity. Only cat-
alysts generated with monodentate bulky alkyl phosphines
such as tri(tert-butyl) and diadamantylACHTUNGTRENNUNG(n-butyl)phosphine
were capable of promoting the codimerization of the acety-
lene with the alkene. It is noteworthy that the reaction con-
ditions earlier developed by Trost for the enyne cycloisome-
rization were ineffective for promoting this transformation.


Other disubstituted alkynes could also be exploited for
this coupling, but nevertheless they were limited to those
bearing substituents lacking a-protons (Scheme 20). Termi-
nal alkynes proved less effective for C�C bond formation
where the acetylene competes with the alkene in the cou-
pling step as seen by the formation of oligomeric by-prod-
ucts derived only from the starting alkyne. On the other
hand, the typical olefinic accepters encountered in the MH
reactions including acrylates, acrylamides, styrenes and allyl-
ic derivatives proved worthy for this coupling.


We speculated whether a palladium(II) hydride inter-
mediate was being generated under the reaction conditions,
which subsequently participates in hydropalladation of the
starting alkyne.[33] The alkenyl PdII species formed could
then follow a similar sequence of events as proposed for the


Scheme 18. Examples of Ru-catalyzed intermolecular ene–yne couplings.


Scheme 19. Pd-catalyzed intermolecular ene–yne coupling between di-
phenyl acetylene and an acrylamide.


Scheme 20. Ene–yne couplings of mono- and disubstituted alkynes with
electron deficient alkenes.
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catalytic cycle of the MH leading to the diene product and
the starting PdII–H complex, as depicted in Scheme 21. The
presence of base does not influence the outcome of the re-
action, suggesting that hydropalladation of the alkyne is
faster than base promoted reduction to Pd0. Moreover, if
this catalytic cycle is operating, then the metal center does
not need to fluctuate between different oxidative states, re-
maining as PdII. The role of the bulky monodentate phos-
phine ligands may be related to the nature of the PdII com-
plexes involved in the catalytic cycle. Such ligands generate
T-shaped trigonally coordinated PdII complexes rather than
the more commonly observed tetracoordinated square
planar species.[25] Possibly, the good binding properties of
the alkyne to the metal center,[34] competes effectively with
the diene product followed immediately by the hydropalla-
dation step. Hence, the life time of the PdII-H species is very
short.


To test the possible intervention of a PdII–H intermediate,
we prepared the [{(tBu)3P]2PdHCl] according to a procedure
reported by the group of Fu.[22a] Interestingly, 5 mol % of
this complex catalyzed efficiently the coupling of diphenyla-
cetylene with acrylamide in THF even at 20 8C furnishing an
87 % coupling yield (Scheme 22). However, the instability of


this hydride metal species limited its usefulness requiring
synthesis in a glovebox prior to the coupling reactions.


An alternative and more practical approach to this cou-
pling would be to generate the hydride species in situ. After
some screening of possible additives, which would promote
the in situ preparation of the active catalyst, we found that
alkyl acid chlorides possessing a b-hydrogen added in sub-
stoichiometric amounts to a solution of [Pd ACHTUNGTRENNUNG(dba)2] and
(tBu)3P efficiently catalyzed the coupling of a variety of al-


kynes to alkenes in a Mizoroki–Heck type manner
(Scheme 23). Although, a reaction temperature of 50 8C was
required, importantly, the reaction could be run in many
cases in a variety of solvents such as THF, EtOAc and tolu-
ene. These conditions dramatically improved coupling yields
and allowed reactions of substrates not possible employing
the earlier conditions in DMF at 100 8C. Furthermore the
range of substrates could also be increased as seen in the
coupling of heteroatom substituted alkynes. And finally,
mono substituted alkynes such as phenyl- and tert-butylace-
tylene also proved possible with yields attaining 60 %, al-
though further work is required to improve the efficiency of
coupling for these substrates.


31P NMR experiments confirmed the hypothesis of a Pd–
H intermediate, as a solution of [Pd ACHTUNGTRENNUNG(dba)2] and (tBu)3P in
THF with added isobutyric chloride led to a 31P NMR signal
corresponding to that of [{(tBu)3P}2PdHCl].[35] Further work
is now underway to identify conditions for improving the
scope of the reaction with monosubstituted alkynes, as well
as with substituents other than aryl or tert-alkyl groups.


Conclusion


Starting from investigations on a relatively simple concept
to find conditions for promoting Mizoroki–Heck reactions
with vinyl tosylates and phosphates, we successfully made
two serendipitous discoveries concerning the properties of


Scheme 21. A possible mechanism for the direct ene–yne coupling.


Scheme 22. Ene–yne couplings with a palladium hydride added as the
catalytic species.


Scheme 23. Ene–yne coupling utilizing the second-generation catalytic
system with improved functional group tolerance.
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palladium as a catalyst. In the first case, we hope with this
concept to have convinced the reader, that b-hydride elimi-
nations well known from alkyl metal complexes also can be
achieved efficiently with alkenyl metal compounds. The cou-
pling products from the 1,2-migrations observed in the Miz-
oroki–Heck and Negishi reactions themselves useful prod-
ucts, as without migration they would represent coupling
products from vinyl tosylates/phosphates prepared from the
corresponding aldyhydes, which is not always an easy task,
compared to ketones. The intricacies of these b-hydride
eliminations and migrations are not completely delineated
and more ligand and substrate screening is required to pro-
vide the complete picture of this interesting phenomena.


Finally, work initiated in these migrations have allowed us
to also develop an efficient intermolecular ene–yne cou-
pling, which represents an atom economical Mizoroki–Heck
reaction. The reaction can be catalyzed by in situ generation
of a PdII-hydride species which appears to be insensitive to
the solvent. Additional work is though required to improve
the scope of the reaction in order to place this version along
side the very successful enyne cycloisomerization reactions
developed by Trost.
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The Cu-catalyzed asymmetric conjugate addition (ACA)
of organozinc reagents to a,b-unsaturated carbonyl groups
constitutes a C�C bond forming reaction of great synthetic
value because of its mildness and broad functional group
tolerance.[1,2] When using cyclic a,b-unsaturated carbonyls as
acceptors, the stereocontrol of the reaction is often remark-
able.[3] However, the acyclic counterparts generally give
poor results,[4] likely because of the s-cis/s-trans conforma-
tional flexibility inherent to open chain enoyl systems.[2b] In
the case of unsaturated aldehydes and esters, the competing
1,2-addition reaction[5,6] and the reduced reactivity,[7] respec-
tively, are two additional problems. Another common limita-
tion within this methodology is the high substrate specificity
of most catalytic systems; each family of acceptors, or even
each set of enone substrates within the enone family, com-
monly requiring a different optimized catalyst ligand. While
the finding of more universal ligands remains a formidable
task and much work has been directed towards this goal,[1,2]


the identification of achiral templates that fulfil the criteria
of selectivity, generality, and versatility constitutes an alter-
native approach. To date only a few of such templates are
known, namely a,b-unsaturated imides,[8] N-enoyl oxazolidi-
nones,[9] and Knoevenagel adducts of malonate[10] and Mel-
drum7s acid,[11] and in each case important limitations with
regard substrate and alkylzinc generality and/or enantiose-
lectivity prevail.[12] Here we report a’-oxy enones as a dis-


tinct and well suited class of acceptors for the Cu-catalyzed
ACA of dialkylzincs that help to solve these problems.


It was reasoned that templates featuring enough reactivity
as Michael acceptor and well biased enoyl conformation
could best fulfil the chemical and stereochemical require-
ments, and that acyclic a’-oxy enones[13] might be suitable
candidates in this endeavor. Firstly, the reactivity of enones
towards the Cu-catalyzed addition of organozinc reagents
appears to be optimal,[2] secondly, allylic A1,3 strain predict-
ed in the s-trans conformation,[14] specially in quaternary a’-
silyloxy enones (Scheme 1b), can eventually cancel unde-
sired conformational flexibility (Scheme 1a), and, finally, the
ketol moiety in the resulting adducts is a quite versatile
group for post-reaction transformations.[15]


For initial evaluation, the reaction of Et2Zn with several
a’-oxy enones 4–7 was studied in the presence of complexes
formed from CuACHTUNGTRENNUNG(OTf)2 and chiral ligands 1,[16] 2,[9] and 3,[4d]


three representative ligands (see below) with distinct coordi-
nation capacity. Except for ligand 1, which led to moderate
ee values in the examples tested, results in Table 1 clearly
show the decisive role played by groups R2 and R3 of enone
template. Contrary to what was previously observed,[15] the
strongly chelating a’-hydroxy enone 5a (R3=H) gave low
very poor results (entries 4, 6), while the O-silyl protected
4a (entries 3, 5, 7, 8) gave the best ee. Similarly, enone 7g
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Scheme 1. Controlling enoyl conformation.
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lacking the quaternary carbon center (R2=H) led to dimin-
ished ee values (compare entries 7 and 9) even at lower tem-
peratures. These results indicate the prevalence of steric ef-
fects on reaction stereocontrol.


Given the generally superior behavior of ligand 3 with re-
spect to 2, the former was adopted for exploration of the
scope (Table 2). Gratifyingly, yields (typically over 80%)
and enantioselectivities (90->95%) were uniformly high for
a’-silyloxy enones 4 bearing aliphatic either cyclic, open
chain acyclic, or branched chain, being 4 f (R1= tert-butyl)
an exception. On the other hand, the Et2Zn addition to aryl
enones 4h–n proceeded nicely, in both toluene and CH2Cl2,
irrespective of the electronic character and bound position
of the substituent on the aromatic ring. Of significance, the
method is also applicable to substrates bearing functional
groups sensitive to more reactive alkylmetals, that is,
Grignard reagents.[17] For instance, the acetoxy (4 l,
entry 12), methoxycarbonyl (4m, entry 13), and acetyl (4n,
entry 14) derivatives led to the respective ACA adducts with
complete chemoselectivity.


It was subsequently observed that not only Et2Zn, but
also the less reactive Me2Zn, the hindered iPr2Zn, and
longer chain dialkylzinc reagents, such as Bu2Zn, added effi-
ciently to give products 12–14 with ee values in the range
93–98% (Table 3). In addition, the reaction of enones 4o/4p
with Me2Zn to afford 16/17 documents the suitability of the


method for an iterative approach to deoxypropionates,
which are motifs holding biological relevance.[18] Both the
high level of enantioselectivity uniformly achieved and the
scope with respect to the enone substrate and dialkylzinc re-
agent clearly surpass previous realisations.[4,12] It is worth
noting once again the key importance of the flanking qua-
ternary carbon center for effective chirality transfer as indi-
cated by the comparatively poor result attained in the reac-
tion of enone 7g with Bu2Zn to give 15g.


The potential of this catalytic model may be further dem-
onstrated by the smooth transformation of adducts into
either carboxylic acids such as 18 and 19 or aldehydes such
as 20, in high yields and preserved ee values (Scheme 2).[19]


In these transformations acetone is the only organic byprod-
uct formed, which constitutes an additional aspect of practi-
cal interest. It is worth to stress that the catalytic ACA of di-
alkylzinc reagents to simple aliphatic unsaturated esters,
that is, methyl cinnamate and methyl crotonate, hardly pro-
ceed, while parallel reactions with simple enals are essential-
ly lacking.[5,20]


Table 1. Finding the best a’-oxy enone template and conditions.[a]


Entry L* R1 R2 R3 Enone Product ee [%][b]


1 1 PhCH2CH2 Me Et3Si 4a 8a 45[c]


2 H 5a 9a 64[c]


3 2 PhCH2CH2 Me Et3Si 4a 8a 80[d]


4 H 5a 9a <5[d]


5 3 PhCH2CH2 Me Et3Si 4a 8a 78 (94)[d]


6 Me H 5a 9a 12
7 Ph Me Et3Si 4g 8g 94 (94)[d]


8 tBuMe2Si 6g 10a 90
9 Ph H Et3Si 7g 11g 72 (84)[d]


[a] mol% Cu ACHTUNGTRENNUNG(OTf)2/L*: (1) 5:10; (2) 5:12; (3) 3:3.6. CH2Cl2 as solvent
unless otherwise stated; >99% conversion in all cases. [b] Determined
by HPLC. [c] Et2O as solvent. [d] Toluene as solvent.


Table 2. Reaction of Et2Zn with b-substituted enones 4 to give 8.[a]


Entry Compound R1 Yield 8 [%][b] ee [%][c]


1 a PhCH2CH2 84 (86) 94 (78)
2 b CH3 ACHTUNGTRENNUNG(CH2)3 90 92
3 c CH3 86 80
4 d c-C6H11 83 96
5 e ACHTUNGTRENNUNG(CH3)2CHCH2 83 96
6 f ACHTUNGTRENNUNG(CH3)3C –[d] –


Ph 91 (88) 94 (94)
4-CH3C6H4 79 (76) 88 (97)


9 i 2-CH3C6H4 91 (89) 94 (94)
10 j 4-CH3OC6H4 (89) (96)
11 k 4-ClC6H4 (92) (97)
12 l 4-MeCO2C6H4 (91) (94)
13 m 4-MeO2CC6H4 (88) (92)
14 n 3-MeCOC6H4 (90) (90)


[a] Mol ratio of 4/Et2Zn/Cu/3 1:3:0.03:0.036, 0 8C, 6–14 h in either toluene
or CH2Cl2. [b] Yields after chromatography. Data in parentheses for reac-
tions run in CH2Cl2. [c] Determined by HPLC. [d] No reaction.


Table 3. ACA of other dialkylzinc reagents to a’-silyloxy enones.[a]


Enone R1 R2 R2Zn


Product
Yield
[%][b]


ee
[%][c]


4a PhCH2CH2 Me Me2Zn 12a 82 95
Me iPr2Zn 13a 80 94


4d c-C6H11 Me Me2Zn 12d 88 >98
4e ACHTUNGTRENNUNG(CH3)2CHCH2 Me iPr2Zn 13e 88 94
4g Ph Me Bu2Zn


[d] 14g 85 93
7g Ph H Bu2Zn


[d] 15g 85 72


4o Me Me2Zn 16 95 96[e]


4p Me Me2Zn 17 90 80[e,f]


[a] Conditions: ratio of enone:R2Zn/Cu/3 1:3:0.03:0.036, CH2Cl2, 0 8C, 14 h.
[b] Yields after chromatography. [c] Determined by HPLC. [d] Toluene as sol-
vent. [e] de determined by 13C NMR. [f] Starting from enone 4p of 84% ee.
For details see Supporting Information.
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In conclusion, a’-oxy enones are disclosed as a distinct
class of carboxylic acid and aldehyde surrogates for the Cu-
catalyzed ACA of dialkylzinc reagents, featuring broader
substrate and dialkylzinc reagent scope than previously es-
tablished templates.


Experimental Section


General procedure for the ACA of dialkylzinc reagents : In a flame-dried
Schlenk tube were placed Cu ACHTUNGTRENNUNG(OTf)2 (5.5 mg, 0.015 mmol), ligand 3
(9.3 mg, 0.018 mmol) and toluene or CH2Cl2 (2 mL). The resulting mix-
ture was stirred at room temperature for 1 h, and then cooled in an ice
bath followed by the addition of a solution of a’-triethylsilyloxy enone 4
(0.5 mmol) in the same solvent (1.5 mL). After 15 min of stirring, Et2Zn,
Me2Zn, or iPr2Zn (1.5 mmol, solutions in toluene), or net Bu2Zn, was
added dropwise over 3 min. The mixture was stirred until TLC analysis
indicated completion of the reaction (6–14 h). Then, the reaction was
quenched with sat. NH4Cl (15 mL) and the resulting mixture was extract-
ed with Et2O (15 mL) three times. The combined organic layer was dried
over MgSO4 and concentrated under reduced pressure. Adducts were pu-
rified by silica gel column chromatography (hexane/EtOAc 100:1).


Conversion of adducts into carboxylic acids : To a solution of the conju-
gate addition adduct (0.5 mmol) in acetonitrile (6 mL) at 0 8C was added
dropwise a solution of cerium(IV) ammonium nitrate (CAN) (0.82 g,
1.5 mmol) in water (3 mL) and the mixture was stirred at room tempera-
ture for 2–3 h. Then water (15 mL) was added and the mixture was ex-
tracted with CH2Cl2 (5R15 mL). The combined organic extracts were
washed with water (20 mL), dried over MgSO4, filtered and the solvent
evaporated. The carboxylic acid products were purified by flash chroma-
tography (silica gel, hexane/EtOAc 10:1).
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Ultraproductive, Zinc-Mediated, Immortal Ring-Opening Polymerization of
Trimethylene Carbonate


Marion Helou,[a] Olivier Miserque,[b] Jean-Michel Brusson,[b]


Jean-FranÅois Carpentier,*[a] and Sophie M. Guillaume*[a]


In the general context of the depletion of fossil feed-
stocks, use of monomers derived from renewable resources
nowadays appears as a priority for sustainable synthesis of
polymers. Thus, cheap glycerol originating from biomass can
be converted into valuable chemicals, for example, 1,3-pro-
panediol readily affords trimethylene carbonate (TMC).[1]


Poly(trimethylene carbonate) (PTMC) is a synthetic poly-
mer, best obtained by ring-opening polymerization (ROP)
of TMC, which shows good promise for various applications,
in particular in the biomedical field as diagnostic and thera-
peutic tools, including controlled and sustained drug or gene
delivery vehicles, or tissue engineering and tissue repair sys-
tems.[2] Therefore, efficient synthetic procedures for the for-
mation of PTMC with reagents/solvents that are as nontoxic
as possible are highly desirable.


To that end, the concept of “immortal” polymerization
appears as an extremely worthy approach, since it allows
the growth of many—that is, more than one as in “conven-
tional” living mechanisms—polymer chains per metal center
while maintaining the control of the reaction, thanks to the
presence of protic sources acting as chain-transfer agents.
First pioneered by Inoue for the ROP of epoxides by an Al–
porphyrin/alcohol system,[3a–c] this approach has been further
extended to other less reactive heterocyclic monomers.[3d–g]


Yet, the productivity of these immortal catalytic systems
(monomer-to-metal ratios <2000) does not compare to
those achieved for the polymerization of olefins, for which


truly minute amounts of metallic species are used, and
never has it been applied to the ROP of cyclic carbonates.


ROP of six-membered carbonates has been investigated
through cationic, anionic and insertion-coordination path-
ways, including nontoxic initiating systems.[4] Among these,
zinc-based initiators are particularly attractive given that
this metal participates to the human metabolism.[5] How-ACHTUNGTRENNUNGever, the use of ZnII complexes remains quite limited in the
ROP of carbonates,[6] relative to that of other cyclicACHTUNGTRENNUNGesters[2c,7] for which discrete ZnII complexes supported by a
variety of ancillary ligands have emerged as highly perform-
ant initiators.[8–13]


Herein, we report the “immortal” solvent-free polymeri-
zation of TMC by using a simple binary catalyst system
based on Coates� zinc complex supported by a b-diiminate
ligand, and benzyl alcohol as a transfer agent (Scheme 1).
The “immortal” approach is applied here for the first time
to a carbonate monomer and is shown to be extremely ef-
fective: huge amounts of TMC can be fully converted into
PTMC in a highly controlled manner from minute catalytic
amounts of zinc combined with large quantities of benzylACHTUNGTRENNUNGalcohol under mild reaction conditions.


The results summarized in Table 1 show that TMC is effi-
ciently polymerized in bulk at 60–110 8C in the presence of
[Zn ACHTUNGTRENNUNG(bdi){N ACHTUNGTRENNUNG(SiMe3)2}] (bdi =CH(CMeNC6H3-2,6-iPr2)2)


[9] as
the catalyst precursor and benzyl alcohol (BnOH) as the
transfer agent, with an initial alcohol/zinc ratio varying from
0 to 50 and a monomer/zinc loading ranging from 500 up to
50 000. Implementation of this binary catalyst system to gen-
erate in situ, within 15 min, the active alkoxide species
[Zn ACHTUNGTRENNUNG(bdi) ACHTUNGTRENNUNG(OBn)] is straightforward (Scheme 1, top) and does
not require the prior synthesis of this derivative, which is a
significant advantage. The reaction mixtures and final poly-
mers were analyzed by NMR spectroscopy and size exclu-
sion chromatography (SEC) to determine the monomer con-
version, the total number of chains, and the chain-end struc-
ture (see Supporting Information).


For the sake of comparison, the amido precursor
[Zn ACHTUNGTRENNUNG(bdi){N ACHTUNGTRENNUNG(SiMe3)2}] was first evaluated without any added


[a] M. Helou, Prof. Dr. J.-F. Carpentier, Dr. S. M. Guillaume
Catalysis and Organometallics
UMR 6226 CNRS - Universit� de Rennes 1
Campus de Beaulieu, 35042 Rennes Cedex (France)
Fax: (+33) 2-2323-6939
E-mail : sophie.guillaume@univ-rennes1.fr


jean-francois.carpentier@univ-rennes1.fr


[b] Dr. O. Miserque, Dr. J.-M. Brusson
Total Petrochemicals Research
Zone Industrielle C, 7181 Feluy (Belgium)


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801416.


� 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8772 – 87758772







alcohol (Table 1, entry 1). Although this complex shows a
moderate activity (170 turnovers in 8 min), the polymeri-
zation is not controlled, as evidenced by the molar mass
value, which is much higher than the calculated one, and by
the broad molar mass distribution value. This result falls
within the trend of observations made upon polymerizing
lactones with homoleptic metal amide derivatives.[14]


Addition of BnOH (1–50 equiv vs. Zn) generates a more
active species and allows the controlled polymerization of
TMC at various monomer/alcohol ratios with high to quanti-
tative monomer conversions within 0.1–3 h (entries 2–17).
The SEC traces of the polymers all exhibit a unimodal and
symmetrical peak.[15] The molar mass values determined by
SEC (M̄n SEC) are in quite good agreement with the calculat-
ed ones (M̄n theory), assuming that all the added alcohol mole-
cules contribute to the immortal polymerization.[16] As fur-
ther documented hereafter, these observations suggest that
1) benzyl alcohol is the actual initiator of the ROP and 2) a
fast, reversible exchange takes place between the growing
polymer chains and the free alcohol moieties (Scheme 1).


The polymerization of up to
10 000 equivalents of TMC pro-
ceeds readily at 60 8C. Raising
the temperature to 110 8C
allows high conversions to be
reached within similar short pe-
riods of time (<2 h) for signifi-
cantly larger amounts of TMC,
up to 50 000 equivalents. Re-
markably, turnover numbers
(TONs) and turnover frequen-
cies (TOFs) reach 46 500 mol-ACHTUNGTRENNUNG(TMC) mol(Zn)�1 (entry 17)
and 31 000 mol ACHTUNGTRENNUNG(TMC)-ACHTUNGTRENNUNGmol(Zn)�1 h�1 (entry 14), re-
spectively, under such condi-
tions. These productivity and
activity data range much higher
than the maximum values
(TON= 1293 in 1 h; TOF=


970–1290 h�1 at 110 8C) report-
ed for the TMC/Zn ACHTUNGTRENNUNG(acac)2 sys-
tem[6c] and are, to the best of
our knowledge, unprecedented
for a carbonate, or even a lac-
tone, polymerization initiated
by a zinc derivative.[18,19]


The amount of alcohol added
to the zinc amide complex has
been increased, in the present
work, up to 50 equivalents, still
with a good control of the poly-
merization in terms of the
agreement between the experi-
mental molar mass values
(M̄n SEC) and monomer/alcohol


ratios (Table 1, entries 7, 9, and 16). The dependence of the
experimental molar mass (M̄n SEC) on the amount of added
BnOH, for a given TMC/Zn ratio of 500 (Figure 1), eviden-


Scheme 1. [Zn/alcohol]-mediated “immortal” ROP of TMC.


Table 1. Bulk polymerization of TMC initiated by the [(bdi)Zn(N ACHTUNGTRENNUNG(SiMe3)2)]/BnOH system.ACHTUNGTRENNUNG[TMC]0: ACHTUNGTRENNUNG[ROH]0
[a] T


[8C]
tACHTUNGTRENNUNG[min][b]


Monomer
conv.[c]


[mol %]


M̄n theory
[d]ACHTUNGTRENNUNG[gmol�1]


M̄n SEC
[e]ACHTUNGTRENNUNG[gmol�1]


M̄w/
M̄n


[f]
TOFACHTUNGTRENNUNG[molACHTUNGTRENNUNG(TMC)mol(Zn)�1 h�1]


1 500:0 60 8 34 17450 102 600 1.91 1275
2 500:1 60 8 95 48600 42000 1.70 3560
3 500:2 60 8 100 25600 27700 1.65 3750
4 500:5 60 7 99 10200 12400 1.55 4240
5 500:10 60 30 100 5200 7300 1.38 1000
6 500:20 60 60 99 2600 3500 1.35 495
7 500:50 60 120 100 1150 1600 1.10 250
8 1000:5 60 10 100 20500 25900 1.60 6000
9 1000:50 60 20 89 1900 2200 1.17 2670


10 2000:5 60 15 79 32350 35700 1.90 6320
11 2000:20 60 30 95 9800 13100 1.38 3800
12 5000:20 60 75 90 23100 28760 1.70 3600
13 10000:20 60 180 89 45500 43290 1.90 2967
14 25000:10 110 40 83 211 750 185 200 1.68 31125
15 25000:20 110 50 96 122 500 110 230 1.84 28800
16 25000:50 110 40 80 40900 49300 1.90 30000
17 50000:20 110 120 93 237 250 160 600 1.68 23250


[a] Monomer and alcohol equivalents relative to [Zn]0; See the Supporting Information for experimental de-
tails. [b] Reaction time was not necessarily optimized. [c] Determined by 1H NMR. [d] Calculated from
[TMC]0/ ACHTUNGTRENNUNG[ROH]0 � monomer conversion xMTMC +MROH, with MTMC =102 gmol-1 and MBnOH=


108 gmol-1. [e] Determined by SEC and corrected by 0.73.[17] [f] Molar mass distribution calculated from SEC
traces.


Figure 1. Dependence of the molar mass M̄n on the alcohol concentration
at [TMC]0/[Zn]0 =500. ~: experimental values determined by SEC; &:
theoretical values.
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ces that the [Zn ACHTUNGTRENNUNG(bdi) ACHTUNGTRENNUNG(OBn)]/BnOH transfer efficiently takes
place, since the molar mass of the resulting polymer de-
creases with increasing quantity of alcohol. This means that
the number of polymer molecules becomes larger, propor-
tionally to the number of added BnOH molecules.


The dependence of molar masses of PTMCs on the mono-
mer/alcohol ratio for 1) 20 equivalents of BnOH versus Zn
and 2) a TMC/Zn ratio of 500, is presented Figure 2. The


polymerization degrees measured by SEC are fully consis-
tent with [TMC]0/[Zn]0/ ACHTUNGTRENNUNG[BnOH]0 up to 25 000 monomer
units ([TMC]0/ ACHTUNGTRENNUNG[BnOH]0 =25 000:20=1250; Table 1, entry 15;
Figure 2, top); side-reactions[15] responsible for a decrease of
the M̄n values appear only at higher monomer loadings
(50 000 equiv; entry 17). Similarly, for [TMC]0/[Zn]0 =500:1,
M̄nSEC varies linearly with the [TMC]0/ ACHTUNGTRENNUNG[BnOH]0 ratio
(Figure 2, bottom). These observations illustrate the con-
trolled “living” character of the ROP reaction under a
broad range of experimental conditions. Indirectly, this hints
that the active ZnII species is able to withstand quite large
amounts of alcohol,[19] a good stability most likely provided
by the ancillary bdi ligand.[9,12]


The polycarbonate end-groups have been unambiguously
identified by 1H NMR analyses as a benzyloxy and a hy-
droxyl function. These groups arise from the initiation by
the zinc–benzyloxide species and from the hydrolytic deacti-
vation of the growing species, respectively, thereby support-


ing a coordination–insertion mechanism.[4] The good agree-
ment of M̄n values of relatively low-molar-mass macromole-
cules, as determined from 1H NMR analysis, with the calcu-
lated ones evidences the quantitative chain-end capping at
both ends.[16] Importantly, these analyses also revealed the
absence of resonances corresponding to ether units, that is,
the absence of decarboxylation of the PTMC, a phenomen-
on yet often observed in ROP of carbonates.[4]


On the basis of these data, the “immortal” ROP mecha-
nism depicted in Scheme 1 can be proposed. Addition of the
first BnOH molecule onto [Zn ACHTUNGTRENNUNG(bdi){N ACHTUNGTRENNUNG(SiMe3)2}] leads to the
formation of the corresponding zinc alkoxide initiating spe-
cies [Zn ACHTUNGTRENNUNG(bdi)Zn ACHTUNGTRENNUNG(OBn)] (Scheme 1, top). Upon subsequent
addition of the monomer, a growing zinc alkoxide is formed
(Scheme 1, middle). Excess alcohol molecules, being in-
volved in a rapid and reversible exchange with this growing
alkoxide, act as chain-transfer agents (CTAs), resulting in
the formation of a new growing zinc alkoxide complex along
with dormant hydroxy-terminated polymer chains (HOPol)
(Scheme 1, bottom). All BnOH/HOPol molecules thus act
as a CTA resulting in new growing species from which new
PTMCs are formed according to the pendant reaction be-
tween the middle and bottom equations shown in Scheme 1.
Therefore, the total number of growing macromolecules
(Zn�OPol+ HOPol) is greater than the initial number of
zinc complex molecules introduced and is directly set by the
initial amount of CTA introduced. One of the key points of
a successful “immortal” polymerization is the rapidity of the
exchange between the metal alkoxide and the CTA (BnOH
and resultant HOPol). If the rate of the transfer reaction ktr


is rapid enough relative to the rate of the polymerization kp,
the molar mass distribution of the macromolecule formed is
expected to be narrow, as in the absence of transfer agent.
This is actually what is observed in the present work
(M̄w/M̄n<1.90), keeping in mind that the polymerization re-
actions are performed in bulk.[15]


An essential consequence of this process is that poly-
carbonates prepared accordingly can be directly considered
for use as biomaterials. Indeed, when using an initial loading
of metal complex as low as 20 ppm to polymerize
50 000 equivalents of monomer (entry 17), the metal recov-
ered in the final polymer is, at most, present in trace
amounts. In addition, the appropriate choice of a biometal
as the one we picked, that is, zinc, inhibits reservations with
regards to toxicity.


In summary, we have shown that the [ZnACHTUNGTRENNUNG(bdi){N-ACHTUNGTRENNUNG(SiMe3)2}]/BnOH system features unprecedented, highly ef-
ficient, catalytic activities and productivities for the con-
trolled “living” and “immortal” ROP of trimethylene car-
bonate. This paves the way to the synthesis of as much as
50-fold polymer chains of PTMC in the presence of ex-
tremely small amounts of catalyst. This is the first example
of an “immortal” polymerization of a carbonate monomer.
In addition, the reaction proceeds in bulk, that is, under
green and industrially relevant conditions. A further signifi-
cance of this system lies in the versatility provided by the
nature of the alcohol (unsaturated, multifunctional, etc.),


Figure 2. Dependence of the molar mass M̄n on the [TMC]0/ ACHTUNGTRENNUNG[BnOH]0


ratio for [Zn]0/ ACHTUNGTRENNUNG[BnOH]0 = 1:20 (top) and [TMC]0/[Zn]0 =500:1 (bottom).
~: experimental values determined by SEC; &: theoretical values.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8772 – 87758774


J.-F. Carpentier, S. M. Guillaume et al.



www.chemeurj.org





which affords the possibility to eventually tune the end-func-
tionality of the polymers and/or to access telechelic and star
polymers. Such metallic complex/protic source chemistry is
ripe to be applied for the non-toxic preparation of biocom-
patible polymers.
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An Easy Single-Step Synthesis of Platinum Nanoparticles Embedded in
Carbon


Sangaraju Shanmugam[a, b] and Ulrich Simon*[a]


Platinum nanoparticles have gained a huge impact to-
wards catalytic processes in science and technology.[1] In
conjunction with a solid support they are applicable for
technical processes, for example, fuel cell applications. What
is most desirable for such applications is the control of the
particle size as well as the preferential formation and orien-
tation of certain crystallographic facets, which affect the cat-
alytic performance.[6] While the preparation of catalytically
active Pt nanoparticles on solid supports is established utiliz-
ing chemical reduction,[2] involving surfactants as protective
agents[7] or sol–gel processes,[9] by sonochemical[3]or micro-
wave processes[4] or by chemical deposition techniques,[5]


precise control over the particle size, shape and orientation
on the support still remains a great challenge.
When prepared through a chemical pathway, supported Pt


nanoparticles are typically obtained following a two-step
protocol. This involves the deposition of molecular or ionic
precursors, such as chloroplatinic acid (H2PtCl6), on the de-
sired support from the aqueous or organic liquid phase, fol-
lowed by the reduction with suitable reducing agents, such
as hydrogen, hydrazine or formaldehyde. Limitations of
these methods are: i) If H2 is used, high temperatures (300–
500 8C) are usually necessary. Under such harsh reaction
conditions the support has to retain its structure and activity.
Furthermore, this method can lead to the formation of
larger aggregates of the initially well dispersed Pt nanoparti-
cles. ii) Application of formaldehyde or hydrazine as a re-
ducing agent often results in incomplete reduction and is
therefore inefficient with respect to the noble-metal load.


Thus, the development of synthetic routes allowing cata-
lyst fabrication in direct conjunction with the desired sup-
port in one single step is highly desirable. Examples for the
preparation of nanoparticles in direct conjunction with a
carbon support are given by Zhang et al. and Yu et al.:
Zhang et al. reported on the fabrication of platinum nano-
particles embedded in carbon nanofibers by polymerization
of acrylnitrile in the presence of platinum acetylacetonate in
a porous alumina template.[10] Yu et al. described the facile
one-pot synthesis of Se/C composites by taking advantage of
microwave heating and hydrothermal effects at a reasonable
low temperature. These composites consist of dandelion-like
Se nanorod aggregates as the core and amorphous carbon as
the encapsulating shell.[11] Such Se/C core–shell nanocompo-
sites have further been employed as a template to fabricate
hollow carbon capsules. Recently, Wei et al. , developed a
facile solution phase hydrothermal route to synthesize Fe-
Ni@carbon nanostructures.[12]


In this work we introduce a template-free single-step
route for the synthesis of spherical Pt nanoparticles embed-
ded in carbon. This method is facile, solvent-, catalyst-, and
template-free and it is easy to handle, and thus might even
be scalable. The reaction products were characterized by
scanning electron microscopy (SEM), energy dispersive X-
ray analysis (EDX), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), micro-
Raman spectroscopy as well as electrochemically. We will
show that the product only consists of carbon and Pt without
any other impurities, and that the Pt nanoparticles are
chemically accessible in an electrochemical environment.
The Pt–C composite was synthesized using Swagelok


stainless steel union parts.[13] For a typical synthesis, 0.5 g of
the precursor was introduced into a 5 mL Swagelok reactor
cell. The 3=4 inch cell closed from both sides by standard
caps. The filled reactor is kept inside the iron pipe, which
was placed at the center of the furnace. The temperature of
furnace was raised at a heating rate of 25 8C per minute up
to the desired reaction temperature, that is, 400 and 500 8C,
respectively. The products synthesized at these temperatures
are designated as Pt-C-400 and Pt-C-500, respectively. The


[a] Dr. S. Shanmugam, Prof. U. Simon
Institute of Inorganic Chemistry, RWTH Aachen University
Landoltweg 1, 52056 Aachen (Germany)
Fax: (+49)241-809-9003
E-mail : ulrich.simon@ac.rwth-aachen.de


[b] Dr. S. Shanmugam
School of Advanced Science and Engineering
Waseda University, 3-4-1 Okubo
Shinjuku-ku, Tokyo 169-8555 (Japan)


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801263.


F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8776 – 87798776







XRD patterns of Pt-C-400 and Pt-C-500 are shown in
Figure 1. The diffraction peaks can readily be indexed to
cubic Pt (JCPDS card 04-0802). For both materials the dif-
fraction peaks were observed at 2q=39.81, 46.28, 67.63 and
81.378. These peaks are assigned to the (111), (200), (220),
and (311) reflection planes of the face-centered cubic phase
of Pt. Applying the Scherrer equation[14] by analyzing the
full-width at half maximum diffraction peak of (111) the
average particle size of Pt was determined to be 4 nm. The
carbon content in Pt-C-400 and Pt-C-500 was 17.5 and
20.1 wt%, respectively, as determined by C, H, and N ele-
mental analysis. The total yield of the Pt-C-400 and Pt-C-
500 products was 65 and 58%, respectively (relative to the
starting material).


The calculated carbon content in the precursor is 30.5%.
We assume that the loss of carbon may be due to partial oxi-
dation of carbon to CO and CO2. Figure 2 shows the SEM
image of the two products. The overall morphology mostly
exhibits spherically shaped particles with an average diame-
ter of 1.5 mm. In Pt-C-500 the particles are partially sintered,
which may be due the higher temperature (Figure 2c).
The EDX spectrum of an individual sphere of Pt-C-400 is


given in Figure 2d, which shows Pt and carbon without any
other impurities, and proves the purity of the product.
Figure 3 shows the TEM images of Pt-C-400 and PT-C-


500. The individual Pt nanoparticles are coated with carbon,
which is depicted in Figure 3a by arrows. A histogram of the
size distribution of the particles for Pt-C-400 is calculated by
counting 200 particles (see Supporting Information). The
average particle size is 5.4�1 nm. Thus, the size of Pt parti-
cles in both materials ranges between 4 and 6 nm, and they
are found to be of crystalline nature, which can be derived
from the lattice fringes. The distance measured between the
(111) lattice planes is 0.225 nm, which is very close to the
distance between the planes reported in the literature
(0.228 nm) for the face-centered cubic lattice of the Pt
(JCPDS 04-0802). To verify the presence and nature of


carbon in the Pt–C samples we performed Raman spectros-
copy. The Raman spectra (see Supporting Information) of
Pt-C-400 exhibit two broad peaks at around 1341 (D band)
and 1611 cm�1 (G band). The G band corresponds to the
symmetric E2g vibrational mode in graphite-like structures
and is attributed to graphite-like sp2 microdomains in the
products, while the D band corresponds to disordered sp2


microdomains.[15] Pt-C-500 showed corresponding peaks at
around 1343 and 1606 cm�1, respectively, but with higher in-
tensity and lower full-width at half maximum. Hence, the
Raman spectra indicate a certain amount of amorphous
carbon besides graphitic domains.
This agrees well with the results of the XPS analysis,


which was applied to analyze the chemical surface composi-
tion with respect to the oxidation states of Pt and the nature
of oxygen. The only elements detected on the surface were
carbon, platinum and oxygen. The respective concentrations
in Pt-C-400 are found to be 75.3 (Pt), 19.5 (C) and 5.2%
(O), respectively. The XP spectrum of Pt 4f in Pt-C-400
showed a doublet of Pt 4f7/2 and 4f5/2 with the binding
energy centered at 71.7 and 75.0 eV, respectively, which sug-
gests that the Pt is in a metallic state.[16]


Figure 4 shows the high resolution XP spectra of Pt-C-
400, where the C 1 s spectrum (Figure 3 a) has been decon-
voluted into two symmetric peaks (284.8, 285.2 eV) and an
asymmetric one (286.2 eV). The main peak (284.8 eV) origi-
nates from the C�C and C�H forms of graphitic carbon.
The peaks at 285.2 and 286.2 eV can be assigned to sp3-hy-
bridized carbon atoms bound to one or two oxygen atoms,
respectively, whereas the electronegative oxygen atoms


Figure 1. XRD patterns of a) Pt-C-400 and b) Pt-C-500.


Figure 2. a) SEM image of Pt-C-400, b) SEM image at higher magnifica-
tion of an individual Pt-C particle marked with an arrow in a), c) SEM
image of Pt-C-500 and d) EDAX of Pt-C-400.
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induce a positive charge on the carbon atom. Hence, they
can be assigned to alcoholic, ether (C�O) and ketone/alde-
hyde (C=O) species.[17] The oxygen spectrum in Figure 4b
gives four peaks after a similar fitting procedure: One peak
at a binding energy of 531.2 eV corresponding to the double
bonded oxygen (like C=O group), and peak at 532.3 eV,
which is attributed to single bonded oxygen atoms (e.g. C�
OH). The two peaks at 534.1 and 533.0 eV could be attribut-
ed to the presence of adsorbed moisture and oxygen, respec-
tively.[18]


We can only speculate about the mechanism at this point
as to how the carbon embedded Pt nanoparticles are
formed. We assume that in a first step upon heating the
thermal decomposition of the precursor takes occurs at a
temperature above 250 8C, where Pt vapour is formed. The
next stage thus seems to be the formation of metallic Pt par-
ticles upon vapour nucleation and condensation, followed
by the coagulation of particles. At the same time carbon
monoxide is released from ligand decomposition, which may
undergo catalytic disproportionation to form carbon and
CO2 through the Boudouard reaction.


[19] It is observed that
the disproportionation reaction of CO takes place around
330 8C on Pt.[20] Then, the mirostructure of final product is
determined during the cooling and is related to carbon seg-
regation in the supersaturated particles due to the reduction


in solubility as the systemLs temperature decreases.[21] If the
cooling rate would be infinitely slow, the particle structure
achieved after carbon segregation would be graphitic carbon
around the Pt particles, which is regarded as the equilibrium
structure. However, due to competition between the segre-
gation and surface fluxes, two situations can occur in the
system upon cooling. It may form a carbon core and Pt shell
or a Pt core with carbon shell. It is known that the crystalli-
zation of Pt is faster than that of carbon; thus, first Pt crys-
tallizes first giving rise to the carbon coating on the Pt nano-
particles.
In order to analyse the chemical accessibility of the em-


bedded Pt nanoparticles we studied the electrochemical
properties of Pt-C composites (see Supporting Information).
The cyclic voltammograms were obtained in aqueous 0.5m


H2SO4 at a sweep rate of 25 mVs
�1. The voltammetric fea-


tures of Pt-C-500 composites are characteristic of Pt metal,
with Pt oxide formation in the + 0.60 to +1.20 V region,
the reduction of Pt oxide at about +0.40 V, and the hydro-
gen adsorption (�0.054 V) and desorption (�0.112, 0.025 V)
peaks. In Pt-C-400, the hydrogen adsorption and desorption
peaks are observed at �0.064 and +0.021 V, respectively.
The Pt oxide formation was observed at higher potential
range and the reduction of Pt oxide at +0.388 V. These ob-
servations suggest that the nature of carbon affect the elec-


Figure 3. TEM images of a) Pt-C-400, b) Pt-C-500 showing the platinum
nanoparticles embedded in carbon. Figure 4. High-resolution XPS spectra of Pt-C-400 a) C 1s and b) O 1s


region.
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trochemical properties of Pt–C composite electrode, and fur-
thermore that the Pt particles are chemically accessible and
in good electronic contact with the carbon surface.
In summary we introduced a simple and easy method for


the preparation of carbon supported 4–6 nm Pt nanoparti-
cles by thermal decomposition of Pt ACHTUNGTRENNUNG(acac)2 at 400 and
500 8C, respectively. The content of amorphous carbon was
found to be higher in the materials synthesized at higher
temperature, as confirmed by Raman spectroscopy. We
demonstrate that these particles are electrochemically
active, and hence, chemically accessible for catalytic reac-
tions. The described route is simple and elegant, and we
assume that it will be suitable for the preparation of other
catalytically active metal/carbon composites.


Experimental Section


Synthesis : Platinum(II) acetylacetonate was purchased from Aldrich with
a purity of 99%. Platinum(II) acetylacetonate (0.5 g) was filled into the
Swagelok cell at room temperature under atmospheric conditions. The
cell was closed tightly and then placed at the center of the furnace. The
temperature was raised at a heating rate of 25 8C per minute up to a tem-
perature of 400 8C, where it was held for 3 h. The reaction took place
under the autogenic pressure of the precursor. The closed cell heated to
400 8C was gradually cooled to room temperature, opened with the re-
lease of a little pressure. The product synthesized at 400 and 500 8C are
designated as Pt-C-400 and Pt-C-500, respectively.


Analysis : Scanning electron microscopy (SEM) of the obtained product
was carried out on a field emitter SEM LEO Supra 35VP with in lens de-
tector combined with an Oxford Instruments EDX INCA Energy 200
(133 eV, SiLi detector). The particle morphology was studied with trans-
mission electron microscopy on a JEOL-JEM 100 SX microscope, work-
ing at a 100 kV accelerating voltage, and a FEI Tecnai F20, with an accel-
erating voltage of 200 kV. Samples for TEM were prepared by ultrasoni-
cally dispersing of the products in absolute ethanol, placing a drop of this
suspension onto a copper grid coated with an amorphous carbon film and
then drying under air. Powder X-ray diffractograms were recorded in the
range 208<2q<808 on a STOE STADIP diffractometer using CuKa1 radi-
ation (40 kV, 30 mA) and a germanium monochromator. The elemental
analysis of the sample was carried out by an Eager C, H, N, S analyzer.
The Perkin–Elmer system 2000 Raman spectrometer was employed,
using the 514.5 nm line of an Ar laser as the excitation source to analyze
the nature of the carbon present in the products. XPS measurements
were performed in ultrahigh vacuum (UHV) with Kratos, axis HS mono-
chromatized AlKa cathode source, at 75–150 watt, using low energy elec-
tron plod gun for charge neutralization. Survey and high resolution indi-
vidual metal emissions were taken at medium resolution, with pass
energy of 80 eV, and steps of 50 meV.


A single glass compartment, three-electrode cell was employed for the
cyclic voltammetry. Pt wire and saturated calomel electrodes (SCE) were
used as counter and reference electrodes, respectively. A 0.076 cm2 area
glass carbon (GC) served as the working electrode. The electrochemical
studies were carried out with a CH I 630 Electrochemical analyzer (CHI
Instruments Inc. USA). Pt–C (15 mg) was dispersed in water (0.5 mL) for
20 min in an ultrasonicator. The dispersed Pt–C (20 mL) was placed on
GC and dried in an oven at 90 8C for 2 min. 5% Nafion (5 mL) was drop-
ped on GC and dried at room temperature. The solvent was evaporated,
and the Nafion acted as a binder to hold the sample to the electrode. The
electrolyte was degassed with nitrogen before the electrochemical meas-
urements.
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Fine-Tunable Organocatalysts Bearing Multiple Hydrogen-Bonding Donors
for Construction of Adjacent Quaternary and Tertiary Stereocenters via a
Michael Reaction


Zhi-Hai Zhang, Xiu-Qin Dong, Dong Chen, and Chun-Jiang Wang*[a]


The Michael addition reaction is widely recognized as one
of the most general and versatile methods for formation of
C�C bonds in organic synthesis.[1] Therefore, it is not sur-
prising that the development of enantioselective catalytic
protocols for this reaction has attracted much attention.[2]


Efforts aimed at achieving asymmetric Michael addition by
using powerful and environmentally friendly organocatalysts
have been explored intensively in recent years.[3,4] Of partic-
ular interest is the reaction between trisubstituted carbon
nucleophiles and electron-deficient olefins to form Michael
adducts containing adjacent quaternary and tertiary stereo-
centers, which are key units in complex natural products
and highly valuable synthetic building blocks. Despite its
great synthetic potential, only limited successful protocols
have been reported to achieve high levels of enantio- and/or
diastereoselectivity.[5] Compared with other asymmetric cat-
alysis, the reaction simultaneously creating adjacent quater-
nary and tertiary stereocenters in one step is still in its infan-
cy and the development of novel efficient catalysts showing
high reactivity, enantioselectivity and diastereoselectivity
still remains a great challenge.


Recently, we reported a new class of bifunctional amine/
thiourea catalysts I bearing multiple hydrogen-bonding
donors, which showed excellent performance in catalytic
asymmetric addition of acetylactone to nitroolefins and
highly anti-selective nitro-Mannich reaction.[6,7] Extending
the interest of these organocatalyst in asymmetric catalysis,
herein we report that another novel family of readily avail-
able, fine-tunable multiple hydrogen-bonding donor organo-
catalysts II[8,9] results in high enantioselectivity, diastereose-


lectivity and broad scope in the asymmetric Michael addi-
tion of a-substituted b-ketoesters to various nitroolefins.[5c,e]


Although amine/thioureas I were shown to be highly effi-
cient for the addition of various of symmetric and asymmet-
ric 1,3-diketones to nitroolfeins, our initial attempts to apply
I to promote the addition of a-substituted b-ketoesters to ni-
troolefins were unsuccessful (Table 1). The reaction of
methyl 2-oxo-cyclopentanecaboxylate (1 a) to nitroolefin
(2 a) with catalysts I in CH2Cl2 went to completion at room
temperature in less than 0.5 h, which was consistent with the
case of 1,3-diketone,[6] but the adduct 3 a was formed in very
low diastereoselectivity with moderate to good enantioselec-
tivity for the major diastereomer, even at lower temperature


[a] Z.-H. Zhang, X.-Q. Dong, D. Chen, Prof. Dr. C.-J. Wang
College of Chemistry and Molecular Sciences
Wuhan University, 430072 (PR China)
Fax: (+86) 27-68754067
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Supporting information for this article is available on the WWW
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Table 1. Representative results for Michael addition of a-substituted
b-ketoester 1 and nitroolefin 2a catalyzed by organocatalysts I.[a]


Entry Catalyst T [8C] t [h] Yield[b] [%] dr[c] ee [%][d,e]


1 I-A RT 0.5 92 74:26 29
2 I-B RT 0.5 96 50:50 72
3 I-C RT 0.5 91 65:35 80
4 I-D RT 0.5 94 59:41 80
5 I-D �45 10 97 58:42 84


[a] Unless otherwise noted, the reaction was carried out with 0.22 mmol
of 1a and 0.2 mmol of 2 a in 0.25 mL CH2Cl2. [b] Isolated yield. [c] Deter-
mined from crude 1H NMR spectra. [d] Enantiomeric excesses were de-
termined by chiral HPLC analysis. [e] The absolute configuration of 3 a
was determined to be (2R,3S) by comparing the retention time of chiral
HPLC analysis with that of the reported date.
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(Table 1, entries 1–5). Based on those experimental data and
the study of the reported transition-state models of Michael
reaction of b-ketoesters with nitroolefins,[5e, 10] we envisioned
that replacing the bulky sulfonamide NHSO2R with less
bulky OH group in the corresponding organocatalysts could
facilitate forming more favorable transition-state and there-
by significantly enhance the diastereoselectivity and enantio-
selectivity (Scheme 1).


We then investigated the effect of the fine-tunable orga-
nocatalysts II on the model reaction. Gratifyingly, these re-
actions afford good to excellent diastereo- and enantioselec-
tivities with the similar reaction rate at room temperature in
CH2Cl2


[11] (Table 2), and catalyst II-D was revealed as the
best one in terms of diastereoselectivity and enantioselectiv-
ity. Interestingly, the reaction temperature remarkably af-
fected the diastereo- and enantioselectivity, which was dif-
ferent from the case of 1,3-diketone.[6] Reducing reaction
temperature to �45 8C achieved a dr of 98:2 with 99 % ee
for the major diastereomer within 10 h[12] (Table 2, entry 6).
The current catalysis demonstrated significant improvements
over previous results that gave lower diastereo- and enantio-
selectivity or required longer reaction time (2–4 d).[5c,e]


To evaluate the scope of this Michael reaction, a repre-
sentative set of aryl and alkyl substituted nitroolefins were
surveyed under the optimal experimental conditions. As
shown in Table 3, A variety of aryl nitroolefins (2 a–j) react-
ed smoothly with b-ketoesters (1) within 12–20 h to afford
the corresponding adducts (3 a–j) in high yields, excellent
diastereoselectivities and enantioselectivities (Table 3, en-
tries 1 and 2–11). It appears that the steric and electronic
properties of the substituents on the aromatic rings have a
very limited effect on the selectivities. Alkyl nitroolefins
(2 k–n) also worked well in these reaction to give the desired
products (3 k–n) with excellent diastereoselectivities (96:4–


97:3) and high enantioselectivities (90–94 % ee) (Table 3, en-
tries 12–15).


Finally, to explore more deeply the scope and generality
of this catalytic system, other trisubstituted carbon nucleo-
philes were also examined with a 10 mol% of catalyst II-D.
As shown in Figure 1, various cyclic and acyclic compounds
proved to be excellent substrates for this reaction, providing
high diastereoselectivities and enantioselectivities.


The significant role of the multiple hydrogen-bonding
donors played in this system could be demonstrated through
the control experiments using less bulky methylated
(1R,2R,1’R,2’R)-II-E, (1R,2R,S)-II-F and (1R,2R,R)-II-G as
the catalyst under the optimized reaction condition
(Figure 2): the reactions became a little sluggish and the dia-
stereoselectivities of the products still remained at the simi-
lar levels, which was coincident with the proposed transition


Scheme 1. Design of the 2nd generation fine-tunable and less bulky
amine thiourea organocatalysts II bearing multiple hydrogen-bonding
donors.


Table 2. Screening studies of asymmetric Michael addition of a-substitut-
ed b-ketoester 1 and nitroolefin 2 a catalyzed by organocatalysts II.[a]


Entry Catalyst T [8C] t [h] Yield [%][b] dr[c] ee [%][d]


1 II-A RT 1 95 93:7 69
2 II-B RT 1 93 82:18 78
3 II-C RT 1 97 87:13 68
4 II-D RT 1 95 90:10 89
5 II-D �25 5 93 97:3 97
6 II-D �45 10 98 98:2 99


[a] Unless otherwise noted, the reaction was carried out with 0.22 mmol
of 1 a and 0.2 mmol of 2 in 0.25 mL CH2Cl2. [b] Isolated yield. [c] Deter-
mined from crude 1H NMR spectra. [d] Enantiomeric excess values were
determined by chiral HPLC analysis.


Table 3. Asymmetric Michael addition of a-substituted b-ketoester 1 and
nitroolefins 2 catalyzed 2nd generation organocatalysts II.[a]


Entry R2 Yield [%][b] dr[c] ee [%][d]


1 Ph (2a) 98 98:2 99
2[e] Ph (2a) 98 98:2 97
3 o-Me-Ph (2b) 97 98:2 99
4 m-Me-Ph (2c) 95 97:3 99
5 p-Me-Ph (2d) 91 99:1 99
6 o-Cl-Ph (2e) 95 97:3 99
7 p-Cl-Ph (2 f) 90 98:2 99
8 o-Br-Ph (2g) 94 97:3 99
9 m-MeO-Ph ACHTUNGTRENNUNG(2 h) 90 96:4 98
10 p-MeO-Ph (2 i) 91 94:6 97
11 p-F-Ph (2j) 89 97:3 99
12[f] amyl (2k) 89 96:4 94
13[f] iPr (2 l) 93 97:3 90
14[f] iBu (2m) 92 97:3 94
15[f] Cy (2n) 89 97:3 90


[a] Unless otherwise noted, the reaction was carried out with 0.22 mmol
of 1 and 0.2 mmol of 2 in 0.25 mL of CH2Cl2 at �45 8C. [b] Isolated yield.
[c] Determined from crude 1H NMR spectra. [d] Enantiomeric excesses
were determined by chiral HPLC analysis. [e] 5 mol % catalyst was used
and the reaction completed in 20 h. [f] Reaction at 0 8C.
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state mentioned above, however, the enantioselectivities de-
creased remarkably comparing with the results achieved by
the corresponding organocatalyst II-D.


In summary, elaborately designed fine-tunable bifunction-
al amine/thiourea organocatalysts, relying on multiple hy-
drogen-bonding donors, show excellent activity, diastereose-
lectivity, enantioselectivity and structural scope in the asym-
metric Michael addition of a-substituted b-ketoesters to ni-
troolefins. This reaction provides an easy entry to access
high functional compounds featuring adjacent quaternary
and tertiary stereocenters in one step. Further studies aimed
at diversifying the structure of the fine-tunable bifunctional
organocatalyst bearing multiple hydrogen-bonding donors
and their applications in other catalytic asymmetric reac-
tions are underway in our lab.


Experimental Section


General procedure for the synthesis of organocatalysts II-A–D : (1R,2R)-
2-Isothiocyanato-N,N-dimethylcyclohexanamine (194 mg, 1.05 mmol) was
added at room temperature to a solution of corresponding 2-amino-1,2-


diphenylethanol (1 mmol) in anhydrous THF (10 mL). The solution was
stirred overnight. TLC analysis indicated completion of the reaction. The
reaction mixture was concentrated in vacuo. The residue was purified by
flash silica gel chromatography to yield the corresponding organocatalyst.


General procedure for asymmetric Michael addition of a-substituted b-
ketoesters and nitroolefins catalyzed organocatalysts II-D : The catalyst
II-D (5.0 mg, 0.0126 mmol) was added to a vial containing a-substituted
b-ketoester (0.126 mmol) and nitroolefin (0.25 mmol) in dichloromethane
(0.2–0.6 mL) at �45 8C, TLC analysis indicated completion of the reac-
tion after about 12–20 h. Then the reaction mixture was concentrated
under vacuum to obtain the crude product. The crude product was puri-
fied by flash silica gel chromatography to afford the product, which was
then analyzed by chiral HPLC to determine the enantiomeric excess.
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A Stereoselective Zinc Atom Radical Transfer
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Intramolecular radical cyclization has become over the
years one of the most powerful strategies to synthesize car-
bocyclic and heterocyclic compounds.[1] In this context, cycli-
zation of 5-hexynyl radicals has found widespread applica-
tion for the preparation of exo-alkylidene derivatives. The
most common protocols involve the use of metal hydrides
(generally tin) as radical mediators and thus termination af-
fords directly an alkene, which results in a loss of functional-
ity. Halide atom transfer cyclization conditions leading to
vinyl halides provide an elegant solution to retain function-
ality,[2] but further elaboration requires an additional syn-
thetic step. Alternatively, processes where the intermediate
vinyl radical is captured by reaction with a metallic reagent
to generate a new carbon�metal bond, have also been dis-
closed.[3] In principle such a strategy is highly attractive
since subsequent ionic reactions should offer multibond-
forming events, however examples where the vinyl metal is
retained and reacted further are scarce.[3c,e,f]


The use of organozinc reagents as non-toxic radical pre-
cursors or mediators is a field of growing interest.[4–6] Of par-
ticular interest are zinc atom transfer reactions which enable
the transformation of simple readily available organozinc re-
agents into more elaborated ones via a radical chain transfer
mechanism. This approach has already been applied for the
preparation of zinc enolates[7,8] and alkylzinc reagents,[9–11]


but to our knowledge never for vinyl zinc derivatives.


As part of our ongoing interest in carbometallation of
zinc enolates,[12] we have recently disclosed a new access to
(pyrrolidylmethyl) zinc and (tetrahydrofuranylmethyl) zinc
derivatives by reaction of dialkylzinc, organozinc and
copper-zinc mixed reagents with (N-allyl)aminoenoates[9a–c]


and b-(allyloxy)enoates[9e] through a zinc atom transfer in-
volving a domino 1,4-addition/carbocyclization sequence.
We reasoned that addition on b-(propargyloxy)enoates,
readily prepared by reaction of the corresponding propar-
gylic alcohol with methyl 2-(bromomethyl)acrylate, might
lead to (exo-methylene tetrahydrofuranyl) zinc[13,14] deriva-
tives which can be functionalized further in-situ by reaction
with an electrophile and afford polysubstituted alkenyl tet-
rahydrofurans (Scheme 1).


We have found that reaction of primary dialkylzincs pro-
ceeds smoothly in diethyl ether at room temperature with a
number of b-(propargyloxy)enoates bearing diversely substi-
tuted alkynes to afford the corresponding exo-alkylidene tet-
rahydrofurans after acidic quench (Table 1).
Addition of Bu2Zn (or Et2Zn) on enoate 1a bearing a ter-


minal alkyne leads to exo-methylene tetrahydrofuran 2 (or
3) in 54% (or 55%) yield (entries 1–2). Starting from TMS-
substituted b-(propargyloxy)enoate 1b, diastereomerically
pure vinylsilanes (Z)-4 and (Z)-5 are obtained in good to
excellent yields (entries 3–4). The sequence is also highly ef-
fective and stereoselective with substrates bearing conjugat-
ed alkynes. Reaction of Bu2Zn and Et2Zn with 1c yields
styrenes 7 and 8 in 81 and 79% yield, respectively, in a
90:10 Z/E ratio (entries 6–7), whereas enyne 1d leads to dia-
stereomerically pure diene (Z)-9 in 59% yield (entry 8). Ste-
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Scheme 1. New multicomponent approach to polysubstituted alkylidene
tetrahydrofurans.
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reochemical assignment for products 4 and 8 arouse from
NOE experiments (Scheme 2).[15]


Reaction with alkyl substituted alkynes is also possible as
evidenced by the addition of Bu2Zn on 1e (entry 9). Howev-
er, in this case, a significant drop in diastereoselectivity is
observed as a mixture of alkylidene furans 10 is obtained in
a 64:36 Z/E ratio.
The domino sequence is not limited to primary dialkyl-


zincs. For example, salt free iPr2Zn prepared from
iPrMgCl[16] reacts with 1b to afford diastereomerically pure
vinylsilane (Z)-6 in 49% yield (Table 1, entry 5). Neverthe-
less, as evidenced by the recovery of 40% of 3-TMS-prop-
argyl alcohol, a competitive addition/b-elimination process
hampers the overall efficiency in this case.
In order to develop a three-component approach, we next


investigated the subsequent functionalization of the vinyl-
zinc resulting from the 1,4 addition/cyclization sequence
(Table 2). Much to our surprise, deuteration of the inter-
mediate obtained from Bu2Zn and enoate 1a afforded 11 as
a mixture of two diastereomers in a 51:49 E/Z ratio but also
50% of non-deuterated methylene–tetrahydrofuran 2 (en-
tries 1–2). On the contrary, complete deuterium labeling was
observed starting with TMS-substituted enoate 1b and (Z)-
14 was isolated (entry 5). The case of substrate 1e bearing
an ethyl substituted internal alkyne lies between the two
previous cases. As expected, a mixture of diastereomers is
obtained, but whereas complete deuterium labeling is ob-
served for the Z isomers, only partial labeling is observed


for the E isomers, as for the non-substituted case (entries 3–
4).
Functionalization of the intermediate vinylzinc species


was thus considered with substrates affording high degrees
of Z selectivity. The intermediate gem Si/Zn bimetallated
alkene resulting from the addition of Bu2Zn or Et2Zn on 1b
was trapped with iodine to afford iodo vinylsilane (E)-15 in
72% as a single diastereomer or allylated with allyl bromide
following transmetallation with CuCN·2LiCl to give trisub-
stituted vinylsilane (Z)-16 (entries 6–7). As confirmed by
NOE experiments on 15 (Scheme 2), full retention of con-
figuration was observed.[15] Likewise, electrophilic trapping
of the intermediate vinyl zinc was also possible starting from
enoate 1c bearing a phenylacetylene moiety (Table 2, en-
tries 8–9). Reaction with Bu2Zn followed by iodolysis af-
forded 17 in 79% yield in a 93:07 E/Z ratio, whereas reac-
tion with Et2Zn followed by transmetallation and trapping
with allyl bromide gave tetrasubstituted alkene 18 in 42%
as a single Z diastereomer. Here again, as evidenced by the
slight increase in diastereoselectivity with respect to simple
acidic quench (Table 1, entries 6–7) the alkenyl intermediate
leading to the Z product seems to be fully metallated but
not the one leading to the E product.
The observed transformations are believed to follow a


radical-polar crossover mechanism similar to the one we evi-
denced for the related reactions involving (N-allyl)amino-
enoates and b-(allyloxy)enoates (Scheme 3).[9a,b,e] Initial oxi-
dation of the organometallic species by traces of oxygen
produces a radical that undergoes 1,4-addition onto the Mi-
chael acceptor 1a–e to afford an enoxy radical 19.[17] Subse-
quent 5-exo-dig cyclization on the alkyne moiety and reduc-
tion of the resulting vinyl radical 20 by the organometallic
species gives the (tetrahydofuranylalkenyl)zinc intermediate
21 and a new radical that propagates the chain. The forma-
tion of the non-metallated compounds 2 and (E)-10 is unex-
pected. In the case of 1a (R1=H), we initially considered a
possible deprotonation of the starting terminal alkyne by
the formed vinylzinc 21.[18] To be consistent with the ob-
served yields higher than 50%, this possibility would imply
the formation of a gem-Zn,Zn bimetallated species which
was not detected after a deuterium quench.[19] Moreover,
such a possibility would not account for the formation of the
reduced product even with internal alkynes. It therefore
seems reasonable to consider that non-metallated com-
pounds 2 and (E)-10 arise from reduction of the intermedi-
ate vinyl radicals by hydrogen abstraction. Since a possible
intramolecular hydrogen shift was ruled out by the fact that
no deuterium incorporation was detected by 2H-NMR else-
where in the molecule,[19] H abstraction must in consequence
occur intermolecularly, though the hydrogen donor still re-
mains unidentified.[20]


Vinyl zinc derivatives being known to be configurationally
stable,[21] the diastereoselectivity of the process arises from
the stereoselectivity of the kinetically controlled SH2 step.[22]


Building on models reported for reductive cyclization of
hexynyl radicals[23] and iodine atom transfer cyclization of
hex-5-ynyl iodides,[2b] we propose an interpretation of the


Table 1. Reaction of dialkylzincs on b-(propargyloxy)enoates 1a–e.


Entry Substrate R1 R2Zn (equiv) Product Yield [%][a] dr[b]


Z/E


1 1a H Bu2Zn (3) 2 54 –
2 1a H Et2Zn (3) 3 55 –
3 1b TMS Bu2Zn (5) 4 67 >95:05
4 1b TMS Et2Zn (3) 5 91 >95:05
5 1b TMS iPr2Zn (3) 6 49[c] >95:05
6 1c Ph Bu2Zn (5) 7 81 88:12
7 1c Ph Et2Zn (3) 8 79 90:10
8 1d 1-Cx[d] Bu2Zn (3) 9 59 >95:05
9 1e Et Bu2Zn (3) 10 64 64:36


[a] Combined yield of isolated diastereomers. [b] Determined by NMR
analysis of the crude material. [c] 40% of 3-(trimethylsilyl)prop-2-yn-1-ol
was isolated. [d] 1-Cx/ 1-cyclohexenyl.


Scheme 2. Selected NOE signals for products (Z)-4, (Z)-8 and (E)-15.
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stereoselectivity based on the structure of the vinyl radical
(linear or bent).
Both for linear (R1=Ph, 1-cyclohexenyl) (Scheme 4) and


bent (R1=TMS, Et) radicals (Scheme 5), reduction occurs
selectively from the more sterically hindered syn side, pre-
sumably as a result of pre-coordination to the ester group of
the dialkylzinc involved in the SH2.


[24] anti Reduction is nev-
ertheless obtained to a significant extent for ethyl-substitut-
ed and unsubstituted vinyl radicals. These radicals are con-


sidered to be sp2 hybridized
and to invert with a very low
barrier. The Z/E ratio depend-
ing on the size of R1, with
“small” substituents, the con-
centration of (E)-20 increases
and its reduction, not only by
non pre-complexed dialkylzinc
but also by intermolecular H-
transfer, becomes more impor-
tant, thus leading to a selectivi-
ty drop and partial loss of the
metal. Interestingly, for H-sub-
stituted vinyl radical 20, H-
transfer seems to compete
both with syn and anti substitu-
tion to the same extent, per-
haps as a consequence of a
higher reactivity of the unsub-
stituted radical (Scheme 5).
In summary, we have dis-


closed a new efficient stereose-
lective multicomponent ap-
proach to polysubstituted alkyl-
idene tetrahydrofurans from
dialkylzincs and b-(propargyl-
oxy)enoates, by means of a
radical-polar domino 1,4-addi-
tion/carbocyclization sequence.
From a mechanistic point of
view, the transformation is re-
lated to carbozincations of
non-activated alkynes by zinc


Table 2. In situ functionalization of vinyl zinc reaction products of dialkylzincs with b-(propargyloxy) enoates.


Entry Substrate R2Zn E-X Product Yield[a] [%] dr[b]


1 1a Bu2Zn D2O 11 66 51 ([D] 51%[c]):49 ([D] 49%[c])


2 1a Bu2Zn DCl 11 67 51 ([D] 49%[c]):49 ([D] 47%[c])


3 1e Bu2Zn D2O 12 78 66 ([D] 92%[c]):34 ([D] 47%[c])


4 1e Et2Zn D2O 13 64 62 ([D] 94%[c]):38 ([D] 60%[c])


5 1b Bu2Zn D2O 14 83 >95 ([D] 94%[c]):05


6 1b Bu2Zn I2, THF 15 72 >95:05


7 1b Et2Zn allylBr,[c] THF 16 51 >95:05


8 1c Bu2Zn I2, THF 17 79 93:07


9 1c Et2Zn allylBr,[c] THF 18 42 >95:05


[a] Combined yield of isolated diastereomers after chromatography. [b] Determined by NMR analysis of the
crude material. [c] Percentage of deuteration determined by NMR analysis. [d] Transmetallation with CuCN·2
LiCl (1.1 equivalent) was performed.


Scheme 3. Mechanism of the radical-polar crossover domino reaction.


Scheme 4. Origin of diastereoselectivity in the case of “linear” vinyl radi-
cals (R1=Ph, 1-cyclohexene).


Scheme 5. Origin of diastereoselectivity in the case of “bent” vinyl radi-
cals (R1=TMS, Et).
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enolates which are rare.[18,25] It is remarkable by the fact that
an alkylzinc derivative is transformed into a more basic vi-
nylzinc in what represents, to our knowledge, the first exam-
ple of a zinc atom radical transfer involving the formation
of a vinylzinc species.[26] Synthetically, a new possibility to
retain functionality following 5-exo-dig radical cyclizations is
offered, and in our particular case, subsequent in situ trans-
formation of the intermediate organozinc compound results
in an overall process where up to three C�C bonds can be
formed in one single step.


Experimental Section


General procedure for the radical-polar crossover domino reaction
(Table 1): Under argon, to a stirred solution of b-(propargyloxy)enoate
(0.2 mmol) in Et2O (5 mL) was added dialkylzinc reagent R2Zn (0.6 mL,
~1n in heptane or hexane, 0.6 mmol) at room temperature. The reaction
mixture was stirred at room temperature for 16 h. The reaction was hy-
drolyzed with an aqueous solution of HCl (1m). The layers were separat-
ed, the aqueous one being extracted twice with Et2O. The combined or-
ganic layers were washed with brine, dried over MgSO4 and the solvents
evaporated under reduced pressure. The product was purified by flash
chromatography on silica gel.


For detailed experimental procedures and characterization data for com-
pounds 1a–e, 2–10, and 15–18 see Supporting Information.).
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A Highly Enantioselective Organo ACHTUNGTRENNUNGcatalytic Method for Reduction of
Aromatic N-Alkyl Ketimines


Chao Wang,[a] Xinjun Wu,[a, b] Li Zhou,[a] and Jian Sun*[a]


Chiral amines are fundamentally important structural
components of biologically important compounds such as
natural products, drugs, and agrochemicals. Catalytic asym-
metric reduction of imines is one of the most efficient meth-
ods for their preparation and has long been among the cen-
tral topics in asymmetric synthesis.[1] However, thus far only
limited success has been observed in the development of
this transformation, in contrast to the extraordinary advan-
ces that have been made in catalytic asymmetric reduction
of olefins and ketones. The currently available enantioselec-
tive catalytic methods for the reduction of imines mainly
rely on chiral transition-metal catalysts, which often require
elevated pressures and/or additives to afford high yields and
ee values.[2,3] Recently, the development of organocatalytic
methods for asymmetric reduction of imines has attracted a
great deal of attention due to the environmental benignancy
and the ease of operation compared with the transition-
metal catalyzed reactions.[4–8] A number of effective chiral
organocatalytic systems have emerged for the hydrogen
transfer reduction of ketimines using either Hantzsch
esters[4] or trichlorosilane (HSiCl3) as the reducing agent.


[5–8]


Several such catalyst systems proved to be highly efficient
and enantioselective for the reduction of N-aryl keti-
mines,[4,6,7] of which, however, none is tolerant to N-alkyl ke-
timines as substrate for high enantioselectivity. This sub-
strate bias undoubtedly limits their applications since the
aryl group (phenyl or substituted phenyl) on the nitrogen
atom of the resulting amine in many cases needs to be re-


moved or replaced with alkyl group(s), which is nontrivial.
Herein, we present the first example of organocatalytic
methods that allow for highly enantioselective reduction of
a wide variety of N-alkyl ketimines.
Recently, Kocovsky and co-workers[6] and we[7a–d] have


successfully developed several a-amino-acid-derived dia-
mides as highly efficient and enantioselective Lewis base or-
ganocatalysts for the reduction of a broad range of N-aryl
ketimines by HSiCl3. Besides the C-chiral amino acid back-
bone, the key structural elements of these catalysts for their
high efficacies are the N-formyl group and the aromatic or
the well-elaborated non-aromatic carboxamide group (see
the general structure in
Figure 1), which function coop-
eratively as Lewis bases for the
activation of HSiCl3.
We recently have also devel-


oped S-chiral monosulfinamide
2[7e] and bissulfinamide 3[7f]


(Figure 2) as highly efficient
novel Lewis base organocata-


lysts for the reduction of N-aryl ketimines by HSiCl3. The S-
chiral sulfinamide group(s) in these catalysts not only plays
a crucial role similar to the carboxamide groups of 1 as
Lewis base for the activation of HSiCl3, but also serves as a
source of chirality that the carboxamide group lacks for the
asymmetric induction. We thus became interested in design-
ing new Lewis base organocatalysts such as 4 and 5
(Figure 3) that incorporate the dual functional S-chiral sulfi-
namide group into a C-chiral a-amino acid framework bear-
ing a Lewis basic carboxamide functionality in the hope of
achieving new catalytic reactivity and selectivity.


[a] C. Wang, X. Wu, L. Zhou, Prof. Dr. J. Sun
Natural Products Research Center
Chengdu Institute of Biology
Chinese Academy of Sciences, Chengdu, 610041 (China)
Fax: (+86)28-85222753
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[b] X. Wu
Chengdu Institute of Organic Chemistry
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Chengdu, 610041 (China)


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801479.


Figure 1. General structure of
alpha amino acid derived
Lewis basic diamide organoca-
talysts reported previously.


Figure 2. S-chiral sulfinamide organocatalysts we previously developed.
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Starting from l-proline, compounds 4a and 4b and their
diastereomers 5a and 5b were easily synthesized as a mix-
ture at a diastereomeric ratio close to 1:1 and purified by
column chromatography (see Supporting Information for
the experimental details and analytic data). The stereochem-
istry of the chiral sulfur centers in 4a and 5a was deter-
mined by single-crystal x-ray diffraction analysis.[9] For 4b
and 5b, the stereochemistry on the sulfur atom was estab-
lished by a clear analogy of their 1H NMR profiles to those
of 4a and 5a.
Initial attempts to evaluate 4a and 5a as Lewis basic cata-


lysts (20 mol%) for the reduction of N-benzyl ketimine 6a
by HSiCl3 in toluene at �20 8C gave very good results: the
desired amine 7a was obtained in high yield in the presence
of both diastereomeric catalysts in 24 h (entries 1 and 2,
Table 1); catalyst 5a with an R-configuration on the sulfur
atom afforded a high ee up to 97%. Interestingly, a dramati-
cally lower ee was obtained with catalyst 4a bearing an S-
configured sulfur atom, suggesting that a stereochemistry
match between the chiral carbon and sulfur centers is criti-
cal for the stereocontrol in the course of asymmetric induc-
tion.
Replacement of the electron-rich 3,5-dimethylphenyl


group in 4a and 5a with electron-deficient 3,4-difluorophen-


yl group in 4b and 5b had some negative effects on the re-
activity (entries 3 and 4). Moreover, this also caused a slight
decrease in the enantioselectivity of 5b compared to 5a
(entry 4 vs 2).
Astonishing solvent effects were observed with the pres-


ent catalytic system. When toluene was replaced with either
dichloromethane or chloroform, which are the best solvents
for the previously reported Lewis base catalysts for similar
transformations,[5–8] a dramatic decrease in both reactivity
and enantioselectivity was observed in the 5a-catalyzed re-
duction (entries 5 and 6). Interestingly, CCl4 proved to be as
an excellent solvent as toluene in terms of reactivity and
enantioselectivity (entry 9).
When the catalyst loading of 5a was reduced from 20 to


10 mol%, only a marginal effect on either the reactivity or
enantioselectivity (entry 10 vs 2) was observed, whereas fur-
ther lowering of the catalyst loading to 5 mol% led to a de-
crease of the enantioselectivity from 96 to 92% ee (entry 11
vs 10). A decrease of the enantioselectivity from 96 to 88%
ee was observed when the reaction temperature was lowered
from �20 to �40 8C (entry 12 vs 10). When the reaction was
performed at 0 8C, a more practical and preferable reaction
temperature, excellent reactivity and enantioselectivity in
both toluene and CCl4 remained (entries 13 and 14).
After the reaction conditions had been optimized, we set


out to examine the substrate spectrum of the present cata-
lyst system. A wide variety of aromatic N-alkyl ketimines
(6a–x) was reduced in the presence of catalyst 5a (Table 2).
Generally, the desired amine were obtained in high yields
and excellent enantioselectivities with toluene as the solvent
(method A).[10] In particular, ee values up to 99.6% were
achieved in the reduction of the p-nitrophenyl methyl
ketone derived N-benzyl imine 6h (entry 8). To the best of
our knowledge, this is the highest enantioselectivity ach-
ieved for an organocatalytic reduction of imines.
Although a few substrates gave only moderate results (en-


tries 10, 12, and 20–22), change of the solvent to CCl4
(method B) still gave high enantioselectivities. It should be
noted that the ee values of the amine products do not corre-
spond to the E/Z ratio of the starting ketimines,[11] for which
we have no explanation at present.
In summary, a highly enantioselective catalytic method


has been developed for the reduction of aromatic N-alkyl
ketimines by trichlorosilane under mild conditions using the
newly designed Lewis base organocatalyst 5a that incorpo-
rates C- and S-chirality. Excellent enantioselectivities of up
to 99.6% ee and high yields were obtained for a wide range
of substrates. Further work is in progress to clarify the
mechanism of the transformation and explore the full appli-
cation scope of the present catalyst system.


Experimental Section


General procedure for the asymmetric reduction : Under an argon atmos-
phere, trichlorosilane (20 mL, 0.20 mmol) was added dropwise to a stirred
solution of imine 6 (0.10 mmol) and catalyst (0.01 mmol) in anhydrous
toluene (method A) or CCl4 (method B) at 0 8C. The mixture was al-


Figure 3. Catalysts evaluated in this study.


Table 1. Asymmetric reduction of ketimine 6a under various condi-
ACHTUNGTRENNUNGtions.[a]


Entry Catalyst
(mol%)[b]


Solvent T
[8C]


Yield
[%][c]


ee
[%][d,e]


1 4a (20) toluene �20 95 22
2 5a (20) toluene �20 96 97
3 4b (20) toluene �20 80 37
4 5b (20) toluene �20 86 94
5 5a (20) CH2Cl2 �20 76 22
6 5a (20) CHCl3 �20 55 32
7 5a (20) ClCH2CH2Cl �20 90 47
8 5a (20) THF �20 91 55
9 5a (20) CCl4 �20 93 97
10 5a (10) toluene �20 95 96
11 5a (5) toluene �20 95 92
12 5a (10) toluene �40 90 88
13 5a (10) toluene 0 98 96
14 5a (10) CCl4 0 90 97


[a] Reactions were carried out on a 0.1 mmol scale with 2.0 equiv of
HSiCl3 in 0.5 mL of solvent for 24 h. [b] The molar percentage is based
on imine. [c] Isolated yield based on imine. [d] The ee values were deter-
mined using chiral HPLC. [e] Product 7a was R configured in all cases,
as revealed by comparison of the optical rotation with the literature data.
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lowed to stir at the same temperature for 24 h. The reaction was
quenched with a saturated aqueous solution of NaHCO3 (5 mL) and was
extracted with ethyl acetate. The combined extracts were washed with
brine and dried over anhydrous MgSO4 and the solvents were evaporated
under vacuum. Purification by column chromatography (hexane/EtOAc
or CH2Cl2/MeOH) afforded pure amine 7. The ee values were deter-
mined using established HPLC techniques with chiral stationary phases.
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Controlling Iron-Catalyzed Oxidation Reactions:
From Non-Selective Radical to Selective Non-Radical Reactions


Feng Shi,[a] Man Kin Tse,[a, b] Zuopeng Li,[c] and Matthias Beller*[a, b]


Among all elements widely distributed in nature, iron is
probably the most versatile and important redox center for
life and natural transformation processes.[1–2] With respect to
sustainable chemistry and following nature s principles, iron
is the ideal metal for more environmentally benign catalyst
generations in future because of availability, low toxicity,
and price. Although iron plays wonderfully in nature, the
difficulty to prevent non-selective radical reactions makes
its usage on laboratory scale, but especially for industrial
production, more difficult—except being directly used as
Lewis acid.[3–5] In order to apply iron catalysts for a specific
reaction with sufficient selectivity and activity, so far the
general concept is based on the design of a suitable ligand
which is further on optimized. In recent years iron catalysis
has become a “hot topic” and notable progress has been ac-
complished applying this approach. For instance, novel iron
containing systems have been developed for hydroxyl-
ation,[6–8] sulfide oxidation,[9–11] cross-coupling reactions,[12–14]


heterolytic RO�OH bond cleavage,[15] hydroamination,[16] al-
lylic alkylation or amination,[17–19] epoxidation,[20–21] and alco-
hol oxidation.[22–23] However, the intrinsic problem of non-
selective radical side-reactions in the redox chemistry of
iron has not been generally solved. This is especially evident
for Fenton- or Gif-type reactions, that is, Fen+ with H2O2,
which constitute one of the most famous iron salt-dependent


systems.[24–28] Its high efficiency for oxidations of alkanes to
ketones, benzene to phenol, and for environmental pollutant
treatment has been extensively explored and has significant
industrial potential.[29–32] Notably, after more than a century
of the first report, detailed investigations of the Fenton reac-
tion still reveal two possible mechanisms,[24–28] that is, the
classical free radical mechanism and the oxygenated Fenton
chemistry. Until today there is no concrete evidence to ex-
clude each other completely, because both mechanisms have
their own supporting evidence.[24–28] In former reports, the
importance of acids in Fenton chemistry has been stud-
ied,[33–39] however a detailed study on the crucial function of
pH variation on the catalyst activity and selectivity has been
ignored.


Earlier on, we discovered the pH dependency of the se-
lectivity in osmium-catalyzed dihydroxylations of olefins ap-
plying oxygen as the terminal oxidant.[40] Based on our
recent experience in iron catalysis,[41–43] we supposed that
the proton concentration in the reaction system might be
also important for Fe-dependant oxidation reactions.
Indeed, studying the oxidation of benzyl alcohol to benzal-
dehyde as a typical model reaction, a remarkable influence
of the pH is observed (Table 1).
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Table 1. Fe-catalyzed selective oxidation of benzyl alcohol.[a]


Entry KH2PO4 [mol%] Conv. [%][b] Sel. (CHO/CO2H) [%][c]


1 0 72 43 (81:19)
2 0.5 85 53 (77:23)
3 1.0 90 71 (75:25)
4 2.0 87 80 (75:25)
5 3.0 71 87 (70:30)
6 4.0 43 91 (56:44)
7 6.0 16 99 (50:49)


[a] Benzyl alcohol/H2O2/Fe ACHTUNGTRENNUNG(NO3)3·9H2O/KH2PO4 1:1.5:0.02:0–0.06, sol-
vent free; H2O2 was added with a syringe pump in 12 h. [b] Benzyl alco-
hol conversion. [c] Total selectivity to benzaldehyde and benzoic acid
(ratio of benzaldehyde/benzoic acid).
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Initially, the correlation of acidity of the reaction system,
catalyst activity and selectivity was investigated applying Fe-
ACHTUNGTRENNUNG(NO3)3·9H2O as the catalyst and hydrogen peroxide as the
oxidant in the presence of various concentration of KH2PO4


(Table 1). It is apparent that the selectivity of the reaction
increased dramatically with increased concentration of
KH2PO4 (Table 1, entries 1–7). Pure FeACHTUNGTRENNUNG(NO3)3·9H2O gave a
selectivity of only 43%. On the other hand, 99% selectivity
is achieved when 6% KH2PO4 was added (Table 1, entries 1
and 7). Interestingly, also the activity of the catalyst in-
creased adding a small amount of KH2PO4. Hence, the con-
version increased from 72 to 90% when 1% KH2PO4 was
employed (Table 1, entries 1–3). However, when the
KH2PO4 loading was further increased, the conversion de-
creased. Importantly, in the absence of KH2PO4 a significant
amount of black tar polymer was obtained after removal of
volatiles from the reaction mixture (Figure 1). It is of
common knowledge that such tar polymers are produced by
radical type reactions, for example, Fenton chemistry.[30]


If the improved catalyst activity and selectivity originate
from the different proton concentration and not because of
the addition of KH2PO4, other iron salts should also catalyze
the reaction in similar manner. Hence, FeCl3·6H2O,
FePO4·4H2O, and Fe2ACHTUNGTRENNUNG(SO4)3·5H2O were tested. KH2PO4,
H2SO4 and KHSO4 were used to tune the pH of the system.
Indeed, high selectivity to the aldehyde and acid was ach-
ieved and the catalyst activity is maintained (Table 2, en-
tries 1–6).


In order to understand the effect of the additives, we mea-
sured the pH of the reaction systems.[44] Surprisingly, the
precise pH value of all the reactions with high conversion
and selectivity is close to 1.00 (Table 1, entries 3 and 4,
Table 2, entries 2, 4 and 6). At the same time, the deviation
of the pH value (DpH) is close to 0.10. However, in reac-
tions with lower selectivity DpH is significantly larger
(>0.2).


Hence, we suppose that the catalyst activity is controlled
by the absolute proton concentration (actual pH value),


while the selectivity is controlled by the change of pH value
(DpH) during the reaction. If this hypothesis is right, the
high selectivity should be independent of the pH value of
the buffer and the nature of the buffer system. Thus, the ac-
tivity of Fe ACHTUNGTRENNUNG(NO3)3·9H2O in the presence of various buffers
was tested (Table 3). In fact all catalytic reactions gave high


selectivity (83–99%) if the DpH
is �0.09, albeit the absolute pH
values. The conversion in-
creased with an increasing acid-
ity of the reaction system and
reached ~90% (Table 4, en-
tries 1–7). In the presence of
SO4


2�-based buffering systems,
similar results are obtained
(Table 4, entries 8 and 9). It is
clearly shown that the pH and
DpH but not the buffer compo-
sition is the key factors for the
high activity and selectivity. It
is important to note that all the
buffered reaction systems kept
homogeneous during the reac-
tion; although FePO4 precipita-
tion is observed under solvent


free conditions (Table 1, entries 2–7, Table 2, entries 2 and
4). Under iron-free conditions at pH value lower than ~1.20


Figure 1. An illustration for the [Fe3+] and [Fe3+]/buffer catalyst system for selective oxidation of benzyl alco-
hol a) without pH control; b) before hydrogen peroxide addition, and c) precise pH control.


Table 2. Iron-catalyzed oxidation of benzyl alcohol.[a]


Entry Iron salts Additive
[mol%]


Conv.
[%][b]


Sel. (CHO/CO2H)
[%][c]


1 FePO4·4H2O 0 8 99 (99:<1)
2 FePO4·4H2O 2 H2SO4 80 90 (86:14)
3 FeCl3·6H2O 0 78 54 (83:17)
4 FeCl3·6H2O 3 KH2PO4 74 84 (74:26)
5 Fe2 ACHTUNGTRENNUNG(SO4)3·5H2O 0 84 69 (88:12)
6 Fe2 ACHTUNGTRENNUNG(SO4)3·5H2O 0.7 KHSO4 85 87 (81:19)


[a] Reaction conditions: See Table 1. [b] Benzyl alcohol conversion.
[c] Selectivity to benzaldehyde and benzoic acid (ratio of benzaldehyde/
benzoic acid).


Table 3. Catalytic activity of Fe ACHTUNGTRENNUNG(NO3)3·9H2O/buffer.[a]


Entry Buffer pH[b] Conv. [%][c] Sel. (CHO/CO2H) [%][d] DpH


1 0.38 (0.54/0.48) 87 86 (80:20) 0.06
2 0.61 (0.66/0.61) 87 85 (81:19) 0.05
3 0.78 (0.83/0.74) 86 83 (83:17) 0.09
4 1.00 (0.99/0.97) 85 87 (84:16) 0.02
5 1.19 (1.18/1.17) 82 85 (82:18) 0.01
6 1.39 (1.36/1.34) 38 84 (82:18) 0.02
7 2.00 (1.74/1.67) 27 89 (83:17) 0.07
8[e] 1.00 (0.98/0.99) 87 88 (85:15) 0.01
9[f] 0.98 (0.99/0.97) 89 89 (83:17) 0.02


[a] Reaction conditions: See Table 1. 5 mL buffer solution was used as
the solvent. [b] pH value of buffer solution (pH value of buffer solution
after the addition of reaction mixture before/after reaction).[45] [c] Benzyl
alcohol conversion. [d] Selectivity to benzaldehyde and benzoic acid
(ratio of benzaldehyde/benzoic acid). [e] Buffer solution based on
Na2SO4. [f] Buffer solution based on K2SO4.
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also some conversion to unknown products is observed (5–
20%). Here, no benzaldehyde or benzoic acid is formed
(see Supporting Information, Table S1).


This indicates that side reactions are possibly caused by
the acidic conditions but not from the iron catalyst itself. In
agreement with our hypothesis, the selectivity of the reac-
tion decreased at pH ~1.00 at lower concentration of the
buffer. mVariation of the concentration of buffer solutions
from 0 to 0.4m (based on PO4


3�) showed that buffer strength
of ~0.025m of PO4


3� was sufficient to provide high conver-
sion with good selectivity (Table 5, entries 1–9).


It is worth to note that the highest yield is achieved using
a buffer composed with 0.05m PO4


3�. The pH value of the
whole system, KH2PO4, H2SO4, and Fe ACHTUNGTRENNUNG(NO3)3, was ~0.8 and
the DpH was only 0.03 (Table 5, entry 6). Again the result
from the buffer free system suggests that a pH change
during the reaction is favorable for radical generation reac-
tion, that is, high activity but low selectivity (Table 5,
entry 1).


Unexpectedly, omitting unwanted radical reactions by
precise pH value control can be also applied in other typical
radical systems, that is, FeSO4·7H2O with hydrogen perox-
ide. Here, only 40% selectivity is obtained at 73% conver-
sion (Table 4, entry 1). However, after the addition of 5 mL
buffer (pH 0.99),[45] the product yield is enhanced to 65 with
85% selectivity (Table 4, entry 2). From an industrial point


of view, it is important to note that also the inhibition of tar
formation can be realized just through precise pH control.


Finally, we proved our theory in the benzene hydroxyl-
ation catalyzed by FeSO4·7H2O, which is a classical radical
initiated Fenton reaction. In the presence of FeSO4·7H2O as
catalyst, benzene conversion was ~25% and less than 1%
phenol is produced. A deep black reaction mixture formed
and the side products are tar polymers. Parallel investigation
of benzene oxidation under identical reaction conditions
except for the presence of buffer showed complete inhibi-
tion of any radical type reaction (Table 4, entries 3 and 4).


Based on well defined Fenton and Gif reactions, the pro-
posed mechanism of our reaction is shown in Scheme 1.[24–28]


As the production of tar polymers is significantly reduced in
our system, the non-radical process is apparently the main
pathway and the radical pathway is effectively inhibited by
maintaining the pH value.


Direct evidence for this hypothesis was attained by cyclic
voltammetry (CV) analysis of the reaction mixture
(Figure 2). The reduction potential of FeIII to FeII decreased
from 0.14 to �0.23 V, which indicated that the reduction of
FeIII to FeII is minimized. Additionally, no oxidation peak of
FeII to FeIII is observed up to 1.2 V after the addition of
KH2PO4. Thus, the oxidation of FeII to FeIII, which is respon-
sible for the production of hydroxyl radicals, is inhibited. In
other words, the catalytic cycle between FeII and FeIII is
blocked.


Kinetic studies of the oxidation of para-substituted benzyl
alcohols showed that the rate determining step involves gen-
eration of a carbocation from the respective benzyl alcohol.
The relative rate of oxidation of para-substituted benzyl al-
cohols to the corresponding benzaldehydes catalyzed by Fe-
ACHTUNGTRENNUNG(NO3)3·9H2O/KH2PO4 correlates with the Hammett sp with
a large negative 1 (�2.5), which falls in the range of formal
hydride equivalent abstraction by an electrophilic metal–oxo
species and is significantly more negative than hydrogen
atom abstraction (Figure 3).[47–49]


Table 4. FeSO4·7H2O-catalyzed selective oxidation reactions.[a]


Entry Substrate Buffer ([mL]) Conv. [%][b] Sel. [%][c]


1
benzyl alcohol


– 73 40 ACHTUNGTRENNUNG(83:17)
2 pH 0.99 (5) 77 85 (81:19)
3


benzene
– 25 <1


4 pH 0.99 (5) <2 –


[a] Reaction conditions: See Table 1. [b] Benzyl alcohol or benzene con-
version. [c] Selectivity to benzaldehyde and benzoic acid (ratio of benzal-
dehyde/benzoic acid) or phenol.


Table 5. Effect of buffer concentration on the benzyl alcohol oxidation.[a]


Entry Buffer pH[b] c ACHTUNGTRENNUNG(PO4
3�) Conv. Sel. DpH


ACHTUNGTRENNUNG[molL�1] [%][c]
ACHTUNGTRENNUNG(CHO/CO2H)[d] [%]


1 6.69 (1.97/1.29) 0 97 48 (99:1) 0.68
2 1.01 (0.92/0.71) 0.003 96 55 (93:3) 0.21
3 1.02 (0.94/0.80) 0.006 97 70 (84:16) 0.14
4 1.02 (0.95/0.88) 0.013 97 72 (85:15) 0.07
5 0.98 (0.86/0.82) 0.025 94 82 (78:22) 0.04
6 0.98 (0.84/0.81) 0.050 92 87 (86:14) 0.03
7 1.02 (0.89/0.90) 0.100 87 89 (88:12) 0.01
8 1.02 (0.96/0.98) 0.200 87 89 (87:13) 0.02
9 0.99 (0.96/0.98) 0.400 83 88 (88:12) 0.02


[a] Reaction conditions: See Table 1. 5 mL buffer solution was used as
the solvent. [b] pH value of buffer solution (pH value of buffer solution
after the addition of reaction mixture before/after reaction).[45] [c] Benzyl
alcohol conversion. [d] Selectivity to benzaldehyde and benzoic acid
(ratio of benzaldehyde/benzoic acid).


Scheme 1. Proposed mechanism for the Fe-catalyzed alcohol oxidation.
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In a competitive reaction of benzyl alcohol and
[D7]benzyl alcohol, a kinetic isotope effect (kH/kD) of 2.3
was observed, indicating the benzylic C�H bond breaking as
the rate-determining step; this is consistent also with hy-
dride equivalent abstraction but far smaller than hydrogen-
atom abstraction by other metal–oxo complexes.[47–53] More-
over, in the presence of >30 equivalent of H2


18O to H2
16O2,


the ratio of 16O-benzaldehyde/18O-benzaldehyde was 70:30
as determined by GC-MS measurements. In the control re-
action, the ratio of 16O-benzaldehyde/18O-benzaldehyde was
46 (�2.7):54 (�2.7) and no 18O-exchange of benzyl alcohol
was observed. Hence, the isotope exchange mainly occurs
after the formation of benzaldehyde. Therefore, the direct
formation of PhCH16O from the carbocation should be the
main pathway. In agreement with studies of Fenton and Gif
reactions,[24–28] the kinetic studies here support the formation
of high valent iron oxo species and the non-radical pathway
is favorable (see Scheme 2).


In conclusion, for the first time the relationship between
the absolute proton concentration (pH value), change of pH
value (DpH) and catalytic performance in important iron-
catalyzed selective oxidation reactions is demonstrated. It
clearly shows that an increased proton concentration led to


higher catalyst activity and a small DpH during the reaction
is responsible for improved selectivity. Essentially, iron oxo
and radical pathways in iron-catalyzed redox reactions are
switchable using DpH value as an on–off. Although we still
cannot explain this phenomenon on a molecular level, we
believe it is of general importance in oxidation chemistry
and it should provide useful inspiration to rethink the mech-
anism of iron-catalyzed reactions, especially the century con-
troversial mechanism of Fenton chemistry.


Experimental Section


General procedure for the selective oxidation of benzyl alcohol to benz-
aldehyde : All reactions were carried out applying a multi-reactor (Carou-
sel 12 station, RADLEYS). Typically, 10 mmol benzyl alcohol (1.08 g),
0.2 mmol Fe ACHTUNGTRENNUNG(NO3)3·9H2O (80.8 mg), and 0–0.60 mmol KH2PO4 (0–
81.6 mg) were added sequentially to a glass vessel ~50 mL. Then, the re-
action mixture was vigorously stirred (500–750 rpm) at 75 8C. 15 mmol
H2O2 (30wt% in water, from Merck, 1.5 mL) was added continuously
with a syringe pump in 12 h. The mixture is cooled to room temperature
and 1,4-dioxane (1760 mg, 20 mmol) is added for qualitative analysis by
GC-FID. Depending on the pH the conversion was 16–90% with a selec-
tivity of 43–99% (aldehyde and acid).For the detailed information of CV
analysis, kinetic studies (logkrel vs sp) and isotope effect studies see Sup-
porting Information.
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Figure 2. Cyclic voltammetry (CV) analysis of Fe ACHTUNGTRENNUNG(NO3)3·9H2O +
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The functional group compatibility of organozinc reagents
ensures that they are amongst the most flexible sources of
carbon nucleophiles available.[1,2] Functionalised alkylzinc
iodides are compatible with acidic protons,[3] including phe-
nolic protons[4] and trifluoroacetamides,[5] attesting to the
lack of basicity of these reagents. The reasons for this be-
haviour, which is somewhat counterintuitive, are not at pres-
ent well understood. In addition, alkylzinc halides are gener-
ally much less effective than dialkylzinc reagents as sources
of nucleophilic carbon, especially in asymmetric processes.
This has prompted recent efforts to shift the Schlenk equi-
librium between these two species towards the generally
less-favoured dialkylzinc reagents.[6,7]


A substantial amount of recent progress in the applica-
tions of functionalised alkylzinc iodides has relied on the
empirical observation that dipolar aprotic solvents are bene-
ficial both for the preparation and solution stability of the
reagents.[8] For example, dimethylformamide has been em-
ployed as solvent for reactions of amino acid-derived alkyl-
zinc reagents.[9] Evidence from 13C NMR spectroscopic stud-
ies shows that dimethylformamide coordinates to zinc,[10] in-
fluencing intramolecular coordination by the carbonyl
oxygen atoms of both the carbamate protecting group and
the ester. This effect may also play a significant role in the
stabilisation of b-aminoalkylzinc iodides towards elimina-
tion.[10] In order to obtain a clearer view of the relative
strengths of these interactions, we have undertaken a series
of quantum chemical calculations.
Initial calculations were performed on serine-derived al-


kylzinc reagent 1, in which the synthetically employed Boc-


protecting group has been replaced with a methyl carba-
mate. In the absence of any solvent, the two energetically
most important local minima were identified, featuring in-
ternal coordination of zinc by the carbonyl oxygen atoms of
both the ester group and the carbamate protecting group
1a, or simply by the carbamate group alone, 1b (Figure 1),
which was the more stable structure. While we had previous-
ly suggested 1a to be a possible structure for the reagent,[11]


it appears that hydrogen-bonding in 1b between the carba-
mate NH, rendered more acidic by coordination of the car-
bamate to zinc, and the ester carbonyl is preferred to co-or-
dination of the ester carbonyl to zinc (which might be ex-
pected to induce some strain). The relative abundance of 1a
and 1b was calculated to be 0.0196:1 at 298.15 K, assuming
that interconversion is possible.


In order to understand the influence of the solvent, fur-
ther calculations were carried out with the addition of one,
two and three molecules of dimethylformamide, forming the
adducts 2, 3 and 4, respectively.
In the case of 2, one low energy
conformation 2a was identified,
closely related to structure 1b,
in which the DMF molecule co-
ordinated to zinc (Figure 2).
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Figure 1. Calculated structures for 1 with relative energies.
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Several other stable conformations were identified, but each
of them was substantially higher in energy
(>16 kJmol�1) than 2a.
Calculations of the structures formed by addition of a


second molecule of DMF, to form 3, revealed that the most
stable arrangement had both molecules of DMF coordinated
to zinc 3b, with neither the carbamate protecting group nor
the ester coordinated. This structure is reminiscent of the
crystal structure of 1,1-dichloro-2,2,2-trifluoroethylzinc
chloride·2DMF.[12] Structure 3a, in which the carbamate
protecting group displaced a DMF molecule (which instead
formed a hydrogen bond to the carbamate proton), was
slightly less stable (relative abundance 3a/3b 0.14:1)
(Figure 3).


For each of the calculated structures 2a and 3a, a diaste-
reomeric arrangement exists in which the DMF and iodide
ligands at zinc are interchanged (2a*, 3a*). Calculations car-
ried out on each of these diastereoisomers established that,
in each case, the original structures 2a, 3a, were more
stable.
However, when calculations were carried out with three


molecules of DMF, 4, a most striking result emerged. As
might be anticipated, the structure in which two DMF mole-
cules coordinated to zinc, and the third formed a hydrogen
bond to the carbamate proton, 4a was identified as a local
minimum. However, the structure in which all three DMF
molecules were coordinated to zinc, inducing ionisation of
the zinc�iodine bond to form the tight ion pair 4b, was sub-
stantially more stable (Figure 4). The iodide ion sits in a
pocket created by the three DMF molecules. While ionisa-
tion of the zinc�halogen bond of alkylzinc halides induced
by the use of macrocyclic ligands that bind RZn+ has been


proposed,[13] the suggestion that DMF might induce such
ionisation is potentially significant for the properties of al-
kylzinc iodides in organic solvents (see below). Structure 4b
was achieved by optimising a five-coordinated zinc, and al-
lowing the structure to relax. Pentacoordination is not pre-
ferred to ionisation.
To explore whether the presence of the amino acid func-


tionality had any influence on this ionisation, a parallel set
of calculations was performed for adducts of methylzinc
iodide 5 with one, two and three molecules of DMF, com-
pounds 6 (MeZnI·DMF), 7 (MeZnI·2DMF) and 8 (MeZn-
I·3DMF), respectively. In the first two cases, the expected
adducts 6a and 7a were identified as local minima, with one
and two molecules of DMF coordinated to zinc, respectively.
The total interaction energies of the ligands with methylzinc
iodide were calculated as 44.3 and 61.3 kJmol�1, for 6a and
7a, respectively. In the case of the adduct with three mole-
cules of DMF, 8, the lowest energy structure 8a once more
showed complete ionisation of the zinc�iodine bond
(Figure 5).
The total interaction energy of the ligands with methyl-


zinc iodide in 8a was calculated to be 85.7 kJmol�1. Thus,


Figure 2. Most stable calculated structure for 2.


Figure 3. Calculated structures for 3 with relative energies.


Figure 4. Calculated structures for 4 with relative energies.


Figure 5. Calculated structures for 5, 6, 7 and 8.
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adding one molecule of DMF to 6 increases the interaction
energy by 17 kJmol�1, whereas adding a further DMF in-
creases the interaction energy by an additional
24.4 kJmol�1, clearly demonstrating the energetic advantage
of ionisation. Moreover, the calculations indicate that coor-
dination of each additional DMF molecule results in a
lengthening of the zinc�iodine bond (2.47, 2.56, 2.64 and
5.36 I, for the series 5, 6, 7, and 8, respectively). It should
be remarked that DMF is a high dielectric solvent (e=36.7),
and that the effects of bulk solvent would be expected to be
large. Such effects can be included in ab initio calculations
using a continuum solvation approach, such as the sophisti-
cated PCM method of Tomasi et al.,[14–16] which is included
in Gaussian 2003. While we have only considered the explic-
it structure of the primary solvation sheath in the present
work, the absence of the influence of the outer solvation
sheath does not affect our primary conclusion, since bulk
solvation will act so as to enhance the stability of more ionic
conformations, compared to covalent ones.
While these calculations provide a self-consistent picture,


it is possible that they over-emphasize the likelihood of ioni-
sation. Experimental evidence was therefore sought in sup-
port of the ease of ionisation of the zinc�iodine bond. In ad-
dition, it was desirable to explore the balance between coor-
dination of zinc in alkylzinc halides either internally by func-
tional groups within the organic fragment, or externally by
solvent. The most direct method both to probe the ease of
ionisation of the zinc�iodine bond, and to determine the
number of solvent molecules coordinated to zinc, appeared
to be electrospray ionisation mass spectrometry. While it is
appreciated that the results of such analyses must be inter-
preted with care due to potential artefacts produced by the
electrospray process,[17] ESI-MS has been used to study
metal ligand solution equilibria,[17] and in particular the gas-
phase solvation behaviour of NiII in water/DMF mixtures.[18]


It is known that loss of a halide ligand is a reasonably gener-
al mechanism for the ionisation of neutral coordination and
organometallic complexes under positive ion ESI-MS condi-
tions,[19] but the technique does not appear to have been
used to characterise alkylzinc halides. ESI-MS has been
used in negative ion mode to identify the zincate
[tBu4ZnLi2]


� , formed by addition of tBuLi (2 equiv) to
tBu2Zn.


[20] Previous studies of Grignard reagents in THF
have used rather specialised cold-spray ionisation tech-
niques,[21] which are necessary to allow identification of the
sensitive ions present in solution, so it was not self-evident
that ESI-MS in positive ion mode could be successfully ap-
plied to the characterisation of alkylzinc halides.
The alkylzinc reagents 9 and 10 were prepared as solu-


tions in dimethylformamide, and then analysed using ESI-
MS in positive ion mode by direct injection without any spe-
cial precautions. The ESI-MS spectrum of 9 (recorded at a
cone voltage of 20 V) contained one principal ion at 415
[9a], together with a very low intensity ion at m/z 337 [ZnI-
ACHTUNGTRENNUNG(DMF)2


+], (Figure 6). Zinc iodide is formed during the zinc
activation process (see experimental), so the mass ion at 337
was not unexpected. The ESI-MS spectrum of 10, recorded


at the same cone voltage, had a base peak at m/z 503 [10a],
with a small mass ion at 337. Interestingly, an even less in-
tense mass ion at 430 [10b], in which no DMF was coordi-
nated, was also detected. This is the only ion without coordi-
nated DMF that we have observed in this study.


While these results do not prove that ionisation of alkyl-
zinc iodides occurs in DMF solution, they do demonstrate
that ionisation of alkylzinc halides under positive ion ESI-
MS conditions is an efficient process, and are consistent
with weakening of the zinc-iodine bond in solution due to
coordination by DMF. The results also provide further evi-
dence that DMF does indeed coordinate to alkylzinc halides
in solution, since although the ions are observed in the gas
phase, they are formed in solution. While it is conceivable
that DMF coordinates to the alkylzinc cations after they are
formed, this seems highly unlikely since DMF is the bulk
solvent.
The number of solvent molecules associated with ions


that are produced during ESI-MS analysis depends on the
conditions.[19] The alkylzinc reagent 11 was therefore ana-
lysed using ESI-MS in positive ion mode under increasingly
energetic conditions. Two significant mass ions were ob-
served in the ESI-MS spectrum recorded under mild condi-
tions (cone voltage of 5 V), namely m/z 410 [ZnI ACHTUNGTRENNUNG(DMF)3


+]
and 339 [11a] (Figure 7). When the spectrum of alkylzinc re-


agent 11 was recorded under more energetic conditions
(cone voltages up to 20 V), the ion at 410 decreased in in-
tensity, and a new ion appeared at 337 [ZnI ACHTUNGTRENNUNG(DMF)2


+], but
the ion at 339 [11a] remained as the base peak. The fact
that only one ion derived from the alkylzinc reagent 11 was
found under a range of experimental conditions suggests
that this ion is not merely a result of the precise ESI-MS
conditions.
Having established the ESI-MS behaviour of the alkylzinc


iodides 9–11, ESI-MS spectra were recorded for two alkyl-
zinc iodides, 12 and 13, each bearing only one potentially co-


Figure 6. Observed ions derived from 9 and 10.


Figure 7. Observed ion derived from 11.
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ordinating group. Under very mild conditions (cone voltage
2 V), the carbamate 12 gave rise to ions at m/z 444 [12a]
and 371 [12b], in addition to the previously observed ion at
410 [ZnI ACHTUNGTRENNUNG(DMF)3


+] (Figure 8). Under more energetic condi-
tions (cone voltage 10 V) the relative intensity of the ion at
444 decreased, and that at 371 increased. In a similar way,
the ester 13 showed a major ion at 297 [identified as 13a]
under very mild conditions (cone voltage 2 V), together
with a minor ion at 224 [13b] and, under more energetic
conditions (cone voltage 20 V), the relative intensity of
these two ions reversed. A very similar situation was ob-
served for the intensities of the ions at 410 [ZnI ACHTUNGTRENNUNG(DMF)3


+]
and 337 [ZnI ACHTUNGTRENNUNG(DMF)2


+]. This behaviour is entirely consistent
in each case with the initial formation of four-coordinate
zinc cations, from which loss of one molecule of DMF is
possible. In neither case, even by using much more energetic
conditions (cone voltages up to 40 V), were ions without co-
ordinated DMF observed.


Finally, the behaviour of the simple unfunctionalised pen-
tylzinc iodide 14 was investigated. Under mild conditions
(cone voltage 5 V), in addition to the zinc iodide-derived
ion at m/z 410, ions at 354 [14a] and 281 [14b] were ob-
served. Structure 14a is precisely what the calculations on
methylzinc iodide in DMF had suggested. Under increasing-
ly energetic conditions, the ion at 354 [14a] disappeared,
and the signal for the ion at 281 [14b] first increased, then
decreased, in intensity, and finally (at a cone voltage of
20 V) an ion at 208 [14c] became the predominant species
derived from the solution of 14 in DMF.


Each of the samples (9–14) was also analysed using ESI-
MS in negative ion mode. The main ion detected in each
case was I3Zn


� although in some experiments the higher ho-
mologues I5Zn2


� and I7Zn3
� were also observed. In no case


were any ions of the type RZnI2
� or R2ZnI


� detected.


The positive ion ESI-MS data for the six alkylzinc iodides
9–14 fall into a neat pattern. Under mild conditions, the cat-
ionic zinc species each have four ligands, namely the alkyl
group, any internal coordinating groups and DMF (the
number of which depends on the number of internal coordi-
nating groups present). Under more energetic conditions, se-
quential loss of coordinated DMF occurs, although it be-
comes progressively harder. The only alkylzinc iodide which
was observed to give rise to an ion without any coordinated
DMF was 10 (which contains two internal coordinating
groups).
The implication that the zinc�iodine bond in alkylzinc io-


dides can (partially) ionise, either in coordinating solvents,
or perhaps due to the presence of internal coordinating
groups, suggests a possible reason for the lack of reactivity
of these reagents towards electrophiles, namely that there is
a partial positive charge on zinc. This influence also nicely
explains the high functional group tolerance of alkylzinc io-
dides, especially towards protons, since the alkyl fragment
would be less basic with a partial positive charge on zinc.
Moreover, this influence explains why carboxylic acids are
effective reagents for the protonation of alkylzinc iodides in
organic solvents, in close analogy to the use of carboxylic
acids for protonation of alkylboranes.[22, 23] Thus, the carbox-
ylic acid behaves as a Lewis base towards the alkylzinc
iodide, increasingly the electron density at zinc, whilst simul-
taneously increasing the acidity of the carboxylic acid
proton. The observation that the presence of excess halides
ions has a significant effect on the rate of elimination of b-
aminoalkyl zinc iodides[5] can also now be understood on
the basis that the ionisation process would be modified in
the presence of excess halide ions.


Experimental Section


Computational methods : All the reported calculations were carried out
with the Gaussian 2003 program,[24] and use the B3LYP[25] density func-
tional. The implementation of the SDD basis set in Gaussian 2003 was
used on zinc and iodine, which gives a double-z representation of the va-
lence electrons, and contains an effective core potential which partially
accounts for relativistic effects. The 6311-G ACHTUNGTRENNUNG(d,p) basis set was used on all
other centres. The relative energies quoted for confomers involving com-
plexed DMF have all had Boys and Bernardi basis set corrections[26] ap-
plied with respect to the complexed DMF moieties.


Preparation and ESI-MS analysis of alkylzinc iodides : All flasks were
dried by heating under reduced pressure prior to the reaction. DMF was
distilled before use. Approx. 0.07–0.09 mmol of I2 was added to a rapidly
stirred suspension of zinc dust (6 equiv, 1.8 mmol) and alkyl iodide
(0.3 mmol) in DMF (0.3 mL) at room temperature, under a nitrogen at-
mosphere. An exotherm was observed upon successful zinc insertion,
which can occur up to 5 min after the addition. If no exotherm was ob-
served, additional iodine (0.07–0.09 mmol) can be added at this stage.
For mass spectral analysis, the reaction mixture was allowed to settle and
a sample (0.1 mL) of the solution was removed, avoiding transfer of the
zinc particulates, and diluted with dry THF (0.1 mL) to give a 0.5m solu-
tion of the organozinc iodide. A sample of this solution was infused into
a Waters LCT spectrometer at a rate of 10 mLmin�1, using N2 (flow rate
550 Lh)�1 as the nebulising gas. A desolvation temperature of 150 8C was
employed, with a source temperature of 100 8C.


Figure 8. Observed ions derived from 12 and 13.
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Diphosphinine Derivatives of Terpyridine:
A New Class of Neutral p-Accepting PNP-Pincer Ligands


Christian M)ller,*[a] Evgeny A. Pidko,[a] Martin Lutz,[b] Anthony L. Spek,[b] and
Dieter Vogt[a]


Phosphinines (phosphabenzenes, phosphorins), the higher
homologues of pyridines are low-coordinated phosphorus
compounds that possess significantly different steric and
electronic properties compared to common ligands based on
trivalent phosphorus.[1,2]


We have recently started to investigate the preparation of
functionalized phosphinines via the pyrylium salt route, orig-
inally described by M#rkl for the synthesis of 2,4,6-triphe-
nylphosphinine.[1a] It turned out that this procedure allowed
us to introduce substituents into specific positions of the het-
erocyclic framework; a feature which is essential for ligand
design and their potential application in homogeneous cata-
lytic reactions. In this way a variety of donor-functionalized
and axially chiral monophosphinines, as well as a trans-coor-
dinating diphosphinine have been designed and prepared by
us lately.[3,4]


We have now extended this modular approach to the syn-
thesis of the tridentate pyridyl-bridged diphosphinine 1 (Fig-
ure 1).[2a] This compound resembles not only a diphosphi-
nine analogue of the well-known 2,2’:6’,2’’ terpyridine (tpy)
but represents at the same time a new class of neutral p-ac-
cepting PNP-pincer ligands.


Reaction of commercially available 2,6-diacetylpyridine
with four equivalents of benzylidene-acetophenone in the
presence of HBF4·Et2O at T=70 8C affords the bis-pyrylium
salt 2 (Scheme 1).[5] Compound 2 was obtained as a yellow
solid after recrystallization from hot methanol in 56% yield.


We assume that the recrystallization procedure affords the
non-protonated compound 2 and not the analogous pyridini-
um salt as also observed before for the related 2-pyridyl-4,6-
diphenyl pyrylium tetrafluoroborate.[3d] In fact, the triplet at
d=8.1 ppm (3JH,H =8.0 Hz) in the 1H NMR spectrum of 2
(CD3CN) is indicative for the resonance of a proton in Hg


position of a pyridine-ring, rather than of a pyridinium ion.
The elemental analysis further confirms the presence of 2
rather than of 2·HBF4.


Reaction of the bis-pyrylium salt 2 with excess P-
ACHTUNGTRENNUNG(CH2OH)3


[6] only leads to traces of the desired product as
confirmed by 31P NMR spectroscopy. However, 2 was suc-
cessfully transformed into the corresponding pyridyl-bridged
diphosphinine 1 by reaction with PACHTUNGTRENNUNG(SiMe3)3


[7] in acetonitrile
at T=80 8C according to Scheme 1. Compound 1 was ob-
tained as a yellow solid in 24% yield after column chroma-


[a] Dr. C. M>ller, Dr. E. A. Pidko, Prof. Dr. D. Vogt
Department of Chemical Engineering and Chemistry
Schuit Institute of Catalysis, Eindhoven University of Technology
5600 MB Eindhoven (The Netherlands)
Fax: (+31)40-245-5054
E-mail : c.mueller@tue.nl


[b] Dr. M. Lutz, Prof. Dr. A. L. Spek
Bijvoet Center for Biomolecular Research
Crystal and Structural Chemistry, Utrecht University, Padualaan 8
3584 CH Utrecht (The Netherlands)


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801337.


Figure 1. Tridentate neutral PNP-pincer ligand 1 in comparison with tpy.


Scheme 1. Synthesis of PNP-pincer 1.
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tography and shows the typical downfield resonance for
phosphinines at d=188.2 ppm in the 31P NMR spectrum
(C6D6). Any attempt to characterize 1 also crystallographi-
cally has failed so far due to the poor quality of the yellow
crystalline needles obtained after recrystallization of 1 from
hot acetonitrile.


Diphosphinine 1 resembles a terpyridine analogue in
which two of the three pyridine moieties have been substi-
tuted by the homologous aromatic phosphinine heterocycle.
In contrast to the well studied neutral PNP-pincer ligands of
the type I (Figure 2) containing predominantly s-donor
groups, the tridentate ligand 1 consists both of a s-donor
pyridine group as well as two p-acceptor phosphinine
donors due to the incorporation of the formally sp2-hybrid-
ized phosphorus atom into the aromatic ring system.[8]


The electronic properties of 1 were evaluated by means of
DFT calculations and a selection of relevant frontier orbitals
is illustrated in Figure 3.[9,10] The LUMO+1 and LUMO,
which are close in energy enable the phosphinine moieties
to act as strong p-acceptors upon coordination to a metal
center. Furthermore, the HOMO and HOMO�1 can partici-
pate in both s-donation from the nitrogen atom and p-dona-
tion from the phosphorus atoms. The low-lying HOMO�3


and HOMO�4 represent the lone-pairs at the donor atoms
for participation mainly in s-bonding with a metal center.


As a matter of fact neutral PNP-pincers with such elec-
tronic properties are very rare. Examples are phosphinites
and phosphites based on bis(hydroxymethyl)pyridine
(Figure 1, II) although these systems tend to coordinate in
an intermolecular fashion towards a metal center due to the
more flexible side arms. Moreover, the nitrogen donor in
these complexes usually does not participate in any bonding
to the metal center as a result of the additional oxygen-
spacer. The most closely related systems to compound 1 are
the bis-iminopyridine analogue 2,6-bis(2-phosphaethenyl)-
pyridine (Figure 2, III), first reported by Geoffroy et al.[11]


and bis-phosphaalkene-pyridines of type IV (Figure 2) de-
scribed by Nieke and co-workers.[12]


We were further interested in the coordination chemistry
of 1 towards CuI as PNP-type pincer ligands of type I
(Figure 2) have recently been shown by our group to under-
go facile complexation upon reaction with a suitable CuI


source.[13] On the other hand, structural informations on dis-
crete terpyridine–CuIX complexes (X=halogen) have, to
the best of our knowledge, not been reported to date in lit-
erature, although these species have been postulated in
atom-transfer radical polymerization reactions.[14] The only
structurally characterized CuI


ACHTUNGTRENNUNG(tpy) complexes are cationic
complexes containing either an extremely bulky terpyridine
derivative, which induces a strongly perturbed, almost
square-planer CuI coordination geometry or an additional
PPh3 ligand leading to a trigonal-bipyramidal CuI coordina-
tion geometry.[15] Also, a neutral one-dimensional coordina-
tion polymer [Cu2(L) ACHTUNGTRENNUNG[m-I)2]n (L=4’pyridyl terpyridine;
pytpy) has been reported, containing hexacoordinated, dis-
torted square-pyramidal CuI centers and forming one-di-
mensional zigzag chains.[16] The preferred meridial coordina-
tion mode of this tridentate nitrogen-ligand results from the
sp2 hybridization of both carbon and nitrogen atoms causing
a directional orientation of the nitrogen lone pairs in the
plane of the heterocycles. Consequently, terpyridine prefer-
entially accommodates transition-metal centers with square-
planar or octahedral, rather than tetrahedral coordination
geometries, such as CuI.[17]


Reaction of 1 with equimolar amounts of CuBr ACHTUNGTRENNUNG(SMe2) in
CH2Cl2 does lead instantaneously and quantitatively to the
corresponding PNP-CuBr complex 3, as confirmed by
31P NMR spectroscopy (Scheme 2).


Compound 3 slowly precipitates as an orange solid from
the reaction mixture upon standing. It shows a broad reso-
nance at d=158.5 ppm in the 31P NMR spectrum (CD2Cl2),
which is in the typical range for transition metal complexes
of phosphinines. Orange crystals suitable for X-ray diffrac-
tion were obtained by slow diffusion of Et2O into a solution
of 3 in CH2Cl2. The copper complex 3 recrystallizes in the
space group P1̄ (no. 2) with two independent metal com-
plexes and additional solvent molecules in the asymmetric


Figure 2. PNP-pincer ligands with different electronic properties.


Figure 3. Selected frontier orbitals of PNP-pincer ligand 1.
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unit. The molecular structure of one independent molecule
is depicted in Figure 4 along with selected bond lengths and
angles. Ligand 1 coordinates in a k3


ACHTUNGTRENNUNG(P,N,P) fashion to the
metal center, while the fourth coordination site of CuI is oc-
cupied by the Br� anion. The tetrahedral environment of
CuI further enforces a non-coplanarity of the three heterocy-
cles leading to inter-planar angles for the P-heterocycles and
the N-heterocycle between 25.5(2) and 31.4(2)8.


A remarkable feature of the “butterfly” structure of 3 is
the unusual non-directional coordination mode of the two
phosphinine ligands, which ultimately allows coordination of
the ligand to a metal with distorted tetrahedral geometry:
The metal atom is no longer located in the ideal axis of the
phosphorus lone pairs. Instead, the Cu–P vectors significant-
ly deviate from the plane defined by the heterocyclic rings
by 28.20(15) to 33.06(14)8 (Figure 5, front view).


The Cu–N vectors form angles of 8.28(18) and 9.8(2)8
with the corresponding pyridine planes and are thus approx-
imately coplanar. Additionally, the Cu atom is clearly shift-
ed towards the nitrogen atom resulting in Cu–N distances of
2.101(3) and 2.079(3) P, while the Cu–P distances are in the
range of 2.2522(13)–2.2757(12) P. Interestingly, and in con-
trast to our observations the corresponding complex
(I)CuIBr bearing the diphosphine-based PNP-pincer ligand


(Figure 2, R= tBu) lacks in any Cu�N bonding.[13] This phe-
nomenon can be attributed to the much stronger donor
character of phosphines in comparison to phosphinines,
which, along with the sterically demanding tBu groups obvi-
ously prevents coordination of the pyridine donor to the CuI


center in this particular complex.
The coordination behaviour of 1 can be rationalized by


the pronounced spherical character of the phosphorus lone-
pair in phosphinines and the particular shape of the LUMO,
HOMO and HOMO�1, which are responsible for p-back
donation and p-donor contributions, respectively (see
Figure 3). The resulting electronic situation apparently per-
mits coordination to the CuI center resulting in the observed
unusual coordination geometry.[18] Since the electronic prop-
erties of 1 are rather different compared to terpyridine it is
therefore not surprising that complementary CuI


ACHTUNGTRENNUNG(tpy) com-
plexes have not been described in literature so far. The
facile complexation of the CuIBr fragment by ligand 1 can
qualitatively be explained by the fact that the “soft” CuI


center is much better stabilized by the two p-accepting
phosphinine ligands rather than by pyridine ligands in ter-
pyridine.[19,20] Consequently, these two ligands exhibit a very
different coordination behaviour.


Although phosphinines possess a rich and versatile coor-
dination chemistry this uncommon geometry has so far only
been observed in the CuI complex containing the silacalix-
[3]-phosphinine macrocyclic ligand and in CuACHTUNGTRENNUNG(tmbp)-
ACHTUNGTRENNUNG(PPh3)2BF4 bearing the bidentate bipyridine analogue 4,4’-
5,5’-tetramethyl-2,2’-bisphosphinine (tmbp).[21] Due to the
rather long P�Cu bond lengths in the latter compound
(2.3273(9); 2.3286(9) P) the interaction between the copper
center and the bisphosphinine ligand has been described as
relatively weak. On the other hand, the P�Cu bond lengths
in 3 are significantly shorter (2.2522(13)–2.2757(12) P).
They are in the range of Cu�P bond lengths observed in the
very few Cu–phosphinine complexes reported in literature
and in which the Cu atom is located in the ideal axis of the
phosphorus lone pair.[22] Moreover, the P–Cu and N–Cu dis-
tances in 3 are comparable with the ones observed in the
CuI complex [CuACHTUNGTRENNUNG(MeCN) ACHTUNGTRENNUNG(pnp)]PF6 (pnp=2,6-bis(2-phos-
phaethenyl)pyridine, III) reported by Hayashi et al.[23] The
values of the P=C bond lengths and C-P-C angles in 3 are
comparable to the values of uncomplexed 2,4,6-triaryl-sub-
stituted phosphinines.[3d,e]


Another interesting feature of 3 is the dimer formation by
intermolecular p–p stacking interactions between the pyri-


Scheme 2. Preparation of Cu-complex 3.


Figure 4. Molecular structure of 3 in the crystal. Displacement ellipsoids
are shown at the 50% probability level. Only one independent molecule
is shown. Selected bond lengths [P] and angles [8] (second molecule in
square brackets): P11�C101 1.726(4) [1.728(4)], P11�C61 1.743(4)
[1.733(4)], P21�C271 1.734(4) [1.726(4)], P21�C231 1.738(4) [1.733(4)],
Cu1�P11 2.2522(13) [2.2757(12)], Cu1�P21 2.2641(12) [2.2719(12)],
Cu1�N1 2.101(3) [2.079(3)], Cu1�Br1 2.3344(7) [2.3222(7)], C101-P11-
C61 103.09(19) [103.19(19)], C271-P21-C231 102.63(19) [103.06(19)],
P11-Cu1-P21 137.20(5) [138.81(5)], N1-Cu1-Br1; 134.85(9) [135.07(9)].


Figure 5. Molecular structure of 3 in the crystal (front view). Displace-
ment ellipsoids are shown at the 50% probability level. Only one inde-
pendent molecule is shown.
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dine rings of the two independent metal complexes. The two
molecules are arranged in such a way that the two Br� li-
gands are pointing in opposite directions, resulting in a dis-
tance of 3.517 P between the centers of the nearly parallel
pyridine rings (Figure 6).


In summary, we have developed a synthetic access to a
novel neutral PNP-pincer ligand containing two phosphinine
donors and a bridging pyridine moiety. In contrast to its ter-
pyridine analogue facile coordination of this tridentate
ligand towards a neutral CuI center was observed. The cor-
responding CuIBr complex was characterized crystallograph-
ically and revealed a distorted tetrahedral coordination ge-
ometry of the metal center as a result of an unusual coordi-
nation mode of the two phosphinine ligands. Due to the
presence of electronically rather inequivalent donor atoms,
we anticipate that this novel ligand represents a new class of
p-accepting PNP-pincer systems. This is expected to lead to
transition-metal complexes with new properties and applica-
tions, especially in homogeneous catalysis and as optoelec-
tronic devices in the near future. Further studies on this sub-
ject are currently carried out in our laboratories.
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Confinement and Step-Wise Reopening of Channels in an Artificial Cell/
Inorganic Capsule: A 7Li NMR Study


Erhard T. K. Haupt,*[a] Claudia Wontorra,[a] Dieter Rehder,*[a] Alice Merca,[b] and
Achim M�ller[b]


In previous contributions we have demonstrated that the
anionic porous molybdenum oxide based capsule(s) [Lin�
{(MoVI)MoVI


5O21 ACHTUNGTRENNUNG(H2O)6}12ACHTUNGTRENNUNG{MoV
2O4ACHTUNGTRENNUNG(SO4)}30]


72�n (1 a ; n�5) of
the compound [(CH3)2NH2]44Li28�n·1 a·�250H2O (1;
Figure 1) can be considered as models for cellular cation
transport,[1] in particular with respect to the exchange of
lithium ions between the interior of the capsules and the
surrounding solution.[2,3] Additionally, we could show that
appropriate cationic organic species, such as formamidinium
cations (FA·H+), can act as “corks”/guests; that is, they are
able to close, in a supramolecular fashion, the pores exhibit-
ing crown-ether function, and separate the interior from the
exterior.[4] From 7Li NMR spectra it has been deduced that
separate signals can be observed for the various lithium spe-
cies present. However, the characteristics of the internal
lithium cations (Li+ confined in the cavity of the capsule)
were only deduced indirectly, because Li+ ions are involved
in exchange processes (Figure 1, bottom). Here, we present
an NMR study that allows for a precise interpretation of the
processes associated with the exchange and confinement of
capsule associated lithium cations. In particular we show
that stepwise re-opening of the pores (partial release of the
formamidinium plugs) is possible by addition of defined
amounts of water, an incident which models ligand-gated
ion channels.


A first indication of the differentiation between external
and internal lithium cations arises from the study of the dif-
fusion behaviour of the system as depicted by the 7Li NMR
signals. If a solution of 1 (preparation according to refer-
ence [1]) in dimethyl sulfoxide (DMSO) and treated with


FA·HCl is investigated in a 7Li DOSY experiment,[7] a sub-
stantial difference in the diffusion coefficients of encapsulat-
ed lithium cations moving with the capsule (Li+�1 a) as
compared to solvated Li+ ([LiACHTUNGTRENNUNG(dmso)nACHTUNGTRENNUNG(H2O)4�n]


+) is to be
expected. This is in fact observed (Figure 2). The Stokes
(”hydrodynamic”) radius obtained for 1 a from the diffusion
coefficient (9.3 � 10�11 m2 s�1) is �1.2 nm. Keeping in mind
the ambiguities with the calibration of the diffusion experi-
ments, the determined value is in reasonable agreement to
r=1.5 nm obtained from the single-crystal X-ray structure
analysis of 1.[1]
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Figure 1. Top: Schematic space-filling representation of the uptake and
release of cations (counterion transport) through the pores of the highly
charged anionic capsule 1a (Mo blue, O red). Bottom: View of two of
the 20 pores of 1 a (MoO6 octahedra of the pentagonal units blue and of
the {Mo2} type linker groups red; for details see reference [1]). The disor-
der of the sulfates observed by X-ray crystallography (S yellow, O red)
comes about by the (not directly observable) Li+ ions.[1]
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Although this spectrum clearly shows that the diffusion of
Li+ ions confined to the capsule is dominated by the mobili-
ty of the capsule, the exact location of the Li+ ions with re-
spect to the capsule cannot be extracted from this experi-
ment. This information is obtained from the 7Li NMR spec-
tra of solutions of 1 in DMSO with an added lanthanide
shift reagent. In biochemical studies, [Dy ACHTUNGTRENNUNG(PPP)2]


7� (PPP =


triphosphate(5�)) is commonly employed to distinguish be-
tween intracellular and extracellular sodium[5] and lithium
ions.[6] We have performed a corresponding experiment with
1 dissolved in DMSO with and without FA·HCl (Figure 3).
The results can be summarised as follows: After treatment
of solutions of 1 in DMSO with [Dy ACHTUNGTRENNUNG(PPP)2]


7�, the high-fre-
quency signal for external Li+ ([Li ACHTUNGTRENNUNG(dmso)nACHTUNGTRENNUNG(H2O)4�n]


+) and
the low-frequency signals for Li+�1 a are shifted to higher
frequency and are evidently broadened. If this solution is
treated with the formamidinium plugs, followed by addition
of the shift reagent, the signal for [Li ACHTUNGTRENNUNG(dmso)n ACHTUNGTRENNUNG(H2O)4�n]


+ still
moves downfield, but the low-frequency signal(s) corre-
sponding to Li+ ions associated with the capsule are not af-
fected by further addition of [DyACHTUNGTRENNUNG(PPP)2]


7�. Thus, the low
frequency signal(s) have to be due to Li+ ions, which are
physically separated from the shift reagent by the plugs.
This insensitivity to the shift reagent also excludes that, in
the plugged capsule, the low-frequency signals correspond
to Li+ in close contact with the surface of the capsule; that
is, there is no competition between Li+ and FA+ for binding
to the pores� outside opening. Consequently, all of the Li+


ions confined to the capsule are located in its interior. In
this context it is also of interest to note that there is just one
(though broad) characteristic signal for Li+�1 a for the
plugged capsule at about �3.1 ppm (slightly concentration
and solvent dependent), the highest 7Li shielding so far ob-
served in these systems.


Additional information has been obtained from T1 relaxa-
tion measurements.[7] In a standard solution (1 dissolved in


untreated DMSO; with a small amount of water intrinsically
supplied by the solvent, and water of crystallisation of 1),
the T1 values for the various types of Li+ sites in the system
do not differ substantially, reflecting an intermediate status
corresponding to the exchange of Li+ at external and inter-
nal capsule sites. If 1 is dissolved in dried DMSO, and this
solution treated with a defined amount of water (16 mL per
1 mL of DMSO solution, corresponding to c ACHTUNGTRENNUNG(H2O)=0.9 m),
the low-frequency signal for Li+�capsule at approximately
�3.1 ppm exhibits a relaxation time clearly shorter than that
for externally solvated Li+ ions. In this medium with low
water contents, Li+ is dislocated from internal to external
sites by slow exchange; thus, several of the Li+ ions remain
associated with the capsule, experiencing fast relaxation
(Figure 4). Adding more water increases the mobility of
these Li+ ions. The T1 values for external and internal Li+


consequently approach each other until the exchange is ac-
celerated to the extent at which the relaxation behaviour is
equilibrated. Addition of formamidinium cations blocks the
pores, leaving behind internal Li+ sites with even shorter re-
laxation times than in the partially open system, in which re-
sidual water acts as a mediator of transport. These short T1


values correspond to Li+ bonded to sulfate groups at the
inner surface of the capsule. This site in the completely
blocked system, characterised by the broad d=�3.1 ppm
signal, should be considered the genuine site of location of
Li+ ions within the capsule.


Figure 2. 7Li DOSY spectrum of dried compound 1 dissolved in dry
DMSO plus 16 mL of water and FA·HCl. Concentrations: c(1)=1 mm,
c ACHTUNGTRENNUNG(H2O)=0.9m, c ACHTUNGTRENNUNG(FA·HCl)=15 mm. The encapsulated Li+ (trace at the
upper right) moves more slowly than solvated Li+ (trace at lower left).


Figure 3. 7Li NMR spectra of 1 dissolved in DMSO (c(1) =1 mm). The
sharp signal at 0 ppm is an external reference (aqueous LiCl), the signal
at about �0.8 ppm corresponds to “free” Li+ of 1, that is, [Li ACHTUNGTRENNUNG(dmso)n-ACHTUNGTRENNUNG(H2O)4�n]


+ , and the broad low-frequency signal(s) to Li+ associated with
the capsule. The bottom trace represents the situation prior to addition
of the shift reagent [Dy ACHTUNGTRENNUNG(PPP)2]


7�, the three successive traces correspond
to the scenarios due to the addition of increasing amounts of [Dy-ACHTUNGTRENNUNG(PPP)2]


7�. The four upper traces describe the situation in the presence of
the formamidinium plugs.
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On stepwise addition of [Cr ACHTUNGTRENNUNG(acac)3] (acac= acetylaceto-
nate(1�)), as an alternative relaxation agent, to a solution
of the plugged capsule an efficient reduction in T1 for exter-
nal Li+ is observed (Figure 5), but almost no influence upon
internal Li+ , just supporting the above statements, according
to which the internal Li+ ions are “protected” from the in-
fluence exerted by the relaxation additive. This result also
represents a nice proof for the stability of the capsule.


After this demonstration of the efficacy of the encapsula-
tion process, the question arises if it is possible to open the
pores again and make the internal cations available for new
“events”, for example, for the subsequent exchange with
Na+ .[3] This can in fact be achieved by adding water to the
solution (Figure 6). With the first amounts of water added,


the T1 of the internal Li+ remain unaffected, while with in-
creasing amounts of water T1 increases and more or less
ends up at the T1 of the external Li, indicating an increasing
exchange between internal and external Li+ ; that is, increas-
ing release of the formamidinium plugs from the outer pore
openings of the capsule.


In conclusion, we have shown that, under conditions for
which exchange between internal and external Li+ is pre-
vented by plugging the capsule�s 20 pores with formamidini-
um cations on the basis of supramolecular chemistry, inter-
nal Li+ is defined by one broad NMR signal at low frequen-
cy (high magnetic field). The complete confinement of Li+ ,
that is, the positioning (with no option for exchange) at an
internal site, is convincingly supported by the fact that nei-
ther its chemical shift nor its relaxation are influenced by
paramagnetic reagents added to the solution. However,
opening the pores by addition of water changes the scenario
completely and leads again to an exchange of Li+ ions.
Hence, the spin-lattice relaxation time T1 is a very sensitive
parameter to study ion-exchange phenomena in this type of
porous capsule systems. Potential applications lie in the use
of the plugged capsules with Li+ incorporated as a contrast
agent for imaging intracellular situations and cellular sur-
roundings by 7Li magnetic resonance imaging.[6] The results
also prove nicely the stability of the investigated capsule
under well-defined conditions.


Keywords: ion transport · nanocapsules · NMR
spectroscopy · polyoxometalates · supramolecular chemistry
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Figure 5. Influence of the relaxation reagent [Cr ACHTUNGTRENNUNG(acac)3] on the T1 values
of DMSO solutions of 1. Vertical bars indicate the starting points for the
addition of formamidinium hydrochloride (full line) and the relaxation
reagent (broken line). The running numbers at the abscissa refer to suc-
cessive experiments: 1: original solution, c(1)=1 mm ; 2: after addition of
FA·HCl (c(FA)=15 mm); 3–9: addition of increasing mg amounts of [Cr-ACHTUNGTRENNUNG(acac)3].


Figure 6. T1 variations on addition of water to solutions of 1 in DMSO
plugged with formamidinium, showing that with increasing amounts of
water, T1 values for external Li+ (upper line) and internal Li+ (lower
line) approach each other. c(1)=1 mm (c ACHTUNGTRENNUNG(Li+)=28 mm); 20 mL of H2O
correspond to c ACHTUNGTRENNUNG(H2O)�1.1m.


Figure 4. Dependence of T1 values of the 7Li resonances with respect to
increasing amounts of water (20 mL of water correspond to a concentra-
tion c ACHTUNGTRENNUNG(H2O)�1.1m) added to a solution of 1 in DMSO (1 mm) before
and after the addition of formamidinium hydrochloride (c(FA)=60 mm,
c ACHTUNGTRENNUNG(H2O)� 6.6 m for the last three data points). At low c ACHTUNGTRENNUNG(H2O), the differ-
ent Li+ still have well-defined T1 values, while these values equilibrate at
higher c ACHTUNGTRENNUNG(H2O) due to increasing exchange.
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Introduction


Metal–organic frameworks (MOFs) with well-defined chan-
nels or pores have attracted great attention because of their
potential for application in gas separation,[1–8] gas stor-
age,[9–13] ion exchange,[14–17] and sensor technology.[18,19] The
design of MOFs as functional materials can be achieved by
selecting proper metal and organic building blocks. In par-
ticular, the concept of secondary building units (SBUs) with
specific geometry is useful in obtaining the rationally de-
signed MOFs because it significantly improves the predicta-
bility of molecular architectures.[20,21] Among various func-
tions of porous MOFs, hydrogen storage has been the center
of interest because of the needs for an alternative fuel in
mobile applications. The U.S. Department of Energy has set
the target to develop a material that can store 6.0 wt% or
45 gL�1 of H2 gas at ambient temperature by the year
2010.[22] In addition, the selective adsorption of CO2 from a
gaseous mixture is important because CO2 gas is a major
source of greenhouse gas emissions. The highest H2 gas
uptake data reported so far is 7.5 wt% at 77 K and 70 bar in
MOF-177,[23] but the best room temperature storage data
are far less than 1% (0.62 wt%).[24] The highest CO2 uptake
data reported so far is 147 wt% at 298 K and 35 bar in
MOF-177.[25] Recently, flexible and dynamic MOFs that
change their structures in response to external stimuli with
retention of single crystallinity[4,12,26–34] have attracted grow-


ing interest since they are important for the development of
certain devices and sensors.


Here, we report two isomorphous 3D metal–organic
frameworks, {[Cu2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(bpy)]·8DMF·6H2O}n (1) and
{[Zn2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(dabco)]·13DMF·3H2O}n (2), which have
been prepared by the solvothermal reactions of benzophe-
none 4,4’-dicarboxylic acid (H2BPnDC) with Cu-
ACHTUNGTRENNUNG(NO3)2·2.5H2O and 4,4’-bipyridine (bpy), and with Zn-
ACHTUNGTRENNUNG(NO3)2·6H2O and 4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane (dabco), re-
spectively. Compounds 1 and 2 form non-interpenetrating
3D frameworks despite the fact that they have large free
spaces (83.7% for 1 and 74.5% for 2 of the total volume)
and large effective pore sizes (18.2 G in 1 and 11.4 G in 2).
Desolvated solid [Cu2 ACHTUNGTRENNUNG(BPnDC)2 ACHTUNGTRENNUNG(bpy)]n (SNU-6), which has
the same framework structure as 1 as evidenced by the
powder X-ray diffraction (PXRD) patterns, exhibits high
permanent porosity (1.05 cm3g�1) with high surface area
(Langmuir, 2910 m2g�1), high H2 storage capacity (1.68 wt%
at 77 K and 1 atm; 4.87 wt% (excess) and 10.0 wt% (total)
at 77 K and 70 bar) with high isosteric heat (7.74 kJmol�1),
and high CO2 adsorption capacity (113.8 wt% at 195 K and
1 atm) with an unusual S-shaped isotherm. Compound 2 un-
dergoes a single-crystal-to-single-crystal transformation on
exchange of the DMF guest molecules with hexane to form
{[Zn2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(dabco)]·6 ACHTUNGTRENNUNG(n-hexane)·3H2O}n (2hexane). The
X-ray structure of 2hexane reveals bending of the square
planes of the paddle-wheel units, which result from rotation-


Abstract: Two isomorphous 3D metal–
organic frameworks, {[Cu2 ACHTUNGTRENNUNG(BPnDC)2-
ACHTUNGTRENNUNG(bpy)]·8DMF·6H2O}n (1) and {[Zn2-
ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(dabco)]·13DMF·3H2O}n
(2), have been prepared by the solvo-
thermal reactions of benzophenone
4,4’-dicarboxylic acid (H2BPnDC) with
CuACHTUNGTRENNUNG(NO3)2·2.5H2O and 4,4’-bipyridine
(bpy), and with ZnACHTUNGTRENNUNG(NO3)2·6H2O and 4-
diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane (dabco), re-
spectively. Compounds 1 and 2 are
composed of paddle-wheel {M2-
ACHTUNGTRENNUNG(O2CR)4} cluster units, and they gener-
ate 2D channels with two different
large pores (effective size of larger
pore: 18.2 G for 1, 11.4 G for 2). The
framework structure of desolvated


solid, [Cu2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(bpy)]n (SNU-6 ;
SNU=Seoul National University), is
the same as that of 1, as evidenced by
powder X-ray diffraction patterns.
SNU-6 exhibits high permanent porosi-
ty (1.05 cm3g�1) with high Langmuir
surface area (2910 m2g�1). It shows
high H2 gas storage capacity (1.68 wt%
at 77 K and 1 atm; 4.87 wt% (excess)
and 10.0 wt% (total) at 77 K and
70 bar) with high isosteric heat


(7.74 kJmol�1) of H2 adsorption as well
as high CO2 adsorption capability
(113.8 wt% at 195 K and 1 atm). Com-
pound 2 undergoes a single-crystal-to-
single-crystal transformation on guest
exchange with n-hexane to provide
{[Zn2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(dabco)]·6 ACHTUNGTRENNUNG(n-hexane)·3
H2O}n (2hexane). The transformation in-
volves dynamic motion of the molecu-
lar components in the crystal, mainly a
bending motion of the square planes of
the paddle-wheel units resulting from
rotational rearrangement of phenyl
rings and carboxylate planes of
BPnDC2�.
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al rearrangement of phenyl rings and carboxylate planes of
BPnDC2�.


Results and Discussion


X-ray structure and properties of {[Cu2ACHTUNGTRENNUNG(BPnDC)2-
ACHTUNGTRENNUNG(bpy)]·8DMF·6H2O}n (1): Blue truncated octahedral crystals
of 1 were prepared by heating a solution of Cu-
ACHTUNGTRENNUNG(NO3)2·2.5H2O, H2BPnDC, and 4,4’-bipyridine in DMF/
EtOH at 80 8C for 24 h. The single-crystal X-ray structure of
1 (Figure 1) shows a non-interpenetrating 3D coordination
network, which is different from the previously reported
ones resulting from hydrothermal reactions.[35, 36]


In 1, CuII shows a square-pyramidal coordination geome-
try by being coordinated with four oxygen atoms of four dif-
ferent BPnDC2� ligands at the equatorial sites and a nitro-
gen atom of 4,4’-bpy at the axial position. The Cu�OBPnDC


bond lengths are 1.974(2) G (average) and the Cu�Nbpy


bond length is 2.161(4) G. BPnDC2� is a bis-bidentate
ligand, and coordinates four different CuII centers. Each car-
boxylate group of four BPnDC2� moieties links two CuII


centers, with the CuII–CuII distance of 2.669(1) G, to form a
paddle-wheel SBU. The BPnDC2� is a bent linker and the
dihedral angle between the two phenyl rings is 67.69(14)8.


In general, 2D layers are assembled from paddle-wheel
binuclear M2 units and dicarboxylate linkers, and 3D primi-
tive cubic MOFs can be constructed by linking the 2D
layers with diamine pillars.[21] In our independent experi-
ments, the solvothermal reactions of CuACHTUNGTRENNUNG(NO3)2·2.5H2O and
H2BPnDC in DEF/EtOH (DEF=N,N’-diethylformamide)
or in DMA afforded 2D networks in which paddle-wheel bi-
nuclear Cu2 units were bridged by BPnDC2�.[37] Therefore,
we expected that these types of 2D layers would be further
linked by a 4,4’-bpy pillar to construct a 3D framework.


In 1, however, Cu2 paddle-wheel SBUs bridged by
BPnDC2� form a 3D framework by themselves without a
pillar because the dihedral angles between the neighboring
square planes formed by the carboxylate carbon atoms of
the paddle-wheel units are 90.00(0)8 (Figure 1c). The 4,4’-
bpy ligands, which link the paddle-wheel units located line-
ally, significantly affect the paddle-wheel positions in 1 (Fig-
ure 1d). As shown in Figure 1c, eight square planes (S1–S8)
formed by the carboxylate carbon atoms of paddle-wheel


Figure 1. X-ray crystal structure of 1. a) The coordination geometry of
the paddle-wheel {Cu2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(bpy)} unit. 4,4’-bpy is rotationally disor-
dered twofold. H atoms are omitted for clarity. Color scheme: Cu,
yellow; N, blue; O, dark pink; C, pale pink; C in 4,4’-bpy, pale blue. b) A
view showing an arrangement of paddle-wheel SBUs in the framework.
They are positioned with the dihedral angle of 90.00(0)8 between the
neighboring paddle-wheel square planes. c) A view showing how the
paddle-wheel SBUs are located to construct the 3D network {Cu2-
ACHTUNGTRENNUNG(BPnDC)2} by themselves. Paddle-wheel square planes of (S1 and S5),
(S2, S4, S6, and S8), and (S3 and S7) are extended along the a (green), b
(dark pink), and c axis (yellow), respectively. d) A perspective view
showing how 4,4’-bpy linkers connect paddle-wheel units of the network
in c. e) A space-filling model (CPK) view showing the two kinds of chan-
nels.
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SBUs make a rhombus, in which the square planes lie alter-
nately along the ac and the bc plane with the dihedral angle
of 90.00(0)8. Sets of square planes, (S1 and S5), (S2, S4, S6,
and S8), and (S3 and S7) are extended along the a, b, and c
axes, respectively. Parallel squares such as (S2 and S4) and
(S6 and S8) are connected by 4,4’-bpy linkers to generate
two kinds of channels having a triangular and a hexagonal
aperture, which gives rise to the Kagome nets (Figure 1d
and e).[38,39] The edge length and the effective size of the
small triangular channel are 10.7 and 5.6 G, respectively.
The large hexagonal channel has a width of 21.6 G as mea-
sured between the centers of two opposite phenyl rings of
BPnDC2�, and it becomes 18.2 G when the van der Waals
surface is considered. Framework 1 generates 2D channels
in the [100] and [010] directions.


The solvent-accessible volume estimated by PLATON[40]


is as high as 83.7%, 2.65 cm3g�1. The calculated density of 1
after solvent removal is as low as 0.316 gcm�3, which is com-
parable to that of mesoMOF-1 (0.262 gcm�3).[41] The guest
molecules inside the pores could not be refined owing to the
severe disorder, as common to microporous MOFs with
large pores. Therefore, the identity and number of the guest
molecules (8DMF and 6H2O) in 1 were determined on the
basis of IR spectra, elemental analysis, and thermogravimet-
ric analysis (TGA) data. The final structural model was re-
fined without the guest molecules by using the SQUEEZE
option of PLATON.[40] The TGA data for framework 1 mea-
sured under an N2 atmosphere indicated that crystal 1 lost
solvent guest molecules as soon as it was removed from the
mother liquor. It lost 44.0% weight (calcd. 45.8%) upon
heating to approximately 100 8C. The TGA and PXRD data
measured at various temperatures suggest that 1 is thermally
stable up to 230 8C (see the Supporting Information).


When 1 was heated in a Schlenk tube at 100 8C under
vacuum for 2 h, desolvated solid [Cu2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(bpy)]n
(SNU-6) resulted, which was characterized by elemental
analysis, FTIR spectra, TGA data, and PXRD data. In
Figure 2, PXRD patterns of 1 and its desolvated solid SNU-
6 are compared. The measured PXRD pattern of 1 is almost
coincident with that of the simulated pattern derived from
the X-ray single-crystal raw data, showing that the bulk
sample is the same as the single crystal, but it is a little dif-
ferent from the simulated pattern when electron densities
corresponding to the disordered guest molecules are ignored
by using the SQUEEZE option of PLATON.[40] The PXRD
pattern of the desolvated solid SNU-6 is same as the simu-
lated pattern based on the squeezed single-crystal X-ray
data of 1, which indicates that the framework structure of 1
is retained in SNU-6. When SNU-6 is exposed to DMF
vapor for three days, the PXRD pattern of 1 is regenerated,
thus indicating that guest molecules are reintroduced to the
framework. The elemental analysis data for the resolvated
sample indicates that seven DMF and four water molecules
are included per formula unit of the solid (elemental analy-
sis calcd (%) for {[Cu2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(bpy)]·7DMF·4H2O}n : C
51.54, H 5.89, N 8.87; found: C 52.19, H 5.61, N 9.05).


Gas sorption properties of [Cu2ACHTUNGTRENNUNG(BPnDC)2 ACHTUNGTRENNUNG(bpy)]n ACHTUNGTRENNUNG(SNU-6):
To examine the porosity of SNU-6, gas sorption capacities
were measured for N2, H2, CO2, and CH4 gases, and the data
are presented in Table 1.


The N2 sorption isotherm shows typical Type-I sorption
behavior, indicating the permanent microporosity (Figure 3).
The Brunauer–Emmett–Teller (BET) and Langmuir surface
area are 2590 and 2910 m2g�1, respectively, which are com-


Figure 2. The PXRD patterns for 1 and its desolvated solid SNU-6. a) 1
as synthesized. b) Simulated pattern based on the single-crystal X-ray
raw data of 1. c) Simulated pattern from the single-crystal X-ray data of
1, in which electron densities corresponding to the disordered guest mol-
ecules are flattened by using the SQUEEZE option of PLATON.[40]


d) SNU-6 that was prepared by drying 1 at 100 8C under vacuum for 2 h.
e) Solid isolated after exposure of SNU-6 to DMF vapor for 3 d.


Table 1. Gas adsorption data of SNU-6.


Gas T
[K]


Surface
area


ACHTUNGTRENNUNG[m2g�1][a,b]


Pore
volume
ACHTUNGTRENNUNG[cm3g�1]


mmol gas
per
g host


wt%
gas[c]


Gas adsorbed
per volume
host[d] [gL�1]


N2 77 2910,[a] 2590[b] 1.05 31.3 87.7 277
H2 77 – – 8.35 1.68 5.31


– – 24.2[e] 4.87[e] 15.4[e]


– – 49.6[f] 10.0[f] 31.6[f]


H2 87 – – 5.43 1.10 3.48
CO2 195 – – 25.8 113.8 360
CO2 273 – – 2.50 11.0 34.8
CH4 195 – – 4.53 7.26 23.1
CH4 273 – – 0.69 1.11 3.50


[a] Langmuir surface area. [b] BET surface area. [c] Amount of gas ad-
sorbed at P=690 Torr for N2 and at P=760 Torr for all other gases.
[d] The values are calculated by (mass of adsorbed gas [g])P(density of
sample=316 gL�1), assuming that the cell volume of 1 is retained in its
desolvated solid (SNU-6). [e] Excess adsorption capacity at 77 K and
70 bar. [f] Total adsorption capacity at 77 K and 70 bar.
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parable to that of IRMOF-1 (2833 m2g�1).[25] The pore
volume estimated by applying the Dubinin–Radushkevich
equation is 1.05 cm3g�1. The plot of pore size distribution
based on the Saito–Foley model[42] indicates that pore diam-
eters of SNU-6 are 14.0 and 18.2 G, coincident with that es-
timated from the X-ray structure of 1 (18.2 G). It should be
noted that surface area and pore volume of SNU-6 derived
from N2 adsorption data are much lower than those estimat-
ed from the X-ray crystal structure of 1 (surface area,
3980 m2g�1; pore volume, 2.66 cm3g�1) by using the Materi-
als Studio program[43] with a probe radius of 1.82 G, which is
appropriate for N2, and a grid interval of 0.25 G.


Solid SNU-6 adsorbs H2 gas up to 1.68 wt% (5.31 gL�1)
at 77 K and 1 atm (187 cm3g�1 at STP, 6.85 H2 molecules per
formula unit), and 1.10 wt% at 87 K and 1 atm (122 cm3g�1


at STP, 4.45 H2 molecules per formula unit). The H2 adsorp-
tion capacity is relatively good, and comparable to that of
[Zn2ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(tmbdc)2] (1.68 wt% at 78 K and 1 atm)[21]


(tmbdc= tetramethyl terephthalate). The isosteric heat of
H2 adsorption for SNU-6 is 7.74–5.41 kJmol�1 depending on
the degree of H2 loading (Figure 3), as estimated from the
H2 isotherms at 77 and 87 K by using the virial equa-
tion.[11,44] The zero coverage isosteric heat (7.74 kJmol�1) is
comparable to that of the desolvated solid of Cu3ACHTUNGTRENNUNG[(Cu4Cl)3-
ACHTUNGTRENNUNG(TPB-3tz)8]2·11CuCl2·8H2O·120DMF (8.2 kJmol�1; TPB-
3tz=1,3,5-tri-p-(tetrazol-5-yl)phenylbenzene).[45] On expo-
sure of the sample to air for three days, the H2 adsorption
capacity was reduced even after the reactivation (162 cm3g�1


at STP, 1.46 wt% at 77 K and 1 atm). It has been reported
that H2 adsorption capacities of some MOF materials
depend on the degree of exposure to air.[9]


When H2 pressure is increased up to 70 bar at 77 K, SNU-
6 exhibits an excess H2 adsorption of 4.87 wt% and total H2


uptake of 10.0 wt%, in which the excess is the measured
amount of physisorbed gas on the surface and the total is
the sum of the amount of adsorbed gas on the surface plus
the pressurized gas within the pores.[9,11] The excess H2 ad-
sorption is not yet saturated and still increasing even at
70 bar, similarly to the sorption behaviors of IRMOF-20[23]


and MIL-101[10] although many other microporous MOFs
show flattening around 40 bar.[23] The big difference between
the excess and total H2 uptake of SNU-6 is attributed to the
measured large pore volume (77.4%). The volumetric ad-
sorption capacities (excess 15.4 gL�1; total 31.6 gL�1) are rel-
atively low due to the low framework density (0.316 gcm�3).
At 298 K and 70 bar, H2 adsorption capacity is 0.28 wt%,
similarly to all other MOFs that show very low capacity,
lower than 1%.


The CO2 gas sorption isotherms of SNU-6 measured at
195 and 273 K are shown in Figure 4. The CO2 isotherm at
195 K shows a two-step adsorption with a little hysteresis. In
an initial step, it adsorbs 37.3 wt% (8.5 mmolg�1, 190 cm3g�1


at STP) of CO2 at 0.15 atm, and in the second step it up-
takes up to 113.8 wt% (25.8 mmolg�1, 579 cm3g�1 at STP) at
0.15–1 atm region. The stepwise, hysteretic, pressure-depen-
dent gas adsorption has been observed in several flexible
and dynamic porous MOFs, which respond to specific guest


Figure 3. N2 and H2 gas sorption isotherms for SNU-6. a) N2 at 77 K;
Po(N2)=804.00 Torr; the inset shows the pore size distributions. b) H2 at
77 K (circle) and 87 K (triangle). c) Isosteric heat of H2 adsorption.
d) Excess (circle) and total (triangle) H2 adsorption at 77 K and high
pressures. Filled shapes: adsorption. Open shapes: desorption.
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molecules by means of a breathing or a gate-opening pro-
cess.[46–51] Recently, YaghiRs group reported an S-shaped CO2


isotherm for IRMOF-1 that is similar to the present case,
and explained it by the attractive electrostatic interactions
between CO2 molecules.[52] The CO2 adsorption capacity of
SNU-6 is superior to those for other MOFs measured under
similar conditions. The highest uptake data under the same
conditions that have been reported so far is 148.9 wt% in
IRMOF-1.[52] The CO2 storage capacity of SNU-6 at 273 K
and 1 atm is 11.0 wt% (2.5 mmolg�1, 56.0 cm3g�1 at STP),
significantly lower than that measured at 195 K.


The CH4 gas isotherms indicate that SNU-6 can store up
to 7.27 wt% (4.53 mmolg�1, 101.5 cm3g�1 at STP) of CH4 at
195 K and 1 atm, and 1.11 wt% (0.69 mmolg�1, 15.5 cm3g�1


at STP) at 273 K and 1 atm. The big differences between
CO2 and CH4 adsorption capacities of SNU-6 can be applied
in gas separation processes.


X-ray structure and properties of {[Zn2ACHTUNGTRENNUNG(BPnDC)2-
ACHTUNGTRENNUNG(dabco)]·13DMF·3H2O}n (2): Colorless crystals of 2 were
obtained by heating a solution of ZnACHTUNGTRENNUNG(NO3)2·6H2O,
H2BPnDC, and 4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane (dabco) in DMF
at 100 8C for three days. The X-ray structure of 2 reveals a
non-interpenetrating 3D coordination network that is simi-
lar to 1 (Figure 5). In 2, a pair of ZnII centers forms a {Zn2-
ACHTUNGTRENNUNG(O2CR)4} paddle-wheel SBU unit, but nitrogen atoms of the
dabco instead of those of 4,4’-bpy are coordinated at the
axial sites of the ZnII ions. The ZnII–ZnII distance
(3.007(2) G) suggests that there is no significant interaction
between the ZnII ions in a paddle-wheel SBU (the sum of
the van der Waals radii of ZnII is 2.80 G).[53] The average
Zn�OBPnDC distance is 2.040(2) G and the Zn�Ndabco distance
is 2.038(5) G. The dihedral angle between the two phenyl
rings in BPnDC2� is 59.02(25)8, smaller than 67.69(14)8 in 1.
The dihedral angle between the neighboring square units
formed by the carboxylate carbon atoms of paddle-wheel
SBUs is 89.97(1)8, and thus paddle-wheel SBUs linked by
BPnDC2� construct a 3D framework. The axial sites of the


paddle-wheel units run along the a and b axis and are occu-
pied by nitrogen atoms of the dabco ligand.


Framework 2 generates two kinds of channels with trian-
gular and hexagonal apertures (Figure 5). The edge length
and the effective size of the small triangular channels are
8.0 and 3.9 G, respectively. The large hexagonal channel has
widths of 14.8 G as measured between the closest C–C dis-
tance of two opposite phenyl rings of BPnDC2�. When the
van der Waals surface is considered, the effective width of
the hexagonal window becomes 11.4 G.


Figure 4. CO2 (circle) and CH4 (triangle) sorption isotherms for SNU-6.
Filled shapes: adsorption. Open shapes: desorption.


Figure 5. X-ray crystal structure of 2 and 2hexane. Side view showing the ar-
rangement of paddle-wheel SBUs in a) 2 and b) 2hexane. Top view showing
the two kinds of channels in c) 2 and d) 2hexane. H atoms are omitted for
clarity. Color scheme: Zn, yellow; N, blue; O, dark pink; C, pale blue.
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The solvent-accessible free volume of 2 is 74.5% of the
total crystal volume, as estimated by PLATON.[40] The void
space is filled with guest solvent molecules, but they could
not be defined by the X-ray structure because of the severe
disorder. Therefore, the identity and number of the guest
molecules (13DMF and 3H2O) in 2 were determined on the
basis of IR spectra, elemental analysis, and TGA data. The
final structural model was refined without the guest mole-
cules by using the SQUEEZE option of PLATON.[40]


Framework 2 is insoluble in water and common organic
solvents. Interestingly, it maintained the single crystallinity
as well as transparency when a single crystal of 2 was im-
mersed in organic solvents such as MeCN, MeOH, CHCl3,
toluene, benzene, acetone, hexane, and diethyl ether. TGA
data shows that the as-synthesized material releases solvent
molecules even at room temperature, and loses 52.4%
weight on heating to 100 8C, which corresponds to the loss
of 13DMF and 3H2O molecules (calcd 56.3%). The varia-
ble-temperature PXRD pattern indicates that the frame-
work structure of 2 can be maintained up to 360 8C (see the
Supporting Information).


When 2 was heated in a Schlenk tube at 100 8C under
vacuum for 2 h, desolvated solid [Zn2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(dabco)]n
(2’) resulted. As shown in Figure 6, the measured PXRD
pattern of 2 is almost coincident with the simulated pattern


derived from the X-ray single-crystal data, which indicates
that the bulk sample is the same as the single crystal. The
small differences in the relative intensities between the mea-
sured and the simulated patterns are attributed to the fact
that the measured sample contains guest molecules, whereas
the simulated pattern ignored the guests by applying the
SQUEEZE option of PLATON.[40] The PXRD pattern of
the desolvated solid 2’ is different from that of 2, which indi-
cates that the framework structure changes on removal of
the guest molecules. However, the PXRD pattern of 2 was
regenerated when 2’ was exposed to DMF vapor for three
days, thus indicating that the original structure was restored
on reintroduction of the guest molecules. The elemental
analysis data for the resolvated solid indicated that twelve
DMF and six water molecules per formula unit were includ-
ed in the solid (elemental analysis calcd (%) for {[Zn2-
ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(dabco)]·12DMF·6H2O}n : C 49.01, H 7.08, N
11.11; found: C 49.24, H 7.01, N 11.06). Contrary to SNU-6,
solid 2’ did not adsorb N2 or H2 gas, indicating that the ma-
terial becomes nonporous on removal of the guests. The dif-
ferences in metal ion and type of pillars linking the paddle-
wheel units greatly affect the porosity of the material.


Guest exchange of 2 with hexane and single-crystal-to-
single-crystal transformation : When a single crystal of 2 was
immersed for three days in n-hexane, in which 2 was com-
pletely insoluble, the DMF guest molecules in 2 were ex-
changed with n-hexane by retaining the single crystallinity
as well as transparency, which provided a single crystal of
{[Zn2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(dabco)]·6 ACHTUNGTRENNUNG(n-hexane)·3H2O}n (2hexane) and
thus the X-ray crystal structure of 2hexane could be deter-
mined. The guest exchange was also verified with bulk
sample 2 by the elemental analysis, FTIR spectra, and TGA
data. TGA data of 2hexane indicated that n-hexane molecules
were released as soon as solid 2hexane was exposed to air, and
then water guest molecules were removed on heating to ap-
proximately 140 8C. As shown in Figure 6, the simulated
PXRD pattern for 2hexane is coincident with that of the simu-
lated pattern for 2, even though the measured PXRD pat-
tern of 2hexane shows the broadened peaks because 2hexane


loses n-hexane as soon as it is exposed to air. After exposure
of 2hexane to air for a few minutes, the PXRD pattern be-
comes different from either the measured or the simulated
pattern for 2hexane, which indicates that the framework struc-
ture changes upon removal of the guest molecules. The
PXRD pattern measured for completely dried solid of 2hexane


is very similar to that of 2’. In addition, the PXRD pattern
of 2hexane could not be regenerated even when desolvated
solid of 2hexane was immersed in n-hexane for two days, thus
indicating that the original structure can hardly be restored
once the guest molecules are removed. Desolvated solid of
2hexane does not adsorb N2 or H2 gas.


The X-ray data quality of 2hexane was as good as that of 2.
The cell parameters including the cell volume of 2hexane are
almost the same as those of 2, but the crystal space group
changes to I41/a compared with I41/amd of 2 (Table 2). The
framework structure of 2hexane is compared with that of 2 in


Figure 6. The PXRD patterns for a) 2 as synthesized, b) 2 simulated from
the single-crystal X-ray data, in which electron densities corresponding to
the disordered guest molecules are flattened by using the SQUEEZE
option of PLATON,[40] c) 2’ prepared by drying 2 at 100 8C under vacuum
for 2 h, d) solid isolated after exposure of 2’ to DMF vapor for 3 d,
e) guest-exchanged solid, {[Zn2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(dabco)]·6 ACHTUNGTRENNUNG(n-hexane)·3H2O}n
(2hexane), f) 2hexane simulated based on X-ray single-crystal data, in which
electron densities corresponding to the disordered guest molecules are
flattened by using the SQUEEZE option of PLATON,[40] g) a solid re-
sulting after exposure of 2hexane to air for 5 min, h) a solid prepared by
drying 2hexane at 150 8C under vacuum for 2 h, i) a solid isolated after im-
mersion of the sample in (h) in n-hexane for 2 days.
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Figure 5. The local structures of the Zn2 paddle-wheel unit
and BPnDC2� ligands are very similar to those of 2. Howev-
er, the Zn2 paddle-wheel unit and BPnDC2� ligand undergo
positional and rotational rearrangements upon guest ex-
change. In particular, dihedral angles between the carboxyl-
ate planes forming the paddle-wheel SBUs and the linking
phenyl rings become 9.02 ACHTUNGTRENNUNG(1.17) and 4.39 ACHTUNGTRENNUNG(1.03)8 in 2hexane,
compared with 2.42 ACHTUNGTRENNUNG(1.22)8 in 2. In addition, the dihedral
angle between the two phenyl rings of a BPnDC2� moiety
changes to 57.04(27)8 from 59.02(25)8 in 2. As a result, the
four carboxylate carbon atoms of each paddle wheel per-
form a bending motion, and the dihedral angle between the
square planes of the paddle-wheel units becomes 50.84(23)8,
which is remarkably different from that in 2 (89.97(1)8). Fur-
thermore, a dabco ligand occupying the axial site of ZnII ion
is slightly more tilted with respect to the Zn–Zn axis (N-Zn-
Zn: 174.08(10)8 in 2hexane versus 177.54(13)8 in 2). This type
of guest-responsive single-crystal-to-single-crystal transfor-
mation that involves the movements of molecular compo-
nents can be applied in the development of devices and sen-
sors.


Conclusion


We have prepared two isomorphous 3D metal–organic
frameworks generating 2D channels, {[Cu2 ACHTUNGTRENNUNG(BPnDC)2-
ACHTUNGTRENNUNG(bpy)]·8DMF·6H2O}n (1) and {[Zn2 ACHTUNGTRENNUNG(BPnDC)2-
ACHTUNGTRENNUNG(dabco)]·13DMF·3H2O}n (2). MOFs 1 and 2 have large
pores with effective sizes of 18.2 and 11.4 G, respectively.
The desolvated framework of 1 (SNU-6) exhibits high per-
manent porosity (1.05 cm3g�1) with high Langmuir surface
area (2910 m2g�1), high H2 storage capacity (1.68 wt% at
77 K and 1 atm; excess 4.87 wt% and total 10.0 wt% at
77 K and 70 bar), and high CO2 uptake capability
(113.8 wt% at 195 K and 1 atm). When the DMF guest mol-


ecules in 2 are exchanged with n-hexane, 2 undergoes a
single-crystal-to-single-crystal transformation to result in
{[Zn2ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(dabco)]·6 ACHTUNGTRENNUNG(n-hexane)·3H2O}n (2hexane). The
X-ray crystal structure of 2hexane indicates that the guest ex-
change induces mainly a bending motion of the square
planes of the paddle-wheel units, which results from the ro-
tational rearrangements of phenyl rings and carboxylate
planes of BPnDC2�. The present study suggests that solid
SNU-6 can be applied in storage of H2 and CO2 gases as
well as separation of CO2 versus CH4 gas. Solid 2 can be ap-
plied in the development of crystalline devices and sensors.


Experimental Section


General methods : All chemicals and solvents used in the syntheses were
of reagent grade and used without further purification. Infrared spectra
were recorded with a Perkin-Elmer Spectrum One FTIR spectrophotom-
eter. UV/Vis spectra were recorded with a Perkin-Elmer Lambda35 UV/
Vis spectrophotometer. Elemental analyses were performed with a
Perkin-Elmer 2400 Series II CHN analyzer. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were performed
under an N2 atmosphere at a scan rate of 5 8Cmin�1, using TGA Q50 and
DSC Q10 of TA instruments, respectively. Powder X-ray diffraction
(PXRD) data were recorded on a Bruker D5005 diffractometer at 40 kV
and 40 mA for CuKa (l =1.54050 G) with a scan speed of 58min�1 and a
step size of 0.028 in 2q.


Preparation of {[Cu2 ACHTUNGTRENNUNG(BPnDC)2 ACHTUNGTRENNUNG(bpy)]·8DMF·6H2O}n (1): H2BPnDC
(0.056 g, 2.1P10�4 mol) and 4.4’-bpy (0.018 g, 1.2P10�4 mol) were dis-
solved in DMF (6 mL), and CuACHTUNGTRENNUNG(NO3)2·2.5H2O (0.061 g, 3.3P10�4 mol)
was dissolved in EtOH (3 mL). The solutions were mixed together,
placed in a glass serum bottle that was tightly capped with a silicone
stopper and aluminum seal, and then heated at 80 8C for 24 h. On cooling
to room temperature, blue diamond-shaped crystals formed, which were
filtered, and washed briefly with DMF. Yield: 0.13 g, 82%; FTIR (Nujol):
ñ=3436 (O�H), 1667 (br; C=O ACHTUNGTRENNUNG(DMF), C=O ACHTUNGTRENNUNG(BPnDC)), 1628 (C=O),
1608 (C=C ACHTUNGTRENNUNG(aromatic)), 1559 cm�1 (O�C=O (carboxylate)); UV/Vis (dif-
fuse reflectance): lmax=272, 745 nm; elemental analysis calcd (%) for
Cu2C64H92O24N10: C 50.82, H 6.13, N 9.26; found: C 51.04, H 5.60, N 9.17.


Preparation of [Cu2 ACHTUNGTRENNUNG(BPnDC)2 ACHTUNGTRENNUNG(bpy)]n ACHTUNGTRENNUNG(SNU-6): Compound 1 was heated
in a Schlenk tube at 100 8C under vacuum for 2 h. FTIR (Nujol): ñ=


1668, 1631 (C=O), 1606 (C=C ACHTUNGTRENNUNG(aromatic)), 1561 cm�1 (O�C=O(carboxyl-
ate)); UV/Vis (diffuse reflectance): lmax=272, 735 nm; elemental analysis
calcd (%) for Cu2C40H24O10N2: C 58.61, H 2.95, N 3.42; found: C 57.48,
H 2.87, N 3.20.


Preparation of {[Zn2ACHTUNGTRENNUNG(BPnDC)2 ACHTUNGTRENNUNG(dabco)]·13DMF·3H2O}n (2): H2BPnDC
(0.053 g, 2.0P10�4 mol) and dabco (0.015 g, 1.3P10�4 mol) were dissolved
in DMF (3 mL), and Zn ACHTUNGTRENNUNG(NO3)2·6H2O (0.077 g, 2.6P10�4 mol) was dis-
solved in DMF (2 mL). The solutions were mixed together, placed in a
glass serum bottle that was tightly capped with a silicone stopper and alu-
minum seal, and then heated at 100 8C for 3 d. On cooling to room tem-
perature, colorless diamond-shaped crystals formed, which were filtered,
and washed briefly with DMF. Yield: 0.12 g, 67%; FTIR (Nujol): ñ=


3436 (O�H), 2952, 2924, 2854 (C�H(aliphatic)), 1665 (br; C=O ACHTUNGTRENNUNG(DMF),
C=OACHTUNGTRENNUNG(BPnDC)), 1604 (C=C ACHTUNGTRENNUNG(aromatic)), 1541 cm�1 (O�C=O(carboxyl-
ate)); elemental analysis calcd (%) for Zn2C75H125O26N15: C 50.50, H
7.06, N 11.78; found: C 50.71, H 6.87, N 11.78.


Preparation of [Zn2 ACHTUNGTRENNUNG(BPnDC)2 ACHTUNGTRENNUNG(dabco)]n (2’): Compound 2 was heated in
a Schlenk tube at 100 8C under vacuum for 2 h. FTIR (Nujol): ñ =1638
(C=O), 1600 (C=C ACHTUNGTRENNUNG(aromatic)), 1549 cm�1 (O�C=O(carboxylate)); ele-
mental analysis calcd (%) for Zn2C36H28O10N2: C 55.48, H 3.62, N 3.59;
found: C 54.13, H 4.13, N 3.54.


Preparation of {[Zn2 ACHTUNGTRENNUNG(BPnDC)2ACHTUNGTRENNUNG(dabco)]·6 ACHTUNGTRENNUNG(n-hexane)·3H2O}n ACHTUNGTRENNUNG(2hexane):
Crystals of 2 were immersed in n-hexane for 24 h, and then the solvent
was discarded. Fresh n-hexane was added and the crystals were left im-


Table 2. Crystallographic data for 1, 2, and 2hexane (squeezed data).


1 2 2hexane


formula Cu2C40H24N2O10 Zn2C36H28N2O10 Zn2C36H28N2O10


space group I41/amd I41/amd I41/a
Mr 819.73 779.39 779.39
a [G] 28.000(1) 19.423(1) 19.451(1)
c [G] 43.969(1) 50.966(1) 50.918(1)
V [G3] 34472(2) 19226(1) 19263(1)
Z 8 8 8
1calcd [gcm�3] 0.316 0.539 0.537
T [K] 293(2) 293(2) 293(2)
m [mm�1] 0.260 0.521 0.520
GOF (F2) 0.844 0.878 0.886
R1, wR2


[I>2s(I)]
0.0777[a] ,
0.1839[b]


0.0929[a] ,
0.2283[c]


0.0955[a] ,
0.2479[d]


R1, wR2 (all
data)


0.1958[a] ,
0.2070[b]


0.1702[a] ,
0.2533[c]


0.1527[a] ,
0.2733[d]


[a] R=� j jFo j� jFc j j /� jFo j . [b] wR(F2)= [�w(F2
o�F2


c)
2/�w(F2


o)
2]


1=2 in
which w=1/[s2(F2


o)+ (0.0917P)2+ (0.00)P], P= (F2
o+2F2


c)/3 for 1.
[c] wR(F2)= [�w(F2


o�F2
c)


2/�w(F2
o)


2]
1=2 in which w=1/[s2(F2


o)+ (0.1331P)2+


(0.00)P], P= (F2
o+2F2


c)/3 for 2. [d] wR(F2)= [�w(F2
o�F2


c)
2/�w(F2


o)
2]


1=2 in
which w=1/[s2(F2


o)+ (0.1579P)2+ (0.00)P], P= (F2
o+2F2


c)/3 for 2hexane.
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mersed for another 2 d until all the DMF guest molecules were ex-
changed with n-hexane. FTIR (Nujol): ñ=1642 (C=O), 1610, 1554 cm�1


(O�C=O(carboxylate)); elemental analysis calcd (%) for
Zn2C72H118O13N2: C 62.70, H 8.29, N 2.22; found: C 62.49, H 7.80, N 2.19.


Low-pressure gas sorption measurements : The gas adsorption–desorption
experiments were performed by using an automated micropore gas ana-
lyzer Autosorb-1 or Autosorb-3B (Quantachrome Instruments). The crys-
tals of 1 as synthesized were directly introduced into the gas sorption ap-
paratus, and the outgassing process was carried out by heating the
sample at 100 8C under vacuum for 2 h. All gases used were of 99.999%
purity. The H2 gas sorption isotherms were monitored at 77 and 87 K,
and CO2 and CH4 gas sorption isotherms were measured at both 195 and
273 K, at each equilibrium pressure by the static volumetric method.
After each gas sorption measurement, sample weight was measured
again precisely. Surface area and total pore volume were determined
from the N2 gas isotherm at 77 K. For multipoint BET and Langmuir sur-
face area estimations, the data were taken in the range of P/P0=0.004–
0.05 and P/P0=0.002–0.08, respectively.


High-pressure H2 gas sorption measurements : The high-pressure H2 sorp-
tion isotherm of SNU-6 was measured at 77 K in the range of 0–70 bar
by the gravimetric method using a Rubotherm MSB (magnetic suspen-
sion balance) apparatus. Solid 1 was heated in a Schlenk tube at 100 8C
under vacuum for 2 h, and an exactly measured amount of the dried solid
was introduced into the gas sorption apparatus, which was then evacuat-
ed at 25 8C under vacuum. All data were corrected for the buoyancy of
the system and sample. The sample density used in the buoyancy correc-
tion was determined from He displacement isotherms (up to 80 bar) mea-
sured at 298 K.


Single-crystal-to-single-crystal transformation study for guest exchange of
2 with hexane : A crystal of 2 was sealed in a glass capillary with the
mother liquor. After the diffraction data of the crystal were collected,
the crystal was taken out from the capillary and then dropped into a
1.5 mL vial that was filled with n-hexane. After immersion in n-hexane
for 3 d, the crystal was sealed in a glass capillary together with n-hexane
and mounted on a X-ray diffractometer.


X-ray crystallography : Diffraction data of 1, 2, and 2hexane were collected
on an Enraf Nonius Kappa CCD diffractometer with graphite-monochro-
mated MoKa radiation (l=0.71073 G) at 293 K. The single crystals of 1,
2, and 2hexane were sealed in a glass capillary together with the mother
liquor. Preliminary orientation matrixes and unit cell parameters were
obtained from the peaks of the first ten frames and then refined using
the whole data set. Frames were integrated and corrected for Lorentz
and polarization effects by using DENZO.[54] The scaling and global re-
finement of crystal parameters were performed by SCALEPACK.[54] No
absorption correction was made. The crystal structure was solved by
direct methods[55] and refined by full-matrix least-squares refinement
using the SHELXL-97 computer program.[56] For 1, two carbon atoms of
4,4’-bpy were rotationally disordered twofold. The site occupancy factors
were given as 0.5 for C9A, C9B, C10A, and C10B. The positions of all
non-hydrogen atoms were refined with anisotropic displacement factors.
The hydrogen atoms were positioned geometrically by using a riding
model. The densities of the disordered guest molecules in 1, 2, and 2hexane


were flattened by using the SQUEEZE option of PLATON.[40] CCDC-
689694 (1), 689695 (2), and 689696 (2hexane) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. The crystallographic data for 1, 2,
and 2hexane are summarized in Table 2.
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Fluorescent Magnesium(II) Coordination Polymeric Hydrogel


Wei Lee Leong, Sudip K. Batabyal, Stefan Kasapis,* and Jagadese J. Vittal*[a]


Introduction


The supramolecular gels derived from organic molecules
have gained considerable attention, owing to their unique
features and versatile applications as soft materials.[1] Never-
theless, metallogels and coordination polymeric gels are of
emerging research interest.[2] The metal coordination to a
gelator would give rise to intriguing spectroscopic, catalyt-
ic[3] and redox[4] properties of the gel-phase materials. Thus,
a lot of effort has been devoted to investigating the spectro-
scopic properties of metallo- and coordination polymeric
gels. For instance, a class of heat-set gel-like networks
formed by Co2+ complexes of 4-alkylated 1,2,4-triazole has
shown thermochromic behaviour during the phase transi-
tion.[5] Thermochromic and reversible colour change behav-
iour has been observed during the sol–gel transition of a gel
derived from Cu+ bipyridyl derivative of cholesteryl.[4] Phe-
nylalanine-based bolaamphiphile metallogels have found ap-
plication in water purification and a vitamin B12 carrier
based on their absorption properties.[6] Such interesting ab-


sorption studies have driven the research on the photolumi-
nescence properties of metallo- and coordination polymeric
gels. Recently, 8-quinolinol derivatives have been reported
to form metallogel with Cu2+ , Pd2+ and Pt2+ . Interestingly,
the Pt2+ complex exhibits unique thermo- and solvato-
chromism of visible and phosphorescent colour during sol–
gel phase transition.[7] A phosphorescent Au+ pyrazolate gel
showed reversible colour switching upon sol–gel transition
and doping/dedoping of Ag+ .[8] Rowan�s group reports the
gel formation of 2,6-bis(benzimidazolyl)-4-hydroxypyridine
derivative of pentaethylene glycol in the presence of lantha-
nide and transition metal ions, which exhibits photolumines-
cence, owing to the “antenna effect” of Eu3+ .[9] Alkylated
platinum terpyridyl systems have been found to form orga-
nogel, owing to metal–metal and p–p interactions and the
metallogels show drastic emission changes during the sol–
gel transition.[10] Platinum acetylide organogelators exhibit
phosphorescence in solution and in the aggregate/gel state,
owing to triplet-triplet energy transfer.[11]


Recently we have reported that coumarin derivatised gly-
cine (H2mugly: N-(7-hydroxyl-4-methyl-8-coumarinyl)-gly-
cine) gelates water instantly upon addition of Zn2+ .[12] The
Zn2+ coordination polymeric gel shows fluorescence en-
hancement upon hydrogelation. This interesting finding has
prompted us to explore the utilization of the main group
metals in coordination polymeric gel synthesis. In contrast
to transition and post-transition metals, which often quench
the fluorescence due to the electron or energy transfer be-


Abstract: A pH and mechano-respon-
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veloped without the use of long chain
hydrophobic groups. The hydrogel was
synthesised by reacting the aqueous so-
lution of Mg2+ with the basic aqueous
solution of N-(7-hydroxyl-4-methyl-8-
coumarinyl)-alanine. The gelation is at-
tributed to the self-aggregation of 1D
coordination polymers to form 3D
nanostructures through non-covalent
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tween the metal cations and fluorophores,[13] main group
metals do not quench the fluorescence. It has been reported
that the fluorescence properties of coumarin derivatives can
be retained in the presence of alkali-earth metals and
quenched by transition metals.[14] The main group metals,
particularly Mg2+ , are essential minerals in the biological
systems. Mg2+ is the most abundant of the divalent ions in
cells, and plays an important role in cell proliferation and
cell death. It also participates in the modulation of signal
transduction, various transporters, and ion channels.[15] On
the other hand, it has been reported that hydrogelators
based on amino acids[16] and some hydrogels have been
demonstrated as biocompatible materials.[16f–l] Thus, it would
be of interest to incorporate Mg2+ ions in the preparation of
biocompatible and stimuli responsive amino acid-based met-
allogel. A biocompatible hydrogel provides an alternative
candidate for drug delivery[17] and tissue engineering.[17d,18]


Mechanical properties constitute a critical consideration
in practical use of such soft materials, and appropriate rheo-
logical techniques have been utilised to probe the viscoelas-
tic and mechano behaviour of the supramolecular gels.[9b, 19]


Here we report the hydrogelation of Mg2+ coordination po-
lymer of a coumarin derivatised alanine (1, H2muala: N-(7-
hydroxyl-4-methyl-8-coumarinyl)-l-alanine). The microscop-
ic morphology of the freeze-dried gel has been investigated
by using scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) techniques. Photopysical
properties of the complex and the corresponding gel have
been studied in detail. Rheological studies have been per-
formed to elucidate the small and large deformation visco-
elasticity of the gel.


Results and Discussion


In our recent study,[12] H2mugly has been developed as suita-
ble hydrogelator with Zn2+ without the use of long chain hy-
drophobic groups. No such gelation was observed if the
structurally similar H2muala 1 (Scheme 1) was used. This ob-


servation suggests that the substituent on the amino acid
side chain may not change the overall coordination and con-
formation of the complex, however, it would influence the
supramolecular interactions leading to gelation.


In this study, 1 has been observed to form hydrogel with
Mg2+ upon mixing. If a basic aqueous solution of 1 is react-
ed with an aqueous solution of Mg ACHTUNGTRENNUNG(CH3COO)2·4 H2O, a
yellow clear solution is formed initially. If the solution mix-
ture was left undisturbed at room temperature for about
20 min, an opaque gel of [Mg ACHTUNGTRENNUNG(muala)ACHTUNGTRENNUNG(H2O)2]·n H2O 2 (27
wt %, Scheme 1) was obtained. Gel formation is confirmed
by the inverted test tube method (Figure 1). No such gela-


tion was observed if the same reaction was repeated with
other organic solvents (including MeOH and EtOH) or
Ca2+ . The powder of 2 can be obtained by slow evaporation
from a methanolic solution. Further analysis and characteri-
zation were conducted with the powdered sample unless
otherwise mentioned. Complex 2 is a neutral compound
with a metal to ligand ratio of 1:1, as evidenced from the el-
emental analysis and Job�s plot. The water molecules found
from elemental analysis differ from the number of their
counterparts associated with the gelator in the hydrogel.
This should be attributed to the difference of solvents pres-
ent in the solid (MeOH) and gel (H2O) state.


The hydrogel converts to a yellowish clear solution at
pH 2, but retains its gel structure at pH 8 indicating pH re-
sponsive properties. Under the acidic conditions, the ligand
1 is protonated and thereby disturbs the complexation and,
hence, the gel structure. The hydrogel also exhibits mechano
responsive behaviour in which it can recover the gel struc-
ture on standing, following vigorous shaking to fluidise. The
gel is soluble in common organic solvent like methanol, eth-
anol, THF and DMF. Slow evaporation of the diluted meth-
anolic solution of the gel gave a free standing polymeric
film (see the Supporting Information).


We propose that 2 is a 1D coordination polymer with the
carboxylate O of the ligand coordinating the neighbouring
Mg2+ centre as supported by FT-IR absorption studies. The
difference in asymmetric (ñas) and symmetric (ñs) stretching
frequencies of carboxylate group in freeze dried 2 was
found to be 114 cm�1, suggests the bridging coordination
mode of the carboxylate groups (see the Supporting Infor-
mation). In general, Dñ reflects the coordination geometry
of carboxylate, in which Dñ>200 cm�1 for the monodentate
carboxylate and Dñ<200 cm�1 for bridging carboxylate.[20]


Scheme 1. Structure of the ligand 1 and schematic representation of the
proposed Mg2+ coordination polymer 2.


Figure 1. The photograph of ligand 1 (left) and hydrogel 2 (right).
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Nonetheless, in the absence of crystal structure, the mono-
meric species cannot be ruled out. Postulation of a 1D coor-
dination polymeric structure can easily explain the gel for-
mation in which the 1D polymeric strands entangle with
each other to form a 3D fibrous network. The water mole-
cules are entrapped within the porous network and form a
stable hydrogel. It appears that entanglement of the nanofi-
bre gel network takes place as a result of hydrogen bonding
between amino and carboxylate groups in the ligand, and
water molecules. The disk-like coumarin rings are expected
to assemble in order to form hydrophobic pockets.


Hydrogel 2 exhibits different properties as compared to
the previously reported gelation of Zn2+ with H2mugly.[12]


The gelation process observed here requires about 20 min at
room temperature to occur, whereas Zn2+ forms a gel in-
stantly upon mixing with the ligand. Conversely, a higher
concentration of gelator is required for gel formation, as
compared to the Zn2+ coordination polymeric gel. Further-
more, these two gels have different thermal properties.
Upon heating to 658C, the Zn2+ gel becomes a white precip-
itate and the gel structure does not recover upon cooling.
For Mg2+ gel, upon heating to the same temperature, it
turns to a clear yellow solution and upon cooling, the gel
structure is visually restored.


Morphological studies of hydrogel : The morphology of hy-
drogel 2 was investigated by using SEM and TEM. The in-
vestigation reveals that the hydrogel 2 is formed by the self
assembled fibrous structure of the coordination polymer.
Figure 2a exhibits the typical low magnification field emis-


sion SEM micrograph of freeze dried 2, which reveals the fi-
brillar-network structure of the gel. The higher magnifica-
tion image (see the Supporting Information) shows that
these fibres are quite uniform ribbon shaped with a rectan-
gular cross-section. These fibres are several micrometers
long and the diameters are in the range of 50–150 nm. It
seems that the coordination polymeric chains of the Mg2+


complex are bundled up to self-assemble into a fibrous net-
work. TEM analysis also supports the concept of the gel
being composed of micro-sized tapes, which are several mi-
crons long (Figure 2b) and the diameters are in the range of
50–100 nm. Furthermore, the high resolution TEM micro-


graphs of these ribbons indicate a predominant amorphous
nature. Thus, no crystal fringe patterns were observed and
the electron diffraction patterns exhibit diffuse rings sugges-
tive of amorphous microstructures (see the Supporting In-
formation).This amorphous behaviour is different from that
found in the zinc(II) coordination polymeric gel containing
a similar ligand.[12]


Photophysical studies : The absorption and emission proper-
ties of 1 and 2 were studied extensively. Upon addition of
Mg2+ ions to an aqueous solution of 1 in the presence of
two equivalents LiOH ([1]=1.04 � 10�4


m), a typical p–p*
absorption band appears at 360 nm.[21] The 1:1 complexation
model for Mg2+ ion-binding was elucidated by a Job�s plot
(see the Supporting Information). Upon addition of Mg2+


ions to an aqueous solution of 1, hydrogel 2 was formed
after 20 min. The UV/vis spectral traces of 1, hydrogel 2 and
sol 2 ([1] and [2]= 50 mm) are shown in Figure 3. No shifting
in the absorption energy was observed for hydrogel 2. The
addition of concentrated HCl to hydrogel 2 turns it into the
sol state. The p–p* absorption band of sol 2 shows a large
blue shift in energy to l=320 nm.


As hydrogel 2 is pH dependent, absorption studies of 1 in
the presence of one equivalent of Mg2+ ([1]= 1.04 �10�4


m)
have been investigated in buffer solutions at various pH. It
has been reported that in neutral or weakly acidic solutions,
7-hydroxycoumarin derivatives are in the neutral form,
which absorbs near l=320 nm. In alkaline solution, 7-hy-
droxycoumarin derivatives are in the tautomeric form and
show a marked bathochromic shift to l=360 nm.[21] The
UV/vis absorption spectra of 1 at various pH in buffer solu-
tions also exhibit a similar behaviour, in which a p–p* ab-
sorption band appears at l=320 nm in acidic conditions and
shifts to l= 360 nm in alkaline solution (see the Supporting
Information). Likewise, the Mg2+-bound species exhibit the
same trend, as shown in Figure 4a. This suggests that an
acidic medium would cause protonation of the ligand, hence
leading to dissociation of the complex.


To study the effect of temperature on hydrogel 2, varia-
ble-temperature UV/vis absorption studies have been car-
ried out from 15–858C ([2]=50 mm). The UV/vis spectral


Figure 2. Electron micrograph of freeze dried 2 : a) SEM image; b) TEM
image.


Figure 3. UV/vis absorption of 1 in H2O, hydrogel 2 and its corresponding
sol state in acidic medium ([1] and[2]=50 mm). The samples were sand-
wiched between quartz plates.
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traces of hydrogel 2 at different temperatures are shown in
Figure 4b. At 258C, an absorption band at l= 360 nm was
observed, which corresponds to the p–p* absorption band
characteristic of the Mg2+-bound species. No significant
spectral changes were observed upon increasing tempera-
ture to 558C. Further increasing the temperature resulted in
a drastic drop in absorbance. This reflects in that the hydro-
gel 2 is stable at temperatures below 558C, but becomes un-
stable at higher temperatures. This is in correlation with the
aforementioned thermal properties of hydrogel 2, which
melts around 658C.


The fluorescence spectral traces of basic aqueous 1 and
hydrogel 2 ([1] and[2]=50 mm) upon excitation at l=


360 nm are shown in Figure 5a. The hydrogel 2 exhibits
strong blue emission with maxima at l=455 nm. The fluo-
rescence intensity has been enhanced drastically, as com-
pared to 1. The photoluminescence of hydrogel 2 can be vi-


sualised by naked eye under UV light. Moreover, blue lumi-
nescence emitted from nanoribbon can be directly observa-
ble under a fluorescence microscope (see the Supporting In-
formation).


Controlled experiments were conducted to investigate
whether the fluorescence enhancement is owed to the hy-
drogel formation or complexation with Mg2+ . The emission
properties of the basic aqueous solution of 1 ([1]=1.04 �
10�4


m) upon addition of Mg2+ were studied. There is no sig-
nificant change in fluorescence intensity was observed upon
excitation at l=360 nm. This finding indicate that complex-
ation of Mg2+ ions with 1 in solution did not result in a fluo-
rescence enhancement, as compared to free ligand 1. Fur-
thermore, controlled experiment with Ca2+ in place of Mg2+


does not exhibit such drastic fluorescence enhancement,
suggesting that the enhancement is due to the formation of
hydrogel 2 (see the Supporting Information).


As the hydrogel 2 forms over a period of time, time-de-
pendent emission studies have been performed to investi-
gate effect of gelation on the fluorescence behaviour. Fig-
ure 5b displays the fluorescence intensity of 2 at l=445 nm
during the gelation process. It can be seen that the fluores-
cence intensity increases and reaches a constant value at
t�20 min, that is, at a time coincident with gel formation.
There is no more increment in fluorescence intensity at
longer times of experimentation. This indicates that the
maximum fluorescence intensity is only observed if the hy-
drogel 2 is completely formed. The enhancement of fluores-
cence intensity upon formation of coordination polymeric
gel was also noted previously.[12] Such fluorescence enhance-
ment in the gel state compared to the sol state also has been
reported for low molecular mass gels[22] and two-component
gels.[23] Generally, an increase in the rigidity of a molecule
can decrease molecular vibrations, probably suppress the in-
ternal conversion of an excited molecules, and may increase
the fluorescence quantum yield.[24]


Variable-temperature fluorescence spectral traces of hy-
drogel 2 are shown in Figure 5c. No significant spectral
changes were observed as the temperature was increased
from 15–558C. There is a slight decrease in fluorescence in-
tensity if hydrogel 2 was heated to 658C. Further increment
of temperature resulted in decreasing the emission. The re-
sults suggest that the emission of hydrogel 2 decreases as it
starts to melt at 65–758C. These findings indicate that opti-
mal emission of 2 is when the hydrogel is completely
formed and that the emission of the hydrogel decreases as it
melts at higher temperature. This striking observation
should be attributed to the rigidification of the media upon
gelation, a process that slows down nonradiative decay
mechanisms hence leading to luminescence enhancement.[24]


Though the hydrogel dissociates from aggregation state and
shows a drastic drop in fluorescence intensity, the complex
still exhibits a considerable blue emission in the solution
state. This could be attributed to the presence of weak
supramolecular interactions whilst still in the solution state.


Further studies have been done to gain insight of lumines-
cence properties of hydrogel 2. The emission decay profiles


Figure 4. a) UV/vis absorption spectra of 1 in the presence of one equiv
of Mg2+ ([1] =1.04 � 10�4


m) at various pH in buffer solutions; b) hydrogel
2 ([2] =50 mm) at various temperatures (sample sandwiched between
quartz plates).


Figure 5. a) Emisssion spectra of 1 and hydrogel 2 ([1] and [2]=50 mm)
upon excitation at l =360 nm; b) Time-dependent emission intensity of
hydrogel 2 at l =455 nm. The inset shows the fluorescence spectral traces
against time; c) Fluorescence spectra of hydrogel 2 at different tempera-
tures.
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were monitored at l=450 nm for a basic aqueous solution
of 1 and hydrogel 2 (see the Supporting Information). The
fluorescence decay of 1 was fit well with a single exponential
component yielding a lifetime of 2.75 ns ACHTUNGTRENNUNG(�0.07 ns). Analysis
of the emission decay profile of 2 gave a longer lifetime of
3.44 ns ACHTUNGTRENNUNG(�0.03 ns). It reflects that the formation of hydrogel
in its aggregate state increases the rigidity and restricts the
rotational and vibrational movements of molecules. The lim-
ited molecular motions decrease the nonradiative relaxation
process, which leads to the longer lifetime and fluorescence
enhancement.[24]


Mechanical properties of the networks formed : The me-
chanical properties of the three dimensional structure of hy-
drogel 2 was performed by using small and large deforma-
tion dynamic oscillation, steady shear and transient (creep)
measurements. The linear viscoelastic region (LVR) of hy-
drogel 2, as a function of increasing amplitude of deforma-
tion on shear, was determined with a strain amplitude rang-
ing from 0.01 % to 200 % at 1 rad s�1 (Figure 6a). Both the
in-phase storage modulus (G’) and out-of-phase loss modu-
lus (G’’) remain constant up to �1 % strain (G’>G’’), an
outcome which defines the uppermost bound of LVR.
Beyond this level of deformation, a catastrophic disruption
of the network occurs as indicated by the steep drop in the
values of both moduli and the reversal of the viscoelastic


signal (G’’>G’). From these data it was decided to perform
subsequent measurements on the gel at 0.1 % strain, which
lies comfortably within LVR.


Time-dependent oscillation measurements can monitor
the gelation process as hydrogel 2, which forms gradually
upon mixing of ligand 1 and Mg2+ . Time sweep shows the
rapid growth of G’ and G’’ in the initial stage of gelation fol-
lowed by a slower long term approach to final pseudo-equi-
librium plateau (Figure 6 b). At the end of the experimenta-
tion, the values of G’ is about an order of magnitude higher
than G’’. Gel network formation obtained from time depen-
dent oscillation is in correlation with the fluorescence stud-
ies, which show that maximum fluorescence intensity is
reached at about 20 min.


Achievement of the aforementioned pseudo-equilibrium
plateau allows for the implementation of a frequency sweep
between 0.1 and 100 rad s�1 at the same temperature and
within the LVR. This shows that G’>G’’, confirming that
the hydrogel 2 has predominantly an elastic character (Fig-
ure 6c). The elasticity of the gel is further evident from the
fact that G’ and G’’ are minimally sensitive to W and the loss
tangent (tan d= G’’/G’) approaches a value of �0.1 in the
tested frequency range. The double logarithmic plot of h*
(dynamic viscosity) versus w (angular frequency) having gra-
dient close to �1 [Note: h*= (G’2 +G’’2)


1=2/w], which is a
characteristic of strong cohesive gel.[25]


The heating profile of hydrogel 2 during a controlled run
at 1 8C min�1 from ambient temperature to 90 8C shows a
sharp melting process between 70 and 75 8C indicative of
“liquefaction” (Figure 6d). Subsequent cooling and isother-
mal run at 25 8C (Figure 6e) fail to recover the rigidity of
the material prior to heating, with the viscous component
being predominant. Though the gel is visually thermal rever-
sible as mentioned before, the recovered gel is actually
phase separated from the solvent. Hence, this implies that
the morphology of hydrogel 2 is not entirely recoverable.


Besides the thermal effect, the response of hydrogel 2 to
high shear fields will also determine its performance in po-
tential applications. Increasing the rate of unidirectional
shear from 0.01–1000 s�1 results in a reduction in the values
of steady shear viscosity (shear thinning effect in Figure 6f).
These are not recoverable within the opposite ramp thus ex-
hibiting thixotropic behaviour for the hydrogel 2, with a hys-
teresis loop forming between the forward and reverse path-
way.


To further identify the linear/non-linear mechanical prop-
erties of hydrogel 2 at measuring times longer than �60 s
employed maximally in Figure 6c, creep testing in the form
of retarded and relaxed deformation has been utilised. Fig-
ure 7a reproduces the retardation and relaxation curves fol-
lowing careful application and removal of constant stress
(5.0 Pa) for 60 min, respectively. Hydrogel 2 shows an in-
stantaneous elastic response, characterised by an initial
creep compliance, followed by a time-dependent creep
region the slope of which gives the reciprocal of zero shear
viscosity. At the final stage of the retardation curve, generat-
ed strain is about 1 % with the material remaining in the vi-


Figure 6. Dynamic oscillatory and steady shear measurements of hydrogel
2 at 258C: a) strain sweep at a frequency of 1 rad s�1; b) time sweep at a
strain of 0.1% and frequency of 1 rad s�1; c) frequency sweep at a strain
of 0.1 %; d) temperature ramp at the heating rate of 18C min�1, strain of
0.1% and frequency of 1 rad s�1; time sweep at a strain of 0.1% and fre-
quency of 1 rad s�1; f) viscosity as function of shear rate.
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cinity of LVR. Sudden removal of applied stress allows a re-
verse deformation that recovers 56 % of the initial shape at
the end of the relaxation curve. Higher application of stress
(60 Pa) on the morphology of hydrogel 2 results in high
levels of deformation (Figure 7b) and, consequently, the ma-
terial is unable to recover its structure upon the subsequent
relaxation experiment.


To compare the transient mechanical behaviour of hydro-
gel 2 with the closely related Zn2+ coordination polymeric
gel,[12] creep retardation and relaxation measurements were
also performed on the Zn2+ gel (Figure 7c,d). The retarda-
tion and relaxation curves following careful application and
removal of constant stress (1.0 Pa) for 60 min, respectively is
shown in Figure 7c. At the final stage of the retardation
curve, angular displacement does not exceed 0.6 % hence
the material remains within LVR. Sudden removal of the
constant stress allows a reverse deformation that recovers
35 % of the initial material shape at the end of the relaxa-
tion curve. The effect of higher application of stress (1.5 Pa)
on the integrity of Zn2+ gel is depicted in Figure 7d. Instan-
taneous deformation is followed by a diminishing rate of de-
formation change leading to a non-linear regime that re-
flects a catastrophic rearrangement of cross-links of the net-
work. As a result there is infinitesimal recovery from the
high ultimate extent of deformation during the subsequent
relaxation experiment.


To quantify the long-time rearrangements in the matrix of
Zn2+ hydrogel, the continuous pattern of flow that emerges
following application of the instantaneous stress has been
described by a discrete retardation spectrum. To facilitate
comparisons between the two discrete applications of stress,
a discrete exponential model of the experimental compli-
ance, J(t), was considered to be adequate.[26] Modelling pro-


vides the instantaneous compliance, Jo, the retarded compli-
ance, J1, the steady-state compliance, Je, the retardation time
of the Kelvin component, l, and the steady shear viscosity.
In brief, parameterization of the retardation data yields
higher estimates of Je (from 0.005–0.015 Pa�1) with increas-
ing values of applied stress (from 1.0–1.5 Pa). The transition
from the small to large-deformation regime is also seen in
the values of zero shear viscosity, which vary from �54–
0.6 kPa s with increasing applications of stress. Finally, the ir-
reversible rearrangement of cross-links is reflected in the l


values of the Kelvin component (spring and dashpot ele-
ments joined in series), which decrease from 3.4–0.4 s with
increasing disintegration of the material.


Based on current mechanical evidence and results report-
ed earlier in the literature,[12] it is evident that the three di-
mensional structure of hydrogel 2 is more cohesive than the
Zn2+ gel. Thus, it is noticeable that the G’ values of hydrogel
2 are about an order of magnitude higher than those of the
Zn2+ gel. In addition, the melting temperature of hydrogel 2
is higher than for the Zn2+ gel (about 60 8C) arguing for a
more thermally resistant network. As indicated by creep re-
tardation testing, the Mg2+ gel sustained a high application
of experimental stress and managed considerable levels of
recovery. Applied stress as low as 1.5 Pa is capable of frac-
turing the Zn2+ hydrogel, whereas 40 times higher loads of
stress are required for such catastrophic effect on the Mg2+


gel.
Comprehensive mechanical studies discussed here have


exemplified the viscoelasticity of hydrogel 2. The weak gel
properties are resulted from the entanglement of coordina-
tion polymer and held together firmly by hydrogen-bonding
interactions. Owing to the thixotropic behaviour, small de-
formation such as dynamic oscillation and steady shear
allows recovery of hydrogel network by self assembly. Tran-
sient creep measurements further demonstrate the high re-
covery of the hydrogel 2. This characteristic may enable the
hydrogel in practical use.


Conclusion


We have demonstrated the hydrogelation properties of
Mg2+ coordination polymer of muala anion. The gelation
could be rationalised by the 1D coordination polymeric ag-
gregate upon complexation of Mg2+ . This would facilitate
the formation of fibrous nanostructures, which further self-
assembles into a 3D-network structure through noncovalent
interactions to entrap the water. The photophysical studies
have shown that the hydrogel exhibits a typical p–p* transi-
tion and gives rise to high fluorescence behaviour. Upon the
formation of the coordination polymeric gel, the complex
shows a pronounced fluorescence enhancement with a
longer lifetime, as compared to the ligand. A complementa-
ry armoury of dynamic oscillation, steady shear and transi-
ent experiments indicate the formation of a relatively strong
and thermally resistant gel network, as compared to the cor-
responding Zn2+ hydrogel. The feasibility of Mg2+ hydrogel


Figure 7. Creep retardation and recovery (relaxation) curves of hydrogel
2 at instantaneous stress of a) 5 Pa; b) 60 Pa; creep measurements of
Zn2+ hydrogel c) 1 Pa; d) 1.5 Pa in which (&, primary axis) was a close-
up of the complete curves (&, secondary axis).
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as a free-standing fibre may find applications in flexible dis-
play devices. The strong blue emission of the hydrogel may
be suitable for application in optoelectronic devices. The
synthesised complexes and hydrogels may be biocompatible,
as they are composed of Mg+ ions and an amino acid deriv-
ative, which makes them appropriate materials for biomedi-
cal applications.


Experimental Section


All starting materials were obtained commercially and used as received.
The elemental analyses were performed in the microanalytical laboratory,
Department of Chemistry, National University of Singapore. 1H NMR
spectra were recorded by using a Bruker ACF 300 spectrometer operat-
ing in the quadrature mode at 300 MHz. The infrared spectra (KBr
pellet) were recorded by using an FTS165 Bio-Rad FTIR spectrophotom-
eter in the range of ñ =4000–400 cm�1. ESI mass spectra were recorded
by using a Finnigan MAT LCQ mass spectrometer by using the syringe
pump method. Solvent present in the compounds was determined by
using an SDT 2960 TGA thermal analyzer with a heating rate of 58C
min�1 from room temperature to 6008C. The UV/vis absorption spectra
were obtained by using a Shimadzu UV2501-PC equipped with a temper-
ature circulator. The gel samples were sandwiched between quartz plates.
The fluorescence spectra were obtained from Perkin–Elmer LS 55 lumi-
nescence spectrometer equipped with a temperature circulator. Fluores-
cence lifetimes were measured by using time-correlated single-photon
counting technique. The frequency-doubled output of a mode-locked Ti:-
Sapphire laser (Tsunami, Spectra-Physics) was used for excitation of the
sample at l =400 nm. In fluorescence lifetime measurements, the fluores-
cence signal was collected by an optical fibre, which is directed to an ava-
lanche photodiode (APD). The signals were processed by a PicoHarp
300 module (PicoQuant). The decay time profile was monitored at a
wavelength of l=450 nm. The system gives a temporal resolution of
�100 ps.


Ligand H2muala, 1 was synthesised according to the literature method.[27]


Synthesis of hydrogel [Mg ACHTUNGTRENNUNG(muala) ACHTUNGTRENNUNG(H2O)2]·nH2O (2): To H2muala
(54.5 mg, 0.2 mmol) in LiOH (10 mg, 0.4 mmol) in water (2 mL), Mg-ACHTUNGTRENNUNG(CH3COO)2·4H2O (42.8 mg, 0.2 mmol) in water (2 mL) was added. The
hydrogel is formed �20 min upon standing in ambient temperature. The
solid powder of 2 can be obtained by slow evaporation methanolic solu-
tion. Mg ACHTUNGTRENNUNG(muala) ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(CH3OH)0.5 Yield: 25 mg, (40 %). 1H NMR (D2O,
300 MHz): d =7.47 (d, 1H, Ar), 6.64 (d, 1 H, Ar), 5.87 (s, 1H, Ar), 4.17
(d, 2 H, -CH2NH), 3.52 (q, 1H, -NHCH2), 2.32 (s, 3 H, -ArCH3), 1.51 ppm
(d, 3H, -CH3); IR (KBr): ñ=3430 (OH), 3148 (NH), 1686 (COO�), 1583
(COO�) and 1392 cm�1 (CO); IR for freeze dried sample (KBr): ñ =3415
(OH), 1697 (COO�), 1584 (COO�) and 1396 cm�1 (CO); ESI-MS: 358.2
[Mg ACHTUNGTRENNUNG(muala) ACHTUNGTRENNUNG(H2O)3 +H]+ ; weight loss as per TGA: 9.7 % (calculated for
H2O and CH3OH: 10.2 %); elemental analysis calcd (%) for
MgC14.5H17NO5.5 : C 52.21, H 5.14, N 4.20; found: C 52.21, H 5.50, N 4.08.


Electron micrographs : Scanning electron microscopy (SEM) images were
taken by using a Jeol JSM-6700F field emission scanning electron micro-
scope operated at 5 kV and 10 mA. High resolution transmission electron
microscopy (TEM) images and electronic diffraction patterns were ob-
tained by using a JEOL JSM-3010 instrument.


Rheological measurements : These were carried out on freshly prepared
gels using a controlled stress rheometer (AR-1000N, TA Instruments
Ltd., New Castle, DE, USA). Parallel plate geometry of 40 mm diameter
and 1.5 mm gap was employed throughout. Following loading, the ex-
posed edges of samples were covered with a silicone fluid from BDH
(100 cs) to prevent water loss. Dynamic oscillatory work kept a frequency
of 1 rad s�1. The following tests were performed: increasing amplitude of
oscillation up to 200 % apparent strain on shear, time and frequency
sweeps at 25 8C (60 min and from 0.1–100 rad s�1, respectively), and a
heating run to 90 8C at a scan rate of 1 8C min�1. Unidirectional shear
routines were performed at 25 8C covering a shear-rate regime between


10�1 and 103 s�1. Mechanical spectroscopy routines were completed with
transient measurements. In doing so, the desired stress was applied in-
stantaneously to the sample and the angular displacement was monitored
for 60 min (retardation curve). After completion of the run, the imposed
stress was withdrawn and the extent of structure recovery was recorded
for another 60 min (relaxation curve). Dynamic and steady shear meas-
urements were conducted in triplicate and creep (transient) measure-
ments in duplicate.
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Towards Prediction of Stoichiometry in Crystalline Multicomponent
Complexes


Aurora J. Cruz-Cabeza, Graeme M. Day, and William Jones*[a]


Introduction


The “expected stoichiometries” in multicomponent crystals
(cocrystals, hydrates and solvates)1 refer to the stoichiomet-
ric ratios observed as a result of reliable donor–acceptor in-
teractions between components.[1] However, the weaker
these interactions, the less predictable will be the formation
of multicomponent complexes, and the stoichiometric ratio
of components in the resulting crystal. The formation of sol-
vates, and their stoichiometries, appears particularly uncer-
tain.[2] Although binary cocrystals are often designed[3] and
generally obtained under stoichiometric conditions, solvates
often appear by chance as undesirable results of crystallisa-
tions. Stoichiometric ratios are also known to vary in some


systems, depending on the experimental conditions of crys-
tallisation (e.g. caffeine crystallises with acetic acid in both
1:1 and 1:2 stoichiometries).[4] Little has been discussed in
the literature about stoichiometric preferences in multicom-
ponent complexes, owing, in part, to the lack of representa-
tive data. Although the number of crystal structures of coc-
rystals and solvates is constantly growing in the Cambridge
Structural Database (CSD),[5] there is generally little stoi-
chiometric diversity amongst them. The use of computation-
al methods, however, may provide valuable insight since
crystal structure prediction (CSP) calculations can be used
to generate and assess hypothetical crystal structures with
stoichiometries different to those obtained experimentally.
In this way, the crystal structures of observed and unob-
served stoichiometries may be compared both structurally
and energetically to provide answers as to why certain stoi-
chiometries are preferred over others.


The computational cost involved in performing CSP cal-
culations for systems with more than one independent mole-
cule can be very high[6–9] (here, following van Eijck and
Kroon,[6] we denote the number of independent molecules
in the unit cell as Z’’). To keep the computational cost low,
and to afford CSP calculations for multiple systems with dif-
ferent ratios of components, we have chosen to study a
system of two small, rigid molecules: urea (U) and acetic
acid (A), Figure 1. Surprisingly, urea clathrates aside, only
one crystal structure of urea with a small common solvent
molecule was found in the CSD: urea with hydrogen perox-
ide (1:1, CSD refcode UREXPO).[10,11] Except for this struc-
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structure of urea (U) with acetic acid
(A), its physical stability and its pre-
dictability using computational meth-
ods. The crystal structure of urea:acetic
acid (U:A) shows hydrogen-bond rib-
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structure prediction calculations are
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1 The term cocrystal is frequently used for molecular multicomponent
crystals in which both components are solids at room temperature. The
term solvate (hydrate) is used for molecular multicomponent crystals in
which one of the components is a liquid at room temperature. TheACHTUNGTRENNUNGurea:AcOH system studied here is referred to as a solvate since AcOH
is a liquid at room temperature and the crystal was obtained using
AcOH as the crystallisation solvent.
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ture, reported over 60 years ago, we are only aware of one
other report of a urea solvate, in which urea was reported to
crystallise with dioxane.[12] For this study, we chose acetic
acid as solvent because of its molecular similarity with urea
(both are small molecules of comparable shape, with com-
plementary functional groups) and to follow up on earlier
studies on the predictability of acetic acid solvates.[13] Other
urea cocrystals with larger carboxylic acids are known,[14]


and provide a valuable source of information in rationalising
an initial choice of stoichiometries to be explored computa-
tionally. This work was aimed at i) attempting the experi-
mental growth of an acetic acid solvate of urea, ii) computa-
tionally exploring the phase space of acetic acid solvates of
urea with different stoichiometries and iii) rationalising the
experimental observations: stoichiometry and crystalACHTUNGTRENNUNGstructure.


Results and Discussion


Stoichiometry of known urea-carboxylic acids cocrystals :
The CSD was searched for cocrystals of urea (U) with car-
boxylic acids (A) to assess the stoichiometric tendencies in
this family of crystal structures. (Urea inclusion compounds
and urea complexes with carboxylic acid crown ethers were
excluded, as the dominant interactions in these crystal struc-
tures are of a different nature to those expected in aACHTUNGTRENNUNGurea:AcOH solvate.) A total of 18 entries were found: 6 en-
tries for mono- and 12 for di-carboxylic acids (Table S1 in
the Supporting Information). Amongst the urea:monocar-
boxylic acid cocrystals, stoichiometries of 1:1 and 1:2 were
observed in similar numbers. For dicarboxylic acids, three
stoichiometries are reported: 1:1, 1:2 and 2:1, the latter only
occurring if the dicarboxylic acid crystallises on an inversion
centre. It is most likely, therefore, that the crystal structure
that urea forms with acetic acid would show a stoichiometric
ratio of 1:1 or 1:2. However it is uncertain[14] which of the
two possibilities would occur on the basis of the information
accumulated in the CSD alone.


Structure and stability of an acetic acid solvate of urea : A
single crystal of urea:acetic acid was obtained from a solu-
tion of urea in acetic acid under slow evaporation condi-
tions. The structure was solved using single crystal XRD
methods (Table 1). Urea crystallises with acetic acid in the
monoclinic space group P21/n in a 1:2 U:A stoichiometric
ratio. The primary hydrogen-bond motif in the structure
consists of a three-component motif of the type: U�A�A
(Figure 2a). These trimers assemble into hydrogen-bonded
ribbons (Figure 2b) that stack in the crystal structure


(Figure 2c). The primary trimer motif observed here is fre-
quently found in 1:2 acetic acid solvates.[4]


The crystals were found to be unstable when removed
from the mother liquor: we were able to monitor the escape
of lattice solvent from the crystals using optical microscopy
(Figure 3a). As urea is highly soluble in acetic acid, the re-
leased solvent redissolved the resulting material (Figure 3b),
which, after evaporation of the acetic acid, solidified as urea
(Figure 3c). The acetic acid molecules are aligned within the


Figure 1. Chemical diagrams of urea and acetic acid.


Table 1. Crystallographic data for the urea:acetic acid 1:2 solvate.


1:2 urea:acetic acid


empirical formula C5H12N2O5


formula weight 180.17
space group P21/n
a [�] 7.6549(3)
b [�] 10.1351(4)
c [�] 11.5219(5)
b [8] 99.570(2)
V [�3] 881.47(6)
T [K] 180(2)
Z 4
1c [mg m�3] 1.358
V range [8] 4.02–32.07
data/restraints/parameters 3013/2/117
final R indices R1 =0.0427,wR2 =0.1119
R indices all data R1 =0.0546, wR2=0.1222


Figure 2. a) U�A�A motif, b) hydrogen-bond ribbon and c) unit cell rep-
resentation in the urea:acetic acid 1:2 solvate.


Figure 3. Micrographs of a urea:acetic acid single crystal a) immediately
after removed from solution, b) after 16 minutes in air and c) after re-
lease and evaporation of all the solvent from the lattice.
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crystal forming a “solvent column” (Figure 4). In those cases
in which these solvent columns are cut by the dominant
faces of the crystal morphology (Figure 4), solvent release is
likely to be rapid. As a quick test, growth morphologies
were calculated by using an attachment energy model.
Around 88 % of the surface area of the calculated morphol-
ogy corresponded with crystal faces that would allow a rela-
tively facile loss of solvent molecules. When the crystals are
in solution, the interaction of the solvent with the crystal
faces stabilises the crystal morphology (the crystals remain


intact in solution after several months). There is also an
equilibrium between crystal, liquid and vapour such that if
the crystals are isolated in a sealed container, as soon as the
crystal-vapour equilibrium is established, solvent release
also stops. However, if the crystals are left in an open at-
mosphere the equilibrium is shifted towards the liquid and
vapour and the solvent easily leaves the lattice.


Crystal Structure Prediction Calculations


Prediction for 1:1 urea:acetic acid (Z’’=2): From a 1:1 com-
putational search carried out for crystal structures of
urea:acetic acid in five of the most common space groups,
153 distinct crystal structures were found within 10 kJmol�1


of the global minimum. Of these, 101 belong to P21/c, 26 to
C2/c, 15 to P1̄, 9 to P212121, and 2 to the P21 space group.
The lattice energies and packing coefficients of these struc-
tures classified by hydrogen bonding are shown in Figure 5a.
Almost all of the computer-generated crystal structures con-
tain either heteromolecular (U�A, 83 structures) or homo-
molecular (U�U and A�A, 54 structures) motifs. Although
the predicted crystal structures show favourable lattice ener-
gies, it is noteworthy that one of the urea anti-NH hydrogen


Figure 4. “Solvent columns” formed by the acetic acid molecules (space-
fill represenation) and (0 1 1) face in the urea:acetic acid crystal struc-
ture.


Figure 5. Lattice energy versus packing coefficients of the generated urea:acetic acid crystal structures in stoichiometries 1:1, 1:2 and 1:3. The structures
are classified according to their hydrogen bonding.
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atoms is not efficiently utilised
for hydrogen bonding in any of
the predicted 1:1 crystal struc-
tures (Figure 5a).


Prediction for 1:2 urea:acetic
acid (Z’’= 3): 1:2 crystal struc-
tures (with Z’’= 3 independent
molecules in the asymmetric
unit) were generated in two
space groups, resulting in 47
distinct crystal structures within
10 kJ mol�1 of the global mini-
mum: 25 in P21/c and 22 in P1̄ .
Figure 5b shows the lattice en-
ergies vs packing coefficients of
these low energy structures,
classified by hydrogen-bond
motifs. Two main types of pri-
mary motifs were found: U�A�A (8 structures) and A�U�
A (30 structures). All hydrogen-bond donors and acceptors
are satisfied in all of these structures. The experimentally
observed structure was generated as the second most stable
1:2 structure in the search (circled structure located
1.3 kJmol�1 above the global minimum), and the lowest
energy U�A�A structure by almost 6 kJmol�1.


Prediction for 1:3 urea:acetic acid (Z’’=4): Crystal struc-
tures were also generated for a 1:3 stoichiometry. Because
of the complexity of CSP calculations with four independent
molecules (Z’’=4), a partial synthon approach was used: we
treated one U�A pair as a rigid dimer unit, in the hydrogen-
bonded geometry commonly observed amongst the stable
1:1 and 1:2 predicted structures. This synthon approach re-
duces the computational demand of the calculations by
transforming a Z’’=4 problem to a Z’’= 3 problem, in which
the independent units are a U�A dimer and two A mole-
cules. Furthermore, only one of the most commonly ob-
served space groups was searched (P1̄), with five independ-
ent simulated annealing searches.[21] Therefore, the 1:3 set of
structures will be incomplete, but we hoped that this re-
stricted search would give a preliminary picture of the possi-
ble crystal structures with this stoichiometry.


Over 50 crystal structures were generated in P1̄. The
structures are classified by hydrogen-bond motifs in Fig-
ure 5c. In most of these structures, the -(A�U�A)- motif is
observed (as in the 1:2 set). However, the third acetic acid
molecule in the asymmetric unit can either: i) hydrogen
bond to itself, forming a dimer motif or ii) hydrogen bond to
another acetic acid molecule of the A�U�A motif through
one strong (OH···O) and one weak (O···HC) interaction. In
summary, in the 1:3 U:A crystal structures two molecules of
acetic acid are tightly bound to urea forming extensive
motifs, whereas the third independent molecule forms isolat-
ed dimers in the structure or hydrogen bonds to the sides of
the main-ribbon motif through weaker interactions.


Lattice dynamics calculations: Lattice dynamics calculations
were carried out to evaluate the energetic contributions
from lattice vibrations to the crystal free energy. These cal-
culations were only performed for the 1:2 set of crystal
structures, the experimentally observed stoichiometry. The
structure ranking based on lattice energies only is plotted in
Figure 6a. In Figure 6b, the temperature dependence of the
crystal free energy is shown2 and the final ranking of struc-
tures based on crystal free energy at 300 K is plotted in Fig-
ure 6c. The lattice-vibration contribution was found to be
greatest for the structures initially ranked as second (the ex-
perimentally observed structure), third and fourth most
stable, all of which decreased in free energy more quickly
with temperature and became the most stable above 200 K.
At 300 K, the experimental structure was ranked number 3,
but only 0.5 kJmol�1 from the global minimum (Figure 6c).


Predictability of the crystal structure of urea :acetic acid : Al-
though CSP calculations become computationally demand-
ing for structures with Z’’>1, they can still be affordable by
limiting the sampling phase space to only the most relevant
space groups.[15] Despite the computational challenge, the
experimental structure was successfully generated and pre-
dicted as the second most stable of all the possibilities in
those two space groups. Furthermore, the lattice vibration
calculations showed how the contribution of phonon vibra-
tions to the crystal free energy may be important. The ex-
perimental structure became much closer to the global mini-
mum at 300 K (0.5 kJ mol�1, within the range of modelling
inaccuracies), and there was a significant re-ranking of the
remaining structures.


Rationalisation of stoichiometry : Various sets of CSP calcu-
lations have been presented to propose a rationalisation of
the observed 1:2 stoichiometry in the urea:acetic acid sol-


Figure 6. Crystal structure stability ranking based on a) lattice energy, b) plot of the temperature dependence
of the crystal free energy and c) stability ranking based on crystal free energy at 300 K; for the seven most
stable generated 1:2 urea:acetic acid crystal structures. The pink square corresponds to the experimental crys-
tal structure.


2 The ranking of structures based on crystal free energy at T= 0 K (Fig-
ure 6b) differs from the ranking of structures based on lattice energies
because of the contribution of vibrational zero point energy.
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vate. The first observation we can appreciate from the CSP
results presented above is that, of all three stoichiometries
attempted, the 1:2 crystal structures showed the best hydro-
gen-bonding networks: all hydrogen-bond donors and ac-
ceptors of urea and acetic acid are satisfied and form strong
and reliable hydrogen-bonded arrangements. In contrast, in
the 1:1 structures, not all donors of the urea molecule are
satisfied, and in the 1:3 structures, the third acetic acid does
not hydrogen bond to the urea molecule and it is only filling
space as part of an independent dimer. As acetic acid is free
to form such dimers in solution, it is unlikely that incorpora-
tion of an acetic acid dimer into the urea:acetic acid solvate
would provide sufficient enthalpic stabilisation to balance
the loss of entropy associated with removing the molecules
from solution.


As well as a rationalisation
based on hydrogen bonding, we
expected that the calculated lat-
tice energies would reflect a
thermodynamic reason for
i) solvate formation and ii) the
observation of a particular stoi-
chiometry. The lattice energies
of the 1:1, 1:2 and 1:3 sets of
crystal structures (the lowest of
which are given in Table 2)
cannot be compared directly, as
the composition of the crystals
is different in the different crys-
tal stoichiometries. However,
we can compare all possible
combinations of phases that
may result from mixing 1 mol
of urea and 3 mols of acetic
acid at T=0 K. By using the
same model potential, the lat-
tice energies of crystalline urea
and the most stable polymorph
of acetic acid were calculated
to be �71.97 kJ mol�1 and
�58.09 kJ mol�1 respectively. Four cases are possible for a
1:3 combination of urea with acetic acid (Figure 7): a) 1 mol
of crystalline urea and 3 mols of crystalline acetic acid,
b) 1 mol of crystalline 1:1 urea:acetic acid and 2 mols of
crystalline acetic acid, c) 1 mol of crystalline 1:2 urea:acetic
acid and 1 mol of crystalline acetic acid or d) 1 mol of crys-
talline 1:3 urea:acetic acid. The total configurational energy
of the four different situations can be calculated completely
ab initio, from the calculated lattice energies of the predict-
ed crystal structures. Although the 1:3 urea:acetic acid crys-
tal structure considered may not correspond to the global
minimum possibility with this stoichiometry (as we only per-
formed a limited sampling of one space group), we would
expect a more stable structure, in the same or a different
space group, to be in the range of polymorphic energy dif-
ferences (within a few kJ mol�1).


This approach leads to combination c) (Figure 7) as the
most stable.3 Therefore, the calculations do suggest the 1:2
stoichiometry as the lowest energy possibility at 0 K. How-
ever, the results do highlight the very small energy differen-
ces involved in discriminating amongst the various possibili-
ties with the differences between combinations of b), c) and
d) (Figure 7) being only 5 and 3 kJ mol�1. We used the lattice
energy of the structure at the global minimum of the Urea:
2 AcOH search, since that would have been the choice for a
true blind prediction. Had the lattice energy of the experi-
mentally observed Urea:2 AcOH structure been used in-
stead, the energy differences between the combinations b),


Table 2. Information on the four most stable predicted urea:acetic acid
crystal structures for each of the 1:1, 1:2 and 1:3 stoichiometries.


DMA RankingACHTUNGTRENNUNG[0 K]
Space
Group


Packing
Coefficient


Lattice EnergyACHTUNGTRENNUNG[kJ mol�1]


1:1 1 P21/c 0.742 �136.48
2 C2/c 0.731 �135.39
3 P1̄ 0.728 �135.34
4 P1̄ 0.728 �135.29


1:2 1 P1̄ 0.724 �199.46
2 P21/c 0.730 �198.15
3 P21/c 0.723 �197.89
4 P21/c 0.726 �197.56


1:3 1 P1̄ 0.704 �254.37
2 P1̄ 0.708 �253.14
3 P1̄ 0.712 �253.04
4 P1̄ 0.709 �252.13


Figure 7. Possible combinations of crystal systems of urea and acetic acid in a 1:3 stoichiometry at T =0 K.


3 Had the global lattice energy minimum of similar CSP searches been
used for urea and AcOH instead of the minimised lattice energies of
the observed crystal structures, we would have arrived at the same con-
clusions (see Supporting Information).
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c) and d) would have been even smaller (�4 and
2 kJ mol�1).


The agreement here of this simplified T= 0 K model with
the experimentally observed outcome of crystallisation is en-
couraging, although the results also demonstrate that stoi-
chiometry prediction will be very challenging for lattice
energy based methods. The hydrogen-bond analysis adds
confidence to the lattice energy argument in this case. Such
visual assessment of the computer generated structures with
different stoichiometries might be equally useful as an initial
guide to the most likely outcome of crystallisation as lattice
energies, bearing in mind that subjective visual assessment
of crystal structures can be unreliable.[16]


Towards the prediction of stoichiometry : The study present-
ed here may prove valuable in future CSP studies of crystal
structures with unknown and uncertain stoichiometry—per-
haps even as challenges for future CSP blind tests.[17–19] First-
ly, we have utilised the information embedded in the CSD
for simplifying the problem by analysing the observed
urea:monocarboxylic acid stoichiometries and by limiting
the searches to the most relevant space groups. Secondly, it
may not be necessary to carry out complete searches with
all possible stoichiometries, as analysis of some independent
searches may provide a first insight into which stoichiome-
tries may allow formation of crystal structures with opti-
mised hydrogen bonding. These two points combined with
thermodynamic arguments, built from predictions and evalu-
ations of lattice energies, may provide a way of anticipating
stoichiometries in crystal structures ab initio.


Conclusion


The generation of crystal structures with differing stoichio-
metries, presented here for the urea:acetic acid system, has
aimed at sampling stoichiometric diversity by using compu-
tational methods. An analysis and comparison of these hy-
pothetical structures with different stoichiometries points to
the 1:2 stoichiometry as the most favoured, in agreement
with the experimental findings. Furthermore, the observed
structure was predicted as one of the most stable of the 1:2
possibilities, an encouraging result given the computational
challenge associated with the prediction of structures with
three independent molecules in the asymmetric unit. Lattice
dynamics calculations on the system highlight the impor-
tance of considering vibrational energy effects for a more
realistic ranking of structures at temperatures closer to the
experimental conditions. This study may constitute the first
step for future prediction of stoichiometries in solvates, a
complex problem with relevant pharmaceutical applications.


Experimental Section


A single crystal of urea with acetic acid was obtained by slow evapora-
tion of a saturated solution of urea in acetic acid at ambient temperature.


Plate-like single crystals were cooled to 180 K immediately after removal
from the solution and single crystal X-ray diffraction data was collected
at 180 K on a Nonius Kappa CCD diffractometer using MoKa radiation
(l=0.71073 �).


Computational methods : Molecular models of urea and acetic acid were
taken from density functional theory (PW91/dnp) isolated molecule ge-
ometry optimisations using the code DMol3 as implemented in the Ac-
celrys package Materials Studio.[20] Crystal structures were generated
using the simulated annealing algorithm of Karfunkel and Gdanitz,[21–23]


as implemented in the Accelrys Polymorph Predictor (PP) module of the
Cerius2 software suite[24] with the adjustable parameters taken from our
previous work.[25] Three sets of calculations were performed with urea:-
acetic acid stoichiometries of i) 1:1 (Z’’=2), ii) 1:2 (Z’’=3) and iii) 1:3
(Z’’=3, using a synthon approach). The five most common space groups
(P21/c, P1̄, P212121, P21 and C2/c) were searched for case i) and the two
most popular for case ii) (P21/c and P1̄)[15] until searches were complete.
Our choice of space groups was based on specific space group statistics
for AcOH solvates.[15] One space group (P1̄) was searched for case iii)
(five independent simulated annealing runs) for comparison. Searches
were performed by using an empirically derived atom-atom exp-6 poten-
tial (W99)[26–28] with an atomic point charge model (ESP charges fitted to
the DMol calculated molecular electrostatic potential). Finally, the struc-
tures were reminimised using the W99 potential and atomic multipoles
(derived from distributed multipole analysis of a B3P91/6-31G ACHTUNGTRENNUNG(d,p) calcu-
lated wavefunction) with the program DMAREL;[29] a 15 � atom–atom
cutoff was used for summing exp-6 interactions, Ewald for the poorly
converging charge–charge, charge–dipole and dipole–dipole interactions,
and a 15 � cutoff on whole molecules for all other electrostatic interac-
tions. The contributions of lattice vibrations to the crystal free energies at
temperatures other than 0 K were calculated for the 1:2 set of crystal
structures from harmonic k= 0 phonons, as described elsewhere.[30–31] Fur-
ther computational details are also provided as Supporting Information.
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Introduction


Synthetic multifunctional composites are materials designed
to combine multiple performance capabilities in a single
system. In designing such systems, the correct combination
of the individual components plays an enormous role.
Therefore, the choice of materials is of fundamental impor-
tance. Among the materials currently under consideration
for novel photovoltaic devices, single-wall carbon nanotubes
(SWNTs) and porphyrins are undergoing careful screening.
SWNTs are one of the most striking discoveries in chemistry
and materials science due to their outstanding mechanical,
electrical, thermal, and optical properties.[1–3] They have
been investigated for numerous potential applications, for
example, molecular electronics,[4] nanowires,[5] field-effect
transistors,[6] biochemical sensors,[7] and memory elements.[8]


However, most of these applications can only be realized
through the solid-phase deposition of carbon nanotubes at
the site of action[9] or by in situ growth.[10] Strong van der
Waals attractions between individual SWNTs causes the for-
mation of dense aggregates, that is, a robust network of


Abstract: Novel nanohybrids based on
covalently and noncovalently function-
alized single-wall carbon nanotubes
(SWNTs) have been prepared and as-
sembled for the construction of photo-
active electrodes. Polymer-grafted
SWNTs were synthesized by free-radi-
cal polymerization of (vinylbenzyl)tri-
methylammonium chloride. Poly[(vi-
nylbenzyl)trimethylammonium chlo-
ride] (PVBTAn+) was also noncova-
lently wrapped around SWNTs to form
stable, positively charged SWNT/
PVBTAn+ suspensions in water. Versa-
tile donor–acceptor nanohybrids were


prepared by using the electrostatic/van
der Waals interactions between cova-
lent SWNT–PVBTAn+ and/or nonco-
valent SWNT/PVBTAn+ and porphyr-
ins (H2P


8� and/or ZnP8�). Several spec-
troscopic, microscopic, transient, and
photoelectrochemical measurements
were taken to characterize the resulting
supramolecular complexes. Photoexci-
tation of the nanohybrids afforded


long-lived radical ion pairs with life-
times as long as 2.2 ms. In the final part,
photoactive electrodes were construct-
ed by using a layer-by-layer technique
on an indium tin oxide covered glass
support. Photocurrent measurements
gave remarkable internal photon-to-
current efficiencies of 3.81 and 9.90 %
for the covalent ZnP8�/SWNT–
PVBTAn+ and noncovalent ZnP8�/
SWNT/PVBTAn+ complex, respective-
ly, when a potential of 0.5 V was ap-
plied.
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ropes of individual 1 nm diameter SWNTs (usually 10–
30 nm in diameter and several mm in length).


Solution-phase processing of SWNTs is very difficult, es-
pecially considering the general insolubility of these materi-
als in most organic and aqueous solvents.[11] To fully exploit
the potential of SWNTs as integrative building blocks for
macroscopic functional devices, critical issues such as limited
solubility, dispersibility, and processibility have to be over-
come. To this end several approaches have been developed
in recent years, which include covalent sidewall functionali-
zations[12] and noncovalent exohedral interactions.[13] Cova-
lent functionalization alters or even destroys the electronic
and mechanical features of SWNTs. In stark contrast, non-
covalent interactions preserve nearly all the intrinsic proper-
ties of SWNTs.[14] Among these approaches, covalent side-
wall modification with polymeric structures has shown great
promise for improving the overall solubility of the
SWNTs.[15] Additionally, through this approach, the elec-
tronic properties of SWNTs can be maintained by keeping a
low degree of sidewall functionalization because the large
size and solubilization power of the polymeric addends over-
come the solubility problems (this is in contrast to low-
molecular-weight addends that require a higher degree of
functionalization to increase solubility). As a matter of fact,
polymer-functionalized SWNTs are relatively easy to dis-
perse in organic[16] and aqueous[17] media. In addition to the
solubility properties, SWNT functionalization has also re-
sulted in the preparation of SWNT–polymer hybrids with
tailored physicochemical[18] and mechanical properties.[19]


These have been applied in the reinforcement of various
polymers.[20]


Polymer-functionalized SWNTs are expected to find a
prominent position in electro- and photoactive nanocompo-
sites, mainly due to the electron-accepting properties of
SWNTs.[21] In fact, it has been established that the combina-
tion of SWNTs and electron-donor groups is an excellent
way to prepare novel materials for applications in solar
energy conversion systems.[22] Recently the association of co-
valently and noncovalently linked carbon nanotube (CNT)
nanoconjugates with porphyrins afforded CNT-based donor–
acceptor nanohybrids, which, upon illumination with visible
light, give rise to the formation of long-lived charge-separat-
ed species.[23,24] The lifetimes of the charge-separated states
are so long that these systems have been used with great
success for the fabrication of photovoltaic devices.[25]


SWNTs can be covalently grafted with water-soluble poly-ACHTUNGTRENNUNG[(vinylbenzyl)trimethylammonium chloride] (PVBTAn+) by
the free-radical polymerization of the monomer in the pres-
ence of SWNTs (see Scheme 1), which produces material
that is 62:38 SWNT/PVBTACl by weight and almost main-
tains the inherent properties of the SWNTs.[26] The presence
of the positively charged polymer increased enormously the
solubility in water. Indeed, the resulting aqueous dispersions
are stable for months without showing any appreciable pre-
cipitation. According to atomic force microscopy (AFM) ob-
servations, the aqueous suspensions consist principally of in-
dividual and/or small bundles of SWNTs. An advantage of
SWNT–PVBTAn+ is the presence of positive charges on the


Scheme 1. Structures of SWNT–PVBTAn + (left) and PVBTAn+ (right).
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grafted polymer, which allows functionalization through
electrostatic interactions with negatively charged species
(see Scheme 2).


In this paper we report on the advantages, in terms of
solar energy conversion in solution and at photoelectrodes,
that emerge from coulombic complexes formed between
polyanionic porphyrin derivatives and covalent SWNT–
PVBTAn+ and/or the noncovalent SWNT/PVBTAn+ com-
plexes. Very long lifetimes of the radical ion pair accompany
a remarkable photoperformance. In particular, monochro-
matic incident photon-to-current conversion efficiency
(IPCE) values of up to 9.90 % for a single sandwich layer of
SWNT/PVBTAn+ and a zinc porphyrin are the highest
values ever reported for comparable systems.


Results and Discussion


Figures 1 and 6 show that both components, SWNT and
PVBTAn+, are present in the absorption spectrum of an
aqueous solution of covalent SWNT–PVBTAn+ with fea-
tures of the polymer in the ultraviolet region and the char-
acteristic van Hove singularities of SWNTs (i.e. , transitions
in semiconducting and metallic SWNTs) in the visible and
near-infrared regions. The presence of the van Hove singu-
larities indicates that a moderate modification of the elec-


tronic structure occurred
during the free-radical poly-
merization.


AFM and transmission elec-
tron microscopy (TEM) are
powerful tools for determining
the distribution of the diame-
ters and lengths of CNTs. A
typical AFM image of covalent
SWNT–PVBTAn+ is shown in
Figure 2; aggregates and small
bundles are discernable, the
lengths of which vary between
several hundred nanometers
and several micrometers.
Figure 3 shows a TEM image
of bundles of nanotubes, which
correlate with the AFM obser-
vations.


The absorptions of ZnP8� or
H2P


8�, namely, strong Soret-
type transitions in the 400–
450 nm region and weaker Q-
type transitions in the 500–
650 nm range, were monitored
as variable amounts of cova-
lent SWNT–PVBTAn+ were
added (see Figure 4 and Fig-
ure S1 in the Supporting Infor-
mation). Although the porphy-
rin concentration was kept


constant during these assays noticeable weakening of the
Soret- and Q-bands was registered, accompanied by a gener-
al broadening of the SWNT absorptions throughout the
entire UV/Vis/NIR region. Similarly, the porphyrin-centered
absorption bands were redshifted and broadened. Isosbestic
points were observed at 429 and 420 nm for ZnP8� and
H2P


8�, respectively (Figure 4 and Figure S2).


Scheme 2. Partial structure of covalent SWNT–PVBTAn+/ZnP8� nanohybrids.


Figure 1. Absorption spectrum of covalent SWNT–PVBTAn + in D2O at
room temperature.
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All these pieces of evidence are an indication of a clean
adduct-to-product transformation, which, in the current con-
text, points to the immobilization of photoactive ZnP8� or
H2P


8� on SWNT–PVBTAn+ . The wavelengths of the iso-
sbestic points were therefore selected to photoexcite the
same solutions (i.e., ZnP8�/SWNT–PVBTAn+ or H2P


8�/
SWNT–PVBTAn+) under steady-state conditions (see
Figure 5 and Figure S2 in the Supporting Information).


These fluorescence assays showed a nonlinear, exponen-
tial quenching of the ZnP8� and H2P


8� fluorescence at 608
and 645 nm, respectively. A quantitative analysis showed
that the fluorescence quenching depends exclusively on the
concentration of SWNT–PVBTAn+ . At higher SWNT–
PVBTAn+ concentrations the fluorescence quenching lev-
eled off and converged towards a constant value. At this
point, the quenching is quantitative and the immobilization


is considered to be complete. Importantly, in the corre-
sponding reference experiments with only PVBTAn+ (with-
out SWNTs), absorption spectrophotometry confirmed the
electrostatically driven binding (Figure S3 in the Supporting
Information). The absence of the electron-accepting SWNTs
in ZnP8�/PVBTAn+ and H2P


8�/PVBTAn+ mixtures leaves
the porphyrin fluorescence unchanged during the titration
experiments (Figure S4 in the Supporting Information).


On the other hand, when ZnP8+ and H2P
8+ (Scheme 3)


were mixed with covalent SWNT–PVBTAn+ , both compo-
nents now have the same charge, repulsive interactions re-
sulted in only minor changes in the absorption and/or fluo-
rescence experiments (Figure 6).


These steady-state measurements were further corrobo-
rated by time-resolved fluorescence experiments in the ab-
sence and presence of variable concentrations of SWNT–


Figure 2. AFM image of covalent SWNT–PVBTAn+ on a silicon wafer.


Figure 3. TEM image of covalent SWNT–PVBTAn+ .


Figure 4. Absorption spectra of a dilute aqueous solution of ZnP8� (5.0 �
10�6


m) with variable concentrations of SWNT–PVBTAn+ . The arrows in-
dicate the progression.


Figure 5. Steady-state fluorescence spectra of a dilute aqueous solution of
ZnP8� (5.0 � 10�6


m) with variable concentrations of SWNT–PVBTAn+


(10.6 mg L�1). The arrows indicate the progression.
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PVBTAn+ . The ZnP8� fluorescence was followed at 608 nm,
whereas that of H2P


8� was monitored at 645 nm. In the ab-
sence of SWNT–PVBTAn+ the fluorescence decays were
best fitted by monoexponential decay functions, giving life-


times of (2.4�0.2) and (10.1�
0.4) ns for ZnP8� and H2P


8�,
respectively. When SWNT–
PVBTAn+ was present, the
decay traces could no longer
be acceptably fitted, giving a c2


value of around one with a
simple monoexponential decay
function. Instead, the use of
biexponential fitting functions
was necessary for a satisfactory
fit. This yielded a short and
long fluorescing lifetime. The
long lifetimes are quantitative
matches of the intrinsic ZnP8�


or H2P
8� lifetimes, whereas the short lifetimes (i.e., 0.15 ns)


have tentatively been ascribed to intrahybrid deactivations
that reflect the expected electron-donor–acceptor interac-
tions.[27] Importantly, within tolerable error margins, both
lifetimes remain constant, regardless of the composition,
that is, the relative ratios between ZnP8� and covalent
SWNT–PVBTAn+ or H2P


8� and covalent SWNT–PVBTAn+ .
Protonation of the malonic acid head groups of ZnP8� or


H2P
8� through the careful addition of acid led to the cancel-


lation of all the effects described above. More precisely, the
absorption spectra are now best described as the linear sum
of the component spectra; the fluorescence quenching is
marginal. In fact, the weak quenching, relative to ZnP8� or
H2P


8� alone, is primarily caused by competitive light absorp-
tion of the different components at the excitation wave-
length. Similarly, in time-resolved experiments, only the
long-lived components that relate to free and unassociated
ZnP8� or H2P


8� were found.
In summary, the titration experiments (the absorption and


fluorescence assays) indicate the reversible association of
ZnP8� or H2P


8� with covalent SWNT–PVBTAn+ . Electro-
static interactions between oppositely charged head groups
favor the formation of novel series of electron-donor–ac-
ceptor nanohybrids. In the ground state, weak electronic in-
teractions appear as altered absorption spectra when com-
paring the component spectra with that of the nanohybrid.
Much stronger are the interactions in the excited state in
which fast and efficient deactivation of the fluorescing fea-
tures of both ZnP8� and H2P


8� are observed.
To allow a reliable product assignment, we performed


1) ultrafast femtosecond experiments and 2) slower nanosec-
ond experiments. The former were intended to correlate the
excited-state deactivation dynamics of ZnP8� or H2P


8� with
the growth dynamics of any newly formed photoproducts.
The objectives of the nanosecond experiments were to de-
termine the long-term stability of the photoproducts.


In the femtosecond experiments (i.e. , 150 fs laser pulses
at 387 nm) we observed the singlet excited-state features of
both porphyrins (data not shown).[24d] The singlet features of
ZnP8� or H2P


8� included transient bleaching of the Soret-
and Q-bands in the 400–450 and 500–650 nm regions, respec-
tively.[25]


Scheme 3. Positively charged porphyrins utilized as references.


Figure 6. Top: Absorption spectra of a dilute aqueous solution of ZnP8+


(5.0 � 10�6
m) with variable concentrations of covalent SWNT–PVBTAn+ .


Bottom: Steady-state fluorescence spectra of a dilute aqueous solution of
ZnP8+ (5.0 � 10�6


m) with variable concentrations of SWNT–PVBTAn+ .
The arrows indicate the progression.
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In addition, broad but weak absorptions were seen in the
region between 600 and 800 nm. Although the singlet excit-
ed states were formed nearly instantaneously (i.e. , within
(1.0�0.3) ps from energetically higher-lying excited states),
they were found to be metastable, that is, they slowly de-
cayed on the timescale of our femtosecond experiments. Be-
cause the detectable time window is limited to time delays
of 1.5 ns, we had to extrapolate the available data to deter-
mine the singlet lifetimes (i.e. , ZnP8� : (2.2�0.2) ns; H2P


8� :
(9.8�1.0) ns). The products of these singlet decays are the
corresponding triplet states that are generated through an
efficient intersystem crossing in both cases (see below).


Initially upon photoexciting ZnP8�/SWNT–PVBTAn+ or
H2P


8�/SWNT–PVBTAn+ we saw the same singlet attributes
that we observed for ZnP8� or H2P


8�, respectively (see
Figure 7). Such observations are fundamental because they
attest to the photoexcitation of the two chromophores.[28]


The presence of covalent SWNT–PVBTAn+ , however, has
a significant impact on the singlet excited decays of ZnP8�


or H2P
8�. Much shorter lifetimes, which are now of the


order of 0.05 ns, point to expedited singlet decays. More-
over, these lifetimes agree well with the values derived from


the time-resolved fluorescence measurements. No particular
resemblance was found when comparing the transients re-
corded at the conclusion of the accelerated singlet decays of
ZnP8�/SWNT–PVBTAn+ or H2P


8�/SWNT–PVBTAn+ with
those of ZnP8� or H2P


8� alone. This dissimilarity holds
equally for the corresponding singlet and triplet excited-
state features. The most dominant characteristics of the new
products are maxima at 460 and 700 nm in the visible range.
These distinctly broad absorptions are quite characteristic of
an electron-transfer product involving either ZnP8� or
H2P


8�.[24d] Also important is the range beyond 1000 nm (i.e. ,
1000–1600 nm), which immediately after photoexcitation is
dominated by a negative imprint of the van Hove singulari-
ties. These spectral characteristics transform into a new
product. In particular, an appreciable blueshift of the transi-
ent with a minimum at 1020 nm was detected. Implicit are
new conduction band electrons, injected from photoexcited
ZnP8� or H2P


8�, which shifts the transitions to lower ener-
gies. In line with previous reports we postulate charge-trans-
fer interactions between photoexcited ZnP8� or H2P


8� and
SWNTs.[25]


In accordance with the femtosecond experiments, nano-
second excitation (i.e. , 5 ns laser pulses at 532 or 355 nm) of
solutions of ZnP8� or H2P


8� in the absence of SWNTs re-
vealed exclusively triplet characteristics that evolve, as
shown above, as a result of rapid intersystem crossing pro-
cesses.[24d] These spectra are characterized by transient
maxima in the 750–850 nm range.


In particular, 840 nm is the maximum for ZnP8�, whereas
for H2P


8� the maximum is slightly blueshifted and is found
at 780 nm. In the absence of molecular oxygen the triplet
lifetimes are substantial with values of around 50 ms. On the
other hand, admitting variable concentrations of molecular
oxygen to these solutions resulted in the diffusion-controlled
formation of singlet oxygen.[29]


Quite different were the changes that we recorded for
ZnP8�/SWNT–PVBTAn+ or H2P


8�/SWNT–PVBTAn+ . In-
stead of registering the triplet features of ZnP8� or H2P


8�,
we observed broad transitions that resembled those of the
one-electron oxidized p-radical cations of either porphyrin.
These radical ion features, as displayed in Figure 8, evolve
from intrahybrid electron-transfer quenching. From an anal-
ysis of the decays at various wavelengths the radical ion-pair
lifetimes were determined as 2.2 ms.


For the construction of nanostructured photoelectrodes
we took advantage of our previous experience with the elec-
trostatically driven layer-by-layer (LBL) deposition techni-
que.[24c,e, 30] Quartz slides, indium tin oxide (ITO) electrodes,
and mica wafers were used as substrates to conduct optical
characterization, photocurrent measurements, and AFM
imaging, respectively. Prior to their use, all substrates were
treated with poly(diallyldimethylammonium chloride)
(PDDA) to make them more hydrophilic. Once the surface
is sufficiently overlaid with PDDA, the substrates can inter-
act with SWNT–PVBTAn+ or SWNT/PVBTAn+ . In the final
step, ZnP8� (i.e., aqueous solution, pH 11.2) was electrostati-
cally deposited onto the PVBTA+ . At the end of this se-


Figure 7. Top: Differential absorption spectra (visible and near-infrared)
obtained upon femtosecond flash photolysis (387 nm) of covalent
SWNT–PVBTAn+ and ZnP8� (5.0 � 10�6


m) in D2O at room temperature
with time delays of 1.8 (*) and 1000 ps (� ). Bottom: Time–absorption
profiles of the spectra shown in the upper part at 450 (*) and 525 nm (*)
monitoring the formation of the radical ion pair.
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quential deposition, PDDA/SWNT–PVBTAn+/ZnP8� and
PDDA/SWNT/PVBTAn+/ZnP8� nanocomposites had been
constructed on the solid substrates (i.e., quartz, ITO, and
mica wafers).


Evidence for the successful deposition came from absorp-
tion spectra, which were recorded after the completion of
each deposition step (an example is shown in Figure S5 in
the Supporting Information). As in previous LBL SWNT
cases, which were independently characterized by ellipsome-
try of the film thickness, the absorption spectra showed that
each deposition step is basically limited to a monolayer cov-
erage.[30a,31]


Immediately after their preparation, the modified ITO
electrodes were photoelectrochemically characterized by ap-
plying the following conditions: 0.1 m Na3PO4 and 5 mm as-
corbic acid after nitrogen bubbling. Typical current–voltage
characteristics using an Ag/AgCl (0.1 m KCl) reference elec-
trode are reported in Figure 9 and photoaction spectra with-
out an applied potential are reported in Figure 10.


From the latter we deduce IPCE values of 3.32 and
5.80 % for PDDA/SWNT–PVBTAn+/ZnP8� and PDDA/
SWNT/PVBTAn+/ZnP8�, respectively. For comparison, the
maximum IPCE values obtained for our previously tested


ITO/PDDA/SWNT/pyrene+/ZnP8� and ITO/PDDA/SWNT–
PSS�/ZnP8+ photoelectrodes were 1.8 and 0.25 %, respecti-
vely.[22i] Further characteristics of PDDA/SWNT–PVBTAn+/
ZnP8� are VOC =�0.57 V and iSC =16.7 mA cm�2, whereas for
PDDA/SWNT/PVBTAn+/ZnP8� VOC =�0.59 V and iSC =


17.3 mA cm�2. When facilitating the charge collection at the
ITO electrode, that is, applying a bias of + 0.5 V, the IPCE
values show a remarkable improvement to 3.81 and 9.90 %
for PDDA/SWNT–PVBTAn+/ZnP8� and PDDA/SWNT/
PVBTAn+/ZnP8�, respectively.


We believe that the PDDA/SWNT/PVBTAn+/ZnP8� cell
is more effective, in terms of photocurrent efficiency, due to
the presence of a charge gradient. Shorter distances between
ZnP8� and SWNTs as well as between SWNTs and ITO
might also be responsible for the better performance. Here,
enhanced hydrophobic interactions between the modified,
hydrophobic ITO surface, the PDDA polymer layer, and the
positively charged SWNTs are of particular importance.[32] It
is notable that, for the present study, CoMoCat SWNTs


Figure 8. Top: Differential absorption spectrum (visible) obtained upon
nanosecond flash photolysis (532 nm) of SWNT–PVBTAn+ and ZnP8�


(5.0 � 10�6
m) in D2O with a time delay of 100 ns. Bottom: Time–absorp-


tion profiles of the spectrum shown in the upper part at 455 nm monitor-
ing the decay of the radical ion pair.


Figure 9. Current–voltage characteristics of the ITO/PDDA/SWNT–
PVBTAn+/ZnP8� (solid spectrum: photocurrent; dashed spectrum: dark
current) and ITO/PDDA/SWNT/PVBTAn+/ZnP8� (solid/dotted spec-
trum: photocurrent; dotted spectrum: dark current) photoelectrodes.


Figure 10. Photoaction spectra of the ITO/PDDA/SWNT–PVBTAn+/
ZnP8� (solid spectrum) and ITO/PDDA/SWNT/PVBTAn+/ZnP8�


(dashed spectrum) photoelectrodes.
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were employed, whereas our previous work was based
solely on HiPco SWNTs. However, a comparison of the
highest efficient PDDA/SWNT/PVBTAn+/ZnP8� cells with
CoMoCat and HiPco SWNTs produced no notable differen-
ces.


Conclusion


The present work underlines the benefits of employing co-
valent SWNT–PVBTAn+ and/or noncovalent SWNT/
PVBTAn+ as integrative components for novel organic pho-
toelectrochemical solar cells that show improved photocon-
version efficiency. The approach is simple and relies on elec-
trostatic interactions: polyanionic porphyrins (photoexcited-
state electron donors) interact with the positively charged
trimethylammonium head groups of the polymer chains
grafted onto the surface of SWNTs or wrapped around
them (as ground-state electron acceptors) to afford SWNT/
PVBTAn+/ZnP8� nanocomposites.


Utilization of polymer-grafted or -wrapped SWNTs guar-
antees considerable dispersibility even in aqueous solutions
without, however, compromising the electronic structure of
the SWNTs. Although this aspect appears to be general, the
presence of a charge gradient is unique to PVBTAn+ . This
charge gradient has emerged as a powerful means to facili-
tate charge injection from photoexcited porphyrins to
SWNTs. The benefits are as follows: photoexcitation in solu-
tion/D2O resulted in the rapid (i.e., 0.15 ns) generation of
radical ion pairs with one of the longest lifetimes (i.e. ,
2.2 ms) ever recorded for such nanohybrid systems and at
photoelectrodes/ITO the highest monochromatic photocon-
version efficiency (i.e. , 9.90 % at a bias of +0.5 V) seen so
far for a single sandwich-layered device.


Experimental Section


General : Femtosecond transient absorption studies were performed with
387 nm laser pulses (1 kHz, 150 fs pulse width) from an amplified Ti:sap-
phire laser system (Clark-MXR). Nanosecond laser flash photolysis ex-
periments were performed with 532 nm laser pulses from a nitrogen laser
(8 ns pulse width) in a front-face excitation geometry. Fluorescence life-
times were measured with a laser Strobe fluorescence lifetime spectrome-
ter (Photon Technology International) with 337 nm laser pulses from a
nitrogen laser fiber coupled to a lens-based T-formal sample compart-
ment equipped with a stroboscopic detector. Details of the Laser Strobe
systems are described on the manufacturer�s web site. Emission spectra
were recorded by using a FluoroMax-3 spectrophotometer (Horiba Com-
pany). The experiments were performed at room temperature. Each
spectrum represents an average of at least five individual scans and ap-
propriate corrections were applied whenever necessary. Photoelectro-
chemical measurements were carried out in a three-arm cell with working
(ITO), counter (platinum gauze), and reference (Ag/AgCl) electrodes
(only when a bias voltage, from a Princeton Applied Research, model
175 galvanostat/potentiostat, was applied). The sacrificial electron donor
was 5 mm sodium ascorbate in 0.1 m Na3PO4 (pH 12) and N2 was bubbled
into the solution for 10–15 min prior to the photoelectrochemical meas-
urements. Photocurrent measurements were carried out by using a Keith-
ley model 2400 programmable multimeter immediately after illumination.
A collimated light beam from a xenon lamp provided with an AM1.5


filter was used for the solar radiation illumination. When white light was
used, a 375 nm cut filter was used. To record the photoaction spectra, a
Bausch and Lomb high-intensity grating monochromator was introduced
into the path of the excitation beam to select the required wavelengths.
All measurements were taken after subtracting the stable dark current.
The IPCE, defined as the number of electrons collected per incident
photon, was evaluated from short circuit photocurrent measurements at
different wavelengths versus the photocurrent measured by using a pho-
todiode of the type PIN UV 100 (UDT Sensors).


TEM analysis : A drop of a solution of covalent SWNT–PVBTAn+ was
placed on a copper grid (3.00 mm, 200 mesh). After vacuum drying over-
night (10�2 bar), the sample was observed with a TEM Philips EM 208
microscope (accelerating voltage of 100 kV).


AFM analysis : The samples were prepared by spin-coating onto silicon
wafers from a solution of covalent SWNT–PVBTAn+ in water and then
investigated by using Digital Instruments (Veeco) Nanoscope IIIa (Tap-
ping Mode) with Veeco RTESP7 Tips.


Polymerization of VBTA with SWNTs : A mixture of VBTACl monomer
(4.0 g), carbon nanotubes (40 mg; CoMoCat from Southwest Nanotech-
nologies, Norman, OK, USA), and deionized water (65 mL of) in a
100 mL Schlenk flask was sonicated for 15 min and then stirred for 4 h.
Then VA-044 initiator (2,2’-azobis[2-(2-imidazolin-2-yl)propane] dihydro-
chloride; 48 mg) was added. The mixture was degassed under vacuum
and refilled with nitrogen three times. The mixture was degassed once
more and heated with stirring in an oil bath at 75 8C for 48 h. The mix-
ture was cooled to 25 8C, opened to the air, diluted to 500 mL with water,
sonicated for 1 h, and centrifuged at 5000g for 6 h. The resulting black su-
pernatant liquid was removed. The black sediment was redispersed in
water by stirring and the centrifugation procedure was repeated two
more times. The combined supernatants were concentrated by ultrafiltra-
tion through a 0.45 mm cellulose acetate membrane under 10 psi pressure
until the volume was reduced to 60 mL. The concentrated suspension
was centrifuged at 200 000g for 2 h to precipitate the SWNTs. The solu-
tion containing residual free polymer was decanted. The precipitate was
redispersed in water and the centrifugation procedure was repeated two
more times at 200 000g. The resulting black precipitate was redispersed in
water (100 mL). The concentration of SWNT–polymer in this dispersion
was estimated gravimetrically to be 53 mg L�1 SWNTs. Based on the C/N
ratio determined by elemental analysis the SWNT/PVBTA ratio was esti-
mated to be 62:38 by weight. For the optical spectroscopic studies, 50 mL
of the 53 mg L�1 dispersion was centrifuged at 40000g for 100 min and
20 mL of the supernatant was removed for analysis. Based on its optical
density, the concentration of SWNTs in the supernatant was 5.3 mg L�1).


Preparation of the SWNT/PVBTAn+ mixture suspension : SWNTs (1 mg)
and PVBTAn+ (6 mg) were suspended in Millipore water (6 mL), stirred
overnight, sonicated for 6 h, centrifuged for 30 min at 10 000 rpm, and
then the supernatant was taken.
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Introduction


Naturally occurring cyclic depsipeptides provide a rich
source of structurally interesting compounds endowed with
various biological activities. Prominent representatives even
entered clinical trials. Among them kahalalide F (1)[1] has
been shown to be a potent anticancer agent acting on cell ly-
sosomes and is currently undergoing phase II clinical trials.
Another relevant example is globomycin (2).[2] This cyclic
lipodepsipeptide antibiotic leads to the accumulation of pre-


cursors of membrane lipoproteins in bacterial cell walls and
thereby promotes cell death. In further biological studies, it
has been found to be a specific inhibitor of lipoprotein
signal peptidase II.[3]


However, within numerous cyclic depsipeptides only 39
13-membered rings can be found in the dictionary of natural
products, representing seven different compound classes.[4]


Lydiamycin A (3) has shown antibacterial activity against a
series of mycobacteria, including Mycobacterium tuberculo-
sis.[5] The beauveriolides I and III (4, 5) have an antiathero-
sclerotic effect in vivo and show promise as potential lead
compounds for therapeutic agents.[6] Apart from antibacteri-
al and antitumoral activities, some cyclic depsipeptides have
shown immunosuppressive properties. Among them, the ste-
vastelins (6–12 ; stevastelin A (6), B (7), A3 (8), B3 (9), C3
(10), D3 (11), E3 (12)) were identified, which have been iso-
lated from a culture broth of Penicillium.[7] These depsipep-
tides have not only shown effects on the immune response
but also inhibition of phosphatases.[8]


On the molecular level, cyclic peptides often display in-
creased bioactivity and stability when compared to their
linear epitopes.[9–11] Furthermore, cyclization of peptide
chains has been used extensively as a method for introduc-
ing conformational constraints in peptide backbones and to
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present diverse functionality in a defined and predictable
manner.[12–14] Such conformational rigidification has not only
been used for mimicking protein turns, but also for the
design of orally available therapeutics.[15] Even slight
changes in the macrocyclic backbone can influence biologi-
cal activities dramatically.[16–18]


Therefore, a rigid macrocyclic scaffold for orientating po-
tential enzyme binding groups in space would be highly val-
uable. Such a template could serve as powerful tool for the
elucidation of enzyme binding affinities or the development
of selective drugs, filling an enzyme pocket by arranging
functional groups on the rigid template in a defined way.


In this regard, 13-membered cyclic depsipeptides are es-
pecially interesting as 12-membered tetrapeptides possess
unfavorable ring strain resulting in instability and difficulties
in synthesis, which often leads to the necessity for turn-
inducing elements like prolines or d-amino acids.[19, 20] Fur-
thermore, many cyclic tetrapeptides show multiple confor-
mations in water or DMSO.[21, 22] Hence, the 13-membered
cyclic depsipeptides characterized by one ester linkage
belong to the smallest cyclic peptide scaffolds that can be
accessed efficiently without the need of particular turnACHTUNGTRENNUNGinducers.


Previously, it has been reported that different 13-mem-
bered stevastelin analogues display interesting biological ac-
tivities on the dual-specific vaccina H1-related (VHR) phos-
phatase.[8,23] The inhibitory activity has been shown to
depend on the configuration of the stereocenters in the b-
hydroxy acid.


To systematically investigate the influence of stereochemi-
cal alterations in the backbone, we decided to develop a
straightforward synthesis for a series of 13-membered ste-


vastelin C3 analogues with variations of selected stereocen-
ters in the backbone of the cyclic depsipeptide (13, 14). Due
to the strained macrocyclic system, we presumed low confor-


mational flexibility. It was planned to compare the low-
energy conformations of the diastereomeric macrocycles by
using 2D NMR spectroscopic experiments and computation-
al analysis of the conformational space and to investigate
the influence of topological changes on the inhibitory activi-
ty against the dual-specific phosphatase VHR.


These results should lead to valuable insights into the po-
tential of 13-membered cyclodepsipeptide scaffolds to serve
the need for rigid templates for the elucidation of enzyme
binding affinity and selectivity, in particular for phosphatase
targeting.
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Results and Discussion


Stevastelin C3 analogue synthesis : Our synthetic approach
towards stevastelin C3 analogues (2R,3S)-13, (2R,3R)-13,
(2S,3R)-13, and (2S,3S)-13 involved solid-phase synthesis of
the linear peptide esters 27 from building blocks 18–21 and
the three amino acids, l-Ser, l-Thr, and l-Val. Subsequent
macrolactamization in solution was planned to yield the
cyclic depsipeptides (2R,3S)-13, (2R,3R)-13, (2S,3R)-13, and
(2S,3S)-13.


To sample the stereocenters in the macrocyclic backbone,
four different b-hydroxy acids were synthesized as outlined
in Scheme 1. anti-Configured acids 18 and 20 were accessed


by using the asymmetric aldol reaction developed by Abiko
and Masamune,[24] whereas syn-configured acids 19 and 21
were prepared by using Evans aldol methodology.[25,26] The
acylated auxiliaries 15 and 17 and their enantiomers were
prepared by following known procedures.[27–29] Tetradecanal
(16) was derived from its alcohol by oxidation with o-io-ACHTUNGTRENNUNGdoxy ACHTUNGTRENNUNGbenzoic acid (IBX).[30]


The anti-aldol products 18 and 20 were synthesized by
adding tetradecanal 16 to the boron-enolate derived from
norephedrin ester 15 or ent-15 and cHex2BOTf and yielded
the aldol adducts in a 71 % yield and with diastereomeric
ratio of 96:4. After separation of the stereoisomers by
column chromatography, the chiral auxiliary was cleaved by
hydrolysis with aqueous nBu4NOH and H2O2 to give pure 2-
methyl-3-hydroxy acids 18 and 20 in 86 % yield. For repro-
ducible results, it was crucial to use freshly distilled alde-
hyde 16.


The syn-aldol adducts were prepared in 80 % yield and
with a diastereomeric ratio of 92:8. To this end, tetradecanal
was added to the boron-enolate derived from Evans imides
17 or ent-17 and nBu2BOTf in the presence of DIPEA.
Cleavage of the auxiliary with aqueous LiOH and H2O2


yielded acids 19 and 21, respectively.
For a flexible and straightforward synthesis, we focused


on a solid-phase synthesis with a 2-chlorotrityl chloride resin
(22) that tolerates the reaction conditions and can be
cleaved in one step with Boc and tBu protecting groups. The
synthesis of linear depsipeptide (2S,3R)-27 is exemplified in
Scheme 2.


The hydroxy acid 19 was chemoselectively attached to
resin 22 in the presence of DIPEA in CH2Cl2. Initial esterifi-
cation attempts of FmocSerACHTUNGTRENNUNG(OBn)OH and the immobilized
b-hydroxy acid 23 showed epimerization of the serine in a
ratio of 5:1. By lowering the temperature to 0 8C and the
amount of DMAP to 0.2 equivalents, the reaction could be
improved to a diastereomeric ratio of 8:1. Alternatively,ACHTUNGTRENNUNGYamaguchi conditions[31] (2,4,6-trichlorobenzoyl chloride,
NEt3) could be applied, but delivered comparable yields and
stereoisomeric purities.


Scheme 1. Asymmetric synthesis of b-hydroxy acid building blocks:
a) cHex2BOTf, NEt3, CH2Cl2, �78 8C to RT, 3 h, d.r. 96:4, 71 %; b) 30%
H2O2, nBu4NOH, THF, 0 8C to RT, then Na2SO3, 86 %; c) nBu2BOTf,
DIPEA, CH2Cl2, �78 8C to 0 8C, 2 h, d.r. 92:8, 80 %; d) 30% H2O2,
LiOH, THF/H2O, 0 8C, 2 h then Na2SO3, 77%. b-Hydroxy acids 20 and
21 have been synthesized accordingly by using the enantiomeric auxilia-
ries. DIPEA: diisopropyl ethyl amine. Tf: trifluoromethanesulfonyl. Scheme 2. Solid-phase synthesis of the linear cyclization precursors:


a) DIPEA, CH2Cl2, 2.5 h, 99%; b) FmocSer ACHTUNGTRENNUNG(OBn)OH, DIC, DMAP,
CH2Cl2/DMF, 0 8C, 3 h, d.r. 8:1, 98 %; c) 2� 15 min 20% piperidine in
DMF, 99 %; d) FmocThrACHTUNGTRENNUNG(OtBu)OH, DIC, HOBt, CH2Cl2/DMF, 2.5 h,
99%; e) BocValOH, DIC, HOBt, CH2Cl2/DMF, 2.5 h, 99%; f) 2� 30 min
TFA/CH2Cl2 (1:1), 88% overall yield, d.r. 8:1. Boc: tert-butyloxycarbon-
yl; DIC:diisopropylcarbodiimide; DMAP: 4-dimethylaminopyridine;
Fmoc: fluorenylmethyloxycarbonyl; HOBt: hydroxybenzotriazole; TFA:
trifluoroacetic acid.
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The Fmoc group of resin-attached ester 24 was removed
with 20 % piperidine in DMF and subsequent coupling of
FmocThr ACHTUNGTRENNUNG(OtBu)OH with DIC and HOBt yielded immobi-
lized depsipeptide 25. Elongation of the sequence by Fmoc
deprotection and coupling of BocValOH resulted in 26. Fi-
nally, cleavage from the solid support with simultaneous de-
protection of the Boc and tBu groups with 50 % TFA in
CH2Cl2 released the desired cyclization precursor (2S,3R)-27
together with its a-serine epimer. As separation of epimers
at this point of synthesis proved to be difficult, the mixtures
were cyclized and the isomers separated afterwards. The dia-
stereomers ((2R,3R)-27, (2R,3S)-27, (2S,3S)-27) of the linear
precursor were prepared in the same manner in excellent
overall yields (80–90 %).


The key step of our synthesis was the ring closure of the
strained 13-membered depsipeptide. Macrolactamization of
(2S,3R)-27 with HBTU and DIPEA under high dilution con-
ditions and separation of diastereomers by preparative
HPLC afforded stevastelin C3 analogue (2S,3R)-13 in 46 %
yield and epimer (2S,3R)-30 in 7 % yield (Scheme 3). The


formation of cyclic dimers could be suppressed by slowly
adding the open-chain precursor to a solution of coupling
reagents with the help of a syringe pump. Following this
strategy, three additional diastereomeric macrocycles
((2R,3R)-13 in 36 %, (2S,3R)-13 in 55 %, (2S,3S)-13 in 62 %
yield) and two of the minor epimers could be isolated
((2R,3S)-30 in 7 %, (2S,3R)-30 in 8 % yield). Pd/C-catalyzed
benzyl ether hydrogenolysis of cyclic depsipeptide (2S,3R)-
13 delivered stevastelin C3 analogue 29 in 77 % yield.


Earlier studies had suggested that neutral stevastelins
become phosphorylated or sulfated in vivo to reach their
full activity.[8] Therefore, macrocycles (2S,3R)-13, (2R,3R)-
13, (2R,3S)-13, and (2S,3S)-13 were functionalized further
(Scheme 3). Derivatization was achieved in three steps.
Phosphitylation of the threonine residue in macrocycle
(2S,3R)-13 with O,O-dibenzyl(N,N-diisopropyl)phosphor-ACHTUNGTRENNUNGamidite[32] and subsequent oxidation gave the phosphorylat-
ed macrocycle (2S,3R)-28. To avoid phosphonate formation,
it was crucial to work under rigorously dry conditions. Fur-
thermore, the very mild oxidation reagent tBuOOH was
found to be optimal to suppress acid-mediated side reac-
tions. Finally, macrocycle (2S,3R)-28 was debenzylated quan-
titatively by Pd/C-catalyzed hydrogenolysis to give the phos-
phorylated analogue (2S,3R)-14. Diastereomeric analogues
(2R,3R)-14, (2R,3S)-14, and (2S,3S)-14 have been synthe-
sized accordingly in excellent yields.


In summary, a new straightforward synthesis of stevastelin
C3 analogues has been developed. The esterification on
solid support was found to be particularly challenging. The
key steps towards stevastelin analogues 13 and 14 have been
the macrolactamization of the linear depsipeptide and sub-
sequent phosphorylation of the macrocycle. These reactions
were optimized successfully to yield the analogues in very
good yields. Due to the high yielding and flexible building-
block approach, this synthesis needs only a few purification
steps and can also be applied for the incorporation of other
building blocks, such as modified b-amino acids, instead of
the fatty acid or d-amino acids for further variation of the
stereocenters in the peptidic backbone.


Conformational analysis : To investigate the ability of the
diastereomeric macrocycles (2S,3R)-13, (2R,3R)-13, (2R,3S)-
13, and (2S,3S)-13 as well as d-serine-containing macrocycles
(2S,3R)-30 and (2R,3S)-30 to serve as 3D templates for de-
fined and predictable orientation of residues in space, these
compounds were studied in detail.


In 1H NMR spectroscopic experiments, a single set of res-
onances without line broadening was found for all mole-
cules, which indicates just one stable conformation or fast
averaging. Only macrocycle (2R,3R)-13 showed line broad-
ening for valine signals suggesting some intermediate flexi-
bility at this position. TOCSY, gHSQC, and gHMBC experi-
ments were then performed for complete signal assignment.


Comparison of 1H NMR spectroscopic experiments of dif-
ferent stereoisomers in [D6]DMSO already provided strong
indications of different conformations, as dramatic differen-


Scheme 3. Macrolactamization and derivatization of stevastelin C3 ana-
logues: a) HBTU, DIPEA, CH2Cl2/DMF, 1.5 mm, RT, o/n, separation of
diastereomers, 46% with l-Ser, 7% with d-Ser; b) 10% Pd/C, H2, HCl,
EtOH, o/n, 91 %; c) tetrazole, (BnO)2PN ACHTUNGTRENNUNG(iPr)2, CH2Cl2, RT, then 0 8C,
tBuOOH, 77 %; d) 10 % Pd/C, H2, EtOH, 4 h, 99%. HBTU: o-benzotri-
azol-1-yl-N,N,N’,N’-tetramethyluronium hexafluorophosphate; o/n: over-
night.
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ces in chemical shifts and coupling constants for both the
CHa- and NH-protons were observed. In proteins and linear
peptides an upfield shift of NH and CHa is known to corre-
late with helical structures, whereas a downfield shift is re-
lated to b-sheet conformations.[33] As the conformations of
small and constrained peptide rings cannot be matched
easily with proteins, one can only conclude that different
stereoisomers induce distinct conformations within the mac-
rocyclic ring. For instance, the comparison between the epi-


mers (2S,3R)-13 and (2S,3S)-13 (Figure 1) demonstrates
drastic differences in chemical shifts of Ser-NH and Thr-NH
protons of Dd= 0.79 and 0.43 ppm, respectively. Further-
more, the a-protons and Val-Hb are significantly affected as
well.


An all-trans peptide conformation was evident for all ste-
reoisomers from NOE crosspeaks of NH protons and dihe-
dral angle calculations from 3J ACHTUNGTRENNUNG(NHCHa) coupling constants
(>8.2 Hz) by using the Karplus equation (Table 1).[34,35] Due


to the significant differences in 1D NMR experiments when
altering the stereocenters in the macrocyclic backbone, we
were encouraged to investigate the conformations in more
detail. Therefore, 2D ROESY experiments were performed
and used to identify and quantify intramolecular proton–
proton contacts. The calculated proton distances along the
depsipeptide backbone and selected interresidual correla-
tions are shown exemplarily for macrocycle (2S,3R)-13


(Figure 2). 33 to 40 proton–
proton distances have been as-
signed and qualified for each
diastereomer. These distances
were classified into approxi-
mately 24 interresidual, 12 se-
quential, and one medium-
range contact. Only distinctly
assigned protons have been
used in further studies. Diaste-
reotopic protons and torsion
angles have been used for struc-
ture validations. More details
can be found in the Supporting
Information.


Based on NMR-derived dis-
tance constraints, a conforma-


tional search was performed by using the low-mode search
(LMOD) algorithm that has been especially developed for
calculations of protein loops and cyclic peptides.[36] The low-
energy conformations of the cyclic depsipeptides were com-
puted with Macromodel 9.1[37] within Maestro. A total of
35,000 starting structures were generated, energy-minimized
(OPLS2005, GB/SA solvation model), and compared.


By using the LMOD method and conformational energy
calculations, we found stable low-energy structures for each
analogue without dramatic violations of experimentally vali-
dated restraints (Figure 3). Comparing the diastereomeric
stevastelin C3 analogues 13, the lowest global energy could
be found for (2S,3S)-13 (�258.3 kJ mol�1) followed by the
syn-configured analogues (2S,3R)-13 and (2R,3S)-13 (�239.4
and �237.0 kJ mol�1). Macrocycle (2R,3R)-13 exhibited the
highest global energy (�229.3 kJ mol�1) with a difference of
29 kJ mol�1 relative to (2S,3S)-13.


In these calculated conformations, the orientation of the
amino acid side chains is comparable for all the analogues,
as they are all pointing to one side of the macrocycle. How-
ever, the long alkyl chain of the fatty acid can be oriented
by setting the stereocenter in C-3 of the b-hydroxy acid.


In detail, we find that macrocyles (2S,3S)-13 and (2R,3S)-
13 possess nearly identical backbone conformations. They
only differ in the orientation of the methyl group at the al-
tered stereocenter. From this result, we can conclude that
the orientation of the methyl group does not change the
topology of the rigid template that seems to be set by the
peptidic section of the cycle and the S configuration at C-3
of the b-hydroxy acid.


Figure 1. Comparison of 1H NMR spectra in [D6]DMSO of the two epimers of 13. The spectra show significant
shifts in the NH and CHa region. A) (2S,3R)-13 ; B) (2S,3S)-13.


Table 1. Shifts and coupling constants of NH protons in [D6]DMSO.


SNH TNH VNH
d [ppm] J [Hz][a] d [ppm] J [Hz][a] d [ppm] J [Hz][a]ACHTUNGTRENNUNG(2S,3S)-13 7.086 8.33 7.796 9.30 8.007 8.21ACHTUNGTRENNUNG(2R,3R)-13 7.721 8.98 7.937 10.09 7.599 nd[b]ACHTUNGTRENNUNG(2S,3R)-13 7.879 8.71 7.369 9.74 8.048 10.11ACHTUNGTRENNUNG(2R,3S)-13 6.785 9.31 7.966 9.55 7.685 9.23ACHTUNGTRENNUNG(2S,3R)-30 7.090 6.52 7.622 9.25 8.230 9.84ACHTUNGTRENNUNG(2R,3S)-30 7.596 8.36 7.366 9.29 7.805 7.46


[a] 3J ACHTUNGTRENNUNG(NHCHa). [b] Not detected, one broad signal.


Figure 2. Selected ROESY contacts of macrocycle (2S,3R)-13.
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In contrast to this result, macrocyles with an R configura-
tion at C-3 behave completely differently. For diastereomers
(2R,3R)-13 and (2S,3R)-13, significantly different geometries
of the backbone can be observed, which shows the strong in-
fluence of alteration in C-3 stereochemistry. Compound
(2R,3R)-13 has the same configuration as the natural stevas-
telin C3. Here, the R configuration of C-3 forces the macro-
cycle in a twisted form in which the threonine residue is
bent downwards relative to backbone conformations of
(2S,3S)-13 and (2R,3S)-13, whereas the serine residue and
carbonyl are bent upwards out of the plane of the cycle. In
stevastelin analogue (2S,3R)-13, the R configuration of C-3
leads to an even more dramatic change in the orientation of
the serine carbonyl, which is now pointing to the opposite
side of the macrocyclic plane. In return, the threonine resi-
due keeps the same geometry as in depsipeptides (2S,3S)-13
and (2R,3S)-13.


Interestingly, an incorporated d-Ser did not lead to less-
strained conformations as is known for cyclic tetrapeptides,
but induced the opposite effect. Macrocycles (2S,3R)-30 and
(2R,3S)-30 are energetically much less favored. Especially,
analogue (2S,3R)-30 (�147.5 kJ mol�1) is 92 kJ mol�1 higher
in energy than the its epimer (2S,3R)-13 (�239.4 kJ mol�1).
Besides the obvious effect on the orientation of the serine
residue in cyclic analogues 30, the valine carbonyl is point-
ing to the opposite side of the macrocycle relative to mole-
cules 13. In contrast to depsipeptide (2S,3R)-13, its epimer
(2S,3R)-30 shows completely different possibilities for the
formation of hydrogen bonds and hydrophobic interactions.


Furthermore, the conformations of phosphorylated and
debenzylated macrocycles 14 were analyzed. In a physiologi-
cal surrounding phosphorylation is used as a key regulator
of signal transduction by activation or deactivation of enzy-


matic functions. These effects are often caused by a change
in protein conformation, due to the introduced steric hin-
drance, charge, and new possible hydrogen bonds after
phosphorylation.[38–41] Normally, threonine phosphorylation
leads to a coordination of the phosphate to the peptide
backbone and thereby to a downfield shift of the coordinat-
ed NH.[42] However, comparing the synthesized macrocycles
13 and their phosphorylated and debenzylated analogues 14,
all amide protons are shifted downfield (Figure 4).


Additionally, phosphorylated macrocycles 14 show much
broader signals in the 1H NMR spectra than the benzylated
cycles. As these findings can result from high flexibility in
macrocycles 14, a conformational search without constraints
was performed and compared to unrestrained calculations
of unphosphorylated macrocycles 13. Indeed, it became evi-
dent that phosphorylation influences the backbone confor-
mation and induces enormous flexibility. In an energy
window of 50 kJ mol�1 147 conformation clusters (RMSD<


0.1 kJ mol�1) can be found for phosphorylated cycle (2S,3R)-
14, whereas only 14 clusters were found for unphosphorylat-
ed but benzylated cycle (2S,3R)-13 (Table 2).


The phosphorylation-induced flexibility and signal broad-
ening in the proton NMR can be explained by the calculated
conformations of the phosphorylated cycles (Figure 5). In
the strained macrocycle all amide protons are pointing to-
wards the center of the cycle and the threonine residue
places the phosphate just above the macrocyclic plane,
which enables hydrogen bonding to any amide proton and
the debenzylated serine residue.


In conclusion, we found conformationally homogeneous
scaffolds for the benzylated molecules, which are deter-
mined by the stereocenters at C-2 and C-3 of the b-hydroxy
acid part of the backbone and the a-Ser position. Altera-


Figure 3. Ten lowest-energy conformations of stevastelin C3 analogues: A) (2S,3S)-13 ; B) (2S,3R)-13 ; C) (2R,3R)-13 ; D) (2R,3S)-13 ; E) d-Ser-containing
(2S,3R)-30 ; F) d-Ser-containing (2R,3S)-30 ; grey=carbon, blue =nitrogen, red=oxygen.
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tions in these stereocenters do affect the macrocycle geome-
try. The orientation of the long alkyl chain seems to be
more important than variation at C-2, which leads not only
to different steric hindrance due to its orientation, but also
populates a different conformation of the macrocyclic ring.
In particular, the configuration at the a-Ser position deter-
mines the overall geometry of the stevastelin analogues, ar-
ranging possible enzyme binding groups in a completely dif-
ferent way. However, phosphorylation and subsequent de-
benzylation of the macrocyles leads to much more flexible
structures, confirming the power of phosphorylation as a
biological tool for switching conformational properties in
peptides or proteins.


13-Membered cyclic tetrapep-
tides with incorporated b-amino
acids instead of b-hydroxy acids
have been shown to serve as
rigid templates and are used as
b- or g-turn mimics.[14,43] But
not all 13-membered peptides
possess rigid conformations. It
was reported, that the position
of b-amino acid introduction is
important to stabilize a single
conformation.[14] Alternatively,
15-membered pentapeptides
have frequently been used as
conformationally rigid tem-
plates.[44–46] Furthermore, d-
amino acids are known to
induce bII’-turns[47,48] and the
introduction of N-methylated
amino acids lowers the energy


barrier between cis and trans peptide bonds and leads to the
loss of a hydrogen donor in the backbone generating new
rigid templates.[12,48]


Application of such rigid scaffolds can be found in drug
design. Kessler et al. have realized spatial screening with
cyclic peptides, in which the conformation-inducing effect of
special amino acids is utilized to generate rigid templates
that are screened for their activity against selected en-
zymes.[13,49]


Hence, the synthesis of 13-membered depsipeptides
serves as a new tool for the design of rigid macrocyles as
biologically active compounds, which could be used to study


Figure 4. Differences in chemical shifts between unphosphorylated and phosphorylated macrocycles (13, 14).


Table 2. Number of conformation clusters for each synthesized macrocy-
cle within an energy window of 50 kJ mol�1.


Inhibitor Cluster[a] Cluster[b] R1 R2ACHTUNGTRENNUNG(2R,3S)-13 32 2 Bn HACHTUNGTRENNUNG(2R,3R)-13 37 21 Bn HACHTUNGTRENNUNG(2S,3R)-13[c] 14 4 Bn HACHTUNGTRENNUNG(2S,3S)-13 38 19 Bn HACHTUNGTRENNUNG(2R,3S)-14 246 – H PO3H2ACHTUNGTRENNUNG(2R,3R)-14 115 – H PO3H2ACHTUNGTRENNUNG(2S,3R)-14 147 – H PO3H2ACHTUNGTRENNUNG(2S,3S)-14 106 – H PO3H2


[a] Calculated without NMR-derived constraints. [b] Calculated with
NMR-derived constraints. [c] Only 50% more unique structures were cal-
culated for the debenzylated analogue (2S,3R)-29. Figure 5. Low-energy conformations of phosphorylated stevastelin C3 an-


alogues: A) (2R,3R)-14 ; B) (2R,3S)-14 ; C) (2S,3R)-14 ; D) (2S,3S)-14 ;
grey=carbon, blue= nitrogen, red =oxygen, orange =phosphorus.
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the affinity and selectivity of enzymes to give insights in
their biological targets and functions.


Biochemical investigations : Due to the conclusive results
from the conformational analysis in which different stable
conformations for the synthesized stevastelin C3 analogues
have been found, we were interested in the consequences on
enzyme inhibition. As stevastelins have been reported to in-
hibit the dual-specific phosphatase VHR,[8] we investigated
the inhibitory activity of the synthesized analogues against
this phosphatase.


The 21 kDa dual-specific phosphatase VHR is one of the
smallest known phosphatases.[50] It plays an essential role in
MAP kinase regulation of cell cycle progression and the
immune response in activated T-cells due to its activation by
tyrosine kinase ZAP-70 and negative regulation of the mito-
gen-activated protein kinases, extracellular regulated kinases
(ERK) and c-Jun N-terminal kinases (JNK).[51–53] To date,
very few inhibitors of VHR are known.[8,54,55] New inhibitors
or more detailed investigation of known inhibitors could
give better insights into the physiological function of VHR
and serve as lead structures for the development of new
drug candidates.


VHR was assayed by using para-nitrophenol phosphate
(pNPP) as a substrate. The reaction buffer contained 1 mm


DTE to ensure an active state of the enzyme, as Cys-124 is
involved in the catalytic enzyme mechanism.[56] Further-
more, 0.025 % detergent NP-40 was found crucial to sup-
press unspecific binding. The assay was performed at an op-
timal pH of 6.5 and 37 8C.


Initially, the inhibitory activities of the synthesized com-
pounds were tested at 100 mm. From active compounds, the
IC50 values were determined. Only phosphorylated macrocy-
cles inhibited the dual-specific phosphatase VHR in vitro,
whereas unphosphorylated but benzylated stevastelin C3 an-
alogues were inactive (Figure 6). Interestingly, only a slight
dependence of inhibitory activity on orientation of the long
alkyl chain could be observed (Table 3). An S configuration
at position 2 of the b-hydroxy acid seems to be slightly fa-


vored, whereas an R configuration at position 3 gives better
inhibition relative to its epimer.


These results stand in contrast to data reported earlier in
the literature.[23] During the course of our studies, we found
that VHR apparently seems to be very sensitive to changes
in assay conditions, which makes these data difficult to com-
pare. In the current investigations, a clear dependence on
threonine derivatization has been found.


The minor differences in biochemical activity among the
phosphorylated analogues (2S,3R)-14, (2R,3R)-14, (2R,3S)-
14, and (2S,3S)-14 are supported by our results from confor-
mational analysis, in which these derivatives have shown
higher flexibility than the unphosphorylated macrocycles.
Furthermore, these new results support previous observa-
tions in which the natural stevastelins that are sulfated or
phosphorylated are more active against VHR in vitro.[8]


However, in living cells the reverse effect has been ob-
served. Thus, the hypothesis was put forward that uncharged
stevastelins penetrate the membrane and become phos-
phorylated or sulfated in the cell, thus generating the active
form of the inhibitor in vivo. Our results suggest that this
hypothesis may be valid for VHR. Recently, it has been
shown, that VHR inhibition can lead to highly activated
ERK and JNK resulting in a cell cycle arrest at the G1–S
transition.[57] Therefore, further cellular studies of stevastelin
C3 analogues 13 in HeLa cells are ongoing.


On the other hand, the phosphorylated stevastelin C3 an-
alogues could also serve as substrates for the dual-specific
phosphatase and become dephosphorylated. The natural
substrate for VHR is a double phosphorylated protein, with
phosphorylated Thr and Tyr separated by one amino acid in
the peptide sequence.[58] It has been shown that VHR turns
over phosphotyrosine very efficiently, whereas phospho-
threonine and pNPP are converted rather slowly. To moni-


Figure 6. VHR inhibition at 100 mm inhibitor concentration. nI: control
with no inhibitor; PTP inhibitor IV: control.


Table 3. Inhibition of dual-specific phosphatase VHR in vitro.


Inhibitor IC50 ACHTUNGTRENNUNG(VHR)[b] 2[a] 3[a] 4[a] R1 R2ACHTUNGTRENNUNG(2R,3S)-13 >100 mm R S S Bn HACHTUNGTRENNUNG(2R,3R)-13 >100 mm R R S Bn HACHTUNGTRENNUNG(2S,3R)-13 >100 mm S R S Bn HACHTUNGTRENNUNG(2S,3S)-13 >100 mm S S S Bn HACHTUNGTRENNUNG(2R,3S)-30 >100 mm R S R Bn HACHTUNGTRENNUNG(2S,3R)-30 >100 mm S R R Bn HACHTUNGTRENNUNG(2S,3R)-29 >100 mm R S S H HACHTUNGTRENNUNG(2R,3S)-14 ACHTUNGTRENNUNG(59.7�3.6) mm R S S H PO3H2ACHTUNGTRENNUNG(2R,3R)-14 ACHTUNGTRENNUNG(49.8�1.0) mm R R S H PO3H2ACHTUNGTRENNUNG(2S,3R)-14 ACHTUNGTRENNUNG(37.7�1.2) mm S R S H PO3H2ACHTUNGTRENNUNG(2S,3S)-14 ACHTUNGTRENNUNG(40.5�2.6) mm S S S H PO3H2


[a] Configuration of the stereocenter. [b] Mean of three independent ex-
periments.
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tor VHR-mediated phosphate release from the stevastelin
analogues, a malachite green control experiment[59] was per-
formed. The result shows that macrocyle (2S,3S)-14 indeed
serves as substrate, but gets dephosphorylated very slowly.
After 45 min, 15 % dephosphorylation could be observed.


Deactivation of the active inhibitor (2S,3S)-14 by VHR-
mediated dephosphorylation could, in principle, influence
our assay results. However, in the performed setup the con-
centration of the substrate pNPP is much higher than the in-
hibitor concentration ((2S,3S)-14). Furthermore, with VHR
a significantly higher kcat./Km was reported in the literature
for pNPP in comparison to pThr,[58] which is present in
(2S,3S)-14. Thus, from the equation for substrate specificity
[Eq.: (1)], which describes the preferred enzymatic reaction
in the presence of two potentially competing substrates, it
follows that in our in vitro assay, competition should be neg-
ligible. Therefore, phosphorylated stevastelin analogues 14
are acting as inhibitors, not as substrates during our VHR
assay, and IC50 values are not affected by dephosphoryla-
tion.


½nI �
½nS�
¼ ½kcat:=Km�I ½I�
½kcat:=Km�S½S�


ð1Þ


However, regarding their activity in cells, the phosphory-
lated stevastelins and analogues may become dephosphory-
lated by other endogeneous phosphatases. Therefore, either
phosphorylation of the inhibitors must be competitive with
phosphatase-mediated deactivation or the active molecule is
not a phosphorylated stevastelin but another derivative, for
example the sulfate.


Conclusion


Small macrocycles that are restrained in conformational
flexibility can serve as 3D topological templates, which ori-
entate potential enzyme binding groups in space. A series of
13-membered stevastelin C3 analogues was successfully syn-
thesized based on solid-phase synthesis and macrocycliza-
tion in solution. Conformational studies on different stereo-
isomers revealed rigid conformations and defined orienta-
tion of functional groups attached to the macrocyclic back-
bone. Thus, we demonstrated that the introduction of a b-
hydroxy acid into a small cyclic peptide can serve as a new
tool for the generation of rigid macrocycles. These templates
can be utilized for spatial screening against various enzymes
to give insights into enzyme affinity and selectivity.


Furthermore, it could be shown that phosphorylation of
the threonine moiety is essential for inhibitory activity
against VHR in vitro. In phosphorylated and debenzylated
analogues, the alteration of the backbone stereochemistry
only moderately influenced the inhibitory activity on the
dual-specific phosphatase VHR, which is in line with an in-
creased level of flexibility of the cyclic depsipeptides after
phosphorylation. As phosphorylated stevastelins were found
to be substrates for VHR themselves, further biological


studies are necessary to further explore the potential of the
stevastelins as phosphatase inhibitors.


Experimental Section


General procedure: Immobilization of 2-methyl-3-hydroxyhexadecanoic
acids : In a syringe reactor, 2-chlorotrityl chloride PS resin (1.4 mmol g�1,
1.85 g, 2.59 mmol) was swollen in dry CH2Cl2 for 10 min before 2-methyl-
3-hydroxytetradecanoic acid (965 mg, 3.37 mmol) and DIPEA (2.23 mL,
13.5 mmol) in dry CH2Cl2 (10 mL) were added. The mixture was shaken
for 2.5 h at RT. Then the resin was washed with CH2Cl2 (3 � ), CH2Cl2/
MeOH/DIPEA (17:2:1; 3 � ), CH2Cl2 (3 � ), MeOH (3 � ), and CH2Cl2


(3 � ) and dried in high vacuum overnight. A test cleavage with 5% TFA
in CH2Cl2 showed quantitative loading.


General procedure: Esterification of the immobilized 2-methyl-3-hy-ACHTUNGTRENNUNGdroxyhexadecanoic acids : In a flask, 2-methyl-3-hydroxytetradecanoic
acid (2.3 g, 2.4 mmol) loaded resin (23) was swollen in dry CH2Cl2


(10 mL) for 10 min. At 0 8C, a solution of DIC (2.04 mL, 13.2 mmol) and
FmocSer ACHTUNGTRENNUNG(OBn)OH (5.00 g, 12.0 mmol) in DMF/CH2Cl2 (1:1, 15 mL) was
added, followed by DMAP (88 mg, 0.72 mmol) in DMF/CH2Cl2 (1:1,
5 mL) and the mixture was stirred at 0 8C for 3 h. After washing the resin
with CH2Cl2 (3 � ), DMF (3 � ), MeOH (3 � ), and CH2Cl2 (3 � ), the resin
was dried at high vacuum overnight. An 86–96 % yield was concluded
from loading determinations. A test cleavage with TFA/CH2Cl2 (1:1) and
subsequent HPLC analysis (chiral OD-H, 17% iPrOH in nhexane)
showed a diastereomeric ratio of 89:11 to 82:18.


General procedure: Solid-phase peptide synthesis: For Fmoc deprotec-
tion, the resin was treated twice with 20 % piperidine in DMF for 15 min
each in a syringe reactor and washed with DMF and CH2Cl2. Then a solu-
tion of FmocThr ACHTUNGTRENNUNG(OtBu)OH (5 equiv), HOBt (5 equiv), and DIC
(5 equiv) in CH2Cl2/DMF (2:1) was added. The mixture was agitated for
3 h at RT and then washed with DMF, MeOH, and CH2Cl2 (3 � each).
The Fmoc deprotection and an amino acid coupling were repeated with
BocValOH. Finally the resin was treated with TFA/CH2Cl2 (1:1) for
30 min twice. The resin was thoroughly washed with CH2Cl2 and the com-
bined filtrates were coevaporated with toluene. After preparative HPLC,
the product together with its Sera-epimer was obtained as a colorless
solid. For the solid-phase synthesis of linear depsipeptides 27 an overall
yield of 80–88 % was calculated.


l-Valyl-l-threonyl-3-O-benzyl-l-seryl-(2R,3S)-2-methyl-3-hydroxyhexa-
decanoic acid ((2R,3S)-27): b-Hydroxy acid (2-methyl-3-hydroxyhexade-
canoic acid) is represented as BHA throughout. Yield: 220 mg
(331 mmol), 88 % (d.r. 8:1); major isomer: 1H NMR (400 MHz, CDCl3):
d=8.51 (d, J =6.99 Hz, 1H; NH), 7.93 (d, J =7.7 Hz, 1H; NH), 7.29–7.11
(m, 6H; aromat. H; NH), 5.26–5.19 (m, 1H; BHA3-H), 4.61–4.55 (m,
1H; Ser-Ha), 4.48 (d, J=11.9 Hz, 1H; Ser-CH2Ph), 4.44 (d, J =11.9 Hz,
1H; Ser-CH2Ph), 4.39 (d, J =4.6 Hz, 1H; Thr-Ha), 4.07–3.97 (m, 1 H; Thr-
Hb), 3.90 (d, J=6.0 Hz, 1 H; Val-Ha), 3.82 (dd, J =9.5, 4.1 Hz, 1 H; Ser-
Hba), 3.65 (dd, J =9.2, 3.2 Hz, 1H; Ser-Hbb), 2.59 (dq, J=6.9, 2.6 Hz,
1H; BHA2-H), 2.15 (qd, J =13.5, 6.8 Hz, 1 H; Val-Hb), 1.60–1.47 (m, 1 H;
BHA4a-H2), 1.45–1.33 (m, 1 H; BHA4b-H2), 1.26–1.09 (m, 23 H; BHA),
1.13 (d, J =6.3 Hz, 3 H; Thr-Hg), 1.09 (d, J =7.1 Hz, 3 H; BHA2’-H3), 0.95
(d, J =6.8 Hz, 6H; Val-Hg), 0.86 ppm (t, J =6.9 Hz, 3 H; BHA16-H3);
13C NMR (101 MHz, CDCl3): d=177.3 (BHA-1), 170.5 (Thr-1), 169.9
(Ser-1), 169.6 (Val-1), 137.1 (aromat. C), 128.3 (aromat. C), 127.8
(aromat. C), 127.6 (aromat. C), 75.9 (BHA-3), 73.4 (Ser-CH2Ph), 69.0
(Ser-b), 67.2 (Thr-b), 59.4 (Thr-a), 58.7 (Val-a), 52.8 (Ser-a), 42.3 (BHA-
2), 31.9 (BHA), 31.7 (BHA), 30.2 (Val-b), 29.7 (BHA), 29.6 (BHA), 29.4
(BHA), 29.3 (BHA), 25.5 (BHA), 22.6 (BHA), 18.8 (Thr-g), 18.1 (Val-
ga), 17.3 (Val-gb), 14.0 (BHA-16), 9.9 ppm (BHA-2’); IR (neat): ñ=


3306, 3072, 2921, 2853, 1740, 1666, 1639, 1537, 1467 cm�1; HPLC-ESIMS
(C4–10; tR =8.32 min): m/z : 664.19 [M+H]+ , 1326.84 [2M+H]+ ; HRMS
(ESI): m/z : calcd for C36H62N3O8: 664.4531 [M+H]+ ; found: 664.4528.


l-Valyl-l-threonyl-3-O-benzyl-l-seryl-(2S,3R)-2-methyl-3-hydroxyhexa-
decanoic acid ((2S,3R)-27): Yield: 267 mg (402 mmol), 87 % (d.r. 8:1);
major isomer: 1H NMR (400 MHz, CDCl3/MeOD 4:1): d =8.13 (d, J=
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8.2 Hz, 1 H; NH), 7.73 (d, J =8.2 Hz, 1H; NH), 7.24–7.09 (m, 5H;
aromat. H), 5.12 (td, J =8.34, 4.96 Hz, 1 H; BHA3-H), 4.55 (t, J =3.5 Hz,
1H; Ser-Ha), 4.38 (s, 2 H; Ser-CH2Ph), 4.34 (d, J =4.6 Hz, 1H; Thr-Ha),
4.01 (dq, J=6.4, 4.6 Hz, 1H; Thr-Hb), 3.79 (dd, J=9.6, 3.7 Hz, 1 H; Ser-
Hba), 3.66 (d, J=6.1 Hz, 1H; Val-Ha), 3.57 (dd, J =9.6, 3.4 Hz, 1 H; Ser-
Hbb), 2.52 (dq, J =7.0, 5.2 Hz, 1 H; BHA2-H), 2.05 (qd, J= 13.6, 6.9 Hz,
1H; Val-Hb), 1.56–1.35 (m, 2H; BHA4-H2), 1.23–1.11 (m, 22H; BHA),
1.11 (d, J =6.5 Hz, 3 H; Thr-Hg), 1.03 (d, J =7.1 Hz, 3 H; BHA2’-H3), 0.89
(d, J =6.9 Hz, 3 H; Val-Hga), 0.88 (d, J =6.9 Hz, 3 H; Val-Hgb), 0.75 ppm
(t, J= 6.9 Hz, 3 H; BHA16-H3); 13C NMR (101 MHz, CDCl3): d=175.9
(BHA-1), 169.9 (Thr-1), 169.4 (Ser-1), 168.4 (Val-1), 137.0 (aromat. C),
128.2 (aromat. C), 127.7 (aromat. C), 127.4 (aromat. C), 75.9 (BHA-3),
73.2 (Ser-CH2Ph), 69.2 (Ser-b), 67.2 (Thr-b), 58.4 (Thr-a), 58.3 (Val-a),
52.6 (Ser-a), 42.6 (BHA-2), 31.7 (BHA-4), 30.0 (Val-b), 29.4 (BHA), 29.2
(BHA), 29.1 (BHA), 25.1 (BHA), 22.4 (BHA), 18.3 (Thr-g), 17.9 (Val-
ga), 17.2 (Val-gb), 13.7 (BHA-16), 11.3 ppm (BHA-2’); IR (neat): ñ=


3292, 3066, 2922, 2852, 1740, 1688, 1666, 1658, 1641, 1544, 1536, 1468,
1454 cm�1; HPLC-ESIMS (C4–10; tR =8.39 min): m/z : 664.13 [M+H]+ ,
1326.84 [2M+H]+ ; HRMS (ESI): m/z : calcd for C36H62N3O8: 664.4531
[M+H]+ ; found: 664.4528.


l-Valyl-l-threonyl-3-O-benzyl-l-seryl-(2S,3S)-2-methyl-3-hydroxyhexade-
canoic acid ((2S,3S)-27): Yield: 252 mg (380 mmol), 80% (d.r. 8:1); major
isomer: 1H NMR (400 MHz, CDCl3): d =7.24–7.07 (m, 5 H; aromat. H),
5.07–4.97 (m, 1H; BHA3-H), 4.57 (t, J =3.3 Hz, 1H; Ser-Ha), 4.40–4.36
(m, 2 H; Ser-CH2Ph), 4.31 (d, J=4.5 Hz, 1H; Thr-Ha), 4.07–3.98 (m, 1 H;
Thr-Hb), 3.79 (dd, J =9.5, 3.6 Hz, 1H; Ser-Hba), 3.67 (dd, J =10.1, 6.0 Hz,
1H; Val-Ha), 3.56 (dd, J=9.5, 3.3 Hz, 1H; Ser-Hbb), 2.66–2.55 (m, 1H;
BHA2-H), 2.11–1.97 (m, 1H; Val-Hb), 1.53–1.41 (m, 2 H; BHA-4), 1.21–
1.07 (m, 22H; BHA), 1.05 (d, J =6.5 Hz, 3H; Thr-Hg), 1.03–0.97 (m, 3 H;
BHA2’-H3), 0.91–0.84 (m, 6 H; Val-g), 0.75 ppm (t, J =6.9 Hz, 3H;
BHA16-H3); 13C NMR (101 MHz, CDCl3): d=175.5 (BHA-1), 169.7
(Thr-1), 168.7 (Ser-1), 168.4 (Val-1), 136.9 (aromat. C), 128.1 (aromat. C),
127.6 (aromat. C), 127.3 (aromat. C), 76.6 (BHA-3), 73.1 (Ser-CH2Ph),
69.3 (Ser-b), 66.9 (Thr-b), 58.6 (Thr-a), 58.3 (Val-a), 52.6 (Ser-a), 42.7
(BHA-2), 31.6 (BHA), 31.0 (BHA), 30.8 (BHA), 30.0 (Val-b), 29.4
(BHA), 29.2 (BHA), 29.1 (BHA), 24.9 (BHA), 24.7 (BHA), 22.4 (BHA),
18.3 (Thr-g), 17.9 (Val-ga), 17.0 (Val-gb), 13.7 (BHA-16), 12.7 ppm
(BHA-2’); IR (neat): ñ=3277, 3066, 2924, 2853, 1742, 1659, 1525,
1465 cm�1; HPLC-ESIMS (C4–10; tR =8.44 min): m/z : 664.15 [M+H]+ ,
1326.89 [2M+H]+ ; HRMS (ESI): m/z : calcd for C36H62N3O8: 664.4531
[M+H]+ ; found: 664.4528.


l-Valyl-l-threonyl-3-O-benzyl-l-seryl-(2R,3R)-2-methyl-3-hydroxyhexa-
decanoic acid ((2R,3R)-27): Yield: 133 mg (200 mmol), 82 % (d.r. 8:1);
major isomer: 1H NMR (400 MHz, CDCl3): d=7.24–7.06 (m, 5H;
aromat. H), 5.05–4.97 (m, 1H; BHA3-H), 4.51 (t, J= 3.5 Hz, 1H; Ser-
Ha), 4.35 (s, 2H; Ser-CH2Ph), 4.34–4.29 (m, 1H; Thr-Ha), 4.04–3.95 (m,
1H; Thr-Hb), 3.77 (dd, J=9.6, 3.7 Hz, 1H; Ser-Hba), 3.65 (d, J =5.9 Hz,
1H; Val-Ha), 3.54 (dd, J=9.6, 3.4 Hz, 1H; Ser-Hbb), 2.64–2.52 (m, 1H;
BHA2-H), 2.02 (qd, J=13.6, 6.9 Hz, 1 H; Val-Hb), 1.52–1.37 (m, 2 H;
BHA-4), 1.18–1.03 (m, 25H; BHA, Thr-g), 1.00 (d, J=7.1 Hz, 3 H;
BHA2’-H3), 0.88–0.82 (m, 6 H; Val-g), 0.72 ppm (t, J =6.9 Hz, 3H;
BHA16-H3); 13C NMR (101 MHz, CDCl3): d=175.9 (BHA-1), 169.9
(Thr-1), 169.2 (Ser-1), 168.4 (Val-1), 136.9 (aromat. C), 128.1 (aromat. C),
127.5 (aromat. C), 127.2 (aromat. C), 76.4 (BHA-3), 73.1 (Ser-CH2Ph),
69.2 (Ser-b), 67.2 (Thr-b), 58.3 (Thr-a), 58.2 (Val-a), 52.6 (Ser-a), 42.9
(BHA-2), 31.6 (BHA), 30.8 (BHA), 29.9 (Val-b), 29.3 (BHA), 29.2
(BHA), 29.0 (BHA), 24.6 (BHA), 22.3 (BHA), 18.3 (Thr-g), 17.8 (Val-
ga), 17.0 (Val-gb), 13.6 (BHA-16), 12.5 ppm (BHA-2’); IR (neat): ñ=


3291, 3066, 2923, 2853, 1735, 1652, 1533, 1465 cm�1; HPLC-ESIMS (C4–
10 ; tR =8.46 min): m/z : 664.16 [M+H]+ , 1326.71 [2M+H]+ ; HRMS
(ESI): m/z : calcd for C36H62N3O8: 664.4531 [M+H]+ ; found: 664.4529.


General procedure: Macrolactamization : A solution of open chain pre-
cursor 27 (119 mg, 0.180 mmol) in dry CH2Cl2/DMF (15:1, 4 mL) was
added slowly with a syringe pump to a solution of HBTU (137 mg,
0.360 mmol) and DIPEA (59 mL, 0.360 mmol) in dry CH2Cl2/DMF (15:1,
124 mL). The mixture was stirred for 14 h. After removal of the solvents,
the residue was dissolved in ethyl acetate and washed with water and
brine. The organic layer was dried with MgSO4 and the ethyl acetate was


removed. The crude product was purified by preparative HPLC, which
provided both the title compound 13 and the minor epimer 30 resulting
from partial epimerization of Ser-a as colorless powders.


1,3.4-Anhydro[l-valyl-l-threonyl-3-O-benzyl-l-seryl-(2R,3S)-2-methyl-3-
hydroxyhexadecanoic acid] ((2R,3S)-13): Yield: 53.5 mg (82.8 mmol),
46%; [a]20


D =�45.9 (c =1 in CHCl3); m.p.: 197 8C; 1H NMR (600 MHz,
[D6]DMSO): d=7.97 (d, J =9.6 Hz, 1H; Thr-NH), 7.68 (d, J =9.2 Hz,
1H; Val-NH), 7.35–7.24 (m, 5H; aromat. H), 6.78 (d, J=9.3 Hz, 1 H; Ser-
NH), 5.28 (d, J=4.4 Hz, 1H; Thr-OH), 4.88 (ddd, J=8.4, 5.9, 2.3 Hz,
1H; BHA3-H), 4.55 (d, J =12.2 Hz, 1 H; Ser-CH2Ph), 4.47 (dt, J =9.1,
5.4 Hz, 1 H; Ser-Ha), 4.43 (d, J =12.2 Hz, 1 H; Ser-CH2Ph), 4.12–4.07 (m,
1H; Thr-Hb), 4.05 (dd, J =9.6, 2.4 Hz, 1H; Thr-Ha), 3.86 (dd, J =11.1,
9.3 Hz, 1 H; Val-Ha), 3.52 (dd, J =9.2, 5.4 Hz, 1 H; Ser-Hba), 3.47 (dd, J=


9.1, 9.1 Hz, 1H; Ser-Hbb), 2.57 (dq, J =7.2, 2.1 Hz, 1 H; BHA2-H), 2.03–
1.95 (m, 1 H; Val-Hb), 1.71–1.62 (m, 1 H; BHA4a-H2), 1.47–1.38 (m, 1H;
BHA4b-H2), 1.26–1.19 (m, 22H; BHA5–15-H2), 1.17 (d, J =7.3 Hz, 3 H;
BHA2’-H3), 1.02 (d, J =6.3 Hz, 3H; Thr-Hg), 0.89 (d, J =6.5 Hz, 3H; Val-
Hga), 0.87 (d, J =6.7 Hz, 3H; Val-Hgb), 0.83 ppm (t, J= 7.0 Hz, 3 H;
BHA16-H3); 13C NMR (151 MHz, [D6]DMSO): d =171.8 (BHA-1), 171.2
(Val-1), 170.2 (Thr-1), 167.4 (Ser-1), 137.6 (aromat. C), 128.1 (aromat. C),
127.5 (aromat. C), 127.4 (aromat. C), 76.4 (BHA-3), 72.1 (Ser-CH2Ph),
68.8 (Ser-b), 64.8 (Thr-b), 62.0 (Val-a), 59.0 (Thr-a), 53.0 (Ser-a), 42.8
(BHA-2), 31.2 (BHA), 30.1 (BHA), 29.0 (Val-b), 28.9 (BHA), 28.7
(BHA), 28.6 (BHA), 24.5 (BHA), 22.0 (BHA), 20.7 (Thr-g), 19.3 (Val-
ga), 19.0 (Val-gb), 13.9 (BHA-16), 8.3 ppm (BHA-2’); IR (neat): ñ=


3424, 3283, 2923, 2853, 1745, 1671, 1656, 1536, 1468 cm�1; HPLC-ESIMS
(C4–70; tR =5.13 min): m/z : 646.3 [M+H]+ , 668.5 [M+Na]+ ; HRMS
(ESI): m/z : calcd for C36H60N3O7: 646.4426 [M+H]+ ; found: 646.4426.


1,3.4-Anhydro[l-valyl-l-threonyl-3-O-benzyl-d-seryl-(2R,3S)-2-methyl-3-
hydroxyhexadecanoic acid] ((2R,3S)-30): Yield: 8.1 mg (12.6 mmol), 7 %;
m.p.: 178 8C; 1H NMR (600 MHz, [D6]DMSO): d= 7.81 (d, J =7.5 Hz,
1H; Val-NH), 7.60 (d, J= 8.4 Hz, 1H; Ser-NH), 7.37 (d, J= 9.3 Hz, 1H;
Thr-NH), 7.33–7.21 (m, 5 H; aromat. H), 5.19 (dt, J =7.3, 2.4 Hz, 1 H;
BHA3-H), 4.78 (d, J=4.5 Hz, 1H; Thr-OH), 4.52 (ddd, J= 8.1, 7.1,
5.4 Hz, 1 H; Ser-Ha), 4.48–4.42 (m, 2H; Ser-CH2Ph), 4.11–4.04 (m, 2H;
Thr-Hb, Thr-Ha), 3.73 (dd, J =9.8, 7.5 Hz, 1 H; Val-Ha), 3.68 (dd, J =9.7,
7.1 Hz, 1 H; Ser-Hba), 3.50 (dd, J=9.7, 5.3 Hz, 1 H; Ser-Hbb), 2.55 (dq,
J =7.2, 2.3 Hz, 1H; BHA2-H), 2.18–2.08 (m, 1H; Val-Hb), 1.64 (qd, J=


14.0, 7.0 Hz, 1H; BHA4a-H2), 1.48–1.40 (m, 1 H; BHA4b-H2), 1.26–1.19
(m, 22 H; BHA5–15-H2), 1.18 (d, J= 7.3 Hz, 3H; BHA2’-H3), 0.98 (d, J=


6.1 Hz, 3H; Thr-Hg), 0.90 (d, J =3.3 Hz, 3H; Val-Hga), 0.88 (d, J =3.4 Hz,
3H; Val-Hgb), 0.83 ppm (t, J =7.0 Hz, 3 H; BHA16-H3); 13C NMR
(151 MHz, [D6]DMSO): d= 173.3 (BHA-1), 171.8 (Val-1), 169.8 (Thr-1),
169.0 (Ser-1), 138.2 (aromat. H), 128.1 (aromat. H), 127.2 (aromat. H),
75.8 (BHA-3), 72.1 (Ser-CH2Ph), 67.5 (Ser-b), 64.3 (Thr-b), 62.9 (Val-a),
57.0 (Thr-a), 51.0 (Ser-a), 41.6 (BHA-2), 31.2 (BHA), 30.4 (BHA), 29.0
(BHA), 28.9 (BHA), 28.8 (BHA), 28.6 (BHA), 28.0 (Val-b), 24.9 (BHA),
22.0 (BHA), 20.1 (Thr-g), 19.8 (Val-ga), 19.2 (Val-gb), 13.9 (BHA-16),
9.3 ppm (BHA-2’); IR (neat): ñ =3394, 3299, 3062, 2959, 2921, 2852,
1741, 1651, 1537, 1463 cm�1; HRMS (ESI): m/z : calcd for C36H60N3O7:
[M+H]+ : 646.4426; found: 646.4425.


1,3.4-Anhydro[l-valyl-l-threonyl-3-O-benzyl-l-seryl-(2S,3R)-2-methyl-3-
hydroxyhexadecanoic acid] ((2S,3R)-13): Yield: 59.3 mg (91.8 mmol),
51%; [a]20


D =�37.8 (c =1 in CHCl3); m.p.: 226 8C; 1H NMR (600 MHz,
[D6]DMSO): d =8.05 (d, J =10.1 Hz, 1H; Val-NH), 7.88 (d, J =8.7 Hz,
1H; Ser-NH), 7.37 (d, J =9.7 Hz, 1H; Thr-NH), 7.35–7.23 (m, 5H;
aromat. H), 5.14 (d, J =5.1 Hz, 1H; Thr-OH), 4.83 (ddd, J =10.0, 3.8,
3.0 Hz, 1 H; BHA3-H), 4.63 (td, J=8.5, 4.2 Hz, 1H; Ser-Ha), 4.53 (d, J =


12.6 Hz, 1 H; Ser-CH2Ph), 4.50 (d, J =12.6 Hz, 1 H; Ser-CH2Ph), 4.08 (dd,
J =9.7, 3.4 Hz, 1 H; Thr-Ha), 4.01–3.96 (m, 1 H; Thr-Hb), 3.97–3.91 (m,
1H; Val-Ha), 3.71 (dd, J=9.8, 4.0 Hz, 1 H; Ser-Hba), 3.57 (dd, J =9.8,
4.4 Hz, 1H; Ser-Hbb), 2.47–2.44 (m, 1H; BHA2-H), 1.63–1.54 (m, 1H;
BHA4a-H2), 1.92–1.82 (m, 1 H; Val-Hb), 1.45–1.36 (m, 1 H; BHA4b-H2),
1.26–1.14 (m, 22H; BHA5–15-H2), 1.06 (d, J=6.3 Hz, 3 H; Thr-Hg), 1.02
(d, J =7.1 Hz, 3H; BHA2’-H3), 0.90 (d, J =6.6 Hz, 1H; Val-Hga), 0.87 (d,
J =6.5 Hz, 3 H; Val-Hgb), 0.82 ppm (t, J =7.0 Hz, 3H; BHA16-H3);
13C NMR (151 MHz, [D6]DMSO): d=170.9 (BHA-1, Val-1), 170.3 (Thr-
1), 168.7 (Ser-1), 138.0 (aromat. C), 128.2 (aromat. C), 127.4 (aromat. C),
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76.6 (BHA-3), 72.2 (Ser-CH2Ph), 68.7 (Ser-b), 65.3 (Thr-b), 61.3 (Val-a),
59.7 (Thr-a), 51.4 (Ser-a), 43.2 (BHA-2), 31.2 (BHA), 29.4 (Val-b), 29.0
(BHA), 28.9 (BHA), 28.9 (BHA), 28.8 (BHA), 28.6 (BHA), 28.4 (BHA),
25.7 (BHA), 22.0 (BHA), 20.9 (Thr-g), 19.1 (Val-ga), 19.0 (Val-gb), 14.0
(BHA-2’), 13.9 ppm (BHA-16); IR: ñ =3311, 2963, 2919, 2852, 1726,
1673, 1642, 1556, 1508, 1469 cm�1; HPLC-ESIMS (C4–70 ; tR =5.00 min):
m/z : 646.41 [M+H]+ , 668.51 [M+Na]+ ; HRMS (ESI): m/z : calcd for
C36H60N3O7: 646.4426 [M+H]+ ; found: 646.4424.


1,3.4-Anhydro[l-valyl-l-threonyl-3-O-benzyl-d-seryl-(2S,3R)-2-methyl-3-
hydroxyhexadecanoic acid] ((2S,3R)-30): Yield: 9.3 mg (14.4 mmol), 8%;
m.p.: 212 8C; 1H NMR (600 MHz, [D6]DMSO): d= 8.23 (d, J =9.8 Hz,
1H; Val-NH), 7.62 (d, J =9.3 Hz, 1H; Thr-NH), 7.35–7.17 (m, 5 H;
aromat. H), 7.09 (d, J =6.5 Hz, 1 H; Ser-NH), 4.96 (ddd, J =10.4, 4.8,
2.6 Hz, 1 H; BHA3-H), 4.87 (d, J =4.5 Hz, 1 H; Thr-OH), 4.44 (s, 2H;
Ser-CH2Ph), 4.40 (td, J=6.2, 4.6 Hz, 1H; Ser-Ha), 4.30–4.24 (m, 1 H; Thr-
Hb), 4.15 (dd, J =9.2, 2.9 Hz, 1H; Thr-Ha), 4.00 (t, J=10.0 Hz, 1H; Val-
Ha), 3.71 (dd, J =9.5, 4.4 Hz, 1 H; Ser-Hba), 3.58 (dd, J=9.5, 6.1 Hz, 1H;
Ser-Hbb), 2.60–2.53 (m, 1H; BHA2-H), 1.88–1.74 (m, 2H; Val-Hb,
BHA4a-H2), 1.62–1.51 (m, 1 H; BHA4b-H2), 1.29–1.07 (m, 22 H; BHA5–
15-H2), 1.04 (d, J=7.1 Hz, 3 H; BHA2’-H3), 0.99 (d, J= 6.4 Hz, 3H; Thr-
Hg), 0.89 (d, J =6.7 Hz, 3H; Val-Hga), 0.86 (d, J =6.5 Hz, 3H; Val-Hgb),
0.82 ppm (t, J =7.0 Hz, 3 H; BHA16-H3); 13C NMR (151 MHz,
[D6]DMSO): d=171.8 (Val-1), 171.5 (BHA-1), 169.5 (Thr-1), 167.4 (Ser-
1), 137.6 (aromat. H), 128.0 (aromat. H), 127.4 (aromat. H), 127.2
(aromat. H), 76.5 (BHA-3), 72.2 (Ser-CH2Ph), 68.9 (Ser-b), 63.9 (Thr-b),
60.8 (Val-a), 56.9 (Thr-a), 54.3 (Ser-a), 42.8 (BHA-2), 31.2 (BHA), 29.7
(Val-b), 29.0 (BHA), 28.9 (BHA), 28.8 (BHA), 28.6 (BHA), 28.1 (BHA),
25.4 (BHA), 22.0 (BHA), 20.5 (Thr-g), 19.1 (Val-ga), 19.0 (Val-gb),
13.9 ppm (BHA-16, BHA-2’); IR (neat): ñ=3313, 2964, 2918, 2852, 1720,
1672, 1638, 1541, 1507, 1468 cm�1; HPLC-ESIMS (C4–70; tR =5.57 min):
m/z : 646.41, 668.53; HRMS (ESI): m/z : calcd for C36H60N3O7: 646.4426
[M+H]+ ; found: 646.4425.


1,3.4-Anhydro[l-valyl-l-threonyl-3-O-benzyl-l-seryl-(2S,3S)-2-methyl-3-
hydroxyhexadecanoic acid] ((2S,3S)-13): Yield: 72.1 mg (0.112 mmol),
62%; [a]20


D =�58.2 (c =1 in CHCl3); m.p.: 235 8C; 1H NMR (600 MHz,
[D6]DMSO): d=8.01 (d, J =8.2 Hz, 1H; Val-NH), 7.80 (d, J =9.3 Hz,
1H; Thr-NH), 7.33–7.20 (m, 5 H; aromat. H), 7.09 (d, J= 8.3 Hz, 1 H;
Ser-NH), 5.16 (d, J =5.2 Hz, 1H; Thr-OH), 4.75 (ddd, J=10.5, 5.0,
3.9 Hz, 1H; BHA3-H), 4.48 (d, J=12.3 Hz, 1H; Ser-CH2Ph), 4.46 (d, J=


12.3 Hz, 1 H; Ser-CH2Ph), 4.39 (ddd, J =8.2, 6.9, 4.7 Hz, 1 H; Ser-Ha),
4.09–4.02 (m, 2H; Thr-Hb, Thr-Ha), 3.73 (t, J =8.6 Hz, 1 H; Val-Ha), 3.62
(dd, J =9.5, 4.7 Hz, 1 H; Ser-Hba), 3.46 (dd, J =9.5, 6.9 Hz, 1H; Ser-Hbb),
2.72–2.61 (m, 1 H; BHA2-H), 1.77–1.69 (m, 1H; BHA4a-H2), 1.94–1.84
(m, 1H; Val-Hb), 1.50–1.41 (m, 1 H; BHA4b-H2), 1.28–1.08 (m, 22H;
BHA5–15-H3), 1.02 (d, J =6.2 Hz, 3H; Thr-Hg), 0.99 (d, J= 6.9 Hz, 3H;
BHA2’-H3), 0.93 (d, J =6.6 Hz, 3 H; Val-Hga), 0.88 (d, J =6.8 Hz, 3 H;
Val-Hgb), 0.82 ppm (t, J =7.1 Hz, 3H; BHA16-H3); 13C NMR (151 MHz,
[D6]DMSO): d=173.3 (BHA-1), 171.6 (Val-1), 170.2 (Thr-1), 167.2 (Ser-
1), 137.6 (ipso-aromat. C), 128.1 (2x m-aromat. C), 127.4 (p-aromat. C),
127.1 (2x o-aromat. C), 76.6 (BHA-3), 72.1 (Ser-CH2Ph), 69.6 (Ser-b),
64.9 (Thr-b), 61.6 (Val-a), 59.5 (Thr-a), 53.3 (Ser-a), 42.8 (BHA-2), 31.2
(BHA), 29.9 (BHA), 29.1 (Val-b), 28.9 (7x BHA), 28.6 (BHA), 22.8
(BHA), 22.0 (BHA), 20.8 (Thr-g), 19.3 (Val-ga), 19.0 (Val-gb), 14.7
(BHA-2’), 13.9 ppm (BHA-16); IR (neat): ñ= 3333, 2958, 2921, 2852,
1739, 1660, 1530, 1503, 1469 cm�1; HRMS (ESI): m/z : calcd for
C36H60N3O7: 646.4426 [M+H]+ ; found: 646.4425.


1,3.4-Anhydro[l-valyl-l-threonyl-3-O-benzyl-l-seryl-(2R,3R)-2-methyl-3-
hydroxyhexadecanoic acid] ((2R,3R)-13): Yield: 41.8 mg (64.8 mmol),
36%; [a]20


D =�49.3 (c=0.5 in CHCl3); m.p.: 234 8C; 1H NMR (600 MHz,
[D6]DMSO): d =7.94 (d, J =10.1 Hz, 1H; Thr-NH), 7.72 (d, J =9.0 Hz,
1H; Ser-NH), 7.60 (b, 1H; Val-NH), 7.40–7.20 (m, 5H; aromat. H), 5.21
(d, J =4.6 Hz, 1 H; Thr-OH), 4.77–4.73 (m, 1H; Ser-Ha), 4.70 (ddd, J =


8.0, 6.2, 2.0 Hz, 1H; BHA3-H), 4.54 (d, J =12.4 Hz, 1 H; Ser-CH2Ph),
4.47 (d, J =12.4 Hz, 1 H; Ser-CH2Ph), 4.11 (dd, J =10.1, 2.6 Hz, 1H; Thr-
Ha), 4.06 (m, 1 H; Thr-Hb), 4.06–4.01 (m, 1H; Val-Ha), 3.84 (dd, J =9.0,
2.6 Hz, 1 H; Ser-Hba), 3.59 (dd, J=9.6, 3.0 Hz, 1 H; Ser-Hbb), 2.58 (dq,
J =7.3, 1.90 Hz, 1H; BHA2-H), 2.09–1.95 (m, 1 H; Val-Hb), 1.61–1.52 (m,
1H; BHA4a-H2), 1.48–1.40 (m, 1 H; BHA4b-H2), 1.33–1.17 (m, 22H;


BHA5–15-H2), 1.13 (d, J =7.3 Hz, 3 H; BHA2’-H3), 1.05 (d, J =6.3 Hz,
3H; Thr-Hg), 0.90 (d, J =6.6 Hz, 3H; Val-Hga), 0.85 (d, J=6.5 Hz, 3 H;
Val-Hgb), 0.83 ppm (t, J =7.0 Hz, 3H; BHA16-H3); 13C NMR (151 MHz,
[D6]DMSO): d=171.0 (BHA-1), 170.8 (Val-1), 170.3 (Thr-1), 168.9 (Ser-
1), 137.9 (aromat. C), 129.8 (aromat. C), 128.1 (aromat. C), 127.3
(aromat. C), 77.9 (BHA-3), 72.4 (Ser-CH2Ph), 70.0 (Ser-b), 65.2 (Thr-b),
61.3 (Val-a), 59.1 (Thr-a), 52.5 (Ser-a), 52.4, 42.8 (BHA-2), 40.0 (BHA),
31.7 (BHA), 31.2 (BHA), 29.0 (BHA), 29.1 (Val-b), 28.9 (BHA), 28.8
(BHA), 28.7 (BHA), 28.6 (BHA), 24.8 (BHA), 22.0 (BHA), 20.9 (Thr-g),
19.2 (Val-ga), 18.9 (Val-gb), 13.9 ppm (BHA-16, BHA-2’); IR (neat): ñ=


3285, 2923, 2853, 1725, 1684, 1637, 1544, 1455 cm�1; HRMS (ESI): m/z :
calcd for C36H60N3O7: 646.4426 [M+H]+ ; found: 646.4425.


General procedure: Phosphorylation : Macrocyle 13 (20.5 mg, 31.7 mmol)
and tetrazole (0.45 m in CH3CN, 353 mL, 159 mmol) were dissolved in dry
CH2Cl2 (634 mL) and stirred for 10 min at RT. Dibenzylisopropyl phos-
phoramidite[32] (626 mL, 190 mmol) was added and after 3 h, the mixture
was cooled to 0 8C, and a tBuOOH solution (5.5 m in hexane, 35 mL,
190 mmol) was added. The mixture was stirred for 15 min and quenched
with 10 % Na2S2O3 (3 mL) at 0 8C. The aqueous layer was extracted with
ethyl acetate (4 � 3 mL) and the combined organic layers were dried with
MgSO4. After removal of the solvent, the crude product was purified by
preparative HPLC and lyophilized to give a colorless powder. The ob-
tained products were always found contaminated with minor amounts of
monodebenzylated compound (1–5 %), which were apparent in the
31P NMR at ca. d=�6 ppm.


1,3.4-Anhydro[l-valyl-3-O-dibenzylphospho-l-threonyl-3-O-benzyl-l-


seryl-(2S,3R)-2-methyl-3-hydroxyhexadecanoic acid] ((2S,3R)-28): Yield:
20.1 mg (22.2 mmol), 70%; 1H NMR (400 MHz, CDCl3): d =7.63 (d, J=


6.2 Hz, 1H; Ser-NH), 7.35–7.15 (m, 15H; aromat. H), 7.00 (d, J =7.1 Hz,
1H; Thr-NH), 6.46 (br s, 1H; Val-NH), 5.41–5.30 (m, 1 H; Thr-Hb), 4.98–
4.89 (m, 5H; POCH2Ph, BHA3-H), 4.50 (td, J =7.1, 2.0 Hz, 1 H; Ser-Ha),
4.32 (d, J =10.8 Hz, 1H; Ser-CH2Ph), 4.24 (d, J=10.8 Hz, 1H; Ser-
CH2Ph), 4.23–4.18 (m, 1H; Thr-Ha), 4.15 (t, J=10.5 Hz, 1 H; Val-Ha),
3.88 (dd, J =9.2, 2.1 Hz, 1 H; Ser-Hba), 3.70 (dd, J=9.2, 2.3 Hz, 1H; Ser-
Hbb), 2.24–2.15 (m, 1H; BHA2-H), 1.73–1.60 (m, 2H; Val-Hb, BHA4a-
H2), 1.59–1.49 (m, 1H; BHA4b-H2), 1.32 (d, J =6.5 Hz, 3 H; Thr-Hg),
1.25–1.13 (m, 25 H; BHA), 1.05 (d, J =7.1 Hz, 3 H; BHA2’-H3), 0.88 (d,
J =6.6 Hz, 3H; Val-Hga), 0.81 (t, J=7.0 Hz, 3H; BHA16-H3), 0.79 ppm
(d, J =6.5 Hz, 3 H; Val-Hgb); 31P NMR (162.1 MHz, CDCl3): d=


�1.26 ppm.


1,3.4-Anhydro[l-valyl-3-O-dibenzylphospho-l-threonyl-3-O-benzyl-l-


seryl-(2R,3R)-2-methyl-3-hydroxyhexadecanoic acid] ((2R,3R)-28):
Yield: 22.1 mg (24.4 mmol), 80%; 1H NMR (400 MHz, CDCl3): d =7.67
(d, J =6.8 Hz, 1H; Ser-NH), 7.24 (m, 15H; aromat. H), 7.08 (d, J=


7.0 Hz, 1H; Thr-NH), 6.04 (d, J=9.1 Hz, 1H; Val-NH), 5.44–5.32 (m,
1H; Thr-Hb), 4.99–4.92 (m, 4H; POCH2Ph), 4.71 (t, J =6.7 Hz, 1H;
BHA3-H), 4.47 (td, J =7.3, 2.2 Hz, 1 H; Ser-Ha), 4.36 (d, J =10.7 Hz, 1 H;
Ser-CH2Ph), 4.25 (d, J =10.7 Hz, 1 H; Ser-CH2Ph), 4.18–4.01 (m, 2H;
Thr-Ha, Val-Ha), 3.86 (dd, J =9.1, 2.2 Hz, 1H; Ser-Hba), 3.65 (dd, J =9.1,
2.5 Hz, 1H; Ser-Hbb), 2.56 (dq, J =7.1, 0.55 Hz, 1 H; BHA2-H), 1.95–1.82
(m, 1H; Val-Hb), 1.76–1.55 (m, 2H; BHA4-H2), 1.31 (d, J =6.5 Hz, 3H;
Thr-Hg), 1.26–1.09 (m, 25 H; BHA, BHA2’-H3), 0.91 (d, J =6.6 Hz, 3 H;
Val-Hga), 0.82 (d, J= 6.0 Hz, 3H; Val-Hga), 0.81 ppm (t, J =6.5 Hz, 3 H;
BHA16-H3); 31P NMR (162.1 MHz, CDCl3): d=�1.10 ppm.


1,3.4-Anhydro[l-valyl-3-O-dibenzylphospho-l-threonyl-3-O-benzyl-l-


seryl-(2S,3S)-2-methyl-3-hydroxyhexadecanoic acid] ((2S,3S)-28): Yield:
23.8 mg (26.3 mmol), 84%; 1H NMR (400 MHz, CDCl3): d=7.70 (br s,
1H; Thr-NH), 7.37–7.02 (m, 15 H; aromat. H), 6.87 (bs, 1H; Ser-NH),
6.30 (br s, 1 H; Val-NH), 5.02 (ddd, J =14.4, 6.6, 3.9 Hz, 1H; Thr-Hb),
4.96–4.87 (m, 5 H; BHA3-H, POCH2Ph), 4.51 (dd, J =9.0, 3.4 Hz, 1 H;
Thr-Ha), 4.44 (dd, J =9.8, 5.4 Hz, 1H; Ser-Ha), 4.26 (d, J=1.7 Hz, 2H;
Ser-CH2Ph), 4.02–3.94 (m, 1H; Val-Ha), 3.70 (dd, J=9.5, 4.0 Hz, 1 H;
Ser-Hba), 3.60 (dd, J= 9.5, 5.6 Hz, 1 H; Ser-Hbb), 2.59 (qd, J =13.9,
6.9 Hz, 1H; BHA2-H), 2.04–1.77 (m, 2H; Val-Hb, BHA4a-H2), 1.44 (ddd,
J =14.9, 10.3, 5.1 Hz, 1H; BHA4b-H2), 1.31 (d, J=6.6 Hz, 3H; Thr-Hg),
1.28–1.12 (m, 22 H; BHA), 1.11 (d, J =6.9 Hz, 3 H; BHA2’-H3), 0.97 (d,
J =6.6 Hz, 3 H; Val-Hga), 0.93 (d, J =6.7 Hz, 3 H; Val-Hgb), 0.81 ppm (t,
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J =6.9 Hz, 3 H; BHA16-H3); 31P NMR (162.1 MHz, CDCl3): d=


�1.11 ppm.


1,3.4-Anhydro[l-valyl-3-O-dibenzylphospho-l-threonyl-3-O-benzyl-l-


seryl-(2R,3S)-2-methyl-3-hydroxyhexadecanoic acid] ((2R,3S)-28): Yield:
21.8 mg (24.1 mmol), 76%; 1H NMR (400 MHz, CDCl3): d=8.14 (br s,
1H; Thr-NH), 7.42–6.99 (m, 15H; aromat. H), 6.80 (br s, 1H; Ser-NH),
6.43 (br s, 1H; Val-NH), 5.24–5.15 (m, 1 H; BHA3-H), 5.02 (ddd, J =16.7,
6.4, 3.4 Hz, 1 H; Thr-Hb), 4.93–4.81 (m, 4H; POCH2Ph), 4.53–4.44 (m,
2H; Thr-Ha, Ser-Ha), 4.29 (d, J=12.0 Hz, 1H; Ser-CH2Ph), 4.22 (d, J=


12.0 Hz, 1H; Ser-CH2Ph), 4.00 (t, J =8.4 Hz, 1 H; Val-Ha), 3.65 (dd, J=


9.5, 4.4 Hz, 1H; Ser-Hba), 3.55 (dd, J =8.8, 6.9 Hz, 1H; Ser-Hbb), 2.76–
2.59 (m, 1H; BHA2-H), 2.09–1.97 (m, 1H; Val-Hb), 1.98–1.69 (m, 2 H;
BHA4-H2), 1.32 (d, J =6.8 Hz, 3H; Thr-Hg), 1.21 (d, J=7.4 Hz, 3 H;
BHA2’-H3), 1.18 (s, 22H; BHA), 1.00–0.90 (m, 6 H; Val-Hg), 0.81 ppm (t,
J =6.7 Hz, 3 H; BHA16-H3); 31P NMR (162.1 MHz, CDCl3): d=


�1.24 ppm.


General procedure: Debenzylation of phosphorylated depsipeptides :
Phosphotriester 28 (19.0 mg, 20.97 mmol) was dissolved in EtOH (3 mL).
10% Pd/C (7 mg) was added and the mixture was hydrogenated (H2 bal-
loon) for 4 h. Filtration through a pad of Celite and evaporation of the
solvent gave product 14 as a colorless oil.


1,3.4-Anhydro[l-valyl-phospho-l-threonyl-l-seryl-(2S,3R)-2-methyl-3-hy-
droxyhexadecanoic acid] ((2S,3R)-14): Yield: 8.2 mg (14.7 mmol), 87 %;
1H NMR (600 MHz, [D6]DMSO): d =8.15 (d, J=8.6 Hz, 1 H; Val-NH),
8.01 (d, J =7.9 Hz, 1H; Ser-NH), 7.61 (d, J=8.9 Hz, 1 H; Thr-NH), 4.85–
4.77 (m, 1H; BHA3-H), 4.53–4.47 (m, 1 H; Thr-Hb), 4.45 (dt, J =8.7,
4.3 Hz, 1H; Ser-Ha) 4.19 (dd, J =9.0, 4.6 Hz, 1H; Thr-Ha), 3.97 (dd, J=


10.7, 10.7 Hz, 1H; Val-Ha), 3.72 (dd, J= 11.3, 4.5 Hz, 1H; Ser-Hba), 3.62
(dd, J=11.3, 4.1 Hz, 1H; Ser-Hbb), 2.47–2.43 (m, 1H; BHA2-H), 1.96–
1.80 (m, 1 H; Val-Hb), 1.63–1.51 (m, 1 H; BHA4a-H2), 1.42–1.29 (m, 1H;
BHA4b-H2), 1.30–1.12 (m, 25H; Thr-Hg, BHA), 1.03 (d, J=7.0 Hz, 1 H;
BHA2’-H3), 0.91 (d, J =6.6 Hz, 3 H; Val-Hga), 0.88 (d, J =6.6 Hz, 3 H;
Val-Hgb), 0.85 ppm (t, J =6.9 Hz, 3H; BHA16-H3); 13C NMR (151 MHz,
[D6]DMSO): d=170.8 (BHA-1, Val-1), 169.0 (Ser-1), 168.8 (Thr-1), 76.3
(BHA-3), 71.1 (Thr-b), 61.3 (Val-a), 60.3 (Ser-b), 59.3 (Thr-a), 53.4 (Ser-
a), 43.3 (BHA-2), 31.3 (BHA), 29.3 (Val-b), 29.0 (BHA), 28.9 (BHA),
28.8 (BHA), 28.7 (BHA), 28.5 (BHA), 25.7 (BHA), 22.1 (BHA), 19.1
(Val-g), 18.9 (Thr-g), 13.9 ppm (BHA-2’, BHA-16); 31P NMR
(162.1 MHz, CDCl3): d=�0.46; HPLC-ESIMS (C4–50, tR =6.35 min):
m/z : 636.12 [M+H]+ , 658.33 [M+Na]+ ; HRMS (ESI): m/z : calcd for
C29H55N3O10P: 636.3620 [M+H]+ ; found: 636.3619.


1,3.4-Anhydro[l-valyl-phospho-l-threonyl-l-seryl-(2R,3S)-2-methyl-3-hy-
droxyhexadecanoic acid] ((2R,3S)-14): Yield: 13.1 mg (20.3 mmol), 97%;
1H NMR (600 MHz, [D6]DMSO): d=9.01 (d, J=6.3 Hz, 1 H; Thr-NH),
8.38 (br s, 1H; Val-NH), 7.69 (br s, 1 H; Ser-NH), 4.75 (ddd, J=7.5, 4.8,
1.7 Hz, 1H; BHA3-H), 4.58–4.47 (m, 1 H; Thr-Hb), 4.32 (td, J =9.8,
6.1 Hz, 1H; Ser-Ha), 4.05 (dd, J=9.0, 2.2 Hz, 1 H; Thr-Ha), 3.87 (dd, J=


10.8, 9.8 Hz, 1H; Val-Ha), 3.59–3.45 (m, 2H; Ser-Hb), 2.50 (m, 1H;
BHA2-H), 2.24–2.13 (m, 1 H; Val-Hb), 1.77–1.63 (m, 1H; BHA4a-H2),
1.47–1.35 (m, 1 H; BHA4b-H2), 1.32–1.12 (m, 28H; BHA2’-H3, BHA,
Thr-Hg), 0.93–0.73 ppm (m, 9H; Val-Hg, BHA16-H3); 13C NMR
(151 MHz, [D6]DMSO): d= 172.2 (BHA-1), 171.6 (Val-1), 170.1 (Thr-1),
168.8 (Ser-1), 76.1 (BHA-3), 69.2 (Thr-b), 62.0 (Ser-b, Val-a), 59.6 (Thr-
a), 55.8 (Ser-a), 43.0 (BHA-2), 31.3 (BHA), 29.8 (BHA), 29.0 (BHA),
28.9 (BHA), 28.8 (BHA), 28.7 (Val-b), 24.4 (BHA), 22.1 (BHA), 19.6
(Thr-g), 19.1 (Val-g), 13.9 (BHA-16), 8.8 ppm (BHA-2’); 31P NMR
(162.1 MHz, CDCl3): d=�0.87 ppm; HPLC-ESIMS (C4–50, tR =


5.98 min): m/z : 636.15 [M+H]+ , 658.35 [M+Na]+ ; HRMS (ESI): m/z :
calcd for C29H55N3O10P: 636.3620 [M+H]+ ; found: 636.3619.


1,3.4-Anhydro[l-valyl-phospho-l-threonyl-l-seryl-(2S,3S)-2-methyl-3-hy-
droxyhexadecanoic acid] ((2S,3S)-14): Yield: 13.3 mg (24.0 mmol), 95 %;
1H NMR (600 MHz, [D6]DMSO): d =8.59 (d, J=6.0 Hz, 1 H; Val-NH),
8.37 (d, J =8.6 Hz, 1H; Thr-NH), 7.33 (d, J=8.7 Hz, 1 H; Ser-NH), 4.66
(td, J=9.3, 4.4 Hz, 1 H; BHA3-H), 4.58–4.51 (m, 1 H; Thr-Hb), 4.25 (td,
J =9.4, 5.5 Hz, 1 H; Ser-Ha), 4.11 (dd, J =8.8, 4.1 Hz, 1 H; Thr-Ha), 3.72
(dd, J =9.3, 9.3 Hz, 1H; Val-Ha), 3.52 (d, J =5.5 Hz, 2 H; Ser-Hb), 2.76
(qd, J=13.7, 6.7 Hz, 1H; BHA2-H), 2.07–1.95 (m, 1H; Val-Hb), 1.78–
1.67 (m, 1 H; BHA4a-H2), 1.50–1.39 (m, 1 H; BHA4b-H2), 1.32–1.14 (m,


25H; BHA, Thr-Hg), 0.97 (d, J= 6.9 Hz, 1 H; BHA2’-H3), 0.92 (d, J =


6.5 Hz, 3H; Val-Hga), 0.88 (d, J =6.5 Hz, 3H; Val-Hgb), 0.85 ppm (t, J=


6.7 Hz, 3 H; BHA16-H3); 13C NMR (151 MHz, [D6]DMSO): d=173.3
(BHA-1), 171.8 (Val-1), 169.4 (Thr-1), 168.1 (Ser-1), 76.5 (BHA-3), 69.5
(Thr-b), 62.0 (Ser-b), 61.8 (Val-a), 59.6 (Thr-a), 55.7 (Ser-a), 42.9 (BHA-
2), 31.2 (BHA), 30.0 (BHA-4), 29.1 (BHA), 29.0 (Val-b), 28.8 (BHA),
28.7 (BHA), 22.6 (BHA), 22.0 (BHA), 19.5 (Val-ga), 19.4 (Thr-g), 19.1
(Val-gb), 14.5 (BHA-2’), 13.9 ppm (BHA-16); 31P NMR (162.1 MHz,
CDCl3): d=�0.37; HPLC-ESIMS (C4–50, tR =5.52 min): m/z : 636.12
[M+H]+ , 658.35 [M+Na]+ ; HRMS (ESI): m/z : calcd for C29H55N3O10P:
636.3620 [M+H]+ ; found: 636.3619.


1,3.4-Anhydro[l-valyl-phospho-l-threonyl-l-seryl-(2R,3R)-2-methyl-3-hy-
droxyhexadecanoic acid) ((2R,3R)-14): Yield: 12.8 mg (23.1 mmol), 95%;
1H NMR (600 MHz, [D6]DMSO): d=8.79–8.41 (m, 2 H; Ser-NH, Thr-
NH) 8.26 (brs, 1H; Val-NH), 4.64 (t, J=6.6 Hz, 1H; BHA3-H), 4.59–
4.46 (m, 2H; Ser-Ha, Thr-Hb), 4.15 (d, J =9.5 Hz, 1H; Thr-Ha), 4.01 (dd,
J =10.8, 10.8 Hz, 1H; Val-Ha), 3.75 (dd, J= 11.2, 6.0 Hz, 1H; Ser-Hba),
3.61 (dd, J =10.9, 2.3 Hz, 1H; Ser-Hbb), 2.53–2.51 (m, 1 H; BHA2-H),
2.22–2.13 (m, 1 H; Val-Hb), 1.56–1.44 (m, 1 H; BHA4a-H2), 1.42–1.32 (m,
1H; BHA4b-H2), 1.32–1.08 (m, 28 H; BHA2’-H3, BHA, Thr-Hg), 0.89 (d,
J =6.5 Hz, 3H; Val-Hga), 0.85 (t, J=6.8 Hz, 3H; BHA16-H3), 0.84 ppm
(d, J=6.2 Hz, 3 H; Val-Hgb); 13C NMR (151 MHz, [D6]DMSO): d=171.2
(Val-1), 170.2 (BHA-1), 170.0 (Thr-1), 169.7 (Ser-1), 76.9 (BHA-3), 70.0
(Thr-b), 61.6 (Val-a), 61.5 (Ser-b), 59.1 (Thr-a), 54.5 (Ser-a), 43.5 (BHA-
2), 32.0 (BHA-4), 31.2 (BHA), 29.0 (BHA), 28.9 (BHA), 28.7 (BHA),
28.5 (Val-b), 25.0 (BHA), 22.0 (BHA), 20.0 (Thr-g), 19.2 (Val-ga), 19.0
(Val-gb), 14.1 (BHA-2’), 13.9 ppm (BHA-16); 31P NMR (162.1 MHz,
[D6]DMSO): d=�1.26 ppm; HPLC-ESIMS (C4–50; tR = 6.98 min): m/z :
636.16 [M+H]+ , 658.35 [M+Na]+ ; HRMS (ESI): m/z : calcd for
C29H55N3O10P: 636.3620 [M+H]+ ; found: 636.3618.


1,3.4-Anhydro[l-valyl-l-threonyl-l-seryl-(2S,3R)-2-methyl-3-hydroxyhex-
adecanoic acid] ((2S,3R)-29): Benzylated cylodepsipeptide 13 (15.8 mg,
24.6 mmol) was dissolved in EtOH (2.5 mL). 10% Pd/C (7 mg) and HCl
(25 mL, 1n) were added and the mixture was hydrogenated (H2 balloon)
for 4 h. Filtration through a pad of Celite and evaporation of the solvent
gave product 29 as a colorless solid. Yield: 12.4 mg (22.4 mmol), 91%; Rf :
0.27 (CH2Cl2/MeOH 10:1, v/v); [a]20


D =�30.0 (c =0.5 in 1:1 MeOH/
CHCl3); 1H NMR (600 MHz, [D6]DMSO): d=8.12 (d, J=10.1 Hz, 1 H;
Val-NH), 7.83 (d, J= 8.7 Hz, 1H; Ser-NH), 7.46 (d, J=9.8 Hz, 1 H; Thr-
NH), 5.10 (d, J =5.1 Hz, 1 H; Thr-OH), 4.88–4.77 (m, 2H; Ser-OH,
BHA3-H), 4.49–4.42 (m, 1H; Ser-Ha), 4.10 (dd, J =9.8, 3.0 Hz, 1H; Thr-
Ha), 4.06–3.94 (m, 2H; Thr-Hb, Val-Ha), 3.78 (ddd, J =10.2, 5.5, 3.6 Hz,
1H; Ser-Hba), 3.57 (dd, J= 10.8, 4.5 Hz, 1H; Ser-Hbb), 2.48–2.43 (m, 1H;
BHA2-H), 1.91 (dq, J=13.0, 6.5 Hz, 1 H; Val-Hb), 1.67–1.56 (m, 1 H;
BHA4a-H2), 1.46–1.33 (m, 1 H; BHA4b-H2), 1.33–1.11 (m, 22 H; BHA),
1.07 (d, J =6.3 Hz, 3 H; Thr-Hg), 1.04 (d, J =7.1 Hz, 3 H; BHA2’-H3), 0.92
(d, J =8.8 Hz, 3 H; Val-Hga), 0.90 (d, J =8.6 Hz, 3 H; Val-Hgb), 0.85 ppm
(t, J=6.7 Hz, 3 H; BHA16-H3); 13C NMR (151 MHz, [D6]DMSO): d=


170.9 (BHA-1), 170.8 (Val-1), 170.1 (Thr-1), 169.0 (Ser-1), 76.3 (BHA-3),
65.3 (Thr-b), 61.5 (Thr-a), 61.1 (Ser-b), 60.2 (Val-a), 53.5 (Ser-a), 43.1
(BHA-2), 39.7 (Val-b), 31.2 (BHA), 28.9 (BHA), 28.9 (BHA), 28.9
(BHA), 28.8 (BHA), 28.6 (BHA), 25.7 (BHA), 22.0 (BHA), 20.7 (Thr-g),
19.1 (Val-ga), 19.0 (Val-gb), 13.9 ppm (BHA-16; BHA-2’); IR (neat): ñ=


3444, 3333, 3085, 2922, 2852, 1729, 1656, 1550, 1466, 1367 cm�1; HRMS
(ESI): m/z : calcd for C29H54N3O7: 556.3956 [M+H]+ ; found: 556.3950.


NMR spectroscopic experiments : All spectra were recorded at RT on a
Varian Mercury-Vx 400 MHz or a Varian Unity Inova 600 MHz NMR
spectrometer. For signal assignment 1H-, APT, TOCSY, gHSQC, and
gHMBC spectra were recorded. ROESY experiments have been per-
formed with 6 mg depsipeptide in 0.5 mL degassed [D6]DMSO at a
mixing time of 300 ms. Integration of the signals was performed with the
program Aurelia from Bruker and the integrated volumes were offset
corrected.[60] Proton–proton distances were calculated and ranked by
using two methylene protons as reference (1.8 �).


Computational methods : The low-energy conformations of the cyclic
depsipeptides were calculated by using the programs Macromodel 9.1[37]


and Maestro. A total of 35,000 starting structures was generated for each
molecule by using the LMOD method with low-frequency eigenvector
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sampling.[36] All ring atoms as well as the first atoms of the side chains
were used for the identification of new unique structures applying a root-
mean-square deviation (RMSD) threshold of 0.25 �. All conformers
within an energy window of 50 kJ mol�1 were used. Subsequently, energy
minimization with the truncated Newton conjugated gradient (TNCG)[61]


was performed on each conformer by using the OPLS 2005 force field[62]


with implemented GB/SA solvation model.[63] The line search parameter
was set from 1 to 0 to choose the direction of minimization steps, default
values were used for the remaining parameters. Convergence (RMSD
gradient=0.05 kJ mol�1 ��1) was reached after a maximum of 10,000 iter-
ations. For the restrained modeling up to 30 distances calculated from
NOE signals were set as distance constraints with a �10% flat potential
interval. Calculations starting from varying initial geometries gave consis-
tent results and each unique conformation was found on average 20–30
times. The final conformations were submitted to a clustering by using
Schrçdinger�s XCluster program. Clustering criterion was the atomic
root-mean-square (RMS) with all heavy ring atoms and the first heavy
atom of each substituent as comparison set. Subsequently, the hierarchy
level corresponding to an RMS of 0.1 � was chosen and its representa-
tive structures, the cluster centers, exported. Images were created by
using PyMol 0.99 from Delano Scientific. Overlays were generated based
on all heavy atoms in the macrocycle by using Schrçdinger Maestro 7.5.


Inhibition studies : The human VHR (�12.5 mg mL�1) was prepared ac-
cording to published procedures.[51] 10 mm stock solutions of inhibitors
were prepared in DMSO. The assay buffer consisted of 25 mm MOPS,
5 mm EDTA, 1 mm DTE, and 0.025 % NP-40. The pH was adjusted to
6.5 and the buffer was filtered and degassed. 10 mm pNPP was used as
substrate. In a 96-well plate a dilution series of 50 mL inhibitor was pipet-
ted. After addition of 30 mL VHR (final dilution 1:1600), the mixture was
incubated at 37 8C for 30 min. As soon as 20 mL pNPP was added, the ex-
tinction was monitored for 40 min in 2 min steps at 405 nm. Subsequently,
an endpoint measurement was performed. To this end, 10 mL 2n NaOH
were added to each well and the extinction was measured again. All ex-
periments were carried out in triplicate, including the known PTP inhibi-
tor IV[64] as control. To determine the IC50 values, experimental data
were analyzed by using the ORIGIN (Microcal Software) program.


Malachite green test :[59] The malachite green solution was prepared by
addition of malachite green oxalate (350 mg, 0.38 mmol) and ammonium
molybdate (3.2 g, 2.59 mmol) to 33% HCl (45 mL). The mixture was di-
luted with water to 150 mL, stirred for 12 h, and filtrated twice. The same
assay conditions as for the IC50 determination without addition of the
substrate were applied. After 45 min, 50 mL malachite green solution was
added and the mixture was incubated for an additional 15 min at RT. For
calibration, a series of defined Na2HPO4 concentrations were measured.
The phosphate concentration was monitored by UV-absorbance at
620 nm.
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Hybrid Host–Guest Complexes: Directing the Supramolecular Structure
through Secondary Host–Guest Interactions


Carsten Streb, Thomas McGlone, Oliver Br*cher, De-Liang Long, and Leroy Cronin*[a]


Introduction


Polyoxometalates (POMs) are polynuclear metal–oxide clus-
ters formed by the self-assembly of oxo-anions of molybde-
num, tungsten or vanadium.[1] A vast range of structural
types is accessible with nuclearities ranging from 6 to 368
metal centres. Tungsten[2] and molybdenum-based[3] systems
in particular have been subjected to a vast number of stud-
ies due to their attractive electronic and molecular proper-
ties, making these clusters ideal candidates for applications


in catalysis,[5,6] magnetism,[7,8] electron-transfer processes,[9,10]


materials science[11–13] and medicine.[14,15] Typically, the syn-
thesis of polyoxometalates employs “one-pot” reactions in
which a multitude of parameters, such as acidity, ionic
strength of the solvent, temperature and pressure, dramati-
cally affect the final product. The manipulation of a single
reaction parameter can, therefore, represent a facile but ser-
endipitous route to novel POM architectures. However, the
predetermined assembly of complex cluster systems by using
smaller, well-known building blocks still represents a major
challenge, and the successful implementation of this ap-
proach could provide direct control over the cluster archi-
tectures and the physical properties of the materials. It is
this prospect that over the last decade has sparked a tre-
mendous amount of research into the self-assembly of
POM-based secondary building blocks.[16] The utilisation of
readily available POM building blocks as synthons in the de-
signed assembly of more complex systems could allow a


Abstract: A set of four hybrid host–
guest complexes based on the inorganic
crown ether analogue [H12W36O120]


12�


({W36}) have been isolated and charac-
terised. The cluster anion features a
central rigid binding site made up of
six terminal oxygen ligands and this
motif allows the selective binding of a
range of alkali and alkali-earth-metal
cations. Here, the binding site was uti-
lised to functionalise the metal oxide-
based cavity by complexing a range of
protonated primary amines within the
recognition site. As a result, a set of
four hybrid organic–inorganic host–
guest complexes were obtained where-
by the interactions are highly directed
specifically within this cavity. The guest
cations in these molecular assemblies
range from the aromatic 2-phenethyl-
ACHTUNGTRENNUNGamine (1) and 4-phenylbutylamine (2)


to the bifunctional aromatic p-xylylene
diamine (3) and the aliphatic, bifunc-
tional 1,6-diaminohexane (4). Com-
pounds 1–4 were structurally character-
ised by single-crystal X-ray diffraction,
elemental analysis, flame atomic ab-
sorption spectroscopy, FTIR and bond
valence sum calculations. This compa-
rative study focuses on the supramolec-
ular effects of the amine guest cations
and investigates their structure-direct-
ing effects on the framework arrange-
ment arising by locking the protonated
amines within the cavity of the {W36}
cluster. It was shown that parts of the


organic guest cation protrude from the
central binding cavity and the nature of
this protruding organic “tail” directs
the solid-state arrangement of com-
pounds 1–4. Guest cations with a hy-
drophobic phenyl tail result in an anti-
parallel assembly of {W36} complexes
arranged in a series of pillared layers.
As a consequence, no direct supra-
molecular interactions between {W36}
clusters are observed. In contrast, bi-
functional guest cations with a secon-
dary amino binding site act as molecu-
lar connectors and directly link two
cluster units thus locking the supra-
molecular assembly in a tilted arrange-
ment. This direct linking of {W36}
anions results in the formation of an in-
finite supramolecular scaffold.


Keywords: crown compounds ·
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more controlled way of forming clusters with novel function-
alities. In addition, this approach would allow the systematic
control of the overall cluster architecture whilst retaining
the geometries of the synthons. The major challenge of this
approach is the identification of reactive building blocks
that can be obtained in solution at concentrations that allow
the formation of more complex architectures without under-
going spontaneous rearrangement or isomerisation process-
es.[17–22]


Recently, we have identified one facile route that allows
the stabilisation of reactive building blocks in solution and
indeed resulted in the isolation of novel cluster types in the
solid state. Bulky organic cations were used to kinetically
stabilise and encapsulate metastable intermediates and pre-
vent further rearrangement into thermodynamically fav-
oured, well-known structures.[17–20] By using this approach, a
highly charged low-symmetry {Mo16} unit,
[H2MoV


4MoVI
12O52]


10�, was previously isolated.[21] The {Mo16}
cluster is stable in the solid state and it was shown that the
highly negative anion is virtually completely wrapped by the
organic counterions. Importantly, this approach can be ex-
tended towards other cluster families, for example, in the
development of sulfite-based Dawson-type mixed-valence
polyoxomolybdates [Mo18O54 ACHTUNGTRENNUNG(SO3)2]


n�, by using the same
type of synthetic approach.[23,24] Thus, the use of bulky or-
ganic cations in the formation of Mo-based POMs appears
to restrict aggregation to the more highly symmetrical clus-
ter types, allowing a fundamentally more diverse set of clus-
ters and cluster-based building blocks to be isolated, that
display unprecedented structural[21,22] or physical[23] features.
This observation was explored further when we used bulky
organocations to help isolate and connect {Mo8Ag2} building
blocks into larger polymeric architectures.[25, 26]


The extension of this approach to isopolyoxotung-
states[27,28] has also proved important in allowing us to iso-
late a family of {W36}-based host–guest complexes[29,30] with
the generic formula M�[H12W36O120]


n� (M= K+ , Rb+ , Cs+ ,
NH4


+ , Sr2+ , Ba2+) that incorporate a rigid crown ether like
POM-based binding site (Figure 1). The {W36} itself is as-
sembled from three {W11} y-metatungstate units[27,28] that
are linked by a set of three connecting [WO6] octahedra so
that the overall structure can be rationalised as {W36}=
{W11}3{W1}3 (Figure 1).


This {W36} cluster represents the largest isopolyoxotung-
state so far discovered and can be described as a ring-
shaped unit that features a metal–oxo framework, which re-
sembles the [18]crown-6 ether.[31] {W36} shows further simi-
larities to crown ethers, for instance, the ability to bind
alkali and alkali-earth-metal as well as ammonium cations
in the central binding pocket of the cluster. The results ob-
tained so far strongly suggest that the cluster assembly is
driven by the presence of a central templating cation that
allows the arrangement of the building blocks into the ring-
shaped {W36} anion. In fact, it has been shown that the {W36}
cluster can only be obtained in the presence of templating
cations. This can be clearly shown when a range of alkali
and alkali-earth-metal cations were employed as guests and


gave a number of {W36}-based host–guest complexes.[29,30]


Subsequent synthetic efforts showed that the central guest
position can also be occupied by ammonium cations that
bind to the cavity by means of electrostatic interactions and
hydrogen bonding.[30] Inspired by these results, the forma-
tion of truly hybrid organic–inorganic assemblies was at-
tempted by employing protonated primary amines as guests
so as to mimic the binding behaviour of the inorganic am-
monium cation.


Here, we report four hybrid {W36}-based compounds in
which protonated organic amines were used as guest mole-
cules that interact with the central binding site of the cluster
anion through their terminal ammonium groups. The use of
the phenyl-terminated amines phenethyl amine 1 and 4-phe-
nylbutyl amine 2 resulted in the formation of non-connected
molecular host–guest systems, whereas the bifunctional
amines p-xylylene diamine 3 and 1,6-diaminohexane 4 gave
directly linked hybrid host–guest scaffolds, and are interest-
ing because the binding site, located within the cavity, en-
sures that the interactions are highly directed, which enables
the prospect of real design approaches to the development
of hybrid structures with nanoscale POM cluster units.


Results and Discussion


Description of the {W36} cluster framework : The tungsten–
oxo frameworks of the {W36} units found in compounds 1 to
4 are virtually identical and can thus be discussed at this
stage by using one representative example. The {W36} cluster
features an idealised C3v-symmetric tungsten–oxide shell and
comprises three {W11} cluster subunits linked together by
three {W1} bridges. The {W11} y-metatungstate units[27,28]


Figure 1. Illustration of the formal self-assembly of the {W36} cluster shell
[H12W36O120]


12�. Left: The y-metatungstate cluster [H2W11O38]
8� (green)


with two {W1} connectors (blue). The W centre that is part of the binding
pocket is highlighted in light green. Right: Top view and side view of the
self-assembly of three y-metatungstate units (green) and three {W1} octa-
hedra (blue) to give the ring-shaped {W36} cluster. The central binding
pocket (purple) is created by six terminal oxygen atoms located on the
{W11} (light green) and {W1} units (blue). O: red spheres.
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consist of a ring of six apical W positions, an additional W
position in the centre of this ring and four basal W positions
in a butterfly configuration. Two protons are present at the
centre of the {W11} unit and form hydrogen bonds between
the four internal bridging oxo ligands.[27,28] Three {W1} units
act as linkers between the {W11} fragments by sharing four
bridging oxo ligands in the equatorial plane. In addition, the
{W1} bridges feature one water ligand (dW�H2O�2.3 L) that
points away from the cluster centre. The nature of this
ligand was also supported by bond valence sum calculations
(BVS), which indicate a low-bond valence characteristic for
this type of ligand. All 36 W centres have a distorted [WO6]
octahedral coordination geometry with one terminal W=O
(dW=O�1.7 L) group extending away from the cluster sur-
face. This feature is typical for tungsten centres in the oxida-
tion state +VI. The central binding site is formed by six ter-
minal oxygen ligands that are split into two groups. Every
{W11} unit features one terminal oxo ligand extending away
from its apex into the central cavity. In addition, each of the
{W1} linkers features one oxygen donor that also points to-
wards the central vacancy, so that a hexagonal array of six
oxygen sites is created. The six oxo donors do not adopt a
planar arrangement; instead they are alternatively offset
above or below the mean plane of the {W36} unit. This rigid
arrangement results in the formation of a negatively polar-
ised central binding site that is ideally suited for positively
charged hydrogen-bonding guest molecules (Figure 1).


Structural description of the host–guest complexes 1–4 : The
structures of compounds 1–4 were determined by using
single-crystal X-ray diffraction (Table 1).[32] In compound 1,
protonated phenethyl amine Ph ACHTUNGTRENNUNG(C2H4)NH3


+ (PEA) was in-
troduced to the {W36} reaction mixture and structural analy-
sis of the crystalline product 1 gave the formula
(TEAH)11{(Ph ACHTUNGTRENNUNG(C2H4)NH3)�[H12W36O120]}·ca.17H2O
ACHTUNGTRENNUNG((TEAH)111a·ca.17H2O). The crystallographic data showed


that a {W36}-based host–guest complex was obtained that
featured protonated PEA cations as guest molecules within
the {W36} central binding pocket. The positively charged am-
monium group of the PEA cation is held in place by ion-
dipole electrostatic interactions with the six oxo donors of
the binding site (Figure 2). In addition, the ammonium
group can form hydrogen bonds with three of the oxo li-


Table 1. Crystallographic data for compounds 1–4.


1 2 3 4


formula C74H234N12O170W36 C76H238N12O170W36 C62H204N11Na1O164W36 C60H208N11NaO164W36


Mr [gmol�1] 10631.33 10598.92 10369.49 10349.50
crystal system triclinic monoclinic orthorhombic orthorhombic
space group P1̄ P21/c Pnma Pnma
a [L] 21.2201(6) 20.8527(8) 26.9515(12) 27.1753(2)
b [L] 21.3592(8) 35.4301(14) 35.2430(15) 35.0988(3)
c [L] 25.3862(8) 27.2308(10) 21.4907(10) 21.2024(2)
a [8] 95.793(2) 90 90 90
b [8] 91.268(2) 93.393(2) 90 90
g [8] 95.597(2) 90 90 90
1calcd [gcm


�3] 3.101 3.525 3.381 3.407
V [L3] 11386.9(6) 20083.2(13) 20413.0(16) 20223.0(3)
Z 2 4 4 4
m ACHTUNGTRENNUNG(MoKa) [mm�1] 18.203 20.642 20.305 20.495
T [K] 150(2) 100(2) 150(2) 100(2)
no. rflns (measd) 112861 151007 83614 71598
no. rflns (unique) 35295 37929 16708 14838
no. params 2332 2183 1110 1109
R1 (I>2s(I)) 0.0544 0.0469 0.0384 0.0339
wR2 (all data) 0.1407 0.1119 0.0946 0.0784


Figure 2. Top: Side view (left) and top view (right) of the host guest com-
plex 1a, PEA�[H12W36O120]. The top view illustrates the binding mode
of the primary amine of the ligand Ph ACHTUNGTRENNUNG(C2H4)NH3


+ that interacts with the
central ring of six W=O terminal oxygen sites. The side view illustrates
the protruding organic substituent that is located in one hemisphere of
the {W36} ring. Colour scheme: {W11}: green, {W1} linkers: blue, O: red,
N: green, C: grey. Bottom: Illustration of the framework arrangement of
1. The side-on view (left) and the top view (right) highlight the antiparal-
lel arrangement between neighbouring layers of {W36} units. Colour
scheme: {W11}: green, {W1} linkers: blue, {W36}: green O: red, N: green,
C: grey. Water molecules and TEAH counterions are omitted for clarity.
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gands, resulting in two distinct N···O interactions. Short, hy-
drogen-bonded N···O distances of approximately 2.77 L
were observed between the nitrogen and the three terminal
oxygen sites located on the {W11} fragments. In contrast, the
N···O interactions with the oxygen ligands located on the
{W1} linking units are elongated to approximately 3.25 L,
thus suggesting purely electrostatic long-range interactions.


One major feature of the organo-substituted host–guest
system 1a is the organic phenyl “tail” that is protruding
from the central cavity. As a result, the phenyl ring of the
PEA ligand is located on one discrete hemisphere of the
{W36} cluster and only the sterically favoured positional
isomer is obtained. The effect of the bulky organic substitu-
ent on the binding mode within the central cavity can be ex-
amined by comparison of the distance between the nitrogen
centre of the PEA ligand and the mean plane formed by the
six oxygen atoms of the binding site. In 1a, the nitrogen
atom is displaced from the mean complexation plane by
dN–centre=1.22 L, whereas the sterically non-hindered parent
compound, NH4� ACHTUNGTRENNUNG{W36}, features a separation of dN–centre=


0.97 L.[30]


The effect of these protruding tails on the solid-state ar-
rangement of compound 1 was investigated by analysis of
the packing in the crystal lattice. The dominating structural
feature in the solid state is the ABAB-type layered arrange-
ment of the hybrid {W36} units. Each layer A features a set
of {W36} anions aligned in a parallel fashion so that the or-
ganic tails point in the same direction; the next layer B fea-
tures an antiparallel orientation of the host–guest complexes
so that all phenyl tails in layer B point in the opposite direc-
tion of the tails in layer A. In effect, a non-polar crystal lat-
tice is obtained (Figure 2). Both, the inter- and intralayer in-
teractions between {W36} units are restricted because the or-
ganic phenyl tails act as hydrophobic barriers that inhibit
any supramolecular interactions with adjacent clusters. Thus
the host–guest complexes 1a are obtained as non-connected
molecular species with minimum intercluster spacings of
4.77 L. The cluster anions are encapsulated by protonated
TEAH cations that reinforce the structure by electrostatic
and hydrogen-bonding interactions. Furthermore, compound
1 contains a complex network of hydrogen-bonded water
molecules that interact with both the cluster anions and the
TEAH molecules.


In the next set of experiments, a simple guest substitution
approach was chosen to investigate the feasibility of replac-
ing the phenethyl ammonium cation with longer alkyl-chain
analogues, such as protonated 4-phenylbutyl amine (Ph-
ACHTUNGTRENNUNG(CH2)4NH3


+) (4PBA). The addition of 4PBA to the {W36}
reaction mixture led to the isolation of compound 2,
(TEAH)11ACHTUNGTRENNUNG{4PBA�[H12W36O120]}·ca.17H2O ((TEAH)112a·
ca.17H2O). Structural analysis reveals striking similarities
between the host–guest anion 2a, 4PBA�[H12W36O120], and
the cluster anion 1a. The 4PBA ligand is located in the
binding site of the {W36} framework, docked on through the
protonated primary amine function of the guest cation. A
combination of electrostatic and hydrogen-bonding interac-
tions are formed so that the ammonium group is engaged in


two sets of N···O interactions. Short range, hydrogen-
bonded N···O interactions are established to the {W11}-based
terminal oxygen sites with average N···O distances of ap-
proximately 2.80 L. Long-range electrostatic interactions
are observed between the nitrogen centre and the {W1}-
based oxygen donors with typical distances of dN···O�3.30 L.
The displacement of the 4PBA ligand from the cluster
centre is marginally larger in 2a, with a spatial separation of
dN···centre=1.32 L (relative to ca. 1.22 L for PEA and ca.
0.97 L for NH4


+). The organic tail protrudes from this cen-
tral cavity and is located in one hemisphere of the {W36} unit
resulting in the formation of only one positional isomer
(Figure 3).


The supramolecular packing of compound 2 features
layers of host–guest complexes that are arranged in an
ABAB-type antiparallel fashion and is, therefore, compara-
ble to the packing in compound 1. The assembly of {W36}
anions into layers is governed by the protruding organic
phenyl tails that are pairwise aligned so that, in effect, a pil-


Figure 3. Side view (top left) and top view (top right) of the {W36}-based
cluster anion 2a, 4PBA�[H12W36O120]. The location of the organic ligand
4PBA in the centre of the binding pocket is illustrated. Detailed structur-
al analysis shows that the ligand is displaced so that the nitrogen centre
is located above the mean binding plane of the {W36} host. The top view
shows that the amino group is located centrally within the equatorial
binding plane and forms hydrogen bonds to the oxygen donors. View of
the crystal lattice of 2 along the crystallographic a axis (bottom left) and
b axis (bottom right). The protruding 4PBA ligands are highlighted by a
space-filling representation to emphasise their supramolecular effect on
the crystal packing. By alternatively pointing towards the same interclus-
ter voids, the ligands create a layered arrangement that is pillared by
TEAH counterions and water molecules (omitted for clarity). {W36}:
green polyhedra, C: grey, N: green, O: red.
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laring of the host–guest compounds is achieved. It is inter-
esting to note that the organic substituents that protrude
from the binding sites are aligned in an almost parallel fash-
ion; however, adjacent phenyl rings are too far apart to in-
teract by means of p–p stacking, as the bulky {W36} rings do
not allow a closer packing (Figure 3). In the crystal lattice,
no direct cluster-to-cluster supramolecular interactions are
observed and the {W36} anions 2a are isolated as non-con-
nected molecular units. It is interesting to note that the
larger 4PBA ligand does not affect the intercluster distance.
For compound 2, the minimum distance between two cluster
anions is 4.55 L, whereas for compound 1, the minimum dis-
tance observed is 4.77 L. This suggests that the main influ-
ence on the close packing of the {W36} units is not the size
of the guest cation, but the large number of organic TEAH
counter ions that encapsulate the clusters and form a stabi-
lizing complex network of hydrogen bonds with additional
solvent water molecules.


To exploit the potential of the {W36} system further and to
examine the compatibility of bifunctional molecules with
the {W36} host anion, diprotonated p-xylylene diamine, p-
ACHTUNGTRENNUNG(CH2�NH3)2C6H4


2+ (pXDA) was employed to introduce a
secondary interaction site. The reaction of pXDA with an
acidified sodium tungstate solution at pH 2.2 under the stan-
dard {W36} reaction conditions yielded a crystalline product,
compound 3. The material was characterised by single-crys-
tal X-ray diffraction and structural analysis revealed the for-
mula as (TEAH)8Na2ACHTUNGTRENNUNG{pXDA�[H12W36O120]}·ca.17H2O
((TEAH)8Na23a·ca.17H2O). In 3a, one ammonium group of
the pXDA ligand is located in the central {W36} binding site
in a similar fashion to that observed for the monoamines in
1a and 2a. Due to the non-planar arrangement of the six
binding oxo-ligands within the central pocket, the {W11}-
based oxygen atoms in the 3a form are engaged in electro-
static and hydrogen-bonding interactions with the pXDA ni-
trogen centre. As a result, short N···O distances of approxi-
mately 2.78 L are observed. The oxygen donors located on
the {W1} linking units are engaged in long-range electrostatic
interactions with the ammonium function and are separated
by long N···O distances of approximately 3.29 L. As a con-
sequence of this binding mode, the ammonium group is dis-
placed from the equatorial plane of the {W36} host by ap-
proximately 1.30 L, which is in line with the structures dis-
cussed earlier. The pXDA diamine protrudes from the clus-
ter cavity and is located in one hemisphere of the {W36} host
anion (Figure 4).


With regard to the supramolecular structural arrangement
of the anions in the crystal lattice of 3, a distinctive effect of
the pXDA ligand can be observed. The {W36} host–guest
complexes in compound 3 do not assemble in an antiparallel
fashion as the organo-derivatives 1 and 2 ; instead they
adopt a tilted ABAB-type pattern resulting in two layers of
{W36} anions with a torsion angle of approximately 76.28.
This pattern closely resembles the crystal lattices found in
the purely inorganic compounds M�ACHTUNGTRENNUNG{W36}. The archetypal
compound K� ACHTUNGTRENNUNG{W36}, for example, features an interlayer tor-
sion angle of approximately 79.28.[29,30] The formation of this


supramolecular assembly is facilitated by the protruding
pXDA ligands, which form strong interactions to adjacent
{W36} units through the peripheral protonated ammonium
group. In detail, the pendant NH3


+ group interacts with
three terminal oxo ligands located on the cluster shell of a
neighbouring {W36} unit through electrostatic and hydrogen-
bonding interactions. The shortest N···O bond is observed
between the protonated amine and the coordinating water
ligand on the outside of the {W1} linking unit (dN···O=


2.786(5) L). This suggests strong, hydrogen-bonding interac-
tions since both the amine and the water ligand can act as
hydrogen-bond donors. Furthermore, two hydrogen bonds
to the {W11} subunits on either side of the {W1} linker are
observed that feature slightly elongated N···O distances of
dN···O=2.979(4) L. It is noteworthy that this spatial arrange-
ment allows for close contacts between the a-methylene
group of the pXDA ligand and the {W11} terminal oxygen
atoms so the formation of CH···O hydrogen bridges is likely
(dC···O=2.986(3) L). These are, however, driven by sterical
necessity and are not expected to direct this assembly.


Figure 4. Top : Polyhedral representation of host–guest complex 3a,
pXDA� ACHTUNGTRENNUNG{W36}. The side view (left) illustrates the protruding p-xylylene
diamine ligand with the peripheral ammonium group, which can engage
in further supramolecular interactions. The top view (right) highlights the
location of the organic ligand within the binding pocket of the {W36} host
anion. Bottom: View along the crystallographic b axis of 3 pXDA�ACHTUNGTRENNUNG{W36}
(left), illustrating the connection mode between the bifunctional organic
amine pXDA and two adjacent {W36} cluster anions. The organic cation
binds to the central cavity of one {W36} host and establishes hydrogen-
bonding interactions to an adjacent cluster “locking” the two clusters in a
tilted arrangement. The detailed view of the interactions of the pXDA
ligand (right) illustrates the binding of one amine to the central {W36}
binding pocket (bottom) through long (blue) and short (orange) hydro-
gen-bonded N···O interactions. The supramolecular interactions of the
pendant amine arm (top) highlight the two hydrogen-bonded N···O inter-
actions (magenta and green) and the CH···O interactions (red dashed
line). {W11} fragment: green, {W1} linker: blue, O: red, N: green, C: grey.
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In essence, the pXDA group acts as a ditopic linker that
connects two adjacent {W36} anions by docking onto the cen-
tral binding pocket of one {W36} host and further establish-
ing a link to the periphery of a second {W36} anion through
the pendant ammonium group. This set of directed interac-
tions enables the clusters to adopt the tilted packing mode
described above (Figure 4). Further framework stabilisation
is provided by the presence of a coordinating sodium cation
that is located on the periphery of each {W36} anion and that
interacts with TEAH cations through hydroxyl coordination
bonds. This motif in combination with further non-coordi-
nating TEAH ligands and water molecules results in the for-
mation of a vast hydrogen-bonded network that reinforces
the structural stability of compound 3.


To study the versatility of this linking approach, a suitable
diprotonated aliphatic diamine, 1,6-diaminohexane (DAH),
was introduced to the reaction system and resulted in the
isolation of a crystalline product, compound 4. Structural
analysis was accomplished by single-crystal XRD and re-
vealed the composition (TEAH)8Na2ACHTUNGTRENNUNG{DAH�ACHTUNGTRENNUNG[H12W36O120]}·
ca.17H2O ((TEAH)8Na24a·17H2O). Investigation of the
crystal structure showed that a diprotonated 1,6-diamino-
hexane molecule was located in the centre of the {W36} coor-
dination cavity (Figure 5). The binding mode adopted by the
DAH ligand in 4a can be compared to the binding situation
in 3a. One terminal ammonium function binds to the central


binding pocket and forms two distinct N···O interactions
with the two sets of oxygen donors on the {W36} framework.
Short hydrogen-bonded N···O distances of approximately
2.80 L are observed for interactions with the oxygen atoms
based on the {W11} subunits, whereas elongated N···O spac-
ings of approximately 3.33 L were found for the {W1}-based
terminal oxo ligands. As a result of these interactions, the
DAH cation is displaced from the cavity centre by 1.33 L,
which is in line with the compounds discussed earlier. Fur-
ther, this suggests that the steric strain introduced by the
bulky phenyl rings in the compounds 1, 2 and 3 is compara-
tively low. It should be noted that in the crystal structure of
4, the C6 chain of the DAH ligand is disordered over two
sites. The overall arrangement of the ligand, however, is not
affected because the two terminal ammonium functions are
located in well-defined positions and thus lock the molecule
in a given orientation.


In the crystal lattice, the {W36} cluster units are positioned
in an ABAB fashion similar to the situation discussed above
for compound 3. The {W36} clusters in 4 form two distinct
layers and feature a torsion angle of approximately 76.98 rel-
ative to their respective equatorial planes. The organic
DAH ligand supports this arrangement by docking onto the
adjacent cluster anion with a pendant protonated amino
function, thus acting as a supramolecular linking unit. In
detail, the protruding amino group establishes four short hy-
drogen-bonded N···O interactions (Figure 5). The shortest
N···O distance is formed between the pendant nitrogen
centre and two m2-bridging oxygen ligands that connect the
{W1} linker unit with the {W11} fragment (dN···O=3.026(3) L).
This close contact results in the formation of two symmetry-
related supramolecular interactions. Slightly longer N···O
distances are observed between the nitrogen atoms and two
terminal oxygen ligands located on the {W11} subunit. As a
result, the DAH ligand connects two {W36} units in very
much the same way as discussed previously for the pXDA
ligand in compound 3, that is, by the combination of binding
to the central {W36} cavity and additional hydrogen-bonding
interactions with a neighbouring cluster unit (Figure 5).


It is noteworthy that the close relationship between the
solid state arrangement of the cluster anions in 3 and 4 and
the purely inorganic compounds reported earlier[29,30] is also
reflected by their crystallographic properties. All inorganic
compounds are isostructural and crystallise in the ortho-
rhombic space group Pnma with unit-cell dimensions of ap-
proximately 27 (a), 35 (b) and 21 L (c) and only differ in
the arrangement of the organic counterions. This trend is
also observed in compounds 3 and 4, which also feature the
orthorhombic space group Pnma with virtually identical
unit-cell dimensions. In contrast, compounds 1 and 2 crystal-
lise in lower-symmetry space groups as their monofunctional
organic guest cations do not support the arrangement in the
original tilted orientation.


Figure 5. Top: Side view (left) and top view (right) of the cluster anion
4a, DAH�ACHTUNGTRENNUNG{W36}. Bottom: Left: View along the crystallographic b axis of
4, illustrating the connectivity between adjacent {W36} cluster anions. The
organic cation binds to the central cavity of one {W36} host and in addi-
tion binds to the periphery of a neighbouring {W36} unit, resulting in the
stabilisation of the tilted arrangement. Right: Detailed illustration of the
connectivity mode of the DAH ligand. One ammonium moiety binds to
the central {W36} binding site (bottom) through long (blue) and short
(orange) N···O interactions. The pendant ammonium group (top) forms
short contacts to four oxo ligands on a neighbouring {W36} cluster unit
(magenta and green). {W11} fragment: green, {W1} linker: blue, O: red,
N: green, C: grey.
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Conclusion


A designed approach has been presented that allowed the
organic functionalisation of the formerly pure inorganic
host–guest complexes M�ACHTUNGTRENNUNG{W36} (M=K+ , Rb+ , Cs+ , Sr2+ ,
Ba2+ , NH4


+) by using protonated organic amines. This
modification is vital because it allows the direct linking of
the clusters through the guest cation. In effect, ditopic guest
molecules can act as connectors between {W36} host anions
and might, in future, allow the assembly of a family of inter-
connected {W36}-based frameworks. The working principles
for this approach have been demonstrated and two distinc-
tive effects of these organic ligands on the supramolecular
assembly of the {W36} host–guest system have been estab-
lished. The phenyl-terminated monoamines in compounds 1
and 2 effectively act as hydrophobic “bumpers” that prohibit
close contacts and thus direct supramolecular interactions
between adjacent cluster groups in the crystal lattice. It is
this that allows the formation of TEAH-encapsulated mo-
lecular units that do not engage in direct contacts with
neighbouring {W36} clusters. In contrast, the introduction of
a secondary binding site in compounds 3 and 4 resulted in
the direct linkage of adjacent {W36} clusters by virtue of the
second amino function on the bifunctional ligand. This fea-
ture enabled the diamines to interact with the central bind-
ing pocket of one {W36} host while also binding to the pe-
riphery of the neighbouring cluster. In effect, this binding
mode resulted in the formation of a supramolecular organ-
ic–inorganic scaffold. Future work will further exploit the
potential of these hybrid systems and will explore the possi-
bility of introducing diamines that can directly interact with
two central {W36} binding pockets.


Experimental Section


General : All reagents and chemicals were purchased from Sigma-Aldrich
and were used without further purification. Elemental Analyses were
performed by using a Perkin–Elmer Elemental Analyzer CHN2000. It
should be noted that the material contains a large amount of disordered
organic TEAH counterions and water of crystallisation that had to be es-
timated from elemental analyses and charge-balance calculations.[30]


However, this did not affect the characterisation and analysis of the clus-
ter anions. FTIR spectroscopy was carried out by using a JASCO FTIR
410 spectrometer and wavenumbers are given in cm�1. Intensities are de-
noted as vs=very strong, s= strong, m=medium, w=weak and br=


broad. Single-crystal X-ray crystallography diffraction data were collect-
ed on a Bruker Apex II CCD Diffractometer. SHELXS-97 was used for
structure solution and SHELXL-97 was used for full least-squares refine-
ment on F 2.[32]


Compound 1 ((TEAH)11{(Ph ACHTUNGTRENNUNG(C2H4)NH3)�[H12W36O120]}·ca.17H2O):
Na2WO4·2H2O (2.00 g, 6.06 mmol) and triethanolamine hydrochloride
(2.5 g, 13.47 mmol) were dissolved in H2O (50 mL) and the pH was ad-
justed to 2.2 by using HCl (ca. 2 mL, 4m). After heating the reaction mix-
ture to approximately 80–85 8C in a microwave, phenethylamine (29 mg,
0.24 mmol) dissolved in H2O (5 mL) was added dropwise to the stirred
hot solution and the mixture was allowed to cool down to room tempera-
ture. The clear colourless solution was kept in a plastic vial and after ap-
proximately 1 week large colourless crystalline rhombohedra of 1 were
isolated. The crystals were collected on a filter paper, washed with cold
water and dried. Yield: 0.867 g (82 mmol, 48.7% based on W); character-


istic IR bands: ñ=3425 (m,br), 3058 (w), 1601 (w), 1444 (w), 1351 (w),
1212 (w), 1088 (w), 1051 (vs), 982 (vs), 948 (vs), 888 (vs), 771 cm�1 (s); el-
emental analysis calcd (%) for C74H234N12O170W36: C 8.36, H 1.91, N 1.47,
W 61.81; found: C 8.48, H 2.21, N 1.58, W 62.32.


Compound 2 ((TEAH)11{(Ph ACHTUNGTRENNUNG(C4H8)NH3)�[H12W36O120]}·ca.17H2O):
Na2WO4·2H2O (2.00 g, 6.06 mmol) and triethanolamine hydrochloride
(2.5 g, 13.47 mmol) were dissolved in H2O (50 mL). The solution pH was
adjusted to 2.2 by using HCl (ca. 2 mL, 4m). After heating the reaction
mixture to approximately 80–85 8C in a microwave, 4-phenylbutylamine
(33 mg, 0.22 mmol) dissolved in H2O (5 mL) was added dropwise to the
stirred hot solution and the mixture was allowed to cool down to room
temperature. The clear colourless solution was kept in a plastic vial and
after approximately 1 week colourless crystalline needles of 2 were isolat-
ed. The crystals were collected on a filter paper, washed with cold water
and dried. Yield: 0.658 g (62 mmol, 36.7% based on W); characteristic IR
bands: ñ =3315 (m,br), 3049 (m), 1610 (w), 1471 (m), 1241 (w), 1051 (m),
1081 (vs), 985 (s), 951 (vs), 891 (vs), 785 cm�1 (s); elemental analysis
calcd (%) for C76H238N12O170W36: C 8.45, H 1.94, N 1.44, W 61.51; found:
C 8.56, H 2.25, N 1.58, W 62.09.


Compound 3 ((TEAH)8Na2{(p ACHTUNGTRENNUNG(CH2NH3)2C6H4))� ACHTUNGTRENNUNG[H12W36O120]}·
ca.17H2O): Na2WO4·2H2O (2.00 g, 6.06 mmol) and triethanolamine hy-
drochloride (2.5 g, 13.47 mmol) were dissolved in 50 mL H2O and the pH
was adjusted to 2.2 by using HCl (ca. 2 mL, 4m). After heating the reac-
tion mixture to 80 8C in a microwave, 14 mg (0.10 mmol) pXDA dissolved
in H2O (5 mL) was added dropwise to the stirred hot solution. The reac-
tion mixture was allowed to cool to room temperature and the clear col-
ourless solution was stored in a plastic vial. After 3–4 days, colourless
crystalline needles of 3 were isolated. The crystals were collected on a
filter paper and dried. Yield: 0.573 g (55 mmol, 32% based on W); char-
acteristic IR bands: ñ =3450 (m), 3150 (w), 1620 (w), 1474 (w), 1255 (w),
1201 (w), 1093 (s), 1065 (s), 1030 (s), 950 (vs), 898 (vs), 809 (s), 785 cm�1


(s); 1H NMR (400 MHz, D2O): d=7.61 (br s, 4H), 4.20 (br s, 4H) 3.92 (m,
60H), 3.46 ppm (m, 60H); elemental analysis calcd (%) for
C56H154N10Na2O144W36 (dried material): C 7.21, H 1.70, N 1.57, W 66.02,
Na 0.25; found: C 6.76, H 1.56, N 1.41, W 66.63, Na 0.46.


Compound 4 ((TEAH)8Na2 ACHTUNGTRENNUNG{(H3N ACHTUNGTRENNUNG(C6H12)NH3)�[H12W36O120]}·
ca.17H2O): Na2WO4·2H2O (2.00 g, 6.06 mmol) and triethanolamine hy-
drochloride (2.5 g, 13.47 mmol) were dissolved in H2O (50 mL). The solu-
tion pH was set to 2.2 by using HCl (ca. 2 mL, 4m). After heating the re-
action mixture to 80 8C in a microwave oven, 1,6-diaminohexane (23 mg,
0.20 mmol) dissolved in H2O (5 mL) was added dropwise to the stirred
hot solution and the mixture was allowed to cool down to room tempera-
ture. The clear colourless solution was kept in a plastic vial and after ap-
proximately 4 days colourless crystalline needles of 4 were isolated. The
crystals were collected on a filter paper, washed with cold water and
dried. Yield: 0.760 g (73 mmol, 43% based on W); characteristic IR
bands: ñ=3438 (m,br), 3065 (w), 1614 (w), 1448 (w), 1395 (w), 1320 (m),
1256 (m), 1205 (m), 1092 (m), 1066 (s), 985 (vs), 950 (vs), 890 (s),
781 cm�1 (s); 1H NMR (400 MHz, D2O): d =3.94 (m, 60H), 3.48 (m,
60H) 3.10 (m, 2H), 1.81 (br s, 2H), 1.45 (br s, 2H); elemental analysis
calcd (%) for C54H158N10O144W36 (dried material): C 7.34, H 1.75, N 1.64,
W 65.71, Na 0.23; found: C 6.53, H 1.61, N 1.41, W 66.76, Na 0.46.
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Introduction


Solution NMR spectroscopy is a well established technique
for the structural and conformational characterization of
complex oligo- and polysaccharides and their conjugates
with proteins and lipids.[1–4] Although the particular ap-
proach used for the NMR investigation depends on the
sample of interest and the user, it will generally always in-
volve 2D TOCSY spectra recorded at one or several mixing
times.[5–7] Indeed, each monosaccharide unit will generally
constitute a single 1H spin system that is isolated from its
neighbouring monosaccharide unit(s) due to the intervening
glycosidic link(s). As a result, analysis of the various cross-
peak networks in the TOCSY spectrum allows all resonan-
ces belonging to the same monosaccharide unit to be group-
ed together. Most often this analysis is performed by use of
the well resolved anomeric 1H as starting point. Once all the
1H resonances have been grouped into monosaccharide


Abstract: Solution NMR spectroscopy
is a well established technique for non-
destructive characterization of the
structures and conformations of com-
plex oligo- and polysaccharides. One of
the key experiments involves the use of
2D TOCSY to collect the 1H spins into
groups that can be associated with the
individual saccharide units that are
present in the molecule under study. It
is well known that the magnetization
transfer rate through the 1H spin
system during the TOCSY spin lock
period is sensitive to the intervening 3J-ACHTUNGTRENNUNG(H,H) scalar couplings, and therefore
also to the saccharide stereochemistry.
Here, we have investigated the poten-
tial to extract information on the ste-
reochemistry of hexapyranose mono-


saccharide units directly from TOCSY
spectra. Through a systematic experi-
mental investigation of the magnetiza-
tion transfer initiated from the anome-
ric 1H resonance in d-glucose, d-galac-
tose and d-mannose it is shown that a
100 ms spin lock time provides optimal
spectroscopic discrimination between
these three commonly occurring build-
ing blocks. A simple matching scheme
is proposed as a new tool for rapid at-
tribution of the TOCSY traces origi-
nating from the anomeric 1H resonan-


ces towards the underlying monosac-
charide type. The scheme appears
robust with regard to structural varia-
tions and fairly tolerant to incidental
overlap. Its application provides useful
guidance during the subsequent NMR
assignment process, as demonstrated
with the PS7F polysaccharide from
Streptococcus pneumonia. In addition,
we show that our scheme affords a
clear-cut distinction between the a-
and b-epimers of d-mannose-type
units, which can be difficult to discrimi-
nate by NMR analysis. Application to
the N-glycan 100.2 demonstrates the
potential and wide applicability of this
new discrimination approach.
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units, their precise location in the unit can subsequently be
obtained from a combination of COSY- and NOESY-type
experiments, supplemented whenever possible by 1H–13C
correlation techniques.[1–5]


As the architecture of the monosaccharide spin system is
mostly linear, the transfer of magnetization during the
TOCSY spin lock from the anomeric 1H to the opposite end
of the furanose or pyranose ring will depend on the magni-
tude of the intervening 3J ACHTUNGTRENNUNG(H,H) scalar coupling constants.[6]


These are strongly dependent on the associated torsion
angle. In hexapyranoses these are narrowly constrained, due
to their cyclic structures. A large coupling constant (8–
10 Hz), involving two neighbouring axial C�H bonds, is ex-
pected to allow a fast transfer of magnetization, whereas a
small coupling constant (<4 Hz) typical of an axial–equato-
rial or equatorial–equatorial C�H bond pair will considera-
bly reduce transfer efficiency. The differences in hexapyra-
nose stereochemistry lead to a different sequence of the
axial/equatorial disposition of the neighbouring C�H bond
pairs and associated scalar coupling constants along the ring.
This will in turn translate into different transfer efficiencies
during the TOCSY spin lock period, such that differences
will occur in the intensity build-up of the TOCSY cross-
peaks linking the anomeric 1H with the other 1H spins in the
hexapyranose ring. In principle, therefore, it should be possi-
ble to derive the hexapyranose stereochemistry from its
TOCSY pattern. In order to explore this, we have investigat-
ed the intensity build-up in the TOCSY pattern for a
number of hexapyranose monosaccharides that are quite
commonly encountered in natural oligo- and polysaccha-
rides. Both MLEV17[7a] and DIPSI-2[8] mixing schemes are
investigated. We show that d-glucose, d-mannose and d-gal-
actose monosaccharide units can easily be distinguished
from a qualitative inspection of the TOCSY cross-peak in-
tensities in a single 100 ms TOCSY spectrum. A simplified
representation of the number and minimal intensities of the
TOCSY cross-peaks emanating from the anomeric 1H reso-
nance that holds in the presence both of glycosidic linkages
and of N- and O-acetylation is presented. Through matching
of experimentally observed TOCSY cross-peak pattern in-
tensities and patterns with those of our scheme, information
relating to the basic stereochemistry of the hexapyranose
structure can easily be obtained prior to the NMR assign-
ment. This knowledge is very useful for guiding the NMR
assignment process, especially when limited quantities pre-
vent involvement of 13C nuclei, either by 1D or 2D NMR
techniques, in the analysis.


The general applicability is demonstrated with PS7F
(Figure 1, 1), a capsular bacterial polysaccharide of interest
for vaccine formulations targeted against Streptococcus
pneumoniae. In addition, we show that our approach can
also be used to discriminate between a- and b-d-mannose, a
feature experimentally verified on the commercially avail-
able N-glycan 100.2 (Figure 1, 2).[9] The latter observation is
especially relevant, since such discrimination from the
anomeric 1H and/or 13C chemical shift is not without ambi-
guity in the case of mannose.[1]


Results and Discussion


Many different monosaccharide building blocks can contrib-
ute to the structures of biologically relevant oligosaccharides
or be involved in the monomer repeating units in capsular
polysaccharides. However, the basic structure and stereo-
chemistry often boils down to that of the a and b isomers of
d-glucose, d-mannose and d-galactose (Figure 2). These
were therefore selected for the initial investigation. Neura-
minic acid, another important oligosaccharide building
block, was not considered, because it does not feature an
anomeric resonance and is readily discernable from the
other types. Since the anomeric proton resonances are gen-
erally well separated from the bulk of the saccharide signal,
they provide the most convenient starting point for analysis
of 2D TOCSY spectra. Their TOCSY traces should allow
the other members of the same monosaccharide 1H spin
system to be identified through a chain of cross-peaks con-
necting the anomeric H1 all the way up to the exocyclic
methylene H6 protons. Here, selective 1D TOCSY spectra
obtained by use of the MLEV17 spin lock scheme[10–12] were
recorded as a time-efficient means to monitor the build-up
of relayed magnetization intensity. Except for the simplest
of spin systems,[7b, 13–15] the description of the magnetization
transfer during isotropic mixing is a complicated matter and
relies on numerical simulations.[16,17] Fortunately, the kinetics
of the transfer in linear spin systems such as those of mono-
saccharides (Figure 2) are sufficiently simplified to afford a
qualitative picture. Magnetization originating from an
anomeric H1 will initially transfer to H2 at a rate deter-
mined by the 3J ACHTUNGTRENNUNG(H1,H2) scalar coupling. As the spin lock
time is increased, the original H1 magnetization will pro-
gressively transfer beyond H2 into the linear chain, with
each subsequent transfer step occurring at a rate governed
by the intervening 3JACHTUNGTRENNUNG(H,H) scalar couplings.


This process is nicely illustrated in the case of b-d-glucose
(Figure 3a), in which all endocyclic 3J ACHTUNGTRENNUNG(H,H) values are in the


Figure 1. Structure of the capsular bacterial polysaccharide PS7F (1)
repeat unit, and the N-linked asialo, galactosylated monoantennary N-
glycan 100.2 (2). For both structures the Roman numerals identify the in-
dividual monosaccharides as used throughout the text.
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8.0–9.5 Hz range, due to the axial–axial relationships of
neighbouring C�H bond vectors. After selective excitation
of the anomeric H1 resonance, its intensity gradually de-
creases with increasing spin lock time, more than 10 % of
the excited magnetization being transferred to H2 after
10 ms. As the spin lock increases, the other 1H resonances
appear one by one, in a sequence and with a time lag consis-
tent with the increasing number of transfer steps necessary
to traverse the linear spin system. Transfer of up to nearly
10 % of the magnetization of H1 to H5 is observed at
100 ms spin lock time for both the a- and b-d-glucose iso-
mers (Figure 3a, b), and significant intensity (>1.5 %) is
seen for one or both methylene H6 protons, despite the
smaller exocyclic 3J ACHTUNGTRENNUNG(H5,H6) coupling constants (5.4 Hz and
1.6 Hz). If the build-up in relayed magnetization for both
isomers is compared, the smaller initial 3J ACHTUNGTRENNUNG(H1,H2) coupling
(3.8 Hz) in a-d-glucose mostly reduces the absolute intensity
of the transfer, as is evident from the different intensity
scales in Figure 3a and b. It also increases the time lag pre-
ceding the appearance of a certain spin. It should be noted
that the detailed evolution of the intensity build-up profile
at each proton as a function of the spin lock time also illus-
trates the limitations of this qualitative interpretation. At
the longer mixing times needed to allow transfer over the
complete spin system, the relative intensities will not neces-
sarily reflect the distance from the originally excited spin.
The intensity at H3, for instance, becomes equal to or even
larger than that of H2 beyond 50 ms. This underscores the
well known fact that a simplistic interpretation of relative
cross-peak intensities in the TOCSY pattern in terms of dis-
tance from the originating proton should be avoided, or ap-
plied with great care, even in such linear systems.


d-Mannose and d-galactose are the C2 and C4 epimers,
respectively, of d-glucose. As a result of the equatorial C�H
bonds at these corresponding positions, the 3JACHTUNGTRENNUNG(H,H) coupling
with the preceding and following proton should be consider-
ably reduced (Figure 2). In b-d-galactose the magnetization
transfer from H3 to H4 slows down considerably, 3J ACHTUNGTRENNUNG(H3,H4)


being 3.4 Hz, while transfer from H4 to H5 effectively
grinds to a halt because 3J ACHTUNGTRENNUNG(H4,H5) amounts to only 0.6 Hz
(Figure 3c). Essentially the same analysis applies for a-d-
galactose, in which 3J ACHTUNGTRENNUNG(H3,H4) and 3J ACHTUNGTRENNUNG(H4,H5) amount to 3.3
and only 1.0 Hz, respectively. The additional small
3J ACHTUNGTRENNUNG(H1,H2) coupling (3.7 Hz) in relation to a-d-galactose fur-
ther reduces the absolute intensity of the relayed signal res-
onances (Figure 3d). The lack of any measurable build-up in
intensity beyond H4 up to a spin lock time of 100 ms is
therefore a characteristic signature for d-galactose.


In a- and b-d-mannose, the initial 3JACHTUNGTRENNUNG(H1,H2) scalar cou-
plings are reduced to 1.6 and 1.0 Hz, respectively (Figure 2),
such that the first magnetization transfer step is already se-
verely attenuated. This is especially the case for b-d-man-
nose, in which the relative intensity of the H2 resonance
builds up to barely 10 % after a 100 ms spin lock (20 % for
a-d-mannose). In addition, the 3J ACHTUNGTRENNUNG(H2,H3) couplings are only
3.4 and 3.3 Hz respectively. As a result a significant (>
1.5 %) build-up in intensity is limited to H3 for a-d-man-
nose (Figure 3e, f) and even H2 for b-d-mannose (Fig-
ure 3g).


The data collected from the intensity profiles for the vari-
ous hexapyranoses at 30, 60 and 100 ms spin lock times are
presented in a qualitative fashion in Figure 4. This provides
a handier representation, similar to the appearance of a
cross-peak trace in a 2D TOCSY spectrum. Filled and open
ovals indicate that 1.5 and 0.5 %, respectively, of the anome-
ric resonance intensity at that specific mixing time is relayed
to the corresponding 1H in the monosaccharide spin system.
These thresholds are not arbitrary but are chosen such that
maximum discrimination between the monosaccharide types
is achieved. This simplified representation allows for a more
direct comparison of the magnetization transfer in these
three hexapyranose core structures, and clearly reveals the
positions of the magnetization transfer bottlenecks resulting
from small 3J ACHTUNGTRENNUNG(H,H) scalar couplings in the linear spin
system. d-mannose can already be distinguished from d-gal-
actose and d-glucose at 30 ms spin lock time. Indeed, in the
latter case significant intensity is already apparent at H3
and even H4, while in that of d-mannose the very small
3J ACHTUNGTRENNUNG(H1,H2) and 3J ACHTUNGTRENNUNG(H2,H3) scalar coupling constants limit the
transfer to H2. A clear differentiation between d-glucose
and d-galactose becomes apparent at a 60 ms spin lock time,
as transfer is halted at H4 in both d-galactose isomers, while
the d-glucose isomers show significant intensity at H5. At
100 ms spin lock time, the three monosaccharide types can
still be differentiated, but now with the added bonus that
the a- and b-d-mannose isomers can clearly be distinguished
from one another. Indeed, only H2 meets a threshold in b-
d-mannose (1.5 %), while in a-d-mannose the 0.5 % thresh-
old is achieved for most other resonances in the spin system
as well. Possible confusion with d-glucose can easily be
avoided by noting that in the latter case intensities above
1.5 % are observed for all resonances, those of H3 and H4
being well above this threshold. Such a/b differentiation
cannot be achieved, however, for d-glucose or d-galactose
at any mixing time investigated.


Figure 2. Structures of the studied monosaccharides: d-glucose, d-galac-
tose and d-mannose. The small 3J ACHTUNGTRENNUNG(H,H) coupling constants (<4 Hz) that
are responsible for a bottleneck in the transfer of magnetization are ex-
plicitly indicated.
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The analysis performed with MLEV17 spin lock mixing
was repeated with DIPSI-2,[8] another widely adopted spin
lock scheme. While there are differences in the variation of
the relayed magnetization intensities with mixing time along
the various monosaccharide spin systems, scoring of these
intensities at 1.5 and 0.5 % of the anomeric signal yields
practically identical results at 30, 60 and 100 ms spin lock
times (Supporting Information). We thus conclude that it is
possible to differentiate d-glucose, d-mannose and d-galac-
tose units with the aid of a single 100 ms TOCSY spectrum.
Conversely, these monosaccharides can also be identified by
mapping the number of the relayed resonances (1D
TOCSY) or cross-peaks (2D TOCSY) originating from their
anomeric resonance that reach the corresponding intensity


thresholds and matching these
to the schematic representation
in Figure 4. In addition, for d-
mannose the a and b stereo-
chemistry can also be differenti-
ated. This could potentially
allow early identification of the
various hexapyranose types and
thus be useful as an independ-
ent source of information that
can subsequently be used to
guide the NMR-based assign-
ment process.


Can this matching procedure
really be of practical use in the
structure analysis process of
oligo- and polysaccharides?
Two major concerns can be an-
ticipated.


Firstly, the matching process
described above assumes that
all relayed resonances or cross-
peaks are resolved from one
another. In realistic cases how-
ever, it can be expected that in-
cidental overlap between reso-
nances of the same or different
monosaccharide units will com-
plicate the matching process.
This is adequately addressed by
using a 100 ms spin lock time to
perform the analysis. At this
longest mixing time, up to six
relayed resonances with signifi-
cant intensity can be expected
for a d-glucose unit, as opposed
to three for d-galactose and
only two or one for a- and b-d-
mannose. Recognition of three
or more relayed resonances
(1D) or cross-peaks (2D
TOCSY) thus eliminates man-
nose-type units, whereas recog-


nition of at least four cross-peaks further eliminates galac-
tose units, demonstrating that full resolution of all signals in
a TOCSY trace is not mandatory for successful typing.


Secondly, the differentiation in monosaccharide type de-
scribed above must hold irrespective of the presence of one
or more glycosidic linkages and or commonly occurring de-
rivatizations such as N- and O-acetylation. These will modu-
late the 3J ACHTUNGTRENNUNG(H,H) coupling constants as a result of changes in
dihedral angles or substituent effects. Consequently, the in-
tensities of the relayed magnetization are affected. In spite
of these concerns, we find that our approach holds admira-
bly well, as illustrated by the following examples.


In N-acetylglucosamine (GlcNAc), the scalar couplings in-
volving H2 are influenced by the N-acetylation. For the a


Figure 3. Intensity build-up profiles of hexapyranose resonances as a function of MLEV17 spin lock time after
selective excitation of the anomeric proton of: a) b-d-glucose, b) a-d-glucose, c) b-d-galactose, d) a-d-galac-
tose, e) b-d-mannose, and f), g) a-d-mannose. For each monosaccharide investigated, the intensities of the
proton resonances are expressed relative to that of the anomeric proton in the 10 ms 1D TOCSY spectrum.
Profiles are only shown for those resonances that obtained at least 0.5 % of the start intensity of the anomeric
proton. Note that for b-d-glucose (a) and b-d-galactose (b) the scales of the ordinates are modified by factors
of 2 and 3, respectively, whereas for (g) this factor is 10 with respect to (f). The relayed intensities are signifi-
cantly larger in these cases. For a-d-glucose (b) the resonances belonging to H5 and H6 partially overlap and
are shown as one build-up pattern.
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anomer, 3J ACHTUNGTRENNUNG(H1,H2) and 3J ACHTUNGTRENNUNG(H2,H3) change from 3.8 and
9.6 Hz to 3.6 and 10.6 Hz, respectively, while for the b


anomer these change from 8.0 and 9.1 Hz to 8.5 and
10.4 Hz. Despite changes up to 1.3 Hz, the couplings remain
large, and magnetization transfer beyond H2 remains effi-
cient, such that intensity is relayed up to H6 (Figure 5a, b),
yielding the same magnetization transfer pattern as ob-
served for the d-glucose core structure (Figure 4c). Despite
some overlap, over four cross-peaks are easily recognized,
as would be expected for a d-glucose-type unit. In the case
of lactose, the presence of the bACHTUNGTRENNUNG(1–4) glycosidic link be-


tween b-d-galactose and d-glucose does not impair the dif-
ferentiation of the two types of hexapyranose (Figure 5c,e).
Indeed, prior to any assignment, it is immediately clear that
the TOCSY trace originating from the anomeric 1H at d


4.44 ppm is limited to three intense cross-peaks, a clear sig-
nature for a d-galactose, while a quick count in the traces at
4.65 and 5.21 ppm reveals five or more cross-peaks. Indeed,
complete magnetization transfer from the anomeric reso-
nance up to H6 is expected in the a- and b-d-glucose unit,
while this should be halted at H4 in the b-d-galactose unit
(Figure 4). Here, assignment of the a/b configuration is


firmly established from the
characteristic anomeric H1
chemical shift.


The PS7F capsular polysac-
charide (1) from Streptococcus
pneumoniae provided us with a
realistic case with which to
apply our matching procedure.
Upon production of this poly-
saccharide for vaccine formula-
tion, independent validation of
the structure of the oligosac-
charide repeat unit is mandato-
ry. NMR provides the only non-
destructive method to this end.
Although a complete 1H and
13C assignment has been report-
ed previously,[18] the resonance
assignment was performed in-
dependently: that is, without
use of any prior NMR knowl-
edge. The monomeric repeat
unit features seven monosac-
charide units (Figure 1): two b-
d-galactoses (I, V), one a-d-gal-
actose (II), one a- (VI) and one
b-d-glucose (IV) and one a-
(VII) and one b-l-rhamnose
(III). Several are involved in
two glycosidic linkages, and the
a-d-galactose (II) and one of


Figure 4. TOCSY pattern matching scheme. TOCSY patterns starting from the anomeric resonance (black oval) for each studied type of monosaccharide,
at applied MLEV17 mixing times of a) 30 ms, b) 60 ms, and c) 100 ms. Resonances with intensities of at least 1.5 % of the anomeric resonance at each of
the mixing times used are represented as grey ovals. Resonances with more than 0.5% but less than 1.5% are represented as open ovals. The latter sug-
gest that the resonances will appear in the 2D TOCSY spectrum, but only with weak intensity. Intensities lower than 0.5% are in most cases not tracea-
ble. The Scheme in (c) is applied on 1 and 2.


Figure 5. TOCSY patterns of a), b) N-acetylglucosamine, and c), d), e) lactose. Labels indicate the position of
the 1Hs in the corresponding hexapyranose units. On application of the TOCSY matching scheme, the identi-
ties of the monosaccharides were easily determined as a) b-d-glucose, b) a-d-glucose, c) b-d-galactose, d) b-d-
glucose, and e) a-d-glucose. The individual resonances are labelled as shown on the spectrum. The * represents
the residual water peak.
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the b-d-galactose units (V) even in three. In view of the
presence of l-rhamnose in PS7F (1), the magnetization
transfer in l-rhamnose monosaccharides was also investigat-
ed by 1D TOCSY. In spite of its l configuration and the 6-
deoxy derivatization, l-rhamnose can be regarded as having
a mannose-type topology when it comes to the pattern of 3J-ACHTUNGTRENNUNG(H,H) coupling constants. As a result, a-/b-l-rhamnose dis-
plays the same magnetization transfer pattern as found in
a-/b-d-mannose when a 100 ms TOCSY spectrum is ana-
lysed (Supporting Information). Ultimately, the two can be
differentiated by the presence or absence, respectively, of a
methyl group in the spin system. As observed in the case of
d-mannose, the TOCSY pattern also allows the a/b stereo-
chemistry in l-rhamnose to be differentiated. From an initial
analysis, seven traces associated
with anomeric 1H resonances
can be identified in the 100 ms
TOCSY spectrum (Figure 6).
Classification can readily be
made for most of these, on the
basis of the number and intensi-
ty (strong/weak) of the cross-
peaks as schematized in
Figure 4. Traces E and F each
have a clear galactose signature,
three intense correlation peaks
being easily identified in either
case. The anomeric 1H chemical
shifts for both are characteristic
for a b configuration, indicating
these must belong to I and V.


Further differentiation, how-
ever, is only available upon
complete resonance assignment
(see below). Trace B shows four
correlation peaks. With one ex-
ception, these are all of low in-
tensity. Through reference to
our matching scheme
(Figure 4), these point to an a-
d-mannose-type monosacchar-
ide. Since only l-rhamnose is
present, this is attributed to the
a-l-rhamnose (VII). The high-
est-field trace, G, shows four in-
tense correlations and a fifth
weaker one. This agrees well
with a glucose type, in which
H6 has been reached. In view
of the anomeric 1H chemical
shift, this is assigned to b-d-glu-
cose (IV).


The attribution of the three
remaining traces is less straight-
forward, mainly due to overlap
issues, but should be consistent
with the remaining galactose


(II), rhamnose (III) and glucose (VI) units. Trace D, for in-
stance, shows only two clear cross-peaks, together with a
medium-intensity one. This does not immediately fit the
Scheme in Figure 4. However, if the composition of PS7F
and the possibility of overlap is taken into account, this pat-
tern can only be accommodated by a d-glucose. Indeed, a
mannose-type component (such as l-rhamnose) would show
only a single strong correlation, whereas no additional
weaker ones would be expected for a galactose type. To-
gether with the anomeric 1H chemical shift, the trace is as-
signed to an a-d-glucose and therefore unit VI in PS7F.
Trace A is attributed to a galactose type, as two intense cor-
relations but no additional weak ones are observed. Al-
though a glucose type cannot totally be excluded, this would


Figure 6. Anomeric part of the 100 ms 2D TOCSY spectrum of the PS7F capsular polysaccharide from Strepto-
coccus pneumoniae. The 1D spectrum is shown on top and clearly shows the line-broadening typical for poly-
saccharides. The TOCSY traces contributed by each monosaccharide are labelled A to G, starting downfield.
In order to provide an unbiaised impression of the matching scheme, no labels identifying the individual reso-
nances are used.
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imply extensive overlap, and would require another attribu-
tion for trace D, as no glucose units are left to be assigned.
It is tentatively assigned to a-d-galactose (II).


This leaves trace C, which initially shows no obvious cor-
relations to other 1H spins in the TOCSY spectrum. Howev-
er, when the intensity levels are scaled close to the noise
level, a single correlation is found to the lowest-field, non-
anomeric 1H resonance at 5.64 ppm (square boxes in
Figure 6). This is consistent with a d-mannose type, or in
this case the remaining b-l-rhamnose (III). This is supported
by noting that the unusually low-field signal can then be at-
tributed to the only 2-O-acetylation occurring in 1. The low
intensity of the H1–H2 cross-peak is attributed to a further
reduction of the 3J ACHTUNGTRENNUNG(H1,H2) scalar coupling due to the effects
of 2-O-acetylation.


The knowledge obtained from this initial analysis provid-
ed an excellent basis to guide the more extensive analysis
required for full resonance assignment. The usual strategy—
consisting of the combined analysis of 2D gCOSY, TOCSY,
1H ACHTUNGTRENNUNG{13C}-gHSQC and 1H ACHTUNGTRENNUNG{13C}-gHMBC experiments—was
used and is described in short hereafter. Firstly, the precise
topology of each 1H-spin system identified from the TOCSY
spectrum was established by mapping the direct connectivi-
ties in a gCOSY spectrum. The 1H assignments obtained
were extended to the 13C nuclei with the aid of the 1HACHTUNGTRENNUNG{13C}-
gHSQC spectrum. From these data, the complete monosac-
charide spin systems were assembled and validated by 1H-ACHTUNGTRENNUNG{13C}-gHMBC. Indeed, for the b-rhamnose and the galactose
units, the small couplings involving H2 and H4, respectively,
sever the 1H spin system into two individual and unlinked
parts that cannot be connected by TOCSY, but can be
“sewn” back together through correlations afforded by nJ-ACHTUNGTRENNUNG(C,H) scalar couplings. Finally, the 1H ACHTUNGTRENNUNG{13C}-gHMBC also
provides connectivities across the glycosidic bond, thereby
establishing sequence-specific resonance assignment. When
these are analysed for PS7F, the position of each monosac-
charide unit and its identity is finally established. (Support-
ing Information)


The type and, where available, a/b stereochemistry origi-
nally obtained from our matching scheme is fully consistent
with the results from the complete assignment process. The
chemical shifts attributed to the newly produced PS7F as-
signed here are identical to those reported before in the lit-
erature, further validating our assignment. It also shows that
the a/b configurations of the two l-rhamnose units, which
cannot be unambiguously discriminated because of their in-
sufficient anomeric 1H chemical shift separation (here
0.10 ppm), were correctly established from our matching
scheme.


To demonstrate further the potential for a/b discrimina-
tion of mannose-type monosaccharides and their derivatives,
we applied our matching approach to the N-glycan 100.2 2.
This commercially available biantennary structure forms the
core of many N-glycan oligosaccharides. It features two a-d-
mannose units (I, III), one b-d-mannose (IV), two b-d-2-N-
acetylglucosamines (II, V) and one d-2-N-acetylglucosamine
at the reducing end. The last of these would therefore be ex-


pected to feature both a (VI) and b (VII) stereochemistry.
To the best of our knowledge, the complete NMR character-
ization of this system has not so far been reported, although
limited 1H assignments for this segment as a fragment in
larger oligosaccharides are available.[19] Given its considera-
ble cost, the amount of material purchased was limited to
100 mg, representing 90 nmol of material. To optimize sensi-
tivity, the compound was analysed by use of a 1 mm probe
at 700 MHz. Again, the initial analysis focussed on the
anomeric region of the 2D TOCSY spectrum, shown in
Figure 7. Despite the great similarity in monosaccharide
type contents, sufficient dispersion is available for seven
unique traces clearly to be distinguished. These were la-
belled A to G and analysed with the aid of our matching
scheme (Figure 4) while the anomeric 1H chemical shift was
taken into account.


From a first inspection the traces can be divided in two
categories. Traces E, F and G all contain multiple intense
cross-peaks and can therefore immediately be assigned to
three d-GlcNAc units. Given their H1 chemical shifts, these
all have the b-stereochemistry; together they represent units
II, V and VII. The three mannose units and the remaining
a-d-GlcNAc are therefore to be found in traces A–D. Trace
D is easily recognized as a b-d-mannose, in view of the fact
that one strong (to H2) and only one weak correlation (to
H3) are visible. Traces B and C each show the typical signa-
ture for a b-d-mannose, consisting of two intense cross-
peaks and three or two, respectively, weaker cross-peaks.
More quantitatively, when the intensities of the traces are
appropriately scaled to the diagonal peak (set to 100 %), the
expected pattern emerges. This leaves trace A, which is ten-
tatively assigned as the one corresponding to the reducing
a-d-GlcNAc unit.


After these preliminary assignments of the anomeric
region, a complete resonance assignment by the procedure
described above was attempted. Unfortunately, the limited
amount of compound impaired the signal-to-noise ratio of
the 1HACHTUNGTRENNUNG{13C}-gHMBC such that we were only able to establish
clear long-range 3JACHTUNGTRENNUNG(C,H) correlations over the three glycosi-
dic links involving the branching b-d-mannose IV as well as
a 3J ACHTUNGTRENNUNG(C,H) in support of the b ACHTUNGTRENNUNG(1–2) link between II and III
(Supporting Information). This allows traces B and C to be
assigned to the a-d-mannose units III and I, respectively,
and traces F and G to b-d-GlcNAc V and II, respectively, in
2. Through elimination, traces A and E correspond to the
reducing d-GlcNAc (VI, VII), assigned to the a and b iso-
mers, respectively, on the basis of their H1 chemical shift
values. Despite the incomplete assignment, the successful at-
tribution of the mannose core structure supports the a/b ste-
reochemistry originally proposed through our matching ap-
proach. This is not possible from, for example, the anomeric
H1 chemical shift, as clearly shown by the fact that the H1
of the only b-d-mannose, at 4.77 ppm, is located relatively
close to that of a-d-mannose IV at 4.91 ppm (Supporting In-
formation).


The presence of bottlenecks in the TOCSY transfer path-
ways of monosaccharides was recognized early on by various
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groups. Bax and co-workers demonstrated the use of a re-
layed TOCSY method to overcome the bottlenecks associat-
ed with small scalar couplings.[6] In their work, it was shown
that even at spin lock times exceeding 200 ms, no relayed
magnetization is seen beyond H4 in d-galactose. Systematic
investigations of the intensity build-up profile as a function
of mixing time in saccharides have been reported previously
for d-ribose and d-deoxyribose moieties in nucleotides.[18,21]


While a link between TOCSY patterns and stereochemistry
has undoubtedly been surmised, a systematic investigation
to provide solid grounds for this assumption has, to the best
of our knowledge, not been presented so far for common
hexapyranose units.


The interest of the work presented here lies in the effec-
tive demonstration that the dependency of the bottlenecks�


locations in hexapyranose units
can indeed be exploited and
used as an additional source of
information, available at the
outset of the subsequent assign-
ment procedure. The 100 ms
mixing time required is suffi-
ciently short to be applicable to
polysaccharides, where relaxa-
tion can lead to considerable
line broadening and complicate
analysis.[4,21] Moreover, the pro-
posed scheme appears to be
robust with regard to derivati-
zations of the hexapyranose
units and tolerates some reso-
nance overlap. Furthermore, it
does not rely on chemical shift
information, because this can
be considerably influenced by
variation in the structure (e.g.,
acetylation) and conformation.
The matching scheme is not
very sensitive to the spin lock
scheme used, with similar re-
sults being obtained for the
MLEV17 and DIPSI-2 schemes
that are most often used. While
other schemes, such as
WALT17, have not been tested
explicitly they will most proba-
bly yield similar results. Inter-
estingly, our investigation also
revealed the possibility of dis-
criminating a from b stereoiso-
mers in the case of mannose-
type hexapyranose units. This is
especially welcome in view of
the difficulties that can be en-
countered in discriminating
these through their H1 chemi-
cal shifts. So far, unambiguous


a/b discrimination in d-mannose units and their derivatives
has only been possible through measurement of the 1J-ACHTUNGTRENNUNG(13C,1H) scalar coupling constant of the anomeric C�H
unit,[22] typically available from F2-coupled 1H–13C HMQC
or HSQC experiments. This requires one more measure-
ment, otherwise of little use, than our 1H TOCSY-based
matching approach. More importantly, however, our 1D and
2D TOCSY matching-based approach is much more sensi-
tive, because it only relies on the 1H nucleus. This should
allow the range of NMR-based a/b discrimination of d-man-
nose-type stereochemistry to be extended to considerably
more limited quantities of material.


Figure 7. Anomeric part of the 100 ms 2D TOCSY spectrum of the N-glycan 100.2. The TOCSY traces con-
tributed by each monosaccharide are labelled A to G, starting downfield. In order to provide an unbiaised im-
pression of the matching scheme, no labels identifying the individual resonances are used. The * in the 1D
spectrum shown on top marks contributions from impurities present in the sample, and determined by integra-
tion to contribute �15 %.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8869 – 88788876


J. C. Martins et al.



www.chemeurj.org





Conclusion


Detailed analysis of the transfer of magnetization from the
anomeric 1H resonance to the other 1H resonances in the
most common hexapyranose monosaccharides has been pre-
sented. The numbers and intensities of relayed resonances
(1D) or cross-peaks (2D) in 100 ms TOCSY spectra, con-
veniently summarized in a qualitative scheme, are shown to
afford clear-cut discrimination between glucose-, galactose-
and mannose-type stereochemistries in hexapyranoses. This
is highly useful in guiding the subsequent assignment pro-
cess. In addition, a novel, sensitive TOCSY-based approach
that allows simple discrimination between the a and b con-
figurations in d-mannose and l-rhamnose hexapyranose
units has been presented. When no information relating to
the saccharide content is available, our approach could pos-
sibly supplement data on saccharide content and stereo-
chemistry obtained by the common analysis methods based
on chemical derivatization, in a non-destructive way. Given
that both 1D and 2D TOCSY techniques are nowadays
available in a highly standardized, even automated, format
on all commercial NMR platforms, our method should be
easily and widely applicable.


Experimental Section


Sample preparation for NMR : All solutions were prepared in D2O
(99.9 %) with 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as internal
chemical shift reference standard and a small amount of NaN3 to prevent
the growth of micro-organisms. NE-HP5–7“ NMR tubes (New Era, Inc.,
5 mm) were used throughout. Monosaccharides were purchased from
Sigma–Aldrich and were dissolved in D2O to afford 30 mm concentra-
tions. PS7F (1) was obtained by fermentation of the serotype specific
strain, extraction and purification of the polysaccharide by the standard
procedures used at GSK Biologicals. N-glycan 100.2 (2) was purchased
from Dextra Laboratories and used without further purification. A total
of 100 mg was dissolved in D2O (10 mL) and transferred into a 1 mm ca-
pillary (Cortec) for measurement by use of the 1 mm probe. The NMR
spectra showed extra resonances of minor intensity indicating that the
concentration of 8.9 mm should be considered an upper limit. These sig-
nals did not interfere significantly with the analysis of the main com-
pound (or compound of interest). The PS7F sample was prepared by dis-
solving solid material (20 mg), previously lyophilized from D2O, in D2O
(2 mL). The lyophilized material was reconstituted in a total volume of
two millilitres with D2O (99.9 %) as solvent.


NMR data acquisition and processing : Unless mentioned otherwise, spec-
tra were recorded on a Bruker Avance II NMR spectrometer running
TopSpin 1.3 software, fitted with a 1H/119Sn/BB z-gradient probe (TBI,
5 mm) and operating at 700.13 MHz for 1H and 176.05 MHz for 13C.
Except when otherwise mentioned, the temperature used was 298 K. The
1D selective TOCSY spectra were acquired by use of a gradient-en-
hanced selective inversion scheme with either a MLEV17 (selmlgp) or a
DIPSI-2 (seldigp) spinlock sequence. On each monosaccharide sample a
series of ten 1D selective TOCSY spectra was recorded for mixing times
of 10 ms to 100 ms with 10 ms steps and for each spin lock mixing se-
quence, a 10 s relaxation delay was used throughout. For d-mannose,
overlap with the residual water peak was avoided by measuring at 302 K.
The selective 1808 pulse used was a standard 160 ms Gaussian pulse with
a 6.7 Hz B1 field strength. The 1D raw data, accumulated from 16 scans,
8k data points each, were multiplied with an exponential function with
1.5 Hz line broadening, prior to zero-filling to 32k followed by Fourier
transformation and baseline correction. Integration of resonances in each


recorded set was performed relative to the intensity of the excited
anomeric resonance in the 10 ms 1D TOCSY spectrum and expressed as
a percentage. For the polysaccharide 1 and asialo N-glycan 2, gCOSY,
1H-{13C}gHSQC and 1H ACHTUNGTRENNUNG{13C}-gHMBC spectra were acquired by use of the
standard sequences in the Bruker pulse programme library.[23] 2D
TOCSY spectra were recorded with 100 ms of either MLEV or DIPSI-2
spin lock. The assignment of the PS7F 1 was entirely performed by use of
500 MHz data recorded on a Bruker DRX 500 instrument fitted with a
1H/13C/15N TXI-z-gradient probehead. Because of the limited amount of
the asialo N-glycan 2, a 1H/13C/15N TXI-Z probe (1 mm) was used. For
homonuclear 2D experiments typically 512 increments, consisting of 1 to
32 scans of 2k datapoints each, were recorded with a 1.27 s relaxation
delay and a 1H spectral width of 12.02 ppm. The residual water signal
was removed by selective presaturation during the relaxation delay when
appropriate. For heteronuclear 2D experiments, a 13C spectral width of
140 ppm (gHSQC) or 180 ppm (gHMBC) and 16–128 scans were used.
Processing consisted of apodization with a squared cosine window func-
tion, followed by zero-filling before Fourier transformation to a 2k � 2k
complex dataset. A second-order polynomial baseline correction was ap-
plied when necessary. All 3J ACHTUNGTRENNUNG(H,H) scalar couplings for the various mono-
saccharides were measured from the 1D spectra after mild Gaussian
apodization.
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Designed Folding of Pseudopeptides: The Transformation of a
Configurationally Driven Preorganization into a Stereoselective
Multicomponent Macrocyclization Reaction


Ignacio Alfonso,*[a] Michael Bolte,[b] Miriam Bru,[c] M. Isabel Burguete,[c] and
Santiago V. Luis*[c]


Introduction


Amino acid containing macrocycles[1] are important mole-
cules due to their interesting applications in molecular rec-
ognition,[2] biomedicine,[3] and materials science.[4] However,
in most cases, their synthesis is hampered by the macrocycli-
zation step, which usually requires high dilution techniques,
sophisticated protecting groups, or tedious purification
steps.[5] One possible way to improve that process is the con-
formational preorganization of the linear precursors.[6] How-
ever, for the de novo design of a conformation leading to
the intended macrocyclic ring, detailed knowledge of the
structural variables for the correct folding of the open-chain
precursors is mandatory. Therefore, the concept of program-
med folding arises as a key to the macrocyclization pro-
cess.[7] In nature, the structural information implemented
within a given sequence leads, under certain environmental
conditions, to a functional three-dimensional structure.[8]


This is often achieved by the homochirality of the mono-
mers that form the corresponding functional biopolymers.[9]


Thus, fundamental information is provided by the geometri-


Abstract: The efficient synthesis of
large-ring pseudopeptidic macrocycles
through a multicomponent [2+ 2] re-
ductive amination reaction is described.
The reaction was entirely governed by
the structural information contained in
the corresponding open-chain pseudo-
peptidic bis(amidoamine) precursors,
which have a rigid (R,R)-cyclohexane-
1,2-diamine moiety. A remarkable
match/mismatch relationship between
the configurations of the chiral centers
of the cyclic diamine and those of the
peptidic frame was observed. The mac-
rocyclic tetraimine intermediates have


been studied in detail by NMR spec-
troscopy, circular dichroism (CD), and
molecular modeling, and the results
support the appropriate preorganiza-
tion induced by the match combination
of the chiral centers. We have also syn-
thesized the corresponding open-chain
bis ACHTUNGTRENNUNG(imine) model compounds. The
structural studies (NMR spectroscopy,
CD, modeling) of these systems


showed an intrinsically lower reactivity
of the mismatch combination, even
when the product of the reaction was
acyclic. In addition, a synergistic effect
between the two chiral substructures
for the correct folding of the molecules
was observed. Finally, X-ray analysis of
the HCl salt of one of the macrocycles
showed an interesting pattern; the
macrocyclic rings stack in columnar ag-
gregates leaving large interstitial chan-
nels filled with water-solvated chloride
anions.
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cal parameters obtained by the correct combination of con-
figurations of the corresponding chiral centers, which is ex-
pressed when the chiral components are assembled into a
larger structure.[10] During the last decade, many chemists
have been fascinated by synthetic molecules that have been
designed with a preferred conformation in solution, com-
monly called foldamers.[11] Moreover, some research groups
have exploited the potential of structurally designed folding
for organic synthesis, especially in the macrocyclic field.[12]


For the efficient formation of large rings, the reactive cen-
ters must be in a well-defined spatial disposition, namely
preorganized in the corresponding cyclic conformation.
Therefore, the geometrical parameters of the linear precur-
sors must be carefully tuned for the correct folding, exactly
as in nature. To obtain that preorganization, very intelligent
approaches have been employed and include geometrical re-
strictions,[13] intramolecular hydrogen bonding,[14] solvopho-
bic interactions,[15] and p-stacking contacts.[16] However, re-
ports concerning the correlation between different combina-
tions of configurations of the chiral centers and designed
folding leading to an intended reactivity are scarce.[17]


On the other hand, we have previously synthesized new
pseudopeptidic macrocycles by taking advantage of the U-
turn preorganization of this family of compounds in aprotic
polar solvents.[18] Some of these systems displayed interest-
ing properties as organogelators,[19] molecular receptors,[20]


chemosensors,[21] or molecular devices.[22] Within this re-
search project, we envisioned the preparation of larger
structures to expand the possibilities for the generation of a
family of compounds by increasing the size and complexity
of the substrates. With this in mind, the reductive amination
reaction arose as an interesting alternative because imine
bonds are rigid and conformationally predictable scaffolds
that are very useful for the construction of macrocycles.[23]


With this aim, the preorganization of the linear precursor is
advisable to obtain acceptable final yields of the macrocycli-
zation product as well as to avoid oligomerization side-prod-
ucts. Accordingly, we recently reported the use of anion
templates to promote preorganization for the selective [2+


2] cyclization reaction.[24] This conformational trend can al-


ternatively be controlled by the appropriate redesign of
linear precursors. Herein we report a detailed structural
study of the configurationally driven preorganization of the
linear precursors for a highly efficient multicomponent mac-
rocyclization process that leads to new amino acid contain-
ing large macrocycles.


Results and Discussion


Design of the macrocyclization reaction : With the aim of
preparing large macrocyclic structures, we initially designed
a [2+ 2] reductive amination reaction (Scheme 1) between a
pseudopeptidic bis(amidoamine) (1 a–i)[25] and a rigid planar
aromatic dialdehyde (2 a,b). However, reactions performed
with the flexible derivatives (1 a,b, entries 1 and 2 in
Table 1) led to a very complicated mixture of open-chain
oligomers with the corresponding [2+ 2] macrocycles detect-
ed by ESIMS only as minor products. These results indicat-
ed that the ethylenediamide moiety is too flexible in MeOH
to preorganize the system into a macrocycle-producing
folded conformation.


After some preliminary molecular modeling, we decided
to prepare the corresponding derivatives with a cyclohex-
ane-1,2-diamine moiety, which was selected to favor a rigid
and well-defined spatial disposition of the bis(amidoamine)
fragment. Chiral cyclohexane-1,2-diamine has previously
been used as a scaffold for cyclization processes. Its chairlike
conformation, with the C�N bonds forming angles of 608,
has served as an excellent scaffold for the construction of
large conformationally restricted macrocycles and pincers.
Thus, this diamine can undergo either [2+ 2] or [3+ 3] cyclo-
condensation reactions,[26] generate a dynamic covalent
system,[27] or induce important constraints when forming
part of a longer open-chain molecule.[28] In our pseudopepti-
dic molecules, the cyclohexane frame induces a turn confor-
mation in the linear precursors, which favors the [2+2] cyc-
lization process. Satisfyingly, the macrocyclization reaction
proceeded smoothly with these redesigned systems. Thus, al-
dehyde–amine condensation between 1 c and terephthalde-


Scheme 1.
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hyde (2 a ; MeOH, RT, 20 h) led to the macrocyclic tetra-ACHTUNGTRENNUNGimine, which was reduced in situ with sodium borohydride
to the corresponding macrocyclic tetraamine 3 c (R= iPr) in
a very good overall yield (entry 3, Table 1). To check the
generality of the procedure, we changed other fragments of
the cyclic structure in a modular way (Table 1). All the final
compounds were fully characterized by NMR spectroscopy
and mass spectrometry (see the Supporting Information).
Owing to the D2 averaged symmetry of the final macrocycle
and to the broadness of the signals in the NMR spectra for
most of the derivatives, the accurate ESI-TOF mass spectra
were especially illustrative, as unambiguous proof, of the
[2+ 2] macrocyclic structure. In addition, we were able to
obtain suitable crystals for X-ray diffraction analysis of one
derivative, 3 d (R=Bn, see below). Comparison of the data
gathered in Table 1 shows that the reaction can be per-
formed with amino acid precursors with different aliphatic
or aromatic side-chains and give comparable final yields
(Table 1, entries 4, 6, and 7). The use of the meta-dialdehyde
(2 b) instead of the para derivative decreased the isolated
yield, the rest of the material was recovered as the starting
compounds or as open-chain oligomers (Table 1, entry 5).
This result suggests that the geometrical disposition around
the flat and rigid aromatic spacer is also important, most
likely as a consequence of the higher symmetry of the para-
compared with the meta-substituted aromatic dialdehyde.
An example with hydrogen-bonding side-chains was also ob-
tained (derived from glutamine, entry 8 in Table 1), although
only in moderate (nonoptimized) yield. However, note that
the isolation of the final compound (3 g) was greatly ham-
pered by its very low solubility in most organic solvents.


We also decided to study the effect of different combina-
tions of chiral centers of the linear pseudopeptidic bis(ami-
doamine) in this macrocyclization reaction. Thus, com-
pounds 1 h,i with an R,R configuration in the cyclohexane
moiety, but a D configuration in the amino acid a-carbon
atom, were prepared and assayed. Very interestingly for this
combination of stereocenters, the reaction led to a mixture
of compounds as detected by 1H NMR spectroscopy, TLC,
and ESIMS, the major ones corresponding to the starting
material (Table 1, entries 9 and 10). This means that there is


a cooperative relationship be-
tween the chiral centers of the
linear molecules, which plays a
fundamental role in the macro-
cyclization reaction. Thus, we
obtained a positive (match)
combination with (R,R)-cyclo-
hexane and l-amino acids and,
correspondingly, a negative
(mismatch) combination with
d-amino acids. Therefore, the
macrocyclization reaction oc-
curred with a high diastereose-
lectivity. Because we found
these results quite intriguing,
we decided to perform an in-


depth study of the mechanism of the reaction by character-
izing the corresponding tetraimine intermediates.


Structural studies of the macrocyclic tetraimine intermedi-
ates : To obtain more precise information about the course
of the reaction, we followed (1H NMR, 500 MHz, CD3OD,
303 K) the formation of the tetraimine intermediate precur-
sor for 3 c (see the Supporting Information). The reaction
started just a few minutes after mixing 1 c and 2 a. This was
indicated by the gradual disappearance of the aldehyde
CHO signals (d=9.99–10.11 ppm) and the growing of imino
methyne signals (d=8.07–8.34 ppm). In the first stage of the
reaction, a complicated group of signals was formed that
simplified after 24 h. At that point, a major compound (ca.
70 % from integration of the signals) was obtained with a
highly symmetrical geometry, as shown by both its 1H and
13C NMR signals (see the Supporting Information for
gCOSY, TOCSY, and 1H–13C gHSQC spectra). This major
imine compound exhibited one singlet for the aromatic pro-
tons, which can be explained either by a fast rotation of the
aromatic ring with respect to the macrocyclic main plane or
by a D2 symmetrical conformation in solution. With regard
to the relative disposition between imine bonds, they must
all adopt the same S-trans configuration or again there must
be a fast equilibrium between the S-cis and S-trans configu-
rations in the NMR timescale to render the observed D2


symmetry. The presence of other minor imino signals (over-
all accounting for around an additional 25 %) and the fact
that no other cyclic compounds were isolated after reduction
suggest that these minor nonsymmetrical imino groups arise
from the presence of different relative dispositions of the
C=N double bonds and support the assumption that the
major compound is an all-S-trans isomer. All of these imino
signals also showed strong NOE effects with the a-H pro-
tons of the peptidomimetic moiety (see the Supporting In-
formation for 2D NOESY spectra), which supports the con-
nectivity between the two substructures and a syn disposi-
tion of these protons in the major species, as depicted in
Scheme 2.


Despite this, the strong geometrical preference for the
system to form the D2 symmetrical cyclic structure is highly


Table 1. Results of the multicomponent reductive amination synthesis of pseudopeptidic macrocycles.


Substrate Diamine R (C-a conf.) Dialdehyde Product Yield[a] [%]


1 1a en iPr (S) 2 a 3a –[b]


2 1b en CH2Ph (S) 2 a 3b –[b]


3 1c ACHTUNGTRENNUNG(R,R)-chxn iPr (S) 2 a 3c 67
4 1d ACHTUNGTRENNUNG(R,R)-chxn CH2Ph (S) 2 a 3d 55
5 1c ACHTUNGTRENNUNG(R,R)-chxn iPr (S) 2 b m-3c 35
6 1e ACHTUNGTRENNUNG(R,R)-chxn iBu (S) 2 a 3e 58
7 1 f ACHTUNGTRENNUNG(R,R)-chxn sec-Bu (S) 2 a 3 f 41
8 1g ACHTUNGTRENNUNG(R,R)-chxn ACHTUNGTRENNUNG(CH2)2CONHTr (S) 2 a 3g 17[c]


9 1h ACHTUNGTRENNUNG(R,R)-chxn iPr (R) 2 a 3h –[b]


10 1 i ACHTUNGTRENNUNG(R,R)-chxn CH2Ph (R) 2 a 3 i –[b]


[a] Isolated yield after chromatographic purification. [b] Yield not determined because a complicated mixture
of compounds was obtained, as shown by both ESIMS and TLC. [c] Non-optimized yield due to the insolubili-
ty of the final compound 3g.
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remarkable. The composition of this mixture does not
change over a long period of time (>8 weeks) or by heating
the sample up to 60 8C, which supports the suggestion that it
is an equilibrium mixture under thermodynamic control.
Note also that performing the same experiment with 1 h (de-
rived from d-valine) instead of 1 c (derived from l-valine)
led to a very complicated group of signals in the 1H NMR
spectrum and to the incomplete consumption of dialdehyde
2 a even over very long reaction times (>3 d, see the Sup-
porting Information). This is also solid proof for the match/
mismatch effect of the configurations of the chiral centers.


The formation of the tetraimine intermediate was also
studied by electronic circular dichroism (CD).[29] The CD
spectrum of a mixture of 1 c and 2 a after 24 h of reaction
time clearly showed a bisigned (�,+ ) curve (black line in


Figure 1) with a minimum at 296 nm (De=


�110 cm2 mmol�1) and a maximum at 269 nm (De=


132 cm2 mmol�1). The CD bisigned signal passes through
zero at 280 nm, which is the lmax (e=59 600 m


�1 cm�1) of the
UV absorbance (Figure 1). This UV band can be assigned to
p–p* transitions of the aromatic diimine.[30] The CD spec-
trum unambiguously implies a negative split-Cotton effect,
which allowed us to determine the disposition of the chro-
mophores in solution because the dipole moment associated
with the p–p* transition in this chromophore is known.[30]


The magnitude of the amplitude is in agreement with a
highly chiral and ordered structure with the corresponding
chromophores, namely the aromatic diimines, in close prox-
imity to one another. In addition, for an appropriate com-
parison, we prepared the corresponding (R,R)-cyclohexane-
1,2-bis(benzylimine) [(R,R)-4] and its CD spectrum was
measured under the same conditions (dotted line in
Figure 1). This compound showed a very similar split-Cotton
effect of negative sign (�,+ ), although at a shorter wave-
length due to less conjugation in the chromophores. All
these data imply that the chirality and the geometrical dis-
position of the (R,R)-cyclohexane-1,2-diamine have been ef-
ficiently transferred throughout the whole system of the
macrocyclic tetraimine formed by the reaction between 1 c
and 2 a. Even more interestingly, the corresponding experi-
ment with the mismatch combination of stereocenters (1 h+


2 a) gave a less intense CD spectrum (grey line in Figure 1)
with no sign of exciton-coupling. These results highlight the
importance of the configurationally driven preorganization


of precursors for the correct
folding of the system.


We also performed some mo-
lecular modeling studies to vis-
ualize these effects. Thus, Mon-
te Carlo conformational search-
es with MMFF minimizations
were performed for the pro-
posed macrocyclic tetraimines
derived from either 1 c (match)
or 1 h (mismatch) pseudopepti-
des (Figure 2). Interestingly, the
cyclic compound with the
match relationship rendered a
global minimum with a struc-
ture in very good agreement
with the experimental data
(Figure 2A). It shows an aver-
age D2 symmetry with intera-
tomic distances compatible with
the observed NOE contacts.
The cyclohexanes are in a per-
fect chair conformation with
the substituents in equatorial
positions. The structure pres-
ents an all-S-trans relative dis-
position of the imine bonds and
a flat conformation for the aro-


Scheme 2. Observed NOEs for the macrocyclic tetraimine intermediate
obtained from the condensation reaction between 1c and 2a.


Figure 1. CD (top) and UV (bottom) spectra of the reactions between 1c +2a (black), 1 h+2a (grey), and
(R,R)-4 (dotted).
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matic diimine groups, which maximizes the conjugation of
the system. The isopropyl side-chains are set in equatorial
positions, pointing away from the macrocyclic structure. In
addition, superposition of the energetically accessible local
minima (Figure 2B) showed a rigid averaged oval shape
with slight changes in the dispositions of the side-chains but
retaining the conformation of the macrocyclic backbone.
However, the same calculations performed with the hypo-
thetical macrocycle derived from 1 h with mismatch configu-
rations rendered very different results. The macrocycle
showed an averaged distorted geometry with a large
number of structurally different accessible minima (Fig-
ure 2C). Most of them showed the cyclohexane moiety in a
highly strained boat conformation and/or the iPr group in a
pseudoaxial position, which must be energetically demand-
ing. In fact, the global minimum of this system (1 h) is much
less stable (6.58 kcal mol�1) than the diastereomer derived


from 1 c. All these theoretical results also indicate that the
mismatch configurations do not favor the formation of the
macrocycle, as observed experimentally. In addition, as the
system is under thermodynamic control, these theoretical
calculations must reflect a reliable picture of the process.


Open-chain model systems : Taking into account the match/
mismatch effect observed for the macrocyclization reaction,
we wondered if that behavior is controlled by the structural
differences of the pseudopeptidic repeating units. In other
words, whether the different reactivity depends completely
on the formation of the macrocycle or whether it is inherent
to the pseudopeptidic moiety. Thus, we prepared four differ-
ent open-chain model compounds (5 a–d) with similar pseu-
dopeptide–imine linkages. We synthesized both the match
(5 a) and mismatch (5 b) combinations of the cyclohexane


derivatives, whereas for the flexible ethylene compounds,
we prepared two enantiomers (5 c,d). The compounds were
synthesized by a simple condensation reaction between the
corresponding bis(amidoamine) and benzaldehyde in metha-
nol. Rather interestingly, the rate of formation of the imine
bond (estimated by 1H NMR spectroscopy) was much lower
for the mismatch combination (5 b) than for the match dia-
stereomer (5 a). For instance, the reaction showed 98 %
imine conversion for 5 a after 23 h (10 mm, CD3OD, 303 K),
but a 78 % conversion for 5 b for the same reaction time.
This last derivative required 75 h to achieve 93 % imine con-
version by NMR spectroscopy. Accordingly, there is a differ-
ence in the reactivity of the initial diastereomeric bis(amido-
amine) pseudopeptides 1 c and 1 h. Thus the difference in
the macrocyclization is not exclusively due to differences in
strain in the final cyclic structure, as can be observed even
in condensation reactions that lead to open-chain imines.


The different reactivities observed for 1 c and 1 h, which
lead to 5 a and 5 b, respectively, can be rationalized by con-
sidering the geometry of the possible conformations of the


Figure 2. A) Minimized geometry of the macrocyclic tetraimine that
leads to 3c. B,C) Superposition of the energetically accessible (1 % from
a Boltzmann distribution) local minima (Monte Carlo searches with
MMFF minimizations) of the macrocyclic tetraimines obtained from 1 c
(B, match) or 1 h (C, mismatch). Hydrogen atoms have been omitted for
clarity in B and C.
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two compounds 1 c and 1 h in solution (Scheme 3). By as-
suming diequatorial positioning of the amide groups on the
cyclohexane moiety and a trans disposition of the peptidic


bonds, three different rotamers of the carbonyl–Ca bond
can be proposed (conformers I–III in Scheme 3). According
to the 1H and 13C NMR spectroscopy data, only C2 symmet-
rical conformations will be considered, although other non-
symmetrical geometries in dynamic equilibrium could also
be present in solution. The stability, and therefore, the popu-
lation of these species depend on the stabilizing/destabiliz-
ing interactions found in each case. For instance, conformer
I in compound 1 c would allow amide–amine N�H···N hy-
drogen-bonding interactions, thereby forming intramolecular
five-membered rings (Scheme 3a). These interactions have
previously been found for related systems both in solu-
tion[18,22] and in the solid state.[18] However, this conforma-
tion (I) would present a large steric hindrance between the
isopropyl groups. On the other hand, in conformer III of the
same compound the amide N�H and iPr groups would be
eclipsed, which would result in a destabilizing interaction.
Therefore, in polar protic solvents, conformer II is expected
to be slightly favored for 1 c as the steric hindrance between
the iPr groups would be diminished because they would be
in pseudoequatorial positions and far away from each other.


In the case of compound 1 h (Scheme 3b), the scenario
would be much clearer because two of the rotamers (II and
III) show steric hindrance arising from the iPr groups,
whereas in conformer I the two iPr groups would be pseu-
doequatorial and would also exhibit the proposed amide–
amine hydrogen-bonding stabilizing interactions. Therefore,
conformer I should be the most populated for 1 h. By com-
paring both structures (II for 1 c versus I for 1 h) one can
predict that the amino nitrogen atoms in 1 h-I must be less
nucleophilic than those in 1 c-II because their lone-pair elec-
trons are involved in intramolecular hydrogen bonds.[31] Al-
though MeOH would be able to break these hydrogen-
bonding interactions, a clear difference in reactivity was ob-


served, which can be ascribed to these structural differences.
Monte Carlo studies of these systems showed that the type I
conformers would be the most favorable for both diastereo-


mers. This could be due to an
overestimation of the hydro-
gen-bonding stabilization within
the force-field calculations
(even by using polar solvents
such as water in the calcula-
tions). However, the corre-
sponding minimum for 1 h is
more stable (2.16 kcal mol�1)
than that of 1 c, probably due to
the above-mentioned steric hin-
drance in 1 c-I. These computa-
tional results are in line with
our initial hypothesis.


Once the model compounds
(5 a–d) had been prepared, we
studied their conformations in
solution. First of all their
1H NMR spectra showed impor-
tant differences, especially in


the imine-linkage region. The 1H chemical shifts of 5 a are
very similar to those of the flexible ethylene derivatives 5 c,d
(Figure 3, Table 2, entries 1 and 6). However, compound 5 b
showed a more complex group of signals that indicated the
presence of at least four different imine groups. Integration
of the different 1H NMR signals showed the species to be
present in a ratio of 80:14:3:2; some representative chemical
shifts are gathered in Table 2. The minor ones (overall ac-
counting for 19 %) showed chemical shifts very similar to
those of 5 a,c,d. However, for the major species (80 %), the


Scheme 3. Proposed conformational equilibrium for A) 1c and B) 1 h.


Figure 3. Selected region of the 1H NMR spectra of 5a (upper trace), 5 b
(middle trace), and 5c,d (lower trace). Signals corresponding to the
minor species in 5b are shown with asterisks.
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protons surrounding the imine linkage shift upfield with re-
spect to the corresponding signals of 5 a (Table 2, entries 1
and 2). This shielding can only be explained by the presence
of a conformation in which the aromatic ring of one benzyl-
imine group is above the proton nuclei (aromatic imine and
a-carbon atom) of the other equivalent arm in a C�H···p
disposition.


With the aim of explaining these experimental differences,
we performed some molecular modeling calculations on
5 a,b (Figure 4). Monte Carlo searches on these systems sup-


ported the data obtained by NMR spectroscopy. Thus, 5 a
behaved slightly more flexible in solution, which accounts
for the chemical shifts being similar to those of 5 c,d. How-
ever, 5 b seemed to be more conformationally constrained;
in the accessible minima the protons of one aromatic imine


group (namely, HC=N, a-H, and o-Ar-H) are above the ani-
sochronic shielding cone of the other aromatic ring
(Figure 4). This disposition explains the observed upfield
shifts for 5 b. Although the computed geometries are not ac-
tually symmetrical, a dynamic equilibrium on the NMR
timescale would produce an averaged C2 symmetry, as ex-
perimentally observed.


We also performed NOESY experiments on 5 a,b (see the
Supporting Information). For the match diastereomeric
combination, strong NOE cross-peaks were observed, in
agreement with the presence of a conformation very similar
to that proposed for the cyclic tetraimine intermediate
(Scheme 4). However, a weaker NOE effect between the


amide NH and the ortho proton of the aromatic ring sug-
gests the participation of other conformations with the ben-
zylimine group in a pseudoaxial position (Scheme 4). The
same experiment performed with 5 b was inconclusive be-
cause the observed NOEs were of a much lower intensity
than those for 5 a and indicated an imine linkage.


As a complementary technique, we also recorded the CD
spectra of the model compounds 5 a–d in methanol. The
flexible derivative 5 c (Figure 5, black trace) showed a
strong CD signal of the type (�,+ ,�) characterized as fol-
lows: lmin =277 nm, De=�7.5 cm2 mmol�1; lmax =244 nm,
De=++20.8 cm2 mmol�1; lmin =215 nm, De=


�16.0 cm2 mmol�1. As expected, its enantiomer 5 d (Figure 5,
grey line) displayed a perfect mirror image (+ ,�,+ ) CD
spectrum. The UV absorbance at lmax = 250 nm (e=


40 000 m
�1 cm�1) can be assigned to the p–p* transitions of


aromatic imine chromophores. The absence of a clear exci-
ton-coupling effect prevented the preferred conformation
being proposed, but the results obtained for the macrocycli-
zation reaction suggest that these systems are highly flexible
in methanol. Therefore, these spectra can be considered as a
random coil CD reference.


Some interesting trends were observed in the CD spectra
of the cyclohexane derivatives 5 a,b. First, for 5 b (Figure 6,
grey line), the CD signal shifted to more negative values
(lmax = 275 nm, De=++3.7 cm2 mmol�1; lmin = 245 nm, De=


�26.9 cm2 mmol�1; lmax = 220 nm, De=++ 13.7 cm2 mmol�1)
relative to the signals of the corresponding flexible refer-
ence compound 5 d. Once again, no split-Cotton signal was
detected, which suggests that a preorganization suitable for


Table 2. Chemical shifts of selected 1H NMR signals of 5a–d.


Compound Isomer [%] HC=N o-ArH a-H Amide NH


1 5a n.a. 8.14 7.81 3.57 6.99
2 5b 80 7.56 7.65 3.15 6.82
3 5b 14 8.08 7.79 3.54 6.96
4 5b 3 8.15 7.84 3.60 7.19
5 5b 2 8.24 7.96 3.57 7.19
6 5c,d n.a. 8.07 7.77 3.58 7.11


Figure 4. Superposition of the energetically accessible local minima for
A) 5a and B) 5 b. The global minimum for 5b is also shown (C) in a dif-
ferent perspective to highlight the disposition between the aromatic
imines.


Scheme 4. Observed NOEs for compound 5 a.
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the macrocyclization process is not present in solution. For-
tunately, the CD data for 5 a were much more informative


(Figure 6, black line). A comparison of the CD data for 5 a
with that for the flexible derivative 5 c shows that the first
minimum decreases in intensity (lmin =265 nm, De=


�11.2 cm2 mmol�1), the subsequent maximum increases in
intensity (lmax =241 nm, De=++22.7 cm2 mmol�1), and the
second minimum also increases (lmin =215 nm, De=


�14.1 cm2 mmol�1). A slight blueshift of the CD spectrum
was observed as a consequence of an incipient exciton-cou-
pling effect. In addition, as the UV absorbance shows a max-
imum at lmax =250 nm (e= 34 500 m


�1 cm�1) and the CD
passes through zero at lmax =254 nm, there must be a contri-
bution from bisigned exciton-coupling for the p–p* transi-
tion of the aromatic imines. In addition, this split-Cotton
effect clearly implies negative chirality.


The negative sign of the split-Cotton effect of the imines
in 5 a reflects the effective preorganization induced by the
cyclohexane moiety, despite its open-chain nature. This pre-
organized conformation was observed in the macrocyclic tet-
raimine and must be the effective driving force for the [2+


2] multicomponent cyclization. Moreover, we aimed to de-
termine the contribution of each substructure (pseudopep-
tide and cyclohexane) in the overall preorganization.[32] To
do that, we attempted to deconvolute the CD spectrum of
5 a into the corresponding two reference spectra for both
substructures. Accordingly, we utilized 5 c as the reference
for the pseudopeptidic contribution and (R,R)-4 (Figure 1)
as the reference for the cyclohexane framework. Satisfying-
ly, we were able to reasonably reproduce the CD spectrum
of 5 a (Figure 7) as a weighted combination of the two sub-
structures, rendering an approximate contribution of De5 a


�0.86De5 c +0.14De(R,R)-4. In addition, the amplitude of the
CD signal is inversely proportional to the square of the dis-
tance between the interacting chromophores, and that dis-
tance should be shorter for (R,R)-4 than for 5 a. Thus, we
have used a model subsystem with a stronger CD signature
than that possible in 5 a. Consequently, the actual conforma-
tional contribution of the cyclohexane moiety must be


Figure 5. CD (top) and UV (bottom) spectra of 5 c (black) and 5 d (grey).


Figure 6. CD (top) and UV (bottom) spectra of 5a (black) and 5b (grey).


Figure 7. Simulation of the CD spectra of 5a (black) obtained by the ad-
dition of weighted CD spectra of the corresponding substructures:
0.86De5 c (dashed) +0.14De(R,R)-4 (dotted).
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larger than that calculated by our approach (14 %). Anyway,
this remarkable relationship can be understood as a semi-
quantitative expression of the match effect of the chiral cen-
ters on the conformational preorganization.


Overall, this in-depth structural study of open-chain
model compounds has allowed important conclusions to be
drawn regarding the match/mismatch effect of the chiral
centers. First, the amino nitrogen atoms in 1 c are intrinsical-
ly more nucleophilic than those in 1 h. On the other hand,
the NMR spectroscopy data suggest that 5 a is slightly more
flexible than 5 b because in the latter the close proximity of
the aromatic diimines leads to some conformational con-
strictions. However, despite the higher flexibility of 5 a, its
chiral centers enable the compound to adopt a conformation
suitable for macrocyclization, as demonstrated by the NOEs
and CD results. More interestingly, for 5 a, we have been
able to quantify the contribution of each substructure to the
averaged conformation in solution. Therefore, we have dem-
onstrated that the positive/negative preorganization for cyc-
lization involves a match/mismatch combination of the two
substructures (cyclohexane and peptidic) present in the mol-
ecules.


Crystal structure of 3 d·4HCl : We were able to obtain crys-
tals of the tetrahydrochloride salt of 3 d suitable for X-ray
diffraction analysis. The results are shown in Figures 8 and
9. The nanometer-sized (1.1� 2.0 nm) macrocycle adopts a
conformation with almost D2 symmetry, as shown in Fig-
ure 8A. The cyclohexane moiety adopts a chair conforma-
tion with the amide substituents in equatorial positions. The
amide NH groups are trans with respect to the methynes of
the chiral centers of the cyclohexane rings and cis to the a-
hydrogen atoms of the peptidic fragments. The benzyl side-
chains are in pseudoequatorial positions and point away
from the macrocyclic ring. Interestingly, the aromatic rings
of the side-chains are folded towards the cyclohexane moiet-
ies, thereby forming a hydrophobic core that seems to play
an important role in the crystal packing (see below). The
amino nitrogen atoms are fully protonated and point out
from the macrocycle, thereby minimizing the mutual elec-
trostatic repulsions. The aromatic rings of the backbone
phenylene groups are perpendicular to the macrocyclic main
plane and very close to each other, which possibly allows p-
stacking interactions to be established (interplanar distance
�3.6–3.7 	). Overall, the conformation of the pseudopepti-
dic moiety is in good agreement with that proposed for the
precursor tetraimine intermediate. The crystal has four chlo-
ride anions per macrocycle. Two of them are above each
pseudopeptidic moiety and establish hydrogen-bonding in-
teractions with the amide NH and N�CH2�Ar hydrogen
atoms (Figure 8B). These interactions stabilize the stacking
of the macrocyclic rings within a columnar supramolecular
aggregate (Figure 8C). The other two chloride atoms are
outside the macrocyclic cavity.


The packing of the columnar aggregates is also notewor-
thy. The cores formed by the benzyl side-chains and the cy-
clohexane rings interpenetrate on two opposite faces of the


columns, which leads to tight packing of the columns
through aryl–aryl and hydrophobic contacts. The other two
faces leave large interstitial channels between the columns
(see Figure 9A for the top view of empty channels). These
channels have a rhomboid-shaped section with an estimated
area of 92.4 	2. They are filled with chloride anions and
water molecules as the ammonium groups point towards the
inner face of the interstitial holes, which makes them highly
hydrophilic (see Figure 9B for top view of the filled chan-
nels). A longitudinal section of the channel (Figure 9C)
shows an interesting pattern with solvated chloride anions
along the whole channel. Accordingly, the whole crystal
structure can alternatively be described as water-filled chlo-
ride channels embedded in a hydrophobic core.


Conclusion


We have developed a multicomponent reductive amination
macrocyclization reaction for the synthesis of new amino


Figure 8. A) Top view of the macrocyclic tetracation alone and B) with
two hydrogen-bonded chloride anions. C) Side view of the columnar
stacked aggregation assisted by chloride anions (chloride ions are repre-
sented in the CPK model).
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acid containing macrocycles. The efficiency of the reaction is
strongly dependent on the structural parameters of the
open-chain pseudopeptidic bis(amidoamine) linear precur-


sors. Moreover, the macrocyclization process is dominated
by a match/mismatch relationship of the relative configura-
tion of the chiral centers in both substructures: the cyclic di-
amine and peptidic moieties. The correct combination is
that with (R,R)-cylohexane-1,2-diamine and l-amino acids.
This effect has clearly been demonstrated by a study of the
macrocyclic tetraimine intermediates by different experi-
mental (CD and NMR spectroscopy, including NOEs) and
theoretical (Monte Carlo conformational searches) methods.


The match/mismatch effect on the reactivity has been fur-
ther studied by using the corresponding open-chain model
systems. From their detailed structural characterization
(NMR spectroscopy, CD, and modeling), some important
conclusions can be extracted. First, the mismatch combina-
tion of the chiral centers has an intrinsically lower reactivity,
even for a reaction leading to open-chain products. In addi-
tion, the slightly larger flexibility of the match diastereomer
allows it to adopt a folded conformation that leads to mac-
rocyclization. More importantly, the CD spectra of all the
model systems clearly indicate the synergistic effect between
the two (diamine and peptidic) substructures. For the match
combination, this cooperative folding is expressed by a
weighted participation of each conformation in the overall
folding.


Finally, the crystal structure of the tetrahydrochloride salt
of macrocycle 3 d showed very interesting behavior. The
nanometric macrocycles stack in a columnar supramolecular
structure held together with the help of hydrogen-bonding
interactions with two chloride anions. These columnar enti-
ties are hydrophobically packed leaving interstitial channels
filled with chloride anions and water molecules. This supra-
molecular crystal packing can be described as an anion
channel inside a hydrophobic core. Anion channels are
highly important entities both in chemistry[33] and in biol-
ogy.[34] Our results show the potential of these simple macro-
cycles for preparing synthetic minimalistic chloride channels.


Experimental Section


General : Reagents were purchased from commercial suppliers (Aldrich,
Fluka, or Merck) and were used without further purification. Compounds
1a–i were prepared following slight variations of previously reported pro-
cedures for linear diamines.[18, 24] Experimental and spectroscopic details
are given in the the Supporting Information.


The NMR experiments were carried out either on a Varian INOVA 500
(500 MHz for 1H and 125 MHz for 13C) or a Varian MERCURY 300
spectrometer (300 MHz for 1H and 75 MHz for 13C). Chemical shifts are
reported in ppm using residual nondeuteriated solvent peaks as internal
standards. Mass spectra were recorded on a hybrid QTOF I (quadrupole-
hexapole-TOF) mass spectrometer with an orthogonal Z-spray/electro-
spray interface (Micromass, Manchester, UK) or on a Micromass Quattro
LC spectrometer equipped with an electrospray ionization source and a
triple-quadrupole analyzer. Infrared spectra were recorded on a Perkin-
Elmer 2000 FT-IR spectrometer.


CD spectra were recorded with a JASCO J-810 spectropolarimeter at
RT. The normalized spectra were obtained by transforming the molar cir-
cular dichroic absorption data (De, cm2 mmol�1) using the formula: De =


q/ ACHTUNGTRENNUNG(32 980Cl), in which q is the measured ellipticity (in mdeg), C is the


Figure 9. CPK representation of the crystal packing of 3d·4HCl. Upper
view of the interstitial channels A) without and B) with chloride anions
and solvent molecules. C) Longitudinal section of the chloride and water
filled channels. Hydrogen atoms have been omitted for clarity (carbon:
grey; nitrogen: blue; oxygen: red; chloride: green).
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concentration (in m), and l is the pathlength (in cm). No changes were
observed for normalized spectra at different overall concentrations.


Suitable crystals of 3 d for X-ray diffraction were obtained as follows: A
small amount of pseudopeptidic macrocycle 3d (�3 mg) was dispersed
in HPLC-grade methanol (1 mL). Then a small excess of 10% aqueous
HCl was added dropwise until complete dissolution. Crystals of 3 d·4HCl
were obtained by the very slow (several weeks) evaporation of the sol-
vents. C64H80N8O4·4 Cl�·8H2O; formula weight 1311.29; orthorhombic;
space group P212121; a =13.0283(15) , b=13.0834(10), c=42.757(4) 	;
V=7288.1(12) 	3; Z=4; colorless block-shaped crystals; STOE-IPDS-II
two-circle diffractometer; T= 173 K; MoKa radiation; 2q range =3.26–
51.36o; 26237 reflections collected; 12668 independent reflections (Rint =


0.1586); empirical absorption correction[35] (MULABS); structure solu-
tion with SHELXD, refinement on F2 with SHELXL-97,[36] R1 ACHTUNGTRENNUNG[I>2s(I)]=


0.1215, GOF=0.858. The absolute configuration was determined: Flack x
parameter=�0.06(18). All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were generated according to the stereochemistry
and refined by using a riding model. CCDC-682038 contains the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Molecular modeling : All the theoretical calculations were performed
using Spartan 
06 program.[37] The optimized geometries for the corre-
sponding minima were obtained as follows: A stochastic conformational
search was applied (Monte Carlo search followed by MMFF force-field
minimization) without restrictions to each compound. More than 100
conformers were obtained in this way (with a cut off of ca. 10 kcal mol�1).
The structures obtained were ordered by their energies and analyzed.
The Boltzmann distributions of the corresponding conformers were cal-
culated at 298.15 K and the superposition of the energetically accessible
local minima were carried out by using the same software package.


General procedure for the macrocyclization reaction—synthesis of com-
pound 3c : Compound 1c (160 mg, 0.512 mmol) was dissolved in degassed
CH3OH (5 mL) and the solution was placed inside a flask under nitrogen.
Terephthaldehyde (70 mg, 0.512 mmol) was dissolved in degassed
CH3OH (3 mL) and this solution was added to the solution of 1c and
then, CH3OH (2.5 mL) was added to give a final volume of 10.5 mL (a
final concentration of 0.05 m for each reagent). The mixture was stirred
overnight. After 20 h a large excess of NaBH4 (158 mg, 4.096 mmol) was
carefully added and the mixture was allowed to react for 24 h before
being hydrolyzed (concd HCl, to acidity) and evaporated to dryness. The
residue thus obtained was dissolved in water and basified with 1 n


NaOH. The product was extracted with CHCl3. The combined organic
layers were dried (MgSO4) and the solvents were evaporated in a
vacuum. The product was purified by silica flash chromatography using
CH2Cl2 as the eluent while slowly increasing the polarity with MeOH;
several drops of NH3 were added to the mobile phase to improve the ex-
traction of the product. The product was characterized as the correspond-
ing HCl salt, prepared by addition of concd HCl to a methanolic solution
of the free amine. Yield: 67 %; pale-yellow solid; m.p. >230 8C
(decomp); [a]20


D =++11.59 (c= 0.92 in CH3OH); 1H NMR (CD3OD,
500 MHz): d= 1.06 (d, J =6.8 Hz, 12 H), 1.12 (d, J =6.7 Hz, 12 H), 1.30–
1.41 (m, 8 H), 1,77 (br s, 4 H), 2.13 (d, J=11.4 Hz, 4 H), 2.29–2.36 (m,
4H), 3.83 (d, J=4.9 Hz, 4H), 3.88 (br s, 4H), 4.14 (ABq, dA =4.10, dB =


4.18 ppm, jJAB j=13.3 Hz, 8 H), 7.60 (s, 8 H), 8.52 ppm (br s, 4 H, ex-
changeable with solvent); 13C NMR (D2O, 75 MHz, 90 8C): d=18.1, 19.3,
25.5, 30.8, 33.9, 50.8, 53.8, 66.2, 132.4, 133.2, 167.7 ppm; IR (KBr): ñ=


3399, 3210, 3055, 2967, 2937, 2856, 1665, 1551 cm�1; MS (ESI-TOF): m/z
(%): 415.5 (100) [M+2 H]2+ .


Compound 3 d : This compound was obtained as described above starting
from 1d and terephthaldehyde, and was characterized as the correspond-
ing HCl salt. Yield: 55%; pale-yellow solid; m.p. 230 8C (decomp);
[a]20


D =++26.79 (c =0.89 in CH3OH); 1H NMR (CD3OD, 500 MHz): d=


0.57 (br d, J= 12.9 Hz, 2H), 0.68 (br s, 2H), 1.00–1.07 (m, 4 H), 1.28–1.32
(m, 4H), 1.48 (br d, J= 8.8 Hz, 4 H) 3.02 (t, J=11.8 Hz, 4H), 3.45 (dd,
J1 =13.1, J2 =5.0 Hz, 4H), 4.03 (dd, J1 =10.5, J2 =5.1 Hz, 2H), 4.20 (ABq,
dA =4.15, dB =4.26 ppm, jJAB j=12.9 Hz, 8 H), 7.25–7.35 (m, 20H),
7.69 ppm (s, 8H); 13C NMR (CD3OD, 125 MHz): d=25.2, 33.0, 36.8, 50.3,


53.7, 63.4, 128.8, 130.0, 130.8, 132.3, 133.5, 135.4, 168.5 ppm; IR (KBr):
ñ= 3402, 3048, 2935, 2856, 1668, 1557 cm�1; MS (ESI-TOF): m/z (%):
409.4 (100) [M+2 H]2+ .


Compound m-3 c : This compound was obtained as described above start-
ing from 1c and isophthaldehyde, and was characterized as the corre-
sponding HCl salt. Yield: 35 %; pale-yellow solid; m.p. 230 8C (decomp);
[a]20


D =++7.63 (c =0.375 in CH3OH); 1H NMR (CD3OD, 500 MHz): d=


1.04–1.16 (m, 24H), 1.37–1.43 (m, 8H), 1.78 (br s, 4 H), 2.11 (d, J=


9.7 Hz, 4 H), 2.29–2.36 (m, 4 H), 3.57–3.82 (m, 4 H), 3.91–4.30 (m, 12 H),
7.40–7.61 ppm (m, 8 H); 13C NMR (CD3OD, 125 MHz): d= 18.3, 19.6,
25.4, 31.0, 33.6, 51.3, 54.1, 66.6, 131.0, 132.4, 132.9, 134.6, 168.0 ppm; IR
(KBr): ñ=3387, 3215, 3055, 1959, 2936, 2856, 1670, 1554 cm�1; MS (ESI):
m/z (%): 415.1 (100) [M+2H]2+ , 746.1 (30) [M+Na+K]2+ .


Compound 3 e : This compound was obtained as described above starting
from 1e and terephthaldehyde, and was characterized as the free amine.
Yield: 58 %; white solid; m.p. 232–237 8C; [a]20


D =++ 11.76 (c =1.04 in
CHCl3/CH3OH 7:3); 1H NMR (CDCl3 with a few drops of CD3OD,
500 MHz): d =0.81–0.84 (br t, J =6.6 Hz, 24 H), 1.22–1.33 (m, 12H), 1.50–
1.52 (m, 8 H), 1.71 (br s, 4H), 1.97 (d, J =10.9 Hz, 2 H), 2.08 (d, J=


11.8 Hz, 2H), 3.05–3.11 (m, 4H), 3.56 (ABq, dA = 3.59, dB =3.52 ppm,
jJAB j=11.5 Hz, 8 H), 3.63–3.68 (m, 4H), 7.11 (s, 6 H), 7.22 ppm (s, 2H);
13C NMR (CDCl3 with drops of CD3OD, 75 MHz): d =22.5, 22.8, 24.8,
25.2, 32.7, 42.6, 52.6, 52.9, 61.0, 129.1, 137.8, 175.2 ppm; IR (KBr): ñ=


3302, 3054, 2932, 2867, 1643, 1516 cm�1; MS (ESI-TOF): m/z (%): 885.6
(100) [M+H]+ , 908.7 (95) [M+Na]+ , 454.3 (45) [M+H+Na]2+ .


Compound 3 f : This compound was obtained as described above starting
from 1 f and terephthaldehyde, and was characterized as the free amine.
Yield: 41%; white solid; m.p. 290 8C (decomp); [a]20


D =++ 17.68 (c=0.90 in
CHCl3/CH3OH 7:3); 1H NMR (CDCl3, CD3OD, 500 MHz): d=0.75 (t,
J =7.3 Hz, 12 H), 0.78 (d, J =6.8 Hz, 12 H), 0.91–1.01 (m, 4H), 1.13–1.27
(m, 8H), 1.34–1.42 (m, 4 H), 1.60–1.66 (m, 8H), 2.02 (d, J =12.5 Hz, 4H),
2.84 (br s, 4 H), 3.23–3.27 (m, 4H, overlapped with solvent signal), 3.37
(ABq, dA =3.44, dB =3.30 ppm, jJAB j=11.6 Hz, 8 H), 3.60–3.62 (m, 4H),
6.95 ppm (s, 8H); 13C NMR (CDCl3, CD3OD, 75 MHz): d =11.5, 15.1,
24.4, 25.5, 32.5, 37.7, 52.4, 52.6, 66.7, 128.7, 137.2, 173.7 ppm; IR (KBr):
ñ= 3294, 3056, 3011, 2933, 2857, 1655, 1522 cm�1; MS (ESI-TOF): m/z
(%): 885.6 (100) [M+H]+ , 907.6 (70) [M+Na]+ , 443.3 (65) [M+2H]2+ ,
454.8 (50) [M+H+Na]2+ .


Compound 3 g : This compound was obtained as described above starting
from 1 g and terephthaldehyde. To avoid deprotection of the side-chain
the reduction was hydrolyzed with a 1m aqueous solution of ammonium
acetate. Yield: 17%; white solid; m.p. 173–178 8C; [a]20


D =++4.06 (c =1.20
in CHCl3); 1H NMR (CD3OD, 500 MHz): d= 1.23–1.38 (m, 12 H), 1.66–
1.75 (m, 8H), 1.78–1.85 (m, 4H), 2.03 (d, J =11.5 Hz, 4H), 2.25–2.32 (m,
4H), 2.35–2.41 (m, 4 H), 3.04 (t, J =6.6 Hz, 4 H), 3.42 (ABq, dA =3.52,
dB =3.32 ppm, jJAB j=14.6 Hz, 8H), 3.65–3.67 (m, 4H), 7.02 (s, 8H),
7.17–7.24 ppm (m, 60 H); 13C NMR (CD3OD, 125 MHz): d=24.6, 29.4,
32.4, 32.9, 52.0, 52.6, 61.5, 70.4, 126.6, 127.5, 128.5, 128.8, 138.3, 144.8,
173.3, 175.2 ppm; IR (KBr): ñ =3315, 3057, 2931, 2857, 1803, 1513 cm�1;
MS (ESI-TOF): m/z (%): 639.0 (100) [M+3H]3+ , 957.9 (90) [M+2H]2+ .


Compound 5 a : Bis(amidoamine) 1c (50.5 mg, 0.1616 mmol) was dis-
solved in degassed CH3OH (3 mL) and the solution was placed inside a
flask under nitrogen. Freshly distilled benzaldehyde (33 mL, 0.3232 mmol)
was dissolved in degassed CH3OH (200 mL) and this solution was added
to the solution of 1c (a final concentration of 1 c of 0.05 m). The mixture
was stirred overnight and the solvent evaporated in vacuum. The com-
pound obtained showed high purity by NMR and was used without fur-
ther purification. Yield: quantitative; white solid; m.p. 172–176 8C; [a]20


D =


�25.57 (c=1.08 in CHCl3); 1H NMR (CDCl3): d=0.91 (d, J =6.8 Hz,
6H), 0.94 (d, J =6.8 Hz, 6H), 1.11–1.19 (m, 2H), 1.26–1.33 (m, 2H),
1.66–1.67 (m, 2H), 2.12 (br s, 1H), 2.15 (br s, 1H), 2.31–2.38 (m, 2H),
3.56 (d, J =5.0 Hz, 2 H), 3.71–3.75 (m, 2 H), 6.99 (br d, J =6.1 Hz, 2H),
7.43–7.47 (m, 6 H), 7.81 (dd, J1 =7.2, J2 = 2.3 Hz, 4H), 8.14 ppm (s, 2H);
13C NMR (CDCl3, 125 MHz): d =18.4, 20.0, 24.8, 32.6, 32.8, 53.2, 80.1,
128.8, 128.9, 131.3, 135.9, 162.3, 173.3 ppm; IR (KBr): ñ=3280, 3062,
2959, 2931, 2856, 1643, 1533 cm�1; MS (ESI-TOF): m/z (%): 489.3 (100)
[M+H]+ , 511.3 (90) [M+Na]+ .
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Compound 5 b : This compound was obtained as described above starting
from 1 h and benzaldehyde, but the mixture was stirred at RT for 3 d.
Yield: 93%; white solid; m.p. 149–155 8C; [a]20


D =�126.21 (c=0.93 in
CHCl3/MeOH 9:1); 1H NMR (CDCl3): d=0.77 (d, J =6.9 Hz, 6H), 0.83
(d, J =6.9 Hz, 6 H), 1.27–1.42 (m, 4 H), 1.74–1.76 (m, 2H), 2.09–2.14 (m,
2H), 2.17 (br s, 1 H), 2.19 (br s, 1 H), 3.14 (d, J =4.6 Hz, 2H), 3.70–3.75
(m, 2H), 6.81 (br d, J =5.7 Hz, 2 H), 7.44–7.46 (m, 6 H), 7.56 (s, 2H),
7.64–7.66 ppm (m, 4H); 13C NMR (CDCl3, 125 MHz): d=17.7, 19.5, 25.0,
32.8, 32.9, 52.9, 79.6, 128.8, 128.8, 131.3, 135.7, 161.8, 172.9 ppm; IR
(KBr): ñ=3305, 3063, 2960, 2933, 2859, 1645, 1537 cm�1; MS (ESI-TOF):
m/z (%): 489.23 (100) [M+H]+ , 511.24 (50) [M+Na]+.


Compound 5c : This compound was obtained as described above starting
from 1a and benzaldehyde. Yield: quantitative; white solid; m.p. 124–
129 8C; [a]20


D =++82.45 (c =1.05 in CHCl3); 1H NMR (CDCl3): d=0.89 (d,
J =6.8 Hz, 6H), 0.94 (d, J=6.8 Hz, 6H), 2.30–2.36 (m, 2 H), 3.39–3.46 (m,
2H), 3.48–3.55 (m, 2 H), 3.58 (d, J =3.9 Hz, 2H), 7.11 (br s, 2H), 7.42–
7.47 (m, 6H), 7.77 (d, J=6.6 Hz, 4H), 8.06 ppm (s, 2 H); 13C NMR
(CDCl3, 125 MHz): d=17.6, 19.8, 33.1, 39.3,79.2, 128.7, 128.9, 131.4,
135.7, 162.5, 173.6 ppm; IR (KBr): ñ =3378, 3341, 2963, 2930, 2867, 2846,
2819, 1651, 1519 cm�1; MS (ESI-TOF): m/z (%): 457.22 (100) [M+Na]+ ,
435.28 (80) [M+H]+ , 473.25 (50) [M+K]+ .


Compound 5 d : This compound was obtained as described above starting
from the d,d enantiomer of 1a and benzaldehyde. It showed spectroscop-
ic data identical to 5c, as expected for enantiomers. Yield: quantitative;
white solid; m.p. 132–136 8C; [a]20


D =�91.39 (c=0.99 in CHCl3).
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Introduction


Photodynamic therapy (PDT) has been developed for
cancer treatment over the last 40 years. It has been expand-
ed as an emerging modality for the treatment of various car-
diovascular, dermatological, and ophthalmic diseases.[1]


Water-soluble C60
[2,3] and its derivatives[4] have recently re-


ceived attention as potential photosensitizers because C60 is
an efficient visible-light triplet sensitizer and is capable of
high photoproduction of 1O2 (energy transfer) and anion
radicals (electron transfer).[5] However, fullerenes them-


selves are insoluble in water and polar solvents.[6] Several re-
search efforts have attempted to solve this problem, for ex-
ample, by introducing water-soluble substituents,[4] mixing
with water-soluble polymers[3f, 7] or lipid membranes (Bang-
ham method),[8] and dissolving in g-cyclodextrin (g-CD)[9] or
water-soluble calixarenes.[3a–b, 10] Among these methods, we
have selected lipid-membrane-incorporated fullerenes
(LMICx, x=60 or 70; Scheme 1) as photosensitizers for


three reasons: 1) unmodified fullerenes in vesicles can gen-
erate 1O2 through energy transfer, or fullerene anion radi-
cals by electron transfer, more efficiently than other chemi-
cally modified fullerene derivatives can;[3,5] 2) various vesi-
cles with positively charged, negatively charged, nonionic,
and zwitterionic surfaces can be prepared through selection
of lipids such as phospholipids, aminolipids, and glycolipids,
which might confer a function as a drug carrier;[11] and
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Scheme 1. Schematic illustration of LMIC60 and LMIC70.
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3) large vesicle formation is promising for enhanced perme-
ability and retention (EPR) effects.[4a,12] Recently, we report-
ed that various types of LMICx with high C60 or C70 concen-
trations were able to be readily prepared in several hours or
minutes by using the fullerene exchange method from the g-
cyclodextrin (g-CD) cavity to vesicles.[3c–e] Furthermore, this
method can be treated as a homogeneous system that re-
quires no separation procedure, such as gel exclusion chro-
matography, for incorporated and insoluble fullerenes be-
cause nearly all of the C60 molecules are transferred from
the g-CD cavity to the lipid membranes to yield vesicle-in-
corporated fullerenes. The DNA photocleaving activity of
LMIC60 depends on the surface charges of the vesicles. In
particular, the photocleaving activity of cationic LMIC60 is
considerably higher than that of the C60·g-CD complex. In
this study, we assayed the biological activities of LMIC60


and LMIC70 under visible light irradiation.


Results and Discussion


Characterization of LMICx : To examine the effect of lipo-
some surface density, we prepared three types of LMIC60


with different surface charges. To investigate the effect of
using different fullerenes, cationic LMIC70 were also pre-
pared with the same concentration of liposomes and ful-


lerenes as in LMIC60. All LMIC60 and LMIC70 were pre-
pared by using an exchange reaction between the liposomes
and the C60·g-CD complex or the C70·g-CD complex[9] by
heating at 80 8C for 2 h or at 30 8C for 1 min, as described in
previous reports.[3c,e]


Size distributions of the liposomes were studied by using
dynamic light scattering (DLS) analyses. Table 1 shows the
average diameters of all the liposomes before and after the


exchange reaction of C60 and C70. The average diameters
after the exchange reactions in all LMIC60 and LMIC70 were
around 100 nm.


Intracellular uptake and locali-
zation of liposomes : To evalu-
ate the intracellular uptake of
the liposomes by HeLa cells,
fluorochrome-labeled liposomes
were prepared using 7-nitro-
benz-2-oxa-1,3-diazole (NBD)-
conjugated lipids (4) without
fullerenes, because fullerenes
act as quenchers. The cells were
incubated with NBD-labeled
liposomes at a lipid concentra-
tion of 50 mm for 24 h. Figure 1
clearly indicates intracellular
uptake of liposomes was only
observed for cationic liposome
treated cells (Figure 1a and d).
No fluorochrome signals were
detected for the neutral and
anionic liposome treated cells
(Figure 1e and f). Effects of the
surface density were consistent
with those described in previ-
ous reports.[3f, 13]


To elucidate the mechanism
of the uptake of liposomes, the
effect of low temperature was
evaluated because endocytotic
processes are known to be in-
hibited at low temperatures.
HeLa cells were incubated with


Table 1. Average particle sizes determined by using a light-scattering
method at 25 8C before and after the exchange reaction.


Average particle size [nm][a]


Lipids Before fullerene
addition


After fullerene
addition


LMIC60 1 2 95�2 117�1
LMIC60 1 – 72�14 103�9
LMIC60 1 3 91�1 93�1
LMIC70 1 2 91�33 80�27


[a] Each of these experiments was performed three times. The reported
values of particle sizes are averages of these separate runs.
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fluorochrome-labeled liposomes for 1 h at 37 or 4 8C. As a
result, the liposome uptake was notably inhibited at 4 8C
compared with that at 37 8C (Figure 2). Furthermore, we


stained lysosomes with LysoTracker Green and compared
them with the localization of cationic liposome, because
normal cellular trafficking usually involves endocytosed par-
ticles being directed to lysosomes. The cells were incubated
with fluorochrome-labeled cationic liposomes that had been
prepared by using rhodamine B-conjugated lipids (5) for 1 h
at 37 8C. After incubation, the cells were further cultured
and the localization of fluorochrome-labeled liposomes was
monitored. As shown in Figure 3, cationic liposomes accu-
mulated in lysosomes until 6 h after incubation. These data
indicate that cationic liposomes of 1+2 internalize into the
cells by means of the endocytotic processes and localize to
lysosomes.


Photodynamic activity of LMIC60 : Three types of LMIC60


with different surface charges were evaluated in culture for
photodynamic activity toward HeLa cells. The cells were in-
cubated with LMIC60 ([C60]=5 mm) for 24 h in the dark. The


cells treated with LMIC60 of 1+2 had abnormal shapes after
light irradiation (350–500 nm), whereas treatments with
LMIC60 of 1 or 1+3 induced no apparent change (Figure 4a–
c). It is thought that this morphological change probably re-


sulted from cell death because the cell was unable to ex-
clude propidium iodide (PI) (Figure 4d–f). The quantitative
data of cell cytotoxicity are shown in Table 2. 85 % of cells
were stained with PI by treatment with LMIC60 of 1+2 in
combination with light irradiation, but few cells were stained
by the neutral and anionic LMIC60 (4 % for 1 and 1 % for
1+3). LMIC60 showed no cytotoxicity to the cells in the dark
after 24 h incubation (Table 2; 0.0–1.3 %). These results are
consistent with those for the intracellular uptake of fluoro-


Figure 1. Phase contrast (a–c) and fluorescence (d–f) images of HeLa
cells after NBD-labeled liposome treatment for 24 h. a) and d) NBD-la-
beled liposomes of 1+2+4 ; b) and e) NBD-labeled liposomes of 1+4 ; c)
and f) NBD-labeled liposomes of 1+3+4. The scale bar indicates 200 mm.


Figure 2. Inhibition of liposome uptake by low temperature. HeLa cells
were incubated with NBD-labeled liposomes for 1 h at 37 (a, c) or 4 8C
(b, d). Fluorescence images were obtained by using confocal laser scan-
ning microscopy. Phase contrast (a, b) and cationic liposomes labeled
with NBD (c, d). The scale bar indicates 200 mm.


Figure 3. Localization of cationic liposomes in HeLa cells. The cells were
incubated with rhodamine B-labeled cationic liposomes for 1 h at 37 8C.
After incubation, the cells were further cultured for 2 (a–d), 4 (e–h), or
6 h (i–l). Lysosomes were visualized by staining with LysoTracker Green
for 1 h before observation and were observed by using confocal laser
scanning microscopy: phase contrast (a, e, and i), cationic liposomes la-
beled with rhodamine B (b, f, and j), staining with LysoTracker Green (c,
g, and k), and merged image (d, h, and l). The scale bar indicates 20 mm.


Figure 4. Photodamage from LMIC60 in HeLa cells. The cells were ex-
posed to light (350–500 nm) for 2 h at 19 mW cm�2 and observed by using
microscopy: phase contrast images (a–c) and exclusion of propidium
iodide (d–f). a) and d) LMIC60 of 1+2. b) and e) LMIC60 of 1. c) and
f) LMIC60 of 1+3. The scale bar indicates 200 mm.
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chrome-labeled liposomes, indicating intracellular LMIC60


can act as a photosensitizer.


Comparison of photodynamic activity between LMIC60 and
LMIC70 : As mentioned above, LMIC60 with the cationic sur-
face efficiently engender cell death by photoirradiation,
compared with LMIC60 with a neutral or anionic surface.
Therefore, we prepared LMIC70 with a cationic surface to
clarify the difference between C60 and C70. After incubation
with 5 mm fullerenes of LMIC60 or LMIC70 for 24 h, the cells
were exposed to light with a wavelength of 400–740 nm for
45 and 60 min each. The power of the light at the cellular
level was 57 mW cm�2. The cells treated with LMIC70 had
abnormal shape (Figure 5k and l) and were stained with PI
after light irradiation (Figure 5n and o), whereas treatments
with LMIC60 hardly induced apparent change (Figure 5b and
c). Table S1 in the Supporting Information shows the per-
centages of cells stained with PI by LMIC60 and LMIC70 as a
function of irradiation time. No cytotoxicity was observed
for LMIC60 and LMIC70 without light exposure (Table 2; 0.1
and 1.1 %, respectively). The difference in build-up curves
between LMIC60 and LMIC70 was derived simply from
amounts of light absorption in the 400–700 nm region (Fig-
ure S1 in the Supporting Information); this is explained
later. Quantitative data of the percentage of cells stained
with PI are shown in Table 2: around 89 % of cells were
stained with PI by treatment with LMIC70 in combination
with light irradiation for 60 min, but only a few cells were
stained when using LMIC60 (19%). These results indicate
the photodynamic activity of LMIC70 is much higher than
that of LMIC60 by photoirradiation at a wavelength longer
than 400 nm.


Analysis of the mode of cell death induced by LMIC60 and
LMIC70 : To examine the mode of cell death induced by cat-
ionic LMIC60 and LMIC70, cell-surface-exposed phosphatidyl
serine, which is present in the earlier stages of apoptosis,
was visualized by using fluorescein isothiocyanate (FITC)-
conjugated annexin V. By combining FITC-conjugated an-
nexin V with PI, the different labeling patterns can be used
to identify the different cell fractions; that is, PI-negative/
annexin V-negative viable cells, PI-negative/annexin V-posi-


tive early apoptotic cells, PI-positive/annexin V-positive late
apoptotic, and/or necrotic cells.[14] Figure 5n and q show cells
stained with annexin V were stained incompletely with PI
by treatment with LMIC70 in combination with light irradia-
tion for 45 min, which suggests that LMIC70 induced early
apoptosis at least in part.[14] Furthermore, the cells treated
with LMIC60 were stained with only annexin V after light ir-
radiation, which indicates that these cells undergo early
apoptosis (Figure 5e and h), suggesting that LMIC60 also has
the potential to induce apoptosis when combined with light
irradiation for 45 min.


Singlet oxygen detection by using a chemical method : The
photosensitizer is excited by visible light. An excited-state
energy is then transferred from the triplet state of the sensi-
tizer to the ground state of the molecular oxygen producing
the cytotoxic species 1O2.


[15] Therefore, the photodynamic
activity of the photosensitizers is dependent on the genera-
tion ability of 1O2. We confirmed 1O2 generation by using a
chemical method using 9,10-anthracenedipropionic acid
disodium salt (ADPA)[16] as a detector to clarify the reason
for the difference in biological activities between LMIC60


and LMIC70.
[17] Figure 6 shows the decrease in absorbance at


Table 2. Percentages of cells stained with PI. HeLa cells treated with
LMIC60 of 1+2, 1, and 1+3 and LMIC70 before and after 19 mW cm�2


light irradiation over l=350 nm for 2 h at 35 8C and 57 mW cm�2 light ir-
radiation over l= 400 nm for 1 h at 35 8C.


Lipids Fullerene Light l [nm] Percentages of cells
stained with PI [%][a]


LMIC60 1 2 C60 >350 84.8�4.5
LMIC60 1 2 C60 – 0.1�0.1
LMIC60 1 – C60 >350 3.8�2.4
LMIC60 1 – C60 – 1.3�1.0
LMIC60 1 3 C60 >350 0.9�0.6
LMIC60 1 3 C60 – 0.0�0.0
LMIC60 1 2 C60 >400 18.9�8.8
LMIC70 1 2 C70 >400 89.0�4.7
LMIC70 1 2 C70 – 1.1�0.2


[a] Each of these experiments was performed three times. The reported
values of particle sizes are averages of these separate runs.


Figure 5. Photodamage from LMIC60 and LMIC70 in HeLa cells as detect-
ed using phase contrast images (a–c and j–l) and by fluorescence micro-
scopy using propidium iodide (d–f and m–o) and FITC-conjugated an-
nexin V (g–i and p–r) and fluorescent staining after 57 mW cm�2 light ir-
radiation (400–740 nm) at 35 8C. Light irradiation for a), d), g), j), m),
and p) was 0 min; that for b), e), h), k), n), and q) was 45 min; and that
for c), f), i), l), o), and r) was 60 min. The scale bar indicates 200 mm.
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400 nm (absorption maximum for ADPA) for a lipid con-
centration of 146 mm for LMIC60 and LMIC70 of 1 as a func-
tion of the time of light exposure. Time-dependent bleach-
ing of ADPA was shown to occur severely for LMIC70 com-
pared with that for LMIC60, which indicates the generation
of 1O2 in LMIC70 is higher than that in LMIC60. Further-
more, we have reported the plasmid DNA photocleavage
ability of LMIC70 is greater than that of LMIC60 (the respec-
tive percentages of form II (nicked DNA) and form III
(linear DNA) are 92 and 26 % under visible light irradiation
(lex>350 nm) for 2 h).[3e] From these two findings, the differ-
ence between LMIC60 and LMIC70 is derived simply from
amounts of light absorption in the 400–700 nm region (Fig-
ure S1). LMIC70 is anticipated to be a much more potent
photosensitizer than conventional photoreactors.


Conclusion


The results of this study show that the LMIC60 of 1+2 with
a cationic surface shows a low dark toxicity that engenders
cell death by photoirradiation at a wavelength of 350–
500 nm. The photodynamic activity of the LMIC60 of 1+2 is
much higher than that of the LMIC60 of 1 or 1+3. These re-
sults agree very well with those for the intracellular uptake
of LMIC60. However, the photodynamic activity of the
LMIC60 of 1+2 degraded remarkably by photoirradiation at
a wavelength over 400 nm, which indicates that the LMIC60


were activated mainly by light in the 350–400 nm region. On
the other hand, the LMIC70 have low toxicity in the dark
and engender cell death by photoirradiation at wavelengths
of 400–740 nm. The photodynamic activity of LMIC70 is 4.7-
fold that of LMIC60 for the same photon flux (>400 nm). To


the best of our knowledge, we have demonstrated photoin-
duced cell death using C70 for the first time. These findings
have important implications for various applications in bio-
logical, medicinal, and materials chemistry because materi-
als-incorporated C70 can be prepared easily by using the ex-
change method. Applications of these systems are being
studied in our laboratories.


Experimental Section


General : UV-visible spectra were obtained by using a UV-2550 spectro-
photometer (Shimadzu Corporation). Size distributions were measured
by using a DLS-6000HL instrument (Otsuka Electronics Co. Ltd.). Light
irradiation was performed by using a xenon lamp (MAX-301, 300 W;
Asahi Spectra Co. Ltd.) equipped with a purpose-built mirror module
(350–500 nm; Asahi Spectra Co. Ltd.) and a long-pass filter with cut-off
at 350 nm (Asahi Spectra Co. Ltd.) for photoirradiation over 350 nm
wavelength, or a VIS mirror module (385–740 nm; Asahi Spectra Co.
Ltd.) and a long-pass filter with cut-off at 400 nm (Asahi Spectra Co.
Ltd.) for photoirradiation over 400 nm wavelength. Fluorescence micro-
scopy was performed with an inverted Axiovert 135M, equipped with an
AxioCam CCD camera and AxioVision 3.0 software (Carl Zeiss Inc.).
The following sets of filters were used: PI (BP546, FT580, and LP 590)
and NBD and FITC (450–490, FT 510, and 515–565). In some experi-
ments, fluorescence images were obtained by using a confocal laser scan-
ning microscope (LSM 410; Carl Zeiss Inc.). The following lasers and
sets of filters were used: rhodamine B (He–Ne laser l =543 nm; NT80/
20-543 and LP 570) and NBD and LysoTracker Green (Ar laser l=


488 nm; FT 510 and LP515).


Materials : Compound 2 was prepared as described in a previous paper.[18]


Dimyristoylphosphatidylcholine (1) and g-CD were purchased from NOF
Corp. (Tokyo, Japan) and Wako Pure Chemical Industries Ltd., respec-
tively. Dimyristoylphosphatidylglycerol (3), NBD–dipalmitoylphosphati-
dylethanolamine (4), and rhodamine B–dipalmitoylphosphatidylethanol-
ACHTUNGTRENNUNGamine (5) were obtained from Avanti Polar Lipids Inc. (Birmingham,
AL). C60 (>99.5 %) and C70 (>95 %) were bought from MER Co.
(Tucson, AZ).


Preparation of liposomes : All liposomes were prepared through sonica-
tion of an aqueous dispersion of lipids with a cup-type sonicator at 50 W
for 1 h at 40 8C. Each liposome was composed of 1 only, or 1 and cationic
lipid 2 or anionic lipid 3 in a 9:1 molar ratio, respectively. NBD-conjugat-
ed lipid 4 (0.25 mol % relative to the total lipids) or rhodamine B-conju-
gated lipid 5 (0.025 mol % relative to the total lipids) were supplied to
label the liposomes with fluorochromes.


Preparation of LMIC60 and LMIC70 by means of the fullerene exchange
reaction : LMIC60 were prepared by using an exchange reaction between
the liposomes and the C60·g-CD complex[9b] by heating at 80 8C for 2 h, as
described in previous work.[3c] Size distributions of the liposomes were
studied by using DLS analyses. Final concentrations of the respective
components were evaluated by using integral intensities of their 1H NMR
spectra, in which [g-CD] =1.02 mm, [C60] =0.10 mm, and [lipids] =


1.00 mm (g-CD/C60/lipids=10.2:1:10). The initial concentration of C70 in
the C70·g-CD complex, as determined by measuring the absorbance of
the solution at 381 nm (a molecular extinction coefficient for the C70·g-
CD complex of e381 =3.80 N 104 dm3 mol�1 cm�1),[9b] was 0.20 mm in an
aqueous solution (1.0 mL). After an aqueous solution of lipids (10 equiv
of C70) was added to the solution (1.0 mL, 2.00 mm), final concentrations
of the respective components were evaluated by using integral intensities
of the 1H NMR spectrum,[19] in which [g-CD] =1.90 mm, [C70] =0.10 mm,
and [lipids] = 1.00 mm (g-CD/C70/lipids=19:1:10).


Cell culture : HeLa cells were maintained in CO2-independent medium
(Gibco BRL) supplemented with 10 % fetal calf serum at 37 8C in 5 %
CO2. The cells were seeded on 35 mm plates at a density of 3.4 N 105 cells
per plate. After growing overnight, the cells were used for the experi-
ments. For analysis of the uptake mechanism of liposomes, localization of


Figure 6. Time-dependent bleaching of 9,10-anthracenedipropionic acid
disodium salt (ADPA) caused by singlet oxygen generated a) without
LMICx (*) and b) with LMIC60 of 1 (~), and c) with LMIC70 of 1 (&).
The change in ADPA absorption at 400 nm upon photoirradiation
(440 nm, 0.6 mW cm�2) was monitored as a function of time (Abs0: initial
absorbance). [ADPA] =134 mm, [lipids] =146 mm ; under an oxygen atmos-
phere; 25 8C. Each experiment was repeated three times.
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liposomes, and the mode of cell death, cells were seeded on glass cover-
slips.


Analysis of intracellular uptake and localization of liposomes : The cells
were incubated with NBD-labeled cationic, neutral, or anionic liposomes
at a concentration of 50 mm lipids for 24 h at 37 8C in 5 % CO2. After
washing with phosphate-buffered saline (PBS) solution, the cells were re-
placed with fresh medium and uptake of liposomes was monitored by
fluorescence microscopy. For analysis of the uptake mechanism of lipo-
somes, the cells were pre-incubated at 37 8C or 4 8C without CO2 for
30 min before liposome treatment. After incubation with NBD-labeled
cationic liposomes at 37 8C or 4 8C for 1 h, the cells were washed with
PBS and mounted in Permafluor (Beckman Coulter Inc.). Fluorescence
images were obtained by using the LSM 410. The localization of lipo-
somes was assayed by using rhodamine B-labeled cationic liposomes and
LysoTracker Green (Molecular Probes). After incubation with liposomes
for 1 h at 37 8C, the cells were washed with PBS and further cultured for
6 h, after which fresh medium was supplied. To visualize the lysosome,
the cells were treated with LysoTracker Green (500 nm) by its addition to
the culture medium for 1 h before observation. After washing with PBS,
the cells were mounted in Permafluor and observed by using the LSM
410.


Photodynamic activity experiments and cell staining with PI and FITC-
conjugated annexin V: The cells were incubated with LMIC60 or LMIC70


([fullerene]=5 mm) for 24 h in the dark at 37 8C in 5% CO2. After incu-
bation, the cells were washed with PBS and exposed to light, after which
fresh medium was supplied. Photoirradiation was carried out under
19 mW cm�2 light power (l =350–500 nm) or 57 mW cm�2 light power
(l=400–740 nm) at the cell level at 35 8C. To visualize the nonviable
cells, the cells were stained with PI (1 mgmL�1; Sigma-Aldrich) for
10 min at room temperature following LMIC60 or LMIC70 treatment,
photoirradiation, and 24 h incubation after photoirradiation. After wash-
ing with PBS, the cells were replaced with fresh medium and monitored
by fluorescence microscopy. For analysis of the mode of cell death, the
cells were stained with PI (1 mgmL�1) and FITC-conjugated annexin V
(0.5 mgmL�1; BioVision) according to the manufacturerOs instructions
after photoirradiation. After staining with PI and annexin V, the cells
were mounted in Permafluor and observed by fluorescence microscopy.
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Why do Cationic HydridoiridiumACHTUNGTRENNUNG(III) Complexes with b-Aminophosphane
Ligands Favour the Transfer Hydrogenation of Ketones over the Direct “H2-
Hydrogenation”?—A Computational Approach


Ralph Puchta,[a, b] Lutz Dahlenburg,*[b] and Timothy Clark*[a, c]


Introduction


Among the most efficient known catalysts for the transfor-
mation of ketones to secondary alcohols with dihydrogen as
a reductant (referred to as “H2-hydrogenation” in the fol-
lowing) are the species formed in basic media from bis-
ACHTUNGTRENNUNG(phosphane)/diamine-coordinated ruthenium(II) complexes
[Ru(X)(Y) ACHTUNGTRENNUNG(PR3)2ACHTUNGTRENNUNG(H2N\NH2)] (X, Y,=Cl, H), in which
H2N\NH2 stands for a chiral or achiral chelating 1,2-di-
ACHTUNGTRENNUNGamine and (PR3)2 represents two monodentate or one chiral
bidentate phosphane, especially the binap (2,2’-bis(diphenyl-
phosphanyl)-1,1’-binaphthyl) ligand. The actual catalysts are
usually created in isopropanol solution by treating the RuII


precursors with a large excess of strong alkaline base (KOH,
KOtBu, and the like). H2-hydrogenations supported by such


systems are exceptional with respect to their consistently
high enantioselectivity, their chemoselectivity for carbonyl
over olefin reduction and the very large substrate-to-catalyst
ratios (up to 106) that can be reached.[1]


This unique catalytic behaviour arises from the addition
of H2 to initially formed 16e amido hydrides [RuH(&)-
ACHTUNGTRENNUNG(PR3)2ACHTUNGTRENNUNG(HN\NH2)] (Scheme 1: 1) to yield transient RuACHTUNGTRENNUNG(h2-
H2) intermediates [RuH(H2)ACHTUNGTRENNUNG(PR3)2ACHTUNGTRENNUNG(HN\NH2)] 5, which
then undergo rate-determining deprotonation of their dihy-
drogen ligand by the amido nitrogen atom.[2,3] There is con-
vincing experimental and computational evidence[2c, f, 3a,b]


that the resulting dihydrides [RuH2ACHTUNGTRENNUNG(PR3)2ACHTUNGTRENNUNG(H2N\NH2)] 2 are
generated as the least stable and, hence, catalytically active
trans-RuH2 (OC-6-22) stereoisomers. Of particular note are
their near-planar syn-H-Ru�N�H structural motifs, which
are aligned by Ru-H···H�N hydridic–protonic interactions
and have elongated Ru�H bonds because of the strong trans
influence of hydrido ligands.[2b, c] These features make the H-
Ru-N-H active sites particularly suitable for the rapid trans-
fer of Hd�/Hd+ equivalents to the carbonyl dipole once the
ketonic substrate has joined the second coordination sphere
in a six-membered Ru�Hd�···>Cd+=Od�···Hd+�N transition
state 3�.[3] The concerted transfer of a hydride and a proton
from the metal and the nitrogen atom to the >C=O bond
represents the reversal of the dehydrogenation of a secon-
dary alcohol such as isopropanol by the RuII diamide [(h6-p-
cumene)RuACHTUNGTRENNUNG(HNCH(Ph)CH(Ph)NTs)] (Ts=p-MeC6H4SO2)
to give the amido–amine hydride [(h6-p-cumene)Ru(H)-
ACHTUNGTRENNUNG(H2NCH(Ph)CH(Ph)NTs)]. The latter in turn can quickly
transfer hydridic H from Ru and protic H from N to a
>C=O function loosely bound in the outer coordination
sphere and, hence, work as a catalyst for the transfer hydro-
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genation of ketones with isopropanol as the reducing
agent.[4]


As RuII-catalysed transfer hydrogenations are mechanisti-
cally linked to H2-hydrogenations through transition states
of the same kind (Scheme 1: 3� and 4�),[5–8] catalysts that
work in the hydrogenation of ketones with molecular hydro-
gen in isopropanol solution should also catalyse the transfer
of Hd�/Hd+ equivalents from the solvent to the substrate. As
a result, H2-hydrogenations and transfer hydrogenations can
become competitive[9] and there are, in fact, a few Ru-
[2d,5d, f, 10a] and Rh-based[10b] systems for which activity in both
modes of C=O reduction has been established.


Usually, however, (pre)catalysts used for transfer or H2-
hydrogenations are dealt with completely separately because
the two ways of transforming ketones into alcohols are
widely used as alternatives. H2-hydrogenations are attractive
for reactions run on a multi-100 g scale because several “ad-
vanced”, that is, extremely active, catalytic systems have


been introduced for this technology. Transfer hydrogena-
tions, on the other hand, are only used for small-to-medium
scale transformations as they can only make use of less
highly developed catalysts.


Hartmann and Chen showed that the activation of the
pre-catalyst [RuCl2{(S)-binap} ACHTUNGTRENNUNG{(S,S)-H2NCH(Ph)CH(Ph)-
ACHTUNGTRENNUNGNH2}] for efficient H2-hydrogenation not only needs an
excess of an arbitrary strong base, but also requires a source
of alkali metal cations, K+ being particularly efficacious
(the “potassium effect”). They postulated that the role of
the potassium ion is to coordinate to the amido nitrogen
atom of a dehydrochlorinated intermediate 1, whereby the
transient RuACHTUNGTRENNUNG(h2-H2) amide 5 is rendered cationic and thus
sufficiently acidic for enhanced heterolysis of the dihydro-
gen ligand. As a result, its turnover-limiting cleavage into
H� and H+ (Scheme 1: 5!2) is accelerated, such that the
transfer of hydridic and protic H from the solvent
(Scheme 1: 1!4�!2) is no longer competitive.[9]


This raised the question as to whether the positive charge
of cationic P,N-coordinated hydridoiridiumACHTUNGTRENNUNG(III) compounds
would contribute to their functioning as active catalysts for
direct C=O hydrogenation by H2, notwithstanding that iridi-
um complexes are known predominantly as transfer-hydro-
genation catalysts.[11] In previous work,[12] we isolated the
bis(b-aminophosphane)-chelated cation (OC-6-43)-[Ir(H)-
ACHTUNGTRENNUNG(Cl)(Ph2PCH2CH2NH2)2]


+ 6 as the chloride salt and ob-
tained the trans-dihydride (OC-6-22)-[IrH2(Ph2PCH2CH2-
ACHTUNGTRENNUNGNH2)2]Cl (7, Figure 1) by combination of 6 with KOH in iso-
propanol.


These two IrIII compounds bear a direct structural resem-
blance both to the established Noyori–Morris pre-catalysts
(OC-6-43)-[Ru(H)(Cl) ACHTUNGTRENNUNG(PR3)2ACHTUNGTRENNUNG(H2N\NH2)] and the real
active species (OC-6-22)-[RuH2ACHTUNGTRENNUNG(PR3)2 ACHTUNGTRENNUNG(H2N\NH2)]. Unlike
their closely matching RuII-analogues (OC-6-13)-
[RuCl2(Ph2PCH2CR2NH2)2] (R=H, Me) and (OC-6-43)-
[Ru(H)(Cl)(Ph2PCH2CH(R)NH2)2] (R=H, Me), which in
the presence of potassium alkoxide furnished active catalysts
for the H2-hydrogenation of acetophenone[2e,10a] and could
also be used for the transfer hydrogenation of the ketone,[10a]


however, the two iridium complexes did not act as H2-hy-
drogenation (pre)catalysts: potassium alkoxide-activated
[Ir(H)(Cl)(Ph2PCH2CH2NH2)2]Cl only catalysed transfer hy-


Scheme 1. Key steps of RuII-catalysed H2 and transfer hydrogenations of
carbonyl compounds.


Figure 1. B3LYP/LACV3P+**-optimised structure of cationic complex
7. The Ir�H bond length is given in Q.
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drogenations with methanol or
isopropanol as proton/hydride
sources. In these transforma-
tions, dihydrido complex 7 was
ascribed the role of the actual
catalyst, as it was seen to main-
tain the catalytic cycle even in
the absence of base. It there-
fore seems clear that there
exists neither a “K+ effect” nor
a beneficial influence of posi-
tive charge in the case of the
two IrIII hydrides. This could be
owed to a different mechanism
involving addition of the
ketone to a site made vacant by
dissociation of a ligand. The
catalytic activity of base-free
(OC-6-22)-
[IrH2(Ph2PCH2CH2NH2)2]Cl
(7), which as a low-spin d6


system should be quite inert to
ligand substitution, however,
suggests that an Ir�Hd�···Cd+=


Od�···Hd+�N interaction similar
to that observed for RuII is ac-
tually operative in the catalytic
loop.


In the following we present a computational study de-
signed to clarify the situation by comparing
H2PCH2CH2NH2- rather than Ph2PCH2CH2NH2-coordinated
complexes as simplified models for IrIII-catalysed transfer
and H2-hydrogenation of ketones. Prior to this work, com-
putational methods have only been used once to elucidate
the mechanism of iridium-catalysed transfer hydrogenations,
to draw comparisons between model systems for the hydro-
gen transfer among alcohols and ketones in the presence of
amino alcohol complexes of IrI and RuII.[13] The concerted
H�/H+ transfer in the second coordination sphere outlined
above[5–8] was confirmed for the ruthenium-based systems,
but, in contrast, the calculations suggested the iridium-cata-
lysed reaction to involve hydrogen transfer between simulta-
neously coordinated alcohol and ketone.


Results and Discussion


The calculated reaction pathways for the gas-phase reaction
are shown in Scheme 2. The hydrido–dihydrogen complex 8
reacts via transition state 9� to give the dihydrido complex 7
with an activation energy of only 10–14 kcalmol�1. This re-
action is calculated to be exothermic by approximately
22 kcalmol�1 and should therefore proceed rapidly under
the experimental conditions. Complex 7, in turn, can react
with formaldehyde (as model carbonyl compound) via hy-
drogen-bonded precursor complex 10 and transition state
11� to give methanol complex 12. This reaction is calculated


to have a barrier (relative to 10) of 10–12 kcalmol�1 and to
be exothermic by approximately 10 kcalmol�1. Loss of the
coordinated methanol to give the hydrido species 13 is cal-
culated to be 10–13 kcalmol�1 endothermic. Table 1 shows
the calculated energies relative to 7. The calculated total
and zero-point energies are shown in Table S1 of the Sup-
porting Information, as are the optimised Geometries as
Gaussian Archive files.


Transition state 11� (shown in Figure 2) is particularly in-
teresting as it represents a concerted process in which the
hydride and the proton are transferred simultaneously. The
nature of the process has been the subject of some specula-
tion for the equivalent reaction in the ruthenium sys-
ACHTUNGTRENNUNGtem.[6a,7,5a, c] Whereas Anderson and co-workers[6a] and
Noyori et al.[5a,c] favour the concerted mechanism found
here for iridium, van Leeuwen et al.[7] have proposed a step-
wise process. However, to be sure that 11� is the correct
transition state (i.e. that it connects 10 to 12) we have per-
formed nudged elastic band (NEB) calculations to confirm
the reaction path.


The above results suggest that the iridium complex should
react similarly to its ruthenium equivalent, in contrast to the
experimental results described above. The gas-phase calcula-
tions therefore do not explain why the ruthenium catalyst
can perform H2-hydrogenation, whereas its iridium equiva-
lent is limited to transfer hydrogenation. To resolve this dif-
ference, we performed further calculations in which we took
the effect of a coordinating solvent molecule into account.
Scheme 2 shows the systems considered. As model solvents,


Scheme 2. Key steps, transition states and intermediates of the IrIII-catalysed H2- and transfer hydrogenations
of carbonyl compounds.
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S, we used acetone (ACE), isopropanol (iPro) and tetrahy-
drofuran (THF).


The key reaction is that of 13-S with H2 to give 8 (i.e. dis-
placement of the coordinated solvent molecule by dihydro-
gen). This process is found to be endothermic by 7–11, 7–14
and 10–13 kcalmol�1 for isopropanol, THF and acetone, re-
spectively. Thus, this step prevents the H2-hydrogenation in
coordinating solvents.


The question therefore remains as to whether H2 can dis-
place the same solvent molecules from the ruthenium com-
plex. Table 2 shows the calculated energies needed to dis-


place a coordinated solvent
molecule from 13-S for the IrIII


(13Ir-S) and RuII (13Ru-S)
complexes by dihydrogen.


The results shown in Table 2
provide a convincing rationali-
sation for the observed differ-
ence between the two types of
complex. The calculated heats
of reaction for displacing the
solvent molecule by dihydrogen
are all slightly endothermic,
thermoneutral or slightly exo-
thermic, depending on the level
of calculation and the solvent.
The calculations all agree, how-
ever, that displacing the solvent
by H2 is 6–12 kcalmol�1 less fa-
vourable for the iridium cata-
lyst than for the ruthenium


equivalent. Thus, the key step that distinguishes between
transfer and H2-hydrogenation becomes energetically inac-
cessible for the iridium catalyst, which therefore can only
catalyse transfer hydrogenation.


Notably, we have observed comparably dominant effects
of coordinated solvent molecules twice previously. Both the
anomalous effects of N-alkylation on the properties of NiI,
NiII, CrII and CrIII cyclam complexes[14] and the relative abili-
ties of cob(II)alamine and cob ACHTUNGTRENNUNG(III)alamine to complex NO
in aqueous solution are determined by the strength of coor-
dination of solvent molecules to the metal centres.[15,16] In all
these cases, DFT and ab initio calculations played an impor-
tant role in defining the effect of solvent. Note that all these
examples involve the microscopic (i.e. molecular) effect of a
single solvent molecule rather than the more general macro-
scopic solvent effect.


Why is this effect more important for the IrIII complexes
than for their RuII equivalents? The answer is almost disap-
pointingly simple. Charged complexes are much stronger
Lewis acceptors than neutral ones, so that the interactions
of the cationic IrIII species with Lewis donor solvents is far
stronger than that of the neutral RuII complexes. This effect
does not play as strong a role in binding H2 as metal–H2 in-
teractions depend strongly on the strength of the M�H
bond and less so on the Lewis acceptor characteristics of the
metal. Thus, the balance between metal-solvent and metal-
H2 interactions shifts to the advantage of the former for cat-


ionic complexes.
Noyori and co-workers[17]


have suggested that an equiva-
lent mechanism for splitting H2


involving diamine and diphos-
phine ligands may be operative
for ruthenium catalysts. As
shown below, H2-addition for
these species is calculated (P-
LACV3P+**) to be exother-


Table 1. Calculated energies [kcalmol�1] relative to 7 for the species shown in Scheme 2. The calculation
levels are defined in the footnote.[a]


7 8 9� 10 11� 12 12-ACE


B-LANL2DZp 0.0 27.5 39.8 �11.0 �2.0 �11.4 �20.9
B-LACV3P+** 0.0 24.1 35.6 �9.4 +0.6 �10.8 �18.4
MP2(fc) 0.0 24.2 36.3 �11.9 �0.2 �11.0 �25.9
P-LANL2DZp 0.0 25.1 35.8 �12.1 �11.8 �14.3 �28.2
P-LACV3P+** 0.0 21.1 31.4 �10.4 -9.4 �13.8 �25.0


12-iPro 12-THF 13 13-ACE 13-iPro 13-THF
B-LANL2DZp �19.9 �19.2 0.2 �7.4 �4.9 �3.2
B-LACV3P+** �16.5 �17.3 �0.9 �6.7 �3.2 �3.7
MP2(fc) �24.6 �28.0 2.0 �9.4 �6.9 �9.7
P-LANL2DZp �27.1 �25.7 �1.0 �10.9 �8.4 �6.4
P-LACV3P+** �23.2 �23.8 �2.2 �10.5 �6.9 �11.2


[a] The calculation levels are abbreviated in the table and are defined as follows: B-LANL2DZp: RB3LYP/
LANL2DZp+ZPE(B3LYP/LANL2DZp); B-LACV3P+**: RB3LYP/LACV3P+**+ZPE(B3LYP/
LANL2DZp); MP2(fc): RMP2(fc)/LACV3P+**//B3LYP/LACV3P+**+ZPE(B3LYP/LANL2DZp); P-
LANL2DZp: RPW91PW91/LANL2DZp+ZPE(PW91PW91/LANL2DZp); P-LACV3P+**: RPW91P91/
LANL2DZp+ZPE(PW91/LANL2DZp)


Figure 2. B3LYP/LACV3P+**-optimised structure of the transition state
11�. Bond lengths are given in Q.


Table 2. Calculated energies for the reaction 13-S+H2!8+S. The results are shown for the IrIII and RuII com-
plexes and for the three different solvents. The calculation levels are as defined in the footnote of Table 1.


13Ir-ACE 13Ir-iPro 13Ir-THF 13Ru-ACE 13Ru-iPro 13Ru-THF


B-LANL2DZp 14.9 12.4 10.7 3.1 [a] 2.6
B-LACV3P+** 10.3 6.8 7.3 0.1 [a] 1.2
MP2(fc) 13.4 10.9 13.7 2.7 [a] 6.3
P-LANL2DZp 16.5 14.0 12.0 3.3 [a] 1.2
P-LACV3P+** 11.4 7.8 12.1 0.0 [a] �0.3


[a] No bound isopropanol complex found.
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mic enough to displace solvent in all cases and not to
depend strongly on the exact (PN)2 or P2,N2 architecture of
the ligands.


Conclusion


Our calculations show that the fundamental mechanisms of
transfer and H2-hydrogenation are very similar for the
ruthenium and iridium-based catalyst systems. However, the
observed inability of the cationic iridium system to catalyse
H2-hydrogenation can be traced back to the substitution re-
action in which molecular hydrogen displaces a donor sol-
vent molecule. This substitution is calculated to be signifi-
cantly endothermic for the cationic iridium system, but close
to thermoneutral for the well-known ruthenium catalysts.
This change is due to the more effective electrostatic coordi-
nation of the donor solvent molecules to the cationic iridium
complex compared with the neutral ruthenium equivalent.


Experimental Section


All structures were fully optimised by using the B3LYP hybrid density
functional[18–20] and the LANL2DZp basis set, i.e., with pseudopotentials
on iridium and phosphorus and the valence basis set augmented with po-
larisation functions,[21,22] and characterised as minima or transition states
by calculating the normal vibrations within the harmonic approxima-
tion.[23] Structures were subsequently refined at the B3LYP/LACV3P+


** level,[24] i.e., with diffuse functions on non-hydrogen atoms, to mini-
mise the basis set superposition error (BSSE).[25] Zero-point energies
were calculated at the B3LYP/LANL2DZp level. Single-point energy
calculations were performed at the MP2/LACV3P+**//B3LYP/
LACV3P+** level.[26] All calculations used the Gaussian03 suite of pro-
grams.[27]


Acknowledgements


We thank Cand. Chem. Markus Walter for preliminary calculations. This
work was funded by the Deutsche Forschungsgemeinschaft as part of
SFB 583 Redox-Active Metal Complexes: Control of Reactivity via Molec-
ular Architecture.


[1] For leading overviews, see: a) T. Ohkuma, R. Noyori in Compre-
hensive Asymmetric Catalysis, Vol. 1, (Eds.: E. N. Jacobs, A. Pfaltz,
H. Yamamoto) Springer, Berlin, 1999, chapter 6.1; b) R. Noyori, T.
Ohkuma, Pure Appl. Chem. 1999, 71, 1493–1501; c) R. Noyori, T.
Ohkuma, Angew. Chem. 2001, 113, 40–75; Angew. Chem. Int. Ed.
2001, 40, 40–73; d) R. Noyori, M. Koizumi, D. Ishii, T. Ohkuma,
Pure Appl. Chem. 2001, 73, 227–232; e) R. Noyori, Angew. Chem.
2002, 114, 2108–2123; Angew. Chem. Int. Ed. 2002, 41, 2008–2022
(2001 Nobel Lecture in Chemistry); f) S. E. Clapham, A. Hadzovic,
R. H. Morris, Coord. Chem. Rev. 2004, 248, 2201–2237; g) T.
Ohkuma, R. Noyori in Transition Metals for Organic Synthesis, 2nd
ed., vol. 2, (Eds.: M. Beller, C. Bolm) Wiley-VCH, Weinheim, 2004,
pp. 29–113; h) M. Kitamura, R. Noyori in Ruthenium in Organic
Synthesis, (Ed.: S.-I. Murahashi) Wiley-VCH, Weinheim, 2004,
pp. 3–52.


[2] a) K. Abdur-Rashid, A. J. Lough, R. H. Morris, Organometallics
2001, 20, 1047–1049; b) K. Abdur-Rashid, M. Faatz, A. J. Lough,
R. H. Morris, J. Am. Chem. Soc. 2001, 123, 7473–7474; c) K. Abdur-


Rashid, S. E. Clapham, A. Hadzovic, J. N. Harvey, A. J. Lough,
R. H. Morris, J. Am. Chem. Soc. 2002, 124, 15104–15118; d) V. Rau-
tenstrauch, X. Hoang-Cong, R. Churlaud, K. Abdur-Rashid, R. H.
Morris, Chem. Eur. J. 2003, 9, 4954–4967; e) K. Abdur-Rashid, R.
Guo, A. J. Lough, R. H. Morris, D. Song, Adv. Synth. Catal. 2005,
347, 571–579; f) R. Abbel, K. Abdur-Rashid, M. Faatz, A. Hadzov-
ic, A. J. Lough, R. H. Morris, J. Am. Chem. Soc. 2005, 127, 1870–
1882.


[3] a) C. A. Sandoval, T. Ohkuma, K. MuÇiz, R. Noyori, J. Am. Chem.
Soc. 2003, 125, 13490–13503; b) R. Noyori, C. A. Sandoval, K.
MuÇiz, T. Ohkuma, Philos. Trans. Roy. Soc, Ser. A: Math. Phys. Eng.
Sci. , 2005, 363, 901–912; c) R. Noyori, T. Ohkuma, C. A. Sandoval,
L. MuÇiz in Asymmetric Synthesis - The Essentials, (Eds.: M. Christ-
mann, S. Br?se) Wiley-VCH, Weinheim, 2007, pp. 321–325.


[4] K.-J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya, R. Noyori, Angew.
Chem. 1997, 109, 297–300; Angew. Chem. Int. Ed. Engl. 1997, 36,
285–288.


[5] a) R. Noyori, S. Hashiguchi, Acc. Chem. Res. 1997, 30, 97–102;
b) M. Yamakawa, H. Ito, R. Noyori, J. Am. Chem. Soc. 2000, 122,
1466–1478; c) R. Noyori, M. Yamakawa, S. Hashiguchi, J. Org.
Chem. 2001, 66, 7931–7944; d) T. Ohkuma, N. Utsumi, K. Tsutsumi,
K. Murata, C. Sandoval, R. Noyori, J. Am. Chem. Soc. 2006, 128,
8724–8725; e) T. Ikariya, M. Murata, R. Noyori, Org. Biomol.
Chem. 2006, 4, 293–406; f) T. Ohkuma, K. Tsutsumi, N. Utsumi, N.
Arai, R. Noyori, K. Murata, Org. Lett. 2007, 9, 255–257.


[6] a) D. A. Alonso, P. Brandt, S. J. M. Nordin, P. G. Andersson, J. Am.
Chem. Soc. 1999, 121, 9580–9588; b) J. S. M. Samec, J.-E. B?ckvall,
P. G. Andersson, P. Brandt, Chem. Soc. Rev. 2006, 35, 237–248.


[7] D. G. I. Petra, J. N. H. Reek, J.-W. Handgraf, E. J. Meijer, P. Dierkes,
P. C. J. Kramer, J. Brussee, H. E. Schoemaker, P. W. N. M. van Leeu-
wen, Chem. Eur. J. 2000, 6, 2818–2829.


[8] C. P. Casey, S. W. Singer, D. R. Powell, R. K. Hayashi, M. Kavana, J.
Am. Chem. Soc. 2001, 123, 1090–1100.


[9] R. Hartmann, P. Chen, Angew. Chem. 2001, 113, 3693–3697; Angew.
Chem. Int. Ed. 2001, 40, 3581–3585.


[10] a) L. Dahlenburg, C. KAhnlein, J. Organomet. Chem. 2005, 690, 1–
13; b) L. Dahlenburg, H. Treffert, C. Farr, F. W. Heinemann, A.
Zahl, Eur. J. Inorg. Chem. 2007, 12, 1738–1751.


[11] Recent examples: a) D. G. I. Petra, P. C. J. Kamer, A. L. Spek, H. E.
Schoemaker, P. W. N. M. van Leeuwen, J. Org. Chem. 2000, 65,
3010–3017; b) H. C. Hillier, H. M. Lee, E. D. Stevens, S. P. Nolan,
Organometallics 2001, 20, 4246–4252; c) S. Ogo, N. Makihara, Y.
Kaneko, Y. Watanabe, Organometallics 2001, 20, 4903–4910; d) S.
Sakaguchi, T. Yamaga, Y. Ishii, J. Org. Chem. 2001, 66, 4710–4712;
e) M. Albrecht, J. R. Miecznikowski, A. Samuel, J. W. Fackler, R. H.
Crabtree, Organometallics 2002, 21, 3596–3604; f) T. Abura, S. Ogo,
Y. Watanabe, S. Fukuzumi, J. Am. Chem. Soc. 2003, 125, 4149–
4154; g) K.-I. Fujita, C. Kitatsuji, S. Furukawa, R. Yamaguchi, Tetra-
hedron Lett. 2004, 45, 3215–3217; h) J. Bayardon, D. Maillard, G.
Pozzi, D. Sinou, Tetrahedron: Asymmetry 2004, 15, 2633–2640;
i) J. R. Miecznikowski, R. H. Crabtree, Polyhedron 2004, 23, 2857–
2872; j) J. M. McFarland, M. B. Francis, J. Am. Chem. Soc. 2005, 127,
13490–13491; k) R. Hodgson, R. E. Douthwaite, J. Organomet.
Chem. 2005, 690, 5822–5831; l) M. Furegati, A. J. Rippert, Tetrahe-
dron: Asymmetry 2005, 16, 3947–3950; m) Z. E. Clarke, P. T.
Maragh, T. P. Dasgupta, D. G. Gusev, A. J. Lough, K. Abdur-Rashid,
Organometallics 2006, 25, 4113–4117.


[12] L. Dahlenburg, R. Gçtz, Inorg. Chim. Acta 2004, 357, 2875–2880.
[13] J.-W. Handgraaf, J. N. H. Reek, E. J. Meijer, Organometallics 2003,


22, 3150–3157.
[14] T. Clark, M. Hennemann, R. van Eldik, D. Meyerstein, Inorg.


Chem. 2002, 41, 2927–2935.
[15] C. SelÅuki, R. van Eldik, T. Clark, Inorg. Chem. 2004, 43, 2828–


2833.
[16] F. Roncaroli, T. E. Shubina, T. Clark, R. van Eldik, Inorg. Chem.


2006, 45, 7869–7876.
[17] C. A. Sandovari, T. Ohkuma, K. MuÇiz, R. Noyori, J. Am. Chem.


Soc. 2003, 125, 13490–13503.
[18] A. D. Becke, J. Chem. Phys. 1993, 98, 5648–5652.


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8898 – 89038902


T. Clark, L. Dahlenburg and R. Puchta



http://dx.doi.org/10.1351/pac199971081493

http://dx.doi.org/10.1351/pac199971081493

http://dx.doi.org/10.1351/pac199971081493

http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K

http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K

http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K

http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5

http://dx.doi.org/10.1351/pac200173020227

http://dx.doi.org/10.1351/pac200173020227

http://dx.doi.org/10.1351/pac200173020227

http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2108::AID-ANGE2108%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2108::AID-ANGE2108%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2108::AID-ANGE2108%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2108::AID-ANGE2108%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2008::AID-ANIE2008%3E3.0.CO;2-4

http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2008::AID-ANIE2008%3E3.0.CO;2-4

http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2008::AID-ANIE2008%3E3.0.CO;2-4

http://dx.doi.org/10.1016/j.ccr.2004.04.007

http://dx.doi.org/10.1016/j.ccr.2004.04.007

http://dx.doi.org/10.1016/j.ccr.2004.04.007

http://dx.doi.org/10.1021/om001054k

http://dx.doi.org/10.1021/om001054k

http://dx.doi.org/10.1021/om001054k

http://dx.doi.org/10.1021/om001054k

http://dx.doi.org/10.1021/ja015902u

http://dx.doi.org/10.1021/ja015902u

http://dx.doi.org/10.1021/ja015902u

http://dx.doi.org/10.1021/ja016817p

http://dx.doi.org/10.1021/ja016817p

http://dx.doi.org/10.1021/ja016817p

http://dx.doi.org/10.1002/chem.200304884

http://dx.doi.org/10.1002/chem.200304884

http://dx.doi.org/10.1002/chem.200304884

http://dx.doi.org/10.1002/adsc.200404274

http://dx.doi.org/10.1002/adsc.200404274

http://dx.doi.org/10.1002/adsc.200404274

http://dx.doi.org/10.1002/adsc.200404274

http://dx.doi.org/10.1021/ja039396f

http://dx.doi.org/10.1021/ja039396f

http://dx.doi.org/10.1021/ja039396f

http://dx.doi.org/10.1021/ja030272c

http://dx.doi.org/10.1021/ja030272c

http://dx.doi.org/10.1021/ja030272c

http://dx.doi.org/10.1021/ja030272c

http://dx.doi.org/10.1002/ange.19971090333

http://dx.doi.org/10.1002/ange.19971090333

http://dx.doi.org/10.1002/ange.19971090333

http://dx.doi.org/10.1002/ange.19971090333

http://dx.doi.org/10.1002/anie.199702851

http://dx.doi.org/10.1002/anie.199702851

http://dx.doi.org/10.1002/anie.199702851

http://dx.doi.org/10.1002/anie.199702851

http://dx.doi.org/10.1021/ar9502341

http://dx.doi.org/10.1021/ar9502341

http://dx.doi.org/10.1021/ar9502341

http://dx.doi.org/10.1021/ja991638h

http://dx.doi.org/10.1021/ja991638h

http://dx.doi.org/10.1021/ja991638h

http://dx.doi.org/10.1021/ja991638h

http://dx.doi.org/10.1021/jo010721w

http://dx.doi.org/10.1021/jo010721w

http://dx.doi.org/10.1021/jo010721w

http://dx.doi.org/10.1021/jo010721w

http://dx.doi.org/10.1021/ja0620989

http://dx.doi.org/10.1021/ja0620989

http://dx.doi.org/10.1021/ja0620989

http://dx.doi.org/10.1021/ja0620989

http://dx.doi.org/10.1021/ol062661s

http://dx.doi.org/10.1021/ol062661s

http://dx.doi.org/10.1021/ol062661s

http://dx.doi.org/10.1021/ja9906610

http://dx.doi.org/10.1021/ja9906610

http://dx.doi.org/10.1021/ja9906610

http://dx.doi.org/10.1021/ja9906610

http://dx.doi.org/10.1039/b515269k

http://dx.doi.org/10.1039/b515269k

http://dx.doi.org/10.1039/b515269k

http://dx.doi.org/10.1002/1521-3765(20000804)6:15%3C2818::AID-CHEM2818%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/1521-3765(20000804)6:15%3C2818::AID-CHEM2818%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/1521-3765(20000804)6:15%3C2818::AID-CHEM2818%3E3.0.CO;2-Q

http://dx.doi.org/10.1021/ja002177z

http://dx.doi.org/10.1021/ja002177z

http://dx.doi.org/10.1021/ja002177z

http://dx.doi.org/10.1021/ja002177z

http://dx.doi.org/10.1002/1521-3757(20011001)113:19%3C3693::AID-ANGE3693%3E3.0.CO;2-D

http://dx.doi.org/10.1002/1521-3757(20011001)113:19%3C3693::AID-ANGE3693%3E3.0.CO;2-D

http://dx.doi.org/10.1002/1521-3757(20011001)113:19%3C3693::AID-ANGE3693%3E3.0.CO;2-D

http://dx.doi.org/10.1002/1521-3773(20011001)40:19%3C3581::AID-ANIE3581%3E3.0.CO;2-7

http://dx.doi.org/10.1002/1521-3773(20011001)40:19%3C3581::AID-ANIE3581%3E3.0.CO;2-7

http://dx.doi.org/10.1002/1521-3773(20011001)40:19%3C3581::AID-ANIE3581%3E3.0.CO;2-7

http://dx.doi.org/10.1002/1521-3773(20011001)40:19%3C3581::AID-ANIE3581%3E3.0.CO;2-7

http://dx.doi.org/10.1016/j.jorganchem.2004.07.062

http://dx.doi.org/10.1016/j.jorganchem.2004.07.062

http://dx.doi.org/10.1016/j.jorganchem.2004.07.062

http://dx.doi.org/10.1021/jo991700t

http://dx.doi.org/10.1021/jo991700t

http://dx.doi.org/10.1021/jo991700t

http://dx.doi.org/10.1021/jo991700t

http://dx.doi.org/10.1021/om0103456

http://dx.doi.org/10.1021/om0103456

http://dx.doi.org/10.1021/om0103456

http://dx.doi.org/10.1021/om010523v

http://dx.doi.org/10.1021/om010523v

http://dx.doi.org/10.1021/om010523v

http://dx.doi.org/10.1021/jo0156722

http://dx.doi.org/10.1021/jo0156722

http://dx.doi.org/10.1021/jo0156722

http://dx.doi.org/10.1021/om020338x

http://dx.doi.org/10.1021/om020338x

http://dx.doi.org/10.1021/om020338x

http://dx.doi.org/10.1021/ja0288237

http://dx.doi.org/10.1021/ja0288237

http://dx.doi.org/10.1021/ja0288237

http://dx.doi.org/10.1016/j.tetlet.2004.02.123

http://dx.doi.org/10.1016/j.tetlet.2004.02.123

http://dx.doi.org/10.1016/j.tetlet.2004.02.123

http://dx.doi.org/10.1016/j.tetlet.2004.02.123

http://dx.doi.org/10.1016/j.tetasy.2004.07.008

http://dx.doi.org/10.1016/j.tetasy.2004.07.008

http://dx.doi.org/10.1016/j.tetasy.2004.07.008

http://dx.doi.org/10.1016/j.poly.2004.07.001

http://dx.doi.org/10.1016/j.poly.2004.07.001

http://dx.doi.org/10.1016/j.poly.2004.07.001

http://dx.doi.org/10.1021/ja054686c

http://dx.doi.org/10.1021/ja054686c

http://dx.doi.org/10.1021/ja054686c

http://dx.doi.org/10.1021/ja054686c

http://dx.doi.org/10.1016/j.jorganchem.2005.07.110

http://dx.doi.org/10.1016/j.jorganchem.2005.07.110

http://dx.doi.org/10.1016/j.jorganchem.2005.07.110

http://dx.doi.org/10.1016/j.jorganchem.2005.07.110

http://dx.doi.org/10.1016/j.tetasy.2005.11.002

http://dx.doi.org/10.1016/j.tetasy.2005.11.002

http://dx.doi.org/10.1016/j.tetasy.2005.11.002

http://dx.doi.org/10.1016/j.tetasy.2005.11.002

http://dx.doi.org/10.1021/om060049z

http://dx.doi.org/10.1021/om060049z

http://dx.doi.org/10.1021/om060049z

http://dx.doi.org/10.1016/j.ica.2003.12.027

http://dx.doi.org/10.1016/j.ica.2003.12.027

http://dx.doi.org/10.1016/j.ica.2003.12.027

http://dx.doi.org/10.1021/om030104t

http://dx.doi.org/10.1021/om030104t

http://dx.doi.org/10.1021/om030104t

http://dx.doi.org/10.1021/om030104t

http://dx.doi.org/10.1021/ic0113193

http://dx.doi.org/10.1021/ic0113193

http://dx.doi.org/10.1021/ic0113193

http://dx.doi.org/10.1021/ic0113193

http://dx.doi.org/10.1021/ic061151r

http://dx.doi.org/10.1021/ic061151r

http://dx.doi.org/10.1021/ic061151r

http://dx.doi.org/10.1021/ic061151r

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1063/1.464913

www.chemeurj.org





[19] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785–789.
[20] P. J. Stephens, F. J. Devlin, C. F. Chabalowski, M. J. Frisch, J. Phys.


Chem. 1994, 98, 11623–11627.
[21] a) T. H. Dunning, Jr., P. J. Hay in Modern Theoretical Chemistry,


(Ed.: H. F. Schaefer III) Plenum, New York, 1976, Vol. 3, pp. 1–28;
b) P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270–283; c) W. R.
Wadt, P. J. Hay, J. Chem. Phys. 1985, 82, 284–298; d) P. J. Hay, W. R.
Wadt, J. Chem. Phys. 1985, 82, 299–310.


[22] S. Huzinaga, J. Andzelm, M. Klobukowski, E. Radzio-Andzelm, Y.
Sakai, H. Tatewaki, Gaussian basis sets for molecular calculations,
Elsevier, Amsterdam, 1984.


[23] The performance of the computational level employed in this study
is well documented, see for example: a) A. Scheurer, H. Maid, F.
Hampel, R. W. Saalfrank, L. Toupet, P. Mosset, R. Puchta, N. J. R.
van Eikema Hommes, Eur. J. Org. Chem. 2005, 2566–2574; b) P.
Illner, A. Zahl, R. Puchta, N. van Eikema Hommes, P. Wasserscheid,
R. van Eldik, J. Organomet. Chem. 2005, 690, 3567–3576; c) Ch. F.
Weber, R. Puchta, N. van Eikema Hommes, P. Wasserscheid, R. va-
n Eldik, Angew. Chem. 2005, 117, 6187–6192; Angew. Chem. Int.
Ed. 2005, 44, 6033–6038; d) R. Puchta, R. Meier, N. J. R. van Eike-
ma Hommes, R. van Eldik, Eur. J. Inorg. Chem. 2006, 4063–4067;
e) R. Puchta, N. van Eikema Hommes, R. Meier, R. van Eldik,
Dalton Trans. 2006, 3392–3395.


[24] a) The LACV3P basis set is a triple-zeta contraction of the LACVP
basis set developed and tested at Schrçdinger, Inc. LACV3P is
based on the Hay-Wadt-ECPs[20b-20d] and on the 6-311G basis set;
b) T. Clark, J. Chandrasekhar, G. W. Spitznagel, P. von RaguY
Schleyer, J. Comput. Chem. 1983, 4, 294–301; Schleyer, J. Comput.
Chem. 1983, 4, 294–301; c) M. J. Frisch, J. A. Pople, J. S. Binkley, J.


Chem. Phys. 1984, 80, 3265–3269; d) R. Krishnan, J. S. Binkley, R.
Seeger, J. A. Pople, J. Chem. Phys. 1980, 72, 650–654; e) A. D.
McLean, G. S. Chandler, J. Chem. Phys. 1980, 72, 5639–5648;
f) A. V. Mitin, J. Baker, P. Pulay, J. Chem. Phys. 2003, 118, 7775–
7782.


[25] E. R. Davidson, D. Feller, Chem. Rev. 1986, 86, 681–696.
[26] W. J. Hehre, L. Radom, P. v. R. Schleyer, J. A. Pople, Ab initio Mo-


lecular Orbital Theory, Wiley-Interscience, New York, 1986.
[27] Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B. Schle-


gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgom-
ACHTUNGTRENNUNGery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, and J. A. Pople, Gaussian, Inc.,
Wallingford CT, 2004.


Received: December 5, 2007
Revised: July 1, 2008


Published online: August 21, 2008


Chem. Eur. J. 2008, 14, 8898 – 8903 K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8903


FULL PAPERHydrogenation by using Hydridoiridium Complexes



http://dx.doi.org/10.1103/PhysRevB.37.785

http://dx.doi.org/10.1103/PhysRevB.37.785

http://dx.doi.org/10.1103/PhysRevB.37.785

http://dx.doi.org/10.1021/j100096a001

http://dx.doi.org/10.1021/j100096a001

http://dx.doi.org/10.1021/j100096a001

http://dx.doi.org/10.1021/j100096a001

http://dx.doi.org/10.1063/1.448799

http://dx.doi.org/10.1063/1.448799

http://dx.doi.org/10.1063/1.448799

http://dx.doi.org/10.1063/1.448800

http://dx.doi.org/10.1063/1.448800

http://dx.doi.org/10.1063/1.448800

http://dx.doi.org/10.1063/1.448975

http://dx.doi.org/10.1063/1.448975

http://dx.doi.org/10.1063/1.448975

http://dx.doi.org/10.1002/ejoc.200500042

http://dx.doi.org/10.1002/ejoc.200500042

http://dx.doi.org/10.1002/ejoc.200500042

http://dx.doi.org/10.1016/j.jorganchem.2005.03.029

http://dx.doi.org/10.1016/j.jorganchem.2005.03.029

http://dx.doi.org/10.1016/j.jorganchem.2005.03.029

http://dx.doi.org/10.1002/ange.200501329

http://dx.doi.org/10.1002/ange.200501329

http://dx.doi.org/10.1002/ange.200501329

http://dx.doi.org/10.1002/anie.200501329

http://dx.doi.org/10.1002/anie.200501329

http://dx.doi.org/10.1002/anie.200501329

http://dx.doi.org/10.1002/anie.200501329

http://dx.doi.org/10.1002/ejic.200600483

http://dx.doi.org/10.1002/ejic.200600483

http://dx.doi.org/10.1002/ejic.200600483

http://dx.doi.org/10.1039/b602792j

http://dx.doi.org/10.1039/b602792j

http://dx.doi.org/10.1039/b602792j

http://dx.doi.org/10.1002/jcc.540040303

http://dx.doi.org/10.1002/jcc.540040303

http://dx.doi.org/10.1002/jcc.540040303

http://dx.doi.org/10.1063/1.447079

http://dx.doi.org/10.1063/1.447079

http://dx.doi.org/10.1063/1.447079

http://dx.doi.org/10.1063/1.447079

http://dx.doi.org/10.1063/1.438955

http://dx.doi.org/10.1063/1.438955

http://dx.doi.org/10.1063/1.438955

http://dx.doi.org/10.1063/1.438980

http://dx.doi.org/10.1063/1.438980

http://dx.doi.org/10.1063/1.438980

http://dx.doi.org/10.1063/1.1563619

http://dx.doi.org/10.1063/1.1563619

http://dx.doi.org/10.1063/1.1563619

http://dx.doi.org/10.1021/cr00074a002

http://dx.doi.org/10.1021/cr00074a002

http://dx.doi.org/10.1021/cr00074a002

www.chemeurj.org






DOI: 10.1002/chem.200800827


Ruthenium(II) Pyridylamine Complexes with Diimine Ligands Showing
Reversible Photochemical and Thermal Structural Change
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Introduction


Controlling molecular motions has been intensively investi-
gated with regard to the development of molecular devices


to perform precise functions at the molecular level.[1] Molec-
ular motions play indispensable roles not only in biological
systems to achieve enzymatic functionality but also in artifi-
cial functional materials. In biological systems, as represent-
ed by ATP synthase producing ATP (adenosine triphos-
phate) as an energy source of life,[2] the F1 unit of ATP syn-
thase rotates in one direction due to a concentration gradi-
ent of protons between the inside and outside of the mem-
brane in the course of ATP synthesis.[3] On the other hand,
photoisomerization of retinal in rhodopsin is responsible for
the conversion of light to neuronal signaling for visualiza-
tion.[4]


Chemical design and synthesis allow access to functional
molecules offering great diversity, better structural and dy-
namic control, as well as feasibility of observation and anal-
ysis. Artificial molecular devices have been developed by
using mainly organic components which exhibit reversible
structural changes driven by external stimuli including
light,[5] heat and light,[6] pH control (acid/base control),[7]


Abstract: Ruthenium(II)–TPA–diimine
complexes, [Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(diimine)]2+


(TPA= tris(2-pyridylmethyl)amine; di-ACHTUNGTRENNUNGimine =2,2’-bipyridine (bpy), 2,2’-bipyr-
imidine (bpm), 1,10-phenanthroline
(phen)) were synthesized and charac-
terized by spectroscopic and crystallo-
graphic methods. Their crystal struc-
tures demonstrate severe steric hin-
drance between the TPA and diimine
ligands. They exhibit drastic structural
changes on heating and photoirradia-
tion at their MLCT bands, which in-
volve partial dissociation of the tetra-
dentate TPA ligand to exhibit a facially
tridentate mode accompanied by struc-
tural change and solvent coordination
to give [Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(diimine) ACHTUNGTRENNUNG(solvent)]2+


(solvent =acetonitrile, pyridine). The


incoming solvent molecules are re-
quired to have p-acceptor character,
since s-donating solvent molecules do
not coordinate. The thermal process is
irreversible dissociation to give the sol-
vent-bound complexes, which takes
place by an interchange associative
mechanism with large negative activa-
tion entropies. The photochemical pro-
cess is a reversible reaction reaching a
photostationary state, probably by a
dissociative mechanism involving a
five-coordinate intermediate to afford
the same product as obtained in the


thermal reaction. Quantum yields of
the forward reactions to give dissociat-
ed products were lower than those of
the backward reactions to recover the
starting complexes. In the photochemi-
cal process, the conversions of the for-
ward and backward reactions depend
on the absorption coefficients of the
starting materials and those of the
products at certain wavelength, as well
as the quantum yields of those reac-
tions. The reversibility of the motions
can be regulated by heating and by
photoirradiation at certain wavelength
for the recovery process. In the bpm
system, we could achieve about 90 %
recovery in thermal/photochemical
structural interconversion.
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redox control,[8] and metal complexation.[9] Among these
compounds, diaryl ethene[10] and fulgide[11] derivatives have
been shown to exhibit photochromic behavior in which the
photochemical products can be isolated and characterized.


Transition-metal complexes have also been recognized as
useful platforms for the con-
struction of molecular devices
showing mechanical motions.
Owing to their wide range of
geometrical and electronic
structures, abundant functional-
ity can be expected for molecu-
lar devices based on metal com-
plexes. So far, structural
changes of ligands in the coor-
dination spheres of metal com-
plexes have been achieved by
using redox reactions[12] and
photoirradiation.[13] Redox-
switchable reversible structural change of metal complexes
has been reported by using a CuII/CuI redox couple to
induce geometrical change in the course of the process by
Canary and co-workers,[14] and a strategy using ferrocene-
containing hemilabile ligands by Mirkin and co-workers.[15]


Photochemical structural change has also been investigated
in metal complexes, especially ruthenium complexes.[16]


Meyer and co-workers described reversible cis–trans photoi-
somerization of RuII diimine complexes,[17] and Sauvage and
co-workers used a ruthenium complex to construct a cate-
nane that can change its structure reversibly by photochemi-
cal ligand dissociation on addition of tetraethylammonium
chloride and thermal ligand substitution.[18] However, no ex-
ample has been reported for reversible structural change ac-
companying acceptance and release of external molecules
based on different driving forces to distinguish the direction
of motion. To control the motion, perfect discrimination of
inputs as driving forces and bistability of the molecules
should be designed.


Here we describe the synthesis and characterization of
RuII complexes bearing tris(2-pyridylmethyl)amine (TPA)
and the diimine ligands 2,2’-bipyridine (bpy),[19] 2,2’-bipyri-
midine (bpm), and 1,10-phenanthroline (phen) and their
drastic structural changes in response to external stimuli in-
cluding photoirradiation and heating. In this structural
change, the TPA ligand exhibits reversible dissociation and
binding, whereby its coordination varies between the
normal tetradentate mode and a facial tridentate mode in
association with selective binding and release of p-acceptor
molecules.


Results and Discussion


Preparation of Ru–TPA–diimine complexes : Reactions of
bis-m-chloro dinuclear complexes [Ru2Cl2(L)2]ACHTUNGTRENNUNG(ClO4)2 (L=


TPA, 5-Me-TPA, 5-Me3-TPA)[20] with the diimines 2,2’-bipyr-
idine (bpy), 2,2’-bipyrimidine (bpm), and 1,10-phenanthro-


line (phen) in MeOH at reflux under N2 gave [Ru(L)-ACHTUNGTRENNUNG(diimine)]X2 in good to moderate yields. After cooling to
room temperature, NH4PF6 was added to precipitate the
PF6


� salts of these complexes. Structural formulas of repre-
sentative complexes 1–3 are shown in Scheme 1.


Crystal structures of Ru–TPA–diimine complexes : The mo-
lecular structures of complexes 1–3 were determined by X-
ray crystallography; ORTEP drawings of their cationic moi-
eties are depicted in Figure 1. Selected bond lengths and
angles are listed in Table 1. These complexes exhibit slightly
distorted octahedral geometries consisting of the tetraden-
tate TPA ligand and bidentate diimine ligands. The bond
lengths around the RuII centers fall in the normal range of
RuII�N bonds,[21] but Ru1�N2 and Ru1�N6 are slightly
longer than the other Ru�N bonds.


A characteristic feature of the structures is the tilt of the
axial pyridine ring of TPA in the coordination spheres, due
to steric hindrance between the axial pyridine moiety and
the aromatic ring of the diimine ligand, which binds to the
equatorial plane of the complexes (see Scheme 1). The
C6···C19 distances are 3.29, 3.33, and 3.37 � in 1–3, respec-
tively. The dihedral angles between the axial pyridine ring
and the equatorial aromatic ring of the diimine ligands and
intraligand dihedral angles of the diimine ligands are sum-
marized in Table 2. The dihedral angles between the axial
pyridine ring of the TPA ligand and the equatorial pyridine
moiety of the diimine ligands are fairly large (42.88 in 1,
33.88 in 2, and 40.38 in 3) and the N2-Ru1-N5 bond angles,
which are all larger than 1008, reflect the severe steric hin-
drance between them. In addition, this tilt eventually causes
chirality around the metal center to give racemic mixtures
of right- and left-tilted enantiomers in the monoclinic and
triclinic space groups in the solid state.


Spectroscopic characterization of Ru–TPA–diimine com-
plexes : Absorption spectra of 1–3 in CH3CN (Figure 2) ex-
hibit metal-to-ligand charge transfer (MLCT) bands at 453
(2.737 eV), 480 (2.583 eV), and 423 nm (2.931 eV). These
MLCT absorptions are similar to those of [Ru ACHTUNGTRENNUNG(bpy)3]


2+


(452 nm),[22] [Ru ACHTUNGTRENNUNG(bpm)3]
2+ (454 nm),[22] and [RuACHTUNGTRENNUNG(phen)3]


2+


(422 and 447 nm),[23] respectively.
In the 1H NMR spectra of 1–3, one singlet and one AB


quartet due to the methylene protons of the axial pyridyl-


Scheme 1. Schematic description of complexes 1–3 with the definition of the positions in the complexes used
throughout this work.
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methyl arm and those of the two equatorial pyridylmethyl
groups, respectively, were observed, in accordance with the
sh symmetry of the complexes in solutions.[20] This indicates
that the tilt of the axial pyridine ring observed in the crystal
structures is dynamically averaged on the NMR timescale.
As a representative example, the 1H NMR spectrum of 1 is
shown in Figure 3 a. Peak assignments were made by peak
integration and 1H,1H COSY (see Experimental Section).


The singlets due to the methylene protons of the axial
pyridylmethyl arm were observed at d=4.66, 4.70, and
4.74 ppm for 1–3, respectively. The AB quartet with large
geminal coupling of methylene protons of the equatorial
pyridylmethyl arms is observed at d=5.07 and 5.43 ppm for
1, d= 5.11 and 5.35 ppm for 2, and d= 5.16 and 5.57 ppm for
3, respectively (Supporting Information, Figures S2 and S3).
The lowest chemical shifts were observed for the CH groups
next to the coordinated nitrogen atom of the equatorial het-
eroaromatics in the diimine ligands.


Thermal structural change : Complexes 1–3 exhibit drastic
and complete structural change in the course of heating in
CH3CN. The reactions were followed by 1H NMR and ab-
sorption spectroscopy.


Figure 1. Crystal structures of the cationic moieties of 1 (a), 2 (b), and 3
(c) with atomic numbering schemes for non-hydrogen atoms. Hydrogen
atoms are omitted for clarity. Each atom is described with thermal ellip-
soids at 50 % probability.


Table 1. Selected bond lengths [�] and angles [8] of 1, 2, and 3.


1[a] 2 3


Ru1�N1 2.085(3) 2.093(3) 2.084(2)
Ru1�N2 2.102(3) 2.101(3) 2.115(2)
Ru1�N3 2.048(3) 2.068(3) 2.042(3)
Ru1�N4 2.078(3) 2.091(3) 2.079(2)
Ru1�N5 2.065(3) 2.086(3) 2.074(3)
Ru1�N6 2.101(2) 2.092(2) 2.096(2)
N1-Ru1-N2 79.1(1) 79.9(1) 79.0(1)
N1-Ru1-N3 83.5(1) 82.6(1) 84.5(1)
N1-Ru1-N4 80.6(1) 79.8(1) 80.0(1)
N5-Ru1-N6 77.3(1) 77.8(1) 79.1(1)
N1-Ru1-N5 175.9(1) 171.7(1) 172.8(1)
N2-Ru1-N6 167.9(1) 168.8(2) 169.5(1)
N2-Ru1-N5 100.6(1) 100.4(1) 100.9(1)


[a] See ref. [19].


Table 2. Selected dihedral angles [8] for the axial (ax) pyridine ring of
TPA and equatorial (eq) pyridine moiety of the diimines and those in the
diimine ligands.[a]


1 2 3 7 8


ax pyridine/eq pyridine 42.8 33.8 40.3
diimine 13.5 5.1 3.1 4.6 1.7


[a] Estimated by using Mercury program.


Figure 2. Absorption spectra of 1 (solid line), 2 (dotted line), and 3
(dashed line) in CH3CN.
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In the course of heating 1 in CD3CN, the singlet assigned
to the axial methylene protons at d= 4.66 ppm in the
1H NMR spectrum diminished and a new upfield-shifted sin-
glet emerged at d=3.22 ppm (Figure 3 b). The AB quartet
at d= 5.07 and 5.43 ppm also shifted, to d=4.65 and
4.16 ppm. The 1H,1H COSY spectrum of the thermal prod-
uct allowed us to make complete assignments for the signals
in the aromatic region. The peaks due to the protons of the
bpy ligand showed only one set of 2-substituted pyridine
rings, that is the bpy ligand is coordinated to the RuII center
in a symmetric mode, in sharp contrast to that in 1, in which
the asymmetrically bound bpy ligand show two sets of 2-sub-
stituted pyridine rings. This suggests that the thermal prod-
uct has a different geometry from 1 but is still sh-symmetric.
In addition, the reaction product in CH3CN exhibited a sin-
glet assignable to the methyl protons of coordinated CH3CN
at d= 2.27 ppm, which is shifted slightly downfield relative
to free CH3CN and indicates N-bound CH3CN.[24] The
ESIMS spectrum of the product exhibited a peak cluster
with an isotopic pattern at m/z 734.2. This corresponds to
{[Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(CH3CN)] ACHTUNGTRENNUNG(PF6)}+ ([M�PF6


�]+), and its si-
mulated isotopic pattern is consistent with the observed one.
These observations suggest that the thermal product may
have an uncoordinated pyridylmethyl arm and one molecule
of coordinated acetonitrile with a symmetric plane across
the center of the bpy ligand, as shown in Scheme 2.


Coordination of a solvent molecule also proceeded in pyr-
idine at a similar rate (1.54 �10�7 s�1 at 20 8C) to give pyri-
dine complex [Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(pyridine)]2+ , which was con-
firmed by ESIMS observation of a peak cluster at m/z 777.0
with a isotopic pattern corresponding to {[Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpy)-ACHTUNGTRENNUNG(C5D5N)] ACHTUNGTRENNUNG(PF6)}+ , generated in [D5]pyridine.[19] However, the
reaction does not occur in s-donating solvents such as H2O
and MeOH or noncoordinating solvents such as dichlorome-
thane. In DMSO, which should act as a strong s-donor in O-
bound form but a strong p-acceptor in S-bound form, no re-
action was observed up to 100 8C. Thus, the incoming ligand
should have p-acceptor character and low hindrance to
attack the RuII center (vide infra).


We could not obtain the crystal structure of the dissociat-
ed thermal product 4, but we could trap it by reaction with
an excess (50 equiv) of Et4N


+Cl� in CH3CN (Scheme 2).
The isolated product was stable and exhibited the same
NMR pattern as observed for the thermal dissociation prod-
uct (Figure 3 c), which reflects conservation of the configura-
tion in the course of ligand exchange from acetonitrile to
chloride. The ESIMS spectrum of the chlorinated product
exhibited a peak cluster at m/z 583.3 with a specific isotopic
pattern consistent with [RuCl ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpy)]+ [M+].


Recrystallization of the crude chlorinated product from
acetone afforded a single crystal suitable for determining
the crystal structure of [RuCl ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpy)]PF6 (7), as shown
in Figure 4 a. Selected bond lengths and angles are summar-
ized in Table 3. The crystal structure clearly demonstrates a
drastic structural change in the dissociated product. One of
the pyridylmethyl arms has dissociated from the RuII center
and is uncoordinated. Thus, the geometry of complex 7 is to-
tally different from that of 1 and is composed of a symmetri-
cally bound bidentate bpy ligand and a facially tridentate
TPA ligand.[25, 26] The dihedral angle between the two pyri-
dine rings of the bpy ligand in 7 is 4.68 (Table 2), which is
less than half of that observed in 1, that is, the steric tension
of the ligand is relaxed in the dissociation product. In addi-
tion, the Ru1�N1 bond length (the tertiary amino group) is
longer (2.125(6) �) than those found in 1, probably due to
the strong interaction of Cl� with the RuII center at the
trans position exerting a trans influence. The fact that N3-
Ru1-N4 bond angle (85.3 (2)8) is smaller than 908 suggests


that steric effects of the 6- and
6’-CH groups push the pyridine
rings away from them.


For complexes, 2 and 3, we
also observed thermal dissocia-
tion to give products with fa-
cially tridentate TPA ligands
and symmetrically coordinated
diimine ligands. In the 1H NMR
spectra of 2 and 3, we observed
upfield-shifted singlets and AB
quartets for the methylene pro-
tons of the uncoordinated and
equatorial pyridylmethyl arms,
respectively, and resonances in


Figure 3. 1H NMR spectra of 1 (a), 4 (b), and 7 (c) in CD3CN.


Scheme 2. Thermal reactions of 1–3 in acetonitrile.
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the aromatic region exhibited symmetric patterns for the
protons of the bpm and phen ligands, respectively. Singlets
due to the acetonitrile ligands in the products derived from
dissociation of 2 and 3 were observed at d= 2.27 ppm in
both bases as well as in 1; ESIMS spectra of those products
showed peak clusters corresponding to {[Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpm)-


ACHTUNGTRENNUNG(CH3CN)] ACHTUNGTRENNUNG(PF6)}+ ([M2++PF6
�]+) at m/z 736.2 and {[Ru-ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(phen) ACHTUNGTRENNUNG(CH3CN)] ACHTUNGTRENNUNG(PF6)}+ ([M2++PF6


�]+) at m/z 758.2,
and simulated isotopic patterns completely matched the ob-
served spectra. In addition, complexes 5 and 6 also under-
went substitution of the CH3CN ligands by Cl� in reactions
with an excess of Et4NCl to form corresponding chlorido
complexes 8 and 9 (Scheme 2), which were confirmed by
ESIMS, absorption and NMR spectroscopy, and elemental
analysis.


We obtained a single crystal of 8 by recrystallization from
acetone/hexane layered solution. The crystal structure of
[RuCl ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpm)]PF6 (8) as shown in Figure 4 b. Selected
bond lengths and angles are listed in Table 3. The geometry
of the complex is almost identical to that of 7, but has a
longer Ru1�N1 bond (2.143(4) �) and a larger N2-Ru1-N3
bond angle (92.5(1)8) than 7. The dihedral angle between
the two pyrimidine rings in the bpm ligand of 1.78 is less
than half that in 2, as is also the case for 7 (Table 2).


The chloro complexes exhibited absorption maxima at
503 nm for 7, 539 nm for 8, and 495 nm for 9, which were as-
signed to MLCT bands from the RuII center to the diimine
ligands.[27] The redshift could be due to interaction of 3p
electrons of Cl� with dp electrons of the RuII center, which
elevates the energy level of the dp orbital and results in
smaller energy gaps between the dp orbital and the p* orbi-
tals of diimine ligands.


Elucidating the thermal dissociation process : The question
arises which pyridine moiety is released from the metal
center in acetonitrile in the structural changes in the coordi-
nation sphere of the [RuACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(diimine)]2+ complexes ac-
companying solvent coordination on thermal dissociation.
The structural change was elucidated by introduction of one
methyl group at the 5-position of one of pyridine rings of
TPA.


First, we prepared the 5-Me3-TPA analogue of 1, [Ru ACHTUNGTRENNUNG(5-
Me3TPA) ACHTUNGTRENNUNG(bpy)] ACHTUNGTRENNUNG(PF6)2 (10). This complex also exhibited
thermal structural change in acetonitrile, and the reaction
was followed by 1H NMR spectroscopy (Figure S4 in the
Supporting Information). In the 1H NMR spectrum of 10 in
CD3CN, a singlet due to the methyl group attached to the
axial pyridine ring was observed at d=2.28 ppm and a sin-
glet assigned to the methyl groups attached to the equatorial
pyridine ring was observed at d= 1.97 ppm with 1:2 integra-
tion ratio of peak intensity. The sample was heated for 8 h
and the NMR spectrum measured again. The final product,
[Ru ACHTUNGTRENNUNG(5-Me3TPA) ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(CD3CN)]2+ (11), exhibited two sin-
glets at d=2.29 and 2.36 ppm with peak intensity ratio of
1:2. We assigned the former to the methyl group attached to
the uncoordinated pyridine ring and the latter to the two
equatorial pyridine rings.


Next we applied 5-Me-TPA as ligand to track the methyl-
substituted pyridine ring in the course of the thermal struc-
tural change by 1H NMR spectroscopy (Figure S5 in the
Supporting Information). We synthesized [Ru ACHTUNGTRENNUNG(5-Me-TPA)-ACHTUNGTRENNUNG(bpy)] ACHTUNGTRENNUNG(PF6)2 (12) as a 2:1 mixture of two isomers in which
the methyl-substituted pyridine moiety binds to one of the


Figure 4. Crystal structures of the cationic moieties of 7 (a) and 8 (b)
with 50 % probability thermal ellipsoids (POV-RAY program). Hydrogen
atoms are omitted for clarity.


Table 3. Selected bond lengths [�] and angles [8] of 7 and 8.


7 8


Ru1�Cl1 2.419(2) 2.4010(6)
Ru1�N1 2.125(6) 2.143(2)
Ru1�N3 2.058(8) 2.064(2)
Ru1�N4 2.051(7) 2.072(2)
Ru1�N5 2.049(8) 2.045(2)
Ru1�N6 2.042(9) 2.043(2)
N1-Ru1-N3 81.3(2) 81.74(8)
N1-Ru1-N4 81.2(2) 79.21(8)
N5-Ru1-N6 78.9(2) 79.38(8)
N3-Ru1-N4 85.3(2) 90.49(7)
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two equatorial positions (12-equatorial) and the axial posi-
tion (12-axial), as shown in Scheme 3.


In the NMR spectrum of the mixture of 12-axial and 12-
equatorial, the singlet assigned to the methyl group of 12-


axial was observed at d= 2.27 ppm, and that of 12-equatorial
at 1.97 ppm, with a peak intensity ratio of 1:2. Heating the
NMR sample containing 12-axial and 12-equatorial resulted
in new singlets at d= 2.29 and 2.35 ppm with a peak intensi-
ty ratio of 1:2. We assigned these signals to the methyl
group of the uncoordinated pyridine ring (13-uncoordinat-
ed) and the coordinated pyridine ring in one of the two
equatorial positions (13-equatorial), respectively, as shown
in Scheme 3, on the basis of the data obtained for [Ru ACHTUNGTRENNUNG(5-
Me3TPA) ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(CD3CN)]2+ derived from 10. This indicates
that dissociation of the pyridine moiety occurs at the axial
position.


Kinetics and thermodynamics of thermal structural change :
To shed light on the details of the thermal structural change
of 1–3, we measured first-order rate constants in CH3CN at
various temperatures (Table 4).


The thermal structural change of each complex obeyed
first- order kinetics in the range of 323–343 K in CH3CN.
The temperature dependence of the first-order rate con-
stants afforded linear Eyring plots for the three complexes
(Figure S1, Supporting Information). The activation enthal-
pies DH� and activation entropies DS� of the reactions were
also determined (Table 4). These values are similar to those
observed in thermal isomerization of RuII alloxazine com-
plexes by coordination of CH3CN (DH� = 92 kJ mol�1 and
DS� =�38 J mol�1 K�1).[28] In the case of intramolecular rear-
rangement of an RuII TPA b-diketonato complex without
bond rupture, the activation parameters are totally different
(DH� = 50 kJ mol�1 and DS� =�213 Jmol�1 K�1).[29] Chang-
ing the counteranion from PF6


� to ClO4
� did not have any


influence on the activation parameters. All complexes
showed similar activation parameters which indicate that
the reaction proceeds by the same reaction mechanism for
1–3. The large negative activation entropies suggest that the
reaction proceeds by an interchange associative (Ia) mecha-
nism involving interaction of the acetonitrile molecule with
the RuII center to displace the axial pyridine ring of the
TPA ligand.[30] This is consistent with the above observation
that in DMSO formation of the thermal dissociation product
with the S-bound form of the solvent as a p acceptor does
not occur due to its bulkiness. The lack of formation of the
DMSO complex is probably due to steric hindrance in the
associative transition state. The positive activation enthal-
pies suggest compensation of dissociation of the strongly
bound pyridine moiety and weaker solvent coordination in
the transition state.


Photochemical reversible structural change : Photoirradia-
tion of solutions of 1–3 in acetonitrile was examined by
monochromated light with a fluorescence spectrophotome-
ter at room temperature. The complexes exhibited photo-
chemical structural change on irradiation at MLCT bands
that allowed us to observe spectral change in their absorp-
tion and NMR spectra. In the course of the photochemical
structural change of 1–3, their NMR spectra showed the
same, albeit incomplete, spectral change that was observed
in the thermal reactions. The photochemical reactions result
in mixtures of starting complexes 1–3 and products 4–6, re-
spectively, as photostationary states. In contrast to the irre-
versible thermal process to give the dissociation products,
the photochemical reaction is reversible.


In the course of the photoirradiation, we observed UV/
Vis spectral change (Figure 5). The spectral change was not
complete, in contrast to that in thermal reactions, and this is
consistent with NMR observations. The incompleteness of
the reaction should stem from the fact that the starting com-
plexes and the products have the same RuII diimine moieties
as chromophores. As can be seen in the absorption spectra,
photoexcitation at the MLCT bands results in excitation of
both species. However, since we can isolate the photochemi-
cal dissociation products as the thermal reaction products in
pure form, we can determine the quantum yields of both the
forward and backward reactions separately.


Scheme 3. Thermal dissociation of 12.


Table 4. First-order rate constants k [s�1, � 105] and activation parameters
for the thermal structural change of 1–3 in CD3CN


T 1 2 3


323 K 0.87 0.47 0.43
k ACHTUNGTRENNUNG(328 K) 1.40 0.70 0.65
k ACHTUNGTRENNUNG(333 K) 2.27 1.26 1.06
k ACHTUNGTRENNUNG(338 K) 4.04 2.07 1.88
k ACHTUNGTRENNUNG(343 K) 5.27 2.85 2.46
DH� [kJ mol�1] 83�5 82�4 82�5
DS� [J mol�1 K�1] �85�13 �93�12 �94�14
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The photochemical conversion of starting complexes 1–3
to the photostationary states consisting of these complexes
and photoproducts 4–6 was monitored by absorption spec-
troscopy. The course of the concentration of each compo-
nent with time in the forward and backward reactions for
the three diimine systems are summarized in Figure 6. The
concentrations of the two components converge to the same
value from both sides.


Quantum yields of the photochemical reversible structural
change of 1–3 in CH3CN were determined for both forward
and backward reactions by using [FeACHTUNGTRENNUNG(oxalato)3]


3� as an acti-
nometer at room temperature with monochromated photoir-
radiation at 423 nm. The quantum yields and conversions of
the backward reactions are summarized in Table 5.


For bpy complexes 1 and 4, the quantum yields of 1!4
and and 4!1 are 0.0021 and 0.0057; for bpm complexes 2
and 5, the quantum yields of 2!5 and 5!2 are 0.0017 and
0.028; and for phen complexes 3 and 6, the quantum yields
of 3!6 and 6!3 are 0.0027 and 0.011, respectively. In all
cases, the quantum yields of the backward reactions (Fb)
are higher than those of the forward reactions (Ff). The
conversions of the backward reactions are related to quan-
tum yields by Equation (1),[31] in which ecoord stands for the
absorption coefficient of the original complex (1–3) with the
absorption coefficients. Based on Equation (1), we calculat-
ed the conversions of the backward reaction for the three
systems as listed in Table 5.


Conversionuncoord!coord ¼
Fbeuncoord


Fbeuncoord þFfecoord
ð1Þ


The calculated conversions are fairly consistent with those
observed in the NMR measurements. Complex 5 exhibited


the highest conversion of 89 % for the backward reaction to
form 2. This indicates that the thermal and photochemical
interconversion between 2 and 5 can be achieved to 89 %
for the 2!5!2 pathway, accompanying the drastic structur-
al change involving acceptance and release of external mole-
cules with p-acceptor character.


Together with the results of both thermal and photochem-
ical reactions, we propose the reversible interconversion of
the Ru TPA diimine complexes in CH3CN shown in
Scheme 4, which describes that of complexes 2 and 5 as a
representative example. In the one-way thermal structural
change, the nucleophilic attack of a less bulky solvent mole-
cule at the RuII center occurs to form an associative transi-
tion state and displace the axial pyridine moiety of the tetra-
dentate TPA ligand. The transition state would be followed
by structural change to give the dissociation product with fa-
cially tridentate TPA ligand and a solvent molecule such as
CH3CN or pyridine.


The photochemical process is started by photoexcitation
of the complexes to form triplet MLCT excited states
3ACHTUNGTRENNUNG(MLCT)*, which can be converted to metal-centered triplet
states 3(MC)*.[32] The 3(MC)* states are d–d transition states
of the complexes, and one of the dp electrons is located in ds


orbitals to facilitate thermal ligand dissociation due to the
electric repulsion between the photoexcited electron in the
ds orbital and s-donated lone pair of the pyridine moiety to
form five-coordinate transition states in a dissociative (D)
mechanism.[30,33] This five-coordinate transition state under-
goes solvent coordination concomitant with the structural
change. This proposal is also supported by DMSO coordina-
tion in photochemical process to give two kinds of photo-
products [Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(DMSO)]2+ ,[34] in sharp contrast to
the lack of observation of thermal structural change in


Figure 5. Absorption spectral change in the photochemical structural changes of 1 (a), 4 (b), and 2 (c) and of 5 (d), 3 (e), and 6 (f) in CH3CN at room
temperature.
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DMSO up to 100 8C: The bulky DMSO molecule can coor-
dinate to the five-coordinate RuII center without any steric
hindrance.


Chloro complex 7 also exhibited photochemical reaction
in CH3CN at room temperature on photoirradiation at
580 nm, where apparently no absorption was observed for 1
and 4. The reaction was followed by absorption spectrosco-
py, and we observed initially an increase of the absorption
at 453 nm due to 1 over 30 min, as shown in Figure 7 a, with


Figure 6. Time course of the concentrations of the starting complexes and
the photoproducts in CH3CN. a) 1!1 +4. b) 4!1+ 4. c) 2!2+ 5. d) 5!
2+ 5. e) 3!3 +6. f) 6!3 +6. Photoirradiation was performed at 423 nm
for the bpy complexes (1 and 4), 453 nm for the bpm complexes (2 and
5), and 423 nm for the phen complexes (3 and 6).


Table 5. Quantum yields and conversions of structural change and recov-
ery.


Diimine
ligand


Ff


(coord!
uncoord +


coord)[a]


Fb (unco-
ord!
coord +


uncoord)[a]


Wave-
length
[nm]


Calcd
conversion
(uncoord!
coord +


uncoord)[b]


Obsd
conversion


(uncoord!
coord +


uncoord)[c]


bpy 0.0021 0.0057 423 63 40
453 50 35
480 40 20


bpm 0.0017 0.028 423 89 78
453 92 89
480 91 85


phen 0.0027 0.011 423 70 65
453 57 56
480 48 45


[a] Determined at 423 nm. [b] Calculated on the basis of Equation (1).
[c] Determined by peak integration of 1H NMR signals.


Scheme 4. Proposed reaction mechanism of thermal and photochemical
interconversion between 2 and 5 in CH3CN.


Figure 7. Absorption spectral change of 7 in the course of photoirradia-
tion at 580 nm in CH3CN at room temperature. a) 0–29 min. b) 34–
420 min.


Chem. Eur. J. 2008, 14, 8904 – 8915 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 8911


FULL PAPERRuthenium(II) Pyridylamine Complexes



www.chemeurj.org





isosbestic points at 476, 396, and 352 nm. Further reaction
was observed to give a mixture of 1 and acetonitrile com-
plex 4 on prolonged photoirradiation (Figure 7 ) with an iso-
sbestic point at 352 nm, and slight amount of 7 could also be
observed in the ESIMS spectrum of the mixture. This result
clearly indicates that the photoproduct is pyridine-coordi-
nated product 1, rather than the dissociated complex 4
(Scheme 5). Thus, photodissociation of Cl� is followed by in-
tramolecular pyridine coordination to recover the staring
complex, rather than intermolecular CH3CN coordination.


Conclusion


We have described the synthesis and characterization of
RuII–TPA–diimine complexes which exhibit photochromic
behavior involving clear and dramatic structural change.
Thermal reaction of [Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(diimine)]2+ with thr tetra-
dentate TPA ligand affords [RuACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(diimine) ACHTUNGTRENNUNG(solvent)]2+ ,
which contains a facially tridentate TPA ligand and a less
hindered solvent molecule with p-acceptor character. This
thermal process completely and irreversibly proceeds via an
associative transition state by an Ia mechanism. The starting
materials and dissociation products undergo photochemical
structural change reversibly to reach the photostationary
states, which demonstrates the bistability of the two compo-
nents. The photochemical process is proposed to proceed by
a dissociative mechanism involving a five-coordinate inter-
mediate with a vacant site. The quantum yields of forward
and backward reactions could be determined to evaluate the
efficiency of the photochemical structural change from both
sides. This is the first example of isolation of the photoprod-
uct and evaluation of the photochemical reactions of metal
complexes from both the starting complexes and the photo-
products involving intermolecular reactions. Since the pho-
tochemical conversion is governed by the quantum yields
and absorption coefficients, the amounts of components in
the photostationary states can be regulated by means of the
photoirradiation wavelength. Thus, we could achieved about
90 % reversible regulation of the structural change by taking
advantage of the complete thermal process and well-con-
trolled photochemical process, as shown in Scheme 4. The
process allows us to achieve acceptance and release of a
guest molecule by molecular recognition in terms of its elec-
tronic character and bulkiness. Our systems on the basis of


transition metal complexes could provide a new strategy to
construct novel photofunctional molecular devices.


Experimental Section


Materials : Methanol in extra-pure grade was used without further purifi-
cation. Diimine ligands were purchased from commercial sources and
used without further purification. [{RuCl(TPA derivative)}2] ACHTUNGTRENNUNG(ClO4)2 were
synthesized as reported previously[20] and their PF6


� salts were prepared
by ion exchange by adding an excess
of nBu4NPF6 in methanol. N-(5-
Methyl-2-pyridylmethyl)-N,N-bis(2-
pyridylmethyl)amine (5-Me-TPA) was
synthesized by reaction of 5-methyl-2-
chloromethylpyridine with bis(2-pyri-
dylmethyl)amine in CH2Cl2 in the
presence of NEt3. 5-Me3-TPA·3 HClO4


was synthesized as reported.[35]


[Ru ACHTUNGTRENNUNG(TPA)ACHTUNGTRENNUNG(bpy)]ACHTUNGTRENNUNG(PF6)2 (1): Solid
[RuCl ACHTUNGTRENNUNG(TPA)]2ACHTUNGTRENNUNG(ClO4)2 (0.15 g,
0.14 mmol) was added to a degassed
solution of bpy (0.15 g, 0.96 mmol) in
MeOH (20 mL) under N2. The mixture
was heated to reflux for 8 h and then
cooled to room temperature. NH4PF6


(91 mg, 0.56 mmol) was added to the
solution to give an orange precipitate, which was washed well with dieth-
yl ether and then dried in vacuo. Yield: 73 %. Elemental analysis (%)
calcd for C28H26N6P2F12Ru: C 40.13, H 3.13, N 10.03; found: C 40.16, H
3.16, N 10.09; 1H NMR (CD3CN): d=9.56 (d, 1H, J =6 Hz; bpy-
H6(equatorial)), 9.03 (d, 1H, J =6 Hz; bpy-H6 ACHTUNGTRENNUNG(axial)), 9.00 (d, 1H, J =


6 Hz; pyr-H6 ACHTUNGTRENNUNG(axial)), 8.49 (d, 1 H, J= 8 Hz; bpy-H3(equatorial)), 8.38 (d,
1H, J= 8 Hz; pyr-H3 ACHTUNGTRENNUNG(axial)), 8.21 (td, 1H, J =7, 1 Hz; bpy-H4(equatori-
al)), 7.94 (t, 1H, J =6 Hz; bpy-H5(equatorial)), 7.91 (t, 1 H, J =7 Hz; pyr-
H4 ACHTUNGTRENNUNG(axial)), 7.68 (t, 2H, J=7 Hz; pyr-H4(equatorial)), 7.66 (d, 2H, J=


6 Hz; pyr-H6(equatorial)), 7.63 (td, 2 H, J =7, 1 Hz; py-H4(equatorial)),
7.47 (td, 1H, J=7 Hz, 1 Hz; pyr-H5 ACHTUNGTRENNUNG(axial)), 7.38 (d, 1H, J =8 Hz; bpy-
H3 ACHTUNGTRENNUNG(axial)), 7.34 (d, 2H, J =8; pyr-H3(equatorial)), 7.27 (t, 1 H, J =7 Hz;
bpy-H5 ACHTUNGTRENNUNG(axial)), 6.99 (t, 2H, J =7 Hz; pyr-H5(equatorial)), 5.43 and 5.07
(ABq, 4 H, JAB =18 Hz; CH2(equatorial)), 4.66 ppm (s, 2 H; CH2 ACHTUNGTRENNUNG(axial));
ESIMS: m/z : 693.2 [M+]; absorption maximum: lmax =453 nm.


[Ru ACHTUNGTRENNUNG(TPA)ACHTUNGTRENNUNG(bpm)] ACHTUNGTRENNUNG(PF6)2 (2): Solid [RuCl ACHTUNGTRENNUNG(TPA)]2ACHTUNGTRENNUNG(ClO4)2 (0.15 g,
0.14 mmol) was added to a degassed solution of bpm (0.15 g, 0.96 mmol)
in MeOH (20 mL) under N2. The mixture was heated to reflux for 8 h
and then cooled to room temperature. NH4PF6 (91 mg, 0.56 mmol) was
added to the solution to give a brown precipitate, which was washed well
with diethyl ether and then dried in vacuo. Yield: 69%. Elemental analy-
sis (%) calcd for C26H24N8P2F12Ru·H2O: C 36.35, H 2.77, N 13.03; found:
C 36.41, H 2.82, N 13.07; 1H NMR (CD3CN): d= 9.88 (dd, 1 H, J =5 Hz,
1 Hz; bpm-H6(equatorial)), 9.26 (d, 1H, J =4 Hz; bpm-H6 ACHTUNGTRENNUNG(axial)), 9.25
(d, 1 H, J=5 Hz; bpm-H4(equatorial)), 8.97 (d, 1H, J=5 Hz; pyr-H6-ACHTUNGTRENNUNG(axial)), 8.93 (dd, 1H, J =5, 1 Hz; bpm-H4 ACHTUNGTRENNUNG(axial)), 8.03 (t, 1H, J =5 Hz;
bpm-H5(equatorial)), 7.77 (d, 2 H, J= 5 Hz; pyr-H6(equatorial)), 7.70 (t,
1H, J= 8 Hz; pyr-H4 ACHTUNGTRENNUNG(axial)), 7.64 (t, 2 H, J =7 Hz; pyr-H4(equatorial)),
7.58 (t, 1H, J =6 Hz; bpm-H5 ACHTUNGTRENNUNG(axial)), 7.38 (d, 2 H, J=8 Hz; pyr-
H3(equatorial)), 7.35 (d, 1H, J= 5 Hz; pyr-H3 ACHTUNGTRENNUNG(axial)), 7.30 (t, 1H, J=


6 Hz; pyr-H5 ACHTUNGTRENNUNG(axial)), 7.03 (t, 2H, J=6 Hz; pyr-H5(equatorial)), 5.35 and
5.11 (ABq, JAB =17, 4 H; CH2(equatorial)), 4.70 ppm (s, 2H, CH2 ACHTUNGTRENNUNG(axial));
ESIMS: m/z : 695.1 [M+]; absorption maximum: lmax =480 nm.


[Ru ACHTUNGTRENNUNG(TPA)ACHTUNGTRENNUNG(phen)]ACHTUNGTRENNUNG(PF6)2 (3): Solid [RuCl ACHTUNGTRENNUNG(TPA)]2 ACHTUNGTRENNUNG(ClO4)2 (0.15 g,
0.14 mmol) was added to a degassed solution of phen (0.15 g, 0.83 mmol)
in MeOH (20 mL) under N2. The mixture was heated to reflux for 8 h
and then cooled to room temperature. NH4PF6 (91 mg, 0.56 mmol) was
added to the solution to give an orange precipitate, which was washed
well with diethyl ether and then dried in vacuo. Yield: 75 %. Elemental
analysis (%) calcd for C30H26N6P2F12Ru: C 41.82, H 3.04, N 9.75; found:


Scheme 5. Photoreaction of 7 in the course of photoirradiation at 580 nm in CH3CN.
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C 41.80, H 3.13, N 9.74; 1H NMR (CD3CN): d =9.98 (d, 1 H, J =5 Hz;
phen-H2), 9.40 (d, 1H, J =6 Hz; phen-H9), 9.22 (d, 1H, J =6 Hz; pyr-H6-ACHTUNGTRENNUNG(axial)), 8.77 (d, 1H, J =8 Hz; phen-H4), 8.49 (d, 1H, J= 8 Hz; phen-
H7), 8.28 (q, 1 H, J =6 Hz; phen-H3), 8.26 (d, 2 H, J =6 Hz; phen-H5),
8.14 (d, 1H, J=9 Hz; phen-H6), 7.81 (q, 1 H, J =5 Hz; phen-H8), 7.71
(td, 1H, J= 8, 1 Hz; pyr-H4 ACHTUNGTRENNUNG(axial)), 7.57 (t, 2H, J =5 Hz; pyr-H4(equa-
torial)), 7.55 (d, 2 H, J=4 Hz; pyr-H6(equatorial)), 7.39 (d, 1H, J =8 Hz;
pyr-H3 ACHTUNGTRENNUNG(axial)), 7.36 (d, 2 H, J= 4 Hz; pyr-H3(equatorial)), 7.33 (t, 1H,
J =5 Hz; pyr-H5 ACHTUNGTRENNUNG(axial)), 6.85 (t, 2 H, J =7 Hz; pyr-H5(equatorial)), 5.57
and 5.16 (ABq, JAB =17, 4 H; CH2(equatorial)), 4.74 ppm (s, 2H, CH2-ACHTUNGTRENNUNG(axial)); ESIMS: m/z : 717.1 [M+]; absorption maximum: lmax =423 nm.


[Ru ACHTUNGTRENNUNG(TPA)ACHTUNGTRENNUNG(bpy)ACHTUNGTRENNUNG(CH3CN)] ACHTUNGTRENNUNG(PF6)2 (4): A solution of [RuACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpy)] ACHTUNGTRENNUNG(PF6)2


(50 mg) in CH3CN (100 mL) was heated to reflux for 24 h and evaporat-
ed to dryness to obtain a light orange powder. The powder was washed
with diethyl ether and then dried in vacuo. Elemental analysis (%) calcd
for C30H29N7P2F12Ru: C 41.01, H 3.33, N 11.16; found: C 40.73, H 3.31, N
11.14; 1H NMR (CD3CN): d =8.92 (d, 2H, J=6 Hz; bpy-H2), 8.52 (d,
2H, J =8 Hz; pyr-H6(equatorial)), 8.52 (d, 1 H, J =8 Hz; pyr-H6 ACHTUNGTRENNUNG(free)),
8.34 (d, 2 H, J= 5 Hz; pyr-H3(equatorial)), 8.13 (td, 2 H, J=8, 2 Hz; pyr-
H5(equatorial)), 7.80 (td, 2 H, J =8, 1 Hz; bpy-H4), 7.70 (td, 1 H, J =8,
2 Hz; pyr-H4 ACHTUNGTRENNUNG(free)), 7.56 (td, 2H, J =7, 1 Hz; pyr-H4(equatorial)), 7.37
(d, 1 H, J =8 Hz; pyr-H5 ACHTUNGTRENNUNG(free)), 7.35 (d, 2H, J= 8 Hz; bpy-H5), 7.34 (t,
2H, J =6 Hz; bpy-H3), 7.09 (d, 1 H, J =8 Hz; pyr-H3 ACHTUNGTRENNUNG(free)), 4.65 and 4.15
(ABq, 4 H, JAB = 17 Hz; CH2(equatorial)), 3.22 (s, 2H, CH2 ACHTUNGTRENNUNG(free)),
2.27 ppm (s, 3H; CH3); ESIMS: m/z : 734.2 [M+]; absorption maximum:
lmax =426 nm.


[Ru ACHTUNGTRENNUNG(TPA)ACHTUNGTRENNUNG(bpm) ACHTUNGTRENNUNG(CH3CN)] ACHTUNGTRENNUNG(PF6)2 (5): A solution of [Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpm)]-ACHTUNGTRENNUNG(PF6)2 (50 mg) in CH3CN (100 mL) was heated to reflux for 24 h and
evaporated to dryness to obtain a brownish orange powder. The powder
was washed with diethyl ether and then dried in vacuo. Elemental analy-
sis (%) calcd for C28H27N7P2F12Ru: C 38.19, H 3.09, N 14.32; found: C
37.87, H 3.09, N 14.08; 1H NMR (CD3CN): d=9.16 (dd, 2H, J=5, 2 Hz;
bpm-H6), 8.89 (d, 2H, J= 7 Hz; pyr-H6(equatorial)), 8.51 (dd, 2 H, J =6,
2 Hz; bpm-H4), 8.49 (d, 1H, J =4 Hz; pyr-H6 ACHTUNGTRENNUNG(free)), 7.85 (td, 2 H, J =7,
1 Hz; pyr-H4(equatorial)), 7.69 (t, 1H, J=6 Hz; pyr-H4 ACHTUNGTRENNUNG(free)), 7.65 (t,
2H, J=5 Hz; bpm-H5), 7.41 (t, 2H, J =8 Hz; pyr-H5(equatorial)), 7.41
(t, 2H, J=8 Hz; pyr-H3(equatorial)), 7.33 (t, 1 H, J=7 Hz; pyr-H5 ACHTUNGTRENNUNG(free)),
7.08 (d, 1H, J =8 Hz; pyr-H3 ACHTUNGTRENNUNG(free)), 4.74 and 4.24 (ABq, JAB =17 Hz,
4H; CH2(equatorial)), 3.48 (s, 2 H, CH2 ACHTUNGTRENNUNG(axial)), 2.27 ppm (s, 3H; CH3);
ESIMS: m/z : 736.2 [M+]; absorption maximum: lmax =453 nm.


[Ru ACHTUNGTRENNUNG(TPA)ACHTUNGTRENNUNG(phen) ACHTUNGTRENNUNG(CH3CN)] ACHTUNGTRENNUNG(PF6)2 (6): A solution of [Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(phen)]-ACHTUNGTRENNUNG(PF6)2 (50 mg) in CH3CN (100 mL) was heated to reflux for 24 h and
evaporated to dryness to obtain a light orange powder. The powder was
washed with diethyl ether and then dried in vacuo. Elemental analysis
(%) calcd for C32H29N7P2F12Ru: C 42.58, H 3.23, N 10.86; found: C 42.38,
H 3.27, N 10.83; 1H NMR (CD3CN): d=9.00 (d, 2H, J=5 Hz; phen-H2),
8.68 (d, 2H, J =7 Hz; pyr-H6(equatorial)), 8.60 (d, 2H, J =5 Hz; pyr-
H3(equatorial)), 8.40 (d, 1 H, J =5 Hz; pyr-H6 ACHTUNGTRENNUNG(free)), 8.24 (s, 2H; phen-
H5), 7.88 (t, 2H, J =6 Hz; pyr-H5(equatorial)), 7.83 (t, 2 H, J =8 Hz;
phen-H4), 7.55 (t, 1H, J =8 Hz; pyr-H4 ACHTUNGTRENNUNG(free)), 7.44 (t, 2H, J =6 Hz; pyr-
H4(equatorial)), 7.42 (t, 2H, J= 4 Hz; phen-H3), 7.21 (t, 1 H, J =7 Hz;
pyr-H5 ACHTUNGTRENNUNG(free)), 6.82 (d, 1H, J =8 Hz; pyr-H3 ACHTUNGTRENNUNG(free)), 4.77 and 4.18 (ABq,
JAB =17 Hz, 4 H; CH2(equatorial)), 3.09 (s, 2 H, CH2 ACHTUNGTRENNUNG(free)), 2.15 ppm (s,
3H; CH3); ESIMS: m/z : 758.2 [M+]; absorption maximum: lmax =


423 nm.ACHTUNGTRENNUNG[RuClACHTUNGTRENNUNG(TPA)ACHTUNGTRENNUNG(bpy)]PF6 (7): Solid [(C2H5)4N]Cl (0.28 g, 1.7 mmol) was
added to a degassed solution of [Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(CH3CN)] ACHTUNGTRENNUNG(PF6)2 (30 mg,
0.034 mmol) in CH3CN (30 mL). The mixture was heated to reflux for
24 h, and the color of the solution changed from orange to dark purple.
After removing the solvent by rotary evaporator, a small volume of
water was added, and insoluble materials were filtered off to obtain a
purple solution. A purple powder of 7 was obtained by removing the sol-
vent. The powder was washed with a small amount of water and then dis-
solved in acetone. Hexane was added onto the acetone solution to form a
two-layered system. Dark purple crystals of 7 formed. Elemental analysis
(%) calcd for C28H26N6ClPF6Ru: C 45.63, H 3.69, N 11.40; found: C
45.69, H 3.83, N 11.14; 1H NMR (CD3CN): d=9.48 (d, 2 H, J =6 Hz;
bpy-H2), 8.51 (d, 1H, J =5 Hz; pyr-H6 ACHTUNGTRENNUNG(free)), 8.49 (d, 2H, J=7 Hz; pyr-


H6(equatorial)), 8.44 (d, 2 H, J=7 Hz; pyr-H3(equatorial)), 7.94 (td, 2H,
J =7, 1 Hz; pyr-H5(equatorial)), 7.69 (td, 2 H, J =8, 1 Hz; bpy-H4), 7.66
(td, 1 H, J =8, 1 Hz; pyr-H4 ACHTUNGTRENNUNG(free)), 7.43 (td, 2 H, J =8, 1 Hz; pyr-
H4(equatorial)), 7.32 (d, 2H, J =6 Hz; bpy-H3), 7.30 (t, 2 H, J =7 Hz;
pyr-H5 ACHTUNGTRENNUNG(free)), 7.29 (d, 2 H, J =8 Hz; bpy-H5), 7.05 (d, 1H, J=8 Hz; pyr-
H3 ACHTUNGTRENNUNG(free)), 4.50 and 3.98 (ABq, JAB =16 Hz, 4H; CH2(equatorial)),
3.20 ppm (s, 2H; CH2 ACHTUNGTRENNUNG(free)); ESIMS: m/z : 583.3 [M+]; absorption maxi-
mum: lmax =503 nm.ACHTUNGTRENNUNG[RuClACHTUNGTRENNUNG(TPA)ACHTUNGTRENNUNG(bpm)]PF6 (8): Solid [(C2H5)4N]Cl (0.28 g, 1.7 mmol) was
added to a degassed solution of [Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(bpm) ACHTUNGTRENNUNG(CH3CN)] ACHTUNGTRENNUNG(PF6)2 (30 mg,
0.034 mmol) in CH3CN (30 mL). The mixture was heated to reflux for
24 h, and the color of the solution changed from orange to dark purple.
After removing the solvent by rotary evaporator, a small volume of
water was added and insoluble materials were filtered off to obtain a
purple solution. A purple powder of 8 was obtained by removing the sol-
vent. Elemental analysis (%) calcd for C26H24N8ClPF6Ru: C 42.78, H
3.31, N 15.35; found: C 42.66, H 3.35, N 15.17; 1H NMR (CD3CN): d=


9.41 (d, 2H, J =6 Hz; pyr-H6(equatorial)), 8.98 (dd, 2H, J =7, 2 Hz;
bpm-H6), 8.57 (dd, 2H, J =7, 2 Hz; bpm-H4), 8.47 (d, 1 H, J=4 Hz; pyr-
H6 ACHTUNGTRENNUNG(free)), 7.76 (td, 2H, J =7, 2 Hz; pyr-H4(equatorial)), 7.65 (td, 1 H,
J =7, 2 Hz; pyr-H4 ACHTUNGTRENNUNG(free)), 7.51 (t, 2H, J= 5 Hz; bpm-H5), 7.35 (t, 2 H,
J =7 Hz; pyr-H5(equatorial)), 7.35 (t, 1H, J =7 Hz; pyr-H3(equatorial)),
7.28 (t, 1 H, J =7 Hz; pyr-H5 ACHTUNGTRENNUNG(free)), 7.03 (d, 1 H, J =8 Hz; pyr-H3ACHTUNGTRENNUNG(free)),
4.66 and 4.11 (ABq, JAB =17 Hz, 4H; CH2(equatorial)), 3.52 ppm (s, 2H;
CH2 ACHTUNGTRENNUNG(axial)); ESIMS: m/z : 585.1 [M+]; absorption maximum: lmax =


539 nm.ACHTUNGTRENNUNG[RuClACHTUNGTRENNUNG(TPA)ACHTUNGTRENNUNG(phen)]PF6 (9): Solid [(C2H5)4N]Cl (0.28 g, 1.7 mmol) was
added to a degassed solution of [Ru ACHTUNGTRENNUNG(TPA) ACHTUNGTRENNUNG(phen)ACHTUNGTRENNUNG(CH3CN)] ACHTUNGTRENNUNG(PF6)2 (30 mg,
0.033 mmol) in CH3CN (30 mL). The mixture was heated to reflux for
24 h, and the color of the solution changed from orange to dark purple.
After removing the solvent by rotary evaporator, a small volume of
water was added and insoluble materials were filtered off to obtain a
brown solution. A brown powder of 9 was obtained by removing the sol-
vent. Elemental analysis (%) calcd for C30H26N6ClPF6Ru·0.5 H2O: C
47.91, H 3.48, N 11.17; found: C 47.74, H 4.03, N 10.92; 1H NMR
(CD3CN): d =9.56 (d, 2H, J =6 Hz; phen-H2), 8.67 (d, 2H, J =7 Hz; pyr-
H6(equatorial)), 8.47 (d, 2H, J=7 Hz; pyr-H3(equatorial)), 8.37 (d, 1H,
J =7 Hz; pyr-H6 ACHTUNGTRENNUNG(free)), 8.16 (s, 2 H; phen-H5), 7.78 (td, 2H, J= 8, 1 Hz;
pyr-H5(equatorial)), 7.76 (td, 2H, J=8, 1 Hz; phen-H4), 7.50 (t, 1H, J=


8 Hz; pyr-H4 ACHTUNGTRENNUNG(free)), 7.38 (t, 2H, J =6 Hz; pyr-H4(equatorial)), 7.36 (t,
2H, J =7 Hz; phen-H3), 7.18 (td, 1H, J =7, 1 Hz; pyr-H5 ACHTUNGTRENNUNG(free)), 6.77 (d,
1H, J =8 Hz; pyr-H3 ACHTUNGTRENNUNG(free)), 4.64 and 4.03 (ABq, JAB =18 Hz, 4H;
CH2(equatorial)), 3.11 ppm (s, 2 H; CH2 ACHTUNGTRENNUNG(free)); ESIMS: m/z : 607.3 [M+];
absorption maximum: lmax = 495 nm.


[Ru(5-Me3-TPA) ACHTUNGTRENNUNG(bpy)]ACHTUNGTRENNUNG(PF6)2 (10): Solid [RuCl ACHTUNGTRENNUNG(5-Me3TPA)]2 ACHTUNGTRENNUNG(ClO4)2


(50 mg, 0.057 mmol) was added to a degassed solution of bpy (36 mg,
0.23 mmol) in MeOH (20 mL)under N2. The mixture was heated to
reflux for 8 h and then cooled to room temperature. NH4PF6 (18 mg,
0.11 mmol) was added to the solution to give an orange precipitate,
which was washed well with diethyl ether and then dried in vacuo. Yield:
73%. Elemental analysis (%) calcd for C31H32N6P2F12Ru: C 42.33, H
3.67, N 9.55; found: C 42.53, H 3.68, N 9.57; 1H NMR (CD3CN): d =9.58
(d, 1 H, J =5 Hz; bpy-H6(equatorial)), 8.99 (d, 1H, J =6 Hz; bpy-H6-ACHTUNGTRENNUNG(axial)), 8.85 (s, 1 H; pyr-H6 ACHTUNGTRENNUNG(axial)), 8.49 (d, 1H, J =8 Hz; bpy-H3(equa-
torial)), 8.38 (d, 1 H, J =8 Hz; bpy-H3 ACHTUNGTRENNUNG(axial)), 8.21 (t, 1 H, J =7 Hz; bpy-
H4(equatorial)), 7.97 (t, 1H, J =6 Hz; bpy-H5(equatorial)), 7.92 (t, 1 H,
J =7 Hz; bpy-H4 ACHTUNGTRENNUNG(axial)), 7.48 (s, 2 H; pyr-H6(equatorial)), 7.47 (d, 1H,
J =7 Hz; pyr-H3 ACHTUNGTRENNUNG(axial)), 7.44 (t, 1 H, J =7 Hz; bpy-H5 ACHTUNGTRENNUNG(axial)), 7.41 (d,
2H, J=6; pyr-H3(equatorial)), 7.23 (d, 1H, J=5 Hz; pyr-H4 ACHTUNGTRENNUNG(axial)), 7.20
(d, 2H, J =6 Hz; pyr-H4(equatorial)), 5.37 and 4.99 (ABq, 4H, JAB =


17 Hz; CH2(equatorial)), 4.57 (s, 2 H; CH2 ACHTUNGTRENNUNG(axial)), 2.28 (s, 3 H; CH3-ACHTUNGTRENNUNG(axial)), 1.97 ppm (s, 6 H, CH3(equatorial)); ESIMS: m/z : 735.3
[M�PF6


�]+ ; absorption maximum: lmax = 453 nm.


[Ru(5-Me3-TPA) ACHTUNGTRENNUNG(bpy)ACHTUNGTRENNUNG(CD3CN)] ACHTUNGTRENNUNG(PF6)2 (11): A solution of [Ru(5-Me3-
TPA) ACHTUNGTRENNUNG(bpy)]ACHTUNGTRENNUNG(PF6)2 in CD3CN (0.6 mL) was heated at 70 8C for 30 h in an
NMR sample tube. 1H NMR (CD3CN): d=8.72 (s, 2H; pyr-H4(equatori-
al)), 8.50 (d, 2H, J=8 Hz; bpy-H6), 8.29 (s, 1H; pyr-H6 ACHTUNGTRENNUNG(free)), 8.28 (d,
2H, J =6 Hz; bpy-H3), 8.11 (td, 2H, J =8, 2 Hz; bpy-H5), 7.61 (d, 2H,
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J =7 Hz; pyr-H3(equatorial)), 7.54 (td, 1 H, J= 6, 2 Hz; bpy-H4), 7.49 (d,
1H, J =6 Hz; pyr-H3 ACHTUNGTRENNUNG(free)), 7.21 (d, 2 H, J=8 Hz; pyr-H4(equatorial)),
6.94 (d, 1 H, J =8 Hz; pyr-H4ACHTUNGTRENNUNG(free)), 4.87 and 3.75 (ABq, 4H, JAB =


17 Hz; CH2(equatorial)), 3.15 (s, 2H, CH2 ACHTUNGTRENNUNG(axial)), 2.36 (s, 6H;
CH3(equatorial)), 2.29 ppm (s, 3H; CH3ACHTUNGTRENNUNG(axial)); ESIMS: m/z : 778.7 [M+


].


[Ru ACHTUNGTRENNUNG(5-Me-TPA)ACHTUNGTRENNUNG(bpy)]ACHTUNGTRENNUNG(PF6)2 (12): NaOH (2.0 equiv) and solid
RuCl3·3H2O (260 mg, 1.00 mmol) were added to a degassed solution of
N,N-bis(2-pyridinylmethyl)-N-(5-methyl-2-pyridylmethyl)amine triper-
chlorate (5-Me-TPA·3 HClO4, 266 mg, 1.00 mmol) in EtOH (75 mL)
under N2. The mixture was heated to reflux for 12 h and then filtered to
obtain a brownish orange solid. Solid bpy (112 mg, 0.72 mmol) was added
to a degassed solution of the powder (100 mg) in MeOH (20 mL) under
N2. The mixture was heated to reflux for 8 h and then cooled to room
temperature. NH4PF6 (91 mg, 0.56 mmol) was added to the solution to
obtain an orange precipitate, which was washed well with diethyl ether
and then dried in vacuo. Yield: 32 % (as a mixture of isomers). Elemental
analysis (%) calcd for C29H28N6P2F12Ru: C 40.90, H 3.31, N 9.86; found:
C 41.10, H 3.47, N 9.87; 1H NMR (CD3CN): d =2.27 (s, 3 H; CH3 ACHTUNGTRENNUNG(axial)),
1.97 ppm (s, 6 H; CH3(equatorial)); ESIMS: 707.2 [M+].


[Ru ACHTUNGTRENNUNG(5-Me-TPA)ACHTUNGTRENNUNG(bpy)ACHTUNGTRENNUNG(CD3CN)] ACHTUNGTRENNUNG(PF6)2 (13): A solution of [Ru ACHTUNGTRENNUNG(5-Me-
TPA) ACHTUNGTRENNUNG(bpy)]ACHTUNGTRENNUNG(PF6)2 in CD3CN (0.6 mL) was heated at 70 8C for 30 h in an
NMR tube; 1H NMR (CD3CN): d=2.35 (s, 6 H; CH3(equatorial)),
2.29 ppm (s, 3 H; CH3 ACHTUNGTRENNUNG(axial)); ESIMS: m/z : 751.2 [M+].


X-ray crystallography : 1: A single crystal of 1 suitable for X-ray analysis
was obtained by recrystallization of its PF6


� salt. The crystal was mount-
ed on a glass capillary with epoxy resin. Diffraction data were collected
on a Rigaku R-AXIS RAPID Imaging Plate diffractometer with graph-
ite-monochromated MoKa radiation (l=0.7107 �) at 23 8C. Using w


scans of 44 exposures with 5.08 step at 3 min per degree up to 2qmax =


54.78, a total of 26599 reflections were collected and then merged to pro-
vide unique 7310 data (Rint =0.049), of which 7304 (all data) were used to
solve the structure. The structure was solved by direct methods (SIR 92)
and refined by full-matrix least-squares methods on F2. All non-hydrogen
atoms were refined anisotropically. All calculations were done with the
teXsan program package.[36] The final differential Fourier map showed a
maximum peak of 0.95 e��3 and a minimum of �0.68 e��3. Crystallo-
graphic data for 1 are summarized in Table 6.


2 and 3 : Single crystals of 2 and 3 were obtained by recrystallization of
crude product from methanol. The crystals were mounted on a glass ca-
pillary with silicon grease and diffraction data were collected on a
Rigaku Mercury CCD diffractometer with a rotating anode X-ray tube at
�150 8C with graphite-monochromated MoKa radiation (l=0.7107 �).


The structure was solved by direct methods (SIR 97) and refined by full-
matrix least-squares methods on F2 by using the CrystalStructure pro-
gram package.[37] The final differential Fourier map for 2 showed a maxi-
mum peak of 4.57 e ��3 near a severely disordered PF6


� ion and a mini-
mum of �1.95 e��3. For 3, the final Fourier map exhibited a maximum
peak of 1.63 e��3 and a minimum peak of �0.89 e ��3. Crystallographic
data for 2 and 3 are summarized in Table 6.ACHTUNGTRENNUNG[RuClACHTUNGTRENNUNG(TPA)ACHTUNGTRENNUNG(bpy)]PF6· ACHTUNGTRENNUNG(CH3)2CO (7· ACHTUNGTRENNUNG(CH3)2CO) and [RuCl ACHTUNGTRENNUNG(TPA)-ACHTUNGTRENNUNG(bpm)]PF6 (8): Single crystals were obtained by recrystallization of the
crude product from acetone by vapor diffusion of diethyl ether for 7,[38]


and from acetone by vapor diffusion of hexanes for 8. The crystals were
mounted on a glass capillary with silicon grease, and diffraction data
were collected on a Rigaku Mercury CCD diffractometer with a rotating-
anode X-ray tube at �150 8C with graphite-monochromated MoKa radia-
tion (l=0.7107 �). The structure was solved by direct methods (SIR 97)
and refined by full-matrix least-squares methods on F2 by using the Crys-
talStructure program package.[37] All non-hydrogen atoms were refined
anisotropically. The final Fourier map exhibited a maximum peak of
1.36 e��3 and a minimum peak of �1.62 e ��3 for 7· ACHTUNGTRENNUNG(CH3)2CO, and 0.82
and �0.72 e ��3, respectively, for 8. Crystallographic data for 7· ACHTUNGTRENNUNG(CH3)2CO
and 8 are summarized in Table 6.


CCDC 686782 (2), 686783 (3), 686785 (7) and 686784 (8) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Spectroscopic measurements : Absorption spectra were measured on
Jasco V-570 and Shimadzu UV-3100 spectrophotometers in CH3CN at
room temperature. 1H NMR spectra were obtained on JEOL EX-270
and AL-300 spectrometers, and chemical shifts were determined by using
the residual solvent peak as a reference. ESIMS spectra were recorded
on a Perkin-Elmer API-150 spectrometer.


Photochemical reactions : Photoirradiation of the samples was performed
by using the light source of a Shimadzu RF-5300PC fluorescence spectro-
photometer at monochromated wavelengths (423, 453, and 480 nm) in
CH3CN at room temperature. The reaction was done in an NMR tube or
a 10 mm quartz cell to monitor the progress of the reaction by NMR and
absorption spectroscopy, respectively.


Quantum yield determination : Quantum yields of the forward and back-
ward reactions were determined by a standard method using an actino-
meter (potassium ferrioxalate) in CH3CN at room temperature with pho-
toirradiation at 423 nm. Absorptions of the complexes and the actinome-
ter were uniformed at 423 nm to determine the quantum yields. The reac-
tions were monitored at appropriate wavelengths to observe the time


Table 6. X-ray crystallographic data for 1–3, 7, and 8.


1 2 3 7 8


formula C28H26N6F12P2Ru C26H24N8F12P2Ru C30H32N6O3F12P2Ru C31H32N6OClF6PRu C26H24N8ClF6PRu
FW 837.55 839.53 915.62 786.1 730.0
crystal system monoclinic triclinic monoclinic orthorhombic monoclinic
space group P21/n P1̄ P21/n Pnma P21/n
T [K] 296 123 123 123 123
a [�] 13.0220(9) 11.487(4) 12.406(2) 18.82(1) 14.186(14)
b [�] 18.463(1) 12.284(1) 20.150(4) 23.64(1) 10.288(12)
c [�] 13.8049(9) 13.424(1) 13.927(3) 15.473(8) 19.679(18)
a [8] 73.48(7)
b [8] 101.116(1) 69.63(7) 97.772(2) 102.62(2)
g [8] 63.09(6)
V [�3] 3256.8(4) 1565.2(8) 3449.4(1) 6883(6) 2803(5)
Z 4 2 4 8 4
no. of reflns 26599 11332 26677 45523 21048
no. of obsd reflns 7310 6342 7841 8072 6383
no. of parameters 442 443 488 441 389
R1[a] [I>2.0s(I)] 0.050 0.050 0.052 0.130 0.035
wR2[b] (all data) 0.128 0.128 0.151 0.329 0.077
GOF 1.09 1.05 1.13 1.06 1.04


[a][a] R1 =� j jFo j� jFc j j /� jFo j . [b] wR2 = [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2.
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course of the increase or decrease of the absorptions, and the data in the
initial stage during which the time course exhibited linear change was
used to determine the quantum yields.
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Polymerizing Cluster Helicates into High-Connectivity Networks


Shun-Ze Zhan, Mian Li, Jin-Zhang Hou, Jia Ni, Dan Li,* and Xiao-Chun Huang*[a]


Introduction


First introduced by J.-M. Lehn in 1987,[1] over the last two
decades the field of multistranded helicates has been seed-
ing chemists� everlasting desire to target appealing metallo-
supramolecular edifices with helical archetypes, the poten-
tial functions of which are observed at the microscopic
level.[2,3] A conventional strategy that utilizes long and twist-
able ligands for the construction of helicates has proved to
be reliable.[4] However, this synthetic algorithm encounters
challenges in pursuit of multimetallic helicates (tetranuclear
or more), in which the metal centers are disposed in a poly-
hedral mode, namely, cluster helicates.[5]


Cluster helicates, a term coined by Bermejo et al. in
2005,[5] have formed an emerging concept that involves com-
pound types which combine the structural characters of heli-
cates and clusters. In the sporadically documented examples


of multimetallic helicates with polyhedral central cores,[6]


few of them displayed significant metal–metal interactions
and failed to exemplify genuine cluster helicates. In contrast
with the strategy of judicious selection of dianionic helicand
ligands,[5,6c] an anionic pyrazolate derivate with a typical
edge-bridging mode[7] was shown to give an intriguing exam-
ple of a pentanuclear M5L6 cluster helicate.[8] Recently, we
utilized a similar cluster helicate (A ; Figure 1, left) as a tem-
plate to fabricate helical coordination polymers through a
sulfur transformation reaction, and successfully implement-
ed supramolecular helix-to-helix induction.[9]
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Figure 1. Two types of pentanuclear copper(I) pyrazolate bis(triple heli-
cal) cluster helicates with L (M) conformation. Left: Cluster helicate
A,[8,9] constructed from the 3,5-bis(2-pyridyl)pyrazolate ligand; right:
cluster helicate B, constructed from the 3,5-bis(4-pyridyl)pyrazolate
ligand.


Abstract: Solvothermal reactions of
CuII salts and 3,5-bis(4-pyridyl)pyrazole
(HL) under various conditions gave
three different types of crystalline com-
pound, namely [Cu2ACHTUNGTRENNUNG(Cu5L6)]BF4·5 H2O
(1 a), [Cu2ACHTUNGTRENNUNG(Cu5L6)]ClO4·5 H2O (1 b),
and [Cu7(CN)2ACHTUNGTRENNUNG(Cu5L6)2] ACHTUNGTRENNUNG[BF4]3 (2). 1 a
and b were obtained in ethanol and
NH3·H2O, whereas 2 was obtained in
methanol and NH3·H2O. The three
complexes were constructed by incor-
porating new pentanuclear copper(I)
pyrazolate bis(triple helical) cluster


helicates (Cu5L6) as the second build-
ing units (SBUs), in which as many as
twelve 4-pyridyl N atoms are available
for further coordination and construc-
tion of high-connectivity topological
networks. In 1 a and b, seven 4-pyridyl
N atoms are linked to three three-coor-


dinated CuI atoms and four four-coor-
dinated CuI atoms, which results in
3,4,7-connected networks. In 2, as
many as eleven 4-pyridyl N atoms coor-
dinate to eleven CuI atoms, which re-
sults in a 4,10-connected topological
network. The increasing connectivity of
the cluster nodes in 2 is closely related
to the in situ-formed CN� anion bridge
around the periphery of the pentanu-
clear cluster helicates. The lumines-
cenct properties of these compounds
were also investigated.


Keywords: cluster compounds · co-
ordination polymers · copper · heli-
cal structures · high connectivity ·
pyrazole
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In an attempt to polymerize cluster compounds into coor-
dination polymers,[10] an analogous ligand, 3,5-bis(4-pyridyl)-
pyrazole (HL),[11] was synthesized in place of 3,5-bis(2-pyri-
dyl)pyrazole, which was used to prepare cluster helicate
A[9] . A rational consideration indicated that the 4-pyridyl
substituents might serve as bridging spacers for constructing
extended architectures in place of the terminal chelating
groups (2-pyridyl substituents) in A (Figure 1, left). Assum-
ing that the configuration of the M5L6 central core remains
unchanged by taking advantage of the edge-bridging mode
of the pyrazolate groups, and the 4-pyridyl substituents stay
uncoordinated, it is apparent that an MI metal ion with a
low coordination number, other than the MII (e.g., NiII and
ZnII) metal ions used in the preparation of A, would be re-
quired to fulfill the coordination balance between the metal
atoms and ligands.[5] By taking the above into consideration,
we report herein a new M5L6 cluster helicate (B ; Figure 1,
right), which acts as a secondary building unit (SBU) that
has 4-pyridyl vacant sites for further coordination to con-
struct high-connectivity coordination networks.[12]


Results and Discussion


Synthesis : Solvothermal reactions of CuII salts and HL in
various conditions gave three different types of crystalline
products, [Cu2ACHTUNGTRENNUNG(Cu5L6)]BF4·5 H2O (1 a), [Cu2-ACHTUNGTRENNUNG(Cu5L6)]ClO4·5 H2O (1 b), and [Cu7(CN)2 ACHTUNGTRENNUNG(Cu5L6)2]ACHTUNGTRENNUNG[BF4]3 (2).
1 a and b were obtained as yellowish transparent prismatic
crystals in ethanol and NH3·H2O at 140–160 8C, whereas 2
was separated as yellowish transparent columnular crystals
in methanol and NH3·H2O at 160 8C (Figure S1 in the Sup-
porting Information). The in situ reduction of CuII to CuI


was broadly confirmed by the solvothermal reactions.[13]


The infrared spectrum of 2 shows bands at ñ=2100 cm�1,
which is attributed to the stretch vibration of C=N. In fact,
many other CuI complexes based on HL or related ligands
contain in situ-formed cyanide anions from methanol and
NH3·H2O under solvothermal conditions, which will be re-
ported in further publications. Herein we suggest the ration-
alized pathway for the formation of the cyanide anions, as
follows:


CH3OH! HCHO! CH2¼NH! HCN! CN�


There are previous literature reports of the in situ forma-
tion of cyanide anions from HCHO and NH3·H2O via the
imine (CH2=NH) intermediate.[14] We attempted to capture
the HCHO and CH2=NH intermediates in the filtrate by
performing GC–MS measurements. Unfortunately, there
was no observable peak attributable to the HCHO or CH2=


NH intermediates, probably because of their low concentra-
tions in the filtrate and the difficulty of distinguishing their
peaks from the peaks of N2 from air or the CH3OH solvent.


Pentanuclear Cu5L6 cluster helicate SBU : X-ray crystallog-
raphy revealed that 1 a,b (isostructures, tetrafluoroborate
and perchlorate, respectively) and 2 (tetrafluoroborate) are


constructed by similar pentanuclear copper(I) pyrazolate
cluster B (Figure 1, left). In each cluster, five CuI atoms are
arranged on the five vertices of a squashed trigonal-bipyra-
midal polyhedron. Ideally, the distances of six Cuax···Cueq


(edge-bridged by deprotonated L ligands; ax=axial, eq =


equitorial) would be equal, and there would be a C3 axis
that passed through the Cu1 and Cu2, and thus the cluster
would belong to D3 point group. However, 1 a,b and 2 crys-
tallize in the P21/c and C2/c (monoclinic, with lower symme-
try than trigonal) space groups, respectively. The Cuax···Cueq


distances are much shorter than Cueq···Cueq distances
(Table 1), which indicates stronger Cu···Cu interactions in


the axis orientation than in the equator orientation. The two
CuI atoms along the axis (Cu1 and Cu2) are roughly planar
three-coordinated, whereas the three CuI atoms on the
equator (Cu3, Cu4, and Cu5) are approximately linearly co-
ordinated. Six L ligands are located on the edge of the trigo-
nal bipyramid, and arranged in a bis(triple helical)
shape[6a,8,9] around the central pentanuclear CuI cluster core
through pyrazolate edge-bridging of two adjacent CuI atoms.
Accordingly, this M5L6 (B) unit can be described as a cluster
helicate in which the metal cluster defines the helical axis.[5]


It is clear that cluster helicate B exhibits two conformations
(D and L, or P and M)[2a,15] in light of the helical chirality
(Figures S2 and S3 in the Supporting Information). The con-
struction of cluster helicate B, which is stabilized by signifi-
cant metal–metal interactions,[16] is distinct from previously
reported cluster helicates and A,[6,8] and provides a unique
example of a genuine multimetallic cluster helicate.


High-connectivity cluster-helicate-based networks : As men-
tioned above, the twelve 4-pyridyl nitrogen atoms from six
L ligands are available for further coordination. Cluster heli-
cate B may act as a SBU, with the connectivity number ex-
pected to be as high as twelve. However, the steric hin-
drance might more or less reduce the connectivity in the
self-assembly processes.


In 1 a and b, only seven of the twelve pyridyl N atoms are
linked to three three-coordinated CuI atoms (Cu6, Cu6A,
Cu6B) and four four-coordinated CuI atoms (Cu7, C7C,


Table 1. Cu–Cu distances of pentanuclear cluster units.


Cu interaction Distance [�]
1a 1b 2


Cuax�Cueq Cu1�Cu3 3.1070 3.1255 2.9123
Cu1�Cu4 3.1993 3.2199 3.0900
Cu1�Cu5 2.8815 2.8822 3.1436
Cu2�Cu3 2.9987 3.0053 2.9571
Cu2�Cu4 3.2439 3.2411 3.0457
Cu2�Cu5 2.9806 2.9846 3.1500ACHTUNGTRENNUNG(average) ACHTUNGTRENNUNG(3.0685) ACHTUNGTRENNUNG(3.0764) ACHTUNGTRENNUNG(3.0498)


Cueq�Cueq Cu3�Cu4 3.9434 3.9505 3.7373
Cu4�Cu5 3.7752 3.7768 3.7562
Cu3�Cu5 3.9678 3.9555 4.0381ACHTUNGTRENNUNG(average) ACHTUNGTRENNUNG(3.8955) ACHTUNGTRENNUNG(3.8943) ACHTUNGTRENNUNG(3.8439)
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Cu7D, Cu7E), respectively, and the five remaining pyridyl N
atoms are vacant (Figure 2a). Only one L ligand acts as a
tetradentate ligand and the other five ligands are tridentate.
Through these seven CuI atoms, each cluster helicate B is
connected to eleven others surrounding it (Figure S4a in the
Supporting Information), polymerizing each other into a
complicated 3D coordination network that includes one
counterion (BF4


� for 1 a and ClO4
� for 1 b) and five guest


water molecules per cluster
unit. The occupied space of
each M5L6 cluster is about
2000 �3 (each cell unit con-
tains four M5L6 clusters). Left-
(L or M) and right-handed (D


or P) triple-stranded helicate
enantiomers exist, which ar-
range in an alternately homo-
chiral PPMM (DDLL) bilayer
packing fashion along the c
axis (Figure 2c) through sym-
metry operations, which result
in racemic compounds, consis-
tent with the central symmetry
space groups of 1 a and b.
Topologically, the pentanuclear
cluster helicates in 1 a and b
act as 7-connected nodes (Fig-
ure S4a in the Supporting In-
formation), and the seven CuI


atoms around the cluster can be envisioned as 3- and 4-con-
nected nodes. Therefore, 1 a and b exhibit 3,4,7-connected
networks with the Schl�fli symbol of (43) ACHTUNGTRENNUNG(44·62)(47·611·83),[12a]


which is composed of two subnets that share these cluster
nodes. One is a 2D subnet constructed from the three-coor-
dinated CuI atoms (Cu6, Cu6A, Cu6B) connecting these
clusters, the other is a 3D (42·63·8) subnet (sra net; i.e., its
structure is analogous to the aluminum network in SrAl2)


[17]


constructed from the four-coordinated CuI atoms (Cu7,
C7C, Cu7D, Cu7E) that connect these cluster nodes (Fig-
ure 3a and Figure S5 in the Supporting Information).


In 2, as many as eleven pyridyl N atoms coordinate with
eleven CuI atoms. Four of the eleven CuI atoms (Cu6, Cu7,
Cu8, Cu9) are symmetry dependent. Cu6 and Cu8 are coor-
dinated by four pyridyl N atoms from four clusters, respec-
tively. Cu6 atoms are located at C2 rotation axis (Figure S3c
in the Supporting Information), and each Cu6 atom is coor-
dinated by two pairs of symmetry-related N1 and N16 atoms
(Figure 2b), whereas each Cu8 is coordinated by four sym-
metry-independent pyridyl N atoms (N21, N12, N17, N24,
Figure 2b). In contrast, the Cu7 and Cu9 atoms are coordi-
nated by three pyridyl N atoms (N5, N9, N20) and two pyr-
idyl N atoms (N8, N13) from different clusters and a cya-
nide anion, respectively (Figure 2b). Only one L acts as a
tridentate ligand (the N4 atom is vacant), the others are tet-
radentate. It is worth noting that Cu8F deviates severely
from the plane of N24 pyridyl ring (the angle between the
bond and the plane is 1428), and the distance between Cu8F
and N24 is 2.1823 �, much longer than the other Cu–N
bonds, which indicates the interaction between Cu8F and
N24 is much weaker. Through these eleven CuI atoms, each
cluster is connected to sixteen others around it (Figure S4b),
also polymerizing each other into a complicated 3D coordi-
nation network that contains one and a half counteranions
(BF4


�) per cluster unit but no solvent molecules. The occu-
pied space of each M5L6 cluster is about 2000 �3 (each cell


Figure 2. Peripheral environments of the pentanuclear copper(I) pyrazo-
late cluster helicate B in a) 1 a and b, symmetry codes: A: x, �y+ 1=2 z+
1=2; B: �x +2, �y+1, �z +1; C: x, �y+ 1=2, z�1=2 ; D: �x+ 1, y�1=2, �z+
3=2; E: �x+ 2, y�1=2, �z+ 3=2; and b) 2 (vacant pyridyls are omitted for
clarity), symmetry codes: A: x�1=2, y�1=2, z ; B: �x + 1=2, y�1=2, �z + 1=2; C:
x+ 1=2, y�1=2, z ; D: �x�1=2, �y+ 1=2, �z ; E: �x + 1=2, �y+ 1=2, �z). Packing
arrangements of left- (yellow) and right-handed (blue) cluster helicates
along the a axis in c) 1a and b and d) 2, which show the 21 screw axis in
1a and b and the C2 axis in 2 (c), the glide reflection (green plane, b=
1=4 crystallography planes, the glide vector c= 1=2 for 1 a and b and n= 1=2
for 2). Anions and water molecules are omitted and pyridyls are simpli-
fied as red bonds for clarity.


Figure 3. Schematic representation of the formation of topological networks of a) 1a and b and b) 2 by various
subnets with cluster sharing nodes.
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unit contains eight M5L6 clusters), which is similar to 1 a and
b. The different handedness packing fashion of the cluster
helicates in 2 is similar to the alternately PPMM (DDLL)
fashion of 1 a and b (Figure 2d). By denoting Cu7 and Cu9
bridged by cyanide anion as a 4-connected node and one
cluster as a 10-connected node (Fig ACHTUNGTRENNUNGure S4b in the Support-
ing Information), 2 can be rationalized as a 4,10-connected
net with a Schl�fli symbol of (43·63)ACHTUNGTRENNUNG(45·6) ACHTUNGTRENNUNG(45·6)(418·622·85)[12a]


The complicated 3D network is composed of three subnets
that share these cluster nodes; two types of 2D subnet
through Cu6 and Cu8 that connect these cluster nodes and
one 3D 4-connected subnet with a Schl�fli symbol of
(43·62·8), constructed from Cu7/Cu9 atoms that connect
these clusters (Figure 3b and Figure S6 in the Supporting In-
formation).To our knowledge, such a topology that contains
10-connected nodes is rarely encountered.


In the formation of the highly connected network of 2,
the in situ-formed CN� anions play a key role by acting as
linear bridges that connect CuI atoms (Cu7 and Cu9)
around the periphery of the pentanuclear cluster helicates,
but not between these clusters (Figure 2b), which thus leads
to the increasing connectivity of the cluster nodes (from
seven connections in 1 a and b to ten in 2). The similarly oc-
cupied space of each M5L6 cluster in 1 a,b and 2 indicates
that the existence of CN� anions in 2 did not increase the in-
tercluster distances. Therefore, the most likely reason that
CN� increases the connectivity is that its negative charge
favors the aggregation of more positive CuI cations around
the periphery of the pentanuclear cluster helicates to form
more Cu�N bonds, and thus lead to the higher connectivity
of the cluster nodes.


Luminescence properties : The photoluminescence of these
CuI complexes were also investigated (Figure 4). Upon irra-
diation with light of l=390 nm, the three complexes show
orange photoluminescence properties with broad emission
peaks (lem,max =600, 596, and 580 nm for 1 a,b, and 2, respec-
tively) at room temperature. We tentatively assigned the
emissions as originating from the metal-centered 3[MC] or
metal–metal bond to ligand charge transfer 3ACHTUNGTRENNUNG[MMLCT] ex-
cited states,[18] which is reasonable because various weak


Cu···Cu interactions are obvious in the pentanuclear CuI


cluster (Table 1). The blueshift of 2 is coincident with the
fact that the Cu···Cu distances are shorter in 2 than in 1 a,b.


Conclusion


Herein, we have introduced a new pentanuclear Cu5L6 bis-ACHTUNGTRENNUNG(triple helical) cluster helicate, which is incorporated in two
types of high-connectivity coordination networks. For the
first time, this work implements the polymerization of clus-
ter helicate cores into coordination polymers by taking ad-
vantage of the edge-bridging mode of the pyrazolate ligand
and by reducing the coordination number of the metal
center. We believe that this work offers valuable insights
into both the construction of high-connectivity cluster-based
topological networks, and also the functionalization of heli-
cal cluster cores toward the construction of functional met-
allosupramolecular edifices with intriguing physical proper-
ties.


Experimental Section


Materials and Physical Measurements : Commercially available reagents
(Alfa Aesar) were used as received, without further purification. 3,5-
Bis(4-pyridyl)pyrazole (abbreviated to HL) was prepared according to
our previous literature procedure.[11] Infrared spectra were obtained with
KBr disks by using a Nicolet Avatar 360 FTIR spectrometer in the range
of ñ=4000–400 cm�1; abbreviations used for the IR bands are w=weak,
m= medium, b=broad, vs=very strong. Elemental analyses of C, H, and
N percentages were determined by using a Perkin–Elmer 2400C elemen-
tal analyzer. X-Ray power diffraction (XRPD) experiments were per-
formed by using a D8 Advance X-Ray diffractometer. Steady-state pho-
toluminescence spectra were performed by using an Edinburg FLS920
spectrometer equipped with a continuous Xe900 Xenon lamp. In all
cases, single-crystalline samples were used for the photoluminescence
measurements.


Synthesis of [Cu2 ACHTUNGTRENNUNG(Cu5L6)]BF4·5 H2O (1 a): 5 drops of aqueous NH3 were
added to a solution of HL·3H2O (55.2 mg, 0.2 mmol) and Cu ACHTUNGTRENNUNG(BF4)2·6H2O
(207.0 mg, 0.6 mmol) in ethanol (10 mL), the mixture was sealed in a
15 mL Teflon-lined reactor and heated in an oven at 160 8C for 72 h, and
then slowly cooled to RT at a rate of 3 8C/30 min. The title compound
was obtained as yellow block crystals (yield= 27.0 mg, 41.55 % based on
HL). IR (KBr disc): 3117 (w), 3051 (w), 1605 (vs), 1470 (m), 1409 (m),
1213 (m), 1050–1100 (b), 837 (m), 722 cm�1 (m); elemental analysis calcd
(%) for C78H64N24Cu7BF4O5: C 48.02, H 3.28, N 17.24; found: C 48.00, H
3.28, N 17.20.


Synthesis of [Cu2 ACHTUNGTRENNUNG(Cu5L6)] ACHTUNGTRENNUNG(ClO4)·5 H2O (1 b): The procedure was analo-
gous to that of 1a, except that Cu ACHTUNGTRENNUNG(BF4)2·6H2O was replaced by Cu-ACHTUNGTRENNUNG(ClO4)2·6H2O (222.3 mg, 0.6 mmol). The title compound was obtained as
yellow block crystals (yield =20.5 mg, 31.35 % based on HL). IR (KBr
disc): 3125 (w), 3035 (w), 1605 (vs), 1470 (m), 1417 (m), 1221 (m), 1080–
1120 (b), 833 (m), 722 cm�1 (m); elemental analysis calcd (%) for
C78H64N24Cu7ClO9: C 47.71, H 3.26, N 17.12; found: C 48.01, H 3.20, N
17.22.


Synthesis of [Cu7(CN)2ACHTUNGTRENNUNG(Cu5L6)2] ACHTUNGTRENNUNG(BF4)3 (2): The procedure was analogous
to that of 1 a, except that ethanol was replaced by methanol (10 mL).
The title compound was obtained as two types of yellow crystals, that is,
block and prismatic, that were separated manually (yield=8.5 and
15.6 mg, 13.08 and 23.12 % based on HL for 1a and 2). IR (KBr disc):
3121 (w), 3043 (w), 2100 (m), 1605 (vs), 1470 (m), 1413 (m), 1217 (m),
1050–1100 (b), 837 (m), 723 cm�1 (m); elemental analysis calcd (%) for


Figure 4. Solid-state emission spectra of 1a (c), 1b (b), and 2 (a)
at room temperature.
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C158H108N50Cu17B3F12: C 46.84, H 2.67, N 17.29; found: C 47.02, H 2.61, N
17.20.


Crystal strucure determination : Data collection was performed by using
a Bruker Smart Apex CCD diffractometer (MoKa radiation, l=


0.71073 �) with frames with 0.38 oscillation (4.56�2q�508). The struc-
ture was solved by using direct methods, and all nonhydrogen atoms
were refined anisotropically by the full-matrix least-square method on F2


by using the SHELXTL program (G. M. Sheldrick, SHELXTL v. 6.10,
Bruker Analytical Instrumentation, Madison, Wisconsin (USA), 2000).
The C/N atoms of CN� in 2 were undistinguishable, and were refined
with a 50 % probability of being C or N and were assigned randomly as
C or N atoms. The hydrogen atoms were located from different maps
and refined with isotropic temperature factors (see the Supporting Infor-
mation). CCDC-684126 (1 a), -684127 (1b), and -684128 (2) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif. Crystal and structure refine-
ment data for 1a,b, and 2 are summarized in Table 2.
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Table 2. Crystal data and structure refinement for 1a,b and 2.


1a 1 b 2


formula C78H64N24-
Cu7BF4O5


C78H64N24-
Cu7ClO9


C316H216N100-
Cu34B6F24


Mr 1949.12 1961.76 8095.11
crystal system monoclinic monoclinic monoclinic
space group P21/c P21/c C2/c
a [�] 11.4602(6) 11.4070(10) 15.5804(8)
b [�] 22.8607(12) 22.7362(19) 25.5721(13)
c [�] 30.7886(16) 30.981(3) 40.857(2)
a[8] 90 90 90
b [8] 96.0170(10) 96.769(2) 96.3970(10)
g[8] 90 90 90
V [�3] 8021.8(7) 7978.9(12) 16 177.2(14)
Z 4 4 2
1calcd [gcm�3] 1.614 1.633 1.662
m [mm�1] 1.897 1.937 1.132
reflns coll. 41399 41 377 42 301
unique reflns 14134 14 053 14 252
Rint 0.0537 0.0443 0.0539
R1 [I>2s(I)][a] 0.0598 0.0509 0.0671
wR2 [I>2s(I)][b] 0.1539 0.1343 0.1874
R1 (all reflns) 0.0979 0.0872 0.1044
wR2 (all reflns) 0.1749 0.1577 0.2193


[a] R1=�(jjFoj�jFc j j )/� jFo j . [b] wR2 = [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2.
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Synthetic Receptors for the Differentiation of Phosphorylated Peptides
with Nanomolar Affinities


Andreas Grauer, Alexander Riechers, Stefan Ritter, and Burkhard Kçnig*[a]


Introduction


Phosphorylation of proteins is a ubiquitous regulation mech-
anism in biology and plays a central role in controlling intra-
cellular signaling networks.[1] Protein phosphorylation regu-
lates enzyme activity and the reversible formation of signal-
ing complexes by specific recognition of phosphorylated
proteins by phosphoprotein binding domains.[2] To investi-
gate, monitor or specifically inhibit such phosphorylation-
dependent processes, analytical tools allowing a specific rec-
ognition of phosphorylated peptides and proteins are desira-
ble. Historically, phosphorylation detection methods relied
on radioisotopes or phosphoamino acid selective antibodies.
Chromatographic, staining and surface device techniques ex-
tended the available methods.[3] Several biosensors for pro-
tein kinase activity based on GFP-FRET probes[4–6] or syn-
thetic fluorophores[7] have been reported, which typically
signal their own phosphorylation or dephosphorylation.
However, the number of artificial systems for a specific rec-
ognition of phosphorylated peptides is still limited. Hamachi
et al.[8,9] recently reported fluorescent dinuclear zinc com-
plexes for the detection of peptide phosphorylation and ex-


tended the concept to a hybrid receptor[10] consisting of a
natural WW binding site (a protein module that binds pro-
line-rich ligands)[11] for phosphorylated peptides and a fluo-
rescent metal complex. Their hybrid receptor[12] shows en-
hanced micromolar binding affinity and selectivity towards
diphosphorylated peptides derived from sequences of the C-
terminal domain of the RNA polymerase II.


We report herein the design, synthesis and binding prop-
erties of synthetic ditopic receptors with nanomolar affinity
to phosphorylated peptides in buffered aqueous solution
under physiological pH. Their affinity depends on a second
amino acid residue present in the peptide, namely carboxyl-
ate or histidine.


As target peptides Flu-GpSAAEV-NH2 (1) and Flu-
GpSAAHV-NH2 (2) were selected from sequences of
human STAT (signal transducer and activator of transcrip-
tion) proteins[13] and prepared by standard solid-phase
synthesis methods. The peptides were N-terminally lab-
eled by fluorescein (Flu) to facilitate the binding studies. A
bis ACHTUNGTRENNUNG(ZnII–cyclen) triazine complex was used in the receptor
design as the binding site for phosphoserine. The high affini-
ty of this complex to phosphates was previously shown on
modified surfaces.[14] Peptide 1 presents, beside the phos-
phate ester, as an additional functional group for specific
molecular recognition a carboxylate in the sidechain of the
i+3 glutamic acid. Guanidinium moieties have been used as
binding sites for carboxylate binding.[15] Thus, to achieve se-
lective affinity for target peptide 1, both binding sites for
phosphoserine and the carboxylate side chain were connect-
ed by a peptidic linker giving compounds 3 and 4. Receptors
5 and 6 consist of two bis(ZnII–cyclen) triazine complexes
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tethered by a peptidic linker. X-ray structure analysis of imi-
dazole–ZnII–cyclen cocrystals (see Supporting Informa-
tion)[16] and potentiometric titrations[17] have shown that the
complex can well accommodate imidazole as a guest. There-
fore binding specificity for peptide 2 was expected. The
third group of synthetic receptors 7 and 8 contains a ZnII–
NTA (NTA = nitrilotriacetic acid) complex beside the
bis(ZnII–cyclen) triazine complex. Unlike CuII- and NiII–
NTA complexes which bind imidazole and are widely used
for purification of His-tagged proteins by immobilized metal
affinity chromatography (IMAC),[18,19] the binding affinity of
ZnII–NTA complexes for imidazole is significantly re-
duced.[20] However, the NTA ligand also represents a trun-
cated EDTA motif, known to bind ZnII with an affinity of
logK= 16.5.[21] Accordingly, it can be expected that a carbox-
ylate can coordinate to the unoccupied coordination sites in
the NTA complex intramolecularly, thus completing a mimic
of an EDTA coordination sphere.[22] Intermolecularly, this
interaction has already been described.[23] For receptors 7
and 8 (Figure 1), the two ZnII complexes were connected by
an alkyne azide cycloaddition[24] giving a triazole linker. All
details of the synthesis and the spectroscopic characteriza-
tion of receptors 3–8 are provided in the Supporting Infor-
mation of this article.


Materials and methods


Synthesis of receptors 3–8 : For the synthesis of the com-
plexes 3 and 4 the cyclen building block precursor 11 and
the two guanidine building block precursors 12 and 13 were
coupled using standard peptide coupling chemistry with
EDC, HOBt and DIPEA as reagents. Compound 11 was
synthesized by a substitution on the literature known tri-ACHTUNGTRENNUNGazene 14[13a] using benzyl-2-aminoethylcarbamate (35). The
building blocks 12 and 13 were prepared by a substitution
reaction on 1,3-bis(tert-butyloxycarbonyl)-2-methyl-2-thio-ACHTUNGTRENNUNGurea (38) with H-Gly-OMe·HCl (37) for the first and H-
Gly-Gly-OMe·HCl (41) for the latter. The resulting methyl
esters were cleaved with LiOH and after workup with an
aqueous KHSO4 solution the free acids were obtained and
used for the amide bond formation. The Boc-protecting
groups of the protected precursors of 3 and 4 were cleaved
with a saturated solution of HCl in diethyl ether. The am-
monium salts precipitated from solution quantitatively and
were deprotonated using a strongly basic anion exchanger in
its hydroxide ion form. After lyophilization, the ligands
were complexed with ZnII perchlorate and the receptors 3
and 4 were obtained after recrystallization from a methanol
water mixture.


The protected precursors of the receptors 5 and 6 were
obtained by a two-fold substitution of the previously pre-
pared bisamines 15 and 16 with the cyclen building block 14.
The amines were synthesized starting from tert-butyl 2-ami-
noethylcarbamate (45), which was coupled with Boc-Gly-
OH (44) in the first and Boc-Gly-Gly-OH (48) in the latter
case by standard peptide coupling conditions using EDC,
HOBt and DIPEA as reagents. After the deprotection with


Figure 1. Phosphorylated peptides 1 and 2, and synthetic receptors 3–8
for their binding.
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a saturated solution of HCl in
diethyl ether the precipitated
ammonium salts were used for
the substitution reaction with-
out further purification. The re-
sulting precursors of 5 and 6
were deprotected using a satu-
rated solution of HCl in diethyl
ether. The ammonium salts
were deprotonated by the use
of a strongly basic ion exchang-
er column in its hydroxide ion
form. After lyophilisation the
ligands were complexed with
ZnII perchlorate and the recep-
tors 5 and 6 were obtained after
recrystallization from a metha-
nol water mixture.


Scheme 1 shows exemplary
the synthesis of the protected
precursor of 7. For the receptor
7 the cyclen building block pre-
cursor 17 and the NTA-building
block precursor 18 were used in
a CuI-mediated Huisgen azide
alkyne cycloaddition with
sodium ascorbate and CuSO4.
The copper- and ascorbate salt
were not used in catalytic
amounts as this proved to give
higher yields after shorter reac-
tion times. As the reduction of
CuII by sodium ascorbate
caused a lowering of the pH
value, the reaction was carried out in buffered solution (ace-
tate buffer, pH 5, c= 0.5 m). Subsequently, the Boc-protect-
ing groups were cleaved with a saturated solution of HCl in
diethyl ether. The ammonium salts precipitated from solu-
tion quantitatively and were deprotonated using a strongly
basic anion exchanger in its hydroxide ion form. Cleavage
of the ester groups during this procedure was not observed.
The obtained aqueous solutions of the free amines were
treated with a stoichiometric amount of LiOH to cleave the
benzyl, methyl and ethyl ester functionalities. Lyophilisation
of these solutions gave the polydentate ligands in quantita-
tive yield, ready for complexation with ZnII perchlorate.


Binding studies


All binding studies were conducted in buffered aqueous so-
lution (50 mm HEPES, pH 7.5, 154 mm NaCl). A Varian
Cary Eclipse Fluorometer was used for the emission titra-
tions. The cuvette with 800 mL of peptide in HEPES buffer
was titrated stepwise with small amounts (beginning with
0.13 equiv) of the receptor solution. After each addition the
solution was allowed to equilibrate for 2 min before the
fluorescence intensity and the UV spectrum (where permit-


ted by the concentration range) were recorded. The stoi-
chiometries were determined by Job�s plot analysis. To de-
termine the binding constants, the obtained fluorescence in-
tensities at 520 nm were volume corrected, plotted against
the receptor concentration and evaluated by nonlinear fit-
ting. Fluorescence polarization titrations were conducted
under identical conditions using an ISS K2 Multifrequency
Phase Fluorometer.


Results and Discussion


Binding constants of receptors 3–8 to peptides 1 and 2 were
determined by fluorescence emission titrations in aqueous
solution (HEPES, pH 7.5, 50 mm, 154 mm NaCl) and non-
linear fitting of the data (see Supporting Information). Job�s
plots were used to determine the binding stoichiometry,
which was found to be 1:1 for all experiments. For compari-
son the affinity of complexes 9 and 10 (Figure 2), represent-
ing the single binding sites, to peptides 1 and 2 were mea-
sured. Table 1 summarizes the results, while Figures 3 and 4
illustrate the binding selectivity and show exemplary emis-
sion titrations.


Scheme 1. Synthesis of the synthetic phosphopeptide receptors.
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Receptors 3 and 4 show affinities for Flu-GpSAAEV-NH2


(1) of logK=8.0 and 7.8, respectively, while the binding to
peptide 2 is two to three orders of magnitude less (logK=


4.5 and 5.8, respectively). This is in accordance with our ex-
pectations, as the interaction of the guanidine binding site
with the glutamate carboxylate of peptide 1 is significantly
stronger than with the imidazole side chain of peptide 2 due
to electrostatic attraction. The reverse binding selectivity is
observed for tetra(ZnII–cyclen) receptors 5 and 6 : The histi-
dine-containing peptide 2 is bound one to two orders of
magnitude stronger (logK=7.5 and 6.5, respectively) than
peptide 1 (logK=5.0 and 4.9, respectively). The interaction
of the second bis(ZnII–cyclen) triazine with the imidazole
side chain contributes to the aggregate�s stability, although
the selectivity is not as pronounced as in the case of com-
plexes 3 and 4. Additional entropic stabilization comes from
the bivalent structure of 5 and 6 with two identical binding
sites, in our eyes also an example of positive cooperativity in
enthalpy.[25] Bis(ZnII–cyclen)–ZnII–NTA receptors 7 and 8
again show a pronounced selectivity towards peptide 1 with
logK= 8.0 and 7.9, respectively. The binding to peptide 2 is
about one thousand fold weaker (logK= 4.8 and 4.6, respec-
tively) and we attribute the selectivity to the interaction of
ZnII–NTA with the glutamate carboxylate. Generally, we
find a strong cooperativity of binding in the “matched”
cases, a behavior which has been described before for artifi-
cial receptors.[26]


A comparison of the peptide binding affinities of
bis ACHTUNGTRENNUNG(ZnII–cyclen) triazine complex 10 to receptors 3–8 reveals
the contribution of the second binding site to the overall af-
finity. Complex 10 binds to both peptides with identical


strength (logK=4.8), which shows that the interaction of
the phosphate ester with the bis(ZnII–cyclen) binding site is
not affected by the peptide sequence. The binding affinities
of receptors 3 and 4 to peptide 2 are similar to this value.
This leads to the conclusion that interactions of the guanidi-
nium moiety to peptide 2 are negligible. The same applies to
the interaction of receptors 7 and 8 with peptide 1: The
ZnII–NTA–imidazole interaction does not contribute to the
receptor affinity as the ZnII–NTA–carboxylate binding does.
This is confirmed by the binding data of ZnII–NTA complex


Table 1. Binding affinities of complexes 3–10 to peptides 1 and 2.


Binding affinity [logK]
receptor peptide 2 peptide 1


3 4.5 8.0/8.0[a]


4 5.8 7.8
5 7.5 5.0
6 6.5 4.9
7 4.8 8.0/8.4[a]


8 4.6 7.9
9 n.d. < 3
10 4.8 4.8


[a] Reference values from fluorescence polarization titrations.


Figure 2. Complexes 9 and 10 representing receptor substructures.


Figure 3. Emission response of peptides 1 and 2 in the presence of recep-
tors 3 and 5. The logarithmic x axis allows the depiction of the binding
selectivity in orders of magnitude of the concentration range.


Figure 4. Emission titrations of receptor 3 against peptides 1 (top) and 2
(bottom). The continuous line represents the Hill equation fit.
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9 to peptides 1 and 2. A small, but significant interaction is
observed with peptide 1, while no interaction is determined
with peptide 2.


To verify the results from the emission titrations by an in-
dependent method, fluorescence polarization titrations were
conducted under identical conditions as the emission titra-
tions. The two values determined for receptors 3 and 7 are
in good agreement with the results from the emission titra-
tions. Fluorescence labels may falsify the binding results by
contributing to the peptide affinity. To exclude interactions
of the peptide label with the receptors, fluorescein sodium
was titrated with a receptor of each binding motif showing
no emission changes even at large receptor excess.


The length or type of the linkers connecting the two re-
ceptor binding sites has little or no influence on the binding
affinity. This is not surprising as the short peptides display
no stable secondary structure in solution and the receptors
linkers are flexible. The binding selectivity and affinity of
the receptor molecules rely on the presence of complemen-
tary functional groups for non-covalent interaction in reach
and not on their exact spatial position.


Conclusion


The combination of bis(ZnII–cyclen)–triazine metal complex
binding sites with guanidinium moieties or ZnII–NTA com-
plexes leads to artificial receptors for the differentiation of
phosphorylated small peptides. Using the right combination
of binding moieties, nanomolar peptide binding affinities at
physiological conditions are achieved. To the best of our
knowledge these are the highest affinities of phosphopeptide
binding by artificial receptors reported thus far. Depending
on a second functional group beside the phosphate ester se-
lectivities of up to three orders of magnitude are observed.
To better resolve the affinity of artificial receptors and pep-
tides in the distance of the involved functional groups, the
binding properties of more rigidified receptors and cyclo-
peptides are currently investigated and results will be re-
ported in due course. Furthermore, projects employing these
recognition moieties in molecular biology are under way.


Experimental Section


Synthetic details and titration plots are available in the Supporting Infor-
mation.
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Controllable Synthesis of Zinc-Substituted a- and b-Nickel Hydroxide
Nanostructures and Their Collective Intrinsic Properties


Bo Hu, Shao-Feng Chen, Shu-Juan Liu, Qing-Song Wu, Wei-Tang Yao, and
Shu-Hong Yu*[a]


Introduction


Nickel hydroxide as the cathode material of nickel-based re-
chargeable alkaline batteries,[1,2] such as nickel/cadmium
(Ni/Cd), nickel/iron (Ni/Fe), nickel/metal hydride (Ni/MH),
and nickel/zinc (Ni/Zn), is becoming more and more impor-
tant in daily life.[3] Furthermore, some studies have focused
on important optical and magnetic properties of nickel hy-
droxide compounds,[4] and hence nickel hydroxide is a po-
tentially multifunctional material due to its useful electrical,
optical, and magnetic properties.[5] Nickel hydroxide
Ni(OH)2 is a typical member of the large family of lamellar
materials known as layered double hydroxides (LDHs) and
has a hexagonal layered structure with two polymorphs, that


is, a- and b-phases.[6] a-Nickel hydroxide has a brucite-like
(Mg(OH)2) structure with turbostratic disorder, and consists
of stacked Ni(OH)2�x layers along the c axis intercalated
with various anions or water molecules. The generally for-
mulated composition is Ni(OH)2�xACHTUNGTRENNUNG(A


n�)x/n·yH2O, where x=


0.2–0.4, y=0.6–1, and A=chloride, sulfate, nitrate, carbon-
ate, or other anions.[7] In contrast, b-nickel hydroxide has a
well-ordered brucite-like structure without any intercalated
species,[8] and the layers are perfectly stacked along the c
axis with an interlamellar distance of 4.6 8. Therefore, the
main structural analogy between a- and b-Ni(OH)2 phases is
stacking of Ni(OH)2 layers along the c axis,[6] and the main
difference is whether intercalated anions or water molecules
are present or not.
Metal-substituted nickel hydroxides are made by partial


substitution of Ni2+ ions in the nickel hydroxide layers by
trivalent or divalent cations such as Zn,[8,9] Al,[10] Co,[4a,5]


Fe,[11] and Mn,[12] among which zinc has been intensively
studied. The main effects of zinc cations are prolonged sta-
bility in the KOH electrolytic medium[6] and preventing the
formation of g-NiOOH on overcharge in concentrated elec-
trolyte.[5] However, other interesting intrinsic properties of
zinc-substituted nickel hydroxide materials have rarely been
reported. General techniques for their preparation include
the co-precipitation method[6,13,14] and homogeneous precipi-


Abstract: A new controllable homoge-
neous precipitation approach has been
developed to synthesize zinc-substitut-
ed nickel hydroxide nanostructures
with different Zn contents from a zinc
nanostructured reactant. As typical lay-
ered double hydroxides (LDHs), zinc-
substituted nickel hydroxide nanostruc-
tures can be formulated as
NiZnx(Cl)y(OH)2(1+x)�y·zH2O (x=0.34–
0.89, y=0–0.24, z=0–1.36). The struc-
ture and morphology of zinc-substitut-
ed nickel hydroxide nanostructures can


be systematically controlled by adjust-
ment of the zinc content. The effects of
temperature and the amounts of am-
monia and zinc nanostructured precur-
sor on the reaction were systematically
investigated. In our new method, al-
though zinc-substituted a-and b-nickel
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tation with hydrolysis of urea[11] or hexamethylenetetramine
(HMT).[15] In the former method, although the metal-substi-
tuted nickel hydroxide could be routinely obtained by em-
ploying nickel salts, metal salts, and bases such as LiOH[13,14]


and NaOH,[6] the resulting products have low crystalline
quality[15] and hence poor reproducibility,[16] and they often
require a subsequent hydrothermal process.[14] In the second
method, although the homogeneous precipitation can be
successfully controlled by the stepwise hydrolysis of urea or
HMT to synthesize well-crystallized materials.[9a,15] no at-
tempt has been made to provide another controllable
method which can effectively achieve homogeneous precipi-
tation.
Here, we report that zinc-substituted nickel hydroxide


nanostructures can be synthesized by a new controllable
method involving homogeneous precipitation in the pres-
ence of a nanostructured reactant and ammonia. The struc-
ture, morphology, and chemical composition of the zinc-sub-
stituted nickel hydroxide nanostructures can be effectively
controlled by facile adjustment of the initial molar ratio of
nickel salts to the reactant. The evolution process of the
structure, morphology, and chemical composition of the
products is investigated. Moreover, a coordinative homoge-
neous precipitation mechanism is proposed to explain the
formation process of zinc-substituted nickel hydroxide nano-
structures. As-synthesized zinc-substituted nickel hydroxide
nanostructures exhibit some interesting intrinsic properties,
and have potential as multifunctional materials due to their
useful optical, magnetic, and electrical properties.


Results and Discussion


Structure and morphology analysis of zinc-substituted nickel
hydroxide nanostructures


XRD analysis : X-ray diffraction showed that as-synthesized
samples have undergone transformation from a-Ni(OH)2
phase to b-Ni(OH)2 phase. Figure 1 shows XRD patterns of
the precursor and as-synthesized samples 1–5 obtained with
the same amount of ammonia at different molar ratio of
nickel salts to the zinc reactant by hydrothermal treatment
at 120 8C for 12 h. The XRD pattern of the precursor in Fig-
ure 1a corresponds to the well-crystallized
Zn5(OH)8Cl2·H2O phase (JCPDS card number 72-0922)
with a hexagonal lattice (a=6.34, c=23.64 8). The XRD
pattern of samples 1–3 (Figure 1b–d) has the characteristic
diffraction peaks of a-Ni(OH)2 phase (JCPDS card number
38-0715). The values of d ACHTUNGTRENNUNG(00i) are determined by the thick-
ness of the brucite-like layer and the nature of the interlayer
anions[17,18] The d003 value of sample 2 is 8.07 8, which is
larger than the literature value of 7.79 8 for the d spacing
of Ni(OH)2,


[19, 20] and such change in the d003 values could
also be confirmed by HRTEM analysis.[6,13,21] Such a differ-
ence in spacing may correspond to the amounts of water
and Cl� anions intercalated between the octahedral
Ni(OH)2 layers, or to different amounts of zinc cations sub-


stituting for nickel cations in the Ni(OH)2 layers.
[6,8] The


peaks in the XRD pattern of sample 5 (Figure 1 f) can be in-
dexed as a hexagonal b-Ni(OH)2 phase, in good agreement
with standard values (JCPDS card number 74-2075). The
XRD pattern of sample 4 (Figure 1e) shows that the prod-
uct consists of two well-known phases, that is, a-Ni(OH)2
and b-Ni(OH)2.


FTIR analysis : FTIR spectra further confirm that samples 2
and 5 are a-Ni(OH)2 and b-Ni(OH)2 phases, respectively
(see Supporting Information, Figure S1). The FTIR spectra
of sample 2 clearly shows vibrational bands that are typical
of a-nickel hydroxide.[9b,22] Broadening of the band centered
around 3450 cm�1 is due to the nO�H stretching vibrational
mode of H-bonded water molecules located in the interlam-
ellar space of the turbostratic structure of a-Ni(OH)2.


[6,9b]


The band around 1630 cm�1 is attributed to the bending
mode of the interlayer water molecules.[9b,16] The strong
stretching vibrations in the region 1500–1000 cm�1 are due
to intercalated anions (Cl�).[16] The absorption at about
608 cm�1 is ascribed to the dO�H bending mode.[22,23] The ab-
sorptions at about 514 and 467 cm�1 can be assigned to dNi-O-


H bending and nNi�O stretching modes, respectively.
[9b] On the


other hand, the FTIR spectrum of sample 5 shows vibration-
al bands at about 3636, 1630, 1382, and 516 cm�1, as are typi-
cally observed for b-nickel hydroxide.[9b,16] A sharp peak at
about 3636 cm�1 is due to stretching vibrations of non-hy-
drogen-bonded hydroxyl groups.[23] The band around
1630 cm�1 can be attributed to absorption of water mole-
cules.[9b,16] Weak bands at about 1382 cm�1 are due to ab-
sorption of Cl� anions at the surface of sample 5.[16] The
band at about 516 cm�1 can be assigned to dNi-O-H bending
modes.[9b]


Thermogravimetric analysis (TGA): Both a- and b-nickel
hydroxides undergo two-step weight loss, and a-nickel hy-
droxide has a larger mass loss than b-nickel hydroxide.[6,8]


Figure 1. XRD patterns of a) the precursor Zn5(OH)8Cl2·H2O and sam-
ples synthesized by hydrothermal reaction of a solution comprising
Zn5(OH)8Cl2·H2O (0.08 mmol), ammonia (3.5 mL; 25–28 wt%), and
double-distilled water (42 mL) at 120 8C for 12 h with different amounts
of NiCl2·6H2O: b) 0.2 mmol (sample 1), c) 0.3 mmol (sample 2),
d) 0.5 mmol (sample 3), e) 0.7 mmol (sample 4), and f) 0.9 mmol
(sample 5). The experimental results are summarized in the Supporting
Information, Table S1.
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The TGA curves of sample 2 and 5 show different net
weight losses (see Supporting Information, Figure S2) of
28.76 and 20.70 wt%, respectively, for temperatures ranging
from 25 to 600 8C. Sample 2 has a higher first-step weight
loss than sample 5. The first-step weight loss of a-nickel hy-
droxide is classically attributed to the loss of both adsorbed
water and part of the intercalated water,[6,8,9b] while b-nickel
hydroxide just loses the absorbed water in the first step.[6]


Elemental analysis : From the elemental analyses (Table 1)
and TGA curves of the samples, it can be seen that small
parts of the anions and water molecules are intercalated in


the interlayers of a-Ni(OH)2. More importantly, zinc cations
have successfully substituted part of the nickel cations in the
nickel hydroxide nanostructures. On the basis of the result
of TGA analysis and elemental analysis, the chemical com-
position of the samples can be formulated (Table 1). In our
experiments, the initial molar ratio of nickel cations to zinc
cations for samples 1–5 are 2:4, 3:4, 5:4, 7:4, and 9:4, respec-
tively. Thus, compared with the initial molar ratio of nickel
cations to zinc cations, the final ratio of the two ions in the
zinc-substituted nickel hydroxide samples shows a gradual
change from sample 1 to sample 5. For samples 1 and 2,
some of the zinc cations fail to take part the reaction. For
sample 3, the two ions react with each other completely. For
samples 4 and 5, the same nickel cations are not involved in
the reaction. These results demonstrate that a series of zinc-
substituted nickel hydroxide nanostructures with different
Zn contents can be synthesized by using this facile method.
The general molecular formula can be summarized as
NiZnx(Cl)y(OH)2(1+x)�y·zH2O (x=0.34–0.89, y=0–0.24, z=


0–1.36).


Morphological analysis : The nanostructured zinc precursor
and zinc-substituted nickel hydroxide nanostructures have
interesting morphological characteristics. Figure 2a shows
an SEM image of a typical reactant composed of many hex-
agonal nanoflakes. Figure 2b and c show that sample 2 con-
sists of uniform 3D flowerlike nanostructures. Clearly, the
entire structure is built from dozens of nanosheets with
smooth surface. These smooth nanosheets are 20–30 nm
thick and 0.6–2.0 mm wide, and they are connected to each
other randomly to form 3D flowerlike nanostructures. The
selected-area electron diffraction (SAED) pattern recorded
along the [001] zone axis shows a typical single-crystalline
nature (Figure 2e), which is similar to that of the hexagonal


a-Ni(OH)2 phase. A lattice-resolved HRTEM image (Fig-
ure 2 f) shows an interlamellar spacing of about 2.65 8,
which corresponds to the lattice spacing of the (101) plane.
Figure 3a–c show that sample 5 is composed of “stacks-of-


pancakes” nanostructures[24] which are formed from nano-
sheet building blocks with layer-by-layer stacking structure.


The SAED pattern (Figure 3e), which can be attributed to
[001] zone axis diffraction, suggests that the stacks-of-pan-
cakes structure is a single crystal, close to the hexagonal b-
Ni(OH)2 phase. A representative HRTEM image (Fig-
ure 3 f) shows that lattice fringes are structurally uniform
with a lattice spacing of 2.30 8, which is good agreement
with the d value of the (002) plane of the hexagonal b-


Table 1. Elemental analysis data of samples 1–5.


Sample Ni
ACHTUNGTRENNUNG[wt%]


Zn
ACHTUNGTRENNUNG[wt%]


Cl
ACHTUNGTRENNUNG[wt%]


Total
ACHTUNGTRENNUNG[wt%]


Chemical composition


1 48.72 48.33 2.95 100 NiZn0.89(OH)3.68Cl0.1ACHTUNGTRENNUNG(H2O)1.36
2 50.21 44.73 5.06 100 NiZn0.80(OH)3.43Cl0.17ACHTUNGTRENNUNG(H2O)1.16
3 50.17 42.58 7.25 100 NiZn0.76(OH)3.28Cl0.24ACHTUNGTRENNUNG(H2O)1.24
4 63.50 34.67 1.83 100 NiZn0.49(OH)2.93Cl0.05ACHTUNGTRENNUNG(H2O)0.74
5 72.80 27.20 0 100 NiZn0.34(OH)2.68


Figure 2. SEM images of a) the reactant and b) sample 2. c) TEM image
of sample 2. d) TEM image of a single nanosheet, obtained by strong su-
personic vibration of the sample prior to preparation for TEM analysis.
e) A typical electron diffraction pattern taken on a piece of extended
nanosheet of the flowerlike nanostructure along the [001] direction.
f) HRTEM image of the structure.


Figure 3. a) SEM image and b and c) TEM images of sample 5. d) TEM
image of a typical single sheet, obtained by strong ultrasonic treatment
of the sample prior to preparation for TEM analysis. e) A typical select-
ed-area electron diffraction pattern taken on a piece of extended nano-
sheet of the nanoflower along the [001] direction. f) HRTEM image
taken on the selected area in d).
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Ni(OH)2 phase, that is, stacks of the hierarchical structure
have a preferential [001] growth direction. The above char-
acterization data indicate that both the zinc-substituted a-
Ni(OH)2 flowerlike structure and zinc-substituted b-
Ni(OH)2 stacks-of-pancakes structure are built from nano-
sheets that are single-crystalline and have identical crystal
orientation. Samples 1 and 3 have similar 3D flowerlike
nanostructures to sample 2, and sample 4 has not only 3D
flowerlike nanostructures, but also some hexagonal sheets
(see Supporting Information, Figure S3). Thus, the samples
undergo a morphological evolution process from 3D flower-
like architectures to stacks-of-pancakes nanostructures with
decreasing zinc content.


Formation process of zinc-substituted nickel hydroxide
nanostructures


Effect of temperature : Temperature plays a critical role in
this new synthetic method. For example, when other reac-
tion conditions for synthesis of sample 2 are kept constant,
temperature has significant influence on the structure and
morphology. In the range of 80–120 8C, the samples can be
indexed as a-nickel hydroxide (Figure 4a, b and Figure 1c)


and have 3D flowerlike nanostructures (see Supporting In-
formation, Figures S4a, b and Figure 2). When the tempera-
ture increases to 140 8C, a mixed product made of a-
Ni(OH)2 and b-Ni(OH)2 phases is obtained (Figure 4c). The
SEM image (see Supporting Information, Figure S4c) shows
that the final product includes not only 3D flowerlike archi-
tectures, but also hexagonal nanosheets. However, when the
temperature rises to 160 8C, the XRD pattern (Figure 4d)
clearly reveals that the well-crystallized b-nickel hydroxide
phase and hexagonal ZnO phase (JCPDS card number 05-
0664) are formed. The SEM image shows two different mor-
phologies of hexagonal nanosheets and hexagonal rods (see
Supporting Information, Figure S4d).


Effect of the initial amount of ammonia : Further studies re-
vealed the key role of the initial amount of ammonia in this
new synthetic method. Previously, addition of ammonia to
the aqueous reaction system was reported to largely increase
the solubility of the reactant.[25] Besides, ammonia displays
strong propensity for complexation of nickel cations.[24]


While the other reaction conditions for the synthesis of
sample 2 were kept constant, six experiments were per-
formed with different amounts of ammonia. In a control ex-
periment without adding ammonia, the final products were
the Zn5(OH)8Cl2·H2O phase and well-crystallized ZnO
phase, as confirmed clearly by the XRD pattern (Figure 5a).


Hexagonal rods and irregular plates are obtained, and the
plates have some large or small holes at the surface (see
Supporting Information, Figure S5a). Therefore, when no
ammonia coordinates to the reactant and nickel cations to
form complexes, only part of the reactant dissolves to form
ZnO hexagonal nanorods, and the nickel cations do not par-
ticipate in the reaction. When the amount of ammonia is in-
creased to 2.5 mL, the XRD pattern (Figure 5b) indicates
that the products are a-Ni(OH)2 and ZnO phases. Flower-
like 3D nanostructures and hexagonal rods are formed (see
Supporting Information, Figure S5b). With amounts of am-
monia of 3.5, 4.5, and 5.5 mL, the samples are still a-nickel
hydroxide phase, as shown in Figures 1c and 5c, d, and all
particles have similar 3D flowerlike nanostructures (see
Supporting Information, Figure S5c–e). However, once the
amount of ammonia is increased to 6.5 mL, the well-crystal-
lized b-nickel hydroxide phase forms (Figure 5e) and has
the stacks-of-pancakes morphology[24] (see Supporting Infor-
mation, Figure S5f).


Effect of the nanostructured zinc precursor : The nanostruc-
tured zinc precursor plays a crucial role in the formation of
the zinc-substituted nickel hydroxide structures. When the
initial amount of nickel cations is 0.3 mmol, 3D flowerlike


Figure 4. XRD patterns of samples prepared by hydrothermal reaction of
a solution comprising NiCl2·6H2O (0.3 mmol), Zn5(OH)8Cl2·H2O
(0.08 mmol), ammonia (3.5 mL; 25–28 wt%), and double-distilled water
(42 mL) for 12 h at different temperatures: a) 80 (sample 6), b) 100
(sample 7), c) 140 (sample 8), d) 160 8C (sample 9).


Figure 5. XRD patterns of samples prepared by hydrothermal reaction of
a solution comprising NiCl2·6H2O (0.3 mmol), Zn5(OH)8Cl2·H2O
(0.08 mmol), and double-distilled water (42 mL) at 120 8C for 12 h with
different amounts of ammonia (25–28 wt%): a) 0 (sample 10), b) 2.5
(sample 11), c) 4.5 (sample 12), d) 5.5 (sample 13), e) 6.5 mL (sample 14).
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a-nickel hydroxide nanostructures are formed. In contrast,
using the same molar amount of zinc salts such as ZnCl2 in-
stead of the zinc nanostructured precursor, and keeping
other conditions constant, gives hexagonal nanosheets with
a diameter of about 1 mm and an approximate thickness of
200 nm (Figure 6), and the product is a mixture of b-


Ni(OH)2 phase and ZnO phase, as confirmed by XRD anal-
ysis (see Supporting Information, Figure S6).


Formation process of zinc-substituted b-nickel hydroxide
nanostructures : To elucidate the formation process of stacks
of pancakes of the zinc-substituted b-nickel hydroxide nano-
structures, time-dependent experiments were performed.
The morphological evolution proceeds from a-Ni(OH)2
nanosheets to intermediate a-Ni(OH)2 hexagonal platelets
and finally to b-Ni(OH)2 stacks-of-pancakes architectures.
When the hydrothermal reaction proceeds at 120 8C for
0.5 h, as-synthesized nanosheets connect to each other to
form flowerlike particles which are the reaction precursors
of the LDH phase (Figure 7a). The XRD pattern in Fig-
ure 8a shows that only pure a-Ni(OH)2 phase is obtained,
but its crystallinity is poor. As the reaction proceeds, some
hexagonal platelets form and connect to generate flowerlike
architectures composed of many interlinked nanosheets
(Figure 7b and Figure S7a–c, Supporting Information). The
hexagonal platelets may be formed by a transformation pro-
cess of the nanosheets. The XRD pattern in Figure 8b
agrees well with the standard XRD pattern for a-Ni(OH)2
phase.
After 4 h of reaction, hexagonal columns are present and


some nanosheets connect with them (Figure 7c and Figur-
e S7d, Supporting Information). Simultaneously, some flow-
erlike nanostructures which connect to the hexagonal col-


umns decompose more completely. Thus, flowerlike nano-
structures can be seen to gradually change into hexagonal
columns. The XRD pattern in Figure 8c shows that a-
Ni(OH)2 and b-Ni(OH)2 phases coexist. The appearance of
b-Ni(OH)2 phase may correspond to the thickening process
of hexagonal platelets. When the reaction time is 8 h, hexag-
onal column morphology is exclusively present and the flow-
erlike nanostructures have disappeared (Figure 7d). The
XRD pattern (Figure 8d) matches well with that of pure b-
Ni(OH)2 phase. Finally, when the reaction time is prolonged
to 12 h, the sample is composed entirely of the stacks-of-


Figure 6. SEM image of sample 15 prepared by hydrothermal reaction of
a solution comprising NiCl2·6H2O (0.3 mmol), ZnCl2 (0.08 mmol), ammo-
nia (3.5 mL; 25–28 wt%), and double-distilled water (42 mL) in 120 8C
for 12 h.


Figure 7. SEM images of samples prepared by hydrothermal reaction of a
solution comprising NiCl2·6H2O (0.9 mmol), Zn5(OH)8Cl2·H2O
(0.08 mmol), ammonia (3.5 mL; 25–28 wt%), and double-distilled water
(42 mL) in 120 8C for different reaction periods: a) 0.5 (sample 16), b) 2
(sample 17), c) 4 (sample 18), d) 8 h (sample 19).


Figure 8. XRD patterns of samples prepared by hydrothermal reaction of
a solution comprising NiCl2·6H2O (0.9 mmol), Zn5(OH)8Cl2·H2O
(0.08 mmol), ammonia (3.5 mL; 25–28 wt%), and double-distilled water
(42 mL) at 120 8C for different reaction periods: a) 0.5 (sample 16), b) 2
(sample 17), c) 4 (sample 18), d) 8 h (sample 19).
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pancakes morphology of the
pure b-Ni(OH)2 phase (Fig-
ures 3, 1 f).


Formation process of zinc-sub-
stituted a-nickel hydroxide
nanostructures : In the case of
the flowerlike zinc-substituted
a-nickel hydroxide nanostruc-
tures, the time-dependent
shape-evolution process was ex-
amined while the initial amount
of nickel cations was kept at
0.3 mmol. After hydrothermal
reaction at 120 8C for 0.5 h,
nanosheets that are flexible and
randomly bent (see Supporting
Information, Figure S8a, e, f)
form and connect with each
other. The nanosheets consist
of pure a-Ni(OH)2 phase (see
Supporting Information, Figure
S9a), and the d003 value for the
interlayer distance is about
7.54 8. As the reaction time is
prolonged up to 2, 4, and 8 h,
the 3D architectures grow grad-
ually and some flowerlike mor-
phology appears (see Support-
ing Information, Figure S8b–d).
Simultaneously, pure a-
Ni(OH)2 phase is formed (see
Supporting Information, Figur-
e S9b–d) and the d003 values are
about 7.66 8, 7.99 8, and 8.01 8, respectively. When the re-
action time is prolonged to 12 h, the resulting sample 2 is
composed entirely of 3D flowerlike nanostructures
(Figure 3) of pure a-Ni(OH)2 phase with a d003 value of
about 8.07 8 (Figure 1c).


Formation mechanism of zinc-substituted nickel hydroxide
nanostructures


Morphological evolution process : On the basis of the above
results, the scheme illustrated in Figure 9a is proposed for
growth process of zinc-substituted b-nickel hydroxide nano-
structures. Such a process is different from those reported
earlier. Hochepied et. al[24] described a mechanism involving
oriented attachment of platelets in perfect parallel orienta-
tion with respect to one another and partial recrystallization
in the core of the particles leading to b-Ni(OH)2 stacks-of-
pancakes morphology. Zhu et. al[21] reported the formation
of nickel hydroxide nanocolumns by stacking of oriented
Ni(OH)2 nanosheets.
In our experiments, ammonia can act as a ligating agent


for nickel cations and the reactant to form complexes. The
complexes are stable in alkaline systems at ambient temper-


ature, but as the temperature increases, their stability de-
creases.[25] In the second growth stage, reaction of OH� with
the complex could cause the bonds between the nickel cat-
ions and ammonia to become weaker and bonds between
Ni2+ and OH� to form gradually at the reaction tempera-
ture. The initially precipitated Ni(OH)2 may dissolve and in-
corporate zinc cations.[15] At the same time, when zinc cat-
ions substitute nickel cations in the nickel hydroxide layers,
the anions (Cl�) and/or molecular water are intercalated in
the layers, and zinc-substituted LDH phase is formed. In the
third step, based on a self-assembly process, the LDH
phases develop by stacking along the c axis to yield the final
nanosheets. In step 4, due to the effect of Ostwald ripening,
the sample changes from a-Ni(OH)2 nanosheets to a-
Ni(OH)2 hexagonal platelets, because the hexagonal plate-
lets are thermodynamically stable and can easily be synthe-
sized. In step 5, more and more a-Ni(OH)2 nanosheets are
transformed, and the a-Ni(OH)2 hexagonal platelets
become thicker and grow gradually into hexagonal columns.
At the same time, the hexagonal columns change from a-
Ni(OH)2 phase to b-Ni(OH)2 phase. In step 6, the a-
Ni(OH)2 nanosheets totally disappear, and the hexagonal
columns consist of pure b-Ni(OH)2 phase. Finally, b-


Figure 9. Schematic illustration of the morphological evolution of zinc-substituted b-nickel hydroxide nano-
structures (a) and zinc-substituted a-nickel hydroxide nanostructures (b).
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Ni(OH)2 hexagonal columns turn into the b-Ni(OH)2 stacks-
of-pancakes morphology, in which hexagonal platelets have
perfect parallel orientation with respect to each other
other.[24]


The whole growth process of zinc-substituted a-nickel hy-
droxide nanostructures is summarized in Figure 9b. Howev-
er, such a process is neither consistent with previous reports
on 3D flowerlike structures from a so-called two-stage
growth process consisting of fast nucleation of amorphous
primary particles followed by slow aggregation and crystalli-
zation of primary particles,[26] nor with the report by Li et al.
on a one-step self-assembly process leading to spherelike a-
Ni(OH)2, in which HMT acts as the nucleation center and
helps to form the Ni(OH)2 gel.


[27] In the case of the flower-
like zinc-substituted a-nickel hydroxide nanostructures, the
growth process is similar to that of the stacks-of-pancakes
zinc-substituted b-nickel hydroxide nanostructures. First, the
nickel cations and the reactant form complexes with ammo-
nia; then, with increasing time, the zinc-substituted LDH
phase and nanosheets consisting of pure a-Ni(OH)2 phase
gradually form. Finally, nanosheets form and connect to
each other generate 3D flowerlike architectures, due to Ost-
wald ripening in terms of the principle of minimal structural
change.[23] In the whole process of morphology evolution,
the samples are always pure a-Ni(OH)2 phase.


Formation mechanism of zinc-substituted nickel hydroxide
nanostructures : Layered double hydroxides can be formed
from aqueous solutions by coprecipitation and homogeneous
precipitation methods.[28] The co-precipitation mechanism is
determined by the rate of dissolution of the individual hy-
droxides, while the homogeneous precipitation method is
controlled by the formation of heteronuclear hydroxo pre-
cursor complexes.[28] Homoge-
neous nucleation of zinc-substi-
tuted LDHs takes place with
slow decomposition of the com-
plex, and the rate of decompo-
sition of the complex is a criti-
cal variable in the homogene-
ous nucleation process. In pre-
vious reports, only the rate of
hydrolysis could compete favor-
ably with homogeneous forma-
tion of the hydroxo precursor.[28] In our experiments, the re-
actant and nickel cations first form complexes with ammo-
nia that can gradually decompose under hydrothermal con-
ditions. Thus, we propose a new mechanism, called the coor-
dinative homogeneous precipitation mechanism, in which
the rate of decomposition of the complex determines the
homogeneous nucleation of the zinc-substituted LDHs.
To further elucidate the coordinative homogeneous pre-


cipitation mechanism, we systemically studied the evolution
of the chemical composition of the products. In the case of
zinc-substituted a-nickel hydroxide nanostructures, energy-
dispersive X-ray (EDX) spectra (see Supporting Informa-
tion, Figure S10 and Table S2) show that not only different


areas of the same nanosheet have the same atomic percen-
tages of nickel and zinc, but also the same atomic percentag-
es of nickel and zinc are found in different nanosheets.
Therefore, the chemical composition of the samples further
confirms that the homogeneous nucleation process takes
place in the initial stage and forms zinc-substituted LDHs.
For reaction times from 0.5 to 12 h, the EDX data suggest
that the atomic percentage of zinc samples gradually under-
goes a slight decrease (Table 2 and Supporting Information,
Figure S11). This may be due to some of the unstable zinc


cations in the structure dissolving during the Ostwald ripen-
ing process.
In the case of zinc-substituted b-nickel hydroxide nano-


structures, EXD analysis was performed on nanosheets, hex-
agonal sheets, hexagonal columns, and stacks-of-pancakes
structures for reaction times from 0.5 to 12 h. The EDX
data showed that the nanosheets show a small increase in


nickel atomic percentage and a slight decrease in zinc
atomic percentage with increasing time (Table 3 and Sup-
porting Information, Figure S12). In the same time period,
the hexagonal sheets, hexagonal columns, and stacks of pan-
cakes also show a slight increase in the nickel atomic per-
centage and correspondingly a small decrease in zinc atomic
percentage. However, for a given sample, the nickel atomic
percentage of the nanosheets is slightly larger than those of
the hexagonal sheets, hexagonal columns, and stacks of pan-
cakes. A detailed explanation of the changes in chemical
composition during the time-dependent evolution process is
under further exploration.


Table 2. EDX data of samples prepared by hydrothermal reaction of a
solution comprising NiCl2·6H2O (0.3 mmol), Zn5(OH)8Cl2·H2O
(0.08 mmol), ammonia (3.5 mL; 25–28 wt%), and double-distilled water
(42 mL) at 120 8C for different reaction times: 0.5 (sample 20), 2
(sample 21), 4 (sample 22), 8 (sample 23), and 12 h (sample 2).


Sample Morphology Ni
ACHTUNGTRENNUNG[atom%]


Zn
ACHTUNGTRENNUNG[atom%]


20 nanosheets 65.76 34.24
21 nanosheets and flowerlike nanostructures 65.61 34.39
22 nanosheets and flowerlike nanostructures 68.07 31.93
23 nanosheets and flowerlike nanostructures 69.66 30.34
2 flowerlike nanostructures 71.38 28.62


Table 3. EDX data of samples 16–19 and 5.


Sample Morphology Ni
ACHTUNGTRENNUNG[atom%]


Zn
ACHTUNGTRENNUNG[atom%]


Morphology Ni
ACHTUNGTRENNUNG[atom%]


Zn
ACHTUNGTRENNUNG[atom%]


16 nanosheets 73.55 26.45
17 nanosheets 73.13 26.87 hexagonal sheets 71.80 28.20
18 nanosheets 76.24 23.76 hexagonal columns 73.44 26.56
19 stacks-of-pancakes structures 80.68 19.32
5 stacks-of-pancakes structures 86.97 13.03


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8928 – 89388934


S.-H. Yu et al.



www.chemeurj.org





Chemical and physical properties of zinc-substituted nickel
hydroxide nanostructures


BET surface area : Because of the novel 3D hierarchical
structures of the zinc-substituted nickel hydroxide nano-
structures, we determined their specific surface areas by
BET measurements on an ASAP-2000 surface-area analyzer
(see Supporting Information, Figure S13 for nitrogen ad-
sorption/desorption isotherms). The BET surface areas of
samples 1–5, calculated from nitrogen adsorption isotherms,
are 73.425, 70.296, 42.209, 25.808, and 1.046 m2g, respective-
ly. Thus, the 3D flowerlike structures of samples 1 and 2
have greater BET surface areas than the stacks-of-pancakes
nanostructures of sample 5. Furthermore, from sample 1 to
sample 5, the Zn content gradually decreases from 48.33 to
27.20%, while the BET surface areas decreases from 73.43
to 1.046 m2g. Therefore, the lower the Zn content, the lower
BET surface area of the sample.


Chemical stability : The chemical stability of zinc-substituted
nickel hydroxide samples in strongly alkaline medium was
determined by powder XRD measurement after immersion
of samples in 6m KOH solution at room temperature for
40 d. The XRD patterns in Figure 10a and b indicate that


post-treatment samples 1 and 2 are also a-Ni(OH)2 phase
with characteristic diffraction peaks around 8 8 and a broad
asymmetric band at about 2.66 and 1.54 8. The new peaks
corresponding to d=3.86 and 2.56 8 can also be indexed as
the diffractions of a-Ni(OH)2 phase due to disorder of the
LDH.[6] These results indicate that the structure of zinc-sub-
stituted a-Ni(OH)2 samples can be made more disordered in
strongly alkaline medium. The XRD patterns in Figure 10c
and for samples 3 and 4 after treatment correspond to a-
and b-Ni(OH)2 phases. The XRD pattern in Figure 10e
shows that sample 5 after treatment remains the b-Ni(OH)2
phase, consistent with a previous report.[9a]


To our knowledge, the zinc-substituted materials, especial-
ly a-Ni(OH)2 phase (samples 1 and 2), have superior chemi-
cal stability in alkaline medium. On the basis of literature


reports,[9a,b] we believe that this high stability may be attrib-
uted to the substitution of zinc cations. Tessier et al.[9a] re-
ported that the presence of zinc cations in tetrahedral sites
of the interslab space links the successive slabs, increases
structural cohesion, and improves the electrochemical prop-
erties of the nickel hydroxide electrodes. This property
could make this material more suitable as a positive elec-
trode in alkaline batteries.


Optical properties : UV/Vis/NIR absorption spectra
(Figure 11) with the incident light aligned perpendicular to
the samples show that samples 1–5 have similar absorption


characteristics with absorption peaks centered at 390, 660,
1140, 1420, 1958, 2266, and 2353 nm. Thus, the ultraviolet
(100–400 nm), visible (400–760 nm), and near-infrared (76o–
5600 nm) regions all have absorption peaks. Sample 24,
which is pure b-Ni(OH)2 phase of irregular morphology (see
Supporting Information, Figure S14a,b) without any Zn con-
tent, has a different absorption spectrum (Figure 11a), in
which the peaks centered at 1958 and 2226 nm are absent
and the peak centered at 2342 nm is stronger.
The room-temperature photoluminescence (PL) spectrum


of the samples are depicted in Figure 12. The PL spectrum
of sample 1 (Figure 12a) displays a strong green emission
peak centered at 555 nm (2.23 eV). Sample 2 has a weak
blue emission peak centered at 440 nm (2.82 eV) and a
strong green emission peak centered at 500 nm (2.48 eV)
(Figure 12b), sample 3 has a strong blue emission peak cen-
tered at 440 nm (2.82 eV; Figure 12c), and samples 4 and 5
(Figure 12d and e) display similar PL spectra with strong
blue emission peaks centered at 440 nm (2.82 eV) and weak
purple emission peaks centered at 418 nm (2.97 eV). Impor-
tantly, the PL spectra of zinc-substituted nickel hydroxide
samples 1–5 are dependent on Zn content. They show blue-
shifts over a large range from 555 to 418 nm with decreasing
Zn content (from 48.33 to 27.20% in samples 1–5, respec-
tively). In comparison, sample 24 has a strong blue emission


Figure 10. XRD patterns of samples immersed in 6 molL�1 KOH solution
for forty days. a–e) Samples 1–5, respectively.


Figure 11. UV/Vis/NIR absorption spectra of a) sample 24 prepared by
hydrothermal reaction of a solution comprising NiCl2·6H2O (0.3 mmol),
ammonia (3.5 mL; 25–28 wt%), and double-distilled water (42 mL) at
120 8C for 12 h. b–f) Samples 1–5, respectively.
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peak centered at 440 nm (2.8182 eV) and weak purple emis-
sion peaks centered at 406 nm (3.0542 eV; see Supporting
Information, Figure S14c). In addition, optical photographs
of samples 1–5 show gradual color changes from the azure
to green (Figure 12).
To the best of our knowledge, the optical properties of


zinc-substituted nickel hydroxide nanomaterials have rarely
been reported so far. Delmas et al. reported that UV/Vis ab-
sorption bands of cobalt-substituted nickel hydroxide are re-
lated to the nickel and cobalt ions, as well as to the valences
of the ions.[4a,b,29] Similarly, in our experiment, the UV/Vis/
NIR absorption spectra of the samples are related to the
nickel or zinc ions and their valence. As a result, the sam-
ples display similar absorption characters, and the Zn2+ ions
are in the high-spin state and correspond to the 1958 and
2226 nm optical transitions. Furthermore, the complicated
PL spectra of samples may result from the structure, mor-
phology, and structural defects due to substituent zinc ions
and intercalated anions or water. More details of the mecha-
nism behind the optical spectra of the samples need to be
elucidated in future.


Magnetic properties : Figure 13 shows temperature-depen-
dent magnetization curves of the samples 1, 2, and 5 mea-
sured from 2 to 80 K with an external magnetic field of
100 Oe. Samples 1 and 2 exhibit the same magnetic behav-
ior, with a critical temperature of about 8 K. Sample 5 has a
critical temperature of about 20 K. Figure 14 shows the iso-
thermal magnetization loops measured at 4 K on a commer-
cial SQUID magnetometer for samples 1, 2, and 5. The hys-
teresis loops of samples 1 and 2 are similar and indicate fer-
romagnetic behavior. The coercivities of samples 1 and 2 are
58 and 83 Oe, respectively. The hysteresis loop of sample 5
shows antiferromagnetic behavior.


The magnetic properties of the a- and b-Ni(OH)2 materi-
als are highly dependent on the structure, morphology, mag-
netization direction, and the d spacing of the sample.[30,31]


Samples 1 and 2 consist of pure a-Ni(OH)2 phase and their
magnetic properties with ferromagnetic order below 8 K are
similar. Such a magnetic character is in good agreement
with the magnetic behavior of a-Ni(OH)2.


[4c,d,32] Apparently,
for samples 1 and 2 with the same d003 spacing of 8.07 8,
through-space dipole–dipole interaction between layers be-
comes predominant and favors long-range ferromagnetic or-
der.[4c,d,33] Furthermore, samples 1 and 2 have a low coercive
field at 4 K, which may be ascribed to the synergy effect of
crystallinity, shape, surface, and single-ion anisotropies.[4c]


Sample 5 consists of pure b-Ni(OH)2 phase and its magnetic
properties show antiferromagnetic order below 20 K, which
is typically observed for b-Ni(OH)2.


[4d] Furthermore, for
sample 5 with d003=4.6 8, superexchange interaction occurs
because of hydrogen bonding and may lead to antiferromag-
netic order.[4e,30,31] Therefore, the magnetic properties of the


Figure 12. Top: PL spectra at 295 K of a–e) samples 1–5, respectively. The
excitation wavelength was 340 nm. Bottom: Optical photographs of sam-
ples 1–5.


Figure 13. Temperature-dependent magnetization of samples with an ex-
ternal magnetic field of 100 Oe. a) sample 1 (&), b) sample 2 (~), and
c) sample 5 (*).


Figure 14. Isothermal magnetization at 4 K for a) sample 1 (&),
b) sample 2 (~), and c) sample 5 (*); the top-left inset shows the magni-
fied isothermal magnetization at 4 K for sample 1; the bottom-right insert
shows the magnified isothermal magnetization at 4 K for sample 2.
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samples are closely related to the structural features, and
the model of ferromagnetic layers interacting through dipo-
lar coupling can interpret well the magnetic behavior of
zinc-substituted nickel hydroxide nanostructures. Thus, it is
possible to flexibly control the magnetic behavior by care-
fully changing the structure of zinc-substituted nickel hy-
droxide nanostructures, and this could be useful both in fun-
damental research and future magnetic devices.


Electrochemical properties : Zinc-substituted nickel hydrox-
ide nanostructures have interesting electrochemical proper-
ties as electrode materials. Figure 15 shows the 10th cyclic


voltammograms of the samples as electrodes at a potential
scanning rate of 1.5 mVs�1. Although the samples all have
reversible peaks, their characteristics are different. The
reason for this is unclear, but it may be due to structural
and morphological changes, since zinc-substituted nickel hy-
droxide samples 2, 4, and 5 have different Zn contents of
44.73, 34.67, and 27.20%, respectively. Table 4 shows the ef-


fects of Zn content on the oxidation potential EO, oxygen-
evolution potential EOE, and reduction potential ER. The de-
crease in Zn content from sample 2 to sample 5 reduces the
EO of the electrodes and the intensities of EO and ER. The
differences EO�ER can characterize the reversibility of the
electrode reaction, and smaller values imply more electrode
reversibility.[3,7] The EO�ER data in Table 2 indicate that
sample 4 has relatively high electrode reversibility. The dif-


ferences EOE�EO are taken as a measure of the perfor-
mance of the electrode.[3] The higher EOE�EO value of
sample 4 allows the electrode made of this material to be
charged fully before oxygen evolution and exhibit much
better electrochemical-cyclic properties. Therefore, the zinc-
substituted nickel hydroxide nanostructures show good elec-
trode reversibility and could have major potential as posi-
tive-electrode materials.


Conclusions


Zinc-substituted nickel hydroxide nanostructures have been
synthesized for the first time from the flakelike nanostruc-
tured precursor Zn5(OH)8Cl2·H2O by the so-called coordina-
tive homogenous precipitation method. By simply adjusting
the initial experimental conditions, we can effectively con-
trol the structure, morphology, and chemical composition of
the zinc-substituted nickel hydroxide nanostructures. Several
parameters were found to play key roles in the formation of
such structures: temperature, the amount of the ammonia,
and the nature of the reactant. In this new method, although
the zinc-substituted a-and b-nickel hydroxides have similar
morphology to those previously reported, their growth pro-
cess are different. The coordinative homogenous precipita-
tion mechanism is used to explain the formation process of
the zinc-substituted nickel hydroxide nanostructures formed
in present reaction system. The zinc-substituted nickel hy-
droxide nanostructures have potential as multifunctional
materials due to their interesting optical, magnetic, and elec-
trical properties.


Experimental Section


Chemicals : All chemicals were purchased in analytical grade from Shang-
hai Chemical Reagents Company and used without further purification.


Preparation of Zn5(OH)8Cl2·H2O precursor : The precursor
Zn5(OH)8Cl2·H2O can be easily synthesized by a simple and reproducible
method. In a typical synthesis, 100 mL of 2 molL�1 ZnCl2 solution was
added into a beaker and maintained at 80 8C in an electric oven for 3 h,
during which it formed an ionic-liquid-like solution. Then, 25 mL of the
ZnCl2 solution was transferred to another beaker, and ethylenediamine
(0.5 mL) was slowly dropped into it with magnetic stirring. A white pre-
cipitate formed, and the beaker was kept at 80 8C in an oven for a further
12 h. Finally, the white precipitate was filtered off, washed with double-
distilled water several times, and dried in a vacuum oven at 60 8C for 3 h.


Preparation of zinc-substituted nickel hydroxide nanostructures : In a typ-
ical experiment, Zn5(OH)8Cl2·H2O (0.0440 g) and a suitable amount of
NiCl2·6H2O were added to double-distilled water (42 mL). Then aqueous
ammonia solution (3.5 mL, 25–28 wt%) was added to the mixed solution
with stirring until the solution became clear. The solution was put into a
50 mL Teflon-lined autoclave. After being sealed, the autoclave was
heated at 120 8C for 12 h. After hydrothermal treatment, the pale green
or blue-green precipitate was separated from the solution by centrifuga-
tion, washed with doubly distilled water and absolute ethanol, and dried
at 60 8C for 24 h in vacuo. The complete experimental results are sum-
marized in the Supporting Information, Table S1.


Chemical stability of zinc-substituted nickel hydroxide nanostructures :
The chemical stability of the synthesized nickel hydroxide samples was
examined by immersing 0.5 g of powder in 6m KOH solution at room


Figure 15. Cyclic voltammograms of zinc-substituted nickel hydroxide
electrodes made from samples 2 (&), 4 (&), and 5 (~) at 20 8C and a scan
rate of 1.5 mVs�1.


Table 4. Reduction potential ER, oxidation potential EO, oxygen-evolu-
tion potential EOE, EO�ER, and EOE�EO for electrodes made from sam-
ples 2, 4, and 5 at 20 8C.


Sample ER


[mV]
EO


[mV]
EOE


[mV]
EO�ER


[mV]
EOE�EO


[mV]


2 420 611 700 191 89
4 455 553 709 98 156
5 435 549 593 114 44
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temperature for 40 days. After immersion, the products were collected by
centrifugation, washed by deionized water and absolute ethanol, and
dried at 60 8C for 24 h in vacuo.


Characterization : Powder X-ray diffraction (XRD) analyses were carried
out on a Philips XRPert PRO SUPER X-ray diffractometer equipped
with graphite monochromatized CuKa radiation (l =1.54056 8). Trans-
mission electron microscopy (TEM) was performed on a Hitachi (Tokyo,
Japan) H-800 transmission electron microscope at an accelerating voltage
of 200 kV, and high-resolution TEM (HRTEM) on a JEOL-2011 operat-
ed at an acceleration voltage of 200 kV. EDX spectra were recorded with
a JEOL-2011 transmission electron microscope. X-ray photoelectron
spectroscopy (XPS) was preformed with an ESCALAB 250 X-ray photo-
electron spectrometer (Thermo-VG Scientific). FTIR spectra were mea-
sured on a Bruker Vector-22 FTIR spectrometer. The UV/Vis/NIR spec-
tra was recorded on a DUV-3700 absorption spectra (Shimadzu Corpora-
tion). Thermogravimetric analysis (TGA) was carried out on a TGA-50
thermal analyzer (Shimadzu Corporation) with a heating rate of
10 8Cmin�1 in flowing air. Dinitrogen adsorption was determined by BET
measurements with an ASAP-2000 surface-area analyzer. Elemental
analysis was performed by XRF-180 X-ray fluorescence spectrometry
(Shimadzu Corporation). Photoluminescence (PL) spectroscopy was car-
ried out at room temperature by using an He–Gd laser as excitation
source and a double-grating monochromator connected to a photocount-
ing system. The magnetic measurements on powdered samples enclosed
in a medical cap were carried out at 4 K by using a commercial SQUID
magnetometer (MPMS-XL) from Quantum Design Corp. The tempera-
ture-dependent magnetization was studied in an applied magnetic field of
100 Oe from 2 to 80 K.
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High Stability of the Polyproline II Helix in Polypeptide Bottlebrushes


Afang Zhang* and Yifei Guo[a]


Introduction


Synthetic macromolecules with tunable helical structures are
increasingly interesting for the design of molecular devices
and chiral materials.[1] Helical structures can be formed
through either covalent bonds[2] or noncovalent interac-
tions[3] and can be divided into dynamic[4] and static[5] types.
Recently, the conformational stability of helices in peptides
has drawn considerable attention due to its crucial influence
on the functions and bioactivities of these biomacromole-
cules.[6]


An intriguing class of helical polymers are oligoprolines,
which are well known to adopt predominately two different
helical conformations: polyproline I (PPI) and polyproline II
(PPII).[7] The former, which is favored in aliphatic alcohols,
is a compact, right-handed helix with 3.3 repeat units per
turn (5.6 �) and all amide bonds in the cis conformation.
The latter, favored in aqueous solution, fluorinated solvents,
or organic acids, is a stretched, left-handed helix with 3
repeat units per turn (9.4 �) and all amide bonds in the


trans conformation. PPII is found to be a common secon-
dary structure in natural proteins, which plays important
roles in many biological processes,[8] such as protein–protein
recognition and cell penetration.[9] These two distinguished
conformations are interchangable by cis–trans isomerization
of the peptide bonds.[10] They can be differentiated by opti-
cal rotation,[10b, 11] NMR spectroscopy,[12] and circular dichro-
ism (CD) spectropolarimetry.[13] The stability of these helical
conformations is not only based on the solvent polarity but
is also related to the concrete chemical structure of the pro-
line repeat units. 4-Substituted prolines, such as 4-fluoropro-
line[14] or 4-azidoproline,[15] have a strong propensity to form
the more stable PPII. In addition, the longer the oligopro-
lines, the greater the stability of the PPI helix in n-propa-
nol.[16] Depending on the nature of the N and C termini, the
threshold for oligoprolines to adopt the PPI conformation is
between three and five residues.[13a,17] Conformational transi-
tions between PPI and PPII have also been observed in oli-
goproline-based dendrimers.[18]


Given the considerable steric congestion encountered by
pendent substituents in bottlebrush polymers,[19] we won-


Abstract: Polymer bottlebrushes with
monodisperse oligoproline side chains
were efficiently synthesized, and the
conformation of the peptide side
chains in different solvents was investi-
gated. Polymers with number-average
degrees of polymerization (DPn) of 89
and 366 were obtained by polymeri-
zation of the macromonomer in
iPrOH/MeCN (1:1) and hexafluoroiso-
propanol, respectively. Circular dichro-
ism (CD) spectra of the bottlebrush


polymers in the neutral and charged
states reveal that the oligoproline side
chains attain stable polyproline II
(PPII) helical conformations not only
in aqueous solution, but also in aliphat-
ic alcohol solutions. Dense attachment
of oligopeptides onto a linear polymer


chain did not lead to an increase in
helix content. The possible effects of
the main-chain length on the confor-
mational stability were examined. The
switching between the polyproline I
(PPI) and PPII helical conformations
for the oligoproline side chains in ali-
phatic alcohol solutions is believed to
be inhibited by the overcrowded struc-
ture in the polymer bottlebrushes.
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dered whether placing linear
oligoproline units in close
proximity by attaching them to
each repeat unit of a linear po-
lymer could be a way to force
them into the less tight PPII
conformation. Herein, we
report on the synthesis and
conformational peculiarities of
a novel type of polypeptide
bottlebrush[20] with monodis-
perse l-proline octamers as
side chains and polymethacry-
late as the backbone. We in-
vestigate how the conforma-
tional stability of the helices,
as well as the transition be-
tween PPI and PPII, is influ-
enced by the macromolecular
architecture. To our knowl-
edge, this is the first example
of an investigation into the ef-
fects of architecture, rather
than chemical modification, on
the stability of oligoproline
helices.


Results and Discussion


Synthesis : Oligoprolines and
the corresponding macromo-
nomer 1 were synthesized on
multigram scales by solution
peptide synthesis, in analogy to previous procedures
(Scheme 1).[21] Coupling of the commercially available com-
pound Boc-l-proline (2) with l-proline methyl ester in the


presence of EDC and HOBt afforded Boc-protected dimer
3 a. Deprotection with TFA yielded the salt 3 b. Saponifica-
tion with LiOH formed the dimer acid 3 c, which was then
treated with pentafluorophenol and converted into the
active ester 3 d. The tetramer ester 4 a was prepared by di-
rectly coupling 3 b with 3 d. By similar procedures to those
mentioned above, this ester was converted into the salt 4 b
and the active ester 4 d. Finally, the octamer ester 5 was ob-
tained from 4 b and 4 d in yields of 72–78 % on a multigram
scale. Reduction of 5 with NaBH4 and LiCl afforded alcohol
6 with a yield of 80 %. The reaction of 6 with methacryloyl
chloride afforded macromonomer 1 in a yield of 80 %. For
conformation comparisons, model compounds 7 and 8 were
also prepared. All compounds were characterized as analyti-
cally pure materials by 1H and 13C NMR spectroscopy, as
well as by high-resolution mass spectrometry.


Polymerization : Conventional radical polymerization of 1
initiated with AIBN was conducted in either iPrOH/MeCN
(1:1) or hexafluoroisopropanol (HFIP) at 60 8C and provid-
ed the polypeptide bottlebrush poly(1). These two solvents
were initially chosen because it was expected that the oligo-
proline unit would attain different conformations in these


Abstract in Chinese:


Scheme 1. Synthesis procedures for macromonomer 1: a) EDC, HOBt, Pro-OMe·HCl, TEA, CH2Cl2/DMF,
�30 to 25 8C, 14 h, 80%; b) TFA, CH2Cl2, MeOH, �0 to 25 8C, 6 h, 100 %; c) LiOH·H2O, MeOH/H2O, �5 to
25 8C, 14 h, 90%; d) Pfp-OH, EDC, CH2Cl2, 25 8C, overnight, 92%; e) 3b, 3d, TEA, DMF, 25 8C, overnight,
70%; f) TFA, CH2Cl2, MeOH, �0 to 25 8C, 6 h, 100 %; g) LiOH·H2O, MeOH/H2O, �5 to 25 8C, 14 h, 70 %;
h) Pfp-OH, EDC, CH2Cl2, 25 8C, overnight, 86 %; i) 4b, 4d, DiPEA, DMF, 25 8C, overnight, 74 %; j) NaBH4,
LiCl, THF, �5 to 25 8C, 24 h, 80%; k) trimethylacetyl chloride, THF, TEA, �0 to 25 8C, 4 h, 86%; l) TFA,
CH2Cl2, MeOH, 25 8C, 5 h, 100 %; m) MAC, TEA, DMAP, THF, �0 to 25 8C, 4 h (80 %). Boc: tert-butoxycar-
bonyl; DiPEA: diisopropylethylamine; DMAP: 4-dimethylaminopyridine; EDC: N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride; HOBt: N-hydroxybenzotriazole; MAC: methacryloyl chloride; Pfp: pen-
tafluorophenyl; TEA: triethylamine; TFA: trifluoroacetic acid.
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solvents, which could impact on the polymerization behavior
in different ways.[22] In macromonomer polymerization, a
high concentration of the reactive species is a prerequisite
for achieving high-molar-mass polymers[23] and we, there-
fore, decided to use 0.53 m solutions. Typical polymerization
results are compiled in Table 1. The molar masses of the po-


lypeptide bottlebrushes were determined by GPC with
DMF as the eluent and universal calibration. Poly(1) was
obtained from iPrOH/MeCN and HFIP with main-chain
number-average degrees of polymerization (DPn) of approx-
imately 89 and 366, respectively. The considerable difference
in the DPn values for the resultant bottlebrush polymers
may be explained by assuming the presence of different con-
formations for the same macromonomer in the different
polymerization media. Both bottlebrush polymers showed
excellent solubility in different solvents, such as water,
MeOH, CH2Cl2, iPrOH, and nPrOH. To check the possible
effects of charges on the conformational stability of the
oligopeptide side chains, the Boc groups in poly(1) were re-
moved with TFA to furnish the positively charged bottle-
brush polymer de-poly(1). 1H NMR spectra of poly(1) and
de-poly(1) were recorded at 80 8C in [D6]-dimethylsulfoxide
([D6]DMSO) to achieve better resolution and, thus, a basis
for the assessment of the backbone tacticity. Based on these
spectra, the polymers contain around 63 % syndiotactic
triads, irrespective which solvent was used for the polymeri-
zation (see Figure S2 in the Supporting Information).[24] This
tacticity is close to that of poly(methyl methacrylate) syn-
thesized by conventional free-radical polymerization in
DMF at 60 8C (containing �62 % syndiotactic triads).[25]


Therefore, the chiral substituent of the macromonomer and
the polymerization solvents did not show any obvious influ-
ence on the stereochemical course of monomer addition.


Conformation : The conformation of the oligoproline side
chains in poly(1) at different temperatures and in different
solvents was investigated with circular dichroism (CD) spec-
troscopy (Figure 1). Typical CD spectra for PPII helices (a
weak positive band at 228 nm and a strong negative band at


Table 1. Conditions for and results of the radical polymerization of 1.


Entry Polymerization
conditions[a]


Yield [%] GPC[b]


[1]ACHTUNGTRENNUNG[mmolL�1]
ACHTUNGTRENNUNG[AIBN]ACHTUNGTRENNUNG[mmol L�1]


Mn (� 10�4) PDI DPn
[e]


1[c] 527 15.2 87 8.4 2.14 89
2[d] 527 15.2 82 34.7 2.53 366


[a] In DMF at 60 8C with AIBN as the initiator, 12 h. [b] DMF as the
eluent at 40 8C. [c] Isopropanol/acetonitrile 1:1 as the polymerization sol-
vent mixture. [d] HFIP as the polymerization solvent. [e] DPn represents
the number-average degree of polymerization of the main chain.


Figure 1. CD spectra of poly(1) (DPn =366) in aqueous solution in the
temperature range 10–80 8C (a), in nPrOH at 25 8C (b), and in nPrOH at
70 8C (c), as well as the CD spectra of poly(1) (DPn =89) in water in the
temperature range 10–80 8C (d) and in nPrOH at 25 8C (e).
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204 nm)[13] were obtained from an aqueous solution of the
long poly(1) (DPn =366). This conformation was retained at
up to 80 8C without significant change (Figure 1a). In con-
trast to free linear oligoprolines, the proline octamers in
poly(1) also adopted the PPII conformation in nPrOH at
25 8C, and the spectral characteristics stayed unchanged for
20 days (Figure 1b). In addition, this conformation was even
retained at 70 8C for four days without obvious spectral
changes (Figure 1c). The temperature-dependent CD spec-
tra of the short poly(1) (DPn = 89) in aqueous solution were
also recorded, and the PPII conformation was found to be
retained up to 80 8C (Figure 1d). The short poly(1) also
yielded CD spectra with the characteristics of 100 % PPII in
nPrOH; like those of the long poly(1), these spectra re-
mained unchanged for 20 days (Figure 1e). All of the above
results suggest that the main-chain length does not have a
significant influence on the surprising stability of the PPII
conformation, at least within the range of main-chain
lengths investigated.[26]


The conformation of the oligoproline side chains in de-
protected polymer bottlebrush de-poly(1) was also exam-
ined with CD spectroscopy. As expected, the oligoproline
side chains in the long de-poly(1) (DPn =366) adopted the
PPII conformation in aqueous solution; this conformation
was stable within a temperature range of 25–75 8C (Fig-
ure 2a). This behavior very much resembles that for the pro-
line octamer 8 (inset in Figure 2a). In a comparison of the
intensities of the CD signals for de-poly(1) with those for 8,
no increase in helix content is observed for oligopeptides at-
tached densely onto a linear polymer chain, which suggests
that there is no cooperative interaction between the neigh-
boring oligoproline chains. The conformation of the oligo-
proline side chains in the de-poly(1) in aliphatic alcohols,
such as nPrOH and MeOH, was also examined. CD spectra
with the characteristics of 100 % PPII helix were retained
after the nPrOH or MeOH solution was kept at room tem-
perature for 20 or 40 days, respectively (Figure 2b); this
proves that the oligoproline side chains in the long de-
poly(1) also adopted the stable PPII conformation in these
solvents. For comparison, CD spectra for the model com-
pound 8 in nPrOH were recorded under the same conditions
(inset in Figure 2b). This oligoproline started to adopt the
PPI conformation in less than 1 h, and showed the charac-
teristics of 100 % PPI helix (a weak negative band at
232 nm, a medium positive band at 214 nm, and a medium
negative band at 202 nm) after 24 h. CD spectra of the short
de-poly(1) (DPn =89) in water (Figure 2c) and nPrOH (Fig-
ure 2d) were recorded to check the effect of the main-chain
length on the PPII-conformation stability. These spectra
very much resemble the corresponding spectra for the long
de-poly(1) (DPn = 366), a result that suggests negligible ef-
fects of the main-chain length. Therefore, attachment of the
oligoprolines densely on a linear polymer chain forces the
peptide side chains to adopt only the PPII helical conforma-
tion in different solvents and over a broad temperature
range.


Conclusion and Outlook


We have presented the efficient synthesis of polypeptide
bottlebrushes with monodisperse oligoprolines as the side


Figure 2. CD spectra of de-poly(1) (DPn =366) in aqueous solution in the
temperature range 25–75 8C (a; inset: spectra of 8 in water) and in ali-
phatic alcohol solvents at 25 8C (b; inset: spectra of 8 in nPrOH), as well
as the CD spectra of de-poly(1) (DPn =89) in water in the temperature
range 10–80 8C (c) and in nPrOH at 25 8C (d).
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chains and polymethacrylate as the main chain through radi-
cal polymerization of the corresponding macromonomer.
CD investigations revealed that the oligoproline side chains
in the cylindrical bottlebrush polymers attained a stable
PPII helical conformation not only in aqueous solution but
also in aliphatic alcohol solutions over a broad temperature
range. The helical-conformation switching between PPII and
PPI in aliphatic alcohol solutions is not observed. We attri-
bute this to the dense packing of the proline oligomers
along the polymer backbone, which forces them to adopt
only the stretched PPII conformation. The main-chain
length and removal of Boc groups from the periphery show
negligible effects on the PPII-conformation stability. This
enforced stretching could, in future, possibly be used in the
opposite way, namely to stretch the main chain of a related
bottlebrush polymer into a more extended conformation by
finding out how to fold the peptidic substituents from PPII
into PPI conformations. Further investigation could also in-
clude raising the threshold of side-chain length for stability
of helical conformations. The successful construction of mac-
romolecules with unprecedentedly stable helical conforma-
tions of their peptidic side chains could help to shine a new
light on the relationship between the structure and bioactiv-
ity of biomacromolecules, such as collagen. Such stable heli-
ces could also be useful as chiral scaffolds for supramolec-
ular helical-structure formation.


Experimental Section


Materials : AIBN was recrystallized twice from methanol. TEA and
DiPEA were dried over NaOH pellets. THF and dioxane were dried by
refluxing over sodium. CH2Cl2 was dried over CaH2. MAC was freshly
distilled before use. Other reagents and solvents were purchased from
Acros or Aldrich and used as received unless otherwise stated.


Instrumentation : 1H and 13C NMR spectra were recorded on a Bruker
300 MHz (1H: 300; 13C: 75 MHz) spectrometer in either CDCl3 or
[D6]DMSO solution at room temperature. High-resolution ESI mass
measurements were carried out on a Waters a-Tof Micro spectrometer
with an electrospray-ionization source. GPC measurements were carried
out at 40 8C by using a PL-GPC 50 instrument equipped with two PL-gel
5 mm Mixed-C columns (300 � 7.5 mm), a differential refractive index,
and viscosity (Viscotek) detectors. The system was operated with DMF
(containing 1 gL�1 LiBr) as the eluent at a flow rate of 1 mL min�1. Uni-
versal calibration was performed with poly(methyl methacrylate) stand-
ards in the molar-mass range of Mp =2.93 � 103–7.50 � 106 Da (Polymer
Laboratories Ltd, UK). Column chromatography was performed by using
300–400 mesh silica gel. CD measurements were performed on a JASCO
J-715 spectropolarimeter (continuous scanning mode; scanning speed:
20 nm min�1; data pitch: 1 nm; response: 1 s; band width: 5.0 nm). A ther-
mocontrolled quartz cell with a pathlength of 1 mm was used with pep-
tide solutions containing approximately 3–5 � 10�6 dmol mL�1 per octamer
residue. CD data are given as mean molar ellipticities based on octamer
residuals (q in deg dmol�1 cm2). All samples were equilibrated for at least
12 h before measurement, except for the time-dependent measurements
in nPrOH. The spectra are the result of five accumulations for the meas-
urements in aqueous and nPrOH solutions or of one scan for the time-
dependent measurements in nPrOH. The blank spectrum of the solution
was always subtracted.


Compound 3a : HOBt in N-methylpyrrolidine (31 mL, 31.00 mmol) was
added to a solution of Boc-Pro-OH (6.6 g, 30.60 mmol) in dry CH2Cl2


(80 mL) at room temperature. After 10 min, EDC (6.30 g, 30.60 mmol)


was added at �30 8C, and the reaction mixture was stirred until the EDC
was completely dissolved. A solution of TEA (6.06 g, 60.00 mmol) and
Pro-OMe·HCl (6.00 g, 36.35 mmol) in DMF/CH2Cl2 (1:1, 120 mL) was
then added dropwise at �30 8C. The resulting mixture was warmed to
room temperature and stirred for 14 h. After successive washing of the
mixture with aqueous NaHCO3 and brine, the separated organic phase
was dried over MgSO4. After evaporation of the solvent in vacuo, the
product was purified by column chromatography (ethyl acetate/hexane
1:2 to 1:1) to afford a colorless solid product (7.98 g, 80 %). 1H NMR
(CDCl3): d =1.36, 1.42 (ds, 9 H; Boc), 1.79–2.13 (m, 8H; CH2), 3.35–3.75
(m, 7H; CH2, CH3), 4.35–4.57 ppm (m, 2 H; CH); 13C NMR (CDCl3): d=


23.54, 24.05, 24.98, 25.03, 28.36, 28.50, 28.71, 28.81, 29.05, 29.99, 46.47,
46.66, 46.85, 52.05, 52.15, 57.69, 57.75, 58.68, 79.43, 154.48, 171.15,
172.91 ppm; HRMS: m/z : calcd: 327.18 [M+H]+ ; found: 349.1730
[M+Na]+ .


Compound 3 b : TFA (7.00 g, 61.39 mmol) was added to a solution of 3 a
(4.00 g, 12.26 mmol) in CH2Cl2 (30 mL) at 0 8C, and the mixture was
stirred for 6 h before being quenched with an excess of methanol. Evapo-
ration of the solvents in vacuo yielded the salt as a colorless solid (2.03 g,
100 %). 1H NMR (D2O): d=1.92–2.52 (m, 8 H; CH2), 3.31–3.72 (m, 7 H;
CH2, OCH3), 4.45–4.59 ppm (m, 2H; CH); 13C NMR (75.5 MHz, D2O):
d=23.81, 24.48, 28.36, 28.64, 30.43, 46.76, 47.25, 47.40, 53.06, 59.01, 59.61,
107.11, 113.38, 119.17, 124.96, 162.36, 163.07, 168.19, 174.15 ppm; HRMS:
m/z : calcd: 227.13 [M+H]+ ; found: 227.1387 [M+H]+ .


Compound 3 c : LiOH·H2O (1.30 g, 31.00 mmol) was added to a solution
of 3a (5.00 g, 15.30 mmol) in methanol (50 mL) and water (20 mL) at
�5 8C with stirring, and the reaction mixture was allowed to warm to
room temperature. After the mixture had been stirred for 3 h, the sol-
vents were evaporated in vacuo at room temperature. The residue was
dissolved with ethyl acetate, and the pH value of the solution was adjust-
ed carefully to around pH 5–6 with 10 % KHSO4 aqueous solution. After
the organic phase had been washed with brine and dried over MgSO4,
the crude product was purified by column chromatography (ethyl ace-
tate/hexane 2:1) to afford colorless crystals (4.30 g, 90 %). 1H NMR
(CDCl3): d =1.34, 1.40 (ds, 9 H; Boc), 1.68–2.20 (m, 8H; CH2), 3.33–3.75
(m, 4H; CH2), 4.33–4.57 ppm (m, 2H; CH); 13C NMR (CDCl3): d=


23.76, 24.29, 25.08, 28.05, 28.26, 28.47, 28.53, 28.55, 28.60, 29.30, 30.13,
46.82, 47.07, 47.10, 57.79, 57.89, 59.45, 59.55, 79.89, 79.98, 153.83, 154.82,
172.99, 173.31, 173.80, 174.16 ppm; HRMS: m/z : calcd: 313.17 [M+H]+ ;
found: 313.1760 [M+H]+ , 335.1580 [M+Na]+ , 351.1319 [M+K]+ .


Compound 3 d : The acid 3 c (2.00 g, 6.40 mmol) and pentafluorophenol
(1.80 g, 9.80 mmol) were dissolved in CH2Cl2 (30 mL) and stirred for
10 min. EDC (1.20 g, 6.40 mmol) was then added. The mixture was
stirred overnight at room temperature before being washed with saturat-
ed NaHCO3 and brine, successively. After the organic phase had been
dried over MgSO4, purification by column chromatography (ethyl ace-
tate/hexane 2:1) afforded the product as colorless crystals (2.82 g, 92%).
1H NMR (CDCl3): d= 1.39, 1.43 (ds, 9H; Boc), 1.80–2.39 (m, 8 H; CH2),
3.35–3.86 (m, 4 H; CH2), 4.38–4.51 (m, 1H; CH), 4.48–4.90 ppm (m, 1 H;
CH); 13C NMR (CDCl3): d =23.65, 24.19, 25.23, 25.32, 28.53, 28.63, 29.03,
29.11, 29.26, 30.20, 46.63, 46.80, 47.01, 57.72, 57.83, 58.54, 79.71, 79.78,
136.97, 138.98, 140.18, 140.25, 142.19, 142.26, 153.73, 154.73, 168.37,
168.64, 171.65, 172.06 ppm; HRMS: m/z : calcd: 478.15 [M+H]+ ; found:
379.1077 [M�Boc+H]+, 479.1604 [M+H]+ , 501.1428 [M+Na]+ , 517.1170
[M+K]+ .


Compound 4 a : A solution of 3 b (4.50 g, 13.25 mmol) and TEA (7.00 g,
69.15 mmol) in dry DMF (30 mL) was added dropwise to a solution of
3d (4.35 g, 9.10 mmol) in dry DMF (30 mL) at room temperature. The
mixture was stirred overnight and then washed with saturated NaHCO3


and brine, successively. After the organic phase had been dried over
MgSO4, purification by column chromatography (CH2Cl2/methanol 20:1)
afforded the product as colorless crystals (3.30 g, 70%). 1H NMR
(CDCl3): d=1.39, 1.44 (ds, 9H; Boc), 1.78–2.16 (m, 16H; CH2), 3.36–3.82
(m, 11H; CH2, OCH3), 4.37–4.54 (m, 2 H; CH), 4.69–4.75 ppm (m, 2H;
CH); 13C NMR (CDCl3): d =23.80, 24.33, 24.80, 24.84, 24.97, 25.06, 28.02,
28.06, 28.18, 28.57, 28.68, 28.90, 29.22, 30.10, 46.64, 46.67, 46.84, 47.08,
47.11, 52.31, 57.89, 57.94, 58.00, 58.03, 58.10, 58.74, 79.52, 79.57, 153.98,
154.78, 170.32, 170.65, 170.76, 171.09, 171.66, 172.93, 172.97 ppm; HRMS:
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m/z : calcd: 521.29 [M+H]+ ; found: 421.2441 [M�Boc+H]+ , 521.2980
[M+H]+ , 543.2794 [M+Na]+ , 559.2539 [M+K]+ .


Compound 4 b : TFA (2.50 g, 20.00 mmol) was added to a solution of 4 a
(2.5 g, 4.80 mmol) in CH2Cl2 (50 mL) at 0 8C, and the mixture was stirred
for 6 h before an excess amount of methanol was added to quench the re-
action. Evaporation of the solvents in vacuo yielded the deprotected
product as a colorless solid (2.56 g, 100 %). 1H NMR (D2O): d=1.77–2.49
(m, 16 H; CH2), 3.31–3.65 (m, 11 H; CH2, OCH3), 4.31–4.53 ppm (m, 4H;
CH); 13C NMR (D2O): d =23.92, 24.64, 24.67, 27.87, 28.01, 28.34, 28.70,
46.74, 47.45, 47.72, 47.80, 53.01, 58.75, 59.09, 59.19, 59.57, 115.26, 117.58,
162.90, 163.18, 167.72, 171.22, 172.10, 174.80 ppm; HRMS: m/z : calcd:
421.24 [M+H]+ ; found: 421.2442 [M+H]+ , 443.2259 [M+Na]+ .


Compound 4 c : LiOH·H2O (1.00 g, 23.00 mmol) was added to a solution
of 4a (6.00 g, 11.50 mmol) in methanol (100 mL) and water (30 mL) at
�5 8C with stirring, and the reaction mixture was allowed to warm to
room temperature. After the mixture had been stirred for 3 h, the sol-
vents were evaporated in vacuo at room temperature. The residue was
dissolved in CH2Cl2, and the pH value of the solution was adjusted care-
fully to around pH 5–6 with 10% KHSO4 aqueous solution. After the or-
ganic phase had been washed with brine and dried over MgSO4, purifica-
tion by column chromatography (CH2Cl2/methanol 5:1) afforded the
product as colorless crystals (4.09 g, 70 %). 1H NMR (CDCl3): d=1.34,
1.39 (ds, 9 H; Boc), 1.77–2.08 (m, 16 H; CH2), 3.36–3.78 (m, 8H; CH2),
4.24–4.45 (m, 2 H; CH), 4.65–4.70 ppm (m, 2 H; CH); 13C NMR (CDCl3):
d=23.48, 23.80, 24.34, 24.91, 25.03, 27.83, 27.98, 28.14, 28.57, 28.66, 29.23,
29.78, 30.79, 45.37, 47.09, 49.65, 57.86, 58.01, 58.09, 79.54, 79.60, 153.91,
154.76, 170.87, 171.13 ppm; HRMS: m/z : calcd: 507.27 [M+H]+ ; found:
407.2620 [M�Boc+H]+ , 507.2822 [M+H]+ , 529.2624 [M+Na]+ .


Compound 4 d : The acid 4 c (3.40 g, 6.71 mmol) and pentafluorophenol
(1.60 g, 8.69 mmol) were dissolved in CH2Cl2 (100 mL) and stirred for
10 min. EDC (1.50 g, 7.29 mmol) was then added. The reaction mixture
was stirred overnight at room temperature before being washed with sa-
turated NaHCO3 and brine, successively. After the organic phase had
been dried over MgSO4, purification by column chromatography
(CH2Cl2/methanol 10:1) afforded the product as colorless crystals (3.88 g,
86%). 1H NMR (CDCl3): d =1.36, 1.41 (ds, 9 H; Boc), 1.79–2.33 (m,
16H; CH2), 3.35–3.79 (m, 8H; CH2), 4.36–4.82 ppm (m, 4H; CH);
13C NMR (CDCl3): d=23.78, 24.32, 24.73, 24.77, 24.93, 25.08, 28.07,
28.24, 28.54, 28.64, 28.86, 29.06, 29.22, 30.10, 46.63, 46.66, 46.80, 47.01,
47.07, 57.76, 57.85, 57.91, 58.02, 58.46, 58.68, 79.44, 79.50, 136.96, 138.95,
140.14, 142.12, 153.89, 154.72, 168.50, 170.40, 170.70, 171.00, 171.60 ppm;
HRMS: m/z : calcd: 673.26 [M+H]+ ; found: 573.2121 [M�Boc+H]+ ,
673.2683 [M+H]+ , 695.2460 [M+Na]+ , 711.2235 [M+K]+ .


Compound 5 : A solution of 4b (3.05 g, 5.71 mmol) and DiPEA (5.20 g,
40.14 mmol) in dry DMF (20 mL) was added dropwise to a solution of
4d (3.20 g, 4.76 mmol) in dry DMF (30 mL) at room temperature. After
the reaction mixture had been stirred overnight, it was washed succes-
sively with saturated NaHCO3 and brine. The organic phase was dried
with MgSO4. Purification by column chromatography (CH2Cl2/MeOH
20:1) afforded 5 as colorless crystals (3.20 g, 74 %). 1H NMR (CDCl3):
d=1.36, 1.41 (ds, 9 H; Boc), 1.78–2.08 (m, 32H; CH2), 3.35–3.77 (m,
19H; CH2, CH3), 4.35–4.47 (m, 2H; CH), 4.68 ppm (br s, 6H; CH);
13C NMR (CDCl3): d=23.78, 24.31, 24.65, 24.72, 24.77, 24.81, 24.85,
24.90, 25.09, 27.94, 27.99, 28.05, 28.21, 28.56, 28.67, 28.84, 29.20, 30.11,
46.55, 46.80, 46.86, 46.97, 47.01, 47.07, 47.16, 52.29, 57.86, 57.92, 58.01,
58.65, 79.38, 79.45, 153.90, 154.74, 170.19, 170.26, 170.51, 170.60, 170.88,
171.48, 172.90 ppm; HRMS: m/z : calcd: 908.50 [M+H]+ ; found: 931.4917
[M+Na]+ , 947.4630 [M+K]+ .


Compound 6 : NaBH4 (0.29 g, 7.66 mmol) and LiCl (0.48 g, 11.48 mmol)
were added to a solution of 5 (2.32 g, 2.55 mmol) in dry THF (50 mL) at
�5 8C. After the reaction mixture had been stirred for 3 h, it was allowed
to warm to room temperature and was stirred for another 24 h. Water
was added to quench the reaction, and the solvents were evaporated in
vacuo. The residue was dissolved in CH2Cl2 and washed with saturated
NaHCO3 and brine, successively. After the organic phase had been dried
over MgSO4, purification by column chromatography (CH2Cl2/MeOH
10:1) afforded 6 as a colorless solid (1.80 g, 80%). 1H NMR (CDCl3): d=


1.31, 1.36 (ds, 9 H; Boc), 1.49–2.04 (m, 32H; CH2), 3.31–3.65 (m, 19 H;


CH, CH2), 4.00–4.42 (m, 2H; CH), 4.64 (br s, 6 H; CH), 4.88–4.98 ppm
(m, 1H; OH); 13C NMR (CDCl3): d =22.16, 23.58, 24.12, 24.42, 24.58,
24.63, 24.75, 24.90, 25.06, 27.43, 27.58, 27.75, 27.86, 28.03, 28.37, 28.49,
28.59, 28.70, 29.01, 29.28, 29.91, 45.70, 46.66, 46.84, 47.37, 47.45, 57.68,
57.75, 57.84, 57.91, 58.45, 59.69, 60.70, 66.34, 66.70, 79.20, 79.26, 153.72,
154.54, 170.10, 170.19, 170.35, 170.73, 170.98, 171.13, 171.31, 172.98 ppm;
HRMS: m/z : calcd: 880.51 [M+H]+ ; found: 881.5103 [M+H]+ , 903.4967
[M+Na]+ , 919.4731 [M+K]+ .


Compound 7: A solution of trimethylacetyl chloride (0.16 g, 1.35 mmol)
in dry THF (5 mL) was added dropwise into a mixture of 6 (0.40 g,
0.45 mmol), TEA (0.23 g, 2.25 mmol), and DMAP (0.1 g) in dry THF
(20 mL) at 0 8C over a period of 15 min. After the reaction mixture had
been stirred for 4 h at room temperature, it was washed with saturated
NaHCO3 and brine, successively. The organic phase was dried over
MgSO4. Evaporation of the solvents under vacuum, followed by chroma-
tographic separation (CH2Cl2/CH3OH 20:1), yielded 7 as a colorless solid
(0.37 g, 86 %). 1H NMR (CDCl3): d=1.28 (s, 9H; CH3), 1.38, 1.42 (ds,
9H; Boc), 1.78–2.08 (m, 32 H; CH2), 3.35–3.81 (m, 16 H; CH2), 4.11–
4.72 ppm (m, 10 H; CH); 13C NMR (CDCl3): d=23.77, 24.31, 24.53, 24.61,
24.78, 24.80, 24.86, 25.11, 27.16, 27.40, 27.41, 27.96, 28.01, 28.06, 28.22,
28.57, 28.70, 28.86, 29.23, 30.11, 31.59, 46.81, 46.89, 47.05, 47.10, 47.16,
55.79, 57.84, 57.92, 58.02, 58.06, 62.14, 79.40, 79.49, 153.91, 154.70, 170.24,
170.26, 170.55, 170.83, 170.90, 171.50, 177.71 ppm; HRMS: m/z : calcd:
965.56 [M+H]+ ; found: 965.5460 [M+H]+ , 987.5321 [M+Na]+ .


Compound 8 : Compound 7 (0.20 g) in TFA (8 mL) was stirred at room
temperature for 5 h, and then MeOH (20 mL) was added to quench the
reaction. After evaporation of the solvents, the deprotected sample was
dialyzed against pure water for 3 days. This was followed by freeze
drying, which afforded compound 8 as a colorless solid (0.21 g, 100 %).
1H NMR (D2O): d=1.29 (s, 9 H; CH3), 1.79–2.10 (m, 32H; CH2), 3.36–
3.83 (m, 16H; CH2), 4.12–4.74 ppm (m, 10 H; CH); 13C NMR (D2O): d=


23.79, 24.32, 24.53, 24.65, 24.76, 24.82, 24.84, 25.13, 27.42, 27.94, 29.26,
30.15, 31.56, 44.71, 44.73, 44.75, 46.78, 46.87, 55.76, 57.87, 57.96, 58.04,
58.11, 62.15, 79.43, 79.48, 153.94, 154.73, 170.20, 170.28, 170.56, 170.83,
170.95, 171.50, 176.42, 176.45, 177.73 ppm; HRMS: m/z : calcd: 865.52
[M+H]+ ; found: 865.5180 [M+H]+ , 887.5112 [M+Na]+ .


Compound 1: A solution of MAC (0.53 g, 5.11 mmol) in THF (20 mL)
was added dropwise into a mixture of 6 (1.50 g, 1.70 mmol), triethylamine
(TEA; 1.03 g, 10.21 mmol), and dimethylaminopyridine (DMAP; 0.02 g)
in dry THF (30 mL) at 0 8C over a period of 30 min. After the reaction
mixture had been stirred for 4 h at room temperature, it was washed with
saturated NaHCO3 and brine, successively. The organic phase was dried
over MgSO4. Evaporation of the solvents under vacuum at room temper-
ature, followed by chromatographic separation (CH2Cl2/CH3OH 20:1)
yielded 1 as a colorless solid (1.29 g, 80 %). 1H NMR (CDCl3): d =1.38,
1.42 (ds, 9H; Boc), 1.77–2.08 (m, 35H; CH2, CH3), 3.35–3.80 (m, 16H;
CH2), 4.10–4.74 (m, 10 H; CH, CH2), 5.57 (s, 1H; CH), 6.07 ppm (s, 1 H;
CH); 13C NMR (CDCl3): d =18.49, 23.79, 24.32, 24.52, 24.60, 24.76, 24.82,
24.86, 25.10, 27.15, 27.96, 28.00, 28.06, 28.22, 28.57, 28.68, 28.84, 29.21,
30.12, 31.58, 46.78, 46.89, 47.02, 47.08, 47.18, 55.79, 57.87, 57.94, 58.02,
58.08, 64.04, 79.41, 79.48, 125.78, 136.29, 153.92, 154.76, 167.24, 170.22,
170.28, 170.54, 170.81, 170.92, 171.51 ppm; HRMS: m/z : calcd: 948.53
[M+H]+ ; found: 949.5420 [M+H]+ , 971.5217 [M+Na]+ .


Poly(1): Macromonomer 1 (0.3–0.5 g) and AIBN (0.5 wt % based on the
macromonomer) in the appropriate solvent (0.8 mL) inside a Schlenk
tube were degassed by several freeze–pump–thaw cycles and were then
kept at 60 8C with stirring for a predetermined time. The polymerization
was stopped by cooling, and the polymer was dissolved in CH2Cl2 and pu-
rified by column chromatography (silica gel with CH2Cl2 as the eluent).
GPC results are shown in Table 1; 1H NMR ([D6]DMSO, 80 8C): d =0.85
(br s; CH3), 0.92 (br s; CH3), 1.21 (br s; CH3), 1.34 (br s; CH3), 1.86 (br s;
CH2), 2.12 (br s; CH2), 3.25–3.63 (m; CH, CH2), 4.38 (br s; CH), 4.58 ppm
(br s; CH); 13C NMR ([D6]DMSO, 80 8C): d=9.25, 24.89, 27.98, 28.79,
46.92, 47.13, 58.10, 67.06, 70.58, 73.02, 78.89, 170.07 ppm.


De-poly(1): Poly(1) (0.20 g) in TFA (5 mL) was stirred overnight at room
temperature, and then MeOH (10 mL) was added to quench the reaction.
After evaporation of the solvents, the deprotected polymer was dialyzed
against pure water for 10 days. This was followed by freeze drying, which
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afforded the de-poly(1) as a colorless solid foam. 1H NMR ([D6]DMSO,
80 8C): d=0.85 (br s; CH3), 0.95 (br s; CH3), 0.98 (br s; CH3), 1.26–1.29
(m; CH3), 1.88 (br s; CH2), 2.12 (br s; CH2), 3.44–3.70 (m; CH, CH2), 4.14
(br s; CH), 4.49–4.66 ppm (m; CH); no resolved carbon NMR spectrum
was achieved.
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[26] Polymer bottlebrushes can adopt either a cylindrical shape when the
main-chain length (Lm) is much longer than the side-chain length
(Ls) or a spherical shape when the ratio of Lm/Ls is relatively small.
We propose that the stable PPII conformation in the present case
would only remain for the cylindrical bottlebrushes, in which all of
the side chains are aligned in parallel to form the overcrowded
structures. For reports regarding bottlebrush shapes, see, for exam-
ple: a) Y. Tsukahara, K. Tsutsumi, Y. Yamashita, S. Shimada, Mac-
romolecules 1990, 23, 5201 –5208; b) M. Wintermantel, M. Gerle, K.
Fischer, M. Schmidt, I. Wataoka, H. Urakawa, K. Kajiwara, Y. Tsu-


kahara, Macromolecules 1996, 29, 978 –983; c) P. Dziezok, K. Fisch-
er, M. Schmidt, S. S. Sheiko, M. Mçller, Angew. Chem. 1997, 109,
2894 – 2897; Angew. Chem. Int. Ed. Engl. 1997, 36, 2812 –2815; d) K.
Fischer, M. Schmidt, Macromol. Rapid Commun. 2001, 22, 787 –791;
e) S. Rathgeber, T. Pakula, A. Wilk, K. Matyjaszewski, K. L. Beers,
J. Chem. Phys. 2005, 122, 124904/1–124904/13.
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Introduction


Carbohydrate molecular recognition by proteins is a key
factor in many biological processes,[1] but the factors dictat-


ing selective carbohydrate–protein interactions are not
easily discerned. Selectivity must depend in part upon the
conformational structures of the interacting carbohydrate
ligand and its receptor. In addition, because of their flexibil-
ity and the universality of hydrogen-bonded interactions in
aqueous environments, their structures may be influenced
by explicit hydration, dehydration or by the direct involve-
ment of water at the receptor site.[2] Modelling and under-
standing protein–carbohydrate interactions presents a com-
plex challenge.[3]


The great majority of monosaccharide carbohydrate struc-
tures have been determined in the condensed phase, either
in crystalline environments using X-ray crystallography[4–6]


or in solution through molecular dynamics (MD) calcula-
tions and NMR spectroscopy measurements.[7–9] Their inher-
ent, unperturbed conformational structures, free of any envi-
ronmental effects were until recently only accessible in
silico, computed through molecular mechanics methods


Abstract: Factors governing hydration,
regioselectivity and conformational
choice in hydrated carbohydrates have
been examined by determining and re-
viewing the structures of a systemati-
cally varied set of singly and multiply
hydrated monosaccharide complexes in
the gas phase. This has been achieved
through a combination of experiments,
including infrared ion-depletion spec-
troscopy conducted in a supersonic jet
expansion, and computation through
molecular mechanics, density function-
al theory (DFT) and ab initio calcula-
tions. New spectroscopic and/or com-
putational results obtained for the
singly hydrated complexes of phenyl b-
d-mannopyranoside (b-d-PhMan),
methyl a-d-gluco- and a-d-galactopyra-
noside (a-d-MeGlc and a-d-MeGal),


when coupled with those reported ear-
lier for the singly hydrated complexes
of a-d-PhMan, b-d-PhGlc and b-d-
PhGal, have created a comprehensive
data set, which reveals a systematic
pattern of conformational preference
and binding site selectivity, driven by
the provision of optimal, co-operative
hydrogen-bonded networks in the hy-
drated sugars. Their control of confor-
mational choice and structure has been
further revealed through spectroscopic
and/or computational investigations of
a series of multiply hydrated com-
plexes; they include b-d-PhMan·


(H2O)2,3, which has an exocyclic hy-
droxymethyl group, and the doubly hy-
drated complex of phenyl a-l-fucopyr-
anoside, a-l-PhFuc· ACHTUNGTRENNUNG(H2O)2, which does
not. Despite the very large number of
potential structures and binding sites,
the choice is highly selective with bind-
ing invariably “focussed” around the
hydroxymethyl group (when present).
In b-d-PhMan· ACHTUNGTRENNUNG(H2O)2,3, the bound
water molecules are located exclusively
on its polar face and their orientation
is dictated by the (perturbed) confor-
mation of the carbohydrate to which
they are attached. The possible opera-
tion of similar rules governing the
structures of hydrogen-bonded pro-
tein–carbohydrate complexes is pro-
posed.


Keywords: carbohydrates · hydro-
gen bonds · IR spectroscopy · mo-
lecular recognition · solvent effects


[a] Dr. E. J. Cocinero, Dr. E. C. Stanca-Kaposta, Prof. J. P. Simons
Chemistry Department, University of Oxford
Physical and Theoretical Chemistry Laboratory
South Parks Road, Oxford OX1 3QZ (UK)
Fax: (+44)1865-275410
E-mail : John.Simons@chem.ox.ac.uk


[b] Dr. E. M. Scanlan, Dr. D. P. Gamblin, Prof. B. G. Davis
Chemistry Department, University of Oxford
Chemistry Research Laboratory
12 Mansfield Road, Oxford OX1 3TA (UK)
Fax: (+44)1865-275674
E-mail : Ben.Davis@chem.ox.ac.uk


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800474.


Chem. Eur. J. 2008, 14, 8947 – 8955 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 8947


FULL PAPER







using a variety of force fields, through density functional
theory (DFT) and ab initio calculations, or through Car–Par-
rinello MD calculations.[8–10] But a start has now been made
in determining experimentally the inherent conformations
of bare carbohydrates and the preferred conformations and
structures of their singly hydrated complexes isolated in the
gas phase.[11–14] The vibrational spectroscopic signatures of
individually resolved conformers, initially isolated from the
environment and then interacting with it in a controlled way
within singly hydrated (and also molecular) complexes, have
been obtained through mass-selected ultraviolet and infra-
red laser spectroscopy conducted at low temperatures in
free jet expansions,[15] coupled with a combination of molec-
ular mechanics, DFT and ab initio calculations, to enable
conversion of their spectroscopic signatures into conforma-
tional and intermolecular structures.


In the gas phase, the preferred carbohydrate conforma-
tions, explicit water binding site(s) and their resulting inter-
molecular structures are dominated primarily by co-opera-
tive hydrogen bonding. Controlling factors that have been
identified include the flexibility of their exocyclic hydroxy-
methyl group (present, for example, in glucose, galactose
and mannose; Scheme 1), the relative orientations (axial


versus equatorial) of their hydroxyl groups, and their
anomeric configuration.[13,16,17] These factors can operate
separately or collectively, adapting the carbohydrate confor-
mation to optimize the sequence of intra- and inter-molecu-
lar hydrogen-bonded interactions in the hydrated com-
plex.[11,13,16, 17] The first investigations suggested a set of
“working rules” based upon the preferred structures of a


series of singly hydrated monosaccharides (see Scheme 1),
including the b-anomer of phenyl1 d-glucopyranoside (b-d-
PhGlc, in which all the peripheral hydroxyl groups are ori-
ented equatorially) and the b-anomer of phenyl d-galacto-
pyranoside[16] (b-d-PhGal, in which OH4 is oriented axially);
the a-anomer of phenyl d-mannopyranoside (a-d-PhMan, in
which OH2 is oriented axially); and the a- and b-anomers
of their truncated analogues, phenyl d-xylopyranoside[17] and
l-fucopyranoside[13] (in which the exocyclic hydroxymethyl
is altered to methyl, a/b-l-PhFuc, or to no substituent at all,
a/b-d-PhXyl).


The present work sets out, firstly, to test the predictive
power of these working rules by exploring experimentally
and also computationally their operation in governing the
preferred conformations and structures of a comprehensive
panel of systematically varied monosaccharides, including
the singly hydrated anomers b-d-PhMan, a-d-MeGal and a-
d-MeGlc together with a-d-PhMan, b-d-PhGlc and b-d-
PhGal; and secondly, to identify the working rules that may
govern multiply hydrated carbohydrates by exploring the
structural preferences of the two “trial” systems, b-d-
PhMan· ACHTUNGTRENNUNG(H2O)2,3 and a-l-PhFuc· ACHTUNGTRENNUNG(H2O)2, with and without
the exocyclic CH2OH group. Collectively this panel of


mono ACHTUNGTRENNUNGsaccharides (Scheme 1)
provides a powerful, structural-
ly iterated series that can be
used to map out key aspects of
the hydration of these impor-
tant biomolecules.


Results and Discussion


Synthesis : Phenyl b-d-manno-
pyranoside (1), a key additional
monosaccharide, was prepared
in three steps starting from
commercially available d-man-
nose using a highly b-selective
Mitsunobu[18,19] glycosylation
strategy (Scheme 2). Selective
protection of the 2, 3, 4 and 6
hydroxyl groups was achieved
through reaction of d-mannose
with two equivalents of 2-me-


thoxypropene in the presence of para-toluenesulfonic acid
(p-TSA). The resulting kinetic diisopropylidene manno-
side[20] was then reacted with phenol using triphenylphos-
phine and diisopropyl azodicarboxylate (DIAD) to furnish
the O-phenyl compound as a mixture of a and b isomers
(7:93). The high b selectivity is notable given the difficulties
associated with the synthesis of b-mannosides and outstrip-
ped that associated with several other methods.[21] This first
example of Mitsunobu mannosylation may therefore have
general application and its wider synthetic utility is currently
being explored. Pure b-mannoside was readily obtained in
71% isolated yield following separation from the a-anomer


Scheme 1. Schematic representation of the structural inter-relations in the conformational panel used to probe
the hydration of monosaccharide carbohydrates. R=phenyl, methyl.


1 The phenyl group provides the ultraviolet chromophore required for
detection by means of the resonant two-photon ionization step in the
infrared ion-depletion (IRID) detection technique. DFT and ab initio
calculations have confirmed that its presence has a negligible influence
on the conformational landscape of small carbohydrates.[11]
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by flash chromatography. Hydrolytic deprotection in acetic
acid/water furnished the desired O-phenyl b-mannoside in
96% yield.


UV and IR spectroscopy of b-d-PhMan : Figure 1 shows the
resonant two-photon ionization (R2PI) spectrum of b-d-
PhMan recorded in the argon expansion, non-solvated and


free of any interaction with the environment, together with
its associated UV–UV hole-burn spectra, a double-reso-
nance pump–probe technique that selectively depletes each
selected conformer by transferring population out of its
ground electronic state.[11–14] The hole-burn spectra indicate
contributions from two distinct components with relative
populations of around 4:1. Their corresponding IR–UV in-
frared ion-depletion (IRID) spectra, shown in Figure 2, es-
tablish their association with two alternative conformations,
identified through comparison with the spectra computed


through DFT and ab initio calculations as the two lowest
energy conformers, ccG+g� (Erel=0 kJmol�1) and ccG�g+


(Erel=1.2 kJmol�1), respectively; they differ only in the ori-
entation of the hydroxymethyl group. (See the Experimental
Section, last paragraph, for a definition of the conformation-
al nomenclature.) Each one presents a counter-clockwise
(“cc”) hydrogen-bonded chain OH4!OH3!OH2!O1,
encouraged by the relatively strong OH3(eq)!OH2(ax) in-
teraction, which shifts the vibrational mode s3 towards a
lower wavenumber, around 3600 cm�1. The two IR spectra
of b-d-PhMan closely resemble the spectrum of the counter-
clockwise ccG�g+ conformer of the a-anomer, in which s3


Scheme 2. Synthesis of phenyl b-d-mannopyranoside.


Figure 1. R2PI (upper trace) and UV–UV hole-burn spectra (lower
traces) of b-d-PhMan; the symbols & and * identify the vibronic bands
selected for each hole-burn spectrum.


Figure 2. IRID spectra associated with the low-energy conformers of a-
and b-d-PhMan (with relative energies (MP2/6-311++G**/ZPE correct-
ed) in kJmol�1 shown in square brackets). a) b-d-PhMan; experimental
and calculated (stick spectra) vibrational spectra for the two lowest
energy conformers, ccG+g� [0.0] and ccG�g+ [1.2]; b) experimental vi-
brational spectra of the three lowest lying conformers of a-d-PhMan
(cG�g+) [0.0], (ccG�g+) [3.2] and (cTt) [3.7].[16] The dotted grey lines
indicate the positions of the O�H vibrational bands, s3, s4 and s6 in a-
d-PhMan (ccG�g+).
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appears at �3595 cm�1, but they clearly differ from those of
the lowest or highest energy conformers of the a-anomer,
both of which adopt clockwise (“c”) conformations.


The structural origin of this difference, as might be ex-
pected, is the epimeric C1 centre. In the a-anomer its axial
orientation increases the OH2···O1 separation from around
2.3 to around 3.9 Q, and the most strongly shifted vibration-
al mode in its lowest energy conformation (cG�g+) be-
comes s2�3618 cm�1, reflecting a strong (reversed) hydro-
gen-bonding interaction, OH2(ax)!OH3(eq). This, together
with the re-oriented hydroxymethyl group, facilitates the co-
operative “clockwise” sequence OH2!OH3!OH4!OH6.
The strong shift of s2 in the ccG�g+ conformer of a-d-
PhMan to around 3610 cm�1 (cf. the counter-clockwise
ccG�g+ and ccG+g� conformers of b-D-PhMan, in which
s2�3640 cm�1) reflects the relative strengths of the OH2!
O5 and OH2!O1 interactions in the a- and b-anomers, re-
spectively.


Hydrated mannoside complexes of b-d-PhMan· ACHTUNGTRENNUNG(H2O)n=1–3 :
R2PI spectra recorded in the ion mass channels correspond-
ing to b-d-PhMan· ACHTUNGTRENNUNG(H2O)n=1–3 are presented in Figure 3. One


major and two minor singly hydrated structures were distin-
guished through ion-depletion experiments, with relative
populations declining in the approximate ratio 10:3:1, but
the doubly and triply hydrated complexes populated essen-
tially single structures only; the weak features lying at wave-
numbers below 36800 cm�1 in the dihydrate arise through
fragmentation of the trihydrate. Their associated IRID spec-
tra are presented in Figures 4, 5 and 6 (below).


The monohydrate : The experimental vibrational spectrum
associated with the most strongly populated monohydrate
(shown in Figure 4b) is in excellent accord with the comput-
ed spectrum of its global minimum energy conformational
structure, cG�g+ ·ins ACHTUNGTRENNUNG(4,6), in which ins ACHTUNGTRENNUNG(4,6) indicates a water


Figure 4. Experimental and computed IRID spectra of singly hydrated a-
and b-d-PhMan; relative energies [kJmol�1] are shown in square brack-
ets. a) a-d-PhMan· ACHTUNGTRENNUNG(H2O)n=1, cG�g+ ·ins ACHTUNGTRENNUNG(4,6). b) b-d-PhMan· ACHTUNGTRENNUNG(H2O)n=1,
cG�g+ ·ins ACHTUNGTRENNUNG(4,6). c) b-d-PhMan· ACHTUNGTRENNUNG(H2O)n=1, ccG+g�·ins ACHTUNGTRENNUNG(6,5). d) b-PhMan·
(H2O)n=1, ccG�t·insACHTUNGTRENNUNG(2,6). The symbols &, + and * identify the spectra as-
sociated with the three distinct monohydrate structures labelled in the
R2PI spectrum.


Figure 3. R2PI spectra of b-d-PhMan and its hydrated complexes recorded
in the singly, doubly and triply hydrated ion mass channels. The symbols
&, * and + shown above the vibrational bands in the n=1 mass channel
identify spectra associated with three distinct monohydrate structures,
while the symbol ~ identifies bands associated with the dihydrate.
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molecule inserted between OH4 (acting as a hydrogen-bond
donor) and OH6 (the acceptor). It is also very similar to the
corresponding spectrum of the singly hydrated a-anomer
shown in Figure 4a. The strongly displaced doublet at low
wavenumber, which is characteristic of an insertion com-
plex,[11–13,16] is associated with the symmetric and anti-sym-
metric modes involving OH4 and the bound water molecule
(W). Its structure requires a conformational switch of the
co-operative hydrogen-bonding network from counter-clock-
wise (ccG+g�) in the lowest energy conformer of the free
carbohydrate to clockwise (cG�g+) in the hydrate, OH2!
OH3!OH4!W!OH6. The switch is facilitated by the ro-
tated orientation of the exocyclic CH2OH group, the inser-
tion of the water molecule at the OH4–OH6 site, and the re-
versed OH2(ax)!OH3(eq) interaction. An identical confor-
mational change is also favoured in the monohydrates of the
b-anomers of glucose and galactose, b-d-PhGlc and b-d-
PhGal.[16] In the a-anomer of mannose, however, in which
the OH2(ax)···O1 distance is far greater (�3.9 cf. �2.2 Q)
and an OH2!O1 interaction is not possible, the clockwise
cG�g+ conformation is already favoured in the free carbo-
hydrate. Therefore this conformation, which corresponds to
the global minimum, is already set up to accommodate the
insertion of a first water molecule at the OH4–OH6 site.
Indeed it is the only monohydrate structure that is signifi-
cantly populated in a-d-PhMan.[11,16]


The more-weakly populated hydrates associated with the
IRID spectra (c) and (d) also contain “intruder bands” that
appear because of the difficulty in achieving a complete sep-
aration of individual conformers when their UV bands over-
lap or are congested. The “unfilled” stick diagram shown in
(d) corresponds to the IR spectrum computed for the inter-
mediate energy structure, cG�g+ ·ins ACHTUNGTRENNUNG(6,2) [1.2].


Comparisons between the experimental and computed vi-
brational spectra of the minor, more weakly populated mon-
ohydrate structures of b-d-PhMan (Figure 4c and d), al-
though complicated by the appearance of “intruder” bands,
predominantly support their association with the two coun-
ter-clockwise structures ccG+g�·ins ACHTUNGTRENNUNG(6,5) and ccG�t·ins ACHTUNGTRENNUNG(2,6).
The first assignment is favoured by the absence of any fea-
tures at wavenumbers below that of the intense band at
3510 cm�1, the appearance of the closely spaced cluster of
features located between around 3600 and 3650 cm�1, and
the “free” OHW band at �3720 cm�1. Assignment of the
other hydrate to the structure ccG�t·ins ACHTUNGTRENNUNG(2,6) is favoured by
two distinguishing “fingerprints”: the strongly displaced
bands at around 3350 and 3510 cm�1 and the widely spaced
quartet lying between around 3600 and 3730 cm�1. The
strong shift of s2 to around 3350 cm�1 reflects the asymmet-
ric disposition of the bound water molecule, which lies
closer to OH2 than O6 (OH2···OW=1.79 Q, OHW···O6=


1.89 Q). A possible contribution from a fourth hydrate
structure, cG�g+ ·ins ACHTUNGTRENNUNG(6,2), lying at a slightly lower energy is
also suggested by the correspondence between its computed
spectrum (unfilled bars) and some of the intruder bands.


The dihydrate : In marked contrast to the monohydrate, the
relative energy of the doubly hydrated complex, b-d-
PhMan· ACHTUNGTRENNUNG(H2O)2 was calculated to be approximately
15 kJmol�1 below that of its nearest neighbour. Not surpris-
ingly, its IRID spectrum is now free of “interfering” bands,
indicating the population of only one predominant structure
(Figure 5). All of its eight O�H vibrational bands are clearly


resolved and the experimental spectrum is in remarkably
good accord with that computed for the minimum energy
structure cG�g+ ·ins ACHTUNGTRENNUNG(4,6; 6,2). Like the most favoured
mono ACHTUNGTRENNUNGhydrate structure, it again incorporates the cG�g+


conformation, and the two water molecules, inserted sepa-
rately and not as a water dimer, are located on each side of
the hydroxymethyl group. The first water molecule occupies
the (4,6) site favoured in the monohydrate and the second
one bridges across the pyranose ring to the axial OH2 group
to create the extended “virtuous circle” of hydrogen bond-
ing, OH2!OH3!OH4!W1!OH6!W2!OH2. The
powerful role of co-operativity in determining the conforma-
tional choice can be gauged by the very large spectral shift
of s6 from around 3640 to around 3300 cm�1 and the fav-
oured population of a single structure. Its fragment ion
R2PI peaks, recorded in the singly hydrated ion mass chan-
nel, were more intense than those associated with parent
ions of the singly hydrated complexes (see Figure 3).


The trihydrate : When a third water molecule binds to b-d-
PhMan, the structure it adopts is a logical extension of the
structures assumed by the singly and doubly hydrated sugar.
The first water molecule continues to insert into the OH4–
OH6 site while the second and the third are inserted be-
tween OH6 and OH2, now as a water dimer, to conserve
the virtuous cycle of hydrogen bonds adopted in the dihy-
drate OH2!OH3!OH4!W1!OH!W2!W3!OH2
and retain the cG�g+ conformation of the hydrated mono-
saccharide. This structure has the lowest relative energy and
generates an IR spectrum in good accord with the experi-
mental spectrum shown in Figure 6a, particularly when the


Figure 5. Experimental and computed IRID spectrum of the dihydrate b-
d-PhMan· ACHTUNGTRENNUNG(H2O)n=2, cG�g+ ·ins ACHTUNGTRENNUNG(4,6; 6,2). The symbol ~ identifies the
spectrum associated with the dihydrate structure labelled in the R2PI
spectrum.
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falling IR laser power at wavenumbers <3300 cm�1 is taken
into account, and certainly in much better accord than those
associated with the next lowest energy alternatives, located
at energies around 5–6 kJmol�1 higher, also shown for com-
parison. The side-on view of the trihydrate, shown in Fig-
ure 6b provides a striking illustration of the amphiphilic
character of the carbohydrate. Its hydrophobic, apolar face
remains “untouched” and the water molecules are all locat-
ed exclusively on the hydrophilic, polar face.


a-l-PhFuc· ACHTUNGTRENNUNG(H2O)2 : The hydroxymethyl group clearly pro-
vides the favoured binding site in both the singly and multi-
ply hydrated complexes of b-d-PhMan; the same selectivity
also operates in the singly hydrated complexes of b-d-
PhGlc, b-d-PhGal and a-d-PhMan.[16] However, when the
hydroxymethyl is replaced by a methyl group or a hydrogen
atom with no change of relative configuration—for example,
in fucose rather than galactose, or in xylose rather than glu-


cose—the water molecule bound in the singly hydrated com-
plex shifts further round the pyranose ring, occupying the
(3,2) site in both a- and b-l-PhFuc,[13] the (3,2) or (4,3) sites
in a-d-PhXyl, and the (2,1) site in b-d-PhXyl,[17] whereas the
counter-clockwise hydrogen-bonding orientation in the host
carbohydrate is retained. This continues to be the case in
doubly hydrated a-l-PhFuc, but rather than binding the two
water molecules individually (on each side of the hy ACHTUNGTRENNUNGdroxy-
ACHTUNGTRENNUNGmethyl group) as in b-d-PhMan, in the absence of a hy-
ACHTUNGTRENNUNGdroxy ACHTUNGTRENNUNGmethyl group they now prefer to bind as a water
dimer, again inserting at the (3,2) site, to create the counter-
clockwise hydrogen-bonded chain OH4!OH3!W1!
W2!OH2. The computed structures and relative energies
of the two lowest energy structures of doubly hydrated
phenyl a-l-fucopyranoside are shown in Figure 7.


Monosaccharide hydration, the working rules : In Glc, Gal
and Man, the hydroxymethyl group always provides the pre-
ferred hydration site. Water binding also greatly enhances
the relative stability of the clockwise conformation (cG�g+


in the a- and b-anomers of glucose and in the b-anomers of
galactose and mannose), and although structures retaining
the original counter-clockwise ccG+g� carbohydrate confor-
mation can be populated, the singly hydrated cG�g+ struc-
ture either becomes one of the preferred conformations or
the preferred conformation (see Table 1). This selectivity
and conformational preference is displayed a fortiori in the
doubly and triply hydrated complexes of b-d-PhMan. In the
a-anomer of mannose, in which the axial orientation of
OH2 increases the OH2···O1 distance to around 3.9 Q (cf.
�2.2 Q in a-d-MeGlc, a-d-MeGal and b-d-PhMan or
�2.5 Q in b-d-PhGlc and b-d-PhGal), there is no longer any
possibility of a (counter-clockwise) OH2!O1 interaction.
The clockwise cG�g+ conformation (and binding site selec-
tivity) is adopted both in its singly hydrated complex, a-D-
PhMan (cG�g+ ·ins4,6), and in the isolated carbohydrate.[12]


Indeed, its hydration greatly reduces the relative stability of
the ccG+g� conformation (see Table 1).


The behaviour of the a-anomer of galactose appears at
first sight to be anomalous, since the hydrated complex of a-
d-MeGal prefers to retain its ccG+g� conformation, though,
like the hydrated b-anomer, the water molecule still inserts


Figure 6. a) Experimental and computed IRID spectra of the trihydrate
b-d-PhMan· ACHTUNGTRENNUNG(H2O)n=3, cG�g+ ·ins ACHTUNGTRENNUNG(4,6; ACHTUNGTRENNUNG(6,2:6,2)). Relative energies
[kJmol�1] are shown in square brackets. b) A side-on view of the trihy-
drate, revealing the contrast between the non-hydrated (apolar) and hy-
drated (polar) faces of the carbohydrate.


Figure 7. The computed (MP2/6-311++G**//B3LYP/6-311+G*) lowest
energy structures of the dihydrate a-Ph-l-Fuc ACHTUNGTRENNUNG(H2O)2; their relative ener-
gies in kJmol�1 are shown in square brackets. Each one binds a water
dimer at the (3,2) site; there is also a structure at an intermediate energy
that differs only in the orientation of the phenyl “tag”. The l enantiomer
was selected because of its natural occurrence (cf. the d enantiomers of
Glc, Gal and Man).
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at the (6,5) site. The explanation lies in the axial orientation
of OH4, which enhances the OH4(ax)!OH3(eq) interac-
tion. This, together with the enhanced OH2(eq)!O1(ax) in-
teraction in the a-anomer, favours retention of the “cc”
chain, OH4!OH3!OH2!O1. In addition, retention of
the G+g� orientation favours the ins ACHTUNGTRENNUNG(6,5) water binding
motif OH6!W!O5. In contrast, in a-d-MeGlc, in which
OH4 is oriented equatorially, the conformational switch
from ccG+g� to cG�g+ , which removes the OH2!O1 in-
teraction, is compensated by the insertion at the (4,6) site to
create the alternative strongly bound motif OH2!OH3!
OH4!W!O6.


The full set of preferred Glc, Gal and Man monohydrate
structures is displayed in Figure 8. It includes those identi-


fied experimentally through a combination of vibrational
spectroscopy coupled with DFT and ab initio calculations
(b-d-PhGlc, b-d-PhGal and a/b-d-PhMan) and those pre-
dicted theoretically (a-d-MeGlc and a-d-MeGal). A clear
pattern of selectivity and conformational preference is re-
vealed. When the OH4 group is oriented equatorially, as in
Glc and Man, the cG�g+ conformation creates an optimised
structure for reception of the bound water molecule at the
(4,6) hydroxymethyl site—the weakest link in the original
ccG+g� configuration—to maximise the co-operative hydro-
gen bonding. When the OH4 group is oriented axially, as in
Gal, this is achieved by insertion of the water molecule at
the (6,5) site.


These working rules continue
to operate in multiply hydrated
b-d-PhMan. In the dihydrate
the second molecule binds on
the opposite side of the hy-
ACHTUNGTRENNUNGdroxy ACHTUNGTRENNUNGmethyl group, at the (6,2)
site, and in the trihydrate the
(6,2) site is occupied by a water
dimer.


Carbohydrate–protein binding :
Given the propensity rules gen-
erated by optimisation of hy-
drogen-bonding networks in hy-


drated carbohydrate complexes, it is not unreasonable to an-
ticipate the possible operation of similar rules in hydrogen-
bonded protein–carbohydrate complexes. Indeed, an initial
survey of published X-ray crystal structures of simple mono-
saccharide a-d-mannoside ligands[16] identified the O4–O6
binding site as a favoured, though not exclusive recognition
point. The hydroxymethyl group also acts as a focal point in
many other monosaccharide ligands, which bind to the pro-
tein at their O4–O6 or O6–O5 sites. Examples include: a-d-
MeGlc bound at O6–O5 to Concanavalin A,[22] pea lectin,[23]


Lathyrus Ochrus isolectin I,[24] Pterocarpus angolensis
lectin[25] and to Jacalin;[26] a-d-MeGal bound at O6–O4 to
Jacalin,[26] Artocarpus hirsuta[27] and to Jacalin;[28] and b-d-
MeGal bound at O6–O5 to C-type animal lectins,[29] and
peanut lectin.[30] When explicitly bound water molecules are
conserved in protein–carbohydrate complexes, it may be be-
cause their presence maintains a favoured ligand conforma-
tion as well as providing a stronger overall protein–carbohy-
drate interaction.[31] When there are no conserved water
molecules, the interaction between the protein and the
ligand and between the displaced and surrounding water
molecules will be the deciding factor. Finally, the clear dis-
tinction between the hydrophilic and hydrophobic faces dis-
played in the multiply hydrated carbohydrate b-d-PhMan·
(H2O)3 raises interesting issues relating to molecular recog-
nition. The hydrophobic face is “ready” for stacking interac-
tions with aromatic residues[32,33] but the hydrophilic face is
covered by water molecules with a structure directed by the
conformation of the underlying carbohydrate, which may
itself be altered by hydration. Which structure will the pro-
tein recognize?


Conclusion


The factors that govern selectivity and conformational
choice in hydrated carbohydrates have been examined by
determining the structures of a systematically varied set of
singly and multiply hydrated monosaccharide complexes in
the gas phase by using ultraviolet and infrared ion depletion
spectroscopy conducted in a supersonic jet expansion and
coupled with DFT and ab initio calculations. New results ob-
tained for the singly hydrated complexes of phenyl b-d-man-


Table 1. Calculated relative energies (DE(0) in kJmol�1) of the lowest lying cG�g+ and ccG+g� conformers
of unhydrated (W0) and singly hydrated (W1) complexes of the a- and b-anomers of glucose, galactose and
mannose; energies determined through single-point calculations conducted at the MP2/6-311++G** level,
based upon DFT structures (B3LYP/6-31+G* and B3LYP/6-311+G*). Numbers in brackets indicate their rela-
tive energy ordering.


a-MeGlc a-MeGal a-PhMan
W0 W1 W0 W1 W0 W1


cG�g+ >10 0.0 (1) ins4,6 7.1 (4) 6.9 (15) ins4,6 0.0 (1) 0.0 (1) ins4,6
ccG+g� 0.4 (2) 3.9 (3) ins3,2 0.0 (1) 0.0 (1) ins6,5 5.7 (5) >19 ins2,1


b-PhGlc b-PhGal b-PhMan
W0 W1 W0 W1 W0 W1


cG�g+ 9.7 (4) 0.0 (1) ins4,6 6.6 (4) 0.3 (2) ins6,5 12.0 (13) 0.0 (1) ins4,6
ccG+g� 0.0 (1) 0.9 (2) ins6,5 0.0 (1) 0.0 (1) ins6,5 0.0 (1) 0.1 (2) ins6,5


Figure 8. The preferred structures of the singly hydrated complexes of a-
and b-anomers of Glc, Gal and Man.
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nopyranoside (b-d-PhMan), methyl a-d-gluco- and a-d-gal-
actopyranoside (a-d-MeGlc and a-d-MeGal), when coupled
with those reported earlier for the singly hydrated com-
plexes of a-d-PhMan, b-d-PhGlc and b-d-PhGal, have creat-
ed a comprehensive data set that reveals a systematic pat-
tern of conformational preference and regioselectivity,
driven by the provision of optimal, co-operative hydrogen-
bonded networks in the hydrated sugars. In addition, despite
the very large number of potential structures and binding
sites, the choice is highly selective with binding invariably
“focused” around the hydroxymethyl group. A survey of
some of the structures listed in the protein databank sug-
gests the possible operation of similar rules governing the
structures of hydrogen-bonded protein–carbohydrate com-
plexes.


Similar rules also continue to operate in the multiply hy-
drated carbohydrate b-d-PhMan· ACHTUNGTRENNUNG(H2O)2,3, in which the
bound water molecules form a cyclic structure that incorpo-
rates the hydroxymethyl group. They are located exclusively
on the polar face and their orientation is dictated by the
(perturbed) conformation of the carbohydrate to which they
are attached.


Experimental Section


Spectroscopy : Detailed descriptions of the experimental strategy have
been published previously.[13] The carbohydrate samples were vaporised
into a supersonic jet argon expansion using a laser desorption system
constructed in-house, and their hydrated complexes were formed by
seeding the argon carrier gas with water vapour (�0.25%) and then sta-
bilised in the high collision frequency region of the free jet expansion.
The expanding jet passed through a 2 mm skimmer to form a collimated
molecular beam which was crossed by one or two tunable laser beams in
the extraction region of a linear time-of-flight mass spectrometer
(Jordan). Mass-selected resonant two-photon ionization (R2PI) spectra
were recorded using the frequency-doubled output of a pulsed Nd:YAG-
pumped dye laser (Spectron 810/LambdaPhysik FL2002, 0.5 mJpulse�1


UV for the monosaccharides and Continuum Powerlite II/Sirah PS-G,
3 mJpulse�1 UV for their hydrated complexes, both operating at 10 Hz).
Conformer-specific UV and IR spectra were recorded by employing UV–
UV and IR ion-depletion (IRID) double-resonance spectroscopy. The
UV–UV experiments utilised the frequency-doubled output of the pulsed
Nd:YAG pumped dye lasers described above. The IR spectroscopy ex-
periments employed radiation in the range 3100–3800 cm�1, generated by
difference frequency mixing of the fundamental of a Nd:YAG laser with
the output of a dye laser in a LiNbO3 crystal (Continuum Powerlite 8010/
ND6000/IRP module) or by a tunable OPO/OPA laser system (LaserVi-
sion); all laser pulses were of an approximately 10 ns duration. The delay
between the pump and the probe laser pulses was approximately 150 ns
in both the IR ion-depletion and UV hole-burning experiments, whereas
the delay time between opening the pulsed valve and triggering the UV
laser was adjusted to optimise the generation of either “naked” or hy-
drated molecules in the supersonic expansion.


Computation : Conformational and structural assignments were made
through comparison with calculation by using a combination of molecular
mechanics, ab initio and density functional theory (DFT) methods as im-
plemented in the MacroModel software (MacroModel v.8.5, Schrçdinger,
LLC21),[34] and the Gaussian 03 program package.[35] Initial structures
were generated by a molecular mechanics conformational search using
the Monte Carlo multiple minimisation method. A much-reduced set of
conformational or hydrated complex structures was selected for DFT ge-
ometry optimisation (B3LYP/6-31+G* for the naked and B3LYP/6-


311+G* for the hydrated systems) based upon their relative energies
(with a cut-off at �15 kJmol�1) and comparisons with previous investiga-
tions of carbohydrate structures. More accurate energies were then calcu-
lated for these optimised structures at the MP2/6-311++G** level of
theory. Zero-point corrections and harmonic vibrational frequencies for
the energetically lowest lying conformers were obtained using the B3LYP
structures; the frequencies computed for the O–H stretch modes (ex-
pressed in wavenumbers) were scaled by the factor 0.9734 for compari-
son with the experimental spectra. The full list of energies and structures
for the lowest energy conformers is given as Supporting Information.


Notation : The nomenclature of the hydrated and unhydrated monosac-
charide conformations has been described previously.[13] The designations,
ccG+g�, cTt, and so forth, indicate the conformation of the carbohy-
drate: briefly, “cc” (“c”) indicates a counter-clockwise (clockwise) orien-
tation of the peripheral OH groups, OH4!OH3!OH2!O1 (O1!
OH2!OH3!OH4), and G+g� (Tt) indicates the gauche (trans) orienta-
tion of the exocyclic hydroxymethyl group and its terminal OH6 group,
respectively. In the case of the hydrated structures the insertion position
of the water molecule is indicated by adding “ins ACHTUNGTRENNUNG(position)” to the no-
menclature of the bare molecule, for example, ins ACHTUNGTRENNUNG(4,6) indicates a water
molecule inserted between OH4 (acting as a hydrogen-bond donor) and
OH6 (the acceptor).
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Introduction


The secalonic acids (1), complex polyketides originally iso-
lated from the fungus Claviceps purpurea,[1] contain the tet-
rahydroxanthenone moiety as the basic structural motif.[2]


These compounds exhibit a widespread biological activity
that includes antibacterial, cytostatic and anti-HIV proper-
ties.[3–5] So far, seven homo- and heterodimeric members of
this substance class are known, each possessing a 2,2’-biaryl
linkage, although with different configurations at the stereo-
genic centres.[6,7] Structurally related monomeric species are
the fungal metabolites b-diversonolic ester (2) and diverso-
nol (3) from Penicillium diversum.[8,9]


Despite their interesting profile, only recently synthetic
efforts towards functionalised tetrahydroxanthenones and
their derivatives have been made.[10,11]


Herein, we report the stereoselective synthesis of 4-dehy-
droxydiversonol (4) by applying a novel strategy towards
enantiopure tetrahydroxanthenones that includes a domino
Wacker–Heck or a domino Wacker-carbonylation reaction
as the key step.[12] These enantioselective palladium-cata-
lysed transformations were developed recently in our labo-
ratory for the synthesis of chromans, dioxins and oxazines
and have proven their efficiency in the total synthesis of


Abstract: The stereoselective synthesis
of 4-dehydroxydiversonol (4) employ-
ing enantioselective palladium-cata-
lysed domino processes such as the
domino Wacker–Heck and the domino
Wacker-carbonylation reaction for the
formation of the central chroman
moiety is described. Thus, reaction of 8
with palladium(II) trifluoroacetate
[Pd ACHTUNGTRENNUNG(OTFA)2] in the presence of carbon


monoxide, methanol and the 2,2’-
bis(oxazolin-2-yl)-1,1�-binaphthyl
(BOXAX) ligand 17 led to 19 in 80 %
yield and 96 % ee. Similarly, the chro-


man 7 was prepared using 8 and
methyl acrylate (9) as starting material.
Hydrogenation of the double bond, ox-
idation of the benzylic methylene
group and intramolecular acylation of
chromanone 6 provided the tetrahy-
droxanthenone core 5, from which the
synthesis of 4 was completed. The rela-
tive configuration of 4 could be estab-
lished by crystal structure analysis.
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enantiopure a-tocopherol.[13,14] Our approach allows the syn-
thesis of both enantiomers of 4 by using either the BOXAX
ligand 17 or ent-17. Notably, the determination of the abso-
lute configuration of diversonol (3) is questionable, though
generally it is depicted as ent-3. Our attempts to reisolate di-
versonol for structure determination have so far failed.


Results and Discussion


The retrosynthetic analysis of 4 (Scheme 1) leads to the tet-
rahydroxanthenone core 5. This is further disconnected con-


sidering an intramolecular acylation at the a position of the
keto functionality of chromanone 6, which in turn can be
traced back to chroman 7. For the direct synthesis of 7 with
selective formation of the stereogenic tertiary ether moiety
we envisaged an enantioselective domino Wacker–Heck re-
action of alkenyl phenol 8 and methyl acrylate (9). As a
second approach, an enantioselective domino Wacker-car-
bonylation reaction of 8 to give the chroman 19 was taken
into account. Compound 8 should be easily accessible from
orcinol (10).


Alkenyl phenol 8 was synthesised from orcinol (10)
through a six-step sequence (Scheme 2). First, 10 was methy-
lated to give the corresponding dimethyl ether 11,[15] which
was subjected to ortho-lithiation and subsequent formylation
with DMF to yield aldehyde 12.[16] For the synthesis of the
a,b-unsaturated ketone 13 initially a Wittig olefination of 12
with phosphorane 16 was employed. Despite the high yield
of this transformation, aldol condensation of 12 with ace-
tone is more appropriate for the formation of 13 due to a
better atom economy. After hydrogenation, the obtained sa-
turated ketone 14 was converted into alkene 15 by employ-
ing a Lombardo methylenation.[17] Finally, selective cleavage
of one methyl ether group using sodium ethane thiolate in


DMF gave access to the desired alkenyl phenol 8 with an
overall yield of 48 % based on 10.


The domino Wacker–Heck reaction of 8 and methyl acry-
late (9) in the presence of catalytic amounts of palladium(II)


trifluoroacetate [Pd ACHTUNGTRENNUNG(OTFA)2], the chiral ligand (S,S)-Bn-
BOXAX (17)[18] and p-benzoquinone (18) as oxidant for the
reoxidation of the intermediately formed Pd0 provided the
substituted chroman 7 with 88 % ee in 55 % yield, after a
rather long reaction time of seven days (Scheme 3).


Notably, a solvent screening revealed that only CH2Cl2


and 1,2-dichloroethane (DCE) were suitable for this trans-
formation providing reasonable good yield and enantioselec-
tivity. Thus, in benzene only 73 % ee was obtained, whereas
in polar solvents (DMF, DMSO, dioxane, and methanol) no
formation of 7 was observed. Moreover, attempts to in-
crease the reaction rate by performing the domino process
at elevated temperature resulted in a significant reduction
of enantioselectivity, though slightly higher yields could be
obtained. We therefore developed an alternative approach
to key intermediate 7 involving an enantioselective domino


Scheme 1. Retrosynthetic analysis of 4-dehydroxydiversonol (4).


Scheme 2. Synthesis of alkenyl phenol 8 : a) Me2SO4, K2CO3, acetone,
reflux, 24 h, 94 %; b) nBuLi, TMEDA, Et2O, 0 8C!reflux, 3 h, then
DMF, 0 8C!RT, 2 h, 87%; c) Ph3PCHC(O)CH3 (16), toluene, reflux,
22 h, 98 %; or acetone, NaOH(aq), 0 8C!RT, 3 h, 84%; d) H2, Pd/C,
EtOAc, RT, 3 h, 92 %; e) Zn, CH2Br2, TiCl4, THF, 0 8C!RT, 1 h, 82 %;
f) NaSEt, DMF, 120 8C, 20 h, 92%.


Scheme 3. Synthesis of chroman 7: 10 mol % [PdACHTUNGTRENNUNG(OTFA)2], 40 mol %
(S,S)-Bn-BOXAX (17), p-benzoquinone (18), 1,2-dichloroethane (DCE),
RT, 7 d, 55%, 88% ee.
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Wacker-carbonylation reaction (Scheme 4). For this purpose,
8 was reacted under an atmosphere of carbon monoxide in
the presence of methanol to furnish ester 19 with 96 % ee


and 80 % yield in only 15 h at room temperature. Moreover,
the required catalyst loading could be significantly reduced
obtaining satisfactory results with 3 mol % [Pd ACHTUNGTRENNUNG(OTFA)2] and
12 mol % of the BOXAX ligand 17. Chain elongation of 19
giving access to the desired 7 was accomplished in two steps
by diisobutylaluminium hydride (DIBAL-H) reduction and
Wittig–Horner reaction of the obtained aldehyde 20 with tri-
methyl phosphonoacetate (21).


For the determination of the absolute configuration of 19
the compound was converted into the known vinyl chroman
24 to allow a comparison of the optical rotation (Scheme 5).
Reduction of ester 19 yielded the corresponding alcohol 22,
which was transformed into 24 through selenoether forma-
tion using 23, oxidation and elimination. The spectroscopic
properties of 24 were in full agreement with the reference
values published for the R enantiomer, except for the oppo-
site sign of the optical rotation (24 : [a]20


D =�52.7 (c= 1.5 in
CHCl3), R enantiomer: [a]20


D =++ 54.0 (c= 2.18 in CHCl3)).[16]


Hence, the S configuration can unambiguously be assigned
to the stereogenic centre C-2 of the chroman moiety in 7
and 19.


Prior to the formation of the tetrahydroxanthenone core
5 by intramolecular acylation, reduction of the double bond
in 7 and oxidation of the chroman moiety to the correspond-
ing chromanone 6 were required (Scheme 6). For this pur-
pose, we tried to develop an efficient protocol for the direct
conversion of the benzylic methylene unit into a carbonyl
group. Several procedures failed in the benzylic oxidation,
however, by treatment of 25 with excess tert-butylhydroper-
oxide in the presence of catalytic amounts of dirhodium-tet-
rakiscaprolactamate (26) and NaHCO3, the desired chroma-
none 6 could finally be obtained in 63 % yield.[19] Further-
more, an alternative procedure employing [MnACHTUNGTRENNUNG(OAc)3] as
catalyst led to 6 in even 71 % yield.[20] Intramolecular acyla-
tion at the a position of the keto functionality by the ester
moiety in 6 in the presence of TiCl4 and NEt3 gave the tetra-
hydroxanthenone 5 in 63 % yield. In contrast, cyclisation
under basic conditions using potassium hexamethyldisilazide
(KHMDS), lithium diisopropylamide (LDA) or lithium hex-
amethyldisilazide (LHMDS) resulted in lower yields due to
partial cleavage of the chroman ring.


With the tricyclic framework 5 in hand, completion of the
synthesis of 4 required the diastereoselective introduction of
the 9a-hydroxy group, reduction of the unconjugated car-
bonyl moiety and cleavage of the methyl ether (Scheme 7).
For this purpose, enol 5 was oxidised using dimethyl dioxir-
ane (DMDO) in acetone to afford trans-a-hydroxy diketone
27 in 74 % yield as a single diastereomer; DMDO was supe-
rior to described procedures using meta-chloroperbenzoic
acid (mCPBA) or magnesium monoperoxyphthalate.[10b] Re-
duction of 27 with NaBH4 at �78 8C gave, exclusively, trans-
diol 28. Finally, deprotection employing BBr3 proceeded
smoothly and furnished 4-dehydroxydiversonol (4) in 85 %
yield without epimerisation at the sensitive C-4a position.


The relative configuration of 4 was determined by crystal-
structure analysis and revealed the axial orientation of the
C-ring substituents (Figure 1).[21] Thus, we assume that the
high trans-selectivity for the oxidation of 5 can be explained
by shielding of the a face by the angular methyl group,
whereas pre-complexation of NaBH4 by the tertiary hydroxy


Scheme 4. Alternative synthesis of 7: a) 3 mol % [Pd ACHTUNGTRENNUNG(OTFA)2], 12 mol %
(S,S)-Bn-BOXAX (17), p-benzoquinone (18), CO (1 atm), MeOH, RT,
15 h, 80%, 96% ee ; b) DIBAL-H, toluene, �78 8C, 20 min, 86 %;
c) (MeO)2P(O)CH2CO2Me (21), NaH, THF, 0 8C!RT, 20 min, 97%, E/Z
6:1.


Scheme 5. Determination of the absolute configuration: a) LiAlH4, Et2O,
0 8C!RT, 2 h, 98%; b) 23, PnBu3, THF, RT, 1 h; c) mCPBA, CH2Cl2,
�40 8C, 1 h, then iPr2NH, �40 8C!RT, 88 % over two steps.


Scheme 6. Synthesis of tetrahydroxanthenone 5 : a) H2, Pd/C, EtOAc, RT,
6 h, 98%; b) 1 mol % 26, tBuOOH, NaHCO3, DCE, 40 8C, 14 h, 63 %; or
20 mol % [Mn ACHTUNGTRENNUNG(OAc)3], tBuOOH, molecular sieves 3 �, EtOAc, RT, 3 d,
71%; c) TiCl4, NEt3, CH2Cl2, 0 8C, 15 min, 63 %.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8956 – 89638958


L. F. Tietze et al.



www.chemeurj.org





group favours hydride attack from the b face in the reduc-
tion of 27.


To date, we have not been able to introduce the 4-hy-
droxy group of diversonol (3) by oxidation of an enolate de-
rived from ester 19 or allylic oxidation of 7. Therefore, cur-
rent research in our laboratory is focusing on the extension
of the scope of the domino reactions to appropriate precur-
sors allowing for an early-stage introduction of this function-
ality.


Conclusion


We have developed a novel strategy for the enantioselective
synthesis of the tetrahydroxanthenone core as found in seca-
lonic acids, diversonolic esters and diversonol. We have de-
scribed the synthesis of 4-dehydroxydiversonol (4). Key
steps involve enantioselective palladium-catalysed domino
reactions for the formation of chromans, benzylic oxidation
of the chroman moiety and intramolecular acylation of the
obtained chromanone. Diastereoselective functionalisation
of the tricyclic framework completes the synthesis of 4.


Experimental Section


General : Air- and moisture-sensitive reactions were carried out under
argon in flame-dried glassware. Solvents were dried and distilled prior to
use by means of standard laboratory methods. All reagents obtained
from commercial sources were used without further purification. Thin
layer chromatography (TLC) was performed on precoated silica-gel SIL
G/UV254 plates (Macherey–Nagel), and silica gel 60A (0.037–0.070 mm,
Acros) was used for column chromatography. Phosphomolybdic acid dis-
solved in MeOH (PMA) or vanillin dissolved in methanolic sulfuric acid
(VSS) were used as staining agents for TLC analysis. UV/Vis spectra
were recorded on a Perkin–Elmer Lambda 2 spectrometer. IR spectra
were recorded as KBr pellets or as films between NaCl plates on a
Bruker Vector 22 instrument. 1H and 13C NMR spectra were recorded in
deuterated solvents with Mercury-200, VXR-200, Unity-300, Inova-500,
Unity-600 (Varian) or AMX-300 (Bruker) spectrometers using TMS or
the indicated solvent as internal standard. Multiplicities of 13C NMR
peaks were determined with the attached proton test (APT) pulse se-
quence. Mass spectra were recorded on a Finnigan MAT 95, TSQ 7000 or
LCQ instrument. High resolution mass spectrometry was performed
using a Bruker APEX IV spectrometer equipped with a Bruker Apollo
source and a Cole–Parmer syringe pump (74900 series).


1,3-Dimethoxy-5-methyl-benzene (11): Dimethyl sulfate (54.0 mL, 72.4 g,
575 mmol) was added dropwise to a mixture of orcinol monohydrate (10)
(35.5 g, 250 mmol) and anhydrous K2CO3 (70.0 g, 507 mmol) in acetone
(500 mL) at RT. The resulting mixture was heated at reflux for 24 h
before being treated with concd aq NH3 solution (25 mL) and heated for
further 15 min. After cooling to RT the mixture was filtered and the fil-
trate was concentrated in vacuo. The residue was dissolved in water
(400 mL) and Et2O (100 mL), the layers were separated and the aqueous
layer was extracted with Et2O (2 � 100 mL). The combined organic layers
were washed with water (100 mL), 3m aq NaOH solution (2 � 100 mL)
and sat. aq NaCl solution (100 mL), and dried (MgSO4). After evapora-
tion of the solvent in vacuo and distillation in vacuo orcinol dimethyl
ether (11) was obtained as a colourless liquid (35.8 g, 235 mmol, 94%).
Rf = 0.56 (n-pentane/EtOAc 9:1); b.p. 110–112 8C (20 mbar); 1H NMR
(300 MHz, CDCl3): d=2.32 (s, 3 H; Ar-CH3), 3.78 (s, 6 H; 2OCH3), 6.30
(m, 1 H; 2-H), 6.35 ppm (m, 2 H; 4-H, 6-H); 13C NMR (75 MHz, CDCl3):
d=21.8 (Ar-CH3), 55.2 (OCH3), 97.5 (C-2), 107.1 (C-4, C-6), 140.2 (C-5),
160.7 ppm (C-1, C-3); IR (film): ñ =3059, 2955, 2838, 1597, 1461, 1321,
1295, 1205, 1151, 1070, 921, 828, 686 cm�1; UV/Vis (CH3CN): lmax


(log e)=204.0 (4.645), 273.0 (3.181), 279.5 nm (3.182); MS (70 eV, EI):
m/z (%): 152.2 (100) [M+], 123.1 (37) [M+�2CH3+H]; HRMS (EI):
m/z : calcd for C9H12O2: 152.0837; found: 152.0841.


2,6-Dimethoxy-4-methyl-benzaldehyde (12): n-Butyllithium (32.4 mL of a
2.5m solution in hexanes, 81.0 mmol) was added dropwise to a solution of
orcinol dimethyl ether (11) (10.3 g, 67.4 mmol) and N,N,N’,N’-tetrameth-
yl-1,2-ethane (TMEDA) (20.4 mL, 15.7 g, 135 mmol) in Et2O (100 mL) at
0 8C. The resulting mixture was heated at reflux for 3 h before being
cooled to 0 8C and treated dropwise with DMF (19.0 mL, 203 mmol). Stir-
ring was continued at RT for further 2 h and the reaction was quenched
with water (300 mL). After separation of the organic layer the aqueous
layer was extracted with EtOAc (2 � 100 mL). The combined organic
layers were dried (Na2SO4) and concentrated in vacuo. Column chroma-
tography on silica gel (n-pentane/EtOAc 7:3) provided aldehyde 12 as a
pale-yellow solid (10.6 g, 58.8 mmol, 87 %). Rf =0.28 (n-pentane/EtOAc
7:3); 1H NMR (300 MHz, CDCl3): d =2.32 (s, 3 H; Ar-CH3), 3.82 (s, 6 H;
2OCH3), 6.34 (s, 2H; 2 Ar-H), 10.39 ppm (s, 1H; CHO); 13C NMR
(75 MHz, CDCl3): d=22.6 (Ar-CH3), 55.7 (OCH3), 104.6 (C-1), 111.9 (C-
3, C-5), 147.7 (C-4), 162.2 (C-2, C-6), 189.0 ppm (CHO); IR (KBr): ñ=


3026, 2974, 2787, 1668, 1611, 1241, 1124, 814, 575 cm�1; UV/Vis
(CH3CN): lmax (log e) =192.0 (4.375), 219.0 (4.274), 273.5 (4.125),
319.0 nm (3.587); MS (70 eV, EI): m/z (%): 180.2 (100) [M+], 165.2 (11)
[M+�CH3]; HRMS (EI): m/z : calcd for C10H12O3: 180.0786; found:
180.0779.


4-(2,6-Dimethoxy-4-methyl-phenyl)-but-3-en-2-one (13): A solution of al-
dehyde 12 (10.0 g, 55.5 mmol) in acetone (80 mL) was treated dropwise
with 1 m aq NaOH solution (35 mL) at 0 8C. The resulting mixture was


Scheme 7. Synthesis of 4-dehydroxydiversonol (4): a) DMDO, acetone,
0 8C, 1.5 h, 74%; b) NaBH4, MeOH/CH2Cl2, �78 8C, 20 min, 71 %;
c) BBr3, CH2Cl2, �78!0 8C, 30 min, 85%.


Figure 1. X-ray structure plot of 4-dehydroxydiversonol (4). The methyl
group at C6 is disordered.
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stirred at RT for 3 h before being cooled to 0 8C and treated dropwise
with 1 m aq HCl solution (40 mL). Water (300 mL) was added and the
mixture was extracted with EtOAc (3 � 100 mL). The combined extracts
were dried (Na2SO4) and concentrated in vacuo. After column chroma-
tography on silica gel (n-pentane/EtOAc 7:3) unsaturated ketone 13 was
obtained as a colourless solid (10.3 g, 46.8 mmol, 84 %). Rf =0.34 (n-pen-
tane/EtOAc 7:3); 1H NMR (300 MHz, CDCl3): d=2.36 (s, 6H; 1’-H3, Ar-
CH3), 3.86 (s, 6H; 2 OCH3), 6.38 (s, 2 H; 2 Ar-H), 7.12 (d, J =16.7 Hz,
1H; 3’-H), 7.96 ppm (d, J =16.7 Hz, 1H; 4’-H); 13C NMR (75 MHz,
CDCl3): d=22.5 (Ar-CH3), 26.9 (C-1’), 55.7 (OCH3), 104.6 (C-1), 109.4
(C-3, C-5), 129.2 (C-3’), 135.0 (C-4’), 143.6 (C-4), 159.9 (C-2, C-6),
200.6 ppm (C-2’); IR (KBr): ñ=3052, 3006, 2975, 2945, 2845, 1677, 1567,
1250, 1116, 994, 823, 549 cm�1; UV/Vis (CH3CN): lmax (log e) =201.0
(4.384), 233.5 (3.940), 314.5 nm (4.367); MS (70 eV, EI): m/z (%): 220.1
(15) [M+], 205.1 (21) [M+�CH3], 189.1 (100) [M+�2CH3�H]; HRMS
(EI): m/z : calcd for [C13H16O3+H+]: 221.1172; found: 221.1173.


4-(2,6-Dimethoxy-4-methyl-phenyl)-butan-2-one (14): A solution of the
unsaturated ketone 13 (9.75 g, 44.5 mmol) in EtOAc (250 mL) was treat-
ed with Pd/C (1.45 g, 10 % Pd, 1.34 mmol) at RT. Hydrogen was passed
through the resulting mixture for 30 min before being stirred under a hy-
drogen atmosphere for further 2.5 h (TLC monitoring). The catalyst was
removed by filtration over Celite (washing with CH2Cl2) and the solvent
was evaporated in vacuo. Column chromatography (n-pentane/EtOAc
3:1) on silica gel yielded saturated ketone 14 as a colourless solid (9.10 g
41.0 mmol, 92%). Rf =0.35 (n-pentane/EtOAc 3:1); 1H NMR (300 MHz,
CDCl3): d=2.15 (s, 3H; 1’-H3), 2.34 (s, 3H; Ar-CH3), 2.57–2.63 (m, 2H;
3’-H2), 2.83–2.93 (m, 2 H; 4’-H2), 3.78 (s, 6H; 2OCH3), 6.36 ppm (s, 2H;
2Ar-H); 13C NMR (75 MHz, CDCl3): d =17.5 (C-4’), 21.9 (Ar-CH3), 29.5
(C-1’), 43.3 (C-3’), 55.4 (OCH3), 104.4 (C-3, C-5), 113.9 (C-1), 137.1 (C-
4), 157.8 (C-2, C-6), 209.6 ppm (C-2’); IR (KBr): ñ= 3064, 2994, 2938,
2838, 1704, 1589, 1466, 1246, 1127, 968, 814, 579 cm�1; UV/Vis (CH3CN):
lmax (log e)= 206.5 (4.650), 271.0 (2.924), 278.5 nm (2.880); MS (ESI):
m/z (%): 245.1 (100) [M+Na+], 223.1 (27) [M+H+]; HRMS (EI): m/z :
calcd for [C13H18O3+Na+]: 245.1148; found: 245.1148.


1,3-Dimethoxy-5-methyl-2-(3-methyl-but-3-enyl)-benzene (15): A slurry
of zinc powder (13.2 g, 202 mmol) and CH2Br2 (5.36 mL, 11.7 g,
67.5 mmol) in THF (220 mL) was treated dropwise with TiCl4 (5.46 mL,
9.35 g, 49.5 mmol) at 0 8C and the resulting mixture was stirred at 0 8C for
15 min. Subsequently, a solution of ketone 14 (10.0 g, 45.0 mmol) in THF
(50 mL) was added dropwise at 0 8C and stirring was continued at RT for
further 45 min. The solids were removed by filtration over Celite (wash-
ing with Et2O) and the filtrate was washed with 1m aq HCl solution
(500 mL) and sat. aq NaCl solution (500 mL). After drying (Na2SO4),
concentration in vacuo and column chromatography on silica gel (n-pen-
tane/Et2O 97:3) alkene 15 was obtained as a colourless oil (8.13 g,
36.9 mmol, 82 %). Rf =0.47 (n-pentane/Et2O 97:3); 1H NMR (300 MHz,
CDCl3): d= 1.79 (s, 3H; 3’-CH3), 2.09–2.19 (m, 2H; 2’-H2), 2.33 (s, 3 H;
Ar-CH3), 2.70–2.79 (m, 2 H; 1’-H2), 3.79 (s, 6H; 2OCH3), 4.70 (d, J=


1.0 Hz, 2 H; 24’-H), 6.36 ppm (s, 2 H; 2Ar-H); 13C NMR (50 MHz,
CDCl3): d= 21.2 (C-1’), 21.8 (Ar-CH3), 22.4 (3’-CH3), 37.2 (C-2’), 55.5
(OCH3), 104.6 (C-3, C-5), 109.1 (C-4’), 115.9 (C-1), 136.7 (C-4), 147.0 (C-
3’), 158.2 ppm (C-2, C-6); IR (film): ñ=3072, 2937, 2835, 1588, 1464,
1314, 1241, 1123, 970, 884, 813 cm�1; UV/Vis (CH3CN): lmax (log e)=


207.0 (4.682), 271.0 nm (2.924); MS (70 eV, EI): m/z (%): 220.3 (13) [M+],
165.2 (100) [M+�C4H7]; EI-HRMS: m/z : calcd for C14H20O2: 220.1463;
found: 220.1469.


3-Methoxy-5-methyl-2-(3-methyl-but-3-enyl)-phenol (8): A solution of 15
(5.00 g, 22.7 mmol) in DMF (35 mL) was treated with NaSEt (4.23 g,
technical grade (90 % (w/w)), 45.4 mmol) and stirred at 120 8C for 20 h.
After cooling to RT the mixture was poured into water (200 mL) and ex-
tracted with Et2O (3 � 100 mL). The combined organic layers were
washed with water (2 � 100 mL) and sat. aq NaCl solution (100 mL) and
dried (Na2SO4). After evaporation of the solvent in vacuo and column
chromatography on silica gel (n-pentane/Et2O 97:3!93:7) phenol 8 was
obtained as a pale-yellow oil that solidified upon storage at �30 8C
(4.31 g, 20.9 mmol, 92 %). Rf =0.34 (n-pentane/Et2O 95:5); 1H NMR
(300 MHz, CDCl3): d =1.82 (s, 3H; 3’-CH3), 2.17–2.27 (m, 2H; 2’-H2),
2.29 (s, 3 H; Ar-CH3), 2.73–2.82 (m, 2 H; 1’-H2), 3.82 (s, 3H; OCH3), 4.78


(m, 2H; 4’-H2), 4.93 (s, 1H; OH), 6.29 (s, 1H; Ar-H), 6.34 ppm (s, 1 H;
Ar-H); 13C NMR (75 MHz, CDCl3): d= 21.5 (Ar-CH3), 21.7 (C-1’), 22.7
(3’-CH3), 37.0 (C-2’), 55.6 (OCH3), 104.3, 109.0 (C-4, C-6), 109.6 (C-4’),
113.6 (C-2), 136.9 (C-5), 146.8 (C-3’), 154.0, 158.4 ppm (C-1, C-3); IR
(film): ñ= 3442, 3072, 2937, 1619, 1593, 1464, 1163, 1097, 886, 816 cm�1;
UV/Vis (CH3CN): lmax (log e)=206.5 (4.639), 271.0 (2.898), 206.5 (4.639),
279.0 nm (2.847); MS (70 eV, EI): m/z (%): 206.1 (28) [M+], 151.1 (100)
[M+�C4H7]; HRMS (EI): m/z : calcd for C13H18O2: 206.1307; found:
206.1302.


(2S)-(5-Methoxy-2,7-dimethyl-chroman-2-yl)-acetic acid methyl ester
(19): A solution of [Pd ACHTUNGTRENNUNG(OTFA)2] (49.0 mg, 148 mmol, 3 mol %) and (S,S)-
Bn-BOXAX (17) (338 mg, 590 mmol, 12 mol %) in MeOH (5.0 mL) was
stirred at RT for 15 min. After addition of a solution of phenol 8 (1.00 g,
4.92 mmol) in MeOH (10 mL) and p-benzoquinone (18) (2.12 g,
19.7 mmol) carbon monoxide was passed through the resulting mixture
for 5 min before being stirred under a CO atmosphere (balloon) at RT
for further 15 h. The slurry was poured into 1n HCl (100 mL) and ex-
tracted with Et2O (3 � 50 mL). The combined extracts were washed with
1n NaOH (3 � 50 mL) and dried (Na2SO4). After evaporation of the sol-
vent in vacuo and column chromatography on silica gel (n-pentane/Et2O
9:1) chroman 19 was obtained as a yellowish oil (1.04 g, 3.94 mmol, 80%,
96% ee). HPLC (column: Daicel Chiralcel OD): wavelength: 272 nm,
flow: 0.8 mL min�1, eluent: n-hexane/isopropanol 98:2, tR =19.7 min ((�)-
19), 28.9 min ((+)-19); Rf = 0.28 (n-pentane/Et2O 9:1); [a]20


D =�7.0 (c=


0.5 in CHCl3); 1H NMR (300 MHz, CDCl3): d=1.42 (s, 3 H; 2-CH3), 1.85
(dt, J=13.8, 6.8 Hz, 1 H; 3-Ha), 1.99 (dt, J =13.8, 6.8 Hz, 1H; 3-Hb), 2.26
(s, 3H; Ar-CH3), 2.55–2.66 (m, 4 H; 2’-H2, 4-H2), 3.68 (s, 3 H; CO2CH3)
3.79 (s, 3 H; Ar-OCH3), 6.24 (s, 1 H; Ar-H), 6.29 ppm (s, 1 H; Ar-H);
13C NMR (75 MHz, CDCl3): d=16.4 (C-4), 21.5 (Ar-CH3), 24.6 (2-CH3),
30.3 (C-3), 43.5 (C-2’), 51.5 (CO2CH3), 55.3 (Ar-OCH3), 74.2 (C-2), 102.9,
110.4 (C-6, C-8), 106.8 (C-4a), 137.1 (C-7), 153.5, 157.5 (C-5, C-8a),
170.9 ppm (C-1’); IR (film): ñ =2949, 2856, 1738, 1619, 1586, 1354, 1227,
1108, 1023, 814 cm�1; UV/Vis (CH3CN): lmax (log e)=207.5 (4.658), 271.5
(2.975), 280.0 nm (2.955); MS (70 eV, EI): m/z (%): 264.3 (58) [M+],
191.2 (49) [M+�CH2CO2CH3], 151.2 (100); HRMS (EI): m/z : calcd for
[C15H20O4+H+]: 265.1434; found: 265.1435.


(2S)-(5-Methoxy-2,7-dimethyl-chroman-2-yl)-acetaldehyde (20): DIBAL-
H (9.45 mL of a 1.0m solution in toluene, 9.45 mmol) was added dropwise
over a period of 15 min to a solution of ester 19 (1.00 g, 3.78 mmol) in
toluene (30 mL) at �78 8C. After complete addition the mixture was
stirred at �78 8C for further 20 min before being quenched with MeOH/
H2O (5 mL, 1:1). Water (100 mL) was added and the aqueous layer was
extracted with Et2O (3 � 50 mL). The combined organic layers were dried
(Na2SO4) and concentrated in vacuo. After column chromatography on
silica gel (n-pentane/Et2O 9:1) aldehyde 20 was obtained as a colourless
oil (762 mg, 3.25 mmol, 86%). Rf =0.24 (n-pentane/Et2O 9:1); [a]20


D =


+19.0 (c =1.0 in CHCl3); 1H NMR (300 MHz, CDCl3): d=1.40 (s, 3 H; 2-
CH3), 1.83 (dt, J =13.6, 6.8 Hz, 1 H; 3-Ha), 1.89 (dt, J=13.6, 6.8 Hz, 1 H;
3-Hb), 2.28 (s, 3H; Ar-CH3), 2.57 (dd, J= 15.2, 3.2 Hz, 1 H; 2’-Ha), 2.62 (t,
J =6.8 Hz, 2 H; 4-H2), 2.71 (dd, J =15.2, 2.4 Hz, 1 H; 2’-Hb), 3.80 (s, 3 H;
OCH3), 6.26 (s, 1H; Ar-H), 6.31 (s, 1 H; Ar-H), 9.89 ppm (t, J =2.8 Hz,
1H; CHO); 13C NMR (125 MHz, CDCl3): d=16.4 (C-4), 21.6 (Ar-CH3),
24.7 (2-CH3), 32.3 (C-3), 52.2 (C-2’), 55.3 (OCH3), 74.2 (C-2), 103.1, 110.3
(C-6, C-8), 106.6 (C-4a), 137.4 (C-7), 153.4, 157.6 (C-5, C-8a), 201.6 ppm
(C-1’); IR (film): ñ =2938, 2853, 1723, 1619, 1586, 1463, 1353, 1231, 1108,
816 cm�1; UV/Vis (CH3CN): lmax (log e)=207.0 (4.634), 271.5 (2.951),
280.0 nm (2.937); MS (ESI): m/z (%): 257.1 (31) [M+Na+], 235.1 (100)
[M+H+]; HRMS (EI): m/z : calcd for [C14H18O3+H+]: 235.1329; found:
235.1330.


(2S)-(E)-4-(5-Methoxy-2,7-dimethyl-chroman-2-yl)-but-2-enoic acid
methyl ester (7)


Method A (Wittig–Horner reaction of 20): A solution of trimethyl phos-
phonoacetate (21) (390 mL, 492 mg, 2.70 mmol) in THF (10 mL) was
treated with sodium hydride (86.4 mg, 60% (w/w) in mineral oil,
2.16 mmol) at 0 8C. The resulting mixture was stirred at 0 8C for 30 min
before a solution of aldehyde 20 (421 mg, 1.80 mmol) in THF (4.0 mL)
was added dropwise at 0 8C. After complete addition the slurry was
stirred at RT for further 20 min before being quenched with sat. aq


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8956 – 89638960


L. F. Tietze et al.



www.chemeurj.org





NH4Cl solution (5 mL). The mixture was poured into sat. aq NH4Cl solu-
tion (100 mL) and extracted with Et2O (3 � 50 mL). The combined organ-
ic layers were dried (Na2SO4) and concentrated in vacuo. Chromato-
graphic separation on silica gel (n-pentane/Et2O 95:5!8:2) provided the
title compound 7 (435 mg, 1.50 mmol, 83%) and the corresponding Z
isomer (73.1 mg, 252 mmol, 14%) as pale-yellow oils.


Method B (domino Wacker–Heck reaction of 8): A solution of
[Pd ACHTUNGTRENNUNG(OTFA)2] (8.3 mg, 24.7 mmol, 10 mol %) and (S,S)-Bn-BOXAX (17)
(56.5 mg, 98.7 mmol, 40 mol %) in dichloroethane (0.15 mL) was stirred at
RT for 30 min before being treated with p-benzoquinone (107 mg,
987 mmol) and stirred for further 10 min. A solution of phenol 8 (51.0 mg,
247 mmol) and methyl acrylate (9) (111 mL, 106 mg, 1.23 mmol) in di-
chloroethane (0.15 mL) was added and the resulting mixture was stirred
at RT for 7 d. The slurry was poured into 1n HCl (10 mL) and the aque-
ous phase was extracted with Et2O (3 � 10 mL). The combined extracts
were washed with 1 n NaOH (3 � 10 mL), dried (Na2SO4) and concentrat-
ed under reduced pressure. Column chromatography on silica gel afford-
ed the E-isomer 7 exclusively as a pale-yellow oil (39.4 mg, 136 mmol,
55%, 88 % ee). Analytical data for the E-isomer 7: HPLC (column:
Daicel Chiralcel OD): wavelength: 272 nm, flow: 0.8 mL min�1, eluent:
n-hexane/isopropanol 98:2, tR =13.7 min ((+)-7), 14.6 min ((�)-7); Rf =


0.28 (n-pentane/Et2O 9:1); [a]20
D =++24.0 (c =1.0 in CHCl3); 1H NMR


(300 MHz, CDCl3): d=1.29 (s, 3 H; 2-CH3), 1.74 (dt, J =13.8, 6.9 Hz, 1 H;
3-Ha), 1.80 (dt, J= 13.8, 6.9 Hz, 1H; 3-Hb), 2.28 (s, 3H; Ar-CH3), 2.47
(ddd, J =14.1, 7.8, 1.1 Hz, 1 H; 4’-Ha), 2.53 (ddd, J =14.1, 7.8, 1.1 Hz, 1H;
4’-Hb), 2.60 (t, J= 6.9 Hz, 2 H; 4-H2), 3.74 (s, 3 H; CO2CH3), 3.80 (s, 3H;
Ar-OCH3), 5.90 (dt, J =15.6, 1.1 Hz, 1 H; 2’-H), 6.25 (s, 1 H; Ar-H), 6.31
(s, 1 H; Ar-H), 7.03 ppm (dt, J =15.6, 7.8 Hz, 1H; 3’-H); 13C NMR
(125 MHz, CDCl3): d =16.4 (C-4), 21.6 (Ar-CH3), 24.3 (2-CH3), 30.5 (C-
3), 42.2 (C-4’), 51.4 (CO2CH3), 55.3 (Ar-OCH3), 75.0 (C-2), 102.7, 110.4
(C-6, C-8), 106.7 (C-4a), 123.9 (C-2’), 137.2 (C-7), 144.3 (C-3’), 153.7,
157.6 (C-5, C-8a), 166.6 ppm (C-1’); IR (film): ñ=2946, 2853, 1725, 1657,
1619, 1586, 1463, 1353, 1109, 815 cm�1; UV/Vis (CH3CN): lmax (log e)=


207.5 (4.749), 271.0 (3.038), 280.0 nm (2.980); MS (ESI): m/z (%): 603.3
(37) [2 M+Na+], 313.1 (100) [M+Na+], 291.2 (73) [M+H+]; HRMS
(EI): m/z : calcd for [C17H22O4+H+]: 291.1591; found: 291.1592. Analyti-
cal data for the Z isomer: Rf =0.34 (n-pentane/Et2O 9:1); [a]20


D =++6.6
(c= 0.5 in CHCl3); 1H NMR (300 MHz, CDCl3): d =1.27 (s, 3 H; 2-CH3),
1.71–1.89 (m, 2H; 3-H2), 2.28 (s, 3 H; Ar-CH3), 2.58 (dt, J=17.8, 6.7 Hz,
1H; 4-Ha), 2.66 (dt, J=17.8, 6.7 Hz, 1 H; 4-Hb), 2.97 (ddd, J =15.8, 7.0,
1.7 Hz, 1H; 4’-Ha), 3.08 (ddd, J=15.8, 7.8, 1.7 Hz, 1H; 4’-Hb), 3.71 (s,
3H; CO2CH3), 3.80 (s, 3H; Ar-OCH3), 5.92 (dt, J =11.7, 1.7 Hz, 1 H; 2’-
H), 6.24 (s, 1H; Ar-H), 6.31 (s, 1H; Ar-H), 6.47 ppm (dt, J =11.7, 7.4 Hz,
1H; 3’-H); 13C NMR (75 MHz, CDCl3): d= 16.5 (C-4), 21.6 (Ar-CH3),
24.0 (2-CH3), 30.8 (C-3), 38.5 (C-4’), 51.0 (CO2CH3), 55.3 (Ar-OCH3),
75.1 (C-2), 102.7, 110.3 (C-6, C-8), 107.0 (C-4a), 121.1 (C-2’), 137.1 (C-7),
145.6 (C-3’), 154.0, 157.6 (C-5, C-8a), 166.8 ppm (C-1’); IR (film): ñ=


2947, 2854, 1723, 1619, 1586, 1439, 1353, 1203, 1109, 814 cm�1; UV/Vis
(CH3CN): lmax (log e) =207.5 (4.724), 209.0 (4.724), 271.0 (3.034),
280.0 nm (2.975); MS (ESI): m/z (%): 603.3 (16) [2M+Na+] 313.1 (100)
[M+Na+], 291.2 (63) [M+H+]; HRMS (EI): m/z : calcd for
[C17H22O4+H+]: 291.1591; found: 291.1591.


(2S)-2-(5-Methoxy-2,7-dimethyl-chroman-2-yl)-ethanol (22): A solution
of ester 19 (253 mg, 957 mmol) in Et2O (3.0 mL) was added dropwise to
a suspension of LiAlH4 (40.0 mg, 1.05 mmol) in Et2O (3.0 mL) at 0 8C.
The resulting mixture was stirred at RT for 1 h before being carefully
quenched with water (10 mL). After separation of the organic layer the
aqueous phase was extracted with Et2O (3 � 10 mL). The combined or-
ganic phases were dried (Na2SO4) and the solvent evaporated in vacuo.
Column chromatography on silica gel (n-pentane/EtOAc 7:3) furnished
alcohol 22 as a colourless oil (221 mg, 935 mmol, 98 %). Rf =0.28 (n-pen-
tane/EtOAc 7:3); [a]20


D =�4.5 (c =1.0 in CHCl3); 1H NMR (300 MHz,
CDCl3): d =1.31 (s, 3H; 2-CH3), 1.68–2.05 (m, 4H; 2’-H2, 3-H2), 2.27 (s,
3H; Ar-CH3), 2.44 (t, J= 4.9 Hz, 1 H; OH), 2.50–2.63 (m, 1 H; 4-Ha), 2.69
(dt, J=17.3, 6.0 Hz, 1H; 4-Hb), 3.77–3.99 (m, 2H; 1’-H2), 3.80 (s, 3 H;
OCH3), 6.25 (s, 1 H; Ar-H), 6.28 ppm (s, 1H; Ar-H); 13C NMR
(125 MHz, CDCl3): d =16.3 (C-4), 21.5 (Ar-CH3), 23.4 (2-CH3), 31.2 (C-
3), 41.8 (C-2’), 55.3 (OCH3), 59.0 (C-1’), 76.3 (C-2), 102.9, 110.3 (C-6, C-
8), 106.9 (C-4a), 137.1 (C-7), 153.5, 157.6 ppm (C-5, C-8a); IR (film): ñ=


3375, 2939, 2855, 1618, 1586, 1463, 1353, 1231, 1109, 1023, 880, 814 cm�1;
UV/Vis (CH3CN): lmax (log e)= 207.5 (4.635), 272.0 (2.954), 280.0 nm
(2.942); MS (ESI): m/z (%): 495.2 (27) [2M+Na+], 259.1 (100) [M+Na+],
237.2 (8) [M+H+]; HRMS (EI): m/z : calcd for [C14H20O3+Na+]:
259.1305; found: 259.1305.


(2S)-5-Methoxy-2,7-dimethyl-2-vinyl-chroman (24): PnBu3 (110 mL,
87.4 mg, 394 mmol) was added dropwise to a solution of alcohol 22
(46.6 mg, 197 mmol) and 2-nitrophenyl selenocyanate (23) (91.4 mg,
394 mmol) in THF (4.0 mL) at 0 8C. The resulting mixture was stirred at
0 8C for 1 h before being poured into sat. aq NaHCO3 solution (10 mL)
and extracted with Et2O (3 � 10 mL). The combined organic fractions
were dried (Na2SO4) and evaporated in vacuo. The residue was dissolved
in CH2Cl2 (4.0 mL), the solution was cooled to �40 8C, Na2HPO4


(175 mg, 985 mmol) and mCPBA (116 mg, 70% (w/w), 470 mmol) were
added and the resulting suspension was stirred at �40 8C for 1 h. After
addition of iPr2NH (140 mL, 99.7 mg, 985 mmol) the mixture was allowed
to reach RT, and stirring was continued for further 14 h before silica gel
(500 mg) was added. Evaporation of the solvent under reduced pressure
and column chromatography of the residue on silica gel (n-pentane/Et2O
98:2) yielded vinyl chroman 24 as a pale-yellow oil (37.7 mg, 173 mmol,
88%). Rf =0.42 (n-pentane/EtOAc 98:2); [a]20


D =�52.7 (c=1.5 in
CHCl3); 1H NMR (300 MHz, CDCl3): d=1.42 (s, 3H; 2-CH3), 1.78 (ddd,
J =13.6, 9.8, 5.9 Hz, 1 H; 3-Ha), 1.92 (ddd, J =13.6, 6.0, 5.0 Hz, 1H; 3-Hb),
2.31 (s, 3 H; Ar-CH3), 2.46 (ddd, J= 16.8, 9.8, 6.2 Hz, 1H; 4-Ha), 2.67 (dt,
J =16.8, 5.5 Hz, 1 H; 4-Hb), 3.81 (s, 3H; OCH3), 5.07 (dd, J =10.8, 1.2 Hz,
1H; 2’-H), 5.20 (dd, J=17.4, 1.2 Hz, 1 H; 2’-H), 5.88 (dd, J =17.4,
10.8 Hz, 1H; 1’-H), 6.25 (s, 1 H; Ar-H), 6.39 ppm (s, 1H; Ar-H);
13C NMR (75 MHz, CDCl3): d=16.7 (C-4), 21.6 (Ar-CH3), 26.8 (2-CH3),
31.3 (C-3), 55.3 (OCH3), 76.2 (C-2), 102.6, 110.0 (C-6, C-8), 107.3 (C-4a),
113.6 (C-2’), 136.9 (C-7), 141.3 (C-1’), 154.3, 157.4 ppm (C-5, C-8a); IR
(film): ñ=3088, 2976, 2936, 2852, 1619, 1586, 1463, 1353, 1232, 1140,
1024, 923, 813 cm�1; UV/Vis (CH3CN): lmax (log e) =207.0 (4.665), 271.5
(2.995), 280.0 (2.976), 406.0 nm (1.956); MS (ESI): m/z (%): 219.1 (100)
[M+H+]; HRMS (EI): m/z : calcd for [C14H18O2+H+]: 219.1379; found:
219.1379.


(2R)-4-(5-Methoxy-2,7-dimethyl-chroman-2-yl)-butyric acid methyl ester
(25): Pd/C (1.00 g, 10 % Pd, 909 mmol) was added to a solution of unsatu-
rated ester 7 (2.64 g of an E/Z mixture, 9.09 mmol) in EtOAc (75 mL).
Hydrogen was passed through the resulting mixture for 30 min before
being stirred under a H2 atmosphere at RT for further 6 h. The catalyst
was removed by filtration over silica gel (eluting with EtOAc), and after
evaporation of the solvent in vacuo and column chromatography on silica
gel (n-pentane/Et2O 9:1) saturated ester 25 was obtained as a colourless
oil (2.60 g, 8.89 mmol, 98%). Rf =0.29 (n-pentane/Et2O 9:1); [a]20


D =++7.6
(c= 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3): d =1.27 (s, 3 H; 2-CH3),
1.55–1.66 (m, 2H), 1.67–1.87 (m, 6 H; 3-H2, 3’-H2, 4’-H2), 2.27 (s, 3H; Ar-
CH3), 2.33 (m, 2H; 2’-H2), 2.59 (m, 2H; 4-H2), 3.66 (s, 3 H; CO2CH3),
3.80 (s, 3 H; Ar-OCH3), 6.23 (s, 1 H; Ar-H), 6.28 ppm (s, 1 H; Ar-H);
13C NMR (125 MHz, CDCl3): d=16.4 (C-4), 19.2 (C-3’), 21.6 (Ar-CH3),
23.8 (2-CH3), 30.4 (C-3), 34.2 (C-2’), 38.7 (C-4’), 51.4 (CO2CH3), 55.3
(Ar-OCH3), 75.3 (C-2), 102.4, 110.3 (C-6, C-8), 106.9 (C-4a), 136.9 (C-7),
154.1, 157.5 (C-5, C-8a), 173.9 ppm (C-1’); IR (film): ñ =2948, 2731, 1739,
1618, 1586, 1462, 1353, 1110, 813 cm�1; UV/Vis (CH3CN): lmax (log e)=


208.0 (4.636), 272.0 (2.943), 280.5 nm (2.932); MS (ESI): m/z (%): 607.3
(44) [2 M+Na+], 315.2 (94) [M+Na+], 293.2 (100) [M+H+]; HRMS
(EI): m/z : calcd for [C17H24O4+Na+]: 315.1567; found: 315.1568.


(2R)-4-(5-Methoxy-2,7-dimethyl-4-oxo-chroman-2-yl)-butyric acid methyl
ester (6)


Method A (Rh-catalysed oxidation): A solution of chroman 25 (300 mg,
1.03 mmol) and dirhodium-tetrakiscaprolactamate ([Rh2 ACHTUNGTRENNUNG(cap)4], 26)
(3.4 mg, 5.15 mmol, 0.5 mol %) in dichloroethane (4.0 mL) was treated
with NaHCO3 (43.3 mg, 515 mmol). The reaction flask was sealed with a
septum and an empty balloon was attached by a needle to capture
oxygen generated during the reaction. tert-Butyl hydroperoxide (0.94 mL
of a 5.5m solution in decane, 5.17 mmol) was added and the resulting
deep-red solution was heated with stirring at 40 8C in a preheated oil
bath. After 3 h the mixture was treated with additional [Rh2ACHTUNGTRENNUNG(cap)4]
(3.4 mg, 5.15 mmol) and tBuOOH (0.94 mL of a 5.5m solution in decane,
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5.17 mmol). Stirring was continued at 40 8C for further 11 h before the
solids were removed by filtration over silica gel (eluting with EtOAc).
After evaporation of the solvent under reduced pressure and column
chromatography on silica gel (n-pentane/EtOAc 3:2) chromanone 6 was
obtained as a yellow oil (199 mg, 649 mmol, 63%).


Method B (Mn-catalysed oxidation): A solution of chroman 25 (1.00 g,
3.42 mmol) and tert-butyl hydroperoxide (6.22 mL of a 5.5 m solution in
decane, 34.2 mmol) in EtOAc (12 mL) was treated with powdered molec-
ular sieves 3 � (1.20 g) and the resulting mixture was stirred at RT for
30 min. After addition of anhydrous [Mn ACHTUNGTRENNUNG(OAc)3] (160 mg, 684 mmol,
20 mol %) stirring was continued for further 3 d before the mixture was
filtered over silica gel (eluting with EtOAc). After concentration in
vacuo and column chromatography on silica gel (n-pentane/EtOAc 3:2)
chromanone 6 was obtained as a yellow oil (741 mg, 2.42 mmol, 71%).
Rf = 0.34 (n-pentane/EtOAc 3:2); [a]20


D =++11.8 (c =1.0 in CHCl3);
1H NMR (300 MHz, CDCl3): d=1.36 (s, 3H; 2-CH3), 1.58–1.80 (m, 4H;
3’-H2, 4’-H2), 2.21–2.34 (m, 2H; 2’-H2), 2.25 (s, 3H; Ar-CH3), 2.55 (d, J=


15.8 Hz, 1 H; 3-Ha), 2.70 (d, J =15.8 Hz, 1 H; 3-Hb), 3.63 (s, 3 H;
CO2CH3), 3.86 (s, 3H; Ar-OCH3), 6.26 (s, 1 H; Ar-H), 6.32 ppm (s, 1H;
Ar-H); 13C NMR (125 MHz, CDCl3): d= 19.0 (C-3’), 22.3 (Ar-CH3), 23.5
(2-CH3), 33.8 (C-2’), 38.5 (C-4’), 48.6 (C-3), 51.5 (CO2CH3), 56.0 (Ar-
OCH3), 80.0 (C-2), 104.2, 110.7 (C-6, C-8), 108.3 (C-4a), 147.5 (C-7),
160.0, 161.1 (C-5, C-8a), 173.6 (C-1’), 190.8 ppm (C-4); IR (film): ñ=


2952, 2849, 1737, 1683, 1614, 1568, 1464, 1114, 824 cm�1; UV/Vis
(CH3CN): lmax (log e) =196.0 (4.362), 221.0 (4.277), 269.0 (4.039),
324.5 nm (3.562); MS (ESI): m/z (%): 635.3 (27) [2M+Na+], 329.1 (21)
[M+Na+], 307.2 (100) [M+H+]; HRMS (EI): m/z : calcd for
[C17H22O5+H+]: 307.1540; found: 307.1541.ACHTUNGTRENNUNG(4aR)-1-Hydroxy-8-methoxy-4a,6-dimethyl-2,3,4,4a-tetrahydroxanthen-9-
one (5): TiCl4 (3.82 mL of a 1.0 m solution in CH2Cl2, 3.82 mmol) was
added slowly through a syringe to a solution of chromanone 6 (532 mg,
1.74 mmol) in CH2Cl2 at 0 8C. Subsequently, NEt3 (600 mL, 440 mg,
4.35 mmol) was added slowly through a syringe, and the resulting solu-
tion was stirred at 0 8C for further 15 min (TLC monitoring) before being
quenched with sat. aq NH4Cl solution (5 mL). Water (100 mL) was
added and the aqueous layer was extracted with EtOAc (3 � 50 mL). The
combined organic layers were dried (Na2SO4) and concentrated in vacuo.
Column chromatography on silica gel (n-pentane/EtOAc 3:1) yielded tet-
rahydroxanthenone 5 as a pale-yellow solid (302 mg, 1.10 mmol, 63%).
Rf = 0.34 (n-pentane/EtOAc 3:1); [a]20


D =++49.5 (c =1.0 in CHCl3);
1H NMR (300 MHz, CDCl3): d=1.45 (s, 3H; 4a-CH3), 1.68–1.86 (m, 1H;
3-Ha), 1.89–2.11 (m, 3H; 3-Hb, 4-H2), 2.28–2.57 (m, 2 H; 2-H2), 2.32 (s,
3H; Ar-CH3), 3.92 (s, 3H; OCH3), 6.35 (s, 2H; 2Ar-H), 16.01 ppm (s,
1H; OH); 13C NMR (75 MHz, CDCl3): d=18.3 (C-3), 22.4 (Ar-CH3) 25.5
(4a-CH3), 30.2 (C-2), 35.8 (C-4), 56.1 (OCH3), 78.1 (C-4a), 105.4, 111.2
(C-5, C-7), 108.2 (C-8a), 108.7 (C-9a), 147.1 (C-6), 160.2, 160.6 (C-8, C-
10a), 180.3 (C-1), 182.0 ppm (C-9); IR (KBr): ñ=2953, 1609, 1469, 1356,
1227, 1108, 878, 822 cm�1; UV/Vis (CH3CN): lmax (log e)= 205.0 (4.396),
282.0 (3.658), 326.0 nm (4.121); MS (ESI): m/z (%): 571.2 (100)
[2M+Na+], 297.1 (31) [M+Na+], 275.1 (77) [M+H+]; HRMS (EI): m/z :
calcd for [C16H18O4+H+]: 275.1278; found: 275.1279.ACHTUNGTRENNUNG(4aR,9aR)-9a-Hydroxy-8-methoxy-4a,6-dimethyl-3,4,4a,9a-tetrahydro-
2H-xanthene-1,9-dione (27): A solution of enol 5 (200 mg, 7.29 mmol) in
acetone (40 mL) was treated sequentially every 15 min with dimethyl di-
oxirane (DMDO) (5.0 mL of a 0.07 m solution in acetone, 350 mmol, alto-
gether 5� 5.0 mL, 1.75 mmol) at 0 8C. After the last addition the solution
was stirred for further 30 min (TLC monitoring) before being concentrat-
ed in vacuo at 0 8C. The residue was dissolved in MeOH, silica gel (1.5 g)
was added and the solvent was evaporated in vacuo. Column chromatog-
raphy on silica gel (n-pentane/EtOAc 1:1) provided a-hydroxy diketone
27 as a colourless solid (156 mg, 539 mmol, 74%). Rf =0.23 (n-pentane/
EtOAc 1:1); [a]20


D =�172.0 (c =1.0 in CHCl3); 1H NMR (300 MHz,
CDCl3): d=1.26 (s, 3H; 4a-CH3), 1.54–1.73 (m, 1 H; 3-Ha), 1.74–1.86 (m,
1H; 4-Ha), 1.95–2.11 (m, 1H; 3-Hb), 2.19 (m, 1 H; 2-Ha), 2.30 (s, 3 H; Ar-
CH3), 2.72 (ddd, 2J ACHTUNGTRENNUNG(H,H) = 13.2 Hz, 3J ACHTUNGTRENNUNG(H,H) =13.2, 5.5 Hz, 1H; 4-Hb),
3.40 (ddd, 2J ACHTUNGTRENNUNG(H,H) = 13.2 Hz, 3J ACHTUNGTRENNUNG(H,H) = 13.2, 7.3 Hz, 1H; 2-Hb), 3.74 (s,
3H; OCH3), 4.60 (sbr, 1H; OH), 6.26 (s, 1H; 7-H), 6.36 ppm (s, 1H; 5-
H); 13C NMR (125 MHz, CDCl3): d=17.8 (4a-CH3), 20.6 (C-3), 22.4 (Ar-


CH3), 31.3 (C-4), 37.4 (C-2), 55.8 (OCH3), 78.1 (C-4a), 83.6 (C-9a), 105.2
(C-7), 107.7 (C-8a), 110.7 (C-5), 148.0 (C-6), 159.2 (C-10a), 161.7 (C-8),
186.3 (C-9), 207.0 ppm (C-1); IR (KBr): ñ=3366, 2970, 1728, 1616, 1462,
1232, 1121, 821 cm�1; UV/Vis (CH3CN): lmax (log e)=195.5 (4.335), 221.0
(4.209), 274.0 (4.046), 330.0 nm (3.546); MS (ESI): m/z (%): 603.2 (29)
[2M+Na+], 329.1 (12) [M+K+], 313.1 (22) [M+Na+], 291.1 (100)
[M+H+]; HRMS (EI): m/z : calcd for [C16H18O5+H+]: 291.1227; found:
291.1228.


(1R,4aR,9aS)-1,9a-Dihydroxy-8-methoxy-4a,6-dimethyl-1,2,3,4,4a,9a-hexa-
hydroxanthen-9-one (28): A solution of diketone 27 (138 mg, 476 mmol)
in MeOH/CH2Cl2 (2:1, 7.5 mL) was treated slowly with powdered NaBH4


(20.0 mg, 528 mmol) at �78 8C. The resulting mixture was stirred at
�78 8C for further 15 min (TLC monitoring) before being quenched with
water (5 mL). Water (30 mL) was added and the aqueous layer was ex-
tracted with CH2Cl2 (3 � 10 mL). The combined extracts were dried
(Na2SO4) and concentrated in vacuo. After column chromatography on
silica gel (n-pentane/EtOAc 3:2) diol 28 was obtained as a colourless
solid (98.8 mg, 338 mmol, 71 %). Rf = 0.27 (n-pentane/EtOAc 3:2); [a]20


D =


�121.7 (c= 1.0 in CHCl3); 1H NMR (600 MHz, CDCl3): d =1.56 (s, 3 H;
4a-CH3), 1.61–1.81 (m, 4 H; 2-Ha, 3-H2, 4-Ha), 1.92–2.01 (m, 1H; 2-Hb),
2.15 (ddd, 2J ACHTUNGTRENNUNG(H,H) = 12.8 Hz, 3J ACHTUNGTRENNUNG(H,H) = 12.8, 4.1 Hz, 1H; 4-Hb), 2.32 (s,
3H; Ar-CH3), 2.95 (s, 1H; 9a-OH), 3.15 (t, J=2.2 Hz, 1H; 1-OH), 3.85
(s, 3H; OCH3), 4.39 (m, 1H; 1-H), 6.32 (s, 1H; 7-H), 6.38 ppm (s, 1 H; 5-
H); 13C NMR (125 MHz, CDCl3): d=17.9 (C-3), 19.6 (4a-CH3), 22.4 (Ar-
CH3), 26.9 (C-2), 32.3 (C-4), 55.9 (OCH3), 68.5 (C-1), 73.8 (C-4a), 83.0
(C-9a), 105.0 (C-7), 107.3 (C-8a), 110.9 (C-5), 148.2 (C-6), 159.4 (C-10a),
161.2 (C-8), 193.4 ppm (C-9); IR (KBr): ñ=3502, 3390, 2953, 1679, 1612,
1566, 1236, 1115, 965, 830, 547, 503 cm�1; UV/Vis (CH3CN): lmax (log e)=


195.5 (4.373), 221.5 (8.236), 275.5 (4.042), 330.0 nm (3.544); MS (ESI):
m/z (%): 607.3 (38) [2M+Na+], 315.1 (33) [M+Na+], 293.1 (100)
[M+H+]; HRMS (EI): m/z : calcd for [C16H20O5+H+]: 293.1384; found:
293.1384.


(1R,4aR,9aS)-1,8,9a-Trihydroxy-4a,6-dimethyl-1,2,3,4,4a,9a-hexahydro-
xanthen-9-one (4-dehydroxydiversonol) (4): BBr3 (2.91 mL of a 1.0 m so-
lution in CH2Cl2, 2.91 mmol) was added slowly to a solution of methyl
ether 28 (85.1 mg, 291 mmol) in CH2Cl2 (15 mL) at �78 8C. The resulting
dark-red solution was stirred for 15 min at �78 8C and further 30 min at
0 8C (TLC monitoring) before being quenched with water (10 mL). The
organic layer was separated and the aqueous layer was extracted with
CH2Cl2 (2 � 10 mL). The combined extracts were dried (Na2SO4) and the
solvent was evaporated in vacuo. After column chromatography on silica
gel (n-pentane/EtOAc 8:2) 4-dehydroxydiversonol (4) was obtained as a
colourless solid (68.8 mg, 247 mmol, 85%). Rf =0.30 (n-pentane/EtOAc
4:1); [a]20


D =�102.0 (c =1.0 in CHCl3); 1H NMR (600 MHz, CDCl3): d=


1.57 (s, 3H; 4a-CH3), 1.63–1.82 (m, 4 H; 2-Ha, 3-H2, 4-Ha), 1.99 (dddd,
2J ACHTUNGTRENNUNG(H,H) =14.6 Hz, 3J ACHTUNGTRENNUNG(H,H) =14.6, 4.1, 4.1 Hz, 1 H; 2-Hb), 2.14 (ddd,
2J ACHTUNGTRENNUNG(H,H) =12.6 Hz, 3J ACHTUNGTRENNUNG(H,H) =12.6, 4.2 Hz, 1 H; 4-Hb), 2.29 (s, 3H; Ar-
CH3), 2.58 (s, 1 H; 1-OH), 3.04 (s, 1 H; 9a-OH), 4.45 (m, 1 H; 1-H), 6.26
(s, 1H; 5-H), 6.37 (s, 1H; 7-H), 10.96 ppm (s, 1H; Ar-OH); 13C NMR
(125 MHz, CDCl3): d=17.9 (C-3), 19.8 (4a-CH3), 22.5 (Ar-CH3), 26.7 (C-
2), 32.2 (C-4), 67.3 (C-1), 74.1 (C-4a), 83.6 (C-9a), 104.7 (C-8a), 109.2 (C-
5), 110.5 (C-7), 150.8 (C-6), 157.6 (C-10a), 162.4 (C-8), 197.8 ppm (C-9);
IR (KBr): ñ =3567, 3342, 2935, 1634, 1567, 1395, 1202, 1099, 962, 840,
696, 505 cm�1; UV (CH3CN): lmax (log e) =195.5 (4.324), 210.0 (4.251),
281.5 (4.059), 349.0 nm (3.438); MS (ESI): m/z (%): 301.1 (41) [M+Na+


], 279.1 (100) [M+H+]; HRMS (EI): m/z : calcd for [C15H18O5+H+]:
279.1227; found: 279.1227.
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Introduction


In recent years cavitand chemistry has expanded from the
usual host–guest topics into the emerging fields of molecular
devices, sensors and materials, as documented by the follow-
ing examples. Supramolecular sensors for the selective de-
tection of aromatic VOC in air at sub-ppb level have been
proposed with cavitands as the recognition unit.[1] Chemical-
ly controlled nanoscale tweezers have been obtained by har-
nessing the reversible switching between a contracted (vase)
and an expanded (kite) conformation of cavitands deriva-
tised with two rigid arms.[2] Cavitand-based capsules that


host linear alkenes by constraining them into high-energy
conformations could be employed to make spring-loaded
nanomachines.[3] Highly adaptive oligomeric materials, oper-
ating in multimodal fashion through the implementation of
two orthogonal self-assembling interactions, namely solvo-
phobic aggregation and metal coordination, have been gen-
erated starting from a specifically designed cavitand precur-
sor.[4]


Apart from these pioneering examples, the possibility of
using made-to-order cavitands as components of dynamic
molecular devices and materials[5] is still relatively unex-
plored. In particular, the ability of cavitands to form com-
plexes with guests that can be switched chemically, photo-
chemically or electrochemically[6] would allow the develop-
ment of supramolecular systems, the structure and proper-
ties of which could be modulated by external stimulation.[7,8]


Phosphonate cavitands[9] occupy a unique position within
the large cavitand family,[10] owing to their versatile com-
plexation properties. Tetraphosphonate cavitands in their all
inward configuration[11] are able to complex positively
charged species, such as ammonium salts or inorganic cat-
ions, with very high association constants (Kass =107–
109


m
�1).[12] They also bind selectively, but reversibly, C1–C4


linear alcohols at the gas-solid interface.[13]


In this study we have employed photophysical and elec-
trochemical techniques to probe the interaction between the


Abstract: The phosphorus-bridged cav-
itand 1 self-assembles very efficiently
in CH2Cl2 with either the monopyridi-
nium guest 2+ or the bispyridinium
guest 32+ . In the first case a 1:1 com-
plex is obtained, whereas in the second
case both 1:1 and 2:1 host–guest com-
plexes are observed. The association
between 1 and either one of the guests
causes the quenching of the cavitand
fluorescence; in the case of the adduct
between 1 and 32+ , the fluorescence of


the latter is also quenched. Cavitand
complexation is found to affect the re-
duction potential values of the electro-
active guests. Voltammetric and spec-
troelectrochemical measurements show
that upon one-electron reduction both
guests are released from the cavity of


1. Owing to the chemical reversibility
of such redox processes, the supra-
molecular complexes can be re-assem-
bled upon removal of the extra elec-
tron from the guest. Systems of this
kind are promising for the construction
of switchable nanoscale devices and
self-assembling supramolecular materi-
als, the structure and properties of
which can be reversibly controlled by
electrochemical stimuli.
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phosphorus-bridged cavitand 1,[9] and two pyridinium-type
guests, namely 4-carbomethoxy-1-methylpyridinium (2+)
and 1,1’-dimethyl-4,4’-bipyridinium (methyl viologen; 32+)
in solution. Specifically, we have investigated the absorption,
luminescence and voltammetric properties of the resulting
supramolecular complexes, determined their association
constants, and assessed the effect of electrochemical reduc-
tion of the guest on their stability. The structures of the ex-
amined compounds are depicted here; the positively
charged guests were used as their hexafluorophosphate salts.


Results and Discussion


Absorption and luminescence properties : The absorption
and luminescence data for the examined compounds at
room temperature are gathered in Table 1 and shown in
Figure 1. The cavitand 1 exhibits a moderately intense and
structured absorption band in the near UV region (lmax=


272 nm), and a structureless fluorescence emission with
lmax =303 nm. The monopyridinium guest 2+ shows an ab-
sorption band with lmax =274 nm, and no emission. The bis-
pyridinium guest 32+ (methyl viologen) is very poorly solu-
ble in CH2Cl2; therefore its photophysical data are reported


in MeCN. Methyl viologen exhibits an intense absorption
band with lmax =260 nm, and a structureless fluorescence
band with lmax =353 nm.


Complex of 1 and 2+ : The absorption spectrum of a 1:1 mix-
ture of 1 and 2+ is slightly different from the sum of the ab-
sorption spectra of the isolated species (see Supporting In-
formation). Specifically, the appearance of an absorption tail
in the 280–310 nm region suggests the occurrence of elec-
tronic interactions between 1 and 2+ .


Titration of the cavitand with 2+ leads to absorption spec-
tral changes that are dominated by the absorbance increase
due to addition of the guest. Instead, the fluorescence band
of 1 is strongly quenched upon addition of 2+ (Figure 2).
The titration curve points to the formation of an adduct
with 1:1 stoichiometry and apparent logK=6.6�0.1. This
value is consistent with the one obtained from isothermal ti-
tration calorimetry (ITC) measurements (logK=6.89�
0.03).[14] The driving force for complex formation is mainly
provided by cation–dipole interactions between the N+


atom of the guest and the P=O moieties of 1 pointing to-
wards the interior of the cavity.[12,14,15] It can be noted that a


fluorescence emission, corre-
sponding to about 10% of the
initial intensity, is still observed
at the end of the titration. A
careful comparison with the
band shape of the fluorescence
of free 1 shows that the emis-
sion band of the cavitand in
the presence of an excess of 2+


has a more pronounced low-
energy tail (see Supporting In-
formation). Such a residual
emission shows a double expo-
nential decay with t1 =2.7 ns


Table 1. Photophysical and electrochemical data for the examined compounds at room temperature.


Spectroscopic data Electrochemical data[b]


Absorption[a] Luminescence[a]


lmax [nm] e [m�1 cm�1] lmax [nm] t [ns] F E’/V vs. SCE[c] E’’/V vs. SCE[c]


1 272 9000 303 2.5 0.06 [d] [d]


2+ 274 4500 [e] [e] [e] �0.65 �1.52[f]


32+ 260[g] 20000[g] 353[g] 0.9[g] 0.02[g] �0.21[h] �0.77[h]


[a] Air equilibrated solution in CH2Cl2. [b] Electrochemical data for the different compounds (10�3
m) in


CH2Cl2, 0.1m tetrabutylammonium hexafluorophospate as supporting electrolyte, glassy carbon electrode; fer-
rocene was used as an internal reference, EFc+ /Fc =++0.51 V vs. SCE. [c] Halfwave potential values of mono-
ACHTUNGTRENNUNGelectronic and chemically reversible processes, unless otherwise noted. [d] Not electroactive. [e] Not lumines-
cent. [f] Chemically irreversible process; potential value of the DPV peak at a scan rate of 20 mVs�1. [g] Air
equilibrated solution in CH3CN. [h] Data referred to 1,1’-dioctyl-4,4’-bipyridinium because of the very low sol-
ubility of 32+ in CH2Cl2.


Figure 1. Absorption and fluorescence (inset) spectra of cavitand 1
(c), and guests 2+ (b) and 32+ (g) in CH2Cl2 at room tempera-
ture. For the fluorescence spectra, excitation was performed at the corre-
sponding absorption maximum.
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and t2<1 ns. The longer component is responsible for 90%
of the emitted intensity and is assigned to uncomplexed cav-
itand species (t=2.5 ns, Table 1), whereas the shorter com-
ponent is assigned to emission from the [1·2]+ complex,
which, as noted above, exhibits a slightly different lumines-
cence band relative to free 1.


It should be noted that a non-negligible residual amount
of free cavitand species is present even for saturating con-
centrations of the guest (Figure 2, inset). This observation
can be explained by assuming that the self-assembly of the
complex is in competition with the formation of tight ion
pairs between the positively charged guests and their coun-
terions. As a matter of fact, it was often observed[16–19] that
in apolar solvents the association between a positively
charged guest G+ and an uncharged host H [Eq. (1)] is ham-
pered by ion pairing of the former species [Eq. (2)], unless
the guest ion pairs are maintained upon complexation, or
specific stabilisation of the guest counterions (A�) can be
provided by the host itself.[20,21]


Gþ þHÐ ½H �G�þ ð1Þ


Gþ þA� Ð Gþ �A� ð2Þ


In the titration experiment, the result of which is depicted
in Figure 2, the guest is added as a PF6


� salt. Therefore, as
the concentration of 2+ and PF6


� ions increases throughout
the titration, the formation of ion pairs becomes increasingly
more likely. Apparently, the fraction of the guest that is ion-
paired is not available for complexation by 1, a correspond-
ing fraction of which remains thus free in solution and can
be revealed by luminescence spectroscopy. Supporting evi-
dence for the effect of the counterions on complex forma-
tion arises from the fact that the addition of a large excess
of tetrabutylammonium hexafluorophosphate (TBAPF6) to


a solution containing 1 and 2+ in a 1:2 ratio causes an in-
crease of the luminescence band with lmax =303 nm. Taken
together, these findings suggest that 1) the complex is not
ion-paired and 2) the addition of anions causes its disassem-
bly. The crystal structure of a related N-methylpyridinium
complex supports this view, since in the solid state the PF6


�


counterion is located outside the cavity.[15] This issue is fur-
ther discussed in the next sections.


Complexes of 1 and 32+ : Addition of small aliquots of a con-
centrated solution of 32+ in MeCN to a solution of 1 in
CH2Cl2 causes changes in the absorption and luminescence
spectra (Figure 3) that are consistent with the formation of


an adduct between these components. Specifically, both the
fluorescence of 1 and 32+ are quenched when the compo-
nents are mixed. The decrease of fluorescence of the free
cavitand stops after addition of 0.5 equiv of 32+ (Figure 3,
inset); concomitantly, the fluorescence of free 32+ is not ob-
served until after the addition of more than 0.5 equivalents
of guest (see Supporting Information). All these observa-
tions point to the formation of a 2:1 adduct in which two
cavitands encapsulate one methyl viologen species (for the
crystal structure of a related 2:1 methyl viologen/cavitand
adduct see reference [12]).


Also in this case a residual luminescence signal at 310 nm
is observed for saturating concentrations of the guest
(Figure 3). This emission exhibits a monoexponential decay
with t=2.4 ns and therefore has to be attributed to the free
cavitand. The addition of a large excess of TBAPF6 to a so-
lution containing 1 and 32+ in CH2Cl2 in a 1:2 ratio causes
an increase of the luminescence band of the host. As dis-
cussed in the case of the complexation of 2+ by 1, these ob-
servations can be explained by considering that the interac-


Figure 2. Fluorescence changes (lexc =272 nm) upon titration of 1 (1.56L
10�5


m) with 2+ in CH2Cl2 at room temperature (curves refer to 0, 0.12,
0.25, 0.37, 0.50, 0.62, 0.74, 0.87, 0.99, 1.24, 1.98 and 3.84 equiv of 2+). The
inset shows the titration curve obtained by monitoring the fluorescence
intensity of 1 at 303 nm.


Figure 3. Fluorescence spectral changes (lexc =271 nm) observed upon ti-
tration of a 7.8L10�6


m solution of 1 in CH2Cl2 with small aliquots of a
concentrated solution of 32+ in MeCN (curves refer to 0, 0.05, 0.10, 0.20,
0.30, 0.35, 0.40, 0.45, 0.50 and 0.55 equiv of 32+). The inset shows the ti-
tration curve obtained by monitoring the fluorescence intensity of 1 at
310 nm.
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tion between the cavitands and 32+ is hampered by the for-
mation of ion pairs between the latter species and its PF6


�


counterions.[16–19]


The reverse titration, namely, the addition of cavitand to
a solution of 32+ , leads to interesting results. First of all, the
absorption spectrum of a very dilute (1.2L10�5


m) solution
of 32+ in CH2Cl2 shows a band in the near UV region that is
much broader than that observed in MeCN, with a tail to-
wards the red region reaching down to 400 nm (Figure 4).


This behaviour is most likely related to aggregation phe-
nomena involving the poorly soluble 32+ species. Addition
of 1 causes the progressive disappearance of this absorption
tail and the quenching of the luminescence band of 32+


(Figure 4). The luminescence characteristic of free 1 does
not show up until more than two equivalents of 1 have been
added. The fluorescence titration plot (Figure 4, inset) is
consistent with the formation of two adducts, with 1:1 and
2:1 (host/guest) stoichiometries. Clearly, complexation by 1
prevents the formation of aggregates of 32+ species in
CH2Cl2. The stepwise stability constants for the 1:1 and the
2:1 complexation are logK1 =6.3�0.1 and logK2 =6.3�0.3,
respectively. Such observations show that 1) the affinity of
methyl viologen for the cavity of 1 is similar to that of the
N-methylpyridinium guest 2+ and 2) complexation of
methyl viologen by the first cavitand does not hamper the
association of a second cavitand molecule. Taken together,
these results suggest that a molecule of 1 can interact inde-
pendently with either one of the N-methylpyridinium ends
of 32+ .


A qualitative extrapolation of the two different slopes of
the titration plot (dashed lines in Figure 4, inset) shows that
the quenching of the methyl viologen luminescence is very


strong both in the 1:1 and in the 2:1 adducts. The value of
the quenching rate constant, calculated from Equation (3) in
which t0 and I0 are the luminescence lifetime and intensity
of 32+ in the absence of 1, and I is the luminescence intensi-
ty of 32+ in the presence of an excess of 1, exceeds 5L
1010 s�1. Interestingly, the lack of any residual methyl violo-
gen luminescence after titration of a dilute solution of its
hexafluorophosphate salt with 1 shows that the ion pairing
between 32+ and PF6


� is not important in these conditions,
in agreement with the fact that the amount of anions re-
mains constant and small throughout the experiment.


kq ¼ 1=t0ðI0=I�1Þ ð3Þ


The titration of 32+ by 1 was also performed in CH2Cl2/
MeCN 8:2 (v/v) in order to afford good solubility of methyl
viologen and avoid its intermolecular aggregation. Under
these conditions, the absorption spectrum of 32+ is almost
identical to that observed in MeCN, thereby showing no ag-
gregation. The changes in the luminescence bands of 1 and
32+ are qualitatively similar to those observed in pure
CH2Cl2 and are consistent with the formation of 1:1 and 2:1
adducts, albeit with slightly lower apparent stability con-
stants (logK1 =6.00�0.04 and logK2 =5.6�0.1, respective-
ly). The presence of 20% MeCN reduces the strength of
complexation, indicating that guest solvation plays a signifi-
cant role in the process, together with cation–dipole interac-
tions between the charged guest and the four P=O groups,
and CH–p interactions of the N-Me group of the guest with
the cavity.[15]


Because the electrochemical experiments are performed
in the presence of tetrabutylammonium hexafluorophos-
phate as supporting electrolyte and the spectroscopic experi-
ments evidenced a counterion effect on the stability of the
complexes, we decided to investigate the association of 1
and 32+ in CH2Cl2 in the presence of 0.1m TBAPF6. As ex-
pected, the presence of such an electrolyte lowers the appar-
ent stability constant for both the 1:1 and 2:1 adducts
(logK1 =5.16�0.03 and logK2 =3.9�0.7, respectively).
However, these values still ensure that, in a 2:1 mixture of 1
and 32+ in the conditions of the voltammetric and spectro-
ACHTUNGTRENNUNGelectrochemical experiments, more than 90% of the species
are associated to give the [(1)2·3]


2+ complex.


Electrochemical properties : The electrochemical data for
the examined compounds in CH2Cl2/TBAPF6 at room tem-
perature are gathered in Table 1. The cavitand is not elec-
troactive in the potential window examined (from �1.8 V to
+1.8 V vs. SCE). The 4-carbomethoxy-1-methylpyridinium
guest 2+ shows two reduction processes and no oxidation.
The first reduction process is chemically reversible and
mono ACHTUNGTRENNUNGelectronic (E’1/2 =�0.65 V, Figure 5a); the second one
also involves the exchange of one electron and is poorly re-
versible (E’’p =�1.52 V; potential of the DPV peak at a scan
rate of 20 mVs�1). Since methyl viologen is not soluble
enough in CH2Cl2 in order to perform voltammetric experi-
ments, 1,1’-dioctyl-4,4’-bipyridinium (dioctyl viologen) was


Figure 4. Absorption spectral changes observed upon titration of 32+


(1.2L10�5
m) with 1 in CH2Cl2 at room temperature (curves refer to 0,


0.20, 0.40, 0.60, 0.80, 1.00, 1.20, 1.40, 1.60, 1.80, 2.00, 2.40 and 3.00 equiv
of 1). The inset shows the fluorescence titration curve obtained from the
emission intensity of 32+ at 354 nm upon excitation at 300 nm. Dashed
lines represent a guide to the eye (not a fitting) for the two different
slopes of the titration plot.
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employed as a model[22] for the electroactive bipyridinium
unit of 32+ . On the other hand, dioctyl viologen cannot be
used as a guest for 1, because the two octyl chains can nei-
ther be accommodated in the inner space of the cavitand
nor pierce its lower rim. Dioctyl viologen shows[21,22] two re-
versible monoelectronic reduction processes with E’1/2 =


�0.21 V and E’’1/2 =�0.77 V vs. SCE (see Figure 7a).


Complex of 1 and 2+ : The addition of one equivalent of 1
to a solution of 2+ in CH2Cl2 causes a shift of the first re-
duction process of the guest to more negative potentials,
and a decrease of the corresponding current intensity
(Figure 5). These observations are in agreement with the
fact that 2+ forms a complex with the cavitand, and can be
interpreted on the basis of the square pattern shown in
Scheme 1, in which two complexation equilibria (horizontal
reactions) are coupled with two redox processes (vertical re-
actions).[23] The two association constants, K and K’, are re-
lated to the standard potential values of the free and com-
plexed 2+ (Eo


f and Eo
c, Scheme 1) by Equation (4):[23]


K
K0
¼ exp½ F


RT
ðEo


f�Eo
cÞ� ð4Þ


On the basis of Equation (4), taking the halfwave poten-
tial values for reduction of 2+ alone (�0.65 V vs. SCE,


Table 1) and in the presence of one equivalent of 1 (�0.75 V
vs. SCE, Figure 5) as Eo


f and as the upper limit of Eo
c, respec-


tively,[24] one can estimate that K’ is at least 50 times smaller
than K. Therefore, one-electron reduction of the guest leads
to a substantial decrease in the stability of the complex. The
fact that the second reduction process is not affected by the
presence of 1 (see Supporting Information) is in full agree-
ment with this interpretation, and indicates that in our con-
ditions the monoelectronic reduction of the guest leads to
disassembly of the complex.[25] This behaviour can be ac-
counted for by considering that one-electron reduction of 2+


affords a neutral species with no affinity for the host and en-
hanced solvation in CH2Cl2. The electron-acceptor character
of the guest is strongly diminished upon reduction, thereby
suppressing the cation–dipole interactions between the
charged guest and the converging P=O units. On subsequent
reoxidation of the reduced guest 2C the complex is re-assem-
bled, as shown by the reversibility of the wave shown in Fig-
ure 5b.


To gain more insight on whether one-electron reduction
of the guest leads to complex disassembly, we have per-
formed spectroelectrochemical experiments. The absorption
spectrum of the monoreduced 2C species (Figure 6), obtained
upon electrolysis of 2+ at �1.1 V versus an Ag pseudo-refer-
ence electrode, shows two intense bands with lmax =304 and
395 nm. The shape of the absorption bands arising from re-
duction of the 2+ guest in the [1·2]+ complex (Figure 6) is
identical to that of the absorption bands obtained for free 2C
species. Therefore, the spectroelectrochemical results sup-
port the conclusion that the complex is disassembled upon
one-electron reduction of the guest.


Complexes of 1 and 32+ : In the presence of two equivalents
of 1, the methyl viologen guest 32+ can be dissolved in
CH2Cl2 to a concentration sufficient for voltammetric ex-
periments. Under these conditions, the first reduction pro-
cess of 32+ is considerably shifted to more negative poten-
tials compared to the same process in the dioctyl viologen
model compound (Figure 7). This observation is in agree-
ment with the fact that 32+ forms a stable 2:1 (host/guest)


Figure 5. Cyclic voltammetric curves for the first reduction of 2+ alone
(a, c) and in the presence of one equivalent of 1 (b, b). The reversi-
ble wave at +0.51 V is that of ferrocene, used as a standard. The bottom
schemes represent the processes corresponding to each voltammetric
curve (see text for details). Conditions: 1.2L10�3


m, CH2Cl2/TBAPF6,
200 mVs�1, glassy carbon electrode.


Scheme 1. Square scheme representing the coupling of the redox process-
es of the guest 2+ (vertical processes) with the complexation equilibria
with cavitand 1 (horizontal processes).
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complex with the cavitand, and can be interpreted on the
basis of considerations similar to those discussed for the 2+


guest. The second reduction process takes place at the same
potential observed for the corresponding process in dioctyl
viologen (Figure 7), suggesting that one-electron reduction
of the guest leads to disassembly of the complex for the
same reasons taken into account in the case of the previous
system. It is known[26] that the added electron in 3C+ is ex-
tensively delocalised, thereby equally diminishing the posi-
tive charge of both nitrogen atoms and, as a consequence,
weakening the cation–dipole interactions with both cavitand
hosts. The reversibility of the first reduction wave shown in
Figure 7b indicates that on subsequent reoxidation of the
monoreduced guest 3C+ the complex is re-assembled.


The above hypothesis is supported by the results of spec-
troelectrochemical measurements. The absorption spectrum
of the monoreduced 3C+ species (Figure 8), obtained upon
electrolysis of 32+ at �0.5 V versus an Ag pseudo-reference
electrode, shows the typical[22] absorption spectrum of the
bipyridinium radical cation, with two intense and structured
bands peaking at lmax =400 and 605 nm. The absorption
spectrum obtained upon reduction of the [(1)2·3]


2+ complex
in the same conditions is nearly identical to that of free
monoreduced dioctyl viologen (Figure 8). If the monore-
duced guest remained included in 1, it would be expected
that the absorption spectrum of the former would be affect-
ed in some way[27,28] relative to that recorded in the absence
of the cavitand. Therefore, the spectroelectrochemical re-
sults are in agreement with the dissociation of the [(1)2·3]


2+


complex upon one-electron reduction of the guest.


Conclusion


Cavitand 1 forms stable complexes with mono- and bispyri-
dinium guests in dichloromethane. The complexes have 1:1


Figure 6. Difference absorption spectra obtained upon electrochemical
reduction of 2+ alone (c) and in the presence of one equivalent of 1
(b) at �1.1 V versus an Ag pseudo-reference electrode in a spectro-
ACHTUNGTRENNUNGelectrochemical thin-layer cell (2.3L10�3


m, CH2Cl2/TBAPF6).


Figure 7. Cyclic voltammetric curves for reduction of dioctyl viologen
alone (a, c) and of 32+ in the presence of two equivalents of 1 (b,
b). The reversible wave at +0.51 V is that of ferrocene, used as a stan-
dard. The bottom schemes represent the processes corresponding to each
voltammetric curve (see text for details). Conditions: 1.05L10�3


m,
CH2Cl2/TBAPF6, 200 mVs�1, glassy carbon electrode.


Figure 8. Difference absorption spectra obtained upon electrochemical
reduction of dioctyl viologen alone (c) and of 32+ in the presence of
two equivalents of 1 (b) at �0.5 V versus an Ag pseudo-reference
electrode in a spectroelectrochemical thin-layer cell (5.5L10�4


m, CH2Cl2/
TBAPF6).
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stoichiometry in the case of the monopyridinium guest,
whereas the bispyridinium guest is complexed by two cavi-
tand molecules. Formation of the complexes substantially af-
fects the photophysical and electrochemical properties of
the molecular components. Specifically, the observed lumi-
nescence of the free host and guest species is strongly
quenched when they are associated. Luminescence experi-
ments allowed us to determine the K values of the com-
plexes formed under different conditions. Increasing the sol-
vent polarity and the ionic strength of the medium leads to
a reduction of the complexes stability, as quantified in the
case of [(1)2·3]


2+ complex.
Electrochemical experiments show that one-electron re-


duction of the guests leads to decomplexation. Since the
monoelectronic reduction of the investigated guests is rever-
sible, the formation and dissociation of such complexes can
be electrochemically controlled. These results are of interest
because they constitute a first step towards the development
of supramolecular devices and materials, for example, supra-
molecular polymers,[15,29] that can be electrochemically as-
sembled and disassembled. Research in this direction is un-
derway in our laboratories.


Experimental Section


Synthesis of 1: N-Methylpyrrolidine (0.151 mL, 1.46 mmol) and dichloro-
phenylphosphine oxide (0.649 mL, 4.57 mmol) were added to a solution
of pentyl-footed resorcinarene[30] (0.80 g, 1.04 mmol) in distilled toluene
(30 mL) at room temperature. The resultant mixture was heated to reflux
and vigorously stirred for 5 h. The reaction mixture was cooled to room
temperature and concentrated in vacuo. Aluminium oxide column chro-
matography (CH2Cl2/MeOH 98:2) of the crude afforded the 1 stereoiso-
mer as a white powder (0.58 g, 0.46 mmol, 46%). 1H NMR (300 MHz,
298 K, CDCl3): d=8.00 (m, 8H; P(O)ArHo), 7.66–7.49 (m, 4H+8H+


4H; P(O)ArHp + P(O)ArHm + ArHdown), 6.90 (s, 4H; ArHup), 4.75 (m,
4H; ArCH), 2.49 (m, 8H; CH2 ACHTUNGTRENNUNG(CH2)3CH3), 1.53–1.30 (m, 24H; CH2-
ACHTUNGTRENNUNG(CH2)3CH3), 0.89 ppm (t, J=7.0 Hz, 12H; CH2ACHTUNGTRENNUNG(CH2)3CH3);


31P NMR
(162 MHz, 298 K, CDCl3):d =7.63 ppm (s, P=O); ESI-MS: m/z calcd for
C72H76O12P4 (1257.3 Da) [M+Na]+ : 1280.3; found 1280; [M+K]+ : 1296.4;
found 1296.


Absorption and luminescence experiments : Measurements were carried
out at room temperature (ca. 295 K) on air-equilibrated solutions of the
samples in CH2Cl2 (Merck Uvasol) or CH3CN (Merck Uvasol) in the
concentration range from 1L10�6 to 2L10�5


m. UV/Vis absorption spectra
were recorded with a Perkin–Elmer l40 spectrophotometer. Lumines-
cence spectra were obtained with an LS-50 spectrofluorimeter (Perkin–
Elmer) equipped with a Hamamatsu R928 phototube. Correction of the
luminescence intensity for inner filter effects was performed when neces-
sary according to a previously reported procedure.[31] Luminescence life-
times were measured by the time-correlated single-photon counting
(TCSPC) technique with Edinburgh Instruments FLS920 equipment. The
spectrophotometric and spectrofluorimetric titration curves were ana-
lysed with the SPECFIT software.[32] The experimental error on molar
absorption coefficients, emission intensities, and luminescence lifetimes is
estimated to be �5%, on wavelength values, �1 nm. The quenching rate
constant of the luminescence of 32+ in its complexes with 1 was estimated
from Equation (3) (see main text).


Electrochemical experiments : Cyclic voltammetric (CV) and differential
pulse voltammetric (DPV) experiments were carried out in argon-purged
CH2Cl2 (Romil Hi-Dry) at room temperature with an Autolab 30 multi-
purpose instrument interfaced to a PC. The working electrode was a
glassy carbon electrode (Amel; 0.07 cm2), the counter electrode was a Pt


wire, separated from the solution by a frit, and an Ag wire was employed
as a quasi-reference electrode. Ferrocene was present as an internal stan-
dard (E1/2 =++0.51 V vs. SCE). The concentration of the compounds ex-
amined was on the order of 1L10�3


m ; tetrabutylammonium hexafluoro-
phosphate 0.1m was added as supporting electrolyte. Under these condi-
tions, the observed potential window ranged from �1.8 to +1.8 V vs.
SCE. CVs were obtained at sweep rates varying from 0.02 to 2 Vs�1.
DPVs were obtained at a sweep rate of 0.02 mVs�1, with a pulse height
of 75 mV and a duration of 40 ms. The IR compensation implemented
within the Autolab 30 was used, and every effort was made throughout
the experiments to minimise the resistance of the solution. In any in-
stance, the full electrochemical reversibility of the voltammetric wave of
ferrocene was taken as an indicator of the absence of uncompensated re-
sistance effects. For reversible processes the halfwave potential values
were calculated from an average of CV and DPV experiments, whereas
the redox potential values in the case of irreversible processes were esti-
mated from the DPV peaks. Experimental errors: potential values,
�10 mV for reversible processes, �20 mV for irreversible processes.
Spectroelectrochemical measurements were performed in situ with a
custom-made optically transparent thin-layer electrochemical (OTTLE)
cell by using an Autolab 30 potentiostat and an Agilent Technologies
8543 diode array spectrophotometer. The working and counter electrodes
were Pt minigrids, and the quasi-reference electrode was an Ag wire; all
the electrodes were melt-sealed into a polyethylene spacer. The thickness
of the layer, determined by spectrophotometry, was about 180 mm. The
curves reported in Figures 6 and 8 show the difference between the ab-
sorption spectra of the solution after and before the electrolysis.
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Introduction


Metallocenophanes have been the focus of intense research
for more than a decade due to their interesting chemistry
and their highly useful application in areas such as material
sciences and catalysis. For example, ansa-metallocenes de-
rived from transition metals of Groups V to VIII[1] have
been successfully employed for the generation of organome-
tallic polymers by ring-opening polymerization (ROP); poly-
ferrocenylsilane is the most prominent example.[2]


Likewise, metallocenophanes of early transition metals, in
particular constrained geometry complexes (CGC) of Group
4 metals, have attracted much interest due to their vast po-
tential as catalyst precursors for Ziegler–Natta type olefin
polymerization. Besides a very high catalytic activity of the
metallocenophanes, the facile ligand design of such com-
plexes allows precise control of the stereoselective polymeri-
zation of propene. A wealth of review articles concerning
this topic underscores the importance for academia and in-
dustry.[3]


By tailoring the ligand framework and the ansa-bridge in
particular, highly active catalysts were designed and experi-
mentally realized. Commonly R2C, R4C2, and R2Si bridges
were incorporated and studied intensively with regard to
their activity in ethylene and propylene polymerization.[3e, 4]


The introduction of an aminoboranediyl bridge into the
[1]borametallocenophanes is believed to be of some advant-
age with respect to the catalytic performance of such com-
plexes, since the small boron atom imposes high rigidity, and
therefore, has the potential to improve the stereoselectivity
of the catalyst. In addition, a three-coordinate boron atom is
to some extent Lewis acidic, a fact which is believed to en-
hance the catalytic activity of Group 4 [n]borametalloceno-
phanes (n=1, 2).[5]


We[6] and others[7] have studied the synthesis, structure,
and catalytic activity of Group 4 [1]borametallocenophanes
and their related constrained geometry complexes. These
studies have shown those complexes i) to exhibit an en-
hanced activity for the polymerization of ethylene and ii) to
produce syndiotactic polypropylenes.


Reports on [n]carba-bridged metallocenophanes showed
that the chain length of the resulting polymer is distinctly
longer when a [2]carba-bridged catalyst is utilized as op-
posed to a [1]carba-bridged catalyst.[3e] Hence, we became
interested in the question whether [2]borametalloceno-
phanes are similarly advantageous and recently we commu-
nicated the first diaminodiborane(4)diyl-bridged complexes
of the type [(Me2N)2B2ACHTUNGTRENNUNG(h5-C5H4)2MCl2] (M =Zr, Hf).[8] Pre-
liminary polymerization results for these complexes already
suggested a significantly improved polymerization perfor-
mance over the unbridged zirconocene. Consequently, we
sought to extend the scope of such complexes by varying
both the metal center and the ligand framework, and herein
we report the synthesis and characterization of a series of
[2]borametallocenophanes of Ti, Zr, and Hf with ligand sys-
tems containing cyclopentadienyl and fluorenyl rings.


Keywords: metallocenes · boron ·
hafnium · metallocenophanes ·
titanium · zirconium


Abstract: We report a series of [2]borametallocenophanes of Ti, Zr, and Hf with
various ligand systems. The ligands have been synthesized in high yields starting
from 1,2-dibromo-1,2-bis(dimethylamino)diborane(4) upon reaction with Na ACHTUNGTRENNUNG[C5H5]
and Li ACHTUNGTRENNUNG[C13H9], respectively. All compounds were fully characterized by multinu-
clear NMR spectroscopy and, for selected examples, by X-ray analysis.
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Results and Discussion


Ligand precursors : In 1994 Nçth et al. described the synthe-
ses of 1,2-bis(dimethylamino)-1,2-bis(h1-indenyl)diborane(4)
and 1,2-bis(dimethylamino)-1,2-bis(h1-fluorenyl)diborane(4)
starting from 1,2-bis(dimethylamino)-1,2-dichlorodibor-
ane(4) and Li ACHTUNGTRENNUNG[C9H7] or Li ACHTUNGTRENNUNG[C13H9]. The corresponding 1,2-
bis(dimethylamino)-1,2-bis(h1-cyclopentadienyl)diborane(4)
(2), however, is not accessible by this route.[9] Based on our
successful synthesis of 2 via the monosubstituted intermedi-
ate 1, by employing the more reactive 1,2-bis(dimethylami-
no)-1,2-dibromodiborane(4),[8] we obtained 4 as the first di-
borane(4) species bearing one cyclopentadienyl (Cp) and
one fluorenyl (Flu) group as a potentially useful ligand pre-
cursor for the generation of stereoregular syndiotactic poly-
propylene (Scheme 1).[8]


Compound 2 can be obtained by reacting 1,2-bis(dimethy-
lamino)-1,2-dibromodiborane(4) with two equivalents of Na-ACHTUNGTRENNUNG[C5H5] in the presence of diethyl ether (Scheme 1). After
workup, 2 is isolated as a yellow oil in almost quantitative
yields. The NMR spectroscopic data reveal the presence of
isomers, as already observed and thoroughly studied for
amino ACHTUNGTRENNUNG[bis(cyclopentadienyl)]boranes.[10] Owing to the pres-
ence of up to three isomers, the 1H and 13C NMR spectra
are rather complex. The 11B NMR spectrum displays a
signal at d= 46.0 ppm, which is deshielded with respect to
that of the starting diborane(4).


Compound 4 can be obtained by two different routes
(Scheme 1); higher yields, though, are obtained by reacting
the 1,2-bis(dimethylamino)-1,2-dibromodiborane(4) with Li-ACHTUNGTRENNUNG[C13H9] in toluene to yield 3, which subsequently is treated
with a slight excess of Na ACHTUNGTRENNUNG[C5H5] in a 1:1 mixture of toluene
and diethyl ether. The multinuclear NMR spectra reveal
two sets of signals in a 2:1 ratio, due to the presence of the


thermodynamically favored va and vh isomers.[10] By em-
ploying proton–proton and proton–carbon correlation NMR
experiments, all signals could be assigned, and in the follow-
ing discussion the corresponding 13C NMR signals are given
in parentheses. For the main isomer the methyl groups give
rise to signals at d= 2.36, 2.40, 2.71, and 2.74 ppm (d= 40.10,
40.45, 45.39 and 45.62 ppm), the signal for the CH2 fragment
of the Cp ring is observed as multiplet at d= 2.60 ppm
(45.83 ppm) and the proton attached to the ipso-carbon of
the fluorenyl ring can be detected at d= 4.15 ppm. The cor-
responding 13C NMR signal was detected at d= 46.7 ppm as
a broad resonance, due to the quadrupolar coupling to
boron. Three multiplets at d=6.23, 6.45, and 6.55 ppm (d=


133.69, 135.95, and 138.65 ppm) were assigned in the proton
NMR spectrum to the Cp ring, and the eight protons of the
fluorenyl ring give rise to two multiplets at d= 7.80,
7.42 ppm and a complex area between d=7.2 and 7.3 ppm.
Here, the corresponding 13C NMR signals were observed at
d= 120.35, 125.53, 126.60, and 126.63 ppm; the remaining
two resonances for the quaternary carbons were found at
d= 142.33 and 149.85 ppm. Similarly, for the minor isomer
four signals in the 1H NMR spectrum were detected for the
methyl groups at d= 2.37, 2.42, 2.70, and 2.78 ppm (d=


40.04, 40.39, 40.95, and 45.07 ppm). The aliphatic protons on
the Cp and fluorenyl fragment were found at d= 2.70 and
4.16 ppm (d=43.42 and 46.7 ppm). The latter 13C NMR
signal was broadened due to the quadrupolar coupling to
boron. The olefinic protons on the Cp give rise to three mul-
tiplets at d=5.87, 6.22, and 6.28 ppm (d=131.44, 137.24,
and 137.36 ppm) and the aromatic protons of the fluorenyl
ring can be detected as a complex area ranging from d= 7.2
to 7.6 ppm. In the 13C NMR spectrum four signals correlate
to the complex area at d=120.50, 124.83, 125.35, and
125.75 ppm. Two additional signals were found and assigned
to the quaternary carbons of the fluorenyl ring at d= 142.65
and 149.25 ppm. As observed before, for both isomers only
one 11B NMR signal at d=47.40 ppm was detected.[10]


Deprotonation of the ligand precursors : Compounds 2 and 4
can be reacted in a toluene/diethyl ether mixture (1:1) at
low temperatures with various lithium organyls to yield the
deprotonated ligand species 5 and 6 (Scheme 2).


A solution of 2 in a 1:1 mixture of toluene and diethyl
ether was treated with 2.1 equivalents of Li ACHTUNGTRENNUNG[C4H9] at �80 8C
and slowly allowed to warm to room temperature, resulting
in a colorless suspension. Compound 5 can be isolated in
high yields as an amorphous and pyrophoric off-white
powder, which is soluble in THF. The NMR spectroscopic
data of 5 provide evidence for the coordination of two mole-
cules of ether per ligand. In the 1H NMR spectrum two
pseudo-triplets were observed at d=5.76 and 6.01 ppm, re-
spectively, corresponding to the protons of the cyclopenta-
dienyl rings, which exhibited an AA’BB’ spin system, and
hence, C2 symmetry in solution. The corresponding carbon
signals in the 13C NMR spectrum at d= 106.11 and
113.78 ppm are in line with this description. The signal for
the carbon atom attached to boron cannot be observed due


Scheme 1. a) 1 equiv Na ACHTUNGTRENNUNG[C5H5], toluene, RT; b) 1 equiv Li ACHTUNGTRENNUNG[C13H9], tolu-
ene, RT; c) 1.2 equiv Na ACHTUNGTRENNUNG[C5H5], toluene/diethyl ether (1:1), RT; d)
1.2 equiv Na ACHTUNGTRENNUNG[C5H5] toluene/diethyl ether (1:1); e) 1 equiv Li ACHTUNGTRENNUNG[C13H9], tolu-
ene/diethyl ether (1:1), RT.
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to the quadrupolar moment of the boron nucleus. The
methyl groups attached to nitrogen give rise to two signals
at d= 3.01 and 3.18 ppm (d= 41.15, 46.71 ppm), thus indicat-
ing hindered rotation with respect to the B�N bonds. The
7Li NMR spectrum shows a signal at d=�5.75 ppm and the
11B NMR spectrum reveals a signal at d=45.77 ppm, the
latter of which is comparable to that of 2.


In a similar reaction, a solution of 4 is treated with Li-ACHTUNGTRENNUNG[CH3] in a 1:1 mixture of toluene and diethyl ether at low
temperatures. The dilithiated species 6 can be obtained in
high yields as a pale orange pyrophoric powder. As for 5,
the NMR spectroscopic data of 6 reveal the presence of co-
ordinated diethyl ether. Owing to the different substitution
pattern of the boron atoms, four signals in the 1H NMR
spectrum for the methyl groups at d=3.01, 3.22, 3.33, and
3.34 ppm are observed, which correlate with the signals at
d= 41.25, 43.62, 45.27, and 46.00 ppm in the 13C NMR spec-
trum. The four protons of the cyclopentadienyl ring give rise
to two signals at d= 5.68 and 6.04 ppm, which together with
signals in the carbon NMR spectrum at d= 107.56 and
110.20 ppm indicate Cs symmetry in solution. Correspond-
ingly, the fluorenyl ring exhibits four signals for the eight
protons at d=6.47, 6.86, 7.55, and 7.81 ppm, respectively.
Here, the respective signals for the carbon atoms are found
at d=113.20, 118.46, 119.61, and 120.12 ppm. Further signals
in the 13C NMR spectrum at d=127.26 and 142.30 ppm are
assigned to the quaternary carbons of the fluorenyl frag-
ment. In the 7Li NMR spectrum a signal is observed at d=


�5.36 ppm, and the 11B NMR spectrum shows a signal at
d= 47.80 ppm, hence being almost identical to the signal ob-
served for 4 (d= 47.40 ppm).


Complexes of the type [(Me2N)2B2 ACHTUNGTRENNUNG(h5-C5H4)2MCl2] (M =Ti,
Zr, Hf): The lithiated ligand 5 was allowed to react with the
corresponding Group 4 metal halides, that is, [TiCl3 ACHTUNGTRENNUNG(thf)3],
[ZrCl4ACHTUNGTRENNUNG(thf)2],[8] and HfCl4,


[8] at low temperatures (Scheme 3).
The titanium complex 7 must be synthesized via a TiIII


precursor followed by oxidation to the final TiIV species due
to the redox behavior of Ti under these conditions.[11] The


NMR spectra of 7–9 are very similar, as expected, and the
corresponding data are shown in Table 1. Two signals for the
methyl groups as well as two pseudo-triplets for the cyclo-


pentadienyl rings indicate C2v symmetry in solution. Accord-
ingly, four signals are observed in the 13C NMR spectrum,
two assigned to the methyl groups and two to the aromatic
five-membered ring systems. A signal for the carbon atom
attached to boron in the 13C NMR spectrum could not be
observed due to the quadrupolar coupling with boron. The
boron signals in the 11B NMR spectrum are marginally high-
field shifted with respect to those of the ligand precursor 2.


Complexes of the type [(Me2N)2B2ACHTUNGTRENNUNG(h5-C5H4) ACHTUNGTRENNUNG(h5-C13H8)MCl2]
(M= Zr, Hf): Similar to the procedure described before, 10
and 11 are obtained by treating a suspension of 6 in a tolu-
ene/diethyl ether mixture (1:1) at �80 8C with the metal hal-
ides (Scheme 4).


As to be expected, the NMR-spectroscopic data of the
complexes are very similar, and in the 1H NMR spectrum of,
for example, 10, four signals for the methyl groups at d=


2.91, 3.09, 3.35, and 3.36 ppm (d= 40.71, 42.05, 45.16, 45.19)
can be found at room temperature. The CH groups of the


Scheme 2. Deprotonation of the ligands 2 and 4.


Scheme 3. Metal complexes of ligand 5.


Table 1. NMR spectroscopic data and yields of compounds 7–9.


Compound 1H NMRACHTUNGTRENNUNG[ppm]


11B NMRACHTUNGTRENNUNG[ppm]


13C NMRACHTUNGTRENNUNG[ppm]
Yield
[%]


7 2.97, 3.13 (Me)
6.17, 6.85 (CHCp)


43.5 40.71, 45.28 (Me)
120.78, 129.83 (CHCp)


64


8 2.99, 3.13 (Me)
6.17, 6.85 (CHCp)


42.9 40.55, 45.19 (Me)
116.69, 125.31 (CHCp)


68


9 2.98, 3.13 (Me)
5.96, 6.64 (CHCp)


42.9 40.65, 45.22 (Me)
114.95, 123.84 (CHCp)


72


Scheme 4. Metal complexes of ligand 6.
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Cp ring arise at d= 5.98 (pt) and 6.32 (pt) ppm, and the
eight hydrogen atoms of the fluorenyl ring can be detected
as multiplets at d=7.28, 7.38, 7.56, and 8.05 ppm. Even
though the corresponding carbon atoms in the fluorenyl ring
could be assigned in the 13C NMR spectrum (CHflu : d=


124.75, 124.88, 125.90, 128.44; Cq/flu : d= 127.63 ppm), the sig-
nals for the carbon atoms of the cyclopentadienyl ring are
not visible at ambient temperature, and the 11B NMR reso-
nance (d= 43.49 ppm) is somewhat shielded with respect to
that of the free ligand.


At �50 8C, however, the signals associated with the Cp
ring could be detected as four multiplets at d=5.90, 6.02,
6.21, and 6.37 ppm in the 1H NMR spectrum and corre-
sponding resonances in the 13C NMR spectrum at d= 112.45,
115.41, 119.98, and 127.10 ppm.


Dynamic behavior of bis(cyclopentadienyl) complexes in so-
lution : In 1997, Wrackmeyer, Herberhold et al. described
the diboranediyl-bridged ansa-ferrocene [(Me2N)2B2ACHTUNGTRENNUNG(h5-
C5H4)2Fe]. This [2]boraferrocenophane exhibits a dynamic
process in solution due to a motion of the cyclopentadienyl
rings, that is switching between a staggered and eclipsed
conformation (Figure 1), which becomes only apparent at


low temperatures.[12] This dynamic process was ascribed to
the common property of amino-substituted diboranes(4) to
avoid conformations in which the axes passing through the
boron pz orbitals adopt a parallel orientation.[9,12,13]


The Zr complex 8 was chosen as an representative exam-
ple to study the dynamic behavior of the bis(cyclopentadie-
nyl)complexes described here. As in the case of the afore-
mentioned ansa-ferrocene,[12] 8 exhibits, at ambient tempera-
ture, signal patterns in the 1H and 13C NMR spectra corre-
sponding to C2v symmetry, giving evidence for a dynamic
process that is fast compared to the NMR time scale. At
lower temperatures, however, a gradual line broadening in
the 1H NMR spectrum is observed, and at �60 8C the signals
for the favored staggered conformer become detectable in
the 1H and 13C NMR spectra. At room temperature, two
pseudo-triplets at d=6.17 and 6.85 ppm for the AA’BB’ spin
system were observed, which at �60 8C split into four mul-
tiplets at d=5.91, 6.17, 6.70, and 6.75 ppm for the eight Cp
protons, thus indicating a decrease of the symmetry from
C2v to Cs. Figure 2 shows the aromatic area of the proton


NMR spectrum for 8 at different temperatures. The free en-
thalpy for the dynamic process in 8 was calculated to be
DG+�


251K =52�1 kJ mol�1 thus being only slightly higher by
8 kJ mol�1 than the value reported for the ansa-ferrocene.


Constitution of the complexes in the solid state : Single crys-
tals for 7, 8, and 9[8] suitable for X-ray analyses were ob-
tained by storing concentrated toluene solutions at �30 8C.
Compound 7 crystallizes in the orthorhombic space group
Pbca, compounds 8 and 9 in the monoclinic space group
P21/n, and the respective molecules adopt C2 symmetry
(Figure 3).


The differences in the structural parameters of 7–9 are
rather small and can be attributed to the different size of
the central metals. The most notable impact imposed by the
varying covalent radii of Ti, Zr, and Hf on the overall geom-
etry is reflected by i) the tilt angle a, ranging from 48.88 (7)
to 52.08 (8) and 51.88 (9), ii) by the angle d, representing the
angle between the centroids of the aromatic rings and the
metal center, ranging from 132.48 (7), to 130.48 (8) and
130.78 (9), and iii) by the distance between the metal center
and the centroid of the aromatic rings, which is distinctly
shorter for 7 (2.070, 2.073 �) than for 8 (2.205, 2.207 �) and
9 (2.188, 2.191 �). For all three complexes the geometry of
the -B ACHTUNGTRENNUNG(NMe2)-B ACHTUNGTRENNUNG(NMe2)- bridge is unobtrusive and compara-
ble to that in other [2]borametalloarenophanes.[1d,g,i,j, 14] Se-
lected bond lengths and angles are summarized in Table 2.


It is noteworthy that all three complexes adopt the afore-
mentioned favored staggered conformation in the crystal,
thus avoiding a linear arrangement of the Cipso-B-B-Cipso


moieties as indicated by corresponding dihedral angles of
about 508.


Single crystals of 10 and 11 were obtained by storing con-
centrated toluene solutions at ambient temperature. Both
compounds crystallize in the monoclinic space group P21


and the molecules adopt C1 symmetry (Figure 4). The struc-
tural data confirm the predicted bent ansa geometry. The
distances between the centroids of the cyclopentadienyl
rings and the metal centers are similar to those observed for


Figure 1. Dynamic process of [2]borametallocenophanes.


Figure 2. 1H NMR variable-temperature experiment of 8, recorded in
CD2Cl2.
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7, 8, and 9 (10 : 2.195 �, 11: 2.173 �). However, the distan-
ces between the metals and the center of the aromatic five-
membered ring of the fluorenyl ligand are significantly in-
creased by about 0.1 � (10 : 2.294 �, 11: 2.278 �). This ob-
servation can be attributed to the fact that the fluorenyl
ligand does not exhibit a regular h5-coordination mode. The
metal–carbon distances to the carbon atoms opposite to Cipso


(10 : 2.712, 2.716 �, 11: 2.693, 2.699 �) are about 0.25 �
longer than those to the ipso-carbons themselves (10 :
2.453 �, 11: 2.438 �). A similar geometry was already de-
scribed by Lee et al. for the analogous [2]carbametalloceno-
phanes.[15]


The tilt angles a (56.58 for 10 and 56.08 for 11) as well as
the deformation angles d (132.58 for 10 and 132.98 for 11)
are only marginally greater than those of the aforemen-


tioned bis(cyclopentadienyl) species 7–9. Likewise, the over-
all geometry of the bridging diborane(4)diyl unit is compa-
rable and all pertinent structural parameters are unobtru-
sive. Selected bond lengths and angles are summarized in
Table 3.


Conclusion


[2]Borametallocenophanes of Ti, Zr, and Hf are accessible
by a convenient multistep high-yield synthesis, similar to the
synthesis of [1]borametallocenophanes. Due to the dibora-
nediyl bridge the ligand system is not as rigid as that in bor-
anediyl-bridged metallocenes, as was demonstrated by their


Figure 3. Crystal structures of compounds 7–9.


Table 2. Bond lengths [�] and angles [8] of the crystal structures of 7–9.


7 8 9


tilt angle a 48.8 52.0 51.8
torsion Cipso-B-B-Cipso 49.3 51.4 51.1
Cpc1 M-Cpc2 (d) 132.4 130.4 130.7
Cl1 M-Cl2 94.9(4) 96.9(2) 95.8(3)
C1-B1-B2 106.4(3) 108.6(2) 108.2(2)
C6-B2-B1 107.4(3) 109.6(2) 109.3(2)
M�Cl1 2.335(1) 2.461(1) 2.437(1)
M�Cl2 2.374(1) 2.452(1) 2.427(1)
M�Cpc1 2.070 2.205 2.188
M�Cpc2 2.073 2.207 2.191
B1�C1 1.589(6) 1.587(3) 1.589(4)
B2�C6 1.588(6) 1.585(3) 1.584(4)
B1�B2 1.698(6) 1.708(3) 1.707(5)
B1�N1 1.383(5) 1.385(3) 1.382(4)
B2�N2 1.383(5) 1.387(3) 1.388(4)


Figure 4. Crystal structures of compounds 10 and 11.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8972 – 89798976


H. Braunschweig et al.



www.chemeurj.org





constitution in solution. Studies on the effect of the lack of
rigidity, which is believed to enhance the catalytic activity,
are ongoing. Furthermore, the polymerization performance
of the presented complexes will be investigated in the near
future.


Experimental Section


All manipulations were carried out under a dry argon atmosphere with
common Schlenk techniques. Solvents were dried with a solvent purifica-
tion system (SPS) from M. Braun and stored under argon over molecular
sieves; reagents were dried and purified by standard procedures. [TiCl3-ACHTUNGTRENNUNG(thf)3)],[16] [ZrCl4 ACHTUNGTRENNUNG(thf)2],[16] 1,2-bis(dimethylamino)-1,2-dibromodibor-
ane(4)[17] were obtained according to literature procedures. Li ACHTUNGTRENNUNG[C4H9] and
Li ACHTUNGTRENNUNG[CH3] were obtained commercially and used without further purifica-
tion. NMR: Bruker Avance 500 at 500.13 MHz (1H, internal standard
TMS), 125.77 MHz (13C{1H}, APT, internal standard TMS) and
160.46 MHz (11B, BF3·OEt2 in C6D6 as external standard), Bruker DRX
300 at 116.64 MHz (7Li, external standard LiCl). Elemental analyses (C,
H, N) were obtained from a Carlo-Erba elemental analyzer, model 1160.
Mass spectra were recorded with a Thermo Finnigan Trio 1000. Experi-
mental and spectroscopic details for (Me2N)2B2 ACHTUNGTRENNUNG(h1-C5H5)2 (2) and
[(Me2N)2B2 ACHTUNGTRENNUNG(h5-C5H4)2MCl2] (M =Zr (8), Hf (9)) are published else-
where.[8]ACHTUNGTRENNUNG(Me2N)2B2 ACHTUNGTRENNUNG(h1-C5H5)Br (1): 1,2-Bis(dimethylamino)-1,2-dibromodibor-
ane(4) (1.35 g, 5.00 mmol) was added at room temperature to a suspen-
sion of Na ACHTUNGTRENNUNG[C5H5] (0.44 g, 5.00 mmol) in toluene (20 mL). After 12 h all
volatiles were removed under reduced pressure and the product was ex-
tracted with hexane (40 mL). Removing all volatiles gave 1 as yellow oil
in quantitative yields (1.27 g). NMR data reveal the presence of the two
expected isomers. Main isomer: 1H NMR (500.13 MHz, C6D6, 297 K): d=


2.15, 2.64, 2.70, 2.78 (s, 18H, CH3), 3.11 (m, 2 H, CH2 Cp), 6.56, 6.64,
6.89 ppm (m, 3 H, CH Cp); 11B NMR (160.46 MHz, C6D6, 297 K): d=


40.98 ppm; 13C{1H} NMR (125.77 MHz, C6D6, 297 K): d=40.10, 40.40,
42.67, 44.85 (CH3); 43.38 (CH2 Cp); 132.48, 136.90, 139.78 ppm (CH Cp).ACHTUNGTRENNUNG(Me2N)2B2 ACHTUNGTRENNUNG(h1-C13H9)Br (3): 1,2-Bis(dimethylamino)-1,2-dibromodibor-
ane(4) (0.74 g, 2.74 mmol) was added slowly over a few minutes at room
temperature to a suspension of Li ACHTUNGTRENNUNG[C13H9] (0.47 g, 2.74 mmol) in toluene
(20 mL). The reaction mixture was stirred for 24 h, filtered, and all vola-
tiles removed under high vacuum to give 3 as a pale yellow oil (0.78 g,
79%). 1H NMR (500.13 MHz, C6D6, 297 K): d=2.03, 2.36, 2.53, 2.56 (s,
12H, CH3), 4.19 (bs, 1 H, BCH), 7.21, 7.49, 7.70, 7.77 (m, CHFlu) 7.25–
7.35 ppm (kB, CHFlu); 11B NMR (160.46 MHz, C6D6, 297 K): d=


43.04 ppm; 13C{1H} NMR (125.77 MHz, C6D6, 297 K): 42.88, 40.42, 40.06,


45.21 (CH3); 42.49 (BCH); 120.48, 120.74, 125.52, 126.45, 126.53, 126.85
126.89, 127.25 (CHFlu); 141.97, 142.90, 148.03, 148.92 ppm (Cq).ACHTUNGTRENNUNG(Me2N)2B2 ACHTUNGTRENNUNG(h1-C5H5) ACHTUNGTRENNUNG(h1-C13H9) (4): 1,2-Bis(dimethylamino)-1,2-dibromo-
diborane(4) (0.74 g, 2.74 mmol) was added slowly over a few minutes to
a suspension of Li ACHTUNGTRENNUNG[C13H9] (0.47 g, 2.74 mmol) in toluene (20 mL). After
stirring for 20 min the insoluble material was removed by centrifugation.
The filtrate was then added to a suspension of Na ACHTUNGTRENNUNG[C5H5] (0.25 g,
2.75 mmol) in diethyl ether (20 mL). The reaction mixture was stirred for
24 h, filtered, and all volatiles were removed under high vacuum to give
4 as a pale yellow oil (0.73 g, 79%). The NMR data reveal the presence
of two isomers in a 2:1 ratio. Major isomer: 1H NMR (500.13 MHz, C6D6,
297 K): d =2.36, 2.40, 2.71, 2.74 (s, 12H, CH3), 2.60 (m, 2H, CH2 Cp), 4.15
(s, 1H, BCH), 6.23, 6.45, 6.55 (m, 3H, CH Cp), 7.2–7.6 ppm (m, 8 H,
CHFlu); 11B NMR (160.46 MHz, C6D6, 297 K): d=47.40 ppm; 13C{1H}
NMR (125.77 MHz, C6D6, 297 K): d=40.10, 40.45, 45.39, 45.62 (CH3),
45.83 (CH2 Cp), 46.7 (b, BCH), 120.35, 125.53, 126.60, 126.63 (CH Flu),
133.69, 135.95, 138.65 (CH Cp), 142.33, 149.85 ppm (Cq Flu). Minor isomer:
1H NMR (500.13 MHz, C6D6, 297 K): d= 2.37, 2.42, 2.70, 2.78 (s, 12 H,
CH3), 2.7 (m, 2H, CH2 Cp), 4.16 (s, 1H, BCH), 5.87, 6.22, 6.28 (m, 3 H,
CH Cp), 7.2–7.6 ppm (m, 8H, CH Flu); 11B NMR (160.46 MHz, C6D6,
297 K): d=47.40 ppm; 13C{1H} NMR (125.77 MHz, C6D6, 297 K): d=


40.04, 40.39, 40.95, 45.07 (CH3), 43.42 (CH2 Cp), 46.7 (b, BCH), 120.50,
124.83, 125.35, 125.75 (CH Flu), 131.44, 137.24, 137.36 (CH Cp); 142.65,
149.25 ppm (Cq Flu).


Li2 ACHTUNGTRENNUNG[(Me2N)2B2 ACHTUNGTRENNUNG(h1-C5H4)2] (5): The ligand precursor 2 (1.09 g, 4.56 mmol)
was dissolved in a 1:1 mixture of toluene and diethyl ether (30 mL) and
cooled to �80 8C. After addition of Li ACHTUNGTRENNUNG[C4H9] (5.7 mL, 1.6 m) the reaction
mixture was allowed to come to ambient temperature and was stirred for
a further 16 h. The suspension was filtered and the colorless solid washed
two times with pentane (10 mL) followed by drying under high vacuum
to give 5 as an off-white powder (1.06 g, 92%). 1H NMR (500.13 MHz,
[D8]THF, 297 K): d=3.01, 3.18 (s, 12 H, CH3), 5.76, 6.01 ppm (pt, 8H,
CH Cp); 7Li NMR (116.64 MHz, [D8]THF, 297 K): d =�5.75 ppm;
11B NMR (160.46 MHz, [D8]THF, 297 K): d= 45.77 ppm; 13C{1H} NMR
(125.77 MHz, [D8]THF, 297 K): d =41.15, 46.71 (CH3); 106.11,
113.78 ppm (CH Cp).


Li2 ACHTUNGTRENNUNG[(Me2N)2B2 ACHTUNGTRENNUNG(h1-C5H4) ACHTUNGTRENNUNG(h1-C13H8)] (6): The ligand precursor 4 (0.80 g,
2.35 mmol) was dissolved in a 1:1 mixture of toluene and diethyl ether
(30 mL) and cooled to �80 8C. After addition of Li ACHTUNGTRENNUNG[CH3] (1.1 mL, 1.6 m)
the reaction mixture was allowed to come to ambient temperatures and
was stirred for a further 16 h. The suspension was filtered and the solid
washed two times with pentane (10 mL) followed by drying under high
vacuum to give 6 as a pale orange pyrophoric powder (0.72 g, 87%).
1H NMR (500.13 MHz, [D8]THF, 297 K): d=3.01, 3.22, 3.33, 3.34 (s, 12 H,
CH3), 5.68, 6.04 (pt, 4H, CH Cp), 6.47, 6.86, 7.55, 7.81 ppm (m, 8H, CH


Flu); 7Li NMR (116.64 MHz, [D8]THF, 297 K): d=�5.36 ppm; 11B NMR
(160.46 MHz, [D8]THF, 297 K): d =47.80 ppm; 13C{1H} NMR
(125.77 MHz, [D8]THF, 297 K): d=41.25, 43.62, 45.27, 46.00 (CH3),
107.56, 110.20 (CH Cp), 113.20, 118.46, 119.61, 120.12 (CH Flu), 127.26,
142.30 ppm (Cq Flu).ACHTUNGTRENNUNG[(Me2N)2B2 ACHTUNGTRENNUNG(h5-C5H4)2TiCl2] (7): [TiCl3 ACHTUNGTRENNUNG(thf)3] (1.57 g, 4.25 mmol) was
added at �100 8C to a suspension of 5 (1.70 g, 4.25 mmol) in toluene
(40 mL). While warming to room temperature, the reaction mixture dark-
ened. After stirring for 2 h at room temperature PbCl2 (0.59 g,
2.13 mmol) was added. After 16 h the insoluble material was removed by
centrifugation, and the mother liquor was concentrated and stored at
�30 8C, which gave 7 as a dark red crystalline material (0.97 g, 64%).
1H NMR (500.13 MHz, CD2Cl2, 297 K): d=2.97, 3.13 (s, 12H, CH3), 6.17
(pt, 4 H,CHCp), 6.85 ppm (pt, 4 H, CHCp); 11B NMR (160.46 MHz, CD2Cl2,
297 K): d=43.5 ppm; 13C{1H} NMR (125.77 MHz, CD2Cl2, 297 K): d=


40.71, 45.28 (CH3), 120.78, 129.83 ppm (CHCp); MS (CI): m/z (%): 356
(100) [M+], 320 (70) [M+�HCl], 284 (70) [M+ �2HCl]; elemental anal-
ysis (%): calcd: C 47.14, H 5.65, N 7.85; found: C 47.38, H 5.91, N 7.36.ACHTUNGTRENNUNG[(Me2N)2B2 ACHTUNGTRENNUNG(h5-C5H4)ACHTUNGTRENNUNG(h5-C13H8)ZrCl2] (10): [ZrCl4 ACHTUNGTRENNUNG(thf)2] (0.74 g,
2.00 mmol) was added at �80 8C to a suspension of 6 (0.74 g, 2.00 mmol)
in toluene/diethyl ether (1:1; 30 mL). While warming to room tempera-
ture the reaction mixture turned orange. After stirring for 16 h at ambi-
ent temperature, all volatiles were removed under reduced pressure. The


Table 3. Bond lengths [�] and angles [8] of the crystal structures of 10
and 11.


10 11


tilt angle a 56.6 56.0
torsion Cipso-B-B-Cipso 47.0 46.9
Cpc-M-Fluc (d) 132.5 132.9
Cl1 M-Cl2 96.83(6) 96.28
C1-B1-B2 108.5(4) 108.7(4)
C6-B2-B1 112.0(4) 110.9(4)
M�Cl1 2.4336(16) 2.4046(11)
M�Cl2 2.24219(18) 2.4048(12)
M�Cpc1 2.195 2.173
M�Cpc2 2.294 2.278
B1�C1 1.588(8) 1.579(7)
B2�C6 1.582(7) 1.573(6)
B1�B2 1.698(8) 1.696(7)
B1�N1 1.396(7) 1.393(6)
B2�N2 1.392(7) 1.381(6)
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product was extracted with toluene (20 mL). The mother liquor was con-
centrated and stored at room temperature, which gave 10 as a yellow
crystalline material (0.78 g, 76%). 1H NMR (500.13 MHz, CD2Cl2,
223 K): d=2.85, 3.03, 3.30, 3.31 (s, 12H, CH3), 5.90, 6.02, 6.21, 6.37 (m,
4H, CH Cp), 7.24, 7.31, 7.38, 7.52, 7.58, 8.04 ppm (m, 8 H, CH Flu);
11B NMR (160.46 MHz, CD2Cl2, 223 K): d=43.6 ppm; 13C{1H} NMR
(125.77 MHz, CD2Cl2, 223 K): d= 39.66, 40.93, 44.17, 44.24 (CH3), 112.45,
115.41, 119.98, 127.10 (CHCp), 123.82, 124.30, 124.58, 124.69, 125.39,
125.58, 127.81, 128.09 (CH Flu), 125.98, 126.80, 126.90, 128.75 ppm (Cq Flu);
elemental analysis (%): calcd: C 52.83, H 4.84, N 5.60; found: C 52.64, H
4.97, N 5.34.ACHTUNGTRENNUNG[(Me2N)2B2 ACHTUNGTRENNUNG(h5-C5H4)ACHTUNGTRENNUNG(h5-C13H8)HfCl2] (11): HfCl4 (0.70 g, 2.20 mmol) was
added at �80 8C to a suspension of 7 (0.74 g, 2.00 mmol) in toluene/dieth-
yl ether (1:1; 30 mL). While warming to room temperature the reaction
mixture turned orange. After stirring for 16 h at ambient temperature, all
volatiles were removed under reduced pressure. The product was extract-
ed with toluene (20 mL). The mother liquor was concentrated and stored
at room temperature, to give 11 as a yellow crystalline material (1.05 g,
87%). 1H NMR (500.13 MHz, CD2Cl2, 223 K): d=2.83, 3.03, 3.30 (s,
12H, CH3), 5.78, 5.95, 6.12, 6.28 (m, 4 H, CH Cp), 7.12–7.24, 7.38, 7.49,
7.53, 8.10 ppm (m, 8H, CH Flu); 11B NMR (160.46 MHz, CD2Cl2, 223 K):
d=42.4 ppm; 13C{1H} NMR (125.77 MHz, CD2Cl2, 223 K): d =40.39,
41.66, 44.79, 44.86 (CH3), 110.56, 114.13, 117.99, 125.70 (CHCp), 118.83,
124.10, 124.19, 124.40, 125,03, 127.77, 127.86 (CH Flu), 125.48, 125.77,
125.89, 127.98 ppm (Cq Flu); elemental analysis (%): calcd: C 44.98, H
4.12, N 4.77; found: C 43.83, H 4.20, N 4.53.


The crystal data of 7 was collected by using a Bruker X8 Apex diffrac-
tometer with multilayer mirror monochromated MoKa radiation. The
crystal data of 8–11 were collected by using a Bruker Apex diffractome-
ter with CCD area detector and graphite-monochromated MoKa radia-
tion. Both diffractometers were equipped with CCD area detectors. The
structures were solved by using direct methods, refined with Shelx soft-
ware package (G. Sheldrick, Acta Crystallogr. Sect. A 2008, 64, 112–122)
and expanded using Fourier techniques. All non-hydrogen atoms were re-
fined anisotropically. Hydrogen atoms were assigned idealized positions
and were included in structure factor calculations.


Crystal data for 7: C14H20B2Cl2N2Ti, Mr =356.74, orange block, 0.20 �
0.19 � 0.10 mm3, orthorhombic space group Pbca, a=12.9671(4), b=


12.4285(4), c =20.3215(5) �, V=3275.05(17 �3, Z=8, 1calcd =1.447 gcm�3,
m=0.841 mm�1, F ACHTUNGTRENNUNG(000) =1472, T=100(2) K, R1 =0.0334, wR2 =0.0751,
5060 independent reflections [2q�64.128] and 190 parameters.


Crystal data for 8 : C14H20B2Cl2N2Zr, Mr =400.06, white plates, 0.38 �
0.32 � 0.17 mm3, monoclinic space group P2(1)/n, a=9.7689(15), b=


12.1977(18), c= 14.909(2) �, b =104.442(3)8, V=1720.4(4) �3, Z =4,
1calcd =1.545 gcm�3, m=0.942 mm�1, F ACHTUNGTRENNUNG(000) =808, T=173(2) K, R1 =


0.0250, wR2 = 0.0660, 3403 independent reflections [2q�52.18] and 190
parameters.


Crystal data for 10 : C22H24B2Cl2N2Zr, Mr = 500.17, yellow needle, 0.35 �
0.09 � 0.06 mm3, monoclinic space group P2(1), a =12.205(7), b=9.705(5),
c =19.294(11) �, b=102.838(10)8, V =2228(2) �3, Z=4, 1calcd =


1.491 gcm�3, m=0.744 mm�1, F ACHTUNGTRENNUNG(000) =1016, T=173(2) K, R1 =0.0514,
wR2 =0.0991, 8754 independent reflections [2q�52.268] and 524 parame-
ters.


Crystal data for 11: C22H24B2Cl2HfN2, Mr =587.44, yellow block, 0.26 �
0.12 � 0.08 mm3, monoclinic space group P2(1), a=12.1775(9), b=


9.6626(7), c =19.3330(14) �, b =102.7990(10)8, V=2218.3(3) �3, Z=4,
1calcd =1.759 gcm�3, m =4.954 mm�1, F ACHTUNGTRENNUNG(000) =1144, T=173(2) K, R1 =


0.0291, wR2 =0.0555, 10228 independent reflections [2q�56.688] and 524
parameters.


CCDC-688097 (7), CCDC-688158 (10), CCDC-688159 (8), and CCDC-
688160 (11) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif
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P�P Bond Cleavage of Tetraphenyl ACHTUNGTRENNUNGtetraphosphane-1,4-diide Facilitated by
Nickel(0)


Santiago G-mez-Ruiz,[a] Stefan Zahn,[b] Barbara Kirchner,[b] Winfried Bçhlmann,[c] and
Evamarie Hey-Hawkins*[a]


Introduction


Alkali metal oligophosphanediides M2ACHTUNGTRENNUNG(PnRn) (n=2–4),[1]


which display unexpected and unpredictable reactivity, have
great potential for the synthesis of phosphorus-rich main
group and transition-metal complexes.[2,3c] Only recently
have the structural principles governing this class of com-
pounds been unraveled.[3–5] The intriguing chemistry of tet-
raphenyltetraphosphane-1,4-diide (P4Ph4)


2� has been recent-
ly developed, and different patterns in transmetalation reac-


tions were observed. We could show that, in spite of its
highly reducing nature,[4c] the (P4Ph4)


2� dianion remains
intact in the transmetalation reaction with the valence-elec-
tron-rich late transition-metal halide[6] [CuCl ACHTUNGTRENNUNG(PCyp3)2]
(Cyp=cyclo-C5H9) yielding [Cu4 ACHTUNGTRENNUNG(P4Ph4)2ACHTUNGTRENNUNG(PCyp3)3],


[2] where-
as in the reaction with [Cp*TaCl4] tantalum was apparently
reduced by the dianion, followed by rearrangement and oxi-
dative addition to give the tantalum(V) phosphinidene com-
plex [Cp*Ta(Ph) ACHTUNGTRENNUNG(P6Ph5)].


[7] Recently, we reported P�P bond
cleavage of the (P4R4)


2� dianion by nickel(II) complexes in
an intramolecular redox reaction leading to nickel(0) diaryl
diphosphene complexes.[3e] Herein we describe P�P bond
cleavage of tetraphenyltetraphosphane-1,4-diide by
nickel(0), which is highly surprising, since nickel(0) and
nickel(II) complexes are excellent catalysts for olefin oligo-
merization reactions and formation of C�C bonds[8] from
olefins, which are isolobal to diphosphenes.


Results and Discussion


ACHTUNGTRENNUNG[Na2 ACHTUNGTRENNUNG(thf)5ACHTUNGTRENNUNG(P4Ph4)] (1) reacts with one equivalent of [Ni-
ACHTUNGTRENNUNG(cod)2] (cod=1,5-cyclooctadiene) to give the ionic com-
pound [Na ACHTUNGTRENNUNG(Et2O)3] ACHTUNGTRENNUNG[Na3 ACHTUNGTRENNUNG(Et2O)2Ni3ACHTUNGTRENNUNG(m-P2Ph2)2ACHTUNGTRENNUNG(P2Ph2)3] (2 ;
Scheme 1).


Compound 2 consists of a monoanionic core in which
bridging of three nickel(0) atoms by two diphenyldiphospha-
nediide ligands results in a norbornane-like Ni3P4 metallabi-
cyclic framework (Figure 1; Table 1), which is similar to a re-


Abstract: One equivalent of [Na2ACHTUNGTRENNUNG(thf)5-
ACHTUNGTRENNUNG(P4Ph4)] (1) reacts with one equivalent
of [NiACHTUNGTRENNUNG(cod)2] (cod=1,5-cyclooctadiene)
to give the unexpected ionic compound
[Na ACHTUNGTRENNUNG(Et2O)3]ACHTUNGTRENNUNG[Na3ACHTUNGTRENNUNG(Et2O)2Ni3ACHTUNGTRENNUNG(m-P2Ph2)2-
ACHTUNGTRENNUNG(P2Ph2)3] (2), whereas the reaction of
[Ni ACHTUNGTRENNUNG(cod)2] with the less reactive [K2-
ACHTUNGTRENNUNG(pmdeta)2ACHTUNGTRENNUNG(P4Ph4)] (3) leads to the for-
mation of [K ACHTUNGTRENNUNG(pmdeta)]2[Ni ACHTUNGTRENNUNG(P4Ph4)-


ACHTUNGTRENNUNG(P2Ph2)] (4) (PMDETA=


NMe(CH2CH2NMe2)2), in which K�Ni
interactions are observed. The calcula-
tions for 4 confirm the structural pa-


rameters obtained by X-ray diffraction
studies. A shared electron number
(SEN) analysis was applied to investi-
gate the K···Ni interactions. These stud-
ies indicate a SEN value of a typical
three-center, two-electron bond for
K1-Ni-K2 indicating a covalent contri-
bution in the interaction between
nickel and potassium.


Keywords: alkali metals · diphos-
phene ligands · metal–metal con-
tacts · nickel · P ligands
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cently reported norbornane-like NiP6 framework.[3d] The
angle between the mean planes of the metallabicycle
formed by Ni1-P5-P4-P3 and Ni3-P4-P5-P6 is about 55.98.
Ni1, P3, P6, and Ni3 are nearly coplanar, with a deviation
from the mean plane of about 2.7 pm for each atom.


Each nickel atom is additionally coordinated in an h2


manner by a diphenyldiphosphene ligand with the phenyl
groups in trans conformation. The P�Pdiphosphanediide bond
lengths (218.5(3) and 219.2(3) pm) are indicative of single


Scheme 1.


Figure 1. Solid-state molecular structure of the anion in 2 (without
carbon atoms of the coordinated diethyl ether ligands and hydrogen
atoms).


Table 1. Selected bond lengths [pm] and angles [8] for 2 and 4.


Bond lengths
[pm]


2 4 Bond lengths
[pm]


2 4


Ni1�P1 225.0(3) 219.7(2) P1�P2 213.4(4) 221.0(2)
Ni1�P2 221.0(3) P2�P3 220.7(2)
Ni1�P3 219.9(3) P3�P4 218.5(3) 218.9(2)
Ni1�P4 218.7(2) P5�P6 219.2(3) 211.2(2)
Ni2�P4 220.9(2) P7�P8 213.5(3)
Ni3�P4 219.5(2) P9�P10 211.5(3)
Ni1�P5 219.4(2) 223.1(2) Na1�P2 290.5(5)
Ni2�P5 221.5(2) Na2�P3 299.6(4)
Ni1�P6 224.1(2) Na3�P3 298.6(4)
Ni3�P6 221.5(3) Na3�P6 298.7(4)
Ni2�P7 223.1(3) Na4�P6 300.1(4)
Ni2�P8 222.5(3) K1�P4 354.5(2)
Ni3�P9 222.2(3) K2�P1 362.0(3)
Ni3�P10 226.1(3) Ni1�Na3 302.6(3)


Ni2�Na4 340.0(3)
Ni3�Na3 316.2(4)
Ni3�Na4 326.8(3)
Ni1�K1 318.5(2)
Ni1�K2 310.7(2)


Bond angles [8] Bond angles [8]


C1-P1-P2 102.5(4) 97.5(2) P1-P2-P3 92.7(1)
C7-P2-P1 103.0(3) 107.3(2) P2-P3-P4 93.6(1)
C13-P3-P4 108.0(3) 105.2(2) Ni1-Na3-Ni3 95.5(1)
C19-P4-P3 103.0(3) 99.0(2) Ni2-Na4-Ni3 63.0(1)
C25-P5-P6 105.1(3) 101.1(2) Na3-Ni3-Na4 126.4(1)
C31-P6-P5 106.8(3) 100.4(2) K1-Ni1-K2 163.4(1)
C37-P7-P8 99.5(3)
C43-P8-P7 101.8(3)
C49-P9-P10 104.9(4)
C55-P10-P9 99.5(3)
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bonds,[9] whereas the P�Pdiphosphene bond lengths (211.5(3)–
213.5(3) pm) are typical for coordinated diaryl diphosphene
ligands[10] and longer than expected for free diphosphenes.[11]


The Ni�Pdiphosphene (221.0(3)–226.1(3) pm)[6b] and Ni�
Pdiphosphanediide (219.4(2)–221.5(3) pm) bond lengths are short-
er than in nickel phosphanido[6b] and polyphosphane com-
plexes.[12]


Three of the four negative charges of the two diphenyldi-
phosphanediide ligands are counterbalanced by three
sodium cations (Na2, Na3, and Na4), which interact with the
phosphorus atoms of the diphenyldiphosphanediide ligands
(Na2�P3 299.6(4), Na3�P3 298.6(4), Na3�P6 298.7(4), and
Na4�P6 300.1(4) pm) and presumably with the nickel atoms
(Na3�Ni1 302.6(3), Na3�Ni3 316.2(4), Na4�Ni3
326.8(3) pm). The Na�P distances are comparable to those
previously reported in sodium phosphanide compounds.[5a,c]


Na3 has an unusual five-coordinate geometry with Ni1, Ni3,
P3, P6, and a diethyl ether molecule as ligands, whereas Na4
is bonded to P6 and has weakly contacts with Ni3 (Na4�Ni3
326.8(3) pm). An additional sodium ion (Na1) with three co-
ordinated diethyl ether molecules acts as the cationic part of
this ionic structure, and this atom additionally interacts with
P2 (Na1�P2 290.5(5) pm). Contacts between Ni and alkali
metals are extremely rare;[13] Ni···Na interactions (279.3 and
303.7 pm)[14] have been described by Brauer and co-work-
ers.[15] All the nickel atoms have a distorted square-planar
geometry[16] if the contacts with the sodium atoms are not
considered.


The 31P{1H} NMR spectrum in [D8]THF exhibits very
broad signals at about d=11, �9, �15, �29, and �52 ppm at
room and low temperatures (�80 8C). The solid-state 31P{1H}
CP MAS NMR spectrum also showed broad signals at d=


11, �13, �19, �24, and �54 ppm, which suggest that the
solid-state structure of 2 is retained in solution. Accordingly,
2 shows broad signals in the 1H and 13C{1H} NMR spectra
for all of the magnetically inequivalent phenyl groups.


The possible mechanism of this reaction includes reduc-
tion of the P4Ph4


2� ion to give two P2Ph2
2� ions, which


bridge the nickel atoms, and oxidation of P4Ph4
2� to give


two diphenyldiphosphene ligands. Apparently the stoichiom-
etry of the reaction is 3:3; ten phosphorus atoms and three
nickel atoms are present in the structure of 2, and Na2P2Ph2


is formed as a by-product.[17] Analysis of the insoluble resi-
due by 31P{1H} NMR spectroscopy showed a small quantity
of 2 as well as a mixture of oligophosphanes and oligophos-
phanides. Assuming that nickel(0) facilitates the reduction
and nickel(II) the oxidation, as observed previously,[3e] the
reaction seems to be catalyzed by nickel(0). However, when
the reaction was carried out with catalytic amounts (3%) of
[Ni ACHTUNGTRENNUNG(cod)2], only signals of cyclo-PnPhn and P4Ph4


2� and no
evidence for the formation of the P2Ph2


2� ion were observed
in the 31P{1H} NMR spectrum.


To obtain further insight into the mechanism of the for-
mation of 2, the less reactive [K2ACHTUNGTRENNUNG(pmdeta)2ACHTUNGTRENNUNG(P4Ph4)] (3) was
treated with [Ni ACHTUNGTRENNUNG(cod)2] (ratio 1:1 or 2:1). Fast formation of
[KACHTUNGTRENNUNG(pmdeta)]2[Ni ACHTUNGTRENNUNG(P4Ph4)ACHTUNGTRENNUNG(P2Ph2)] (4) and cyclo-PnPhn was ob-
served by 31P{1H} NMR spectroscopy, and this suggests that
this is also a redox reaction. Compound 4 can be considered
to be the potassium analogue of the possible intermediate in
the formation of 2, in which K�P and K�Ni interactions sta-
bilize the NiP4 framework (see Supporting Information).
The 31P{1H} NMR spectrum of 4 consists of a set of three
signals for an AA’BB’XX’ spin system: a triplet at d=


�7.5 ppm corresponding to the phosphorus atoms of the di-
phosphene ligand and two multiplets at d�7.6 and
�3.8 ppm, corresponding to the P4Ph4


2� ligand. A second set
of signals with a similar coupling pattern at higher field in
the spectrum presumably corresponds to one of the other
possible isomers (Scheme 2).


In 4 (Figure 2), the phenyl groups of the P4 chain have the
expected all-trans conformation. Ni1 and P1�P4 form a
puckered five-membered ring (d conformation shown in
Figure 2). The nickel atom has a distorted octahedral coordi-
nation environment with the diphosphene ligand (P5 and
P6) and the terminal phosphorus atoms of the P4Ph4


2� ion
(P1 and P4) in the equatorial positions, and the potassium
atoms (K1 and K2) in the axial positions (K1-Ni1-K2
163.4(1)8). The Ni�Pdiphosphene (223.1(2) and 224.1(2) pm) and
P�Pdiphosphene bond lengths (211.2(2) pm) are comparable to
those observed in related nickel diphosphene complexes.[10]


The Ni�Ptetraphosphanediide bonds (Ni�P1 219.7(2) and Ni�P4
218.7(2) pm) are about 3 pm longer than those reported for
nickel polyphosphane complexes,[12] and shorter than those
observed in nickel phosphanido compounds.[6b] The P�P


Scheme 2. Possible different isomers of 4.
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bonds in the P4Ph4
2� ion (218.9(2)–221.0(2) pm) are in


agreement with P�P single bonds.[9] The fact that the K�P
distances between the potassium cations and the P4 chain
(354.5(2) and 362.0(3) pm) are significantly longer (about
20 pm) than those reported for 3 suggests a weaker interac-
tion due to coordination of the P4 dianion to nickel. In addi-
tion, short K···Ni contacts (318.5(2) pm for K1 and 310.7(2)
pm for K2) are observed, which to our knowledge are the
shortest distances reported for a Ni�K interaction in a com-
plex.[18]


The structure of 4 was investigated with the ORCA[19] and
TURBOMOLE[20] program suites. The calculations for 4
confirm the structural parameters obtained by X-ray diffrac-
tion studies. A shared electron number (SEN) analysis was
applied to investigate the K···Ni interaction (see Supporting
Information). The SEN can be correlated with the covalent
interaction between the investigated atoms. The two-center
SEN values sNi–K1 (0.24) and sNi–K2 (0.22) show a covalent
contribution to the interaction between potassium and
nickel. Additionally, the three-center SEN value sK1-Ni-K2 of
0.14 is large enough to indicate a three-center bond. The
SEN value of a typical three-center, two-electron bond such
as that in B2H6 is 0.64. Thus, covalent interaction of K and
Ni due to a three-center, two-electron bonding orbital might
play a role in this complex. Furthermore, natural bond orbi-
tal (NBO) analysis was applied to determine the occupation
of this possible three-center, two-electron bonding orbital.
The K1-Ni-K2 bonding orbital is occupied by 0.54 electrons,
which is larger than the number of electrons in the corre-
sponding antibonding orbitals (0.16 and 0.15). This again in-
dicates a covalent contribution in the interaction between
nickel and potassium. The polarization coefficient for Ni is
cNi=0.85, while cK1=0.38 and cK2=0.37. Therefore, the larg-
est contribution to the K1-Ni-K2 bonding orbital corre-
sponds to the 4 s atomic orbital of nickel (72.0%). However,
the potassium atoms also have significant participation in
the three-center bonding orbital (K1 14.2, K2 13.8%).


Conclusion


In summary, the P4Ph4
2� anion reacts with [NiACHTUNGTRENNUNG(cod)2] in a


redox reaction giving [NaACHTUNGTRENNUNG(Et2O)3]ACHTUNGTRENNUNG[Na3 ACHTUNGTRENNUNG(Et2O)2Ni3 ACHTUNGTRENNUNG(m-P2Ph2)2-
ACHTUNGTRENNUNG(P2Ph2)3] (2) starting from the sodium salt or [K-
ACHTUNGTRENNUNG(pmedta)]2[Ni ACHTUNGTRENNUNG(P4Ph4) ACHTUNGTRENNUNG(P2Ph2)] (4) starting from the less reac-
tive potassium salt. In 2 and 4, Ni�Na and Ni�K contacts,
respectively, are observed, and the Ni�K distance of about
310 pm is the shortest reported up to now.


Preliminary investigations of the reactivity of the tetraor-
gano tetraphosphanediides towards other metal(0) com-
plexes reveal that, depending on the starting materials,
redox chemistry does or does not play a role, and different
novel phosphorus-rich complexes are obtained.


Experimental Section


General remarks : All experiments were performed under an atmosphere
of dry argon using standard Schlenk techniques. The NMR spectra were
recorded on a Bruker AVANCE-DRX-400 spectrometer. 1H NMR
(400.13 MHz), 13C{1H} NMR (100.16 MHz): internal standard solvent, ex-
ternal standard TMS; 31P NMR (161.9 MHz): external standard 85%
H3PO4. The CP MAS 31P{1H} NMR spectrum was recorded on a Bruker
MSL 500 spectrometer at a resonance frequency of 202.458 MHz. The
sealed sample was rotated in a 4 mm zirconia rotor at a rotation frequen-
cy of 12 kHz. The 31P CP (cross polarization) MAS (magic angle spin-
ning) condition was a conventional CP sequence using NH4H2PO4 as ex-
ternal Hartmann–Hahn matching standard with a recycle delay of 10 s, a
pulse length of 6.3 ms, a mixing time of 6 ms, and 5650 scans for a suffi-
cient signal to noise ratio. The spectrum was referenced against 85%
H3PO4 (0 ppm) as external standard. Similar conditions are described for
a series of transition metal complexes containing phosphane ligands.[21]


Besides the CP measurement a single pulsed spectrum was recorded by
using a pulse length of 5.9 ms, a recycle delay of 12 s, a rotation frequency
of 12 kHz, and 9380 scans. Regarding the influence of the nickel the
signal to noise ratio was rather small. Therefore, peaks with low intensi-
ties could not be identified in the spectrum; ESI MS were recorded with
an FT-ICR MS Bruker-Daltonics (APEX II, 7 Tesla, MASPEC II), and
solutions of about 1 mgmL�1 of the compounds in a mixture of dry THF/
CH3CN (1:1) were injected; IR spectra: KBr pellets were prepared in a
nitrogen-filled glove box and the spectra were recorded with an FTIR
spectrometer Perkin-Elmer System 2000 in the range 350–4000 cm�1. All
solvents were purified by distillation, dried, saturated with argon, and
stored over potassium mirror. Na2 ACHTUNGTRENNUNG(P4Ph4) and K2 ACHTUNGTRENNUNG(P4Ph4) were synthesized
according to the literature procedure.[5b,e]


Data collection and structural refinement of 2 and 4 : The data of 2 and 4
were collected on a CCD Oxford Xcalibur S (l ACHTUNGTRENNUNG(MoKa)=0.71073 V) using
w and f scan modes. Semi-empirical absorption corrections were carried
out with SCALE3 ABSPACK[22] and the structures were solved with
direct methods by using SHELXS-97.[23] Structure refinement was carried
out with SHELXL-97.[24] For 2, some sodium and carbon atoms were re-
fined with the FREE instruction. Some carbon atoms of the diethyl ether
molecules which are bound to the sodium atoms are disordered; some di-
ethyl ether molecules bound to sodium were refined over split positions
with constrained geometry and fixed atomic displacement parameters
(DFIX and EADP instructions). The thermal displacement parameters
of some atoms of these molecules were refined isotropically. All other
Ni, Na, P, O, and C atoms were refined anisotropically. For 4, some
carbon atoms of the PMDETA molecules that are bound to the potassi-
um atoms are disordered. Some other carbon atoms of those PMDETA
molecules were refined with the FREE instruction. All non-hydrogen
atoms were refined anisotropically. The hydrogen atoms of 2 and 4 were
refined at idealized positions.


Figure 2. Solid-state molecular structure of 4 (without hydrogen atoms).
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CCDC-684571 (2), CCDC-684572 (4) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif. Table 2 lists crystallographic data of complexes 2
and 4.


Synthesis of [Na ACHTUNGTRENNUNG(Et2O)3] ACHTUNGTRENNUNG[Na3 ACHTUNGTRENNUNG(Et2O)2Ni3 ACHTUNGTRENNUNG(m-P2Ph2)2 ACHTUNGTRENNUNG(P2Ph2)3] (2): At
�78 8C, a solution of 1 (1.65 g, 1.96 mmol) in THF (50 mL) was carefully
added dropwise to a solution of [Ni ACHTUNGTRENNUNG(cod)2] (0.54 g, 1.96 mmol) in THF
(50 mL). A dark red solution formed which was allowed to warm to
room temperature slowly over several hours and stirred overnight. The
solvent was then removed under vacuum, and the resulting dark red oil
was extracted twice with Et2O (50 mL). The dark red Et2O solution was
filtered and the solvent was reduced to about 10 mL. A dark red crystal-
line solid formed at �28 8C overnight. Yield: 0.64 g (56%); m.p. 313–
314 8C (black oil); 1H NMR (400.13 MHz, [D8]THF, 25 8C, TMS): d=


1.11 (t, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 30H, CH3 in Et2O), 3.37 (q, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz,
20H, CH2 in Et2O), 6.22–7.90 ppm (br, 50H, Ph); 13C{1H} NMR
(100.16 MHz, [D8]THF, 25 8C, TMS): d= 14.6 (s, CH3 in Et2O), 65.1 (s,
CH2 in Et2O), 122.6–137.9 (several signals, Ph), 150.0–150.3 ppm (several
signals, Ph); 31P{1H} NMR (161.97 MHz, [D8]THF, 25 8C, TMS): d =11,
�9, �15, �29, �52 ppm; IR (KBr): ñ=3050 (m), 2963 (s), 2821 (s), 2774
(s), 2278 (w), 1946 (w), 1875 (w), 1804 (w), 1573 (s), 1468 (s), 1428 (m),
1356 (w), 1300 (m), 1293 (m), 1261 (s), 1097 (s), 1024 (s), 932 (w), 862
(w), 803 (s), 740 (s), 697 (s), 569 (w), 479 (m) cm�1; ESI MS: solution in
CH3CN:THF (1:1); m/z : 1340.92 [M�5Et2O�Ph+THF]+, calculated
m/z for this fragment: 1340.91; elemental analysis calcd (%) for Et2O-
free C60H50Na4P10Ni3 (M=1348.82 gmol�1): C 53.43, H 3.74; found: C
53.01, H 4.04.


Synthesis of [K ACHTUNGTRENNUNG(pmedta)]2[Ni ACHTUNGTRENNUNG(P4Ph4) ACHTUNGTRENNUNG(P2Ph2)] (4): Compound 4 was pre-
pared in a similar manner to 2 using 3 (0.57 g, 0.66 mmol) and [Ni ACHTUNGTRENNUNG(cod)2]
(0.18 g, 0.66 mmol). Yield: 0.24 g (32%); m.p. 114–117 8C (dark red oil);
1H NMR (400.13 MHz, [D8]THF, 25 8C, TMS): d=2.14 (s, 24H, N-
ACHTUNGTRENNUNG(CH3)2), 2.19 (s, 6H, N ACHTUNGTRENNUNG(CH3)), 2.30 (m, 8H, CH2), 2.41 (m, 8H, CH2),
6.67–7.19 (br, 20H, Ph), 7.61–7.92 ppm (br, 10H, Ph); 13C{1H} NMR
(100.16 MHz, [D8]THF, 25 8C, TMS): d = 42.3 (s, N ACHTUNGTRENNUNG(CH3)), 45.2 (s, N-


ACHTUNGTRENNUNG(CH3)2), 56.4 (s, CH2), 57.9 (s, CH2),
121.4–122.9 (several signals, Ph),
125.9–126.8 (several signals, Ph),
132.0–134.0 ppm (several signals, Ph);
31P{1H} NMR (161.97 MHz, [D8]THF,
25 8C, TMS): d= 7.6 (m, appear as a
qm, P-Ni of the P4 chain), �3.8 (m,
appear as a dm, P2 and P3 of the P4


chain), �7.5 ppm (m, appear as a t,
P�Ni of the diphosphene). Owing to
the presence of more than one isomer
in solution, the signals reported are
those corresponding to the major
isomer, presumably all-trans
(Scheme 2). The coupling constants
could not be obtained by simulation
of the spectrum without ambiguity
due to the presence of signals corre-
sponding to the other isomers; IR
(KBr): ñ =3046 (s), 2970 (m), 2873
(w), 2272 (w), 1951 (w), 1879 (w),
1815 (w), 1572 (s), 1471 (s), 1427 (s),
1384 (w), 1300 (w), 1261 (m), 1175
(w), 1152 (w), 1095 (m), 1064 (m),
1023 (s), 866 (w), 803 (m), 740 (s),
698 (s) 480 (m) cm�1; ESI MS: solu-
tion in CH3CN:THF (1:1); m/z :
958.14, [M�PMDETA+H]+ ; 784.95,
[M�2PMDETA+H]+ ; elemental
analysis calcd (%) for
C54H76K2N6P6Ni (M=


1131.94 gmol�1): C 57.30, H 6.77, N
7.42; found: C 56.78, H 6.82, N 7.42.


Calculations : The programs provided
by the ORCA-suite[19] were applied for geometry optimization. The final
structure for wave function analysis was obtained by employing the
BP86-D[25] density functional where the resolution of identity approxima-
tion can be employed. The SVP basis set was applied for structure opti-
mization and the convergency criterion of the iteration cycle was in-
creased to 10�7 Hartree.


The Turbomole-suite[20] was employed for the shared electron number
(SEN) analysis. The wave function was obtained employing the BP86[25a,b]


functional with the SVP basis set. Again the resolution of identity ap-
proximation was applied. Please note that the dispersion correction pro-
posed by S. Grimme does not affect the wave function.[25c] Therefore, the
BP86 and BP86-D functional have the same electronic wave function
which was investigated. The Gaussian03 program[26] was employed for
the natural bond orbital (NBO) analysis[27] with the SVP basis set on H,
C, N and the larger TZVP basis set on K, Ni, and P. The NBO analysis
was carried out employing the BP86 functional without the resolution of
identity approximation. Several interactions of nickel and potassium
were found but no NBO between Ni and K was assigned without user
specified NBOs. Employing the default settings no three-center, two-elec-
tron NBOs are considered. Therefore, a three-center, two-electron NBO
was assigned to potassium nickel potassium to determine the covalent in-
teraction.
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Table 2. Crystallographic data for 2 and 4.


2 4


formula C80H103Na4Ni3O5P10 C54H76K2N6NiP6


M 1722.41 1131.94
T[K] 130(2) 180(2)
crystal system monoclinic orthorhombic
space group P21/c Pbca
a [pm] 1450.12(6) 1099.8(5)
b [pm] 4050.4(2) 2285.4(5)
c [pm] 1541.05(6) 4747.3(5)
a [8] 90 90
b [8] 111.490(5) 90
g [8] 90 90
V [nm3] 8.4222(6) 11.93(1)
Z 4 8
crystal size [mm3] 0.15X0.05X0.02 0.40X0.10X0.05
1calcd ACHTUNGTRENNUNG[Mgm�3] 1.358 1.260
F ACHTUNGTRENNUNG(000) 3604 4784
absorption coefficient [mm�1] 0.922 0.665
hkl range �14�h�16


�45�k�45
�17� l�17


�13�h�13
�27�k�27
�55� l�57


2qmax [8] 46.52 51.36
reflns collected/unique 57424/12073 186563/11324
R ACHTUNGTRENNUNG(int) 0.1465 0.0875
data/restraints/parameters 12073/40/905 11324/0/621
goodness of fit on F2 0.996 1.262
R1/wR2 [I>2s(I)] 0.0754/0.1332 0.0912/0.1554
R1/wR2 (all data) 0.1625/0.1680 0.1142/0.1628
largest diff. peak/hole [eV�3] 0.764/�0.568 0.930/�0.485
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Introduction


The coordination number of transition metal complexes,
whether in the ground state, in intermediates, or in transi-
tion states, is an important characteristic with mechanistic
implications. In isolated PdII (d8) complexes, square-planar
tetracoordination, with a formal 16-electron counting, is ab-
solutely dominant. There are much fewer pentacoordinated


complexes (formally 18 electron),[1] but this coordination
number is not a rarity. In the case of complexes of PdArXL
stoichiometry with unexceptional ligands, a common way to
satisfy the fourth coordination site is the dimerization to
give [Pd2Ar2ACHTUNGTRENNUNG(m-X)2L2] or, in solution in coordinating sol-
vents, the coordination of a solvent molecule to give
[PdArXL(s)].[2]


A different case has appeared with the recent use of hin-
dered ligands with large steric demand and extraordinary
catalytic performance,[3–15] and an increasing number of
monomeric PdII complexes with only three ligands are being
reported. However, when these species have been X-ray
characterized, the tricoordination has been found somewhat
deceptive, as the fourth coordination site is, in general, occu-
pied by agostic interaction with the ligand.[16–18] For instance,
for the T-shaped complexes with only three coordinated li-
gands reported by Hartwig and co-workers, [PdArXL] (X=


halide, Ar=aryl ring, L=1-AdPtBu2 or PtBu3), the authors
could show, by 1H NMR analysis along with computational
studies on the characterized compounds, the existence in all
cases of an agostic interaction with a C�H bond of the phos-


Abstract: The ease of access to PdII tri-
coordinated species (whether inter-
mediates or transition states) in organ-
ometallic and catalytic reactions has
been assessed with DFT methods to
analyze the relative stability of tricoor-
dinated [PdArXL] complexes versus
their tetracoordinated derivatives
formed by two most common processes
of filling the fourth coordination site:
solvent coordination (with tetrahydro-
furan), or dimerization to give [Pd2Ar2-
ACHTUNGTRENNUNG(m-X)2L2]. The effect of each ligand
(L=PH3, PMe3, PPh3, PtBu3, 1-
AdPtBu2; Ar=C6F5, C6H5, C6H4OH,
C6H4OCH3, C6H4NH2, C6H2ACHTUNGTRENNUNG(NH2)3;


X=F, Cl, Br, I, OH, SH, NH2, PH2,
CH3) on these two processes has been
systematically considered, and the re-
sults have been compared with the ex-
perimental information available. The
trends observed, match the experimen-
tal results and suggest that: 1) the for-
mation of bridged dimeric complexes is
strongly preferred; 2) electronic effects
are in general less important compared


to steric effects; 3) when steric effects
prevent formation of bridges and coor-
dination of a fourth external ligand, in-
tramolecular agostic interactions are
established with C�H groups of one
ligand; 4) as an exception, for X=NR2


true tricoordinated complexes, not
showing agostic interactions, become
stable. In the later case NR2 seems to
act as p-donor with its lone pair to the
empty orbital at the fourth coordina-
tion site of palladium, thus avoiding a
true 14e configuration for the tricoordi-
nated PdII complex.
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phine ligand, occupying the vacant site of the Pd center, al-
though certainly in some cases these interactions were ex-
tremely weak.[17] Similar agostic coordinations have been
found for related isoelectronic complexes of NiII,[19] PtII,[20–22]


and RhI.[23,24] Strictly speaking, counting the agostic coordi-
nation, these complexes are tetracoordinated. However, the
related complexes [PdArXL] (Ar=C6H4-OMe-p ; X=NAr’2,
Ar’=3,5-(CF3)2C6H3; L=PtBu3, FcPtBu2, (Ph5Fc)PtBu2;
Fc= ferrocenyl), also reported by Yamashita and Hartwig,
do not present agostic interactions and are unambiguously
true tricoordinated complexes, the only ones reported so far
for PdII.[25] Interestingly, one of them crystallized with two
independent molecules in the asymmetric unit, one without
and one with agostic interactions, revealing that the differ-
ence in energy between the two coordination modes is very
small in this case.


It is clear that a stoichiometry of three ligands per Pd
atom only rarely corresponds to a true tricoordinated com-
plex. Even in encumbered coordinations impeding the ap-
proach of a fourth external ligand, the tendency to square
planar coordination is fulfilled by agostic interactions, with
the three exceptions just mentioned. It is equally true that
the extreme weakness and lability of the agostic interactions
make the tricoordinated species very accessible, so that it is
not exaggerated to consider these complexes as “operation-
ally tricoordinated” in a kinetic sense.[26]


The abundance of the different coordination numbers ob-
served in PdII isolated complexes (4@5@3) somehow re-
flects the accessibility of the alternative reaction pathways
in reactions requiring a change in coordination number
throughout the reaction. Typically, ligand substitution and
transmetalation reactions on square-planar PdII complexes
in catalytic processes should take place through associative
or dissociative mechanisms involving penta- and tricoordi-
nated intermediates, respectively. These pathways are not
always easy to differentiate kinetically.[2] In cases studied in
depth for conventional ligands, the mechanisms were found
to be associative, the dissociative pathway having a higher
activation barrier.[3,27] This is consistent with the scarcity of
tricoordinated compared to pentacoordinated PdII com-
plexes. Dissociative mechanisms have been experimentally
supported in a few cases[28,29] and some involving bulky li-
gands,[30,31] which should render dissociative reaction mecha-
nisms more accessible.


It looks reasonable that, in contrast with the traditional
16e–18e–16e textbook associative sequence of reactivity for
conventional PdII complexes, the factors disfavoring tetra-
coordination (such as the use of hindered ligands, which is
now fairly common) can alter the accessibility of tri- versus
pentacoordinated species or transition states, introducing a
change in the mechanisms and favoring 16e-14e-16e disso-
ciative processes. This panorama deserves closer attention.
With this aim we have undertaken a systematic computa-
tional study of the factors affecting the relative stability of
PdII tricoordinated species (with or without agostic interac-
tions), as a function of the properties of the different ligands
employed.


Results and Discussion


The system under study : Probably the transmetalation step
in cross-coupling processes is the most important reaction in
which the involvement of tricoordination (whether in the
ground or in the transition state) is a critical question. In
these reactions the PdII complex comes usually from the oxi-
dative addition of an aromatic halide to a Pd0 complex. In
addition to the aryl and the halide, the resulting complex
contains often phosphines, as the most common ligands used
in these reactions. As a result of substitution or transmetala-
tion reactions on these PdII complexes, other complexes
with ligands containing N, O, or S as coordinating atoms, dif-
ferent halides or pseudohalides, or a second hydrocarbyl
ligand, can also be formed. Therefore, to get a fairly general
panorama for the plausible real systems, three families of li-
gands were selected to study the feasibility of tricoordinated
[PdArXL] complexes: phosphines (L=PR3), different aro-
matic rings (Ar) and anionic ligands (X). As a reference, the
complexes existing as T-shaped tricoordinated should be
predicted by calculation.


The geometry of the T-shaped complex : The first question is
to establish whether the complexes will adopt a T-shaped or
a Y-shaped structure.[32,33] The Walsh diagram in Scheme 1
shows the energy change of the metal valence orbitals for
the conversion between T-shaped (C2v symmetry) and Y-
shaped (C2v symmetry) structures through a trigonal-planar
structure (D3h symmetry), for an ideal ML3 tricoordinated
complex.[34] A PdII, with a low spin d8 electronic configura-
tion, should display a T-shaped structure (a), which leaves a
2a1 vacant orbital pointing towards the empty coordination
position. Test calculations performed on a model complex
[PdPh ACHTUNGTRENNUNG(NH2) ACHTUNGTRENNUNG(PH3)] confirmed this prediction: Geometry op-
timizations starting from Y-shaped (c) or trigonal planar (b)
structures always end in the T-shaped structure. The poten-
tial energy difference in gas phase between the trigonal


Scheme 1. Walsh diagram for an ideal ML3 tricoordinated d8 structure. In
the lower part, tricoordinated structures for a [PdArX ACHTUNGTRENNUNG(PR3)] complex:
a) T-shaped; b) trigonal planar; c) Y-shaped.
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planar structure (constrained geometry in the singlet state)
and the T-shaped structure (fully optimized) was found to
be 20.3 kcalmol�1. The most stable triplet state structure
(trigonal planar) is 34.6 kcalmol�1 less stable than the singlet
state T-shaped structure. The most stable tricoordinated
isomer is that with the aromatic ligand trans to the vacant
site, in agreement with its higher s-donor ability. The forma-
tion of a 4-coordinated complex is easier from a T-shaped
structure.[35]


Stability criteria : The concept “stability” of a chemical com-
pound has not a single meaning and needs to be referred to
particular conditions. It is frequent to define stability with
respect to: 1) chemical decomposition (IUPAC definition);
2) reactivity with common substances in environment (air or
water stable compounds); or 3) reactivity with other sub-
stances. In this work we are interested in the relative stabili-
ty of tricoordinated PdII complexes with respect to the for-
mation of square-planar structures, which are more com-
monly found. To evaluate this stability we selected to calcu-
late the energy change associated to the occupation of the
vacant site in two different reactions likely to occur in the
flask: solvent coordination, represented by coordination of
tetrahydrofuran [Eq. (1), s=THF], and dimerization
through double bridge formation [Eq. (2)]. Accordingly, the
less negative (or more positive) the energy balance, the
higher the relative stability of the tricoordinated species as
compared to the tetracoordinated alternatives. The trends
observed for the stability of the tricoordinated species as a
function of the ligands involved are valuable information.


THF was selected as the solvent for a number of reasons:
it is one of the most common solvents used in the laborato-
ry; it was the solvent used to prepare some of the experi-
mentally characterized tricoordinated PdII complexes; it is
moderately coordinating and small, therefore, appropriate
to occupy the vacant site of tricoordinated species in the ab-
sence (either because of the stoichiometry used or because
the extra ligand is too bulky to coordinate) of other fourth
ligand. Note, that the absolute stability of tetracoordinated
[PdArX ACHTUNGTRENNUNG(PR3)(s)] (s=coordinating solvent) might be higher
for other smaller or better coordinating molecules than
THF; however, this does not affect the purpose of the study,
which is to study the trends of stabilization of the tricoordi-
nated species. As for the dimerization process, to obtain
comparable results, the same type of dimer was always con-
sidered, with X acting as the bridging ligand. In fact this is


the reasonable structure since in our model system only the
X groups have lone pairs and can make non-deficient
bridges.


Effect of the X ligand : To study the effect of the anionic li-
gands X, a systematic study was carried out keeping the two
other ligands constant: L=PH3, Ar=C6H5. The X ligands
studied include four halides (F�, Cl�, Br�, and I�), two li-
gands with a group 16 coordinating atom (OH� and SH�),
two from group 15 (NH2


� and PH2
�), and CH3


� from group
14. Note that the latter is different from the rest because it
has only one electron pair available for bonding and can
form only electron deficient bridges (three centers two elec-
trons); this should reflect in the corresponding energy bal-
ance of Equation (2). The results of the calculations are
gathered in Table 1.


The trends are better seen in the plots of the values for
DEsolv and DGsolv, shown in Figure 1. The potential energy or


Table 1. Calculated DE, DEsolv, DG, and DGsolv [kcalmol�1] for the coor-
dination of a solvent molecule and the dimerization process, varying X in
[PdPhX ACHTUNGTRENNUNG(PH3)].


Solvent Coordination [Eq. (1)] Dimerization [Eq. (2)]
X DE[a] DEsolv


[b] DG[a] DGsolv
[c] DE DEsolv DG DGsolv


F �21.2 �17.0 �8.7 �4.4 �25.4 �19.7 �18.1 �12.3
Cl �19.9 �16.0 �7.3 �3.4 �19.5 �14.1 �12.5 �7.1
Br �19.3 �16.0 �6.6 �3.3 �18.4 �13.4 �11.4 �6.4
I �18.9 �15.9 �5.8 �2.9 �17.7 �13.4 �11.3 �7.0
OH �20.6 �15.9 �8.5 �3.8 �26.5 �23.2 �18.0 �14.7
SH �18.3 �16.1 �5.5 �3.3 �23.7 �20.4 �15.1 �11.8
NH2 �14.8 �11.8 �3.0 0.0 �28.6 �26.9 �19.7 �18.0
PH2 �15.7 �14.7 �4.1 �3.1 �21.9 �22.1 �13.5 �13.6
CH3 �15.8 �15.2 �3.4 �2.8 �6.9 �7.4 0.8 0.3


[a] Values in gas phase. [b] Potential energy including solvation effects by
means of continuum PCM methods; solvent is THF. [c] DGsolv=DEsolv+


(DG�DE).


Figure 1. Effect of X ligand on the processes of solvent coordination and
dimerization for [PdPhX ACHTUNGTRENNUNG(PH3)] (numeric values in Table 1). &: DEsolv ; &


DEdimer ; *: DGsolv ; *: DGdimer.
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Gibbs energy of each tricoordinated monomer (plus one
molecule of free THF for the case of Equation (1) is taken
as a zero point in the abscissa axis for each X ligand. The
plot shows that the entropic contribution, although probably
overestimated,[36] is, as expected, unfavorable to the tetra-
coordinated monomer in an amount (independent of X) of
about 12.5 kcalmol�1 for the solvent coordination process
and 8.0 kcalmol�1 for the dimerization process.[37] Despite
the entropic contribution, both the solvent coordination and
the dimerization processes are clearly favorable, and more
favorable for the formation of dimers than for THF solvento
complexes.


Overall, the relative stability of tricoordinated versus tet-
racoordinated species is more clearly estimated in the sol-
vent coordination process (even when these complexes are
less stable than the dimers), since the dimerization process
further depends on the variation of the ability of the anionic
ligand to act as a bridging ligand between the two Pd cen-
ters.


Considering the results obtained for the halide ligands
and the solvent coordination process, the relative stability of
the tricoordinated compounds increases slowly on going
down in the group. This can be directly related to the elec-
tronegativity of the halide: tricoordinated PdII is an elec-
tron-deficient center, thus the more electron-withdrawing
the halide, the less stable the tricoordinated species relative
to the addition of a fourth ligand. The same trend is ob-
served for the dimerization process within the group. Similar
trends are observed for the anionic ligands of group 16. The
reaction energy values for the solvent coordination process
are similar to those obtained for the halides. Considering
the dimerization process the reaction energies are larger for
ligands of group 16, showing the greater ability of these li-
gands to act as bridging ligands. Note also the effect of the
size of the donor atom: within a group, the smallest donor
atom gives more stable bridges.


It is worth remarking the singular behavior of two cases.
For X=CH3, as an exception, the methyl-bridged dimer is
less stable than its solvento monomer, owing to the weak-
ness of the electron-deficient methyl bridges.[38] For X=


NH2, the solvento complex is particularly destabilized (or
the tricoordinated complex stabilized), to the point that its
stability is similar to the tricoordinated complex; however,
NH2 bridges are particularly strong and the dimer has by far
the highest stability of the series.


The results of the calculations are clear enough to support
that, for conventional ligands with small steric requirements,
the tricoordinated species is highly disfavored in general
and, for THF, the dimers are favored over the solvento com-
plexes. It is clear that for a sufficiently more coordinating
molecule than THF (e.g. phosphine, or DMF=dimethylfor-
mamide) the tetracoordinated monomer (e.g. [PdArX-
ACHTUNGTRENNUNG(PH3)2], [PdArX ACHTUNGTRENNUNG(PH3)ACHTUNGTRENNUNG(DMF)]) could become even more
stable than the dimer. In no case there is chance for the for-
mation of detectable amounts of the tricoordinated species.
However, if dimerization was prevented (e.g. by the use of
bulky ligands), NH2 looks the most promising X ligand of


the series to stabilize a tricoordinated species. It is somehow
surprising that for the other X ligands (including CH3!) the
energy differences for tetracoordinated monomers are quite
small compared to steric effects (see below).


The striking case of amide, the best ligand among those
tested for stabilizing tricoordinated PdII species, was further
investigated. We hypothesized that the NH2 ligand could
generate some Pd�N double bond character by donation of
its electron lone pair to the “empty” Pd orbital, therefore
acting as a single-faced p-donor ligand as suggested for re-
lated cases in other transition metal complexes.[39,40] The
Pd�N bond was analyzed for two analogous isoelectronic
monomeric [PdArXL] complexes (X=NH2


� and NH3 li-
gands; the latter is unambiguously a single Pd�N bond), by
using Bader QTAIM theory.[50] A bond critical point was
found in both cases, with electron densities of 0.133 for Pd�
Namide and 0.082 for Pd�Namine, respectively. These electron
densities are lower compared to those obtained for organic
compounds with strong presence of a resonance form with a
C�N double bond character: for instance, for Ph�NH2 and
HOC�NH2 these values are 0.302 and 0.319, respectively.
Yet, the electron density at the critical point of the Pd�
Namide bond is notably higher than for the Pd�Namine bond.
An index used in QTAIM analysis to recognize double bond
character is the ellipticity (e). For the case of Ph�NH2 and
HOC�NH2 compounds the ellipticity values are 0.062 and
0.092, respectively, in the same range than that for the Pd�
Namide bond 0.072. Surprisingly, the same value of ellipticity
is found for the Pd�Namine bond. However, it should be
noted that, as the geometry of the compound suggests, this
bond is unusual in the sense that the putative p-bond inter-
action is not symmetrical relative to the bond direction
(Figure 2). Finally, the rotational barrier for both ligands
(NH2 and NH3) was calculated, which afforded a significant
result in favor of the suspected multiple bond character: in
gas phase the rotational barrier for NH2 is 10.3 kcalmol�1,
compared to only 0.4 kcalmol�1 for NH3.


Overall, the analysis seems to support a certain double
bond character for the Pd�Namide bond, involving interaction
of the highly nucleophilic lone pair of the amide ligand and
the empty orbital of the Pd center. In such case the rotation-
al conformation of the coordinated NH2


� should be that ar-
ranging the lone pair in the coordination plane and in the
direction towards the Pd empty position, and this is the case
(see some structures below). This extra interaction, intro-
ducing additional electron density in the unsaturated PdII


center, explains the peculiar behavior of NH2
�. Note that


Figure 2. Sketch of the p donation of the electron lone pair of the amide
ligand to the empty Pd orbital.
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the effect is not noticeable for PH2
�, as it typically happens


for additional p-bond interactions in bonds involving heavi-
er elements compared with p-bond interactions involving
second row elements.


Effect of the aromatic ligand (Ar): Gathered in Table 2 are
the results obtained for the solvent coordination and dimeri-
zation processes on [PdArACHTUNGTRENNUNG(NH2)ACHTUNGTRENNUNG(PH3)] complexes with dif-
ferent aromatic ligands. These values are plotted in Figure 3.


The calculations were performed on [PdAr ACHTUNGTRENNUNG(NH2) ACHTUNGTRENNUNG(PH3)],
thus choosing the X group that favors better the stabiliza-
tion of the tricoordinated species (X=NH2). Again the plots
of DEsolv and DGsolv run fairly parallel, separated by about
12.0 kcalmol�1 for the solvent coordination process and
8.5 kcalmol�1 for the dimerization process. Except for the
most electron withdrawing aryl, C6F5, the variations with the
aryl substituents are moderate. The values obtained for the
dimerization process show clearly that the formation of
dimers is strongly favored in all cases, with values for DGsolv,
ranging from �17.0 to �18.3 kcalmol�1. Interestingly, the


plot of DGsolv would suggest that, if dimerization could be
prevented, the stability of the tricoordinated species is as
good as or superior to the solvento complex (DGsolv for the
solvent coordination process are in the range 0.0–
2.2 kcalmol�1), and increases moderately with the electron-
donating ability of the aryl substituents.


Effect of the phosphine ligand (PR3): As deduced from the
results above, it is mostly the large stabilization associated
with dimerization that prevents the formation of the tricoor-
dinated complex as a stable species. In this respect the role
of the size of the ligands to hinder dimerization is expected
to be more decisive than the electronic effects examined so
far. Thus the influence of the phosphine ligand (PR3) was
analyzed, C6H5 was kept as the aromatic ligand, for two X li-
gands: Br� (a very common ligand in practice) and NH2


�


(the ligand found to favor better tricoordination). The phos-
phine ligands selected increase in size progressively from
PH3 to 1-AdPtBu2 (1-adamantylbis(tert-butyl)phosphine).
The results obtained for the set of phosphanes studied are
gathered in Tables 3 and 4, and plotted in Figure 4.


Analogous to the results previously discussed, when
Gibbs energies are taken into account, the reaction energies
become smaller, therefore reflecting an increase in relative
stability of the tricoordinated species. The general trends ob-
served in Tables 3 and 4 show that the relative stability of
the tricoordinated Pd complex increases very fast with the
size of the phosphine: PH3<PMe3<PPh3<PtBu3<1-
AdPtBu2. Moreover, the bridged dimers get destabilized
with the size of the phosphine more steeply than the solven-
to complexes. As a result, for X=Br there is, around PR3=


PtBu3, a crossover of the two lines. These data mean that


Table 2. Calculated DE, DEsolv, DG and DGsolv [kcalmol�1] for the coordi-
nation of a solvent molecule and the dimerization process, varying the ar-
omatic (Ar) ligand in [PdAr ACHTUNGTRENNUNG(NH2) ACHTUNGTRENNUNG(PH3)].


Solvent Coordination Dimerization
Ar DE DEsolv DG DGsolv DE DEsolv DG DGsolv


C6F5 �18.3 �15.6 �5.8 �3.1 �32.4 �31.9 �23.9 �23.5
C6H5 �14.8 �11.8 �3.0 0.0 �28.6 �26.9 �19.7 �18.0
C6H4OH-p �14.9 �11.9 �2.9 0.1 �28.8 �27.0 �20.1 �18.2
C6H4OCH3-
p


�14.8 �11.8 �2.5 0.5 �28.6 �27.1 �19.9 �18.3


C6H4NH2-p �14.4 �11.4 �2.4 0.5 �28.3 �26.5 �19.6 �17.8
C6H2ACHTUNGTRENNUNG(NH2)3-
2,4,6


�14.0 �10.0 �1.9 2.2 �27.8 �24.3 �20.5 �17.0


Figure 3. Effect of Ar ligand on the processes of solvent coordination and
dimerization for [PdAr ACHTUNGTRENNUNG(NH2) ACHTUNGTRENNUNG(PH3)] (numeric values in Table 2). &:
DEsolv ; &: DEdimer ; *: DGsolv ; *: DGdimer.


Table 3. Calculated DE, DEsolv, DG and DGsolv [kcalmol�1] for the coordi-
nation of a solvent molecule and the dimerization process, varying the
phosphine (PR3) ligand in [PdPhBr ACHTUNGTRENNUNG(PR3)].


Solvent Coordination Dimerization
PR3 DE DEsolv DG DGsolv DE DEsolv DG DGsolv


PH3 �19.3 �16.0 �6.6 �3.3 �18.4 �13.4 �11.4 �6.4
PMe3 �18.1 �15.0 �4.9 �1.7 �18.2 �12.3 �10.8 �4.8
PPh3 �15.0 �11.6 �1.1 2.3 �13.7 �6.1 �5.7 1.9
PtBu3 �8.0 �5.9 7.1 9.2 �5.2 0.9 3.8 10.0
1-AdPtBu2 �6.3 �4.6 8.9 10.6


Table 4. Calculated DE, DEsolv, DG, and DGsolv [kcalmol�1] for the coor-
dination of a solvent molecule and the dimerization process, varying the
phosphine (PR3) ligand in [PdPh ACHTUNGTRENNUNG(NH2)ACHTUNGTRENNUNG(PR3)].


Solvent Coordination Dimerization
PR3 DE DEsolv DG DGsolv DE DEsolv DG DGsolv


PH3 �14.8 �11.8 �3.0 0.0 �28.6 �26.9 �19.7 �18.0
PMe3 �14.0 �10.2 �1.9 1.9 �28.9 �25.7 �20.3 �17.2
PPh3 �12.3 �9.2 2.1 5.1 �27.0 �21.9 �18.4 �13.3
PtBu3 �6.6 �4.4 8.3 10.4 �17.6 �15.1 �6.6 �4.1
1-AdPtBu2 �3.5 �0.3 10.8 14.0
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the relative stability of the low coordinated species becomes
more and more accessible fairly rapidly.


According to Figure 4, for the solvent coordination pro-
cess DGsolv is negative (this indicates that the tetracoordinat-
ed species [Pd ACHTUNGTRENNUNG(C6H5)Br ACHTUNGTRENNUNG(PR3) ACHTUNGTRENNUNG(THF)] is more stable than the
tricoordinated one) only for the two smallest phosphines
(PH3, PMe3) in the case of X=Br; for X=NH2 the tricoor-
dinated species is always more stable than the solvento com-
plex, confirming the NH2 effect already observed in the sec-
tions above. Looking at the values for the dimerization pro-
cess, for X=NH2 dimerization to [Pd2ACHTUNGTRENNUNG(C6H5)2ACHTUNGTRENNUNG(m-NH2)2-
ACHTUNGTRENNUNG(PR3)2] is always spontaneous, even for a phosphine ligands
as bulky as PtBu3, owing to the strength of these bridges.
However, the calculated data for X=Br would suggest the
formation of tricoordinated [Pd ACHTUNGTRENNUNG(C6H5)Br ACHTUNGTRENNUNG(PR3)], instead of
[Pd2ACHTUNGTRENNUNG(C6H5)2ACHTUNGTRENNUNG(m-Br)2ACHTUNGTRENNUNG(PR3)2], for PPh3 or bigger phosphines.
Moreover, with the energy differences calculated, the tetra-
coordinated complexes should be undetectable in equilibri-
um for X=Br and R�Ph.


Although the calculations suggest that a tricoordinated
complex with NH2


� and PtBu3 is not stable with respect to
dimerization, and that even solvento complexes become
more stable than dimers beyond that point, similar trimeric
complexes have been experimentally synthesized and char-
acterized, simply using more hindered substituted amides
(e.g. N ACHTUNGTRENNUNG(C6H3 ACHTUNGTRENNUNG(CF3)2-3,5)2).


[25] Hence, we performed the calcu-
lations for the solvent coordination reaction in a complex
with the set of ligands observed in one experimental case:
X=N ACHTUNGTRENNUNG(C6H3ACHTUNGTRENNUNG(CF3)2-3,5)2, Ar=C6H4OCH3-p and L=PtBu3


(Figure 5). The DEsolv and DGsolv energies for solvent coordi-


nation, depicted in Figure 4 (lower plot, right), are 1.2 and
17.0 kcalmol�1, respectively, predicting a reluctance to coor-
dinate solvent, and the stability of the low coordinated com-
plex that has been experimentally observed. This shows that
the hindrance associated to the X group also contributes to
the stability of the tricoordinated complex by destabilizing
solvent coordination.


A closer look at the tricoordinated predictions versus the
experimental facts : Although the validity of the observed
trends (particularly those for solvent coordination) as a de-
scription of the relative stabilization of tricoordinated spe-
cies is out of question, the quantitative predictions need to
be looked at more carefully.


First of all, in contrast to the prediction, many X-ray
structures of tetracoordinated dimers and monomers, and


Figure 4. Effect of PR3 ligand on the processes of solvent coordination
and dimerization for [PdPhBrACHTUNGTRENNUNG(PR3)] (upper plot, numeric values in
Table 3), and [PdPh ACHTUNGTRENNUNG(NH2) ACHTUNGTRENNUNG(PR3)] (lower plot, numeric values in Table 4).
The values calculated for one existing case (see text) are plotted in the
last graphics (at right). &: DEsolv ; &: DEdimer ; *: DGsolv ; *: DGdimer.


Figure 5. Optimized structures for a) [Pd ACHTUNGTRENNUNG(PtBu3)(C6H4OCH3-p)(N ACHTUNGTRENNUNG(C6H3-
ACHTUNGTRENNUNG(CF3)2-3,5)2], and b) the THF-solvated counterpart. Hydrogen atoms are
omitted for clarity.
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none of tricoordinated complexes, are known for PPh3 and
even more crowded ligands.[40,41] This experimental evidence
suggests that, as suspected, the values of Gibbs energy are
overestimated and a more realistic picture should bring
them somewhat closer to the DE values.


On the other hand, for the bulkier phosphanes such as
PtBu3 and 1-AdPtBu2 the prediction of [PdArXL] as the
thermodynamic product meets, initially, with experimental
support,[16,17, 25] although the fourth coordination site could
be occupied by an agostic interaction, rather than be left
empty.


The calculated complexes susceptible to establish agostic
interactions were analyzed in more detail. Table 5 collects
selected geometrical calculated data. For L=PtBu3 and X=


Br (Figure 6a), the C�H bond located closest to the metal


center has a bond length of 1.102 R in the calculated struc-
ture, and the Pd···H distance is 2.450 R. These data, particu-
larly the slightly elongated C�H bond length, would suggest
that in this case there is a weak g-agostic interaction. Indeed
this complex had been characterized experimentally by
single crystal X-ray diffraction, and the authors suggested an
agostic interaction, with a Pd···H distance of 2.18 R.[17] In
the adamantyl case (Figure 6b), the calculated geometrical
parameters are similar and a weak agostic interaction (a
little stronger) would be assigned, also supported by the ex-


perimental observation (with a Pd···H distance of 2.27 R).[17]


Interestingly the two distances assigned in the solid state X-
ray structure are shorter than those calculated for the solvat-
ed molecule in silico, suggesting that the packing pressure
favors these agostic interactions.


For X=NH2 and L=PtBu3, the calculated C�H bond
length is 1.098 R, whereas the Pd···H distance is 2.622 R,
supporting that there is no agostic interaction, in coinci-
dence with the experimental case. In contrast, the C�H and
Pd···H distances found for the adamantyl phosphine ligand,
would indicate a weak agostic interaction. It must be said,
however, that the assignment of agostic interactions in the
cases just discussed are within the limit, is a matter of opin-
ion. Nevertheless, it seems that these weak interactions are
extremely sensitive to small changes in the system.


Considering the agostic interaction as a fourth ligand,
only in the case of X=NH2 and L=PtBu3 would it be strict-
ly correct to say that Pd is tricoordinated. Moreover, the co-
existence of p-donation from the coordinated amide and
agostic interactions, as a cooperative mechanism to reduce
the electronic unsaturation of a tricoordinated PdII center, is
perfectly possible.


It is interesting to note, as compared with coordination of
external ligands, that these intramolecular weak interactions
are much less affected by entropy and, because of their in-
tramolecular nature, their existence or not is not easy to
assess from kinetic studies.


Conclusions


The calculations on the relative stability of coordinatively
unsaturated tricoordinated PdII species versus tetracoordi-
nated complexes report very nicely on the accessibility of
the former as possible transition states or undetected inter-
mediates in catalytic reactions. The tricoordinated PdII spe-
cies become more accessible for more electron donating li-
gands and more electron donating substituents on the aryl
groups, but the most important stabilizing effect of tricoordi-
nated PdII species is the hindrance of the ligands. This is
well illustrated by the effect of the phosphines PH3 and
PMe3 that show behavior more similar to the smaller PPh3


than to the electronically similar PtBu3 or 1-AdPtBu2.
As for the observation of PdII tricoordination in the


ground state, the hindrance of one ligand can be enough to
exclude the formation of dimers, but also the hindrance of
the second ligand cis to the empty coordination site is im-
portant in order to exclude solvent coordination. It seems
that only NR2 is able to produce true tricoordinated com-
plexes. Otherwise (X=Br) the fourth position is occupied
by an agostic interaction with a C�H bond of the phosphine
ligand, and the phosphine can be considered an extreme
case of hemilabile chelating ligand. Certainly this agostic in-
teraction is very weak and the tricoordinated complex must
be very close in energy to the ground state. Consequently, in
practice the agostically stabilized complexes can be thought
of as a resting state of the tricoordinated species or, in terms


Table 5. Calculated geometrical parameters concerning possible agostic
interactions for tris(tert-butyl)phosphine and 1-adamantylbis(tert-butyl)-
phosphine complexes. Distances in R.


PR3 X d ACHTUNGTRENNUNG(Pd�H)min [R] d ACHTUNGTRENNUNG(C�H) [R] Agostic interaction?


PtBu3 Br 2.450 1.102 Yes
1-AdPtBu2 Br 2.358 1.106 Yes
PtBu3 NH2 2.622 1.098 No
1-AdPtBu2 NH2 2.514 1.103 Yes


Figure 6. Optimized structures for a) [Pd ACHTUNGTRENNUNG(PtBu3) ACHTUNGTRENNUNG(C6H5) ACHTUNGTRENNUNG(NH2)], and
b) [Pd(1-AdPtBu2)ACHTUNGTRENNUNG(C6H5) ACHTUNGTRENNUNG(NH2)]. Hydrogen atoms on phosphine ligands
are omitted for clarity.
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of reactivity as a synthon of the tricoordinated reactive spe-
cies.


The role of the NR2
� ligand seems to be critical to reduce


the formation of agostic interactions. It seems that the avidi-
ty of the empty Pd orbital directed towards the empty coor-
dination site can be satisfied by p-electron donation from
the lone pair of this ligand, then reducing or eliminating the
strong tendency for agostic bond formation. Although in the
case of agostic interactions the concept of tricoordination
cannot be maintained, in the case represented by the amido
complex it seems fully correct to speak of three coordinated
complexes, although the p-bond component reminds us that
ligand counting should not be strictly associated to electron
counting, even having an X-ray structure in front of our
eyes. These tricoordinated complexes are not 14 electron
species.


In this respect the electronic involvement of NR2
� in p


bonding is somewhat reminiscent of classical textbook
cases.[42] For instance, Mn(CO)4(NO) shows second order
rate law and negative DS in ligand substitution reactions, in
contrast with first order rate law for the isoelectronic
Fe(CO)5;


[43] this has been explained considering that the 18e
[Mn(CO)4(NO)] can accept an extra ligand while avoiding a
20e configuration by rearranging the NO coordination from
linear NO (3e donor) to bent NO (1e donor). In the case of
the so-called indenyl effect, indenyl complexes react faster
in associative substitutions in part because they can better
switch from h5 to h3 coordination, again avoiding a 20e con-
figuration in the transition state.[44] In the case discussed
here the dissociation of an ancillary ligand from a 16e
square-planar PdII complex containing a NR2


� initially 2e
bonded, can be compensated in part by concomitantly in-
volving the lone pair in a p-interaction (formally making
NR2


� a 4e ligand), which would produce a tricoordinated
complex while avoiding a 14e configuration.


The results discussed in this paper can be related to the
extraordinary activity of bulky ligands in transition-metal
catalyzed reactions. In PdII the use of hindered ligands
should make more accessible tricoordinated transition states
or intermediates, although disfavoring more crowded penta-
coordinated ones. This will eventually switch the substitution
and transmetalation steps of the catalytic cycles (for in-
stance cross-coupling reactions) from the classical associa-
tive pathways to dissociative mechanisms. In such dissocia-
tive substitution the reacting complex will just need to re-
lease an agostic interaction with the phosphine, and reaching
the tricoordinated TS might require less activation energy.
Moreover, the catalytic reactions with conventional ligands,
going though tetracoordinated intermediates and associative
transmetalations, are usually carried out in the presence of
excess ligand, in order to stabilize the Pd0 species formed
after the reductive elimination step; this excess of ligand is
detrimental for the rate of dissociative transmetalation,
where one of the two ligands on Pd has to be released. In a
process in which the (usually rate determining) transmetala-
tion takes place on a tricoordinated complex (whether or
not agostically stabilized), the rate of this step will not be re-


tarded by the presence of excess ligand, since no ligand
needs to be released during the transmetalation.


Experimental Section


Computational details : The calculations were performed by using the
Gaussian03 package.[45] All the geometries were fully optimized using
density functional theory with the B3PW91 functional.[46] For the Pd, Cl,
Br, I, S, and P atoms the lanl2dz effective core potential was used to de-
scribe the inner electrons,[47] along with their associated double-z basis
set for the remaining electrons. An extra series of d-polarization func-
tions was added for P, Cl, Br, I, and S, with exponent values of 0.387,
0.640, 0.428, 0.289, and 0.503, respectively.[48] Other atoms were described
with a 6-31G basis, adding an extra d-polarization function in O, N, and F
atoms, as well as the C atoms in phosphanes or aromatic ligands. Fre-
quency analysis let us to identify all the optimized structures as minima
within the potential energy surface. Single point calculations including
solvent effects were performed at the optimized gas-phase geometries
(DEsolv), using the PCM approach[49] in Gaussian03. Tetrahydrofuran was
chosen as solvent (dielectric constant e=7.58). Topological analysis of
the electron density was performed by means of the BaderUs AIM
theory,[50] by using the Xaim 1.0 program.[51]


DE is the potential energy and DG is the Gibbs energy in gas phase.
DEsolv and DGsolv stand for the potential and Gibbs energies including the
solvent effects, respectively. The DGsolv is calculated according to the fol-
lowing formula: DGsolv= DEsolv+ (DG�DE).[36] DE, DEsolv, DG and DGsolv


values are included in the tables, though those commented in the text or
represented in the figures refer to the values including solvent effects,
unless otherwise specified.
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Introduction


Telomerization describes the oligomerization of, for exam-
ple, a conjugated diene like 1,3-butadiene in which the chain
length is controlled by chain transfer (in the case of 1,3-bu-
tadiene the reaction with a nucleophile). The first telomeri-
zation was described by Smutny et al. in 1967[1] who investi-
gated the oligomerization and dimerization of butadiene
and its telomerization with phenol. Since then numerous in-
vestigations have concentrated on monofunctional nucleo-
philes such as ammonia[2,3] or alcohols.[4–7] Recent concerns
regarding sustainable chemistry have promoted studies of
sugar-based components, for example, starch,[8] sucrose,[9,10]


arabinose,[11] xylose,[11] and aldose,[12, 13] as nucleophiles in the
telomerization of 1,3-butadiene. Regulation in the European
Union is enforcing a growth in the production of biodiesel
as a fuel additive or alternative, which is resulting in a


Abstract: Glycerol is considered a po-
tential renewable building block for
the synthesis of existing as well as new
chemicals. A promising route is the te-
lomerization of 1,3-butadiene with
glycerol leading to C8 chain ethers of
glycerol with applications in, for exam-
ple, surfactant chemistry. Recently, we
reported a new set of palladium-based
homogeneous catalytic systems for the
telomerization of 1,3-butadiene with
glycerol and found that palladium com-
plexes bearing methoxy-functionalized
triphenylphosphine ligands are highly
active catalysts capable of converting
crude glycerol without any significant
loss of activity. Herein, we present a
detailed account of these investigations


by reporting on the influence of the bu-
tadiene/glycerol ratio, temperature, and
reaction time on product selectivity
and activity allowing further optimiza-
tion of catalyst performance. Maximum
activity and yield were reached for
high 1,3-butadiene/glycerol ratios at a
temperature of 90 8C, whereas the se-
lectivity for mono- and diethers of glyc-
erol could be optimized by combining
high reaction temperatures and short
reaction times with low butadiene/glyc-
erol ratios. Variation of the PdII metal


precursors and the metal/ligand ratio
showed that palladium precursors with
halogen ligands gave unsatisfying re-
sults, in contrast to precursors with
weakly coordinated ligands such as
[Pd ACHTUNGTRENNUNG(OAc)2] and [Pd ACHTUNGTRENNUNG(acac)2]. [Pd-
ACHTUNGTRENNUNG(dba)2], the only Pd0 precursor tested,
gave the best results in terms of activi-
ty, which illustrates the importance of
the ability to form a Pd0 species in the
catalytic cycle. Finally, base addition
resulted in a shortening of the reaction
time and most likely facilitates the for-
mation of a Pd0 species. Based on these
results, we were able to realize the first
attempts towards a rational ligand
design aimed at a high selectivity for
mono- and diether formation.
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steady increase in glycerol production as the main byproduct
of biodiesel manufacturing (226 kgtonne�1). On the other
hand, more recently, there have been some concerns about
the sustainability of current biodiesel production routes and
last year the price of glycerol stabilized or even slightly in-
creased. Nevertheless, alternative technologies for the con-
version of crude glycerol directly into value-added products
are still highly attractive. The relevance of this topic is re-
flected by various studies[14–17] and recent reviews[18–20] on
glycerol usage that have focused, for instance, on synthesis
gas production followed by Fischer–Tropsch synthesis.[20]


Johnson and Taconi[21] summarized in a recent review the
possibilities and economic considerations concerning the uti-
lization of crude glycerol. The authors concluded that tech-
nologies for the direct conversion of crude glycerol have the
potential to facilitate the entrance of glycerol as an impor-
tant feedstock into the chemical market. Nevertheless, po-
tential processes require the transformation of cheap start-
ing materials into value-added products with reasonable
market size.


In this regard, we have started to investigate the use of
glycerol as an attractive nucleophile in the telomerization of
1,3-butadiene leading to C8 chain ethers of glycerol with po-
tential applications in surfactant chemistry or as chemical
building blocks. Surprisingly, just one publication concerning
the telomerization of butadiene with glycerol and other gly-
cols exists in the open literature.[22] Therein, Behr and Ur-
schey used a Pd/TPPTS (TPPTS = triphenylphosphine tri-m-
sulfonate trisodium salt) complex as a catalyst for this reac-
tion, which reached a turnover frequency (TOF) of 248 h�1


with turnover numbers (TONs) of around 990 with a total
TON of 3300 as the catalyst could be recycled five times.
Concerning the use of crude glycerol as a substrate in the te-
lomerization process, to the best of our knowledge, no inves-
tigations have yet been performed, at least none have been
reported in the open literature. The limited knowledge of
glycerol as a nucleophile together with the challenge of real-
izing the direct telomerization of crude glycerol inspired us
to investigate potential catalyst systems for this reaction
type. Points of major importance for the industrial feasibility
of this reaction include improved catalyst activity, control of
selectivity, product separation, and potential possibilities for
catalyst recycling. The main focus of our investigations con-
cerned catalyst activity and selectivity. Nevertheless, the
simplicity of product separation may be mentioned because
phase separation between the polar glycerol layer and the
less or non-polar glycerol ethers occurs and significantly fa-
cilitates not only product separation but also glycerol re-cy-
cling.


In a recent communication[23] we briefly reported on pal-
ladium-based complexes with methoxy-functionalized tri-
phenylphosphine ligands as highly active catalysts in the te-
lomerization of 1,3-butadiene with glycerol. The triphenyl-
phosphine ligands were varied from one methoxy group on
just one phenyl ring to up to three methoxy groups on each
ring (Figure 1). A maximum catalytic activity was found for
TOMPP (tris(o-methoxyphenyl)phosphine; ligand C in


Figure 1), which bears one methoxy group in the ortho posi-
tion of each ring. By using a Pd/TOMPP complex in the te-
lomerization of glycerol, TONs of up to 1520 in one run and
a TOF of 3040 h�1 could be reached. In addition, by reduc-
ing the amount of catalyst, even higher TONs of 8545 with a
TOF of 3418 h�1 could be realized. We could identify several
factors that are crucial for high catalytic activity, including
increased electron density on the phosphorus atom and
medium steric hindrance. Polar groups were identified as ad-
vantageous due to an improved solubility of the catalyst
system in polar substrates such as glycerol. In addition,
modification of the phenyl rings at the ortho position ap-
peared to be essential, which illustrates the influence of the
ligand cone angle[24] and points towards the formation of
hemilabile species,[25] including a P�Pd�O bond that stabiliz-
es the catalyst system, as shown for ruthenium-based com-
plexes.


Herein we present a full account of these studies and fur-
ther elucidate crucial factors for high activity and selectivity
in the telomerization of butadiene with glycerol as a multi-
functional nucleophile. Accordingly, we followed the reac-
tion mechanism proposed earlier for the telomerization of
butadiene with methanol[4] and could find evidence of the
catalytically active species by studying the effects of differ-
ent metal precursors and the ligand/metal ratio. In addition,
the effects of several reaction parameters, including the bu-
tadiene/glycerol ratio, reaction temperature, reaction time,
and the addition of a base, were studied to gain an insight
into the experimental factors that influence the reaction ki-
netics and product distribution. The study was aimed not
only at maximizing catalytic activity, but also at optimizing
reaction conditions for the telomerization of 1,3-butadiene
with glycerol by using the Pd/TOMPP system for high selec-
tivity for the target products.


Figure 1. Catalytic activity of different methoxy-functionalized ligands in
the telomerization of 1,3-butadiene with glycerol (0.06 mol % [PdACHTUNGTRENNUNG(acac)2]
based on glycerol, butadiene/glycerol =2.5, reaction time=5 h or until
the pressure dropped to 1 bar, T=80 8C).
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Results and Discussion


The general reaction scheme for the telomerization of buta-
diene with glycerol is presented in Scheme 1. Besides the C8


chain mono- (1), di- (2), and triethers (3) of glycerol, the bu-


tadiene dimer 1,3,7-octatriene (4) and, in the presence of
water, 2,7-octadienol (5) may be formed. In addition,
branched products from the telomerization of butadiene
with glycerol are possible. Examples of branched mono- (6)
and diethers (7) are illustrated in Scheme 2. All combina-
tions of linear and branched C8 chains are possible.


Proposed reaction mechanism
for butadiene telomerization
and the effect of experimental
parameters : Two distinct reac-
tion mechanisms for the telo-
merization reactions with palla-
dium-based complexes have
been repeatedly discussed in
the literature to date. Jolly
et al.[26] concluded that palladi-
um species are coordinated to
one ligand during the catalytic
cycle, whereas the model of
Beller and co-workers[4,27] de-
scribes a catalytic species that
involves an additional ligand
molecule. Following the propos-
al of Beller et al.[4] for the telo-
merization of 1,3-butadiene
with methanol, two molecules
of 1,3-butadiene couple in the
presence of palladium(0) spe-
cies to form a complex that is
protonated by the nucleophile,
for example, methanol. In the


following step the methoxide ion can add either to the C1
or C3 position of the protonated species to afford either the
linear or branched product. Attack at the C1 position is ster-
ically less hindered than attack at the C3 position. Owing to
the resulting internal double bond, the linear product is
thermodynamically more stable, whereas attack at the C3
position, which leads to the branched product, is electroni-
cally favored.[27] In this reaction mechanism, the formation
of 1,3,7-octatriene through a side-reaction is explained by b


elimination of hydrogen from the C4 position of the proton-
ated species. In Scheme 3 we present the catalytic cycle
adapted for glycerol as substrate and inspired by the work
of Beller and co-workers.[4,27] For simplicity, the reaction of
only one of the primary alcohol groups of glycerol is pre-
sented. The formation of di- and triethers of glycerol would
require the mono- and diethers, respectively, to enter into
the catalytic cycle again. Mono- and diethers that enter into
the catalytic cycle exhibit enhanced steric hindrance. Thus
the formation of di- and triethers of glycerol is very de-
manding of the catalyst system and requires a high accept-
ance of a sterically demanding substrate. As described
above, the electronically favored attack of the nucleophile


Scheme 1. Telomerization reaction of 1,3-butadiene with glycerol that re-
sults in C8 chain ethers of glycerol 1–3 and the by-products 1,3,7-octa-
triene (4) and 2,7-octadienol (5).


Scheme 2. Mono- (6) and diether (7) of glycerol as examples of branched
reaction products of the telomerization of 1,3-butadiene with glycerol.


Scheme 3. Proposed reaction mechanism for the telomerization of 1,3-butadiene with glycerol following the
mechanism proposed by Beller and co-workers.[4, 27]
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at the C3 position would result in branched telomerization
products. In the case of the use of glycerol as nucleophile in-
stead of methanol, the enhanced steric hindrance of an
attack at the C3 position becomes even more pronounced as
glycerol is a much bulkier nucleophile than methanol. Glyc-
erol ethers with branched chains, however, have not been
observed in significant amounts in any product mixture in
our study. Therefore, the greater steric hindrance experi-
enced by the attack at the C3 position appears to outweigh
the electronically favored attack.


Focussing on the linear glycerol ethers, monoether 1a and
diether 2a are possible reaction products, but rather unlikely
due to the reduced reactivity of the secondary alcohol,
which is a result of an increased steric hindrance induced by
the two primary alcohols and the more demanding deproto-
nation of secondary alcohols. In line with this, neither 1a
nor 2a were observed in the reaction mixtures. The triether
3, however, was formed in higher concentrations. In summa-
ry, neither branched glycerol ethers nor monoether 1a or di-
ether 2a bearing an ether chain on the secondary alcohol
were found in any significant amount in the product mix-
tures. Consequently, statements concerning a mono- or di-
ether in the product mixture refer to the telomerization
products 1b and 2b, respectively.


Interestingly, very few investigations on multifunctional
nucleophiles exist and these mainly focus on sugar compo-
nents[9–13] or starch.[8] These studies predominately report
monoethers as the products independent of the butadiene/
nucleophile ratio used. Indeed, higher substitutions of multi-
functional nucleophiles seem to be difficult to realize. On
the one hand, catalyst systems with a high acceptance for
sterically demanding substrates are required. On the other,
higher substituted products are less polar, which results in
the formation of a two-phase system. Consequently, the for-
mation of higher substituted products strongly depends on
the solubility of the catalyst system in both the starting ma-
terial and product phase, whereas the high solubility of the
ligand or catalyst system in the polar layer only results pre-
dominantly in the formation of monosubstituted products,
as shown by Behr and Urschey[22] who reported on the telo-
merization of glycerol using Pd/TPPTS, a water-soluble cata-
lyst system, in a biphasic reaction system in which only mon-
oethers were formed with diether formation remaining
below 5 %. Therefore, the high selectivity for monosubstitut-
ed telomers seems to be due to the low solubility of higher
substituted ethers in the water phase that contains the cata-
lyst.


The Pd/TOMPP catalyst system exhibits a high accept-
ance of sterically demanding substrates and—due to its high
solubility in the product phase—even allows the formation
of significant amounts of triethers.


To further elucidate the reaction progress and draw con-
clusions about the catalytically active species, we have inves-
tigated in more detail the effects of the metal precursor,
base addition, the butadiene/glycerol ratio, as well as the
ligand/metal ratio. These aspects will now be discussed.
However, as stated before, several catalytic investigations


concerning the telomerization of 1,3-butadiene with metha-
nol[4–7] or ammonia[2,3] exist and report mass transport limita-
tion at lower stirring rates. To avoid any mass transport limi-
tations a stirring rate of 1200 rpm was chosen in all the ex-
periments discussed.


Effect of the metal precursor : In a first step, the influence of
the metal precursor on the reaction was investigated. Differ-
ent types of metal precursors were tested, including the usu-
ally employed palladium(II) acetylacetonate ([Pd ACHTUNGTRENNUNG(acac)2]) or
palladium(II) acetate ([PdACHTUNGTRENNUNG(OAc)2]), bis(dibenzylideneaceto-
ne)palladium(0) ([PdACHTUNGTRENNUNG(dba)2]), palladium(II) chloride
(PdCl2), and palladium(II) cyclooctadiene dichloride ([Pd-
ACHTUNGTRENNUNG(cod)Cl2]). The results obtained with the different palladium
precursors tested under identical reaction conditions are
summarized in Figure 2. We observed that metal precursors
containing chloride ligands result in a very low catalytic ac-
tivity of the Pd/TOMPP system in the telomerization reac-
tion of 1,3-butadiene with glycerol. This effect may be
caused by chloride ligands of the precursor binding strongly
to the metal center resulting in a hindered release of the
ligand and consequently hindered reduction of PdII to the
Pd0 species required in the catalytic cycle. The other PdII


precursors, [Pd ACHTUNGTRENNUNG(acac)2] and [Pd ACHTUNGTRENNUNG(OAc)2], exhibit weakly coor-
dinated ligands and thus reduction to Pd0 should be facilitat-
ed. Accordingly, for these two palladium precursors a com-
parable high catalytic activity was observed. In [Pd ACHTUNGTRENNUNG(dba)2],
palladium is already present as the Pd0 species. Therefore,
no reduction step is needed, which results in even higher
catalytic activity, most probably due to the improved availa-
bility of the metal. In summary, the correlation between the
observed catalytic activity and the metal precursor used is
well in line with a Pd0 species being the catalytic active spe-
cies in the reaction cycle, as proposed earlier.


Recent discussions on several reactions catalyzed by ho-
mogeneous complexes focused on the ability of palladium
colloids to catalyze reactions. [Pd ACHTUNGTRENNUNG(dba)2] is known to easily
form colloidal solutions. We therefore performed a series of
control experiments to investigate the activity of palladium
colloids in the telomerization of glycerol. In a first step, [Pd-
ACHTUNGTRENNUNG(dba)2] was utilized without addition of a further ligand. The
reaction resulted in palladium black formation; no catalytic


Figure 2. Variation of the metal precursor in the telomerization of 1,3-bu-
tadiene with glycerol using Pd/TOMPP complexes (0.06 mol % palladium
based on glycerol, butadiene/glycerol = 2.5, P/Pd =5, reaction time=


30 min, T=80 8C).
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activity could be observed. In addition, we also performed
the commonly used poisoning experiments with mercury
and poly(vinylpyridine) (PVPy). When a large excess of
mercury was used in the poisoning experiment, no reaction
inhibition was observed and similar TON and TOF values
were reached. This strongly suggests the absence of catalyti-
cally active colloid particles in the reaction mixture. The use
of excess PVPy (300 and 500 equiv) in the reaction resulted
in an increase in the reaction time (and hence a lowering of
the TOF), but no decrease in TON. This observation can be
explained by the coordination/decoordination of PdL or
PdL2 species to PVPy, which is known for other catalytic
systems, and causes the decrease in the observed activity.
These important observations reinforce the occurrence of a
truly homogeneously catalyzed reaction and the presence of
PdL or PdL2 as the active species.


Effect of base addition : Several investigations on telomeriza-
tion reactions with different substrates report the positive
effects achieved by the addition of a base.[10,11, 28,29] Penne-
quin et al.[10] reported significantly increased catalytic activi-
ty after the addition of sodium hydroxide to the telomeriza-
tion reaction of 1,3-butadiene with sucrose using a Pd/
TPPTS catalyst system, the required reaction time for com-
pletion reducing from 2.5 h to only 26 min. Estrine et al.[11]


compared the effects of several tertiary amines, including
iPr2EtN, Et3N, iPr2MeN, nPr3N, DABCO, and iPr3N, on the
catalytic activity in the telomerization of 1,3-butadiene with
l-arabinose and d-xylose. They identified iPr2EtN and Et3N
as the most efficient bases to improve the catalytic activity.
A correlation between the strength of the base and im-
proved activity, however, could not be observed. A com-
monly accepted explanation for this effect has been given by
Beller and co-workers,[27] who suggested that bases predomi-
nantly facilitate the reduction of PdII species to Pd0 com-
plexes, which are assumed to be the active species in the cat-
alytic cycle, as outlined above.


Accordingly, the effect of base addition on the telomeriza-
tion of 1,3-butadiene with glycerol was investigated in this
work. For this purpose, Et3N was chosen as a suitable base
and the effect of different butadiene/glycerol ratios was
studied. The results are summarized in Figure 3 and show
that comparable yields with and without base can be
reached for butadiene/glycerol ratios of 1 and 2.5. The reac-
tion times for comparable yields shorten considerably, 10
and 20 min being required for butadiene/glycerol ratios of 1
and 2.5, respectively.


Surprisingly, in the case of a butadiene/glycerol ratio of 4,
a significant drop in the conversion and TOF was observed
when base was added. Addition of an extra amount of base
gave the same results as without base. Apparently the base/
diene ratio is important, which means that other reaction
pathways are kinetically relevant. Estrine et al. found in
their study that a stoichiometric amount of amine and nucle-
ophile gave the best results, but when excess amine was
used a decrease in activity was observed.[11] They proposed
the coordination of the base to the active species and/or in-


teraction of the base with the nucleophile, for example, cata-
lyzed deprotonation of the nucleophile, both of which seem
plausible. In relation to our results, both facilitated reduc-
tion of PdII and deprotonation of the alcohol by the base to
generate the nucleophile may occur. However, the some-
what unexpected result for base addition in the case of a bu-
tadiene/glycerol ratio of 4 may be caused by the high dilu-
tion of the system and the consequently lower base/diene
ratio. Nevertheless, the exact role of the base within the cat-
alytic cycle has to be investigated further.


Effect of the ligand/metal ratio : To allow comparison with
literature data, [Pd ACHTUNGTRENNUNG(acac)2] as the most common metal pre-
cursor for this reaction, was used in all further investiga-
tions. The ligand/metal ratio was varied between 1 and 10.
Interestingly, the catalytic activity was found to be inde-
pendent of the amount of ligand for a ligand/metal ratio of
2 or more (Figure 4). A low catalytic activity for a ligand/
metal ratio of 1 results in catalyst decomposition and palla-
dium black formation due to ligand concentrations that are
too low to allow the efficient formation of the required cata-
lytically active species. Bearing in mind the dynamic equilib-
rium of different PdLx species in solution, a minimum ligand
concentration appears to be required to form the catalytical-
ly active species. Although the results do not allow conclu-
sions to be drawn on whether the active species in the reac-


Figure 3. Effect of Et3N addition on the yield and TOF in the telomeriza-
tion of 1,3-butadiene with glycerol (0.06 mol % [Pd ACHTUNGTRENNUNG(acac)2] based on glyc-
erol, P/Pd=5, glycerol/Et3N= 10, *glycerol/Et3N= 20, T=80 8C, reaction
time without base= 30 min).


Figure 4. Effect of the TOMPP/Pd ratio on the catalytic activity in the te-
lomerization of 1,3-butadiene with glycerol (0.06 mol % [Pd ACHTUNGTRENNUNG(acac)2] based
on glycerol, reaction time=30 min, T=80 8C).
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tion cycle is a one or two ligand complex, the minor changes
in the catalytic activity for a ligand/metal ratio of 2 or more
point towards a minimum required L/Pd ratio of 2 for opti-
mal activity.


Telomerization of butadiene towards target molecules : An
important issue in the telomerization of butadiene with
polyols such as glycerol is the selectivity for target products.
In the case of glycerol, glycerol mono- and especially dieth-
ers present ideal target molecules as subsequent hydrogena-
tion followed by sulfonation allows direct excess to potential
detergent molecules (Scheme 4).


Rational ligand design : High selectivity for glycerol diethers
as target molecules necessitates the telomerization of previ-
ously formed C8 chain glycerol monoethers. Consequently,
potential catalyst systems require a high acceptance of steri-
cally demanding substrates and a certain solubility in the
less polar product phase. As discussed already, the Pd/
TPPTS system described by Behr and Urschey[22] shows se-


lectivities of around 95 % for the monoether of glycerol,
with just small amounts of diether formed and no triether
due to the low solubility of the catalyst in the less polar
product layer. In addition, the system shows a somewhat
low activity, with TOFs of 248 h�1 and maximum TONs of
990 in 5 h.[22] In contrast, for the Pd/TOMPP catalyst sys-
tems, significant amounts of di- and triethers of glycerol are
formed. Accordingly, this may indicate both a high accept-
ance of sterically demanding substrates and solubility in
both phases of the reaction system, as further indicated by
the formation of triethers, which points towards the ability
to telomerize even sterically demanding nucleophiles such
as bulky secondary alcohols.


The activities and product distributions for Pd/PPh3 with
different ligand substitutions measured under identical reac-
tion conditions are summarized in Table 1. Interestingly, use
of the Pd/PPh3 system as catalyst in the telomerization of
glycerol also results in the formation of mono-, di-, and
triethers of glycerol, although only TOFs of 143 h�1 in a re-


action time of 5 h could be reached (Table 1, entry 1, and
Scheme 5).


Based on this finding, one may conclude that the solubili-


ty of the ligand or catalyst system is the main effect influ-
encing the product distribution rather than electronic or
steric effects induced by the ligand substituents. Neverthe-
less, a true discrimination between pure solubility effects
and the effects of ligand substituents in terms of electronic


and steric effects or as directing groups is difficult to ration-
alize. Earlier investigations showed variations in reaction
rate and product distribution to be dependent on the
number of methoxy-substituents on the phenyl rings of the
PPh3 ligands.[23] All Pd/PPh3 catalysts with methoxy-func-
tionalized phenyl rings led to the formation of mono-, di-,
and triethers of glycerol. Interestingly, however, the selectiv-
ity for mono- and diether formation increased when a high
number of substituents were present on the phenyl rings, as
in case of TTMPP (tris(trimethoxyphenyl)phosphine), al-
though nearly no glycerol triether was formed. This product
distribution may be attributed to the increasing polarity of
the ligand with increasing number of methoxy substituents
together with increasing steric constraints for the coordina-
tion of glycerol diether as substrate.


Scheme 4. Telomerization of 1,3-butadiene with glycerol leading to a di-
ether that is subsequently hydrogenated and sulfonated for detergent ap-
plications.[30]


Table 1. Activities and selectivities of palladium-based catalysts with dif-
ferent substituted PPh3 ligands in the telomerization of 1,3-butadiene
with glycerol.[a]


Entry Ligand t [h] Selectivity[b] [%] TOF[c] [h�1]
1 2 3


1 PPh3 5 58 31 11 143
2 TOMPP 0.5 58 29 14 3040
3 TPPTS 5 96 4 0 259
4 TOM-TPPTS[d] 5 93 7 1 137
5 TTMPP 5 69 28 2 252


[a] Catalyst conc.=0.06 mol % [Pd ACHTUNGTRENNUNG(acac)2] based on glycerol, butadiene/
glycerol=2.5, P/Pd=5, T=80 8C. [b] Based on glycerol ethers. [c] Based
on glycerol conversion to glycerol ethers. [d] P/Pd=2.5.


Scheme 5. Ligands with different substitution patterns on the phenyl
rings, tested as palladium-based catalysts in the telomerization of 1,3-bu-
tadiene with glycerol.
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Consequently, a rationalization of the dependency be-
tween ligand substitution and the resulting product distribu-
tion will be required. Based on a deeper understanding of
the structure–activity relationship, the rational design of cat-
alysts with high TOFs, as reached by the Pd/TOMPP
system, and high selectivities for target molecules should be
possible.


Our first attempts on a rational ligand design that com-
bines the high activity of the Pd/TOMPP system with the
high selectivity of the Pd/TPPTS system for mono- and di-
ethers are presented below. A ligand that possesses both
functional groups, methoxy groups in the ortho position and
sulfonate groups in the meta position, in the phenyl rings
has been reported previously.[29] With this ligand type we
hoped to combine the apparent features of TOMPP that
allow surprisingly high TOFs in the telomerization process
with an improved solubility of the corresponding complex in
the more polar glycerol phase of the reaction. The improved
solubility in the glycerol layer should consequently allow us
to shift the product distribution towards higher selectivities
for monoether formation. The structures of the investigated
functionalized PPh3 ligands, including PPh3 without substitu-
tion, TOMPP, TTMPP, TPPTS, and TOM-TPPTS, which
bears methoxy and sulfonate groups, are illustrated in
Scheme 5. As mentioned above, TOMPP and PPh3 allow
the formation of mono-, di-, and triethers of glycerol, where-
as TPPTS exhibits a high selectivity for monoether forma-
tion.


Indeed, telomerization of glycerol using TOM-TPPTS as
the ligand resulted in a product distribution comparable to
the reaction with TPPTS. Unfortunately, the TOF dropped
to about 137 h�1. This disappointing result reflects the need
of further mechanistic investigations. Consequently, future
attempts will focus on systematic ligand modifications that
will allow a deeper understanding of the structural require-
ments for telomerization towards certain target molecules.


Nevertheless, addressing mono- and diether formation as
target molecules, we have investigated the feasibility of in-
fluencing the product distribution of the telomerization re-
action with Pd/TOMPP as the catalyst system by varying
several reaction parameters, including the ligand/metal ratio,
the butadiene/glycerol ratio, reaction temperature, reaction
time, and base addition.


Ligand/metal ratio : We observed that the ligand/metal ratio
clearly affects the product distribution. Table 2 summarizes
the product distributions and reaction rates for ligand/metal
ratios between 1 and 10. As mentioned before, the overall
reaction yield increases on going from a ligand/metal ratio
of 1 to 2, which results in a significant increase in the TOF
from 444 to 4196 h�1. The variations in the TOF for a
ligand/metal ratio between 2 and 10, however, are caused by
a variation in the product distribution as the formation of
triethers requires the catalytic cycle to be repeated three
times. For low conversions in the case of a ligand/metal
ratio of 1, 64 % selectivity for monoether formation is
reached with very little triether formed. This value drops for


higher ligand/metal ratios and around 20 % of the triether is
formed. Interestingly, a combination of high reaction rate
and little triether formation occurs for a ligand/metal ratio
of 5. Prinz et al.[2] studied the telomerization of butadiene
with ammonia and observed an optimum ligand/metal ratio
of around 2.5 for a high reaction rate and a high selectivity
for the mono-telomer, whereas higher ratios lead to en-
hanced dimer formation and a branched product. For the te-
lomerization of butadiene with ethylene glycol, Behr and
Urschey[22] also reported the highest activity for ligand/metal
ratios between 2 and 4, whereas low (0.25) and high values
(8) resulted in negligible telomer formation and catalyst de-
composition. In our investigation, partial catalyst decompo-
sition has only been observed for a ligand/metal ratio of 1
and not for higher values.


In summary, the optimum ligand/metal range for palladi-
um-based complexes using phosphine ligands seems to be
between 2 and 4 in terms of catalyst activity, independent of
the nucleophile used in the telomerization reaction. In the
case of glycerol, however, an optimum in terms of maxi-
mized mono- and diether formation can be found for a
ligand/metal ratio of 5, whereas both lower and higher
ligand/metal ratios cause enhanced formation of di- and
triethers of glycerol. The impact of the ligand/metal ratio on
the product distribution could not be rationalized, although
the results seem to point towards varying concentrations of
PdL or PdL2 as the active species depending on the concen-
tration of ligand present in the reaction mixture.


Effect of the butadiene/glycerol ratio : We varied the buta-
diene/glycerol ratio to investigate the impact on yield, TOF,
and product distribution. TOF and yield increase with an in-
creasing butadiene/glycerol ratio, reaching a maximum for a
ratio of 4 with yields up to 92 % and a TOF of 5182 h�1 and
decrease again for higher butadiene/glycerol ratios
(Table 3). One reason for the reduced activity at butadiene/
glycerol ratios above 4 may be a change in reactor loading.
Owing to the restricted filling volume of the reactor set-up,
for butadiene/glycerol ratios above 4 the overall amounts of
glycerol, catalyst, and butadiene had to be reduced to 50 %.
Consequently, several parameters potentially changed, in-
cluding the efficiency of stirring. This effect also complicates
the evaluation of our catalytic data because several of the
reaction parameters are interconnected and their fully inde-
pendent variation is difficult to realize. On the other hand,


Table 2. Selectivity and reaction rate for different ratios of TOMPP/pal-
ladium in the telomerization of 1,3-butadiene with glycerol.[a]


Entry P/Pd t [h] Selectivity[b] [%] TOF[c] [h�1]
1 2 3


1 1 0.5 64 34 2 444
2 2 0.5 30 49 21 4196
3 5 0.5 58 29 14 2954
4 10 0.5 36 45 19 4394


[a] Catalyst conc.=0.06 mol % [Pd ACHTUNGTRENNUNG(acac)2] based on glycerol, butadiene/
glycerol=2.5, T=80 8C. [b] Based on glycerol ethers. [c] Based on glycer-
ol conversion to glycerol ethers.
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for higher ratios of butadiene, palladium black formation
could be observed after the reaction. We attribute this cata-
lyst deactivation to a hindered approach of phosphine and/
or nucleophile towards palladium.


With regard the product distribution, the highest amount
of monoether (70 %) was formed for a butadiene/glycerol
ratio of 1. At higher ratios, the amount of monoether de-
creased, whereas the amounts of di- and triether increased
steadily with, for example, 44 % diether and 16 % triether
formed in the case of a butadiene/glycerol ratio of 4. This
trend even continued for higher butadiene/glycerol ratios.
Although the yield and TOF decrease for ratios above 4, a
maximum of 55 % diether resulted from a butadiene/glycer-
ol ratio of 10. Surprisingly, at the same time triether forma-
tion as low as 9 % was observed. We presume the low yield
and conversion at this ratio are responsible for the low
triether formation. Although for high conversions the proba-
bility of mono- or diethers entering the catalytic cycle as the
substrate for further telomerization increases rapidly, at low
conversions high amounts of primary alcohols are still avail-
able and are, as the primary alcohols seem to react at a
higher rate, predominantly consumed, which results in low
triether formation at low conversions. Another explanation
could be that excess of 1,3-butadiene inhibits the entrance
of diethers into the catalytic cycle.


Effect of reaction temperature: The reaction temperature
was varied for different butadiene/glycerol ratios, with the
amount of catalyst and the reaction time kept constant
(Figure 5). For all experiments a maximum heating rate was
applied to keep the differences in reaction time as small as
possible. However, the reactions start before the final reac-
tion temperature is reached. Consequently, for a constant
reaction time of 30 min at a given reaction temperature, re-
actions performed at higher temperatures profit from a
slightly prolonged overall reaction time which may result in
a somewhat higher activity. Even so, we are convinced that
the measured activity profiles reflect the situation very well.


For a butadiene/glycerol ratio of 1, the conversion to glyc-
erol ethers increases from 50 to 70 8C to around 50 % in
glycerol. This refers to 100 % conversion in butadiene which


is at this point already completely consumed. Accordingly,
at higher temperatures no further effects on the conversion
are observed. Consequently, the reaction rate appears to be
limited by the butadiene concentration for a butadiene/glyc-
erol ratio of 1. For a ratio of 2.5, the temperature depend-
ence of the reaction rate becomes more pronounced, ex-
pressed as a steady increase of the reaction yield between
60 and 90 8C, reaching a maximum yield of 86 % at 90 8C. A
comparable observation was made for a butadiene/glycerol
ratio of 4, for which maximum yields of 92 and 94 % result
for reaction temperatures of 80 and 90 8C, respectively. For
ratios of 2.5 and 4, the yield drops above 100 8C due to par-
tial decomposition of the catalyst, which forms palladium
black in the reaction mixture. Interestingly, the reaction
temperature required to reach a significant reaction yield in-
creases with increasing butadiene/glycerol ratio. Whereas
for a ratio of 1, 19 % conversion to glycerol ethers is ob-
served at 60 8C, for a ratio of 2.5 very little activity is ob-
served at 60 8C and significant conversion necessitates a re-
action temperature above 70 8C. The temperature for signifi-
cant activity is even higher for a butadiene/glycerol ratio of
4, which shows an even sharper increase above 70 8C, but
nearly no activity at this temperature. The sharper increase
in activity for ratios of 2.5 and 4 illustrates the temperature
dependence of the reaction rate, which becomes more pro-
nounced at higher butadiene/glycerol ratios at which the re-
action progress is no longer strongly limited by the buta-
diene concentration. At the same time, the systems become
more and more diluted as the amount of catalyst was kept
constant with respect to glycerol. We suggest that, in terms
of temperature, the delayed activity in experiments with bu-
tadiene/glycerol ratios of 2.5 and 4 is induced by hindered
and therefore decelerated catalyst formation in the higher
diluted systems, which is compensated by facilitated catalyst
formation and higher reaction rates at elevated tempera-
tures. Catalyst decomposition at 100 8C reinforces these sug-
gestions as the activity stayed constant for a butadiene/glyc-
erol ratio of 1 and no palladium black was observed. How-
ever, palladium black formation at 100 8C for a butadiene/
glycerol ratio of 4 may express the difficulty of the metal


Table 3. Effect of the butadiene/glycerol ratio on the catalytic activity of
Pd/TOMPP as the catalyst in the telomerization of 1,3-butadiene with
glycerol.[a]


Entry Bu/Gly t [h] Conversion[b] Selectivity[c] [%] TOF[d]


[%] 1 2 3 ACHTUNGTRENNUNG[h�1]


1 1 0.5 48 70 22 8 1474
2 2 0.5 62 60 29 10 2780
3 2.5 0.5 67 58 29 14 3040
4 4 0.5 92 39 44 16 5182
5 6 0.5 23 49 43 8 1240
6 10 0.5 46 36 55 9 2626


[a] Catalyst concentration =0.06 mol % [Pd ACHTUNGTRENNUNG(acac)2] based on glycerol, P/
Pd= 5, T=80 8C. [b] Based on glycerol conversion to glycerol ethers.
[c] Based on glycerol ethers. [d] Based on the glycerol conversion to glyc-
erol ethers.


Figure 5. Effect of reaction temperature on the catalytic activity in the te-
lomerization of 1,3-butadiene with glycerol for different butadiene/glycer-
ol ratios (0.06 mol % [Pd ACHTUNGTRENNUNG(acac)2] based on glycerol, P/Pd= 5, reaction
time= 30 min).
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centers and ligands forming stable complexes before palladi-
um black formation occurs.


The correlation between reaction temperature and prod-
uct distribution is presented in Table 4. No clear trend could
be observed. Some results indicate a rather high reaction
temperature being advantageous for both high yields and
high selectivities for mono- and diether formation, as ob-
served in entries 2 and 6 in Table 4.


One option that combines high conversion and TOF with
high selectivity for mono- and diethers of glycerol could be
a shortening of the reaction time. In this regard, Pennequin
et al.[10] decreased the degree of substitution of sucrose by
reducing the reaction time, which results in a compromise
between conversion and degree of substitution. This effect
could also be shown for crude glycerol, for which shortening
of the reaction time from 1.5 h to 30 min resulted in in-
creased diether and decreased triether formation.[23] Never-
theless, besides variation of the reaction parameters, a
deeper understanding of the structure–selectivity dependen-
cy is required to allow for directed catalyst development.


Effect of reaction time : To evaluate the order of product for-
mation and the effect of base addition on the reaction prog-
ress, the reaction mixture was analyzed at regular time inter-
vals. This was performed for butadiene/glycerol ratios of 1,
2.5, and 4. As sampling during the reaction is complicated
by the formation of a two-phase system, we decided to per-
form a new reaction for every data point. Consequently, the
deviation between single runs increases, especially for short
reaction time. The reaction progress for a butadiene/glycerol
ratio of 4 in the time range of 0 to 45 min is presented in
Figure 6. Interestingly, in the first 15 min, low conversions
are reached, which points to some kind of induction period.


This could reflect the hindered catalyst formation suggested
for higher dilutions of the reaction system at this butadiene/
glycerol ratio. The induction period is followed by a steep
increase in conversion between 20 and 30 min reaction time
and then a leveling off at around 90 % conversion most
probably due to complete butadiene uptake. The variation
of the product distribution with time emphasizes the fact
that primary alcohols of glycerol telomerize more easily.
This is reflected by the parallel formation of mono- and di-
ethers in the first 20 min, during which time only a small
amount of triether is formed. In addition, the formation of
the mono- and diethers proceeds simultaneously, which
points towards a comparable activity of glycerol and mono-
ether as substrates in the telomerization reaction. In con-
trast, a consecutive reaction induced by hindered diether
formation should be reflected by the delayed formation of
the diether product. Significant triether formation indeed
starts only between 20 and 30 min when the reaction pro-
ceeds rather quickly, leveling off with the other reaction
products after 30 min reaction time. Although sigmoidal
curves like those in Figure 6 are well known in palladium-
catalyzed C�C bond formation reactions (e.g., the Heck and
Suzuki reactions) to be strong indicators of colloidal palladi-
um species as the active catalysts, we could demonstrate by
using poisoning experiments that in the telomerization of
glycerol with butadiene this is not the case (see above).


The time dependences for butadiene/glycerol ratios of 1
and 2.5 are presented in Figure 7. In contrast to the reaction
progress for a butadiene/glycerol ratio of 4, the curves for 1
and 2.5 show less pronounced differences in the induction
period, high reaction rates, and a leveling off of the reaction.
The delay at the start of the reaction indicates the presence
of an induction period followed by a steady progress of the
reaction and a leveling off after around 30 min. With regard
to the product distribution for a butadiene/glycerol ratio of
1, no remarkable changes were observed. The selectivity for
monoether formation remains in the range of 70 to 80 %,
with 20 % diether and around 5 % triether being formed
(Table 5). For longer reaction times, however, the amount of
triether formed increases up to 8 %. In the case of a buta-
diene/glycerol ratio of 2.5, the product distribution changes
rather unsteadily as the reaction progresses. In the first


Table 4. Effect of temperature on the catalytic activity of the Pd/TOMPP
catalyst in the telomerization of 1,3-butadiene with glycerol for different
butadiene/glycerol ratios.[a]


Entry T [8C] Conversion[b] [%] Selectivity[c] [%] TOF[d] [h�1]
1 2 3


butadiene/glycerol ratio=1
1 100 48 72 21 7 2156
2 90 48 81 16 3 1850
3 80 48 70 22 8 1474
4 70 48 61 32 7 2284
5 60 19 48 35 18 1080
butadiene/glycerol ratio=2.5
6 100 76 71 23 6 3358
7 90 86 46 39 14 4718
8 80 67 58 29 14 3040
9 70 43 76 21 4 1666
butadiene/glycerol ratio=4
10 100 73 35 25 40 4430
11 90 94 37 46 17 5552
12 80 92 40 44 16 5252


[a] Catalyst concentration =0.06 mol % [Pd ACHTUNGTRENNUNG(acac)2] based on glycerol, P/
Pd= 5, t=0.5 h. [b] Based on glycerol conversion to glycerol ethers.
[c] Based on glycerol ethers. [d] Based on the glycerol conversion in
which one catalytic cycle is defined as TON=1, therefore triether forma-
tion requires TON=3.


Figure 6. Time-dependent reaction progress of the telomerization reac-
tion for a butadiene/glycerol ratio of 4 (0.06 mol % [Pd ACHTUNGTRENNUNG(acac)2] based on
glycerol, P/Pd=5, T=80 8C).
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15 min the reaction rate is high and the product distribution
shows a maximum for diether formation, which reaches over
50 % (Table 5, entries 13 and 14). For longer reaction times,
however, the reaction levels off and the product distribution
changes again with around 60 % mono-, 30 % di-, and 10 %
triether obtained.


Consequently, the simultaneous formation of mono- and
diethers of glycerol emphasizes that no consecutive reaction
takes place but that both educts, glycerol as well as the mon-
oether, are comparably active as nucleophiles in the telome-
rization with 1,3-butadiene using Pd/TOMPP as the catalyst
system. These results confirm the superior acceptance of
sterically demanding nucleophiles by Pd/TOMPP compared
with Pd/TPPTS as the catalyst system, for which mainly
monoethers are formed with no further telomerization to di-
and triethers seeming possible. In this regard, in particular,
the formation of triethers of glycerol, which requires the te-


lomerization of diethers as very bulky secondary alcohols,
emphasizes the high acceptance of Pd/TOMPP for sterically
demanding substrates even in combination with less active
functional groups such as secondary alcohols. Therefore, Pd/
TOMPP may allow the telomerization of various sterically
demanding nucleophiles and will be investigated for poten-
tial application in the telomerization of multifunctional nu-
cleophiles such as sugar molecules or secondary amines.


Effect of base addition : To clarify the effect of base addition
on product distribution, the conversions to the different re-
action products were monitored as a function of reaction
time in the presence and absence of Et3N. A butadiene/glyc-
erol ratio equal to 1 was used. The corresponding results are
summarized in Figure 8 and show that the reaction starts
earlier in the presence of Et3N. In fact, no induction period
can be observed compared with the reaction without Et3N
in which the reaction is delayed for about 5 min. Without
Et3N the reaction seems to proceed slightly more slowly, as
reflected by a lower slope of the time-dependent reaction
curve compared with the reaction performed with Et3N in
the mixture. The faster reaction progress after the addition
of Et3N and the shorter induction period indicate an acceler-
ated formation of the active species. These findings are in
close agreement with the explanation of Beller and co-work-
ers[27] and suggest a facilitated reduction of the metal precur-
sor from PdII to Pd0, which results in a quicker formation of
the catalytic active Pd0 species and consequently a reduced
induction period.


With regard the product distribution, no significant differ-
ences could be observed for reactions performed with and
without base (Table 5), which indicates that base addition
facilitates the formation of the active species but that Et3N
has no effect on the type of catalytically active species
formed and the resulting catalytic cycle.


Conclusion


Pd/TOMPP complexes are promising catalysts for the telo-
merization of 1,3-butadiene with glycerol as nucleophile


Figure 7. Time-dependent reaction progress of the telomerization reac-
tion for a butadiene/glycerol ratio of 1 and 2.5 (0.06 mol % [Pd ACHTUNGTRENNUNG(acac)2]
based on glycerol, P/Pd=5, T=80 8C).


Table 5. Time-dependent development of the product distribution for bu-
tadiene/glycerol ratios of 1 (with and without addition of Et3N) and 2.5
in the telomerization of glycerol with 1,3-butadiene.[a]


Entry t [min] Selectivity [%][b] TOF [h�1]
1 2 3


Bu/Gly =1
1 5 70 9 21 938
2 10 80 16 4 2523
3 15 71 23 6 2278
4 20 80 17 4 2137
5 30 70 22 8 1474
Bu/Gly =1 with addition of Et3N
6 2 94 6 1 2118
7 5 78 19 3 6372
8 7 76 21 4 5374
9 10 68 28 3 4723
10 20 72 23 5 2429
11 40 75 20 5 1109
Bu/Gly =2.5
12 5 59 34 7 4496
13 10 27 52 21 6054
14 15 23 50 27 5648
15 18 60 29 12 4693
16 30 58 29 14 3040
17 45 63 28 9 1337


[a] Catalyst conc.=0.06 mol % [Pd ACHTUNGTRENNUNG(acac)2] based on glycerol, P/Pd =5,
T= 80 8C. [b] Based on glycerol ethers.


Figure 8. Time-dependent reaction progress with and without addition of
Et3N for a butadiene/glycerol ratio of 1 (0.06 mol % [Pd ACHTUNGTRENNUNG(acac)2] based on
glycerol, P/Pd=5, glycerol/Et3N =10, T=80 8C).
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under various reaction conditions. Two reaction mechanisms
involving one- or two-ligand species have previously been
proposed for the telomerization of butadiene with metha-
nol.[4,27] Initial attempts to show a comparable mechanism
for the telomerization with glycerol have been realized and
revealed maximum activities for palladium(0) metal precur-
sors. In addition, the catalytic activity does not depend on
the ligand concentration for ligand/metal ratios above two,
which points towards a required minimum ligand concentra-
tion for significant formation of the catalytically most active
species. The first attempts at a rational ligand design aimed
at improved selectivities for mono- and diethers were under-
taken. The designed system reaches 93 % selectivity for the
monoether. The catalytic activity, however, drops significant-
ly compared with the Pd/TOMPP systems and thus further
studies of the structure–activity relationship in relation to
product distribution and catalytic activity are needed. For
the highly active Pd/TOMPP system, the optimization of ac-
tivity and product distribution depends on several reaction
parameters. A maximum reaction rate and yield can be ach-
ieved with a butadiene/glycerol ratio of 4 at 90 8C. In terms
of a high selectivity for the mono- and diethers of glycerol
as target molecules for surfactant applications, lower buta-
diene/glycerol ratios at high reaction temperatures and short
reaction times are beneficial. Addition of Et3N to the reac-
tion results in a reduced induction period due to a facilitated
reduction of palladium to the catalytically active species.


Experimental Section


In a typical telomerization experiment, [PdACHTUNGTRENNUNG(acac)2] (7.5 M 10�5 mol,
22.8 mg) and the triphenylphosphine ligand (3.75 M 10�4 mol) were added
to glycerol (0.125 mol, 11.51 g). The solution was directly mixed inside a
100 mL stainless-steel Parr autoclave and flushed three times with argon.
The autoclave was cooled to 258 K using an acetone/dry ice mixture. 1,3-
Butadiene was directly condensed in the reactor and the autoclave was
heated to the reaction temperature of 353 K and kept there for 5 h or
until the pressure had dropped to 1 bar. The starting point of the reac-
tions was defined as the time at which the reaction temperature was
reached. After the reaction, the reactor system was cooled to room tem-
perature and flushed several times with nitrogen. The reactor content
was analyzed by using a GC 2010 system from Shimadzu with a Supelco-
Wax10 column (internal calibration). As none of the reaction products
was commercially available, product identification and GC calibration
were carried out by column separation of several reaction mixtures. Sev-
eral fractions were investigated by GC, GC–MS, and 1H NMR measure-
ments, which allowed us to assign the different mono-, di-, and triethers
of glycerol and to use the identified clean fractions of the main compo-
nents for the GC calibration. Branched products were not observed in
any 1H NMR spectrum, but cannot be fully excluded. 31P NMR measure-
ments were carried out by using CDCl3 as solvent. Butadiene and argon
were purchased from Linde Gas Benelux. Chemicals were obtained from
Aldrich and were used without any purification.
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Introduction


In the last decade, different approaches in the field of
target-guided synthesis have been developed to a point
where they can now compete against the classical approach
of designing, synthesising and studying a potential receptor
or drug compound.[1–5] The thermodynamically controlled
approach of dynamic combinatorial chemistry has been
shown to be a powerful tool for the synthesis of specific
macrocycles,[6–15] molecular species that can be considered to
be host molecules for guest molecules in host–guest complex
formation and which show potential applications ranging
from catalysis[16,17] and sensors[18] to encapsulation systems[19]


for drug delivery.[20] However, a limiting factor in increasing
the diversity and versatility of dynamic combinatorial libra-


ries (DCLs) in order to enhance the probability of identify-
ing strongly binding species is the associated separation de-
mands and the analytical chemistry. Although separation
and identification of all library members is not normally
necessary, the ability to isolate a potential hit (e.g., via chro-
matography) is essential. In this context, solid-phase bound
templates[3,21–26] and building blocks[27,28] have been devel-
oped and can be used in a semi-continuous process[21,22]


where synthesis and separation are performed separately.
This does not take full advantage of the adaptive properties
of DCLs, but can be useful in those cases where the equili-
bration conditions are not compatible with the target. To
the best of our knowledge, Roberts et al.[26] reported the
first example of simultaneous selection, amplification and
isolation of a receptor (host) by an immobilised template
(guest), using a commercially available quaternary ammoni-
um resin. Severin[29] has used computer simulations to study
the selection of DCL members by an immobilized target
(guest) in an iterative fashion whereby equilibration and se-
lection are performed separately or simultaneously. The sim-
ulations indicate that an evolutionary procedure can be ad-
vantageous in larger, multi building block DCLs, although a
decrease in the overall yield has to be taken into consider-
ation due to the iterative protocol.[30]


The advantage of using solid-phase templates (guests) in
DCLs lies in the potential to carry out synthesis and affinity
chromatography in one single step.[26] Tedious separations
via chromatographic techniques can thus be avoided, which
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would open new preparative possibilities especially in more
complex libraries comprising an increased number of build-
ing blocks. The methodology would not only simplify the
isolation of potentially strong macrocyclic binders but also
improve the identification of hits. This can indeed be very
challenging if separations of library members is already
problematic on an analytical scale.


Zimmerman et al. developed an affinity-type chromato-
graphic separation using immobilised hosts[31–33] or guests[34]


on HPLC stationary phases. Only a few attempts[35–39] have
been made aimed at broadening this approach of mimicking
solution based host–guest interactions under heterogeneous
conditions, while not all of the designs were fully success-
ful.[40,41]


We now report the development of tailor-made polymer-
supported templates. Some success with immobilised tem-
plates has already been reported,[26] but in order to obtain a
generically viable procedure, a much better understanding
of how polymer supports influence library behaviour at a
molecular level is necessary. Resin morphology—highly
cross-linked, permanently porous or lightly cross-linked
swellable polymers—and template loading will be the key
parameters addressed, while optimising the selective am-
plification and isolation of synthetic receptors.


We have chosen DCLs based on pseudo-dipeptide build-
ing blocks[42–45] (Figure 1) and cinchona alkaloids quinine


and quinidine (Figure 2) as templates to be immobilised
onto the stationary phases, which under homogeneous con-
ditions have been shown to give rise to enantio- and diaste-
reoselective molecular recognition events.[46, 47] Fitted bind-
ing studies[47,48] in ll-pPF libraries (Figure 1) reveal high
binding affinities for the quinidine-ll-pPF2 and quinine-ll-
pPF4 pairs. In the dd-pPF systems the reverse selectivity is
observed; quinidine binds more strongly to dd-pPF4 where-
as quinine shows higher affinity for dd-pPF2. Unpublished
fitted binding studies in pPV libraries (Figure 1) reveal high
affinities for the quinidine-ll-pPV2 and quinine-dd-pPV2


complexes.


Results and Discussion


Choice of polymer support : For applications in DCL synthe-
ses, styrene resins were expected to be highly compatible
with hydrazone-based pseudo-peptide macrocycle synthesis
which takes place in CHCl3.


[49] A range of polymer supports
with different functional group
loading and polymer morphol-
ogy[50] were synthesized using
vinylbenzyl chloride (VBC,
mixture of meta- and para-iso-
mers) as functional co-mono-
mer, styrene (Sty) as diluting
or structural co-monomer and
divinylbenzene (DVB-80) as
cross-linker in a suspension-
type polymerization (Figure 3).
Table 1 summarizes the com-
position of the resins: MA-X
are highly cross-linked macro-
porous (MA) resins, for which
toluene was used as a porogen


Figure 1. Pseudo-dipeptide building blocks and the macrocylic receptors obtained in DCLs by reversible hy-
drazone exchange. [Nomenclature: e.g., “ll-pPF/V2” implies that either the F or V building block is used; the
subscripted number two indicates dimer.]


Figure 2. Derivatisation sites for attachment of cinchona alkaloids to
solid-phases. (R/S configurations are obtained from references [66] and
[67]).


Table 1. Characterisation of VBC resins: high specific surface area (SA)
resins MA-1, MA-2 and gel-type polymer supports GT-1, GT-2.


Resin Extent
of
cross-linking[a]


Specific SA
ACHTUNGTRENNUNG[m2g�1]


Solvent
up-take
ACHTUNGTRENNUNG[gg�1]


Cl loading
ACHTUNGTRENNUNG[mmolg�1]


CHCl3 n-hexane


MA-1
MA-2


60 wt% DVB 506
520


1.3
1.6


0.6
0.7


1.30�0.09
0.51�0.09


GT-1
GT-2


2 wt% DVB <5
<5


4.0
4.7


0.1
0.0


1.63�0.09
0.56�0.09


[a] The table shows the wt% of divinylbenzene actually present in the
monomer feed rather than the wt% of “monomer as supplied”. The
grade of the cross-linking reagent used was DVB-80, containing 80 wt%
DVB (mixture of meta- and para-isomers) and 20 wt% ethyl styrene
(mixture of meta- and para-isomers).
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during the polymerization to create high specific surface
areas (SA).[50,51] GT-X are typical Merrifield resins;[52] no po-
rogen was used and, in combination with the low cross-link-
ing, this results in the formation of gel-type (GT) resins
having no porous structure in the dry state.[50,53] Solvent up-
take data for a thermodynamically good solvent (CHCl3)
and n-hexane as bad solvent, presented in Table 1, show the
swelling nature of gel-type resins. Each resin type was pre-
pared with two different levels of functionalisation.


Cinchona alkaloid derivatisation : The tremendous interest
in polymer-supported cinchona alkaloids is as a result of
rapid development in two main areas: a) chiral stationary
phases in chromatographic separation techniques[54,55] and b)
chiral polymer-supported catalysts.[56–60] The skeleton of cin-
chona alkaloids offers up to four potential sites for polymer
attachment (Figure 2). The secondary alcohol at C-9 and the
nitrogen on the quinuclidine moiety of the alkaloid ap-
peared unsuitable because of their close proximity to the
stereogenic centres, which are crucial for templating activity
and selectivity. The double bond of the quinuclidine group
has been explored extensively in the past for cinchona alka-
loid immobilisation (for reviews see references [60–62]),
whereas the isoquinoline moiety has been used only very
rarely for polymer attachment.[63–65]


For the immobilisation of quinine and quinidine onto the
pre-synthesised polymer resins the attachment of choice was
selected as the stable ether linkage to the VBC-containing
resin, including a spacer which preferably would be variable
in length. The relatively straightforward linker attachment
to the vinylic double bond on the quinuclidine moiety of the
alkaloid (using quinine in this case, Scheme 1) was carried
out first. tert-Butyldimethylsilyl ether was selected as pro-
tecting group[68] (97%), followed by the radical addition of
mercaptoethanol to the double bond in good yield (77%),


as described by Oda et al.[69] and Salvadori et al.[70] Depro-
tection of compound 1.3 gives quinine derivative 1.4 (26%),
which turned out to lose all of its templating activity com-
pared to quinine itself in the synthesis of ll-pPF libraries,
very probably because of steric hindrance arising from the
newly attached spacer group being in close proximity to the
stereogenic carbons on the quinuclidine moiety of the tem-
plate (Figure 4). In contrast, during synthesis of dd-pPF li-
braries (Figure 5), no loss of templating activity was ob-
served.


The sole remaining functionalisation was derivatisation
via the quinoline moiety of the alkaloid (Scheme 2). The
secondary alcohol of the cinchona alkaloid was protected in
high yield as the tert-butyldimethylsilyl ether.[68] For the de-
methylation, the classical cleavage with aqueous hydrogen


bromide[71,72] could not be used as HBr would add to the
vinyl bond of the alkaloid and cleave the silyl ether protect-
ing group. Apart from common demethylation reagents,
such as the BBr3·SACHTUNGTRENNUNG(CH3)2 complex,[73] relatively mild reac-
tion conditions and promising yields were reported by Maje-
tich and co-workers[74] using l-Selectride in THF. Indeed,
good yields (>70%) were obtained for quinine derivative
1.5 and quinidine derivative 2.3. Finding a suitable linker for
the next step proved tedious, but 2-(2-chloroethoxy)ethanol
was eventually attached in moderate yields. The overall
yields for products 1.6 and 2.4 were 37 and 39%, respective-
ly. In order to perform some dynamic combinatorial library
syntheses under homogenous conditions, with the aim of as-
sessing any attenuation of templating activity due to the de-
scribed derivatisation work, product 2.4 was deprotected
using TBAF in THF. The previous purification procedure
that led to low isolation yields of quinine 1.4 (Scheme 1)
was improved slightly to 48%, by using a relatively high
amount of magnesium sulphate as drying agent in the reac-
tion work-up, which adsorbs phase transfer catalysts such as
quaternary ammonium salts.


Figure 3. Synthesis of VBC resins MA-X and GT-X.


Scheme 1. Functionalisation Route 1 leading to quinine derivates 1.x :
i) TBDMSCl, DMAP, NEt3, DMF, 12 h, RT; ii) Mercaptoethanol, AIBN,
CHCl3, 48 h, reflux; iii) TBAF, THF, 12 h, RT.


Scheme 2. Functionalisation Route 2 leading to quinine derivates 1.x and
quinidine derivates 2.x : i) TBDMSCl, DMAP, NEt3, DMF, 12 h, RT;
ii) l-Selectride, THF, 48 h, reflux; iii) chloroethoxyethanol, K2CO3, cat.
NaI, CH3CN, 4d, reflux; iv) TBAF, THF, 12 h, RT.
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The results presented in Figure 4 and Table 2, which
relate to homogeneous DCL syntheses, allow an approxi-
mate quantification of the loss of templating activity due to
the derivatisation of the quinoline moiety of the alkaloid. In
the synthesis of the ll-pPF library, it appears that in order
to achieve the same amplification yield of the dimer, a 1.5-
to 2-fold increase in the amount of template 2.5 is necessary
compared to quinidine 2.1. When the same functionalised
templates were used to synthesise the enantiomeric dd-pPF
library, no loss of activity was observed (Figure 5). Appa-
rently, dd-pPF based receptors are more tolerant to small
changes in the structure of the complexed guest molecules.


Template attachment to pre-formed polymer resins : In the
next step the functionalised protected quinine 1.6 and quini-
dine 2.4 were attached via an ether linkage to the in-house
prepared VBC-containing resins (Scheme 3).[50,51,53,75] The
use of microwave reactor vessels proved advantageous for
small scale reactions, while for larger scale reactions
ACHTUNGTRENNUNG(>500 mg) a classical experimental set up[76–78] using a three-
necked, round-bottomed flask with nitrogen inlet, condenser
and mechanical stirrer was a better choice. Cleavage of the
tert-butyldimethylsilyl ether was carried out at room temper-
ature in sealed glass vials on flatbed rollers for 24 h.


Yields for the attachment reactions were calculated based
on elemental microanalytical data. Under optimized condi-


tions gel-type VBC resins GT-X gave quantitative conver-
sion of benzyl chloride groups to the ether linked cinchona
alkaloids. For macroporous resins MA-X lower conversions
were obtained, most probably due to their heavily cross-
linked network, which reduces the accessibility of functional
groups. (All details on calculation of the conversions and
FTIR data are presented in the Supporting Information.)
The deprotection step on the polymer supports followed in
high yields, as evident from the appearance of the OH ab-
sorption band around 3400 cm�1 in FT-IR spectroscopic
analysis, due to cleavage of the tert-butyldimethylsilyl ether
protecting group. The spherical form of the polymer beads
was not affected during the attachment and deprotection re-
actions as shown by optical microscope photographs
(Figure 6) obtained in the dry state.


Figure 4. Templating activity of the parent quinine 1.1 and quinidine 2.1
compared to their derivatives 1.4 and 2.5 [ll-pPFm library (2 mm)]. Am-
plification factor is defined as the ratio of host present in the templated
library to host in the non-templated library.


Table 2. See Figure 4 for heading.


Guest Host Amplification factor


1.1 (15 mm) ll-pPF4 1.4
1.4 (15 mm) ll-pPF4 1.0
2.1 (20 mm) ll-pPF2 2.2
2.5 (30 mm) ll-pPF2 1.9
2.5 (40 mm) ll-pPF2 2.3


Scheme 3. Quinine and quinidine derivative attachment to polymer sup-
ports, followed by deprotection of the alcohol: i) NaH, MA-X or GT-X,
THF, 72 h, reflux; ii) TBAF, THF, 24 h, RT.


Figure 5. Templating activity of the parent quinine 1.1 and quinidine 2.1
compared to their derivatives 1.4 and 2.5 [dd-pPFm library (2 mm)].
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Polymerisable template : Attachment of a polymerisable
methacrylate group to the derivatised template was also ex-
plored and has the advantage that standard solution state
analysis can be performed up to the final synthetic step
before polymerization. Furthermore, the resulting polymer-
supported templates are likely to be free of impurities and
by-products. Scheme 4 shows the route chosen for the syn-
thesis of a polymerisable dihydroquinidine derivative 3.6.
The first three steps of protection, demethylation and at-
tachment of the linker were performed as described previ-
ously, in an overall yield of 41%. The esterification with
methacroyl chloride and the subsequent deprotection had to
be performed carefully, since the resulting methacrylates
can be polymerised easily. The protected methacrylate 3.5
was obtained in a good yield of 77% and the final depro-
tected polymerisable template 3.6 in a yield of 62%.


We considered three different polymerisation methods:
bulk polymerisation, suspension polymerisation using an os-
cillatory baffled reactor[79] and precipitation polymeri-
sation.[80,81] The two latter methods were deemed less suita-
ble because in order to obtain spherical particles of suitable
morphology the compositions of the polymerisation media
have to be adapted very carefully. This tends to be time and
material consuming. Therefore, a gel-type polymer was syn-


thesised in a bulk type polymerisation, using 1.6 wt% cross-
linker DVB-80, in combination with styrene (81.3 wt%) to
adjust the loading of the template 3.6 (16.7 wt%) on the
final polymer. The targeted template loading of
0.45 mmolg�1 was similar to the other polymer-supported
templates described above (see Table 3). The loading level
obtained (0.33 mmolg�1�0.11) was indeed relatively close
to the monomer feed and the yield of product was high
(>80%). The only disadvantage of the bulk polymerisation
was the fact that the final gel-type polymer needed to be
crushed into smaller particles.


Simultaneous selection, amplification and isolation in
DCLs : Experimental procedure : The initial experimental
conditions for running dynamic combinatorial libraries using
polymer-supported templates were the same as those report-
ed previously for homogeneous[47] or heterogeneous condi-
tions.[26] Building blocks were dissolved in CHCl3 (3 vol%
DMSO), followed by the addition of trifluoroacetic acid
(TFA) and polymer-supported templates. In order to im-
prove the dispersion of the floating polymer beads in chloro-
form, the reaction vials were put on a horizontal shaker.
After four days the resins were filtered off through syringe
filters (10 mm polypropylene frits), the vial rinsed with a
small amount of CHCl3 which was then filtered also through
the syringe filter, and both filtrates combined. The beads
were then washed repeatedly using 2R2.5 mL of each of two
different solvents (Figure 7): CHCl3 (3 vol% DMSO) for
the non-disruptive wash which removes unselectively bound
oligomers; MeOH for the disruptive wash or elution, which


Figure 6. Transmission optical microscope photographs at a magnification
of X8. Left: High surface area polymer-supported quinidine MA-1 2.5B ;
Right: Gel-type polymer-supported quinidine GT-2 2.5.


Scheme 4. Polymer-supported dihydroquinidine synthesis via a polymeris-
able template derivative: i) TBDMSCl, DMAP, NEt3 in DMF, 12 h, RT;
ii) l-Selectride in THF, N2, 48 h, reflux; iii) 2-(2-chloroethoxy)ethanol,
K2CO3, cat. NaI in CH3CN, N2, 4 d, reflux; iv) methacroyl chloride,
DMAP, NEt3, THF, N2, 12 h, RT; v) TBAF, THF, 12 h, RT; vi) Sty, DVB-
80, AIBN, 80 8C, 24 h.


Table 3. Summary of loadings achieved in attachment and deprotection
reactions on high surface area resins MA-1 and MA-2, and gel-type
resins GT-1 and GT-2.


Resin N content [%][a] Template loading [mmolg�1][b]


MA-1[a,b] 4.62�0.3 1.30�0.09
MA-1 2.4A 1.23�0.3 0.44�0.11
MA-1 2.5A 1.31�0.3 0.47�0.10
MA-1 2.4B [c] 0.57�0.3 0.20�0.11
MA-1 2.5B 0.64�0.3 0.23�0.10
MA-1 1.6 1.03�0.3 0.37�0.11
MA-1 1.7 0.96�0.3 0.34�0.11
MA-2[a,b] 1.81�0.3 0.51�0.09
MA-2 2.4 0.48�0.3 0.17�0.11
MA-2 2.5 0.50�0.3 0.18�0.11
MA-2 1.6 0.47�0.3 0.17�0.11
MA-2 1.7 0.42�0.3 0.15�0.11
GT-1[a,b] 5.77�0.3 1.63�0.09
GT-1 2.4 2.12�0.3 0.76�0.10
GT-1 2.5 2.15�0.3 0.77�0.10
GT-2[a,b] 2.00�0.3 0.56�0.09
GT-2 2.4 1.01�0.3 0.36�0.11
GT-2 2.5 0.98�0.3 0.35�0.11
GT-2 1.6 0.93�0.3 0.33�0.11
GT-2 1.7 0.91�0.3 0.32�0.11


[a] Cl content for resins MA-1, MA-2, GT-1 and GT-2, and N content for
all other products. [b] Cl loading for resins MA-1, MA-2, GT-1 and GT-2,
and template loading for all other products. [c] For resin MA-1 2.4B the
reaction time for the template attachment was only 48 h, whereas for
MA-1 2.4A and all other resins the reaction was allowed to proceed for
72 h.
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releases selectively amplified and bound receptors by dis-
rupting non-covalent interactions between host and guest or
receptor and template bound on the polymer support. Three
drops of triethylamine were added to each solution in order
to quench the trifluoroacetic acid and hence terminate the
hydrazone exchange, together with an internal standard.
Toluene was found to be suitable as such a reference.


Figure 7 shows the selective amplification, binding and
isolation of the dimer ll-pPF2 (trace E) using quinidine sup-
ported on a gel-type polymer. As all integrated HPLC peak
areas have to be corrected using the internal standard, pre-
senting the data in a tabular fashion makes the direct com-
parison of different solutions more accurate (Figure 8). The
conditions used were already optimised, the different steps
of which will be explained in more detail below.


Influence of morphology of polymer support and template
loading in pPF libraries : Several optimisation steps were
necessary in order to achieve selective isolation of an ampli-
fied receptor in the highest possible yield. It was shown ear-
lier (Figure 4) that the templating activity of the guests can
be affected to some extent by the chemical derivatisation.
Also, the quantity of polymer-attached template can be ex-
pected to influence the efficiency of the solid-phase templat-
ing. In order to assess how large excesses of solid-phase
bound template affect selectivity and isolation yields, several
experiments were carried out by increasing the relative
amount of template used, bound on the high surface area
macroporous and the gel-type resins. In Figures 9 and 10 the
composition of the elution step is shown together with the
overall dimer isolation yield. In both cases, considerable im-
provements were achieved as the excess of template used
was increased. The increased yield and selectivity are corre-
lated intimately, since increasing relative amounts of ampli-


fied dimer pre-disposes the system to show improved selec-
tivity in the separation process.


It is clear from these data that lightly cross-linked gel-
type polymer supports out-perform highly cross-linked high
surface area resins in terms of isolation yield and selectivity.
This is probably due to the swellable nature of gel-type ma-
terials, allowing better access of incoming interacting recep-
tors to the templates. Due to the very low cross-link ratio of
the gel-type polymer the swelling solvent places the tem-
plate into a more “solution-like environment” compared to
the highly cross-linked macroporous resins. Although the
latter materials show better mechanical stability for poten-
tial chromatographic applications, their more heavily cross-
linked networks are more rigid and appear to reduce acces-
sibility.


However, it is not only the morphology of the polymeric
support that is crucial for their
application in DCLs, but also
the template loading. Figure 11
compares the isolation yields
of different receptors to tem-
plate loading, at the same over-
all “template concentration”.
Two trends seem obvious: a
decrease in template loading
on the polymer support is fa-
vourable regarding the yield of
isolation of a selectively ampli-
fied receptor. Secondly, the re-
sults confirm that gel-type
resins are more suitable as
polymeric supports than mac-
roporous resins. It was hoped
that using gel-type polymer-
supported template ML-1 3.6
obtained via the “cleaner” po-
lymerisable template route
would give rise to further im-
provements. However, due to


Figure 7. HPLC traces of libraries prepared from the ll-pPFm building block (2 mm): A) library without tem-
plate; B) in the presence of quinidine 2.5 (50 mm); in the presence of polymer-supported quinidine GT-2 2.5
(25 equivalent): C) filtrate, (D) CHCl3 wash, (E) elution with MeOH.


Figure 8. ll-pPFm building block (2 mm) based libraries: comparison be-
tween the untemplated library and libraries templated by derivatised qui-
nidine 2.5 (50 mm) and polymer-supported quinidine GT-2 2.5 (25 equiva-
lent).
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the very high swelling of ML-1
3.6 the mole ratio of solid-
phase template/building block
was limited to 18.5 in order to
prevent the solution being to-
tally imbibed by the polymer
(Figure 12). This limitation
makes ML-1 3.6 less suitable
than the GT resin, which gives
superior results when used at
higher template/building block
ratio.


Simultaneous selection, am-
plification and isolation in
DCLs : pPV libraries : All stud-
ies described so far have been
performed using the pPFm


building block in library syn-
theses. The results suggest
strongly that gel-type swellable
resins and low template load-
ings favour host–guest interac-
tions in DCLs compared with
their macroporous counter-
parts, enabling selective and
efficient isolations of synthetic
receptors. To demonstrate the
generality of this observation
we decided to use the “best
performing” resin GT-2 2.5 in
library syntheses using the
pPVm building block
(Figure 13). Figure 14 shows
that for this system also a
member of a library can be
amplified and isolated in high
yield and selectivity using a
solid-state bound template.


Figure 9. Yield and selectivity of isolated ll-pPF2 obtained for different solid-phase template/building block
mole ratios by increasing the amount of high surface area macroporous polymer-supported template MA-1
2.5, using a fixed concentration of ll-pPFm (2 mm).


Figure 10. Yield and selectivity of isolated ll-pPF2 obtained for different solid-phase template/building block
mole ratios by increasing the amount of gel-type polymer-supported template GT-2 2.5, using a fixed concen-
tration of ll-pPFm (2 mm).


Figure 11. Increase of isolation yields of specific receptor with decreasing
template loading on the various polymer supports (&: quinidine on mac-
roporous resins MA-X 2.5, ~: quinine on macroporous resins MA-X 1.7,
*: quinidine on gel-type resins GT-X 2.5), all synthesised using the same
solid-phase template/building block mole ratio of 25.


Figure 12. Gel-type polymer-supported dihydroquinidine ML-1 3.6 in syn-
theses using ll-pPVm building block (2 mm), and a solid-phase template/
building block mole ratio of 18.5.
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Polymer-supported cinchona alkaloids in affinity chromatog-
raphy : pPV libraries : Polymer-supported templates can be
applied not only in DCL synthesis in order to carry out se-
lection, amplification and isolation of strongly binding re-
ceptors in one single synthetic step, but also in another po-
tential application where they can be used as a stationary
phase in the separation of a static mixture of macrocyclic re-
ceptors via affinity-type chromatography. The aim of this
study was not only to prove this principle, but also to evalu-
ate whether this approach would be useful in improving the
selectivity in the elution step for the isolation of amplified
synthetic receptors, which is still far from perfected.


The initial work was carried out using pPV libraries be-
cause high affinities were observed between polymer-sup-
ported cinchona alkaloids and macrocyclic hosts as discussed
previously in DCLs templated under heterogeneous condi-
tions. pPV libraries behave quite differently to their pub-
lished pPF based counterparts.[46,47] Fitted binding studies[48]


in pPV libraries reveal high binding affinities only for the
quinidine-ll-pPV2 and quinine-dd-pPV2 pairs (Table 4).


The mixture selected for affinity chromatography studies
was a ll-pPVm or dd-pPVm (5 mm) untemplated library in
equilibrium, quenched and subsequently spiked with isolat-


ed dimer ll-pPV2 or dd-pPV2 to obtain an adequate compo-
sition for a test solution. A successful experimental set-up
was as follows: polymer-supported quinidine GT-2 2.5
(400 mg) or quinine GT-2 1.7 (450 mg) were introduced into
a solid-phase extraction (SPE) cartridge fitted with a
0.45 mm cellulose membrane filter at the bottom. This made
sure that the flow of the eluent running through the column
was very slow without having to apply pressure from the top
or vacuum from the bottom. In order to protonate and “ac-
tivate” the template bound on the solid-phase, 15 mL of
150 mm TFA in chloroform (3 vol% DMSO) solution was
allowed to run through the swollen polymer resins, followed
by chloroform (15 mL, 3 vol% DMSO) to remove excess
acid. Not only were the beads highly swollen in chloroform,
they also floated. The resins were therefore pressed down
very slightly using a frit at the top, without rupturing the
pre-conditioned column packing. After the acid removal
washing steps, 100 mL of the prepared test solution was ap-
plied to the column, followed by an appropriate number of
1 mL chloroform (3 vol% DMSO) and 1 mL methanol (3
vol% DMSO) elution steps.


Comparing the results obtained for polymer bound quini-
dine GT-2 2.5 and quinine GT-2 1.7 (middle and bottom
chart in Figure 15) to blank polymer GT-2 (top chart in
Figure 15) clearly shows that the dimers ll-pPV2 and dd-
pPV2 are retained very selectively on their respective poly-
mer-supported guest (template) to an extent that they have
to be eluted with a very polar solvent, methanol. The isola-
tion yield is high, and the selectivity in ll- or dd-pPV mix-
tures is in accordance with the outcome that the fitted bind-
ing affinities between template and synthetic receptor had
predicted.


Polymer-supported cinchona alkaloids in affinity chromatog-
raphy : pPF libraries : The fitted binding affinities in cincho-
na alkaloid templated ll- and dd-pPF libraries reveal enan-
tio- and diastereoselective host–guest interactions
(Table 5).[47]


The mixtures to be separated in the pPF system were
equilibrated and quenched 5 mm ll-pPF and dd-pPF non-
templated libraries. The potentially strongly binding dimeric
and tetrameric species were already present in sufficient
amounts so that the spiking of particular receptors was not
necessary. Figure 16 shows the diastereoselective separation
of ll-pPF2 and ll-pPF4 by quinidine and quinine-based po-
lymer supports, respectively. Reversed selectivity was ach-
ieved in the dd-pPF system (Figure 17): quinidine showed
affinity for the tetramer dd-pPF4 and quinine for the dimer
dd-pPF2.


Figure 13. Templating activity of the parent quinidine 2.1 compared to its
derivative 2.5 [ll-pPVm library (2 mm)].


Figure 14. Gel-type polymer-supported quinidine GT-2 2.5 in syntheses
using ll-pPVm building block (2 mm), and a solid-phase template/build-
ing block mole ratio of 25.


Table 4. Fitted binding affinities between protonated cinchona alkaloids
and enantiomeric pPVm based synthetic receptors.


DG [kJmol�1] ll-pPV2 ll-pPV3 ll-pPV4


quinidine�H+ �14.6 �7.4 >�2


DG [kJmol�1] dd-pPV2 dd-pPV3 dd-pPV4


quinine�H+ �13.4 �5.8 > -2
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The selectivity in retention of specific macrocycles is in
good agreement with the binding affinities in Table 5. How-
ever, with the exception of the highly efficient separation of
dd-pPF4 using polymer-supported quinidine GT-2 2.5, the
retention yields were disappointingly low. Comparing sepa-
rations achieved with the pPV and pPF libraries it seems
that, under the present conditions, efficient retention on a
solid-phase bound guest seems possible only when the host–
guest binding affinity is higher than �13 kJmol�1 (assuming


Figure 15. Composition of elution steps in affinity-type chromatographic
separation involving ll-pPV and dd-pPV mixtures using: top: ll-pPV
mixture (100 mL, 5 mm, spiked with ll-pPV2) on gel-type polymer GT-2
(blank polymer, 400 mg); middle: ll-pPV mixture (100 mL, 5 mm, spiked
with ll-pPV2) on gel-type polymer-supported quinidine GT-2 2.5
(400 mg); bottom: dd-pPV mixture (100 mL, 5 mm, spiked with dd-pPV2)
on gel-type polymer-supported quinine GT-2 1.7 (450 mg).


Table 5. Fitted binding affinities between protonated cinchona alkaloids
and enantiomeric pPFm based synthetic receptors.[47]


DG [kJmol�1] ll-pPF2 ll-pPF3 ll-pPF4


quinidine�H+ �11.0 >�2 >�2
quinine�H+ �10.5 �11.2 �14.7


DG [kJmol�1] dd-pPF2 dd-pPF3 dd-pPF4


quinidine�H+ �9.9 �11.8 �15.4
quinine�H+ �9.3 > -2 >�2


Figure 16. Composition of elution steps in affinity type chromatographic
separation involving a ll-pPF mixture (100 mL, 5 mm) using: top: gel-
type polymer-supported quinidine GT-2 2.5 (400 mg); bottom: gel-type
polymer-supported quinine GT-2 1.7 (450 mg).
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affinities of the solid-phase templates are comparable to the
parent compounds in solution). In terms of selectivity, differ-
ences of up to about 4 kJmol�1 in binding affinity give rise
to successful separation under a competitive binding regime.


Conclusion


The cinchona alkaloids quinine and quinidine were deriva-
tised in order to offer functional groups that would allow
the attachment of the alkaloids to vinylbenzyl chloride con-
taining resins. Dynamic combinatorial library experiments
prior to polymer attachment were used to determine wheth-
er the tethering of a linker or derivatisation had any detri-
mental effects on the templating activity of the template.
Derivatisation via the quinoline moiety of the cinchona al-
kaloid affects the activity of the template to only a small
extent compared with the parent template.


In order to explore how the morphology of the polymer
support and template loading affects templating efficiency
and selectivity, a range of polymer-supported templates was
synthesised. The appropriate polymer morphology was
found to be crucial for achieving selective amplification and
isolation of a particular member of a dynamic combinatorial
library. Gel-type resins considerably out-perform their mac-
roporous counterparts. Templates linked to a swollen poly-
meric network provide an environment that is sterically
more accessible to incoming synthetic receptors compared
to rigid polymer networks of highly cross-linked resins,
hence supramolecular binding interactions can occur unhin-
dered.


By lowering the template loading on the polymer sup-
ports, whilst keeping the overall amount of template used in
the DCL fixed, yields and selectivity are improved. Again,
because of steric reasons host–guest interactions are fav-
oured at the solid-liquid interface, by “diluting” the solid-
phase bound template along the polymer backbone.


By using polymer-supported templates in DCL syntheses
significant improvements in selectivity in the isolation or
elution step have been achieved compared to the amplifica-
tion under standard homogeneous conditions. Using an af-
finity chromatography protocol efficient and selective sepa-
rations were obtained, provided that the binding affinities
are in the order of 13 kJmol�1 or higher, while differences
in binding affinities as small as 4 kJmol�1 are tolerated.


The aim of developing a polymer-supported methodology
in order to increase the practicality of DCLs has been ach-
ieved. Scale-up of the reactions and exploitation via continu-
ous flow systems are two possible applications of highly effi-
cient polymer-supported templates. Separation of libraries
after the equilibrating synthetic step is another potential ap-
plication.


Experimental Section


Materials : All reagents and solvents were used as received from the sup-
pliers, except dry tetrahydrofuran and dry dichloromethane which were
obtained from a solvent purification system (SPS 400, Innovative Tech-
nologies) using alumina as drying agent, acetonitrile was distilled over
CaH2, 2,2’-azo-bis(isobutyronitrile) was recrystallised from acetone, sty-
rene, divinylbenzene (DVB-80) and vinylbenzyl chloride (mixture of m-
and p-isomers, gift from DOW Chem. Co) were passed though a silica
column to remove radical inhibitors.


Analytical methods


NMR : 1H and 13C NMR spectra were recorded on a Bruker DPX 400
spectrometer at 300 K. In all spectra the residual solvent signal was used
as a reference. HETCOR and COSY correlation spectra were used to
assign proton and carbon signals of the products. All the NMR data is
presented in the Supporting Information.


FTIR : ATR-FTIR spectra were obtained on a Perkin-Elmer 1600 Series
FTIR Spectrometer, using a diamond compression cell, recording trans-
mission spectra with a resolution of 4 cm�1 and a series of 16 scans. Due
to the high number of absorption bands, assignment of specific functional
groups are summarised in a table in the Supporting Information.


Mass spectrometry : MS data was obtained from the EPSRC National
Mass Spectrometry Service centre at the University of Wales, Swansea.


Figure 17. Composition of elution steps in affinity type chromatographic
separation involving a dd-pPV mixture (100 mL, 5 mm) using, top: gel-
type polymer-supported quinidine GT-2 2.5 (400 mg); bottom: gel-type
polymer-supported quinine GT-2 1.7 (450 mg).
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Accurate mass measurements were recorded on a Finnigan MAT 900
XLT high resolution double focussing spectrometer with tandem ion trap.


Elemental microanalysis : All data were obtained from the microanalysis
laboratory at Strathclyde University. Conversion data and calculations[82]


are presented in the Supporting Information.


C,H,N Analysis : C, H, N are simultaneously determined in a Perkin
Elmer 2400 analyser. The sample, wrapped in tin foil, is combusted at
1800 8C in pure oxygen. The combustion products are catalysed and inter-
ferences removed before being swept into the detector zone where each
element is separated and eluted as CO2, H2O and NO2. The signals are
converted to a percentage of the elements.


Halogens (except F) analysis : The sample was combusted in an O2 flask
containing H2O2 and KOH as absorbent. After 30 minutes the flask was
washed down with distilled water. The flask was cooled to room tempera-
ture. Absolute alcohol was then added, the solution acidified to bromo-
phenol blue and titrated with a mercuric nitrate solution using diphenyl-
carbazone as indicator.


Porosimetry measurements : The porous morphology of each resin was
quantified by N2 sorption porosimetry using a Micromeritics ASAP 2000
gas adsorption instrument. The data was manipulated using the software
supplied with the instrument.


Optical rotation : All optical rotation values were obtained on a Perkin
Elmer Polarimeter 341, using a Na/Hal lamp set at 589 nm, with a sample
cell kept at 20 8C.


Solvent-uptake tests on resins : Solvent uptake data for each resin using
swelling and non-swelling solvents were determined gravimetrically and
expressed as g of solvent per g of dry resin, using a sinter stick and cen-
trifugation (3 min at 3000 rpm) to remove excess solvent.[51,83] Resins
were contacted with each solvent for 3 h to allow equilibrium to be at-
tained prior to centrifugation. The resin (0.2–0.3 g) was weighed into a
glass sinter stick and 5 mL of solvent was added so as to swell the beads.
The tube was sealed, left to stand for 3 h and was then placed in the cen-
trifuge at 3000 rpm for 3 min in order to remove any excess solvent. Fi-
nally, the tube containing the swollen resin was immediately weighed and
from this value the weight of solvent absorbed per gram of resin was ob-
tained. Additional data is presented in the Supporting Information.


Optical microscopy : Optical microscopy photographs were obtained in
transmission mode on a Reichert Polyvar 2 MET microscope.


DCL experiments


Analytical HPLC : Solvents used to make up solutions for DCL experi-
ments and as eluents for HPLC analysis were: CHCl3, MeOH 215, TFA
and CH3CN 230 all Romil SpS (Super Purity Solvent); DMSO Alfa
Caesar 99+ %. H2O was obtained from a Millipore purification system.
The HPLC system used was an Agilent 1100 Series equipped with multi-
wavelength detector (signal set at 290 nm, reference at 550 nm). The fol-
lowing columns and conditions were used (the column heater was set at
50 8C): For pPF: Nucleosil, C18-symmetry, 3 mm, 4.6R100 mm: 0–12 min
40:60 to 60:40 MeCN/H2O 1 mLmin�1, 12–12.1 min to 80:20 MeCN/H2O
2 mLmin�1, 12.1–14 min 80:20 MeCN/H2O 2 mLmin�1. For pPV: Waters,
C18 symmetry, 3.5 mm, 4.6R75 mm: 0–8 min 40:60 to 54:56 MeCN/H2O
1 mLmin�1, 8–9 min to 80:20 MeCN/H2O 2 mLmin�1.


LC-MS : The experiment was performed using an Agilent LC-MSD-Trap-
XCT system. The LC is an Agilent 1100 series HPLC equipped with an
online degasser, binary pump, autosampler, heated column compartment
and diode array detector. MS was performed using an Agilent XCT ion
trap MSD mass spectrometer.


Polymer synthesis


Poly(DVB-co-VBC), MA-1: For the preparation of the continuous phase,
the suspension stabiliser PVOH [MW�127000, Mowiol 40–88] (7.5 g)
was dissolved in water at �50 8C after which the NaCl (33 g) was added
and duly dissolved. The volume was brought to 1 L to give a 0.75%
PVOH and 3.3% NaCl solution. 580 mL of this solution was then added
to the 1 L parallel-sided, jacketed glass baffled reactor, fitted with a con-
denser, double impeller and mechanical stirrer. The volume ratio of or-
ganic phase to aqueous phase was chosen to be 1:20. The monomer
phase was prepared simply by adding the monomers DVB (75%, 11.25 g,


10.28 mL) and VBC (25%, 3.75 g, 4.03 mL), AIBN (1% w/w with respect
to (wrt) co-monomers, 0.15 g), and toluene (1:1 volume ratio relative to
co-monomers, 14.31 mL, 12.378 g) as porogen into a small conical flask
where they were stirred, and dissolved, under nitrogen. Finally the organ-
ic phase was added to the reactor, containing the continuous phase, and
the stirrer started. Nitrogen gas was bubbled through the oil in water dis-
persion, but the needle was removed before starting the reaction. The
suspension polymerisation was carried out under a nitrogen atmosphere.
The temperature of reaction was set at 80 8C and the reaction allowed to
proceed for 6 h. A stirrer speed of 500 rpm was used. After the reaction
the aqueous solution was decanted off, the resin or beads from the sus-
pension were then washed with water several times, then with methanol
and acetone to remove any NaCl and PVOH. Where amorphous polymer
fragments were observed on the bead surface under the optical micro-
scope, these were removed by repetitive sonication–washing steps. The
beads were then cleaned overnight using a Soxhlet extraction apparatus,
with acetone as solvent. Finally they were dried overnight in a 40 8C
vacuum oven. Yield: 12.73 g (81%) elemental analysis calcd (%) for: C
86.76, H 7.84, Cl 4.88, N 0; found: C 86.76, H 7.84, Cl 4.88, N 0.


Poly(Sty-co-DVB-co-VBC), MA-2 : The same experimental procedure
was used as for MA-1, but with different monomer feed: DVB (75%,
11.25 g, 12.31 mL), VBC (10%, 1.5 g, 1.40 mL) and styrene (15%, 2.25 g,
2.48 mL), AIBN (1% w/w wrt co-monomers, 0.15 g) and toluene (1:1 vol
ratio wrt co-monomers, 16.18 mL, 13.996 g) as porogen. Yield: 13.55 g
(90%). elemental analysis calcd (%) for: C 89.52, H 7.73, Cl 1.81, N 0;
found: C 89.52, H 7.73, Cl 1.81, N 0.


Poly(DVB-co-VBC), GT-1: The same procedure was used as described
above for MA-1, but the compositions of organic and aqueous phase
were different. The aqueous phase was made by adding prepared solu-
tions of PVOH [MW=115000 gmol�1] (14 g in 700 mL H2O) and boric
acid (6 g in 175 mL). The PVOH was first dissolved in 90 8C hot water,
the water topped up to 700 mL after cooling down, and only then the
boric acid solution was added. 600 mL of the aqueous phase was used in
the suspension polymerisation, the volume ratio of organic phase to
aqueous phase was chosen to be �1:20. The organic phase consisted of:
DVB (2.5%, 0.75 g, 0.82 mL), VBC (25%, 7.5 g, 6.98 mL), and styrene
(72.5%, 21.75 g, 23.93 mL), AIBN (1% w/w wrt co-monomers, 0.3 g).
Yield: 12.34 g (41%). elemental analysis calcd (%) for: C 84.77, H 7.20,
Cl 5.77, N 0; found: C 84.77, H 7.20, Cl 5.77, N 0.


Poly(Sty-co-DVB-co-VBC), GT-2 : The same experimental procedure
was used as for GT-1, but with different monomer feed: DVB (2.5%,
0.75 g, 0.82 mL), VBC (10%, 3 g, 2.79 mL) and styrene (87.5%, 26.25 g,
28.88 mL), AIBN (1% w/w wrt co-monomers, 0.3 g). Yield: 12.29 g
(41%). elemental analysis calcd (%) for: C 90.43, H 7.29, Cl 2.00, N 0;
found: C 90.43, H 7.29, Cl 2.00, N 0.


Poly(Sty-co-DVB-co-3.6), ML-1 3.6 : Compound 3.6 (80.0 mg, 16.7%),
DVB (9.6 mg, 2%), styrene (389.4 mg, 81.3%) and AIBN (4.8 mg, 1%
wrt co-monomers) were weighed into a 10 mL Kimax culture tube. The
reagent bottle and contents were purged with N2 for 20 minutes prior to
being sealed for polymerisation. Cooling to 0 8C during the deoxygena-
tion was necessary to reduce loss of volatile compounds due to evapora-
tion. The polymerisation reaction was left for 24 h at 80 8C. After cooling
down, the monolith could be recovered by swelling it in DCM and cut-
ting it into smaller particles with a spatula. Alternatively the glass tube
could be broken for the product recovery. Grinding up the monolith still
has to be performed in its swollen gel-phase, in order to avoid large
amounts of product being lost using the usual techniques of dry state
grinding. The recovered particles were washed with DCM and acetone to
remove any soluble material, e.g., remaining monomer or low molecular
weight polymer, before being cleaned overnight using a Soxhlet extrac-
tion apparatus, with acetone as solvent. Finally they were dried overnight
in a 40 8C vacuum oven. Yield: 0.42 g (83%). elemental analysis calcd
(%) for: C 88.34, H 7.50, N 0.93; found: C 88.34, H 7.50, N 0.93.


Precursor synthesis


(3R,4S,8S,9R)-9-{[tert-ButylACHTUNGTRENNUNG(dimethyl)silyl]oxy}-6’-methoxycinchonan
(1.2): To a solution of quinine 1.1 (8 g, 24.66 mmol, 324.42 gmol�1) in
DMF (40 mL) was added triethylamine (17.2 mL, 123.3 mmol,
101.19 gmol�1, 0.726 gmL�1), tert-butydimethylsilyl chloride (5.58 g,
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36.99 mmol, 150.728 gmol�1) and dimethylaminopyridine (0.301 g,
2.47 mmol, 10 mol% in quinine, 122.17 gmol�1). The suspension was al-
lowed to stir for 12 h at room temperature. The reaction was worked up
by adding 50 mL toluene and washing with saturated aqueous NaHCO3


(2x50 mL). The organic phase was dried over anhydrous magnesium sul-
fate and evaporated. The remaining brownish oil was purified by flash
chromatography (silica gel, ethyl acetate/MeOH 9:1 (10% triethyl-
amine)) to remove the excess of reagent and traces of DMAP. Yield:
10.49 g (97%) of a slightly orange syrup. Rf (ethyl acetate/MeOH/Et3N
9:1:1) = 0.66; HRMS: m/z : calcd for C26H38N2O2Si: 439.2775; found:
439.2779 [M+H]+ .


2-[((3R,4S,8S,9R)-9-{[tert-Butyl ACHTUNGTRENNUNG(dimethyl)silyl]oxy}-6’-methoxy-10,11-di-
hydrocinchonan-11-yl)sulfanyl]ethanol (1.3): To 1.2 (3 g, 6.839 mmol,
438.68 gmol�1) was added under nitrogen atmosphere a solution of 2-
mercaptoethanol (3.84 mL, 54.71 mmol, 78.13 gmol�1, 1.114 gmL�1) and
AIBN (0.2246 g, 1.3677 mmol, 20 mol% in 1.3, 164.21 gmol�1) in CHCl3
(15 mL). The mixture was refluxed for 48 h. The light yellow solution
was cooled to room temperature and extracted with HCl (2n, 2R50 mL).
The separated aqueous layers were extracted with diethyl ether and then
treated with NaOH pellets until the solution became basic. This was then
extracted with CHCl3 (3R50 mL) and the organic layers were combined
and concentrated at reduced pressure. The remaining brownish oil was
purified by flash chromatography (silica gel, ethyl acetate/MeOH 9:1
(10% triethylamine)) to remove the excess starting material. Yield:
2.73 g (77%) of a slightly yellow syrup. Rf (ethyl acetate/MeOH/Et3N
9:1:1) = 0.53; HR-MS: m/z : calcd for C28H44N2O3S: 517.2914; found:
517.2915 [M+H]+ .


2-{[(3R,4S,8S,9R)-9-Hydroxy-6’-methoxy-10,11-dihydrocinchonan-11-yl]-
sulfanyl}ethanol (1.4): To a solution of 1.3 (356.7 mg, 0.6902 mmol,
516.81 gmol�1) in THF (5 mL) was added TBAF (2.1 mL, 2.1 mmol, 1m).
Once this had stirred for 3 h, ethyl acetate was added to the solution
which was then washed with brine (4R0 mL) and dried over Mg2SO4.
The ethyl acetate was then removed under vacuum and the resulting oil
purified by flash chromatography (silica gel, ethyl acetate/MeOH 9:1!
8:2 (10% triethylamine)). Yield: 72 mg (26%) of a slightly yellow
powder. Rf (ethyl acetate/MeOH/Et3N 8:2:1) = 0.35; HR-MS: m/z :
calcd for C22H30N2O3S: 403.2050; found 403.2050 [M+H]+ .


(3R,4S,8S,9R)-9-{[tert-butyl ACHTUNGTRENNUNG(dimethyl)silyl]oxy}cinchonan-6’-ol (1.5): The
vacuum dried 1.2 (2 g, 4.56 mmol, 438.68 gmol�1) was put under nitrogen
using vacuum/nitrogen cycles in a 50 mL three-necked round-bottomed
flask equipped with septum, condenser, nitrogen inlet, and bubbler. l-Se-
lectride in 1m THF (13.68 mL, 13.68 mmol) was added under nitrogen
flow. After all starting material was dissolved, the solution was heated at
reflux for 48 h under nitrogen atmosphere. The reaction mixture was
cooled to 0 8C with an ice bath, diluted with diethyl ether (50 mL) and
very slowly quenched with H2O. The ethereal solution was then extracted
with saturated NaHCO3 (50 mL) and brine (50 mL), dried over anhy-
drous magnesium sulfate and evaporated. The yellowish oil was purified
by flash chromatography (silica gel, ethyl acetate/MeOH 9:1 (10% tri-
ethylamine)) to remove leftover starting material and traces of other side
products. Yield: 1.38 g (71%) of a slightly yellow solid. Rf (ethyl acetate/
MeOH/Et3N 9:1:1) = 0.55; HRMS: m/z : calcd for C25H36N2O2Si:
425.2619; found 425.2622 [M+H]+ .


2-{2-[((3R,4S,8S,9R)-9-{[tert-Butyl ACHTUNGTRENNUNG(dimethyl)silyl]oxy}cinchonan-6’-yl)-
oxy]ethoxy}ethanol (1.6): Cinchonan-6’-ol 1.5 (1.5 g, 3.53 mmol,
424.65 gmol�1), K2CO3 (2.44 g, 17.66 mmol, 138.21 gmol�1) and a spatula
tip of NaI were put under nitrogen. Dry CH3CN (10 mL) was then added
and the suspension was allowed to stir at room temperature for half an
hour. 2-(2-Chloroethoxy)ethanol (0.41 mL, 3.88 mmol, 124.57 gmol�1,
1.18 gmL�1) was added before the suspension was heated at reflux under
a nitrogen atmosphere for four days. After cooling to room temperature,
the suspension was diluted with CH3CN (10 mL) and filtered through
celite. The CH3CN was evaporated under vacuum, the product dissolved
in CH2Cl2 and washed with saturated hydrogen carbonate. The organic
phase was then dried using Mg2SO4 and evaporated. The brown solid was
purified by flash chromatography (silica gel, ethyl acetate/MeOH 10:0!
9:1 (10% triethylamine)) to remove leftover starting material and other
side products. Yield: 0.95 g (54%) of a slightly yellow viscous syrup. Rf


(ethyl acetate/MeOH/Et3N 8:2:1) = 0.73; [a]20D [a]20D = �9.39 (c =


0.20 gmL�1 in CH2Cl2); HRMS: m/z : calcd for C29H44N2O4Si: 513.3143;
found: 513.3145 [M+H]+ .


(3R,4S,8R,9S)-9-{[tert-ButylACHTUNGTRENNUNG(dimethyl)silyl]oxy}-6’-methoxycinchonan
(2.2): Compound 2.2 was prepared according to the same procedure as
compound 1.2, using quinidine 2.1 (16 g, 49.32 mmol, 324.42 gmol�1) in
DMF (75 mL), triethylamine (34.4 mL, 246.59 mmol, 101.19 gmol�1,
0.726 gmL�1), tert-butyldimethylsilyl chloride (11.15 g, 73.98 mmol,
150.728 gmol�1) and dimethylaminopyridine (0.6025 g, 4.932 mmol,
10 mol% in quinidine, 122.17 gmol�1). Yield: 21 g (97%) of a slightly
orange honey-like product. Rf (ethyl acetate/MeOH/Et3N 9:1:1) = 0.68;
HRMS: m/z : calcd for C26H38N2O2Si: 439.2775; found 439.2778 [M+H]+ .


(3R,4S,8R,9S)-9-{[tert-ButylACHTUNGTRENNUNG(dimethyl)silyl]oxy}cinchonan-6’-ol (2.3):
Compound 2.3 was prepared according to the same procedure as com-
pound 1.5, using 2.2 (20 g, 45.59 mmol, 438.68 gmol�1) and l-Selectride in
1m THF (136.77 mL, 136.77 mmol). Yield: 13.75 g (71%) of a slightly
yellow solid. Rf (ethyl acetate/MeOH/Et3N 9:1:1) = 0.55; HRMS: m/z :
calcd for C25H36N2O2Si: 425.2619; found 425.2623 [M+H]+ .


2-{2-[((3R,4S,8R,9S)-9-{[tert-Butyl ACHTUNGTRENNUNG(dimethyl)silyl]oxy}cinchonan-6’-yl)-
oxy]ethoxy}ethanol (2.4): Compound 2.4 was prepared according to the
same procedure as compound 1.6, using 2.3 (13 g, 30.61 mmol,
424.65 gmol�1), K2CO3 (21.16 g, 153.07 mmol, 138.21 gmol�1), a spatula
tip of NaI, dry CH3CN (80 mL), and 2-(2-chloroethoxy)ethanol (4.19 mL,
33.67 mmol, 124.57 gmol�1, 1.18 gmL�1). Yield: 8.79 g (56%) of a slightly
yellow viscous syrup. Rf (ethyl acetate/MeOH/Et3N 8:2:1) = 0.73; [a]20D
= ++9.39 (c = 0.20 gmL�1 in CH2Cl2); HRMS: m/z : calcd for
C29H44N2O4Si: 513.3149; found 513.3150 [M+H]+ .


2-(2-{[(3R,4S,8R,9S)-9-Hydroxycinchonan-6’-yl]oxy}ethoxy)ethanol (2.5):
To a solution of 2.4 (500 mg, 0.9751 mmol, 512.76 gmol�1) in THF (3 mL)
was added a tetrabutylammonium fluoride solution in THF (2.93 mL,
2.93 mmol, 1m). Once this had stirred for 12 h, ethyl acetate was added
to the solution which was then washed with brine (4x30 mL) and dried
over a lot of Mg2SO4 to remove most of the remaining tetrabutylammoni-
um salt. The ethyl acetate was then removed under vacuum and the re-
sulting oil purified by flash chromatography (silica gel, ethyl acetate/
MeOH 9:1!8:2 (10% triethylamine)). Yield: 185 mg (48%) of a white
powder. Rf (ethyl acetate/MeOH/Et3N 8:2:1) = 0.43; HRMS: m/z : calcd
for C23H31N2O4: 399.2284; found 399.2290 [M+H]+ .


(3R,4S,8R,9S)-9-{[tert-ButylACHTUNGTRENNUNG(dimethyl)silyl]oxy}-6’-methoxy-10,11-dihy-
drocinchonan (3.2): Compound 3.2 was prepared according to the same
procedure as compound 1.2, using 10,11-dihydroquinidine 3.1 (10.5 g,
32.17 mmol, 326.44 gmol�1) in DMF (50 mL), triethylamine (22.6 mL,
160.83 mmol, 101.19 gmol�1, 0.726 gmL�1), tert-butyldimethylsilyl chlo-
ride (7.27 g, 48.25 mmol, 150.73 gmol�1), dimethylaminopyridine (0.393 g,
3.217 mmol, 10 mol% in dihydroquinidine, 122.17 gmol�1). Yield: 12.56 g
(89%) of a slightly orange syrup. Rf (ethyl acetate/MeOH/Et3N 9:1:1) =


0.79; HRMS: m/z : calcd for C26H40N2O2Si: 441.2932; found: 441.2931
[M+H]+ .


(3R,4S,8R,9S)-9-{[tert-ButylACHTUNGTRENNUNG(dimethyl)silyl]oxy}-10,11-dihydrocinchonan-
6’-ol (3.3): Compound 3.3 was prepared according to the same procedure
as compound 1.5, using 3.2 (11.92 g, 27.04 mmol, 440.69 gmol�1) and l-
Selectride in THF (81.1 mL, 81.1 mmol, 1m). Yield: 8.68 g (75%) of a
slightly yellow solid. Rf (ethyl acetate/MeOH/Et3N 9:1:1) = 0.50;
HRMS: m/z : calcd for C25H38N2O2Si: 427.2775; found 427.2771 [M+H]+ .


2-{2-[((3R,4S,8R,9S)-9-{[tert-Butyl ACHTUNGTRENNUNG(dimethyl)silyl]oxy}-10,11-dihydrocin-
chonan-6’-yl)oxy]ethoxy}ethanol (3.4): Compound 3.4 was prepared ac-
cording to the same procedure as compound 1.6, using 3.3 (8.06 g,
18.91 mmol, 426.67 gmol�1), K2CO3 (13.05 g, 94.54 mmol, 138.21 gmol�1),
dry CH3CN (120 mL) and 2-(2-chloroethoxy)ethanol (2.19 mL,
20.78 mmol, 124.57 gmol�1, 1.18 gmL�1). Yield: 5.51 g (62%) of a slightly
orange syrup. Rf (ethyl acetate/MeOH/Et3N 9:1:1) = 0.55; [a]20D =


+13.30 (c = 0.20 gmL�1 in CH2Cl2); HRMS: m/z : calcd for
C29H46N2O4Si: 515.3000; found 515.3302 [M+H]+ .


2-{2-[((3R,4S,8R,9S)-9-{[tert-butyl ACHTUNGTRENNUNG(dimethyl)silyl]oxy}-10,11-dihydrocin-
chonan-6’-yl)oxy]ethoxy}ethyl 2-methylacrylate (3.5): A solution of 3.4
(3.5 g, 6.80 mmol, 514.77 gmol�1) in dry THF (40 mL) was cooled to 0 8C
under N2. Triethylamine (9.56 mL, 67.99 mmol, 101.19 gmol�1,
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0.726 gmL�1), dimethylaminopyridine
(83.1 mg, 0.680 mmol, 10 mol% in
3.4, 122.17 gmol�1) and methacroyl
chloride (3.32 mL, 33.40 mmol,
104.54 gmol�1, 1.07 gmL�1) were
added and the reaction mixture
stirred at 0 8C for 30 min, followed by
room temperature overnight. The re-
action was worked up by quenching
excessive acid chloride with a saturat-
ed NaHCO3 solution (10 mL), follow-
ing by addition of toluene (100 mL)
and washing with saturated NaHCO3


(2R50 mL). The organic phase was
dried over anhydrous magnesium sul-
fate and evaporated. The remaining
brownish oil was purified by flash
chromatography (silica gel, ethyl ace-
tate/MeOH 10:0!9:1 (10% triethyl-
amine)). Yield: 3.04 g (77%) of an
off-white powder. Rf (ethyl acetate/
MeOH/Et3N 9:1:1) = 0.65; HRMS:
m/z : calcd for C33H50N2O5Si:
583.3562; found 583.3556 [M+H]+ .


2-(2-{[(3R,4S,8R,9S)-9-Hydroxy-
10,11-dihydrocinchonan-6’-yl]oxy}-
ACHTUNGTRENNUNGethoxy)ethyl 2-methylacrylate (3.6):
Compound 3.6 was prepared accord-
ing to the same procedure as com-
pound 2.5, using 3.5 (3.01 g,
5.17 mmol, 582.85 gmol�1) in THF
(15 mL) and a tetrabutylammonium
fluoride solution in THF (15.5 mL,
15.5 mmol, 1m). Yield: 1.51 g (62%)
of a slightly yellow powder. Rf (ethyl acetate/MeOH/Et3N 9:1:1) = 0.24;
HRMS: m/z : calcd for C27H36N2O5: 469.2697; found 469.2701 [M+H]+ .


Template attachment to polymer resins and reactions on polymer sup-
ports


MA-X/GT-X 2.4 (Table 6): NaH (60%, suspension in oil) was dispersed
under N2 in THF (3 mL) using magnetic stirring in 10 mL microwave re-
actor vessels. The latter were employed simply as safe pressure vessels,
but reactions were not subjected to microwave irradiation. After 10 min
the NaH was allowed to settle down and the THF decanted. This washing
step was repeated once so that most of the mineral oil on the NaH was
removed. The magnetic stirrer was also taken out of the vessels.


THF (2.5 mL) and quinidine derivative 2.4 were added under N2 and the
vessels sealed. After 30 min at room temperature, the reaction was
heated up to 50 8C until no gas formation could be observed. The resin
MA-X or GT-X was added under N2 and the suspension heated up to
80 8C in the closed reactor vessel for 72 h. For gel-type resins additional
dry THF had to be added, only so much to cover the beads with a bit of
an excess of solvent. After the reaction the beads turned from white
opaque to a brownish colour. They were decanted and washed twice suc-
cessively with 15 mL of each of the following solvents: THF, THF/H2O
(1:1), THF, acetone, MeOH, CH2Cl2. The product was finally cleaned by
overnight Soxhlet extraction with acetone and afterwards dried in a 40 8C
vacuum oven. elemental analysis calcd (%) for: MA-1 2.4A : C 84.53, H
7.57, Cl 1.91, N 1.23; found: C 84.53, H 7.57, Cl 1.91, N 1.23; MA-1 2.4B :
calcd for C 85.75, H 7.91, Cl 3.06, N 0.57; found: C 85.75, H 7.91, Cl 3.06,
N 0.57; MA-2 2.4 : calcd for C 89.25, H 7.36, Cl 0.95, N 0.48; found: C
89.25, H 7.36, Cl 0.95, N 0.48; GT-1 2.4 : calcd for C 83.49, H 7.17, Cl 0, N
2.12; found: C 83.49, H 7.17, Cl 0, N 2.12; GT-2 2.4 : calcd for C 88.42, H
7.59, Cl 0, N 1.01; found: C 88.42, H 7.59, Cl 0, N 1.01.


MA-X/GT-X 1.6 (Table 7): The same procedure was followed as de-
scribed above using quinine 1.6. elemental analysis calcd (%) for: MA-1
1.6 : calcd for: C 85.23, H 8.02, Cl 2.53, N 1.03; found: C 85.23, H 8.02, Cl
2.53, N 1.03; MA-2 1.6 : calcd for C 87.24, H 7.71, Cl 1.29, N 0.47; found:


C 87.24, H 7.71, Cl 1.29, N 0.47; GT-2 1.6 : calcd for: C 87.82, H 7.74, Cl
1.41, N 0.93; found: C 87.82, H 7.74, Cl 1.41, N 0.93.


MA-X/GT-X 2.5 and MA-X/GT-X 1.7 (Table 8): MA-X/GT-X 2.4 or
MA-X/GT-X 1.6 were weighed into 8 mL glass vials and 5 mL TBAF in
THF (1m) added. The vials were then sealed and put on flatbed rollers
for 24 h at room temperature. After the reaction the polymer resin was
decanted and washed twice successively with 15 mL of each of the fol-
lowing solvents: THF, THF/H2O (1:1), THF, acetone, MeOH, CH2Cl2.
The product was finally cleaned by overnight Soxhlet extraction with ace-
tone and afterwards dried in a 40 8C vacuum oven. elemental analysis
calcd (%) for: MA-1 2.5A : C 85.06, H 7.91, Cl 1.99, N 1.31; found: C
85.06, H 7.91, Cl 1.99, N 1.31; MA-1 2.5B : calcd for C 86.26, H 7.76, Cl
3.0, N 0.64; found: C 86.26, H 7.76, Cl 3.0, N 0.64; MA-2 2.5 : calcd for C
89.19, H 7.61, Cl 1.29, N 0.50; found: C 89.19, H 7.61, Cl 1.29, N 0.50;
GT-1 2.5 : calcd for: C 83.56, H 7.37, Cl 0, N 2.15; found: C 83.56, H 7.37,
Cl 0, N 2.15; GT-2 2.5 : calcd for: C 88.66, H 7.46, Cl 0, N 0.98; found: C
88.66, H 7.46, Cl 0, N 0.98; MA-1 1.7: calcd for: C 85.90, H 7.63, Cl 2.49,
N 0.96; found: C 85.90, H 7.63, Cl 2.49, N 0.96; MA-2 1.7: calcd for C
89.11, H 7.71, Cl 1.19, N 0.42; found: C 89.11, H 7.71, Cl 1.19, N 0.42;
GT-2 1.7: calcd for C 88.00, H 6.87, Cl 2.91, N 0.91; found: C 88.00, H
6.87, Cl 2.91, N 0.91.


Acknowledgements


We are grateful to Dr. Ana Belenguer for valuable assistance with the
HPLC analyses, the EPSRC National Mass Spectrometry Service Centre,
Swansea, for mass measurements and to the EPSRC (P.B.) and the Royal
Society (S.O.) for financial support.


[1] A. Krasinski, Z. Radic, R. Manetsch, J. Raushel, P. Taylor, K. B.
Sharpless, H. C. Kolb, J. Am. Chem. Soc. 2005, 127, 6686.


Table 6. MA-X/GT-X 2.4.


Template 2.4 NaH in oil MA-X/GT-X


MA-1 2.4A 1.333 g 2.6 mmol 114.4 mg 2.860 mmol 1.0 g 1.30 mmol Cl 1.30 mmol Clg�1


MA-1 2.4B[a] 788 mg 1.537 mmol 67.9 mg 1.691 mmol 591.1 mg 0.768 mmol Cl 1.30 mmol Clg�1


MA-2 2.4 400 mg 0.780 mmol 34.3 mg 0.858 mmol 600.1 mg 0.390 mmol Cl 0.65 mmol Clg�1


GT-1 2.4 400 mg 0.780 mmol 34.3 mg 0.858 mmol 240.8 mg 0.390 mmol Cl 1.62 mmol Clg�1


GT-2 2.4 300 mg 0.586 mmol 25.8 mg 0.644 mmol 522.8 mg 0.293 mmol Cl 0.56 mmol Clg�1


[a] Reaction time was only 48 h.


Table 7. MA-X/GT-X 1.6. The same procedure was followed as described above using quinine 1.6.


Template 1.6 NaH MA-X/GT-X


MA-1 1.6 300 mg 0.586 mmol 25.8 mg 0.644 mmol 225.2 mg 0.293 mmol Cl 1.30 mmol Clg�1


MA-2 1.6 300 mg 0.586 mmol 25.8 mg 0.644 mmol 574.1 mg 0.293 mmol Cl 0.51 mmol Clg�1


GT-2 1.6 573.8 mg 1.12 mmol 49.3 mg 1.232 mmol 1 g 0.56 mmol Cl 0.56 mmol Clg�1


Table 8.


MA-X/GT-X 2.4


MA-1 2.5A 1.076 g 0.473 mmol 2.4 0.44 mmol 2.4 g�1


MA-1 2.5B 660 mg 0.132 mmol 2.4 0.20 mmol 2.4 g�1


MA-2 2.5 567 mg 0.096 mmol 2.4 0.17 mmol 2.4 g�1


GT-1 2.5 305 mg 0.232 mmol 2.4 0.76 mmol 2.4 g�1


GT-2 2.5 586 mg 0.211 mmol 2.4 0.36 mmol 2.4 g�1


MA-X/GT-X 1.6


MA-1 1.7 210 mg 0.078 mmol 1.6 0.37 mmol 1.6 g�1


MA-2 1.7 537 mg 0.091 mmol 1.6 0.17 mmol 1.6 g�1


GT-2 1.7 1 g 0.33 mmol 1.6 0.33 mmol 1.6 g�1


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9006 – 90199018


P. A. G. Cormack, D. C. Sherrington et al.



http://dx.doi.org/10.1021/ja043031t

www.chemeurj.org





[2] H. C. Kolb, K. B. Sharpless, Drug Discovery Today 2003, 8, 1128.
[3] O. Ramstrçm, J.-M. Lehn, ChemBioChem 2000, 1, 41.
[4] O. Ramstrçm, J.-M. Lehn, Nat. Rev. Drug Discovery 2002, 1, 26.
[5] O. Ramstrçm, T. Bunyapaiboonsri, S. Lohmann, J.-M. Lehn, Bio-


chim. Biophys. Acta 2002, 1572, 178.
[6] C. Karan, B. L. Miller, Drug Discovery Today 2000, 5, 67.
[7] S. J. Rowan, S. J. Cantrill, G. R. L. Cousins, J. K. M. Sanders, J. F.


Stoddart, Angew. Chem. 2002, 114, 938; Angew. Chem. Int. Ed.
2002, 41, 898.


[8] S. Otto, R. L. E. Furlan, J. K. M. Sanders, Drug Discovery Today
2002, 7, 117.


[9] J. K. M. Sanders, Phil. Trans. Roy. Soc. 2004, 362, 1239.
[10] S. Otto, R. L. E. Furlan, J. K. M. Sanders, Curr. Op. Chem. Biol.


2002, 6, 321.
[11] S. Otto, Curr. Opin. Drug Discovery Dev. 2003, 6, 509.
[12] S. Otto, J. K. M. Sanders, in Encyclopedia of Supramolecular


Chemistry (Eds.: J. L. Atwood, J. W. Steed), Marcel Dekker, New
York, 2004, p. 1427.


[13] P. T. Corbett, J. Leclaire, L. Vial, K. R. West, J.-L. Wietor, J. K. M.
Sanders, S. Otto, Chem. Rev. 2006, 106, 3652.


[14] S. Otto, K. Severin, Top. Curr. Chem. 2007, 277, 267.
[15] S. Ladame, Org. Biomol. Chem. 2008, 6, 219.
[16] B. Brisig, J. K. M. Sanders, S. Otto, Angew. Chem. 2003, 115, 1308;


Angew. Chem. Int. Ed. 2003, 42, 1270.
[17] L. Vial, J. K. M. Sanders, S. Otto, New J. Chem. 2005, 29, 1001.
[18] A. Buryak, K. Severin, Angew. Chem. 2005, 117, 8149; Angew.


Chem. Int. Ed. 2005, 44, 7935.
[19] K. R. West, K. Bake, S. Otto, Org. Lett. 2005, 7, 2615.
[20] K. R. West, S. Otto, Curr. Drug Discovery Technol. 2005, 2, 123.
[21] A. V. Eliseev, M. I. Nelen, J. Am. Chem. Soc. 1997, 119, 1147.
[22] A. V. Eliseev, M. I. Nelen, Chem. Eur. J. 1998, 4, 825.
[23] H. Hioki, W. C. Still, J. Org. Chem. 1998, 63, 904.
[24] B. Klekota, M. H. Hammond, B. L. Miller, Tetrahedron Lett. 1997,


38, 8639.
[25] B. Klekota, B. L. Miller, Tetrahedron 1999, 55, 11687.
[26] S. L. Roberts, R. L. E. Furlan, G. R. L. Cousins, J. K. M. Sanders,


Chem. Commun. 2002, 938.
[27] B. R. McNaughton, B. L. Miller, Org. Lett. 2006, 8, 1803.
[28] B. R. McNaughton, P. C. Gareiss, B. L. Miller, J. Am. Chem. Soc.


2007, 129, 11306.
[29] K. Severin, Chem. Eur. J. 2004, 10, 2565.
[30] J. S. Moore, N. W. Zimmerman, Org. Lett. 2000, 2, 915.
[31] S. C. Zimmerman, K. W. Saoinz, Z. Zeng, Proc. Natl. Acad. Sci.


USA 1993, 90, 1190.
[32] S. C. Zimmerman, K. W. Saoinz, J. Am. Chem. Soc. 1995, 117, 1175.
[33] M. Kamieth, U. Burkert, P. S. Corbin, S. J. Dell, S. C. Zimmerman,


F.-G. KlTrner, Eur. J. Org. Chem. 1999, 2741.
[34] S. C. Zimmerman, W.-S. Kwan, Angew. Chem. 1995, 107, 2589;


Angew. Chem. Int. Ed. Engl. 1995, 34, 2404.
[35] F. Gasparrini, D. Misiti, C. Villani, A. Borchardt, M. T. Burger,


W. C. Still, J. Org. Chem. 1995, 60, 4314.
[36] F. Gasparrini, D. Misiti, W. C. Still, C. Villani, H. Wennemers, J.


Org. Chem. 1997, 62, 8221.
[37] A. Bianco, F. Gasparrini, M. Maggini, D. Misiti, A. Polese, M. Prato,


G. Scorrano, C. Toniolo, C. Villani, J. Am. Chem. Soc. 1997, 119,
7550.


[38] F. Gasparrini, D. Misiti, F. D. Negra, M. Maggini, G. Scorrano, C.
Villani, Tetrahedron 2001, 57, 6997.


[39] F. Gasparrini, D. Misiti, M. Pierini, C. Villani, Org. Lett. 2002, 4,
3993.


[40] R. J. Pieters, J. Cuntze, M. Bonnet, F. Diederich, J. Chem. Soc.
Perkin Trans. 2 1997, 1891.


[41] L. J. D’Souza, U. Maitra, J. Org. Chem. 1996, 61, 9494.
[42] R. L. E. Furlan, Y.-F. Ng, S. Otto, J. K. M. Sanders, J. Am. Chem.


Soc. 2001, 123, 8876.
[43] S. L. Roberts, R. L. E. Furlan, S. Otto, J. K. M. Sanders, Org.


Biomol. Chem. 2003, 1, 1625.
[44] R. T. S. Lam, A. Belenguer, S. L. Roberts, C. Naumann, T. Jarrosson,


S. Otto, J. K. M. Sanders, Science 2005, 308, 667.


[45] J. Liu, K. R. West, C. R. Bondy, J. K. M. Sanders, Org. Biomol.
Chem. 2007, 5, 778.


[46] F. Bulos, S. L. Roberts, R. L. E. Furlan, J. K. M. Sanders, Chem.
Commun. 2007, 3092.


[47] J. Liu, R. F. Ludlow, R. L. E. Furlan, S. Otto, J. K. M. Sanders, un-
published results.


[48] R. F. Ludlow, J. Liu, H.-X. Li, S. L. Roberts, J. K. M. Sanders, S.
Otto, Angew. Chem. 2007, 119, 5864; Angew. Chem. Int. Ed. 2007,
46, 5762.


[49] G. R. L. Cousins, R. L. E. Furlan, Y.-F. Ng, J. E. Redman, J. K. M.
Sanders, Angew. Chem. 2001, 113, 437; Angew. Chem. Int. Ed. 2001,
40, 423.


[50] D. C. Sherrington, Chem. Commun. 1998, 2275.
[51] F. S. Macintyre, D. C. Sherrington, Macromolecules 2004, 37, 7628.
[52] R. B. Merrifield, J. Am. Chem. Soc. 1963, 85, 2149.
[53] S. M. Howdle, K. JerUbek, V. Leocorbo, P. C. Marr, D. C. Sherring-


ton, Polymer 2000, 41, 7273.
[54] E. R. Francotte, J. Chromatogr. A 2001, 906, 379.
[55] F. Gasparrini, D. Misiti, C. Villani, J. Chromatogr. A 2001, 906, 35.
[56] Q.-H. Fan, Y.-M. Li, A. S. C. Chan, Chem. Rev. 2002, 102, 3385.
[57] S. V. Ley, I. R. Baxendale, R. N. Bream, P. S. Jackson, A. G. Leach,


D. A. Longbottom, M. Nesi, J. S. Scott, R. I. Storer, S. J. Taylor, J.
Chem. Soc. Perkin Trans. 1 2000, 3815.


[58] D. Obrecht, J. M. Villalgordo, Tetrahedron Organic Chemistry Series,
Vol. 17, Solid-Supported Combinatorial and Parallel Synthesis of
Small Molecular Weight Compound Libraries, Pergamon, Elsevier,
Oxford (UK) 1998.


[59] M. R. Buchmeiser, Polymeric Materials in Organic Synthesis and
Catalysis, Wiley-VCH, Weinheim, 2003.


[60] M. Benaglia, A. Puglisi, F. Cozzi, Chem. Rev. 2003, 103, 3401.
[61] C. Bolm, A. Gerlach, Eur. J. Org. Chem. 1998, 21.
[62] S. J. Shuttleworth, S. M. Allin, P. K. Sharma, Synthesis 1997, 1217.
[63] K. Hermann, H. Wynberg, Helv. Chim. Acta 1977, 60, 2208.
[64] B. Thierry, D. Paramelle, J.-C. Plaquevent, D. Cahard, in http://


www.mdpi.net, ESCSOC-6 Proceedings, Poster B01, 2002.
[65] T. Danelli, R. Annunziata, M. Benaglia, M. Cinquini, F. Cozzi, G.


Tocco, Tetrahedron: Asymmetry 2003, 14, 461.
[66] W. Lindner, M. LTmmerhofer, N. M. Maier, 2001, US 6313247.
[67] J. Hiratake, M. Inagaki, Y. Yamamoto, J. Oda, J. Chem. Soc. Perkin


Trans. 1 1987, 1053.
[68] S. J. Rowan, J. K. M. Sanders, J. Org. Chem. 1998, 63, 1536.
[69] M. Inagaki, J. Hiratake, Y. Yamamoto, J. Oda, Bull. Chem. Soc. Jpn.


1987, 60, 4121.
[70] D. Pini, A. Petri, P. Salvadori, Tetrahedron 1994, 50, 11321.
[71] M. Heidelberger, W. A. Jacobs, J. Am. Chem. Soc. 1919, 41, 817.
[72] E. J. Corey, J. Zhang, Org. Lett. 2001, 3, 3211.
[73] P. G. Williard, C. B. Fryhle, Tetrahedron Lett. 1980, 21, 3731.
[74] G. Majetich, Y. Zhang, K. Wheless, Tetrahedron Lett. 1994, 35, 8727.
[75] D. C. Sherrington, J. Polym. Sci. Part A: Polym. Chem. 2001, 39,


2364.
[76] H. C. Henderson, D. C. Sherrington, Polymer 1994, 35, 2867.
[77] J. G. Heffernan, W. M. McKenzie, D. C. Sherrington, J. Chem. Soc.


Perkin Trans. 2 1981, 514.
[78] W. M. McKenzie, D. C. Sherrington, J. Chem. Soc. Chem. Commun.


1978, 541.
[79] D. C. Sherrington, A. Lanver, H.-G. Schmalz, Angew. Chem. 2002,


114, 3808; Angew. Chem. Int. Ed. 2002, 41, 3656.
[80] W.-H. Li, H. D. H. Stçver, J. Polym. Sci. , Part A: Polym. Chem.


1998, 36, 1543.
[81] W.-H. Li, K. Li, H. D. H. Stçver, J. Polym. Sci. Part A: Polym.


Chem. 1999, 37, 2295.
[82] M. J. T. Morrison, PhD Thesis, Department of Pure & Applied


Chemistry, University of Strathclyde (Glasgow), 2000.
[83] K. W. Pepper, D. Reichenburg, D. K. J. Hale, J. Chem. Soc. 1952, 4,


3129.


Received: February 21, 2008
Published online: August 27, 2008


Chem. Eur. J. 2008, 14, 9006 – 9019 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9019


FULL PAPERDynamic Combinatorial Libraries



http://dx.doi.org/10.1016/S1359-6446(03)02933-7

http://dx.doi.org/10.1002/1439-7633(20000703)1:1%3C41::AID-CBIC41%3E3.0.CO;2-L

http://dx.doi.org/10.1016/S1359-6446(99)01431-2

http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C938::AID-ANGE938%3E3.0.CO;2-K

http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C898::AID-ANIE898%3E3.0.CO;2-E

http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C898::AID-ANIE898%3E3.0.CO;2-E

http://dx.doi.org/10.1016/S1367-5931(02)00331-9

http://dx.doi.org/10.1016/S1367-5931(02)00331-9

http://dx.doi.org/10.1021/cr020452p

http://dx.doi.org/10.1039/b714599c

http://dx.doi.org/10.1002/ange.200390297

http://dx.doi.org/10.1002/anie.200390326

http://dx.doi.org/10.1039/b505316a

http://dx.doi.org/10.1002/ange.200502827

http://dx.doi.org/10.1002/anie.200502827

http://dx.doi.org/10.1002/anie.200502827

http://dx.doi.org/10.2174/1570163054866882

http://dx.doi.org/10.1021/ja961893r

http://dx.doi.org/10.1002/(SICI)1521-3765(19980515)4:5%3C825::AID-CHEM825%3E3.0.CO;2-7

http://dx.doi.org/10.1021/jo971782q

http://dx.doi.org/10.1016/S0040-4039(97)10374-4

http://dx.doi.org/10.1016/S0040-4039(97)10374-4

http://dx.doi.org/10.1016/S0040-4020(99)00687-0

http://dx.doi.org/10.1039/b201465c

http://dx.doi.org/10.1021/ol060330+

http://dx.doi.org/10.1021/ja072114h

http://dx.doi.org/10.1021/ja072114h

http://dx.doi.org/10.1002/chem.200305660

http://dx.doi.org/10.1021/ol0055723

http://dx.doi.org/10.1073/pnas.90.4.1190

http://dx.doi.org/10.1073/pnas.90.4.1190

http://dx.doi.org/10.1021/ja00108a053

http://dx.doi.org/10.1002/(SICI)1099-0690(199911)1999:11%3C2741::AID-EJOC2741%3E3.0.CO;2-K

http://dx.doi.org/10.1002/ange.19951072119

http://dx.doi.org/10.1002/anie.199524041

http://dx.doi.org/10.1021/jo00119a003

http://dx.doi.org/10.1021/jo962273b

http://dx.doi.org/10.1021/jo962273b

http://dx.doi.org/10.1021/ja970502l

http://dx.doi.org/10.1021/ja970502l

http://dx.doi.org/10.1016/S0040-4020(01)00614-7

http://dx.doi.org/10.1021/ol026363g

http://dx.doi.org/10.1021/ol026363g

http://dx.doi.org/10.1039/a702627g

http://dx.doi.org/10.1039/a702627g

http://dx.doi.org/10.1021/ja0160703

http://dx.doi.org/10.1021/ja0160703

http://dx.doi.org/10.1039/b300956d

http://dx.doi.org/10.1039/b300956d

http://dx.doi.org/10.1126/science.1109999

http://dx.doi.org/10.1039/b617217b

http://dx.doi.org/10.1039/b617217b

http://dx.doi.org/10.1039/b705620f

http://dx.doi.org/10.1039/b705620f

http://dx.doi.org/10.1002/ange.200700292

http://dx.doi.org/10.1002/anie.200700292

http://dx.doi.org/10.1002/anie.200700292

http://dx.doi.org/10.1002/1521-3757(20010119)113:2%3C437::AID-ANGE437%3E3.0.CO;2-B

http://dx.doi.org/10.1002/1521-3773(20010119)40:2%3C423::AID-ANIE423%3E3.0.CO;2-6

http://dx.doi.org/10.1002/1521-3773(20010119)40:2%3C423::AID-ANIE423%3E3.0.CO;2-6

http://dx.doi.org/10.1039/a803757d

http://dx.doi.org/10.1021/ma0491053

http://dx.doi.org/10.1021/ja00897a025

http://dx.doi.org/10.1016/S0032-3861(00)00018-5

http://dx.doi.org/10.1016/S0021-9673(00)00951-1

http://dx.doi.org/10.1016/S0021-9673(00)00953-5

http://dx.doi.org/10.1021/cr010341a

http://dx.doi.org/10.1039/b006588i

http://dx.doi.org/10.1039/b006588i

http://dx.doi.org/10.1021/cr010440o

http://dx.doi.org/10.1002/(SICI)1099-0690(199801)1998:1%3C21::AID-EJOC21%3E3.0.CO;2-0

http://dx.doi.org/10.1055/s-1997-1358

http://dx.doi.org/10.1002/hlca.19770600713

http://dx.doi.org/10.1016/S0957-4166(02)00830-3

http://dx.doi.org/10.1039/p19870001053

http://dx.doi.org/10.1039/p19870001053

http://dx.doi.org/10.1021/jo971813h

http://dx.doi.org/10.1246/bcsj.60.4121

http://dx.doi.org/10.1246/bcsj.60.4121

http://dx.doi.org/10.1016/S0040-4020(01)89433-3

http://dx.doi.org/10.1021/ja02226a015

http://dx.doi.org/10.1021/ol016577i

http://dx.doi.org/10.1016/0040-4039(80)80164-X

http://dx.doi.org/10.1016/S0040-4039(00)78482-6

http://dx.doi.org/10.1002/pola.1213

http://dx.doi.org/10.1002/pola.1213

http://dx.doi.org/10.1016/0032-3861(94)90321-2

http://dx.doi.org/10.1039/p29810000514

http://dx.doi.org/10.1039/p29810000514

http://dx.doi.org/10.1039/c39780000541

http://dx.doi.org/10.1039/c39780000541

http://dx.doi.org/10.1002/1521-3757(20021004)114:19%3C3808::AID-ANGE3808%3E3.0.CO;2-B

http://dx.doi.org/10.1002/1521-3757(20021004)114:19%3C3808::AID-ANGE3808%3E3.0.CO;2-B

http://dx.doi.org/10.1002/1521-3773(20021004)41:19%3C3656::AID-ANIE3656%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1099-0518(19980730)36:10%3C1543::AID-POLA7%3E3.0.CO;2-R

http://dx.doi.org/10.1002/(SICI)1099-0518(19980730)36:10%3C1543::AID-POLA7%3E3.0.CO;2-R

http://dx.doi.org/10.1002/(SICI)1099-0518(19990715)37:14%3C2295::AID-POLA2%3E3.0.CO;2-J

http://dx.doi.org/10.1002/(SICI)1099-0518(19990715)37:14%3C2295::AID-POLA2%3E3.0.CO;2-J

www.chemeurj.org






DOI: 10.1002/chem.200800804


Reactivity of Transition Metal–Phosphorus Triple Bonds towards Triply
Bonded [{CpMo(CO)2}2]: Formation of Heteronuclear Cluster Compounds


Manfred Scheer,*[a] Daniel Himmel,[b] Christian Kuntz,[a] Shuzhong Zhan,[c] and
Eva Leiner[a]


Dedicated to Professor Wolfgang A. Herrmann on the occasion of his 60th birthday


Introduction


Compounds containing triple bonds between metals and
main group elements are a fascinating field in contemporary
chemistry.[1] Particularly for Group 15 elements, a number of


stable compounds having terminal pnicogenido ligands of
the general formula [LnM�E] were synthesised by Cummins
et al. (E= P; LnM= (RR’N)3Mo, (R2N)3Nb�),[2] Schrock
et al. (E= P, As; LnM= N(CH2CH2NSiMe3)3W)[3] and us
(E=P, As, Sb; MLn =N(CH2CH2NSiMe3)3W).[4] Further-
more, we prepared stable asymmetrically bridged com-
pounds of the type [(RO)3W�P!W(CO)5] (R= tBu, 2,4-
Me2C6H3)


[5] with a triple bond between tungsten and phos-
phorus. On the other hand, strategies are known for gener-
ating triply bonded compounds as highly reactive intermedi-
ates.[6] Recently, Ruiz et al. reported on an approach to in-
termediates of formula [Mo2Cp2(m-k1:k1,h4-PR)(CO)3].[7] In
contrast, some time ago we reported that thermolysis of
phosphinidene complex [Cp*P{W(CO)5}2] (1)[8] leads to for-
mation of a highly reactive intermediate with a metal–phos-
phorus triple bond.[9] Its generation is based on the Cp* mi-
gration from the s-bound phosphorus atom to the tungsten
atom in an h5 coordination mode (Scheme 1).


Thus, thermolysis of 1 leads via CO elimination to inter-
mediate B containing a P�W triple bond. In the absence of
any reactive species, intermediate B dimerises to form the
tetrahedral P2W2 complex 2. As a side reaction, C�H bond


Abstract: Thermolysis of
[Cp*P{W(CO)5}2] (1) in the presence
of [{CpMo(CO)2}2] leads to the novel
complexes [{(CO)2Cp*W}-ACHTUNGTRENNUNG{CpMo(CO)2}ACHTUNGTRENNUNG(m,h2:h1:h1-P2{W(CO)5}2)]
(6 ; Cp =h5-C5H5, Cp*= ACHTUNGTRENNUNGh5-C5Me5),
[{(m-O) ACHTUNGTRENNUNG(CpMoWCp*)W(CO)4}ACHTUNGTRENNUNG{m3-
PW(CO)5}2] (7), [{CpMo(CO)2}2-ACHTUNGTRENNUNG{Cp*W(CO)2}ACHTUNGTRENNUNG{m3-PW(CO)5}] (8) and
[{CpMo(CO)2}2ACHTUNGTRENNUNG{Cp*W(CO)2}ACHTUNGTRENNUNG(m3-P)]
(9). The structural framework of the
main products 8 and 9 can be described
as a tetrahedral Mo2WP unit that is
formed by a cyclisation reaction of


[{CpMo(CO)2}2] with an [Cp*(CO)2W�
P!W(CO)5] intermediate containing a
W�P triple bond and subsequent
metal–metal and metal–phosphorus
bond formation. Photolysis of 1 in the
presence of [{CpMo(CO)2}2] gives 8, 9
and phosphinidene complex [(m3-
PW(CO)5) ACHTUNGTRENNUNG{CpMo(CO)2W(CO)5}] (10),
in which the P atom is in a nearly trigo-


nal-planar coordination environment
formed by one {CpMo(CO)2} and two
{W(CO)5} units. Comprehensive struc-
tural and spectroscopic data are given
for the products. The reaction path-
ways are discussed for both activation
procedures, and DFT calculations
reveal the structures with minimum
energy along the stepwise Cp* migra-
tion process under formation of the in-
termediate [Cp*(CO)2W�P!
W(CO)5].
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activation of the possible intermediate A yields the phos-
phane complex 3.


Photolysis of 1 leads to complex 4,[10] which can be regard-
ed to form from two reactive intermediates (Scheme 2):
triply bonded intermediate B, formed by Cp* migration
(Scheme 1), and a second intermediate C created by elimi-
nation of the Cp* moiety.


The existence of a reactive intermediate B is confirmed
when the thermolysis is carried out in the presence of differ-
ent trapping compounds. Thus, with alkynes novel metal-
containing heterocycles and cage compounds are generat-
ed.[11] With phosphaalkynes novel phosphorus-rich cage
compounds are obtained and, additionally, an unusual open-
ing of the Cp* ligand is observed to form an unprecedented
1,2-diphosphacyclooctatetraene ligand.[12] The results ob-
tained so far open up broad perspectives for the use of these
intermediates in different trapping reactions. Herein we
report on trapping reactions of intermediates B and C, gen-
erated in situ, with transition metal complexes containing
multiple bonds. Density functional calculations give insight
into the Cp* migration process to form intermediates A and
B as well as energetic and structural aspects of the forma-
tion of all postulated intermediates along the reaction path-


way. In addition, the electronic
structure of intermediate C is
presented.


Results and Discussion


Thermolysis of
[Cp*P{W(CO)5}2] (1) in the
presence of [{CpMo(CO)2}2]:
Thermolysis of a solution of 1
in toluene in the presence of
[{CpMo(CO)2}2] for two hours
results in the formation of com-
pounds 3, 5, 6 and 7[13] as minor
products as well as complexes 8
and 9 as the main products


[Eq. (1)]. Complexes 5–9 were obtained after column-chro-
matographic workup. The quantities of the isolated products
are in accordance with the 31P NMR spectrum of the crude
reaction mixture. The only additional product that was ob-
served (d=77.9 ppm (s), JW,P =136 Hz) could not be ob-
tained after chromatographic workup.


Photolysis of [Cp*P{W(CO)5}2] (1) in the presence of
[{CpMo(CO)2}2]: Photolysis of 1 in toluene at room temper-
ature in the presence of [{CpMo(CO)2}2] results in a colour
change from blue to brown after two hours, which indicates
complete transformation of 1. After column-chromatograph-
ic workup, complexes 5, 8 and main product 9 were isolated
[Eq. (2)], that is, the tetrahedral Mo2WP complexes are, like
in the thermolysis reaction, the preferred products. In addi-
tion to the thermolysis products, in the photolysis reaction
phosphinidene complex [(m3-PW(CO)5)-ACHTUNGTRENNUNG{CpMo(CO)2W(CO)5}] (10) is formed in 30 % yield. In ac-
cordance with the 31P NMR spectrum of the crude reaction
mixture, there is no further indication of different reaction
products in detectable amounts, and thus all reaction prod-
ucts are isolated in appropriate quantities. The occurrence
of Mo dimer 5 under thermal and photolytic conditions indi-
cates the CO-accepting function of the triply bonded start-


ing material.


Spectroscopic properties : Com-
pounds 6–10 are sparingly solu-
ble in n-hexane and readily
soluble in CH2Cl2 and toluene.
The IR spectra of all com-
pounds reveal absorptions for
terminal CO ligands. In the
mass spectra the corresponding
molecular-ion peak is observed
in all cases, with the exception
of 7 and 8, for which the heavi-
est fragments detected corre-
spond to loss of a {W(CO)5}
and a Cp moiety, respectively.


Scheme 1. Proposed reaction pathway for thermolysis of 1.


Scheme 2. Proposed reaction pathway for photolysis of 1.
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In the 31P{1H} NMR spectrum of 6, observation of an AX
spin system at d=�188.1 and �301.2 ppm (1JP,P =412.6 Hz)
indicates non-equivalent P atoms. This magnetic non-equiva-
lence probably results from the different orientations of P
atoms P1 and P2 with respect to the W and Mo atoms,
which bear Cp* and Cp ligands. The 31P{1H} NMR spectrum
of 7 reveals a singlet at d=279.3 ppm with three pairs of
tungsten satellites having 183W,31P coupling constants of 200,
100 and 39 Hz. Whereas the magnitude of the first coupling
constant is consistent with bonding of a phosphorus atom to
a terminal {W(CO)5} moiety, the other two coupling con-
stants indicate the lower s character in the bonds to the
tungsten atoms in the {Cp*W} and the {W(CO)4} fragments.
Complex 9 displays one singlet in the 31P{1H} NMR spec-
trum at d=500 ppm, which is significantly shifted downfield
in comparison with that for 8 (d= 153.8 ppm). The singlet of
8 has two pairs of tungsten satellites with 1JW,P = 196 and
76 Hz. The first coupling constant is consistent with bonding
of a phosphorus atom to the terminal {W(CO)5} moiety; the
latter indicates the low s character of the bonding to the
{Cp*W(CO)2} fragment and is in accordance with the 1JW,P


value of 40.7 Hz found in 9. For 10 the 31P{1H} NMR spec-
trum reveals a singlet at d=882.5 ppm with two pairs of
tungsten satellites having coupling constants of 191 and
55 Hz and is comparable to those found for other phosphini-


dene complexes,[14] for example,
[{m3-PCr(CO)5}{CpCr(CO)2-ACHTUNGTRENNUNGW(CO)5}] (d=945 ppm).[15]


Crystal structure analysis : Crys-
tallographic data are listed in
Table 1. The molecular struc-
ture of the red crystalline com-
pound [(CO)2Cp*WCpMo-ACHTUNGTRENNUNG(CO)2(m,h2-P2{W(CO)5}2)] (6) is
described as a slightly distorted
P2MoW tetrahedron, containing
a {Cp*(CO)2W} and a
{Cp(CO)2Mo} unit (Figure 1).
Both of the phosphorus atoms
coordinate to the {W(CO)5}
groups. Comparison of the P�
W and P�Mo bond lengths in 6
show that each of the P atoms
is more closely bound to one of
the metal atoms of the tetrahe-
dral P2MoW unit. Thus, the P1�
W1 and P1�Mo bond lengths
are 2.521(4) and 2.429(3) �, re-
spectively, as opposed to the
P2�W1 and P2�Mo bond
lengths of 2.421(4) and
2.551(4) �, respectively. The P�
P bond length of 6 (2.099(6) �)
is comparable to those of simi-
lar M2P2 tetrahedral complexes,
for example, [Cp*2(CO)4W2-ACHTUNGTRENNUNG(m,h2-P2){W(CO)5}] (2 ; 2.092(4) �),[9] but is significantly


shorter than the average single-bond length in b-P4 of
�185 8C (2.190 to 2.212 �).[16]


Complex [{(m-O) ACHTUNGTRENNUNG(CpMoWCp*)W(CO)4} ACHTUNGTRENNUNG(m3-P{W(CO)5})2]
(7) crystallises as brown sticks in the triclinic space group
P1̄ with one molecule of benzene in the unit cell. The mo-
lecular structure of 7 can be described as a W2Mo triangle
consisting of a {W(CO)4}, a {Cp*W} and a {CpMo} unit
capped by two P atoms (Figure 2). The two m3-P ligands are
coordinated to {W(CO)5} moieties, and the W1�Mo bond is
bridged by an O ligand.[13] The W1�Mo bond (2.514(1) �) is
significantly shorter than the W2�Mo bond (2.989(1) �) of
the MoW2 triangular unit. The short W1�Mo distance,
which suggests a multiple bond is present, is comparable to
that of 2.562(1) � in [MoW2{m-s,s’:h4-C(Ph)C(Ph)C-ACHTUNGTRENNUNG(C6H4Me-4)}(CO)6Cp2],[17] which has a Mo�W triple bond.
On the other hand, it could also be caused by the bridging
O atom, since the Mo�W bond length is comparable with
that in [NMe4]ACHTUNGTRENNUNG[Mo2W ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m-O)3ACHTUNGTRENNUNG(NCS)9] (2.517(5)–
2.527(5) �).[18] The W2�Mo bond length is in the usual
range of Mo�W single-bond lengths, for example, in
[CpW(CO)2Mo(CO)5ACHTUNGTRENNUNG(m-PPh2)] (3.205(2) �).[19] The P�W
bond lengths (2.385(3), 2.433(3), 2.477(3), 2.489(3) �) and
P�Mo distances (2.456(3), 2.391(3) �) of the W2Mo triangle
are as expected for such compounds.[20]
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The green crystals of [{CpMo(CO)2}2ACHTUNGTRENNUNG{Cp*W(CO)2} ACHTUNGTRENNUNG{m3-
PW(CO)5}] (8) crystallise in the monoclinic space group P21/
c with 0.5 molecules of toluene per molecular unit in the
crystal lattice and three independent molecules in the asym-


metric unit with similar structural features. In the following,
the structural pattern of molecule A is discussed (Figure 3).


The central framework of [{CpMo(CO)2}2ACHTUNGTRENNUNG{Cp*W(CO)2}-ACHTUNGTRENNUNG{m3-PW(CO)5}] (8) consists of a nearly ideal Mo2W triangle
(59.79(3)–60.27(2)8) of a {Cp*W(CO)2} unit and two
{CpMo(CO)2} units, capped by a P atom. The m3-P ligand co-


Table 1. Crystallographic data for 6–10.


6 7·0.5 C6D6 8·0.5 C7H8 9 10


formula C29H20MoO14P2W3 C29H20MoO15P2W4·0.5 C6H6 C31H25Mo2O11PW2·0.5 C7H8 C26H25Mo2O6PW C17H5MoO12PW2


Mr 1301.88 1540.78 1210.13 840.16 895.82
crystal size [mm] 0.30 � 0.20 � 0.06 0.20 � 0.08 � 0.02 0.25 � 0.15 � 0.01 0.30 � 0.30 � 0.10 0.14 � 0.10 � 0.03
T [K] 200(1) 203(1) 200(1) 200(1) 203(2)
space group P21/c P̄1 P21/c Pca21 P21/n
crystal system monoclinic triclinic monoclinic orthorhombic monoclinic
a [�] 17.595(4) 10.205(2) 21.175(4) 14.637(3) 7.4224(15)
b [�] 12.018(2) 11.687(2) 12.162(2) 14.274(3) 18.269(4)
c [�] 17.235(3) 18.237(4) 43.135(9) 12.119(2) 17.366(4)
a [8] 90 87.59(3) 90 90.00 90
b [8] 105.04(3) 74.80(3) 104.21(3) 90.00 101.13(3)
g [8] 90 66.64(3) 90 90.00 90
V [�3] 3519.9(12) 1922.2(7) 10 769(4) 2532.1(9) 2310.5(8)
Z 4 2 12 4 4
1calcd [g cm�3] 2.457 2.662 2.239 2.204 2.575
m [mm�1] 6.659 7.703 7.174 5.611 7.419
radiation (l [�]) AgKa (0.56087) AgKa (0.56087) MoKa (0.71073) MoKa (0.71073) AgKa (0.56087)
diffractometer STOE IPDS STOE IPDS STOE IPDS STOE IPDS STOE IPDS
2V range [8] 1.77–20.00 1.70–20.00 1.95–25.99 1.99–26.43 1.89–21.00
index range �21�h�17,


�14�k�14,
�21� l�21


�11�h�12,
�14�k�14,
�22� l�18


�25�h�25,
�14�k�13,
�52� l�53


�12�h�17,
�18�k�14,
�14� l�14


�9�h�8,
�23�k�18,
�22� l�22


data/restrains/parameters 6429/0/447 6788/0/492 20 152/0/1391 4431/1/330 4850/0/298
independent reflections with
I>2 s(I)


6429
(Rint = 0.0878)


6788 (Rint =0.0639) 20 152 (Rint = 0.0483) 4431
(Rint =0.0275)


4850
(Rint =0.0599)


GOF on F2 1.071 1.073 1.020 1.088 1.033
R1,


[a] wR2
[b] [I>2s(I)] 0.0578, 0.1416 0.0490, 0.1285 0.0511, 0.1354 0.0343, 0.0926 0.0443, 0.1015


R1,
[a] wR2


[b] (all data) 0.0830, 0.1546 0.0613, 0.1365 0.0675, 0.1443 0.0345, 0.0927 0.0662, 0.1121
largest diff. peak and hole [e��3] 1.545, �2.565 1.777, �2.195 7.850, �3.164 0.851, �1.196 1.727, �1.910


[a] R1 =� j jFo j� jFc j j /� jFo j , wR2 = [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2.


Figure 2. Molecular structure of 7 in the crystal (30 % probability ellip-
soids; hydrogen atoms omitted for clarity). Selected distances [�] and
angles [8]: P1�Mo 2.456(3), P2�Mo 2.391(3), P1�W1 2.385(3), P1�W2
2.489(3), P1�W3 2.516(3), P2�W1 2.433(3), P2�W2 2.477(3), P2�W4
2.515(3), W1�W2 3.027(1), W1�Mo 2.514(1), W2�Mo 2.989(1), W1�O15
1.895(8), Mo�O15 1.945(9); W1-Mo-W2 66.09(4), Mo-W2-W1 49.39(3),
W2-W1-Mo 64.52(3).


Figure 1. Molecular structure of 6 in the crystal (30 % probability ellip-
soids; hydrogen atoms omitted for clarity). Selected distances [�] and
angles [8]: P1�W1 2.521(4), P2�W1 2.421(4), P1�Mo 2.429(3), P2�Mo
2.551(4), W1�Mo 3.082(1), P1�W2 2.506(4), P2�W3 2.532(4), P1�P2
2.099(6); Mo-P1-W1 76.98(10), Mo-P2-W1 76.54(11), Mo-W1-P1
50.17(8), Mo-W1-P2 53.63(9), P1-W1-P2 50.22(14), P1-Mo-P2 49.78(14),
W1-P2-P1 67.35(15).
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ordinates to a terminal W(CO)5 group. The P1�W2 bond
length (2.571(3) �) is slightly elongated in comparison to
other coordinative P�W bonds, for example, in [Ph3P!
W(CO)5] (2.545(1) �),[21] but is in the same range as in the
W2P2 tetrahedrane complex [{Cp*(CO)6W2}ACHTUNGTRENNUNG(m-H)(m,h1:h1:h1-
P2){W(CO)5}2] (2.547(4) and 2.519(4) �).[10] The P�Mo dis-
tances (2.486(3) und 2.466(3) �) are in the usual range
found for PMo tetrahedral cluster compounds.


Like complex 8 the structure of the brown crystalline
compound 9 can also be described as a Mo2W trinuclear
cluster, capped by a P atom (Figure 4). In contrast to 8, in 9
the P atom does not coordinate to a {W(CO)5} group. The
Mo�Mo and Mo�W bond lengths (3.079(1), 3.109(1),
3.048(2) �) and angles in the Mo2W triangle of 9 (59.00(2)–


60.99(2)8) are in the usual ranges for such complexes and
similar to those observed for 8.


Phosphinidene complex 10 crystallises in the form of
black platelets in the monoclinic space group P21/n. Its mo-
lecular structure is depicted in Figure 5. The central atom in


the molecular structure of 10 is the nearly trigonal-planar P
atom coordinated by a {CpMo(CO)2} and two {W(CO)5}
units. The exocyclic P�W distance of 2.444(2) � is about
0.09 � shorter than the endocyclic P�W distance
(2.536(3) �). This indicates that the endocyclic P�W bond
in the three-membered MoPW ring has the weakest p bond-
ing. Thus, the P�W1 and P�Mo (2.296(2) �) bonds are sig-
nificantly shorter than usual single bonds.[20,22] These obser-
vations correspond with similar distances found, for exam-
ple, in the phosphinidene complexes [(m3-P){Cr(CO)5}-ACHTUNGTRENNUNG{CpW(CO)2Cr(CO)5}] (P�Crexo 2.305(5), P�Crendo


2.428(5) �).[23] The Mo�W2 bond length (3.168(1) �) corre-
sponds to an Mo�W single bond, as found in complexes like
[MoW2ACHTUNGTRENNUNG(m3-As)Cp3(CO)6] (3.097(2) and 3.124(2) �)[24] as
well as in 8 (3.080(1), 3.065(1) �) and 9 (3.109(1),
3.0475(8) �).


Theoretical calculations : Due to their high reactivity inter-
mediates A and B cannot be isolated. Therefore, DFT calcu-
lations were carried out to gain better insight into their
structures and reactivity patterns. The optimised structures
of A and B are depicted in Figure 6.


In both compounds the P atoms are sterically less shield-
ed and thus highly reactive. For comparison of the W�P
bond lengths in the calculated triply bonded intermediate B,
the structurally characterised and stable compound
[(tBuO)3W�P!W(CO)5] (D),[5b] which also contains a W�P
triple bond and a coordinative P�W bond, was optimised at
the same level of theory. A Cs-symmetric structure Dcalcd was


Figure 3. Molecular structure of 8 in the crystal (molecule A ; 30 % proba-
bility ellipsoids; hydrogen atoms omitted for clarity). Selected distance-
s [�] and angles [8]: P1�Mo1 2.486(3), P1�Mo2 2.466(3), P1�W1
2.466(2), P1�W2 2.571(3), Mo1�Mo2 3.070(1), Mo1�W1 3.080(1), Mo2�
W 3.065(1); Mo1-W1-Mo2 59.93(3), W1-Mo1-Mo2 59.79(3), W1-Mo2-
Mo1 60.27(2).


Figure 4. Molecular structure of 9 in the crystal (30 % probability ellip-
soids; hydrogen atoms omitted for clarity). Selected distances [�] and
angles [8]: P�Mo1 2.481(2), P�Mo2 2.400(2), P�W 2.411(2), Mo1�Mo2
3.079(1), Mo1�W 3.109(1), Mo2�W; W-Mo1-Mo2 59.00(2), Mo1-W-Mo2
60.01(2), Mo1-Mo2-W 60.99(2).


Figure 5. Molecular structure of 10 in the crystal (30 % probability ellip-
soids; hydrogen atoms omitted for clarity). Selected distances [�] and
angles [8]: P�Mo 2.296(2), P�W1 2.444(2), P�W2 2.536(3), Mo�W2
3.168(1); W1-P-Mo 142.49(12), W2-P-Mo 81.78(7), W1-P-W2 135.20(11),
W1-Mo-W2-P 2.93(0).
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obtained in which both W�P distances agree well (although
slightly elongated) with the experimental data of the X-ray
structure of D. The optimisation results show that in B
1) the coordinative bond length to the {W(CO)5} moiety
(2.461 �) is significantly shorter than in Dcalcd (2.540 �),
which may be a result of better p backbonding from the
W(CO)5 moiety to the phosphido tungsten fragment. In con-
trast, 2) the calculated W�P
triple bond in B (2.210 �) is
elongated compared to alkoxo
compound Dcalcd (2.158 �). The
latter fact also corresponds with
the situation in [(N3N)W�P!
GaCl3] (2.168(4) �;[25] N3N=


N(CH2CH2NSiMe3)3), whereas
in trans-[{(N3N)W�P}2W(CO)4]
(2.202(2) and 2.460(2) �)[4a] the
distances are in agreement with
the calculated values for B.
Both tendencies are in line with the representative behav-
iour of phosphinidene complexes.[26] Complex B has p-ac-
ceptor ligands at the W atom and a more electrophilic P
atom, while in D the triply bonded tungsten atom, which is
surrounded by s- and p-donor ligands, is in its highest oxida-
tion state and the P atom is more nucleophilic with a stron-
ger multiple bond.


The calculated structure of intermediate C (Figure 7) re-
veals shorter W�P distances than calculated for the precur-
sor compound [Cp*P{W(CO)5}2] (1) and a larger W-P-W
bond angle. This indicates steric relaxation of the system
after removal of the Cp* entity in 1. Calculation of the spin
density in C reveals that the single electron is mainly local-


ised in a p-like SOMO of the central P atom, but it is also
partially delocalised over the tungsten carbonyl moieties. A
Mullikan analysis revealed that 75 % of the spin density is
localised at the phosphorus atom (NBO: 56 %). Visualisa-
tions of spin densities and the SOMO are shown in Figure 8.


Furthermore, the thermolysis thermodynamics of phosphi-
nidene complex [Cp*P{W(CO)5}2] (1) were calculated. The
corresponding calculated standard reaction enthalpies of the
gas-phase reactions are listed in Table 2.


Calculated reactions I–III are endothermic but their stan-
dard entropies are positive. Thus, one can suggest that at
higher temperatures the equilibria will be shifted in favour
of the final products. Subsequently, reaction III leading to
the triply bonded intermediate B is endergonic at room tem-
perature but exoergonic under the conditions of the ther-
molysis reactions in boiling toluene. Furthermore, as the
standard reaction enthalpies for reactions V and VI show, if
double CO loss occurs for 1, the resulting intermediate A is
easily transformed into intermediate B and the phosphine 3.
Moreover, in light of the DH0 values, elimination of Cp* as
a radical (reaction I) is not as high in energy as the Cp* mi-
gration processes in reactions II and III, which corresponds
to its preferred occurrence in photolytic processes at ambi-
ent temperature.


To study the Cp* migration process of phosphinidene
complex 1 to yield triply bonded intermediate B, the ener-
getic-minima structures along the reaction coordinate were
calculated by DFT methods (Figure 9). In 1, the Cp* moiety
is already oriented towards one W(CO)5 group, which facili-
tates the first CO elimination. On removal of the second
CO ligand, the Cp* moiety becomes involved in an addition-
al h2 bonding mode at the W atom, but remains bound to P
in a h1 mode. After displacement from the phosphorus
atom, the h2 coordination mode at the W atom changes
more to h5 coordination in intermediate A.[27] After the


Figure 6. Calculated structures of intermediates A (left) and B (right) at
the BP86/SV(P) level of theory.


Figure 7. Calculated structures of 1 (left) and intermediate C (right) at
the BP86/SV(P) level of theory.


Figure 8. Isocontour surfaces of calculated spin densities (left, 0.01 and
0.001 a.u.) and of the SOMO (right, 0.05 a.u.) in C.


Table 2. Calculated standard reaction enthalpies of gas-phase reactions.


Reaction DH0
ð298Þ


[kJ mol�1]
DG0


ð298Þ
[kJ mol�1]


DG0
ð298Þ


[kJ mol�1]


I 1QCp*C+ [CP{W(CO)5}2] (C) +128 +57 +36
II 1Q[Cp*(CO)3W�P!W(CO)5] (A)+ 2CO +158 +68 +42
III 1Q[Cp*(CO)2W�P!W(CO)5] (B)+ 3CO +172 +24 �19
IV 1Q[(CO)3W(h5-C5Me4CH2)P(H)W(CO)5] (3)+2 CO +81 0 �23
V AQ[Cp*(CO)2W�P!W(CO)5] (B)+CO +14 �44 �61
VI AQ[(CO)3W(h5-C5Me4CH2)P(H)W(CO)5] (3) �76 �68 �66
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third CO molecule is eliminated, formation of triply bonded
intermediate B is obvious, but so is generation of complex 3
with activated C�H bond.


Reaction pathway : The proposed pathway of thermal reac-
tion (1) shown in Scheme 3 is based on the nature of the iso-
lated products. Formation of the main products 8 and 9
from the thermolysis of [Cp*P{W(CO)5}2] in the presence of
[{CpMo(CO)2}2] confirms the existence of triply bonded in-
termediate B, and they can be formally regarded as the
products of a [2+2] cycloaddition reaction[28] of B with
[{CpMo(CO)2}2], in which after subsequent P�Mo and Mo�
bond formation the phosphido-capped trinuclear clusters
are formed. Formation of 8 with coordinated {W(CO)5}
group and 9 without a {W(CO)5} moiety seems to be equally
favoured (each in about 30 % yield) and may be influenced
by the specific steric requirements of the bulky Cp* ligand.
Formation of 7 as a minor product demonstrates the exis-
tence of a second intermediate C, generated by elimination
of the Cp* ligand. Thus, 7 can be regarded as product of the


Figure 9. Calculated minima structures of the Cp* migration process of
the phosphinidene complex 1 to give intermediate B (BP86/SV(P) level
of theory). Energies [kJ mol�1] at the arrows: top DH0 (298.15 K), middle
DG0 (298.15 K) and bottom DG0 (384 K).


Scheme 3. Proposed reaction pathway of the thermolysis of 1 with [{CpMo(CO)2}2].
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reaction between triply bonded intermediate B, intermediate
C and a [CpMo(CO)2(O)] unit.[13] Furthermore, the appear-
ance of 6 in about 10 % yield, which contains one
{CpMo(CO)2} unit and a {Cp*W(CO)2} moiety in a tetrahe-
dral complex, hints that during thermolysis an additional
metathesis reaction occurs between intermediate B and the
Mo dimer to give a triply bonded intermediate of formula
[Cp(CO)2Mo�P!W(CO)5] (B’). Intermediate B’ undergoes
dimerisation with B to form 6. Tetrahedral M2P2 complex 6
has two {W(CO)5} groups, whereas the presence of only one
{W(CO)5} moiety on the M2P2 tetrahedron [Cp*2(CO)4W2-ACHTUNGTRENNUNG(m,h2-P2){W(CO)5}] (2) reflects the steric influence of two
Cp* groups in 2 in contrast to one Cp* and one Cp ligand in
6.


The proposed reaction pathway of photolysis reaction (2)
of [Cp*P{W(CO)5}2] in the presence of [{CpMo(CO)2}2] is
shown in Scheme 4 and is based on the structures of the iso-
lated products. Formation of 9 as the main product and 8
confirm the existence of triply bonded intermediate B,
which undergoes cyclisation reactions and subsequent
metal–phosphorus and metal–metal bond formation. Since 9
is isolated in high yields and 8 is only a minor product, re-
moval of terminal W(CO)5 units seems to be more favoured
under photolysis conditions in comparison to thermolysis re-
action (1). Furthermore, phosphinidene complex 10 can be
regarded as a reaction product of C and a {Mo(CO)2Cp}
unit. Alternatively, intermediate B’, formed by metathesis,
could react with a {W(CO)5} moiety to give 10. However,
the latter possible reaction should then also occur in ther-
molysis reaction (1), in which complex 10 could never be
identified.


Conclusion


Trapping reactions of triply bonded intermediate
[Cp*(CO)2W�P!W(CO)5] (B), generated by thermolysis
and photolysis of [Cp*P{W(CO)5}2] (1), with transition-
metal complexes containing multiple bonds open up broad
perspectives for the synthesis of novel main group/transition
metal cage compounds. By using [Cp(CO)2Mo�
Mo(CO)2Cp] as trapping reagent, a number of new hetero-
nuclear clusters could be synthesised in good yields and
comprehensively characterised. Furthermore, the results
show that the existence of intermediate C and the subse-
quent trapping reactions with reactive species are more im-
portant in photolysis than in thermolysis of 1. Moreover,
DFT calculations gave insight into the stepwise process of
Cp* migration in 1 resulting in the triply bonded intermedi-
ate B, and also into the electronic structure of C. Addition-
ally, the calculated thermodynamic data for formation of the
different intermediates agree well with their experimentally
observed formation conditions.


Experimental Section


General remarks : All manipulations were performed under an atmos-
phere of dry nitrogen by using standard Schlenk techniques. All solvents
were dried by common methods and freshly distilled prior to use. NMR
spectra were recorded on a Bruker AC 250 (1H: 250.13 MHz; 31P:
101.256 MHz; standards: 1H: Me4Si, 31P: 85% H3PO4). IR spectra were
recorded on a Bruker IFS 28 spectrometer. Mass spectra were obtained
on a Varian MAT 711 (70 eV).


Reagents : The starting materials [Cp*P{W(CO)5}2]
[8,9] and


[{CpMo(CO)2}2]
[29] were prepared according to literature methods.


Scheme 4. Proposed reaction pathway of the photolysis of 1 with [{CpMo(CO)2}2].
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Thermolysis of [Cp*P{W(CO)5}2] in the presence of [{CpMo(CO)2}2]:
synthesis of 5–9 : A solution of 1 (407 mg, 0.5 mmol) and [{CpMo(CO)2}2]
(260 mg, 0.6 mmol) in toluene (30 mL) was heated to reflux for 2 h. The
solvent was removed to dryness. The dark brown residue was transferred
onto silica gel and separated by column chromatography (30 � 2.5 cm;
Macherey-Nagel, 230–400 mesh). Elution with n-hexane/toluene (10/3)
gave a red fraction containing [{CpMo(CO)3}2] (5 ; 49 mg). This was fol-
lowed by an orange fraction (n-hexane/toluene 1/1) that yielded 65 mg
(10 %) of 6 after recrystallisation. A yellow-green fraction was obtained
from hexane/toluene (5/6); after recrystallisation from C6D6 7 (75 mg,
10%) was isolated. Elution with n-hexane/toluene (5/9) gave an emerald
fraction containing 8, which was recrystallised from toluene to give
185 mg (30 %). This was followed by a brown fraction of 9 (n-hexane/tol-
uene 1:2) that yielded 126 mg (30 %) after recrystallisation from toluene.


Photolysis of [Cp*P{W(CO)5}2] in the presence of [{CpMo(CO)2}2]: syn-
thesis of 5, 8, 9 and 10 : [{CpMo(CO)2}2] (151 mg, 0.35 mmol) was added
to a solution of [Cp*P{W(CO)5}2] (1) (244 mg, 0.3 mmol) in toluene
(50 mL) in a quartz glass vessel. The solution was irradiated for 2 h by
UV light and the solvent was completely removed in vacuum. The result-
ing brown residue was transferred to silica gel and separated by column
chromatography (30 � 2.5 cm; Macherey-Nagel, 230–400 mesh). A red
fraction of [{CpMo(CO)3}2] (5) was eluted with n-hexane/toluene (10/3).
This was followed by a green fraction of 8 (n-hexane/toluene 5/8) that
yielded green crystals of 8 (35 mg, 10%) after recrystallisation. With n-
hexane/toluene (1/2) a brown fraction of 9 was obtained (176 mg, 60%).
A second brown fraction (n-hexane/toluene 1/3) afforded brown crystals
of [(m3-PW(CO)5) ACHTUNGTRENNUNG{CpMo(CO)2W(CO)5}] (10) in 30% yield (94 mg).


Alternatively, TLC workup (silica gel on Al, Merck) under inert condi-
tions in a glove box can be applied.


6 : 31P{1H} NMR (121.49 MHz, C6D6, 25 8C): d=�188.1 (d, 1J ACHTUNGTRENNUNG(P,P)=


412.6 Hz), �301.2 ppm (d, 1J ACHTUNGTRENNUNG(P,P) =412.6 Hz); 1H NMR (250.13 MHz,
CD2Cl2, 25 8C): d= 2.0 (s, 15 H; Cp* methyl), 5.2 ppm (s, 5 H; Cp); IR
(KBr): ñ=2092 (w), 2066 (m), 2024 (w), 2001 (m, br), 1947 (s, br), 1929
(all n(CO)) cm�1 (s, br); EIMS (70 eV, 200 8C): m/z (%): 1301 (1) [M+],
977.7 (1.1) [M+�W(CO)5], 921.7 (1) [M+�W(CO)5�2 CO], 839.7 (1.1)
[M+�W(CO)5�3CO)], 653.9 (5.4) [M+�2 W(CO)5], 625.9 (1.4) [M+


�2W(CO)5�CO], 597.8 (6.6) [M+�2 W(CO)5�2CO], 569.8 (7.8) [M+


�2W(CO)5�3 (CO)], 541.8 (8.2) [M+�2 W(CO)5�4CO], 406.0 (12.4)
[(WMoP2Cp)+], 341.0 (34.16) [(WMoP2)


+].


7: 31P{1H} NMR (121.49 MHz, C6D6, 25 8C): d=279.3 ppm (s, 1J ACHTUNGTRENNUNG(W,P)=


200, 100, 39 Hz); 1H NMR (250.13 MHz, C6D6, 25 8C): d= 1.80 (s, 15H;
Cp* methyl), 4.90 ppm (s, 5H; Cp); IR (KBr): ñ=2066 (w), 2024 (w),
1998 (m), 1971 (w), 1931 (s), 1909 (all n(CO)) cm�1 (m); EIMS (70 eV,
200 8C): m/z (%): 1178 (0.2) [M+�W(CO)5], 977 (2.5) [M+


�W(CO)5�Cp�Cp*], 949 (0.6) [M+�W(CO)5�Cp�Cp*�CO], 921
(2) [M+�W(CO)5�Cp�Cp*�2CO], 837 (1) [M+�W(CO)5�
Cp�Cp*�5CO], 809 (4) [M+�W(CO)5�Cp�Cp*�6CO], 781 (1) [M+


�W(CO)5�Cp�Cp*�7 CO], 753 (1) [M+�W(CO)5�Cp�Cp*�8CO],
725 (3) [M+�W(CO)5�Cp�Cp*�9CO].


8 : 31P{1H} NMR (121.49 MHz, CD2Cl2, 25 8C): d= 153.8 ppm (s, 1J ACHTUNGTRENNUNG(W,P)=


196, 76 Hz); 1H NMR (300.13 MHz, [D8]toluene, 25 8C): d =1.70 (s, 15H;
Cp* methyl), 4.75 (s, 10H; 2Cp); IR (KBr): ñ=2058 (m), 1977 (m), 1942
(s), 1899 (s), 1869 (s), 1826 (all n(CO)) cm�1 (m); EIMS (70 eV, 200 8C):
m/z (%): 1098.6 (0.3) [M+�Cp], 1033.6 (1.0) [M+�2Cp], 839.8 (2.4) [M+


�W(CO)5], 783.8 (1.9) [M+�W(CO)5�CO], 755.9 (4.1) [M+


�W(CO)5�3CO], 727.9 (6.0) [M+�W(CO)5�4CO], 699.9 (15.2) [M+


�W(CO)5�5CO], 671.8 (15.2) [M+�W(CO)5�6CO], 662.8 (8.6) [M+


�W(CO)5�4CO�Cp], 635.7 ACHTUNGTRENNUNG(3.0) [M+�W(CO)5�5CO�Cp], 606.8 (2.0)
[M+�W(CO)5�6CO�Cp], 322.9 (1) [W(CO)5


+].


9 : 31P{1H} NMR (121.49 MHz, C6D6, 25 8C): d=500.3 ppm (s, 1J(WP) =


40.7 Hz); 1H NMR (250.13 MHz, C6D6, 25 8C): d=1.82 (s, 15H; Cp*
methyl), 4.85 (s, 10H; 2Cp*); IR (KBr): ñ=1967 (m), 1937 (sh), 1925 (s,
br), 1894 (s), 1866 (s), 1850 (m), 1777 (all n(CO)) cm�1 (m); EIMS
(70 eV, 200 8C): m/z (%): 839.8 (29) [M+], 783.8 (13) [M+�2CO], 755.9
(23) [M+�3CO], 726 (43) [M+�4CO], 700 (76) [M+�5 CO], 671.8 (77)
[M+�6CO].


10 : 1H NMR (250.13 MHz, [D8]toluene, 25 8C): d= 4.57 ppm (s, 5H; Cp);
31P{1H} NMR (121.49 MHz, [D8]toluene, 25 8C): d =882.5 ppm (s; 1J-


ACHTUNGTRENNUNG(W,P)= 55, 191 Hz); IR (KBr): ñ =2088 (w), 2062 (w, br), 2057 (w, br),
2010 (w), 1990 (w), 1954 (s, br), 1939 (m), 1922 (all n(CO)) (m) cm�1;
EIMS (70 eV, 200 8C): m/z (%): 896 (56) [M+], 868 (27) [M+�CO], 840
(37) [M+�2CO], 812 (11) [M+�3CO], 784 (28) [M+�4 CO], 756 (28)
[M+�5CO], 728 (70) [M+�6CO], 700 (85) [M+�7CO], 672 (44) [M+


�8CO], 644 (34) [M+�9CO], 616 (31) [M+�10CO], 588 (43) [M+


�11CO], 560.8 (62) [M+�12CO].


Crystal structure analysis : Crystal structure analyses of 6–10 were per-
formed on a STOE IPDS diffractometer with MoKa radiation (l=


0.71073 �) for 8 and 9, and AgKa radiation (l=0.56087 �) for 6, 7 and
10. Machine parameters, crystal data, and data collection parameters are
summarised in Table 1. The structures were solved by direct methods
with the program SHELXS-93,[30] and full-matrix least-squares refine-
ment on F2 in SHELXL-97[31] was performed with anisotropic displace-
ments for non-H atoms. Hydrogen atoms were located in idealised posi-
tions and refined isotropically according to the riding model. Complex 9
crystallises in the acentric space group Pca21 in an enantiomerically
impure form [Flack parameter = 0.20(2)], and thus a TWIN refinement
was applied.


CCDC 678526 (6), 68527 (7), 678523 (8), 678524 (9) and 678525 (10) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Theoretical calculations : The quantum chemical calculations were per-
formed at the (RI-)[32] BP86[33]/SV(P)[34] level by using the TURBO-
MOLE program package.[35] For the Cp* and [P{W(CO)5}2] radicals, the
unrestricted Kohn–Sham formalism was used, and for all others the re-
stricted Kohn–Sham formalism. Vibrational frequencies were calculated
analytically with the AOFORCE[36] module. The absence of imaginary
frequencies proved that all optimised structures were true minima. Ther-
modynamic functions were calculated with the FREEH tool included in
the TURBOMOLE package. For details, see the Supporting Information.
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Introduction


The transformation of inactivated alkanes has been a long-
standing challenge.[1] Of the various alkane conversion pro-
cesses, alkane metathesis allows a given alkane to be con-
verted into its lower and higher homologues. It was shown
in 1997, for the first time, that this reaction can be catalysed
at relatively low temperatures, namely, 150 8C, by a well-de-
fined heterogeneous catalyst:[2] the silica-supported tantalum
hydrides [Ta(H) ACHTUNGTRENNUNG(�SiO)2].[3] Note that this system relies on
single multifunctional active sites that activate the C�H
bond of alkanes and carry out the carbon–carbon bond for-
mation through the [2+2] cycloaddition of an alkene onto a
hydrido metallocarbene species, both intermediates of the
catalytic cycle, as evidenced by mechanistic studies based on
structure–reactivity correlations and kinetic studies.[4–6] This
behaviour is in contrast to the other systems, which are
based on a mixture of catalysts with one devoted to dehy-
drogenation/hydrogenation and the other to alkene meta-
thesis.[7–11] On the basis of the mechanistic studies described
above, we have developed two types of well-defined single-
component systems: 1) tungsten hydrides supported on alu-


mina or silica–alumina[12,13] and 2) a well-defined silica-sup-
ported molybdenum/imido neopentyl (Np) neopentylidene,
[(�SiO)Mo ACHTUNGTRENNUNG(�NAr) ACHTUNGTRENNUNG(=CHtBu) ACHTUNGTRENNUNG(CH2tBu)].[14] The latter system
is also a highly efficient alkene metathesis catalyst (turnover
number (TON)�20 000 and 99.6 % selectivity in propene
metathesis products),[15,16] which has been improved through
structure–reactivity relationships.[15,17–21] The best system is
currently based on [(�SiO)Mo ACHTUNGTRENNUNG(�NAd) ACHTUNGTRENNUNG(=CHtBu)(2,5-dime-
thylpyrrolyl)]: TON= 275 000 and >99.9 % selectivity.[20,21]


Herein, we investigate the catalytic performances in
alkane metathesis (activity, selectivity, and stability) of iso-
electronic well-defined alkene metathesis precursors
(Scheme 1), which will be compared to those of the silica-
supported Ta–hydrides ACHTUNGTRENNUNG[Ta�H] and [(�SiO)Ta ACHTUNGTRENNUNG(=CHtBu)-ACHTUNGTRENNUNG(CH2tBu)2] ( ACHTUNGTRENNUNG[Ta�Np]) to give structure–reactivity relation-
ships.


Results


Alkane metathesis activity of a well-defined silica-supported
alkene metathesis precursor : All the reactions were per-
formed under the same reaction conditions (PC3H8


=730 hPa,
150 8C, propane/metal�500:1, batch reactor) and monitored
over time. Of the silica-supported Mo–imido complexes, the
complexes with a pendant neopentyl ligand (i.e. , ACHTUNGTRENNUNG[Mo�Np] ,ACHTUNGTRENNUNG[Mo�NpH] and ACHTUNGTRENNUNG[Mo�NpNP]) are the only ones that display
catalytic activities in alkane metathesis (Table 1, entries 1–6,
and Figure 1), thus showing that the pendant neopentyl
ligand is necessary. In fact, the isoelectronic Re-based
alkene metathesis catalyst ACHTUNGTRENNUNG[Re�Np] also displays alkane


Abstract: Alkane metathesis can be
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precursors as long as the coordination
sphere of the metal centre contains
both alkyl and alkylidene groups, such
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metathesis activities, albeit with lower performances
(Table 1, entry 7). It is noteworthy that the best catalyst pre-
cursors for alkane metathesis correspond to the least active
and selective alkene metathesis catalysts (relatively fast de-
activation and the formation of 1-butene).[21] This outcome
is consistent with the proposed active sites based on an alkyl-
idene hydride intermediate,[5,6] the pendant alkyl ligand is
probably used to generate the hydride (see below). Note


also that by replacing 2,6-diiso-
prylphenylimido of ACHTUNGTRENNUNG[Mo�Np]
by the parent NH imido ligand
in ACHTUNGTRENNUNG[Mo�NpH] slightly decreas-
es the overall activity of the
catalyst (Table 1, entry 2). A
more dramatic negative effect
is observed on going from the
neopentylidene ligand in ACHTUNGTRENNUNG[Mo�
Np] to a neophylidene ligand
in ACHTUNGTRENNUNG[Mo�NpNP] (Table 1,
entry 3), which is probably the
result of the physi/chemisorp-
tion of these heavy cross-meta-
thesis products. Overall, ACHTUNGTRENNUNG[Mo�
Np] displays an activity at
120 h greater than previously
observed for ACHTUNGTRENNUNG[Ta�Np] ,[5] and it
is very similar to the activity
obtained with the original cata-
lyst ACHTUNGTRENNUNG[Ta�H] (Table 1, entries 8
and 9).


Product selectivity and the ini-
tiation products : In terms of
the selectivity of alkane meta-
thesis products, the catalysts
can be ranked as follows
(Table 1): ACHTUNGTRENNUNG[Mo�Np] (98 %)>ACHTUNGTRENNUNG[Re�Np] (95 %)> ACHTUNGTRENNUNG[Ta�Np]� ACHTUNGTRENNUNG[Ta�H] (90 %). In the case ofACHTUNGTRENNUNG[Mo�Np] , propane is converted mainly into ethane and


butane (56.1 and 35.3 %, respectively) along with small
amounts of methane, 2,2-dimethylpropane, pentanes, and
hexanes (0.1, 2.7, 5.9, and 0.6 %, respectively; see Table 2).
The low selectivity in methane is similar to that obtained for
tungsten hydride systems,[12,13] and in sharp contrast to that
observed with Ta-based systems (large amount of methane).
The difference in selectivity between Group 5 and 6 metals
is probably because Ta-based systems, particularly ACHTUNGTRENNUNG[Ta�
H] ,[22] efficiently catalyse the competitive hydrogenolysis of
alkanes, particularly ethane,[23] in contrast to Group 6
metals.


Scheme 1. a) Well-defined silica-supported Mo and Re catalyst precursors for alkene metathesis and b) well-
defined silica-supported Ta catalyst precursors for alkane metathesis.


Table 1. TON and TOF of the metathesis of propane in a batch reactor
after 120 h at 150 8C in the presence of Ta, Mo, and Re well-defined alky-
lidene precatalysts.[a]


Entry Precatalysts TON[b] TOF[c] AM [%][d]


1 ACHTUNGTRENNUNG[Mo�Np] 55 ACHTUNGTRENNUNG(9.9) 1.1 98
2 ACHTUNGTRENNUNG[Mo�NpH] 37 ACHTUNGTRENNUNG(7.3) 0.8 97
3 ACHTUNGTRENNUNG[Mo�NpNP] 9 ACHTUNGTRENNUNG(1.8) 0.2 98
4 ACHTUNGTRENNUNG[Mo�NPh2] –[e] – –
5 ACHTUNGTRENNUNG[Mo�Py] –[e] – –
6 ACHTUNGTRENNUNG[Mo�MePy] –[e] – –
7 ACHTUNGTRENNUNG[Re�Np] 13 ACHTUNGTRENNUNG(2.5) 0.3 95
8 ACHTUNGTRENNUNG[Ta�Np][5] 34 ACHTUNGTRENNUNG(5.8) 0.6 90
9 ACHTUNGTRENNUNG[Ta�H][5] 65 ACHTUNGTRENNUNG(6.1)[f] 0.5 90


[a] Experimental conditions: 0.2% metal, 150 8C, neat propane (730 hPa,
�500 equiv); all reactions were monitored by GC. [b] TON is expressed
in mol of propane transformed per mol of metal; the values in parenthe-
ses are conversions. [c] TOF is expressed in mol of propane transformed
per mol of metal per hour taken after a reaction time of 24 h. [d] Selec-
tivity in alkane metathesis products versus other processes. [e] TON<1
was observed. [f] Equivalents of propane per Ta used: 1100. AM=alkene
methathesis.


Figure 1. TON versus time for ACHTUNGTRENNUNG[Mo�Np] (&), ACHTUNGTRENNUNG[Mo�NpNP] (^), ACHTUNGTRENNUNG[Mo�
NpH] (~), ACHTUNGTRENNUNG[Mo�NPh2] (� ), ACHTUNGTRENNUNG[Mo�Py] (j ), and ACHTUNGTRENNUNG[Mo�MePy] (–).
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Besides the metathesis products of propane (C3H8), 2,2-di-
methylpropane (tBuCH2�H), 2,2-dimethylbutane (tBuCH2�
Me), and 2,2-dimethylpentane (tBuCH2�Et) are formed
with ACHTUNGTRENNUNG[Mo�Np] within 22 h (Table 3, entry 1), and tBuCH2�


Pr is not detected (<0.01 %, if
any). Whether using Ta, Mo,
or Re neopentyl neopentyli-
dene systems, the selectivity is
always in the order tBuCH2�
H> tBuCH2�Me> tBuCH2�
Et @ tBuCH2�Pr. In fact, the
reaction of ACHTUNGTRENNUNG[Mo�Np] with 13C
1-propane (99% labelled)
gives unlabelled 2,2-dimethyl-
propane and a 1:1 mixture of
unlabelled and monolabelled
2,2-dimethylbutane and 2,2-di-
methyl-2-pentane, which is
consistent with the formation
of these compounds through
the cross-metathesis of pro-
pane with the neopentylidene
ligand.[5] In all these experi-
ments, the ratio of tBuCH2�
Me/tBuCH2�Et is approxi-
mately 2.7:1, which is identical
to the ratio of the cross-meta-


thesis products, tBuCH=CH2/tBuCH=CHCH3, obtained in
the metathesis of propene on ACHTUNGTRENNUNG[Mo�Np][15] or ACHTUNGTRENNUNG[Re�Np][17]


(Scheme 2; R= CH2tBu). These findings indicate that during
initiation propane is likely transformed into propene to
react with the neopentylidene ligand, which is consistent
with alkene metathesis as the key step of carbon–carbon
bond formation in alkane metathesis, as proposed earlier.
The observed selectivities are rationalised in terms of the
minimisation of steric interaction during the approach of the
olefin towards the alkylidene ligand ([1,3]> [1,2] path-
ways).[24] This model also explains the favoured formation of
n+ 1 homologues (i.e. , butanes) over n+ 2 homologues (i.e.,
pentanes; Scheme 2, R= Et).


Effect of the density of surface sites : Although the previous
data clearly show that the carbon–carbon bond cleavage and
formation involves alkenes as reaction intermediates and
the alkene metathesis process, one question is to understand
whether two sites are involved or not (one site for the dehy-
drogenation/hydrogenation step and one site for the meta-
thesis step) as in the case of mixed catalysts. Therefore, we
have investigated the effect of site density on the catalyst
performance (activity, selectivity, and stability) in the case
of ACHTUNGTRENNUNG[Mo�Np] . We prepared four catalysts: three with load-
ings of 0.07, 0.45 and 2.03 wt % through the impregnation
from the respective amount of Mo complex on silica
(Table 4, entries 1–3) and one at a loading of 0.07 wt %
through mechanical mixing of ACHTUNGTRENNUNG[Mo�Np] (2.03 wt % Mo)
and SiO2-(700) (Table 4, entry 4). Under the same experimen-
tal conditions, the decrease in surface sites from an average
of 1 to 1/30 nm�2 shows the following (Table 4): 1) the activi-
ty, in terms of TON, after 120 h varies between 40 and 83
and is by and large greater or equal for the lower site densi-


Table 2. Product selectivity in the metathesis of propane in a batch reac-
tor after 120 h at 150 8C in the presence of Ta, Mo, and Re well-defined
alkylidene precatalysts.[a]


Entry Precatalyst Product selectivity [%][b]


C1 C2 C4
[c] C5


[c] C6
[d]


1 ACHTUNGTRENNUNG[Mo�Np] 0.1 56.1 35.3/2.7 5.2/0.7 0.6
2 ACHTUNGTRENNUNG[Mo�NpH] 0.6 54.0 41.5/1.6 2.6/0.1 0.2
3 ACHTUNGTRENNUNG[Mo�NpNP] 0.4 57.8 30.5/4.2 5.7/1.1 1.2
4 ACHTUNGTRENNUNG[Re�Np] 3.3 55.8 29.4/9.6 2.6/1.6 0.3
5 ACHTUNGTRENNUNG[Ta�Np][5] 12.8 47.7 22.2/10.2 3.6/2.5 0.9
6 ACHTUNGTRENNUNG[Ta�H][5] 18.0 40.0 24.4/8.6 5.1/2.9 1.0


[a] Experimental conditions: 0.2% Mo, 150 8C, neat propane (730 hPa,
�500 equiv); all reactions were monitored by GC. [b] The selectivities
are defined as the amount of product i over the total amount of products
(these values do not significantly change with time and conversion).
[c] Linear/branched alkanes. [d] Selectivity for the sum of all C6 isomers;
for entry 1, C7 isomers were also observed (<0.1%).


Table 3. Cross-metathesis products in the metathesis of propane in the
presence of Ta, Mo, and Re well-defined alkylidene precatalysts.


Entry Precatalyst X in tBuCH2X
[a]


H Me Et nPr iPr


1 ACHTUNGTRENNUNG[Mo�Np] 0.82 0.34 0.10 –[b] –
2 ACHTUNGTRENNUNG[Mo�NpH] 1.36 0.21 0.02 – –
3 ACHTUNGTRENNUNG[Mo�NpNP] 0.57 0.05 0.03 – –
4 ACHTUNGTRENNUNG[Re�Np] 0.50 0.59 0.22 – –
5 ACHTUNGTRENNUNG[Ta�Np][5] 1.05 0.30 0.11 – –


[a] The values given are equivalents of alkanes per metal centre. [b] –=


not observed (<0.01 % if any).


Scheme 2. a) Initial metallacyclobutane model applied to propene and propane metatheses explaining the k1,3


favoured pathway versus the k1,2 disfavoured pathway (M =Ta, Mo, or Re).
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ty (see Figure S1 in the Supporting Information for the ki-
netic profile); 2) the alkane metathesis selectivities are very
similar (overall selectivity: 97–
98 %; see Table S1 in the Sup-
porting Information for a de-
tailed account of selectivities
for each alkane); 3) similar
ratios of the initiation products
that vary between 2.4:1 and
3.6:1 (see Table S2 in the Sup-
porting Information); and
4) similar initial activity of ap-
proximately 1.2 molpropane
mol Mo�1 h�1. Overall, all these
data, particularly the initial
rate and the selectivities, sug-
gest that the site density has


only a small effect, if any; therefore, these findings would
point toward a catalytic system based on one site.[8–11]


Effect of the alkane chain length on the alkane metathesis
activity : First, the activity (TON and turnover frequency
(TOF)) in alkane metathesis of ACHTUNGTRENNUNG[Mo�Np] increases with the
increased number of carbon atoms in the chain up to C5 and
suddenly drops for hexane and heptane (Table 5). Addition-
ally, for all converted alkanes (RCH3, CnH2n+1CH3), the cor-
responding cross-metathesis products are observed:
tBuCH2R’ with R’= CiH2i+1; 0� i�n (Table 6) with the ex-
ception of tBuCH2CH2CnH2n+1. Second, in contrast to ACHTUNGTRENNUNG[Ta�
H] and ACHTUNGTRENNUNG[Ta�Np][5] and like other catalysts based on Group
6 metals,[12,13] ethane is not converted. Third, branched alka-
nes give branched alkane products, whereas linear alkanes
produce mainly linear alkanes, thus showing that the skele-
ton of the reactant is retained in the homologation process.
However, the conversions of branched alkanes are typically
low, especially for 2-methylpropane. This behaviour is again
consistent with alkene metathesis being a key step of alkane
metathesis, because this would infer, in the case of branched
alkanes, the metathesis of 1,1-disubstituted or trisubstituted
alkenes on disubstituted alkylidene surface species, both


Table 4. TON and TOF in the metathesis of propane in the presence ofACHTUNGTRENNUNG[Mo�Np] in a batch reactor at 150 8C after 120 h at different surface-site
densities.[a]


Entry Mo [%][b] TON[b] TOF[c] AM [%][d]


1 2.03�0.20 55�5 (9.9) 1.1�0.2 98
2 0.45�0.10 71�20 (15.0) 1.2�0.3 98
3 0.07�0.03 39�11 (6.5) 1.2�0.4 97
4 0.07�0.03[f] 73�10 (15.5) 1.2�0.3 97


[a] Experimental conditions: 0.2% Mo, 150 8C, neat propane (730 hPa,
�500 equiv); all reactions were monitored by GC. [b] The error results
from the imprecision in the elemental analysis. [c] TON is expressed in
mol of propane transformed per mol of metal; the values in parentheses
are conversions; error bars d ACHTUNGTRENNUNG(TON) are calculated as follows: d ACHTUNGTRENNUNG(TON)=


conv.� [100 � MMo � nC3H8
/mcat � d(Mo)] to account for the discrepancies in


the Mo contents d(Mo); reproducible catalytic runs fit in the error bars.
[d] TOF is expressed in mol of propane transformed per mol of metal
per hour taken after a reaction time of 24 h. [e] Selectivity in first alkane
metathesis products (ethane and butanes) versus other products obtained
through other processes. [f] Obtained by mechanical mixture of surface
saturated [(�SiO)Mo ACHTUNGTRENNUNG(�NAr)ACHTUNGTRENNUNG(=CHtBu) ACHTUNGTRENNUNG(CH2tBu)] ( ACHTUNGTRENNUNG[Mo�Np]) (Mo=


2.03 wt %) and starting material SiO2-(700) prior to propane metathesis.


Table 5. Activity and product selectivity in the metathesis of various alkanes in the presence of ACHTUNGTRENNUNG[Mo�Np] in a batch reactor at 150 8C after 120 h.[a]


Entry Alkanes TON[b] AM [%][c] Product selectivity [%][d]


C1 C2 C3 C4
[e] C5


[e] C6
[f] C7


[f] C8
[f] C9


[f] C10
[f]


1 ethane 2 ACHTUNGTRENNUNG(0.4) na 35.9 na 62.0 1.5/0.8 –[g] – – – – –
2 propane 55 ACHTUNGTRENNUNG(9.9) 98 0.1 56.1 na 35.3/2.7 5.2/0.7 0.6 <0.1 – – –
3 2-methylpropane 3 ACHTUNGTRENNUNG(0.7) 93 1.0 35.9 17.1 7.0/na 16.4/– 22.8 – – – –
4 butane 90 ACHTUNGTRENNUNG(17.7) 94 <0.1 11.1 56.5 na/0.5 21.7/0.4 7.7 2.0 – – –
5 2,2-dimethylpropane 2 ACHTUNGTRENNUNG(0.4) 87 1.1 1.6 3.7 3.7/56.7 0.5/25.3 0.7 0.1 – – –
6 2-methylbutane 23 ACHTUNGTRENNUNG(4.7) 86 0.2 3.0 13.6 5.5/52.6 4.5/na 17.1 3.4 – – –
7 pentane 101 ACHTUNGTRENNUNG(20.1) 74 0.1 8.1 40.3 37.8/0.2 na/2.8 8.3 1.8 0.5 – –
8 hexane[h] 7 ACHTUNGTRENNUNG(1.5) 92 0.8 7.3 18.4 15.8/1.5 41.5/0.9 –[i] 12.5 0.9 <0.1 –
9 heptane[j] 3 ACHTUNGTRENNUNG(2.1) 58 3.9 10.1 26.6 23.9/0.3 16.2/1.4 12.6 na 2.3 2.2 –


[a] Experimental conditions unless otherwise specified: 0.2% Mo, 150 8C, neat alkane (730 hPa, �500 equiv); all reactions were monitored by GC; – =


not observed (<0.01 % if any), na=not applicable; the percentage of metathesis is probably under estimated since the selectivity in high-molecular-
weight alkanes (>C5) is also underestimated because of the difficulty of their analysis. [b] TON is expressed in mol of propane transformed per mol of
metal; the values in parentheses are conversions. [c] Selectivity in first alkane metathesis products (ethane and butanes) versus other products obtained
through other processes. [d] The selectivities are defined as the amount of product i over the total amount of products (the values do not significantly
change with time and conversion). [e] Linear/branched alkanes. [f] Selectivity for the sum of all isomers. [g] Not observed. [h] Experimental conditions:
0.5% Mo, 150 8C, neat heptane (80 hPa, �200 equiv). [i] Selectivity in other hexanes than the starting material linear hexane was not determined because
some isohexane was present in the feed. [j] Experimental conditions: 0.8 % Mo, 150 8C, neat heptane (67 hPa, �120 equiv).


Table 6. Cross-metathesis products in the metathesis of various alkanes in the presence of ACHTUNGTRENNUNG[Mo�Np] in a
batch reactor at 150 8C after 120 h.[a]


Entry Alkanes X in tBuCH2X
H Me Et nPr iPr


1 ethane –[b] –[b] – – –
2 propane 1.05 0.30 0.11 – –
3 2-methylpropane 0.83 0.20 0.04 – –
4 butane 0.88 0.10 0.14 0.05 –
5 2,2-dimethylpropane –[b] –[b] – – –
6 2-methylbutane 0.76 0.08 0.67 – 0.17
7 pentane 1.77 0.11 0.08 0.04 –
8 hexane 0.78 0.06 0.05 – –
9 heptane 1.05 0.04 0.05 – –


[a] The values given are equivalents of alkanes per metal centre; –=not observed (<0.01 % if any). [b] Traces
result from the decomposition of the complex.
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being highly unreactive in metathesis. Third, as for all other
catalysts, 2,2-dimethylpropane is not converted (Table 5,
entry 5), which suggests that a M–alkyl intermediate must
possess a hydrogen atom in the b-position for the formation
of alkenes (see below). Finally, the low activity in the meta-
thesis of hexane or higher alkane homologues is noteworthy
and is in sharp contrast to that obtained with the heteroge-
neous systems of Burnett et al.[9,10] or the homogeneous
system of Goldman et al.[11] This effect is not fully under-
stood but could arise from either an inhibition of the cata-
lyst by strongly adsorbed species, thus leading to faster deac-
tivation.


Monitoring the active site of [Mo�Np] under propane by
IR and solid-state NMR spectroscopic analysis : In all cases,
as previously discussed, deactivation occurs as conversion
proceeds. First, the evolution of the coordination sphere
around the Mo centre was investigated in situ by IR spectro-
scopic analysis (see Figure S2 in the Supporting Informa-
tion). After heating ACHTUNGTRENNUNG[Mo�Np] under propane (�600 equiv)
at 150 8C for 2 h, besides the conversion of propane into
higher and lower homologues and cross-metathesis products,
surface silanols reappeared at 3747 cm�1. Concomitantly,
new IR bands at 3346 and 3286 cm�1, attributed to n ACHTUNGTRENNUNG(N�H)
vibrations, were also observed, and the IR bands associated
with the n ACHTUNGTRENNUNG(C�H) of perhydrocarbyl ligands decreased in in-
tensity. These phenomena increased over time, and after
22 h around 50 % of the initial surface silanols reappeared.
Second, monitoring the catalyst by 1H solid-state magic-
angle spinning (MAS) NMR spectroscopic analysis[25]


showed the following (see Figure S3 in the Supporting Infor-
mation): 1) disappearance of the alkylidene proton,
2) broadening of other peaks, and 3) appearance of a signal
at d=1.8 ppm with a fairly long transverse relaxation time
T2’ of 48.2 ms, which is consistent with assignment to an iso-
late proton, that is a surface silanol.[26,27]


These data suggest that degrafting has occurred and could
be a potential pathway of deactivation. This behaviour is in
fact very similar to what we have recently shown with ACHTUNGTRENNUNG[Re�
Np] in the metathesis of propene.[28] Further investigation of
catalyst deactivation was performed by monitoring with 13C
cross-polarisation MAS (CP–MAS) NMR spectroscopic
analysis of the reaction of ACHTUNGTRENNUNG[Mo�Np] and ACHTUNGTRENNUNG[Mo�Np*] , homo-
logues with 13C-labelled neopentyl (CH2tBu) and neopentyl-
idene (=CHtBu) ligands on the a-carbon atoms with pro-
pane (see Figures S4 and S5 in the Supporting Information).
First, the peaks associated with the neopentyl and the neo-
pentylidene ligands disappeared and a sharp and intense
peak appeared at approximately d=49 ppm in the case ofACHTUNGTRENNUNG[Mo�Np*] (see Figure S5 in the Supporting Information).
Note that this peak is associated with a long T2’ valueACHTUNGTRENNUNG(�60 ms) in the 13C NMR spectroscopic analysis and is,
thereby, associated with a degrafted species (not character-
ised further). Finally, similar reactions with 13C 1-propane
did not provide any significant information, that is, no obser-
vation of signals between d=30 and 350 ppm (see Figure S6
in the Supporting Information).


This outcome shows that for these catalysts deactivation is
not related to the formation of unsaturated species, such as
cyclopentadienyl type systems, as shown previously in the
conversion of cycloalkanes with ACHTUNGTRENNUNG[Ta�H] .[29] Overall, the re-
appearance of surface silanols through IR and NMR spec-
troscopic analysis, the formation of degrafted species, and
the loss of activity strongly suggest that degrafting is proba-
bly the major pathway of deactivation for these types of
well-defined alkane metathesis catalysts.


Discussion


Overall, well-defined silica-supported alkene metathesis pre-
cursors can be used to catalyse alkane metathesis, if they
contain both a neopentylidene and a neopentyl ligand, with
the best catalyst precursor being [(�SiO)Mo ACHTUNGTRENNUNG(�NAr) ACHTUNGTRENNUNG(=
CHtBu) ACHTUNGTRENNUNG(CH2tBu)] ( ACHTUNGTRENNUNG[Mo�Np]). Moreover, the product selec-
tivity and the ratio of cross-metathesis products are consis-
tent with p-bond metathesis as the key carbon–carbon
bond-cleavage and -formation steps. Previous studies on re-
lated systems have shown that alkenes are primary product-
s,[6a] and the effect of surface-site density reported herein
suggests that this catalytic system is “single site”, thus mean-
ing that one site generates an alkene from the alkane, trans-
forms the thus-formed alkene into its higher and lower ho-
mologues without leaving the coordination sphere of the
metal centre, and finally liberates the higher and lower
alkane homologues. We, therefore, propose the following in-
itiation steps and alkane metathesis mechanism with ACHTUNGTRENNUNG[Mo�
Np]:


For the initiation step (Scheme 3, R = tBu):


1) The neopentyl ligand in ACHTUNGTRENNUNG[Mo�Np] , or thereafter [MoACHTUNGTRENNUNG(=
CHtBu) ACHTUNGTRENNUNG(CH2tBu)] , is replaced by a propyl ligand to
form [Mo ACHTUNGTRENNUNG(=CHtBu)(Pr)] and 2,2-dimethylpropane
(tBuCH3) through either s-bond metathesis, a two-step
process involving C�H activation on the neopentyli-
dene[30–36] followed by decomposition of the penta-coor-
dinated complex through an a-H abstraction, or even a
two step-process involving first the formation of an alkyl-
idyne through a-H abstraction followed by C�H activa-
tion (Scheme 3 a).[37,38]


2) [Mo ACHTUNGTRENNUNG(=CHR)(Pr)] can further decompose through b-H
transfer to generate neopentylidene propene hydride in-
termediates [Mo ACHTUNGTRENNUNG(=CHR)(H) ACHTUNGTRENNUNG(C3H6)] (Scheme 3 b).


3) [Mo ACHTUNGTRENNUNG(=CHR)(H) ACHTUNGTRENNUNG(C3H6)] can then rearrange through [2+


2] cycloaddition and cycloreversion (key metathesis
steps) into two new alkylidene hydride alkene complexes
[Mo ACHTUNGTRENNUNG(=CHEt)(H) ACHTUNGTRENNUNG(RCH=CH2)] and [Mo ACHTUNGTRENNUNG(=
CHMe)(H)(RCH=CHCH3)] , which result from the [1,2]
and [1,3] approach of propene towards the neopentyli-
dene ligand, respectively.


4) Insertion of the alkene into the metal hydride will gener-
ate new alkyl alkylidene intermediates, for example,
[Mo ACHTUNGTRENNUNG(=CHEt) ACHTUNGTRENNUNG(CH2CH2R)] and [Mo ACHTUNGTRENNUNG(=CHMe){CH(-
Me)CH2R}] ; consequently, using two other propane mol-
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ecules and the same elementary steps (C�H activation,
a-H abstraction; Scheme 3 a) will liberate the cross-meta-
thesis products RCH2Me, RCH2Et, methane, and ethane
and lead to the formation of the putative propagating
species [MoACHTUNGTRENNUNG(=CHEt)(Pr)] . The favoured formation of
RCH2Me over RCH2Et depends on the [2+ 2] cycloaddi-
tion step as previously discussed (the [1,2] approach is
less favoured than the [1,3] approach).


For the overall catalytic cycle starting from [MoACHTUNGTRENNUNG(=
CHEt)(Pr)] , the same elementary steps and the same argu-
ments explain the formation of ethane and butane as major
products (Scheme 3; R=Et). This mechanism is also consis-
tent with the difficulty of transforming branched alkanes,
particularly 2-methylbutane, because it involves difficult
steps: metathesis of 1,1-disubstituted alkenes and alkylidene.


This cycle also explains the impossibility of the transfor-
mation of 2,2-dimethylpropane because the key step is the
formation of an alkene through b-H abstraction, which is
not possible with a neopentyl ligand. This mechanism im-
plies a single-site multifunctional catalyst, which explains
the difference in its behaviour (i.e. , activity, selectivity, com-
patibility with higher alkanes, and effect of site density) with
respect to the systems based on mixtures of catalysts as de-
veloped by Chevron, Brookhardt, and Goldmann.[8–11] Final-
ly, as recently shown in alkene metathesis with a well-de-
fined silica-supported complex ACHTUNGTRENNUNG[Re�Np] ,[28] we propose that
deactivation probably takes place through degrafting in this
case. This behaviour is quite different from the parent ACHTUNGTRENNUNG[Ta�
H] , a bis ACHTUNGTRENNUNG(siloxy) system, which likely deactivates through


the formation of a cyclopentadienyl species, as observed in
the case of hydrogenolysis,[29] and can be regenerated under
H2.


In conclusion, this study shows that a structure–reactivity
approach is possible in the case of well-defined heterogene-
ous catalysts and provides molecular insight into the catalyt-
ic system in terms of understanding the active sites and their
mode of deactivation. Currently efforts are directed at de-
veloping more robust catalysts.


Experimental Section


General procedures : All the experiments were carried out under dry and
oxygen-free Ar using either standard Schlenk or glovebox techniques for
organometallic synthesis. For the synthesis and treatment of the surface
species, reactions were carried out using high-vacuum lines (1.34 Pa) and
glovebox techniques. [Mo ACHTUNGTRENNUNG(�NAr) ACHTUNGTRENNUNG(=CHtBu) ACHTUNGTRENNUNG(CH2tBu)2] (Ar=2,6-
iPr2C6H3),[39] ACHTUNGTRENNUNG[Ta�Np] ,[40] ACHTUNGTRENNUNG[Re�Np] ,[41] ACHTUNGTRENNUNG[Mo�NpH] ,[42, 43] ACHTUNGTRENNUNG[Mo�Np] ,[15] 13C-
labelled [(�SiO)Mo ACHTUNGTRENNUNG(�NAr) ACHTUNGTRENNUNG(=*CHtBu) ACHTUNGTRENNUNG(*CH2tBu)] ( ACHTUNGTRENNUNG[Mo�Np*]),[15] ACHTUNGTRENNUNG[Mo�
NpNP] ,[16] ACHTUNGTRENNUNG[Mo�NPh2] , ACHTUNGTRENNUNG[Mo�Py] , and ACHTUNGTRENNUNG[Mo�MePy][19, 20] were prepared as
described previously. Silica (Aerosil Degussa; 200 m2 g�1) was compacted
with distilled water, calcined at 500 8C under air for 2 h, and treated
under vacuum (1.34 Pa) at 500 8C for 12 h and then at 700 8C for 4 h (the
support is referred to as SiO2-(700)). All gaseous alkanes (N, Air Liquide
or CIL for 13C 1-propane 99 %) were dried over freshly regenerated X-11
BASF catalyst/molecular sieves (4 �) prior to use. Pentane was distilled
from NaK. Hexane and heptane were distilled from Na under N2. Ele-
mental analyses were performed at the University of Bourgogne, Dijon
(C and N) and at the Service Central Analyse in Solaize (Mo). Gas-
phase analyses were performed on a Hewlett–Packard 5890 series II GC
apparatus equipped with a flame-ionisation detector (FID) and a KCl/
Al2O3 column (50 m� 0.32 mm). Mass spectra were recorded coupled


Scheme 3. Proposed mechanism of propane metathesis catalysed by ACHTUNGTRENNUNG[Mo�Np] and related systems: cross-metathesis (R= tBu) and catalytic metathesis
process (R=Et).
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with GC and performed on a Hewlett–Packard 6890 series II GC appara-
tus equipped with a EI mass detector.


Solid-state NMR spectroscopy : All solid-state NMR spectra were record-
ed under MAS on a Bruker Avance 500 spectrometer with a convention-
al double resonance 4-mm CP-MAS probe. The samples were introduced
in a 4-mm zirconia rotor in a glovebox and tightly closed. Chemical shifts
are reported in ppm downfield from liquid tetramethylsilane (TMS)
(Dd=�0.1 and 1 ppm for 1H and 13C NMR spectra, respectively). The
spinning frequency nR was 12.5 kHz for all the experiments reported
herein. The 1H constant-time proton spectra were recorded as described
previously.[44, 45] The 13C CP NMR spectra were recorded under proton
decoupling TPPM-15[46] or SPINAL-64.[47] The proton radio frequency
(rf) field was set between 83 and 100 kHz for both the 908 pulses and de-
coupling during t2. For the CP step, a ramp rf field centred at nCP =


60 kHz was applied to the protons, whereas the rf field applied to the
carbon atoms was matched to obtain the optimal signal. The contact time
for CP is indicated in the figure legends. An exponential line broadening
of 80 Hz was applied before Fourier transformation.


Preparation of [Mo�Np] at various densities of surface sites : ACHTUNGTRENNUNG[Mo�Np]
with surface saturation was prepared as described previously. Elemental
analysis: 2.03�0.10 Mo %wt.


A representative procedure of the preparation of [Mo�Np]0.45 : A mix-
ture of [Mo ACHTUNGTRENNUNG(�NAr) ACHTUNGTRENNUNG(=CHtBu) ACHTUNGTRENNUNG(CH2tBu)2] (17 mg, 0.04 mmol) and SiO2-


(700) (752 mg, 0.20 mmol SiOH) in pentane (9 mL) was stirred at 25 8C for
2 h (disappearance of the yellow color of the supernatant was observed).
After filtration, the yellow solid was washed three times with pentane
and all the volatiles were condensed into another reactor of known
volume (>6 L) to quantify 2,2-dimethylpropane released during grafting.
The resulting homogeneous and slightly yellow powder was dried thor-
oughly under vacuum (1.34 Pa) at 25 8C for 1 h to yield ACHTUNGTRENNUNG[Mo�Np]0.45. Ele-
mental analysis: 0.45�0.05 wt % Mo.


Preparation of [Mo�Np]0.07: The same procedure as described above was
carried out using [Mo ACHTUNGTRENNUNG(�NAr) ACHTUNGTRENNUNG(=CHtBu) ACHTUNGTRENNUNG(CH2tBu)2] (9 mg, 19 mmol) and
SiO2-(700) (1.13 g, 0.305 mmol SiOH). Five elemental analyses for Mo
across the samples of ACHTUNGTRENNUNG[Mo�Np]0.07 were performed to give an average
value of 0.07 wt % with a root-mean square (rms) of 0.01 wt %.


Preparation by mechanical mixtures of [Mo�Np]0.07M : A mechanical mix-
ture of ACHTUNGTRENNUNG[Mo�Np] with surface saturation (62 mg, 13.6 mmolMo) and SiO2-


(700) (1.80 g) was stirred at 25 8C for 30 min to yield a pale-yellow solid.
Five elemental analyses for Mo across the samples of ACHTUNGTRENNUNG[Mo�Np]0.07M were
performed to give an average value of 0.07 wt % with an rms of
0.02 wt %.


Procedure for the metathesis reaction of alkanes (<C6) in a batch reac-
tor : A mixture of the catalyst (13 mmol) and dry alkane (720—770 hPa,
500–540 equiv) were heated at 150 8C in batch reactor of known volume
(220 mL). Aliquots were drawn and analysed by GC over time. The se-
lectivities Si are defined as the amount of product i over the total amount
of products.


Procedure for the metathesis reaction of hexane and heptane in a batch
reactor : A mixture of the catalyst (13 mmol) and dry hexane (80 hPa,
200 equiv) or heptane (67 hPa, 120 equiv) were heated at 150 8C in a
batch reactor of known volume (220 mL). Aliquots were drawn and ana-
lysed by GC over time. The selectivities Si are defined as the amount of
product i over the total amount of products.


A representative procedure monitoring the metathesis of propane on
[Mo�Np] by IR spectroscopic analysis in situ : Silica (34 mg) was pressed
into a 18-mm self-supporting disk and put into a sealed glass high-
vacuum reactor equipped with CaF2 windows. After calcination at 500 8C
under air for 2 h, the silica disk was treated under vacuum (1.34 Pa) at
500 8C for 12 h and then at 700 8C for 4 h. The thus prepared silica disk
(34 mg, 14 mmol SiOH) was then immersed into a solution of [Mo ACHTUNGTRENNUNG(�
NAr) ACHTUNGTRENNUNG(=CHtBu) ACHTUNGTRENNUNG(CH2tBu)2] (49 mg, 111 mmol, 8 equiv) in pentane
(12 mL) at 25 8C for 2 h. After washing with pentane (3 � 12 mL) and
drying under vacuum (1.34 Pa) at 25 8C for 1 h, an IR spectrum was re-
corded. Dry propane (290 hPa, 600 equiv) was added, and the reaction
mixture was heated at 150 8C. The silica turned from yellow–orange to
brown. IR spectra and GC analyses were recorded over time.


A representative procedure monitoring the metathesis of propane with
[Mo�Np] by solid-state NMR spectroscopy: A mixture of ACHTUNGTRENNUNG[Mo�Np]
(46 mg, 13 mmol) and dry propane (730 hPa, 500 equiv) were heated at
150 8C in a batch reactor of a known volume (220 mL). After 24 h, the
gas phase was analysed by GC and GC/MS and then evacuated. After
the solid was kept under vacuum at 25 8C for 1 h, it was transferred into
the glove box and the NMR rotor was prepared for analysis of the
sample.


Metathesis of propane with [Mo�Np*]: This reaction was carried out as
described above using ACHTUNGTRENNUNG[Mo�Np*] (65 mg, 13.6 mmol) and propane
(730 hPa, 6.4 mmol, 500 equiv).


Metathesis of 13C 1-propane (99 %) with [Mo�Np]: This reaction was car-
ried out as described above using ACHTUNGTRENNUNG[Mo�Np] (62 mg, 13.6 mmol) and 13C
1-propane (99 %) (290 hPa, 140 mmol, 10 equiv). Besides the propane
metathesis products, 2,2-dimethylpropane (tBuCH2�H, 0.36 equiv; 13C0:
100�5%), 2,2-dimethylbutane (tBuCH2�Me, 0.10 equiv; 13C0: 54�5%,
13C1: 44�5%, other isotopomers: 2%), and 2,2-dimethylpentane
(tBuCH2�Et, 0.02 equiv; 13C0: 55�5%, 13C1: 45�5 %) were formed
within 4 h, whereas no tBuCH2�Pr was detected (<0.01 % if any).
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Introduction


Tunability of oxygen non-stoichiometry is a common strat-
egy in ABO3 perovskite-related systems to deal with new
phases and interesting associated properties, as a conse-
quence of structural and charge balance accommodation.
The route to stabilize new superstructures is not evident, the
chemical nature of the sample being crucial as well as the
strict control of the synthesis conditions.[1,2] In some cases,


even if the number of oxygen vacancies is relatively high,
the system develops disordered patterns of non-occupied
oxygen positions instead of ordered ones. Under different
circumstances, the adequate combination of cations in either
the A or B sub-lattices leads to homologous series of or-
dered superstructures. This is the case for the AnBnO3n�1


family,[3] where n�1 octahedral layers inter-grow with a tet-
rahedral one. This homologous series involves a systematic
pathway through which perovskite compounds can accom-
modate oxygen vacancies as a consequence of their ordered
arrangement, which leads to the formation of tetrahedra.
The n=2 term can be described from the alternation of one
octahedral layer (n�1) and a tetrahedral one. This descrip-
tion corresponds to the brownmillerite structure,[4] in agree-
ment with the A2B2O5 general composition. Three symmetry
space groups, Ibm2, Pnma and Icmm, have been described
for brownmillerite compounds depending on the equatorial
oxygen arrangement.[5–7]


Further to this structural description, oxygen engineering
is a proved important tool for on-demand tailoring of perov-
skite-related compounds into optimized performances. In
this sense, the control of oxygen content has played a para-
mount role on the properties of different HTSC perovskite-
related families.[8] Moreover, in the last few years, a lot of
research has been devoted to manganese-related perov-
skites, La1�xAxMnO3, as a consequence of their intriguing
magnetic and electric behaviour mainly related to Mn3+ and
Mn4+ coexistence. Although much of the study has been fo-
cused on the compositional variations at the A position of
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manganese · neutron diffraction ·
perovskite phases · X-ray
absorption spectroscopy
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duction. They all exhibit a brownmillerite structure with G-type antiferromagnetic
ordering. Mn2+ , Mn3+ and Mn4+ coexist at the octahedral sites, whereas only
Mn2+ is placed in the tetrahedral positions. A magnetic moment of 1.6 mB has been
detected at the tetrahedral layers, which can be explained by assuming Mn2+ is in
a low-spin configuration.
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the perovskite sub-lattice, just recently there has been some
effort to extend it to the oxygen sub-lattice. For instance,
the remarkable stabilization of several Mn-related brown-
millerites as Sr2MnGaO5


[9] and SrCaMnGaO5,
[10] which are


considered useful as cathodes for solid oxide fuel cell
(SOFC) applications, has been reported. Notice, however,
that in all cases the compounds respond to the general for-
mula A2MnBO5 with a B3+ cation needed for the stabiliza-
tion of the brownmillerite phase. This cation is non-magnet-
ic and occupies the tetrahedral positions, whereas Mn is at
the octahedral ones. They all exhibit 3D magnetic interac-
tions and G-type antiferromagnetic (AFM) structure with
the magnetic moments of Mn atoms antiparallel either in
the octahedral layers or in between them.[11] Analogous
phases with only Mn at the B position are quite difficult to
stabilize. However, under strict oxygen control, it is possible
to stabilize ordered La1�xAxMnO3�d oxygen-deficient phases
by topotactic reduction of the parent perovskite. Following
this procedure, we have obtained the La0.5Ca0.5MnO2.5,


[12]


La0.5Sr0.5MnO2.5
[13] and Nd0.5Sr0.5MnO2.5


[14] brownmillerite
compounds as well as the La4Mn4O11


[15] n= 4 term of the
AnBnO3n�1 homologous series.


Casey et al.[16] reported new brownmillerite-related mate-
rials in the La1�xSrxMnO2.5 (0.2�x�0.4) system. Neutron
and electron diffraction data for x= 0.2 and 0.25 materials
show P21/c monoclinic structures with ordered alternation of
twisted chains of Mn(II) tetrahedra, whereas for the x=0.4
composition the twisted chains of tetrahedra are disordered
in an orthorhombic material. No magnetic characterization
of these phases is reported. Returning to the
La0.5Ca0.5MnO2.5, La0.5Sr0.5MnO2.5 and Nd0.5Sr0.5MnO2.5


phases, it is worth mentioning the different magnetic behav-
iour corresponding to the isostructural brownmillerite
phases. Although all of them exhibit AFM ordering with
Neel temperature (TN) around 150 K, La0.5Sr0.5MnO2.5 also
exhibits ferromagnetic (FM) interactions.[13, 14] This behav-
iour resembles that observed on the full oxidized precursor
perovskites and it seems to remain in the topotactic reduc-
ing processes. The existence of FM interactions in the
La0.5Sr0.5MnO3 perovskite is related to double exchange in-
teractions through Mn3+-O-Mn4+ angles of 1808. The in-
crease of the orthorhombic distortion, which leads to small-
er Mn-O-Mn angles, in the Nd/Sr and La/Ca perovskites jus-
tifies the gradual disappearance of such FM behaviour.[17]


Therefore, a careful neutron diffraction (ND) study has
been performed in the corresponding reduced compounds
to gather both crystallographic and magnetic structure infor-
mation.


Furthermore, the magnetic and electric properties of
these systems strongly depend on the Mn oxidation state.
Actually, the FM interactions in Mn perovskites usually re-
quire both Mn3+ and Mn4+ . The reduction process is neces-
sarily accompanied by changes in the oxidation states, and it
is logical to think about 50 % Mn3+ and 50 % Mn2+ for 2.5
oxygen content. However, low-energy X-ray absorption
spectroscopy (XAS) studies performed at the Mn L-edge in
La0.5Ca0.5MnO2.5


[18] indicate a more complex situation due to


the coexistence of three oxidation states: Mn2+ , Mn3+ and
Mn4+ . Actually, this brownmillerite-related material is ob-
tained through a topotactic reduction process of
La0.5Ca0.5MnO3 which is also reversible. Reduction of
La0.5Ca0.5MnO3 and oxidation of La0.5Ca0.5MnO2.5 can lead to
La0.5Ca0.5MnO3�d samples with identical d value but different
magnetic and electric behaviour. Obviously, different prop-
erties shown by samples with identical d value obtained as a
function of the synthetic pathway can only be explained on
the basis of three different Mn oxidation states, as con-
firmed by XAS characterization. This surprising behaviour
modifies the landscape of the expected magnetic interac-
tions. For this reason, an additional X-ray absorption near-
edge structure (XANES) study at the high-energy Mn K-
edge is also reported here for La0.5Sr0.5MnO2.5.


Results and Discussion


Preliminary studies by means of X-ray and electron diffrac-
tion show the presence of I-centred brownmillerite with
space group Ibm2 for the three compounds.[12–14] From these
results, the crystal structures of La0.5Sr0.5MnO2.5 and
Nd0.5Sr0.5MnO2.5 have been refined from ND data using the
space group Ibm2 as starting model. Pnma and Icmm space
groups were also considered but the best results were gath-
ered for Ibm2. Actually, brownmillerite compounds, general-
ly, crystallize in one of the two Ibm2[5] and Pnma[6] space
groups. In some cases, a better fit of the Rietveld refinement
is attained by using the Icmm space group[6,7,19, 20] as a conse-
quence of order–disorder phenomena involving the tetrahe-
dral layers. This disorder is reflected as diffuse streaking on
the selected-area electron diffraction (SAED) patterns
along certain directions.[7,8] In the Icmm group, the 8i sites,
which correspond to the metal lying at the tetrahedral posi-
tion and on one of the oxygen atoms (O3), have mean occu-
pancies of one half, thus allowing disordered displacements
of these atoms. In fact, this situation could be also under-
stood on the basis of disorder configurations of the tetrahe-
dral layers in both Ibm2 and Pnma space groups, character-
istic of the brownmillerite structure. SAED of the samples
studied here did not show diffuse streaking.[13]


At room temperature, the samples are paramagnetic and
exhibit orthorhombic structure with the Ibm2 space group
proposed above. The Rietveld refinement patterns and dif-
ference plots for La0.5Sr0.5MnO2.5 and Nd0.5Sr0.5MnO2.5 are
shown in Figure 1 a and b, respectively. The final structural
parameters resulting from these refinements are gathered in
Table 1, and the corresponding interatomic selected distan-
ces (Mn–O) are collected in Table 2.


The resulting structure is depicted in Figure 2 a and a
schematic representation of the octahedral and tetrahedral
environment is shown in Figure 2 b. The Mn2O4 tetrahedra
show three short, similar Mn–O distances and a longer one.
The MnO6 octahedra are quite elongated, which suggests a
Jahn–Teller effect, with four short equatorial and two long
apical distances. The distortion of the MnO6 octahedra is an
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important feature of the brownmillerite structure, which is
observed, for instance, in Sr2Fe2O5,


[21] Sr2MnGaO5
[9] or


Sr2Co2�xGaxO5.
[19]


It is noteworthy that ND data are particularly useful in
elucidating the distribution of oxygen atoms. In this sense,
anisotropic thermal parameters for O1 and O2 atoms have
been refined from the ND data for Ln0.5Sr0.5MnO2.5 (Ln=


La, Nd) compounds; the ellipsoids are shown in Figure 2 a.
These anisotropic thermal factors reveal the local disorder,
which indicates significant delocalization of these atoms
around the mean position. Such behaviour has also been ob-
served in other brownmillerite-related structures, such as
Ba2In2O5 and Sr2Co2�xGaxO5.


[19, 20]


Bond valence sum (BVS) calculations were performed by
using bond lengths from Table 2 for Ln0.5Sr0.5MnO2.5 (Ln=


La, Nd) obtained from ND data refinement to establish any
site preference, octahedral or tetrahedral, for the different
oxidation states of Mn. The result is shown in Table 3 and
demonstrates that the tetrahedral sites (Mn2) are occupied
by Mn2+ , whereas an average oxidation state of Mn3+ is ob-
tained in the octahedral site. At this point, it is worth re-
membering that according to Mn L-edge XAS studies,[18]


three Mn oxidation states, Mn2+ , Mn3+ and Mn4+ , coexist in
calcium isostructural compounds. A similar situation can be


expected for the Sr brownmillerites, so a complementary
XANES study is required. Figure 3 shows the normalized
Mn K-edge XANES spectra at room temperature of sam-
ples La0.5Sr0.5MnO2.5 and LaMnO2.75. Figure 3 a shows a com-
parison of both spectra, because LaMnO2.75 is taken as a ref-
erence with known 50 % Mn2+ and 50 % Mn3+ contents.[15, 22]


The corresponding Mn2+ and Mn3+ jumps needed to fit the
LaMnO2.75 absorption edge are also depicted. It is clear that
the La0.5Sr0.5MnO2.5 spectrum shows a higher contribution of
Mn2+ jump, as can be observed by the high absorption in
the 6540–6547 eV range.


To obtain the relative content of each Mn ion in the
La0.5Sr0.5MnO2.5 sample, the XANES spectrum was fitted by
adding the separated contribution from each current ion in
the sample. First, the fit of the LaMnO2.75 reference (with
known 50 % Mn2+ and 50 % Mn3+ contents)[15, 22] experimen-
tal spectrum was checked. One arctangent function was
used to account for each Mn oxidation state and an addi-
tional Gaussian function to reproduce the transition to the


Figure 1. Observed, calculated and difference ND patterns corresponding
to a) La0.5Sr0.5MnO2.5 and b) Nd0.5Sr0.5MnO2.5 at room temperature.


Table 1. Final structural parameters corresponding to La0.5Sr0.5MnO2.5


and Nd0.5Sr0.5MnO2.5.
[a]


La0.5Sr0.5MnO2.5 Nd0.5Sr0.5MnO2.5


T [K] 300 5 300 5
Mn1 (0,0,0)
B [O2] 1.36(9) 0.93(15) 1.9(1) 1.47(15)
M [mB] 2.64(6) 2.61(5)
Mn2 (x,1=4,z)
x �0.4591(18) �0.45(2) �0.4549(19) 0.452(2)
z 0.449(3) �0.460(5) 0.457(4) 0.449(6)
B [O2] 0.4(1) 0.5(2) 2.06(18) 1.3(2)
M [mB] 1.63(7) 1.65(3)
Ln/Sr (x,y,z)
x 0.5121(8) 0.5064(18) 0.4981(12) 0.4983(19)
y 0.6115(1) 0.61107(15) 0.61193(1) 0.61192(13)
z 0.008(3) 0.013(5) 0.007(5) �0.004(4)
B [O2] 1.79(4) 1.27(6) 1.67(3) 1.50(6)
O1 (x,y,z)
x 0.252(2) 0.246(4) 0.245(4) 0.247(3)
y 0.0017(6) 0.0017(11) �0.0004(19) 0.0025(16)
z 0.263(3) 0.266(5) 0.255(5) 0.249(6)
B [O2] 1.23(4) 1.07(7) 1.68(5) 1.35(8)
O2 (x,y,z)
x 0.008(1) 0.012(2) 0.0059(18) 0.004(2)
y 0.13639(14) 0.136(2) 0.13560(16) 0.1354(2)
z 0.011(3) 0.014(5) �0.0004(19) �0.017(5)
B11 0.037(2) 0.037(3) 0.0292(15) 0.0198(13)
B22 0.00154(7) 0.0010(1) 0.0018(7) 0.00158(8)
B33 0.0145(17) 0.014(2) 0.0229(14) 0.0256(15)
B12 0.00008(7) 0.002(1) �0.0012(7) �0.001(7)
O3 (x,1=4,z)
x 0.557(3) 0.537(5) 0.5505(15) 0.553(2)
z 0.083(5) 0.093(3) 0.062(5) 0.055(6)
B11 0.076(9) 0.084(14) 0.033(4) 0.073(7)
B22 0.00159(19) 0.010(2) 0.00202(17) 0.0017(19)
B33 0.065(8) 0.046(8) 0.046(5) 0.038(6)
a [O] 5.41059(15) 5.39548(17) 5.39311(13) 5.35052(14)
b [O] 16.7525(3) 16.71952(4) 16.6253(4) 16.59203(3)
c [O] 5.39599(14) 5.38090(17) 5.36388(12) 5.38066(14)


[a] Space group Ibm2. Fit parameters for: La0.5Sr0.5MnO2.5 : 300 K: RF =


3.59, Rexp = 4.87, RB =4.04, c2 =1.1; 5 K: RF =3.31, Rexp =5.30, RB =5.52,
c2 =2.58, Rmag =6.87; Nd0.5Sr0.5MnO2.5: 300 K: RF =2.5, Rexp =1.97, RB =


5.52, c2 =2.59; 5 K: RF =2.71, Rexp =2.05, RB =6.12, c2 = 2.98, Rmag =10.8.
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4p states. A similar analysis has been carried out for Ca-
Cu3Mn4O12 derivative compounds.[23] Within this fit analysis,
the concentration of each Mn ion is related to its relative
jump obtained from its corresponding arctangent function.
The fit of the LaMnO2.75 spectrum, with 50 % Mn2+ and
50 % Mn3+ , nicely reproduces the experimental data (Fig-
ure 3 b).


Taking into account that the Mn2+ content should be
higher in La0.5Sr0.5MnO2.5 than LaMnO2.75 (as seen in Fig-
ure 3 a), and knowing that the average Mn oxidation state[13]


in La0.5Sr0.5MnO2.5 is also + 2.5, we performed a fit of the
Mn absorption K-edge by increasing (with respect to the
reference 50 %) the Mn2+ content and, simultaneously,


adding a Mn4+ content (equal to the Mn2+ increase) to pre-
serve a constant oxidation state. It should be noted that this
analysis is very accurate in the determination of the species
contributing at the low-energy region of the edge spectra. In
this way, the existence of Mn4+ is verified by a precise deter-
mination of Mn2+ content with the condition of +2.5 for
the average Mn oxidation state. On the other hand, this
kind of analysis is focused only on the determination of the
oxidation states existing in the sample, in which only the
jump edge is involved. For these reasons, the XANES oscil-
lations (appearing from 6560 eV) cannot be reproduced by
this analysis. Note that XANES oscillations are due to the
scattering of photoelectrons from all lattice neighbours and,
to simulate them, a multiple scattering analysis should be
performed.


The spectrum of sample La0.5Sr0.5MnO2.5 was subsequently
simulated by using the function parameters obtained for
Mn2+ and Mn3+ (E0 ACHTUNGTRENNUNG(Mn2+)= 6543.7 eV and E0ACHTUNGTRENNUNG(Mn3+)=


6551.8 eV) as well as the Gaussian function, and including
an additional Mn4+ contribution at E0 =6561 eV. The uncer-
tainty in the obtained values was estimated by considering
the goodness of the fit for different Mn ion fractions. As
shown in Figure 3 c, the fit confirms the coexistence of Mn
in the three oxidation states with the following concentra-
tions: 63�1 % of Mn2+ , 25�3 % of Mn3+ and 12�3 % of
Mn4+ . It is worth stressing that the presence of the obtained
content of Mn3+ is absolutely mandatory to fit the
La0.5Sr0.5MnO2.5 spectrum. Actually, if no Mn3+ was present,
the composition should be Mn4+ (25 %)–Mn2+ (75 %),
which would lead to a very different threshold profile giving


Figure 2. a) Schematic representation of the brownmillerite structure.
The ellipsoids of the anisotropic thermal factors corresponding to O1 and
O2 atoms are shown. b) Mn–O distances [O] corresponding to
La0.5Sr0.5MnO2.5 at room temperature.


Table 2. Some selected interatomic distances [O] in La0.5Sr0.5MnO2.5 and
Nd0.5Sr0.5MnO2.5 at 300 and 5 K.


La0.5Sr0.5MnO2.5 Nd0.5Sr0.5MnO2.5


T [K] 300 5 300 5
Mn1–O1 1.972(17) P 2 1.95(3) P 2 1.902(17) P 2 1.91(2)P 2
Mn1–O1 1.850(17) P 2 1.86(3) P 2 1.895(17) P 2 1.88(2)P 2
Mn1–O2 2.286(3) P 2 2.283(4) P 2 2.254(2) P 2 2.248(4) P 2
Mn2–O2 1.951(6) P 2 1.950(8) P 2 1.935(5) P 2 1.929(6) P 2
Mn2–O3 1.98(3) 1.98(5) 2.12(3) 2.12(4)
Mn2–O3 2.29(2) 2.25(3) 2.251(16) 2.204(16)
Mn1-O1-Mn1 176.8(7) 175.1(13) 177.764(8) 177.5(1)
Mn2-O3-Mn2 110.9(1) 108.3(7) 105.2(2) 1 106.1(2)
Mn1-O2-Mn2 165.4(2) 164.4(3) 154.8(6) 155.2(5)


Table 3. BVS values calculated for manganese in La0.5Sr0.5MnO2.5 and
Nd0.5Sr0.5MnO2.5 at 300 K.


Site geometry La0.5Sr0.5MnO2.5 Nd0.5Sr0.5MnO2.5


octahedral Mn1 3.11 3.19
tetrahedral Mn2 1.98 1.90


Figure 3. a) Experimental Mn K-edge XANES spectra of LaMnO2.75 and
La0.5Sr0.5MnO2.5 at room temperature. b) Fit of the LaMnO2.75 XANES
spectrum with 50% Mn2+ and 50% Mn3+ . c) Fit of the La0.5Sr0.5MnO2.5


XANES spectrum with 63 % Mn2+ , 25 % Mn3+ and 12 % Mn4+ .
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an absorption overestimation in the 6540–6547 eV range
and the opposite in the 6547–6555 eV one. These results are
similar to those obtained by the analysis of Mn L-edge XAS
quantification for the calcium isostructural brownmillerite
(La0.5Ca0.5MnO2.5).[18] BVS calculations together with
XANES analysis allow confirmation that the octahedral
layers would be occupied by 25 % Mn4+ , 50 % Mn3+ and
25 % Mn2+ , whereas the tetrahedral one would be fully oc-
cupied by Mn2+ . The existence of Mn2+ and Mn3+ with a
Jahn–Teller effect is in agreement with the presence of elon-
gated octahedral layers.


Due to the system complexity, that is, three oxidation
states for Mn distributed at the tetrahedral (Mn2+) and octa-
hedral positions (Mn2+ , Mn3+ and Mn4+), the evolution of
the diffraction pattern as a function of the temperature was
followed (Figure 4). A similar behaviour is observed for the
three samples. For this reason, only the data corresponding
to La0.5Sr0.5MnO2.5 are represented. Compared with the
room-temperature observations, additional reflections,
below 140 K for La0.5Sr0.5MnO2.5, 130 K for La0.5Ca0.5MnO2.5


and 120 K for Nd0.5Sr0.5MnO2.5, appear. Their intensity grad-
ually increases as the temperature decreases until a maxi-
mum value at around 5 K is reached. This behaviour indi-
cates AFM ordering of Mn magnetic moments that start de-
veloping below the TN, as indicated above.


To deal with the magnetic structure of these brownmiller-
ites, the refinement of the high-resolution diffraction data
collected at 5 K was carried out. These data are also well de-
scribed by the Ibm2 space group discussed above. The extra
contributions to the diffraction patterns, which correspond
to magnetic Bragg peaks, were analysed by using a magnetic
unit cell with the same dimensions as the structural one with
the propagation vector k= (010). The calculated and experi-
mental patterns corresponding to La0.5Sr0.5MnO2.5 are shown
in Figure 5. The results of the refinement of the best fit are
summarized in Table 1 and the distances are collected in
Table 2. The magnetic structure refinement for these com-
pounds shows that the magnetic moments are aligned along
the b axis of the unit cell (Figure 6). The magnetic moments
of adjacent Mn atoms are antiferromagnetically coupled,
not only in the Mn–O layers but also between them. Thus,


the magnetic moments of all Mn
atoms are antiferromagnetically
oriented relatively to the six near-
est-neighbouring Mn atoms
adopting a G-type AFM structure,
according to the notations of the
magnetic structures accepted for
the 3D perovskite manganese
oxides.[24] Similar strong G-type
AFM coupling is reported for sev-
eral other brownmillerite phases,
such as Ca2Fe2O5


[25] and
Sr2Co1.7Ga0.3O5,


[19] with the mo-
ments parallel to the [001] direc-
tion or, for example, in
La2Co2O5


[26] with the moments oriented parallel to [101].
The saturated magnetic moments of Mn1 and Mn2 are �2.6
and �1.6 mB (see Table 1 and Figure 7), respectively, for the
three samples at 5 K.


We also followed the thermal evolution of the ND pat-
tern, in the high-flux powder diffractometer, to establish the
temperature dependence of the magnetic behaviour. The
AFM ordering, described above, and its orientation is kept


Figure 4. Thermal evolution of the ND pattern of La0.5Sr0.5MnO2.5.


Figure 5. Observed, calculated and difference ND patterns corresponding
to La0.5Sr0.5MnO2.5 at 5 K.


Figure 6. G-type AFM
structure of La0.5Sr0.5MnO2.5,
La0.5Sr0.5MnO2.5 and
Nd0.5Sr0.5MnO2.5 brownmil-
lerites.


Figure 7. Magnetic moments for Mn cations as a function of temperature
for La0.5Ca0.5MnO2.5 (&), La0.5Sr0.5MnO2.5 (~) and Nd0.5Sr0.5MnO2.5 (*)
brownmillerites.
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down to 5 K. The thermal variation of the ordered magnetic
moments for Mn1 and Mn2 obtained from the refinement
are shown in Figure 7. The fact that three brownmillerites
exhibit the same magnetic moments in each layer is in per-
fect agreement with the same Mn composition detected by
XANES. It is worth noting that, although Nd is a magnetic
cation, it does not contribute to the total magnetization
value because this cationic sub-lattice does not present mag-
netic order.


The magnetic characterization by means of ND reveals
that La0.5Ca0.5MnO2.5, Nd0.5Sr0.5MnO2.5 and La0.5Sr0.5MnO2.5


exhibit 3D ordering, which comprises a G-type AFM struc-
ture with TN of 140 K for La0.5Sr0.5MnO2.5, 130 K for
La0.5Ca0.5MnO2.5 and 120 K for Nd0.5Sr0.5MnO2.5. This result
is in agreement with previous magnetometry measure-
ments.[13,14] However, differences are found for
La0.5Sr0.5MnO2.5 since FM interactions have been detected
by magnetization measurements. Actually, there are very
few examples of brownmillerite-related compounds with FM
interactions and in most cases they comprise an A2MBO5


composition, M being a magnetic cation, such as Mn or Co,
and B a non-magnetic cation.[11] In any case, the ND studies
only reveal, again, AFM ordering, whereas additional FM
behaviour is detected by magnetization measurements. This
is the situation for Ca2MnAlO5 and Sr2MnGaO5,


[9] SrCaMn-
GaO5,


[10] and even Ca2Fe2O5,
[25, 27] with only Fe at the B sub-


lattice. This fact would be related to the short range of the
FM character, which provides a signal too weak to be de-
tected in powder ND experiments. In this sense, it is manda-
tory to have a complementary study of ND and magnetome-
try measurements.


The origin of the unusual short-range-order FM in this
structure has been tackled by other authors in different
ways. For example, in Ca2Fe2O5 material this double mag-
netic behaviour[27] is described on the basis of an AFM
structure with spin canting. In the La0.5Sr0.5MnO2.5 case, this
situation is ruled out because the evolution of the FM and
AFM contributions with the temperature is different. If the
FM contribution were associated to the AFM structure, the
FM behaviour would only be present in the temperature
range associated to AFM order. However, the FM contribu-
tion in La0.5Sr0.5MnO2.5 is kept at temperatures higher than
TN. On the other hand, in the Sr2MnGaO5+d compound, the
situation is different due to the presence of an oxygen
excess.[7] Sr2MnGaO5 has a G-type AFM structure but the
appearance of extra oxygen atoms in the Ga layers implies,
as detected by ND, the appearance of small domains with
G-type structure embedded into a matrix with C-type struc-
ture.


Finally, we propose that the FM interactions in
La0.5Sr0.5MnO2.5 would be related to the double exchange
mechanism Mn3+-O-Mn4+ in the octahedral layers.[13] This
description contrasts with the absence of FM interactions in
La0.5Ca0.5MnO2.5 and Nd0.5Sr0.5MnO2.5 even when Mn3+ and
Mn4+ are also present. At this point it is worth remembering
that FM interactions are present in the starting
La0.5Sr0.5MnO3 perovskite but not in La0.5Ca0.5MnO3 and


Nd0.5Sr0.5MnO3; as a consequence, the optimal structural
conditions, that is, Mn-O-Mn angles of around 1808, are
only fulfilled by the La/Sr compound. In this sense, FM in-
teractions in La0.5Sr0.5MnO2.5 could be related to the pres-
ence of small clusters in the octahedral layers that kept the
structural characteristics of the parent material. As a conse-
quence of the short-range character of these clusters, the
FM signal cannot be detected by ND experiments.


On the other hand, interesting information related to spin
configuration on the three brownmillerites can be obtained.
The saturated magnetic moments of Mn (Figure 7) are quite
different from those expected when taking into account the
Mn4+ , Mn3+ and Mn2+ arrangement into the octahedral and
Mn2+ into the tetrahedral layers with their normal spin con-
figuration. Starting with the tetrahedral layer, it should be
noticed that this layer is fully occupied by the Mn2+ , which
is, as has been detected in most of the compounds, present
in the high-spin (HS) configuration. The magnetic moment
associated with this configuration is 5.91 mB, much higher
than the experimental one of �1.6 mB. Actually, there is a
huge difference between the experimental and expected
values for the Mn2+ magnetic moment, which suggests that
the spin configuration must be different. A low-spin (LS)
configuration is more plausible, because the associated mag-
netic moment would be 1.73 mB. This unusual phenomenon
can be explained on the basis of the presence of the large
Mn2+ cation in the smaller site, the tetrahedral one, which,
in accordance with the radius estimation in a compact pack-
ing, is half the size of the octahedral one. This situation
must lead to a high internal pressure that influences not
only the structural distortion of the tetrahedra, but also
their spin configuration. In this sense, it is well known[28–34]


that high pressure favours the LS state because the LS ionic
radius is, generally, smaller than that corresponding to the
HS state. Moreover, the induced HS-to-LS transition pres-
sure has been reported in metal transition oxides and sul-
furs.[34]


In our case, external mechanical pressure was not applied,
but it should be noted that the stabilization of the
Ln05Sr0.5MnO2.5 (Ln= La, Nd) and La05Ca0.5MnO2.5 com-
pounds requires special reducing conditions, under a H2/He
atmosphere, which allows the topotactic reduction process.
The topotactic nature of the process forces an ordered struc-
tural reduction leading to Mn2+ , as a consequence of the re-
duction, in a tetrahedral environment because of the topo-
taxia. The optimal radii ratio corresponding to a tetrahedral
hole is approximately 0.6 O, while the ionic radius of Mn2+


in the HS configuration is 0.66 O. This fact justifies the dis-
tortion of the tetrahedra and the LS state for Mn2+ , to
reduce the generated tension as a consequence of the inter-
nal pressure at the tetrahedral sites. On the other hand, the
magnetic value obtained in the octahedral layers (2.65 mB) is
in agreement with those found in the parent perovskites in
the same octahedral environment: La0.5Ca0.5MnO3


[35] (2.4
mB), La0.5Sr0.5MnO3


[36] (2.6 mB) and Nd0.5Sr0.5MnO3
[37] (2.7 mB).
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Conclusion


The topotactic reduction of the manganese perovskites leads
to La0.5Ca0.5MnO2.5 and Ln0.5Sr0.5MnO2.5 (Ln = La and Nd)
brownmillerites that exhibit a G-type AFM structure. The
ensemble of ND and XANES studies confirms the coexis-
tence of Mn2+ , Mn3+ and Mn4+ as well as their arrangement
at the tetrahedral (Mn2+) and octahedral (Mn2+ , Mn3+ ,
Mn4+) layers. It is worth reinforcing that Mn2+ , which is the
biggest cation, in principle occupies the smaller sites, that is,
the tetrahedral ones. This situation is linked to the magnetic
moment attained for the tetrahedral layers and suggests the
stabilization of Mn2+ in the LS configuration. FM interac-
tions detected in La0.5Sr0.5MnO2.5 by means of magnetization
measurements, but not in the ND study, can be explained on
the basis of small FM clusters with Mn3+-O-Mn4+ 1808
angles that persist on La0.5Sr0.5MnO2.5 as a consequence of
the topotactic nature of the reducing process.


Experimental Section


La0.5Ca0.5MnO2.5, La0.5Sr0.5MnO2.5 and Nd0.5Sr0.5MnO2.5 were synthesized
by controlled reduction of La0.5Ca0.5MnO3, La0.5Sr0.5MnO3 and
Nd0.5Sr0.5MnO3, respectively. To obtain enough mass to carry out a ND
study, the samples were prepared in a Cahn D-101 electrobalance. Re-
duced samples (1.5 g) were obtained by heating the starting perovskite
material at 630 8C under a continuous flux of 50% H2 and 50% Ar at a
rate of 0.1 8C min�1. Once the desired weight loss had been attained, the
sample was annealed at 630 8C under an Ar atmosphere for 48 h to facili-
tate a more homogeneous distribution of the anionic vacancies. Further
details of topotactic reduction have been reported elsewhere.[12–14] Neu-
tron powder diffraction data were collected at the Institut Laue-Langevin
(ILL). The data were acquired on the high-resolution powder diffractom-
eter D2B at 5 and 300 K, with neutrons of wavelength 1.594 O. To follow
the evolution of the magnetic structure with temperature, ND data were
obtained on the high-flux powder diffractometer D1B at a wavelength of
2.52 O. Diffraction data were analysed by the Rietveld method[38] using
the Fullprof program.[39] XAS experiments were carried out at the BM25
beamline (SpLine) of the European Synchrotron Radiation Facility
(ESRF), with a storage-ring energy of 6 GeV and an average current of
200 mA. A Si ACHTUNGTRENNUNG(111) double-crystal pseudo-channel-cut monochromator
was used for energy selection and the sample was vertically shifted while
the spectrum was collected. The incident beam was monitored by means
of an ion chamber filled with a mixture of N2 and He. The monochroma-
tor was detuned up to 30 % for those energy ranges to reject components
of higher harmonics. Measurements were developed in fluorescence
mode due to the high absorption from the sample. Spectra were obtained
at room temperature using a geometry in which the detector forms an
angle of 908 with respect to the incoming beam. Several spectra were col-
lected to improve the statistics and give a good signal-to-noise ratio.
LaMnO2.75, obtained by topotactic reduction of LaMnO3.00,


[15, 22] was used
as a reference for XANES.
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Introduction


Organometallic compounds were long regarded as being
synonymous with toxicity. However, in the last 20 years or-
ganometallic compounds have become increasingly impor-
tant as drug entities in their own right.[1–3] In parallel to the
progress made with coordination compounds after the ser-
endipitous discovery of cisplatin as antitumor agent,[4] struc-
turally similar organometallic compounds were considered
of interest and some of them, for example, titanocene di-
chloride (Figure 1), underwent clinical trials.[5]


With the increasing interest in ruthenium complexes as
anticancer agents, highlighted by two RuIII compounds
(KP1019 and NAMI-A in Figure 1)[6–8] entering clinical
trials, much effort has been made to elucidate their mode of
action. Protein binding and protein-mediated transport[9–13]


into the tumor as well as selective reduction to RuII spe-
cies,[14] which improves the reactivity toward biological nu-
cleophiles,[14, 15] are thought to be key factors for the low tox-
icity of this compound class.


Abstract: The synthesis and in vitro an-
ticancer activity of dihalogenido(h6-p-
cymene)(3,5,6-bicyclophosphite-a-d-
glucofuranoside)ruthenium(II) com-
plexes are described. The compounds
were characterized by NMR spectros-
copy and ESI mass spectrometry, and
the molecular structures of dichlorido-,
dibromido- and diiodido(h6-p-
cymene)(3,5,6-bicyclophosphite-1,2-O-
isopropylidene-a-d-glucofuranoside)-
ruthenium(II) were determined by X-
ray diffraction analysis. The complexes


were shown to undergo aquation of the
first halido ligand in aqueous solution,
followed by hydrolysis of a P�O bond
of the phosphite ligand, and finally for-
mation of dinuclear species. The hy-
drolysis mechanism was confirmed by
DFT calculations. The aquation of the
complexes was markedly suppressed in


100 mm NaCl solution, and notably
only very slow hydrolysis of the P�O
bond was observed. The complexes
showed affinity towards albumin and
transferrin and monoadduct formation
with 9-ethylguanine. In vitro studies re-
vealed that the 3,5,6-bicyclophosphite-
1,2-O-cyclohexylidene-a-d-glucofura-
noside complex is the most cytotoxic
compound in human cancer cell lines
(IC50 values from 30 to 300 mm depend-
ing on the cell line).
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The chemistry of organometallic RuII compounds is well
developed, and these compounds are used in many catalytic
processes, for example, olefin metathesis, hydrogenation, hy-
droformylation, and hydrogen generation.[16–18] In recent
years, the first examples of mono- and dinuclear tumor-in-
hibiting RuII arene complexes (Figure 1) were intro-
duced.[19–25] The two most extensively studied approaches in-
volve the coordination of the Ru center by 1,3,5-triaza-7-
phosphaadamantane (pta) and ethylenediamine (en) ligands
(Figure 1). Although the neutral pta compounds are known
to exhibit selective activity in cancer cells, but not in nontu-
morigenic models,[26] en complexes proved to be active in
cultures of wild-type and cisplatin-resistant human ovarian
cancer cells.[19] Furthermore, the pta compounds were
shown, similar to NAMI-A, to be active in vivo against lung
metastases derived from an MCa mammary carcinoma in
CBA mice.[21,26,27]


Herein we report on the synthesis and (bio)analytical
characterization of RAPTA-C analogues in which the pta
has been replaced by 3,5,6-bicyclophosphite-a-d-glucofura-
noside ligands.[28–30] By modification of the carbohydrate
moiety, the lipophilicity of the complexes can be modulated
to yield coordination compounds with high aqueous solubili-
ty ideally suited for intravenous administration, or hydro-
phobic species that facilitate cellular uptake.[31] The com-
pounds were characterized by different analytical methods,
and the molecular structures of three complexes were deter-
mined by X-ray diffraction analysis. Furthermore, the hydro-
lytic behavior, the affinity to proteins and model nucleobas-
es, and the in vitro antineoplastic activity of the complexes
against human SW480 colon adenocarcinoma, CH1, A2780
and cisplatin-resistant A2780 ovarian carcinoma, A549 lung


carcinoma, Me300 melanoma, LNZ308 glioblastoma, and
HCEC endothelial human cell lines were determined.


Results and Discussion


Synthesis : RuII organometallic complexes 1–6 based on
3,5,6-bicyclophosphites of a-d-glucofuranoside were ob-
tained by reaction of the dimers [{Ru(h6-p-cymene)X2}2]
(X=chlorido, iodido, bromido) and different 3,5,6-bicyclo-
phosphites under mild conditions (Scheme 1). Complex 6


was found to be very sensitive even to gentle heating, and
therefore the reaction was carried out at room temperature.
Complexes 1–6 were obtained in nearly quantitative yields.


All compounds were fully characterized by 1D and 2D
NMR spectroscopy. The coordination of the P-containing
ligand to the Ru center resulted in a shift of the 31P NMR
signal from about d=119 to about 135 ppm in the case of
the chlorido and iodido complexes, while for the bromido
complex a signal at about 133 ppm was observed. In the
1H NMR spectra in CDCl3 two sets of signals were observed
(four doublets for the Ar-H and two doublets for the Ar-
CHCH3 protons). In contrast, in D2O the aromatic protons
and the methyl groups resulted in two doublets and one
doublet, respectively. A similar situation was observed in
the 13C NMR spectra, and also reported previously for relat-
ed complexes.[32]


Molecular structure determinations : The crystal structures
of 1–3 were determined by X-ray diffraction (Figure 2). The
complexes crystallize in the orthorhombic space group
P212121. The ruthenium(II) center adopts a piano-stool ge-
ometry with two halogenido ligands and the phosphorus
atom of the bicyclophosphite ligand as the legs and the
arene ligand as the seat. The distance between the rutheni-
um center and the centroid of the arene ring of 1.711 N in 1


Figure 1. Structures of investigated anticancer compounds.


Scheme 1. General scheme for synthesis of RuII arene complexes with
different 3,5,6-bicyclophosphite-a-d-glucofuranosides.
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is similar to that of [RuCl2(h
6-p-cymene)ACHTUNGTRENNUNG(pta)] (1.701[33]) and


[RuCl2(h
6-p-cymene)ACHTUNGTRENNUNG(pta-Me)] (1.692 N[34]). The Ru�Cl1,


Ru�Cl2, and Ru�P bond lengths in 1 (2.3886(11),
2.4098(10), 2.2406(10) N) are comparable to those in
[RuCl2ACHTUNGTRENNUNG(h


6-C6Me6){P ACHTUNGTRENNUNG(OMe)3}]
[35] (2.4138(9), 2.4042(9), and


2.2678(9) N, respectively) and [RuCl2(h
6-p-cymene){P-


ACHTUNGTRENNUNG(OPh)3}]
[36] (2.4022(8), 2.3992(8) and 2.2642(8) N, respec-


tively). While the conformations of the dioxaphospholane
ring (labeled as A in Figure S1 of the Supporting Informa-
tion) in both the metal-free[37] and the coordinated bicyclo-
phosphite are practically identical, the conformations of the
dioxaphosphorinane (B), furanose (C), and dioxalane (D)
rings are different (see Table S1 and Figure S1 in the Sup-
porting Information). The sums of the O�P�O and P�O�C
valence angles of 301.8 and 333.98 are comparable with the
corresponding values in the metal-free bicyclophosphite
(297.3 and 342.68, respectively).


The molecular structures of 2 and 3 are very similar to
that of 1, except that the Ru�Br1 and Ru�Br2 bonds
(2.5387(4) and 2.5413(3) N) as well as the Ru�I1 and Ru�I2
bonds (2.7120(5) and 2.7178(6) N) are significantly longer
than the Ru�Cl bonds in 1. The Ru�P bond lengths
(2.2357(8) and 2.2275(14) N for 2 and 3, respectively) are
comparable to that of 1. Exchange of the chlorido ligand by
bromido or iodido does not cause significant deviations in


the P�O bond lengths and conformation of the bicyclophos-
phite moiety. Exchange of the halido leaving group modifies
the hydrolysis kinetics and the lipophilicity of the com-
plexes, but ultimately identical hydrolysis products are
formed.


Hydrolysis : The behavior of putative drug compounds in
water is important for their potential clinical application.
Moreover, the formation of aqua species plays a critical role
in the mode of action of metal-based drugs with respect to
drug activation by facilitating the reaction of the complex
with the biomolecular target.[15, 38,39]


Hydrolysis of 1 was studied by 31P{1H} NMR spectroscopy,
UV/Vis spectroscopy, ESIMS, and DFT calculations. Imme-
diately after dissolution UV/Vis spectra of 1 in water show
absorption bands at l=345 and 476 nm, which both de-
crease with time (Figure S2 in the Supporting Information).
Over 48 h a new band appears at l=288 nm. The same
spectrum was observed after addition of two equivalents of
AgNO3.


To characterize the hydrolysis products (see Scheme 2 for
the species formed during hydrolysis), a freshly prepared so-
lution of 1 was studied by 31P{1H} NMR spectroscopy in
water containing 10% of D2O (Figure 3). Initially only a
single peak was observed at d=136.1 ppm. Over time sever-
al hydrolysis products were formed. It appears that initially
one chlorido ligand is replaced by H2O (Scheme 2) to form
the diastereomers 1a and accordingly two peaks of equal
relative intensity in the 31P NMR spectrum (d=137.1 and
137.7 ppm). Notably, this first hydrolysis step can be re-
versed by addition of a tenfold excess of NaCl to a solution
of 1a to afford quantitatively 1.


A peak assignable to the bis-aqua complex 1b was not ob-
served under these conditions; instead, the P�O bond of the
phosphite was hydrolyzed (see below for detailed discus-
sion), and new signals resulted at d=95.1 and 96.0, assigned
to diastereomers 1c, and at d=95.2 ppm (1d).The bis-aqua
complex 1d and the mixture of diastereomeric Cl/H2O com-
plexes 1c subsequently form dimers of the proposed compo-
sition [Ru2ACHTUNGTRENNUNG(p-cymene)2 ACHTUNGTRENNUNG(L


1hyd)2X]3+ (X=Cl, OH) after about
24 h (based on NMR and MS data, see below), which result
in signals at d=123.6 and 122.2 ppm. The distribution of
species formed during the hydrolysis process is shown in
Figure S3 of the Supporting Information.


Notably, cleavage of the P�O�C5 bond in the presence of
H2O2 or O3 was previously reported for L1[40,41] and induces
oxidation of the PIII center to PV. If L1 is coordinated to a
ruthenium center, this reaction is accessible at room temper-
ature in aqueous solution, and the oxidation state of the P
atom remains unchanged.


By addition of AgNO3 to 1, both chlorido ligands were re-
placed and the bis-aqua species with (1d) and without (1b)
hydrolyzed P�O bonds were obtained (dACHTUNGTRENNUNG(31P)=138.4 and
95.2 ppm, respectively). Notably, 1d only formed a dimer in
low yield, although this step occurs much more slowly when
the compound is hydrolyzed by the addition of AgNO3


(Scheme 2 and Figure S4 in the Supporting Information).


Figure 2. Molecular structures of 1 (top), 2 (middle), and 3 (bottom)
showing the atom numbering schemes around the ruthenium center. Hy-
drogen atoms are omitted for clarity.
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For compounds 2–4 and 6 a hydrolysis behavior similar to
1 was observed in H2O, although the aqueous solubility of 2
and 3 is limited. However, the behavior of 5 was somewhat
different in terms of kinetics and hydrolysis products, most
probably due to exchange of the thioethyl moiety by
water.[42]


The structure of 1d (Scheme 2) was further corroborated
by 1D and 2D NMR spectroscopy. As observed by
31P{1H} NMR spectroscopy, removal of both chlorido ligands
by addition of AgNO3 induced rapid formation of 1d, which
was accompanied by significant changes in chemical shift in
the 1H and 13C NMR spectra. In particular the H6 and H6’
signals shifted to high field from d=4.6 and 4.2 ppm to d=


4.0 and 3.6 ppm, while those of protons H2, H3, and H4
showed only minor changes of about Dd=0.05 ppm. The
most drastic change was observed for H5, which showed a
shift from d=5.1 to 4.1 ppm together with loss of coupling
to the P center (Figure 4). Furthermore, in the 13C NMR
spectrum, C4 and C5 changed their multiplicity from dou-
blets to singlets, again due to loss of coupling to phosphorus.
All these observations indicate that hydrolysis of the P�O
bond of the 3,5,6-bicyclophosphite ligand at P�O�C5 has
taken place. However, all attempts to isolate the hydrolysis
products and characterize them in the solid state were un-
successful.


The formation of several species was also observed by
ESIMS. The mass spectrum recorded immediately after dis-
solution contains signals assignable to [M�Cl]+ , [M+Na]+ ,


[2M�Cl]+ and [2M+Na]+ . During the hydrolysis of 1, spe-
cies at m/z 501.2 were observed which could be assigned to
different singly-charged ions and may possibly result from
1a–1d (Scheme 2). Furthermore, the dimeric species
[21c�Cl�2H2O�2H]+ and [21d�3H2O�2H]+ were ob-
served with m/z 1037.1 and 1019.1, respectively.


To substantiate the experimental data, thermodynamic
quantum chemical calculations on phosphite L1 and the p-
xylene model complexes 1’–1d’ were performed. The calcu-
lations indicate that substitution of the chlorido ligands with
H2O is slightly endothermic, with DHs values of +1.6 and
+2.7 kcalmol�1 for replacement of the first and second
ligand, respectively. A noticeably positive DHs value for the
formation of 1b’ (+4.3 kcalmol�1 relative to 1’) may explain
the lack of experimental detection of bis-aqua complex 1b,
which is rapidly hydrolyzed to 1d.


Hydrolysis of the free phosphite L1 is only slightly exo-
thermic (Scheme 2). Coordination of L1 to the metal may
facilitate hydrolysis of the phosphite due to transfer of elec-
tron density from the P atom to the metal, which increases
the positive charge on the phosphorus atom. Indeed, the cal-
culated NBO atomic charges on the P centers in L1 and 1’
are +1.6e and +2.1e, respectively.


The gas-phase DHg value for hydrolysis of the free ligand
L1 is �5.0, whereas the hydrolysis of complex 1’ is 10.1 kcal
mol�1 more exothermic. However, consideration of solvent
effects reduces this difference to only 2.8 kcalmol�1. Thus,
solvation is the main factor which levels, at least from the


Scheme 2. Proposed hydrolysis of 1 based on experimental data and calculations. The calculated DHg (plain text) and DHs (bold) values for p-xylene
model complexes are indicated.
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thermodynamic viewpoint, the behavior of L1 and 1’ to-
wards hydrolysis. Although the detailed mechanism is un-
known, it is assumed that the hydrolysis of 1 should also be
hampered from the kinetic viewpoint due to steric hindrance
by the Ru and O atoms during hydrolysis of the P�O bond.
These inferences by the experimental findings indicate that
hydrolysis does not occur for both free phosphite L1 and
complex 1, prior to substitution of itQs chlorido ligands by
aqua ligands.


Hydrolysis of mono-aqua complex 1a’ is only slightly exo-
thermic (DHs=�3.6 kcalmol�1 for the more stable diaste-
reomer of 1a’), but for bis-aqua complex 1b’ DHs=


�10.2 kcalmol�1. Therefore, from the thermodynamic point
of view, hydrolysis of the coordinated phosphite in 1b’ is
most favorable. Kinetically, hydrolysis of 1a and 1b is ex-
pected to be more facile than that of 1, because in the
former case the coordinated water, rather than an outer-
sphere water molecule, conceivably participates in the reac-
tion by attacking the P�O bond, and steric factors become
less important. Thus, on the basis of the experimental and
theoretical data the hydrolysis of 1 follows the sequence of
reactions shown in Scheme 2.


To obtain information about the influence of chloride
concentration and pH on the hydrolysis process,


31P{1H} NMR spectra of 1 were recorded in 4 and 100 mm


NaCl solution. A 4 mm solution of sodium chloride did not
suppress hydrolysis significantly, and the species distribution
was similar to that in water. In contrast, almost no hydroly-
sis products were observed in 100 mm NaCl solution (see
Figure S5, Supporting Information, for the dependence of
hydrolysis on NaCl concentration). Furthermore, suppres-
sion of hydrolysis at the ruthenium center also inhibits hy-
drolysis of the P�O bond of the ligand to a large degree,
that is, 1hyd is not formed under these conditions. These re-
sults were confirmed by UV/Vis spectroscopy.


Figure 3. Top: 31P{1H} NMR spectra recorded during the hydrolysis of 1
in H2O:D2O (9:1). Bottom: distribution of species after addition of
AgNO3 to a solution of 1 in H2O:D2O (9:1) recorded over 10 h. 1&, 1a^,
1bR, 1d~.


Figure 4. Characterization of the hydrolysis products derived from P�O
bond cleavage in the phosphite ligand by 1H (top) and 13C NMR spec-
troscopy (middle); the top spectra were recorded immediately after dis-
solution in D2O, and the spectra at the bottom after addition of AgNO3


to induce complete hydrolysis of the complex.
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Protein binding studies : The role of serum transport pro-
teins either in delivery of drugs to their cellular targets or in
deactivating metal-based anticancer drugs is of impor-
tance.[11,43–52] Therefore, the binding capabilities of the syn-
thesized Ru compounds towards human serum albumin
(HSA) and transferrin (Tf) and also towards smaller model
proteins were assayed by capillary zone electrophoresis
(CZE) and/or mass spectrometry.


To determine the kinetics of binding to the proteins, the
decrease in the relative peak area of the Ru complexes was
analyzed in phosphate buffer at pH 7.4 (Figure 5), to simu-


late physiological conditions. The rate constants for hydro-
lytic decomposition and for interactions with the biomole-
cules were calculated by assuming pseudo-first-order kinet-
ics, whereas the half-lives of the compounds were deter-
mined graphically from plots of relative peak area versus
time (Figure 5). Compounds 1, 4, and 6 showed similar rate
constants for hydrolytic decomposition, while 5 was signifi-
cantly more stable. Note that Ru–phosphate adducts may
form in phosphate buffer, probably in addition to the hy-
drolysis products observed in water. However, to obtain the
protein binding constants, the hydrolysis constants were de-
termined under the same conditions.


In contrast to hydrolysis, binding towards both human
serum albumin and transferrin seems to proceed at essen-
tially the same rate for all the investigated compounds
(Table 1). Binding to albumin is kinetically favored over
binding to transferrin (see Figure 6 for time-dependent elec-
tropherograms for the reaction of 6 with transferrin). This


may be attributable to the greater number of (presumably)
unspecific binding sites and has also been observed for
other metal complexes.[13, 53] Since only the linear range of
ln(peak area) versus time plots can be considered for calcu-
lations of pseudo-first-order rate constants, the hypothetical
extrapolation according to the linear equation used for the
estimations of pseudorate can result in different half-lives,
as evaluated graphically from the real curves, due to the
complexity of the samples.


In addition, binding of the ruthenium arene complexes
toward the cellular proteins ubiquitin and cytochrome c and
the plasma protein transferrin was studied by mass spectro-
metric methods, and 1 was chosen as representative com-
pound for these experiments. Samples containing varying
drug-to-protein ratios from 1:1 to 8:1 were studied. In the
case of ubiquitin and cytochrome c, no adduct formation
could be observed after 24 h of incubation at 37 8C, even
with an eightfold excess of the drug. In contrast, binding to
transferrin could already be observed at 1:1 ratio after
30 min. Interestingly, even at ratios of up to 8:1, only ad-
ducts assignable to the binding of two complexes were de-
tected (Figure 7). This is in accordance with the assumption


Figure 5. Comparison of the hydrolysis kinetics of 1 and 4–6 in 20 mm


phosphate buffer (pH 7.4). 1*, 4*, 5!, 6!.


Table 1. Rate constants for hydrolysis of 1 and 4–6 and their reaction
with transferrin and HSA. The correlation coefficients R2 for the corre-
sponding rate equation are given in parentheses. See Experimental Sec-
tion for conditions.


Hydrolysis HSA Tf
khyd
ACHTUNGTRENNUNG[min�1]


t1/2


ACHTUNGTRENNUNG[min]
kbind
ACHTUNGTRENNUNG[min�1]


t1/2


ACHTUNGTRENNUNG[min]
kbind
ACHTUNGTRENNUNG[min�1]


t1/2


ACHTUNGTRENNUNG[min]


1 0.0117 (0.999) 61 0.0105 (0.998) 55 0.0069 (0.999) 56
4 0.0097 (0.999) 68 0.0103 (0.999) 59 0.0081 (0.997) 58
5 0.0016 (0.999) 695 0.0094 (0.997) 410 0.0092 (0.997) 175
6 0.0090 (0.998) 86 0.0116 (0.997) 50 0.0100 (0.998) 55


Figure 6. Monitoring the interaction of 6 with transferrin by capillary
electrophoresis. Peak 1: Ru complex, peak 2: protein. For conditions, see
Experimental Section.


Figure 7. Deconvoluted mass spectrum of transferrin incubated with a
fourfold excess of 1 in 20 mm ammonium carbonate buffer at 37 8C and
pH 7.4, recorded after 30 min of incubation. The peak at m/z 79548 cor-
responds to the protein itself, the peak at m/z 80092 to the mono-adduct,
and the signal at m/z 80650 to the bis-adduct.
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of specific binding in the iron-binding pockets, which could
also explain the slower binding kinetics toward transferrin
in comparison to albumin. For transferrin, a molecular
weight of 79548�15 Da was determined, which is in good
agreement with the literature.[54] The observed mass increase
of approximately 540 Da could be assigned to a conjugate
formed with the complex upon loss of a chlorido ligand. A
mass increase of approximately 1100 Da could be attributed
to formation of a bis-adduct.


Interaction with 9-ethylguanine : DNA is regarded as an im-
portant target for metal-based anticancer agents, especially
for Pt complexes, and binding to nucleobases is widely stud-
ied by methods such as NMR spectroscopy and capillary
electrophoresis to provide information on the mode of
action.[51,55–59] Interaction of 1 with the model compound 9-
ethylguanine (9EtG) was investigated under different condi-
tions. Incubation of 1 with 9EtG at molar ratios of 1:1 and
1:2 resulted in formation of the respective 9EtG adduct by
exchange of a chlorido ligand (two diastereomers at approx-
imately 139 and 141 ppm in the 31P NMR spectra; Figure 8),
and secondly an adduct with the hydrolyzed P ligand (two
diastereomers around 96 and 98 ppm). Addition of equimo-
lar amounts of 9EtG to a solution of 1d (obtained by treat-
ment of 1 with 2 mol of AgNO3) resulted in formation of a
pair of signals at approximately 96 and 98 ppm, assignable
to the pair of diastereomers that was also observed at an in-
cubation ratio of Ru complex:9EtG=1:2. No other signals
appeared in the NMR spectrum even after 72 h of incuba-


tion. The finding that all hydrolysis species are able to bind
to 9-ethylguanine demonstrates their potential role in vitro.


Mass spectrometric studies of a mixture of 1 and 9EtG
(1:1) after 24 h of reaction revealed, in addition to a peak
assignable to unchanged 9EtG at m/z 180.0 [9EtG+H]+ ,
species observed during the hydrolysis studies and peaks at
m/z 679.7, 1180.0, and 1359.0, which were assigned to
[1�2Cl+OH+9EtG]+ , [1c�2OH+9EtG�H]+ , and
[1c�2OH+29EtG�H]+ , respectively.


Note that neither ESIMS nor NMR spectroscopy provid-
ed evidence for a derivative in which two molecules of
9EtG are coordinated to the ruthenium center, which may
be prevented by steric hindrance.[60]


Cytotoxicity : The cytotoxicity of 1 and 4–6 (2 and 3 are not
sufficiently soluble for in vitro testing) was studied in
human SW480 colon adenocarcinoma, CH1, A2780 and cis-
platin-resistant A2780 ovarian carcinoma, A549 lung carci-
noma, Me300 melanoma, LNZ308 glioblastoma, and HCEC
endothelial cell lines by means of the MTT cell survival
assay. Concentration–effect curves for CH1 and SW480 cells
are depicted in Figure 9, and their IC50 values were deter-
mined after 96 h. Cytotoxicity of compounds 1, 4, and 5 to-
wards the other cell lines are presented in Table 2 as IC50


values determined after 72 h of incubation.


Compound 4 showed the highest activity in all tested cell
lines, but otherwise no structure–activity relationships with
validity for all cell lines can be inferred from the data. The
cytotoxicities of compounds 1, 5, and 6 are moderate with
IC50 values in the range of 60–153 mm in the most sensitive
cell line CH1. Other ruthenium drug candidates such as


Figure 8. Top: Reaction of 1 with 9EtG studied by 31P NMR spectrosco-
py. Bottom: percentage of adduct formed during incubation of 1 with
9EtG at 1:2 molar ratio over 65 h in D2O.


Figure 9. Concentration–effect curves of ruthenium complexes 1 and 4–6
after 96 h in CH1 (top) and SW480 (bottom) cells, obtained by the MTT
assay. Values are means� standard deviations from at least three inde-
pendent experiments. 1^, 4&, 5~, 6R.
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NAMI-A and certain RAPTA compounds exhibit similar
cytotoxicities, and while they are much less active in vitro
than, for example, cisplatin, they show excellent activities in
vivo.[26,61] Interestingly, the comparable IC50 values found in
A2780 and cisplatin-resistant A2780 cells suggest that these
ruthenium complexes are not recognized by the same resist-
ance mechanisms as cisplatin. Notably, the lowest activity
was observed in nontumoral endothelial cells, and this indi-
cates a selectivity towards cancer cells, in particular the CH1
cell lines with an order of magnitude difference in selectivity
for 1 and 4.


Conclusion


Ruthenium complexes with carbohydrate ligands resembling
the structure of RuACHTUNGTRENNUNG(arene) ACHTUNGTRENNUNG(pta)-type complexes were pre-
pared in order to evaluate the influence of the carbohydrate
phosphite ligand on their in vitro anticancer activities. In
water the phosphite ligand is hydrolyzed, and this process is
activated by prior hydrolysis (of the chlorido ligand) at the
ruthenium center. After dissolution in water the final hy-
drolysis product is a dimeric species. Hydrolysis of 1 was
suppressed completely at high NaCl concentration, whereas
hydrolysis in 4 mm NaCl was comparable to that in water.
The complex resulting from hydrolysis of the Ru�Cl bonds
and of the P�O bonds of the ligand were capable of binding
to 9EtG with formation of 1:1 adducts. Complex 1 binds to
both albumin and transferrin, but no conjugates with smaller
proteins were observed.


In vitro anticancer activity tests revealed that the most
lipophilic compound 4 is the most active. No correlation
could be found with kinetics of hydrolysis, or other parame-
ters.


The activity of the Ru complexes in the nontumorigenic
cells was lower than in the tumor cell lines, which is an indi-
cation for a certain degree of selectivity towards malignant
cells. The different behavior in cisplatin-resistant cells in
comparison to the cisplatin-sensitive parental cell line sug-
gests a different mode of action in comparison to the estab-
lished platinum-based anticancer agents. However, in gener-
al sugar complexes based on platinum, titanium, and other
metal complexes are not very active in vitro but were found
to be sometimes more efficient in vivo than the established
anticancer agents.[31, 62]


Experimental Section


Materials : All reactions were carried out in dry solvents under an inert
atmosphere in the dark. All chemicals obtained from commercial suppli-
ers were used as received and were of analytical grade. RuCl3 was ob-
tained from Degussa (Germany) and sodium hydroxide and sodium dihy-
drogenphosphate from Fluka (Buchs, Switzerland). Disodium monohy-
drogenphosphate was purchased from Riedel-de Haen (Seelze, Germa-
ny). Human serum albumin (approximately 99%, Lot 111K7612), apo-
transferrin (97%, Lot 074K1370), and ammonium bicarbonate (purum,
p.a.) were obtained from Sigma–Aldrich (Vienna, Austria). Cytochrome c
and ubiquitin were purchased from Sigma. High-purity water was ob-
tained from a Millipore Synergy 185 UV Ultrapure Water system (Mol-
sheim, France). The dimer bis[dichlorido(h6-p-cymene)ruthenium(II)][63]


and the phosphorus sugar ligands[64–66] were synthesized by procedures re-
ported previously. Complex formation was monitored by TLC with ethyl
acetate as eluent.
1H, 13C, and 31P NMR spectra were recorded by using a Bruker Avance
DPX 400 instrument (Ultrashield Magnet) at ñ=400.13 (1H), 100.63
(13C), and 161.98 MHz (31P) or a Bruker FT NMR spectrometer Avance
III 500 MHz at ñ=500.10 (1H), 125.75 (13C), and 202.44 MHz (31P) at
298 K. The 2D NMR spectra were measured in a gradient-enhanced
mode.


An esquire3000 ion trap mass spectrometer (Bruker Daltonics, Bremen,
Germany), equipped with an orthogonal ESI ion source, was used for
MS measurements. The instrument was operated in positive-ion mode for
characterizing proteins and protein–metal adducts. To ensure the best
performance and to simulate physiological pH, samples containing vary-
ing drug-to-protein ratios (from 1:1 to 8:1) were incubated at 37 8C in
20 mm ammonium bicarbonate buffer adjusted to pH 7.4 by titration with
0.1m formic acid. The samples were measured twice, after incubation pe-
riods of 30 min and 24 h. The solutions were introduced by flow injection
at a rate of 4 mLmin�1 by using a Cole-Parmer 74900 single-syringe infu-
sion pump (Vernon Hills, IL). The ESIMS instrument was controlled by
means of the esquireControl software (version 5.2), and all data were
processed with DataAnalysis software (version 3.2), both from Bruker
Daltonics.


Specific optical rotations were measured by using a Perkin–Elmer 341
polarimeter in a 10 cm cell at 20 8C. UV/Vis spectra were recorded by
using a Perkin–Elmer Lambda 650 UV/Vis spectrometer in quartz cuv-
ettes with 1 cm path length at 298 K in water from l=750 to 200 nm.
Melting points were determined by means of a BTchi B-540 apparatus
and are uncorrected. The elemental analyses were done by the Laborato-
ry for Elemental Analysis, Faculty of Chemistry, University of Vienna, by
using a Perkin–Elmer 2400 CHN Elemental Analyzer.


Hydrolysis : Samples were dissolved in H2O/D2O (9/1) at 25 8C. For inves-
tigating the effect of the chloride ion concentration on ligand exchange,
sodium chloride was added to the solutions to set the chloride concentra-
tion from 0 to 100 mm.


Interaction with 9-ethylguanine : Complex 1 was incubated with 9EtG in
H2O at 25 8C in the dark at molar ratios of 1:1 and 2:1, and the time
course of the reaction were determined. Before measuring NMR spectra
10 vol% D2O was added.


Table 2. Cytotoxicity of ruthenium complexes 1 and 4–6 in terms of 50% inhibitory concentrations (IC50) in human cancer and nontumorigenic cell lines
after incubation for 72 or 96 h in the MTT assay. Values are means� standard deviations, obtained from at least two independent experiments.


Compound IC50 [mM]
Cancer cell lines Nontumorigenic cells


CH1[a] SW480[a] A2780[b] CisR A2780[b] LNZ308[b] Me300[b] A549[b] HCEC[b]


1 60�14 361�122 504�56 678�80 575�25 617�13 498�17 >700
4 29�4 150�19 351�89 374�93 212�54 327�55 223�14 506�62
5 93�26 500�100 >700 >700 >700 >700 >700 >700
6 153�13 430�35 nd[c] nd nd nd nd nd


[a] 96 h incubation. [b] 72 h incubation. [c] nd=not determined.
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Protein binding studies : CZE experiments were performed by using an
HP3D CE system (Agilent, Waldbronn, Germany) equipped with an on-
column diode-array detector. For all measurements, uncoated fused-silica
capillaries of 50 cm total length (50 mm i.d., 42 cm effective length) were
used (Polymicro Technologies, Phoenix, AZ). Capillary and sample tray
were thermostated at 37 8C. Injections were performed by applying a
pressure of 50 mbar for 5 s (15 s in the case of 5), and a constant voltage
of 20 kV was used for all separations (the resulting current was about
30 mA). Detection was carried out at 200 nm. Prior to the first use, the ca-
pillary was flushed with 0.1m HCl, water, 1m NaOH, and again with
water (10 min each) and then equilibrated with the background electro-
lyte (BGE) for 10 min. Before each injection, the capillary was purged
with 0.1m NaOH and water for 2 min each and finally conditioned with
the BGE for 3 min.


The initial concentrations of protein and ruthenium complex in the
20 mm phosphate buffer (pH 7.4) sample mixtures were fixed for 1, 5,
and 6 at 50 mm and 1 mm, respectively, and for 4, owing to the low solubil-
ity of the complex, at 15 mm and 0.3mm, and the samples were incubated
at 37 8C. This constitutes a protein-to-drug ratio of 1:20, which is a rea-
sonable approximation of a real situation shortly after intravenous ad-
ministration. All solutions were passed through a 0.45 mm disposable
membrane filter (Sartorius, Goettingen, Germany) before CZE analysis.


The rates of hydrolytic and protein-binding reactions were measured by
monitoring the decrease in the peak area response due to the Ru com-
plex anion. All rates were determined in 20 mm phosphate buffer as
background electrolyte (pH 7.4) at 37 8C; the sample solutions were pre-
pared as described above. The resulting ion strength was about 52 mm.
For the determination of the rate constants khyd and kbind, each kinetic
series was repeated at least three times. Note that the kinetics of Ru–pro-
tein binding was assessed indirectly, because the peak of the adduct
could not be separated from the protein peak, or selectively recorded by
using the UV detection mode. Apparent binding rate constants were cal-
culated by polynomial approximation of the rate constants of both pro-
cesses, assuming first-order character of the binding reaction. In accord-
ance with the kinetics theory of two parallel reactions,[67] the rate con-
stant of the binding reaction can be expressed as a difference of the rate
constants of the summative reaction, khyd+bind and khyd : kbind=2khyd+bind


�khyd.
Crystallographic structure determination : X-ray diffraction measure-
ments were performed on an APEXII CCD diffractometer at 296 (1)
and 100 K (2 and 3). The single crystals were positioned 40 mm from the
detector, and for 1 2016 frames were measured, each for 60 s over 18,
whereas for 2 and 3 1261 and 997 frames were recorded, each for 10 and
5 s over a 18 scan width (for 2 and 3, respectively). The data were pro-
cessed with the SAINT software package.[68] Crystal data, data collection
parameters, and structure refinement details are given in Table S2 of the
Supporting Information. The structures were solved by direct methods
and refined by full-matrix least-squares techniques. Non-hydrogen atoms
were refined with anisotropic displacement parameters. Hydrogen atoms
were inserted at calculated positions and refined with a riding model.
The following computer programs were used: structure solution,
SHELXS-97;[69] refinement, SHELXL-97;[70] molecular diagrams, DS vis-
ualizer;[71] computer, Pentium IV; scattering factors.[72] CCDC 689442 (1),
689444 (2) and 689443 (3) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.


Cell lines and culture conditions : CH1 cells originate from an ascites
sample of a patient with a papillary cystadenocarcinoma of the ovary and
were kindly provided by Lloyd R. Kelland, CRC Centre for Cancer Ther-
apeutics, Institute of Cancer Research, Sutton, UK. SW480 colon adeno-
carcinoma and A549 lung carcinoma cells were obtained from the Ameri-
can Type Culture Collection (ATCC). Human Me300 melanoma cells
were kindly provided by Dr D. Rimoldi, Ludwig Institute of Cancer Re-
search, Lausanne branch, human cerebral endothelial cells (HCEC) by
D. Staminirovic and A. Muruganandam, Ottawa, Canada, and LNZ308
glioblastoma cells by AC Diserens neurosurgery service, CHUV, Lau-
sanne. All cell culture reagents were obtained from Iwaki or Gibco-BRL.


Me300, A2780 and cisplatin-resistant A2780 cells were grown in RPMI
1640 medium, CH1 and SW480 cells in Minimal Essential Medium
(MEM) plus 1 mm sodium pyruvate, 4 mm l-glutamine, and 1% nones-
sential amino acids (100R), and LNZ308, HCEC, and A549 cells in Dul-
beccoQs Modified Eagle Medium (4.5 gL�1 glucose). All media were sup-
plemented with 10% heat-inactivated fetal bovine serum and optionally
with antibiotics. Cultures were maintained at 37 8C in a humidified at-
mosphere containing 5% CO2.


Cytotoxicity tests in cancer cell lines : Cytotoxicity was determined by the
MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide,
Fluka) cell survival test, which measures the mitochondrial dehydrogen-
ase activity of viable cells. CH1 and SW480 cells were harvested from
culture flasks by trypsinization and seeded into 96-well microculture
plates (Iwaki). Cell densities of 1.5R103 cells per well (CH1) and 2.5R103


cells per well (SW480) were chosen in order to ensure exponential
growth throughout drug exposure. After a 24 h pre-incubation, cells were
exposed for 96 h to solutions of the test compounds in complete culture
medium. At the end of exposure, drug solutions were replaced by 100 mL
per well of RPMI1640 culture medium supplemented with 10% heat-in-
activated fetal bovine serum plus 20 mL per well of MTT solution in
phosphate-buffered saline (5 mgmL�1). After 4 h of incubation, the su-
pernatants were removed, and the formazan crystals were dissolved in
150 mL DMSO per well. Optical densities at 550 nm were measured with
a microplate reader (Tecan Spectra Classic), with a reference wavelength
of l=690 nm. Experiments were performed in sextuplicate wells and re-
peated at least twice.


The other cell lines were grown in 48-well cell culture plates (Corning,
NY) until 20% confluence. Then culture medium was replaced with fresh
medium containing the ruthenium complexes at concentrations varying
from 0 to 500 mm, and cells were exposed to the complexes for 72 h. Cell
survival was measured by using the MTT test with 2 h of incubation, then
the cell culture supernatants were removed, the cell layers were dissolved
in iPrOH/0.04m HCl, and the absorbance at 540 nm was measured in a
multiwell-plate reader (iEMS Reader MF, Labsystems, Bioconcept, Swit-
zerland). Experiments were performed in triplicate wells and repeated at
least twice. The number of viable cells was calculated as the ratio of the
absorbance of treated to that of untreated cells, and IC50 values were cal-
culated from dose–response curves.


Computational details : Full geometry optimization of all structures was
carried out at the DFT level of theory using BeckeQs three-parameter
hybrid exchange functional[73] in combination with the gradient-corrected
correlation functional of Lee, Yang, and Parr[74] (B3LYP) with the help of
the Gaussian03[75] program package. Symmetry operations were not ap-
plied for all structures. The geometry optimization was carried out using
a quasirelativistic Stuttgart pseudopotential describing 28 core electrons
and the appropriate contracted basis set (8s7p6d)/ ACHTUNGTRENNUNG[6s5p3d][76] for the
ruthenium atom and the 6-31G(d) basis set for other atoms. The experi-
mental X-ray structure of 1 (this work) was chosen as the starting geome-
try for the optimizations.


The Hessian matrix was calculated analytically for all optimized struc-
tures, to prove the location of correct minima (no imaginary frequencies)
and to estimate the zero-point energy correction and thermodynamic pa-
rameters; the latter were calculated at 25 8C. The entropic terms and
therefore the Gibbs free energies calculated by using the standard ex-
pressions for an ideal gas are over- or underestimated significantly for re-
actions occurring in solution in which a change in the number of mole-
cules occurs. Hence, the DG values are not discussed in this work.


Solvent effects were taken into account in the single-point calculations
based on the gas-phase equilibrium geometries by using the polarizable
continuum model[77] in the CPCM version[78] with H2O as a solvent and
UAHF atomic radii. The enthalpies in solution Hs were estimated by ad-
dition of the solvation energy DGsolv to gas-phase enthalpies Hg. For accu-
rate calculations of solvent effects, it is preferable to consider uncharged
species. Hence, the full geometry optimization of cationic complexes 1a’
and 1b’ and of their hydrolysis products was performed with one or two
chloride counterions, respectively (see Table S3 in the Supporting Infor-
mation for the reaction energies and enthalpies for the gas phase and for
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aqueous solutions, and Figure S6 for the equilibrium geometries of the
calculated structures).


For the free phosphite ligand L1, two conformations were calculated (La
and Lb, see Supporting Information). Only the most stable conformation
La corresponding to the experimental structure[79] is discussed here. The
equilibrium geometries and the main calculated bond lengths of La and
1’ are in reasonable agreement with the experimental X-ray structural
data for L1[79] and 1 (this work). The maximum deviations of the theoreti-
cal and experimental parameters are 0.05 N for the O1�C1 bond in La
and Ru�C and P�O bonds in 1’, and 0.03 N for the C4�C5 bond in 1’,
whereas the differences for the other bonds do not exceed 0.02 N and
often fall within the 3s interval of the X-ray data.


Dichlorido(h6-p-cymene)(3,5,6-bicyclophosphite-1,2-O-isopropylidene-a-
d-glucofuranoside)ruthenium(II) (1): A solution of bis[dichlorido(h6-p-
cymene)ruthenium(II)] (123 mg, 0.2 mmol) in dry CH2Cl2 (1 mL) was
added to a solution of 3,5,6-bicyclophosphite-1,2-O-isopropylidene-a-d-
glucofuranoside (100 mg, 0.4 mmol) in dry CH2Cl2 (20 mL). The mixture
was stirred at 39 8C for 2 h. The solvent was then evaporated, and the res-
idue washed with diethyl ether (3R5 mL) and dried under vacuum.
Yield: 218 mg (98%); m.p. 220–221 8C (decomp); [a]20D =25 (c=0.25 in
CH2Cl2);


1H NMR (400.13 MHz, CDCl3, 25 8C): d=6.17 (d, 3J ACHTUNGTRENNUNG(H,H)=


3.5 Hz, 1H; H-1), 5.71 (d, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H; H-Ar), 5.69 (d, 3J-
ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H; H-Ar), 5.59 (d, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H; H-Ar), 5.55
(d, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H; H-Ar), 5.10 (m, 1H; H-5), 4.80 (m, 1H; H-3),
4.69 (d, 3J ACHTUNGTRENNUNG(H,H)=3.5 Hz, 1H; H-2), 4.45 (dd, 2J (H,H)=12.4 Hz,
3J ACHTUNGTRENNUNG(H,P)=9.4 Hz, 1H; H-6), 4.29 (m, 2H; H-6’, H-4), 2.91 (m, 1H; Ar-
CH), 2.24 (s, 3H; Ar-CH3), 1.52 (s, 3H; C ACHTUNGTRENNUNG(CH3)2), 1.36 (s, 3H; C ACHTUNGTRENNUNG(CH3)2),
1.28 (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H; Ar-C ACHTUNGTRENNUNG(CH3)2), 1.27 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=


6.6 Hz, 3H; Ar-CH ACHTUNGTRENNUNG(CH3)2);
13C{1H} NMR (100.63 MHz, CDCl3, 25 8C):


d=113.0 (CACHTUNGTRENNUNG(CH3)2), 110.4 (C-Ar), 106.0 (C-1), 105.7 (C-Ar), 90.1 (C-Ar),
90.0 (C-Ar), 90.0 (C-Ar), 89.7 (C-Ar), 84.1 (d, 3J ACHTUNGTRENNUNG(C,P)=5.8 Hz; C-2),
79.3 (d, 2J ACHTUNGTRENNUNG(C,P)=8.7 Hz; C-3), 77.3 (d, 3J ACHTUNGTRENNUNG(C,P)=5.8 Hz; C-4), 74.9 (d, 2J-
ACHTUNGTRENNUNG(C,P)=5.8 Hz; C-5), 69.4 (d, 2J ACHTUNGTRENNUNG(C,P)=9.7 Hz; C-6), 31.2 (CH ACHTUNGTRENNUNG(CH3)2-Ar),
27.3 (C ACHTUNGTRENNUNG(CH3)2), 26.6 (C ACHTUNGTRENNUNG(CH3)2), 22.6 (CH ACHTUNGTRENNUNG(CH3)2-Ar), 22.5 (CH ACHTUNGTRENNUNG(CH3)2-
Ar), 19.1 ppm (CH3-Ar); 31P{1H} NMR (161.98 MHz, CDCl3, 25 8C): d=


135.4 ppm; MS (ESI+): m/z : 519 [M�Cl]+ , 577 [M+Na]+ ; elemental
analysis calcd (%) for C19H27Cl2O6PRu: C 41.17, H 4.91; found: C 41.03,
H 4.76.


Dibromido(h6-p-cymene)(3,5,6-bicyclophosphite-1,2-O-isopropylidene-a-
d-glucofuranoside)ruthenium(II) (2): A solution of bis[dibromido(h6-p-
cymene)ruthenium(II)] (196 mg, 0.25 mmol) in dry CH2Cl2 (1 mL) was
added to a solution of 3,5,6-bicyclophosphite-1,2-O-isopropylidene-a-d-
glucofuranoside (125 mg, 0.5 mmol) in dry CH2Cl2 (20 mL). The mixture
was stirred at 39 8C for 2 h. The solvent was then evaporated, and the res-
idue washed with diethyl ether (3R5 mL) and dried under vacuum.
Yield: 297 mg (93%); m.p. 224–225 8C (decomp); 1H NMR (500.10 MHz,
CDCl3, 25 8C): d=6.16 (d, 3J ACHTUNGTRENNUNG(H,H)=3.5 Hz, 1H; H-1), 5.70 (d, 3J ACHTUNGTRENNUNG(H,H)=


6.1 Hz, 1H; H-Ar), 5.57 (d, 3J ACHTUNGTRENNUNG(H,H)=5.0 Hz, 1H; H-Ar), 5.56 (d, 3J-
ACHTUNGTRENNUNG(H,H)=5.0 Hz, 1H; H-Ar), 5.10 (m, 1H; H-5), 4.79 (m, 1H; H-3), 4.68
(d, 3J ACHTUNGTRENNUNG(H,H)=3.5 Hz, 1H; H-2), 4.43 (dd, 2J ACHTUNGTRENNUNG(H,H)=12.6, 3J ACHTUNGTRENNUNG(H,P)=7.3 Hz,
1H; H-6), 4.29 (m, 2H; H-6’, H-4), 3.02 (m, 1H; Ar-CH), 2.36 (s, 3H;
Ar-CH3), 1.51 (s, 3H; C ACHTUNGTRENNUNG(CH3)2), 1.36 (s, 3H; C ACHTUNGTRENNUNG(CH3)2), 1.29 (d, 3J ACHTUNGTRENNUNG(H,H)=


6.8 Hz, 3H; Ar-CH ACHTUNGTRENNUNG(CH3)2), 1.28 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 3H; Ar-CH-
ACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR (125.75 MHz, CDCl3, 25 8C): d =112.6 (C ACHTUNGTRENNUNG(CH3)2),
111.7 (C-Ar), 105.6 (C-1), 105.4 (C-Ar), 89.5 (C-Ar), 89.4 (C-Ar), 89.1
(C-Ar), 83.7 (d, 3J ACHTUNGTRENNUNG(C,P)=6.2 Hz; C-2), 79.1 (d, 2J ACHTUNGTRENNUNG(C,P)=7.0 Hz; C-3),
76.8 (d, 3J ACHTUNGTRENNUNG(C,P)=4.0 Hz; C-4), 74.6 (d, 2J ACHTUNGTRENNUNG(C,P)=4.0 Hz; C-5), 69.2 (d, 2J-
ACHTUNGTRENNUNG(C,P)=7.0 Hz, C-6), 31.2 (Ar-CH ACHTUNGTRENNUNG(CH3)2), 26.9 (C ACHTUNGTRENNUNG(CH3)2), 26.3 (C-
ACHTUNGTRENNUNG(CH3)2), 22.4 (Ar-CH ACHTUNGTRENNUNG(CH3)2), 22.3 (Ar-CHACHTUNGTRENNUNG(CH3)2), 19.4 ppm (Ar-CH3);
31P{1H} NMR (202.44 MHz, CDCl3, 25 8C): d =133.5 ppm; MS (ESI+):
m/z : 667 [M+Na]+ ; elemental analysis calcd (%) for C19H27Br2O6PRu: C
35.48, H 4.23; found: C 35.62, H 4.10.


Diiodido(h6-p-cymene)(3,5,6-bicyclophosphite-1,2-O-isopropylidene-a-d-
glucofuranoside)ruthenium(II) (3): A solution of bisACHTUNGTRENNUNG[diiodido(h6-p-cyme-
ne)ruthenium] (244 mg, 0.25 mmol) in dry CH2Cl2 (1 mL) was added to a
solution of 3,5,6-bicyclophosphite-1,2-O-isopropylidene-a-d-glucofurano-
side (125 mg, 0.5 mmol) in dry CH2Cl2 (20 mL). The mixture was stirred
at 39 8C for 2 h. The solvent was then evaporated, and the residue


washed with diethyl ether (3R5 mL) and dried under vacuum. Yield:
334 mg (91%); m.p. 244–245 8C (decomp); 1H NMR (500.10 MHz,
CDCl3, 25 8C): d=6.15 (d, 3J ACHTUNGTRENNUNG(H,H)=3.5 Hz, 1H; H-1), 5.74 (d, 3J ACHTUNGTRENNUNG(H,H)=


6.5 Hz, 1H; H-Ar), 5.72 (d, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 1H; H-Ar), 5.60 (d, 3J-
ACHTUNGTRENNUNG(H,H)=5.5 Hz, 1H; H-Ar), 5.55 (d, 3J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 1H; H-Ar), 5.10
(m, 1H; H-5), 4.77 (m, 1H; H-3), 4.67 (d, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H; H-2),
4.37 (dd, 2J ACHTUNGTRENNUNG(H,H)=12.9 Hz, 3J ACHTUNGTRENNUNG(H,P)=7.5 Hz, 1H; H-6), 4.26 (m, 2H; H-
6’, H-4), 3.22 (m, 1H; H-Ar), 2.54 (s, 3H; CH3-Ar), 1.52 (s, 3H; C-
ACHTUNGTRENNUNG(CH3)2), 1.37 (s, 3H; C ACHTUNGTRENNUNG(CH3)2), 1.32 (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H; C ACHTUNGTRENNUNG(CH3)2-
Ar), 1.30 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H; CH ACHTUNGTRENNUNG(CH3)2-Ar); 13C{1H} NMR
(125.75 MHz, CDCl3, 25 8C): d=112.7 (C ACHTUNGTRENNUNG(CH3)2), 112.1 (C-Ar), 105.7 (C-
1), 105.6 (C-Ar), 90.6 (C-Ar), 90.3 (C-Ar), 90.1 (C-Ar), 89.8 (C-Ar), 83.9
(d, 3J ACHTUNGTRENNUNG(C,P)=6.4 Hz; C-2), 79.1 (d, 2J ACHTUNGTRENNUNG(C,P)=8.2 Hz; C-3), 76.8 (d, 3J-
ACHTUNGTRENNUNG(C,P)=4.6 Hz; C-4), 74.8 (d, 2J ACHTUNGTRENNUNG(C,P)=4.6 Hz; C-5), 69.2 (d, 3J ACHTUNGTRENNUNG(C,P)=


9.1 Hz; C-6), 31.9 (Ar-CH ACHTUNGTRENNUNG(CH3)2), 29.7 (C ACHTUNGTRENNUNG(CH3)2), 26.9 (C ACHTUNGTRENNUNG(CH3)2), 26.2
(C ACHTUNGTRENNUNG(CH3)2), 22.8 (Ar-CH ACHTUNGTRENNUNG(CH3)2), 22.7 (Ar-CH ACHTUNGTRENNUNG(CH3)2), 20.5 ppm (Ar-
CH3);


31P{1H} NMR (202.44 MHz, CDCl3, 25 8C): d=136.2 ppm; MS
(ESI+): m/z : 761 [M+Na]+ ; elemental analysis calcd (%) for
C19H27I2O6PRu: C 30.95, H, 3.69.; found: C 31.05, H 3.54.


Dichlorido(h6-p-cymene)(3,5,6-bicyclophosphite-1,2-O-cyclohexylidene-
a-d-glucofuranoside)ruthenium(II) (4): A solution of bis[dichlorido(h6-p-
cymene)ruthenium(II)] (202 mg, 0.3 mmol) in CH2Cl2 (2 mL) was added
to a solution of 3,5,6-bicyclophosphite-1,2-O-cyclohexylidene-a-d-gluco-
furanoside (173 mg, 0.6 mmol) in CH2Cl2 (40 mL). The mixture was
stirred at 39 8C for 2 h. The solvent was then evaporated, and the residue
washed with diethyl ether (3R5 mL) and dried under vacuum. Yield:
367 mg (98%); m.p. 160–161 8C (decomp), [a]20D =30 (c=0.25 in CH2Cl2);
1H NMR (400.13 MHz, CDCl3, 25 8C): d =6.17 (d, 3J ACHTUNGTRENNUNG(H,H)=3.5 Hz, 1H;
H-1), 5.70 (d, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H; H-Ar), 5.68 (d, 3J ACHTUNGTRENNUNG(H,H)=6.2 Hz,
1H; H-Ar), 5.60 (d, 3J ACHTUNGTRENNUNG(H,H)=5.9 Hz, 1H; H-Ar), 5.56 (d, 3J ACHTUNGTRENNUNG(H,H)=


5.9 Hz, 1H; H-Ar), 5.08 (m, 1H; H-5), 4.81 (m, 1H; H-3), 4.68 (d, 3J-
ACHTUNGTRENNUNG(H,H)=3.5 Hz, 1H, H-2), 4.45 (dd, 2J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 3J ACHTUNGTRENNUNG(H,P)=9.3 Hz,
1H; H-6), 4.29 (m, 2H; H-6’, H-4), 2.91 (m, 1H; H-Ar), 2.25 (s, 3H; Ar-
CH3), 1.64 (m, 8H; C6H10), 1.41 (m, 2H; C6H10), 1.28 (s, 3H; Ar-CH-
ACHTUNGTRENNUNG(CH3)2), 1.26 ppm (s, 3H; Ar-CH ACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR (100.63 MHz,
CDCl3, 25 8C): d =114.1 (C ACHTUNGTRENNUNG(CH3)2), 112.6 (C-Ar), 105.9 (C-Ar), 105.6 (C-
1), 90.2 (C-Ar), 89.9 (C-Ar), 89.8 (C-Ar), 89.7 (C-Ar), 83.7 (d, 3J ACHTUNGTRENNUNG(C,P)=


6.1 Hz; C-2), 79.3 (d, 2J ACHTUNGTRENNUNG(C,P)=10.5 Hz; C-3), 77.5 (d, 3J ACHTUNGTRENNUNG(C,P)=6.0 Hz; C-
4), 74.7 (d, 2J ACHTUNGTRENNUNG(C,P)=6.1 Hz; C-5), 69.2 (d, 2J ACHTUNGTRENNUNG(C,P)=9.6 Hz; C-6), 31.2
(CH ACHTUNGTRENNUNG(CH3)2-Ar), 27.3 (CACHTUNGTRENNUNG(CH3)2), 26.6 (C ACHTUNGTRENNUNG(CH3)2), 22.6 (CH ACHTUNGTRENNUNG(CH3)2-Ar),
22.5 (CH ACHTUNGTRENNUNG(CH3)2-Ar), 19.1 ppm (CH3-Ar); 31P{1H} NMR (161.98 MHz,
CDCl3, 25 8C): d=135.4 ppm; MS (ESI+): m/z : 617 [M+Na]+ ; elemental
analysis calcd (%) for C22H31Cl2O6PRu: C 44.45, H 5.26; found: C 44.31,
H 5.23.


Dichlorido(h6-p-cymene)(3,5,6-bicyclophosphite-ethyl-1-thio-a-d-gluco-
furanoside)ruthenium(II) (5): A solution of bis[dichlorido(h6-p-cymene)
ruthenium(II)] (185 mg, 0.3 mmol) in CH2Cl2 (2 mL) was added to a solu-
tion of 3,5,6-bicyclophosphite-1-thio-a-d-glucofuranoside (153 mg,
0.6 mmol) in CH2Cl2 (40 mL). The mixture was stirred at 39 8C for 2 h.
The solvent was evaporated, and the residue washed with diethyl ether
(3R5 mL) and dried under vacuum. Yield: 331 mg (98%); m.p. 175–
176 8C (decomp); [a]20D =5 (c=0.25 in CH2Cl2);


1H NMR (400.13 MHz,
CDCl3, 25 8C): d =5.71 (d, 3J ACHTUNGTRENNUNG(H,H)=5.8 Hz, 1H; H-Ar), 5.64 (d, 3J-
ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H-1), 5.61 (d, 3J ACHTUNGTRENNUNG(H,H)=5.8, 1H; H-Ar), 5.55 (d, 3J-
ACHTUNGTRENNUNG(H,H)=5.6 Hz, 1H; H-Ar), 5.07 (m, 1H; H-5), 4.89 (s, 1H; H-3), 4.54 (t,
2J ACHTUNGTRENNUNG(H,H), 3J ACHTUNGTRENNUNG(H,P)=10.0 Hz, 1H; H-6), 4.47–4.42 (m, 2H; H-4, H-2), 4.28
(m, 1H; H-6’), 2.89 (m, 1H; Ar-CH), 2.77 (m, 2H; CH2CH3), 2.23 (s,
3H; Ar-CH3), 1.36 (t, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 3H; CH2CH3), 1.27 (s, 3H; Ar-
CH ACHTUNGTRENNUNG(CH3)2), 1.25 (s, 3H; Ar-CH ACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR (100.63 MHz,
CDCl3, 25 8C): d=110.0 (C-Ar), 106.0 (C-Ar), 90.5 (C-Ar), 90.2 (C-1),
90.1 (C-Ar), 89.5 (C-Ar), 81.3 (d, 2J ACHTUNGTRENNUNG(C,P)=7.8 Hz, C-3), 77.7 (C-4, C-2),
75.6 (d, 2J ACHTUNGTRENNUNG(C,P)=4.9 Hz, C-5), 69.1 (d, 2J ACHTUNGTRENNUNG(C,P)=6.8 Hz, C-6), 31.3 (Ar-
CH ACHTUNGTRENNUNG(CH3)2), 26.1 (SCH2CH3), 22.5 (Ar-CH ACHTUNGTRENNUNG(CH3)2), 19.1 (Ar-CH3),
15.8 ppm (SCH2CH3);


31P{1H} NMR (161.98 MHz, CDCl3, 25 8C): d=


134.6 ppm; MS (ESI+): m/z : 581 [M+Na]+ ; elemental analysis calcd (%)
for C18H27Cl2O5PRuS: C 38.72, H 4.87; found: C 39.00, H 4.73.


Dichlorido(h6-p-cymene)(3,5,6-bicyclophosphite-N-acetyl-a-d-glucofura-
nosylamine)ruthenium(II) (6): A solution of bis[dichlorido(h6-p-cyme-
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ne)ruthenium(II)] (66 mg, 0.11 mmol) in CH2Cl2 (2 mL) was added to a
solution of 3,5,6-bicyclophosphite-N-acetyl-a-d-glucofuranosylamine
(54 mg, 0.22 mmol) in CH2Cl2 (40 mL). The mixture was stirred at room
temperature for 12 h. The solvent was evaporated, and the residue
washed with diethyl ether (3R5 mL) and dried under vacuum at 60 8C.
Yield: 117 mg (97%); m.p. 205–206 8C (decomp); [a]20D =14 (c=0.25 in
CH2Cl2);


1H NMR (400.13 MHz, CDCl3, 25 8C): d=6.98 (d, 3J ACHTUNGTRENNUNG(H,H)=


9.1 Hz, 1H; NH), 6.12 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.3 Hz, 3J ACHTUNGTRENNUNG(H,H)=4.1 Hz, 1H; H-1),
5.74 (d, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 1H; H-Ar), 5.72 (d, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 1H; H-
Ar), 5.62 (d, 3J ACHTUNGTRENNUNG(H,H)=6.2, 1H; H-Ar), 5.60 (d, 3J ACHTUNGTRENNUNG(H,H)=6.2, 1H; H-
Ar), 5.09 (m, 1H; H-5), 4.95 (s, 1H; H-3), 4.61 (t, 2J ACHTUNGTRENNUNG(H,H), 3J ACHTUNGTRENNUNG(H,P)=


8.9 Hz, 1H; H-6), 4.50 (s, 1H; H-4), 4.29 (m, 1H; H-2), 4.20 (m, 1H; H-
6’), 2.86 (m, 1H; Ar-CH), 2.20 (s, 3H; Ar-CH3), 2.09 (s, 3H;
NHCOCH3), 1.26 (s, 3H; Ar-CHACHTUNGTRENNUNG(CH3)2), 1.25 ppm (s, 3H; Ar-CH-
ACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR (100.63 MHz, CDCl3, 25 8C): d=171.6
(NHCOCH3), 110.1 (C-Ar), 105.6 (C-Ar), 90.2 (C-Ar), 89.8 (C-Ar), 89.7
(C-Ar), 82.3 (C-1), 81.2 (d, 2J ACHTUNGTRENNUNG(C,P)=8.0 Hz; C-3), 76.3 (d, 3J ACHTUNGTRENNUNG(C,P)=


5.2 Hz; C-4), 76.0 (d, 2J ACHTUNGTRENNUNG(C,P)=5.6 Hz; C-5), 74.2 (C-2), 69.2 (d, 2J ACHTUNGTRENNUNG(C,P)=


9.0 Hz; C-6), 31.1 (Ar-CH ACHTUNGTRENNUNG(CH3)2), 23.9 (NHCOCH3), 22.3 (Ar-CH-
ACHTUNGTRENNUNG(CH3)2), 19.0 ppm (Ar-CH3);


31P{1H} NMR (161.98 MHz, CDCl3, 25 8C):
d=134.5 ppm; MS (ESI+): m/z : 578 [M+Na]+ ; elemental analysis calcd
(%) for C18H26Cl2NO6PRu: C 38.93, H 4.72; N 2.52; found: C 38.67, H
4.78, N 2.71.
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Introduction


Metallaborane chemistry is an interesting and diverse area
of cluster chemistry that is closely allied to both polyhedral
metal compounds and boron hydrides.[1–8] Although it con-
tinues to be a topic of intense research, development in this
area has been slow,[1,3, 5,9,10] partly due to the lack of conven-
ient high-yield synthetic methods. Synthetic methods for the


generation of transition-metal cluster compounds have his-
torically been based around conditions that favor more
stable products.[11] The development of metallaborane
chemistry has followed a similar pathway, and new species
are often isolated under conditions that favor the thermody-
namic product, either through thermolysis or by simple
metathesis reactions between a preformed polyborane anion
and transition-metal halides.[3a–b, 12]


Fehlner et al. have studied reactions between cyclopenta-
dienyl transition-metal halides [Cp*MCln] (Cp*=h5-C5Me5)
and monoborane reagents BH3·thf, LiBH4·thf, and
BHCl2·SMe2,which often afford metallaboranes (M= Cr,[13]


Mo,[14] W,[15] Re,[16] Ru,[17] Co,[18] Rh,[19] and Ir.[20]) in modest
to high yield under mild conditions. However, a different sit-
uation arises in the case of early transition-metal complexes
[Cp*MCln], (M= V, Nb, or Ta), which are generally more re-
active towards monoborane reagents. Despite the availabili-
ty of well-developed routes to metallaboranes of Group 6–9
metals, to our knowledge examples of characterized
Group 5 metallaboranes are very rare.[21] Tantalaboranes
[(Cp*Ta)2ACHTUNGTRENNUNG(B2H6)2]


[22] and [(Cp*Ta)Cl2B4H8]
[23] were synthe-


Abstract: Reaction of [Cp*TaCl4]
(Cp*=h5-C5Me5) with a sixfold excess
of LiBH4·thf followed by BH3·thf in
toluene at 100 8C led to the isolation of
hydrogen-rich metallaboranes
[(Cp*Ta)2B4H10] (1), [(Cp*Ta)2B5H11]
(2), [(Cp*Ta)2B5H10ACHTUNGTRENNUNG(C6H4CH3)] (3),
and [(Cp*TaCl)2B5H11] (4) in modest
yield. Compounds 1–3 are air- and
moisture-sensitive but 4 is reasonably
stable in air. Their structures are pre-
dicted by the electron-counting rules to
be a bicapped tetrahedron (1), bicap-
ped trigonal bipyramids (2, 3), and a


nido structure based on a closo dodeca-
hedron (4). Yellow tantalaborane 1 has
a nido geometry with C2v symmetry
and is isostructural with
[(Cp*M)2B4H8] (M =Cr and Re);
whereas 2 and 3 are C3v-symmetric and
isostructural with [(Cp*M)2B5H9] (M=


Cr, Mo, W) and [(Cp*ReH)2B5Cl5].
The most remarkable feature of 4 is


the presence of a hydride ligand bridg-
ing the ditantalum center to form a
symmetrical tantalaborane cluster with
a long Ta�Ta bond (3.22 �). Cluster 4
is a rare example of electronically un-
saturated metallaborane containing
four TaHB bonds. All these new metal-
laboranes have been characterized by
mass spectrometry, 1H, 11B, and
13C NMR spectroscopy, and elemental
analysis, and the structural types were
unequivocally established by crystallo-
graphic analysis of 1–4.
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sized by using the same approach as described above, that
is, the reaction between LiBH4·thf or BH3·thf and
[Cp*TaCl4]. As tantalaboranes are rare, and structurally
characterized examples even more so, we reinvestigated the
tantalum system by using more vigorous heating and an
excess of BH3·thf. Here we present the results of reactions
between [Cp*TaCl4] and LiBH4·thf and BH3·thf to afford
tantalaboranes 1–4 in modest yield, all of which were char-
acterized by spectroscopic methods and X-ray diffraction.


Results and Discussion


Synthesis of [(Cp*Ta)2B4H10], [(Cp*Ta)2B5H11],
[(Cp*Ta)2B5H10ACHTUNGTRENNUNG(C6H4CH3)], and [(Cp*TaCl)2B5H11]: As
shown in Scheme 1, reaction of [Cp*TaCl4] with a sixfold
excess of LiBH4·thf followed by BH3·thf in toluene at 100 8C
results a mixture of [(Cp*Ta)2B4H10] (1), [(Cp*Ta)2B5H11]
(2), [(Cp*Ta)2B5H10 ACHTUNGTRENNUNG(C6H4CH3)] (3), and [(Cp*TaCl)2B5H11]
(4), which were separated by TLC.ACHTUNGTRENNUNG[(Cp*Ta)2B4H10] (1): Compound 1 was characterized spec-
troscopically and by X-ray structure determination. The
mass spectrometric data suggested a molecular formula of
C20H40Ta2B4. In the absence of crystallographic data, the mo-
lecular formula of 1 and its spectroscopic properties best fit
the structure shown in Scheme 1. By analogy with Cr and
Re compounds, 1 can be considered as a 42-electron, elec-
tronically unsaturated dimetal compound with B2 ligands
bridging in a perpendicular fashion. The 11B NMR data (two


resonances in 1:1 ratio) suggests a structure, if static, of
higher symmetry. Consistent with this observation, 1 shows
one kind of Cp* signal and two signals for six TaHB protons.
Selective decoupling experiment showed that four of the six
TaHB protons bridge the open four-membered face, while
the other two are located on the boron atoms of the tetrahe-
dral Ta2B2 core.


The spectroscopic data are consistent with the solid-state
structure (Figure 1). Compound 1 is a dimetallatetrahedron


capped on each Ta2B face by a
BH3 group such that extra four
hydrogen atoms reside on the
butterfly-shaped face generated
by the Ta2B2 tetrahedron. On
the basis of the capping princi-
ple[24] the skeletal electron
count is determined by the cen-
tral polyhedron (i.e., Ta2B2 tet-
rahedron) and amounts to five
skeletal electron pairs (SEP),
two electrons less than required
for the bicapped tetrahedron.
Thus, 1 does not obey the elec-
tron-counting rules[24–25] for the
observed geometry.


The existence of compound 1
permits structural comparison
with Cr and Re analogues with-
out perturbations caused by ad-
ditional metal fragments or li-
gands. The important geometri-
cal differences among the bi-
capped tetrahedral cores of
[(Cp*M)2B4H8+ n] (M= Cr, Re:Scheme 1. Synthesis of 1–4.


Figure 1. Molecular structure and labeling scheme for [(Cp*Ta)2B4H10]
(1). Selected bond lengths [�] and angles [8]: Ta1�Ta2 2.8909(4), Ta1�B1
2.437(15), Ta1�B2 2.441(14), Ta1�B3 2.452(6), Ta1�B4 2.33(2), B1�B2
1.70(2), B2�B3 1.93(3), B3�B4 1.71(3), Ta2�B1 2.378(13), Ta2�B2
2.382(15), Ta2�B3 2.290(10), Ta2�B4 2.34(2); B2-Ta1-B3 46.4(6), B1-Ta1-
B3 81.0(5), B4-Ta1-B1 103.3(5), B4-Ta2-B1 104.7(5), B3-Ta2-B4 43.2(6),
C6-Ta1-B1 147.1(4).
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n= 0; M=Ta: n=2) are shown in Figure 2 and Table 1. As
the qualitative cluster shapes of [(Cp*Ta)2B4H10],
[(Cp*Cr)2B4H8], and [(Cp*ReH2)2B4H4] are the same, differ-


ences are sought in the magnitude of the structural parame-
ters and the locations of the hydrogen atoms. The Ta�Ta
and Re�Re distances of 2.89 and 2.81 � are in the range ob-
served for single bonds, whereas the Cr�Cr distance of
2.87 � in [(Cp*Cr)2B4H8] is longer than a normal single-
bond length.[13a] On the other hand, the increased average
Ta�B distance (2.38 �) and dihedral angle (1678) of the hy-
drogen-bridged butterfly may reflect the larger metal radius
of Ta. Although the average B�B distance in 1 is similar,
that between the two capping boron atoms of 3.68 � is
much wider than those of its Cr and Re analogues. The ob-
served 1H and 11B NMR chemical shift correlation of 1 with
Cr and Re analogues may be due to perturbation of the
electronic environment of the boron atoms by the metal. On
going from the lighter to the heavier metal atom, the 1H
(TaHB protons) and 11B NMR (both capping and M2B2 tet-
rahedron boron atoms) resonances appear at low field
(Table 1).ACHTUNGTRENNUNG[(Cp*Ta)2B5H11] (2): Compound 2 was isolated by TLC in
modest yield. The NMR spectra imply a diamagnetic com-
pound. The mass spectrum of 2 is consistent with a formula
containing two Ta and five B atoms, and the parent-ion
mass corresponds to addition of a BH unit to
[(Cp*Ta)2B4H10] (1). This formulation of 2 rationalizes the
presence of three 11B NMR resonances in 2:2:1 ratio. The
11B NMR data indicate the presence of two pairs of equiva-
lent boron atoms and a unique boron atom, all linked direct-
ly to single hydrogen atoms. In one pair (open face) each
boron atom is bonded to two bridging hydrogen atoms, and
in the other each boron atom is bonded to one bridging hy-


drogen atom. Furthermore, 1H and 13C NMR spectra imply
two equivalent Cp* ligands. Consistent with empirical obser-
vations,[26] the signal of one pair (B2 and B4 in Figure 3) is
found at low field, whereas those of the other (B1 and B5)
lie within the range typical of boranes.


The single-crystal X-ray diffraction structure of 2
(Figure 3) confirms the structural inferences made on the
basis of spectroscopic data. Superficially this geometry re-
sembles a hexagonal bipyramid with a single missing equa-
torial vertex but, given the electron count of six SEP, is
probably more accurately thought of as a bicapped trigonal
bipyramid. A similar structural interpretation has been sug-
gested for [(Cp*M)2B5H9] (M =Cr,[13b,27] Mo,[13b, 14,27,28] W[15])


and [(Cp*ReH)2B5Cl5],[29] and
in each case the trigonal-bipyra-
midal M2B3H3 unit is capped by
two BH3 fragments over the
M2B faces. Such an interpreta-
tion implies the presence of a
Ta�-Ta single bond, and the
bond length of 2.92 � is consis-
tent with this.[30] Comparing the
structural parameters and
chemical shift of 2 are with


those of Cr, Mo, W, and Re analogues (Table 2) reveals sev-
eral contrasting features. Not only is the M�M distance sig-
nificantly longer in 2, but the average M�B and B�B distan-
ces are also noticeably longer. Differences in Ta�B and B�
B distances can be accounted for by the larger size of the Ta
center and two extra bridging hydrogen atoms compared to
the case of Cr.[31] The distance between the two capping
boron atoms differ slightly with respect to the size of the
open face of the cluster, which is more open in the Ta
system. Although differences in 1H chemical shift of the


Figure 2. Geometric and chemical-shift differences between the cluster
cores of [(Cp*M)2B4H8+n] (M =Cr, Re: n=0; M=Ta: n =2). Cp* ligands
omitted for clarity.


Table 1. Selected structural parameters and 1H and 11B NMR chemical shifts of 1, [(Cp*Cr)2B4H8], and
[(Cp*ReH2)2B4H4].


Compound SEP dM�M


[�]
Av dM�B


[�]
Av dB�B


[�]
dB�B


[�][a]
Dihedral
angle [8]
(M2B2 tetrahedron)


1H NMRACHTUNGTRENNUNG[ppm]ACHTUNGTRENNUNG(M-H-B)


11B NMRACHTUNGTRENNUNG[ppm][c]ACHTUNGTRENNUNG[(Cp*Cr)2B4H8] 5 2.87 2.06 1.70 3.02 147.6 �3.90 34.3, 126.5ACHTUNGTRENNUNG[(Cp*ReH2)2B4H4] 6 2.81 2.17 1.77 3.20 163.4 �11.52 1.30, 68.7ACHTUNGTRENNUNG[(Cp*Ta)2B4H10] (1) 5 2.89 2.38 1.78 3.68 167.7 �7.23, �3.88[b] 0.3, 16.6


[a] Distance between capping boron atoms B1 and B4 (Figure 2) in the open face of bicapped tetrahedral
structure. [b] Two TaHB protons (Ha and Hb as shown in Figure 2) in Ta2B2 tetrahedral core. [c] Two sets of
11B resonances (B1 and B4; B2 and B3) in the bicapped M2B4 tetrahedron.


Figure 3. Molecular structure and labeling scheme for [(Cp*Ta)2B5H11]
(2). Selected bond lengths [�] and angles [8]: Ta1�Ta2 2.9261(4), Ta1�B1
2.263(13), Ta1�B3 2.268(11), Ta1�B2 2.294(11), Ta1�B4 2.333(11), Ta1�
B5 2.435(12), Ta2�B2 2.348(11), Ta2�B1 2.452(12), Ta2�B3 2.264(13),
Ta2�B4 2.291(11), Ta2�B5 2.314(13), B1�B2 1.838(18), B2�B3 1.751(19),
B3�B4 1.77(2), B4�B5 1.86(2); B1-Ta1-B3 86.3(5), B1-Ta1-B4 104.7(4),
B2-Ta1-B4 84.4(5), B3-B2-B1 119.3(9), B1-B2-Ta1 65.3(6).
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MHB potons in [(Cp*M)2B5H9+n] (M= Cr, Mo, W: n=0;
M=Ta: n= 2) are not noticeable, there is a large difference
in 11B chemical shift of three types of boron atoms in the
M2B3 core on moving from first- to third-row transition
metal.ACHTUNGTRENNUNG[{Cp*Ta}2B5H10ACHTUNGTRENNUNG(C6H4CH3)] (3): Identification of 3 is based
solely on solid-state structure determination of a crystal se-
lected from a mixture of 2 and 3. The molecular structure of
3 (Figure 4) is similar to that of 2, that is, bicapped trigonal


bipyramid, except that one of the terminal BH hydrogen
atoms has been replaced by a C6H4Me group. As expected,
the distances and angles are similar to those found in 2
(Table 2).


The ORTEP representation of 3 shows large librational
motion with Ta1�Ta2 as a librational axis. The p-tolyl CH3


group is disordered over two positions, each with 50 % occu-
pancy. The main phenyl plane of the tolyl is inclined to the


Cp* planes by 10.9(6)8 (C1–C5) and 9.7(6)8 (C11–C15).
Strong C�H····p interactions between the phenyl plane of
the tolyl moiety and H8A of the methyl group (H8A_1····p
2.670(19) �, symmetry_1: 1+x, �1+y, z) form one-dimen-
sional zigzag chains in the crystal lattice. The packing is fur-
ther stabilized through intermolecular van der Waals inter-
actions among hydrogen atoms. All the boron atoms (B1–
B5) lie almost in an ideal plane, with a maximum deviation
of 0.022(9) � for B2, that perpendicularly bisects the Ta�Ta
axis.


Several attempts to synthesize 3 by using the same ap-
proach as for 2, which involves BH3·thf and LiBH4·thf as
boron sources and toluene as solvent, failed. Thus, informa-
tion on the origin of 3 must await additional detailed work,
including characterization of intermediate products.ACHTUNGTRENNUNG[(Cp*TaCl)2B5H11] (4): Compound 4 was isolated in modest
yield and was characterized spectroscopically and by X-ray
diffraction. The mass spectrum shows a molecular-ion peak
at m/z 767 corroborating the composition of C20H41Ta2B5Cl2,
and the 11B NMR spectrum (temperature-independent down
to �55 8C) exhibits four doublets in intensity ratio of 1:1:1:2,
consistent with a symmetric structure or a fluxional system.
Besides the BH protons (1:1:1:2), one TaHTa, one BHB,
and four TaHB protons are also observed. A 1H/11B
HETCOR experiment showed two of the four TaHB pro-
tons to be coupled exclusively to a pair of equivalent boron
atoms and the other two to the unique boron atom (open
face).


The framework geometry of 4 (Figure 5), which is unex-
pected for a tantalaborane, only became clear when the
solid state structure was determined. It is a nido structure
based on a closo dodecahedron. The average B�B distance
(1.76 �) is comparable with those in 1, 2, and others,[21a,23]


but the average Ta�B (2.38 �) and Ta�Ta (3.22 �) distances
are about 0.1 and 0.3 � longer. The Ta�Ta distance is too
long for a full Ta�Ta single bond (cf. [{TaCp*Cl2H}2]


[30]), but
it is too short to propose that there is no significant interac-
tion at all between the two metal centers.[32] Another inter-
esting feature is the presence of a bridging hydride ligand
between the two Ta centers. Usually, a bridging hydride
ligand pulls the metal atoms together to form a three-


Table 2. Selected structural parameters and 1H and 11B NMR chemical shifts of [(Cp*M)2B5H9+n] (M =Cr, Mo, W; n=0; M =Ta: n= 2).


Compound SEP dM�M


[�]
Av dM�B


[�]
Av dB�B


[�]
dB�B


[�][a]


1H NMRACHTUNGTRENNUNG[ppm]ACHTUNGTRENNUNG(M-H-B)


Angle [8]
between Cp*


11B NMRACHTUNGTRENNUNG[ppm][c]ACHTUNGTRENNUNG[(Cp*Ta)2B5H11] (2) 6 2.92 2.32 1.80 3.21 �6.6 and �3.8[b] 20 3.7, 23.9, 44.7ACHTUNGTRENNUNG[{Cp*Ta}2B5H10L] (3) (L =C6H4CH3) 6 2.90 2.32 1.80 3.19 na[d] 13 na[d]ACHTUNGTRENNUNG[(Cp*Cr)2B5H9] 6 2.62 2.15 1.67 3.08 �6.20 23 25.0, 91.5, 86.2ACHTUNGTRENNUNG[(Cp*Mo)2B5H9] 6 2.80 2.24 1.72 3.22 �6.99 31 62.9[e] (3 B), 25.8
[(h5-C5H4MeMo)2B5H9] 6 2.81 2.25 1.73 3.26 �7.01 30 61.6, 27.8, 59.7ACHTUNGTRENNUNG[(Cp*W)2B5H9] 6 2.81 2.23 1.71 3.16 �8.20 27 26.8, 46.9, 49.2ACHTUNGTRENNUNG[(Cp*ReH)2B5Cl5] 6 2.76 2.20 1.74 2.85 �9.30 13 48.3, 88.3, 28.1[f]


[a] Nonbonding distance between the two capping boron atoms (B1 and B5 in Figure 3). [b] Two equivalent TaHB protons (Ta1HB4 and Ta2HB2) in
Ta2B3 trigonal bipyramid. [c] Three 11B resonances: capping (B1 and B5), apical (B2 and B4), and the unique equatorial boron atom (B3) in M2B5 bicap-
ped trigonal-bipyramidal core. [d] na =not available. Identification of 3 is based solely on solid-state structure determination. [e] Accidental overlap of
the capping and equatorial 11B resonances. [f] All five terminal hydrogen atoms are substituted by chlorine atoms.


Figure 4. Molecular structure and labeling scheme for [{Cp*Ta}2B5H10-ACHTUNGTRENNUNG(C6H4CH3)] (3). Selected bond lengths [�] and angles [8]: Ta1�Ta2
2.9099(12), Ta1�B1 2.409(15), Ta1�B3 2.325(11), Ta1�B2 2.317(13), Ta1�
B4 2.345(9) Ta1�B5 2.279(14), Ta2�B2 2.238(13), Ta2�B1 2.318(14),
Ta2�B3 2.278(13), Ta2�B4 2.393(9), Ta2�B5 2.406(14), B1�B2 1.821(19),
B2�B3 1.774(18), B3�B4 1.79(2), B4�B5 1.89(2); B3-Ta1-B1 84.0(4), B2-
Ta1-B1 45.3(5), B4-Ta1-B1 103.5(4), B3-B2-B1 123.5(10), Ta1-B2-Ta2
79.4(4).
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center, two-electron bond,[33] but this is in marked contrast
to [(Cp*TaCl)2B5H11], in which the M�M distance is too
large for a significant binding interaction (Ta�Ta 3.22 �).
All the non-Cp* hydrogen atoms were found during refine-
ment including four TaHB, one TaHTa, and one BHB.


The 1H and 11B NMR spectra are consistent with the
solid-state X-ray structure of [(Cp*TaCl)2B5H11] (4), which
rationalizes the presence of four 11B resonances in the ratio
of 1:1:1:2. The signal of relative intensity 2:1 at d=18.8 and
15 ppm can be assigned to the pair of equivalent boron
atoms and the unique boron atom, respectively. The other
two resonances of relative intensity 1:1 at d=77.7 and
�10 ppm can be assigned to the unique four- and five-con-
nected boron atoms, respectively. The two pairs of equiva-
lent TaHB and one BHB hydrogen atoms can be placed as
shown in Scheme 1. The hydride ligands can be observed by
NMR or IR spectroscopy.[30,32c,34] In the 1H NMR spectrum
of 4 a hydride resonance with an integrated area of unity
relative to each C5Me5 group is found at d=8.55 ppm. The
spectrum does not change on cooling or heating the sample.
Based on the 1H NMR data of other tantalum hydrides,[30, 34]


this chemical shift was assigned for the TaHTa bridging hy-
drogen atom. In the IR spectrum a medium-strength, broad
peak at 1556 cm�1 can be assigned to a metal hydride mode.
Although the position of the peak is consistent with bridging
hydride ligands, the possibility that the hydride is terminally
bound cannot be excluded by this IR data alone.


The crystal structure of 4 (Figure 5) can be interpreted as
a nido cluster formally derived from an eight- or nine-vertex
deltahedron. The former case gives a nido cluster simply by
removing one five-connected vertex of a dodecahedron
(Figure 6). Alternatively, the observed geometry of 4 may
also be generated by 458 rotation of one of the square pyra-
midal faces of a tricapped trigonal prism around its C2 axis
followed by removal of two vertices (Figure 7). The skeletal
electron count for such a molecule is eight pairs (if we take
[Cp*TaCl] as zero-electron), one pair short of the nine re-


quired for a dodecahedral geometry. Cluster 4 is therefore
electronically unsaturated.


Conclusion


Although reactions of monocyclopentadienylmetal halides
[CpMXn] with nucleophiles have been extensively investi-
gated in general,[35] reaction with electrophiles has received
comparatively less attention to date. A new synthetic route
to [(Cp*Ta)2BnHm] (n=4, m =10; n= 5, m= 11) clusters has
been developed by the reaction of [Cp*TaCl4] with the elec-
trophiles LiBH4·thf and BH3·thf. This route provided access
to metallaboranes of earlier transition metals and yielded a
variety of structural types, some of which have novel cage
geometries and other structural features. Our results for this
Ta system, as well as other related systems,[36] suggest that
the metal fragment provides an electron-rich site for electro-
philic attack and thus promotes addition of BH3 to metalla-
borane clusters. Cluster 4 is a novel type of unsaturated di-
tantalaborane cluster, and its thermodynamic stability, to-
gether with its stability in air, makes it unique. The synthesis
and ongoing investigation of the chemistry of 2, with partic-
ular emphasis on the synthesis of higher tantalaboranes by
stepwise building-block approaches, as in the synthesis of
rhenaboranes[29] and ruthenaboranes,[37] is an exciting devel-
opment in the little-investigated area of metallaborane


Figure 5. Molecular structure and labeling scheme for [(Cp*TaCl)2B5H11]
(4). Selected bond lengths [�] and angles [8]: Ta1�Ta2 3.2219(3), Ta1�B2
2.258(7), Ta1�B3 2.440(7), Ta1�B1 2.413(7), Ta1�B4 2.422(8), Ta2�B2
2.279(7), Ta2�B1 2.403(8), Ta2�B3 2.431(7), Ta2�B5 2.431(7), B1�B2
1.732(11), B2�B3 1.734(10), B3�B5 1.770(11), B3�B4 1.773(10), B4�B5
1.832(10); B2-Ta1-B1 43.4(3), B(2)-Ta(1)-Ta(2) 45.02(18), B1-Ta1-Ta2
47.89(18), B4-Ta1-Ta2 73.38(18).


Figure 6. Generating the structure of 4 by removing one five-connected
vertex of a dodecahedron.


Figure 7. Generating the structure of 4 by 458 rotation of one of the
square pyramidal faces of a tricapped trigonal prism around its C2 axis
followed by removal of two vertices.
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chemistry of early transition metals and may allow the ra-
tional development of new materials.


Experimental Section


General procedures and instrumentation : All operations were conducted
under an Ar/N2 atmosphere by standard Schlenk techniques. Solvents
were distilled prior to use under argon. [Cp*TaCl4], BH3·thf, and
LiBH4·thf (Aldrich) were used as received. [Bu4N ACHTUNGTRENNUNG(B3H8)] as external ref-
erence for 11B NMR spectroscopy was synthesized by the literature
method.[38] TLC was performed on aluminum-supported silica gel TLC
plates (1 250 mm, Merck TLC Plates). NMR spectra were recorded on
400 and 500 MHz Bruker FT NMR spectrometers. Residual solvent pro-
tons were used as reference for 1H NMR (d([D6]benzene) =7.15 ppm),
while a sealed tube containing [Bu4N ACHTUNGTRENNUNG(B3H8)] in [D6]benzene (dB =


�30.07 ppm) was used as external reference for the 11B NMR spectra. IR
spectra were recorded on a Nicolet 6700 FT spectrometer. Mass spectra
were obtained on a JEOL JMS-AX505HA mass spectrometer with per-
fluorokerosene as standard and a Jeol SX 102/Da-600 mass spectrometer
with argon/xenon (6 kV, 10 m�) as FAB gas.


General procedure for synthesis of [(Cp*Ta)2BnHm ](n=4, m=10; n=5,
m= 11), [(Cp*Ta)2B5H10 ACHTUNGTRENNUNG(C6H4Me)] and [(Cp*TaCl)2B5H11]: In a flame-
dried Schlenk tube [Cp*TaCl4] (0.12 g, 0.26 mmol) was suspended in tolu-
ene (15 mL) and cooled to �78 8C, LiBH4·thf (0.8 mL, 1.56 mmol) was
added by syringe, and the reaction mixture was warmed slowly over
30 min to room temperature and left stirring for an additional hour. The
solvent was evaporated under vacuum, the residue was extracted into
hexane, and filtration afforded an extremely air and moisture sensitive
deep blue intermediate. The filtrate was concentrated, and a toluene so-
lution (20 mL) of the intermediate was pyrolyzed in the presence of an
excess of BH3·thf at 100 8C for 24 h. The solvent was dried and the resi-
due was extracted into hexane and passed through Celite. After removal
of solvent, the residue was subjected to chromatographic workup on
silica-gel TLC plates. Elution with hexane/CH2Cl2 (80/20) yielded three
bands. The first, red band was a mixture of [(Cp*Ta)2B5H11] (2) and
[(Cp*Ta)2B5H10 ACHTUNGTRENNUNG(C6H4Me)] (3), the second, yellow band was
[(Cp*Ta)2B4H10] (1; 0.014 g, 8%), and the third, red band was
[(Cp*TaCl)2B5H11] (4 ; 0.027 g, 14 %). X-ray-quality crystals of 1–4 were
grown by slow diffusion of hexane at 2 8C.


Spectroscopic data for [(Cp*Ta)2B4H10] (1): 11B NMR (400 MHz,
[D6]benzene, 22 8C): d =16.6 (s, 2B), 0.3 ppm (s, 2 B); 1H NMR
(400 MHz, [D6]benzene, 22 8C): d =6.02 (partially collapsed quartet
(pcq); 2BHt), 4.37 (pcq; 2BHt), 2.11 (s, 30 H; Cp*), �3.88 (br; 2 TaHB),
�7.23 ppm (pcq, 4 TaHB); 13C NMR (500 MHz, [D6]benzene, 22 8C): d=


110.8 (s; C5Me5), 11.2 ppm (s; CH3 in C5Me5); IR (hexane): ñ=2455 cm�1


(w, BHt); MS (FAB) P+ ACHTUNGTRENNUNG(max): m/z (%): 684 (isotopic pattern for 2Ta
and 4 B atoms); elemental analysis calcd (%) for 12C20


1H40
11B4


170Ta2: C
35.03, H 5.88; found: C 36.12, H 6.01.


Spectroscopic data for [(Cp*Ta)2B5H11] (2): 11B NMR (400 MHz,
[D6]benzene, 22 8C): d=44.8 (s, 1 B), 23.9 (s, 2B), 3.7 ppm (s, 2B);
1H NMR (400 MHz, [D6]benzene, 22 8C): d=5.43 (pcq; 2BHt), 4.39 (pcq;
2BHt), 3.14 (pcq; 1BHt), 2.16 (s, 30H; Cp*), �3.93 (br; 2 TaHB),
�6.65 ppm (pcq; 4 TaHB); 13C NMR (500 MHz, [D6]benzene, 22 8C): d=


110.8 (s; C5Me5), 12.9 ppm (s; CH3 in C5Me5); IR (hexane): ñ =2455 (w),
2496 cm�1 (w, BHt); MS (FAB) P+ ACHTUNGTRENNUNG(max): m/z(%): 696 (isotopic pattern
for 2Ta and 5B atoms); elemental analysis calcd (%) for
12C20


1H41
11B5


170Ta2: C 34.44, H 5.92; found: C 35.77, H 6.22.


Spectroscopic data for [(Cp*TaCl)2B5H11] (4): 11B NMR (400 MHz,
[D6]benzene, 22 8C): d= 77.7 (s, 1 B), 18.8 (s, 2 B), 15.1 (s, 1B), �10.0 ppm
(s, 1B); 1H NMR (400 MHz, [D6]benzene, 22 8C): d=8.58 (s; 1TaHTa),
4.18 (pcq; 2BHt), 3.80 (pcq; 1 BHt), 2.91 (pcq; 1BHt), 2.82 (pcq; 1BHt),
1.87 (s, 30H; Cp*), �0.06 (br; 1 BHB), �2.38 (br; 2 TaHB), �2.76 ppm
(br, 2TaHB); 13C NMR (500 MHz, [D6]benzene, 22 8C): d= 116.8 (s;
C5Me5), 14.4 (s; CH3 in C5Me5); IR (hexane): ñ =2441 (w), 2490 cm�1 (w,
BHt); MS (FAB) P+ ACHTUNGTRENNUNG(max): m/z (%): 767 (isotopic pattern for 2Ta, 2 Cl,


and 5 B atoms); elemental analysis calcd (%) for 12C20
1H41


11B5
170Ta2


37Cl2:
C 31.26, H 5.38; found: C 33.02, H 6.32.


X-ray structure determination : Diffraction data for 1, 2, and 4 were col-
lected and integrated by using an Oxford Diffraction XCALIBUR-S
CCD system equipped with graphite-monochromated MoKa radiation
(l=0.71073 �) at 150 K. Crystal data for 3 were collected and integrated
on a Bruker AXS KAPPA APEX2 CCD diffractometer with graphite-
monochromated MoKa (l=0.71073 �) radiation at 293 K. The structures
were solved by heavy-atom methods using SHELXS-97 or SIR92 (Altor-
nare et al. , 1993) and refined using SHELXL-97 (G.M. Sheldrick, Univer-
sity of Gçttingen).


[(Cp*Ta)2B4H10] (1): C20H40B4Ta2, monoclinic, C2, a =18.9197(3), b=


13.8180(3), c= 9.5639(2) �, b =93.987(2)8, Z =4, 1calcd =1.826 Mg m�3,
final R indices [I>2s(I)] R1 = 0.0481, wR2 =0.1118, index ranges �27�
h�28, �20�k�20, �14� l�13, crystal size 0.23 � 0.21 � 0.17 mm, reflec-
tions collected 17962, independent reflections 7260, (R ACHTUNGTRENNUNG(int) =0.0461),
GOF on F2 1.025.


[(Cp*Ta)2B5H11] (2): C20H41B5Ta2, triclinic, P1̄, a= 8.8827(4), b=


11.8488(5), c =12.0608(5) �, a=71.640(4), b=85.455(3), g= 88.886(3)8,
Z=2, 1calcd =1.929 Mg m�3, final R indices [I>2s(I)] R1 = 0.0357, wR2 =


0.0806, index ranges �10�h�10, �14�k�14, �14� l�14, crystal size
0.25 � 0.12 � 0.05 mm, reflections collected 10305, independent reflections
4217, (R ACHTUNGTRENNUNG(int) =0.0227), GOF on F2 1.101.


[{Cp*Ta}2B5H10 ACHTUNGTRENNUNG(C6H4CH3)] (3): The intensity data were collected by w–f
scan with frame width of 0.58. Frame integration and data reduction were
performed with Brukker SAINT-plus (Version 7.06a) software. A multi-
scan absorption correction was applied to the data by using SADABS
(Bruker AXS, 1999) software. C27H46B5Ta2, triclinic, P1̄, a= 8.6670(17),
b=10.059(2), c =17.793(4) �, a =81.82(3), b=81.81(3), g=75.49(3)8,
Z=2, 1calcd =1.768 Mg m�3, final R indices [I>2s(I)] R1 = 0.0459, wR2 =


0.1111, index ranges �10�h�10, �11�k�11, �21� l�21, crystal size
0.05 � 0.05 � 0.05 mm, reflections collected 26766, independent reflections
5169, (R ACHTUNGTRENNUNG(int) =0.0532), GOF on F2 1.142.


[(Cp*TaCl)2B5H11] (4): C20H41B5Cl2Ta2, monoclinic, P21/n, a=8.07310(10),
b=15.1442(3), c= 21.0979(4) �, b=98.216(2)8, Z=4, 1calcd =


1.999 Mg m�3, final R indices [I>2s(I)] R1 =0.0270, wR2 = 0.0633, index
ranges �9�h�9, �18�k�17, �16� l�25, crystal size 0.25 � 0.22 �
0.18 mm3, reflections collected 14 279, independent reflections 4491, (R-ACHTUNGTRENNUNG(int) =0.0234), GOF on F2 1.048.


CCDC-680860 (1), CCDC-680861 (2), CCDC-680862 (3), and CCDC-
680863 (4) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Molecular recognition is an emerging area in modern
chemistry that is starting to play a significant role in analyti-
cal, organic, inorganic, and medical chemistry.[1–3] The range
of targets for molecular recognition has dramatically in-
creased in recent years from simple atomic species to more
complex structures such as oligopeptides[4,5] and nucleic
acids.[6] The binding of phosphate species is of particular in-
terest due to its ubiquitous role in living organisms.[7] In
fact, nearly half of all known proteins interact with partners


that contain a phosphate residue. The binding of phosphate
is essential to a myriad of biological processes ranging from
biosynthesis and metabolism to gene regulation, signal
transaction, and antibiotic resistance. In this regard, the de-
velopment of synthetic receptors for different phosphates
should benefit drug discovery.[7]


The general principles of tetrahedral oxoanion recognition
have recently been reviewed by us[8] and others.[9,10] At the
present time a number of different approaches have been
realized for the design of phosphate receptors, among which
strategic, high-yielding anion-templated synthesis has at-
tracted particular attention.[11–15] However, many known arti-
ficial receptors are unable to distinguish between structural-
ly related anions bearing the same overall charge, for exam-
ple, acetate and hydrogen sulfate. Some known efficient re-
ceptors are based on a combination of coulombic, metal co-
ordination, or hydrogen-bonding interactions, for example,
tripodal copper complexes developed by Anslyn[16] and Fab-
brizzi[17] and their co-workers with KHPO4


2�/KOAc�, zinc com-
plexes by Gunning[18] and Kim and co-workers[19] with
KHPO4


2�/KOAc�>28>10 in water, and protonated sapphyrins
described by Sessler and co-workers[20] with a binding con-
stant K (relative to 2 equiv of OAc�)=32m


�1 in CD3OD,
and some other charged organic receptors specifically de-
signed for phosphate binding.[21–23] Neutral receptors are
generally less selective mostly due to lower binding affini-


Abstract: The anion-templated synthe-
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ties, for example, urea-based (KH2PO4
�/KOAc�=28[24] and


KH2PO4
�/KOAc�=232[25] in [D6]DMSO), amide-based (KH2PO4


�/
KOAc�=5.7 in [D6]DMSO),[26] and amido-pyrrole-based re-
ceptors (KH2PO4


�/KOAc�=5–30 also in [D6]DMSO).[27–29] Our
recent investigations of neutral receptors have shown that a
combination of hydrogen-bond
acceptor (imine or amine) and
donor (amide or pyrrole)
groups in one receptor with ap-
propriate spatial locations and
orientations leads to efficient
synthetic receptors for the
H2PO4


� anion in CH3CN and
DMSO solutions with selectivi-
ties in the range of 102–103,
values approaching those of
charged receptors (Scheme 1;
values of KH2PO4


�/KOAc� are
equal to 9, 7.4, and 77 for 1, 2,
and 4, and values of KH2PO4


�/
KHSO4


� are equal to 5.3, 3, and
0.56, respectively). The intro-
duction of amino groups (re-
ceptor 3) increased the selectiv-
ity up to 102–103 (KH2PO4


�/
KOAc�=250, KH2PO4


�/KHSO4
�=


25).[30–32] In our laboratory,
solid-phase analysis of oxoan-
ions with receptors containing
pyrrolic hydrogen bonds re-
vealed that incorporation of di-
pyrromethanes into the recep-
tor structure in most cases leads
to a selectivity for acetate,[33]


whereas the incorporation of
2,2’-bipyrroles leads to a selec-
tivity for phosphate.[32]


With a high phosphate selec-
tivity, sapphyrin has particularly
attracted our attention and
served as a point of origin for
the synthesis of novel receptors.
Sapphyrin is a versatile anion-
binding agent with remarkable
selectivity towards fluoride and
phosphate anions in polar
media. Analysis of the crystal
structures of host–guest com-
plexes leads to the suggestion
that the geometry of the coordi-
nation sites is complementary
only for the fluoride anion and
that phosphate selectivity is a
result of a high affinity for the
phosphate oxygen (see, for ex-
ample, complexes with H3PO4,
(C6H5O)2PO(OH),


C6H5OPO(OH),[20] and cAMP).[34] Thus, an expansion of the
inner cavity of the receptor with additional coordination
sites in appropriate conjunctures is one of the possible ways
to introduce geometrical host–guest complementarity and
hence improved selectivity. In accord with the above-men-


Scheme 1. Structures of neutral receptors that have proven selective for phosphate anions.
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tioned facts, building blocks that contain fragments structur-
ally equivalent to sapphyrin, such as 6–9 (Scheme 2), were
designed. Note that the proposed receptors, 10, 12 and 11,
13, have similar macrocyclic skeletons to sapphyrin and cy-
clo[8]pyrrole, respectively (see the bold structures in
Scheme 2).


Herein, we describe the anion-templated synthesis and
binding properties of novel macrocyclic oligopyrrole recep-
tors in which the pyrrole rings are linked through amide or
imine bonds. The receptor synthesis was accomplished by
covalent template self-assembly (CTS), successfully used in
our laboratory for the synthesis of receptors using template
imine[31] and amide[35] bond formation reactions. To show
the nature of the host–guest interactions and the influence
of geometry, size, and nature of the binding motifs on the
overall selectivity of the receptors, we investigated four dif-
ferent macrocyclic ligands. They can be divided into the fol-
lowing two categories: Oligopyrrole amide receptors (10
and 11) and oligopyrrole amino-imine receptors (12 and 13).
Where possible, the host–guest complexes were investigated
in the solid state. The anion-binding properties of the recep-
tors were determined by 1H NMR and UV/Vis titration
techniques.


Results and Discussion


Synthesis and structure : The receptors 10–13 were synthe-
sized from dicarbaldehyde 6, dicarboxylic acid 7, and the di-
amine building blocks 8 and 9 (Scheme 2). These com-
pounds were chosen to expand the cavity of sapphyrin with
additional amide groups (cf. structure 5 and 10) and enhance
the overall selectivity for oxoanions. Amido-imine receptors
12 and 13 were prepared by acid-catalyzed Schiff-base mac-
rocyclization; a range of inorganic acids, including HCl,
HNO3, H3PO4, H2SO4, and CH3COOH, were tested to opti-
mize the yield of the reaction. As expected, the smallest
macrocycle, 12, was obtained in similar yields using any of
the acids. In accord with our previous investigations, the
yield of the imine macrocyclization reaction was in agree-
ment with the affinity of the resulting macrocycles for the
anion, which corresponds to the acid used in the reaction.[31]


This suggests that 12 does not have a remarkable selectivity
towards any particular anion. The condensation of 6 with 9
gave 13 in a high yield only with H2SO4, H3PO4, and HNO3.
The receptors 10 and 11 were prepared by acylation of the
diamines 8 and 9 with a diacyl dichloride derivative of 7, re-
spectively. In the case of the synthesis of 10 (with a smaller
cavity), the chloride anion eliminated during the acylation
reaction acts a template in the macrocyclization reaction,
which occurs in good yield (46%). However, in the prepara-
tion of 11, tetrabutylammonium dihydrogen phosphate was
added as the anion template, which increased the yield from
15 (no template) to 57% (dihydrogen phosphate template).


A similar enhancement in yield was observed previously
for the acylation with pyridine-2,6-dicarbonyl dichloride in
which the preorganization of 9 upon coordination of dihy-


Scheme 2. Structures of building blocks 6–9 and schemes for the synthesis
of receptors 10–13.
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drogen phosphate is crucial to the formation of the [1+1]
acylation product.[35] Interestingly, the benefit of using a
template in this reaction was observed only if the concentra-
tion of the starting materials was not less than around 2 mm.
For all the receptors, we succeeded in obtaining single crys-
tals suitable for X-ray analysis of the receptor in the free
form and in some cases as host–guest complexes (see Fig-
ures 1–4). Receptors 10 and 12 with three pyrrole rings were
crystallized as the tetrabutylammonium chloride and hydro-
gen chloride salts, respectively. Interestingly, crystals of 10
were grown by slow diffusion of hexane into a mixture of
the free receptor and tetrabutylammonium dihydrogen
phosphate in chloroform. However, according to the X-ray
crystal structure analysis, the receptor contained a chloride
anion inside the cavity instead of dihydrogen phosphate.
Similarly, crystallization of the free receptor 12 in the same
solvent mixture gave the hydrogen chloride salt 12·HCl. Pre-
sumably, both receptors facilitate the hydrolysis of chloro-
form in the presence of traces of water and chloride com-
plexes are formed as they are more stable in this system.
Analysis of the structures of the receptors revealed that
amido-imine receptors are more planar than amido recep-
tors, probably due to conjugation in the imino-bipyrrole
fragment. As can be clearly seen from Figure 1, the amide
ligand 10 is more flexible than the amido-imine ligand 12
and can adjust its structure for chloride complexation. The
average Cl�···N distance is smaller for complex [10·Cl�]-
ACHTUNGTRENNUNG[TBA+] (3.28 L) than for complex 12·HCl (3.43 L), so a
higher affinity for chloride by 10 can be expected. The
former distance is very close to the Cl···N distance found in
a sapphyrin complex, that is, 3.24 L. The nonplanarity of the
receptors can also be evaluated from a comparison of dihe-
dral angles between the N4 and N5 atoms of two pyrrole
rings. For 10 this angle is 388 and for 12 it is 288. Unusual
acetate coordination to receptor 12 was found in the com-
plex [12·OAc�] ACHTUNGTRENNUNG[Et3N


+], which crystallized upon neutraliza-
tion with triethylamine of the reaction performed with
acetic acid as template (Figure 2). Instead of the coordina-
tion of one oxygen atom to the receptor, as in sapphyrins,[36]


the 2,5-diamidopyrrole moiety provides NH donor sites for
coordination of the second acetate oxygen atom. The ligand
has a bent structure to provide strong hydrogen-bonding
with the angles O4···H�N4, O3···H�N7, and O3···H�N1
equal to 169, 141, and 175 L, respectively.


According to the X-ray crystal structure analysis, receptor
11 is a dimer in which two molecules are stabilized by three
intermolecular hydrogen bonds between amide oxygen
atoms and pyrrole NHs: O4···H�N12 (2.11, 2.903(3) L,
1508), O5···H�N4 (2.40, 2.961(3) L, 1228), O7···H�N1 (2.10,
2.877(3) L, 1478). Molecule 11 is observed to adopt a bowl-
like conformation (Figure 3), which is determined by two in-
tramolecular hydrogen bonds: O2···H�N2 (1.96, 2.722(2) L,
144o), O4···H�N6 (1.99, 2.765(2) L, 146o) and O5···H�N11
(1.93, 2.697(3) L, 145o), O7···H�N15 (1.95, 2.729(3) L, 146o)
for the two independent molecules, respectively, in which
the amide groups are in trans positions. Intramolecular hy-
drogen-bonding introduces high structural rigidity into the


Figure 1. ORTEP-POVray rendered view of the structures of the com-
plex a) [10·Cl�] ACHTUNGTRENNUNG[TBA+]·1.25CHCl3 and b) 12·HCl·CHCl3·Et2O as inferred
from the single-crystal X-ray structure analysis. The tetrabutylammonium
cation for [10·Cl�] ACHTUNGTRENNUNG[TBA+]·1.25CHCl3, exterior hydrogen atoms, and all b


substituents on the pyrrole rings, as well as solvent molecules have been
removed for clarity.


Figure 2. ORTEP-POVray rendered view of the structure of the complex
[12·OAc�] ACHTUNGTRENNUNG[Et3NH+]MeOH as inferred from the single- crystal X-ray
structure analysis. The triethylammonium cation, exterior hydrogen
atoms, and all b substituents on the pyrrole rings have been removed for
clarity.
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receptor and resembles the g turns often found in cyclic nat-
ural peptides. In contrast to the solid phase, in solution no
dimerization was observed according to UV/Vis and
1H NMR dilution measurements.


The amido-imine macrocycle 13 has a completely differ-
ent structure. It was crystallized from DMSO (free ligand)
and chloroform (with TBA+HSO4


�), which resulted in the
formation of complexes 13· ACHTUNGTRENNUNG(DMSO)4 and [13·HSO4


�]-
ACHTUNGTRENNUNG[TBA+], respectively (Figure 4). Knowledge of the struc-
tures of complexes with geometrically different guests pro-
vides an opportunity to assess the conformational flexibility
of the receptor. Thus, 13 coordinates to four DMSO mole-
cules, one on each pyrrolic NH donor site, with additional
stabilization provided by the amide groups (N2 and N7).
The pyrrole rings are rotated in opposite directions so two
DMSO molecules are coordinated from one side of the N5�
N4�N1�N8 plane and the other two from the other side. It
is interesting to follow the changes in the angles between


the pyrrole planes and the cavity size upon complexation
with tetrabutylammonium hydrogen sulfate. In 13· ACHTUNGTRENNUNG(DMSO)4,
the dihedral angles between the N4 and N5 pyrroles and the
N1 and N8 pyrroles are 61.2 and 55.28, respectively, and the
distances between N1···N4 and N2···N7 are 5.454 and
8.423 L respectively. In the complex [13·HSO4


�] ACHTUNGTRENNUNG[TBA+] the
corresponding measurements are 37.3 and 44.68 and 5.901
and 7.290 L. Thus, upon complexation, the receptor dramat-
ically changes its conformation. The proton coming from the
hydrogen sulfate is statistically disordered over two sites at
the two nitrogen atoms with equal occupancies. Thus, de-
spite the fact that the sulfate dianion forms only seven hy-
drogen bonds, its superimposed hydrogen-bonding network
resembles that of cyclo[8]pyrroleH2


2+ ·SO4
2� with eight hy-


drogen bonds reported by Sessler and co-workers[37] Nota-
bly, 13 (four pyrrole NH donors, two amide NH donors, and
two imine N acceptors) can be considered an analogue of
cyclo[8]pyrrole (six pyrrole NH donors and two imine-like
N acceptors) in terms of the number and nature of the coor-
dination sites.


Figure 3. ORTEP-POVray rendered view of a) the structure of the dimer
of 11 (without b substituents on the pyrrole rings and exterior hydrogen
atoms) and b) the molecule 11 alone (without exterior hydrogen atoms)
as inferred from a single-crystal X-ray structure analysis.


Figure 4. ORTEP-POVray rendered view of the structures of a) 13·-
ACHTUNGTRENNUNG(DMSO)4 and b) 13·H2SO4·2CH2Cl2·0.25C6H14 as inferred from a single-
crystal X-ray structure analysis. The exterior hydrogen atoms, all b sub-
stituents on the pyrrole rings, and solvent molecules have been removed
for clarity.
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Anion-binding studies : To investigate the anion-binding
properties of these molecules, we performed 1H NMR titra-
tions with the tetrabutylammonium salts of inorganic anions
in a [D6]DMSO/0.5% water solution (Table 1). The stability
constants were determined by using the HYPERNMR and
HYPERQUAD 2006 programs.[38] Macrocycle 10 binds fluo-


ride with a 1:2 stoichiometry, whereas 12 binds with a 1:1
stoichiometry according to a Job plot analysis. Fitting of the
experimental data reveals multiple equilibria corresponding
to HF2


� binding rather than F�. The unusually high affinity
for fluoride can be explained in terms of bifluoride genera-
tion in situ upon titration with TBA+F� ACHTUNGTRENNUNG(H2O)3. Fluoride is
known to be a strong base in organic solvents, particularly
in the presence of water.[39] As receptor 10 does not have a
proton acceptor group, the first binding event will be the
binding of two hosts (S) to the HF2


� anion: 2S+


HF2
�QS2HF2


� (1:1 stoichiometry); S2HF2
�+HF2


�QS2-
ACHTUNGTRENNUNG(HF2


�)2 (1:2 stoichiometry overall). In contrast, 12 has a
proton acceptor group and the first binding event should be
protonation of the receptor: S+HF2


�QSHF2
� (2:1 stoichi-


ometry); SHF2
�+SQS2HF2


� (1:1 stoichiometry overall). In-
terestingly, both receptors bind acetate and dihydrogen
phosphate with a 2:1 stoichiometry with affinities of 107m


�1


and have a rather low affinity for the hydrogen sulfate anion
(Ka=43m


�1 for 10). We were unable to determine the
H2PO4


� binding constant for 10 due to very strong binding
and a rather complex equilibrium that could not be de-
scribed by the proposed models. The equilibrium is also ac-
companied by a broadening of NMR signals and a down-
field shift with Dd up to 2 ppm. According to the NMR ti-
tration data, fluoride, chloride, sulfate, and acetate did not
induce changes in the NH donor signals, only a shift of Dd=


0.4–2 ppm. An exception was receptor 12 with hydrogen sul-
fate: in addition to the four signals of the NH donor groups,
a fifth broad peak appeared after addition of more than one


equivalent of hydrogen sulfate. It may be assumed that in
DMSO 12 abstracts a proton from hydrogen sulfate concur-
rent with the binding event. To sum up, the three-pyrrole re-
ceptors show an affinity and selectivity for bifluoride, ace-
tate, and dihydrogen phosphate anions. The data were also
supported by UV/Vis titration experiments (see the Sup-
porting Information).


In the initial titration experiments with the larger recep-
tors 11 and 13, we were only able to calculate the binding
constants with tetrabutylammonium chloride, acetate, and
hydrogen sulfate (Table 1). Recall that the template synthe-
sis of 13 was also efficient in the presence of nitric acid.
However, according to the 1H NMR and UV/Vis titration
experiments, no apparent binding was observed with tetra-
butylammonium nitrate. The binding stoichiometry of ace-
tate complexation showed that the presence of more NH
donor binding sites in 11 resulted in a 1:2 host–guest interac-
tion, whereas for 13 a 1:1 stoichiometry was observed
(Table 1). Complexation of dihydrogen phosphate by 11 and
13 was very strong and was observed in the 1H NMR titra-
tion as changes in both the integral intensities and the shifts
of the peaks. However, the binding curves calculated on the
basis of these data were found to be phase-transition-like
curves that did not allow us to calculate the binding con-
stants. The same difficulties were encountered in the UV/
Vis titration experiments. The phase-transition curve is char-
acteristic of a host with multiple binding sites or with highly
cooperative binding.[40] Thus, we suggest that upon addition
of the phosphate, the affinity of the receptor causes aggrega-
tion processes both before and after the saturation point of
1:1 ligand/phosphate. Interesting binding trends were also
noted through the changes of the 1H NMR titration spectra
of 11 and 13 upon addition of tetrabutylammonium acetate
or dihydrogen phosphate. In the 1H NMR spectrum of 11
there were only two signals at d=11.69 ACHTUNGTRENNUNG(4H) and 9.17-
ACHTUNGTRENNUNG(4H) ppm arising from the amide and pyrrolic NHs. After
the addition of 2 equiv of acetate, four additional peaks ap-
peared, six in total, at d=13.74, 12.95, 12.45, 11.38, 10.51,
and 10.20 ppm. This means that the coordination of two ace-
tates stabilizes the unsymmetrical conformation of the free
receptor. Similarly, after addition of 1 equiv of dihydrogen
phosphate, six signals were observed at d=13.84, 11.69,
11.52, 10.75, 10.28, and 9.22 ppm. However, the addition of
more TBAH2PO4 reduced the number of signals to two (at
d=13.84 and 11.52 ppm). We thus suggest that 11 has two
binding sites for XO2 (e.g., acetate) complexation, but can
adjust its binding sites around XO4 species with high geo-
metrical complementarity. In contrast, upon titration of re-
ceptor 13 with acetate only four (pyrrole and amide) signals
were observed to be shifted downfield. When TBAH2PO4


was added to 13, the number of signals decreased to two,
probably due to fast proton exchange on the NMR time-
scale caused by imine protonation. To determine the desired
binding constants for TBAH2PO4 and TBAOAc we used a
competitive titration method[41] that we had successfully ap-
plied in recent work on acetate-selective receptors.[33] The
macrocycles were mixed with 2 equiv of tetrabutylammoni-


Table 1. Anion affinities (logK11) for the receptors 10–13 determined
from 1H NMR titrations carried out at 298 K in [D6]DMSO/0.5 water so-
lution.


Anion/Re-
ceptor


10 12 11 13


H2F
� logK11=5.70(5) logK21=5.50(3) n.d.[a] n.d.[a]


logK12=5.23(4) logK11=2.22(4)
Cl� 2.38(2) 1.97(1) 1.63(8) 0.89(1)
CH3COO� c.e.[a] logK21>7 c.e.[a] logK21>7 logK11=3.54(6) 3.07(4)


logK12=2.09(5)
NO3


� n.d.[a] n.d.[a] n.d.[a] n.d.[a]


HSO4
� 1.64(6) <1 1.84(7) 2.18(1)


H2PO4
� c.e.[a] logK21=7.44(5) >4[b] 2.44(4)[b]


logK11=2.21(4)


[a] n.d. = no apparent binding seen, as reflected in the lack of observa-
ble change in the 1H NMR spectrum upon anion addition; c.e. = com-
plex equilibrium, that could not be fitted by any binding model or the
errors was very large. [b] Binding constants determined from competitive
experiments in the presence of two equivalents of tetrabutylammonium
acetate.
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um acetate to saturate all the binding sites and subsequently
titrated with tetrabutylammonium dihydrogen phosphate. In
all cases (for 10, 11, and 13) changes in integral intensities
were observed rather than shifts of the peaks. In other
words, the integral intensities of the peaks of the acetate
complex gradually decreased as the peaks of the phosphate
complex increased (Figure 5). We were not able to fit the
binding curve for 10 with any appropriate model, however,
11 and 13 were fitted with a 1:1 model and relative binding
constants of Ka>104 and 275m


�1, respectively, were deter-
mined (Figure 5). Thus, in our studies, receptor 11 with eight
NH donor binding sites (amide and pyrrolic NHs) was the
most selective for the dihydrogen phosphate anion in
[D6]DMSO/0.5% water solution.


Conclusion


In this work we have developed novel receptors with bind-
ing cavities analogous to the expanded porphyrins sapphyrin
and cyclo[8]pyrrole but with the pyrrole rings linked by
amide and amine bonds rather than through direct linkages.
Their easy and efficient synthesis was accomplished by using
anion-templated [1+1] Schiff condensation and acylation
macrocyclization reactions. Their stability constants with dif-
ferent tetrabutylammonium salts of inorganic acids were de-
termined by standard 1H NMR and UV/Vis titration tech-
niques in DMSO. According to the titration data, the recep-
tors that contain three pyrrole rings exhibit high affinities
(logKa=5–7) for bifluoride, acetate, and dihydrogen phos-
phate, but interact weakly with chloride and hydrogen sul-
fate. Receptors 11 and 13, which contain four pyrrole rings,
exhibit unprecedented affinity and selectivity for dihydrogen
phosphate. The determined binding constants were even
higher than those for known charged or metal-containing re-
ceptors in DMSO solution.[8] The shapes of the binding
curves produced from peak shifts or integral changes upon
titration with tetrabutylammonium dihydrogen phosphate
suggest that the binding event is accompanied by a host–
guest aggregation process. This is in agreement with sap-
phyrin behavior and apparently is an integral feature of NH
donor receptors possessing high affinity. Competitive experi-
ments in which 11 and two equivalents of acetate anion
were titrated against dihydrogen phosphate allowed us to
determine a relative binding constant of logKa=>4. More-
over, the selectivity of receptor 11 is higher by at least three
orders of magnitude in comparison with analogue 13, which
bears two imine bonds. Analysis of the X-ray data of the
free receptor 11 revealed that, in the solid state, it forms
inter- and intramolecular hydrogen bonds. All these facts
support the proposition that the geometry of 11 is highly
complementary to the dihydrogen phosphate anion. The re-
sults of this work have shown that a combination of suitable
coordination sites (or binding motifs) in a complementary
geometry to the target anion and the rigidity of the structure
stabilized by rigid ether linkers (e.g., in 13) or hydrogen-
bonding (e.g., in 11) can lead to highly selective receptors
for dihydrogen phosphate. Such receptors possess a unique
property to encapsulate the phosphate and form a hydro-
phobic shell, and hence are of great interest as phosphate
carriers across membranes. They also offer good prospects
for the investigation and development of, among others, se-
lective nucleotides and phosphorylated amino acids as re-
ceptors and biomimetic catalysts, for example, in phospho-
diester hydrolysis. Work in this area is underway.


Experimental Section


General methods : All solvents and starting materials were of reagent
grade quality and purchased commercially unless noted otherwise. The
tetrabutylammonium (TBA) salts were dried under high vacuum prior to
use. NMR spectra were recorded on a Bruker Avance 400 MHz spec-


Figure 5. a) Integral changes for 11+2TBAOAc upon addition of (from
the bottom) 0.28, 0.41, 0.53, 0.64, 0.75, 0.86, 0.95, 1.16, and 1.37 equiv-
alents of TBAH2PO4. In the graph b, * denote experimental data and the
curves theoretical data generated by the fitting of experimental data
points using the HYPERNMR 2006 computer program.[38]
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trometer and referenced to the solvent peak. Column chromatography
was performed on 60 L (230–400 mesh) silica gel. 3,3’-Dimethyl-4,4’-di-
phenyl-2,2’-bipyrrole-5,5’-dicarbonyl dichloride was prepared by a similar
method to that described by Sessler and co-workers[29] and was used im-
mediately. Compounds 6[31] and 7–9[42] were prepared as described earlier.


Titration conditions : For NMR titrations, stock solutions of the host mol-
ecule to be studied were prepared in [D6]DMSO/0.5% water solution,
with the final concentrations being in the range of (1.3–1.7)O10�3 molL�1


for 10–13. Stock solutions of the guest were prepared by dissolving 4–
8 equiv of the TBA salts of the anions in question in 1 mL of the host
stock solution (1O10�2 molL�1). The general procedure for the UV/Vis
binding studies involved the preparation of stock solutions with concen-
trations 100-fold more dilute than those used for the NMR experiments,
sequential addition of the titrant (anionic guest) to a 1 mL sample of the
host stock solution in the spectrometric cell, and monitoring of the
changes in the spectral features. The total number of data points in both
NMR and UV/Vis experiments was between 10 and 40, depending on the
stoichiometry of the complexation; for a presumed 1:1 complex 10–15
data points were usually measured. The data points were then collated
and combined to produce plots that, in turn, were processed by the HY-
PERNMR and HYPERQUAD computer programs.[38]


X-ray diffraction analysis : Data were collected on Bruker APEX II and
SMART 1K diffractometers equipped with CCD area detectors using
graphite-monochromated MoKa radiation (l =0.71073 L). Data reduction
was performed by using SAINTPlus (v. 6.01 and 6.2).[43] Crystallographic
data are presented in Table 2. The structures were solved by direct meth-
ods and refined by full-matrix least-squares on F2 with anisotropic dis-
placement parameters for the non-hydrogen atoms. The hydrogen atoms
on carbon were refined in ideal positions with isotropic displacement pa-
rameters set to 1.2Ueq of the attached atom (1.5Ueq for the methyl hydro-
gen atoms). The hydrogen atoms bound to the nitrogen atoms were ob-


served in the DF maps and refined with fixed positions and isotropic dis-
placement parameters. In some cases, where noted, the contribution to
the scattering by solvent molecules was removed by the use of the utility
SQUEEZE in PLATON98.[44] All calculations were carried out by use of
the SHELXTL PLUS program (PC Versions 5.10 and 6.12).[45]


CCDC-685341, CCDC-685342, CCDC-685343, CCDC-685344, CCDC-
685345, and CCDC-685346 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Receptor 10 : A freshly prepared solution of 3,3’-dimethyl-4,4’-diphenyl-
2,2’-bipyrrole-5,5’-dicarbonyl dichloride (144 mg in 20 mL THF) was
added dropwise over 10 min to a THF solution (50 mL) containing
N2,N5-bis(2-aminophenyl)-3,4-dimethyl-1H-pyrrole-2,5-dicarboxamide (8)
(100 mg, 0.275 mmol) and pyridine (410 mg). The solution was stirred for
24 h at RT and evaporated under reduced pressure. The residue was dis-
solved in a MeOH/CH2Cl2 mixture (5:95, v/v) and filtered through a
small plug of silica. The filtrate was evaporated and recrystallized from
MeOH to yield 92 mg of 10 as a white powder (46%). 1H NMR
(600 MHz, [D6]DMSO): d =11.87 (s, 1H), 11.78 (s, 2H), 9.42 (s, 2H),
9.30 (s, 2H), 7.93 (d, J=7.2 Hz, 2H), 7.55 (d, J=7.2 Hz, 2H), 7.30 (m,
8H), 7.27 (m, 2H), 7.17 (m, 4H), 2.35 (s, 6H), 1.91 ppm (s, 6H);
13C NMR (600 MHz, [D6]DMSO): d=160.1, 158.7, 135.3, 132.54, 129.9,
129.3, 127.4, 126.3, 125.9, 125.6, 124.4, 124.1, 124.0, 123.5, 123.0, 122.7,
122.4, 119.0, 10.3, 10.0 ppm; ESI-MS(+): m/z : 728 [M]+ ; elemental analy-
sis calcd (%) for C44H37N7O4: C 72.61, H 5.12, N 13.47; found: C 72.54, H
4.89, N 13.42.


Receptor 11: A freshly prepared solution of 3,3’-dimethyl-4,4’-diphenyl-
2,2’-bipyrrole-5,5’-dicarbonyl dichloride (144 mg, 0.33 mmol in 20 mL
THF) was added dropwise over 10 min to a THF solution (50 mL) con-
taining N2,N5-bis(2-aminophenyl)-3,3’-dimethyl-4,4’-diphenyl-2,2’-bipyr-


Table 2. Crystallographic data for the investigated complexes.


10· ACHTUNGTRENNUNG[Cl�] ACHTUNGTRENNUNG[TBA+]·
1.25CHCl3


11·1.875CH2Cl2·
0.5C5H12


ACHTUNGTRENNUNG[12H+] ACHTUNGTRENNUNG[Cl�]·
CHCl3·Et2O


12· ACHTUNGTRENNUNG[Et3NH+] ACHTUNGTRENNUNG[OAc�]·
CH3OH


13·4 ACHTUNGTRENNUNG(CH3)2SO ACHTUNGTRENNUNG[13H+] ACHTUNGTRENNUNG[TBA+] ACHTUNGTRENNUNG[SO4
2�]·


2CH2Cl2·0.25C6H14


empirical formula C61.25H74.25Cl4.75N8O4 C64.375H57.75Cl3.75N8O4 C43H53Cl4N7O3 C47H64N8O5 C62H76N8O6S4 C73.5H96.5Cl4N9O6S
formula mass 1154.92 1140.37 857.72 821.06 1157.55 1375.96
crystal size [mm] 0.30O0.25O0.25 0.30O0.25O0.20 0.18O0.15O0.12 0.21O0.18O0.15 0.24O0.21O0.15 0.30O0.25O0.20
diffractometer SMART 1K SMART 1K SMART 1K APEX II SMART 1K APEX II
temperature [K] 120 100 120 100 120 100
crystal system monoclinic triclinic monoclinic monoclinic monoclinic monoclinic
space group C2/c P1̄ P21/c P21/c P21/n P21/n
a [L] 34.288(8) 16.8233(14) 13.699(5) 15.456(2) 16.1783(12) 15.4448(12)
b [L] 18.950(5) 18.3589(16) 17.068(5) 17.708(3) 21.7496(15) 21.4657(17)
c [L] 26.151(6) 22.7384(19) 20.866(6) 18.047(3) 18.3369(13) 24.1556(19)
a [8] 90 67.581(5) 90 90 90 90
b [8] 130.299(3) 71.641(5) 104.593(5) 114.096(3) 104.211(1) 103.401(2)
g [8] 90 72.564(5) 90 90 90 90
V [L3] 12960(6) 6031.3(9) 4721(3) 4508.9(12) 6254.8(8) 7790.3(11)
Z 8 4 4 4 4 4
1calcd [gcm


�3] 1.184 1.256 1.207 1.210 1.229 1.173
F ACHTUNGTRENNUNG(000) 4884 2383 1808 1768 2464 2930
m [mm�1] 0.263 0.239 0.294 0.080 0.207 0.232
q range [8] 2.04–23.01 1.30–26.23 1.95–25.03 1.85–25.02 1.87–26.06 1.65–27.00
index range �37�h�37 �20�h�20 �16�h�16 �18�h�18 �19�h�19 �19�h�19


�20�k�20 �22�k�22 �20�k�20 �21�k�21 �26�k�26 �27�k�27
�28� l�28 �28� l�28 �24� l�24 �21� l�21 �22� l�22 �30� l�30


refl. collected 42445 58090 32459 38414 44508 105078
independent
refl.


8925
[Rint=0.092]


23940
[Rint=0.049]


8071
[Rint=0.073]


7818
[Rint=0.069]


12252
[Rint=0.058]


16750
[Rint=0.038]


no. of rflns with I>2s(I) 2850 14876 4318 3369 8389 13226
R1 [I>2s(I)] 0.111 0.062 0.074 0.092 0.056 0.056
wR2 (all data) 0.277 0.158 0.189 0.215 0.160 0.143
data/restraints/parameters 8925/57/713 23940/18/1287 8071/11/431 7818/32/538 12252/0/735 16750/12/783
GOF on F2 1.041 1.018 1.004 1.009 1.002 1.001
largest diff. peak/hole [eL�3] 0.783/�0.398 0.490/�0.604 0.568/�0.663 0.536/�0.581 0.370/�0.390 0.899/�0.732
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role-5,5’-dicarboxamide (9) (160 mg, 0.275 mmol), pyridine (410 mg), and
TBAH2PO4 (112 mg, 0.33 mmol). The solution was stirred for 24 h at RT
and evaporated under reduced pressure. The residue was dissolved in a
MeOH/CH2Cl2 mixture (5:95 v/v) and filtered through a small plug of
silica. The filtrate was evaporated and recrystallized from MeOH/CH2Cl2
to yield 148 mg of 11 as a white powder (57%). 1H NMR (600 MHz,
[D6]DMSO): d=11.69 (s, 4H), 9.19 (s, 4H), 7.37 (m, 24H), 7.00 (m, 4H),
1.91 ppm (s, 12H); 13C NMR (600 MHz, [D6]DMSO): d=160.5, 142.1,
135.5, 130.7, 128.61, 127.2, 126.0, 125.3, 123.8, 123.0, 118.0, 116.7,
11.24 ppm; ESI-MS (+): m/z : 945 [M]+ ; elemental analysis calcd (%) for
C60H48N8O4: C 76.25, H 5.12, N 11.86; found C, 76.20, H 5.10, N 11.83.


Receptor 12 : HCl (38%, 0.1 mL) was added to a mixture of diamine 8
(363 mg, 1 mmol) and dialdehyde 6 (300 mg, 1 mmol) in MeOH (50 mL).
On heating the solution at reflux for 20 min, its color changed to orange-
red. An excess of triethylamine was added to this boiling solution and
the mixture was cooled to 0 8C. The resulting precipitate was filtered off
and recrystallized from MeOH to yield 463 mg (74%) of a yellow
powder. 1H NMR (600 MHz, [D6]DMSO): d =11.84 (s, 1H), 10.88 (s,
2H), 9.48 (s, 2H), 8.55 (s, 2H), 7.88 (m, 2H), 7.42 (m, 2H), 7.15 (m, 4H),
3.32 (m, 4H), 2.69 ACHTUNGTRENNUNG(m, 4H), 2.20 (s, 6H), 2.06 (s, 6H), 1.56 ACHTUNGTRENNUNG(m, 4H),
0.97 ppm (t, J=12 Hz, 6H); 13C NMR (600 MHz, [D6]DMSO): d=10.0,
11.1, 13.8, 24.4, 25.4, 45.7, 116.6, 117.6, 123.7, 124.5, 125.0, 125.9, 126.4,
128.7, 131.7, 132.8, 141.8, 145.2, 160.1 ppm; ESI-MS(+): m/z : 627 [M]+ ;
elemental analysis calcd (%) for C38H41N7O2: C 72.70, H 6.58, N 15.62;
found: C 72.46, H 6.67, N 15.53.


Receptor 13 : Concentrated nitric acid (0.2 mL) was added to a solution
of diamine 9 (581 mg, 1 mmol) and dialdehyde 6 (300 mg, 1 mmol) in
MeOH (70 mL) at reflux. The solution was heated at reflux for a further
20 min. An excess triethylamine was added to this boiling solution and
the mixture was cooled to 0 8C. The resulting precipitate was filtered off
and recrystallized from MeOH to yield 515 mg (61%) of a yellow
powder. 1H NMR (600 MHz, [D6]DMSO): d =11.57 (s, 2H), 11.35 (s,
2H), 9.12 (s, 2H), 8.47 (s, 2H), 8.47 (s, 2H), 7.08–7.40 (m, 18H), 2.67 (m,
4H), 1.91 (s, 6H), 1.85 (s, 6H), 1.15 (m, 4H), 0.93 ppm (t, J=12 Hz,
6H); 13C NMR (600 MHz, [D6]DMSO): d=10.3, 18.4, 55.9, 118.5, 122.1,
123.3, 124.3, 125.0, 126.2, 127.4, 129.4, 130.2, 130.4, 135.0, 158.7 ppm;
ESI-MS (+): m/z : 845 [M]+ ; elemental analysis calcd (%) for
C54H52N8O2: C 76.75, H 6.20, N 13.26, found: C 76.80, H 6.37, N 13.21.
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