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Introduction


The science of organic synthesis is constantly enriched by the
improvement of synthetic methodologies. Driven by the needs
to improve our capability to synthesize molecules in more
facile and efficient as well as economical ways, the paradigms
of organic synthesis have shifted from the traditional concept
of efficiency in terms of chemical yield to one that also
considers economic and ecological values. The efficiency of a
chemical reaction generally means the ability to assemble the
target molecule from readily available building blocks in
relatively few operations that require only minimal amounts
of resources (raw material, energy, labour etc.) and generate
minimal amounts of waste. While selectivity and atom
economy issues were considered the sole criteria that judge
the efficiency of a chemical synthesis in the past, efficiency
criteria regarding the reaction processing are being equally
emphasized now (Scheme 1).[1]


Multicomponent reactions (MCR) have attracted consid-
erable interest owing to their exceptional synthetic efficien-


Scheme 1. Key criteria for chemical efficiency.


cy.[2] The bond forming efficiency (BFE),[3] that is the number
of bonds that are formed in one process, is an important
measure to determine the quality of a multicomponent
reaction. Unlike the usual stepwise formation of individual
bonds in the target molecule, the utmost attribute of MCRs is
the inherent formation of several bonds in one operation
without isolating the intermediates, changing the reaction
conditions, or adding further reagents. It is obvious that the
adoption of such strategies would allow minimization of both
waste production and expenditure of human labour. The
products are formed just by pooling their collections of
corresponding starting materials (Scheme 2).


Since the products carry portions of all employed reactants
in their structure, MCRs with high attendent bond-forming
efficiency (BFE) assure a marked increase in molecular
complexity and diversity. Upon wide variations of the starting
materials, opportunities arise for the synthesis of compound
libraries.[2, 4] The transferability to as many available starting
materials as possible is an indispensable characteristic for a
general application. Multicomponent reactions thus address
the requirements for efficient high-throughput synthesis of
new drug candidates in a cost and time effective manner.


Reactions that build up carbon�carbon bonds and at the
same time introduce nitrogen-containing functionalities into
the structural framework are especially attractive for the
rapid construction of organic molecules. Consistently, the
majority of multicomponent reactions developed to date
relate to the �-aminoalkylation of carbonyl compounds,[5] a
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powerful synthetic tool that
exploits the paired electrophilic
and/or nucleophilic (enolizable
�-position) reactivity of imines
(or enamines) for the synthesis
of amine-bearing compounds
(Table 1).


The Strecker reaction
(1850),[6] a reaction of central
importance to the life sciences,
has traditionally been viewed
as the earliest recognized mul-
ticomponent reaction. This
one-pot reaction denominates
the three-component coupling
of an amine and an aldehyde
with hydrogen cyanide to give
�-aminonitriles which consti-
tute important precursors for
�-amino acids. Over the years,
safer, milder, and even asym-
metric[7] reaction conditions
have been developed and in-
spired new interest in this re-
action. The best known classi-
cal multicomponent reaction
clearly is the Mannich reac-
tion.[5, 8] This �-aminoalkyla-
tion of ketones has proven an
extremely valuable transforma-
tion as evidenced by the nu-


merous natural product synthe-
ses that involve Mannich-type
chemistry. Based upon sequen-
tial aminoalkylation of succinal-
dehyde, Robinsons 1917 synthe-
sis of tropinone is generally
recognized as the first multi-
component synthesis of a natu-
ral product.[9] Other historically
significant MCRs that are based
on the reactivity of carbonyl and
amine functionalities include
the Hantzsch pyrrole synthe-
sis,[10] the Biginelli synthesis of


dihydropyrimidines,[11] and the four-component Bucherer ±
Bergs reaction,[12] an extension of the Strecker reaction for
the synthesis of amino acids and hydantoins. In the Ugi-4CR,
the four reactants aldehyde, amine, isonitrile, and carboxylic
acid combine to give a peptidoic �-acylamino carboxamide.[13]


The key in this transformation lies in the unique property of
the isocyanide function to undergo a formal �-addition.


These and other prominent reactions bear witness to the
incredibly rich multicomponent chemistry that has been
established upon the versatile imine (or iminium ion) moiety.
Nucleophilic attack onto an intermediate imine or iminium
ion is central to all of the aforementioned reactions. Upon


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4286 ± 42944288


Abstract in German: Die s‰urekatalysierte Kondensations-
chemie von einfachen Amiden und Aldehyden generiert einen
reichhaltigen Pool an diversen Reaktanden f¸r irreversible
Folgereaktionen. Amid-Aldehyd-Mischungen wurden erfolg-
reich in Multikomponentenreaktionen zur Synthese von N-
Acyl-�-aminos‰uren (Palladiumkatalysierte Amidocarbony-
lierung) sowie vielf‰ltiger Cyclohexen-, Cyclohexadien- und
Benzol-Derivate (Amid-Aldehyd-Dienophil-Reaktion, AAD)
eingesetzt.


Scheme 2. Chemistry jigsaws: Multi-step (top) vs. multicomponent (bottom) assembly of the same compound.


Table 1. Historically significant multicomponent reactions based on the �-aminoalkylation of carbonyl
compounds.


name (year) reaction


Strecker (1850)


Hantzsch (1890)


Biginelli (1891)


Mannich (1912)


Bucherer-Bergs (1941)


Ugi (1959)







Multicomponent Coupling Reactions 4286±4294


introduction of a carbonyl group adjacent to the nitrogen
atom, the electrophilic reactivity of an imine (or iminium ion)
can be greatly increased. This enhanced reactivity of N-
acylimines (or N-acyliminium ions) significantly broadens the
range of nucleophiles that can be used in carbon�carbon bond
forming reactions.[14]


Simple one-pot reaction of a carboxamide and an aldehyde
usually affords a mixture of equilibrating amide ± aldehyde
adducts (Scheme 3). Apart from the corresponding N-acyl-
imine (or N-acylenamine) species, the acid-catalyzed con-
densation of amide and aldehyde in NMP solution also affords


Scheme 3. Major equilibrating species in amide ± aldehyde condensation
reactions (only trans-isomers shown).


aldol and amidal species, and, especially at elevated temper-
atures, higher order adducts such as 1,3-bis(amido)alkenes
and 1-amidobutadienes.[15] On account of the presence of
several equilibrating species, the yield of each of the formed
adducts is generally low. Nevertheless, this pool of diverse
adducts constitutes a highly prolific source of reactants when
rendering possible an irreversible, chemoselective trapping of
a single component of the mixture. The resultant unbalanced
equilibrium (in favor of the consumed compound) could, in
principle, lead to quantitative conversion. Two orthogonal
strategies for the selective one-pot consumption of amide ±
aldehyde condensation adducts in irreversible, highly efficient
reactions will be discussed in the following.


The palladium-catalyzed amidocarbonylation of aldehydes : A
few years ago, we became interested in the palladium-
catalyzed three-component coupling reaction of aldehydes,
amides, and carbon monoxide.[16] This so-called amidocar-
bonylation of aldehydes takes advantage of the irreversible
carbonylation of amide ± aldehyde mixtures and affords N-
acyl �-amino acids in a one-pot reaction. The cobalt-catalyzed
amidocarbonylation was discovered by Japanese corporate
chemistWakamatsu in 1970.[17] Later on, palladium complexes
were proven to be more effective catalysts and supplied an
optimized procedure for the amidocarbonylation of aldehydes
(Scheme 4).


The reaction is assumed to commence with the condensa-
tion of amide and aldehyde in the presence of halide ions to
give an �-haloamine which is in equilibrium with different N-
acylimine and enamine species.[18] Subsequent palladium-
centered carbonylation and hydrolysis affords the N-acyl �-
amino acid.[19] Relying upon cheap starting materials, this
100% atom economical one-pot combination of sequential


Scheme 4. Palladium-catalyzed amidocarbonylation of aldehydes.


acid- and transition metal-catalyzed processes offers a con-
siderable economical benefit as it is of particularly high value
from an ecological point of view.[20] Important synthetic
applications of the palladium-catalyzed amidocarbonylation
of amide aldehyde mixtures include the synthesis of a wide
range of aliphatic and aromatic N-acyl amino acids, arylgly-
cines, and hydantoins.[21]


Multicomponent reactions involving 1-amidobutadienes : An-
other interesting component of the aforementioned conden-
sation equilibrium of amide ± aldehyde adducts is the 1-ami-
dobutadiene species (Scheme 3). While studying the palla-
dium-catalyzed amidocarbonylation of aldehydes with
carboxamides, we observed the formation of 1-N-acylamino-
2,4-dialkyl-1,3-butadienes in small amounts (�5%) under
amidocarbonylation conditions when employing low catalyst
concentrations ([Pd] � 0.1 mol%).[22] These 1-amidobuta-
dienes were not formed via a palladium-catalyzed reaction
path but upon simple acid-catalyzed condensation of two
molecules of aldehydes with one molecule amide. Obviously,
the N-acylamino-1,3-butadienes derived from acid-catalyzed
condensation of amide and aldehyde bear a conceptual
relationship to the established Oppolzer ±Overman dienes.


Although several syntheses of 1-N-acylaminodienes have
been reported by Oppolzer,[23] Overman,[24] and others,[25] our
one-pot procedure is unique in that it merely involves mixing
of ubiquitous available amides and aldehydes at elevated
temperature.[26] The inherent selective telomerization of two
aldehydes with one amide molecule is especially remarkable
when considering the numerous side reactions which are
likely to proceed under the acidic reaction conditions (further
aldol condensations, oligomerizations etc.). Several groups
have elegantly demonstrated the synthetic versatility of
Diels ±Alder chemistry with related 1-N-acylamino-1,3-di-
enes.[27] Much of the research activities revolved around their
exploitation for the synthesis of amino functionalized organic
molecules with special emphasis on natural products. Prom-
inent examples in which the pivotal aminodiene-based Diels ±
Alder reactions constitute particularly attractive solutions for
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the construction of six-membered carbocyclic subunits with
high regio- and stereoselectivity include the total syntheses of
pumiliotoxin C,[28, 29] gephyrotoxin,[30] dendrobine,[31] and
tabersonine.[32]


One-pot synthesis of 4-amino-1,3-dioxohexahydro-1H-isoin-
doles : As multicomponent reactions involving at least one
Diels ±Alder step have gained a strong foothold among highly
efficient one-pot methodologies during the last decades,[2, 3, 33]


we also investigated three-component reactions of amides,
aldehydes, and dienophiles in a novel one-pot manner.
Indeed, addition of an electron-deficient dienophile to the
amide-aldehyde mixture entailed the chemoselective Diels ±
Alder reaction with the intermediate 1-amidodiene species in
a multicomponent reaction sequence (Scheme 5). The high
efficiency of such one-pot multicomponent methodology


Scheme 5. One-pot reaction of an amide ± aldehyde ± dienophile (AAD)
mixture.


(amide, aldehyde, dienophile�AAD) becomes evident upon
comparison with an analogous multi-step procedure that
involves isolation of the aminodiene intermediate in moder-
ate to low yields. The consumption of in situ prepared 1-N-
acylamino-2,4-dialkyl-1,3-butadienes in the presence of dien-
ophiles was shown to drive the condensation equilibria well to
the amidodiene side, thereby providing a high-yield one-pot
access to substituted 1-acylamino-2-cyclohexenes possessing
high degrees of diversity and complexity.[34]


Access to intermediate ami-
dodienes of type I (Scheme 6,
top) was accomplished upon
sequential condensations of
two �-CH2 containing alde-
hydes with an amide. Owing to
the incorporation of two iden-
tical aldehyde molecules, sub-
stitution of the diene backbone
in I is limited to the 2- and
4-position only. Obviously, the
use of �,�-unsaturated alde-
hydes, which presumably con-
stitute an integral component
of the overall reaction mecha-
nism (see Scheme 3), affords
1-N-acylamino-1,3-butadiene
building blocks II (Scheme 6,
bottom) with four potential
substitution centers along the
1,3-butadiene backbone and
hence significantly increases
the substrate diversity.[35]


It is important to note that the AAD reaction tolerates a
large variety of amides. Not only simple or substituted
acetamides and benzamides can be employed in this one-pot
reaction, but also ureas, sulfonamides, and carbamates. Upon
combination of various amides, aldehydes (simple, unsatu-
rated, linear, branched, arylalkyl, heterocyclic), and male-
imide, a series of 1,3-dioxohexahydro-1H-isoindoles with
diversified substitution patterns has been prepared in a one-
pot reaction (Table 2).[34, 35] The straightforward isolation of
the products with high purity by simple precipitation from
ethyl acetate or ethanol adds to the general simplicity of the
methodology described with special regard to high-through-
put experimentations.


Apart from the common aminocyclohexene motif, the
choice of reactants governs the introduction of further
structural design elements. Anellated ring systems can be
accessed upon employment of cyclic �,�-unsaturated alde-
hydes (entries 3, 5, 9). Arylhalide-bearing three-component
adducts (entry 7) allow for subsequent C ±C coupling reac-
tions. O-Substituted carbamates cleanly afforded the desired
three-component adducts (entry 9) which provide the oppor-
tunity to access the corresponding free aminocyclohexenes via
Cbz cleavage.[36] Entry 6 illustrates an extension of the general
procedure to �,�-unsaturated ketones, though under drastic
conditions (160 �C, 24 h).


The three-component reactions investigated feature the
formation of up to three carbon�carbon bonds and one
carbon�nitrogen bond. Although up to four stereogenic
centers are created in the course of the reaction sequence,
only one diastereomer (as a racemic mixture) was isolated in
most cases. Although the acid-catalyzed condensation of
amide and aldehyde entails–among several other adducts–
the concomitant formation of cis and trans amidodiene
isomers,[37] exclusive consumption of the all-trans(1E,3E)-
amidodiene in the terminating Diels ±Alder reaction was
observed in most cases. Furthermore, the Diels ±Alder
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Scheme 6. In situ formation of N-acylaminodienes from simple aldehydes (type I, top) or �,�-unsaturated
aldehydes (type II, bottom) and follow-up Diels ±Alder products.
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adducts were found to contain
the fused rings in an endo con-
figuration. Owing to the endo
addition of the dienophile to
the all-trans(1E,3E)-amido-
diene, all substituents on the
cyclohexene ring adopt a syn
position.


Tetracyclic adducts : Very re-
cently, we found that one-pot
reactions at elevated temper-
atures in the presence of excess
maleimide afforded the tetra-
cyclic adducts as predominantly
meso isomers via repetitive en-
do cycloadditions (Scheme 7).
Several derivatives of the struc-
turally related mitindomide, the
1:2 photoadduct of benzene and
maleimide, were proven to ex-
hibit high anti-tumor activity.[38]


Maleic anhydride : Upon use of
dienophilic maleic anhydride,
azabicyclooctene derivatives
can easily be accessed via a
domino condensation ± cy-
cloaddition skeletal rearrange-
ment reaction sequence
(Scheme 8).[39] Given the vari-
ous proffering postsynthesis
modifications including reduc-
tion of the keto moiety or
decarboxylation, the target
compounds constitute versatile
precursor compounds paving
the way for further elaboration
to a variety of cyclic compounds
ranging from simple phthalic
acid derivatives and highly sub-
stituted arenes to more com-
plex cage molecules.[27d, 40]


LiAlH4 reduction affords 6-aza-
bicyclo[3.2.1]octane deriva-
tives, which constitutes a struc-
tural motif central to various
polycyclic alkaloids such as the
securinega,[41] aristotelia,[42] and
other[43] families.


Acrylonitrile : Reactions with
acrylonitrile as an unsymmetric
dienophile preferentially af-
forded the ™ortho∫ adduct fea-
turing adjacent amino and cya-
no substituents (Scheme 9).
Again, the investigated one-
pot reactions follow an endo
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Table 2. Three-component adducts of carboxamides, aldehydes, and maleimides.


Amide Aldehyde Maleimide 3-CR Product Yield [%]


1 -H 73


2 -H 71


3 -Me 53


4 -Me 85


5 -H 53


6 -H 70


7 -Me 64


8 -H 65


9 -Me 53


10 -H 79
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Scheme 8. One-pot approach to 7-oxo-6-aza-bicyclo[3.2.1]oct-2-ene-8-car-
boxylic acids.


pathway resulting in the typical all-syn substitution along the
cyclohexene ring.[44] A large excess of acrylonitrile
(�300 mol%) was used to counter polymerization of acryl-
onitrile which occurs under the reaction conditions. Gener-
ally, the obtained nitriles are interesting building blocks that
can be further elaborated to carboxylic acids,[45] pyridines,[46]


or other heterocyclic compounds such as triazines and
oxazoles.[47]


Scheme 9. Reactions with dienophilic acrylonitrile.


Alkynes : Reactions with dienophilic acetylenedicarboxylates
exhibited two different reactivity patterns dependent on the
structure of the aldehyde. Employment of aldehydes that
entail the introduction of a substituent (�H) on C4 of the
cycloadduct afforded 1-N-acylaminocyclohexadiene deriva-
tives which are subject to double bond isomerization in some
cases (Scheme 10, left). Consistently, simple aldehydes (�C2)
and �,�-unsaturated aldehydes (�C4) gave the expected
three-component adducts in good yields. Surprisingly, one-pot
reactions employing acetaldehyde or crotonaldehyde deriva-
tives bearing no substituents in �-position gave rise to the
formation of phthalic acid derivatives (Scheme 10, right). This
reaction is assumed to proceed via the known aminodiene and
cyclohexadiene intermediates with the latter undergoing
facile acylamine elimination under the reaction conditions.[48]


The role of the rather distant substituent on C4 becomes
evident when considering the operation of a concerted 1,4-
elimination. On the basis of the Woodward-Hoffmann rules
for sigmatropic reactions, this 1,4-conjugate elimination of
allylic leaving groups can be viewed as a thermally allowed �2s
�2s �2s process,[49] which is in full accord with literature
precedents.[50]


Scheme 10. One-pot reactions of amides, aldehydes, and dialkyl acety-
lenedicarboxylates.


Although an identical stereochemical result would be the
consequence of an initial suprafacial 3,3-sigmatropic rear-
rangement of the allylic amide followed by 1,2-syn-elimina-
tion, the relatively low reaction temperature (120 �C) make
the sigmatropic process unlikely. At higher temperatures,
orbital control might become less decisive rendering other
mechanisms of elimination competitive. Indeed, all isolated
aminocyclohexadiene compounds (with substituents in 4-po-
sition) that withstood elimination at standard conditions
(120 �C, 24 h) were cleanly converted to the corresponding
phthalic acid esters in good yields after 48 h at 160 �C
(Scheme 10, bottom). For the first time, efficient in situ
preparation of dienes has been implemented in the syntheses
of arenes via domino Diels ±Alder elimination reactions.[51]


Stereoselective reactions : Although the investigated multi-
component AAD coupling reactions exhibited high levels of
regio- and diastereoselectivity, the importance of Diels ±
Alder chemistry to natural product synthesis has stimulated
our interest in the development of stereoselective variants
(Scheme 11). One-pot reactions with chiral dienophilic �,�-
unsaturated N-acyl oxazolidinones[52] followed by cleavage[53]


of the auxiliary afforded the desired 1-N-acylaminocyclohex-
ene-2-carboxylates with moderate yields but excellent stereo-
selectivities (� 90% ee).


With chiral amides such as (1S)-(�)-2,2-dimethylcyclopro-
panecarboxamide, one-pot reactions afforded the target
molecules in high yields, whereas the attained diastereose-
lectivities (de) were moderately. Penicillin G amidase (PGA,
penicillin G acylase, EC3.5.1.11) from E. coli, a powerful
biocatalyst for the hydrolysis and synthesis of phenylacetyl-
protected derivatives, is also used for racemic resolution of
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Scheme 7. One-pot synthesis of 4,10-diazatetracyclo[5.5.2.02,6.08,12]tetra-
dec-13-ene-3,5,9,11-tetraone derivatives from acetamide, �,�-unsaturated
aldehyde, and maleimide.
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amino functions.[54] We recently embarked on such an
enzymatic kinetic resolution step for the racemic resolution
of phenylacetamide-bearing three-component adducts and
obtained perfect resolution.[55]


Conclusion and Outlook


The acid-catalyzed condensation of amide ± aldehyde mix-
tures provides a prolific pool of equilibrating reactants which
were shown to undergo highly selective follow-up reactions
when rendering possible an irreversible, chemoselective
trapping of a single component of the mixture. Three-
component coupling reactions based on amides and aldehydes
as starting materials allow for the efficient preparation of N-
acyl �-amino acids in the presence of carbon monoxide
(amidocarbonylation reaction) or various cyclohexene, cyclo-
hexadiene, and benzene derivatives with diverse substitution
patterns using suitable dienophiles (AAD reaction). Both
multicomponent methodologies provide one-pot access to
interesting organic target molecules which otherwise would
require technically demanding multi-step syntheses. The
AAD reaction constitutes the most simple and direct high-
yield approach to a variety of amino functionalized cyclo-
hexene and cyclohexadiene derivatives to date. The key of this
transformation lies in the intermediacy of substituted 1-ami-
dobutadienes which easily undergo cycloaddition reactions to
various dienophiles. The ubiquitous, off-shelf starting materi-
als readily react even in the presence of air or water. It is still
surprising to us that even highly reactive aldehydes react to
the targeted multicomponent adducts with high yields despite
the elevated reaction temperatures (80 ± 120 �C) and the
presence of acid catalyst.


AAD adducts are interesting
organic building blocks with
several functionalities that can
be subjected to a wide range of
diversity-generating postsyn-
thesis modifications. For exam-
ple, we demonstrated the
synthesis of polysubstituted
anilines by sequential combina-
tion of a three-component cou-
pling reaction with O-benzyl
carbamate and a new transition
metal-catalyzed aromatization
step.[56] Further catalytic refine-
ment reactions, for example
intramolecular Heck and Pau-
son ±Khand reactions of suita-
bly substituted AAD products
are currently being investigat-
ed. We believe that these reac-
tion sequences allow the unique
preparation of several interest-
ing analogues of natural prod-
ucts such as the amaryllidaceae
alkaloids or dendrobine.
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Progressive Studies on the Novel Samarium-Catalyzed Diastereoselective
Tandem Semipinacol Rearrangement/Tishchenko Reduction of Secondary �-
Hydroxy Epoxides


Chun-An Fan, Xiang-Dong Hu, Yong-Qiang Tu,* Bao-Min Wang, and Zhen-Lei Song[a]


Abstract: A novel and highly diaster-
eoselective samarium-catalyzed tandem
rearrangement/reduction of secondary
�-hydroxy epoxides, which involves a C1
to C3 carbon migration rearrangement
and a very interesting hetero-Tishchen-
ko reduction of the intermediate alde-
hyde and the reductant aldehyde, has
been reported. This reaction could be
developed to provide a facile and ster-


eoselective construction of 2-quarterna-
ry 1,3-diol units with an hydroxymethyl
moiety attached to the diastereogenic
quaternary carbon center. Detailed in-
vestigations have been carried out con-


cerning the screening of the aldehydes as
a reductant, the optimization of reaction
conditions, and the substrate scope of
this tandem reaction. A catalytic cycle
for this reaction, the electronic and
steric effects of the reductant aldehydes,
and the mechanism for the acyl migra-
tion of 1,3-diol monoesters are pro-
posed.


Keywords: alcohols ¥ diastereo-
selectivity ¥ rearrangement ¥
samarium ¥ Tishchenko reaction


Introduction


The tandem semipinacol rearrangement/reduction of �-hy-
droxy epoxides is of considerable synthetic importance, as in
one step and with high diastereoselectivity it efficiently
generates 2-quarternary 1,3-diol units,[1] which are used
extensively as key building blocks in organic synthesis[2] or
as important chiral ligands for asymmetric reactions.[3] As part
of our efforts to design and develop this kind of tandem
reaction, we described a samarium-catalyzed tandem reaction
of tertiary �-hydroxy epoxides,[1b] which involves the rear-
rangement of the migrating group R2 from C1 to C2 (rate-
controlling step), as shown in structure I of Figure 1, and
subsequently an immediate Tishchenko reduction of the
potential �-hydroxy ketone with perfect diastereocontrol.
Recently our investigation has resulted in another novel


samarium-catalyzed diastereoselective tandem rearrange-
ment/reduction of secondary �-hydroxy epoxides 1. To the
best of our knowledge, this new kind of catalytic tandem
reaction has not been reported. It involves another semi


Figure 1. Comparison of two types of semipinacol rearrangement of �-
hydroxy epoxides.


pinacol-type rearrangement with C1 to C3 carbon migration
and concomitant formation of an intermediate aldehyde at
the original C2 position, as seen in structure II of Figure 1, and
a subsequent slower hetero-Tishchenko reduction of the
intermediate aldehyde and the reductant aldehyde (rate-
determining step) to afford another kind of 2-quarternary 1,3-
diol unit. The synthetic value of this sequence lies in the
stereoselective derivation of two adjacent stereocenters, one
being a quaternary center bearing a hydroxymethyl moiety,
which are widely present in many chiral reagents[3a±e,g,i] and
biologically active molecules.[2, 4] Additionally, of particular
importance is the stereoselective construction of the quater-
nary carbon, which has long been an important class of
structural unit.[5]


The one-step rearrangement in our samarium-mediated
Lewis acid catalyzed tandem reaction of �-hydroxy-unpro-
tected substrates was not readily accessible for some cases
using the conventional Lewis acid, even though it is equiv-
alent to that reported by Yamamoto et al.[6] However, their
reported one-step transformation required up to two equiv-
alents of the highly sterically hindered, aluminum-based
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Lewis acid MABR [methylaluminum bis(4-bromo-2,6-tert-
butylphenoxide)] and was only applicable to hydroxy-pro-
tected substrates. Consequently, it is of significant interest that
substoichiometric amounts of the easily accessible SmI2
promoted the semipinacol rearrangement/Tishchenko reac-
tion of �-hydroxy-unprotected substrates.
Since the introduction of the first useful method for the


generation of samarium(��) diiodide (SmI2) by Kagan and co-
workers in 1980,[7] SmI2 has received considerable attention
and has been widely used in modern organic synthesis,
especially as a single-electron reducing reagent in stoichio-
metric amounts or in excess.[7, 8] However, only a few reactions
with substoichiometric amounts of SmI2 have been investiga-
ted.[1b, 9] Moreover, to the best of our knowledge, very few
were effective in employing SmI2 to react with epoxides,
whether in a stoichiometric or catalytic fashion. For example,
SmI2 has been applied to promote the deoxygenation,[7, 10] ring
opening,[11] and the reductive coupling of epoxides,[8x] and to
catalyze the rearrangement[9b] and the rearrangement/reduc-
tion of epoxides.[1b] Additionally, SmI2 has also been used in
Tishchenko reactions,[1b, 9c,e,k±o] generally in which the hydride
is smoothly transferred from the aldehyde to the inter- or
intramolecular ketone group. But, to the best of our knowl-
edge, there were few examples of homo- or hetero-Tishchen-
ko reactions of two aldehydes catalyzed by SmI2,[9l, 12] in which
the hydride is transferred from one aldehyde to the other. As
a result, it is particularly important that we present our studies
towards the tandem rearrangement/Tishchenko reaction of �-
hydroxy epoxides promoted by substoichiometric amounts of
SmI2, in which the interesting hetero-Tishchenko reaction of
the reductant aldehyde and the intermediate aldehyde
derived from the semipinacol rearrangement takes place.
Herein, we disclose our detailed research results on this


novel samarium-catalyzed tandem reaction.


Results and Discussion


The secondary �-hydroxy epoxides 1 examined were prepared
in racemic form from the corresponding allylic alcohols
through epoxidation with m-chloroperbenzoic acid
(mCPBA).[13] As described in Scheme 1, a solution of 1


Scheme 1. Samarium-catalyzed tandem reaction of secondary �-hydroxy
epoxides.


(1.0 equiv), SmI2 (0.3 equiv), and the reductant aldehyde
RCHO (6.0 equiv) in Cl(CH2)2Cl was stirred at between room
temperature and approximately 70 �C (as applicable) under
an argon atmosphere, and a tandem semipinacol rearrange-
ment/Tishchenko reduction proceeded smoothly with high
diastereoselectivity to generate the 2-quaternary 1,3-diol


monoesters 2 and/or the corresponding acyl migration prod-
uct 2�.[1b, 9l, 16b,d,f,k,p] Products 2 and 2�were identified to have the
same 2-quaternary 1,3-diol core structure by NMR spectro-
scopy analysis of the products of their methanolysis with
NaOH/MeOH.[14a] To further investigate the relative stereo-
chemistry at C1 and C3 of the products 2 and 2�, we prepared
the acetonide[14b] of the 2-quaternary 1,3-diol obtained by
methanolysis of 2 and/or 2�. The two-dimensional NOESY
spectrum revealed an obvious spatial correlation between the
group R1 and H, as shown in cis-A in Figure 2. If the group
CH2OR3 were trans to OR2 in 2 and/or 2�, no spatial
correlation would occur in the acetonide trans-B (Figure 2);
therefore, the group CH2OR3 is cis to OR2 on the five-
membered ring in 2 and/or 2�.


Figure 2. The determination of C1 and C3 relative stereochemistry in the
product 2 and/or 2�.


In connection with our previous work,[1b] we first screened
the active aldehydes as an effective reductant for this catalytic
tandem reaction. Initially, we selected the secondary �-
hydroxy epoxide 1a (R1�Ph) as a model substrate, and
benzaldehyde (R�Ph) as a reductive agent. Following the
above-mentioned general procedure, the 2-quaternary 1,3-
diol monoesters 2aa/2�aa were obtained, but only in a
moderate yield of 47%. It occurred to us that this fact could
be caused by the weak hydride-transfer ability of the
reductant PhCHO in this reaction.[1b, 16g] Based on this
consideration, a series of aldehydes with different electronic
and/or steric effects were employed to investigate the tandem
reaction of 1a under parallel experimental conditions, and the
results are tabulated in Table 1.
From Table 1 we can see that the yields were dependent, to


some extent, upon the electronic and/or steric effects of the
reductant aldehydes. For example, among the substituted
benzaldehydes used, the aldehydes bearing the meta- or para-
electron-withdrawing groups (entries 3, 4, 6, and 7) gave
better results; the pCl-C6H4CHO was the best. In contrast,
unfavorable electronic effects of the electron-donating groups
in the meta- or para-substituted benzaldehydes (entries 9, 10,
and 12) led to much lower yields than PhCHO. These facts
indicated that reductants based on electron-rich substituted
benzaldehydes could severely retard this reaction. Use of
ortho-substituted benzaldehydes, no matter whether it has an
electron-withdrawing group (entry 2) or electron-donating
group (entry 8), resulted in much lower yields. This fact may
be ascribed to the steric effect of the ortho substituents. To
support this assertion, oF-C6H4CHO, which contains the less
bulky ortho-fluoro substituent,[15] was subjected to this model
reaction and indeed produce the 1,3-diol monoesters 2ad/2�ad
in higher yield (40%) compared with entries 2 and 8.
Accordingly, the steric effect of bulky ortho substituents on
substituted benzaldehydes may be the principal factor that
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gives rise to the lower yield for this tandem reaction. To our
surprise, mMeO-C6H4CHO (entry 11) gave a good yield of
52% for reasons that remain unclear. In addition, another
type of aromatic aldehyde, 2-furaldehyde, was found to be
ineffective in this reaction. Furthermore, three aliphatic
aldehydes (entries 14 ± 16) gave results approximately equal
to those obtained using PhCHO; the less bulky nPrCHO even
provided a slightly higher yield. To the best of our knowledge,
these facts mentioned above
have not been reported in de-
tail in the previous Tishchenko
reactions.[1b, 9c,e,k±o, 16]


On the basis of the above
evaluation, the cheap pCl-
C6H4CHO was finally chosen
as the reductant for this cata-
lytic tandem reaction. Addi-
tionally, for this model experi-
ment, we found that further
decreasing the amounts of al-
dehydes employed made this
reaction slow, and so we gen-
erally used six equivalents of
aldehyde as a reductant for this
reaction.
Notably, the intermediate al-


dehyde, which arose from the
semipinacol rearrangement of
1a during the above reactions,
was observed on TLC, and was
further characterized by NMR
spectroscopy. Importantly, this
fact shows that the hetero-Tish-
chenko reaction of the inter-
mediate aldehyde and the re-


ductant aldehyde, which has
seldom been mentioned in the
previously reported Tishchenko
reaction promoted by SmI2,[1b, 9-
c,e,k±o] is a rate-determining step
in this tandem sequence.
Our further investigations


were aimed at the optimization
of other reaction conditions, the
scope of the substrates, and the
ratios of the two monoester
products 2 and 2�; the corre-
sponding experimental results
are listed in Table 2.
Generally we employed


0.3 equivalents of SmI2 in the
typical procedure, as using less
SmI2 (e.g., 0.2 equiv; Table 2,
entry 5) prolonged the reaction
time and lowered the reaction
yield. Of all the solvents exam-
ined, toluene and 1,2-dichloro-
ethane (Cl(CH2)2Cl) proved to
be compatible with this reac-


tion (e.g., entries 4 and 6), but use of coordinative media, such
as THF (entry 7) and CH3CN (entry 8), had a significant
influence on the reaction and gave lower yields and longer
reaction times. This may arise from weakening the samarium-
mediated Lewis acidic property by coordination with the lone
pair of electrons of the solvents. Moreover, temperatures of
approximately 70 �C were generally necessary for this tandem
reaction to proceed readily. As compared with the Evans
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Table 1. Samarium-catalyzed rearrangement/reduction of the secondary �-hydroxy epoxide 1a with various
reductant aldehydes RCHO.[a]


Entry R T [�C] t [h] Product 2 :2�[b] Yield [%][c]


1 Ph 65 3 2aa/2�aa 72:28 47
2 o-C6H4Cl 65 4 2ab/2�ab 80:20 11
3 m-C6H4Cl 65 2 2ac/2�ac 60:40 60
4 p-C6H4Cl 65 1.5 2a/2�a 90:10 63
5 o-C6H4F 60 7 2ad/2�ad 63:27 40
6 p-C6H4CF3 60 1.5 2ae/2�ae � 98:2 62
7 p-C6H4NO2 60 0.25 2af/2�af 82:18 55
8 o-C6H4Me 60 2[d] 2ag/2�ag � 99:� 1 2
9 m-C6H4Me 60 4 2ah/2�ah � 99:� 1 17
10 p-C6H4Me 60 5[e] 2ai/2�ai � 99:� 1 7
11 m-C6H4OMe 60 3.5 2aj/2�aj 80:20 52
12 p-C6H4OMe 60 2[d] ± ± trace
13 2-Furyl 60 4.5 ± ± [f]


14 Cyclohexyl 60 3 2ak/2�ak 85:15 50
15 iPr 60 3.5 2al/2�al � 98:2 41
16 nPr 60 3.5 2am/2�am 24:76 56


[a] All reactions proceeded with SmI2 (0.3 equiv), the substrate 1a (R1�Ph, 1.0 equiv) and the reductant
aldehyde RCHO (6.0 equiv) in Cl(CH2)2Cl following the general procedure (see Experimental Section). [b] The
ratios were determined by 1H NMR spectroscopy. [c] Total yields of isolated product 2 and/or 2�. [d] Prolongation
of the reaction time led to more unidentified by-products, as monitored by TLC. [e] After continuing to run for
19 h at 60 �C, the result obtained was similar to that for 5 h. [f] No desired product 2 and/or 2� was observed; the
semipinacol rearrangement product (�-hydroxy aldehyde) was obtained in 43% yield.


Table 2. Samarium-catalyzed tandem reaction of secondary �-hydroxy epoxides with pCl-C6H4CHO.


Entry Substrate[a] SmI2 [equiv] Solvent T [�C] t [h] Product[b] 2 :2�[c] Yield [%][d]


1 1a (R1�Ph) 0.3 Cl(CH2)2Cl 65 1.5 2a/2�a 90:10 63
2 1a 0.3 Cl(CH2)2Cl 65 3 2a/2�a 45:55 63
3 1a 0.3 Cl(CH2)2Cl 85 1 2a/2�a 72:28 62
4 1b (R1�Et) 0.3 PhCH3 80 1 2b/2�b 80:20 75
5 1b 0.2 PhCH3 80 2.5 2b/2�b 67:33 55
6 1b 0.3 Cl(CH2)2Cl 70 1.5 2b/2�b � 99:� 1 73
7 1b 0.3 THF reflux 8 2b/2�b 19:81 58
8 1b 0.3 CH3CN 70 4 2b/2�b 50:50 65
9 1c (R1�Bn) 0.3 Cl(CH2)2Cl 70 2.5 2c/2�c 60:40 82
10 1d (R1� nBu) 0.3 Cl(CH2)2Cl 70 2 2d/2�d � 98:2 76
11 1e (R1� allyl) 0.3 Cl(CH2)2Cl 70 1 2e/2�e � 1:� 99 82


12 1 f[e] 0.3 Cl(CH2)2Cl RT 2 2 f/2� f[f] � 1:� 99 89


[a] All substrates were racemic. [b] 1,3-Diol monoesters 2 : R2� pCl-C6H4CO, R3�H; 2�: R2�H, R3� pCl-
C6H4CO. [c] The ratios were determined by 1H NMR spectroscopy. [d] Total yields of isolated product 2 and/or 2�.
[e] After purification by column chromatography, one single diastereoisomer (threo :erythro 100:0) was obtained
as identified by 1H NMR spectroscopy; also see ref. [13a]. [f] R� pCl-C6H4.







FULL PAPER Y.-Q. Tu et al.


condition for the Tishchenko reactions of �-hydroxy keton-
es,[9e] the relatively higher temperatures may be responsible
for the semipinacol rearrangement of �-hydroxy epoxides and
the hetero-Tishchenko reduction of the intermediate �-
quaternary �-hydroxy aldehydes.
As can be seen in Table 2, this catalytic tandem reaction was


effective for six-membered cyclic substrates 1a ± 1e, and the
substituent R1 could be Et, nBu, allyl, Bn, or Ph. The
comparison of these substituents showed that an sp3-hybri-
dized alkyl group gave a higher yield than an sp2-hybridized
aryl one. This may be due to the fact that the sp2-hybridized
substituent R1 could stabilize the transition state generated
from C3�O bond cleavage of the type shown in structure II of
Figure 1 (also, see below and 3 in Scheme 2), and the resultant


delocalization, to some extent, may inhibit the C1 to C3
concerted migration catalyzed by the samarium-mediated
Lewis acid.
To extend the substrate scope, one tandem reaction of the


acyclic substrate 1 f was conducted. Surprisingly, at room
temperature, a new tandem semipinacol rearrangement/
Tishchenko reaction involving an additional aldol-transfer
process[17] took place to furnish the unusual product 2� f in
good yield; this product is in fact a very useful chiral resolving
agent intermediate.[3a,g,h] To the best of our knowledge, this is
the first report of such a tandem transformation in the
presence of substoichiometric amounts of SmI2.[9l, 16k,p, 17] In
comparison with the tandem reaction of cyclic substrates 1a ±
1e, this acyclic case shows that once the enolate precursor
(i.e., the intermediate �-hydroxy aldehyde) was formed
through semipinacol rearrangement, in the presence of the
reductant pCl-C6H4CHO, a stepwise retro-aldol aldolisation
process took place faster than the direct Tishchenko reduc-
tion.
Furthermore, the success of the tandem reaction was


dependent on substrate structure. For example, when R1 was
an sp-hybridized substituent, such as 1-heptynyl


(CH3(CH2)4C�C�) or 1-phenylacetylenyl (C6H5C�C�), com-
plex unidentified products formed. Additionally, for the
substrate 1 (R1�Ph) with a C2 substituent (such as methyl,
other than the hydrogen), only uncharacterized mixtures were
observed in our experiments, possibly as a result of competi-
tion between C2�O bond cleavage and the expected C3�O
bond cleavage. Moreover, the substrate 1 (R1�Me) with two
sterically hindered C5-methyl groups, which was prepared
from isophorol, was also examined, but the desired 1,3-diol
monoesters 2/2� were afforded in a much lower yield of 17%.
With the seven-membered cyclic substrate cis-2,3-epoxy-3-n-
butyl-cycloheptanol, we only obtained the expected product
2/2� in 21% yield.


In addition, the ratios of the
2-quaternary 1,3-diol monoest-
ers 2 and 2� relied primarily on
the temperature, the reaction
time, and the structure of prod-
uct 2. Usually, increasing the
temperature (entry 3 of Ta-
ble 2) and prolonging the reac-
tion time (entry 2) should favor
the formation of the product 2�
through acyl migration. More-
over, the structure of 2 could
also affect the ratios of 2 and 2�.
For example (entry 12), at
room temperature for 2 h, the
product 2 f was nearly com-
pletely converted into the more
stable 2� f. These facts imply
that 2� could be a thermo-
dynamic product and that 2
could be a kinetic pro-
duct.[1b, 9l, 16b,d,f,k,p]


In the general proce-
dure, when substoichiometric


amounts of SmI2 in THF were added to the solution of the
secondary �-hydroxy epoxide 1 and the reductant RCHO in
aprotic solvent (PhCH3, Cl(CH2)2Cl, THF, or CH3CN), the
deep blue color of freshly prepared SmI2 in THF disappeared
immediately. This observation suggests that SmI2 is not the
actual catalyst, but only a catalyst precursor.[1b, 9e,g,j] Based on
previous reports,[7, 8d] we know that in the presence of the �-
hydroxy epoxide 1 containing a secondary hydroxy group
(R4R5COH), a direct reduction of the reductant RCHO by
SmI2 could also take place in the first stage of our reported
tandem reaction and produce SmIII-mediated alkoxides
(I2Sm�OCH2R and I2Sm�OCR4R5) as the catalytically active
species. In fact, both aromatic and aliphatic aldehydes are
effective in the present reaction (see Table 1). Thus, when
aromatic aldehydes were used as reductants in the reaction,
we could not exclude the possibility that the SmIII-mediated
pinacol adduct (I2Sm�O�CHR�CHR�O�SmI2), which was
generated from the pinacol coupling of the aromatic aldehy-
de,[9e,i, 18] serves as an active catalyst. According to these
considerations, whether the SmIII-mediated alkoxide, the
SmIII-mediated pinacol adduct, or a combination of the two
are the catalytically active species remains to be determined.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4301 ± 43104304


Scheme 2. Proposed catalytic cycle for rearrangement/reduction of secondary �-hydroxy epoxides.
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At present, we think the active samarium catalyst may well be
some samarium(���) entity (a SmIII-mediated Lewis acid,
represented by [Sm] in Scheme 2).
On the basis of the experimental results above and the


literature reports,[1b, 9c,e,g,j±l,o, 7, 8d, 16, 18] a possible catalytic cycle
for this tandem reaction is proposed as depicted in Scheme 2.
The catalyst [Sm] is firstly formed in situ from SmI2 and the
reductant RCHO, and then coordinates with the epoxy
oxygen atom and the hydroxy oxygen atom in 1 to afford
the complex 3. Subsequently, cleavage of the activated C3�O
bond of the epoxide occurs concomitantly with a C1 to C3
concerted migration with inversion of the configuration at C3
position, and then the complex 4 is formed. Because the
intermediate aldehyde 4� was observed during the reaction, it
shows that the irreversible semipinacol rearrangement (3� 4)
is faster than the subsequent Tishchenko reduction (7� 8) in
this tandem reaction. Consequently, the catalyst [Sm] can be
rapidly released from 4, and again it coordinates with two
oxygen atoms of 1 to continuously transform 1 into 4 as
described above. Simultaneously, the catalyst [Sm] in the
complex 4 further coordinates with the reductant RCHO to
readily afford the complex 5, and subsequently a [Sm]-
catalyzed nucleophilic attack of the secondary hydroxy to the
carbonyl of RCHO furnishes the hemiacetal 6, then a fast
proton transfer results in the formation of 7. So, an irreversible
intramolecular 1,5-hydride transfer (rate-controlling step)
occurs in the transition state 7, and gives the [Sm]-coordinated
1,3-diol monoesters 8, which further generates the final 1,3-
diol monoesters 2 by releasing the catalyst [Sm] for the next
cycle. As shown in 7, the hemiacetal hydride transfer may be
promoted by not only the transfer of the negative charge from
the catalyst [Sm] to the hemiacetal carbon, but also the
effective overlap of the antibonding orbital of the hemiacetal
C�H bond with one lone pair on the hemiacetal oxygen.[19]


From the above-proposed mechanism, we could know that
the formation of the samarium-bound hemiacetal 6 is the
premise for the hydride transfer in transition state 7. As a
consequence, any factor influencing the formation of 6 in the
reversible 5� 6 equilibrium could affect the rate-controlling
irreversible transformation of 7 into 8. Accordingly, some
characteristic properties of this catalytic tandem reaction can
be explained. For example, when
the substituted benzaldehydes
with a bulky ortho-substituent
group X (X�Me, Cl) as a re-
ductant were subjected to this
reaction, the formations of the
hemiacetal intermediates 6a and
6�a (corresponding to 6 in
Scheme 2), as indicated in


Scheme 3, were unfavorable because of steric hindrance
between X and [Sm]�O�C in 6a or the cyclopentane moiety
in 6�a. Thus, entries 2 (X�Cl, electron-withdrawing group
(EWG)) and 8 (X�Me, electron-donating group (EDG)) in
Table 1 afforded much lower yields. This fact also indicates
that the electronic effects of the ortho substituents have minor
influence on this reaction. As expected, when the group X was
a less bulky ortho substituent, such as fluorine (entry 5 of
Table 1),[15] a higher yield of 40% was obtained compared
with 11% for entry 2 and 2% for entry 8. In contrast, as
shown in Scheme 4, it is reasonable that no steric effect was
observed in this tandem reaction with the meta� or para-
substituted benzaldehydes. For the meta� or para-substituted
benzaldehydes bearing an electron-withdrawing group X
(X�mCl, pCl, pCF3, pNO2; see 5b in Scheme 4), the
electrophilic reactivity of the carbonyl group of the reductant
aldehydes, to some extent, can be increased by the electron-
deficient substituted phenyls, which is favorable for the
formation of the hemiacetal 6b (corresponding to 6 of
Scheme 2), and then the expected higher yields (55 ± 63%)
were achieved (entries 3, 4, 6, and 7 in Table 1). However, if
the meta or para substituent X is mMe, pMe, or pOMe (see
5�b of Scheme 4), the opposite electronic effect can be found
in the present reaction, and a decrease of the electrophilic
reactivity of the carbonyl group of the reductant aldehydes
results in lower yields (entry 9, 10, and 12 in Table 1).
In addition, the formation of the thermodynamic product 2�


through acyl migration[1b, 9l, 16b,d,f,k,p] of the kinetic product 2 can
be understood from Scheme 5. Here the driving force for
converting 2 into 2� may result from the fact that the acyl
group (RCO) tends to attach to the primary hydroxyl group
rather than the crowded secondary hydroxyl group.


Conclusion


In conclusion, we have discovered a novel, highly stereo-
selective, samarium-catalyzed tandem semipinacol rearrange-
ment/Tishchenko reduction of secondary �-hydroxy epoxides.
The two different processes in this tandem reaction, namely, a
semipinacol rearrangement of the secondary �-hydroxy
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Scheme 4. Electronic effect of meta and para substituents on substituted benzaldehydes in the tandem reaction.


Scheme 3. Steric effect of ortho substituents on substituted benzaldehydes in the tandem reaction.







FULL PAPER Y.-Q. Tu et al.


Scheme 5. Proposed mechanism for the formation of regioisomeric
product 2�.


epoxides and a hetero-Tishchenko reduction of the inter-
mediate �-hydroxy aldehydes, could be realized by substoi-
chiometric amounts of the easily accessible SmI2 as a catalyst
precursor. Moreover, the latter process could be significantly
affected by the reductant aldehydes with different steric and
electronic effects. We found pCl-C6H4CHO was the most
effective reductant in this reaction, and by further optimizing
the reaction conditions this sequence has been applied to the
one-step construction of another class of 2-quaternary 1,3-diol
unit comprising an hydroxymethyl moiety bearing the dia-
stereogenic quaternary carbon center. On the basis of our
detailed studies, a mechanism for this catalytic tandem
reaction was proposed. According to the catalytic cycle, we
explained the steric effect of ortho substituents and the
electronic effect of meta or para substituents on the substi-
tuted benzaldehydes, and additionally a rationalization was
also proposed for the formation of the thermodynamic acyl
migration product 2�.


Experimental Section


General : All anhydrous solvents (Cl(CH2)2Cl, PhCH3, CH3CN, and THF)
were dried by standard techniques and freshly distilled before use. All
aldehyde reductants were purchased from Fluka, and also freshly distilled,
except for the pNO2-C6H4CHO, under an argon atmosphere under
ordinary or reduced pressure prior to use. Samarium(��) diiodide (SmI2)
was prepared from samarium (Fluka) and iodine in dried THF under Ar as
described in the literature.[20] All reactions were monitored by thin-layer
chromatography (TLC) on gel F254 plates. The silica gel (200 ± 300 mesh) for
column chromatography was from the Qingdao Marine Chemical Factory
in China, and the distillation range of light petroleum is 60 ± 90 �C. 1H NMR
and 13C NMR spectra were recorded in CDCl3 solution (unless otherwise
noted) on an Avance DRX-200 or Bruker AM-400 MHz instrument.
Spectral data are reported in ppm relative to tetramethylsilane (TMS) as
internal standard. The GC-MS andMS data were obtained with EI (70 eV),
and the relative intensity (%) is given in brackets. High-resolution mass
spectral analysis (HRMS) data were measured on the Bruker ApexII by
means of the ESI technique.


General procedure for the synthesis of the secondary �-hydroxy epoxides
(1):mCPBA (1.1 equiv) was added to a stirred solution of the allylic alcohol
(1.0 equiv) in CH2Cl2 at 0 �C.[13] After complete consumption of the
substrate (as monitored by TLC), the reaction mixture was diluted with
CH2Cl2, washed with 10% aqueous K2CO3 solution, and brine, and dried
(MgSO4) overnight. Evaporation of the solvent under reduced pressure
gave the crude product 1, which was purified by column chromatography


on silica gel eluting with a mixture solvent of light petroleum and ethyl
acetate to yield the secondary �-hydroxy epoxide 1.


cis-2,3-Epoxy-3-phenylcyclohexanol (1a): 1HNMR (200 MHz, (CD3)2CO):
�� 7.40 ± 7.25 (m, 5H), 4.12 ± 4.00 (m, 1H), 3.10 (d, J� 2.2 Hz, 1H), 3.05
(br s, 1H; OH), 2.35 ± 2.21 (m, 1H), 1.96 ± 1.82 (m, 1H), 1.73 ± 1.61 (m, 2H),
1.57 ± 1.40 ppm (m, 2H); 13C NMR (50 MHz, (CD3)2CO): �� 142.2, 128.2,
128.2, 127.1, 125.2, 125.2, 66.5, 65.0, 62.6, 28.0, 27.8, 19.4 ppm.


cis-2,3-Epoxy-3-ethylcyclohexanol (1b): 1H NMR (200 MHz, CDCl3): ��
4.05 ± 3.90 (m, 1H), 3.16 (d, J� 3.0 Hz, 1H), 2.51 (d, J� 9.2 Hz, 1H; OH),
1.81 ± 1.15 (m, 8H), 0.95 ppm (t, J� 7.6 Hz, 3H); 13C NMR (50 MHz,
CDCl3): �� 67.2, 64.9, 61.2, 30.1, 28.5, 26.1, 18.7, 8.6 ppm.


cis-2,3-Epoxy-3-benzylcyclohexanol (1c): 1H NMR (200 MHz, CDCl3):
�� 7.34 ± 7.19 (m, 5H), 4.07 ± 3.95 (m, 1H), 3.20 (d, J� 3.0 Hz, 1H), 2.90,
2.84 (ABq, J� 14.4 Hz, 2H), 2.39 (d, J� 8.4 Hz, 1H; OH), 1.74 ± 1.10 ppm
(m, 6H); 13C NMR (50 MHz, CDCl3): �� 136.5, 129.4, 129.4, 128.3, 128.3,
126.6, 66.6, 64.1, 60.8, 43.5, 29.1, 26.6, 17.8 ppm.


cis-2,3-Epoxy-3-n-butylcyclohexanol (1d): 1H NMR (200 MHz, CDCl3):
�� 4.06 ± 3.89 (m, 1H), 3.14 (d, J� 2.8 Hz, 1H), 2.75 (d, J� 9.0 Hz, 1H;
OH), 1.80 ± 1.19 (m, 12H), 0.90 ppm (t, J� 7.0 Hz, 3H); 13C NMR (50 MHz,
CDCl3): �� 67.0, 64.3, 61.5, 37.1, 28.7, 26.8, 26.5, 22.6, 18.5, 13.9 ppm.


cis-2,3-Epoxy-3-allylcyclohexanol (1e): 1H NMR (200 MHz, CDCl3): ��
5.89 ± 5.68 (m, 1H), 5.18 ± 5.15 (m, 1H), 5.10 ± 5.08 (m, 1H), 4.08 ± 3.93 (m,
1H), 3.20 (d, J� 2.8 Hz, 1H), 2.82 (br s, 1H; OH), 2.38 ± 2.32 (m, 2H),
1.80 ± 1.20 ppm (m, 6H); 13C NMR (50 MHz, CDCl3): �� 132.7, 118.1, 67.0,
63.4, 60.9, 41.7, 28.5, 26.4, 18.5 ppm.


threo-1-Phenyl-2,3-epoxy-3-methylbutanol (1 f): 1H NMR (400 MHz,
CDCl3): �� 7.42 ± 7.33 (m, 5H), 4.59 (d, J� 8.2 Hz, 1H), 3.06 (br s, 1H;
OH), 3.01 (d, J� 8.2 Hz, 1H), 1.46 (s, 3H), 1.32 ppm (s, 3H).


General procedure for SmIII-catalyzed tandem semipinacol rearrangement/
Tishchenko reduction of the secondary �-hydroxy epoxides : Unless
otherwise noted, a solution of SmI2 (0.1� in THF, 1.2 mL, 0.3 equiv) was
added dropwise to a stirred solution of the substrate 1 (0.4 mmol, 1.0 equiv)
and the reductant aldehyde (2.4 mmol, 6.0 equiv) in dried Cl(CH2)2Cl
(4.0 mL) at room temperature under an argon atmosphere. The resulting
reaction mixture was stirred at between room temperature and approx-
imately 80 �C (as necessary). When TLC analysis indicated that the
substrate 1 had disappeared completely, the reaction mixture was treated
with a saturated aqueous NaHCO3 solution (3 mL) followed by CH2Cl2
(10 mL). The organic layer was separated, and the aqueous phase was
carefully extracted with CH2Cl2 (3� 10 mL), and the combined extracts
were dried over MgSO4. After removal of the solvent in vacuo, the residue
was purified by column chromatography on silica gel (eluting with 5�
10% EtOAc in light petroleum) to afford 2 and/or 2�.


cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl 4�-chlorobenzoate (2a) and
cis-(1-phenyl-2-hydroxycyclopent-1-yl)methyl 4�-chlorobenzoate (2�a): By
following the typical procedure described above for entry 1 in Table 2 and
entry 4 in Table 1, a solution of the substrate 1a (76.0 mg, 0.4 mmol,
1.0 equiv) and pCl-C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL)
was treated with SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 1.5 h at 65 �C to give the
products 2a/2�a (90:10, 83.3 mg) in a total yield of 63%. For entries 2 and 3
in Table 2, the experimental operation was analogous to that described
above, and the reactions were stirred for 3 h at 65 �C and for 1 h at 85 �C,
respectively, to afford the products 2a/2�a in 63% and 62% yield and with
the ratios of 45:55 and 72:28. 2a : 1H NMR (400 MHz, CDCl3): �� 8.04 ±
8.01, 7.47 ± 7.45 (AA�BB�, 4H), 7.46 ± 7.27 (m, 5H), 5.78 (dd, J� 3.7, 6.4 Hz,
1H), 3.97, 3.80 (ABq, J� 11.3 Hz, 2H), 2.32 ± 2.10 (m, 3H), 2.02 ± 1.90 (m,
1H), 1.90 ± 1.80 (m, 1H), 1.80 ± 1.65 ppm (m, 1H); 13C NMR (100 MHz,
CDCl3): �� 165.4, 142.6, 139.6, 130.9, 130.9, 128.8, 128.8, 128.8, 128.6, 128.6,
126.9, 126.9, 126.9, 82.2, 67.4, 56.1, 32.0, 31.1, 20.6 ppm; MS (70 eV): m/z
(%): 191 (0.4) [M�ClC6H4CO]� , 174 (9) [M�ClC6H4CO2H]� , 144 (68),
141 (33) [37ClC6H4CO]� , 139 (100) [35ClC6H4CO]� , 131 (16), 118 (51), 113
(8) [37ClC6H4]� , 111 (25) [35ClC6H4]� , 91 (18), 77 (10); HRMS (ESI): m/z
calcd for C19H19O3ClNa: 353.0915; found: 353.0911 [M�Na]� .
2�a : 1H NMR (400 MHz, CDCl3): �� 7.83 ± 7.81, 7.48 ± 7.46 (AA�BB�, 4H),
7.40 ± 7.25 (m, 5H), 4.79, 4.47 (ABq, J� 11.4 Hz, 2H), 4.55 (dd, J� 5.1,
6.3 Hz, 1H), 2.21 ± 2.17 (m, 2H), 2.07 ± 1.95 (m, 1H), 1.95 ± 1.85 (m, 1H),
1.84 ± 1.74 (m, 1H), 1.71 ± 1.60 ppm (m, 1H); 13C NMR (100 MHz, CDCl3):
�� 166.2, 143.6, 139.5, 130.9, 130.9, 128.7, 128.7, 128.5, 128.3, 128.3, 126.8,
126.8, 126.6, 78.5, 69.0, 54.3, 32.9, 32.0, 19.6 ppm; MS (70 eV): m/z (%): 191
(0.08) [M�ClC6H4CO]� , 174 (21) [M�ClC6H4CO2H]� , 144 (6), 141 (12)
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[37ClC6H4CO]� , 139 (33) [35ClC6H4CO]� , 131 (28), 118 (100), 113 (6)
[37ClC6H4]� , 111 (20) [35ClC6H4]� , 91 (20), 77 (13); HRMS (ESI): m/z calcd
for C19H20O3Cl: 331.1095; found: 331.1095 [M�H]� .


cis-1-Ethyl-1-hydroxymethylcyclopent-2-yl 4�-chlorobenzoate (2b) and cis-
(1-ethyl-2-hydroxycyclopent-1-yl)methyl 4-chlorobenzoate (2�b): By fol-
lowing the typical procedure described above for entry 4 of Table 2, a
solution of the epoxide 1b (56.8 mg, 0.4 mmol, 1.0 equiv) and pCl-
C6H4CHO (2.4 mmol, 6.0 equiv) in PhCH3 (4.0 mL) was treated with
SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 1 h at 80 �C to give the 2-quaternary 1,3-
diol monoesters products 2b/2�b (80:20, 84.7 mg) in a total yield of 75%.
For entry 5 of Table 2, 0.2 equiv SmI2 was used in the catalytic tandem
reaction; the mixture was stirred for 2.5 h at 80 �C, and the products 2b/2�b
(67:33, 62.1 mg, 55%) were obtained. For entries 6 ± 8 in Table 2,
Cl(CH2)2Cl, THF, and CH3CN were used as solvents in this reaction,
respectively, and the experimental process was analogous to the typical
procedure; for detailed data see entries 6 ± 8 in Table 2. 2b : 1H NMR
(400 MHz, CDCl3): �� 7.95 ± 7.92, 7.42 ± 7.39 (AA�BB�, 4H), 5.14 (dd, J�
3.2, 5.9 Hz, 1H), 3.57, 3.53 (ABq, J� 11.6 Hz, 2H), 2.25 ± 2.15 (m, 2H),
1.92 ± 1.76 (m, 2H), 1.76 ± 1.60 (m, 2H), 1.60 ± 1.50 (m, 1H), 1.35 ± 1.25 (m,
1H), 0.92 ppm (t, J� 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3): �� 165.9,
139.6, 130.9, 130.9, 128.8, 128.8, 128.8, 82.6, 63.4, 51.0, 31.5, 30.5, 26.1, 21.0,
8.2 ppm; GC-MS (70 eV): m/z (%): 143 (1) [M�ClC6H4CO]� , 141 (35)
[37ClC6H4CO]� , 139 (100) [35ClC6H4CO]� , 126 (5) [M�ClC6H4CO2H]� ,
113 (8) [37ClC6H4]� , 111 (26) [35ClC6H4]� , 98 (19), 82 (36), 67 (26), 55 (14),
41 (14); HRMS (ESI):m/z calcd for C15H20O3Cl: 283.1095; found: 283.1096
[M�H]� .


2�b : 1H NMR (400 MHz, CDCl3): �� 7.98 ± 7.95, 7.42 ± 7.39 (AA�BB�, 4H),
4.58, 4.23 (ABq, J� 11.6 Hz, 2H), 3.85 ± 3.82 (m, 1H), 2.69 (d, J� 3.8 Hz,
1H; OH), 2.21 ± 1.26 (m, 8H), 0.95 ppm (t, J� 7.4 Hz, 3H); 13C NMR
(100 MHz, CDCl3): �� 166.3, 139.6, 130.9, 130.9, 128.6, 128.6, 128.5, 78.4,
65.9, 50.3, 33.2, 30.0, 26.5, 20.4, 8.4 ppm; GC-MS (70 eV):m/z (%): 143 (0.5)
[M�ClC6H4CO]� , 141 (25) [37ClC6H4CO]� , 139 (79) [35ClC6H4CO]� , 126
(3) [M�ClC6H4CO2H]� , 113 (14) [37ClC6H4]� , 111 (41) [35ClC6H4]� , 108
(62), 98 (49), 82 (100), 67 (60), 55 (40), 41 (40); HRMS (ESI): m/z calcd for
C15H20O3Cl: 283.1095; found: 283.1096 [M�H]� .


cis-1-Benzyl-1-hydroxymethylcyclopent-2-yl 4�-chlorobenzoate (2c) and
cis-(1-benzyl-2-hydroxycyclopent-1-yl)methyl 4�-chlorobenzoate (2�c): By
following the typical procedure described above for entry 9 in Table 2, a
solution of the substrate 1c (81.6 mg, 0.4 mmol, 1.0 equiv) and pCl-
C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with
SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 2.5 h at 70 �C to give 2c/2�c (113.0 mg,
82%) in the ratio of 60:40. 2c : 1H NMR (400 MHz, CDCl3): �� 7.94 ± 7.90,
7.44 ± 7.40 (AA�BB�, 4H), 7.34 ± 7.20 (m, 5H), 5.27 (dd, J� 2.6, 6.1 Hz, 1H),
3.50, 3.45 (ABq, J� 11.8 Hz, 2H), 3.05, 2.53 (ABq, J� 13.2 Hz, 2H), 2.42 ±
2.30 (m, 1H), 1.97 ± 1.80 (m, 3H), 1.60 ± 1.53 (m, 1H), 1.47 ± 1.39 ppm (m,
1H); 13C NMR (100 MHz, CDCl3): �� 166.0, 139.7, 137.6, 131.0, 131.0,
130.6, 130.6, 128.8, 128.8, 128.6, 128.1, 128.1, 126.3, 82.3, 63.0, 52.4, 38.6,
31.1, 29.9, 20.6 ppm; MS (70 eV):m/z (%): 326 (0.01) [M�H2O]� , 253 (0.1)
[M�Bn]� , 205 (0.1) [M�ClC6H4CO]� , 188 (18) [M�ClC6H4CO2H]� , 157
(60), 141 (37) [37ClC6H4CO]� , 139 (100) [35ClC6H4CO]� , 113 (12)
[37ClC6H4]� , 111 (35) [35ClC6H4]� , 91 (72), 57 (20), 41 (19); HRMS (ESI):
m/z calcd for C20H22O3Cl: 345.1252; found: 345.1261 [M�H]� .


2�c : 1H NMR (400 MHz, CDCl3): �� 8.03 ± 8.00, 7.48 ± 7.46 (AA�BB�, 4H),
7.34 ± 7.22 (m, 5H), 4.53, 4.12 (ABq, J� 11.6 Hz, 2H), 4.01 (dd, J� 3.4,
6.1 Hz, 1H), 2.78, 2.60 (ABq, J� 13.5 Hz, 2H), 2.25 ± 2.15 (m, 1H), 1.97 ±
1.85 (m, 1H), 1.85 ± 1.71 (m, 2H), 1.62 ± 1.50 ppm (m, 2H); 13C NMR
(100 MHz, CDCl3): �� 166.3, 139.7, 137.7, 131.0, 131.0, 130.2, 130.2, 128.9,
128.9, 128.5, 128.4, 128.4, 126.5, 78.0, 65.8, 51.3, 39.5, 32.6, 29.9, 20.1 ppm;
MS (70 eV):m/z (%): 326 (0.1) [M�H2O]� , 253 (0.06) [M�Bn]� , 188 (10)
[M�ClC6H4CO2H]� , 170 (23), 141 (22) [37ClC6H4CO]� , 139 (65)
[35ClC6H4CO]� , 113 (12) [37ClC6H4]� , 111 (33) [35ClC6H4]� , 91 (100), 57
(16), 41 (26); HRMS (ESI): m/z calcd for C20H22O3Cl: 345.1252; found:
345.1256 [M�H]� .


cis-1-n-Butyl-1-hydroxymethylcyclopent-2-yl 4�-chlorobenzoate (2d): By
following the typical procedure described above for entry 10 of Table 2, a
solution of the substrate 1d (68.0 mg, 0.4 mmol, 1.0 equiv) and pCl-
C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with
SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 2 h at 70 �C to give 2d/2�d (94.4 mg, 76%)
in �98:2 ratio. 1H NMR (400 MHz, CDCl3): �� 7.96 ± 7.93, 7.44 ± 7.41
(AA�BB�, 4H), 5.14 (dd, J� 3.1, 5.9 Hz, 1H), 3.56, 3.53 (ABq, J� 12.0 Hz,


2H), 2.25 ± 2.15 (m, 1H), 1.94 ± 1.78 (m, 2H), 1.78 ± 1.68 (m, 1H), 1.68 ± 1.48
(m, 3H), 1.45 ± 1.19 (m, 5H), 0.92 ppm (t, J� 7.2 Hz, 3H); 13C NMR
(100 MHz, CDCl3): �� 166.0, 139.6, 130.9, 130.9, 128.8, 128.8, 128.6, 82.9,
63.9, 50.9, 33.6, 31.5, 30.9, 26.0, 23.5, 21.0, 14.1 ppm; MS (70 eV): m/z (%):
171 (0.5) [M�ClC6H4CO]� , 154 (4) [M�ClC6H4CO2H]� , 141 (30)
[37ClC6H4CO]� , 139 (100) [35ClC6H4CO]� , 113 (10) [37ClC6H4]� , 111 (34)
[35ClC6H4]� , 98 (47), 67 (25), 55 (21), 41 (30); HRMS (ESI): m/z calcd for
C17H24O3Cl: 311.1408; found: 311.1414 [M�H]� .


cis-(1-Allyl-2-hydroxycyclopent-1-yl)methyl 4�-chlorobenzoate (2�e): By
following the typical procedure described above for entry 11 in Table 2, a
solution of the substrate 1e (61.6 mg, 0.4 mmol, 1.0 equiv) and pCl-
C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with
SmI2 (0.1�, 1.2 mL, 0.3 equiv), and stirred for 1 h at 70 �C to give the
products 2e/2�e (�1:� 99, 96.6 mg, 82%). 1H NMR (200 MHz, CDCl3):
�� 8.00 ± 7.95, 7.45 ± 7.40 (AA�BB�, 4H), 6.00 ± 5.79 (m, 1H), 5.12 (d, J�
10.8 Hz, 1H), 5.11 (d, J� 16.4 Hz, 1H), 4.56, 4.22 (ABq, J� 11.6 Hz, 2H),
3.90 (dd, J� 2.4, 5.6 Hz, 1H), 2.71 (br s, 1H; OH), 2.25 ± 1.95 (m, 3H),
1.95 ± 1.50 ppm (m, 5H); 13C NMR (50 MHz, CDCl3): �� 166.2, 139.6,
134.0, 131.0, 131.0, 128.8, 128.8, 128.5, 118.3, 78.0, 66.4, 50.2, 38.7, 33.0, 30.3,
20.2 ppm; MS (70 eV): m/z (%): 276 (0.04) [M�H2O]� , 253 (0.04) [M�
CH2CH�CH2]� , 141 (23) [37ClC6H4CO]� , 139 (75) [35ClC6H4CO]� , 138 (2)
[M�ClC6H4CO2H]� , 113 (12) [37ClC6H4]� , 111 (36) [35ClC6H4]� , 94 (48),
79 (100), 55 (27), 41 (47); HRMS (ESI): m/z calcd for C16H20O3Cl:
295.1095; found: 295.1094 [M�H]� .


1-(4�-Chlorophenyl)-1-hydroxy-2,2-dimethylprop-3-yl 4�-chlorobenzoate
(2�f): By following the typical procedure described above for entry 12 of
Table 2, a solution of the substrate 1 f (71.2 mg, 0.4 mmol, 1.0 equiv) and
pCl-C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated
with SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 2 h at room temperature to give the
products 2 f/2� f (�1:� 99, 113.3 mg, 89%). 1H NMR (400 MHz, CDCl3):
�� 7.95 ± 7.92, 7.45 ± 7.42 (AA�BB�, 4H), 7.33 ± 7.25 (AA�BB�, 4H), 4.62 (d,
J� 2.2 Hz, 1H), 4.43, 4.01 (ABq, J� 10.9 Hz, 2H), 2.56 (d, J� 2.2 Hz, 1H;
OH), 1.00 (s, 3H), 0.95 ppm (s, 3H); 13C NMR (50 MHz, CDCl3): �� 165.8,
139.6, 139.4, 133.3, 130.9, 130.9, 128.9, 128.9, 128.8, 128.8, 128.4, 127.9, 127.9,
77.2, 71.0, 39.5, 21.5, 19.4 ppm; GC-MS (70 eV): m/z (%): 213 (0.2)
[M(37Cl)�ClC6H4CHOH]� , 211 (0.6) [M(35Cl)�ClC6H4CHOH]� , 198
(0.3) [M(37Cl)�ClC6H4CO2H]� , 196 (0.9) [M(35Cl)�ClC6H4CO2H]� ,
157 (32), 143 (26) [37ClC6H4CHOH]� , 141 (100)
[35ClC6H4CHOH�37ClC6H4CO]� , 139 (50) [35ClC6H4CO]� , 113 (12)
[37ClC6H4]� , 111 (19) [35ClC6H4]� , 77 (36), 56 (68) [CH2�C(CH3)2]; HRMS
(ESI): m/z calcd for C18H22Cl2O3N: 370.0971; found: 370.0977 [M�NH4]� .


cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl benzoate (2aa) and cis-(1-
phenyl-2-hydroxycyclopent-1-yl)methyl benzoate (2�aa): By following the
typical procedure described above for entry 1 in Table 1, a solution of the
substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and PhCHO (2.4 mmol,
6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with SmI2 (0.1�, 1.2 mL,
0.3 equiv) for 3 h at 65 �C to give the products 2aa/2�aa (72:28, 55.6 mg,
47%). 2aa : 1H NMR (200 MHz, CDCl3): �� 8.03 ± 8.00, (m, 2H), 7.57 ± 7.17
(m, 8H), 5.72 (dd, J� 3.6, 6.4 Hz, 1H), 3.91, 3.76 (ABq, J� 11.2 Hz, 2H),
2.70 (br s, 1H; OH), 2.21 ± 1.60 ppm (m, 6H); 13C NMR (50 MHz, CDCl3):
�� 166.2, 142.8, 133.1, 130.3, 129.6, 129.6, 128.6, 128.6, 128.5, 128.5, 126.9,
126.9, 126.8, 82.0, 67.5, 56.1, 32.0, 31.1, 20.6 ppm; GC-MS (70 eV): m/z (%):
191 (0.6) [M�PhCO]� , 174 (27) [M�PhCO2H]� , 144 (12), 131 (31), 118
(100), 105 (88) [PhCO]� , 91 (21), 77 (50), 51 (12); HRMS (ESI): m/z calcd
for C19H20O3Na: 319.1305; found: 319.1296 [M�Na]� .
2�aa : 1H NMR (200 MHz, CDCl3): �� 7.85 ± 7.81 (m, 2H), 7.57 ± 7.17 (m,
8H), 4.69, 4.39 (ABq, J� 11.4 Hz, 2H), 4.46 (t, J� 6.0 Hz, 1H), 2.70 (br s,
1H; OH), 2.21 ± 1.60 ppm (m, 6H); 13C NMR (50 MHz, CDCl3): �� 167.0,
143.7, 133.0, 130.0, 129.6, 129.6, 128.3, 128.3, 128.2, 128.2, 126.9, 126.9, 126.5,
78.5, 68.8, 54.2, 32.8, 32.0, 19.8 ppm; GC-MS (70 eV): m/z (%): 174 (16)
[M�PhCO2H]� , 144 (23), 131 (22), 118 (71), 105 (100) [PhCO]� , 91 (17),
77 (53), 51 (15); HRMS (ESI): m/z calcd for C19H20O3Na: 319.1305; found:
319.1296 [M�Na]� .
cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl 2�-chlorobenzoate (2ab) and
cis-(1-phenyl-2-hydroxycyclopent-1-yl)methyl 2�-chlorobenzoate (2�ab):
By following the typical procedure described above for entry 2 of Table 1,
a solution of the substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and oCl-
C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with
SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 4 h at 65 �C to give the products 2ab/2�ab
(80:20, 14.5 mg, 11%). 2ab : 1H NMR (200 MHz, CDCl3): �� 7.92 ± 7.89 (m,
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1H), 7.53 ± 7.29 (m, 8H), 5.85 (dd, J� 3.2, 6.2 Hz, 1H), 4.00, 3.84 (ABq, J�
11.2 Hz, 2H), 2.30 ± 1.60 ppm (m, 6H).


2�ab : 1H NMR (200 MHz, CDCl3): �� 7.60 ± 7.28 (m, 9H), 4.80, 4.56 (ABq,
J� 11.2 Hz, 2H), 4.58 (t, J� 6.2 Hz, 1H), 2.40 ± 1.60 ppm (m, 6H).


cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl 3�-chlorobenzoate (2ac) and
cis-(1-phenyl-2-hydroxycyclopent-1-yl)methyl 3�-chlorobenzoate (2�ac):
By following the typical procedure described above for entry 3 in Table 1,
a solution of the substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and mCl-
C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with
SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 2 h at 65 �C to give the products 2ac/2�ac
(60:40, 79.3 mg, 60%). 2ac : 1H NMR (200 MHz, CDCl3): �� 8.03 ± 7.93 (m,
2H), 7.57 ± 7.15 (m, 7H), 5.78 (dd, J� 3.2, 6.2 Hz, 1H), 3.95, 3.80 (ABq, J�
11.2 Hz, 2H), 2.65 (br s, 1H; OH), 2.31 ± 1.50 ppm (m, 6H); 13C NMR
(50 MHz, CDCl3): �� 165.0, 142.6, 134.6, 133.1, 132.0, 129.8, 129.6, 129.6,
128.7, 128.7, 127.7, 126.9, 126.9, 82.4, 67.4, 56.2, 32.0, 31.1, 20.6 ppm; GC-MS
(70 eV): m/z (%): 191 (0.4) [M�ClC6H4CO]� , 174 (17) [M�
ClC6H4CO2H]� , 144 (84), 141 (35) [37ClC6H4CO]� , 139 (100)
[35ClC6H4CO]� , 131 (28), 118 (78), 113 (12) [37ClC6H4]� , 111 (35)
[35ClC6H4]� , 91 (30), 77 (10); HRMS (ESI): m/z calcd for C19H19O3ClNa:
353.0915; found: 353.0911 [M�Na]� .
2�ac : 1H NMR (200 MHz, CDCl3): �� 7.83 ± 7.72 (m, 2H), 7.57 ± 7.15 (m,
7H), 4.74, 4.46 (ABq, J� 11.2 Hz, 2H), 4.52 (t, J� 6.8 Hz, 1H), 2.65 (br s,
1H; OH), 2.31 ± 1.50 ppm (m, 6H); 13C NMR (50 MHz, CDCl3): �� 165.7,
143.5, 134.4, 133.0, 131.8, 129.6, 128.3, 128.3, 127.6, 126.9, 126.8, 126.8, 126.6,
78.6, 69.2, 54.1, 32.9, 31.9, 19.8 ppm; GC-MS (70 eV): m/z (%): 174 (26)
[M�ClC6H4CO2H]� , 144 (7), 141 (11) [37ClC6H4CO]� , 139 (30)
[35ClC6H4CO]� , 131 (32), 118 (100), 113 (6) [37ClC6H4]� , 111 (20)
[35ClC6H4]� , 91 (20), 77 (8); HRMS (ESI): m/z calcd for C19H19O3ClNa:
353.0915; found: 353.0911 [M�Na]� .
cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl 2�-fluorobenzoate (2ad) and
cis-(1-phenyl-2-hydroxycyclopent-1-yl)methyl 2�-fluorobenzoate (2�ad):
By following the typical procedure described above for entry 5 of Table 1,
a solution of the substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and oF-
C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with
SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 7 h at 60 �C to give the products 2ad/2�ad
(63:37, 50.2 mg, 40%). 2ad : 1H NMR (400 MHz, CDCl3): �� 8.05 ± 8.01
(m, 1H), 7.59 ± 7.51 (m, 1H), 7.50 ± 7.10(m, 7H), 5.81 (dd, J� 4.3, 6.6 Hz,
1H), 3.99, 3.85 (ABq, J� 11.4 Hz, 2H), 2.28 ± 2.12 (m, 2H), 2.08 ± 1.80 (m,
2H), 1.80 ± 1.60 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): �� 164.3,
161.9 (d, 1J(C,F)� 256.4 Hz), 143.2, 134.7 (d, 3J(C,F)� 8.7 Hz), 132.4,
128.6, 128.6, 126.9, 126.9, 126.9, 124.2 (d, 3J(C,F)� 3.6 Hz), 118.6 (d,
2J(C,F)� 10.2 Hz), 117.1 (d, 2J(C,F)� 22.8 Hz), 82.9, 67.8, 55.6, 32.3, 31.4,
20.7 ppm; GC-MS (70 eV): m/z (%): 191 (0.1) [M�FC6H4CO]� , 174 (10)
[M�FC6H4CO2H]� , 144 (54), 131 (13), 123 (100) [FC6H4CO]� , 118 (41), 95
(17), 91 (13), 77 (5); HRMS (ESI): m/z calcd for C19H19FO3Na: 337.1210;
found: 337.1205 [M�Na]� .
2�ad : 1H NMR (400 MHz, CDCl3): �� 7.83 ± 7.78 (m, 1H), 7.50 ± 7.10 (m,
8H), 4.73, 4.54 (ABq, J� 11.4 Hz, 2H), 4.60 (t, J� 5.9 Hz, 1H), 2.28 ± 2.12
(m, 2H), 2.08 ± 1.80 (m, 2H), 1.80 ± 1.60 ppm (m, 2H); 13C NMR (100 MHz,
CDCl3): �� 164.5, 161.9 (d, 1J(C,F)� 256.4 Hz), 143.8, 134.5 (d, 3J(C,F)�
8.9 Hz), 132.2, 128.3, 128.3, 126.9, 126.9, 126.5, 124.0 (d, 3J(C,F)� 3.6 Hz),
118.5 (d, 2J(C,F)� 10.2 Hz), 117.0 (d, 2J(C,F)� 22.6 Hz), 79.1, 69.6, 53.7,
33.2, 32.4, 20.0 ppm; GC-MS (70 eV): m/z (%): 174 (22) [M�
FC6H4CO2H]� , 144 (11), 131 (29), 123 (67) [FC6H4CO]� , 118 (100), 95
(21) [FC6H4]� , 91 (21), 77 (9); HRMS (ESI): m/z calcd for C19H19FO3Na:
337.1210; found: 337.1205 [M�Na]� .
cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl 4�-trifluoromethylbenzoate
(2ae): By following the typical procedure described above for entry 6 in
Table 1, a solution of the substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and
pCF3-C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated
with SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 1.5 h at 60 �C to give the products
2ae/2�ae (�98:2, 90.2 mg, 62%). 1H NMR (400 MHz, CDCl3): �� 8.22 ±
8.20, 7.77 ± 7.75 (AA�BB�, 4H), 7.48 ± 7.27 (m, 5H), 5.83 (dd, J� 3.4, 6.3 Hz,
1H), 4.00, 3.83 (ABq, J� 11.4 Hz, 2H), 2.35 ± 2.15 (m, 3H), 2.05 ± 1.95 (m,
1H), 1.95 ± 1.83 (m, 1H), 1.83 ± 1.70 ppm (m, 1H); 13C NMR (100 MHz,
CDCl3): �� 165.1, 142.5, 134.7 (q, 2J(C,F)� 32.2 Hz), 133.6, 130.0, 130.0,
128.8, 128.8, 127.1, 126.9, 126.9, 125.6, 125.6, 123.6 (q, 1J(C,F)� 271.4 Hz),
82.6, 67.5, 56.2, 32.2, 31.2, 20.6 ppm; GC-MS (70 eV): m/z (%): 191 (0.1)
[M�CF3C6H4CO]� , 174 (24) [M�CF3C6H4CO2H]� , 173 (40)
[CF3C6H4CO]� , 145 (36) [CF3C6H4]� , 144 (15), 131 (30), 118 (100), 91


(21), 77 (8); HRMS (ESI): m/z calcd for C20H19O3F3Na: 387.1179; found:
387.1182 [M�Na]� .
cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl 4�-nitrobenzoate (2af) and
cis-(1-phenyl-2-hydroxycyclopent-1-yl)methyl 4�-nitrobenzoate (2�af): By
following the typical procedure described above for entry 7 of Table 1, a
solution of the substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and pNO2-
C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with
SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 0.25 h at 60 �C to give the products 2af/
2�af (82:18, 75.0 mg, 55%). 2af : 1H NMR (400 MHz, CDCl3): �� 8.34 ±
8.32, 8.27 ± 8.25 (AA�BB�, 4H), 7.49 ± 7.45 (m, 2H), 7.41 ± 7.39 (m, 2H),
7.31 ± 7.27 (m, 1H), 5.85 (dd, J� 3.4, 6.2 Hz, 1H), 3.99, 3.81 (ABq, J�
11.2 Hz, 2H), 2.31 ± 2.15 (m, 3H), 2.05 ± 1.85 (m, 2H), 1.83 ± 1.65 ppm (m,
1H); 13C NMR (100 MHz, CDCl3): �� 164.4, 150.6, 142.3, 135.7, 130.7,
130.7, 128.8, 128.8, 127.1, 126.8, 126.8, 123.7, 123.7, 82.9, 67.5, 56.3, 32.2, 31.1,
20.6 ppm; GC-MS (70 eV): m/z (%): 191 (1.4) [M�NO2C6H4CO]� , 174
(10) [M�NO2C6H4CO2H]� , 150 (72) [NO2C6H4CO]� , 144 (100), 131 (23),
118 (57), 104 (42), 91 (39), 77 (14); HRMS (ESI): m/z calcd for
C19H19NO5Na: 364.1155; found: 364.1151 [M�Na]� .
2�af : 1H NMR (400 MHz, CDCl3): �� 8.25 ± 8.23, 8.04 ± 8.02 (AA�BB�,
4H), 7.49 ± 7.25 (m, 5H), 4.83, 4.54 (ABq, J� 11.2 Hz, 2H), 4.56 (t, J�
5.8 Hz, 1H), 2.31 ± 1.65 ppm (m, 6H); 13C NMR (100 MHz, CDCl3): ��
165.0, 150.5, 143.4, 140.4, 130.6, 130.6, 128.4, 128.4, 126.9, 126.7, 126.7, 123.5,
123.5, 78.7, 69.6, 57.1, 33.1, 32.0, 19.8 ppm; GC-MS (70 eV): m/z (%): 174
(16) [M�NO2C6H4CO2H]� , 150 (14) [NO2C6H4CO]� , 144 (5), 131 (31),
118 (100), 104 (20), 91 (21), 77 (8); HRMS (ESI): m/z calcd for
C19H19NO5Na: 364.1155; found: 364.1151 [M�Na]� .
cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl 2�-methylbenzoate (2ag): By
following the typical procedure described above for entry 8 in Table 1, a
solution of the substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and oMe-
C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with
SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 2 h at 60 �C to give the products 2ag/2�ag
(�99:� 1, 2.5 mg, 2%). 1H NMR (200 MHz, CDCl3): �� 7.96 ± 7.93 (m,
1H), 7.53 ± 7.26 (m, 8H), 5.81 (dd, J� 3.2, 6.2 Hz, 1H), 3.96, 3.79 (ABq, J�
11.0 Hz, 2H), 2.66 (s, 3H), 2.30 ± 1.50 ppm (m, 6H).


cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl 3�-methylbenzoate (2ah): By
following the typical procedure described above for entry 9 of Table 1, a
solution of the substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and mMe-
C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with
SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 4 h at 60 �C to give the products 2ah/2�ah
(�99:� 1, 21.1 mg, 17%). 1H NMR (200 MHz, CDCl3): �� 7.89 (br s, 2H),
7.49 ± 7.22 (m, 7H), 5.79 (dd, J� 3.4, 6.2 Hz, 1H), 3.98, 3.83 (ABq, J�
11.4 Hz, 2H), 2.44 (s, 3H), 2.36 ± 1.69 ppm (m, 6H); HRMS (ESI): m/z
calcd for C20H22O3Na: 333.1461; found: 333.1456 [M�Na]� .
cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl 4�-methylbenzoate (2ai): By
following the typical procedure described above for entry 10 in Table 1, a
solution of the substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and pMe-
C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with
SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 5 h at 60 �C to give the products 2ai/2�ai
(�99:� 1, 8.6 mg, 7%). 1H NMR (200 MHz, CDCl3): �� 7.99 ± 7.95 (m,
2H), 7.49 ± 7.27 (m, 7H), 5.78 (dd, J� 3.4, 6.2 Hz, 1H), 3.97, 3.82 (ABq, J�
11.4 Hz, 2H), 2.44 (s, 3H), 2.36 ± 1.60 ppm (m, 6H).


cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl 3�-methoxylbenzoate (2aj)
and cis-(1-phenyl-2-hydroxycyclopent-1-yl)methyl 3�-methoxylbenzoate
(2�aj): By following the typical procedure described above for entry 11 of
Table 1, a solution of the substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and
mMeO-C6H4CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was
treated with SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 3.5 h at 60 �C to give the
products 2aj/2�aj (80:20, 67.8 mg, 52%). 2aj : 1H NMR (200 MHz, CDCl3):
�� 7.69 ± 7.10 (m, 9H), 5.78 (dd, J� 3.4, 6.2 Hz, 1H), 3.98, 3.89 (ABq, J�
11.4 Hz, 2H), 3.88 (s, 3H), 2.28 ± 1.68 ppm (m, 6H); 13C NMR (50 MHz,
CDCl3): �� 166.1, 159.6, 142.8, 131.6, 129.5, 128.6, 128.6, 126.9, 126.9, 126.9,
121.9, 119.4, 114.3, 82.1, 67.5, 56.1, 55.4, 32.0, 31.1, 20.6 ppm; GC-MS
(70 eV): m/z (%): 191 (0.6) [M�MeOC6H4CO]� , 174 (33) [M�
MeOC6H4CO2H]� , 152 (45) [MeOC6H4CO2H]� , 144 (27), 135 (100)
[MeOC6H4CO]� , 118 (88), 107 (28) [MeOC6H4]� , 91 (20), 77 (30); HRMS
(ESI): m/z calcd for C20H22O4Na: 349.1410; found: 349.1417 [M�Na]� .
2�aj : 1H NMR (200 MHz, CDCl3): �� 7.69 ± 7.10 (m, 9H), 4.77, 4.45 (ABq,
J� 11.2 Hz, 2H), 4.54 (t, J� 6.8 Hz, 1H), 3.80 (s, 3H), 2.28 ± 1.68 ppm (m,
6H); 13C NMR (50 MHz, CDCl3): �� 166.1, 159.5, 142.8, 132.0 ± 126.0
(3C), 129.3, 128.2, 128.2, 126.5, 121.9, 119.7, 113.8, 78.4, 68.8, 55.4, 54.2, 32.8,
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32.0, 19.8 ppm; GC-MS (70 eV): m/z (%): 174 (48) [M�
MeOC6H4CO2H]� , 152 (56) [MeOC6H4CO2H]� , 144 (26), 135 (100)
[MeOC6H4CO]� , 118 (92), 107 (26) [MeOC6H4]� , 91 (19), 77 (24); HRMS
(ESI): m/z calcd for C20H22O4Na: 349.1410; found: 349.1417 [M�Na]� .
cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl cyclohexanecarboxylate
(2ak) and cis-(1-phenyl-2-hydroxycyclopent-1-yl)methyl cyclohexanecar-
boxylate (2�ak): By following the typical procedure described above for
entry 14 in Table 1, a solution of the substrate 1a (76.0 mg, 0.4 mmol,
1.0 equiv) and C6H11CHO (2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL)
was treated with SmI2 (0.1�, 1.2 mL, 0.3 equiv) for 3 h at 60 �C to give the
products 2ak/2�ak (85:15, 60.4 mg, 50%). 2ak : 1H NMR (200 MHz,
CDCl3): �� 7.44 ± 7.20 (m, 5H), 5.55 (dd, J� 3.4, 6.0 Hz, 1H), 3.84, 3.70
(ABq, J� 11.2 Hz, 2H), 2.45 ± 1.20 ppm (m, 17H); 13C NMR (50 MHz,
CDCl3): �� 175.7, 142.8, 128.5, 128.5, 126.8, 126.8, 126.7, 81.0, 67.6, 55.7,
43.4, 32.0, 31.0, 29.1, 28.9, 25.7, 25.4, 25.3, 20.5 ppm; GC-MS (70 eV): m/z
(%): 191 (0.4) [M�C6H11CO]� , 174 (26) [M�C6H11CO2H]� , 144 (36), 131
(36), 118 (100), 111 (9) [C6H11CO]� , 91 (25), 83 (89) [C6H11]� , 77 (7), 55
(36), 41 (14); HRMS (ESI): m/z calcd for C19H26O3Na: 325.1774; found:
325.1774 [M�Na]� .
2�ak : 1H NMR (200 MHz, CDCl3): �� 7.44 ± 7.24 (m, 5H), 4.52, 4.22 (ABq,
J� 11.2 Hz, 2H), 4.47 (dd, J� 5.2, 6.0 Hz, 1H), 2.45 ± 1.20 ppm (m, 17H);
13C NMR (50 MHz, CDCl3): �� 176.5, 143.6, 128.1, 128.1, 126.4, 126.4,
126.8, 78.4, 68.0, 54.0, 43.1, 32.8, 32.2, 29.5, 28.8, 25.8, 25.7 ± 25.3 (2C),
19.8 ppm; GC-MS (70 eV):m/z (%): 174 (19) [M�C6H11CO2H]� , 144 (12),
131 (34), 118 (100), 111 (4) [C6H11CO]� , 91 (21), 83 (40) [C6H11]� , 77 (7), 55
(27), 41 (12); HRMS (ESI): m/z calcd for C19H26O3Na: 325.1774; found:
325.1774 [M�Na]� .
cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl isobutanoate (2al): By fol-
lowing the typical procedure described above for entry 15 of Table 1, a
solution of the substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and iPrCHO
(2.4 mmol, 6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with SmI2 (0.1�,
1.2 mL, 0.3 equiv) for 3.5 h at 60 �C to give the products 2al/2�al (�98:2,
42.9 mg, 41%). 1H NMR (200 MHz, CDCl3): �� 7.42 ± 7.21 (m, 5H), 5.53
(dd, J� 3.4, 6.2 Hz, 1H), 3.84, 3.70 (ABq, J� 11.4 Hz, 2H), 2.62 (m, 1H),
2.21 ± 1.50 (m, 6H), 1.23 (d, J� 7.0 Hz, 3H), 1.21 ppm (d, J� 7.0 Hz, 3H);
13C NMR (50 MHz, CDCl3): �� 176.7, 142.8, 128.5, 128.5, 126.8, 126.8,
126.7, 81.2, 67.5, 55.8, 34.3, 31.9, 31.0, 20.5, 19.0, 18.9 ppm; GC-MS (70 eV):
m/z (%): 191 (0.4) [M� iPrCO]� , 174 (16) [M� iPrCO2H]� , 144 (28), 131
(31), 118 (100), 91 (29), 77 (10), 71 (25) [iPrCO]� , 43 (68) [iPr]; HRMS
(ESI): m/z calcd for C16H22O3Na: 285.1461; found: 285.1467 [M�Na]� .
cis-1-Hydroxymethyl-1-phenylcyclopent-2-yl butanoate (2am) and cis-(1-
phenyl-2-hydroxycyclopent-1-yl)methyl butanoate (2�am): By following
the typical procedure described above for entry 16 in Table 1, a solution of
the substrate 1a (76.0 mg, 0.4 mmol, 1.0 equiv) and nPrCHO (2.4 mmol,
6.0 equiv) in Cl(CH2)2Cl (4.0 mL) was treated with SmI2 (0.1�, 1.2 mL,
0.3 equiv) for 3.5 h at 60 �C to give the products 2am/2�am (24:76, 58.6 mg,
56%). 2am : 1H NMR (200 MHz, CDCl3): �� 7.43 ± 7.20 (m, 5H), 5.57 (dd,
J� 3.6, 6.0 Hz, 1H), 3.86, 3.72 (ABq, J� 11.4 Hz, 2H), 3.30 (br s, 1H; OH),
2.38 (t, J� 7.6 Hz, 2H), 2.25 ± 1.49 (m, 8H), 0.99 ppm (t, J� 7.4 Hz, 3H);
13C NMR (50 MHz, CDCl3): �� 173.4, 142.8, 128.5, 128.5, 126.7, 126.7,
126.7, 81.2, 67.6, 55.6, 36.5, 32.0, 31.0, 20.5, 18.5, 13.6 ppm; GC-MS (70 eV):
m/z (%): 191 (0.3) [M�nPrCO]� , 174 (14) [M�nPrCO2H]� , 144 (24), 131
(30), 118 (100), 91 (26), 77 (10), 71 (30) [nPrCO]� , 43 (29) [nPr]� ; HRMS
(ESI): m/z calcd for C16H22O3Na: 285.1461; found: 285.1469 [M�Na]� .
2�am : 1H NMR (200 MHz, CDCl3): �� 7.43 ± 7.20 (m, 5H), 4.53, 4.24 (ABq,
J� 11.2 Hz, 2H), 4.49 (t, J� 5.8 Hz, 1H), 3.30 (br s, 1H; OH), 2.21 (t, J�
7.4 Hz, 2H), 2.14 ± 1.49 (m, 8H), 0.85 ppm (t, J� 7.4 Hz, 3H); 13C NMR
(50 MHz, CDCl3): �� 174.1, 143.6, 128.2, 128.2, 126.8, 126.8, 126.4, 78.5,
68.1, 53.9, 36.2, 32.8, 32.1, 19.8, 18.3, 13.5 ppm; GC-MS (70 eV): m/z (%):
174 (15) [M� nPrCO2H]� , 144 (10), 131 (30), 118 (100), 91 (22), 77 (8), 71
(17) [nPrCO]� , 43 (19) [nPr]� ; HRMS (ESI): m/z calcd for C16H22O3Na:
285.1461; found: 285.1469 [M�Na]� .
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C�C versus C�H Activation and versus Agostic C�C Interaction Controlled
by Electron Density at the Metal Center


Mark Gandelman,[a] Linda J. W. Shimon,[b] and David Milstein*[a]


Abstract: Based on the PCN ligand 2, a
remarkable degree of control over C�C
versus C�H bond activation and versus
formation of an agostic C�C complex
was demonstrated by choice of cationic
[Rh(CO)n(C2H4)2�n] (n� 0, 1, 2) pre-
cursors. Whereas reaction of 2 with
[Rh(C2H4)2(solv)n]BF4 results in exclu-
sive C�C bond activation to yield prod-
uct 5, reaction with the dicarbonyl
precursor [Rh(CO)2(solv)n]BF4 leads to
formation of the C�H activated complex


9. The latter process is promoted by
intramolecular deprotonation of the
C�H bond by the hemilabile amine
arm of the PCN ligand. The mixed
monocarbonyl monoethylene Rh spe-
cies [Rh(CO)(C2H4)]BF4 reacts with the


PCN ligand 2 to give an agostic complex
7. The C�C activated complex 5 is easily
converted to the C�H activated one (9)
by reaction with CO; the reaction pro-
ceeds by a unique sequence of 1,2-metal-
to-carbon methyl shift, agostic interac-
tion, and C�H activation processes.
Similarly, the C�C agostic complex 7 is
converted to the same C�H activated
product 9 by treatment with CO.


Keywords: agostic interactions ¥
carbonyl ligands ¥ C�C activation ¥
C�H activation ¥ dearomatization ¥
tridentate ligands


Introduction


While C�H activation[1] is generally both thermodynamically
and kinetically favored over C�C activation,[2] an appropriate
choice of the reaction system can change the reaction profile
in favor of insertion into the C�C bond. Thus, we have
demonstrated that upon coordination to bischelating PCX


(X�P,[3] N,[4] O[5]) ligand sys-
tems (Scheme 1) a metal center
can be directed to the proxim-
ity of an unstrained, ™hidden∫
C�C bond, resulting in ther-
modynamically and kinetically
favored C�C bond activation.[6]
Moreover, utilizing these PCX
systems, a remarkable degree
of control over metal insertion
into strong C�H versus C�C


bonds can be achieved by choice of solvent,[7] metal, or ligand
set.[2a] In addition, PCP-type complexes containing an agostic
interaction of a C�C bond with the metal center were
isolated.[8]


We report herein that by using a PCN-type cationic
rhodium system it is possible to achieve a remarkable degree
of control over the activation processes, leading selectively to
a) C�H activation, b) C�C activation and c) an agostic (�-
arenium) C�C interaction, simply by changing the number of
CO molecules coordinated to the rhodium center. An
interesting cascade of C�C coupling and C�H activation via
C�C agostic interaction, caused by reaction of the rhodium
complex with CO, is demonstrated.


Results and Discussion


While studying the activation of strong bonds, we found that
cationic unsaturated RhI precursors can undergo carbon ±
carbon bond activation upon coordination to PCP,[7] PCN,[9]


or PCO[5] ligands. Thus, the PCN ligand 2 reacted with the
cationic complex [Rh(C2H4)2(solv)n]BF4 (4)[10] to quantita-
tively yield the C�C activation product 5 as the only product
under very mild conditions (Scheme 2)
No C�H-activated product was observed even at low


temperatures. The same exclusive selectivity towards car-
bon ± carbon bond activation was found in the reaction of the
PCN ligand with neutral RhI precursors.[11] Addressing the
question of the effect of electron density on the metal center
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Scheme 1. Bischelating PCX
ligand systems: 1a : R�CH3,
X�PtBu2, (PCP(CH3)); 1b :
R�H, X�PtBu2, (PCP(H)).
2 : R�CH3, X�NEt2, (PCN).
3 : R�CH3, X�OCH3, (PCO).
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on its ability to insert into C�C bonds, we examined the
reactivity of relatively electron-poor rhodium(�) precursors
bearing carbonyl ligands. Interestingly, contrary to the
reaction of precursor 4, no C�C activation was observed
when ligand 2 was treated with an equimolar amount of the
monocarbonyl complex [Rh(C2H4)(CO)(solv)n]BF4 (6) in
THF. Rather, the reaction smoothly produced complex 7 in
quantitative yield (Scheme 2). Compound 7 was unequivo-
cally characterized by multinuclear NMR techniques. The
31P{1H} NMR spectrum of complex 7 exhibits a doublet at ��
38.6 ppm (JP,Rh� 113.9 Hz). The methyl group bound to the
ipso-carbon gives rise to a broad singlet in the 1H NMR
spectrum at �� 3.05 ppm. The proton bound to the ring
appears as a singlet at �� 7.2 ppm, only about 0.5 ppm
downfield from the corresponding proton in other known
PCN-based complexes with an intact aromatic ring.[4, 12] This
proton is shifted significantly upfield relative to the same
proton in the PCN±Rh methylene arenium complex[9] (���
1.3 ppm), in which the dearomatized ring bears a positive
charge. In the 13C NMR spectrum of 7 the ipso-carbon atom
exhibits a signal at �� 108.8 ppm, which represents a large
upfield shift relative to the ipso-carbon atom of cyclometa-
lated, PCN-based, rhodium complexes. Noteworthy, there is
no observable coupling between the Rh atom and the ipso-
carbon atom, which can be as large as 30 Hz in other PCN-
type Rh complexes,[4, 12] indicating that the interaction be-
tween the two atoms is weak. Based on the NMR character-
istics of compound 7 and on previous experimental and
theoretical studies of similar isoelectronic PCP(CH3)-based[8]


(1a) and PCP(H)-based[13] (1b) rhodium complexes, we
conclude that 7 is best viewed as an arene complex stabilized
by an agostic interaction of the C�C bond with the Rh center,
with a minor contribution of the �-arenium form. Thus, we


refer to it in this paper as an
agostic C�C (�-arenium) com-
plex. While agostic interactions
of C�H bonds,[14] particularly
those stabilizing cationic metal
centers,[15] are well document-
ed, examples of C�C agostic
interactions are extremely
rare.[8, 16] C�H agostic metal
complexes are normally viewed
as intermediates in C�H oxida-
tive addition.[14] Since, as we
have shown, C�H and C�C
bond activation processes by
RhI have similar electronic re-
quirements,[5] complex 7 can be
viewed as a �frozen� intermedi-
ate toward C�C bond activa-
tion. Interestingly, the neutral
[RhCl] complex undergoes very
facile oxidative addition of the
C�C bond in the PCN-type
ligand (even at �70 �C) to give
the corresponding RhIII methyl
chloride complex, and the fully
characterized P,N-coordinated


14-electron intermediate in this reaction is very unstable.[11]


Here, despite the fact that the cationic [RhCO]� fragment is
sterically unhindered and can easily approach the Ar�CH3
bond, it is not sufficiently electron rich to undergo the C�C
oxidative addition, probably because of thermodynamic
rather than kinetic reasons (see also the discussion below
regarding reaction of 5 with CO).
In view of the major influence of the carbonyl ligand on the


activation process, we next examined the reactivity of the
PCN ligand with a Rh ± biscarbonyl cationic species. Surpris-
ingly, reaction of ligand 2 with [Rh(CO)2(solv)n]BF4 (8)[10] in
THF at room temperature resulted in the formation of the
benzylic complex 9 in quantitative yield (Scheme 2). The air-
stable complex 9was fully characterized spectroscopically and
its structure was confirmed by a single-crystal X-ray analysis.
The 31P{1H} NMR spectrum of 9 exhibits a doublet at ��


114.9 ppm (JP,Rh� 154.2 Hz). The broad singlet at �� 9.5 ppm
in the 1H NMR spectrum is characteristic of a R3N�H�


proton. The benzylic carbon atom bound to Rh (ArCH2Rh)
gives rise to a doublet of doublets signal at �� 11.8 ppm
(JRh,C� 13.5 Hz, JP,C� 4.8 Hz) in the 13C NMR spectrum. In
this spectrum, two carbonyl ligands exhibit two different
signals at �� 186.5 and 185.8 ppm, indicating their magnetic
inequivalence. In the IR spectrum the CO ligands give rise to
bands at 1969 cm�1 and 2038 cm�1 in equal intensity, indicat-
ing an OC-Rh-CO angle of 90�.
Colorless needles suitable for X-ray analysis were obtained


by crystallization of 9 from THF at �78 �C.[17] The rhodium
atom is located in the center of a distorted square plane with
the two carbonyl ligands located in cis positions (Figure 1). In
agreement with the NMR data, the N-arm of the PCN frame is
protonated and not coordinated to the metal center. Selected
bond lengths and bond angles are given in Table 1.


Scheme 2. C�C (5) or C�H (9) bond activation or C�C agostic interaction (7) tuned by the number of carbonyl
ligands on the Rh precursor. Conversion of complexes 5 and 7 to compound 9 by treatment with CO.
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Figure 1. Structure of 9 (ORTEP drawing; 50% of probability; hydrogen
atoms (except N-H) are omitted for clarity).


As described above, the monocarbonyl complex 6 is not
electron-rich enough to activate C�H or C�C bonds in the
reaction with the PCN ligand and leads to formation of the
agostic C�C (�-arenium) compound 7. Also, it was reported
that the methyl group bound to the ipso-carbon atom in the
PCP±Rh(CO) C�C agostic complex, analogous to 7, is acidic
and can easily be deprotonated by triethylamine to give the
corresponding benzylic complex.[8] On the basis of these
considerations we believe that a probable mechanism for the
formation of complex 9 includes
formation of a square-planar
Rh(CO)2-C�C agostic intermedi-
ate A with a non-coordinated
amine arm (Scheme 3). The rela-
tively acidic protons of the methyl
group bound to the ipso-carbon
atom undergo intramolecular de-
protonation by the amine base,
resulting in the benzylic product
9. An alternative scenario, involv-
ing an agostic C�H coordinated to
a cationic phosphine Rh(CO)2 spe-
cies (intermediate B) followed by
deprotonation by the noncoordi-
nated amine ligand, is also possible.
A cationic RhI benzylic intermedi-
ate which exhibited an agostic C�H
bond was recently reported.[18]


Significantly, only the methyl
group located between the two


ligand arms underwent C�H activation, the other two aryl-
methyl groups remaining unaffected. This result underlines
the important role of the amine, as an internal base, in the
selective C�H activation of a specific methyl group.
The overall result of this reaction is the exclusive formation


of a C�H-activated product, in contrast to the reaction of the
PCN ligand with other cationic[9] and neutral[11] Rh precursors,
which yielded exclusively C�C activation products. Thus, it is
possible to direct the reaction toward C�C or C�H activation
or toward a complex with a C�C agostic (�-arenium)
interaction by simple choice of the cationic Rh(CO)n-based
(n� 0, 1, 2) precursor.
Complex 9 can be obtained independently by reaction of


compound 5 with CO. Thus, reaction of 5 in THF with two
equivalents of CO at room temperature yielded complex 9
quantitatively. Interestingly, reaction with an equimolar
amount of CO led to 50% conversion of the starting material
to complex 9, while the monocarbonyl complex 7 was not
observed (Scheme 2). Most likely, the first molecule of CO
coordinates to the cationic RhIII center, replacing the BF4 ion,
which was shown to be coordinated at room temperature.[8]


This causes a direct 1,2-metal-to-carbon methyl shift[8, 19] and
leads to the formation of the agostic C�C (�-arenium)
complex 7. A 1,2-alkyl shift, caused by reduction of electron
density on the cationic RhIII center upon CO coordination,
was observed in the analogous PCP system.[8] Apparently,
reaction of the RhI complex 7 with a second molecule of CO is
faster than that of the RhIII complex 5. This reaction probably
involves replacement of the hemilabile N-donor arm by a CO
ligand, leading to the reactive species A (or B), which
undergoes the C�H activation process as described above.
To examine the possible intermediacy of 7 in the reaction of


5 with CO, a solution of complex 7 in THF was treated with an
equimolar amount of CO. An immediate reaction took place,
cleanly producing complex 9 as the only product (Scheme 2).
Thus, both the C�C-activated product 5 and the C�C agostic
complex 7 are easily converted to the C�H activated complex
9 by simple reaction with CO.


Table 1. Selected bond lengths [ä] and angles [�] for 9.


Rh1�C1 1.892(10) Rh1�P2 2.361(2)
Rh1�C2 1.896(10) O1�C1 1.129(10)
Rh1�C10 2.168(8) O2�C2 1.131(10)
C1-Rh1-C2 93.5(4) C10-Rh1-P2 84.5(2)
C1-Rh1-C10 85.6(3) C2-Rh1-P2 96.2(3)
C2-Rh1-C10 173.5(4) C1-Rh1-P2 170.0(3)


Scheme 3. Possible mechanism of formation of C�H-activated complex 9.
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Conclusion


Using the PCN system, a remarkable degree of control over
C�C versus C�H bond activation and versus formation of an
agostic C�C complex can be achieved by choice of cationic
Rh(CO)n-based (n� 0, 1, 2) precursors. When n� 0, the C�C-
activated product was smoothly obtained, whereas with the
dicarbonylrhodium complex (n� 2) the C�H-activated com-
pound was formed, a process promoted by protonation of the
hemilabile amine arm. The monocarbonyl cationic Rh species
(n� 1) afforded, upon reaction with the PCN ligand, an
agostic C�C (�-arenium) compound. Conversion of the C�C
activated complex 5 to the C�H activated one (9) was easily
achieved by reaction with CO, via an unprecedented sequence
of 1,2-methyl shift, agostic interaction and C�H activation
processes. In addition, the C�C agostic (�-arenium) complex 7
was similarly converted to the same C�H-activated product 9
by treatment with CO. These observations clearly demon-
strate the crucial influence of �-accepting ligands on the
selectivity of C�C versus C�H activation. Whereas an agostic
(C�C or C�H) complex has acidic C�H bonds and can
undergo deprotonation by base, leading to a C�H activation
product, this direction is not available as a route towards C�C
activation.


Experimental Section


General procedures : All experiments with metal complexes and phosphine
ligands were carried out under an atmosphere of purified nitrogen in a
Vacuum Atmospheres glove box equipped with a MO 40 ± 2 inert gas
purifier or using standard Schlenk techniques. All solvents were reagent
grade or better. All nondeuterated solvents were refluxed over sodium/
benzophenone ketyl and distilled under argon atmosphere. Deuterated
solvents were used as received. All the solvents were degassed with argon
and kept in the glove box over 4 ä molecular sieves. Commercially
available reagents were used as received. Complexes [{Rh(C2H4)2Cl}2],[20]


[{Rh(CO)(C2H4)Cl}2],[21] [[Rh(CO)2Cl}2][22] were prepared according to a
literature procedure.
1H, 13C, 31P, and 19F NMR spectra were recorded at 400, 100, 162, and
376 MHz, respectively, using a Bruker AMX-400 NMR spectrometer. All
spectra were recorded at 23 �C. 1H NMR and 13C{1H} NMR chemical shifts
are reported in ppm downfield from tetramethylsilane. 1H NMR chemical
shifts were referenced to the residual hydrogen signal of the deuterated
solvent (�� 7.24 ppm, chloroform). In 13C{1H} NMR measurements the
signal of CDCl3 (�� 77.0 ppm) was used as a reference. 31P NMR chemical
shifts are reported in parts per million downfield from H3PO4 and
referenced to an external 85% solution of phosphoric acid in D2O. 19F
NMR chemical shifts were referenced to C6F6 (���163 ppm). Screw-cap
5 mm NMR tubes were used in the NMR follow-up experiments.
Abbreviations used in the description of NMR data are as follows: b,
broad; s, singlet; d, doublet; t, triplet; q, quartet, m, multiplet. Elemental
analyses were performed by H. Kolbe, Mikroanalytisches Laboratorium,
Germany.


Reaction of the PCN ligand 2 with [Rh(CO)2(solv)n]BF4: formation of 9 : A
solution of [{Rh(CO)2Cl}2] (30 mg, 0.077 mmol) in THF (2 mL) was mixed
with a solution of AgBF4 (30 mg, 0.154 mmol) in THFat room temperature,
resulting in the formation of the cationic rhodium precursor [Rh(CO)2-
(solv)n]BF4 and a precipitate of AgCl. The precipitate was removed by
filtration and the filtrate containing the cationic rhodium monomer was
added to a solution of the PCN ligand 2 (56 mg, 0.154 mmol) in THF. The
color changed to yellow within 3 min and the 31P{1H} NMR spectrum
showed quantitative formation of 2 as a single product. The solvent was
evaporated and the resulting solid was washed with pentane (3� 2 mL) and
vacuum dried.


31P{1H}NMR (CDCl3): �� 114.81 ppm (d, JRh,P� 154.1 Hz); 1H NMR
(CDCl3): �� 6.57 (s, 1H; Ar), 3.77 (m, 1H; Ar-CH2-N), 3.45 (m, 1H; Ar-
CH2-N), 2.99 (m, 1H; CH3-CH2-N), 2.81 (m, 1H; Ar-CH2-P), 2.76 (m, 1H;
Ar-CH2-P), 2.67 (m, 1H; CH3-CH2-N), 2.48 (m, 1H; CH3-CH2-N), 2.22 (m,
1H; CH3-CH2-N), 2.16 (s, 3H; Ar-CH3), 2.03 (s, 3H; Ar-CH3), 1.75 (dd,
JRh,H� 2.9 Hz, JP,H� 1.2 Hz, doublet in 1H{31P} NMR, 3H; Rh-CH3), 1.19
(d, JP,H� 13.5 Hz, singlet in 1H{31P} NMR, 9H; (CH3)3C-P), 1.13 (d, JP,H�
13.4 Hz, singlet in 1H{31P} NMR, 9H; (CH3)3C-P), 1.09 (t, JH,H� 7.2 Hz, 3H;
CH3-CH2-N), 0.81 ppm (t, JH,H� 7.2 Hz, 3H; CH3-CH2-N); 13C{1H} NMR
(CDCl3): �� 186.5 (171.12 (dd, JRh,C� 29.1 Hz, JP,C,cis� 3.6 Hz, Cipso ; Rh-
Ar), 145.25 (dd, JP,C� 11.3 Hz, JRh,C� 2.9 Hz; Ar), 140.07 (s; Ar), 138.56 (s;
Ar), 131.91 (dd, JP,C� 15.7 Hz, JRh,C� 1.8 Hz; Ar), 130.62 (s; Ar), 61.65 (bs;
Ar-CH2-N), 48.91 (bs; CH3-CH2-N), 48.00 (bd, JRh,C� 1.8 Hz; CH3-CH2-N),
36.11 (d, JP,C� 19.33 Hz; Ar-CH2-P), 35.07 (d, JP,C� 2.4 Hz; (CH3)3C-P),
34.84 (d, JP,C� 2.3 Hz; (CH3)3C-P), 30.70 (d, JP,C� 3.4 Hz; (CH3)3C-P),
28.86 (d, JP,C� 2.6 Hz; (CH3)3C-P), 20.57 (s; CH3-Ar), 19.43 (s; CH3-Ar),
11.16 (s; CH3-CH2-N), 6.40 (s; CH3-CH2-N), 0.08 ppm (dd, JRh,C� 35.1 Hz,
JP,C� 7.2 Hz; Rh-CH3); (assignment of 13C{1H} NMR signals was confirmed
by 13C DEPT); 19F{1H} NMR ([D8]THF): ���164.40 (s, BF4); elemental
analysis (%) calcd: C 49.92, H 7.67; found: C 50.93, H 8.02.


Reaction of the PCN ligand 2 with [Rh(CO)(C2H4)(solv)n]BF4: formation
of 7: A solution of [{Rh(CO)(C2H4)Cl}2] (30 mg, 0.077 mmol) in THF
(2 mL) was mixed with a solution of AgBF4 (30 mg, 0.154 mmol) in THF at
room temperature, resulting in formation of the cationic rhodium precursor
[Rh(CO)2(solv)n]BF4 and an AgCl precipitate. The precipitate was
removed by filtration and the filtrate containing the cationic rhodium
monomer was added to a solution of the PCN ligand 2 (56 mg, 0.154 mmol)
in THF to give complex 7. The solvent was evaporated and the resulting
orange solid was washed concomitantly with pentane (3� 2 mL) and
diethyl ether (3� 2 mL) and dried under vacuum, resulting in a pure
complex 7 in 95% yield.


31P{1H} NMR (CDCl3): �� 38.56 ppm (d, JRh,P� 113.9 Hz); 1H NMR
(CDCl3): �� 7.21 (s, 1H; Ar), 4.37 (d, 1H; JH,H� 13.6 Hz; Ar-CH2-N),
3.93 (dd, JH,H� 13.6 Hz, JH,Rh� 4.8 Hz, 1H; Ar-CH2-N), 3.74 (dd, JH,H�
15.4 Hz, JH,P� 10.5 Hz, doublet in 1H{31P} NMR, 1H; Ar-CH2-P), 3.43 (dd,
JH,H� 15.4 Hz, JH,Rh� 12.1 Hz, doublet in 1H{31P} NMR, 1H; Ar-CH2-P),
3.25 (m, 1H; CH3-CH2-N), 3.10 (m, 1H; CH3-CH2-N), 3.07 (bs, 3H; Cipso-
CH3) 3.00 (m, 1H; CH3-CH2-N), 2.91 (m, 1H; CH3-CH2-N), 2.49 (d, JH,P�
2.2 Hz, 3H; Ar-CH3), 2.41 (s, 3H; Ar-CH3), 1.47 (t, JH,H� 7.2 Hz, 3H; CH3-
CH2-N) 1.40 (d, JP,H� 14.7 Hz, singlet in 1H{31P} NMR, 9H; (CH3)3C-P),
1.19 (t, JH,H� 7.4 Hz, 3H; CH3-CH2-N), 1.13 (d, JP,H� 14.5 Hz, singlet in
1H{31P} NMR, 9H; (CH3)3C-P); 13C{1H} NMR (CDCl3): �� 182.5 (dd,
JRh,C� 101.6 Hz, JP,C� 18.6 Hz; Rh-CO), 138.60 (s; Ar), 137.34 (s; Ar),
134.35 (dd, JP,C� 6.3 Hz, JRh,C� 2.1 Hz; Ar), 132.46 (s; Ar), 125.11 (s; Ar),
108.81 (bs, Cipso ; Rh-Ar), 55.23 (bs; Ar-CH2-N), 54.91 (bs; CH3-CH2-N),
54.25 (bs; CH3-CH2-N), 30.11 (d, JP,C� 3.1 Hz; (CH3)3C-P), 29.60 (d, JP,C�
2.9 Hz; (CH3)3C-P), 24.11 (d, JP,C� 17.33 Hz; Ar-CH2-P), 19.93 (s;CH3-Ar),
19.24 (s; CH3-Ar), 12.90 (s; CH3-CH2-N), 12.09 (s; CH3-CH2-N), 11.15 (s;
Cipso-CH3); (assignment of 13C{1H}NMR signals was confirmed by 13C
DEPT); 19F{1H} NMR ([D8]THF): ���151.23 (s, BF4).
Reaction of complex 5 with CO : Complex 5 (30 mg, 0.054 mmol) was
dissolved in THF (2 mL) and CO (2.5 mL, 0.11 mmol) was slowly bubbled
through the solution, resulting in a color change to yellow. The solvent was
evaporated and the residual solid was washed with pentane (3� 2 mL) and
dried under vacuum, resulting in quantitative formation of complex 9.


Reaction of complex 7 with CO : Complex 7 (30 mg, 0.054 mmol) was
treated with CO (1.5 mL, 0.066mmol) similarly to complex 5. The solvent
was evaporated and the resulting orange solid was washed with pentane
(3� 2 mL) and diethyl ether (3� 2 mL) and dried under vacuum, resulting
in the quantitative formation of complex 9.


X-ray crystal structure determination of 9 : Complex 9was crystallized from
a concentrated THF solution at �78 �C to give colorless crystals.
Crystal data : C25H42NPO2Rh ¥BF4, colorless needles, 0.2� 0.05� 0.05 mm3,
triclinic, P1≈ (no.2), a� 8.088(2), b� 12.677(3), c� 14.075(3) ä, T� 120 K,
V� 1386.2(6) ä3, Z� 2, Fw� 609.29, �calcd� 1.460 Mgm�3, �� 0.723mm�1.


Data collection and treatment. Nonius KappaCCD diffractometer, MoK� ,
graphite monochromator (�� 0.71073 ä), total of 9488 reflections collect-
ed, 0� h� 8, �12�k� 12, �14� l� 13, frame scan with 1.0�, scan speed
1� per 60 s, 2893 independent reflections (Rint� 0.1105).
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Solution and refinement : The structure was solved by direct methods
(SHELXS-97), full-matrix least-squares refinement based on F 2


(SHELXL-97), hydrogens calculated in idealized positions and refined in
a rigid mode, with the exception of H5 on N5 and H10a and H10b on C10
which were located in the electron density map, 306 parameters with 0
restrains, final R1� 0.0555 (based on F 2) for data with I� 2�I based on all
3393 reflections, R1� 0.0889 for all data, goodness-of-fit on F 2� 1.059,
largest electron density� 0.583 eä�3.
CCDC-206717 contains the supplementary crystallographic data for 9.
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Relevance of the Electronegativity of Boron in �5-Coordinating Ligands:
Regioselective Monoalkylation and Monoarylation in Cobaltabisdicarbollide
[3,3�-Co(1,2-C2B9H11)2]� Clusters


Isabel Rojo,[a] Francesc Teixidor,*[a] Clara Vinƒ as,[a] Raikko Kivek‰s,[b]
and Reijo Sillanp‰‰[c]


Abstract: Regioselective monoalkyla-
tion and monoarylation in cobaltabisdi-
carbollide clusters has been achieved
starting from Cs[8-I-3,3�-Co(1,2-
C2B9H10)(1�,2�-C2B9H11)] by cross-cou-
pling reactions between a B�I fragment
and an appropriate Grignard reagent in
the presence of a Pd catalyst and CuI. A
considerable number of monoalkylated
and monoarylated derivatives have been
synthesized, which allowed study of the
influence of boron in metallocene-type


ligands and the effect of alkyl and aryl
substituents on boron in boron anionic
clusters. Experimental data from UV/
Vis spectroscopy, E1/2 measurements,
and X-ray diffraction analysis, and sup-
ported by EHMO and ab initio analyses,
indicate that the participation of metal


d orbitals in the HOMO is less than that
in typical metallocene complexes. This
can be explained in terms of the lower
electronegativity of boron compared to
carbon. Related to this is the � I char-
acter of alkyl groups when bonded to
boron in boron anionic clusters, contrary
to the common belief that alkyl groups
are generally electron-releasing moiet-
ies.Keywords: cobalt ¥ B±C coupling ¥


charge transfer ¥ cross-coupling ¥
isolobal relationship


Introduction


The cyclopentadienyl ligand, [C5H5]� , produces ™half-sand-
wich∫ and ™sandwich∫ compounds, metallocenes that occur
widely in contemporary organometallic chemistry. It is usually
assumed that for generic metallocenes the six lowest orbitals
are based mainly on the contributions of the [C5H5]� orbitals
and that the next five MOs have little or no bonding
character.[1] This orbital diagram can be modulated on going


to substituted [C5H5]� derivatives. In this sense, the pentam-
ethylcyclopentadienyl, [C5Me5]� or Cp*, is one of the best
known, allowing the isolation of Cp* complexes for which
[C5H5]� analogues are unknown or are kinetically unstable.[2]


The methyl groups on Cp* are electron-releasing, and this
results in more electron density at the metal than in the
analogous [C5H5]� complexes. Accordingly, electrochemical
measurements indicate that Cp* complexes are more easily
oxidized than the [C5H5]� analogues by approximately 0.5 V.[1]


Other examples of [C5H5]� derivatives include C5Me4H,[3]


C5H4Me,[4] and the important class of indenyl complexes.[5]


More profound changes are obtained by replacing a carbon by
nitrogen, as in the structurally analogous pyrrolyl anion
[NC4H4]� .[6] Similarly to [C5H5]� , more stable ligand molec-
ular orbitals are generated, due to the higher electronegativity
of nitrogen.[7, 8] In this case, the nonbonding character of the
metal d orbitals should be even more enhanced than that in
[C5H5]� metallocenes. The question that arises is whether this
situation can be reversed. We hypothesized that the incorpo-
ration of the less electronegative boron in the ring should
produce a different situation.
Recently, alkyl substitution on boron in boron clusters has


become a subject of renewed interest. Alkylations with
different degrees of alkyl incorporation have been performed
on [B12H12]2�,[9] [CB11H11]� ,[10] p-C2B10H12,[11] m-C2B10H12,[12]
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and o-C2B10H12.[13] Except in the case of o-carborane, alkyla-
tion procedures have been directed towards permethylation
by using strong methylating agents such as MeI/AlCl3[12] or
CF3SO3Me.[11, 14] In the case of o-carborane, selective alkyla-
tions/arylations at positions 9, 12 or 3 have been successfully
achieved from the corresponding iodo derivatives.[15] How-
ever, the derivative chemistry of the most extensively studied
of the anionic borate clusters, the cobaltabisdicarbollide [3,3�-
Co(1,2-C2B9H11)2]� ([1]�), remains very much unexplored.[16]


The fundamental reason for this is the synthetic strategy
leading to these derivatives. Two basic substitutions may occur
on [1]� , on either carbon or boron. With few exceptions,[17]


substitutions on carbon have been achieved at a very early
stage on the starting o-carborane,[18] and therefore [1]� has not
been used as starting material. Substitution on boron has been
achieved under Friedel ±Crafts conditions[19] or with strong
alkylating agents.[20] Consequently, regioselective substitu-
tions have not been possible, and specific derivatives could
only be obtained after careful separations of complex
mixtures. Very recently, the facile, high-yielding preparation
of the zwitterionic 8-dioxanate derivative [8-C4H8O2-3,3�-
Co(1,2-C2B9H10)(1�,2�-C2B9H11)][21] has facilitated the prepa-
ration of many derivatives of [1]� by nucleophilic ring
opening.[22] An alternative starting material is [8-OH-3,3�-
Co(1,2-C2B9H10)(1�,2�-C2B9H11)]� .[23] Besides these remarka-
ble compounds, there are the readily available halogeno
derivatives of [1]� .[24] In this regard, regiospecific syntheses of
8-I and 8,8�-I2[25] have been described, but no 8-alkyl/aryl
derivatives have been reported. As mentioned by Bregadze in
1992,[26] halogeno derivatives appear to be inert towards
substitution reactions, although Hawthorne and co-workers
have recently shown that starting from [3,3�-Co(8,9,12-I3-1,2-
C2B9H8)2]� it is possible to achieve the hexasubstitution of
[1]� .[27] This opened up the possibility of achieving monosub-
stitution from [8-I-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)]�


([2]�). Figure 1 shows the numbering of the vertices for
compound [2]� .


Figure 1. Numbering of the vertices for [8-I-3,3�-Co(1,2-C2B9H10)(1�,2�-
C2B9H11)]� ([2]�).


In this report, we describe how the latter compound, [2]� ,
can be a suitable starting material for regiospecifically
obtaining alkyl and aryl derivatives of [1]� and, with the


compounds in hand, how we were able to study the effect of
alkyl or aryl substitution on their electronic properties.


Results


Modified synthesis of Cs[8-I-3,3�-Co(1,2-C2B9H10)(1�,2�-
C2B9H11)] (Cs[2]): Matel and co-workers[25] reported a
method whereby [1]� could be quantitatively converted into
the corresponding B8-monoiodinated compound ([2]�). How-
ever, during our investigation we found that on applying the
same procedure a mixture of the starting compound [1]� and
the desired product [2]� was obtained. Therefore, we have
slightly modified the reported procedure so as to obtain [2]�


as a pure compound (see Experimental Section). Under our
new reaction conditions, we were able to increase the yield
from 84% in the reported reaction to 95%, and our work-up
procedure is shorter.


Palladium-catalyzed B±C cross-coupling reactions on Cs[8-I-
3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)] with Grignard reagents :
We were interested in checking whether the cross-coupling
methodology that can be successfully used at the antipodal,
B9, and/or B12 o-carborane positions[15a,b] of 9,12-I2-1,2-
C2B10H10 and 12-I-1,2-C2B10H11, at the B3 vertex of 3-I-1,2-
C2B10H11, and at B8, B9, and B12[27] of the [3,3�-Co(8,9,12-I3-
C2B9H8)2]� could also be applied at the single B8 vertex of [8-
I-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)]� . Successful B ±C cou-
pling reaction was achieved by using Cs[8-I-3,3�-Co(1,2-
C2B9H10)(1�,2�-C2B9H11)] (Cs[2]) as the starting compound.
The B�I unit was transformed into a B�R vertex by using a
Grignard reagent in the presence of a palladium catalyst and
copper(�) iodide as a cocatalyst.[15a] In a typical experiment, the
Cs[2] salt was dissolved in THFand treated with the Grignard
reagent at low temperatures (Scheme 1). A range of temper-
atures between �84 and 0 �C was typically investigated. A


Scheme 1.


brown precipitate formed; the mixture was then allowed to
warm to room temperature, whereupon the palladium catalyst
and CuI were added in a single portion. A period of reflux,
ranging from a few minutes to several hours, followed by
work-up, yielded the desired compounds. The reaction
provided good to very good yields of all the compounds
(between 76 and 95%). The reaction seems to be quite
general, once the optimal conditions in terms of temperature
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and reaction time have been found. The versatility of the
reaction has been explored by producing B8 ± alkyl (methyl
[3]� , ethyl [4]�), B8 ± aryl (phenyl [5]� , biphenyl [6]� ,
anthracenyl [7]�), combined aryl/alkyl (4-butylphenyl
([8]�)), and combined alkyl/aryl (2-phenylethyl ([9]�)) deriv-
atives. Thus, it can be considered a general reaction for the
regioselective generation of 8-alkyl or 8-aryl derivatives of
compound [1]� .
The Pd-catalyzed coupling of [2]� with Grignard reagents


described here is proposed to follow the mechanistic pathway
previously proposed for the similar Pd-catalyzed coupling of
Grignard reagents with B-iodocarborane derivatives.[15a, 28] In
these earlier reports, it was said that diminished yields are
observed in reactions in which the intermediate in the
catalytic cycle is capable of �-hydrogen elimination. If this
were the case, low coupling yields would have been expected
with ethylmagnesium bromide, but the corresponding product
was obtained in reasonably good yield (80%). However, �-
hydrogen elimination may account for the unsuccess-
ful preparations of [8-CH2�CHCH2-3,3�-Co(1,2-C2B9H10)-
(1�,2�-C2B9H11)]� , [8-Cl(CH2)3-3,3�-Co(1,2-C2B9H10)(1�,2�-
C2B9H11)]� , [8-CH2�CH(CH2)3-3,3�-Co(1,2-C2B9H10)(1�,2�-
C2B9H11)]� , and [8-Me(CH2)9-3,3�-Co(1,2-C2B9H10)(1�,2�-
C2B9H11)]� . Attempts to synthesize these compounds were
made by reacting the cesium salt of [2]� with allylmagnesium
bromide or with the corresponding Grignard reagents of
1-chloro-3-iodopropane, 5-bromopentene, and 1-bromode-
cane, respectively. The nature of [3]� ± [9]� has been corrobo-
rated by elemental analysis, MS, IR, and 1H, 1H{11B}, 13C{1H},
11B, and 11B{1H} NMR spectroscopies, and where appropriate,
for [nBu4N][3], [Me4N][8], and [Me4N][9], by X-ray crystal
structure determination.


NMR spectral considerations


Qualitative description of the 11B NMR spectra : The sensitivity
of the electron distribution in carboranes to the presence of


substituents has long been apparent.[29] For icosahedral
carborane derivatives of 1-R-1,2-closo-C2B10H11, 11B NMR
studies have shown that the chemical shifts of the cage boron
atoms vary with the substituent R,[30] particularly that at the
boron atom opposite to the point of attachment of the
substituent, the ™antipodal atom∫.[30b, 31] In this work, we
report compounds with a substituent on the B8 atom of
cobaltabisdicarbollide and the influence of this substituent on
the 11B chemical shift.
The 11B{1H} NMR data of [1]� , [2]� , and all of the


monosubstituted compounds prepared in this work are shown
in Table 1. The spectra can be interpreted considering the
11B{1H} NMR spectra of [1]� and [2]� , the latter also being
derived from [1]� . The 11B{1H} NMR spectrum of [1]� displays
five resonances in the range ���6.5 to ���22.7 with a
2:2:8:4:2 pattern, in agreement with an averaged C2v symme-
try. The 11B NMR chemical shifts of compound [1]� were
assigned with the aid of a 2D 11B{1H}-11B{1H} COSY
experiment and correspond to B(8,8�), B(10,10�),
B(4,4�,7,7�,9,9�,12,12�), B(5,5�,11,11�), and B(6,6�) from low to
high field.[32] Incorporation of one iodine atom at position B8
lowers the symmetry to Cs, maintaining only one symmetry
plane and rendering the two dicarbollide moieties non-
equivalent. Therefore, the 11B{1H} NMR spectrum of [2]�


displays ten resonances in the range ���6.5 to ���23.1,
with a 1:1:1:2:5 :2:2:2:1:1 pattern. The resonance in italics
integrating as five corresponds to the B�I signal, which
overlaps with four B�H signals.
Substitution of iodine by alkyl and aryl groups maintains


the same Cs symmetry and therefore the observed pattern is
almost the same. In Table 1, the B�C resonance is shown in
italics. The rather complex 11B{1H} spectra of [3,3�-Co(1,2-
C2B9H11)2]� derivatives with a B8�C bond consist of one set of
signals for each carborane ligand moiety, one perturbed by
B�C substitution and the second almost unchanged compared
to that of parent unsubstituted anion [1]� . Only when no peak
coincidence overlap was found could the positions be assigned
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Table 1. 11B{1H} NMR spectra [ppm] of B8-monosubstituted derivatives of [3,3�-Co(1,2-C2B9H11)2]�. Within each column, the number of boron atoms shown
in the first entry (the parent compound) is preserved. An asterisk (*) is used to denote where one of the two boron atoms should be accounted for in the
following column. Figures in italics relate to the resonances due to B�R (R�H). The numbers in parentheses denote coupling constants 1J(B,H) in Hertz.
Compound �11B Integration


[1] 6.5 2 1.4 2 � 6.0 8 � 17.2 4 � 22.7 2
[2]� 6.5 1 3.5 1 1.3 1 � 1.7 2* � 4.8 5 � 5.4 2 � 16.0 2 � 17.5 2 � 20.9 1 � 23.1 1


(138) (154) (157) (151) (135) (140) (145) (147) (186) (188)
[3]� 16.6 1 7.6 1 0.6 2 � 3.5 2 � 4.7 4 � 6.2 2 � 17.3 2 � 17.8 2 � 22.3 1 � 25.3 1


(142) (140) (138) (120) (138) (144) (148) (172) (169)
[4]� 19.0 1 7.8 1 1.2 2 � 4.7 6 � 5.7 2 � 16.7 4 � 21.6 � 24.4 1


(140) (137) (107) (118) (149) (183) (178)
[5]� 13.3 1 5.7 1 2.5 2 � 2.8 2 � 4.6 4 � 6.1 2 � 16.6 2 � 17.9 2 � 21.2 1 � 22.3 1


(134) (127) (168) (148) (141) (138) (135) (121) (130)
[6]� 13.3 1 6.2 1 2.6 2 � 2.7 2 � 4.3 4 � 5.9 2 � 16.5 2 � 17.7 2 � 21.1 1 � 22.2 1


(155) (132) (147) (143) (149) (92) (136) (104) (156)
[7]� 11.3 1 5.3 1 2.2 1 1.4 1 � 2.8 2 � 4.7 4 � 6.2 2 � 16.9 4 � 20.8 2


(138) (103) (118) (184) (143) (140) (151) (158)
[8]� 11.8 1 3.7 1 1.1 1 0.7 1 � 4.2 2 � 6.2 4 � 7.7 2 � 18.3 2 � 19.5 2 � 22.5 1 � 23.9 1


(137) (136) (136) (154) (146) (145) (139) (141) (145) (122)
[9]� 16.3 1 6.5 1 2.5 2 � 6.0 6 � 7.1 2 � 18.3 4 � 23.4 1 � 25.8 1


(137) (136) (146) (145) (139) (145) (122)
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on the basis of cross-peaks in the 11B{1H}-11B{1H} COSY
experiments. The resonance at ���16.6 is not split into a
doublet in the 11B NMR spectrum of compound [3]� ,
indicating that this resonance corresponds to the B�Me
vertex (Figure 2). Once the B8 resonance was known, the two-
dimensional 11B{1H}-11B{1H} COSY NMR spectrum proved
helpful for the assignment of the remaining peaks.[33]


Figure 2. 11B{1H} and 11B NMR spectra of [nBu4N][8-Me-3,3�-Co(1,2-
C2B9H10)(1�,2�-C2B9H11)].


Figure 3 shows the 11B{1H} NMR and 11B{1H}-11B{1H}
COSY NMR spectra of compound [3]� , with the assignments
deduced from the off-diagonal resonances. A stick represen-


Figure 3. The 11B{1H}-11B{1H} 2D COSY NMR spectrum of [nBu4N][8-
Me-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)]. The resonance marked A corre-
sponds to B8, B to B8�, C to B(10,10�), D to B(4,7), E to B(4�,7�), F to
B(8,12), G to B(9�,12�), H to B(5�,11�), I to B(5,11), and J and K to B6 and
B6�.


tation of the chemical shifts and relative intensities in the
11B{1H} NMR spectra of compounds [1]� and [3]� is shown in
Figure 4. Compared with compound [1]� , compound [3]�


shows a 10 ppm deshielding at B8, the vertex bonded to the
methyl group, and a 2.5 ppm deshielding at the B4 and B7
positions, these being adjacent to B8. There is also a shielding
effect of 2.6 ppm at B6, which is the antipodal vertex to B(8).
Table 2 shows the boron NMR data for compounds [1]� and
[3]� .


Qualitative description of 1H and 13C{1H} NMR spectra : In
agreement with the symmetry, the 1H and 13C{1H} NMR
spectra exhibit two slightly different C�H carborane signals
(Ccluster�H) due to the substituted and the unsubstituted cage
for [2]� ± [9]� (Table 3), and one C�H carborane signal for
[1]� . They also display resonances attributable to the R
groups at the expected positions.
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Table 2. 11B{1H} NMR chemical shifts [ppm] for compounds Cs[3,3�-
Co(1,2-C2B9H11)2] and [nBu4N][8-Me-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)].
�� are the differences between the chemical shift of [nBu4N][8-Me-3,3�-
Co(1,2-C2B9H10)(1�,2�-C2B9H11)] and that of the same vertex in Cs[3,3�-
Co(1,2-C2B9H11)2].


Boron atom [1]� [3]� ��


B8 6.5 16.6 16.6� (6.5)�� 10.1
B8� 6.5 7.6 7.6� (6.5)��1.1
B10,B10� 1.4 0.6 0.6� (1.4)��0.8
B4,B7 � 6.0 � 3.5 � 3.5� (�6.0)�� 2.5
B4�,B7� � 6.0 � 4.7 � 4.7� (�6.0)��1.3
B9,B12 � 6.0 � 4.7 � 4.7� (�6.0)��1.3
B9�,B12� � 6.0 � 6.2 � 6.2� (�6.0)��0.2
B5�,B11� � 17.2 � 17.3 � 17.3� (�17.2)��0.1
B5,B11 � 17.2 � 17.8 � 17.8� (�17.2)��0.6
B6� � 22.7 � 22.4 � 22.4� (�22.7)��0.3
B6 � 22.7 � 25.3 � 25.3� (�22.7)��2.4


Table 3. Chemical shift values [ppm] of the hydrogen and carbon cluster
atoms in the 1H and 13C{1H} NMR spectra of B(8)-monosubstituted
derivatives of [3,3�-Co(1,2-C2B9H11)2]�.


Compound � 13C{1H} NMR � 1H NMR


[1]� 51.03 3.94 (br s, 4H)
[2]� 59.34 4.54 (br s, 2H)


49.16 4.29 (br s, 2H)
[3]� 51.03 4.08 (br s, 2H)


49.87 3.87 (br s, 2H)
[4]� 50.55 4.10 (br s, 2H)


49.25 3.88 (br s, 2H)
[5]� 54.03 4.58 (br s, 2H)


49.76 3.76 (br s, 2H)
[6]� 53.75 4.60 (br s, 2H)


49.76 3.87 (br s, 2H)
[7]� 53.07 4.52 (br s, 2H)


47.82 3.08 (br s, 2H)
[8]� 54.40 4.60 (br s, 2H)


49.78 3.73 (br s, 2H)
[9]� 50.42 4.12 (br s, 2H)


49.14 3.92 (br s, 2H)
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Molecular and crystal structures of [3]� , [8]� , and [9]�:
Suitable single crystals of [3]� were obtained by slow
evaporation of the solvents from a solution in CHCl3/hexane.
In the case of [8]� , crystals were obtained by slow concen-
tration of a solution in CH2Cl2/acetone, while [9]� was
similarly crystallized from a mixture of CH2Cl2/EtOH/ace-
tone.
The structures of [3]� , [8]� , and [9]� are presented in


Figures 5 ± 7, respectively. Crystallographic data for
[nBu4N][3], [Me4N][8], and [Me4N][9] are given in Table 4,


Figure 5. Drawing of [3]� with 30% thermal displacement ellipsoids.


and selected bond lengths and angles are listed in Tables 5 ± 7,
respectively. Crystallographic analyses confirmed the expect-
ed B(8)-substituted cobaltabisdicarbollide structures for each
compound. In each compound, the B10-Co3-B10� jack-knife
angle (see Figure 1) is close to 180� [174.98(7) ± 178.86(5)�]


and the Co3 ±B8 distance is
slightly longer than the Co3 ±
Cc distances (Cc is the cluster
carbon atom).
In each compound, the two


five-membered coordinating
sites are in a staggered confor-
mation. The rotamers of [3]�


and [9]� (defined by two cobal-
tabisdicarbollide moieties) are
similar, but that of [8]� is differ-
ent. In [3]� and [9]� , C2� is
oriented between C1 and C2
and thus the cluster carbon
atoms of the non-substituted
dicarbollide cage are oriented
away from the B8 atom bearing
the substituent, while in [8]� B8
is oriented between C1� and
C2�. The former conformation
has been observed in most
cases,[22e, 34] while the latter con-
formation has been found in
complex [5]� , which also bears
a phenyl substituent at B8.[21] In


Figure 6. Drawing of [8]� with 20% thermal displacement ellipsoids.


[3]� and [9]� , the Co3-B8-C13 angles are 121.1(2) and
122.6(3)�, respectively. On the other hand, the Co3-B8-C13
angle in [8]� is 114.37(13)�, which is comparable with the
corresponding value of 116.9� in [5]� . It seems that in [8]� the
phenyl group at B8 is oriented towards the cobalt atom and
the upper belt. Thus, the reason for the unusual rotamer may
be a weak interaction between the metal atom and the phenyl
group, and/or a weak interaction between the hydrogens at
C1� and C2� and the phenyl carbon atoms.
The C1 ±C2 and C1� ±C2� bond lengths in [3]� and [9]� are


similar (about 1.615 ä; see Table 5 and Table 7), but in [8]�


(Table 6) the corresponding distances are 1.662(3) and
1.599(3) ä, respectively. The B8 ±C13 distance in [8]� is
1.652(3) ä, while that in [5]� is 1.577(5) ä.[21] The elongated
distance in the former is possibly due to the long attached
alkyl group.
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Figure 4. Stick representation of the chemical shifts and relative intensities in the 11B{1H} NMR spectra of
compounds [1]� and [3]� . Lines join equivalent positions in the two compounds.
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Figure 7. Drawing of [9]� with 30% thermal displacement ellipsoids.


Discussion


Through a B ±C coupling reaction it has been possible to
cleanly and regioselectively generate monoalkyl and mono-
aryl derivatives of cobaltabisdicarbollide at the B8 position in


good to high yield. Previous to this work, only one of
the compounds presented, [Me4N][8-C6H5-3,3�-Co(1,2-
C2B9H10)(1�,2�-C2B9H11)] ([5]�), had been reported, which
was obtained as a by-product and consequently in low yield.[21]


The synthetic procedure reported here provides access to a
large number of monoalkyl and monoaryl derivatives of [1]�


and permits systematic study of their electronic properties.


11B chemical shift dependence : Table 1 displays the 11B
resonances of [1]� ± [9]� . The top row shows the resonances
of the parent species [1]� . As a consequence of the lower
symmetry of [2]� ± [9]� , the columns become split into two or
three, but in such a way that the average of the weighted
individual contributions remains very close to the entry in the
top row. One clear exception relates to the B ±C resonances
shown in the first column and the B ± I resonance, which is
masked by other resonances, in the column with the entry
�6.0 in the top row. The constancy of the averaged column
values can be interpreted in terms of the perturbation
originating from the alkyl or aryl substitution not producing
long-range effects, although local effects on the ipso boron
atom are important, giving rise to a 10 ± 13 ppm shift to lower
field for alkyl substituents, and a 5 ± 7 ppm shift for the aryl
analogues. Without exception, the 11B resonance of the B�R
moiety (R� alkyl, aryl) is shifted to lower field. If we consider
that only the �d contribution is relevant in determining the
position of the NMR signal, since the chemical shifts of [1]�


are taken as references, the conclusion would be that the
-C(alkyl) groups have a � I influence on boron.[35] The same is
true for the local effect created by the -C(aryl) groups,
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Table 4. Crystallographic data and structural refinement details for com-
pounds [nBu4N][3], [Me4N][8], and [Me4N][9].


[nBu4N][3] [Me4N][8] [Me4N][9]


empirical formula C21H60B18CoN C18H46B18CoN C16H42B18CoN
formula weight 580.21 530.07 502.02
crystal system monoclinic monoclinic orthorhombic
space group P21/n (no. 14) Cc (no. 9) P212121 (no. 19)
a [ä] 14.7523(2) 18.6079(8) 13.8955(3)
b [ä] 10.8299(2) 17.6746(9) 13.9474(3)
c [ä] 22.2034(3) 9.9608(4) 14.4267(3)
� [�] 103.2283(7) 112.942(3) 90
V [ä3] 3453.22(9) 3016.8(2) 2795.98(10)
Z 4 4 4
T [�C] � 100 � 100 � 100
� [ä] 0.71073 0.71073 0.71073
� [g cm�3] 1.116 1.167 1.193
� [cm�1] 5.13 5.81 6.24
goodness-of-fit 0.997 1.058 1.032
R1[a] [I� 2�(I)] 0.0465 0.0778 0.0462
wR2[b] [I� 2�(I)] 0.1133 0.2042 0.0876
Flack parameter x ± 0.31(7) 0.171(19)


[a] R1�� � �Fo � � �Fc � � /� �Fo �. [b] wR2� {�[w(Fo2�Fc2)2]/�[w(Fo2)2]}1/2.


Table 5. Selected bond lengths [ä] and angles [�] for [nBu4N][3].


Co3 ±C1 2.032(2)
Co3 ±C2 2.039(3)
Co3 ±C1� 2.048(3)
Co3 ±C2� 2.040(3)
Co3 ±B8 2.144(3)
Co3 ±B8� 2.125(3)
C1 ±C2 1.619(4)
B8 ±C13 1.684(5)
C1� ±C2� 1.615(4)
Co3-B8-C13 121.1(2)
B4-B8-C13 120.6(3)
B7-B8-C13 130.8(3)


Table 6. Selected bond lengths [ä] and angles [�] for [Me4N][8].


Co3 ±C1 2.009(3)
Co3 ±C2 1.9901(18)
Co3 ±C2� 2.024(2)
Co3 ±C1� 2.066(2)
Co3 ±B8� 2.160(2)
Co3 ±B8 2.170(2)
C1 ±C2 1.662(3)
B8-C13 1.652(3)
C1� ±C2� 1.599(3)
Co3-B8-C13 114.37(13)
B4-B8-C13 124.66(18)
B7-B8-C13 121.02(18)


Table 7. Selected bond lengths [ä] and angles [�] for [Me4N][9].


Co3 ±C1 2.026(3)
Co3 ±C2 2.041(4)
Co3 ±C2� 2.051(4)
Co3 ±C1� 2.053(3)
Co3 ±B8 2.152(4)
Co3 ±B8� 2.124(4)
C1 ±C2 1.615(5)
B8 ±C13 1.599(5)
C1� ±C2� 1.614(4)
Co3-B8-C13 122.6(3)
B4-B8-C13 128.0(3)
B7-B8-C13 124.7(3)
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although for these it is less pronounced. The methyl carbon
can only withdraw electron density from the boron, whereas
an additional mechanism is available to the aromatic ring,
whereby electron density is transferred to a �* orbital on the
cluster, thereby partly compensating for the loss of local
electron density on boron due to the carbon � bond (see
Figure 8). Contrary to the common belief that alkyl groups are
electron-releasing, we stress here that they are electron-
withdrawing when attached to boron in boron clusters. The
following experimental and discussion sections are set out to
support this hypothesis.


Figure 8. a) Polarization effect of B�C exo-cluster bond due to the higher
electronegativity of C. When the organic group bonded to the boron atom
possesses a double bond (vinyl or aryl group) or a lone pair, a � back-
donation to a cluster antibonding �* orbital takes place due to orbital
overlap as shown in c). This is not possible when the organic group is an
alkyl group as in b).


Cyclic voltammetric studies : Only one coupled reduction/
oxidation process has been observed for complexes [1]� ± [9]�


within the range of potentials studied (�2.5 to �1.0 V,
referenced to Fc�/Fc, which was taken as zero). The reduction
current wave is caused by the reduction process ™CoIII�
CoII∫;[36] the reverse oxidation process is also observed.
Figure 9 shows the cyclic voltammogram of [9]� as a


Figure 9. Cyclic voltammogram of compound [9]� , recorded in acetonitrile
containing 0.1� tetrabutylammonium perchlorate as supporting electrolyte
at a scan rate of 100 mVs�1. Potential values are referenced to the Fc�/Fc
couple.


representative example. A conceivable oxidation process
beyond the reoxidation of CoII for complexes [1]� ± [9]� was
not observed in the range of electrode potentials investigated.
Table 8 lists reduction potentials Ered, �E values (�E�Ered�
Eox), and E1/2 (E1/2� (Ered�Eox)/2) for complexes [1]� ± [9]� .
E1/2 is the half-wave potential associated with the CoIII/CoII


redox process. Among the E1/2 values listed, three distinct
groupings can be discerned; those of the aryl-substituted
derivatives near �1.73 V ([5]� , [6]� , [7]� , [8]�), those of the
non-aryl-substituted derivatives near �1.84 V ([1]� , [3]� ,
[4]� , [9]�), and the distinct potential of the iodo derivative
([2]�) (E1/2��1.58). A simple explanation would be to
consider that an electron-releasing substituent R at the �


perimeter of the dicarbollide ligand would cause a higher
electron density at the CoIII center and make it more difficult
to reduce, whereas electron-withdrawing groups at the
periphery would decrease the reduction overpotential as
compared with the parent complex [1]� . We do not believe
that this simple explanation is the right one. It could be
satisfactory if [1]� was the definitive reference point, with the
half-wave potentials E1/2 for �I substituents above and those
for � I substituents below its potential. However, this is not
the case. A more realistic grouping can be made by consid-
ering one group of compounds with aromatic substituents
([5]� , [6]� , [7]� , [8]�) and a second group made up of the
alkyl- ([3]� , [4]� , [9]�) and hydrogen-substituted [1]� . Com-
pound [2]� is treated separately. This encouraged us to study
the electronic spectra of [1]� ± [9]� and to see if a property
existed that differentiated the two sets of compounds. An
initial inconvenience that we found was the broadness of the
UV/Vis bands, which precluded observation of the individual
features of interest.


UV/Vis spectra : Hawthorne and co-workers[37] have reported
that the UV/Vis spectrum of [1]� in methanol consists of four
absorptions at 216, 293, 345, and 445 nm, which is essentially
in agreement with that subsequently reported by Matel and
co-workers[25] with one absorption band (�max� 287 nm, ��
30000 Lcm�1mol�1). The visible spectrum was interpreted by
Cerny¬ and co-workers[38] on the basis of ligand field theory.
We have recorded the UV/Vis spectrum of [1]� in


acetonitrile, as this is the solvent used in the cyclic voltam-
metry studies, and although the spectrum is rather similar to
those already reported, there are some discrepancies in the
positions of the maxima and their absorption coefficients,
which indicates that these values are strongly dependent on
how the absorption (A) is measured. We used the same
solvent for all the complexes. The spectra did not show well-
defined peaks, which made comparing them difficult ; see, for
instance, the spectrum of compound 7 shown in Figure 10. To
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Table 8. Data obtained from cyclic voltammetry studies in acetonitrile.
The [Fe(C5H5)2]�/[Fe(C5H5)2] couple was taken as the zero reference.


Compound E1/2 [V] �E [V] Ered [V]


[1]� � 1.83 0.24 � 1.95
[2]� � 1.58 0.27 � 1.71
[3]� � 1.90 0.29 � 2.04
[4]� � 1.81 0.16 � 1.89
[5]� � 1.74 0.23 � 1.85
[6]� � 1.77 0.32 � 1.93
[7]� � 1.67 0.26 � 1.83
[8]� � 1.74 0.21 � 1.84
[9]� � 1.81 0.15 � 1.88
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Figure 10. UV/Vis spectra (solid lines) of some selected compounds, from
top to bottom [1]� , [2]� , [3]� , and [7]� , and the results of line fitting with
gaussians (dashed lines). The expanded sections on the right show the
absorption near 445 nm amplified 20 times.


overcome this problem, a line-fitting analysis was per-
formed.[39] The results obtained are shown in Figure 10 for
the parent compound [1]� , as well as for the B8 ± I [2]� , B8 ±
alkyl [3]� , and B8 ± aryl [7]� derivatives as representative
examples. The full set of data is shown in Table 9. As can be
seen in Figure 10, the deconvolution with Gaussians permit-
ted discernment of the sub-band positions and the retrieval of
�max and � data that would otherwise have been impossible.
The goodness-of-fit (R 2) of all the spectra was between 0.999
and 0.991. Therefore, relevant comparisons can be made. It
can readily be observed that absorptions near 281, 337, and
445 nm, present in the spectrum of [1]� , are in fact present in
all the spectra with comparable � values. These absorptions


are therefore attributed to the [3,3�-Co(1,2-C2B9H11)2]� moi-
ety. A second set of absorptions can be ascribed to the
aromatic substituents by comparison with the UV/Vis spec-
trum of the fragment alone; for example, anthracene has two
characteristic absorptions at 253 and 375 nm[40] and we
observe these bands at 255 and 375 nm in the spectrum of
[7]� . These bands due to the substituents appear at �� 270 nm
in most of the spectra. Finally, a set of absorptions is observed
that cannot be assigned to either of the aforementioned
individual fragments, the cluster and the R substituent, and
that therefore must be attributed to their interaction. These
absorptions appear at around �� 320 nm and are only present
in the spectra of compounds [2]� , [5]� , [6]� , [7]� , and [8]� , and
not in those of compounds [1]� , [3]� , [4]� , and [9]� . Therefore,
these absorptions are only found when R contains lone pairs
as in [2]� or � electrons as in [5]� , [6]� , [7]� , and [8]� .


The influence of boron : There are similarities and differences
between [Co(C5H5)2]� and compound [1]� . Both compounds
obey the 18e� rule, the cobalt is in a �3 oxidation state in
both, and 1e� reduction should involve the partial filling of
the LUMO (see Figure 11). The differences between


Figure 11. Schematic representations of the 1e� reduction processes for
compounds [Co(C2B9H11)2]� ([1]�) and [Co(C5H5)2]� .


[Co(C5H5)2]� and [1]� relate to their charge, their color, and
consequently their electronic spectra. While [Co(C5H5)2]� is
yellow-green, [1]� is orange. Absorptions in the visible region
are found at 404 nm for [Co(C5H5)2]� and at 445 nm for [1]� ,
the former being more energetic than the latter.[38, 41] On the
other hand, it is clear that [C2B9H11]2� is more effective at
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Table 9. UV/Vis spectra for compounds [1]� ± [9]� in acetonitrile. � positions [nm] and � values [Lcm�1mol�1] are reported and were calculated following
line-fitting analysis.


Compound � (�)


[1]� 207 (11.698) 281 (27.264) 337 (2.642) 445 (392)
[2]� 287 (26.604) 320 (9.151) 375 (3.113) 452 (375)
[3]� 289 (20.943) 362 (2.415) 450 (324)
[4]� 293 (24.622) 355 (2.075) 450 (313)
[5]� 223 (13.962) 287 (21.887) 319 (8.207) 366 (3.113) 452 (321)
[6]� 251 (25.943)* 251 (25.943)* 322 (2.642) 378 (2.075) 450 (377)
[7]� 214 (9.906) 255 (59.762) 262 (22.381) 320 (2.238) 354 (6.429) 375 (5.000), 393 (5.476) 454 (2.143)
[8]� 228 (16.981) 272 (10.472) 294 (26.698) 320 (9.340) 379 (3.396) 452 (311)
[9]� 290 (22.736) 368 (3.132) 452 (371)
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stabilizing the highest cobalt oxidation state,[42] CoIII, than
[C5H5]� , and makes its reduction to CoII more difficult. Thus,
E1/2 values are found at �1.25 V for [Co(C5H5)2]� and
�1.83 V for [1]� , the second requiring more energy.[43] The
mismatch between the electrochemical and visible data led us
to think that the redox processes were not parallel in
[Co(C5H5)2]� and [1]� , suggesting that the participating
frontier orbitals did not have the same origin.
The dicarbollide [C2B9H11]2� anion has been considered as


being isolobal with [C5H5]� .[44] Both coordinate in a �5 manner
and produce a rich organometallic chemistry.[16] The main
reported differences concern the inward orientation of the
open face orbitals in [C2B9H11]2�, and its capacity to stabilize
higher oxidation states. All of the above data led us to think
that there are more profound but undetected differences as a
consequence of the presence of boron in the coordinating
face. Boron is much less electronegative than carbon (2.0 vs
2.5), the difference being the same as that between carbon and
nitrogen (2.5 vs 3.0). Consequently, this should differentiate
the orbital energies and their capacity to interact with a
common metal in the same oxidation state.[8] If a fragment
molecular orbital (FMO) analysis is performed on the
interactions of [C5H5]� and [C2B9H11]2� orbitals with those
of a common CoIII ion, it is logical to assume that the energy of
the HOMO in the ligand fragment should be higher (less
negative) in [C2B9H11]2� than in [C5H5]� , the reason being that
there are more boron atoms or comparatively fewer electro-
negative elements. Therefore, the chances that the HOMO of
[1]� is, in essence, a CoIII d orbital are less than in the case of
[Co(C5H5)2]� . At the extreme, the HOMO may not have any
contribution from the metal d orbitals. Common thinking is
that the HOMO of organometallic complexes is, in essence, a
metal d orbital[1] and therefore the 18e� rule is mostly obeyed.
In a similar way, the LUMO in an organometallic complex is
usually thought to be mostly contributed by a metal d orbital.
However, this is so because common ligands are invariably
made of carbon, or more electronegative elements than
carbon. Boron, being to the left of carbon in the Periodic
Table, apports fundamental differences.


Influence of the substituents at the cluster B8 position : As
stated above, a careful analysis of the line shape in the UV/Vis
spectra of [2]� , [5]� , [6]� , [7]� , and [8]� indicated an extra
absorption band not attributable to [1]� nor to the substituent.
This band, near 320 nm, was only observed in the species with
direct B8 ± aryl or B8 ± I bonds. Interestingly, those com-
pounds having the band near 320 nm ([2]� , [5]� ± [8]�) are also
those that are more prone to reduction.
To understand the easier reduction of the aryl as compared


to the alkyl derivatives of [1]� , it is necessary to know the
origin of the 320 nm band. It is neither due to [1]� nor to the
aromatic fragment, but to synergy between them. Indeed, this
is what is found in the extended H¸ckel molecular orbital
(EHMO) analysis of [5]� , as shown schematically in Figure 12
for just a few orbitals, including the frontier orbitals. It can
clearly be seen that the HOMO is purely due to the cluster
fragment, while the LUMO is mostly due to the LUMO�2 of
the aromatic fragment, in accord with the UV spectrum and
with the notion that the redox processes are not parallel in


Figure 12. Fragment orbital analysis of [5]� showing only relevant frontier
orbitals and the contribution of the fragment orbitals. In this approach, the
HOMO (a) is purely derived from the cluster fragment and the LUMO (b)
contains a significant contribution from orbitals based on the ligand
fragment.


[Co(C5H5)2]� and [1]� . The E1/2 values for the aryl-substituted
species can now be nicely interpreted, considering that the
HOMO±LUMO gap is diminished in the aryl-substituted
compounds as compared to that in [1]� , thus requiring a less
cathodic potential for the reduction to proceed.
On incorporation of boron into the coordinating carbo-


cycle, that is, on going from [C5H5]� to the C2B3 open face in
[C2B9H11]2�, there is a greater energy mismatch between the
relevant orbitals on the ligand and on the metal that generate
the frontier orbital in the complex, the net effect of which is
that the orbital overlap is no longer very efficient. The
participation of the metal orbitals in the molecular frontier
orbitals is less, or, in other words, the contribution from the
ligand orbitals in the frontier orbitals is larger. Therefore,
besides the influence of the central metal ion on the energy of
the molecular orbitals, it seems clear that the relative
contribution from the boron-containing ligands in the more
relevant frontier orbital features is large, contrary to what is
assumed for conventional �5 ligands.
Comparison of the structures of [3]� and [5]� offers relevant


information concerning the participation of the metal d
orbitals in frontier orbitals. Wagner and co-workers[45] studied
the �* dip angle, defined as the angle between the center of
gravity of the substituted cyclopentadienyl ring, the ipso
carbon atom, and the exocyclic carbon atom (or boron), in
order to measure the degree of substituent bending in
ferrocenyl carbocations and borylferrocene. The larger the
value of �*, the greater the interaction between the filled
d-type orbitals at the metal and the empty p orbital at boron
(or carbon). The same strategy can also be used to assess the
possibility of interaction between cobalt d orbitals and the �


aromatic system in the compounds described herein, for
instance in [5]� . Wagner reported �* values of about 18� in
[Fe(C5H5)(BR2-C5H4)]. In conventional metallocenes, the
reference point is practically zero. However, substituents on
[7,8-C2B9H11]2� derivatives already present a natural dip angle
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and therefore in sandwich metallaboranes it is necessary to
base discussion on��*, the reference value being provided by
the experimental �* value found for [3]� , which is 16.3�. The
value of �* for [5]� is 20.7�, and thus ��* is 4.4�, which
suggests that there is a degree of interaction, albeit minor,
between the d orbitals on the metal and orbitals of suitable
symmetry on the aryl moiety.


ab initio Interpretation : All the above interpretations based
on experimental observations are supported by ab initio
calculations[46] on [1]� , [2]� , [3]� , [5]� , [8]� , and [9]� .
Calculations have been performed on these because geo-
metrical parameters are either presented in this paper ([3]� ,
[8]� , and [9]�) or are available elsewhere ([1]� ,[47] [5]� ,[21] and
[2]�[48]). A single-point calculation at the HF/3-21G level was
performed on all of them, with the exception of [2]� , in the
case of which all atoms were computed with the 3-21G basis
set but the iodine was computed at 6G*. To reduce computa-
tional time, the butyl group in [8]� was converted into an ethyl
group by simply replacing the terminal -CH2CH3 moiety by a
hydrogen. The new C±H distance was set at the average of
the two remaining C ±H lengths. No other approximations
were made. Table 10 displays the HOMO and LUMO


energies, the LUMO and HOMO energy gap, and the E1/2


potential value, as also reported in Table 8. The compounds
are ordered with respect to their reduction potentials.
Compound [3]� is the most difficult to reduce and compound
[2]� is the most easily reducible. Interestingly, the E1/2 column
fully parallels the HOMO energy column. This was, in
principle, unexpected as, according to Koopman×s theorem,
this property would be related to the CoIII�CoIV process. A
good matching with the LUMO±HOMO gap column related
to the CoIII�CoII process was also found. The only discrep-
ancies are found for [9]� and [5]� , which have practically
identical LUMO±HOMO values but a 70 mV difference in
�E1/2 . It is possible that a larger basis set would account for
these differences.
Looking at the spatial disposition of the HOMO and


LUMO for [2]� , [5]� , and [8]� , it is clear that the HOMO is
centered on the lone pair or � electron containing substituent
(I, Ph) and that the LUMO is a metal d orbital (see Figure 13
for a representation of the HOMO and LUMO for [5]�).
Therefore, the LUMO±HOMO gap is the result of the
combined effect of the two molecular fragments, as evidenced
experimentally by UV/Vis spectroscopy and studied by line-
fitting analysis. Inspection of the spatial disposition of the
orbitals also reveals that the frontier orbitals are not the same


Figure 13. Representation of the HOMO and LUMO for [5]� .


in the two sets of compounds. For [1]� , [3]� , and [9]� , the
LUMOs have the same origin, but it is not a d orbital; the d
orbitals mostly participate in LUMO�1 and LUMO�2. On
the contrary, the HOMOs are different, a d orbital in [1]� , a
cluster spread molecular orbital in [3]� , and a � orbital on the
phenyl fragment in [9]� .
We have differentiated two sets of compounds through the


presence or absence of an aromatic ring. Nevertheless, it is
possible that the sequential energy destabilization of the
HOMO shown in Table 10 on going from the alkyl through
the aryl [3,3�-Co(1,2-C2B9H11)2]� derivatives to the iodo
derivative may be related to the � I character of the methyl
group when bonded to boron. One electronegative element
causes a greater stabilization of one filled orbital. According
to Table 10, the HOMO of [3]� is the most stabilized, while
that of [2]� is the most destabilized. All else being equal, this
supports our concept of a � I methyl group. The effect of the
phenyl group, although very similar, is mitigated by electron
back-donation to the boron. The case of the iodo derivative
([2]�) can easily be explained considering that iodine has an
Allred ±Rochow electronegativity of 2.2 compared to 2.5 for
carbon and that the back-donation effect is large due to the
high polarizability of the iodine lone pairs.


Conclusion


Regioselective monoalkylation and monoarylation in cobal-
tabisdicarbollide clusters has been successfully accomplished
by cross-coupling reactions between a B�I fragment and an
appropriate Grignard reagent in the presence of a Pd catalyst
and CuI. This has facilitated the preparation of a considerable
number of monoalkylated and monoarylated derivatives,
which, in turn, has permitted study of the influence of boron
in metallocene-type ligands and the effect of alkyl and aryl
substituents on boron in boron anionic clusters. Experimental
data fromUV/Vis spectroscopy,E1/2 measurements, and X-ray
diffraction analysis, and supported by EHMO and ab initio
analyses, indicate that the participation of metal d orbitals in
the HOMOs of these complexes is less than that in typical
metallocene complexes. This can be explained as a conse-
quence of the lower electronegativity of boron as compared to
carbon. Related to this is the � I character of alkyl groups
when bonded to boron in boron anionic clusters, contrary to
the common belief that alkyl groups are generally electron-
donating groups. Alkyl groups are donating towards elements
of equal or greater electronegativity, but boron is less
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Table 10. Relationship of frontier orbitals energy and redox potential.


Compound EHOMO ELUMO �E(HOMO-LUMO) E1/2 [V]


[3]� � 6.46939 5.283453 � 11.752843 � 1.90
[1]� � 6.246414 5.453047 � 11.699461 � 1.83
[9]� � 6.14250 5.136343 � 11.278843 � 1.81
[5]� � 5.727132 5.563548 � 11.29068 � 1.74
[8]� � 5.550179 5.47337 � 11.023549 � 1.74
[2]� � 5.479989 5.503018 � 10.983007 � 1.58
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electronegative. Relevant to this discussion is the accepted
negative character of the methyl group in MeLi as a result of
	Li� 1.0 and 	C� 2.5.


Experimental Section


General considerations : Elemental analyses were performed using a Carlo
Erba EA1108 microanalyzer. IR spectra were recorded from samples in
KBr pellets on a Shimadzu FTIR-8300 spectrophotometer. UV/Vis
spectroscopy was carried out with a Cary 5E spectrophotometer using
0.1 cm cuvettes. The concentration of the complexes was 1� 10�3 molL�1.
1H and 1H{11B} NMR (300.13 MHz), 13C{1H} NMR (75.47 MHz), and 11B
NMR (96.29 MHz) spectra were recorded with a Bruker ARX300 instru-
ment equipped with the appropriate decoupling accessories. Chemical shift
values for 11B NMR spectra are referenced to external BF3 ¥OEt2, and
those for 1H, 1H{11B}, and 13C{1H} NMR spectra are referenced to SiMe4.
Chemical shifts are reported in units of parts per million downfield from
the reference signal, and all coupling constants are reported in Hertz.


Unless otherwise noted, all manipulations were carried out under a
dinitrogen atmosphere using standard vacuum line techniques. THF was
distilled from sodium/benzophenone prior to use. EtOH was dried over
molecular sieves and deoxygenated prior to use. The cesium salt of
compound [1]� was supplied by Katchem Ltd. (Prague) and was used as
received. All other reagents were obtained commercially and were used as
purchased. Bis(triphenylphosphine)palladium dichloride[49] was synthe-
sized according to the literature.


Electrochemical measurements were performed in a standard double-
compartment three-electrode cell. Ag/AgCl/[nBu4N]Cl (0.1� in MeCN)
was used as a reference electrode. A 4 mm2 platinum plate and a platinum
wire were used as working and counter electrode, respectively. All
measurements were performed in acetonitrile with 0.1� tetrabutylammo-
nium perchlorate as supporting electrolyte. Cyclic voltammograms were
recorded at a scan rate of 100 mVs�1. The mass spectra were recorded in
negative-ion mode using a Bruker Biflex MALDI-TOF MS [N2 laser; �exc
337 nm (0.5 ns pulses); voltage ion source 20.00 kV (Uis1) and 17.50 kV
(Uis2)].


Synthesis of Cs[8-I-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)] (Cs[2]): Iodine
(1.67 g, 6.58 mmol) was added to a solution of Cs[1] (1.5 g, 3.28 mmol) in
EtOH (20 mL). The reaction mixture was left to stand overnight at room
temperature and was then heated under reflux for 2.5 h. The excess iodine
was decomposed by the addition of a solution of Na2SO3 (0.66 g,
5.26 mmol) in water (16 mL) and the resulting mixture was boiled for
5 min. The mixture was concentrated until the precipitation of an orange
solid. This was filtered off, washed with water and petroleum ether, and
dried in vacuo (1.82 g, 95%). 1H{11B} NMR (300 MHz, [D6]acetone, 25 �C,
TMS): �� 4.54 (br s, 2H; Cc�H), 4.29 (br s, 2H; Cc�H), 3.04 (br s, 2H;
B�H), 2.59 (br s, 2H; B�H), 2.46 (br s, 4H; B�H), 1.93 (br s, 4H; B�H), 1.84
(br s, 1H; B�H), 1.77 (br s, 2H; B�H), 1.70 (br s, 2H; B�H); IR (KBr): 
� �
3040, 3032 (Cc�H), 2574, 2542, 2500 (B�H), 1138, 1099, 1016, 976, 617, 773,
750 cm�1; MALDI-TOF MS: m/z (%): 449.3 (100) [M�], 323.5 (47) [M��
I]; elemental analysis calcd (%) for C4H21B18CoCsI: C 8.25, H 3.63; found:
C 8.35, H 3.50.


Synthesis of [nBu4N][8-Me-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)]
([nBu4N][3]): A solution of Cs[2] (1.0 g, 1.72 mmol) in THF (100 mL)
was treated with methylmagnesium bromide (2.29 mL, 3.0� in diethyl
ether; 6.88 mmol) at�84 �C, forming a brown precipitate. The mixture was
allowed to warm to room temperature, and then [PdCl2(PPh3)2] (0.14 g,
0.21 mmol) and CuI (0.049 g, 0.26 mmol) were added. The mixture was
refluxed for 20 h. Twenty drops of water were then added to quench the
excess Grignard reagent, and the solvent was removed in vacuo. The
residue was extracted with dichloromethane (3� 30 mL) and the remaining
black insoluble material was discarded. The solvent was removed and water
(30 mL) was added to the yellow residue. This was extracted with diethyl
ether (3� 30 mL), and the combined organic layers were dried over
anhydrous magnesium sulfate. The solvent was removed, the product was
redissolved in hot water (50 mL), and [nBu4N]Cl ¥H2O (0.96 g, 3.44 mmol)
was added to precipitate the product. The precipitate was collected by
filtration and dried in vacuo (0.91 g, 91%). 1H{11B} NMR (300 MHz,


[D6]acetone, 25 �C, TMS): �� 4.08 (br s, 2H; Cc�H), 3.87 (br s, 2H; Cc�H),
3.44 (t, 3J(H,H)� 8 Hz, 8H; N(CH2CH2CH2CH3)4), 2.93 (br s, 2H; B�H),
2.73 (br s, 2H; B�H), 2.65 (br s; B�H), 1.96 (br s; B�H), 1.91 (br s; B�H),
1.68 (br s; B�H), 1.79 (q, 3J(H,H)� 8 Hz, 8H; N(CH2CH2CH2CH3)4), 1.58
(br s; B�H), 1.42 (h, 3J(H,H)� 7 Hz, 8H; N(CH2CH2CH2CH3)4), 0.98 (t,
3J(H,H)� 7 Hz, 12H; N(CH2CH2CH2CH3)4), 0.59 (br s, 3H; B�Me); IR
(KBr): 
� � 3055 (Cc�H), 2962, 2922, 2873 (Calkyl�H), 2554 (B�H), 1465,
1436, 1383 (�(C�H)alkyl), 1100, 1098 (B�C), 973 (�as(C�N)), 718, 694
((C�H)), 535 cm�1; MALDI-TOF MS: m/z (%): 338.6 (100) [M�];
elemental analysis calcd (%) for C21H60B18CoN: C 43.47, H 10.42, N 2.41;
found: C 43.15, H 10.50, N 2.57.


Synthesis of [Me4N][8-Et-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)] ([Me4N][4]):
A solution of ethylmagnesium bromide (3.0� in diethyl ether; 0.46 mL,
1.37 mmol) was added dropwise to a stirred solution of Cs[2] (200 mg,
0.34 mmol) in THF (50 mL) at 0 �C. The mixture was set aside at room
temperature for 2 h and then [PdCl2(PPh3)2] (10 mg, 0.01 mmol) and CuI
(2 mg, 0.01 mmol) were added in a single portion. The brown solution was
refluxed for 20 min and a grey solid was filtered off and discarded. After
removal of the solvent, diethyl ether (20 mL) was added to the residue and
the excess Grignard reagent was destroyed by the slow addition of dilute
HCl. The organic phase was separated, and the aqueous layer was extracted
with diethyl ether (3� 20 mL). The combined organic layers were washed
with water (3� 20 mL) and dried over anhydrous magnesium sulfate. The
solvent was removed. The residue was dissolved in the minimum volume of
EtOH and an aqueous solution containing an excess of [Me4N]Cl was
added, resulting in the formation of a precipitate. This was filtered off,
washed with water and petroleum ether, and dried in vacuo (117 mg, 80%).
1H{11B} NMR (300 MHz, [D6]acetone, 25 �C, TMS): �� 4.10 (br s, 2H;
Cc�H), 3.88 (br s, 2H; Cc�H), 3.42 (s, 12H; Me4N), 3.06 (br s, 2H; B�H),
2.90 (br s, 2H; B�H), 2.71 (br s, 2H; B�H), 2.64 (br s, 1H; B�H), 1.94 (br s,
2H; B�H), 1.86 (br s, 2H; B�H), 1.64 (br s, 2H; B�H), 1.57 (br s, 4H; B�H),
1.18 (q, 3J(H,H)� 8 Hz, 2H; CH2CH3), 0.87 (t, 3J(H,H)� 8 Hz, 3H;
CH2CH3); IR (KBr): 
� � 3038 (Cc�H), 2941, 2922, 2862 (Calkyl�H), 2544,
2513 (B�H), 1481 (�(C�H)alkyl), 947 (�as(C�N)), 743, 719 cm�1 (B�C);
MALDI-TOF MS: m/z (%): 352.5 (100) [M�]; elemental analysis calcd
(%) for C10H38B18CoN: C 28.20, H 8.99, N 3.29; found: C 28.18, H 9.05, N
3.27.


Synthesis of [Me4N][8-C6H5-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)]
([Me4N][5]): Similarly, Cs[2] (200 mg, 0.34 mmol) in THF (50 mL) and a
solution of phenylmagnesium bromide (1.0 mL; 1.37 mmol), prepared from
magnesium turnings (0.67 g, 27.56 mmol) and bromobenzene (1.5 mL,
14.27 mmol), were reacted at 0 �C in THF (10 mL). After 30 min at room
temperature, [PdCl2(PPh3)2] (10 mg, 0.01 mmol) and CuI (2 mg,
0.01 mmol) were added. The brown solution was heated under reflux for
2 h. Work-up and purification as described above gave [Me4N][5] (150 mg,
92%). 1H{11B} NMR (300 MHz, [D6]acetone, 25 �C, TMS): �� 7.32 ± 7.01
(m, 5H; C6H5), 4.58 (br s, 2H; Cc�H), 3.76 (br s, 2H; Cc�H), 3.42 (s, 12H;
Me4N), 3.12 (br s, 2H; B�H), 2.91 (br s, 2H; B�H), 2.85 (br s, 4H; B�H),
2.77 (br s, 2H; B�H), 1.93 (br s, 2H; B�H), 1.79 (br s, 4H; B�H), 1.75 (br s,
1H; B�H); IR (KBr): 
� � 3028 (Cc�H), 2961, 2874 (Caryl/alkyl�H), 2554, 2536,
2473 (B�H), 1479 (�(C�H)alkyl), 947 (�as(C�N)), 742, 704 cm�1 (B�C);
MALDI-TOF MS: m/z (%): 400.8 (100) [M�]; elemental analysis calcd
(%) for C14H38B18CoN: C 35.48, H 8.08, N 2.96; found: C 35.30, H 8.00, N
2.93.


Synthesis of [Me4N][8-C12H9-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)]
([Me4N][6]): Similarly, Cs[2] (200 mg, 0.34 mmol) in THF (50 mL) and a
solution of biphenylmagnesium bromide (1.37 mmol), prepared from
magnesium turnings (67 mg, 2.75 mmol) and 4-bromobiphenyl (0.32 g,
1.37 mmol), were reacted at 0 �C in THF (6.0 mL). After 30 min at room
temperature, [PdCl2(PPh3)2] (10 mg, 0.01 mmol) and CuI (2 mg,
0.01 mmol) were added. The brown solution was refluxed for 2 d. Work-
up and purification as described above gave [Me4N][6] (180 mg, 95%).
1H{11B} NMR (300 MHz, [D6]acetone, 25 �C, TMS): �� 7.66 ± 7.35 (m, 5H;
C12H9), 4.60 (br s, 2H; Cc�H), 3.87 (br s, 2H; Cc�H), 3.36 (s, 12H; Me4N),
3.18 (br s, 2H; B�H), 2.95 (br s, 1H; B�H), 2.82 (br s, 2H; B�H), 2.63 (br s,
1H; B�H), 2.18 (br s, 1H; B�H), 2.04 (br s, 4H; B�H), 1.77 (br s, 4H;
B�H), 1.53 (br s, 2H; B�H); IR (KBr): 
� � 3028 (Cc�H), 2961, 2922, 2866
(Caryl/alkyl�H), 2559 (B�H), 1481 (�(C�H)alkyl), 945 (�as(C�N)), 740,
700 cm�1 (B�C); MALDI-TOF MS: m/z (%): 476.6 (100) [M�]; elemental
analysis calcd (%) for C20H42B18CoN: C 43.67, H 7.70, N 2.55; found: C
43.50, H 7.60, N 2.50.
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Synthesis of Cs[8-C14H9-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)] (Cs[7]): Sim-
ilarly, Cs[2] (100 mg, 0.17 mmol) in THF (25 mL) was treated with a
solution of anthracenylmagnesium bromide (1.37 mmol), prepared from
magnesium turnings (67 mg, 2.75 mmol) and 9-bromoanthracene (0.35 g,
1.37 mmol) in THF (24 mL) at 0 �C. After 30 min at room temperature,
[PdCl2(PPh3)2] (10 mg, 0.01 mmol) and CuI (2 mg, 0.01 mmol) were added.
The brown solution was heated under reflux for 41 h. Some drops of water
were added to destroy the excess Grignard reagent and the solid was
filtered off and discarded. The solution was concentrated, causing the
precipitation of a red solid, which was collected by filtration and dried in
vacuo (83 mg, 76%). 1H{11B} NMR (300 MHz, [D6]acetone, 25 �C, TMS):
�� 9.40, 8.53, 8.24, 8.05, 7.88, 7.51, 7.32, 6.95 (m, 9H; C14H9), 4.52 (br s, 2H;
Cc�H), 3.82 (br s, 4H; B�H), 3.15 (br s, 1H; B�H), 3.08 (br s, 2H; Cc�H),
2.71 (br s, 2H; B�H), 2.63 (br s, 2H; B�H), 2.58 (br s, 2H; B�H), 1.95 (br s,
1H; B�H), 1.58 (br s, 2H; B�H), 1.11 (br s, 2H; B�H), 0.71 (br s, 1H;
B�H); IR (KBr): 
� � 3047 (Cc�H), 2970 (Caryl�H), 2559 (B�H), 727 cm�1


(B�C); MALDI-TOF MS: m/z (%): 501.7 (100) [M�]; elemental analysis
calcd (%) for C18H30B18CoCs: C 34.16, H 4.78; found: C 34.26, H 4.80.


Synthesis of [Me4N][8-C6H4nBu-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)]
([Me4N][8]): Similarly, Cs[2] (200 mg, 0.34 mmol) in THF (40 mL) was
treated with a solution of 4-butylphenylmagnesium bromide (1.37 mmol),
prepared from magnesium turnings (67 mg, 2.75 mmol) and 1-bromo-4-
butylbenzene (0.24 mL, 1.37 mmol) in THF (6 mL) at 0 �C. After 30 min at
room temperature, [PdCl2(PPh3)2] (96 mg, 0.04 mmol) and CuI (26 mg,
0.04 mmol) were added. The reaction mixture was refluxed for 5 min and
was left at room temperature overnight. Work-up and purification as
described above gave [Me4N][8] (170 mg, 93%). 1H{11B} NMR (300 MHz,
[D6]acetone, 25 �C, TMS): �� 7.21 (d, 3J(H,H)� 8, 2H, C6H4), 6.92 (d,
3J(H,H)� 8, 2H, C6H4), 4.60 (br s, 2H, Cc�H), 3.73 (br s, 2H, Cc�H), 3.42 (s,
12H, Me4N), 3.11 (br s, 2H, B�H), 2.86 (br s, 2H, B�H), 2.80 (br s, 2H,
B�H), 2.50 (t, 3J(H,H)� 8, 2H, CH2CH2CH2CH3), 1.92 (br s, 2H, B�H),
1.74 (br s, 2H, B�H), 1.71 (br s, 2H, B�H), 1.54 (c, 3J(H,H)� 8, 2H,
CH2CH2CH2CH3), 1.50 (br s, 3H, B�H), 1.41 (br s, 2H, B�H), 1.30 (h,
3J(H,H)� 7, 2H, CH2CH2CH2CH3), 0.89 (t, 3J(H,H)� 7, 2H,
CH2CH2CH2CH3); IR (KBr): 
� � 3038 (Ccluster/aryl�H), 2951, 2928, 2856
(Calkyl�H), 2534 (B�H), 1479 (�(C�H)alkyl), 947 (�as(C�N)), 742, 702 cm�1


(B�C); elemental analysis calcd (%) for C18H46B18CoN: C 40.78, H 8.75, N
2.64; found: C 40.69, H 8.68, N 2.67.


Synthesis of [Me4N][8-C2H4C6H5-3,3�-Co(1,2-C2B9H10)(1�,2�-C2B9H11)]
([Me4N][9]): Similarly, Cs[2] (200 mg, 0.34 mmol) in THF (15 mL) was
treated with a solution of 2-phenylethylmagnesium bromide (1.37 mmol),
prepared from magnesium turnings (67 mg, 2.75 mmol) and (2-bromoe-
thyl)benzene (0.19 mL, 1.37 mmol) in THF (6 mL) at 0 �C. After 30 min at
room temperature, [PdCl2(PPh3)2] (96 mg, 0.04 mmol) and CuI (26 mg,
0.04 mmol) were added. The reaction mixture was refluxed for 15 min and
was left at room temperature overnight. Work-up and purification as
described above gave [Me4N][9] (140 mg, 81%). 1H{11B} NMR (300 MHz,
[D6]acetone, 25 �C, TMS): �� 7.18 (m(a), C6H5), 4.12 (br s, 2H, Cc�H), 3.92
(br s, 2H, Cc�H), 3.37 (s, 12H, Me4N), 2.95 (br s, 2H, B�H), 2.82 (br s, 2H,
B�H), 2.72 (br s, 2H, B�H), 2.08 (t, 3J(H,H)� 3, 2H, CH2), 1.91 (br s, 3H,
B�H), 1.60 (br s, 8H, B�H), 1.40 (t, 3J(H,H)� 3, 2H, CH2); IR (KBr): 
� �
3028 (Ccluster/aryl�H), 2922, 2854 (Calkyl�H), 2602, 2554, 2523 (B�H), 1479
(�(C�H)alkyl), 943 (�as(C�N)), 762, 706 cm�1 (B�C); elemental analysis
calcd (%) for C16H42B18CoN: C 38.28, H 8.43, N 2.79; found: C 37.98, H
8.33, N 2.82.


X-ray crystallography : Single-crystal data collections for [nBu4N][3],
[Me4N][8], and [Me4N][9] were performed at �100 �C on an Enraf-Nonius
KappaCCD diffractometer using graphite-monochromated MoK� radia-
tion. A total of 6075, 4403, and 5083 unique reflections were collected for
[nBu4N][3], [Me4N][8], and [Me4N][9], respectively. The structures were
solved by direct methods and refined against F 2 using the SHELXL97
program.[50] For all structures, the hydrogen atoms were treated as riding
using the SHELXL97 default parameters. For [nBu4N][3], all non-hydro-
gen atoms were refined with anisotropic displacement parameters.


In the case of [Me4N][8], for the butyl chain connected to the phenyl group
only the vicinal carbon atom of the latter could be clearly located in the
Fourier map. In the vicinity of this carbon, a bulky volume with an electron
density of just below 1.0 eä�3 was found, indicating that neither of the
other three carbon atoms of the butyl chain occupies a defined position,
and that the chain does not have a fixed orientation in the solid state.
Possible positions of the three ™missing∫ atoms of the butyl chain were


assumed and the chain was refined by applying DFIX restraints and a fixed
isotropic thermal displacement parameter of 0.2 ä�2 for the three terminal
carbon atoms. The [Me4N]� ion is disordered with the central nitrogen
occupying one position but each of the methyl groups split between two
positions. The disordered methyl carbons of the [Me4N]� ion and the three
terminal carbon atoms of the butyl chain were refined with isotropic
displacement parameters, but the remaining non-hydrogen atoms were
refined with anisotropic displacement parameters. [Me4N][8] crystallizes in
a non-centrosymmetric space group, and its absolute configuration was
determined by refinement of the Flack x parameter. [Me4N][8] has a lot of
pseudo symmetry, as a result of which it can also be refined in the
centrosymmetric space group C2/c, but this results in higher R values and a
chemically unrealistic 1D structure.


For [Me4N][9], the [Me4N]� ion is disordered showing rotational disorder
about the N±C21 bond. The three disordered carbon atoms of the [Me4N]�


ion were refined with isotropic displacement parameters, but the remaining
non-hydrogen atoms were refined with anisotropic displacement param-
eters. [Me4N][9] crystallizes in a non-centrosymmetric space group, and its
absolute configuration was determined by refinement of the Flack x
parameter.


CCDC-206027, -206028, and -206029, [nBu4N][8-Me-3,3�-Co(1,2-
C2B9H10)(1�,2�-C2B9H11)], ([nBu4N][3]), [Me4N][8-C6H4nBu-3,3�-Co(1,2-
C2B9H10)(1�,2�-C2B9H11)], ([Me4N][8]), and [Me4N][8-C2H4C6H5-3,3�-
Co(1,2-C2B9H10)(1�,2�-C2B9H11)], ([Me4N][9]) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.uk).
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Synthesis of a New Polyfluorinated Vinylogue of Tetrathiafulvalene through
1,3-Dipolar Cycloaddition of Ethyl �-Bromoperfluorodithiocrotonate with
Dimethyl Acetylenedicarboxylate


Vadim M. Timoshenko,[a, b] Jean-Philippe Bouillon,[a] Alexander N. Chernega,[b]
Yuriy G. Shermolovich,*[a, b] and Charles Portella*[a]


Abstract: The ethyl ester of �-bromoperfluorodithiocrotonic acid reacts with
dimethyl acetylenedicarboxylate to give 1,4-difluoro-2,3-bis(trifluoromethyl)-but-2-
ene-1,4-diylidene-2,2�-bis(4�,5�-dicarbomethoxy-1�,3�-dithiole) (4), a new type of
vinylogue of tetrathiafulvalene. The thermal transformations of this compound lead,
depending on the temperature, to the formation of the cyclization products: 11,14-
difluoro-2,3,8,9-tetra(carbomethoxy)-12,13-bis(trifluoromethyl)-1,4,7,10-tetrathiadis-
piro[4.0.4.4]tetradeca-2,8,11,13-tetraene (8) or 5,8-difluoro-6,7-bis(trifluoromethyl)-
2,3-bis(carboxymethyl)-1,4-benzodithiine (11).


Keywords: alkynes ¥ cycloaddition
¥ dithiocrotonic acid ¥ sulfur hetero-
cycles ¥ tetrathiafulvalene


Introduction


Within the framework of a programme devoted to the
chemistry of perfluoroketene dithioacetals, we have recently
reported on the synthesis and some aspects of the reactivity of
a new type of unsaturated dithiocarboxylic acid derivative:
ethyl �-bromoperfluorodithiocrotonate (1).[1] In contrast to


non-fluorinated dithiocroto-
nates, which are unstable and
exhibit both heterodiene and
C�C dienophilic characters,[2]


compound 1 proved to be stable
and exhibited selective C�S di-
enophilic behaviour. The ability
of dithioesters to act as 1,3-di-


poles in [3�2]-cycloaddition reactions with dimethyl acety-
lenedicarboxylate (DMAD) is well documented.[3] In the
fluorinated series, we have recently reported such a cyclo-
addition from a 1,2-dithiole-3-thione, which led to an original


4,5-dicarbomethoxy-1,3-dithiole derivative.[4] These observa-
tions, associated with the great interest of dithiole derivatives,
prompted us to study the reactivity of our crotonic compound
1, in spite of its apparent electron-deficient character, with
DMAD. This research led to unexpected results: the forma-
tion of a new polyfluorinated vinylogue of tetrathiafulvalene
(TTF), itself being an intermediate towards new thiahetero-
cyles. This paper is a full account of these unprecedented
reactions and products.


Results and Discussion


The reaction of non-fluorinated allyl or benzyl dithiocarbox-
ylates 2with DMADhas been reported to give dithioacetals 3,
as a result of a dipolar cycloaddition leading to intermediate
ylides that rearrange to the final compounds 3 (Scheme 1).[3]


Scheme 1.


The electrofugal character of the S-alkyl group plays an
important role in this pathway. Owing to the unsaturated and
perhalogenated structure of 1, and to the poor electrofugal
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property of the ethyl group, we were very interested in
investigating its behaviour.


Compound 1 reacted easily and cleanly with DMAD at
room temperature, to give violet crystals which exhibited
poorly informative spectra. Crystallisation (AcOEt/petro-
leum ether) allowed the isolation of 54% of a pure compound.
X-ray diffraction analysis disclosed that a dipolar cycloaddi-
tion had indeed occurred, but leads to the quite unexpected
structure 4, which includes two dithiocrotonic ±DMAD
adduct units (Scheme 2).


Scheme 2.


Compound 4 is an unprecedented vinylogous derivative of
TTF. TTF and its derivatives represent an important group of
compounds that are able to generate conducting or super-
conducting materials.[5] One of the modern trends in the
chemistry of TTF derivatives is the spatial extension of TTF
donors, in particular by separating the 1,3-dithio-2-ylidene
fragments by conjugated blocks such as mono- or polyolefinic,
acetylenic, aromatic or heteroaromatic �-systems.[6] The
insertion of the unsaturated spacer between the two dithiole
units was generally performed by using Wittig or Wittig ±
Horner reactions, or by reductive or desulfurazing couplings
of aldehydes or thioaldehydes. Most of the vinylogous
derivatives of TTF synthesised so far contain either an
unsubstituted spacer or one substituted by alkyl or aryl
groups. Except for one compound bearing two trifluorometh-
yl groups on a monoolefinic spacer,[7] other examples of
fluorine-containing TTF are fluorinated on the dithiole
moiety.[8] Compound 4 has an interesting structure that
exhibits both the �-donor character of the vinylic fluorine
atoms and the withdrawing character of the trifluoromethyl
groups, and will deserve further physicochemical investiga-
tion.


The structure of the compound 4 in the solid state, as
determined by single-crystal X-ray diffraction, is described in
Figure 1 and Table 1. CF3 substituents have a cis orientation
relative to the central C5�C5� double bond. The�C�C�C�C�
bond system is noticeably nonplanar (the torsion angles C1-
C4-C5-C5� and C4-C5-C5�-C4� being 15.4 and 45.8�, whereas
the S1-C1-C4-C5 torsion angle is only 3.0�). The heterocycle
S1-S2-C1-C2-C3 is planar within 0.01 ä, and the C7-O1-O2
and C9-O3-O4 groups are twisted out of this plane by 58.6 and
24.4�. The dithiole cycles in 4 are noticeably non-coplanar and
form dihedral angle of 73.3�. This fact rejects any assumption
that the stacking interaction between dithiole rings could
explain the cis orientation of the molecule 4. Nethertheless, it
should be noted that the C1 ¥ ¥ ¥C1� distance of 3.333(3) ä is
somewhat shorter than the corresponding sum of van der
Waals radii 3.40 ä.


Figure 1. A perspective view and labelling scheme for the molecule 4
(primed atoms are generated from the asymmetric unit by the twofold
axis); hydrogen atoms are omitted for clarity. Selected bond lengths [ä]
and angles [�]: S1�C1 1.7442, S1�C2 1.7272, S2�C1 1.7374, S2�C3 1.7562,
C1�C4 1.3673, C2�C3 1.3403, C4�C5 1.4013, C5�C5� 1.4164; C1-S1-C2
95.51, C1-S2-C3 94.91, S1-C1-S2 115.01, S1-C2-C3 117.62, S2-C3-C2 117.02,
C1-C4-C5 131.92, C4-C5-C5� 123.02.


A plausible reaction pathway towards compound 4 is
depicted in the Scheme 3. An initial 1,3-dipolar cycloaddition
of DMAD to dithiocarboxylic moiety gives a delocalised
intermediate ylide 5, which reacts with the starting dithioester


Scheme 3.


1 as a Michael acceptor in an addition elimination process,
followed by ethyl bromide elimination. A second cycloaddi-
tion followed by ethyl bromide elimination (Scheme 3) leads
to 4. Formally, 4 could be the result of a carbene coupling from
debrominated 5. This assumption seems to be ruled out, since
we were not able to detect any product of trapping of such a
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carbene when the reaction of 1with DMADwas performed in
the presence of an excess of cyclohexene.


As mentioned above, the formation of an intermediate
ylide has already been observed in non-fluorinated series,
with a subsequent migration of the S-alkyl group.[3] Reaction
of ethyl perfluorodithiobutanoate (6)[9] with DMAD gave the
corresponding ketene dithioacetal 7, which evolves from a �-
elimination of fluoride, preferred here to an alkyl migration
(Scheme 4).


On heating in toluene for 10 minutes, compound 4 was
quantitatively converted into the bis(spiro) derivative 8
(Scheme 5). The ease with which this electrocyclization
occured may be explained by the structural features pointed
out above.


An X-ray diffraction study of 8 (Figure 2, Table 1) revealed
that in solid state there are two crystallographically inde-
pendent molecules A and B with virtually identical geo-
metrical parameters. The C1 ±C6 ring is significantly non-
planar (e.g., the C3-C4-C5-C6 torsion angle being �47.9� in
8A and 50.4� in 8B) and has a halfboat conformation. The
dihedral angle between dithiole rings S1-S2-C4-C9-C10 and


Scheme 4.


Scheme 5.


Figure 2. A perspective view and labelling scheme for the independent
molecule A of the compound 8; hydrogen atoms are omitted for clarity.
Average for two independent molecules selected bond lengths [ä] and
angles [�]: S1�C4 1.84812, S1�C9 1.75212, S2�C4 1.86511, S2�C10 1.74411,
S3�C5 1.84312, S3�C15 1.73312, S4�C5 1.83512, S4�C16 1.76013, C4�C5
1.56315; C4-S1-C9 96.15, C4-S2-C10 97.15, C5-S3-C15 97.96, C5-S4-S16
96.76.


S3-S4-C5-C15-C16 is 55.0� in the molecule 8A and 53.0� in the
molecule 8B. The O1-O2-C11, O3-O4-C13, O5-O6-C17 and
O7-O8-C19 groups are twisted out of the corresponding
dithiole planes by 7.5, 77.4, 79.6 and 1.8� in the molecule 8A
and 13.2, 75.9, 78.4 and 9.6� in the molecule 8B, respectively.
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Table 1. Crystal data and structure refinement parameters for compounds 4, 8,
and 11.


4 8 11


formula C20H12F8O8S4 C20H12F8O8S4 C14H6F8O4S2


a [ä] 8.971(5) 11.842(6) 8.358(3)
b [ä] 8.629(5) 33.931(11) 8.961(3)
c [ä] 17.047(6) 13.527(8) 11.979(5)
� [o] 90.0 90.0 76.68(3)
� [o] 92.20(4) 102.33(4) 81.94(3)
� [o] 90.0 90.0 76.02(4)
V [ä3] 1318(1) 5310(4) 843.8(8)
Z 2 8 (two independent 2


molecules)
�calcd [gcm�3] 1.66 1.65 1.78
crystal system monoclinic monoclinic triclinic
space group P2/n P21/n P1≈


radiation MoK� MoK� CuK�


� [cm�1] 4.42 4.39 38.25
Mr 330.3 660.5 368.4
F(000) 665 2661 455
crystal shape sphere needle prism
crystal size [mm] 0.48� 0.48� 0.48 0.18� 0.19� 0.49 0.13� 0.16� 0.31
index ranges 0�h� 10 0� h� 13 0� h� 10


0�k� 11 0� k� 40 � 8�k� 10
� 21� l� 21 � 16� l� 16 � 14� l� 14


�max [�] 27 26.5 70
reflections
collected


2962 10866 2457


independent
reflections


2593 9986 2302


reflections
in refinement


2012 [I� 3�(I)] 2798 [I� 2.5�(I)] 1571 [I� 3�(I)]


R(int) 0.027 0.042 0.011
parameters 181 561 307
observ./var. 11.1 5.0 5.1
R 0.037 0.079 0.042
Rw 0.039 0.076 0.044
GOF 1.084 1.188 1.190
weighting
coefficients:


0.78, �0.36, 0.25,
�0.35


1.45, 0.79, 1.15 1.29, 0.03, 0.91,
�0.11, 0.28


largest
peak/hole [ecm�3]


0.40/� 0.41 0.54/� 0.48 0.21/� 0.25
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It is noteworthy that compounds with the similar but non-
fluorinated structure 9 were reported to undergo an intra-
molecular cyclisation, in a different process induced by an
acid catalyst or electrochemically; this led to the formation of
the indan derivative 10 (Scheme 6).[6i, 10]


Scheme 6.


If thermolysis of compound 4 was conducted under more
drastic conditions (180 ± 200 �C, 0.01 mbar, 10 min), 5,8-di-
fluoro-6,7-bis(trifluoromethyl)-2,3-dicarboxymethyl-1,4-ben-
zo-dithiine (11) was formed in 64% yield (Scheme 7). The


Scheme 7.


reaction proceeds via compound 8, as shown by the similar
result obtained when pure 8 was thermolysed in the same
conditions. It is noteworthy that the peak at m/z 454, which is
the base peak in the mass spectra for compounds 4 and 8,


corresponds to loss of C6H6O4S2 fragment. Consequently,
heterocycle 11 was formed in the mass spectrometer from
both compounds 4 and 8. Interestingly, the benzodithiine 11
was prepared in one step, in an overall yield of 46% (purified
product) by simply mixing 1 and DMAD at room temperature
for four hours, followed by vacuum distillation (Scheme 7).


The structure of the compound 11 was identified by a
single-crystal X-ray diffraction analysis (Figure 3, Table 1).
The central heterocycle S1-S2-C1-C2-C3-C4 is nonplanar and
folded over the S1 ¥ ¥ ¥ S2 line by 51.1�, whereas the C3 ±C8
benzene ring is coplanar to the S1�C4�C3�S2 bond system.
The C9-O1-O2 group is coplanar, whereas the C11-O3-O4
group is orthogonal to the S1�C1�C2�S2 bond system
(corresponding dihedral angles, 2.8 and 88.0�, respectively).
All bond lengths and angles in molecule 11 as well as those in
molecules 4 and 8 are unexceptional.[11, 12]


Compound 11 is a new representative of the fluorine-
containing benzodithiines. Only few examples of compounds
of this type were described in the literature.[13, 14]


Conclusion


In summary, ethyl �-bromoperfluorodithiocrotonate (1) re-
acted as a 1,3-dipole with DMAD to give an unexpected
coupling product, the fluorine-containing vinylogue of tetra-
thiafulvalene 4. This transformation, which combines cyclo-
addition and intermolecular nucleophilic substitution, is
unprecedented and quite original compared to the usual
synthetic ways towards the vinylogous derivatives of TTF.
Compound 4 is thermally unstable and is transformed on mild
heating into a product of electrocyclisation 8, which contains
two spiro 1,3-dithiole moieties. On stronger heating, the loss
of one 1,3-dithiole fragment occurred forming the symmet-
rical polyfluoro benzodithiine 11, which can be also obtained
(yield: 46%) directly by sequential heating and vacuum
distillation of mixture of dithiocrotonate 1 and DMAD. The
high interest in vinylogous derivatives of TTFand the original
substitution pattern of compound 4 has prompted us to
consider its optoelectronic properties, which are currently
under investigation.
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Figure 3. A perspective view and labelling scheme for the molecule 11; hydrogen atoms are omitted for clarity. Selected bond lengths [ä] and angles [�]:
S1�C1 1.7694, S1�C4 1.7544, S2�C2 1.7544, S2�C3 1.7574, C1�C2 1.3206, C3�C4 1.3766; C1-S1-C4 99.52, C2-S2-C3 99.42, S1-C1-C2 121.63, S2-C2-C1 123.83,
S2-C3-C4 121.63, S1-C4-C3 121.93.
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Experimental Section


General remarks : Melting points are uncorrected. FTIR spectra were
recorded on a MIDAC Corporation Spectrafile IR spectrometer. UV/VIS
spectra were recorded on a KONTRON UVIKON 941 Plus spectropho-
tometer. 1H, 13C and 19F spectra were recorded on a Bruker AC250 or
AC500 spectrometer in CDCl3 as the solvent. Tetramethylsilane (��
0.00 ppm) or CHCl3 (�� 7.26 ppm) were used as internal standards for
1H and 13C NMR spectra, and CFCl3 for 19F NMR spectra. MS data were
obtained on a Trace MS Thermoquest apparatus (GCMS) at 70 eV in the
electron impact mode. Elemental analyses were performed with a Perkin ±
Elmer CHN 2400 apparatus. All reactions were monitored by GCMS. Silica
gel Merck 9385 (40 ± 63 �m) was used for flash chromatography. DMAD
and solvents were obtained from commercial sources and used without
further purification.


1,4-Difluoro-2,3-bis(trifluoromethyl)-but-2-ene-1,4-diylidene-2,2�-bis(4�,5�-
dicarbomethoxy-1�,3�-dithiole) (4): A mixture of 1 (2.08 g, 7 mmol) and
DMAD (1.99 g, 14 mmol) was stirred in the dark at room temperature for
4 h, then diluted with ethyl acetate (20 mL) and petroleum ether (35 mL);
then the solution was left overnight in the refrigerator. The solvents were
decanted from violet crystals, which were washed with cold petroleum
ether (2� 5 mL) and dried in vacuum. Yield: 1.25 g (54%); m.p. 138 ±
139 �C; 1H NMR �� 3.89 (s, 6H; 2CH3), 3.91 ppm (s, 6H; 2CH3); 19F NMR
���55.0 (m, 3F; CF3), �104.2 ppm (m, 1F; CF); 13C NMR �� 53.9 (s,
2CH3), 54.1 (s, 2CH3), 113.5 (m, 2C-CF3), 121.4 (q, 1J(C,F)� 278.6 Hz,
2CF3), 125.4 (d, 2J(C,F)� 33.9 Hz, 2C-CF), 133.5 (s, 2C-C�O), 135.5 (s,
2C-C�O), 139.7 (d, 1J(C,F)� 278.6 Hz, CF), 159.0 (s, 2C�O), 159.4 ppm (s,
2C�O); IR (KBr): 	
 � 3440, 3013, 2959, 2983, 2847, 1731 (C�O), 1580, 1482,
1436, 1367, 1288, 1196, 1169, 1107 cm�1; UV/VIS (diethyl ether): �max (�)�
540 nm (9800); MS (70 eV, EI): m/z (%): 660 (27) [M�], 454 (100);
elemental analysis calcd (%) for C20H12F8O8S4 (660.56): C 36.37, H 1.83;
found: C 36.79, H 1.51.


4,5-Bis(carbomethoxy)-2-(hexafluoropropylidene)-1,3-dithiole (7): A mix-
ture of ethyl dithioheptafluorobutyrate[9] (1.1 g, 4 mmol) and DMAD
(0.57 g, 4 mmol) was stirred at room temperature for 12 h. The resulting
yellow oil was purified by chromatography over silica gel (petroleum ether/
dichloromethane 1:1). Compound 7 was collected at Rf� 0.79. Yield: 1.1 g
(75%); yellow oil; 1H NMR �� 3.86 (s, 3H; CH3), 3.87 ppm (s, 3H; CH3);
19F NMR ���84.3 (dt, 3J(F,F)� 6.9, 3.4 Hz, 3F; CF3), �118.0 (dq,
3J(F,F)� 15.5, 3.4 Hz, 2F; CF2), �122.3 ppm (tq, 3J(F,F)� 15.5, 4J(F,F)�
6.9 Hz, 1F; CF); 13C NMR �� 53.69 (s, CH3), 53.71 (s, CH3), 109.3 (tqd,
1J(C,F)� 256.4, 2J(C,F)� 40.9, 2J(C,F)� 34.5 Hz, CF2), 118.4 (qtd,
1J(C,F)� 287.7, 2J(C,F)� 38.6, 3J(C,F)� 3.7 Hz, CF3), 128.6 (q, 2J(C,F)�
3J(C,F)� 25.7 Hz, CS2), 130.2 (d, 4J(C,F)� 2.8 Hz, C-C�O), 131.1 (dt,
1J(C,F)� 244.0, 2J(C,F)� 33.5 Hz, CF), 131.5 (t, 4J(C,F)� 5J(C,F)� 3.7 Hz,
C-C�O), 159.0 (d, 5J(C,F)� 2.3 Hz, C�O), 159.1 ppm (s, C�O); IR (neat):
	
 � 2959, 1739 (C�O), 1630 (C�C), 1581 (C�C), 1436, 1263, 1214, 1156,
1123, 1094 cm�1; MS (70 eV, EI): m/z (%): 368 (90) [M�], 337 (51) [M��
OCH3], 299 (100) [M��CF3]; elemental analysis calcd (%) for
C10H6F6O4S2 (368.28): C 32.61, H 1.64; found: C 32.46, H 1.56.


11,14-Difluoro-2,3,8,9-tetra(carbomethoxy)-12,13-bis(trifluoromethyl)-
1,4,7,10-tetrathiadispiro[4.0.4.4]tetradeca-2,8,11,13-tetraene (8): A solution
of compound 4 (110 mg, 0.166 mmol) in toluene (3 mL) was refluxed for
10 min. The solvent was evaporated in vacuum to give compound 8 in
quantitative yield. After recrystallisation from petroleum ether, 95 mg
(86%) of yellow crystals were obtained. M.p. 108 ± 109 �C; 1H NMR ��
3.84 ppm (s, 4CH3); 19F NMR ���57.8 (m, 3F, CF3), �83.8 ppm (m, 1F,
CF); 13C NMR �� 53.6 (s, 4CH3), 78.6 (d, 2J(C,F)� 18.4 Hz, Cquaternary),
105.8 (m, 2C-CF3), 120.0 (q, 1J(C,F)� 280.4 Hz, 2CF3), 128.4 (m, C-CF, C-
C�O), 157.6 (d, 1J(C,F)� 297.8 Hz, 2CF), 158.9 ppm (s, 4C�O); IR (KBr):
	
 � 2960, 1731 (C�O), 1667, 1624, 1596, 1435, 1371, 1343, 1259, 1224,
1162 cm�1; MS (70 eV, EI): m/z (%): 660 (11) [M�], 454 (100); elemental
analysis calcd (%) for C20H12F8O8S4 (660.56): C 36.37, H 1.83; found: C
36.74, H 1.76.


5,8-Difluoro-6,7-bis(trifluoromethyl)-2,3-bis(carboxymethyl)-1,4-benzodi-
thiine (11): DMAD (1.64 g, 11.6 mmol) was added to dithiocarboxylate 1
(1.72 g, 5.8 mmol), and the resulting mixture was stirred for 4 h at 25 �C.
The crude mixture was distilled in vacuum (b.p. 62 ± 70 �C, 0.02 mbar) to
give the corresponding dithiine 11 as red liquid. Compound 11 was
additionally purified by column chromatography on silica gel (petroleum


ether/ethyl acetate 87:13) and recrystallised from petroleum ether. Yield:
0.6 g (46%); yellow crystals; m.p. 110 ± 111 �C; 1H NMR �� 3.88 ppm (s,
2CH3); 19F NMR ���55.0 (m, 3F; CF3), �107.5 ppm (m, 1F; CF);
13C NMR �� 53.9 (s, CH3), 117.3 (m, C-CF3), 120.8 (qd, 1J(C,F)� 279.7,
3J(C,F)� 2.3 Hz, CF3), 129.9 (d, 2J(C,F)� 24.8 Hz, C-CF), 133.3 (s, C-
C�O), 152.5 (d, 1J(C,F)� 259.2 Hz, CF), 161.6 ppm (s, C�O); IR (KBr):
	
 � 2964, 1747 (C�O), 1560, 1422 cm�1; MS (70 eV, EI):m/z (%): 454 [M�],
423, 365, 324 (100); elemental analysis calcd (%) for C14H6F8O4S2 (454.32):
C 37.01, H 1.33; found: C 36.89, H 1.12.


Thermolysis of 4 to 11: Compound 4 (132 mg, 0.2 mmol) was heated for
3 min in Kugelrohr apparatus at 200 �C and then vacuum (0.01 mbar) was
carefully connected. Volatile product was collected and filtered through
short column with silica gel by using a mixture of petroleum ether/ethyl
acetate (80:20) as eluent. Yield of 11: 58 mg (64%).


X-ray crystal structure determination of compounds 4, 8 and 11: Crystal
data, data collection and processing parameters are given in Table 1. All
crystallographic measurements were performed at 20 �C on a CAD-4-
Enraf-Nonius diffractometer using -2� scan mode (the ratio of the
scanning rates /2�� 1.2). All data were corrected for Lorentz and
polarization effects and an empirical absorption correction based on
azimuthal scan data[15] was applied. The structures were solved by direct
methods. Non-hydrogen atoms were refined by full-matrix least-squares
technique in the anisotropic approximation (in 8 the terminal C(O)OMe
groups were refined isotropically). In 4 and 11 all hydrogen atoms were
located in the difference Fourier maps and included in the final refinement
with the fixed positional and thermal parameters. In 8 hydrogen atoms were
placed in calculated positions and included in refinement with fixed
positional and thermal parameters. The Chebushev weighting scheme[16]


was used. All structural calculations were carried out by using the
CRYSTALS program package.[17]


CCDC-182939 (4), CCDC-197227 (8), and CCDC-158751 (11) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or e-mail : deposit@
ccdc.cam.ac.uk).
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Enhanced Li� Binding Energies in Alkylbenzene Derivatives:
The Scorpion Effect


Otilia Mo¬ ,[b] Manuel Ya¬nƒ ez,[b] Jean-FranÁois Gal,*[a]


Pierre-Charles Maria,[a] and Miche¡ le Decouzon[a]


Abstract: The gas-phase lithium cation
basicities (LCBs; Gibbs free energy of
binding) of ethyl-, n-butyl-, and n-hep-
tylbenzene have been measured by
Fourier transform ion cyclotron reso-
nance (FT-ICR) mass spectrometry. The
structures of the corresponding com-
plexes and their relative stabilities were
investigated through the use of B3LYP/
6-311G�(3df,2p)//B3LYP/6-31G(d) den-
sity functional theory calculations. For
n-butylbenzene and n-heptylbenzene,
the most stable adducts correspond to
� complexes in which the alkyl chain
coils toward the aromatic ring to favor
its interaction with the metal cation. The


extra stabilization provided by the flex-
ible alkyl chain polarized by the charge
on Li� is named the ™scorpion effect∫.
Conversely, these coiled conformations
are among the least stable in the neutral
system; they are not all stationary points
on the potential-energy surface. The
formation of complexes with a coiled
alkyl chain leads to a significant en-
hancement of the Li� bonding energies


(LBEs), which are approximately 20 ±
30 kJmol�1 higher than those calculated
for alkylbenzene � complexes in which
an uncoiled chain remains distant from
the cation and thus minimizes the scor-
pion effect. This enhancement is less
significant when LCBs are concerned,
because the scorpion effect is entropi-
cally disfavored. There is very good
agreement between the experimental
Li� gas-phase basicities and the calcu-
lated values, provided that the statistical
distribution of the conformers present in
the gas phase is taken into account in
this calculation.


Keywords: lithium cation affinity ¥
density functional calculations ¥
noncovalent interactions ¥ pi
interactions ¥ scorpion effect


Introduction


Cation ±� interactions are among the important noncovalent
ones in the condensed phase, along with more conventional
ones such as hydrogen bonding, ion pairing, and hydrophobic
interactions.[1±8] They are crucial to the understanding of
molecular recognition phenomena, and in particular they are
involved in protein side-chain interactions, ligand ± receptor
bonding, ion channels, and biological catalysis, inter alia.
Interactions between ions and unsaturated hydrocarbons
were characterized in pioneering gas-phase studies by the
Beauchamp[9±11] and Kebarle[12] groups. Studies on the gas-
phase interaction between cations and Lewis bases have been
largely devoted to alkali metal cations.[1, 13±17] Apeloig et al.[18]


pointed out that such interactions are predominantly electro-
static; this was later confirmed by other authors.[19±24] Quan-
tum chemical calculations are increasingly associated with
experimental studies of ion ±molecule interactions in the gas
phase, with the aim of characterizing the structure of the
adducts or products and analyzing the experimental thermo-
chemical data. This was especially useful for establishing the
lithium and sodium cation affinity scales.[14±16, 25] The most
recent quantitative thermochemical data on aromatic com-
pounds[15, 26±28] indicate that their bonding to Li� and Na� is
quite strong, and comparable with that of nitrogen- or oxygen-
containing bases.
Another interesting peculiarity of alkali metal cations is


their ability to yield chelated complexes in which the metal
bridges two or more basic centers of the base. Indeed, these
bridged structures explained the enhanced Li� and Na�


binding energies of a series of triazoles, tetrazoles,[20] and
diazines.[21] AlcamÌ et al.[21] showed that these bridged struc-
tures are stabilized not only by the electrostatic interaction of
the metal cation with the basic sites, but also by the
polarization of both centers when the metal is more or less
equidistant from them.
There were also early indications that a flexible alkyl side


chain may interact with a metal cation bonded to a hetero-
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atom. Allison and co-workers[29±33] and Schwarz and co-
workers[34±38] showed that the alkyl chain might adopt a coiled
conformation, favorable to a stabilizing polarization by the
charge on the metal ion. In the case of transition-metal ions,
such adducts are invoked as a step toward the appearance of a
new, distant function. This process was referred to as ™remote
functionalization∫.[35, 38] By contrast, alkali metal ions form
stable adducts (with a few exceptions[9, 30]) with a variety of
organic molecules. Along with the ease of producing alkali
metal ions in the gas phase, this allowed the building of
comprehensive affinity scales. The Li� basicity scale was
developed extensively by Taft and collaborators.[1, 14] In
particular the effect of alkyl groups on the lithium cation
basicity of several series of bases was assessed. It was
suggested that ™alkyl groups can enter into chelate formation
with Li� by closing a five- or larger-membered ring through a
charge induced dipole interaction of sufficient magnitude to
overcome the entropy loss of ring formation∫.[1] This hypoth-
esis has been substantiated by ab initio calculations on
alcohols.[39, 40]


The aim of this paper is to show that cation/� complexes can
also clearly be stabilized in the gas phase by alkyl chains of
sufficient length, with three or more carbon atoms, as
substituents in aromatic systems. Compounds with high dipole
moments have the highest affinities for alkali metal ions, but
saturated and unsaturated hydrocarbons also exhibit signifi-
cant binding energies for these ions. We explore, both
experimentally and theoretically, cooperative effects of typ-
ically nonpolar moieties, such as the benzene ring and alkyl
chains of varying length, on Li� bonding.
For this purpose, the gas-phase lithium cation basicity


(LCB, also designated �G(Li�)), defined as the Gibbs free
energy of a base B for the process represented by Equa-
tion (1), was measured by Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometry for ethyl-, n-butyl-,
and n-heptylbenzene, and compared with the values estimat-
ed by high-level density functional theory calculations.


BLi� � B�Li� (1)


FT-ICR measurements : Lithium-cation-transfer equilibri-
um constants were determined by a method similar to that
described by Burk et al.[14] The main differences were the Li�


source and the working temperature. The lithium cation was
generated by laser ablation (pulsed nitrogen laser, 337 nm,
200 �J per pulse) from a lithium benzoate target, as a pellet
obtained by compression of the salt.[41] A small amount of
2-chloropropane was added to the system under scrutiny to
generate the propene/Li� adduct, which in turn transferred
Li� to ligands of larger LCB. Equilibrium constants were
determined at three or more different pressure ratios. The
total pressure, in the 10�5 Pa range, was measured with an ion
gauge. Reaction times were about 10 s. As there was no heat
source close to the ICR cell (except for the electromagnet
poles at about 30 �C, which were outside the vacuum
chamber), the experiments were conducted at close to 25 �C
(298 K). The experimental determination of the LCB for
ethyl-, n-butyl-, and n-heptylbenzene relied on 12 equilibrium
measurements; �LCB is reported in Table 1.


Relative LCBs of the three compounds were inferred from
a simultaneous optimization of the overlap of these exper-
imental data, together with 47 previously determined �LCBs
involving 29 compounds ranging (in order of increasing
LCB) from 2,2,2-trifluoroethanol to diisopropyl ether
(16 reference compounds;[14] six benzene derivatives;[26] ; the
three alkylbenzenes studied here; naphthalene, phenan-
threne, anthracene, and azulene[56]). The 59 �LCBs consid-
ered were treated by a multiple linear regression procedure
as used by Taft and co-workers[42] and according to the Free
and Wilson treatment.[43] Each experimental �LCB was
described by a series of 1 (presence) or 0 (absence) of LCB
intervals with no constant term being included in the model.
This led to a model explaining 99.05% of the variance in the
experiments.
Theoretical estimates showed that the change in LCB


between 298 K and 373 K is nearly constant (5.5 ±
6.7 kJmol�1) for different compounds. Therefore the errors
introduced by combining relative room-temperature LCB
values with the 373 K scale without temperature correction
were expected to be less than 1.2 kJmol�1 in general. In this
work, the values are anchored arbitrarily to the compound of
weakest basicity, CF3CH2OH. The resulting absolute LCB
values in Table 1 agree to within �3 kJmol�1 with the values
published in our previous study,[14] but the relative values are
more accurate, with uncertainties of the order of 1 kJmol�1 or
less. Comparison of the values obtained for substituted
benzenes and auxiliary compounds used to link them (Ta-
ble 1) with other published scales demonstrates that uncer-
tainties in absolute LCB values are greater in general, in the
� 5 ± 15 kJmol�1 range.


Computational Methods


The B3LYP density functional theory method, as implemented in the
Gaussian-98 series of programs,[44] which combines Becke×s three-param-
eter nonlocal hybrid exchange potential[45, 46] with the nonlocal correlation
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Table 1. Lithium cation basicity (LCB [kJmol�1] at 373 K[a]) for ethyl-
benzene, n-butylbenzene, and n-heptylbenzene.


Compound (B) Reference (Bref) �LCB [kJmol�1] LCB [kJmol�1]
Bref


[b] B[b]


CF3CH2OH 110.9[c]


Ph�Et Ph�CH�CH2 � 7.20(�0.50) 122.7 130.2
Ph�Me � 5.90� 0.46 124.2
MeCHO � 0.63� 0.89 130.4
EtCHO � 6.53� 0.20 136.3


Ph�nBu P�Et � 8.00� 0.15 130.2 136.4
EtCHO � 0.24� 0.22 136.3
nPrCHO � 2.90� 0.17 139.0
Et2O � 3.48� 0.13 140.4


Ph�(CH2)6�Me Et2O � 10.06� 0.14 140.4 150.1
(nPr)2O � 0.22� 0.10 150.0
Me2CO � 1.13� 0.11 151.1
(iPr)2O � 1.38� 0.31 151.5


[a] Temperature of the reference scale;[14] see text. [b] LCBs for the
compounds (B) studied here and for the compounds used as references
(Bref) obtained by a Free ±Wilson treatment; see text. [c] All values are
anchored to the experimental LCB of CF3CH2OH,[14, 26] which is the least
basic compound of the series involved in the Free ±Wilson treatment.
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functional of Lee et al. ,[47] is very well suited for the description of metal ion
complexes and for obtaining metal cation binding energies in fairly good
agreement with the experimental values.[48, 49] Its performance when
applied to Li� complexes has been assessed in several combined theoretical
and experimental studies.[14, 26, 48] Hence, we adopted this theoretical
method. The geometries of the alkylbenzene derivatives and their Li�


complexes were optimized by using a 6-31G(d) basis set expansion. The
same basis set was used to calculate the harmonic vibrational frequencies,
which allowed us to characterize the different stationary points as true local
minima of the potential-energy surface (PES) and to estimate the zero-
point energy (ZPE) corrections, as well as the vibrational thermal
corrections. The translational, rotational, and PV thermal contributions
were estimated as (3³2)RT, (3³2)RT, and RT, respectively. The corresponding
LBEs were evaluated by subtracting the energies of neutral species and of
Li� from the energy of the complex, after including the ZPE corrections
and the aforementioned thermal corrections at 373 K (the temperature of
the reference scale used to anchor our data).


Final energies were evaluated in single-point calculations at the B3LYP/6-
311G�(3df,2p) level. For n-heptylbenzene (1-phenylheptane), these calcu-
lations were carried out only for the following systems: 1) the neutral
conformers whose energies lie less than 7 kJmol�1 above the global
minimum, and their Li� complexes; 2) the Li� complexes whose energies lie
less than 7 kJmol�1 above the energy of the most stable one, and the neutral
species from which they are obtained.


For n-butylbenzene, but especially for n-heptylbenzene, it would be an
enormous task to account for all the conformers. Nevertheless, to consider
the most important ones systematically, we took as a starting point the
global minimum of the PES, the Hept1 conformer, in which the alkyl chain
is completely extended. We considered the isomers that could be formed by


torsion around the C1�C2, C2�C3, C3�C4, C4�C5, and C5�C6 bonds
(numbering as in Figure 1). The C1�C2 torsion would yield a conformer
with the alkyl chain in the same plane as the aromatic ring, but this
conformation is not a stationary point of the PES as it collapses to the
global minimum. The same behavior was observed for the n-propyl and n-
butyl derivatives. The C2�C3, C3�C4, C4�C5, C5�C6, and C6�C7 torsions
yield Hept2, Hept1 a, Hept1 b, Hept1 c, and Hept1 d conformers, respec-
tively (see Figure 1). Each of the conformers generated in this way can now
be taken as a precursor of new conformers by successive C�C torsions. For
instance, starting from the Hept2 conformer, C3�C4, C4�C5, C5�C6, and
C6�C7 torsions yield Hept2 a, Hept2 b, Hept2 c, and Hept2 d species,
respectively. Many of these possibilities, although not all, have been
explored, but for conciseness in the discussion that follows we shall
concentrate exclusively on the most stable ones to systematize the
discussion; these were numbered in order of stability. The omission of
many possible conformers from our survey has no significant effect on our
calculated values for the binding energies, as most of them lie more than
7 kJmol�1 above the global minimum and, therefore, would not contribute
significantly to the macroscopic thermochemistry at the experimental
temperature. Some others are very close in energy to, or almost degenerate
with, those considered in our calculations, and therefore their inclusion
would not change the calculated binding energies significantly.


Results and Discussion


Structures and relative stabilities : Schematized structures of
ethyl-, n-propyl-, and n-butylbenzene and of the Li� com-
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Figure 1. Schematic representation of the B3LYP/6-31G(d)-optimized geometries for the conformers of n-heptylbenzene (1-phenylheptane) and their Li�


complexes. The carbon numbering used for n-heptylbenzene is given (see Hept1).
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plexes obtained for each conformer are shown in Figure 2.
Their total energies, LBEs, and LCBs are summarized in
Table 2.


Experimental determination of the LCB of n-propylben-
zene was not essential for this study, but we included this
compound in our theoretical survey to visualize better the
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Figure 1. Continued.


Table 2. DFT-calculated total energy (E [hartrees]), zero-point energy (ZPE [hartrees]), entropy (S [Jmol�1K�1]), and relative energy[a] for neutral
conformers and the corresponding Li� complexes (�E and �ELi�, respectively [kJmol�1]), lithium cation binding energy (LBE [kJmol�1]), lithium cation
basicity (LCB [kJmol�1]) for alkylbenzene derivatives (1 hartree� 2625.50 kJmol�1).


System B3LYP/6-31G* B3LYP/6-311G�(3df,2p)
E ZPE S �E �ELi� E LBE LCB


Li� 133.043 � 7.284918
Et � 310.88025 0.15746 354.883 � 310.98379
Et ± Li � 318.23716 0.16010 377.648 � 318.33605 173 132
nPro1 � 350.19428 0.18600 386.392 0.0 � 350.31072
nPro1 ± Li � 357.55244 0.18867 408.596 1.0 � 357.66409 176 133
nPro2 � 350.19346 0.18618 383.572 2.6 � 350.30963
nPro2 ± Li � 357.55272 0.18858 400.819 0.0 � 357.66376 178 177[b] 135 136[b]


nBut1 � 389.50795 0.21456 418.467 0.0 � 389.63727
nBut1 ± Li � 396.86682 0.21722 440.010 4.5 � 396.99130 177 135
nBut2 � 389.50717 0.21481 414.316 2.7 � 389.63623
nBut2 ± Li � 396.86775 0.21714 430.178 1.9 � 396.99152 182 138
nBut3 � 389.50355 0.21480 414.496 12.2 � 389.63235
nBut3 ± Li � 396.86932 0.21799 413.931 0.0 � 396.99313 195 145
nBut4 � 389.50659 0.21458 421.931 3.6 � 389.63587
nBut4 ± Li � 396.86558 0.21721 446.190 7.8 � 396.99056 182 141
nBut5 � 389.50581 0.21487 414.329 6.4 � 389.63476
nBut5 ± Li � 396.86630 0.21721 428.927 5.9 � 396.99001 182 178[b] 138 135[b]


[a] Relative energies were obtained at the B3LYP/6-31G* level and include the corresponding ZPE correction. [b] Values obtained by taking into account the
statistical distribution of the most stable conformers of reactants and products; see text.
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Figure 2. Schematic representation of the B3LYP/6-31G(d)-optimized
geometries for the ethyl-, n-propyl-, and n-butylbenzene conformers and
their Li� complexes; � and � are the torsional angles connecting the
different conformers of n-butylbenzene. The carbon numbering used for n-
butylbenzene is given (see nBut1).


evolution of the conformational changes as the alkyl chain
length increases. For ethylbenzene, only the conformer in
which the carbon of the CH3 group is in a plane perpendicular
to the plane of the aromatic ring is a minimum of the PES.
This situation does not change upon Li� association. For
benzene derivatives like those included in this study, there are
always two kinds of � complexes that differ in the relative
positions of the metal cation and the alkyl chain: they may be
1) on the same side or 2) on opposite sides of the aromatic
ring. We have found systematically that complexes in which
the metal and the alkyl chain are on the same side are the
most stable. Therefore, we shall hereafter refer exclusively to
these complexes.
For n-propylbenzene, the two conformers shown in Figure 2


were found to be local minima of the PES, nPro1 being the
more stable. No conformer with the methyl group pointing


toward the aromatic ring was found to be a minimum.
Conversely, when the nPro2 conformer interacts with Li�, a
spontaneous C1�C2 torsion brings the methyl group closer to
the metal cation. Thus, in the nPro2 ± Li complex, Li�


interacts synergistically with the aromatic � system and with
the methyl group of the substituent. This complex is estimated
to be 2.5 kJmol�1 more stable than nPro1 ± Li (See Table 2).
For n-butylbenzene, the nBut1 conformer (see Figure 2), in


which the alkyl chain is completely extended, was estimated
to be the global minimum of the PES. The C1�C2 torsion
leads to a conformer in which the alkyl chain lies in the plane
of the ring. However, as mentioned above, such a conforma-
tion is not a stationary point of the PES as it collapses to the
global minimum. The C2�C3 torsion leads to the nBut2
conformer. Once more, the conformer corresponding to a
180� torsion around C2�C3, which brings the terminal
CH2CH3 group of the alkyl chain closer to the aromatic ring,
is not a local minimum of the PES. However, such a
conformation is favored upon interaction with the metal
cation, in such a way that in the nBut2 ± Li complex the metal
cation interacts simultaneously with the � system and with the
�-methylene group of the butyl substituent. A C3�C4 torsion
in nBut1 would yield the nBut3 conformer, which is only
slightly less stable. A C3�C4 torsion in nBut2 leads to nBut4.
Although nBut4 is the less stable neutral conformer, it yields
the most stable Li� complex, nBut4 ± Li. Finally, a C2�C3
torsion in nBut3 yields the nBut5 conformer.
In summary, the interaction between the alkyl chain and the


� system is not favored in the neutral molecule, the global
minimum being the conformer in which this chain is
completely extended away from the aromatic ring. Converse-
ly, the Li� complex in which the chain is completely extended
is systematically the less stable one. The stability of the Li�


complex increases when either a methylene group or the
terminal methyl group, or both, approach the metal cation.
Consequently the most stable conformation for the nBut4 ± Li
complex corresponds systematically to the structure in which
the chain is bent toward the metal cation.
For n-heptylbenzene, the structures of the most relevant


conformers and their Li� complexes are given in Figure 1;
their energies, the LBEs and the LCBs are collated in Table 3.
As expected, the situation is much more complex than for


n-propyl- or n-butylbenzene because of the huge number of
possible conformers. However, the general features observed
for the propyl and butyl derivatives hold. The most stable
conformers for the neutral species, namely, Hept1, Hept2, and
Hept1 a, correspond to the situation in which the alkyl chain
attains its maximum extension (see Figure 1). Conversely, the
most stable complex, Hept3 ± Li, corresponds to a conforma-
tion in which the alkyl chain is bent over the metal cation,
maximizing the simultaneous interaction of Li� with the �


system, with two of the methylene groups, and with the
terminal methyl group of the substituent. Consistently, the
stabilization decreases by 6 ± 14 kJmol�1 when one methyl-
ene ± cation interaction is removed, as is seen for complexes
such as Hept9 ± Li, Hept10 ± Li, Hept11 ± Li, and Hept13 ± Li.
This stability decreases further when only one methylene
group is close to Li�, as in Hept2 ± Li or Hept7 ± Li complexes,
whereas the least stable complexes, such as Hept1 ± Li,
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Hept1 c ± Li, and Hept1 d ± Li, are those in which the metal
cation interacts only with the � system. It is also very
important that in many cases the presence of the metal cation
triggers the coiling of the alkyl chain. This is clear if one
compares the conformation of the Hept3, Hept5, Hept6,
Hept8, Hept11, and Hept13 species and those of their
corresponding Li� complexes, for instance. To confirm the
presence of this effect, we have also optimized the structures
of the neutral systems that result from eliminating the Li�


cation from each complex. In all cases we arrived, after the
geometry optimization, at the aforementioned neutral con-
formers, so we have confirmed that when the metal cation is
not present the alkyl chain relaxes to a less folded conforma-
tion, and the Hept3, Hept5, Hept6, Hept8, Hept11, and
Hept13 conformers are obtained.


Around this general pattern there are some fluctuations
due to small differences between the interactions involving
the methylene groups of the alkyl chain. This explains, for
instance, the stability difference between Hept2 d ± Li and
Hept6 ± Li. In both cases the Li� cation interacts with the �-
methylene group, but the conformation of the rest of the chain
favors a greater stability of the first conformer. In some other
cases, slightly different conformers, such as Hept2 b and
Hept3, lead to the same complex.
We call the structure of a Li� adduct with the alkyl chain


bent toward the aromatic ring a ™scorpion structure∫, by
reference to the well-known arachnid in its defense position,
with the tail bent over its body. The term ™scorpio structure∫
has been proposed for protonated histamine,[40, 50, 51] in which
the CH2CH2NH2 side chain is bent toward the protonated
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Table 3. Total energy (E [hartrees]), zero-point energy (ZPE [hartrees]), entropy (S [Jmol�1K�1]), relative energy[a] for neutral conformers and the
corresponding Li� complexes (�E and �ELi�, respectively [kJmol�1]), Li� binding energy (LBE [kJmol�1]), and lithium cation basicity (LCB [kJmol�1]) for
heptylbenzene.


System B3LYP/6 ± 31G(d) B3LYP/6 ± 311�G(3df,2p)
E ZPE S �E �ELi� E LBE LCB


Hept1 � 507.44913 0.30042 514.251 0.0 � 507.61709
Hept1 ± Li � 514.80869 0.30311 535.029 16.7 � 514.97185 179 137
Hept2 � 507.44832 0.30063 507.799 2.7 � 507.61622
Hept2 ± Li � 514.81073 0.30293 527.100 10.9 � 514.97387 188 145
Hept1 a � 507.44775 0.30040 514.933 3.6 � 507.61564
Hept1 a ± Li � 514.80743 0.30309 535.280 19.9 � 514.97056 180 138
Hept1 b � 507.44394 0.30066 511.151 14.2
Hept1 b ± Li � 514.80289 0.30345 530.401 32.8
Hept1 c � 507.44776 0.30055 511.130 3.9 � 507.61565
Hept1 c ± Li � 514.80731 0.30306 542.736 20.2 � 514.97039
Hept1 d � 507.44779 0.30059 511.297 4.0 � 507.61570
Hept1 d ± Li � 514.80737 0.30328 533.088 20.6 � 514.97049
Hept2 a � 507.44474 0.30064 507.933 12.1 � 507.61225
Hept2 a ± Li � 514.81492 0.30380 506.351 2.1 � 514.97642 204 154
Hept2 b � 507.44303 0.30084 505.938 17.1 � 507.61062
Hept2 b ± Li � 514.81570 0.30376 505.084 0.0 � 514.97737 211 161
Hept2 c � 507.44574 0.30090 510.339 10.2 � 507.61334
Hept2 c ± Li � 514.81391 0.30388 499.112 5.0 � 514.97474 197 144
Hept2 d � 507.44697 0.30074 507.272 6.5 � 507.61460
Hept2 d ± Li � 514.80950 0.30309 527.410 14.5 � 514.97162 188 144
Hept3[b] � 507.44692 0.30080 506.887 12.8 � 507.61452
Hept3 ± Li � 514.81570 0.30376 505.084 0.0 � 514.97737 201 151
Hept4 � 507.44649 0.30077 515.113 7.8 � 507.61079
Hept4 ± Li � 514.80598 0.30330 532.878 24.3 � 514.97564 206 152
Hept5 � 507.44646 0.30083 508.122 8.1
Hept5 ± Li � 514.80400 0.30378 502.582 30.8
Hept6 � 507.44567 0.30095 502.368 10.5
Hept6 ± Li � 514.80815 0.30341 517.372 18.9
Hept7 � 507.44689 0.30066 510.017 6.5
Hept7 ± Li � 514.80879 0.30312 524.711 16.4
Hept8 � 507.44395 0.30070 511.297 14.3
Hept8 ± Li � 514.80228 0.30361 506.243 34.8
Hept9 � 507.44339 0.30073 509.615 15.9 � 507.61079
Hept9 ± Li � 514.81443 0.30351 504.209 2.7 � 514.97561 206 165
Hept10 � 507.44308 0.30078 512.519 16.8
Hept10 ± Li � 514.81115 0.30358 543.669 11.5
Hept11 � 507.44306 0.30092 506.415 17.2 � 507.61066
Hept11 ± Li � 514.81364 0.30414 494.975 6.4 � 514.97510 205 164
Hept12 � 507.44557 0.30092 508.348 10.6
Hept12 ± Li � 514.80751 0.30347 518.941 20.7
Hept13 � 507.44298 0.30083 508.260 17.2
Hept13 ± Li � 514.81036 0.30392 499.720 14.4 193[c] 147[c]


[a] Relative energies were obtained at the B3LYP/6-31G* level and include the corresponding ZPE correction. [b] Conformer Hept3 yields the same Li�


complex as conformer Hept2 b. [c] Values obtained by taking into account the statistical distribution of the most stable conformers of reactants and products
(see text).
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imidazole ring. A ™scorpion effect∫ was also proposed for a
transannular interaction favoring a chair conformation in
substituted cyclohexane.[52]


The scorpion effect is reflected in some peculiarities of the
complexes. For complexes in which this effect is not signifi-
cant, such as Hept1 ± Li, Hept1 a ± Li, Hept1 c ± Li, and
Hept4 ± Li, the distance between the metal cation and the
plane of the benzene ring is slightly shorter (1.867, 1.843, 1.866,
1.830 ä) than that found, at the same level of accuracy,[26] for
the benzene ±Li� complex (1.876 ä). This reflects the intrinsic
higher basicity of the heptyl derivative, so the � system of the
heptyl derivative becomes a better electron donor because of
the effect of the alkyl group. Conversely, in those complexes
in which the scorpion effect is important, such as Hept3 ± Li,
Hept5 ± Li, and Hept8 ± Li, the distance between the metal
cation and the plane of the ring becomes greater (1.914, 1.904,
1.989 ä, respectively), because of the attractive interaction
between the metal cation and the alkyl chain.
The formation of complexes such as Hept1 ± Li implies a


sizable polarization of the aromatic �-electron density. When
the scorpion effect is important, as in Hept3 ± Li, there is also
a strong polarization of the charge density of the methyl group
and of the methylene groups closest to the metal cation. These
polarizations are mirrored in a non-negligible charge transfer
from the base toward the Li� cation. Hence, while in
complexes like Hept1 ± Li the charge transferred is about
0.3 e�, in complexes like Hept3 ± Li it is almost 0.5 e�. The
charge withdrawal from the � cloud results in a slight
weakening of all the C�C bonds of the benzene ring, which
accordingly lengthen by 0.01 ä on average. For complexes
where the scorpion effect appears, there is also a non-
negligible lengthening of the C�H bonds of the methylene or
methyl groups interacting with the metal cation. The Hept3 ±
Li complex is an example: the two C6�H bonds lengthen by
0.10 ä, and the C8�H bond closest to the metal becomes
0.08 ä longer. These changes are also reflected in sizable
shifts of the corresponding stretching frequencies (vide infra).


Vibrational frequencies : The interaction of Li� with the
benzene moiety produces a systematic blue shift of all the out-
of-plane C�H bending modes, similar to those already
reported for other complexes of benzene derivatives with
Li�.[26] All the complexes investigated exhibit a vibration
mode in the region 380 ± 400 cm�1, which corresponds to the
displacement of the metal cation in a direction perpendicular
to the aromatic ring (�ring±Li), in agreement with previous
findings.[26]


In complexes in which the scorpion effect is observed, there
is also a significant red shift, by as much as 150 cm�1, of the
C�H stretching frequencies of the CH2 and CH3 groups
interacting with the metal.


Lithium cation basicities : The calculated LBEs and LCBs for
ethyl-, n-propyl-, and n-butylbenzene are summarized in
Table 2. For ethylbenzene the agreement between the calcu-
lated and experimental values is very good. It is clear from a
comparison of the LBEs of nBut1 and nBut3 complexes that
the scorpion effect accounts for an enhancement of the
binding energy of about 18 kJmol�1. This enhancement is


smaller (approximately 10 kJmol�1) for the LCBs, because
the scorpion effect is accompanied by a non-negligible
decrease in the entropy of the complex (see Table 2). As
expected, these effects are quantitatively greater for n-
heptylbenzene (see Table 3). The difference in the calculated
LBEs corresponding to the Hept1 ± Li form (no scorpion
effect), and, for instance, the Hept2 b ± Li form (in which this
effect operates) is approximately 32 kJmol�1. Again the
entropic contribution leads to a smaller difference in LCBs.
However, these values cannot be compared directly with


the experimental data. Under normal experimental condi-
tions, the neutral system is a statistical mixture of the most
stable conformers. Similarly, the product will also be a
statistical mixture of the most stable complexes. Hence, on
the basis of the relative Gibbs free energies of the different
conformers, n-butylbenzene should be an equilibrium mixture
of nBut1 (73%), nBut4 (18%), and nBut5 (9%). Similarly,
the mixture of Li� adducts should be composed of nBut1 ± Li
(41%), nBut4 ± Li (32%), nBut2 ± Li (16%), nBut3 ± Li
(8%), and nBut5 ± Li (3%). Under this assumption the
estimated LCB is 135 kJmol�1, which is in fairly good
agreement with the experimental value.
Similarly, n-heptylbenzene should be an equilibrium mix-


ture (see Figure 1) of Hept1 (58%), Hept1 a (15%), Hept1 c
(10%), Hept2 (8%), Hept1 b (7%), and Hept2 d (2%). The
statistical distribution of the products should be Hept3 ± Li
(48%), Hept4 ± Li (22%), Hept2 a ± Li (20%), Hept9 ± Li
(6%), and Hept2 c ± Li (4%). From these values, the esti-
mated LCB of n-heptylbenzene should be 147 kJmol�1, again
in good agreement with the experimental value.
It must be taken into account that in this theoretical


estimation we have not considered the additional entropy
associated with the exploration of several minima of the PES.
However, it can reasonably be assumed that these entropy
contributions would not be very different for neutral species
and Li� complexes, and therefore the effect on the calculated
LCB must be quite small. Also, as already mentioned, it
would be a practically impossible task to consider all possible
isomers. This implies that our estimates for the LCBs would
be changed if the accessible conformations were substantially
more numerous than those considered here. Nevertheless, the
effect on the estimated LCB would never be greater than 2 ±
4 kJmol�1, since the population of species with larger energy
gaps than the most stable ones would be negligible.


Torsional barriers : In the analysis in the previous section we
have assumed implicitly that, under the experimental con-
ditions, the system has enough internal energy to allow the
alkyl chain of the benzene derivative to coil up. To confirm
that this is indeed the case it would be necessary to estimate
the barriers involved in the corresponding torsions. For the
case of n-butylbenzene, the torsion barriers were estimated by
increasing the value of � and � (defined in Figure 2) in 5�
steps, starting from the completely extended nBut1 con-
former. For the corresponding potential-energy curves, see
Figure 3.
To the best of our knowledge, these torsional barriers are


not known experimentally. Nevertheless, our calculated
barriers, 14 and 12 kJmol�1 respectively, are in very good
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Figure 3. Potential-energy curve corresponding to the C2�C3 torsion (�)
(broken line) and C3�C4 torsion (�) (solid line) in n-butylbenzene. Energy
values are relative to the most stable conformer.


agreement with the experimental rotational barrier for ethane
(12.00� 0.04 kJmol�1).[53] Importantly, these values are much
smaller than the interaction energy between BrefLi� and B�
alkylbenzene when they approach to exchange Li�. Therefore,
in principle, the system should have enough internal energy to
overcome these torsional barriers. In fact, the torsion
displacements take place in the presence of approaching
BrefLi�, that is, in the presence of a coulombic field. To
estimate this electric field effect, we re-evaluated the corre-
sponding torsional barriers in the presence of a point charge
situated successively on the three axes and at two different
distances from the molecule, namely 4.8 and 4.0 ä, respec-
tively. The energies were calculated for the points along the
potential-energy curves of Figure 3. The energy values for the
minimum and the maximum of the potential-energy curve
corresponding to the � torsion are given in Table 4. Although
the total energies change significantly due to the presence of
the field, the value of the torsional barrier remains practically
unchanged, the differences from the zero-field situation being
typically smaller than 1 kJmol�1. Hence, we can safely
conclude that, under the normal experimental conditions,
the system has enough internal energy to allow the coiling of
the alkyl chain in order to enhance its interaction with the
metal cation, giving rise to the ™scorpion effect∫.


Conclusion


Our results show that for n-butylbenzene and n-heptylben-
zene, the most stable complexes correspond to � complexes in
which the alkyl chain coils up toward the aromatic ring to
favor its interaction with the metal, by the so-called scorpion
effect. Quite importantly, these coiled conformations are
among the least stable in the neutral system, and many of
them are not even minima of the potential-energy surface.
The formation of these complexes leads to a significant
enhancement of the Li� binding energies (LBEs), which are
found to be 20 ± 30 kJmol�1 higher than those estimated for
™non-scorpion∫ � complexes, that is, in the absence of
interaction between the metal and the alkyl chain. This
enhancement is less significant for LCBs because the scorpion
effect is entropically disfavored. There is very good agree-
ment between the calculated LCBs and those measured by
means of FT-ICR mass spectrometry, provided that the
calculation of the former takes into account the statistical
distribution of the different conformers present in the gas
phase.
Alkali metal cations interact with organic species through


mainly electrostatic forces, and nonpolar moieties may be
weak ligands in this regard. Nevertheless the so-called
cation ±� interaction, involving aromatic rings, has been
shown to play an important role in biological systems. Gokel
and co-workers[54] recently advocated the inclusion of the
cation ±� interaction in the panoply of feeble forces to be
taken into account in molecular recognition and supramolec-
ular chemistry. In this regard, the scorpion effect, as a
mechanism that enhances the cation ±� interactions of alkali
metals with arenes, acquires a broader significance.


Experimental Section


All compounds used for the FT-ICR measurements (the chemicals in
Table 1, lithium benzoate, and 2-chloropropane) were of commercial origin
(Aldrich, Fluka) and of the highest purity available. Gas-phase reactants
were introduced in the vacuum system of the spectrometer without further
purification, except degassing by several freeze ± pump ± thaw cycles. The
electromagnet FT-ICR spectrometer at the University of Nice-Sophia
Antipolis, using Bruker CMS 47 electronics, has been described else-
where.[55]
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Table 4. Effect of an external positive charge on the DFT-calculated energies (E [hartrees]) for the minimum and the maximum of the potential-energy
curve corresponding to the � torsion of the alkyl chain of n-butylbenzene, and energy barriers (�E [kJmol�1]). Values in the presence or absence of a
coulombic field created by a point charge have been calculated.


No field Field 1[a] Field 2[b]


x y z x y z
E �E E �E E �E E �E E �E E �E E �E


minimum � 389.50794 � 389.50830 � 389.51162 � 389.52546 � 389.50856 � 389.51337 � 389.53517
maximum � 389.50247 14.4 � 389.50271 14.7 � 389.50603 14.7 � 389.51980 14.9 � 389.50304 14.5 � 389.50783 14.5 � 389.52962 14.6


[a] Field created by a positive point charge located 4.8 ä away from the molecule and along the three axes. [b] Field created by a positive point charge located
4.0 ä away from the molecule and along the three axes.
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Gold Catalysis: Efficient Synthesis and Structural Assignment of Jungianol
and epi-Jungianol


A. Stephen K. Hashmi,*[a] Li Ding,[a] Jan W. Bats,[b]� Peter Fischer,[a] and Wolfgang Frey[a]�


Abstract: Starting from 2-methylfuran and crotonaldehyde, both jungianol and epi-
jungianol were prepared by a six-step sequence including a gold-catalyzed arene
synthesis and a photochemical SN2-like reduction with lithium aluminum hydride.
Not a single protective group was needed in the entire synthesis. With both
diastereomers in hand, the stereochemical assignment in the literature could be
corrected by means of a thorough 1H NMR spectroscopic analysis and an X-ray
diffraction study on an epi-jungianol derivative.


Keywords: arenes ¥ cyclization ¥
gold ¥ homogeneous catalysis ¥
terpenoids


Introduction


Certain substitution patterns of aromatic rings can still
present a synthetic problem. We recently reported a gold-
catalyzed synthesis of benzoid arenes 2 fused to five- or six-
membered rings (Scheme 1).[1±3] This reaction shifts the
problem of selective placement of the desired substituents
from a benzoid arene to a furan 1, in which it can easily be
controlled. To prove that this strategy to build up the benzoid
arene with perfect control of the positions of the substituents
can be superior to substitution of the benzoid arene, we
sought a synthetic target that had already been approached by
the latter strategy and has a close structural relationship to the
product of our gold-catalyzed reaction. With such a molecule,
one could deliver a proof of principle without the neccessity to
perform too many other steps or to carry out only a partial
synthesis.


Among some interesting candidates[4] we finally chose
jungianol (3) as our target molecule. This sesquiterpene was
isolated and characterized by Bohlmann et al. in 1977 from
Jungia malvaefolia, a South American plant.[5] It contains a
trisubstituted phenol substructure and two side chains on the
five-membered, benzoannelated ring. On the basis of the


Scheme 1. Gold-catalyzed phenol synthesis.


1H NMR spectrum Bohlmann et al. assigned the two side
chains to be cis, while the absolute configuration of the two
stereogenic centers is unknown, and the optical rotation was
not reported; thus, we did not need to start from enantiomeri-
cally pure material. In 1997 Ho et al. tried to synthesize 3 and
its isomer mutisianthol (4), two natural products that differ


only in the position of the phenolic hydroxyl group.[6]


Numerous efforts to place the hydroxyl group in the position
needed for 3 failed, and only 4 could be prepared from a
commercially unavailable starting material in eleven steps
with an overall yield of 2.6%. Based on thorough NOE and
COSYexperiments on the five-membered ring of a precursor
of 4 and their synthetic work, Ho et al. proposed a trans
arrangement of the side chains of 3 rather than the cis
arrangement suggested by Bohlmann et al.


So, besides demonstrating the advantages of gold catalysis,
we could also clarify the stereochemistry of 3 and related
compounds.
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Results and Discussion


We started from the known furans 5 (Scheme 2), which can
easily be prepared from 2-methylfuran and Michael acceptors
by literature procedures in one step.[7±9] Addition of sodium
acetylide to 5a delivered the secondary propargylic alcohol
6a. Now we could test the gold catalyst, but with 6a the
catalytic reaction failed, and a gold mirror immediately
precipitated. We suspected that the activated secondary
alcohol reduced gold(���), but the protection of the hydroxyl
group with TBDPS (6e) did not help. Hence, we prepared
tertiary propargylic alcohol 6c by the same route, but neither
the gold-catalyzed reaction of 6c nor that of benzyl-protected
6d succeeded.


We then decided to oxidize alcohol 6a to the ketone 7a, for
which gold catalysis was successful at room temperature. One
might suspect that the products 8a (45%), 9a (9%), and 10a
(7%) are formed by a normal, uncatalyzed reaction pathway,
but control experiments in which 7a was heated stepwise to
100 �C in acetonitrile (the solvent of the gold-catalyzed
reaction) did not deliver any of the products. Intramolecular
[4�2] cycloadditions of furans and alkynes are known, but
with a bridge of three carbon atoms the acceptor always sits at
the other end of the unsaturated unit, not in the tether.[10] It
seems that the transition state is less feasible when the sp2


carbon atom is in this tether.
The assignment of the constitutional isomers 8a and 10a


(both tetrasubtituted arenes) is based on the chemical shift of
the hydroxyl proton (�� 9.23 in CDCl3) in 8a which is quite
normal for a hydrogen bond to the carbonyl group, while in
10a the signal appears at higher field (�� 5.36 in CDCl3). A
crystal structure analysis of 8a unambigously confirmed this
assignment (Figure 1).[11] The structure reveals an O2�O1
distance of 2.8269(0.0024) ä, a H2�O1 distance of
1.9885(0.0388) ä, and an O2-H2-O1 angle of 145.37(3.29)�.
Several reports exist on the synthesis of 8a by a combination
of a Fries rearrangement and a Nazarov cyclization.[12±14]


However, the compound was somewhat ill-defined (IR data
and incomplete list of 1H NMR shifts),[12] and it was not


Figure 1. Crystal structure of 8a.


unambiguously proven that the desired ortho- and not the
para-Fries rearrangement[14] led to the product obtained. In
contrast to our mild conditions, in these approaches the
substrate must tolerate strong Br˘nstedt and Lewis acids at
high temperatures, and the yield is only 18%.


Compound 9a is the product of an intramolecular electro-
philic attack of the alkynone at the 3-position of the furan ring
to give a seven-membered ring. Addition of 2-methyl-1-
propenylmagnesium bromide to 8a delivered 11a, which can
be rationalized as the product of ionization of the intermedi-
ate allylic benzylic alcohol followed by intramolecular attack
of the phenolic hydroxyl group. This assumption is supported
by the observation of spots for other compounds in the TLC of
the crude product, which are converted to 11a upon treatment
with mild Lewis acids such as silica gel (cf. the higher yield of
11b).[12] Once again the structural assignment was proven by
an X-ray crystal structure analysis (Figure 2).[11] The benzene
ring is approximately planar. The
largest torsion angle in this ring is
1.7(2)�. The five-membered ring
shows a very small deviation
from planarity: ring atom C8
deviates 0.10 ä from the plane
through C9/C1/C6/C7. The six-
membered ring containing the
oxygen atom has a distorted
C11 envelope conformation with
methyl group C12 in a pseudoax-
ial position and methyl group
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Scheme 2. Synthesis of jungianol and epi-jungianol. a) NaC�CH, THF, 0 �C; b) BrMgC�CH, THF, 0 �C; c) TBDPSCl, imidazole, DMF, 0 �C; d) NaH,
PhCH2Br, Bu4NI, THF, heat; e) DMP, CH2Cl2, 0 �C�RT; f) AuCl3, CH3CN, RT; g) BrMgCH�C(CH3)2, THF, 0 �C; then silica gel, CH2Cl2, RT; h) LAH, h�,
Et2O, RT. DMAP� 4-(dimethylamino)pyridine, DMP�Dess ±Martin periodinane, TBDPSCl� tert-butyldiphenylsilyl chloride.


Figure 2. Crystal structure of
11a.
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C13 in a pseudoequatorial position. The C7�C8 bond length
of 1.563(2) ä is slightly longer than the standard C�C single-
bond length of 1.54 ä. There are no short intramolecular
contacts. The molecules are connected in the crystallographic
a direction by intermolecular C�H ¥ ¥ ¥�(benzene) interactions
with H ¥ ¥ ¥� distances of 2.79 and 2.83 ä and C�H ¥ ¥ ¥� angles
of 165 and 155�. Thus, from both enantiomers of the
intermediate allylic alcohols the same achiral 11a is generated.


Now we needed an SN2-like reduction of the allylic ether
substructure of 11a to form the deconjugated olefin of the
final product 12a. There are several reports in the literature
on reduction of a related compound:[15±17] a combination of
UV irradiation and lithium aluminum hydride (LAH) was
used. As the bond to be cleaved, that between the quarternary
allylic carbon atom and the phenolic oxygen atom, is perpen-
dicular to the � system of the olefin, it is a normal, unactivated
ether group which does not readily react with LAH. Only
after electrocyclic ring opening of the oxacyclohexa-1,3-diene
substructure of 11a, is a reaction possible. The intermediate
conjugated dienone then coordinates to LAH, and the
hydride is delivered to the �-carbon atom via a six-membered
transition state to give the deconjugated system of 12a.


As the sequence worked as desired, we now repeated it with
6b. Oxidation with DMP delivered the ketone 7b (77%),
which with 2.9 mol% AuCl3 at 0 �C again provided three
products 8b (53%), 9b (2%), and 10b (3%), but at room
temperature 8b was the only product (75%). Like 8a, 8b was
prepared before[18, 19] but only characterized by IR and
1H NMR spectroscopy.[18] Our overall yield of 42% for the
preparation exceeds the 37% in the literature, and our
reaction conditions are much milder.


With 2-methyl-1-propenylmagnesium bromide 8b then
gave a 96% yield of 11b after treatment of the crude product
with silica gel (cf. comments on the formation of 11a above).
Here both diastereomers of the initially formed allylic alcohol
convergently delivered 11b. Finally, LAH reduction under
photochemical conditions afforded conjugated isomer 13
(7%)[20] as an undesired by-product and the two diastereom-
ers 12 (68%) and 3 (21%). Thus, the diastereoselectivity-
determining step, LAH reduction, had only a moderate dr of
12 :3� 3.2:1.0, which was not a problem as our major interest
was to demonstrate the advantages of gold catalysis in such an
approach. Comparison with the 1H NMR data of Bohlmann
et al. showed the minor product to be jungianol; the major
product thus had to be epi-jungianol. With both diastereomers
in hand, we could now try to resolve the question which is the
cis and which the trans diastereomer. In 12, the anisochrony of
the diastereotopic methylene protons between the two stereo-
genic centers is pronounced (��� 1.09), while in 3 this
chemical shift difference is rather small (��� 0.07). Usually
this would suggest a cis configuration for 12, and a trans
arrangement for 3. On the other hand, it is difficult to estimate
the influence of the olefinic substituent with its anisotropy and
possible conformational preferences. We therefore sought
more conclusive arguments for the stereochemical assignment.


Except for 2-HA,HB the 1H NMR chemical shifts and
coupling constants of the two stereoisomers are very much
alike (Table 1), but painstaking analysis of long-range con-
nectivities (from high-resolution spectra with appropriate


apodization and long-range COSY experiments), in combi-
nation with a NOESY spectrum, allowed a straightforward
configurational assignment. In the following, the detailed
ratiocination is presented for 12.


The two aryl proton resonances are each split into a primary
doublet (3Jortho� 7.4 Hz). The high field signal at 6.667 ppm is
assigned to 7-H on the basis of the �M effect of the
4-hydroxyl substituent, as well as by virtue of the respective
long-range coupling patterns of the two multiplets. Diligent
apodization resolves a sextet fine structure for the 6-H
doublet at 6.985 ppm, while only one long-range coupling
(1.2 Hz) becomes apparent for the 7-H doublet. A long-range
1H,1H COSY experiment indeed showed prominent cross-
peaks between 6-H and the 4-OH, 3-H, and 5-CH3 resonances,
that is, five coupling partners in all. For 7-H, in contrast, there
is only one cross-peak of comparable intensity to the 1-H signal.


These connectivities are verified by selective decoupling,
for example, of the phenolic proton, which reduces the fine-
structure multiplicity of the two 6-H doublet lines to a perfect
quintet. The identical pattern (i.e. , a quintet with an apparent
splitting of 0.7 Hz) is obtained upon irradiation of 3-H even at
fairly high decoupling power. Finally, decoupling of the
benzylic 5-CH3 protons reduces the fine structure to a triplet.
In all these selective decoupling experiments, the 1.2 Hz fine
splitting of the 7-H resonance remains unimpaired. Selective
decoupling of 1-H, on the other hand, leaves the sextet fine
structure of the 6-H signal completely untouched (splittings
are identical with those in the regular spectrum to within
�0.01 Hz) while the 1.2 Hz splitting of the two 7-H doublet
lines is erased completely. The residual line width is distinctly
broader, however, than that of the 6-H lines, and this indicates
further unresolved small couplings, for example to 5-CH3, as
is also apparent also from the long-range COSY experiment.
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Table 1. 1H NMR shifts and coupling constants of 12 and 3.


12 3


1-H 3.065 3.254
1-CH3 1.299 1.191
2-HA 2.423 1.930
2-HB 1.342 2.004
3-H 3.996 4.171
4-OH 5.930 5.594
5-CH3 2.189 2.187
6-H 6.984 6.962
7-H 6.666 6.675
8-H 5.346 5.294
9-CH3(E) 1.871 1.870
9-CH3(Z) 1.826 1.799
3J(1-H,1-CH3) 6.7 7.1
3J(1-H,2-HA) 6.8 3.1
3J(1-H, 2-HB) 10.7 8.0
4J(1-H,7-H) 1.2 � 0.3
2J(2-HA,2-HB) (�)12.6 (�)12.6
3J(2-HA,3-H) 7.1 7.6
3J(2-HB,3-H) 10.2 8.0
3J(3-H,8-H) 10.3 10.3
3J(6-H,7-H) 7.4 7.4
4J(6-H,5-CH3) 0.7 0.7
5J(6-H,4-OH) 0.7 0.7
6J(6-H,3-H) 0.7 0.7
4J(8-H,9-CH3


(E)) 1.4 1.4
4J(8-H,9-CH3


(Z)) 1.4 1.4
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Differentiation between the two E and Z allylic methyl
groups at C-9 rests on a distinct NOESY cross-peak between
the 8-H and CH3 resonances at higher field. Both methyl
signals show identical allylic coupling to 8-H (1.4 Hz). Each of
the two 8-H vicinal doublet lines (3J8-H,3-H� 10.3 Hz) is in turn
split into a septet, which is reduced to a quartet by irradiation
at either of the allylic methyl resonances.


Upon irradiation of 3-H, the originally unstructured
phenolic OH resonance is resolved into a clean doublet, the
0.7 Hz splitting of which corresponds exactly to the 5J
coupling constant determined from the 6-H multiplet. Boxed
in between the isotropic methyl rotor at C-5 and the
isobutenyl group at C-3, the phenolic OH group will be
oriented preferentially in the plane of the aromatic ring, and
turned away from the ortho-methyl group, thus establishing a
perfect W pathway for 5J� coupling to 6-H. Of the NOE
contacts established between the phenolic OH group and 3-H,
8-H, the o-CH3 group at C-5, and the two allylic CH3 groups,
that to the vinyl proton at 8-H is the most intense by far. This
is as expected for the antiperiplanar conformation of the O�H
and the C-4�C-5 bonds derived above, in which the isobutenyl
substituent adopts a pseudoequatorial, and 3-H a pseudoaxial
position, which in turn is perfect for para-benzylic coupling
(6J�) between 3-H and 6-H (see above). The most prominent
of all NOESY cross-peaks connects the 1-CH3 and 7-H
resonances, and thus definitely establishes a pseudoequatorial
orientation of the methyl group. This leaves 1-H in a
pseudoaxial position, perfectly aligned with the arene �


system, that is, in an optimum orientation for ortho-benzylic
coupling to 7-H (4J�� 1.2 Hz, see above).


Almost identical, large (�10 Hz) vicinal coupling constants
to both 1-H and 3-H are established for one of the two
diastereotopic C-2 methylene protons (2-HB); the corre-
sponding two vicinal coupling constants of geminal 2-HA are
about 7 Hz. This coupling pattern is feasible only if 2-HB is
oriented pseudo-trans to both the methine protons at C-1 and
at C-3, and 2-HA pseudo-cis. Taken together, all the NMR
evidence collected above is only compatible with a cis
configuration of the fused five-membered ring in 12.


For the other diastereomer 3, the 1H NMR data of the aryl
and isobutenyl moieties are almost identical with those of 12,
both with regard to chemical shifts and individual coupling
constants (see Table 1). The conformation at C-3 thus appears
to be conserved to a high degree. However, inversion of the
relative configuration of C-1 and C-3 leaves the 1-CH3 group
in a pseudoaxial and 1-H in a pseudoequatorial position, and
the ortho-benzylic coupling to 7-H is thus severely attenuated
(�0.3 Hz, as estimated from the line width of the 7-H
resonance). Concomitantly, the vicinal coupling constant
between 2-HA and 1-H is reduced to about 3 Hz, in nice
agreement with the dihedral angle of 120 ± 130� shown by the
model. Protons 2-HA and 2-HB each adopt an almost eclipsed
orientation to one substituent, which apparently results in the
almost identical shieldings for the two diastereotopic protons
(though with reversed order, see Table 1).


An X-ray crystal structure analysis would confirm this
assignment, but all attempts to grow single crystals of the low-
melting 12 failed, and 3 is an oil. As a functional group for the
preparation of a crystalline derivative the phenolic hydroxyl


group is available. 4-Nitrobenzoyl chloride may lead to a
crystalline derivative, but phenols are weak nucleophiles. We
first tested the conditions for 4-nitrobenzoate formation with
the closely related 14, which we had in stock from mechanistic
investigations and obtained, with pyridine as solvent and
DMAP as catalyst, 62% yield of 15 (Scheme 3). Under the
same conditions, 12 was transformed into 16 in 69% yield. As


Scheme 3. Synthesis of crystalline derivatives.


desired, 16 was crystalline, and after some efforts we could
obtain single crystals for an X-ray crystal structure analysis
(Figure 3).[11] The five-membered ring has an envelope con-
formation with atom C8 0.37 ä outside the plane through C7/
C6/C1/C9. The side groups at C7 and C9 are both in


Figure 3. Crystal structure of 16.


pseudoequatorial positions with respect to the five-membered
ring and are cis. Both six-membered rings are approximately
planar. The angle between the plane of phenyl group C1 ±C6
and the plane of the carboxylate group is 76.9�. The angle
between the plane of phenyl group C17 ±C22 and the plane of
the carboxylate group is 15.7�. The angle between the plane of
phenyl group C17 ±C22 and the plane of the nitro group is
3.9�. The shortest intramolecular contact distances are O1 ¥ ¥ ¥
H22 2.43, O3 ¥ ¥ ¥H21 2.43, and O4 ¥ ¥ ¥H19 2.42 ä. The mole-
cules form centrosymmetric dimers connected by two rather
short intermolecular C21�H21 ¥ ¥ ¥Cg interactions with an
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H ¥ ¥ ¥Cg distance of 2.61 ä and a C-H-Cg angle of 148� (Cg is
the centroid of the phenyl ring C1 ±C6). The crystal packing
also shows a second weaker C�H ¥ ¥ ¥� interaction and an
intermolecular C�H ¥ ¥ ¥O interaction.


The natural product jungianol is the trans isomer 3, and the
cis isomer we prepared as the major product, which Bohlmann
et al. had suggested was jungianol, is in fact epi-jungianol, as
Ho et al. already assumed. With only six steps and a combined
yield of 18% (14% for epi-jungianol and 4% for jungianol),
we have opened an efficient synthetic entry into such systems.
Furthermore, it should be noted that the synthesis requires
not a single protective group.


Conclusion


Gold catalysis opens a short route to epi-jungianol and
jungianol, thus once more proving the benefits of this
methodology. While both unprotected and protected hydroxyl
groups next to the alkyne were not tolerated, carbonyl groups
were tolerated in this key step. No protective group is needed
in any single step of the whole sequence. The five-membered
ring configuration could be definitively assigned for both 12
and 3. The detailed NMR data in Table 1 will provide a solid
reference basis for future assignment of structurally related
compounds.


Experimental Section


5-(5-Methyl-2-furyl)pent-1-yn-3-ol (6a): A solution of aldehyde 5a (16.6 g,
12.0 mmol) in dry THF (50 mL) was added dropwise to a stirred suspension
of sodium acetylide (60.0 mL, 18% in light mineral oil, 204 mmol) at 0 �C.
The resulting slurry was allowed to warm to room temperature and stirred
overnight. The reaction mixture was poured onto ice, saturated with
NH4Cl, and extracted with diethyl ether. The combined organic phases
were washed with brine and dried over MgSO4. After removal of the
solvents, the residue was purified by column chromatography on silica gel
(5% EtOAc/petroleum ether) to give 6a (6.61 g, 34%). IR (neat): �� �
3278 cm�1; 1H NMR (300 MHz, CDCl3): �� 2.00 ± 2.12 (m, 3H), 2.25 (s,
3H), 2.49 (d, 1H, J� 2.2 Hz), 2.77 (m, 2H), 4.42 (m, 1H), 5.84 (dd, 1H, J�
2.9 Hz, 1.0 Hz), 5.89 (d, 1H, J� 2.9 Hz); 13C NMR (126 MHz, CDCl3): ��
13.9 (q), 24.1 (t), 36.4 (t), 61.9 (d), 73.7 (d), 84.8 (s), 106.3 (d), 106.4 (d),
151.0 (s), 153.3 (s); MS:m/z (%): 164 [M�] (58), 146 (8), 109 (12), 95 (100);
HRMS: m/z : calcd for C10H12O2 [M�]: 164.0837, found: 164.0837.


5-(5-Methyl-2-furyl)hex-1-yn-3-ol (6b): Ethynylmagnesium bromide (0.5�
in THF, 35.5 mL, 17.8 mmol) was added to asolution of aldehyde 5b (1.35 g,
8.87 mmol) in dry THF (20 mL) at �60 �C, and the resulting solution was
stirred for 1 h while the temperature was allowed to rise to 0 �C. The
reaction mixture was quenched at 0 �C with a saturated aqueous solution of
NH4Cl and warmed to room temperature slowly. The layers were
separated, and the aqueous phase was extracted with diethyl ether. The
combined organic portions were washed with brine and then dried over
MgSO4. After removal of the solvents, the residue was purified by column
chromatography on silica gel (10% EtOAc/petroleum ether) to give 5b
(53.9 mg, 4%) and 6b as a 6:5 mixture of two diastereomers (1.09 g, 73%
based on consumed aldehyde 5b). IR (CDCl3): �� � 3580, 3281 cm�1;
1H NMR (300 MHz, CDCl3): �� 1.26, 1.27 (d, 3H, J� 7.0 Hz), 1.83 ± 2.18
(m, 3H), 2.25 (s, 3H), 2.46, 2.48 (d, 1H, J� 2.1 Hz), 2.97 ± 3.13 (m, 1H),
4.35 (m, 1H), 5.84 (m, 1H), 5.88, 5.89 (d, 1H, J� 3.0 Hz); 13C NMR
(126 MHz, CDCl3): �� 13.9 (q), 19.8 (q), 20.0 (q), 30.0 (d), 30.3 (d), 44.1 (t),
44.2 (t), 60.8 (d), 61.1 (d), 73.3 (d), 73.5 (d), 85.16 (s), 85.21 (s), 105.0 (d),
105.3 (d), 106.06 (d), 106.12 (d), 150.9 (s), 151.0 (s), 157.58 (s), 157.64 (s);
MS: m/z (%): 178 [M�] (35), 160 (3), 123 (13), 109 (100); HRMS: m/z :
calcd for C11H14O2: 178.0994 [M�], found: 178.0994.


3-Methyl-5-(5-methyl-2-furyl)pent-1-yn-3-ol (6c): A solution of ketone 5c
(380 mg, 2.50 mmol) in dry THF (3 mL) was added dropwise to a stirred
suspension of sodium acetylide (2.50 mL, 18% in light mineral oil,
8.52 mmol) at 0 �C. The resulting slurry was allowed to warm to room
temperature and stirred overnight. The reaction mixture was poured onto
ice, saturated with NH4Cl, and extracted with diethyl ether. The combined
organic phases were washed with brine and dried over MgSO4. After
removal of the solvents, the residue was purified by column chromatog-
raphy on silica gel (10% diethyl ether/petroleum ether) to give 5c (34.6 mg,
9%) and 6c (319 mg, 79% based on consumed ketone 5c). IR (CDCl3):
�� � 3581, 3282 cm�1; 1H NMR (300 MHz, CD3CN): �� 1.47 (s, 3H), 1.88 ±
1.98 (m, 2H), 2.24 (s, 3H), 2.71 (s, 1H), 2.73 ± 2.80 (m, 2H), 3.44 (s, 1H),
5.89 (dd, 1H, J� 3.0 Hz, 1.0 Hz), 5.92 (d, 1H, J� 3.0 Hz); 13C NMR
(126 MHz, CD3CN): �� 12.0 (q), 22.7 (t), 28.7 (t), 41.2 (d), 66.2 (s), 70.8 (d),
87.1 (s), 104.9 (d), 105.5 (d), 149.7 (s), 153.3 (s); MS: m/z (%): 178 [M�]
(58), 160 (20), 109 (19), 95 (100); HRMS:m/z : calcd for C11H14O2: 178.0994
[M�]; found: 178.0994.


2-[3-(Benzyloxy-3-methylpent-4-ynyl]-5-methylfuran (6d): A suspension
of alcohol 6c (214 mg, 1.20 mmol) and sodium hydride (72.0 mg,
3.00 mmol) in dry THF (20 mL) was stirred for 1 h at 40 �C under nitrogen.
Benzyl bromide (412 mg, 2.41 mmol) and tetrabutylammonium iodide
(0.6 g) were then added and stirring was continued for 1.5 h at 55 �C. The
mixture was poured onto ice, saturated with NH4Cl, and extracted with
CH2Cl2. The combined organic phases were washed with brine and dried
over MgSO4. After evaporation of the solvents, the residue was purified by
column chromatography on silica gel (2% EtOAc/petroleum ether) to give
6d (300 mg, 93%). IR (neat): �� � 3287, 1053 cm�1; 1H NMR (300 MHz,
CDCl3): �� 1.57 (s, 3H), 2.08 ± 2.16 (m, 2H), 2.26 (s, 3H), 2.54 (s, 1H),
2.82 ± 2.90 (m, 2H), 4.62 (d, 1H, J� 11.1 Hz), 4.72 (d, 1H, J� 11.1 Hz), 5.85
(dd, 1H, J� 2.9 Hz, 0.9 Hz), 5.88 (d, 1H, J� 3.0 Hz), 7.28 ± 7.40 (m, 5H);
13C NMR (75.5 MHz, CDCl3): �� 14.0 (q), 23.7 (t), 26.8 (q), 40.5 (t), 66.8
(t), 73.5 (s), 74.4 (d), 85.1 (s), 105.7 (d), 106.3 (d), 128.0 (d, 2C), 128.7 (d,
2C), 139.4 (s), 150.7 (s), 154.3 (s); MS:m/z (%): 268 [M�] (9), 160 (32), 145
(86), 109 (35), 95 (49), 91 (100); HRMS: m/z : calcd for C18H20O2: 268.1463
[M�], found: 268.1462.


tert-Butyl-({1-[2-(5-methyl-2-furyl)ethyl]prop-2-ynyl}oxy)diphenylsilane
(6e): tert-Butyldiphenylchlorosilane (1.11 g, 4.00 mmol) was added drop-
wise under nitrogen to a stirred solution of alcohol 6a (442 mg, 2.69 mmol)
and imidazole (676 mg, 9.93 mmol) in DMF (10 mL) at 0 �C. After stirring
for 1 h at room temperature, 10% NaOH was added to quench the
reaction, and the resulting solution was extracted with diethyl ether. The
combined organic portions were washed with 0.5� HCl and brine and dried
over MgSO4. After evaporation of the solvents, the residue was purified by
column chromatography on silica gel (2.5% EtOAc/petroleum ether) to
give 6d (891 mg, 82%). IR (CDCl3): �� � 3287 cm�1; 1H NMR (500 MHz,
CD3CN): �� 1.07 (s, 9H), 1.94 ± 1.98 (m, 2H), 2.18 (s, 3H), 2.64 (d, 1H, J�
2.1 Hz), 2.65 ± 2.73 (m, 2H), 4.46 (dt, 1H, J� 6.2 Hz, 2.0 Hz), 5.78 (d, 1H,
J� 2.9 Hz), 5.89 (d, 1H, J� 2.0 Hz), 7.39 ± 7.49 (m, 6H), 7.67 (d, 2H, J�
7.8 Hz), 7.74 (d, 2H, J� 7.8 Hz); 13C NMR (75.5 MHz, CD3CN): �� 12.4
(q), 18.7 (s), 23.0 (t), 26.2 (q, 3C), 36.5 (t), 62.9 (d), 73.8 (d), 84.0 (s), 105.6
(d), 105.8 (d), 127.5 (d, 2C), 127.7 (d, 2C), 129.8 (d), 129.9 (d), 133.1 (s),
133.2 (s), 135.6 (d, 2C), 135.7 (d, 2C), 150.2 (s), 153.0 (s); MS:m/z (%): 402
[M�] (2.5), 345 (100), 199(50), 95 (30); elemental analysis (%) calcd for
C26H30O2Si: C 77.57, H 7.51; found: C 77.48, H 7.61.


5-(5-Methyl-2-furyl)pent-1-yn-3-one (7a): Dess ±Martin periodinane[21]


(3.60 g, 8.49 mmol) was added to a solution of alcohol 6a (697 mg,
4.24 mmol) in CH2Cl2 (40 mL) in portions at 0 �C, and the mixture was
stirred at room temperature for 5 h. Water-saturated CH2Cl2 was then
added to quench the reaction, and the resulting mixture was stirred for
0.5 h. After removing most of the CH2Cl2, the residue was purified by
column chromatography on silica gel (10% CH2Cl2/petroleum ether) to
give 7a (322 mg, 47%). IR (CDCl3): �� � 3280, 1675 cm�1; 1H NMR
(300 MHz, CD3CN): �� 2.23 (s, 3H), 2.92 (s, 4H), 3.72 (s, 1H), 5.90 (br s,
1H), 5.92 (d, 1H, J� 2.9 Hz); 13C NMR (75.5 MHz, CD3CN): �� 12.4 (q),
21.7 (t), 43.1 (t), 79.5 (s), 80.8 (d), 106.0 (d, 2C), 150.5 (s), 152.0 (s), 186.0 (s);
MS: m/z (%): 162 [M�] (41), 109 (14), 95 (100); HRMS: m/z : calcd for
C10H10O2 [M�]: 162.0681, found: 164.0680.


5-(5-Methyl-2-furyl)hex-1-yn-3-one (7b): Dess ±Martin periodinane[21]


(2.00 g, 4.72 mmol) was added to a solution of alcohol 6b (540 mg,
3.03 mmol) in CH2Cl2 (30 mL) in portions at 0 �C, and the mixture was
stirred at room temperature for 5 h. Water-saturated CH2Cl2 was then
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added to quench the reaction, and the resulting mixture was stirred for
0.5 h. After removing most of the CH2Cl2, the residue was purified by
column chromatography on silica gel (10% CH2Cl2/petroleum ether) to
give 7b (410 mg, 77%). IR (neat): �� � 3262, 1681 cm�1; 1H NMR
(300 MHz, CDCl3): �� 1.27 (d, 3H, J� 7.0 Hz), 2.24 (s, 3H), 2.70 (dd,
1H, J� 16.3, 8.1 Hz), 3.00 (dd, 1H, J� 16.3, 6.0 Hz), 3.23 (s, 1H), 3.45 (m,
1H), 5.83 (dd, 1H, J� 2.9, 1.2 Hz), 5.87 (d, 1H, J� 3.0 Hz); 13C NMR
(75.5 MHz, CDCl3): �� 13.9 (q), 19.1 (q), 29.5 (d), 51.5 (t), 79.1 (s), 81.8 (d),
105.2 (d), 106.2 (d), 151.1 (s), 156.6 (s), 186.2 (s); MS: m/z (%): 176 [M�]
(31), 109 (100); elemental analysis (%) calcd for C11H12O2: C 74.98, H 6.86;
found: C 74.62, H 6.92.


7-Hydroxy-6-methylindan-1-one (8a), 2-methyl-7,8-dihydro-6H-cyclohep-
ta[b]furan-6-one (9a) and 6-hydroxy-7-methylindan-1-one (10a): AuCl3
(46.8 mg, 154 �mol) in CH3CN (1 mL) was added to a solution of ketone 7a
(500 mg, 3.08 mmol) in CH3CN (25 mL) at room temperature, and the
resulting deep red solution was stirred for 2 h. The reaction mixture was
then evaporated under reduced pressure to remove all the solvent. Column
chromatography on silica gel (20 ± 40% CH2Cl2/petroleum ether) gave 8a
(Rf� 0.4 in 10% EtOAc/petroleum ether) (225 mg, 45%) and 9a (Rf� 0.3
in 10% EtOAc/petroleum ether; 45.0 mg, 9%); further elution with 40%
EtOAc/petroleum ether afforded 10a (Rf� 0.1 in 10% EtOAc/petroleum
ether) (35.8 mg, 7%). 8a : M.p. 79 ± 80 �C; IR (CDCl3): �� � 3320, 1675 cm�1;
1H NMR (300 MHz, CDCl3): �� 2.23 (s, 3H), 2.70 (t, 2H, J� 5.6 Hz), 3.06
(t, 2H, J� 5.6 Hz), 6.84 (d, 1H, J� 7.5 Hz), 7.32 (d, 1H, J� 7.5 Hz), 9.23 (s,
1H); 13C NMR (75.5 MHz, CDCl3): �� 14.1 (q), 25.4 (t), 36.2 (t), 116.8 (d),
122.2 (s), 122.7 (s), 138.8 (d), 152.6 (s), 155.5 (s), 210.3 (s); MS:m/z (%): 162
[M�] (100); elemental analysis (%) calcd for C10H10O2: C 74.06, H 6.21;
found: C 74.07, H 6.23. 9a : IR (CDCl3): �� � 1640, 1570 cm�1; 1H NMR
(300 MHz, CDCl3): �� 2.26 (s, 3H), 2.80 ± 2.86 (m, 2H), 2.91 ± 2.97 (m,
2H), 5.97 (s, 1H), 5.99 (d, 1H, J� 12.1 Hz), 6.82 (d, 1H, J� 12.1 Hz);
13C NMR (75.5 MHz, CDCl3): �� 13.6 (q), 21.3 (t), 39.3 (t), 108.0 (d), 119.0
(s), 127.4 (d), 134.9 (d), 150.7 (s), 156.5 (s), 200.5 (s); MS:m/z (%): 162 [M�]
(100); HRMS: m/z : calcd for C10H10O2: 162.0681 [M�]; found: 164.0681.
10a : M.p. 169 ± 170 �C; IR (KBr): �� � 1660 cm�1; 1H NMR (300 MHz,
CD3CN): �� 2.46 (s, 3H), 2.59 (m, 2H), 2.96 (t, 2H, J� 5.8 Hz), 6.97 (s,
1H), 7.06 (d, 1H, J� 8.2 Hz), 7.17 (d, 1H, J� 8.2 Hz); 13C NMR (75.5 MHz,
CD3CN): �� 9.1 (q), 23.9 (t), 37.2 (t), 121.4 (d), 122.9 (s), 124.2 (d), 135.1
(s), 147.7 (s), 153.8 (s), 208.0 (s); MS: m/z (%): 162 [M�] (100); elemental
analysis (%) calcd for C10H10O2: C 74.06, H 6.21; found: C 73.97, H 6.26.


7-Hydroxy-3,6-dimethylindan-1-one (8b), 2,8-dimethyl-7,8-dihydro-6H-cy-
clohepta[b]furan-6-one (9b), and 6-hydroxy-3,7-dimethylindan-1-one
(10b): A solution of AuCl3 (200 mg, 2.9% in CD3CN, 19.1 �mol) was
added to a solution of ketone 7b (47.6 mg, 270 �mol) in CD3CN at room
temperature, and the resulting deep red solution was shaken occasionally
over 2 h until the 1H NMR spectrum showed completion of the reaction.
Then the reaction mixture was evaporated and the residue was purified by
column chromatography on silica gel (5% EtOAc/petroleum ether) to give
8b (35.6 mg, 75%). IR (neat): �� � 3321, 1671 cm�1; 1H NMR (500 MHz,
CDCl3): �� 1.37 (d, 3H, J� 7.1 Hz), 2.23 (s, 3H), 2.29 (dd, 1H, J� 19.1,
3.2 Hz), 2.95 (dd, 1H, J� 19.1, 7.5 Hz), 3.36 ± 3.42 (m, 1H), 6.86 (d, 1H, J�
7.6 Hz), 7.34 (d, 1H, J� 7.5 Hz), 9.21 (s, 1H); 13C NMR (126 MHz, CDCl3):
�� 14.6 (q), 21.6 (q), 33.1 (d), 45.7 (t), 115.9 (d), 122.0 (s), 123.2 (s), 139.3
(d), 155.5 (s), 158.1 (s), 210.0 (s); MS: m/z (%): 176 [M�] (100), 161 (92);
elemental analysis (%) calcd for C11H12O2: C 75.03, H 6.97; found: C 74.98,
H 6.86.


When ketone 7b (887 mg, 5.03 mmol) was treated with AuCl3 (107 mg,
353 �mol) in CH3CN at 0 �C for 2 h, purification by column chromatog-
raphy on silica gel (5%EtOAc/petroleum ether) gave 8b (Rf� 0.2, 470 mg,
53%) and 9b (Rf� 0.1, 17.4 mg, 2%); further elution with 50% EtOAc/
petroleum ether afforded 10b (Rf� 0.2 in 10% EtOAc/petroleum ether)
(27.7 mg, 3%). 9b : IR (CDCl3): �� � 1651, 1575 cm�1; 1H NMR (500 MHz,
CDCl3): �� 1.24 (d, 3H, J� 7.3 Hz), 2.27 (s, 3H), 2.75 (dd, 1H, J� 15.1 Hz,
8.4 Hz), 2.89 (dd, 1H, J� 15.1 Hz, 3.2 Hz), 3.13 ± 3.19 (m, 1H), 5.96 (s, 1H),
5.99 (d, 1H, J� 11.9 Hz), 6.82 (d, 1H, J� 11.9 Hz); 13C NMR (126 MHz,
CDCl3): �� 13.6 (q), 17.0 (q), 28.7 (d), 47.0 (t), 108.3 (d), 117.7 (s), 127.5 (d),
134.8 (d), 150.5 (s), 160.3 (s), 200.3 (s); MS: m/z (%): 176 [M�] (100), 161
(87); HRMS: m/z : calcd for C11H11O2: 176.0837 [M�], found: 176.0837.
10b : M.p. 138 ± 139 �C; IR (neat): �� � 3314, 1677 cm�1; 1H NMR (500 MHz,
CD3OD): �� 1.50 (d, 3H, J� 7.1 Hz), 2.39 (dd, 1H, J� 18.9 Hz, 3.3 Hz),
2.63 (s, 3H), 3.06 (dd, 1H, J� 18.9 Hz, 7.4 Hz), 3.43 ± 3.49 (m, 1H), 7.25 (d,
1H, J� 8.2 Hz), 7.37 (d, 1H, J� 8.2 Hz); 13C NMR (126 MHz, CD3OD):


�� 10.9 (q), 22.7 (q), 33.1 (d), 48.2 (t), 123.6 (d), 124.4 (d), 125.0 (s), 136.1
(s), 154.5 (s), 156.5 (s), 210.8 (s); MS: m/z (%): 176 [M�] (69), 161 (100);
HRMS: m/z : calcd for C11H11O2: 176.0837 [M�], found: 176.0837.


2,2,8-Trimethyl-4,5-dihydro-2H-cyclopenta[de]chromene (11a): A solution
of indanone 8a (162 mg, 1.00 mmol) in dry THF (4 mL) was added
dropwise to a solution of 2-methyl-1-propenylmagnesium bromide (0.5� in
THF, 20.0 mL, 10.0 mmol) at 0 �C, and the resulting solution was stirred for
1.5 h. After quenching the reaction with ice, the mixture was filtered
through a silica gel pad, which was then thoroughly washed with diethyl
ether. The phases of the filtrate were separated, and the aqueous phase was
extracted with diethyl ether. The combined organic portions were then
washed with brine and dried over MgSO4. After removal of the solvents,
the residue was purified by column chromatography on silica gel (2%
CH2Cl2/petroleum ether) to give 11a (128 mg, 64%). IR (CDCl3): �� � 3010,
1660, 1249, 1025 cm�1; 1H NMR (500 MHz, CD3CN): �� 1.42 (s, 6H), 2.11
(s, 3H), 2.71 ± 2.75 (dt, 2H, J� 2.0 Hz, 6.7 Hz), 2.97 (t, 2H, J� 6.7 Hz), 5.23
(t, 1H, J� 2.0 Hz), 6.66 (d, 1H, J� 7.6 Hz), 6.91 (d, 1H, J� 7.5 Hz);
13C NMR (75.5 MHz, CDCl3): �� 13.0 (q), 27.7 (t), 28.2 (q, 2C), 29.9 (t),
79.2 (s), 115.8 (d), 117.2 (d), 120.3 (s), 125.9 (s), 131.4 (d), 137.1 (s), 140.9 (s),
148.4 (s); MS: m/z (%): 200 [M�] (23), 185 (100); elemental analysis (%)
calcd for C14H16O: C 83.96, H 8.05; found: C 83.91, H 8.33.


2,2,5,8-Tetramethyl-4,5-dihydro-2H-cyclopenta[de]chromene (11b): A sol-
ution of the indanone 8b (339 mg, 1.92 mmol) in dry THF (10 mL) was
added dropwise to a solution of 2-methyl-1-propenylmagnesium bromide
(0.5� in THF; 40.0 mL, 20.0 mmol) at 0 �C. The resulting solution was
stirred for 2 h and then quenched with a saturated aqueous NH4Cl solution.
The layers were separated, and the aqueous phase was extracted with
diethyl ether. The combined organic portions were then washed with brine
and dried over MgSO4. After removal of the solvents, the residue was
dissolved in CH2Cl2 (100 mL) and stirred with silica gel (50 g) for 1 h. The
mixture was then filtered, and the filtrate was concentrated, purified by
column chromatography on silica gel (2.5% CH2Cl2/petroleum ether) to
give 11b (396 mg, 96%). IR (neat): �� � 3037, 1666, 1259, 1081 cm�1;
1H NMR (500 MHz, CDCl3): �� 1.29 (d, 3H, J� 7.1 Hz), 1.43 (s, 3H), 1.47
(s, 3H), 2.16 (s, 3H), 2.29 (ddd, 1H, J� 17.0, 4.7, 2.2 Hz), 2.98 (ddd, 1H, J�
17.0 Hz, 8.0, 1.9 Hz), 3.38 (dq, 1H, J� 5.1, 7.2 Hz,), 5.13 (dd, 1H, J� 2.0 Hz,
2.1 Hz), 6.63 (d, 1H, J� 7.5 Hz), 6.93 (d, 1H, J� 7.5 Hz); 13C NMR
(75.5 MHz, CDCl3): �� 14.6 (q), 21.7 (q), 29.7 (q), 30.0 (q), 38.4 (t), 38.8
(d), 79.9 (s), 115.2 (d), 118.0 (d), 121.7 (s), 126.0 (s), 132.2 (d), 136.7 (s),
146.3 (s), 149.1 (s); MS: m/z (%): 214 [M�] (21), 199 (100); elemental
analysis (%) calcd for C15H18O: C 84.07, H 8.47; found: C 84.19, H 8.54.


5-Methyl-3-(2-methylprop-1-enyl)indan-4-ol (12a): A solution of chro-
mene 11a (40.1 mg, 200 �mol) in dry diethyl ether (2 mL) was added to a
suspension of LAH (90.1 mg, 2.37 mmol) in dry diethyl ether (8 mL) at
room temperature. Themixture was irradiated in a quartz flask with stirring
for 6 h with a Heraeus TQ 150 mercury lamp. The reaction mixture was
then poured onto crushed ice and acidified with dilute HCl until the
hydroxides just dissolved. The water layer was extracted with diethyl ether,
and the combined organic portions were washed with a saturated solution
of Na2CO3 and brine and dried over MgSO4. After removal of the solvent,
the residue was purified by column chromatography on silica gel (2%
EtOAc/petroleum ether) to give 12a (36.8 mg, 91%). M.p. 24.5 ± 25.5 �C;
IR (neat): �� � 3468, 2903, 1580, 1197, 1010, 780 cm�1; 1H NMR (500 MHz,
CDCl3): �� 1.73 ± 1.81 (m, 1H), 1.84 (s, 3H), 1.89 (s, 3H), 2.21 (s, 3H),
2.28 ± 2.33 (m, 1H), 2.80 ± 2.93 (m, 2H), 4.09 (dt, 1H, J1� 7.9, J2� 9.6 Hz),
5.13 (d, 1H, J� 9.4 Hz), 5.83 (s, 1H), 6.71 (d, 1H, J� 7.4 Hz), 6.96 (d, 1H,
J� 7.4 Hz); 13C NMR (126 MHz, CDCl3): �� 15.2 (q), 18.2 (q), 25.9 (q),
31.9 (t), 34.1 (t), 42.2 (d), 116.1 (d), 122.2 (s), 127.6 (d), 129.6 (s), 129.9 (d),
135.7 (s), 143.2 (s), 151.7 (s); MS: m/z (%): 202 [M�] (56), 187 (55), 147
(100); HRMS: m/z : calcd for C14H18O: 202.1358 [M�], found: 202.1357.


1,5-Dimethyl-3-(2-methylprop-1-enyl)indan-4-ol (epi-jungianol; 12) and
1,5-dimethyl-3-(2-methylpropylidene)indan-4-ol (13): A solution of chro-
mene 11b (282 mg, 1.32 mmol) in dry diethyl ether (5 mL) was added to a
suspension of LAH (467 mg, 12.3 mmol) in dry diethyl ether (25 mL) at
room temperature. Themixture was irradiated in a quartz flask with stirring
for 6 h with a Heraeus TQ 150 mercury lamp. The reaction mixture was
then poured onto crushed ice and acidified with dilute HCl until the
hydroxides just dissolved. The water layer was extracted with diethyl ether,
and the combined organic portions were washed with a saturated solution
of Na2CO3 and brine and dried over MgSO4. After removal of the solvent,
the residue was purified by preparative TLC (4% EtOAc/petroleum ether)
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to give 12 (195 mg, 68%), 3 (60.0 mg, 21%), and 13b (20.4 mg, 7%). 12 :
M.p. 43.5 ± 44.5 �C; IR (neat): �� � 3481, 2954, 1589, 1204 cm�1; 1H NMR
(500 MHz, CDCl3): �� 1.30 (d, 3H, J� 6.8 Hz), 1.34 (ddd, 1H, J� 10.5,
10.5, 12.2 Hz), 1.83 (d, 3H, J� 1.1 Hz), 1.87 (d, 3H, J� 1.2 Hz), 2.19 (s, 3H),
2.43 (ddd, 1H, J� 7.0, 7.0, 12.2 Hz), 3.06 (dm, 1H, J� 10.6 Hz), 4.00 (ddd,
1H, J� 10.2, 10.2, 7.1 Hz), 5.35 (dm, 1H, J� 10.3 Hz), 5.93 (s, 1H), 6.67 (d,
1H, J� 7.3 Hz), 6.99 (d, 1H, J� 7.4 Hz); 13C NMR (126 MHz, CDCl3): ��
15.6 (q), 18.6 (q), 19.6 (q), 26.4 (q), 38.8 (d), 41.5 (d), 44.1 (t), 115.0 (d),
122.8 (s), 128.1 (d), 129.6 (s), 130.3 (d), 136.4 (s), 148.1 (s), 152.0 (s); MS:
m/z (%): 216 [M�] (46), 201 (49), 161 (100); elemental analysis (%) calcd
for C15H20O: C 83.28, H 9.32; found: C 82.89, H 9.36. 13 : IR (neat): �� �
3420, 2957, 1590, 1458, 1247, 804 cm�1; 1H NMR (500 MHz, CDCl3): ��
1.07 (d, 3H, J� 6.7 Hz), 1.07 (d, 3H, J� 6.7 Hz), 1.26 (d, 3H, J� 6.9 Hz),
2.23 (s, 3H), 2.29 (ddd, 1H, J� 2.7, 5.4, 15.9 Hz), 2.58 (dsept, 1H, J� 9.1,
6.7 Hz), 3.01 (ddd, 1H, J� 2.3, 8.3, 15.9 Hz), 3.21 (q, 1H, J� 6.8 Hz), 5.05
(s, 1H), 6.01 (ddd, 1H, J� 9.1, 2.4, 2.4 Hz), 6.73 (d, 1H, J� 7.5 Hz), 6.95 (d,
1H, J� 7.5 Hz); 13C NMR (126 MHz, CDCl3): �� 15.5 (q), 21.8 (q), 23.4
(q), 23.5 (q), 30.0 (d), 37.1 (d), 38.6 (t), 116.3 (d), 121.6 (s), 126.9 (s), 130.0
(d), 131.3 (d), 138.6 (s), 150.7 (s), 151.6 (s); MS:m/z (%): 216 [M�] (59), 201
(100), 173 (31), 161 (80); HRMS: m/z : calcd for C15H20O: 216.1514 [M�],
found: 216.1514.


5-Methyl-2-[(4-methylphenyl)sulfonyl]-2,3-dihydro-1H-isoindol-4-yl 4-ni-
trobenzoate (15): p-Nitrobenzoyl chloride (249 mg, 1.34 mmol) was added
portionwise to a solution of 14 (28.4 mg, 93.7 �mol) in pyridine (10 mL) at
0 �C. Then a catalytic amount of DMAP (ca. 6 mg) was added, and the
mixture was stirred at room temperature overnight. The reaction was
quenched with water, and the precipitate was collected, dissolved in
CH2Cl2, and dried over MgSO4. After removal of the solvent, the residue
was filtered through a short silica gel column with CH2Cl2 as eluent to give
15 (26.1 mg, 62%). M.p. 203 ± 205 �C (decomp); IR (KBr): �� � 1741, 1513,
1339, 1330, 1248, 1182, 1150, 1062 cm�1; 1H NMR (300 MHz, CDCl3): ��
2.17 (s, 3H), 2.40 (s, 3H), 4.53 (s, 2H), 4.62 (s, 2H), 7.02 (d, 1H, J� 7.7 Hz),
7.18 (d, 1H, J� 7.7 Hz), 7.31 (d, 2H, J� 8.0 Hz), 7.73 (d, 2H, J� 8.3 Hz),
8.36 (d, 2H, J� 8.5 Hz), 8.39 (d, 2H, J� 8.4 Hz); 13C NMR (75.7 MHz,
CDCl3): �� 16.2 (q), 21.9 (q), 52.1 (t), 54.0 (t), 121.0 (d), 124.2 (d), 126.2 (s),
127.9 (d), 129.5 (s), 129.9 (s), 130.3 (d), 131.6 (d), 131.8 (d), 133.9 (s), 134.2
(s), 136.5 (s), 144.2 (s), 151.5 (s), 162.4 (s); MS: m/z (%): 451 [M��H], 3),
297 (100), 150 (73); elemental analysis (%) calcd for C23H20N2O6S: C 61.05,
H 4.46, N 6.19; found: C 60.63, H 4.51, N 5.98.


1,5-Dimethyl-3-(2-methylprop-1-enyl)indan-4-yl 4-nitrobenzoate (16): p-
Nitrobenzoyl chloride (400 mg, 2.16 mmol) was added portionwise to a
solution of 12 (19.2 mg, 88.7 �mol) in pyridine (5 mL) at 0 �C. Then a
catalytic amount of DMAP (ca. 6 mg) was added and the mixture was
stirred at room temperature overnight. The reaction was quenched with
water, and the precipitate was collected, dissolved in CH2Cl2,and dried
over MgSO4. After removal of the solvent, the residue was purified by
column chromatography on silica gel (5% EtOAc/petroleum ether) to give
16 (22.3 mg, 69%). Single crystals for the crystal structure analysis of 16
were grown from dichloromethane/petroleum ether at room temperature.
M.p. 142 ± 143 �C; IR (KBr): �� � 1734, 1517, 1250, 1169, 1063 cm�1; 1H NMR
(500 MHz, CDCl3): �� 1.15 (br s, 3H), 1.19 ± 1.35 (m, 1H), 1.33 (d, 3H, J�
6.8 Hz), 1.38 (br s, 3H), 2.19 (s, 3H), 2.41 (ddd, 1H, J� 7.1, 7.1, 12.4 Hz),
3.10 ± 3.15 (m, 1H), 3.91 (br s, 1H), 5.05 (brd, 1H, J� 9.0 Hz), 7.04 (d, 1H,
J� 7.6 Hz), 7.14 (d, 1H, J� 7.6 Hz), 8.32 (d, 2H, J� 8.9 Hz), 8.35 (d, 2H,
J� 8.9 Hz); 13C NMR (126 MHz, CDCl3): �� 16.1 (q), 17.7 (q), 17.9 (q),
25.8 (q), 38.4 (d), 42.6 (d), 43.8 (t), 121.3 (d), 123.8 (d), 123.9 (d), 127.9 (s),
130.0 (d), 131.5 (d and s, 2C), 135.4 (s), 137.6 (s), 146.1 (s), 149.4 (s), 150.9
(s), 161.9 (s); MS: m/z (%): 365 [M�] (29), 199 (100), 150 (26), 215 (9);
HRMS: m/z : calcd for C22H23NO4: 365.1627 [M�], found: 365.1627.
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Mechanistic Study of Bu2SnCl2-Mediated Ring-Opening Polymerization
of �-Caprolactone by Multinuclear NMR Spectroscopy
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Monique Biesemans,*[a] Rudolph Willem,[a] and Philippe Dubois[b]


Abstract: The ring-opening polymeri-
zation (ROP) of �-caprolactone (CL)
was carried out in toluene at 100 �C with
n-propanol (nPrOH) in the presence of
Bu2SnCl2. It comes out that the molar
mass of the polyester chains can be
predicted from the initial monomer-to-
alcohol molar ratio in accordance with a
controlled ROP mechanism involving
an O-acyl cleavage of the monomer to
selectively form (�-propyloxy)(�-hy-
droxy)poly(�-caprolactone) chains. In
order to gain fundamental understand-


ing of the mechanistic factors governing
the polyester chain growth, advanced
1H, 13C, and 119Sn NMR investigations
were performed in situ in [D8]toluene, as
well as with model solutions that con-
tained Bu2SnCl2 and binary mixtures of
the components at various concentra-
tions and temperatures. This has en-


abled us to propose a mechanism in
which Bu2SnCl2 behaves as a catalyst,
while nPrOH is the actual initiator. It
involves non-aggregated, six-coordinate
Bu2SnCl2 complexes in which ligands
exchange fast on the 119Sn NMR obser-
vational timescale, and the simultaneous
interactions of CL and alcohol function
in such a way that it favors insertion/
propagation reactions over transesteri-
fication ones, up to high monomer con-
version.


Keywords: lactones ¥ NMR spec-
troscopy ¥ reaction mechanism ¥
ring-opening polymerization ¥ tin


Introduction


The majority of polymers used in the biomedical field to
develop implants, sutures, and controlled drug-delivery sys-
tems are resorbable aliphatic polyesters. They are synthesized
by ring-opening polymerization (ROP) of cyclic (di)esters
such as �-caprolactone (CL), lactides, and glycolide. The most
widely used initiators for the ROP of cyclic (di)esters are
aluminum alkoxides[1±9] and tin alkoxides[10] or carboxy-
lates[11±17] (the latter coupled with alcohols as co-initiators).
The predominance of these activators is due to their ability to
produce stereoregular polymers of narrow molecular-weight
distribution and predictable molar mass with well-defined end
groups. Such a control of the molecular parameters can only
be achieved by a comprehensive study of the polymerization


mechanism and the factors governing the reactivity of active
species.
As far as aluminum and tin alkoxides are concerned, the


polymerization proceeds through a coordination ± insertion
mechanism with acyl ± oxygen cleavage of the monomer and
insertion into the metal ± oxygen bond of the initiator
(Scheme 1).
A major difference between aluminum- and tin-based


initiators is that tin derivatives, and more particularly tin(��)
compounds, are known as good transesterification cata-
lysts.[18, 19] In fact, there are two possibilities of transesterifi-
cation side reactions in ROP of (di)lactones: monomolecular
(intramolecular) chain transfer with macrocyclics formation
[Eq. (1)][20] and bimolecular (intermolecular) chain transfer,
leading to macromolecular chain-length redistribution and
thus broadening of molecular weight distribution [Eq. (2)].[20]


The extent of inter- and intramolecular transfer reactions
depends on the monomer conversion and on the structure of
the active sites so that less reactive species are more
discriminating and characterized by higher selectivity param-
eters, �� kp/ktr(1) and �� kp/ktr(2) in which kp, ktr(1) , and ktr(2)
are the kinetic constants of propagation, monomolecular, and
bimolecular transfer reactions, respectively.[21] The formation
of cyclic compounds is thermodynamically inevitable for
polyesters, but kinetic conditions can be found out to prepare
linear macromolecules almost free of ring structures. Due to
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Scheme 1. Coordination ± insertion mechanism as illustrated for the poly-
merization of �-caprolactone, initiated by trialkoxy aluminum.[5]


intermolecular transfer reactions, the polydispersity index
(Mw/Mn) increases more or less rapidly with the monomer
conversion, eventually reaching the value predicted by the
most probable distribution (Mw/Mn� 2) in case of initiators
characterized by low selectivity. In contrast, for highly
selective active species, the molecular distribution can be
kept narrow until almost complete monomer conversion is
achieved and only broadens for a much longer reaction time
actually well above the monomer-to-polymer conversion.
Next to the aforementioned tin alkoxides and carboxylates,


other tin(��) derivatives, such as SnPh4,[22] SnBu4,[23] SnX4
(where X�Cl and Br),[24] and 1-alkoxy-3-oxyacyl tetrabutyl
distannoxane,[25] have also been reported to promote the ROP
of cyclic esters. The polymerization is often carried out in bulk
(i.e., in the absence of solvent) at temperatures ranging from
100 to 180 �C. So far, these tin(��) derivatives have been
mostly compared to each other in terms of polymerization
kinetics, but poorly investigated from the viewpoint of the
activation mechanism. Actually, the only information avail-
able is the necessity to have hydroxyl-containing compounds
within the reaction medium for (co-) initiating the polymer-
ization. In order to shed some more light onto the efficiency
and the selectivity of such tin(��)-based activators, Bu2SnCl2


was taken into consideration for mediating
the ROPof CL. For this purpose, Bu2SnCl2
was added with n-propanol while the CL
polymerization was carried in toluene at
100 �C.
This paper shows that such conditions


allow for controlling the polymerization
mechanism to yield polyester chains of


predetermined molar mass from the initial monomer-to-
alcohol molar ratio. Confirming previous statements, trans-
esterification reactions, however, occur at higher monomer
conversion leading to a broadening of molecular-weight
distribution. Interestingly, multinuclear NMR spectroscopy
was utilized in order to get a better insight into the polymer-
ization mechanism, and the parameters responsible for the
polydispersity increase as the polymerization proceeds. In
particular, 119Sn NMR spectroscopy has been used as a
powerful tool for monitoring the coordination of the organo-
tin catalyst as a function of the degree of polymerization.


Results and Discussion


Polymerization of �-caprolactone (CL): In a first set of
experiments, the ring-opening polymerization (ROP) of �-
caprolactone ([CL]0� 4.51 molL�1) was initiated with n-
propanol ([nPrOH]0� 4.51� 10�2 molL�1) in the presence
of dibutyltin dichloride ([Bu2SnCl2]0� 2.25� 10�3 molL�1) in
toluene at 100 �C. Table 1 shows the time dependence of the
monomer conversion, the number average molecular weight
(Mn), and the molecular-weight distribution (Mw/Mn).


The monomer conversion was determined gravimetrically
by weighing the precipitated polyester chains. It comes out
that Bu2SnCl2-mediated polymerization of CL is quite slow
compared to that initiated by aluminum and tin alkoxides.[5±10]


Indeed, a reaction time of 94 h at 100 �C is required to reach a
monomer conversion close to completion (entry 4 in Table 1).
Assuming that each chain is end-capped by a propyloxy-


carbonyl function at one end and a hydroxyl group at the
other, according to the coordination-insertion mechanism
(Scheme 1), the experimental molar mass can be calculated by
1H NMR spectroscopy (MnNMR) from the relative intensity of
the methylene protons of the main chain at 3.95 ppm (-CH2-
O-C(O)-) and �-hydroxy methylene protons at 3.35 ppm
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Table 1. Time dependence of monomer conversion, number average
molecular weight (Mn) and polydispersity index (Mw/Mn).


Time [h] Conversion [%] Mntheor
[a] MnNMR


[b] MnSEC
[c] Mw/Mn


1 24 � 1 ± ± ± ±
2 48 24 2700 2200 2600 1.04
3 72 47 5400 6300 6100 1.05
4 94 98 11200 12400 9800 1.77


[a]Mntheor� ([CL]0/[nPrOH]0� conv.�MWCL)�MWnPrOH. [b]MnNMR�
[(1� (ICH2-O-CO/ICH2-OH))�MWCL]�MWnPrOH, as determined by 1H NMR
spectroscopy. [c]MnSEC, as determined by SEC.
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Figure 1. 1H NMR spectrum of poly(�-caprolactone) as obtained by
polymerization of �-caprolactone initiated by n-propanol in the presence
of Bu2SnCl2 in toluene at 100 �C for 72 h (entry 3 in Table 1).


(-CH2-OH) (Figure 1). It is worth noting that there is a good
agreement between the experimental average molar masses
(MnNMR and MnSEC determined by size exclusion chromatog-
raphy) and the theoretical one calculated from the initial
monomer-to-alcohol molar ratio (Mn� ([CL]0/[nPrOH]0�
conv.�MWCL)�MWnPrOH), whereby conv. denotes monomer
conversion, andMWCL andMWnPrOH are the molecular weights
of monomer and n-propanol, respectively). Such a behavior is
consistent with a polymerization mechanism involving an
O-acyl rupture of the monomer to selectively form (�-
propyloxy)(�-hydroxyl)poly(�-caprolactone) chains in the
absence of any transfer and irreversible termination reactions.
As far as the molecular-weight distribution is concerned, it is
remarkably narrow (Mw/Mn� 1.1), at least up to monomer
conversion of 50% (entries 2 and 3 in Table 1). When the
reaction time exceeds 72 h, transfer reactions start to happen
that lead to a broadening of the molecular-weight distribution
(Figure 2).
In another experiment, the initial monomer-to-alcohol


molar ratio was decreased to 50 for an initial [nPrOH]0/
[Bu2SnCl2]0 molar ratio of 50. After 24 h at 100 �C, complete
monomer conversion was reached, and the polyester chains
were analyzed by size exclusion chromatography (SEC).
Again, a quite good agreement exists between MnSEC (6100)
and the expected molar mass (Mntheor� 5750). The polydisper-
sity index reached 1.4.
Last but not least, an attempt to polymerize CL with


Bu2SnCl2 in the absence of n-propanol was carried out in
toluene at 100 �C ([CL]0� 4.512 molL�1 and [CL]0/
[Bu2SnCl2]0� 2000). After 94 h, monomer conversion was
lower than 0.5%; this definitely demonstrates that n-propanol
is the actual and exclusive initiator of the polymerization. To
gain a better insight into the polymerization mechanism and
the parameters governing the reactivity of the active species, a
multinuclear NMR study of Bu2SnCl2 in various chemical
environments was conducted.


Figure 2. SEC traces of poly(�-caprolactone) as obtained by polymer-
ization of �-caprolactone initiated by n-propanol in the presence of
Bu2SnCl2 in toluene at 100 �C for various reaction times: 48 h (�), 72 h (�)
and 94 h (––).


NMR investigations : The 119Sn NMR spectra of purified
Bu2SnCl2 in [D8]toluene at 303 K for concentrations of 0.13
and 0.65 molL�1 display a single narrow resonance at 124.2
and 123.4 ppm, respectively. Varying the temperature from
363 to 233 K has negligible effect on the 119Sn chemical shifts,
which range from 126.2 to 120.7 ppm and from 125.8 to
120.6 ppm for diluted and concentrated Bu2SnCl2 solutions,
respectively. Such observations are consistent with a four-
coordinate tin atom and the virtual absence of coordinating
expansion by auto-aggregation upon concentration and
temperature decrease. Interestingly, the 119Sn chemical shift
decreases to 29 ppm at 303 K when CL and nPrOH are added
to a solution of Bu2SnCl2 in [D8]toluene ([CL]� 4.5 molL�1,
[nPrOH]� 0.045 molL�1, and [Bu2SnCl2]� 0.1125 molL�1). It
is worth noting that the concentrations in both monomer and
alcohol are identical to those prevailing for the polymer-
ization conducted at 373 K, while the concentration in
Bu2SnCl2 is 50-fold higher to achieve acceptable 119Sn signal-
to-noise response. Table 2 shows the temperature dependence
of the 119Sn chemical shift for various ternary and binary
compositions containing Bu2SnCl2, CL, and nPrOH. A single
119Sn resonance is observed whatever the temperature and
composition; this means that several coordinated tin config-
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Table 2. Temperature dependence of the 119Sn chemical shift for various
binary and ternary compositions in [D8]toluene ([Bu2SnCl2]�
0.1125 molL�1, [CL]� 4.5 molL�1, [nPrOH]1� 0.045 molL�1 and
[nPrOH]2� 0.225 molL�1).


T [K] Bu2SnCl2/
CL/nPrOH1


Bu2SnCl2/CL Bu2SnCl2/
nPrOH1


Bu2SnCl2/
nPrOH2


233 � 19.1 � 20.0 � 85.4 � 24.3
253 � 7.2 � 2.9 � 101.7 � 63.2
273 � 8.7 � 13.8 � 114.8 � 92.7
303 � 29.0 � 32.2 � 120.9 � 113.1
363 � 64.9 � 66.5 � 120.3 � 119.2
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urations coexist with an exchange rate that is fast on the 119Sn
NMR timescale. The decrease of the 119Sn chemical shift upon
temperature decrease, whatever the composition, evidences
the existence of equilibrated mixtures in which a coordination
expansion occurs upon temperature lowering.[27, 28]


To get a better insight into the relative effectiveness of CL
and nPrOH to coordinate Bu2SnCl2, binary compositions
were studied. Similarly to the ternary mixture, the temper-
ature dependence of the 119Sn chemical shift for Bu2SnCl2/CL
binary mixture is roughly linear and passes from 66.5 ppm at
363 K to �20.0 ppm at 233 K (Figure 3).


Figure 3. Temperature dependence of the 119Sn chemical shift of the binary
mixture containing Bu2SnCl2 (0.1125 molL�1) and CL (4.5 molL�1) in
[D8]toluene.


In the absence of CL, the addition of n-propanol to
Bu2SnCl2 also affects the temperature dependence of the
119Sn chemical shift. As might be expected, the variation is
more pronounced for a [nPrOH]/[Bu2SnCl2] molar ratio of 2
as compared to 0.4, but the most striking feature is that the
119Sn chemical shift varies almost asymptotically with temper-
ature to reach a value close to that of the purified Bu2SnCl2 in
[D8]toluene at 363 K, that is, �120 ppm (Figure 4). In other
terms, although n-propanol apparently coordinates more


Figure 4. Temperature dependence of the 119Sn chemical shift of the binary
mixture containing Bu2SnCl2 (0.1125 molL�1) and nPrOH (0.225 molL�1)
in [D8]toluene.


strongly the tin atom than CL, as can be deduced from both
the respective temperature dependence of the chemical shifts
(ca. 95 ppm over 130 K for nPrOH and about 85 over 130 K
for CL) in conjunction with their important concentration


differences (0.225 molL�1 for nPrOH and 4.5 molL�1 for
CL), coordination of n-propanol to tin(��) can be considered
as negligible at higher temperature. Actually this indicates at
most that at high temperatures the fast dynamic equilibrium
between tin species coordinating n-propanol and those that do
not are by far in favor of the latter, without actually excluding
that n-propanol does interact with tin. As an intermediate
conclusion, it can be stated that CL coordinates the tin atom
and brings, at least partially, the four-coordinate Bu2SnCl2 in
more favorable five- and/or six-coordinate configurations to
initiate the coordination-insertion polymerization as illustrat-
ed above with aluminum alkoxides (Scheme 1). Though n-
propanol is the actual initiator, it is prone neither to
coordinate irreversibly and even reversibly to the tin atom
at the polymerization temperature (373 K), nor to substan-
tially react with Bu2SnCl2 to form tin alkoxide species such as
Bu2Sn(Cl)2�n(OC3H7)n. Indeed, no additional single reso-
nance accounting for tin(��) alkoxide can be detected by
119Sn NMR spectroscopy, at least within the NMR timescale.
In a subsequent series of experiments mimicking the


polymerization conditions, the ternary mixture of CL, n-
propanol and Bu2SnCl2 in [D8]toluene was heated up to 353 K
by immersing the NMR tube directly in a thermostated oil
bath ([CL]� 4.5 molL�1, [nPrOH]� 0.145 molL�1 and
[Bu2SnCl2]� 0.1125 molL�1). After various polymerization
times, the NMR tube was cooled down to 303 K in order to
record the 1H, 13C and 119Sn spectra of the reaction mixture. It
allowed monitoring the 119Sn chemical shift as a function of
the monomer-to-polymer conversion. Monomer conversion
was monitored by 1H NMR spectroscopy from the relative
intensities of the methylene protons of the residual monomer
at 2.33 ppm and the ones of the polyester repetitive units at
2.10 ppm. Table 3 shows that the single narrow 119Sn reso-
nance drifts to higher chemical shift as the polymerization


proceeds. For instance, it increases from 26.2 ppm for the
initial ternary mixture up to 72.2 ppm at almost complete
monomer conversion (entries 1 and 8 in Table 3). It is worth
noting that the 119Sn chemical shift at the end of the
polymerization process remains far from 120 ppm, which
excludes a pure four-coordinate tin(��) configuration.
After evaporation under reduced pressure of the solvent


and any other volatile components (for instance, residual
monomer and/or low molecular-weight macrocyclics) from


Chem. Eur. J. 2003, 9, 4346 ± 4352 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4349


Table 3. Time dependence of the 119Sn chemical shift and monomer
conversion as determined by NMR spectroscopy at 303 K ([CL]�
4.5 molL�1, [nPrOH]� 0.145 molL�1 and [Bu2SnCl2]� 0.1125 molL�1).


Time Conversion 119Sn chemical shift
[h] [%] [ppm]


1 0.0 0.0 26.2
2 68.0 29.3 34.7
3 91.0 43.0 37.6
4 140.0 73.3 49.7
5 166.5 81.6 54.5
6 236.0 98.6 71.8
7 260.0 99.4 72.4
8 284.0 99.8 72.2
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the polymerization medium, the resulting solid, which can
only be a combination of higher molecular weight poly(�-
caprolactone) (PCL) and tin derivatives, was dissolved in
[D8]toluene, and the solution was analyzed by 119Sn NMR
spectroscopy. As evidenced by the shift to higher frequency of
the 119Sn signal up to 86.0 ppm, it turns out that the tin atom is
partially coordinated by one (tin coordination number, CN�
5) and/or two (CN� 6) carbonyl groups from the PCL chains.
Such inter- and/or intramolecular coordination of the poly-
ester chains onto the metal is likely to be weaker than the
coordination of CL monomer, because of the higher thermal
instability of the tin ± ligand interaction; this explains the drift
to high frequency of the 119Sn signal as the polymerization
proceeds. In order to confirm that PCL chains are able to
coordinate to the tin atoms, a mixture of Bu2SnCl2 and
previously prepared (�-propyloxy)(�-hydroxyl)poly(�-capro-
lactone) was prepared in [D8]toluene so as to reach a
concentration very similar to the polymerization experiment
([Bu2SnCl2]� 0.1125 molL�1 and [CL repetitive unit]�
4.5 molL�1). The 119Sn NMR spectrum shows a single narrow
signal with a chemical shift of 83.6 ppm, which is very close to
the value observed after the evaporation treatment of the
crude polymerization medium.
At this stage, the question still to be addressed concerns the


exact origin of the difference in 119Sn chemical shifts before
and after evaporation treatment (72.2 and 86.0 ppm, respec-
tively). As stated above, such a discrepancy can only be
explained by the presence of volatiles, that is, 0.2% residual
monomer and/or macrocylics formed by intramolecular trans-
esterification reactions [see Eq. (1)]. To evidence the pres-
ence or absence of macrocyclics, the crude polymerization
product was analyzed before the evaporation treatment by
size exclusion chromatography (SEC) and 13C NMR spectros-
copy. No trace of low molecular-weight oligomers could be
detected by SEC, which diplays a quite narrow polydispersity
index (Mn� 4200 and Mw/Mn� 1.31, Figure 5).


Figure 5. SEC trace of poly(�-caprolactone) as obtained by direct poly-
merization of �-caprolactone in a NMR tube (entry 8 in Table 3).


The 13C NMR spectrum shows three well-separated signals
in the carbonyl region; these can be assigned to the carbonyl
groups of PCL repetitive units at 173.1 ppm, the propyloxy-
carbonyl end-group at 173.3 ppm, and the carbonyl function


of residual monomer at 175.2 ppm, respectively. Confirming
this chemical shift assignment, Figure 6 shows the dependence
of these specific 13C signals on the monomer conversion.


Figure 6. Time dependence of 13C NMR spectra of poly(�-caprolactone) as
obtained by direct polymerization of �-caprolactone in a NMR tube. From
bottom to top; 1) t� 0; 2) t� 42 h; 3) t� 90 h; 4) t� 160 h; and 5) t� 258 h.


As a result, the formation of cyclic oligomers can be
excluded, at least within the time required to reach maximum
monomer conversion, and the difference in 119Sn chemical
shift is then only attributable to the presence of residual
monomer. Scheme 2 illustrates the evolution of a tin config-
uration that likely prevails as the polymerization proceeds. It


Scheme 2. Tin configuration as the polymerization of CL proceeds
(* CN� 4 and 5 are also present).


is worth recalling that a fast dynamic equilibrium between
coordinated tin species exists at the polymerization temper-
ature, especially for tin species coordinating n-propanol.
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The first part of the initiation/propagation involves the
coordination of the monomer to Bu2SnCl2 with a partial
extension of the tin coordination number up to six. With the
coordination of the monomer, the nucleophilic attack of the
oxygen of n-propanol onto the monomer carbonyl carbon
atom is activated. The formation of the new C�O bond
between the monomer and the alcohol probably occurs via a
four-center transition state (2 in Scheme 3). In the intermedi-
ate, the former carbonyl oxygen is coordinated to tin through


Scheme 3. Plausible mechanism detailing the insertion propagation.


an alkoxide bond (3 in Scheme 3), but it is rapidly replaced by
the coordination of a new monomer molecule with formation
of 4 (analogue of 1). At high monomer conversion, the
polyester remains partially coordinated to the tin atom as
evidenced by the value of the 119Sn chemical shift close to
72 ppm, while the very labile coordination of the primary
hydroxyl group that end-caps the PCL chains is responsible
for the occurrence of intermolecular transesterification reac-
tions and the broadening of the molecular-weight distribution.
According to such a mechanism, Bu2SnCl2 behaves as a
catalyst activating the carbonyl group of the monomer, while
the actual initiator is n-propanol. The electrophilicity of the
metal center plays an important role in the controlled
character of the ROP sequence through the higher stability
of the tin lowest unoccupied molecular orbital with the
monomer highest occupied molecular orbital rather than that
of the hydroxyl group. This in turn leads to a control of the
polyester molecular parameters: predictable average molar
mass from the initial monomer-to-initiator molar ratio and
remarkably narrow polydispersity index (Mw/Mn� 1.1), even
up to high monomer conversion.
Figure 7 shows that the experimental PCL molar mass


(MnNMR) increases linearly with monomer conversion meaning
that the number of active species remains constant all along
the ROP. The MnNMR value was determined by 1H NMR
spectroscopy from the relative intensity of methylene protons
of the repetitive units at 3.95 ppm (-CH2-O-CO-) and �-
hydroxyl methylene protons at 3.35 ppm (-CH2-OH). An
excellent agreement exists between the MnNMR at complete


Figure 7. Dependence of poly(�-caprolactone) molar mass on monomer
conversion in [D8]toluene at 353 K ([CL]� 4.5 molL�1, [nPrOH]�
0.145 molL�1 and [Bu2SnCl2]� 0.1125 molL�1).


monomer conversion (3600) and the theoretical value (3600)
calculated by Mntheor� ([CL]0/[nPrOH]0� conv.�MwCL)�
MwnPrOH, whereby [CL]0 and [nPrOH]0 are the initial concen-
trations of the monomer and the initiator, respectively;MwCL


and MwnPrOH are the molecular weights of the monomer and
initiator, respectively; and conv. is the monomer conversion.


Conclusion


Ring-opening polymerization (ROP) of cyclic esters can be
more or less efficiently initiated by a wide range of ionic and
non-ionic organometallic compounds. Covalent metal alkox-
ides and carboxylates (the latter coupled with alcohols as co-
initiators) have been demonstrated to initiate cyclic esters
polymerization through a coordination ± insertion mecha-
nism. This paper shows that activation of the ROP of cyclic
esters and control of molecular parameters can also be
achieved by using other tin(��) derivatives, such as Bu2SnCl2
which probably behaves as a catalyst, while n-propanol acts as
the initiator. Advanced 119Sn NMR spectroscopy has been
shown to be a powerful tool for monitoring the coordination
of organotin catalysts and elucidating the polymerization
mechanism. The electrophilicity of the metal center plays a
key role in the ROP reaction sequence, and more particularly,
the propensity towards metal ± oxygen bond formation as well
as its dynamics and thermal stability.


Experimental Section


Materials : �-Caprolactone (CL, Acros, 99%) and n-propanol (nPrOH,
Aldrich, 99.5�%) were dried over calcium hydride at room temperature
for 48 h and then distilled under reduced pressure. As far as polymerization
experiments were concerned, dibutyltin(��) dichloride (Bu2SnCl2, Aldrich,
96%) was dried by three successive azeotropic distillations of toluene,
while it was preliminarily crystallized from petroleum ether at 0 �C for
NMR mechanistic studies. Toluene (Labscan, 99%) was dried by refluxing
over CaH2 and distilled just before use under inert atmosphere. For the
sake of accuracy, n-propanol and Bu2SnCl2 solutions in dry toluene were
prepared just before use ([nPrOH]� 0.45 molL�1 and [Bu2SnCl2]�
2.256� 10�2 molL�1).


Ring-opening polymerization of �-caprolactone : A typically representative
polymerization experiment is reported here. In a preliminarily flamed and
nitrogen purged round-bottomed flask equipped with a three-way stopcock


Chem. Eur. J. 2003, 9, 4346 ± 4352 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4351







FULL PAPER M. Biesemans et al.


and a rubber septum, �-caprolactone (5.0 mL, 45.12 mmol), a solution of
Bu2SnCl2 in toluene (1.0 mL, 2.256� 10�2 mmol) and toluene (3.0 mL)
were added. The reaction medium was heated up to 100 �C before a
solution of n-propanol in toluene (1.0 mL, 0.45 mmol) was added. After a
reaction time of 48 h, the reaction product was poured into cold heptane
(80 mL). The polymer was recovered by filtration and dried under reduced
pressure at 40 �C until constant weight was achieved. Yield� 24%. In order
to extract undesired tin(��) residues, the polymer was dissolved in CHCl3
(1 g in 10 mL) and added to an aqueous solution of HCl (10 mL,
0.1 molL�1) in a separating funnel. The organic phase was recovered,
washed twice over with deionized water, and poured into cold heptane
(80 mL). The purified polyester was recovered by filtration and dried under
reduced pressure at 40 �C until constant weight. 1H NMR (500 MHz,
[D8]toluene): �� 0.81 (t, 3H; Me in propyloxy), 1.0 ± 1.7 (m, 8H;
methylene of the repetitive units (6H) and propyloxy (2H)), 2.07 (t, 2 H;
methylene adjacent to CO-O), 3.35 (t, 2H; methylene adjacent to
hydroxyl), 3.95 ppm (t, 4H; methylene adjacent to O-CO (2H) and
propyloxycarbonyl (2H)). Mn� 2600. Mw/Mn� 1.04.
Characterization : 1H, 13C, and 119Sn spectra were acquired on an upgraded
AMX500 spectrometer tuned at 500.13, 62.90, and 186.5 MHz, respective-
ly, with [D8]toluene as a solvent. Chemical shifts were referenced to
residual toluene peaks and converted to the standard Me4Si scale by adding
7.00 and 137.9 ppm for 1H and 13C, respectively. For 119Sn nuclei, absolute
external referencing with �� 37.290665 MHz was used.[25] Typical 119Sn
acquisition parameters were: acquisition time: 0.85 s; recycling time: 1 s;
number of scans: 2048; digital resolution in the FID: 0.59 Hz per pt;
spectral width: 38461 Hz; pulse length: 15.0 �s; inverse-gated proton
broad-band decoupling: Waltz16. Typical 13C acquisition parameters were:
acquisition time: 1.25 s; recycling time: 4 s; number of scans: 400; digital
resolution in the FID: 0.40 Hz per pt; spectral width: 26316 Hz; pulse
length: 15.0 �s; proton broad-band decoupling: Waltz16. Typical 1H
acquisition parameters were: acquisition time: 0.59 s; recycling time:
10 s; number of scans: 32; digital resolution in the FID: 0.85 Hz per pt;
spectral width: 6944 Hz; pulse length: 9.9 �s.


Size exclusion chromatography (SEC) was performed in THF at 35 �C by
using a Polymer Laboratories liquid chromatograph equipped with a PL-
DG802 degasser, an isocratic HPLC pump LC 1120 (flow rate�
1 mLmin�1), a Marathon autosampler (loop volume� 200 �L, solution
conc.� 1 mgmL�1), a PL-DRI refractive index detector and three columns:
a PL gel 10 �m guard column and two PL gel Mixed-B 10 �m columns
(linear columns for separation of PS molecular weight ranging from 500 to
106 Da). Poly(styrene) standards were used for calibration. Molar masses
were calculated by reference to a poly(styrene) standard calibration curve,
using the Mark ±Houwink relationship [�]�KMa for PS and PCL (KPS�
1.25� 10�4 dLg�1, aPS� 0.707, KPCL� 1.09� 10�3 dLg�1, aPCL� 0.600).
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Scope, Kinetics, and Mechanistic Aspects of Aerobic Oxidations
Catalyzed by Ruthenium Supported on Alumina


Kazuya Yamaguchi and Noritaka Mizuno*[a]


Abstract: The Ru/Al2O3 catalyst was
prepared by modification of the prepa-
ration of Ru(OH)3 ¥ nH2O. The present
Ru/Al2O3 catalyst has high catalytic
activities for the oxidations of activated,
nonactivated, and heterocyclic alcohols,
diols, and amines at 1 atm of molecular
oxygen. Furthermore, the catalyst could
be reused seven times without a loss of
catalytic activity and selectivity for the


oxidation of benzyl alcohol. A catalytic
reaction mechanism involving a ruthe-
nium alcoholate species and �-hydride
elimination from the alcoholate has
been proposed. The reaction rate has a


first-order dependence on the amount of
catalyst, a fractional order on the con-
centration of benzyl alcohol, and a zero
order on the pressure of molecular oxy-
gen. These results and kinetic isotope
effects indicate that �-elimination from
the ruthenium alcoholate species is a
rate-determining step.


Keywords: alcohols ¥ amines ¥
heterogeneous catalysis ¥ molecular
oxygen ¥ supported catalysts


Introduction


Ketones and aldehydes are an important class of industrial
chemicals that have been widely used as chemical intermedi-
ates or solvents; for example, more than 8� 105 tons of C4


ketones and 2� 106 tons of C1 ±C3 aldehydes have been
produced in one year.[1] Alcohol oxidations are traditionally
carried out with stoichiometric metal oxidants, particularly
dichromate and permanganate, to produce enormous
amounts of heavy metal salts as wastes.[2] In this context, the
development of catalytic oxidation systems with molecular
oxygen is intrinsically ™non-waste producing∫ and of great
importance.[3]


Many methods used for the homogeneous oxidation of
alcohols catalyzed by transition metals such as ruthenium,[4]


palladium,[5] copper,[6] cobalt,[7] and vanadium[8] have recently
been reported; however, these systems have disadvantages:
large quantities of catalysts and sometimes co-catalysts such
as NaOAc, NaOH, K2CO3, N-hydroxyphthalimide (NHPI),
hydroquinone, and 2,2�,6,6�-tetramethylpiperidinyloxy (TEM-
PO) are needed, and/or kinds of substrate alcohols are
limited. CuCl/Phen/K2CO3


[6a,d,e] and Pd(OAc)2/PhenS*/
NaOAc[5d,h] are examples of systems used for efficient aerobic
alcohol oxidations. With the former system, the turnover
number (TON) and turnover frequency (TOF) for the


oxidation of 2-undecanol are low, that is, 9 and 5 h�1,
respectively. With the latter system, those for the oxidation
of 2-pentanol are 400 and 100 h�1, respectively. Even with
these systems, large quantities of co-catalysts such as NaOAc,
NaOH, and K2CO3 (0.05 ± 2 equivalents with respect to the
alcohol) are needed to achieve high yields of carbonyl
compounds. In addition, the Pd(OAc)2/PhenS*/NaOAc sys-
tem cannot oxidize carbon ± carbon double bond, sulfur, or
nitrogen-containing alcohols because of strong coordination
to the Pd center.[5d,h] Therefore, little is known of widely
usable oxidations of alcohols with molecular oxygen alone.


In addition, if these oxidations could be performed with
solid (supported) catalysts, they would be environmentally
friendly because of the easy isolation of catalysts from
the products and the recycling.[9] nPr4NRuO4/MCM-41,[10a]


Ru/CeO2,[10b] Ru ± hydrotalcite,[10c,d] [(RuCl)2Ca8-
(PO4)6(OH)2],[10e] [RuCl2(p-cymene)]2/activated carbon,[10f]


Ru ±Mn ±Fe ±Cu mixed oxide,[10g,h] zeolite-confined RuO2


(RuO2-FAU),[10i] Pd or Pt on activated carbon,[11a] Pd ± hy-
drotalcite,[11c,d] Pd ± hydroxyapatite,[11e] and polymer-support-
ed Pd[11f] are examples. However, the heterogeneous oxida-
tions are limited to activated alcohols and/or the TONs and
TOFs are very low.[10, 11] Furthermore, although heterogene-
ous catalytic oxidations of alcohols with molecular oxygen
without additives in water or without solvents are environ-
mentally and technologically the most desirable methods,
efficient, widely usable catalysts are hitherto unknown.


We have very recently reported effective aerobic hetero-
geneous oxidations of alcohols and amines with molecular
oxygen or air alone catalyzed by a supported ruthenium
catalyst (Ru/Al2O3).[12] In this paper, we expand the scope and
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discuss the kinetic and mechanistic aspects of the aerobic
oxidations [Eqs. (1) ± (3)].


Results and Discussion


Scope of the Ru/Al2O3-catalyzed aerobic oxidation : First, the
catalytic activity and selectivity for the oxidation of benzyl
alcohol with 1 atm of molecular oxygen as the sole oxidant
were compared with various ruthenium catalysts. The results
are shown in Table 1. No oxidation proceeded in the absence
of the catalyst or in the presence of �-Al2O3 (entries 15 and
16). Among various ruthenium catalysts tested, Ru/Al2O3 had
the highest catalytic activity and selectivity for the oxidation
of benzyl alcohol to benzaldehyde (entry 1). Neither benzoic
acid nor benzyl benzoate could be detected. When the
reactions were carried out in toluene, p-xylene, and ethyl
acetate, the reaction rates and the selectivity to benzaldehyde
were almost the same as those in trifluorotoluene. Under the
present conditions, the initial rate (R0) for the oxidation of
benzyl alcohol for Ru/Al2O3 was 1.93� 10�2 �min�1, which is
higher than that of the active homogeneous catalyst
nPr4NRuO4 (1.44� 10�2 �min�1; entry 8).[4e,f] In the case of
the catalyst precursor of RuCl3 ¥ nH2O, Friedel ±Crafts-type
reaction to afford o-, m-, and p-benzyltrifluorotoluenes


proceeded (entry 9). [RuCl2(PPh3)3] gave only stoichiometric
amounts of benzaldehyde (entry 11) and 18-electron ruthe-
nium complexes such as [RuCl2(dmso)4], RuCl2(bpy)2, and
[RuCl2(p-cymene)]2 were completely inactive (entries 12 ±
14). The increase in the reaction temperature above 423 K
resulted in the successive oxidation of benzaldehyde and
decrease in the selectivity.


We used inductively coupled plasma combined with atomic
emission spectroscopy (ICP-AES) to confirm that the Ru
content of the used Ru/Al2O3 catalyst was the same as that of
the fresh catalyst and that no Ru was detected in the filtrate
(below a detection limit of 7 ppb). In addition, the oxidation
of benzyl alcohol was completely stopped by the removal of
Ru/Al2O3 from the reaction solution as shown in Figure 1.
These results indicate that any Ru species that leached into
the reaction solution is not an active homogeneous catalyst


Figure 1. Effect of removal of Ru/Al2O3 on the oxidation of benzyl
alcohol. Without removal of Ru/Al2O3 (�); an arrow indicates the removal
of Ru/Al2O3 (�). Reaction conditions were the same as those in Table 1.


and that the observed catalysis is truly heterogeneous in
nature.[13] The Ru/Al2O3 could be reused; when the oxidation
of benzyl alcohol was repeated even seven times, benzalde-
hyde was quantitatively produced at the same rate as that for
the first run. It is noted that air can be used instead of
molecular oxygen in the present system without changes in
conversions and selectivities for the oxidation of benzyl
alcohol.


Next, the scope of the present Ru/Al2O3 catalyst system
towards various kinds of alcohols was examined. The results
are summarized in Table 2. Ru/Al2O3 has high catalytic
activities for the oxidations of activated, nonactivated, and
heterocyclic alcohols and diols with only 1 atm of molecular
oxygen. All primary and secondary benzylic alcohols were
converted into the corresponding benzaldehydes and ketones,
respectively, in quantitative yields (entries 1 ± 11). The present
catalytic system was not affected by the presence of carbon ±
carbon double bonds in the substrates. Primary and secondary
�,�-unsaturated alcohols afforded the corresponding �,�-
unsaturated aldehydes and ketones, respectively, without
intramolecular hydrogen transfer, geometrical isomerization,
or epoxidation of the carbon ± carbon double bonds (en-
tries 12 ± 14). The present system could also oxidize linear
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Table 1. Oxidation of benzyl alcohol with molecular oxygen.[a]


Catalyst Solvent Conversion
[%]


Selectivity
[%]


R0� 102


[�min�1]


1 Ru/Al2O3 PhCF3 � 99 � 99 1.93
2 Ru/Al2O3 toluene � 99 � 99 1.88
3 Ru/Al2O3 p-xylene � 99 � 99 1.84
4 Ru/Al2O3 ethyl acetate � 99 � 99 1.99
5 Ru/Al2O3 acetonitrile 50 � 99 0.77
6 Ru(OH)3 ¥ nH2O PhCF3 2 � 99 0.03
7 RuO2 anhydrous PhCF3 no reaction ± ±
8 [nPr4NRuO4] PhCF3 79 � 99 1.44
9 RuCl3 ¥ nH2O PhCF3 � 99 � 1[b] ±
10 [Ru(acac)3] PhCF3 no reaction ± ±
11 [RuCl2(PPh3)3] PhCF3 5 � 99 0.08
12 [RuCl2(dmso)4] PhCF3 no reaction ± ±
13 [RuCl2(bpy)2] PhCF3 no reaction ± ±
14 [RuCl2(p-cymene)]2 PhCF3 no reaction ± ±
15[c] Al2O3 PhCF3 no reaction ± ±
16 none PhCF3 no reaction ± ±


[a] Benzyl alcohol (1 mmol), Ru catalyst (2.5 mol% Ru), PhCF3 (1.5 mL),
356 K, O2 atmosphere, 1 h. Conversion and selectivity were determined by GC
using naphthalene as an internal standard. [b] Friedel ±Crafts-type products
(o-, m-, and p-benzyltrifluorotoluenes) were formed as byproducts. [c] Al2O3


(0.2 g).
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secondary and cyclic aliphatic alcohols in high yields (en-
tries 15 ± 20). Furthermore, Ru/Al2O3 efficiently catalyzed the
oxidation of nonactivated linear aliphatic 2-octanol without
solvents. The solvent-free oxidation of 2-octanol at 423 K
(0.1 mol% Ru) had a TOF of 300 h�1 and the TON reached
950. The TOFand TON are the highest among those reported
for the aerobic oxidation of 2-octanol by the following Ru or
Pd catalysts: [RuCl2(PPh3)3]/TEMPO (TON and TOF, 466
and 104 h�1),[4i,k] Ru/quinone/Co ± salen (194, 97 h�1),[4n]


[nPr4NRuO4] (20, 6 h�1),[4e,f] Ru/CeO2 (30, 5 h�1),[10b] Ru ±
Co ± hydrotalcite (9, 5 h�1),[10d] [(RuCl)2Ca8(PO4)6(OH)2] (6,
1 h�1),[10e] Ru ±Mn±Fe ±Cu mixed oxide (4, 1 h�1),[10g,h] zeo-
lite-confined RuO2 (RuO2-FAU) (9, 2 h�1 for 2-heptanol),[10i]


Pd(OAc)2/PhenS*/NaOAc (400, 10 h�1 for 2-hexanol),[5d] Pd ±
hydrotalcite (20, 2 h�1 for 2-dodecanol),[11c,d] Pd ± hydroxya-
patite (152, 6 h�1),[11e] and polymer-supported Pd (4, 0.2 h�1


for cyclooctanol).[11f]


Sterically hindered alcohols such as 2-adamantanol and
(�)-borneol were also efficiently oxidized to the correspond-
ing ketones (entries 21 and 22). The less reactive aliphatic
primary alcohols 1-octanol and 1-decanol could also be


oxidized. Extended reaction times did not improve the yields
of the aldehydes because of successive oxidation to the
corresponding carboxylic acids. Addition of a small amount of
hydroquinone (1 equivalent with respect to Ru) completely
suppressed the successive oxidation to afford only aliphatic
aldehydes in fairly good yields (entries 23 and 24). Ru/Al2O3


successfully catalyzed the oxidation of alcohols containing
heteroatoms (oxygen, sulfur, and nitrogen) to the correspond-
ing aldehydes in high yields (entries 5, 25, and 26), while
monomeric complexes such as Ru and Pd could not catalyze
oxidations of these alcohols because of the strong coordina-
tion to the metallic center.


The present procedure was further applied to the oxidation
of various kinds of diols. In the intramolecular competitive
oxidation of the primary/secondary diol 4-(1-hydroxyethyl)-
benzyl alcohol, the Ru/Al2O3 catalyst chemoselectively gave
4-(1-hydroxyethyl)benzaldehyde in 94% yield (entry 27). The
oxidation of the �,�-primary diol 1,4-benzenedimethanol
gave terephthalaldehyde (entry 28). In contrast, a quantita-
tive lactonization occurred in the case of 1,2-benzenedime-
thanol (entry 29). In the case of 1,2-diols, the product
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Table 2. Oxidation of various alcohols with molecular oxygen catalyzed by Ru/Al2O3.[a]


Substrate t [h] Conversion [%] Product Selectivity [%]


1 benzyl alcohol 1 � 99 benzaldehyde � 99
2 2-methylbenzyl alcohol 1 � 99 2-methylbenzaldehyde � 99
3 3-methylbenzyl alcohol 1 � 99 3-methylbenzaldehyde � 99
4 4-methylbenzyl alcohol 1 � 99 4-methylbenzaldehyde � 99
5 4-methoxybenzyl alcohol 1 � 99 4-methoxybenzaldehyde � 99
6 4-chlorobenzyl alcohol 1 � 99 4-chlorobenzaldehyde � 99
7 4-nitrobenzyl alcohol 3 97 4-nitrobenzaldehyde � 99
8 1-phenylethanol 1 � 99 acetophenone � 99
9 cyclopropylphenylmethanol 1 � 99 cyclopropylphenylketone � 99


10 2,2-dimethyl-1-phenyl-1-propanol 1.5 � 99 2,2-dimethyl-1-phenyl-1-propanone � 99
11 benzhydrol 7 � 99 benzophenone � 99
12 cinnamyl alcohol 1.5 � 99 cinnamaldehyde 98
13[b] 3-penten-2-ol 6 84 3-penten-2-one � 99
14 geraniol 6 89 geranial 97
15 2-pentanol 5 90 2-pentanone � 99
16 2-octanol 2 91 2-octanone � 99
17[b] cyclobutanol 8 85 cyclobutanone 99
18[b] cyclopentanol 8 92 cyclopentanone � 99
19[b] 4-tert-butylcyclohexanol 8 90 4-tert-butylcyclohexanone 95
20[b] cyclooctanol 6 81 cyclooctanone � 99
21 2-adamantanol 7 � 99 2-adamantanone � 99
22[b] (�)-borneol 2 � 99 camphor 99
23[b,c] 1-octanol 4 87 n-octanal 98
24[b,c] 1-decanol 4 71 n-decanal 99
25 2-thiophenemethanol 1.5 � 99 2-thiophenecarboxaldehyde � 99
26[b] 3-pyridinemethanol 2 93 3-pyridinecarboxaldehyde � 99
27[d] 4-(1-hydroxyethyl)benzyl alcohol 1 � 99 4-(1-hydroxyethyl)benzaldehyde 94
28[e] 1,4-benzenedimethanol 2 � 99 terephthalaldehyde � 99
29[e] 1,2-benzenedimethanol 2 � 99 phthalide 98
30[e] styrene glycol 16 � 99 benzaldehyde 90
31[e] hydrobenzoin 2 � 99 benzaldehyde 92[f]


32[e] 1,2-octanediol 24 80 n-heptanal 26
2,4-dihexyl-1,3-dioxolane 60[g]


33[e] cis-1,2-cyclooctanediol 6 98 1,2-cyclooctanedione 59
1,8-octanedial 30


[a] Substrate (1 mmol), Ru/Al2O3 (2.5 mol% Ru), PhCF3 (1.5 mL), 356 K, O2 atmosphere. Conversion and selectivity were determined by GC or 1H NMR
using naphthalene or nitrobenzene as an internal standard. [b] Ru/Al2O3 (5 mol% Ru). [c] Hydroquinone (1 equivalent with respect to Ru) was added.
[d] Substrate (0.25 mmol), Ru/Al2O3 (10 mol% Ru), DMSO (3 mL), 356 K, O2 atmosphere. [e] Substrate (0.5 mmol), Ru/Al2O3 (4 mol% Ru), toluene
(3 mL), 373 K, O2 atmosphere. [f] Selectivity [%]� benzaldehyde [mol]/(2� substrate consumed [mol])� 100. [g] Selectivity [%]� (2� dioxolane [mol])/
substrate consumed [mol])� 100.
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selectivities depended upon the kinds of substrates. For 1,2-
diols with phenyl rings at �-positions, only the carbon ± carbon
bond cleavage was observed (entries 30 and 31). For the
aliphatic linear 1,2-diol 1,2-octanediol, carbon ± carbon bond
cleavage to give n-heptanal occurred together with the
formation of significant amounts of 2,4-dihexyl-1,3-dioxolane
by the reaction of n-heptanal and the starting diol (entry 32).
The oxidation of cis-1,2-cyclooctanediol afforded the corre-
sponding 1,2-diketone and the carbon ± carbon bond cleaved
product (entry 33).


The present Ru/Al2O3 catalyst also has high catalytic
activity for the oxidation of amines with molecular oxygen.
The results are summarized in Table 3. All primary benzylic
amines tested were converted into the corresponding benzo-
nitriles in high yields (entries 1 ± 6). The carbon ± carbon
double bond did not affect the oxidation under the reaction
conditions (in a similar way to that observed for the oxidation
of alcohols) and only the amino function was dehydrogenated
to the nitrile without isomerization of the double bond or
intramolecular hydrogen transfer (entry 7). Primary aliphatic
amines such as n-octylamine and n-dodecylamine were
effectively oxidized to the corresponding nitriles (entries 8
and 9). Not only primary amines but also secondary and
heterocyclic amines were selectively oxidized. In the case of
the secondary aminesN-benzylaniline and dibenzylamine, the
corresponding imines were obtained in high yields (entries 10
and 11). The heterocyclic amines indoline and 1,2,3,4-tetra-
hydroquinoline gave indole and quinoline in �99% and 95%
yields, respectively (entries 12 and 13).


Kinetics and mechanism : It has been reported that 2,2-
dimethyl-1-phenyl-1-propanol was oxidized to give the cor-
responding ketone with the two-electron transfer oxidant PdII,
and that the one-electron-transfer oxidant CeIV gave benzal-
dehyde and the tert-butyl radical as primary products.[14] The
Ru/Al2O3-catalyzed oxidation of 2,2-dimethyl-1-phenyl-1-
propanol was found to yield the corresponding ketone with
�99% selectivity at 100% conversion (entry 10 in Table 2).
Also, the oxidations of radical clock substrates such as


cyclopropylphenyl carbinol and cyclobutanol exclusively
produced cyclopropylphenyl ketone and cyclobutanone, re-
spectively (entries 9 and 17 in Table 2). The lack of ring-
opened products indicates that free radical intermediates are
not involved in the oxidation of these substrates. When the
free radical initiator 2,2�-azobis(isobutyronitrile) (2.5 mol%)
was used instead of Ru/Al2O3, insignificant amounts of
benzaldehyde (11% yield) and benzyl benzoate (8% yield)
were produced after 48 h. Furthermore, the addition of radical
scavengers such as 2,6-di-tert-butyl-4-methylphenol, hydro-
quinone, TEMPO, and garvinoxyl (2.5 mol%) did not affect
the reaction rates or the product selectivity for oxidations of
benzyl alcohol. These results show that free radical inter-
mediates are not involved in the present alcohol oxidation and
that the abstraction of an �-hydrogen from an alcohol is not
caused by Ru/Al2O3.


The reaction rates for the oxidation of 1-octanol, 2-octanol,
benzyl alcohol, and 1-phenylethanol were 1.38� 10�2, 1.98�
10�2, 1.93� 10�2, and 2.81� 10�2 �min�1 at 356 K, respective-
ly, indicating that the oxidations of secondary alcohols
proceeded faster than primary ones. In contrast, the oxidation
of primary alcohols proceeded faster than secondary alcohols
for their mixtures (competitive oxidations). For example, an
equimolar mixture of benzyl alcohol and 1-phenylethanol
gave a mixture of benzaldehyde and acetophenone in 90%
and 24% yields, respectively, at 356 K for 1 h. The ratio of the
oxidation rate of benzyl alcohol to that of 1-phenylethanol
was 8.2. Similarly, the oxidation of 1-octanol was 12 times
faster than that of 2-octanol for the competitive oxidation. In
addition to the intermolecular competitive oxidations, the
same phenomenon was observed for the intramolecular
competitive oxidation of the primary ± secondary diol of
4-(1-hydroxyethyl)benzyl alcohol (entry 27 in Table 2). These
faster oxidations of primary alcohols support the formation of
ruthenium alcoholate through the ligand exchange of the
ruthenium hydroxide species with alcohols (step 1), since the
formation of metal alcoholate species is well known for the
selective oxidation of the primary hydroxyl group.[4e±g, 10e, 15]


Under anaerobic conditions, the amount of acetone produced
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Table 3. Oxidation of various amines with molecular oxygen catalyzed by Ru/Al2O3.[a]


Substrate t [h] Conversion [%] Product Selectivity [%]


1 benzylamine 1 � 99 benzonitrile 82
2 2-methoxybenzylamine 1 � 99 2-methoxybenzonitrile 97
3 3-methoxybenzylamine 1 94 3-methoxybenzonitrile 93
4 4-methoxybenzylamine 1 � 99 4-methoxybenzonitrile 96
5 4-methylbenzylamine 1 � 99 4-methylbenzonitrile 93
6[b] 3-chlorobenzylamine 1 � 99 3-chlorobenzonitrile 90
7 geranylamine 10 98 geranyl nitrile 90
8 n-octylamine 2 � 99 n-octanenitrile 96
9 n-dodecylamine 3 84 n-dodecanenitrile 90


10 N-benzylaniline 15 85 N-benzylideneaniline 94
11[b] dibenzylamine 16 85 N-benzylidenebenzylamine 84[c]


12 indoline 2 � 99 indole � 99
13 1,2,3,4-tetrahydroquinoline 7 95 quinoline � 99


[a] Substrate (1 mmol), Ru/Al2O3 (2.8 mol% Ru), PhCF3 (5 mL), 373 K, O2 flow (1 atm). Conversion and selectivity were determined by GC using
naphthalene or diphenyl as an internal standard. The main byproducts were N-alkylimines. [b] p-Xylene (5 mL) was used as a solvent, and the reaction
temperature was 403 K. [c] Benzonitrile (7% selectivity) and benzaldehyde (6% selectivity) were formed as byproducts.
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was approximately the same as those of Ru loaded and water
produced for the oxidation of 2-propanol. These facts also
support the proposed step 1.


Figure 2 shows the relationship between log(kX/kH) and the
Brown ±Okamoto �� [16] (or �) for the oxidation of benzyl
alcohols catalyzed by Ru/Al2O3. The order of reactivity for


Figure 2. Hammett plots for competitive oxidation of benzyl alcohol and
p-substituted benzyl alcohols. log(kX/kH) versus �� (�) and log(kX/kH)
versus � (�). Reaction conditions: benzyl alcohol (0.5 mmol), p-substituted
benzyl alcohol (0.5 mmol), Ru/Al2O3 (1.0 mol% Ru), PhCF3 (1.5 mL),
333 K, O2 atmosphere.


benzyl alcohol was p-CH3O (kX/kH� 2.27)�p-CH3 (1.55)�p-
H (1.00) �p-Cl (0.96) �p-NO2 (0.45). The slope of the linear
line in Figure 2 gave a Hammett �� value of �0.461 (r 2�
0.99). The moderate negative value of Hammett �� values can
be interpreted in terms of a positively charged transition state
at the �-carbon atom adjacent to the phenyl ring.[17] The
correlation with the Brown ±Okamoto �� constants had
better fits than that with � constants particularly for elec-
tron-donating substituents such as p-CH3O and p-CH3 (Fig-
ure 2, r 2� 0.93). This fact indicates that the formation of a
carbocation transition state, which is stabilized by electron-
donating substituents, is involved in the oxidation path
(step 2).[17]


When acetophenone (1�) was treated in 2-propanol under
Ar at 343 K for 12 h, almost equimolar amounts of acetone
and 1-phenylethanol were produced (93% yield), which is
consistent with the formation of the ruthenium hydride
species as an intermediate.[18] This also shows that the hydride
ion transfer from alcohol to Ru may take place (step 2).


The dependence of kH/kD values on the reaction temper-
ature was examined for Ru/Al2O3-catalyzed oxidation of �-
deuterio-p-methylbenzyl alcohol. Moderate kH/kD values
were obtained (kH/kD� 4.2 ± 5.0 at 373 ± 333 K) and the
experimental data can be expressed by the equation ln(kH/
kD)� ln(AH/AD)��Ea/RT (Figure 3). Here, the �Ea value is
4.82 kJmol�1 and is nearly equal to the zero-point energy
difference for the respective C�H and C�D bonds (E0


H�
E0


D� 4.90 kJmol�1), and AH/AD and �(�S�) are 0.92 and 0,
respectively. These values mean that the difference between
the kH and kD ratio stems only from the zero-point energies
(E0


H�E0
D), and indicates that the hydride ion transfer


proceeds through a symmetrical transition state in step 2.[19]


Figure 3. Temperature dependence of intramolecular kinetic isotope
effects (kH/kD) on the reaction temperatures (333 ± 373 K) for the oxidation
of �-deuterio-p-methylbenzyl alcohol. Reaction conditions: �-deuterio-p-
methylbenzyl alcohol (1 mmol), Ru catalyst (2.5 mol% Ru), PhCF3


(1.5 mL), 333 ± 373 K, O2 atmosphere. Line fit: ln(kH/kD)��0.08�
580.73/T (r 2� 0.94).


While step 3 may proceed via the formation of hydrogen
peroxide, the filtrate for the oxidation of benzyl alcohol with
molecular oxygen displayed a negative peroxide test (Quan-
tofix test stick; detection limit, 1 mgL�1 hydrogen peroxide).
The catalytic oxidation of benzyl alcohol with hydrogen
peroxide hardly proceeded because of the rapid decomposi-
tion of hydrogen peroxide, in accordance with the rapid
decomposition of Run� ±OOH without the contribution to
oxidations of alcohols in step 4.


On the basis of all these results, we propose the mechanism
given in Scheme 1 for the Ru/Al2O3-catalyzed aerobic oxida-
tions of alcohols. This catalytic oxidation can be divided into
steps (1 ± 4): the Run� ± alcoholate species is formed through
the ligand exchange between Run� ± hydroxide and the
alcohol (step 1). The alcoholate species undergoes typical �-
hydride elimination to afford the corresponding carbonyl
compound and the Run� ± hydride species (step 2). The
hydride species is then reoxidized by molecular oxygen
(step 3). Reoxidation of Run� ± hydride is likely to proceed
through the insertion of molecular oxygen into Run� ± hy-
dride. The formation of water in the oxidation of 2-propanol
with molecular oxygen was monitored at various temper-
atures (333 ± 356 K) and revealed that the amount of water
produced was the same as the amount of acetone produced
(Figure 4). The measurement of molecular oxygen uptake
during the oxidation of benzyl alcohol was also carried out. As
shown in Figure 5, the amount of molecular oxygen consumed
was half that of benzaldehyde produced. These respective 1:1
(H2O:product) and 1:2 (O2:product) stoichiometries indicate
that a simple dehydrogenation does not proceed and support
the overall reaction summarized in Scheme 1.


The dependence of the rate of oxidation of benzyl alcohol
on the amount of catalyst was investigated in the range 1.25 ±
5 mol% catalyst. As shown in Figure 6, the concentration of
benzaldehyde produced was proportional to time. Therefore,
the slope can be recognized as the rate (R0), and this was
proportional to the amount of catalyst (inset in Figure 6). This
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Figure 4. Relationship between amounts of water and acetone formed in
the oxidation of 2-propanol with molecular oxygen by Ru/Al2O3. Reaction
conditions: 2-propanol (19.6 mmol), Ru/Al2O3 (0.13 mol% Ru), 333 ±
356 K, O2 atmosphere. Slope (water formed/acetone formed)� 1.12 (r 2�
0.98).


Figure 5. Relationship between amounts of benzaldehyde and O2 uptake
for the oxidation of benzyl alcohol with molecular oxygen by Ru/Al2O3.
Reaction conditions: benzyl alcohol (3 mmol), Ru/Al2O3 (1.0 mol%),
PhCF3 (1.5 mL), 356 K, O2 atmosphere. Slope (O2 uptake/benzaldehyde
formed)� 0.54 (r 2� 0.99).


Scheme 1. Proposed mechanism for the Ru/Al2O3-catalyzed aerobic
oxidations of alcohols.


Figure 6. Effect of amount of catalyst on the oxidation of benzyl alcohol.
Reaction conditions: benzyl alcohol (1 mmol), Ru/Al2O3 (0.09 (�), 0.18
(�), 0.27 (�), 0.36 g (�), PhCF3 (1.5 mL), 333 K, O2 atmosphere. Inset,
reaction rate (R0) versus amount of catalyst.


indicates the first-order dependence of R0 on the amount of
catalyst. Figure 7 shows the dependence of R0 on the pressure
of molecular oxygen (PO2


). The slope of lnR0 versus lnPO2
plots


was �0.03 (inset in Figure 7), showing that R0 was almost


Figure 7. Reaction rate as a function of the oxygen pressure. Reaction
conditions: benzyl alcohol (1 mmol), Ru/Al2O3 (2.5 mol%) PhCF3


(1.5 mL), 356 K, PO2
� 0.2 ± 3.0 atm. Slope from the inset��0.03.


independent of PO2
. The zero-order dependence on the


pressure of molecular oxygen shows that the reoxidation
smoothly proceeds and is not a rate-determining step.
Ruthenium complexes have been widely studied as catalysts
for aerobic alcohol oxidations. However, the oxidation
catalysis does not often cycle because of the slow reoxidation.
The reoxidation step is usually promoted by the addition of
electron ± proton transfer mediators such as quinone[4d,g,n] and
TEMPO.[4i,k] It is notable that the present Ru/Al2O3 catalyst
does not need such mediators.


Figure 8a illustrates the dependence of R0 on the concen-
tration of benzyl alcohol at various temperatures. Good linear
correlations were observed between 1/R0 versus 1/[alcohol]
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Figure 8. a) Dependence of reaction rate on concentration of benzyl
alcohol and b) Lineweaver ±Burk plots. Reaction conditions: benzyl
alcohol (0.6 ± 3 mmol), Ru/Al2O3 (2.5 mol%), PhCF3 (5 mL), 333 (�), 343
(�), 356 K (�), O2 atmosphere.


(Lineweaver±Burk plots) as shown in Figure 8b. These show
that the oxidation follows Michaelis ±Menten-type kinetics as
a function of alcohol: first-order dependence on alcohol at the
low concentrations and zero-order dependence at higher
concentrations. The effects of reaction temperature on the
Ru/Al2O3-catalyzed oxidation of benzyl alcohol are shown in
Figure 9, and the Arrhenius plots are shown in the inset. Good


Figure 9. Effect of reaction temperature on the oxidation of benzyl
alcohol. Reaction conditions: benzyl alcohol (1 mmol), Ru catalyst
(2.5 mol% Ru), PhCF3 (1.5 mL), 310 (�), 320 (�), 333 (�), 343 (�),
356 K (�), O2 atmosphere. Inset: Arrhenius plots for the oxidation of
benzyl alcohol. R0 values were regarded as the pseudo-zero-order rate
constants (kobs) because the concentration of benzaldehyde produced was
proportional to time. Line fit: ln(kobs)� 15.05� 6180.40/T (r 2� 0.99).


linearity was observed and afforded the following activation
parameters: Ea� 51.4 kJmol�1, lnA� 15.1, �H�


298 K�


48.9 kJmol�1, �S�
298K ��128.1 Jmol�1K�1, and �G�


298K �
87.1 kJmol�1. The activation energy (Ea) was close to that
reported for the [RuCl2(PPh3)3]/TEMPO-catalyzed aerobic
alcohol oxidation.[4i,k] From the kinetic data, the reaction rate
(R0) can be expressed as follows [Eq. (4)]:


R0�� d[alcohol]/dt � kobs[catalyst]1[alcohol]1�0, where


kobs� 3.44� 106exp(�6.18� 103/T) (4)


Kinetic isotope effects (kH/kD) at 333 K were 5.0 and 2.4 for
the intramolecular competitive oxidation of �-deuterio-p-
methylbenzyl alcohol and for the intermolecular competitive
oxidation of benzyl alcohol and [D7]benzyl alcohol
(C6D5CD2OH), respectively. Equation (4) and the kinetic
isotope effects show that step 2 is a rate-determining step.[17]


Conclusion


In summary, the present Ru/Al2O3 catalyst can act as an
efficient heterogeneous catalyst for the oxidations of alcohols
and amines. The catalyst×s performance raises the prospect of
using this type of simple supported catalyst for organic
syntheses and industrial alcohol oxidation processes because
of 1) its applicability to a wide range of alcohols and amines,
2) the use of molecular oxygen or even air as an oxidant,
3) simple workup procedures (products/catalyst separation),
and 4) reusability of Ru/Al2O3. The kinetic and mechanistic
investigations show that Ru/Al2O3-catalyzed aerobic alcohol
oxidation proceeds through an alcoholate/�-hydride elimina-
tion mechanism and that the �-hydride elimination is a rate-
limiting step.


Experimental Section


Preparation of Ru/Al2O3 catalyst : The Ru/Al2O3 catalyst was prepared by a
modification of the preparation of Ru(OH)3 ¥ nH2O according to ref. [20].
Thus, �-Al2O3 (2.0 g, JRC-ALO-4, BET surface area: 174 m2g�1) was
vigorously stirred with an aqueous solution of RuCl3 (60 mL, 8.3� 10�3�)
for 15 min at room temperature. The initially brown aqueous phase became
lighter, and the powder turned dark gray. The powder was filtered, washed
with a large amount of water, and then dried in vacuo. The obtained
powder was added into deionized water (30 mL) and the pH value of the
solution was slowly adjusted to 13.2 by addition of an aqueous solution of
NaOH (1.0�), and the resulting slurry was stirred for 24 h. The powder×s
color changed from dark gray to dark green. The solid was filtered off,
washed with a large amount of water, and dried in vacuo to afford Ru/
Al2O3 (2.1 g) as a dark green powder. The contents of ruthenium and
chloride were 1.4 and 0 wt%, respectively. The BET surface area was
182 m2g�1. The ESR spectrum had a signal at g� 2.11, which was assigned
to Ru3� with a low-spin d5 electron configuration.[21] The XRD pattern was
the same as that of the �-Al2O3 support and no signals due to ruthenium
metal or dioxide were observed. Particles of ruthenium metal or dioxide
were not detected by the TEMmicrograph. The IR spectrum showed a very
broad �(OH) band in the range 2900 ± 3700 cm�1. These facts suggest that
ruthenium(���) hydroxide is highly dispersed on �-Al2O3. Thus, the Ru/
Al2O3 catalyst can be easily prepared in a quantitative yield and the content
of Ru is controllable. The catalyst should be considerably less expensive
than organometallic and inorganic compounds.


Typical procedures for the aerobic oxidations of alcohols : A suspension of
Ru/Al2O3 (0.18 g, 2.5 mol% Ru) in trifluorotoluene (1.5 mL) was stirred
for 5 min. Benzyl alcohol (0.11 g, 1 mmol) was added and molecular oxygen
was passed through the suspension. The resulting mixture was then heated
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at 356 K for 1 h with azeotropic removal of water formed under an O2 flow
(ca. 1 mLmin�1) and benzaldehyde was produced in �99% GC yield.
After the reaction, the catalyst was separated by filtration (or centrifuga-
tion) and was further washed with acetone. The filtrate was evaporated in
vacuo, and the crude product was further purified by column chromatog-
raphy on silica gel to give pure benzaldehyde (0.10 g, 95% isolated yield).
The separated Ru/Al2O3 was washed with an aqueous solution of NaOH
(1.0�) and water (30 mL), and dried in vacuo before recycling.


Synthesis of �-deuterio-p-methylbenzyl alcohol : �-Deuterio-p-methylben-
zyl alcohol was synthesized by the reduction of p-methylbenzaldehyde
using lithium aluminum deuteride by a modification of the procedure
reported for the synthesis of deuterium-labeled toluene.[22] Thus, a solution
of p-methylbenzaldehyde (3.2 g, 26.7 mmol) in dry THF (20 mL) was
added slowly to a suspension of lithium aluminum deuteride (0.33 g,
7.9 mmol) in dry THF (20 mL) at room temperature, and then the resulting
mixture was stirred vigorously under Ar atmosphere at 333 K. After 8 h,
the mixture was cooled to 273 K and unreacted lithium aluminum
deuteride was destroyed by the addition of water (500 �L). Then, an
aqueous solution of NaOH (50 mL, 0.1�) was added slowly to the mixture.
The resulting white solid was removed by filtration and washed with THF,
and the filtrate was extracted with chloroform (100 mL� 4). The combined
extract was dried with CaCl2 and evaporated to give crude �-deuterio-p-
methylbenzyl as a white powder. The crude product was recrystallized from
petroleum ether/chloroform solution (97:3) to give the purified compound
(1.4 g, 43%) as a white sticky crystal. The product was identified by
comparison of the physical and spectral data with those of the authentic
unlabelled material. The deuterium content was estimated to be �99% by
mass spectrometry and 1H NMR spectroscopy. 1H NMR (270 MHz,
[D1]chloroform, 25 �C, TMS): �� 7.21 (d, 3J(H,H)� 7.82 Hz, 2H; aromatic
H), 7.13 (d, 3J(H,H)� 7.10 Hz, 2H; aromatic H), 4.54 (s, 1H, CHDO), 2.33
(s, 3H; CH3), 2.25 ppm (d, 3J(H,H)� 4.80 Hz, 1H; OH); 13C NMR
(67.5 MHz, [D1]chloroform, 25 �C, TMS): �� 137.8, 137.2 (Cpara), 129.1
(2Cmeta), 127.1 (2Cortho), 64.7 (t, 1J(C,D)� 25.7 Hz; CHDOH), 21.1 ppm
(CH3); MS (70 eV, EI): m/z (%): 124 (19) [M��H], 123 (100) [M�], 121
(18), 108 (84), 106 (44), 94 (54), 93 (43), 92 (54), 91 (77), 80 (77), 78 (52), 77
(70), 65 (52); elemental analysis calcd (%) for C8H9DO (123.2, deuterium
was calculated as hydrogen): C 78.65, H 8.25; found: C 78.50, H 8.24.
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Assembly of Hybrid Organic ±Organometallic Materials through
Mechanochemical Acid ±Base Reactions


Dario Braga,*[a] Lucia Maini,[a] Marco Polito,[a] Laurent Mirolo,[a] and Fabrizia Grepioni*[b]


Abstract: Manual grinding of the orga-
nometallic complex [Fe(�5-C5H4COOH)2]
with a number of solid bases, namely 1,4-
diazabicyclo[2.2.2]octane, C6H12N2, 1,4-
phenylenediamine, p-(NH2)2C6H4, pi-
perazine, HN(C2H4)2NH, trans-1,4-cy-
clohexanediamine, p-(NH2)2C6H10, and
guanidinium carbonate [(NH2)3C]2[CO3],
generates quantitatively the correspond-
ing adducts, [HC6H12N2][Fe(�5-C5H4-
COOH)(�5-C5H4COO)] (1), [HC6H8N2]-
[Fe(�5-C5H4COOH)(�5-C5H4COO)] (2),
[H2C4H10N2][Fe(�5-C5H4COO)2] (3),
[H2C6H14N2][Fe(�5-C5H4COO)2] ¥ 2H2O,
(4 ¥ 2H2O), and [C(NH2)3]2[Fe(�5-


C5H4COO)2] ¥ 2H2O, (5 ¥ 2H2O), respec-
tively. Crystallization from methanol in
the presence of seeds of the ground
sample allows the growth of single
crystals of these adducts; therefore we
were able to determine the structures of
the adducts by single-crystal X-ray dif-
fraction. This information was used in
turn to identify and characterize the


polycrystalline materials obtained by
the grinding process. In the case of
[HC6N2H12][Fe(�5-C5H4COOH)(�5-
C5H4COO)] (1), the base can be re-
moved by mild treatment regenerating
the starting dicarboxylic acid, while in
all other cases decomposition is ob-
served. The solid ± solid processes de-
scribed herein imply molecular diffusion
through the lattice, breaking and reas-
sembling of hydrogen-bonded networks,
and proton transfer from acid to base.


Keywords: crystal engineering ¥ hy-
drogen bonds ¥ mechanochemistry ¥
organic ± organometallic hybrids ¥
solid phase synthesis


Introduction


There is a growing interest in the exploitation of solvent-free
reactions because, inter alia, of environmental and sustain-
ability issues.[1] Reactions between two solid reactants to yield
a solid product are prototypical solvent-free reactions.[2] Such
reactions, also known as mechanochemical reactions if
activated by grinding or milling, have been known for a long
time.[3] Under the impetus of crystal engineering,[4] that is, the
bottom-up construction of molecular materials starting from
molecular or ionic building blocks, these ™less conventional∫
synthetic procedures are beginning to be reinvestigated as
viable routes for the preparation of novel molecular aggre-
gates.[5] Solvent-free molecular reactions are also attractive


under the topochemical viewpoint,[6] often offering alterna-
tive preparative routes to molecular materials.
Mechanically activated reactions have been exploited


mainly with inorganic solids[7] (alloying, milling of soft metals
with ceramics, activation of minerals for catalysis, extraction,
preparation of cements), while very little has been done with
molecular systems.[5, 6] Besides being advantageous for the
absence of solvents, solid ± solid reactions often lead to very
pure products and require very simple equipment to be
carried out. The main disadvantage is inherent to the
characterization of the (usually polycrystalline) reaction
product, in particular when complex supramolecular systems
are involved. As a matter of fact, the product nature (let alone
its detailed structural features) is often difficult to determine
in the absence of single crystals suitable for X-ray diffraction.
In spite of the enormous progress, ab initio structural
determination from powder diffraction data[8] it is still far
from being applicable to complex supramolecular systems. On
the other hand, the utilization of mechanochemical (grinding)
methods appears to be in contradiction with the very idea of
obtaining single crystals, since they are usually grown to a
suitable size from solution or by sublimation. Moreover,
crystallization from solution does not necessarily lead to the
same product as obtained by grinding.[9a] This is a particularly
noticeable when crystallization from solution is under kinetic
control, thus favoring crystallization of those species that
nucleate first and form less soluble nuclei.
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The problem can be circumvented if the crystal nucleation
step can be instructed on how to generate the desired product.
This can be achieved through seeding, that is, by using
preformedmicro crystals of the desired phase in order to grow
the desired material to crystals of suitable size.[9b] One needs
to be wary of the fact that, in order for the controlled growth
by seeding to be successful, it is necessary not to dissolve the
material entirely: nuclei must remain undissolved for the
crystallization process to proceed towards the desired
phase.[10] It is important to appreciate that by means of this
trick it is often possible to avoid kinetic control over the
crystallization process, which often leads to formation of
kinetically favored over thermodynamic products. Seeding
procedures are commonly employed in pharmaceutical in-
dustries to make sure that the desired crystal form is always
obtained from a preparative process.[11] The use of a seeding
procedure often allows preparation of single crystals of
suitable size, which, in turn, can be used to confirm, a
posteriori, that the same phase obtained from solution
crystallization and that yielded by solid ± solid mixing pro-
cesses has been obtained by comparing calculated and
observed powder diffraction patterns. Similar methods have
been used previously[12] to determine the structure of other
polycrystalline products obtained by ™nonsolution∫ methods
(grinding, dehydration, thermal treatment). The process
described above is pictured in Scheme 1.


Scheme 1. The solid yielded by the mechanochemical process is compared
by means of X-ray powder diffraction with the solids obtained by
crystallization through seeding of a solution of the ground powder or of
A and B powders. The crystallization process allows preparation of single
crystals that, after crystal structure determination, can be used to obtain
calculated diffraction patterns.


In our group organometallic building blocks have been
utilized to prepare novel molecular crystalline materials and
exploit the variable valence, spin and charge states of
coordination complexes.[13] Interesting results have been
obtained also in the cases of solid ± gas reactions.[14]


In this paper we report that mechanochemical treatment of
the organometallic complex [Fe(�5-C5H4COOH)2] with a
number of solid bases, namely, 1,4-diazabicyclo[2.2.2]octane
[C6H12N2], 1,4-phenylenediamine, [p-(NH2)2C6H4, C6H8N2],
piperazine [HN(C2H4)2NH, C4H10N2], trans-1,4-cyclohexane-
diamine, [p-(NH2)2C6H10, C6H14N2], and guanidinium car-


bonate [(NH2)3C]2[CO3], generates quantitatively the 1:1
adducts [HC6H12N2][Fe(�5-C5H4COOH)(�5-C5H4COO)]
(1), [HC6H8N2][Fe(�5-C5H4COOH)(�5-C5H4COO)] (2),
[H2C4H10N2][Fe(�5-C5H4COO)2] (3), and the two hydrated
species [H2C6H14N2][Fe(�5-C5H4COO)2] ¥ 2H2O (4 ¥ 2H2O)
and [C(NH2)3]2[Fe(�5-C5H4COO)2] ¥ 2H2O (5 ¥ 2H2O), respec-
tively. These solid ± solid reactions do not seem to occur
through the formation of eutectic phases. Structural charac-
terization (see below) allows us to see that the formation of
the hybrid organic ± organometallic materials implies proton
transfer from the acid to the base, breaking and forming of
strong hydrogen-bonding interactions, and severe structural
rearrangements.
Compound 1 can also be obtained in a heterophase process


through uptake by the diacid Fe(�5-C5H4COOH)2 of vapours
of 1,4-diazabicyclo[2.2.2]octane, which is easily sublimed at
room temperature. Formation of the solid adduct 1 in the
solid ± gas process is, however, much slower than in the case of
mechanical treatment. Interestingly though, the diacid [Fe(�5-
C5H4COOH)2] can be regenerated if the base is sublimed off
solid 1 by thermal treatment at approximately 235 �C.


Results and Discussion


All mechanochemical preparations were carried out by
manual grinding in an agata mortar of equimolar quantities
of the two solid materials (see Experimental Section). After
grinding, the polycrystalline material was used as such for
powder diffraction experiments. We performed two separate
experiments in which 1) equimolar quantities of acid and base
were dissolved in methanol and the solvent was allowed to
evaporate at room temperature and 2) small portions of the
ground samples were dissolved in the minimum amount of
solvent, in order to act as seeds and allow growth of single
crystals suitable for X-ray diffraction experiments. By com-
parison with the diffractograms measured on the raw reac-
tants, it was possible to ascertain whether the starting
materials had been completely converted into products. In
all cases discussed in this paper, except in the case of the
adduct with cyclohexanediamine, the structures of the com-
pounds obtained mechanochemically are the same as those
obtained from solution crystallization.
In the case of compound 4 with cyclohexanediamine, the


product of the grinding process is anhydrous, whereas from
solution only the hydrated form 4 ¥ 2H2O is obtained. Even
though seeding was not successful in this case, de-hydration of
the hydrated compound 4 ¥ 2H2O yields the anhydrous phase 4
quantitatively. In the case of compound 5, both grinding and
crystallization from solution only yielded the di-hydrated
phase 5 ¥ 2H2O. Further details will be provided in the
following.
Grinding of the diacid [Fe(�5-C5H4COOH)2] with the


various bases in stoichiometric amounts other than 1:1 (i.e.,
1:2 and 2:1) does not appear to lead to formation of different
compounds, rather a mixture of the 1:1 products and of
unreacted base or acid (as ascertained by X-ray powder
diffraction) was invariably observed.
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In order to assist the reader, a schematic representation of
the structures of the reactants is reported in Scheme 2,
together with the numbering scheme.


Scheme 2. Schematic representation of the structures of the reactants.


Beside the interest in the mechanochemical experiments
(which, to the best of the author×s knowledge, have not been
applied before to organometallic species), the preparation of
hybrid organic ± organometallic compounds by solvent-free
methods is relevant from the crystal engineering point of view.
As it will be apparent in the following, all adduct formations
imply profound modifications of the hydrogen-bonding
motifs, with breaking of O�H ¥¥¥O hydrogen bonds between
the organometallic complexes and formation of (�)O ¥¥ ¥
H�N(�) and/or O�H ¥¥¥ N interactions within the adducts. It
is interesting to note that dissolution of the adducts in
methanol and subsequent crystallization does not lead (with
the exception of compound 4, see above) to different
assemblies. Methanol (99.8%) was used in all crystallizations
because of the lower solubility of the products.
Hydrogen-bonding structural parameters for the five com-


pounds discussed herein are grouped in Table 1. A word of
caution is in order, the comparison of calculated and
measured X-ray diffractograms does guarantee that the
compounds obtained by the two routes (solid ± solid reaction
and recrystallization from solvent) possess the same structural
features, but cannot be used confidently to state that the same
proton-transfer process has taken place. It is well known not
only that O�H ¥¥¥ N and (�)O ¥¥¥ H�N(�) interactions, associ-
ated to acid ± base proton transfer, can be in competition, but
also that proton transfer along the O ¥¥¥ N hydrogen bond in
the solid state depends on the temperature.[15]


We will first describe the solid-state structures as obtained
from single crystals and then proceed with the character-
ization of the mechanochemical product. Importantly, the
structure determination by single-crystal X-ray diffraction
also allowed us to establish unambiguously whether mono- or
di-deprotonation had occurred. In fact, while compounds 1
and 2 contain the monoanion [Fe(�5-C5H4COOH)(�5-
C5H4COO)]� (and may form inter-anionic (�)O�H ¥¥¥O(�) as
well as O�H ¥¥¥ N and (�)O ¥¥¥ H�N(�) interactions), com-


pounds 3, 4 ¥ 2H2O, and 5 ¥ 2H2O contain the fully deproto-
nated dianion [Fe(�5-C5H4COO)2]2�, which can only accept
hydrogen-bond donation from the base or solvent molecules.
In the case of 5 ¥ 2H2O this also requires the presence of two
guanidinium cations. The preparation and structure of com-
pounds 1 and 2 have been reported in a preliminary
communication.[16]


Structure and mechanochemical preparation of
[HC6H12N2][Fe(�5-C5H4COOH)(�5-C5H4COO)] (1): Figure 1
shows that, upon acid ± base reaction and crystallization, the
C6H12N2 molecules act as bridges between acid sandwich


Figure 1. Stucture of compound 1 in which the [HC6H12N2]� ions act as
bridges between acid sandwich molecular anions in transoid conformation
(HCH atoms not shown for clarity).


molecules in a transoid conformation. This is a useful
observation, since both polymorphic forms of the neutral
diacid[17] contain hydrogen-bonded dimers in which the
�COOH groups are, by necessity, in cisoid (eclipsed)
conformation. This difference is not so much relevant when
considering the acid ± base reaction in solution (where one can
expect that the proton transfer is mediated by the solvent
molecules and the dimers are already broken with formation
of solvate diacid molecule) inasmuch as for the solid-state
process. In the solid ± solid reaction the molecules of the base
have to diffuse through the crystal and generate a thoroughly
different hydrogen-bonded network. Formation of
[HC6H12N2][Fe(�5-C5H4COOH)(�5-C5H4COO)] implies a
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Table 1. Relevant hydrogen-bonding distances [ä] for compounds 1, 2, 3,
4 ¥ 2H2O, and 5 ¥ 2H2O.


Com-
pound


OH ¥¥¥O NH ¥¥¥O CH ¥¥¥O


1 N(1) ¥¥ ¥ O(3) 2.580(7) C(13) ¥¥ ¥ O(1) 3.447(9)
N(2) ¥¥ ¥ O(2) 2.560(8) C(15) ¥¥ ¥ O(1) 3.391(9)


C(16) ¥¥ ¥ O(1) 3.134(9)
C(17) ¥¥ ¥ O(4) 3.185(9)
C(18) ¥¥ ¥ O(4) 3.268(9)


2 O(1) ¥¥ ¥ O(3) 2.509(7) N(2) ¥¥ ¥ O(2) 2.936(9) C(18) ¥¥ ¥ O(3) 3.343(7)
N(1) ¥¥ ¥ O(2) 2.964(8)
N(1) ¥¥ ¥ O(1) 2.810(8)
N(2) ¥¥ ¥ O(4) 2.925(8)


3 N(1) ¥¥ ¥ O(1) 2.650(8) C(3) ¥¥ ¥ O(1) 3.294(7)
N(1) ¥¥ ¥ O(2) 2.726(9) C(7) ¥¥ ¥ O(2) 3.311(9)


C(8) ¥¥ ¥ O(2) 3.395(9)


4 ¥ 2H2O O(3) ¥¥ ¥ O(1) 2.804(3) N(1) ¥¥ ¥ O(2) 2.779(3) C(7) ¥¥ ¥ O(1) 3.364(4)
O(3) ¥¥ ¥ O(1) 2.791(3) N(1) ¥¥ ¥ O(2) 2.831(3)


N(1) ¥¥ ¥ O(3) 2.780(4)


5 ¥ 2H2O O(3) ¥¥ ¥ O(1) 2.749(4) N(1) ¥¥ ¥ O(3) 2.891(5)
O(3) ¥¥ ¥ O(2) 2.785(4) N(1) ¥¥ ¥ O(1) 2.850(5)


N(2) ¥¥ ¥ O(1) 2.906(5)
N(2) ¥¥ ¥ O(3) 2.928(5)
N(3) ¥¥ ¥ O(2) 2.972(5)
N(3) ¥¥ ¥ O(2) 2.862(5)
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rather dramatic change in the supramolecular arrangement of
the components: the twin cyclic carboxylic rings in the diacid
dimer are opened up, and molecules of C6H12N2 are inserted
in between [Fe(�5-C5H4COOH)2] molecules with formation of
O�H ¥¥¥ N hydrogen-bonding interactions. The process is
accompanied by a conformational change from cis to trans
of the carboxylic groups on the five-membered rings, which
are rotated by 180� around the molecular axis passing through
the iron center.
It is worth mentioning here that compound 1 has been


recently reported also by other authors as a part of a
comprehensive study of the use of the diacid as a building
block in supramolecular chemistry.[18] Our data fit very well
with those reported, except for the location of the hydrogen
atoms along the O ¥¥¥ N hydrogen bonds.[18] In our determi-
nation, the hydrogen atoms are ordered and indicate that the
base forms two different interactions in the chain, that is, an
O�H ¥¥¥ N and an (�)O ¥¥¥ H�N(�) interaction (N(1) ¥¥ ¥O(3)
2.580(7) and N(2) ¥¥¥ O(2) 2.560(8) ä, respectively). As shown
in Figure 1, no disorder is observed in our case and the chain
can be described (on the basis of the single-crystal X-ray
structure) as alternate [HC6H12N2]� and [Fe(�5-
C5H4COOH)(�5-C5H4COO)]� ions, joined by alternate neu-
tral O�H ¥¥¥ N and charge-assisted (�)O ¥¥¥ H�N(�) hydrogen-
bonding interactions.
Finally, it should be mentioned that it has been possible to


prepare compound 1 in a gas-phase reaction by exploiting the
relatively high vapour pressure of solid C6H12N2. The process
is fully reversible as shown by thermal treatment of the
product and thermogravimetric measurements (see below).
Figure 2 shows a comparison between the X-ray powder


diffractogram of the ground polycrystalline product and that
calculated on the basis of the structure determined by single-
crystal X-ray diffraction. Even though the crystallinity of the
[HC6H12N2][Fe(�5-C5H4COOH)(�5-C5H4COO)] sample ob-
tained from grinding is not high, all significant peaks can be
easily recognized. Note that peaks attributable to the starting
materials, namely monoclinic [Fe(�5-C5H4COOH)2] and solid
C6H12N2 (also provided for comparison) are absent.
As for the reverse process, thermogravimetric measure-


ments indicate that, on heating at about 235 �C,
[HC6H12N2][Fe(�5-C5H4COOH)(�5-C5H4COO)] loses 1 mole
of C6H12N2. No decomposition is observed and the nature of
the final product, that is, [Fe(�5-C5H4COOH)2], has again
been confirmed by powder diffraction. Note also that mixing
the two solids in stoichiometric ratios other than 1:1 (e.g., 1:2
and 2:1) leads to formation of solid mixtures with diffraction
peaks corresponding to the unreacted excess reagent in
addition to the peaks of 1. It is also worth noting that
mechanical grinding, vapour uptake, and crystallization from
solution all lead to formation of the same product. Whether
the first process can be described as a true solid ± solid
reaction or implies the occurrence of an intermediate liquid
phase cannot be stated with confidence at present and will
require further studies.


Structure and mechanochemical preparation of
[HC6H8N2][Fe(�5-C5H4COOH)(�5-C5H4COO)] (2): Grind-
ing of [Fe(�5-C5H4COOH)2] with 1,4-phenylenediamine in 1:1


Figure 2. Comparison between the X-ray powder diffractogram of the
ground polycrystalline product 1 (c) and that calculated on the basis of the
structure determined by single-crystal X-ray diffraction (d). Powder
patterns of the starting materials, [Fe(�5-C5H4COOH)2] (a) and 1,4-
diazabicyclo[2.2.2]octane (b), are also provided for comparison.


ratio leads to quantitative formation of the salt
[HC6H8N2][Fe(�5-C5H4COOH)(�5-C5H4COO)] (2). As in the
C6H12N2 case, both recrystallization from solution of the
ground sample and direct reaction of the reagents in solution
allowed the growth of single crystals of the same species as
obtained from the solid ± solid process.
The supramolecular arrangement in crystalline 2 is shown


in Figure 3. In contrast to the case of 1, in which chains are


Figure 3. The supramolecular arrangement in crystalline 2 shows the
presence of a super-dianion, composed of two units joined by an
(�)O�H ¥¥¥O(�) interaction (2.509(7) ä), whose outermost oxygen atoms
form (�)O ¥¥¥ H�N(�) interactions with the cations (HCH atoms not shown for
clarity).
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characterized by alternating cations and anions, the structure
of 2 retains, in a sense, the dimeric structure of the parent
neutral diacid (see Scheme 2). Proton removal generates a
supramolecular dianion composed of two units joined by an
O�H ¥¥¥O interaction (2.509(7) ä) (see Figure 3). The outer-
most oxygen atoms form (�)O ¥¥¥ H�N(�) interactions with the
cations. Proton transfer from the acid to the base, with
formation of charge assisted (�)O ¥¥¥ H�N(�) hydrogen-bond-
ing interactions, could be established unequivocally. The
dimeric unit in 2 is reminiscent of the dimer formed by the
cobalticinium zwitterion [Co(�5-C5H4COOH)(�5-C5H4COO)]
in many of its crystals with alkali salts.[19]


The comparison between the X-ray powder diffractogram
measured on the ground polycrystalline product 2 and that
calculated on the basis of the structure determined by single-
crystal X-ray diffraction is shown in Figure 4.


Figure 4. Comparison between (top) the X-ray powder diffractogram
measured on a sample of 2 obtained by grinding and (bottom) that
calculated on the basis of the structure determined by single-crystal X-ray
diffraction.


Structure and mechanochemical preparation of
[H2C4H10N2][Fe(�5-C5H4COO)2] (3): Compound 3 differs
from 1 and 2 because the acid is completely deprotonated
by reaction with the piperazine. The supramolecular packing
is shown in Figure 5. One can see how each dication is bound


Figure 5. The supramolecular packing in compound 3 : each dication is
bound to four surrounding dianions through (�)O ¥¥¥H�N(�) hydrogen
bonds (O ¥¥¥ N range 2.810(8) ± 2.925(8) ä; HCH atoms not shown for
clarity).


to four surrounding dianions through (�)O ¥¥ ¥H�N(�) hydrogen
bonds (in the range 2.810(8) ± 2.925(8) ä). The comparison
between the X-ray powder diffractogram measured on the
ground polycrystalline product 3 and that calculated on the
basis of the structure determined by single-crystal X-ray
diffraction is shown in Figure 6.


Figure 6. Comparison between (top) the X-ray powder diffractogram
measured on a sample of 3 obtained by grinding and (bottom) that
calculated on the basis of the structure determined by single-crystal X-ray
diffraction.


Mechanochemical preparation of [H2C6H14N2][Fe(�5-
C5H4COO)2] (4) and structure of the dihydrated form
[H2C6H14N2][Fe(�5-C5H4COO)2] ¥ 2H2O (4 ¥ 2H2O): Com-
pound 4 ¥ 2H2O contains a dianion [Fe(�5-C5H4COO)2]2�


and two water molecules besides the protonated cyclohex-
anediamine molecule (Figure 7). Each nitrogen atom is


Figure 7. Crystalline 4 ¥ 2H2O contains a dianion [Fe(�5-C5H4COO)2]2�,
two water molecules, and a fully protonated cyclohexanediamine molecule,
with each nitrogen atom capable of donating three hydrogen bonds. The
cyclohexanediamine interacts with four surrounding anions through
(�)O ¥¥¥ H�N(�) hydrogen bonds, with the addition of two O ¥¥¥H�N(�)


interactions involving the water molecules (HCH atoms not shown for
clarity).


capable of donating three hydrogen bonds. In fact, as in the
case of 3 the base interacts with four surrounding anions
through (�)O ¥¥¥ H�N(�) hydrogen bonds, with the addition of
two O ¥¥¥H�N(�) interactions involving the water molecules
(Figure 7). These last bonds act as bridges between the
dianions to form four-membered rings. The comparison
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between the X-ray powder diffractogram measured on the
ground polycrystalline product 4 and that calculated on the
basis of the structure determined by single-crystal X-ray
diffraction, 4 ¥ 2H2O, is shown in Figure 8.


Figure 8. Comparison between (top) the X-ray powder diffractogram
measured on a sample of anhydrous 4 obtained by grinding and (bottom)
that calculated on the basis of the structure determined by single-crystal
X-ray diffraction on 4 ¥ 2H2O.


In contrast to the cases discussed thus far, the calculated
and observed diffractograms are different, reflecting the fact
that the solid ± solid grinding process leads to formation of a
different product from solution crystallization. As mentioned
above, even seeding of a solution of 4 in methanol failed to
yield the desired single crystals of the anhydrous form 4 ;
crystallization from solution invariably yielded compound 4 ¥
2H2O, which contains water of crystallization. In fact, a TGA
experiment on the grinding product shows that water is not
absorbed in the course of the solid ± solid reaction upon
grinding, but only when 4 is re-crystallized from methanol. It
should be noted that, in our experiments, no precaution was
taken to avoid hydration of the methanol solution (methanol
99.8%) during the slow evaporation in the air needed to grow
single crystals. On the other hand, thermal treatment of 4 ¥
2H2O in a TGA experiment shows that the two water
molecules can be removed quantitatively from the lattice: the
loss of weight corresponds precisely to two water molecules
per formula unit. The powder diffraction pattern after water
removal coincides with that of the compound obtained by
grinding, that is, compound 4.


Structure and mechanochemical preparation of
[C(NH2)3]2[Fe(�5-C5H4COO)2] ¥ 2H2O (5 ¥ 2H2O): Reaction
with solid guanidinium carbonate leads to formation of the
hydrated salt [C(NH2)3]2[Fe(�5-C5H4COO)2] ¥ 2H2O (5 ¥
2H2O). Because of the presence of two guanidinium cations
the number of hydrogen bonding donor sites is very large (12
potential N�H donors). For this reason and because of the
involvement of water, the hydrogen-bonding patterns in
crystalline 5 are fairly complicated (see Figure 9). Charge-
assisted (�)O ¥¥ ¥H�N(�) hydrogen bonds range between
2.850(5) and 2.972(5) ä. In spite of the complex structure,
the same compound is unequivocally formed upon grinding


Figure 9. The dianion [Fe(�5-C5H4COO)2]2�, the two water molecules, and
two guanidinium cations in crystalline 5 ¥ 2H2O form a complex hydrogen-
bonding pattern, dominated by charge-assisted (�)O ¥¥¥ H�N(�) interactions
(HCH atoms not shown for clarity).


(see Figure 10), as shown by the comparison of the calculated
and measured X-ray powder diffractograms.


Figure 10. Comparison between (top) the X-ray powder diffractogram
measured on a sample of 5 ¥ 2H2O obtained by grinding and (bottom) that
calculated on the basis of the structure determined by single-crystal X-ray
diffraction.


Conclusion


In this study we have shown that new hybrid organic ± orga-
nometallic materials can be prepared quantitatively in
solvent-free mechanochemical reactions. We have explored
solid ± solid acid ± base reactions between a variety of solid
bases and the dicarboxylic sandwich compound [Fe(�5-
C5H4COOH)2].
The main outcomes of this study can be summarized as


follows:
1) In the cases of the five bases studied herein, the solid-state


reaction is quantitative and leads to complete conversion
of the starting solid reactants into the products as shown by
X-ray powder diffraction.


2) Recrystallization from a solution of the products, obtained
via grinding, in methanol assisted by seeding with a small
amount of the powder material, obtained mechanochemi-
cally, leads to single crystals suitable for X-ray diffraction.
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3) In the cases of compounds 1, 2, 3, and 5 ¥ 2H2O there is
exact correspondence between the calculated and meas-
ured powder diffractograms; hence, the mechanochemical
products possess the same structural features as those
determined by single-crystal X-ray diffraction.


4) Compound 4 is exceptional since the phases obtained from
grinding and from solution are different, the latter
containing water molecules of crystallization, 4 ¥ 2H2O,
which can be removed quantitatively in a TGA experiment
generating the anhydrous phase 4.


5) The bases 1,4-diazabicyclo[2.2.2]octane and 1,4-phenyl-
enediamine appear to be able to deprotonate the acid only
once, thus forming compounds containing the organo-
metallic moiety as a monoanion, namely
[HC6H12N2][Fe(�5-C5H4COOH)(�5-C5H4COO)] (1) and
[HC6H8N2][Fe(�5-C5H4COOH)(�5-C5H4COO)] (2),
whereas the bases piperazine, trans-1,4-cyclohexanedi-
amine, and guanidinium carbonate salt fully deprotonate
the dicarboxylic acid, leading to compounds containing the
organometallic dianion, namely [H2C4H10N2][Fe(�5-
C5H4COO)2] (3), [H2C6H14N2][Fe(�5-C5H4COO)2] ¥ 2H2O
(4 ¥ 2H2O), and [C(NH2)3]2[Fe(�5-C5H4COO)2] ¥ 2H2O (5 ¥
2H2O).


6) In terms of supramolecular bonding the difference be-
tween 2 and the other compounds is not marginal: in the
first two cases interanionic (�)O�H ¥¥¥O(�) hydrogen bond-
ing interactions are established, while in the cases of 3,
4 ¥ 2H2O, and 5 ¥ 2H2O the organometallic dianion can only
interact with the surrounding bases through (�)O ¥¥¥ H�N(�)


hydrogen bonds. In considering these differences, one
should keep in mind that the adducts are prepared in the
absence of solvent, whilst the pK concept and relative
acidity scale are based of the extent of proton transfer to
solvents; hence, common concepts such as Br˘nsted
acidity cannot be applied tout court to acid ± base reactions
between solids.[20]


The processes discussed herein all require profound mo-
lecular rearrangements and take advantage of the conforma-
tional freedom of the organometallic building block.
While heterophase gas ± solid reactions between acids and


bases have been extensively investigated,[21] homophase
solid ± solid reactions with molecular systems are less popular
and, to the best of the authors knowledge, never exploited
before in organometallic chemistry. On the other hand,
important results have been obtained with heterogeneous
solid ± gas reactions in the case of coordination complexes.[22]


In the course of a parallel exploratory work of solid ± solid
processes we have also discovered that the organometallic
zwitterion [CoIII(�5-C5H4COOH)(�5-C5H4COO)] reacts me-
chanochemically in the solid state with a number of salts, such
as KBr, NH4PF6, and KPF6 to yield, through a complex
supramolecular rearrangement the supramolecular com-
plexes [CoIII(�5-C5H4COOH)(�5-C5H4COO)]2 ¥ C�A� [C�
K�, Rb�, Cs�, NH4


�, A��Cl�, Br�, PF6
�].[23] These findings,


together with those reported in this paper, suggest that
organometallic compounds are very versatile reactants for
solvent-free mechanochemical reactions. With this awareness,
we are now applying mechanochemical methods to obtain
heterobimetallic solid systems.


In conclusion, we have shown that acid ± base mechano-
chemistry is a viable alternative to reaction in solution to
assemble hydrogen-bonded hybrid materials. The number of
applications that can be envisaged in the organometallic and
coordination chemistry fields, as well as across all traditional
subdivisions of chemistry, is considerable. A useful aspect to
consider is that, with respect to crystallization from solution,
in mechanochemical reactions crystal formation does not
depend on the kinetics of crystal nuclei formation in solution
and on solubility. Furthermore, solid ± solid processes reduce
the formation of solvate species. These are both useful notions
in the field of crystal engineering in which the kinetic ± ther-
modynamic dualism always constitutes an intriguing aspect of
the processes under investigation or exploitation, and where-
by solvate formation is often an uncontrollable and sometimes
an undesired consequence of crystallization.


Experimental Section


All the starting materials were purchased from Aldrich and used without
further purification. Reagent grade solvents and doubly distilled water
were used.


Mechanochemical and solution syntheses of [HC6H12N2][Fe(�5-
C5H4COOH)(�5-C5H4COO)] (1): [Fe(�5-C5H4COOH)2] (20 mg,
0.073 mmol) and 1,4-diazabicyclo[2.2.2]octane (8.2 mg, 0.073 mmol) were
manually ground in an agate mortar for 5 min. Single crystals of 1 suitable
for single-crystal X-ray diffraction were obtained by slow evaporation of a
solution obtained by dissolving [Fe(�5-C5H4COOH)2] (23 mg, 0.084 mmol)
and 1,4-diazabicyclo[2.2.2]octane (9.4 mg, 0.084 mmol) in methanol
(99.8%;3 mL) seeded with the ground sample (5 mg).


Heterophase synthesis of 1: [Fe(�5-C5H4COOH)2] (20 mg) was exposed at
room temperature to vapours of 1,4-diazabicyclo[2.2.2]octane, obtained by
producing a mild vacuum (water pump, ca. 30 ± 40 mmHg) in the reaction
apparatus; after 30 days the diffraction pattern showed peaks of the 1
together with residual peaks of the starting diacid.


Mechanochemical and solution syntheses of [HC6H8N2][Fe(�5-
C5H4COOH)(�5-C5H4COO)] (2): [Fe(�5-C5H4COOH)2] (20 mg,
0.073 mmol) and 1,4-phenylenediamine (7.9 mg, 0.073 mmol) were man-
ually ground in an agate mortar for 5 min. Single crystals of 2 suitable for
single-crystal X-ray diffraction were obtained by slow evaporation of a
solution obtained by dissolving 2 (35 mg) in methanol (99.8%, 3 mL)
seeded with the ground sample (5 mg). The same product was obtained by
dissolving [Fe(�5-C5H4COOH)2] (25 mg, 0.091 mmol) and 1,4-phenylenedi-
amine (9.9 mg, 0.091 mmol) in methanol (99.8%, 3 mL) seeded with the
ground sample (5 mg).


Mechanochemical and solution syntheses of [H2C4H10N2][Fe(�5-
C5H4COO)2] (3): [Fe(�5-C5H4COOH)2] (20 mg, 0.073 mmol) and pipera-
zine (6.3 mg, 0.073 mmol) were manually ground in an agata mortar for
5 min. Single crystals of 3 suitable for single-crystal X-ray diffraction were
grown by slow evaporation of a solution obtained by dissolving 3 in
methanol (99.8%, 3 mL) seeded with the ground sample (5 mg). The same
result was obtained by dissolving [Fe(�5-C5H4COOH)2] (25 mg,
0.091mmol) and piperazine (8.7 mg, 0.091 mmol) in methanol (99.8%,
3 mL) seeded with the ground sample (5 mg).


Mechanochemical synthesis of [H2C6H14N2][Fe(�5-C5H4COO)2] (4) and
solution synthesis of the hydrated form [H2C6H14N2][Fe(�5-C5H4COO)2] ¥
2H2O (4 ¥ 2H2O): [Fe(�5-C5H4COOH)2] (20 mg, 0.073 mmol) and of trans-
1,4-cyclohexanediamine (8.3 mg, 0.072 mmol) were manually ground in an
agata mortar for 5 min, to yield the anhydrous form of compound 4. Single
crystals of 4 ¥ 2H2O suitable for single-crystal X-ray diffraction were grown
by slow evaporation of a solution obtained dissolving [Fe(�5-C5H4COOH)2]
(20 mg, 0.073 mmol) and trans-1,4-cyclohexanediamine (8.3 mg,
0.073 mmol) in methanol (99.8%,3 mL) seeded with the ground sample
(5 mg). Seeding of a solution of 4 also yielded the hydrated form 4 ¥ 2H2O.
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No attempt to carry out the crystallization in the absence of humidity was
made.


Mechanochemical and solution syntheses of [C(NH2)3]2[Fe(�5-
C5H4COO)2] ¥ 2H2O (5 ¥ 2H2O): [Fe(�5-C5H4COOH)2] (20 mg, 0.073 mmol)
and guanidinium carbonate (8.8 mg, 0.072 mmol) were manually ground in
an agata mortar for 5 min. Single crystals of 5 ¥ 2H2O suitable for single-
crystal X-ray diffraction were grown by slow evaporation of a solution
obtained by dissolving [Fe(�5-C5H4COOH)2] (25 mg, 0.091 mmol) and
guanidinium carbonate (10.9 mg, 0.091 mmol) in methanol (99.8%, 3 mL)
seeded with the ground sample (2 mg). The same result was obtained by
recrystallization of 5 ¥ 2H2O from methanol.


Crystal structure determination : Crystal data of all compounds were
collected on a Nonius CAD4 diffractometer. Crystal data and details of
measurements are summarized in Table 2. Common to all compounds:


MoK� radiation, �� 0.71073 ä, monochromator graphite. SHELX97[24a]


was used for structure solution and refinement based on F 2. All non-
hydrogen atoms were refined anisotropically, except for carbon atoms in 1.
Hydrogen atoms bound to carbon atoms were added in calculated
positions. Data were corrected for absorption by azimuthal scanning of
high � reflections. The HCOOH and HNH atoms in 1 were found but not
refined; in 2, 3, 4 ¥ 2H2O and 5 ¥ 2H2O all the HCOOH, HNH, and Hwater atoms
were found and refined. SCHAKAL99[24b] was used for the graphical
representation of the results. The program PLATON[24c] was used to
calculate the hydrogen-bonding interactions reported in Table 2. CCDC-
191507, CCDC-191508 (1 and 2), CCDC-207630 ± 207632 (3, 4 ¥ 2H2O, and
5 ¥ 2H2O) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or
e-mail : deposit@ccdc.cam.ac.uk).


Powder diffraction measurements : Powder diffraction for all samples was
measured on a Philips PW-1710 automated diffractometer, CuK� , mono-
chromator graphite, by using quartz sample holders; for the pure reagents
25 mg of substance were employed. The program PowderCell 2.2[23d] was
used for calculation of X-ray powder patterns on the basis of the single-
crystal structure determinations. Prolonged grinding of the compounds did
not alter the diffraction patterns significantly. Grinding of the acid and base
in stoichiometric amounts different from 1:1, for example, 2:1 and 1:2,
invariably yielded a mixture of phase, whereby the presence of the excess
unreacted base or acid could be easily recognized.
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Molecular Structure ±Activity Relationships for the Oxidation of
Organic Compounds Using Mesoporous Silica Catalysts Derivatised
with Bis(halogeno)dioxomolybdenum(��) Complexes


Carla D. Nunes, Anabela A. Valente, Martyn Pillinger, Joaƒo Rocha, and
Isabel S. GonÁalves*[a]


Abstract: Mo K-edge XAFS spectra
have been measured for ordered meso-
porous silica MCM-41 grafted with the
complexes [MoO2X2(thf)2] (X�Cl, Br).
For grafting reactions in the absence of
triethylamine, materials with 1 wt.%
Mo are obtained; the Mo K-edge EX-
AFS results indicate the co-existence of
isolated surface-fixed monomeric spe-
cies {MoO2[(�O)3SiO]2(thf)n} and
{MoO2[(�O)3SiO]X(thf)n}. When Et3N
is used in the grafting reactions, materi-
als with 4 wt.% Mo are obtained. The
EXAFS data for the material prepared
using [MoO2Cl2(thf)2] and Et3N indicate
the presence of dinuclear species with


two MoVI centres, each with two Mo�O
groups and each linked by one or two
oxo bridges (Mo ¥ ¥ ¥Mo 3.27 ä). The
molybdenum centres in the material
prepared using the dibromo complex
comprise mainly isolated four-coordi-
nate dioxomolybdenum(��) and trioxo-
molybdenum(��) monomeric species,
with a small contribution from dimeric
species. All materials were further char-


acterised in the solid state by powder
X-ray diffraction, N2 adsorption analy-
sis, MAS NMR (13C, 29Si) and FTIR
spectroscopy. The derivatised MCMs
perform differently as catalysts in the
liquid-phase oxidation of various olefins
and alcohols with tert-butyl hydroperox-
ide. The highest alkene epoxidation
activity was recorded for the catalysts
with low metal loading, whereas the
material containing oxo-bridged dimers
had the highest activity for oxidation of
alcohols. The recyclability of all the
catalysts was tested: the catalytic activ-
ity of the derivatised materials tended to
stabilize with ageing.


Keywords: EXAFS spectroscopy ¥
heterogeneous catalysis ¥ meso-
porous materials ¥ molybdenum ¥
oxidation


Introduction


Silica and alumina substrates have been used for decades to
support transition-metal oxides for catalytic applications.[1]


These supports are attractive for their high specific surface
area, mechanical stability and promotion of well-dispersed
active sites.[2] In the last ten years or so, micelle-templated
inorganic oxides have emerged as promising alternatives[3]


mainly because, in addition to the characteristics mentioned
above, they exhibit an ordered array of uniform mesopores
that permit catalytic reactions in constrained environments
(for example, those involving bulky substrate and/or product
molecules).[4] Most of the work has been with silica-based
materials, in particular hexagonal mesoporous silicas such as
MCM-41,[5] SBA-3[6] and FSM-16,[7] and cubic mesoporous
silicas such as MCM-48[5] and SBA-1.[6] Like those of the
commonly used silica and alumina supports, the internal


surfaces of these materials contain reactive silanol groups that
can be used to prepare derivatised materials.[8] Functionalisa-
tion of ordered mesoporous silicas with transition-metal
oxides has been of particular interest. One approach is to
graft organometallic or metal-organic complexes onto the
support; this is followed by calcination to produce isolated
oxo ±metal species. Suitable precursors include metal alk-
oxides[9] or metallocenes.[10] The preparation of isolated MoVI


active sites on ordered mesoporous silica is especially
interesting, given that silica-supported molybdenum oxides
are widely used for a variety of selective oxidative dehydro-
genations such as the oxidation of methane to methanol and
formaldehyde.[11] Some of us recently reported a convenient
one-step procedure for the preparation of MoVI active sites on
MCM-41 and MCM-48,[12] involving direct grafting of com-
plexes [MoO2X2(thf)2] (X�Cl, Br) onto the purely siliceous
supports using dichloromethane as solvent. A subsequent
calcination step was not necessary. Preliminary tests showed
that the grafted materials were active as catalysts for the
epoxidation of cyclooctene with tert-butyl hydroperoxide
(TBHP) as the oxidant. It was assumed that the active sites
were surface-fixed monomeric species {MoO2[(�O)3-
SiO]X(thf)n}, although we had no direct spectroscopic evi-
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dence to support this conclusion (the materials were charac-
terised by elemental analysis, powder X-ray diffraction
(XRD), N2 adsorption, and magic-angle spinning (MAS)
NMR spectroscopy). In the present work, Mo K-edge X-ray
absorption fine structure (XAFS) spectroscopy and IR
spectroscopy have been used to probe the local structure of
supported Mo species in MCM-41 grafted with the bis(halo-
geno)dioxomolybdenum(��) complexes. We have also studied
the effect of using triethylamine in the grafting reactions to
activate the surface silanols and to sequester the HCl
liberated, and we report in detail on the activities of the
derivatised materials as catalysts for liquid-phase epoxidation
of cyclooctene with TBHP as the oxygen source, and the
oxidation of alcohols. The differences in the observed
catalytic behaviour are correlated with the variability in the
structures of the supported oxomolybdenum catalysts.


Results and Discussion


Textural characterisation : The MCM-41 sample was of higher
quality than the one used previously for grafting reactions
with complexes [MoO2X2(thf)2] (X�Cl (1), Br (2)).[12] Five
reflections that were observed in the powder X-ray diffraction
pattern (Figure 1) were indexed, assuming a hexagonal cell, as
(100), (110), (200), (210) and (300). The d value of the (100)
reflection is 35.7 ä, giving a lattice constant of a� 41.2 ä.
Treatment of calcined and dehydrated MCM-41 with a
dichloromethane solution of 1 or 2 (in excess) gave deriva-
tised materials with a metal loading of about 1 wt.%
(0.1 mmolg�1). This is the maximum that can be achieved in
the absence of agents to activate the surface silanol groups.
The loading corresponds to a surface coverage of 0.1 atom-
snm�2 (assuming the metal atom layer thickness to be
negligible and an average support surface area of
800 m2g�1). For comparison, the approximate abundance of
silanol groups on calcinedMCM-41 has been reported to be in
the range 1 ± 3 nm�2;[13] of these about 25% are free silanols
(involving single and geminal groups), and the rest are
hydrogen-bonded.[13a] Zhao et al. showed that only the free
silanol groups on MCM-41 are readily accessible to the
silylating agent, chlorotrimethylsilane.[13a] It can be assumed
therefore that the molybdenum complexes react only with
free silanol groups. The powder XRD patterns for the grafted
materials MCM-41/1 andMCM-41/2were quite similar to that
of pristine calcined MCM-41 (Figure 1), which indicates
retention of the long-range hexagonal symmetry. There was
a slight attenuation of XRD peak intensities. This is not
interpreted as a loss of crystallinity. Instead, it is likely that
there is a reduction in the X-ray scattering contrast between
the silica wall and pore-filling material.[14] When triethylamine
(Et3N) was used in the grafting reactions, materials with a
much higher metal loading were obtained (approximately
4 wt.% Mo, 0.4 mmolg�1), corresponding to a surface cover-
age of 0.3 atomsnm�2 (assuming an average support surface
area of 800 m2g�1). At least four reflections were observed in
the powder XRD patterns of MCM-41/1/Et3N and MCM-41/
2/Et3N. The peak intensities were reduced considerably


Figure 1. Powder XRD patterns of a) MCM-41, b) MCM-41/1 and
c) MCM-41/1/Et3N. Similar results were obtained for MCM-41/2 and
MCM-41/2/Et3N.


compared with those of MCM-41/1 orMCM-41/2, presumably
because of the higher metal loading.
The N2 adsorption ± desorption isotherms for the pristine


and modified MCM-41 samples were type IV as defined by
IUPAC, characteristic of mesoporous solids. All the isotherms
were reversible, with clear capillary condensation steps
indicating that the textural characteristics of the silica support
are preserved during the grafting experiments and that the
channels remain accessible. Figures 2 and 3 show isotherms
for MCM-41 before and after derivatisation of the silica
surface, with and without triethylamine treatment. The
modifications led to a decrease in the limiting N2 uptake at
high p/p0, and both the surface area and pore volume
decreased (Table 1). The plot of differential volume as a
function of pore width shows a relatively narrow pore size
distribution (PSD), with median pore diameters ranging from
2.9 to 3.2 nm for pristine MCM-41 and 2.6 to 3.2 nm for the
modified samples. The grafting procedure without Et3N
caused an increase in the width at half-height, indicating an
increase in pore heterogeneity (Figure 2). For the catalysts
prepared using Et3N, a shift of the maximum of the PSD curve
from 2.9 to 2.6 nm was observed upon surface modification
(Figure 3).


Spectroscopic characterisation : Figure 4 shows the 29Si MAS
and CP-MAS NMR spectra of pristine MCM-41, MCM-41/1
and MCM-41/1/Et3N. The 29Si MAS spectrum of the starting
material exhibits two broad overlapping peaks at ���102.0
and �109.0 ppm assigned to, respectively, Q3 and Q4 units of
the silica framework (Qn� Si(OSi)n(OH)4�n). A small pro-
portion of Q2 environments is also present (there is a faint
peak at ���92.5 ppm). The 29Si CP-MAS NMR spectrum
shows a marked increase in the relative intensity of the Q2 and
Q3 lines in comparison with the 29Si MAS spectrum, confirm-
ing that these silicons are attached to hydroxyl groups. In
agreement with those previously reported,[12] both the 29Si CP-
MAS and MAS NMR spectra show that upon functionalisa-
tion with 1 in the absence of Et3N, the relative intensity of the







FULL PAPER I. S. GonÁalves et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4380 ± 43904382


Figure 2. Nitrogen adsorption (�) ± desorption (�) isotherms at 77 K of
a) the parent MCM-41 and b) MCM-41/1, and the corresponding pore size
distribution (PSD) profiles.


Q3 (and Q2) peak(s) changes only slightly, consistent with the
low metal loading (approximately 1 wt.% Mo). For the
material prepared in the presence of triethylamine, the 29Si
CP-MAS NMR spectrum clearly shows a reduction in the Q3


and Q2 resonances, and a concomitant increase in the Q4


resonance. This indicates an extensive interaction of surface
silanols with triethylamine and/or the grafted molybdenum
species (consistent with the higher metal loading). The
materials MCM-41/2 and MCM-41/2/Et3N exhibited similar
29Si NMR spectra to those of MCM-41/1 andMCM-41/1/Et3N,
respectively (not shown). In the 13C CP-MAS NMR spectra of
MCM-41/1 and MCM-41/2 (not shown), lines observed at ��
24.7 and 68.0 ppm are assigned to coordinated THF mole-
cules. By contrast, 13C CP-MAS NMR showed that the grafted
materials MCM-41/1/Et3N and MCM-41/2/Et3N do not con-
tain THF, but do contain triethylammonium ions (lines at 7.6
and 46.6 ppm).
The precursor MCM-41 samples and derivatised materials


were also characterised by FTIR spectroscopy. Pristine
calcined MCM-41 presented a spectrum comparable with
that of MCM-48.[9f] Two framework bands for the asymmetric
stretch (�as) of the Si ±O± Si bonds are observed at 1235 and


Figure 3. Nitrogen adsorption (�) ± desorption (�) isotherms at 77 K of
a) the parent MCM-41 and b) MCM-41/1/Et3N, and the corresponding pore
size distribution (PSD) profiles.


1087 cm�1, with a weak peak at 1180 cm�1. A strong peak at
800 cm�1 is attributed to �sym of the Si ±O± Si bonds while a
broad band at 570 cm�1 is ascribed to the ™crystallinity peak∫
in zeolite synthesis, indicative of the formation of an ordered
network solid.[9f] An absorption at 963 cm�1 is assigned to the
Si ±O�� of a Si ±OH stretch. When MCM-41 was grafted with
1 or 2 in the absence of Et3N, these bands due to the support
did not change significantly in appearance or frequency.
Several new bands were observed; they are assigned to the
grafted species and/or their interaction with the host. The


Table 1. Textural parameters of MCM-41 samples determined from N2 isotherms
at 77 K.


Sample SBET [m2g�1] �SBET[a] [%] VP [cm3g�1] �VP[b] [%] dP [nm]


MCM-41-1 928 ± 0.69 ± 3.2
MCM-41/1 734 � 21 0.64 � 7 3.2
MCM-41/2 855 � 8 0.67 � 3 3.2
MCM-41-2 863 ± 0.58 ± 2.9
MCM-41/1/Et3N 760 � 12 0.55 � 5 2.6
MCM-41/2/Et3N 652 � 24 0.46 � 21 2.6


[a] Variation of surface area in relation to parent MCM-41. [b] Variation of total
pore volume in relation to parent MCM-41.
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Figure 4. 29Si MAS and CP-MAS NMR spectra of a) MCM-41, b) MCM-
41/1 and c) MCM-41/1/Et3N.


presence of THF is indicated by bands at 2890 and 2980 cm�1.
A weak shoulder at 918 cm�1 may be due to the asymmetric
stretch of the C±O±C bonds of THFor to aMo�O stretching
vibration (the latter usually occurs at �900 cm�1 for cis-
dioxomolybdenum(��) complexes). A second shoulder at
about 890 cm�1 is assigned to a Mo�O stretching vibration.
For comparison, the Mo�O stretching vibrations for the
precursor complex 2 appear at 904 cm�1 (asymmetric) and
942 cm�1 (symmetric). The FTIR spectra of MCM-41/1/Et3N
and MCM-41/2/Et3N show bands due to triethylammonium
ions (1398, 1475, 2492, 2690, 2726, 2790 and 2990 cm�1). The
absorption at 965 cm�1 due to the Si ±O�� of a Si ±OH stretch
is reduced to a weak intensity and a new band appears at
945 cm�1. In agreement with the 29Si NMR results, this
indicates a strong interaction of a large fraction of the surface
silanols with triethylamine and/or oxomolybdenum species.
Both samples also exhibit a shoulder at 918 cm�1 that is
assigned to a Mo�O stretching vibration (the 13C CP-MAS
NMR spectra showed that the samples do not contain THF).
The grafted material MCM-41/1/Et3N (but not MCM-41/2/
Et3N) exhibits a prominent shoulder at 885 cm�1. Considering
the Mo K-edge EXAFS data (described below), this band is
tentatively assigned to a Mo±O±Mo stretching vibration
(usually expected in the range 700 ± 900 cm�1).
EXAFS spectroscopy is perhaps the best technique to


probe the molecular structure of the molybdenum centres in
the grafted materials. However, where structural diversity of
metal species arises, the traditional approach to modelling the
resultant EXAFS spectrum can give only an indication of the
average structural environment. MoK-edge X-ray absorption
spectra were collected at room temperature in the solid state
for the precursor complexes 1 and 2, and the four derivatised
materials. The XANES data are shown in Figure 5. The
spectra for the precursor complexes are quite similar, both
exhibiting a rather weak pre-edge feature that is attributed to
a bound state transition (1s� 4d). The intensity of this peak


Figure 5. Mo K-edge XANES spectra of a) [MoO2Cl2(thf)2] (1),
b) [MoO2Br2(thf)2] (2), c) MCM-41/1, d) MCM-41/2, e) MCM-41/1/Et3N,
f) MCM-41/2/Et3N and g) Na2MoO4 ¥ 2H2O.


is usually strongest for molybdenum coordination systems
with non-inversion symmetry, such as tetrahedral geometry.[15]


Sodium molybdate, for example, exhibits an intense well-
resolved pre-edge peak (Figure 5). Any distortion of the
regular tetrahedral symmetry leads to a decrease in the peak
intensity. The XANES spectra of complexes 1 and 2 are
therefore consistent with the expected molybdenum coordi-
nation, that is, distorted octahedral geometry. The clear
differences in both amplitude and frequency between the
XANES oscillations of the precursor complexes and deriva-
tised materials demonstrate that the grafting process has
imposed changes in the local structural order around the
molybdenum centres. The increase in the intensity of the pre-
edge peak for the grafted materials indicates a change in the
molybdenum coordination geometry. Enhancement of this
transition has also been associated with an increasing number
of Mo�O bonds.[16]
Good quality EXAFS spectra were obtained up to 16 ±


20ä�1 for all the compounds examined. Analysis of the
EXAFS for 1 and 2 gave the expected first coordination
spheres of two oxygen atoms at 1.69 ± 1.70 ä (Mo±Ot),
approximately two oxygen atoms at 2.24 ± 2.26 ä (Mo ±
OTHF) and two halogen atoms at either 2.36 ä (Cl) or 2.52 ä
(Br) (Figures 6 and 7; Table 2). The Mo±Ot and Mo±X
distances are in agreement with those obtained by single-
crystal X-ray diffraction for Lewis base adducts [MoO2X2L2]
(L2� 2,2�-bipyridine, 2,2�-bipyrimidine).[18] If 1 was grafted
into MCM-41 (MCM-41/1), a substantially different model
was required for a reasonable fit to the Mo K-edge EXAFS,
comprising oxygen shells at 1.70, 1.93 and 2.24 ä (Figure 6b).
The first shell is extremely well defined and confirms the
presence of dioxo species. The appearance of the new shell at
1.93 ä, coupled with the fact that no acceptable fit could be
obtained for a chlorine shell at approximately 2.35 ä, is
consistent with the formation of Mo ±O±Si linkages (by
reaction of the complex with nucleophilic surface silanol
groups) (Figure 8). The refined coordination number for the
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Figure 6. Room-temperature Mo K-edge EXAFS and Fourier transforms
of a) 1, b) MCM-41/1 and c) MCM-41/1/Et3N. The solid lines represent the
experimental data and the broken lines show the best fits using the
parameters given in Table 2.


second oxygen shell is close to 1, lower than the expected
value of 2 for a bipodally anchored species. Static disorder in
the Mo ±Ob bonds may account for this discrepancy. Refine-
ment of coordination numbers and Debye ±Waller factors
simultaneously does not always give reliable results, owing to
the high correlation of the two parameters. Attempts to model
a Mo ¥ ¥ ¥Si distance (in the range 3 ± 4 ä) corresponding to a
Mo ±O±Si linkage were unsuccessful. This may again be due
to disorder in the Mo ±O±Si interactions. There are still THF
molecules coordinated to theMoVI centre, as evidenced by the
shell at 2.24 ä (in agreement with the 13C CP-MAS NMR
results). In the case of MCM-41 grafted with the dibromo
complex 2 (MCM-41/2), three oxygen shells were again in
evidence, corresponding to Mo±Ot, Mo ±Ob and Mo±OTHF
bonds. A fourth shell for bromine atoms was also included in
the final fit (coordination number� 0.6). The EXAFS results
for the grafted materials therefore indicate the coexistence of
isolated surface-fixed monomeric species {MoO2-
[(�O)3SiO]2(thf)n} (site A) and {MoO2[(�O)3SiO]X(thf)n}
(site B) (Figure 8). The relative population of monopodally
anchored species (B) seems to be higher for the grafted
material MCM-41/2, consistent with the greater lability of the
Cl ligands than the Br ligands in the precursor complexes 1
and 2.


Figure 7. Room-temperature Mo K-edge EXAFS and Fourier transforms
of a) 2, b) MCM-41/2 and c) MCM-41/2/Et3N. The solid lines represent the
experimental data and the broken lines show the best fits using the
parameters given in Table 2.


Table 2. Mo K-edge EXAFS-derived structural parameters for 1, 2 and deriva-
tised MCM-41 materials.


Compound Atom CN[a] r [ä] 2�2 [b] [ä2] Ef[c] [eV] R[d] [%]


1 O 2.0(1) 1.692(2) 0.0023(2) � 1.2(7) 26.2
O 2.5(7) 2.242(13) 0.0257(51)
Cl 1.8(2) 2.355(2) 0.0053(3)


2 O 2.1(1) 1.696(2) 0.0022(2) � 3.4(6) 18.0
O 2.2(3) 2.262(7) 0.0114(16)
Br 1.8(1) 2.515(2) 0.0055(2)


MCM-41/1 O 2.0(1) 1.695(2) 0.0044(3) 4.3(7) 31.2
O 1.0(2) 1.927(7) 0.0076(14)
O 1.4(4) 2.240(15) 0.0210(49)


MCM-41/2 O 2.0(1) 1.689(2) 0.0036(2) 1.5(7) 28.6
O 1.0(3) 1.929(6) 0.0061(10)
O 2.0(5) 2.275(13) 0.0262(47)
Br 0.6(1) 2.526(5) 0.0084(7)


MCM-41/1/Et3N O 2.0(1) 1.695(2) 0.0048(2) 5.4(4) 25.9
O 1.5(2) 1.924(4) 0.0101(10)
Mo 1.4(2) 3.274(3) 0.0083(3)
O 0.8(2) 2.310(14) 0.0127(36)


MCM-41/2/Et3N O 2.5(1) 1.714(2) 0.0043(2) 4.1(4) 25.8
O 1.0(1) 1.940(4) 0.0043(7)
Mo 0.3(2) 3.255(14) 0.0093(23)


[a] CN�Coordination number. Values in parentheses are statistical errors
generated in EXCURVE. The true errors in coordination numbers are likely to
be of the order of 20%, and those for the interatomic distances �1.5%.[17]
[b] Debye ±Waller factor; �� root-mean-square internuclear separation.
[c] Ef� edge position (Fermi energy), relative to calculated vacuum zero.
[d] R� (� [�theory��exptl]k 3dk/[�exptl]k 3dk)� 100%.







Oxidation of Organic Compounds 4380±4390


Chem. Eur. J. 2003, 9, 4380 ± 4390 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4385


The inclusion of triethyla-
mine in the grafting reaction
of [MoO2Cl2(thf)2] with MCM-
41 results in an EXAFS spec-
trum that is very different from
that of MCM-41/1 (Figure 6c).
An intense new peak is present
in the Fourier transform (FT)
above 3 ä. This was best mod-
elled as 1.4 molybdenum atoms
at 3.27 ä. In the final fit, 1.69,
1.92 and 2.31 ä Mo±O distan-
ces were also included (Ta-
ble 2). The goodness-of-fit R
factor decreased from 27.6 to
25.9% upon addition of the
oxygen shell at 2.31 ä. A sim-
ilar improvement in the fit was
obtained by fitting one nitrogen
at 2.34 ä instead of the oxygen
shell at 2.31 ä. Therefore the
presence of coordinated trie-
thylamine molecules cannot be
ruled out. No evidence was
found for a shell at approxi-


mately 2.25 ä for coordinated THF molecules. The results
indicate that the Mo centres formed in MCM-41/1/Et3N are
largely dinuclear species with twoMoVI centres, each with two
Mo�O groups and each linked by one or two oxo bridges
(Figure 9). Mono-oxo-bridged [Mo2O5]2� entities, for exam-
ple, oxalate complexes M2[Mo2O5(C2O4)2(H2O)2] (M�Na, K,
Rb, Cs), are quite common in oxomolybdenum(��) chemis-
try.[19] Dioxo-bridged fragments [Mo2O6] with Mo ¥ ¥ ¥Mo
3.27 ä have been structurally characterised in catalysts
prepared by immobilisation of species derived from [MoO2-
(acac)2] on a polystyrene N-hydroxypropyl aminomethylpyr-
idine resin.[20] The EXAFS-derived coordination number for


Figure 9. Representation of the predominant species present in MCM-41
derivatised with the complexes 1 and 2 in the presence of Et3N, as
evidenced by Mo K-edge XAFS spectroscopy.


the Mo ¥ ¥ ¥Mo shell is clearly higher than the ideal value of 1
for a dimeric species. It was thought that this might be due to
multiple scattering involving the Mo ±Ob ±Mo unit, despite
the rather acute Mo±O±Mo angle (approximately 117�
assuming equal Mo ±Ob bond lengths of 1.92 ä). However,
inclusion of multiple scattering in the calculations for the
Mo ±Ob ±Mo unit (with the coordination numbers fixed at
1.0) resulted in a worse fit to the EXAFS. The initial single
scattering approach was therefore retained. The FT of the
room-temperature Mo K-EXAFS of MCM-41/1/Et3N con-
tains a weak peak above 4.5 ä. This was best fitted as
about one molybdenum atom at 4.70 ä. The existence of this
shell would suggest a contribution from polymeric species
in addition to the dimeric species described above (possibly
explaining the calculated coordination number of 1.4
for the Mo ¥ ¥ ¥Mo shell). However, the shell is not included
in the final four-shell model because the improvement
in the fit was modest (R� 25.2%) and there were un-
acceptably large statistical errors in the refined struc-
tural parameters (90% in the coordination number, for
example).
The Mo K-edge EXAFS results for the grafted material


MCM-41/2/Et3N show that the surface chemistry of the
dibromo complex is very different from that of the dichloro
complex when triethylamine is present to activate the surface
silanols. These differences are very evident in both the
EXAFS spectra and Fourier transforms (Figure 7). For
example, the FT of the Mo K-edge EXAFS of MCM-41/2/
Et3N contains only a weak peak at about 3.3 ä, compared
with the very intense peak observed for the grafted material
MCM-41/1/Et3N. The EXAFS data for MCM-41/2/Et3N were
initially modelled by oxygen shells at 1.71 ä and 1.94 ä (R
factor� 27.1%). No acceptable fit could be obtained for a
bromine shell at approximately 2.5 ä. A modest improve-
ment in the fit was obtained by addition of a shell for
molybdenum atoms (CN� 0.3) at 3.26 ä (R factor� 25.8%;
Table 2). The contribution of this shell to the overall fit is
clearly much less than that observed for the corresponding
shell in the fit to the EXAFS of MCM-41/1/Et3N. In fact, a
reasonable fit could also be obtained by modelling about one
silicon atom at 3.33 ä instead of the molybdenum shell. These
results indicate that the surface species in MCM-41/2/Et3N
comprise mainly isolated monomers, with perhaps a small
contribution from dimers. The EXAFS-derived bond distance
and coordination number for the terminal oxo ligands (1.71 ä,
2.5) are significant, since the other grafted materials and
precursor complexes 1 and 2 yielded consistent values of
1.695� 0.005 ä and 2.0� 0.1. The average coordination
number of 2.5 suggests the presence of some trioxomolybde-
num(��) species. Anions of the type [XMoO3]� are known to
exist (in aqueous solution, for example), but very few
complexes have been isolated and characterised.[21±23] Arzou-
manian et al. obtained crystals of the complex [PPh4][Mo-
(�1-1,3,5-C6H2Me3)(O3)] suitable for structure determination
by X-ray diffraction.[24] The Mo ±O bond lengths were found
to be 1.720� 0.003 ä. Figure 10 illustrates a possible mech-
anism for the formation of trioxomolybdenum(��) species on
the surface of MCM-41, starting from an immobilised species
{MoO2[(�O)3SiO]2}.


Figure 8. Representation of
the predominant species pres-
ent inMCM-41 derivatised with
the complexes 1 and 2 in the
absence of Et3N, as evidenced
by Mo K-edge XAFS spectro-
scopy.
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Figure 10. Possible mechanism for the formation of surface-fixed trioxo-
molybdenum(��) species in the grafted material MCM-41/2/Et3N.


Catalytic epoxidation of olefins : The behaviour of the
derivatised MCM-41 materials as catalysts or catalyst pre-
cursors for the liquid-phase epoxidation of olefins was
investigated using cyclooctene as a model substrate and tert-
butyl hydroperoxide (TBHP) as the mono-oxygen source, at
55 �C under air, without additional solvent. All materials
catalysed the oxidation of cyclooctene to the corresponding
epoxide, and no reaction took place without catalyst. In the
first catalytic runs, the systems containing materials MCM-41/
1 and MCM-41/2 exhibited excellent catalytic activity and
selectivity, with conversion of substrate reaching more than
90% within a few hours (Figure 11; Table 3). This perform-


Figure 11. Conversion versus time curves for the oxidation of cyclooctene
with TBHP in the presence of a) MCM-41/1, b) MCM-41/2, c) MCM-41/1/
Et3N and d) MCM-41/2/Et3N (�, 1st run; � , 2nd run; �, 3rd run).


ance was much better than that usually observed in homoge-
neous-phase reaction for solvent adducts [MoO2X2S2] (X�
Cl, Br).[25] For example, under reaction conditions similar to
those used in the present work, conversion of cyclooctene in
the presence of the dibromo complex [MoO2Br2(CH3CN)2]
quickly reached about 65% but did not proceed significantly
further.[25] This was attributed to the pronounced water
sensitivity of the complex.
The MCM-41/1 and MCM-41/2 samples were prepared


according to the procedure described in ref. [12] and had
similar molybdenum loadings (approximately 1 wt.%). How-
ever, in the present study the catalysts were considerably
more active in cyclooctene epoxidation than those prepared in
the previous work. This can only be attributed to the much


improved long-range structural order (as evidenced by the
presence of five reflections in the powder XRD pattern)
resulting from the different method by which the host
material used here was prepared. The higher catalytic activity
may have resulted from improved adsorption characteristics.
Oyama et al. , for example, reported that the silica surface of
silica-supported molybdenum materials participated in the
oxidation of methanol by holding reaction intermediates,
indicating that the storage capacity of the support can affect
the overall activity.[11a]


The recyclability of MCM-41/1 and MCM-41/2 for cyclo-
octene epoxidation was studied by using the catalysts in
second and third reaction runs (Figure 11; Table 3). In both
cases a loss of activity was observed from the first to the
second runs, while catalytic activity was almost completely
retained from the second to the third runs. Selectivity to the
epoxide remained very high (Table 3). It is possible that, in the
first run, the epoxidation reaction took place within the
mesopores of the silica support, involving a relatively small
number of highly active oxomolybdenum centres. The active
species may have been deactivated (and/or leached into
solution) during the course of the reaction, leading to a
decrease in activity for the recycled catalyst. As noted above,
the catalytic activity and kinetic profiles for the first runs were
very different from those usually associated with complexes of
the type [MoO2X2(thf)2]; this suggests that the ordered
mesoporous support still plays a part in the reaction. For the
second and third runs the reactions appeared to be truly
heterogeneous, involving oxomolybdenum species covalently
anchored to the support. For a given catalytic run, the
activities of the catalysts derived from either complex 1 or 2
were similar. In accordance with the EXAFS results, this
suggests that the halogeno ligands had been at least partially
removed during the grafting reactions, since dichloro com-
plexes [MoO2Cl2S2] usually exhibit higher activity (because of
the increased electrophilicity of the metal centre) than the
corresponding dibromo complexes.[26]


The catalytic performance of MCM-41/1 was also tested in
the epoxidation of other olefins, since cyclooctene has high
reactivity and a low tendency towards epoxide opening. The


Table 3. Cyclooctene epoxidation using TBHP in the presence of MCM-41
materials.


Sample TOF[a] Conv.[b] [%] Selectivity to
[mmolg�1cat h�1] cyclooctene


oxide [%]


MCM-41/1 (1st run) 38 100 100
MCM-41/1 (2nd run) 6 86 100
MCM-41/1 (3rd run) 5 76 100
MCM-41/2 (1st run) 32 100 100
MCM-41/2 (2nd run) 6 84 100
MCM-41/2 (3rd run) 5 72 100
MCM-41/1/Et3N (1st run) 5 56 80[c]


MCM-41/1/Et3N (2nd run) 1 34 94[c]


MCM-41/1/Et3N (3rd run) 1 29 93[c]


MCM-41/2/Et3N (1st run) 1 49 100
MCM-41/2/Et3N (2nd run) 1 27 100
MCM-41/2/Et3N (3rd run) 1 23 100


[a] Turnover frequency calculated after 1h of reaction. [b] Cyclooctene
conversion after 24 h. [c] 1,2-Cyclooctanediol was formed.
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values of turnover frequency (TOF) and olefin conversion are
shown in Figure 12. This catalyst oxidises 1-octene, trans-2-
octene and cyclododecene with excellent product selectivity,
the corresponding epoxide being the only observed product.
In the oxidation of �-pinene, pinene oxide and campholenic
aldehyde are produced each with 50% selectivity, at 20%
conversion. MCM-41/1 is less reactive towards the terminal
carbon ± carbon double bond of 1-octene than to a more
substituted olefin (with a more nucleophilic double bond)
such as trans-2-octene. For bulkier substrates such as cyclo-
dodecene, the reaction is slower than for cyclooctene.


Figure 12. Oxidation of olefins using TBHP at 55 �C in the presence of
MCM-41/1. The turnover frequency (TOF) was calculated at 1 h after the
start of reaction and the substrate conversion at 24 h for cyclooctene
(Cy8�); cyclododecene (Cy12�), 1-octene (1nC8�); trans-2-octene
(2nC8�); �-pinene (Pinene).


The materials prepared in the presence of triethylamine,
MCM-41/1/Et3N and MCM-41/2/Et3N gave worse results for
the catalytic epoxidation of cyclooctene than those prepared
in the absence of the amine. For MCM-41/1/Et3N, the activity
for the first run was higher than that for MCM-41/2/Et3N, but
for the second run there was a decrease in activity and both
systems exhibited similar kinetic curves (Figure 11). The poor
results were probably a consequence of the high metal
loadings (approximately 4 wt.%). As discussed above, the
EXAFS data point to the presence of oxo-bridged dinuclear
species in as-made MCM-41/1/Et3N. This may only represent
the resting structure of the catalyst; that is, transformation to
active monometallic species may take place in the presence of
TBHP.[20] Leaching of active mononuclear species into
solution would account for the drop in activity between the
second and third runs. The system containingMCM-41/1/Et3N
is also unusual in that 1,2-cyclooctanediol is always formed as
a secondary reaction product. Epoxide ring opening occurs
when the Lewis acidity, provided by the MoVI metal centre
and required for peroxide activation, suffices for converting
the epoxide into the diol. If the interaction of Et3N with the
surface results in an increase in protonic acid strength of some
silanol groups able to decompose the epoxide, then ring
opening should also be observed in the presence of MCM-41/
2/Et3N, which is not the case. The production of 1,2-cyclo-
octanediol must instead be due to the formation of certain
oxomolybdenum species during the reaction. A better under-


standing of this mechanism would require more detailed
spectroscopic studies in situ, which are probably not worth-
while because of the relatively poor catalytic performance.


Catalytic oxidation of alcohols : The oxidation of alcohols to
carbonyl compounds and carboxylic acids is a fundamental
synthetic transformation. Molybdenum oxide-based catalysts
have been used successfully as catalysts for the gas-phase
oxidative dehydrogenation (ODH) of alcohols.[10d, 11a] Ruthe-
nium complexes can oxidise alcohols effectively in the
presence of basic TBHP; the reaction gives active intermedi-
ate tert-butylperoxoruthenium species, RuOO(tBu), which
are proton acceptors.[27] Species of this nature are also formed
by the reaction of TBHP with molybdenum complexes
[MoO2X2L2] (X�Cl, Br, CH3), where L2 is a Lewis base
ligand.[18] Hence, we studied the catalytic potential of the
derivatised MCM-41 materials in the liquid-phase oxidation
of a range of primary and secondary benzylic and aliphatic
alcohols, namely benzyl alcohol, sec-phenethyl alcohol, cyclo-
hexanol, cyclooctanol, cyclohexylmethanol, 1-cyclohexyletha-
nol, 1-octanol and (1R,2S,5R)-(�)-menthol. Control experi-
ments were performed without a catalyst and, where neces-
sary, the net conversion with catalyst was calculated by
subtracting the non-catalytic contribution from the observed
conversion (Table 4). Without TBHP no alcohol oxidation
was observed. Pristine MCM-41 had no significant catalytic
activity. All derivatised materials exhibited poor activity in
the oxidation of primary aliphatic alcohols such as 1-octanol
and cyclohexylmethanol, giving less than 3% conversion to
the corresponding aldehyde. The most outstanding results
were those obtained for the oxidation of secondary aliphatic
and benzylic alcohols in the presence of MCM-41/1/Et3N.
Conversions at 24 h ranged from 43% to 59% and the
corresponding carbonyl products were mainly formed (Ta-
ble 4). A maximum TOF of 5.9 mmol (g�1 cat)h�1 was ob-
served for the oxidation of benzyl alcohol to benzaldehyde
and benzoic acid (Figure 13). The latter was a secondary


Figure 13. Oxidation of alcohols using TBHP at 55 �C in the presence of
MCM-41/1/Et3N. The TOF was calculated at 1 h after the start of reaction
of 1-octanol (1-nC8OH), cyclooctanol (Cy8OH), cyclohexanol (Cy6OH),
1-cyclohexylethanol (Cy6EtOH), cyclohexylmethanol (Cy6MeOH), ben-
zyl alcohol (BzOH), sec-phenethyl alcohol (PhEtOH) and (1R,2S,5R)-(�)-
menthol (menthol).
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product resulting from the consecutive oxidation of benzal-
dehyde. This stepwise oxidation of benzyl alcohol was
confirmed by carrying out the oxidation of benzaldehyde in
the presence of MCM-41/1/Et3N, which yielded 94% benzoic
acid after 24 h.
The recyclability of MCM-41/1/Et3N for cyclooctanol


oxidation is comparable with that observed for cyclooctene
epoxidation (Figure 14). Metal leaching was less than 5%.
Water is a possible by-product formed in ODH, which may
contribute to solvation of some metal species. Also shown in
Figure 14 are the results obtained for cyclooctanol oxidation
in the presence of the precursor complex [MoO2Cl2(thf)2],
with a 1% molar ratio of catalyst/substrate. The kinetic curve
is almost identical to that obtained without catalyst. This is
another indication that the grafted metal species in MCM-41/
1/Et3N have a structure quite different from that of the
precursor dioxomolybdenum(��) complex.
For the reactions studied here, the formation of the


aldehyde or ketone results from a nucleophilic attack on the
alcohol group. Hence, the nucleophilic oxygen species should
show high enough basicity to abstract hydrogen from the
alcohol molecule. A distinctive feature of theMCM-41/1/Et3N


Figure 14. Conversion versus time curves for the oxidation of cyclooctanol
using TBHP in the presence of MCM-41/1/Et3N (�, 1st run; � , 2nd run; �,
3rd run); [MoO2Cl2(thf)2] (�) and without a catalyst ( ± ).


catalyst is the presence of oxo-bridged Mo dimers. Since the
presence of other Mo species cannot be ruled out, it cannot be
assumed that those species are totally responsible for the
observed ODH activity. As mentioned above, dinuclear
species may be partly transformed into monometallic species
in the presence of TBHP. Marchi et al. studied the surface
species of silica-supported molybdenum catalysts,[28] and
reported that doping of the silica surface with sodium
modified the surface properties, generating some species with
molybdenum in tetrahedral coordination, which may be more
reducible at lower temperatures than those formed on non-
doped silica. Kikutani, in detailed EXAFS and UV/Vis
spectroscopic studies on silica-supported molybdenum cata-
lysts for the conversion of ethanol, showed that the reduction
of the catalysts by the alcohol is a complicated process in
which at least two distinctive states may be involved.[29] These
findings indicate that a full understanding of the mechanisms
of alcohol oxidation on supported catalysts is complicated and
requires in-situ characterisation techniques and possibly
labelled compounds.


Concluding Remarks


Mesoporous silica MCM-41 derivatised with oxomolybde-
num(��) species can be prepared in a straightforward manner
by grafting calcined MCM-41 with the complexes
[MoO2X2(thf)2] (X�Cl, Br). EXAFS spectroscopy shows
that these species are composed of isolated dioxomolybde-
num(��) groups at low loadings. The high dispersion of active
sites appears to promote good catalytic activity for the
epoxidation of olefins by TBHP. At higher loading, achieved
using triethylamine to activate the surface silanol groups, the
material formed with the dichloro complex contains dimeric
or polymeric species. At the same high loading, the material
formed with the dibromo complex contains more mononu-
clear than dinuclear sites, revealing that the complex has a
quite different reactivity and surface chemistry. The materials


Table 4. Alcohol oxidations using TBHP at 55 �C in the presence of MCM-41
materials.


Substrate Catalyst Conversion[a] [%] Selectivity
to carbonyl[b] [%]


Cy8OH MCM-41/1 7 100
MCM-41/2 7 100
MCM-41/1/Et3N (1st run) 53 100
MCM-41/1/Et3N (2nd run) 48 100
MCM-41/1/Et3N (3rd run) 38 100
MCM-41/2/Et3N ± ±
no catalyst 29 100


Cy6OH MCM-41/1 ± ±
MCM-41/2 2 100
MCM-41/1/Et3N 48 100
MCM-41/2/Et3N ± ±
no catalyst 11 100


Cy6EtOH MCM-41/1 6 100
MCM-41/2 5 100
MCM-41/1/Et3N 43 100
MCM-41/2/Et3N 2 100
no catalyst 12 100


PhEtOH MCM-41/1 4 100
MCM-41/2 6 100
MCM-41/1/Et3N 59 100
MCM-41/2/Et3N 8 100
no catalyst 10 100


BzOH MCM-41/1 2 89[c]


MCM-41/2 12 85[c]


MCM-41/1/Et3N 45 67[c]


MCM-41/2/Et3N 19 100
no catalyst 11 87[c]


menthol MCM-41/1 10 100
MCM-41/2 ± ±
MCM-41/1/Et3N 10 100
MCM-41/2/Et3N ± ±
no catalyst 2 100


[a] Substrate conversion after 24 h. In the presence of a catalyst the net
conversion was corrected by subtracting the non-catalytic contribution from the
observed conversion. [b] Calculated as: (number of moles of carbonyl product
formed)/(total number of moles of products formed)� 100. [c] Benzoic acid was
formed.
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with the high metal loadings were not very active as catalysts
for olefin epoxidation, but good results were obtained for the
oxidation of secondary aliphatic and benzylic alcohols using
the material containing oxo-bridged dimers. The actual
catalytic species is likely to be formed by cleavage of the
Mo ±O±Mo bond by TBHP.


Experimental Section


Catalyst preparation : All preparations and manipulations were carried out
using standard Schlenk techniques under nitrogen. Solvents were dried by
standard procedures (THF, hexane and diethyl ether with Na/benzophe-
none; CH2Cl2 with CaH2), distilled under nitrogen and kept over 4 ä
molecular sieves. MoO2Cl2 and MoO2Br2 were obtained from Aldrich and
used as received. The solvent adducts 1 and 2 were prepared as described
previously.[30] Purely siliceous MCM-41 was synthesised using
[(C14H29)N(CH3)3]Br as the templating agent.[31] Before the grafting
experiments, physisorbed water was removed from calcined MCM-41 by
heating it at 180 �C in vacuo (10�2 Pa) for 2 h.


In a typical grafting experiment, a solution of [MoO2X2(thf)2] (1 mmol) in
CH2Cl2 (10 mL) was added to a stirred suspension of dry MCM-41 (1.0 g) in
CH2Cl2 (10 mL). For MCM-41/1 and MCM-41/2, the reaction mixture was
stirred at ambient temperature overnight. For MCM-41/1/Et3N and MCM-
41/2/Et3N, freshly distilled triethylamine (0.3 mL, 1.8 mmol) was added
dropwise 30 min after the addition of the [MoO2X2(thf)2] solution. The
reaction mixture was then stirred at ambient temperature overnight. The
derivatised silicas were isolated by filtration, washed repeatedly with
CH2Cl2, and dried in vacuo at ambient temperature for several hours.


MCM-41/1: elemental analysis found (%) for: Mo 1.1; IR (KBr):
�� � 2982(w), 2886(w), 1230(s), 1077(vs), 965(m), 917(sh), 889(sh), 800(m),
573(m), 459(s).


MCM-41/2 : elemental analysis found (%) for: Mo 0.5; IR (KBr):
�� � 2979(w), 2894(w), 1226(s), 1071(vs), 956(m), 918(sh), 891(sh), 802(m),
567(m), 453(s).


MCM-41/1/Et3N : elemental analysis found (%) for: Mo 4.0; IR (KBr):
�� � 2990(m), 2793(m), 2730(m), 2693(m), 2494(m), 1474(m), 1398(m),
1385(w), 1233(s), 1080(vs), 949(m), 918(sh), 885(sh), 804(m), 577(m),
459(s).


MCM-41/2/Et3N : elemental analysis found (%) for: Mo 3.9; IR (KBr):
�� � 2986(m), 2787(m), 2726(m), 2689(m), 2490(m), 1475(m), 1398(m),
1385(w), 1079(vs), 965(w), 945 (m), 919(sh), 803(s), 566(m), 449(s).


Physical measurements : The molybdenum content in the samples was
determined by ICP-AES. Powder XRD data were collected on a Philips
X×pert diffractometer using CuK� radiation filtered by Ni. Data were
collected at room temperature between 2�	 2�	 12� with a step size of
0.02� and a count time of 5 s/step. IR spectra in transmission mode were
measured with a Mattson Mod 7000 FTIR spectrometer using KBr pellets.
13C and 29Si NMR spectra were recorded at 100.62 and 79.49 MHz,
respectively, on a (9.4 T) Bruker Avance 400 spectrometer. 29Si MAS NMR
spectra were recorded with 40� pulses, spinning rates of 5.0 ± 5.5 kHz, and
60 s recycle delays. 29Si CP-MAS NMR spectra were recorded with 5.5 �s
1H 90� pulses, 8 ms contact time, a spinning rate of 4.5 kHz and 4 s recycle
delays. 13C CP-MASNMR spectra were recorded with a 4.5 �s 1H 90� pulse,
2 ms contact time, a spinning rate of 8 kHz and 4 s recycle delays. Chemical
shifts are stated in parts per million from tetramethylsilane (TMS).


Nitrogen adsorption ± desorption isotherms were measured at 77 K in a
gravimetric adsorption apparatus equipped with a CI electronic MK2-M5
microbalance and an Edwards Barocel pressure sensor. The out-gassing
temperature was raised slowly (1 Kmin�1) to 723 K for the pristine MCM-
41 samples and to 413 K for the derivatised materials (to minimise
destruction of the functionalities), and maintained at that temperature
overnight at a residual pressure of approximately 10�4 mbar. The specific
surface areas (SBET) were calculated by applying the BET equation. The
specific total pore volume (micropore plus mesopore, VP) was estimated
from the N2 uptake at p/p0� 0.95. The pore size distribution (PSD) curves
(the differential volume adsorbed with respect to the differential pore size
per unit mass, plotted against pore width) were computed from the


desorption branch of the experimental isotherms by a method based on the
area of the pore walls.[32, 33] Assuming open cylindrical pores with radius rp
and zero contact angle, and correcting for the thickness of the layer already
adsorbed, rp can be calculated by summing the Kelvin radius and the
statistical average thickness (t, calculated using the Halsey equation) of the
adsorbed layer.


Mo K-edge X-ray absorption spectra were measured at room temperature
in transmission mode on beamline BM29 at the ESRF (Grenoble),[34]


operating at 6 GeV in 2³3 filling mode with typical currents of 170 ±
200 mA. One scan was performed for each sample and set up to record
the pre-edge at 5 eV steps and the post-edge region in 0.025 ± 0.05ä�1 steps,
giving a total acquisition time of approximately 45 min per scan. The order-
sorting double Si(311) crystal monochromator was detuned by 40% to
ensure harmonic rejection. Solid samples were diluted with BN and pressed
into 13 mm pellets. Ionisation chamber detectors were filled with Kr to give
30% absorbing I0 (incidence) and 70% absorbing It (transmission). The
programs EXCALIB and EXBACK (SRS Daresbury Laboratory, UK)
were used in the usual manner for calibration and background subtraction
of the raw data. EXAFS curve-fitting analyses, by least-squares refinement
of the non-Fourier filtered k3-weighted EXAFS data, were carried out
using the program EXCURVE (version EXCURV98[35]), applying fast
curved wave theory.[36] Phase shifts were obtained within this program using
ab-initio calculations based on the Hedin ±Lundqvist/von Barth scheme.
The calculations were performed with single scattering only.


Catalytic oxidation reactions : The liquid-phase oxidation of cyclooctene
was carried out at 55 �C under an air atmosphere, in a micro reaction vessel
equipped with a magnetic stirrer. The reactor was loaded with catalyst
(175 mg), cyclooctene (7.3 mmol) and tert-butyl hydroperoxide (11 mmol)
as oxidant (5.5� in decane). Samples were withdrawn periodically and
analysed using a gas chromatograph (Varian 3800) equipped with a
capillary column (DB-5, 30 m� 0.25 mm for olefin epoxidation and CP
WAX 52CB, 30 m� 0.53 mm for alcohol oxidation) and a flame ionisation
detector. The products were quantified using calibration curves and n-
nonane or undecane as internal standard (added after the reaction).
Catalysts were recycled by recovering the solids by filtration, washing them
thoroughly with dichloromethane and drying them at room temperature
overnight.
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Synthesis of Five Generations of Redox-Stable Pentamethylamidoferrocenyl
Dendrimers and Comparison of Amidoferrocenyl- and Pentamethylamido-
ferrocenyl Dendrimers as Electrochemical Exoreceptors for the Selective
Recognition of H2PO4


�, HSO4
�, and Adenosine 5�-Triphosphate (ATP)


Anions: Stereoelectronic and Hydrophobic Roles of Cyclopentadienyl
Permethylation


Marie-Christine Daniel,[a] Jaime Ruiz,[a] Jean-Claude Blais,[b] Nathalie Daro,[c] and
Didier Astruc*[a]


Abstract: A family of five metalloden-
drimers with pentamethylamidoferro-
cenyl termini were synthesized from
the DSM dendrimers Gn-DAB-dend-
(NH2)x (x� 4, 8, 16, 32, 64) and charac-
terized by standard techniques, includ-
ing prominent molecular peaks (broad
for x� 64) in their MALDI-TOF mass
spectra. Oxidation of G4-DAB-dend-
(NHCOFc*)x (Fc*�C5H4FeCp*,
Cp*� �5-C5Me5) with SbCl5 in CH2Cl2
yields the stable 17-electron pentame-
thylferrocenium analogue, which can be
characterized by ESR and Mˆssbauer
spectroscopy and reduced back to the
initial FeII dendrimer, the cycle being
carried out without decomposition. The
cyclic voltammograms (CVs) of all den-
drimers, recorded in CH2Cl2 or DMF,
show a fully reversible ferrocenyl wave
without adsorption. They are much
cleaner than those of the parent ferro-


cenyl analogues previously synthesized
and studied by Cuadrado et al. These
properties allow much easier recogni-
tion and titration of H2PO4


� and ATP2�


by CV with the permethylated series
than with the parent series. On the other
hand, permethylation reduces the differ-
ence between the potentials recorded
before and after titration. This is not
crucial for H2PO4


� and ATP2�, but it is
for HSO4


�, because of the weak inter-
action in this case. Thus recognition and
titration in CH2Cl2 proceeds best with
the parent series, and a positive den-
dritic effect is revealed by the appear-
ance of a new wave whose difference in
potential relative to the initial wave


increases with increasing generation
number. In DMF, recognition and titra-
tion are only possible with the perme-
thylated series and are subject to a
dramatic dendritic effect. Indeed, the
titration is followed by only a shift of the
initial wave with G1 and by the appear-
ance of a new wave with G2 and G3. In
conclusion, the permethylated dendrim-
ers allow excellent recognition and titra-
tion of the oxoanions by CV due to the
stereoelectronic stabilization of the 17-
electron form and their hydrophobic
effect. The magnitude of the recognition
and positive dendritic effects is very
sensitive to the dendrimer structure and
to the nature of the solvent. The recog-
nition is of the strong-interaction type
(square scheme) between these den-
drimers and ATP2� with a stoichiometry
of 0.5 equiv ATP2� per ferrocenyl
branch.


Keywords: cyclic voltammetry ¥
dendrimers ¥ metallocenes ¥
molecular recognition ¥ receptors


Introduction


Molecular recognition by means of weak supramolecular
interactions is a key area,[1] because it opens a route to sensors
that work in a reversible and thus practical way. Application
of this principle to the recognition and sensing of anions is
especially crucial in view of their role in biology. Beer et al.
have developed electrochemical sensors with a rich variety of
endoreceptors by modulation of the redox potential of
ferrocenyl systems.[2] We are interested in dendritic and
colloidal exoreceptors that, like viruses, recognize anions at
their periphery.[3] In particular, the dendritic organization[4]


involves channels and microcavities at the surface that
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provide useful topological conditions for the function as an
exoreceptor.


Amidoferrocenyl dendrimers were independently reported
by Cuadrado et al.[5] and by us[3a] with two different families of
cores. Cuadrado et al. reported amidoferrocenyl dendrimers
based on the well-known commercial DSM polyamine
dendrimers DAB-dend-(NH2)x (x� 4, 8, 16, 32, 64),[6] and
studied their electrochemistry in the context of deposition on
metal surfaces.[5] For our dendrimers, made with different
cores, we reported the recognition of H2PO4


� and HSO4
�


anions by means of the dendritic effect, that is, the increase in
perturbation of the ferrocenyl redox potential with increasing
generation, using cyclic voltammetry.[3a]


There were two major drawbacks in using amidoferrocenyl
dendrimers[7] for electrochemical recognition of anions: 1) the
cyclic voltammetry wave of the amidoferrocenyl system was
not reversible, due to decomposition of the amidoferrocenium
species, and 2) the cyclic voltammetry waves were marred by
considerable adsorption. Therefore, given the well-known
stabilizing effect of Cp permethylation,[8] we synthesized
pentamethylamidoferrocenyl dendrimers from the DSM
family, starting from the previously disclosed complex
[Fe(�5-C5Me5)(CO)3](PF6).[3c, 9] It was shown that the cyclic
voltammetric recognition of H2PO4


� was much easier with
these compounds than with the ferrocenyl derivatives.[10]


Here we report 1) the full characterization of five gener-
ations of these metallodendrimers and spectroscopic data for
their 17-electron pentamethylamidoferrocenium forms,
2) new recognition studies on the HSO4


� anion that, surpris-
ingly, are best performed with the parent amidoferrocenyl
dendrimers, and 3) details and extension of the recognition of


H2PO4
� to the recognition of the biologically important


adenosyltriphosphate dianion, including the selectivity of this
recognition in the presence of other anions such as HSO4


� and
Cl�.


Results


Syntheses and oxidation of the pentamethylamidoferrocenyl-
dendrimers : The five generations of metallodendrimers were
synthesized by reactions of DSM×s polyamine dendrimers
DAB-dend-(NH2)x (x� 4, 8, 16, 32, 64) with pentamethylfer-
rocenoyl chloride in dichloromethane at room temperature
overnight in the presence of triethylamine and obtained after
purification as yellow-orange powders [Eq. (1) and
Scheme 1].


All dendrimers were characterized by standard analytical
and spectroscopic techniques, including MALDI-TOF mass
spectrometry, which showed prominent and sharp molecular
peaks except for G5-DAB-dend-{[NHCOCpFeCp*][PF6]}64,
for which the molecular signal was broad, like that of the
parent Cp compound.[5, 11] The dendrimer G5-DAB-dend-
(NHCOCpFeCp*)64 was oxidized by SbCl5 in CH2Cl2 to the


Scheme 1. Synthesis of G1-G5 (Fc and Fc* series) from the DSM dendrimers Gn-DAB-dend-(NH2)x (� � 4, 8, 16, 32, 64).
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blue-green 17-electron complex G5-DAB-dend-{[NHCOCp-
FeCp*][SbCl6]}64. The Mˆssbauer and EPR spectra of the
oxidized dendrimer are shown in Figure 1 and confirm that its


Figure 1. Mˆssbauer (left, QS� 0) and EPR (right) spectra of [G5-64-
Fc*][SbCl6]64 at 4 K for neat samples.


electronic structure is identical to that of the ferrocenium
cation[12] and that this 17-electron dendrimer is thermally
stable. This stability is confirmed by the quantitative exer-
gonic reduction back to the pentamethylamidoferrocene
dendrimer with decamethylferrocene in CH2Cl2 [Eq. (2)].


Cyclic voltammetry of the dendrimers Gn-DAB-dend-
(NHCOCpFeCp*)x : Cyclic voltammetry (Table 1) was per-
formed for all dendrimers with a Pt anode in CH2Cl2 or DMF.
The fact that only one CV wave is observed is attributable to
the following factors: First, the electrostatic factor is very
weak, since two ferrocenyl groups are separated by at least 11
atoms in the metallodendritic molecules. Then, the rotation of
the dendrimers is much more rapid relative to the electro-
chemical timescale than for other ferrocenyl dendrimers.[13]


The redox potentials of the different ferrocenyl centers do not
have exactly the same value, but the differences, due to the
electrostatic factor, must be on the order of a fraction of
millivolt or a fewmillivolts. Therefore, they are negligible and,
in any case, not observed. The E1/2 values are 0.405� 0.05 V
versus [FeCp*2 ], and thus do not significantly vary from G1 to
G5. The value for the parent series is 0.690� 0.010 V versus
[FeCp*2 ] under the present conditions (Table 1). The internal
[FeCp*2 ] reference is much better than ferrocene, as we have
already reported.[14] Indeed, ferrocenium is too sensitive to
the medium. Possible small dendritic effects were investigat-
ed, and we conclude that they are absent here with [FeCp*2 ] as
internal reference (E1/2 vs FeCp2�E1/2 vs FeCp*2 � 0.545 V in
CH2Cl2, or �0.595 V in DMF[14]).


The comparison of these CV data with those of the parent
series shows that the permethylated dendrimers (Fc*) behave
in a much better fashion than the parent series (Fc). One of
the dramatic differences between the CVof the dendritic Cp*
and parent Cp series is that the Cp* series shows no or almost
no adsorption in CH2Cl2, the ipc/ipa values being 1.00� 0.03 for
G1, G2, and G3, 1.1 for G4, and 1.2 for G5. In contrast, the
parent Cp series shows ipc/ipa values between 2 and 3.4 under
the same conditions (0.2 Vs�1, 20 �C, Pt anode, CH2Cl2, 0.1�
nBu4NPF6), which are indictive of strong adsorption (Fig-
ure 2A). This difference of behavior toward adsorption is


confirmed by Epc�Epa values of 0.06 V for G1, G2, and G3,
0.05 V for G4, and 0.035 V for G5 for the Cp* series, but only
0.03 V for G1 to G5 in the parent Cp series. In DMF, the ipc/ipa
value is 1.05� 0.05 for the Cp* series, but it decreases from 0.9
for G1 to 0.4 for G2, G3, and G4 in the parent Cp series under
these conditions. This indicates chemical irreversibility in the
Cp series, that is, decomposition of the parent ferrocenium
dendrimers becomes faster in this solvent with increasing
generation number, even on the short CV timescale (Fig-
ure 2B).


Figure 2. Cyclic voltammograms of a mixture of G3-16Fc and G3-16Fc*
(10�4�, Pt anode; 0.1� [nBu4N][PF6], 20 �C). A) In CH2Cl2 showing the
extensive adsorption only for G3-16Fc. B) In DMF showing the chemical
irreversibility for G3-16Fc which perturbs access to E1/2 and K.


The number n of electrons involved in the CV waves for
ferrocenyl dendrimers is usually determined by using the
Bard ±Anson formula, which gives fairly correct results.[15±17]


For the dendritic Cp* series it gave values of n that correspond
to the theoretical numbers to within 5% in CH2Cl2 or DMF
for generations G1 to G4, but significantly lower for G5


(Table 1).[11]


Electrochemical recognition and titration of the oxoanions
H2PO4


�, HSO4
�, and ATP2�


H2PO4
� : Numerous studies by Beer et al. with endoreceptors


to which one or more ferrocenyl groups are attached have
paved the way for the recognition of oxoanions. Addition of
[nBu4N][H2PO4] to an electrochemical cell containing a
solution of amidoferrocenyl or pentamethylamidoferrocenyl
dendrimer in CH2Cl2 leads to the appearence of a new wave at
a potential less positive than the initial wave, the intensity of
which decreases while that of the new wave increases. The
equivalence point is reached when the initial wave is
completely replaced by the new wave, as is already known
for endoreceptors and another ferrocenyldendrimer struc-
tures.[2, 3] This was rationalized by Echegoyen and Kaifer using
the square scheme in a seminal article.[18] We used this analysis
to determine the ratio of apparent equilibrium constants K(�)


and K0 related to the strong interaction of the anion with the
cationic ferrocenium form of the redox system, but also with
the neutral ferrocenyl form (K� 1).


There are large differences in behavior between the
amidoferrocenyl dendrimers and the pentamethylamidofer-
rocenyl series. In the case of the parent Cp dendrimer series,
the cyclic voltammograms are marred by both chemical and,
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Figure 3. Titration of a 9.7� 10�4� solution of G1-4Fc with a 10�3�
solution of [nBu4N][H2PO4] in CH2Cl2 in the presence of 0.1�
[nBu4N][PF6], Pt anode, 20 �C. A) Cyclic voltammogram obtained after
addition of 0.5 equiv [nBu4N][H2PO4] per dendritic branch. B) Variation of
the intensities of the initial (�) and new (�) waves during the titration.


electrochemical irreversibility[11b, 14] of the new wave (Figure 3
and Figure S5 in the Supporting Information). Gratifyingly
the chemical irreversibility is not found with the new Cp*
dendrimer series, and this allows a much easier analysis of this
electrochemical recognition phenomenon (Figure 4 and Fig-
ure S6 in the Supporting Information). The electrochemical
irreversibility is characterized by Epc�Epa values[14] of
0.150� 0.010 V without significant dendritic effect, and
adsorption by ipc/ipa values of 4� 1, also without significant


Figure 4. Titration of a 2.7� 10�4� solution of G3-16Fc* by a 10�3�
solution of [nBu4N][H2PO4] in CH2Cl2 in the presence of 0.1�
[nBu4N][PF6], Pt anode, 20 �C. A) Cyclic voltammogram obtained after
addition of 0.5 equiv [nBu4N][H2PO4] per dendritic branch. B) Variation of
the intensities of the initial (�) and new (�) waves along the titration.


dendritic effect. The difference in E1/2 values between the
initial and the new wave (determined after addition of
0.5 equiv [nBu4N][H2PO4], in order to observe both waves
at the same time) is 0.150� 0.010 V without significant
dendritic effect. This corresponds to a ratio of apparent


Table 1. Cyclic voltammetry data for G1 ±G5 (both Fc and Fc* series) before and after titration of [nBu4N][H2PO4], [nBu4N]2[ATP], and [nBu4N][HSO4].


E1/2
[a] (Epa�Epc) [V] ipc/ipa n[b] �E1/2(H2PO4


�)[a] H2PO4
�


(Epa�Epc) [V] K(�)/K(o)
[c] K(�)/K(o)


[c] K(�)
[d]


CH2Cl2 DMF CH2Cl2 DMF CH2Cl2 DMF CH2Cl2 DMF CH2Cl2 DMF DMF


G0-1Fc 0.700 (0.06) 0.615 (0.06) 1.1 0.92 1.1 1.1 0.155 (0.15) 0.065 (0.09) 470 13
G1-4Fc 0.695 (0.03) 0.645 (0.07) 3.2 0.75 3.5 0.310 (0.09) 0.150 (0.16) 2.2� 105 386
G2-8Fc 0.675 (0.03) 0.650 (0.08) 2.2 0.46 7.2 0.250 (0.11) ±[e] 2.0� 104


G3-16Fc 0.690 (0.03) 0.650 (0.08) 3.5 0.42 16.0 0.170 (0.15) ±[e] 850
G4-32Fc 0.690 (0.04) 0.650 (0.08) 1.9 0.40 32 31.5 ±[e] ±[e]


G5-64Fc 0.680 (0.03) 0.670 (0.10) 3.4 0.62 53 ±[e] ±[e]


G1-4Fc* 0.406 (0.06) 0.360 (0.07) 1.05 1.07 3.8 4.2 0.155 (0.16) 0.115 (0.06) 470 9.6� 103


G2-8Fc* 0.395 (0.06) 0.370 (0.08) 1.02 1.1 7.9 8.0 0.160 (0.11) 0.125 (0.07) 570 14� 103


G3-16Fc* 0.410 (0.06) 0.370 (0.07) 1.01 1.12 15.1 0.130 (0.13) 0.145 (0.08) 170 32� 103


G4-32Fc* 0.400 (0.05) 0.390 (0.07) 1.1 1.05 32 0.140 (0.17) 0.165 (0.06) 260 70� 103


G5-64Fc* 0.410 (0.035) 0.375 (0.03) 1.2 1.06 55 0.160 (0.17) 0.140 (0.03) 570 26� 103


[a] E1/2� (Epa�Epc)/2 vs FeCp2* (in V). Electrolyte: [nBu4N][PF6] 0.1� ; working and counterelectrodes: Pt; reference electrode: Ag; internal reference:
FeCp*2 ; scan rate: 0.200 Vs�1; 20 �C. [b] Values of the number of electrons involved calculated from the Anson ±Bard equation[9] using anodic intensities.
[c] Error� 10%; �E1/2� 0.058 log(K(�)/K(o))[11] at 20 �C. [d] Error� 10%; progressive shift of the wave: K(o)� 1, �E1/2� 0.058 log(cK(�)). [e] No cathodic
wave (no accessible �E1/2 value).
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association constants K(�)/K(0) of 400� 100 (resp. 170� 40)
according to the Echegoyen ±Kaifer model.[18]


Interestingly, a different phenomenon is found in DMF as
solvent. Again, use of the parent Cp dendrimer series is
difficult in this solvent because of the complete chemical
irreversibility, except for the first generation. In contrast, the
whole Cp* dendrimer series shows a CV wave that is fully
chemically reversible and progressively shifted upon addition
of [nBu4N][H2PO4], with an adsorption characterized by an
ipc/ipa ratio of 3� 1 without significant dendritic effect. This
shift in E1/2 values is subject to a small dendritic effect, for
instance, with [nBu4N][H2PO4]: 115 mV (G1), 125 mV (G2),
145 mV (G3), 165 mV (G4) (all values� 0.010 V), 140 mV
(G5, with more adsorption; see Figure S1 in the Supporting
Information). The largest shift is that observed in the parent
Cp series between FcCONHPr (65 mV) and G1 (150 mV).
These shifts provide direct access to the apparent association
constants K(�) in DMF (�20%) only for the whole Cp* series:
9600 (G1), 14000 (G2), 32000 (G3), 70000 (G4) according to
the Echegoyen ±Kaifer model.[15]


ATP2� : Electrochemical recognition was first studied in
CH2Cl2. In this solvent, the trends found for ATP2�[19, 20]


closely follow those found for H2PO4
� (Table 2). The addition


of [nBu4N]2[ATP] to the electrochemical cell containing the
amidoferrocenyl- or pentamethylamidoferrocenyl dendrimer
causes, as with [nBu4N][H2PO4], the appearance of a new
wave at a potential less positive than the initial one, whose
intensity decreases while that of the new wave increases
(Figure 5A and Figure S2A in the Supporting Information).
Thus, this is a case of strong-type interaction and can be
treated by using the square scheme, as with [nBu4N]2[H2PO4].
As for [nBu4N][H2PO4], the pentamethylamidoferrocenyl
dendrimers were greatly superior to the parent dendrimers
with regard to the quality of the CVs, and consequently the
study was carried out with this permethylated series (see
Table 2). The difference in ferrocenyl redox potential be-
tween the initial wave and the new wave is of the same order
of magnitude as with [nBu4N][H2PO4], but slightly lower than
for the latter (0.130 mV for [nBu4N]2[ATP], i.e., 20 mV less
than with [nBu4N][H2PO4]; see Table 2). The corresponding
ratio of apparent association constants is K(�)/K(0)� 170� 40.
The equivalence point is reached when 0.5 equiv [nBu4N]2-
[ATP] has been added, which is in accordance with the double


Figure 5. Titration of a 1.25� 10�4� solution of G2-32Fc* with a 10�3�
solution of [nBu4N]2[ATP] in CH2Cl2 in the presence of 0.1� [nBu4N][PF6],
Pt anode, 20 �C. A) Cyclovoltammogram obtained after addition of
0.25 equiv [nBu4N]2[ATP] per dendritic branch; B) Variation of the
intensities of the initial (�) and new (�) waves during the titration.


negative charge of this anion (Figure 5B and Figure S5B in
the Supporting Information). Other large stoichiometries
have been found for ATP2� with receptors based on other
functional groups such as amines.[19]


A study in DMF revealed remarkable dendritic effects.
With the first generation (G1-4Fc*), the addition of [nBu4N]2-
[ATP] does not lead to the appearance of a new CV wave, but
only a progressive shift of the wave (see Figure 6). The overall
shift up to the equivalence point is �E1/2� 145 mV. Although
the initial CV wave does not show adsorption, an adsorption
phenomenon appears with increasing intensity along the
titration. For the 2nd and 3rd generations G2-8Fc* and G3-
16Fc, addition of [nBu4N]2[ATP] to the electrochem-


Table 2. Cyclic voltammetry data for G1 ±G4 (both Fc and Fc* series) after titration of ATP2� and HSO4
�.


�E1/2(ATP2�)[a] (Epa�Epc) [V] ATP2� �E1/2(HSO4
�)[a] (Epa�Epc) [V] HSO4


�


K(�)/K(o)
[b] K(�)/K(o)


[b] K(�)
[c] K(�)/K(o)


[b] K(�)
[c]


CH2Cl2 DMF CH2Cl2 DMF DMF CH2Cl2 DMF CH2Cl2 DMF


G1-4Fc ±[d] 0.120 (0.06) 140
G2-8Fc
G3-16Fc ±[d] 0.165 (0.10) 700
G4-32Fc 0.110 (0.14) 80
G1-4Fc* 0.130 (0.09) 0.145 (0.06) 170 24.104 0.080 (0.06) 24
G2-8Fc* 0.130 (0.10) 0.065 (0.10) 170 13 0.105 (0.07) 0.05 (0.06) 65 2.8� 103


G3-16Fc* 0.130 (0.09) 0.065 (0.07) 170 13 0.100 (0.06) 53
G4-32Fc* 0.110 (0.10) 80 0.095 (0.06) 44


[a] E1/2� (Epa�Epc)/2 vs FeCp2*(in V). Electrolyte: [nBu4N][PF6] 0.1� ; working and counterelectrodes: Pt; reference electrode: Ag; internal reference:
FeCp*2 ; scan rate: 0.200 Vs�1; 20 �C. [b] Error� 10%; �E1/2� 0.058 lg(K(�)/K(o))[11] at 20 �C. [c] Error� 10%; progressive shift of the wave: K(o)� 1, �E1/2�
0.058 lg (cK(�)). [d] No cathodic wave (no accessible �E1/2 value).
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Figure 6. Titration of a 4.1� 10�4� solution of G1-4Fc* with a 10�3�
solution of [nBu4N]2[ATP] in DMF in the presence of 0.1� [nBu4N][PF6],
Pt anode, 20 �C: shift of E1/2 toward positive potentials recorded by CVas a
function of the number of equivalents of [nBu4N]2[ATP] added per
dendritic branch.


ical cell leads to the appearance of a new wave at a potential
65 mV less positive than that of the initial wave. This new
wave is also accompanied by some adsorption. Thus, this
change in behavior from G1 to G2 and G3 means that the
interaction between the neutral ferrocenyl form of the
dendrimer and [nBu4N]2[ATP] progresses from weak for G1


(K(0)� 1) to relatively strong for G2 and G3 (K(0)� 1).


HSO4
� : This is the only anion for which the electrochemical


recognition is sometimes easier with the amidoferrocenyl
dendrimers than with the permethylated dendrimers. Indeed,
the addition of [nBu4N][HSO4] to G1 ±G4 amidoferrocenyl
dendrimers in CH2Cl2 solution leads to the appearance of a
new wave, contrary to what is observed with other amido-
ferrocenyl dendrimers, for which only a shift of the wave was
observed. The difference in potential between the new and
initial waves increases from the first to the third generation,
that is, this recognition is subject to a positive dendritic effect.
The maximum �E1/2 value (3rd generation, G3-16Fc) is
165 mV. Figure 7 shows the titration of HSO4


� with G3-16Fc
in CH2Cl2 (see also Figure S7 in the Supporting Information).
As usual, adsorption is found on the new wave and on the
initial wave, but recognition and titration are possible.


With the new permethylated metallodendrimer series, this
adsorption is observed neither at the beginning of nor during
the titration. A new wave is observed when [nBu4N][HSO4] is
added to the electrochemical cell containing permethylated
metallodendrmer in CH2Cl2, but the difference in potential
between the new wave and the initial wave is only 105 mV
(max.) for G2-8Fc*. This �E1/2 value is relatively small, so that
there is much overlap between the two waves. Figure S3
(Supporting Information) shows the cyclovoltammogram of
G4-32Fc* in the presence of HSO4


� in CH2Cl2, and Figure S4
(Supporting Information) shows the variation of the inten-
sities of the initial and new waves during the titration of
HSO4


� with G3-16Fc* in CH2Cl2.


In DMF, the irreversibility of the redox process does not allow
a correct CV analysis with the parent amidoferrocenyl
dendrimer series. In this solvent, the CV of the pentamethy-
lamidoferrocenyl dendrimers is not marred by adsorption
either, but it is only shifted upon addition of [nBu4N][HSO4],
and this shift is rather modest (�E1/2� 50 mV). Nevertheless,


Figure 7. Titration of a 3.3� 10�4� solution of G3-16Fc with a 10�3�
solution of [nBu4N][HSO4] in CH2Cl2 in the presence of 0.1� [nBu4N][PF6],
Pt anode, 20 �C. A) Cyclic voltammogram obtained after addition of
0.5 equiv [nBu4N][HSO4] per dendritic branch. B) Variation of the
intensities of the initial (�) and new (�) waves during the titration.


it allows a titration to be performed by plotting this potential
shift as a function of the amount of [nBu4N][HSO4] added,
especially because the shape of the CV wave is not perturbed
from the beginning to the very end of the titration.


Selective recognition and titration of H2PO4
� and ATP2� in


the presence of [nBu4N][HSO4] and [nBu4N][Cl]: Since
addition of nBu4N� salts of Cl� or HSO4


� only has a slight
influence, provoking a weak shift in the FeII/FeIII wave of the
pentamethylamidoferrocenyl dendrimers by 40 mV for Cl�


and 50 mV for HSO4
�, selective recognition and titration were


investigated after addition of 1 equiv of each anion to G2-
8Fc*. Indeed, the recognition of H2PO4


� or ATP2� can be
carried out in the presence of these anions. Instead of leading
to the appearance of a new FeII/FeIII wave, as in the absence of
Cl� and HSO4


�, the addition of H2PO4
� or ATP2� when Cl�


and HSO4
� are both present induces a shift of this wave by


�E1/2� 180 mV for H2PO4
� and 160 mV for ATP2�. Figure 8


shows that titration of ATP2� proceeds smoothly in the
presence of these anions.


Discussion


Several reports have already appeared on the recognition of
various anions by metallodendrimers.[3a, 21, 22] In particular, the
recognition of H2PO4


� has been shown to result from a strong
interaction with ferrocenyl derivatives. These first pentam-
ethylferrocenyl dendrimers have two favorable properties
derived from the presence of a permethylated cyclopenta-
dienyl ligand that clearly distinguish them from ferrocenyl
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Figure 8. Titration of a 4� 10�4� solution of G2-8Fc* with a 10�3� solution
of [nBu4N]2[ATP] in CH2Cl2 in the presence of 0.1� [nBu4N][PF6], 2.10�4�
[nBu4N][Cl], and 2.10�4� [nBu4N][HSO4], Pt anode, 20 �C. Shift of E1/2


toward positive potentials, recorded by CV, as a function of the number of
equivalents of [nBu4N]2[ATP] added per dendritic branch.


dendrimers: stabilization of the oxidized 17-electron ferroce-
nium form and hydrophobicity bestowed on the periphery of
the dendrimers by methyl substituents on the Cp rings. Both
properties are essential in overcoming the problems encoun-
tered with amidoferrocenyl dendrimers: the instability of the
oxidized ferrocenium form, largely due to the presence of the
electron-withdrawing amido group, and adsorption due to the
polarity of the amidoferrocenium groups. Indeed the compar-
ison of the CV waves before and during the recognition and
titration of the oxoanions clearly shows that the permethy-
lated dendrimers are no longer marred by the problems
encountered in the Cp series. The result is that the recognition
and titration of H2PO4


� and ATP2� are clean with the
permethylated series.


Another difference between permethylated Cp* and Cp is
the increased donor strength due to the electron-releasing
methyl groups. In recognition studies with thiolate ± gold
nanoparticles,[2a] it was shown that this factor weakens the key
hydrogen bond between the amido group and H2PO4


� and
thus decreases the difference in potential �E1/2 between the
initial ferrocenyl wave and the new wave. We have the same
situation here, but this �E1/2 value is large anyway, so that
these two waves are distinct. Thus, the recognition and
titration of H2PO4


� do not really suffer from this factor. In the
case of HSO4


� in DMF, however, for which the interaction of
the amido group with the oxoanion is not as strong as with
H2PO4


�, the difference in potential between the new wave and
the initial wave is generally much smaller. Then, the decrease
in this difference becomes a decisive factor that leads to a
preference for the parent amidoferrocenyl dendrimers (early
generation) over the permethylated dendrimers, because the
small difference in potential in the latter series causes overlap
of the two waves.


Various dendritic effects on �E1/2 are evident in the present
study. A distinction can be made between the dendritic effect
in comparing a monoamidoferrocenyl compound with G1-4-
NHCOFc, and the dendritic effects among dendrimers of
different generations. Whereas the former is always signifi-
cant, the latter varies from negligible to very significant. No
dendritic effect of the second type is found for H2PO4


� and
ATP2� in CH2Cl2, whereas a modest dendritic effect is
observed in DMF. A significant dendritic effect is found for


the recognition of HSO4
� in CH2Cl2 by the amidoferrocenyl


dendrimers. The most spectacular dendritic effect of the
second type is found in the recognition of ATP2� in DMF by
pentamethylamidoferrocenyl dendrimers, since the recogni-
tion goes from the weak type for G1-4-NHCOFc* (only shift
of the wave) to the strong type with G2-8-NHCOFc* and G3-
16-NHCOFc* (new wave). In these studies of dendritic
effects, it is not possible to compare the amidoferrocenyl
dendrimers with the pentamethylamidoferrocenyl dendrim-
ers. Indeed, the former series does not present CVs that are
clean enough for a family of several generations (the study of
the first generation G1-4-NHCOFc is most often possible, but
usually not those of higher generations).


Finally, one can try to compare the amidoferrocenyl
dendrimers to those previously reported with a different
core, which showed strong dendritic effects. These dendritic
effects are always positive in both families, although of
different nature and magnitude. They are also very sensitive
to many factors, especially to the solvent and the dendrimer
structure. Thus, a comparison between two series of different
structure is all the more delicate as the dendritic effects are
very variable even within a single family, as shown in the
present study. Thus, one can simply underline their great
sensitivity to the structural variations from one dendrimer
family to another, even with the same terminal amidoferro-
cenyl groups.


Conclusion


The synthesis of the first pentamethylamidoferrocenyl den-
drimers has facilitated the clean recognition of oxoanions
including ATP2� due to stabilization of the 17-electron
ferrocenium form and the hydrophobicity of the many methyl
groups of the Cp* ligands around the dendrimers.


The relatively strong interaction between the hydrogen-
phosphate anions (including ATP2�) and the amido group
allows analysis according to the square scheme with very
distinct initial and new ferrocenyl waves. The effect of ATP2�


is almost as strong as that of the H2PO4
� anion itself, but the


stoichiometry in the titration is halved.
With HSO4


�, the donor strength of the methyl groups of the
Cp* groups brings the two waves close to each other, so that
the parent amidoferrocenyl dendrimers are more suitable
than the permethylated dendrimers in CH2Cl2 (but not in
DMF). With these dendrimers, recognition is also of the
strong-interaction type in CH2Cl2.


In the permethylated series, recognition and titration are
subject to a remarkable dendritic effect in DMF: from the
weak-type with G1, the interaction changes to the strong-
interaction type with G2 and G3. The dendritic effects are
strongly dependent on the structure and solvent and range
from negligible to dramatic as a function of these factors.


Experimental Section


NEt3 (2 mmol), CH2Cl2 (20 mL), and then [FeCp*(C5H4COCl)]
(1.2 mmol), prepared according to ref. [3b], were added to the commercial
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DSM polyamine dend-DAB(NH2)x (1 mmol). After stirring overnight at
room temperature, the solution was washed with a saturated aqueous
solution of K2CO3 and then with distilled water, and dried over Na2SO4,
filtered, and concentrated. Addition of diethyl ether led to precipitation of
a yellow-orange powder of the metallodendrimer, which was further
purified by dissolution in CH2Cl2 and reprecipitation by addition of diethyl
ether.


G1: 1H NMR (CDCl3): �� 6.65 (t, 4H, NH), 4.24 (br, 8H, C5H4), 3.88 (br,
8H, C5H4), 3.43 (br, 8H, NHCH2), 2.47 (br, 12H, CH2N), 1.85 (s, 60H,
C5(CH3)5), 1.51 (br, 8H, CH2), 1.48 (br, 4H, CH2); 13C NMR (CDCl3): ��
169.28 (CO), 82.07 (Cq, C5H4), 81.06 (Cq, CCH3), 76.05 and 70.21 (C5H4),
52.81 (CH2), 38.92 (CH2), 27.92 (CH2), 10.67 (CH3); IR (Nujol): �� � 1623
(�(CO)), 1539 cm�1 (�(CN)); MS (MALDI-TOF): m/z : calcd for
C80H112N6Fe4O4: 1445.163; found: 1445.72; elemental analyis (%) calcd
for C80H112N6Fe4O4: C 66.48, H 7.81; found: C 66.05, H 7.36.


G2 : 1H NMR (CDCl3): �� 6.90 (br, 8H, NH), 4.31 (br, 16H, C5H4), 3.86 (br,
16H, C5H4), 3.43 (br, 16H, NHCH2), 2.35 (br, 36H, CH2N), 1.84(s, 120H,
C5(CH3)5), 1.68 (br, 28H, CH2), 1.48 (br, 4H, CH2); 13C NMR (CDCl3): ��
170.28 (CO), 81.16 (Cq, CCH3), 76.40 and 70.32 (C5H4), 53.21(CH2),
39.12(CH2), 28.45 (CH2), 10.31 (CH3); IR (Nujol): �� � 1620 (�(CO)),
1539 cm�1 (�(CN)); MS (MALDI-TOF): m/z : calcd for C168H240N14Fe8O8:
3028; found: 3029; elemental analyis (%) calcd for C168H240N14Fe8O8: C
66.58, H 7.98; found: C 65.12, H 7.28.


G3 : 1H NMR (CDCl3): �� 7.16 (br, 16H, NH), 4.31 (br, 32H, C5H4), 3.86
(br, 32H, C5H4), 3.43 (br, 32H, NHCH2), 2.35 (br, 84H, CH2N), 1.84 (s,
240H, C5(CH3)5), 1.68 (br, 56H, CH2), 1.48 (br, 4H, CH2); 13C NMR
(CDCl3): �� 170.28 (CO), 80.98 (Cq, CCH3), 76.40, 70.45 (C5H4), 53.21
(CH2), 39.08 (CH2), 28.36 (CH2), 10.52 (CH3); IR (Nujol): �� � 1620
(�(CO)), 1540 cm�1 (�(CN)); MS (MALDI-TOF): m/z : calcd for
C344H496N30Fe16O16: 6201.33; found: 6204.3; elemental analyis (%) calcd
for C344H496N30Fe16O16: C 66.62, H 8.06; found: C 65.32, H 7.28.


G4 : 1H NMR (CDCl3): �� 7.21 (br, 32H, NH), 4.31 (br, 64H, C5H4), 3.86
(br, 64H, C5H4), 3.43 (br, 64H, NHCH2), 2.35 (br, 180H, CH2N), 1.84 (s,
480H, C5(CH3)5), 1.68 (br, 60H, CH2), 1.48 (br, 4H, CH2); 13C NMR
(CDCl3): �� 169.87 (CO), 80.97 (Cq, CCH3), 76.40, 70.40 (C5H4), 53.21
(CH2), 39.01(CH2), 28.42 (CH2), 10.31(CH3); IR (Nujol): �� � 1622 (�(CO)),
1540 cm�1 (�(CN)); MS (MALDI-TOF): m/z : calcd for
C696H1008N62Fe32O32: 12542.89; found: 12544.9; elemental analyis (%) calcd
for C696H1008N62Fe32O32: C 66.64, H 8.10; found: C 65.10, H 7.78.


G5 : 1H NMR (CDCl3): �� 7.43 (br, 64H, NH), 4.41 (br, 128H, C5H4), 3.82
(br, 128H, C5H4), 3.43 (br, 128H, NHCH2), 2.37 (br, 372H, CH2N), 1.84 (s,
960H, C5CH3), 1.51 (br, 252H, CH2); 13C NMR (CDCl3): �� 170.15 (CO),
81.16 (Cq, CCH3), 76.47 and 70.46 (C5H4), 53.21(CH2), 39.23 (CH2), 2838
(CH2), 10.50 (CH3); IR (Nujol): �� � 1622 (�(CO)), 1540 cm�1 (�(CN)); MS
(MALDI-TOF): m/z : calcd for C1400H2032N126Fe64O64: 25226; found:
�25000 (br).


Titrations by cyclic voltammetry : Conditions : Solvent: distilled dichloro-
methane or anhydrous DMF; 20 �C; supporting electrolyte: [nBu4N][PF6],
0.1� ; internal reference: FeCp*2 ; reference electrode: Ag; auxiliary and
working electrodes: Pt; scan rate: 0.2 Vs�1; [nBu4N][H2PO4] or [nBu4-


N]2[ATP]: 5� 10�3� ; nBu4NCl and [nBu4N][HSO4]: 5� 10�2�.


General method for the titration of H2PO4
�, ATP2�, or HSO4


� : First,
[nBu4N][PF6] was introduced into the electrochemical cell containing the
working electrode, the reference electrode, and the counterelectrode and
dissolved in dichloromethane or DMF. A blank voltammogram was
recorded without dendrimer to check the working electrode. Then, the
dendrimer was dissolved in a minimum amount of dichloromethane or
DMF and added to the cell. About 1 mg decamethylferrocene (3�
10�6 mol) was also added. The solution was degassed by flushing with
dinitrogen, and the CV of the dendrimer alone was recorded. Then, the
anion H2PO4


�, ATP2�,or HSO4
� was added in small quantities with a


microsyringe). After each addition, the solution was degassed, and a CV
was recorded. The appearance and progressive increase of a new wave was
observed, while the initial wave decreased and finally disappeared. When
the initial wave had completely disappeared, addition of the salt of the
anion was continued until twice the volume already introduced was
reached. The titration of H2PO4


� (or ATP2�) in the presence of Cl� and
HSO4


� was carried out similarly, the salts [nBu4N][Cl] and [nBu4N][HSO4]
being added before [nBu4N][H2PO4] (or [nBu4N]2[ATP]).
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Crystal and Molecular Structure of Rubidium Peroxodicarbonate Rb2[C2O6]


Robert E. Dinnebier, Sascha Vensky, and Martin Jansen*[a]


Abstract: We report the crystal struc-
ture of rubidium peroxodicarbonate,
which was synthesized by electrocrystal-
lization at T� 257 K, from laboratory
X-ray powder diffraction data. The
compound crystallizes in the monoclinic
space group P21/c with four formula
units per unit cell and cell parameters
of a� 7.9129(1), b� 10.5117(1), c�


7.5559(1) ä, �� 102.001(1)�, and V�
614.75(1) ä3. The packing can be con-
sidered as a strongly distorted CsCl type


of structure. The conformation of the
peroxodicarbonate anion was found to
be planar (C2h symmetry), in contrast to
the staggered conformation of the per-
oxodicarbonate anion in the respective
potassium peroxodicarbonate. The dif-
ferent conformation is attributed to
packing effects.


Keywords: electrocrystallization ¥
peroxodicarbonate ¥ simulated
annealing ¥ solid-state structure ¥
X-ray powder diffraction


Introduction


The derivatives of H2O2, organic as well as inorganic,
constitute an extended family of industrial chemicals[1] that
find widespread applications as initiators in polymerization,
as selective oxidants in chemical synthesis, as non-selective
oxidants for waste water regeneration, as bleaching agents, or
as disinfectants.[2±6] At the same time, they have always
attracted significant academic interest since the basic features
of the respective central O�O bond, length and dihedral
angle, are determined by an intricate interplay of various
interactions. These range from crystal packing effects, Pauli
and Coulomb repulsions between the attached groups, and
antibonding �-orbital interactions, whereby the latter, cru-
cially depend on the electronegativity of the substituents.
Accordingly, the dihedral angles across the O�O bonds in
peroxides vary over the wide range from 86,7� to 180�.
Typically, values around 90� are found for H2O2 itself, and for
peroxides with small organic groups. Bulky organic substitu-
ents lead to dihedral angles approaching 180� and also all
structures of peroxodioxo anions known at the beginning of
our work mainly showed torsion angles of 180� (Table 1).
Thus, it came as a surprise when we observed a dihedral angle
as small as 93� for potassium peroxodicarbonate.[7] To get
closer insights into the reasons behind this feature we have
investigated the related compound Rb2[C2O6].


Rubidium peroxodicarbonate[27] as well as the correspond-
ing potassium compound[27, 28] were first described in the
literature at the end of the 19th century. They were
synthesized by anodic oxidation, the technique still used
today. The constitution of the peroxodicarbonate ion was
claimed as an anion built of two carbonate groups linked by a
peroxo group.[27, 29±32] After this discovery some reinvestiga-
tion took place in the 1960s, which focused on work with the
more stable potassium peroxodicarbonate.[33±36] X-ray powder
diffraction investigations of that time failed to find the correct
unit cells and X-ray densities for rubidium and potassium
peroxodicarbonate.[37, 34, 36] Early quantum-chemical calcula-
tions[38] suggested a staggered conformation (C2 symmetry)
for the peroxodicarbonate anion, while investigations using
IR and Raman spectroscopy[34, 39, 40] indicated a planar con-
formation (C2h symmetry), which could not be verified for
potassium peroxodicarbonate (C2 symmetry).[7]


Results and Discussion


The peroxodicarbonate ion (Figure 1 top) in rubidium per-
oxodicarbonate consists of two carbonate groups connected
through two of its oxygen atoms to form a peroxo group. The
molecular symmetry was found to be C2h within the limits of
experimental error. The carbon atoms are surrounded by
oxygen atoms in a largely trigonal-planar arrangement. The
bond lengths between the carbon and the peroxo-oxygen
atoms is increased by up to 10% compared to the bond
lengths between carbon and the terminal oxygen atoms. In
general, the intramolecular bond lengths and angles of the
carbonate group are within the range typically found for this
class of molecules (Table 1). The deviations from planarity for
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Figure 1. Conformations of the peroxodicarbonate anion in Rb2[C2O6] at
T� 200 K (top) and in K2[C2O6] at T� 150 K (bottom).


the carbonate groups including the second peroxo-oxygen
atom are below the level of accuracy of the measurement. The
bond length of 1.47(2) ä between the oxygen atoms of the
peroxo group is virtually identical for peroxo groups in related
compounds, such as potassium peroxodicarbonate,[7] potassi-
um hydrogen peroxocarbonate perhydrate,[8] and rubidium
hydrogen peroxocarbonate semiperhydrate.[9] The dihedral
angle C-O-O-C within the peroxodicarbonate anion is almost
180� (175(1)�) for Rb2[C2O6] (Table 1).


The two crystallographically independent rubidium cations
(Rb(1)/Rb(2)) are irregularly coordinated to eight (Rb(2)O8)
and ten oxygen atoms (Rb(1)O10), respectively (Figure 2).
The distances between the rubidium atoms and the oxygen


Figure 2. Representation of the two crystallographically distinct Rb(2)O8


(left) and Rb(1)O10 (right) coordination polyhedra and coordinated
[C2O6]2� ions in rubidium peroxodicarbonate at T� 200 K.


atoms range between 2.70(2) and 3.44(1) ä, and are thus
comparable to that in related compounds (Table 1). The cut-
off radius for the Rb�O distances has been selected by
calculating the effective coordination number (ECoN)[41] and
the mean fictive ionic radii (MeFIR)[41] by using the program
MAPLE.[42] Both polyhedra are connected to six different
peroxodicarbonate anions (Figure 2). The Rb(2)O8 polyhe-
dron shares two edges and four corners with carbonate
subgroups, whereas the Rb(1)O10 polyhedron shares two
edges and six corners with carbonate subgroups. The two
additional rubidium oxygen coordinations in the case of
Rb(1)O10 are achieved by coordinating simultaneously both
carbonate subgroups of two different peroxodicarbonate
anions to the Rb(1)O10 polyhedron. It should be noted that
no edge of the rubidium±oxygen polyhedra is equivalent to a
peroxo bridge. The two rubidium± oxygen polyhedra are
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Table 1. Selected bond lengths [ä] and torsion angles [�] for Rb2[C2O6] and related molecules.


Substance Ref. d(O�O) d(A�O) d(C�O) d(C�OO) C-O-O-C


Rb2[C2O6][a] 1.47(2) 2.70(2) ± 3.44(1) 1.22(2) ± 1.26(2) 1.33(2) 175(1)
K2[C2O6][a] [7] 1.47(1) 2.63(1) ± 2.90(1) 1.26(2) ± 1.29(2) 1.31(1) 93(1)
KHCO4 ¥H2O2


[8] 1.46 2.75 ± 2.83 1.23 ± 1.25 1.38 101COOH


RbHCO4 ¥ 0.5H2O2
[9] 1.46 2.89 ± 3.34


H2O2
[10] 1.46 ± ± ± 93HOOH


K2O2
[11] 1.54 2.68 ± 2.71 ± ± ±


Rb2O2
[12] 1.51 2.84 ± 2.85 ± ± ±


K2CO3
[13] ± 2.64 ± 3.14 1.27 ± 1.29 ± ±


Rb2CO3
[14] ± 2.59 ± 3.24 1.29 ± 1.30 ± ±


Rb2CO3 ¥ 1.5H2O [15] ± 2.87 ± 3.37 1.27 ± 1.29 ± ±
Rb4(HCO3)2(CO3) ¥H2O [16] ± 2.88 ± 3.31 1.25 ± 1.34 ± ±
�-Rb2[C2O4] [17] ± 2.82 ± 3.58 1.19 ± 1.25 ± ±
�-Rb2[C2O4] [17] ± 2.96 ± 3.05 1.19 ± 1.24 ± ±
K2[S2O8] [18] 1.50 2.75 ± 3.09 ± ± 180
(NH4)4[P2O8] ¥ 2H2O [19] 1.50 ± ± ± 180
(H11C6)2C2O6


[20] 1.43 ± 1.18 ± 1.32 1.38 ± 1.39 90
(HO2C-C2H4-CO2)2 [21] 1.45 ± 1.18 ± 1.19 1.38 89
((H5C6)CO2)2 [22] 1.43 ± 1.17 ± 1.20 1.36 ± 1.39 91
((H3C-O-C6H4)CO2)2 [23] 1.46 ± 1.18 1.40 87
(((H5C6)3CCH2)CO2)2 [24] 1.48 ± 1.18 1.28 180
((H3C)3Si)2O2


[25] 1.50 ± ± ± 180


[a] The given esds are Rietveld statistical estimates and should be multiplied by a factor of up to six according to reference[26].
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alternately connected through triangular faces to form infinite
chains. Parallel chains form infinite layers, where Rb(2)O8


polyhedra are connected through rectangular faces on both
sides, and neighboring Rb(1)O10 polyhedra share common
edges on both sides. Consecutive layers are connected
through common edges and triangular faces and intercon-
nected by peroxodicarbonate anions, completing the three-
dimensional framework structure (Figure 3 right). For a better


Figure 3. Crystal structures of potassium peroxodicarbonate at T� 150 K
(left) and rubidium peroxodicarbonate at T� 200 K (right) viewed along
the b axis.


understanding, the carbonate groups may be substituted by
their center of gravity (carbon atoms), accordingly the crystal
structure of Rb2[C2O6] can be viewed as a strongly distorted
CsCl structure (Figure 4 left).


Figure 4. Packing schemes of potassium peroxodicarbonate at T� 150 K
(right) and rubidium peroxodicarbonate at T� 200 K (left). For K2[C2O6]
in a view perpendicular to the plane spanned by the c axis and the median
of a and b axes. For Rb2[C2O6] in a view along the c axis. The structural
relationships to the NaCl type of structure for the potassium compound and
the CsCl type of structure for the rubidium compound are clearly visible.


Although, K2[C2O6] and Rb2[C2O6] have an identical space
group, an identical number of formula units, and similar
lattice parameters (Table 2), the crystal structures are quite
different. This can be attributed to the different size and
polarizability of the cations. Fully in line with the general
trends in crystal chemistry of alkali metals, rubidium perox-
odicarbonate can be reduced to a CsCl-type arrangement
(Figure 4 left), while the packing of potassium peroxodicar-
bonate can be reduced to a NaCl-type configuration (Figure 4
right).[7]


With respect to the conformations of the peroxodicarbon-
ate anions, the crystal structures of K2[C2O6] and Rb2[C2O6]
feature a prominent and unexpected contrast. While the


dihedral angle across the O�O bond is 93� (Figure 1 bottom)
in K2[C2O6],[7] it is 175� in the rubidium compound, resulting
in an almost planar anion (Figure 1 top). In principle, both
geometries can be justified in a first approximation based on
arguments related to intramolecular interactions, only. As-
suming the bridging oxygen atoms to be sp2 hybridized would
lead to a pz orbital oriented perpendicular to the CO3 plane.
This would result in a strong � repulsion of the occupied pz


orbital in a planar geometry, thus favouring conformations
with C-O-O-C around 90�, as has been found for K2[C2O6].
On the other hand, sp3 hybridization of the bridging oxygen
atoms would leads to dihedral angles approaching 180� which
in addition would minimize the Coulomb repulsion of the CO3


units. Unfortunately, for each of these two scenarios the
expected responses of bond lengths and angles within the
anion are below the margin of error of the structural data as
determined experimentally. However, it is obvious that the
packing requirements play a decisive role in fixing the
torsional O�O angle to one of the local minima mentioned.


This feature is similar to what has been observed for the
oxalate anion in alkali oxalates.[17] Here the oxalate anion in
potassium oxalate is planar, while in cesium oxalate it is
staggered with a dihedral angle of 99�, and for rubidium
oxalate both conformations are observed, which at room
temperature even can coexist.[17]


Experimental Section


Rb2[C2O6] was synthesized by anodic oxidation of a saturated aqueous
solution of rubidium carbonate (p.a., Merck) at T� 257 K. The electro-
crystallization was carried out under galvanostatic conditions (I� 250 mA,
U� 16 V) with a potentiostat (EG&G Princeton Applied Research, Type
363). A Pt wire (�� 0.5 mm, l� 40 mm) was used as an anode, a Pt mesh
(�Zyl� 40 mm, h� 50 mm, 20 mesh) as a cathode. The anodic part was
separated by a glassy membrane. Rubidium peroxodicarbonate, obtained
as a microcrystalline, colorless to light blue powder, was filtered and
washed with ethanol and diethyl ether. Rb2[C2O6] is very hygroscopic[27]


and decomposes even when stored at 247 K. According to the results of
thermal analysis (DTA/TG/MS; Netzsch STA 429; 293 ± 1273 K;
10 Kmin�1), Rb2[C2O6] starts decomposing at 424 K (K2[C2O6] at 394 K)
by generation of oxygen and carbon dioxide.


X-ray powder diffraction data of rubidium peroxodicarbonate were
collected with a Stoe Stadi-P transmission diffractometer (primary beam
Johann-type Ge monochromator for CuK�1 radiation, linear PSD) in 2�
steps of 0.01� from 10.0� to 100.0� at a temperature of T� 200 K for 65 h
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Table 2. Crystallographic data for Rb2[C2O6] in comparison with
K2[C2O6].[7]


Rb2[C2O6] K2[C2O6]


temperature [K] 200 150
formula weight [gmol�1] 290.954 198.215
space group; no. P21/c ; 14 P21/c ; 14
Z 4 4
a [ä] 7.9129(1) 8.3805(1)
b [ä] 10.5117(1) 10.7641(2)
c [ä] 7.5559(1) 7.1167(1)
� [�] 102.001(1) 111.24(0)
V [ä3] 614.75(1) 598.4(2)
�calcd [gcm�3] 3.144 2.200
� [ä] 1.54059 1.12074(2)
capillary diameter [mm] 0.2 0.7
absorption [cm�1] 193.66 55.04







FULL PAPER M. Jansen et al.


with the sample sealed in a glass capillary of 0.2 mm diameter (Hilgenberg,
glass No. 50) (Figure 5). Weak reflections corresponding to small traces of
Rb4(HCO3)2(CO3) ¥H2O[16] as an additional phase were observed in the
scan. Further experimental details are given in Table 2.


Data reduction was performed by using the GUFI program.[43] Indexing
with ITO[44] led to a primitive orthorhombic unit cell with lattice
parameters given in Table 2. The number of formula units per unit cell
could be determined to be Z� 4 from packing considerations. The
extinctions found in the powder patterns indicated P21/c as the most
probable space group, which could later be confirmed by Rietveld
refinements.[45] The peak profiles and precise lattice parameters were
determined by LeBail-type fits[46] using the programs GSAS[47] and
FULLPROF.[48, 49] The background was modeled manually by using GUFI.
The peak profile was described by a pseudo-Voigt function in combination
with a special function that accounts for the asymmetry due to axial
divergence.[50±52]


The crystal structure of rubidium peroxodicarbonate was subsequently
solved by using the DASH structure solution package.[53] The measured
powder patterns were subjected to a Pawley refinement[54] in the space
group P21/c to extract correlated integrated intensities from the pattern.
Good fits to the data were obtained. An internal coordinate description of
the peroxodicarbonate moiety (Figure 1 top) was constructed by using
bond lengths, angles, and torsion angles from the corresponding potassium
compound, K2[C2O6].[7] The torsion angles between the two carbonate
groups could not be assigned precise values in advance, and thus they were
treated as variables for refinement in the simulated annealing procedure.
The position of two crystallographically independent rubidium cations as
well as the position, orientation, and conformation of the peroxodicar-
bonate anions in the unit cell were postulated, and the level of agreement
between the trial structure and the experimental diffraction data quantified
by Equation (1).


�2�
�


h


�


k


[(Ih� c �Fh � 2)(V�1)hk(Ik�c �Fk � 2)] (1)


Here Ih and Ik are Lorentz-polarization corrected, extracted integrated
intensities from the Pawley refinement of the diffraction data, Vhk is the
covariance matrix from the Pawley refinement, c is a scale factor, and �Fh �
and �Fk � are the structure factor magnitudes calculated from the trial
structure. The trial structure was subjected to global optimization with
DASH[53] where the torsion angle between the carbonate groups and the


bond length between the oxygen atoms were the
only internal degrees of freedom. The external
degrees of freedom consisted of the fractional
coordinates describing the positions of the rubi-
dium cations and the peroxodicarbonate ions, and
four quaternions[55] describing the orientation of
the anion. The structure giving the best fit to the
data was validated by Rietveld refinement of the
fractional coordinates obtained at the end of the
simulated annealing run.


Rietveld refinements were performed on the
powder pattern of Rb2[C2O6] by using the program
package GSAS (Figure 5). The background was
modeled manually by using GUFI. Rb4(HCO3)2(-
CO3) ¥H2O[16] was included in the refinement as an
additional phase. The peak profile was described by
a pseudo-Voigt function, in combination with a
special function that accounted for the asymmetry
due to axial divergence.[50, 51] Due to the excellent
reflection to parameter ratio, only weak soft
constraints were necessary to stabilize the refine-
ments. Agreement factors (R values) are listed in
Figure 5, the coordinates are given in Table 3, and a
selection of intra- and intermolecular distances and
torsion angles is given in Table 1.


Further details of the crystal structure investigation
can be obtained from the Fachinformationszen-
trum Karlsruhe, 76344 Eggenstein-Leopoldshafen,
Germany (Fax: (�49)7247-808-666; e-mail :
crysdata@fiz.karlsruhe.de) on quoting the depos-
itory number CSD-412971.
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Catalytic Asymmetric Allylation of Aldehydes and Related Reactions with
Bis(((S)-binaphthoxy)(isopropoxy)titanium) Oxide as a �-Oxo-Type Chiral
Lewis Acid


Hideo Hanawa, Daisuke Uraguchi, Shunsuke Konishi, Takuya Hashimoto,
and Keiji Maruoka*[a]


Abstract: A new, chiral bis-TiIV oxide of
type 3 has been designed and can be
utilized for strong activation of aldehyde
carbonyls, thereby allowing a new cata-
lytic enantioselective allylation of alde-
hydes with allyltributyltin. The chiral
bis-TiIV catalyst (S,S)-3 can be readily
prepared either by treatment of bis(trii-
sopropoxy)titanium oxide with (S)-BI-
NOL or by treatment of ((S)-binaph-
thoxy)isopropoxytitanium chloride with
silver(�) oxide. Treatment of hydrocinna-
maldehyde with allyltributyltin under


the influence of chiral bis-TiIV oxide
(S,S)-3 generated in situ (10 mol%) in
CH2Cl2 afforded an allylation product in
84% yield and with 99% ee. This asym-
metric allylation with non-racemic bis-
TiIV oxide 3 and partially resolved (S)-
BINOL shows a positive nonlinear ef-
fect in correlation of the enantiopurity


of the allylation product with the ee of
the (S)-BINOL. Chiral bis-TiIV oxide
(S,S)-3 can also be utilized for related
reactions such as asymmetric methally-
lation and propargylation of aldehydes
with high enantioselectivity. This asym-
metric approach provides a very useful
way of obtaining high reactivity and
selectivity through the simple introduc-
tion of the M�O�M unit into the design
of chiral Lewis acid catalysts.


Keywords: aldehydes ¥ allylation ¥
asymmetric synthesis ¥ Lewis acids ¥
titanium


Introduction


Asymmetric allylation of carbonyl compounds is currently an
important transformation in asymmetric synthesis, and a
number of chiral Lewis acids possessing various chiral
auxiliaries, in combination with allylsilane or allyltin com-
pounds, have been elaborated for this purpose.[1] Among
these, BINOL/TiIV complexes have been most extensively
studied as effective chiral Lewis acid catalysts in view of
several characteristics, including: 1) the commercial availabil-
ity of both optically pure BINOL and TiIV compounds, 2) the
easy generation of these TiIV complexes, and 3) their versa-
tility and general applicability in terms of substrates and
allylmetal compounds.[2] Indeed, catalytic asymmetric allyla-
tion of aldehydes and allyltributyltin can be effected by use of
BINOL/[Ti(OiPr)4] or BINOL/[TiCl2(OiPr)2] complexes
(Scheme 1), although the nature of these useful chiral
catalysts remains elusive.[3] By mixing (R)-BINOL and
[TiCl2(OiPr)2] in the presence of molecular sieves (4 ä) the
chiral TiIV �-oxo complex (R,R)-1 was obtained accidentally,
and shown to be an efficient catalyst for the glyoxylate ± ene
reaction.[4] In addition, Mikami and Corey disclosed that


Scheme 1. Asymmetric allylation of aldehydes with chiral (R)-BINOL/TiIV


complexes.


active catalysts, obtained by treatment of [((R)-binaphthoxy)-
Ti(OiPr)2] ((R)-2) with hydrated molecular sieves (4 ä),
might be chiral TiIV �-oxo clusters for effecting asymmetric
ene and Diels ±Alder reactions.[5] Other chiral TiIV �-oxo
clusters were also prepared by hydrolysis of (R)-2.[6] In this
context, we are interested in investigating the reactivity and
enantioselectivity of certain structurally defined, chiral TiIV �-
oxo complexes for the activation of the carbonyl moiety.
Recently we reported that the Al�O�Al unit in MAO


(methylalumoxane) and bis(dimethylaluminium) oxide, as
effective Lewis acids, is crucially important for the strong
activation of carbonyl and epoxide oxygens.[7] This observa-
tion led us to design a new, chiral TiIV Lewis acid possessing
the key M�O�M unit (M: metal) including a particular chiral
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auxiliary. Accordingly, we prepared a new, binaphthoxyl-
modified bis-TiIV oxide of type 3 for the enantioselective
activation of carbonyl moieties. The reactivity and the chiral
efficiency of bis-TiIV oxide (S,S)-3 as a chiral Lewis acid were
examined by the use of the catalytic asymmetric allylation of
aldehydes with allyltributyltin, together with the analogous
methallylation and propargylation reactions (Scheme 2).[8]


Scheme 2. Asymmetric transformation of aldehydes with chiral bis-TiIV


oxide (S,S)-3.


Results and Discussion


Preparation of mono-�-oxo-type chiral bis-TiIV complexes :
We first attempted to synthesize the requisite mono-�-oxo
Ti�O�Ti structure by simple hydrolysis of triisopropoxytita-
nium chloride [(iPrO)3TiCl] or titanium(��) tetraisopropoxide
[Ti(OiPr)4], which gave several reaction products.[9] However,
treatment of (iPrO)3TiCl (2 equiv.) with Ag2O (1 equiv) in
CH2Cl2 at room temperature (Scheme 3) with vigorous


Scheme 3. Production of bis(triisopropoxytitanium) oxide (iPrO)3Ti-
�O�Ti(OiPr)3.


stirring and with exclusion of direct light resulted in clean
formation of bis(triisopropoxytitanium) oxide (iPrO)3Ti-
�O�Ti(OiPr)3.[10]
With this information to


hand, the requisite binaph-
thoxy-modified bis-TiIV oxide
(S,S)-3 was prepared by initial
treatment of [(iPrO)3TiCl] with
Ag2O as described above, and
subsequent addition of (S)-BI-
NOL (Scheme 4; Method A).
The same bis-TiIV oxide (S,S)-3
was also synthesized by treat-
ment of [(iPrO)3TiCl] with (S)-
BINOL (2 equiv) in CH2Cl2


and subsequently with Ag2O (Method B).[11] Positive ESI-
MS clearly showed an m/z peak at 943 ([M ¥ 2THF�H]�),
indicating the formation of the (S,S)-3 ¥ 2THF coordination
complex by comparison with the theoretical molecular ion
peak.[12]


In addition, the formation of the Ti�O�Ti unit by Method-
s A and B was confirmed by treatment of cis-[TiCl2(�2-
guaiacolato)2] (2 equiv) with Ag2O (1 equiv) in CH2Cl2 to
furnish [Ti2(�-O)Cl2(�2-guaiacolato)4] 8, which is spectroscop-
ically identical with that produced by the reported procedure
with use of H2O (Scheme 5).[13] Thus, the Ag2O-mediated
approach seems to provide a simple, yet reliable method for
the controllable formation of the desired mono-�-oxo
Ti�O�Ti bridge.[9f]


Catalytic asymmetric allylation of aldehydes with chiral bis-
TiIV oxides : Treatment of hydrocinnamaldehyde 4 (R�
CH2CH2Ph) with allyltributyltin (1.1 equiv) under the influ-
ence of chiral bis-TiIV oxide (S,S)-3 generated in situ
(10 mol%) [prepared by Method A] in CH2Cl2 at 0 �C for
4 h afforded 1-phenyl-5-hexen-3-ol (5, R�CH2CH2Ph) in
84% yield and with 99% ee (see Scheme 2). The absolute
configuration of the homoallylic alcohol was determined to be
R by correlation to the authentic sample.[2b] The catalyst
loading can be reduced to 5 mol% with some reduction in the
chemical yield, which is improved by use of excess allyltribu-
tyltin (2 equiv). It should be noted that both the reaction rate
and the enantioselectivity of the allylation are greatly lowered
(e.g., 10% yield and 72% ee for hydrocinnamaldehyde) under
similar reaction conditions with a chiral mono-TiIV catalyst
(S)-2 (20 mol%).[14] Alternatively, chiral bis-TiIVoxide (S,S)-3,
prepared by Method B, exhibited reactivity and enantiose-
lectivity (81% yield with 98% ee) similar to that of the
catalyst prepared by Method A. Similar results were obtained
when using the supernatant solution of the chiral bis-TiIV


oxide 3 prepared by Method A or B after removal of the
precipitated AgCl. Moreover, attempted addition of AgCl to
chiral mono-TiIV catalyst (S)-2 also afforded a result com-
parable to those described above. Other examples are listed in
Table 1.
Several characteristic features of this allylation follow:


1) The chiral bis-TiIV oxide (S,S)-3 exhibits uniformly high
asymmetric induction as well as high chemical yields.


2) The incorporation of a mono-�-oxo Ti�O�Ti unit in the
chiral bis-TiIV catalyst (S,S)-3 strongly accelerates the rate
of allylation of aldehyde carbonyls relative to the corre-
sponding monoIV catalyst (R)-2 (Table 1, entries 6 and 8).
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Scheme 4. Preparation of chiral bis-TiIV oxide (S,S)-3 by methods A or B.
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3) The enantioselectivity of this allylation is not sensitive to
the reaction temperature (Table 1, entries 1 versus 3 and 16
versus 19).


4) The amount of chiral bis-TiIV oxide (S,S)-3 can be reduced
to 5 mol% without affecting the enantioselectivity (Ta-
ble 1, entries 4, 5, 9, 10, and 20).


Application to natural products synthesis : Allylation prod-
ucts of aldehydes are useful intermediates for natural product
syntheses.[1g] For example, Willis et al. recently reported the
syntheses of tetrahydropyrans 9 and 10,[15] starting from 3,4-
diacetoxybenzaldehyde as shown in Scheme 6. These com-
pounds, isolated from extracts of Plectranthus sylvestris
(Labiatae), are potent in vitro antioxidants, inhibiting the
Fe2�-catalyzed autooxidation of linoleic acid, and also possess
anti-inflammatory properties.[16] The crucial asymmetric ally-


lation step was achieved by
Brown×s method.[17] This proce-
dure required stoichiometric
amount of chiral boron reagent
(1.39 equiv (�)-DIPCl) and
gave a less satisfactory result
(76% yield and 90% ee). In
contrast, treatment of 3,4-diac-


etoxybenzaldehyde with allyltributyltin (1.1 equiv) in the
presence of catalytic (S,S)-3 (10 mol%) at 0 �C for 16 h
afforded the desired homoallylic alcohol 11 in 96% yield and
with 98% ee (Scheme 6). Hence, our method was apparently
far superior in terms of catalyst loading, chemical yield, and
enantioselectivity.


Scheme 6. Synthesis of chiral tetrahydropyrans 9 and 10 through asym-
metric allylation of 3,4-diacetoxyaldehyde with chiral bis-TiIV oxide (S,S)-3.


Catalytic asymmetric methallylation of aldehydes with chiral
bis-TiIV oxides : We also utilized chiral bis-TiIVoxide (S,S)-3 for
the catalytic asymmetric methallylation of aldehydes.[8b] The
enantioselective methallylation of prochiral aldehydes is an
important asymmetric transformation in organic synthesis,[1]


subsequent oxidative cleavage of the methallyl moiety
providing optically active aldol products equivalent to those
of an asymmetric crossed aldol reaction between aldehydes
and the enolate of acetone (Scheme 7).


Scheme 7. Synthetic approach to chiral aldols through asymmetric meth-
allylation of aldehydes with chiral bis-TiIV oxide (S,S)-3.


In contrast to the numerous examples of catalytic asym-
metric allylation of prochiral aldehydes with allyltributyltin,[2]


the corresponding asymmetric methallylation is rather diffi-
cult.[18] Indeed, compared to the allylic system, both reactivity
and enantioselectivity in the catalytic asymmetric methally-
lation with ordinary chiral Lewis acid catalysts and methallyl-
tributyltin were somewhat low, and did not exhibit broad
applicability. In addition, such transformations required
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Scheme 5. Preparation of [Ti2(�-O)Cl2(�2-guaiacolato)4] (8).


Table 1. Asymmetric allylation of aldehydes with allyltributyltin catalyzed
by chiral bis-TiIV oxide (S,S)-3.[a]


Aldehyde Ti catalyst
[mol%][b]


Reaction
time [h]


Yield
[%]


ee [%][c]


(config)[d]


1 PhCH2CH2CHO (S,S)-3 (10) 4 84 99 (R)
2 (S,S)-3 (10)[e] 4 81 98 (R)
3 (S,S)-3 (10) 16[f] 82 98 (R)
4 (S,S)-3 (5) 12 77 98 (R)
5 (S,S)-3 (5) 7[g] 95 98 (R)
6 (S)-2 (20) 4 10 72 (R)
7 CH3(CH2)6CHO (S,S)-3 (10) 12 85 99 (R)[h]


8 (S)-2 (20) 12 14 81 (R)[h]


9 (S,S)-3 (5) 24 86 99 (R)[h]


10 (S,S)-3 (5) 12[g] 92 98 (R)[h]


11 (CH3)2CHCHO (S,S)-3 (10) 28 71 � 99 (S)[i]


12 (S)-2 (20) 28 7 85 (S)[i]


13 (S,S)-3 (10) 18[g] 91 99 (S)[i]


14 PhCH�CHCHO (S,S)-3 (10) 15 70 95 (S)
15 (S)-2 (20) 15 10 83 (S)
16 PhCHO (S,S)-3 (10) 7 90 96 (S)
17 (S)-2 (20) 7 12 73 (S)
18 (S,S)-3 (10)[e] 7 85 96 (S)
19 (S,S)-3 (10) 24[f] 81 96 (S)
20 (S,S)-3 (5) 9[g] 94 97 (S)
21 p-bromo-


benzaldehyde
(S,S)-3 (10) 15 85 98 (S)


22 (S)-2 (20) 15 15 83 (S)
23 furfural (S,S)-3 (10) 18 96 97 (S)
24 (S)-2 (20) 18 26 85 (S)


[a] Unless otherwise noted, the reaction of aldehyde and Bu3SnCH2-
CH�CH2 (1.1 equiv) was carried out in the presence of chiral bis-TiIV oxide
(S,S)-3 or chiral mono-TiIV (S)-2 in CH2Cl2 at 0 �C with the given reaction
time. [b] Unless specified, chiral bis-TiIV oxide (S,S)-3 was prepared by
Method A. [c] Determined by HPLC analysis with Chiralcel OD and OJ.
[d] Determined by comparison of the sign of optical rotation with reported
values. See [2l]. [e] Prepared by method B. [f] At �15 �C. [g] Use of two
equivalents of allyltributyltin. [h] Determined by GC analysis on a chiral
column (Chrompack CP-CHIRASIL-DEX CB). [i] Determined by GC
analysis (Chrompack CP-CHIRASIL-DEX CB column) after conversion
into its benzoate.
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longer reaction times at low temperatures. For example,
catalytic asymmetric methallylation of cinnamaldehyde with
BINOL-TiIV complex at �20 �C for 12 h gave a 68% yield
with 87% ee,[18a] while catalytic asymmetric methallylation of
hydrocinnamaldehyde with BINAP-AgOTf complex at
�20 �C for 8 h afforded a 22% yield with 70% ee.[18f]


Treatment of hydrocinnamaldehyde 4 (R�CH2CH2Ph)
with methallyltributyltin (1.1 equiv) under the influence of
chiral bis-TiIV oxide (S,S)-3 generated in situ (10 mol%) in
CH2Cl2 at 0 �C for 30 min afforded 5-methyl-1-phenyl-5-
hexen-3-ol 6 (R�CH2CH2Ph) in 63% yield with 94% ee.
The absolute configuration of the homomethallylic alcohol
was determined to be R by correlation with the authentic
sample.[18a] It should be noted that both the reaction rate and
the enantioselectivity of the methallylation are greatly
lowered (e.g., 13% and 47% ee for hydrocinnamaldehyde)
under similar reaction conditions with a chiral mono-TiIV


catalyst (S)-2 (20 mol%), derived from [Ti(OiPr)4] and (S)-
BINOL by the literature procedure.[13]


Other selected examples are listed in Table 2. Several
characteristic features of this methallylation follow:


1) The chiral bis-TiIV oxide (S,S)-3 is applicable to various
types of aldehydes and exhibits uniformly high asymmetric
induction as well as high chemical yields.


2) The incorporation of the Ti�O�Ti unit in the chiral bis-TiIV
catalyst (S,S)-3 strongly accelerates the rate of methally-
lation of aldehyde carbonyls compared to the correspond-
ing mono-TiIV catalyst (S)-2.


3) The absolute configuration of the homomethallylic alcohol
5 is predictable based on the use of either (S,S)-3 or (R,R)-
3.
In the asymmetric methallylation of aldehydes with (S,S)-3,


we found some effect of the concentration of the solvent.
Selected results are summarized in Table 3, which clearly
shows a high-dilution effect in correlation of the enantiopurity
of methallylation products 6 (R�CH2CH2Ph, CH�CHPh).


Catalytic asymmetric propargylation of aldehydes with chiral
bis-TiIV oxides : Catalytic asymmetric propargylation of pro-
chiral aldehydes is also a valuable transformation, and the
resulting homopropargylic alcohols are readily converted into
the aldol products upon hydrolysis (Scheme 8). However,
there have been few reports on catalytic asymmetric synthesis


Scheme 8. Synthetic approach to chiral aldols through asymmetric prop-
argylation of aldehydes with chiral bis-TiIV oxide (S,S)-3.


of homopropargylic alcohols from prochiral aldehydes by use
of allenyltributyltin,[19] presumably due to its low reactivity
and regiochemical problems. An ordinary BINOL-TiIV com-
plex for catalytic asymmetric propargylation required 50 or
100 mol% catalyst and very long reaction times (72 or
100 h).[19a] Recently, Yu et al. reported an improved method
by the addition of a stoichiometric amount of Et2BSiPr as a
synergetic accelerator.[19b,c]


We also succeeded in carrying out asymmetric propargyla-
tion through the use of a catalytic amount of chiral bis-TiIV


oxide (S,S)-3.[8b] With 10 ± 20 mol% catalyst and longer
reaction times, our method afforded the desired homopro-
pargyl alcohol 7 in moderate yield and with high enantiose-
lectivity, accompanied by a small amount of allenyl alcohol 12,
as indicated in Table 4.


Nonlinear effect with chiral bis-TiIV oxides : Nonlinear behav-
ior in asymmetric catalysis is typically reported as product
enantioselectivity (eeprod) versus catalyst enantiomeric excess
(eecat), where a positive deviation from the linear relationship
is termed an asymmetric amplification of eeprod.[20] Non-
enantiopure chiral auxiliaries may be worthy of consideration
in stoichiometric or catalytic enantioselective synthesis when
they are associated with an asymmetric amplification.[21]
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Table 2. Asymmetric methallylation of aldehydes with methallyltributyltin cata-
lyzed by chiral bis-TiIV oxide (S,S)-3.[a]


Aldehyde Ti catalyst
[mol%]


Reaction
time [h]


Yield
[%]


ee [%] [b]


(config)[c]


1 PhCH2CH2CHO (S,S)-3 (10) 0.5 63 94 (R)
2 (S)-2 (20) 0.5 13 47 (R)
3 PhCH�CHCHO (S,S)-3 (10) 2 90 94 (S)
4 (S)-2 (20) 2 32 85 (S)
5 PhCHO (S,S)-3 (10) 0.5 94 95 (S)
6 (S)-2 (20) 0.5 31 72 (S)
7 furfural (S,S)-3 (10) 2 88 91 (S)
8 (S)-2 (20) 2 45 79 (S)
9 CH3(CH2)6CHO (S,S)-3 (10) 20 87 92


[a] Unless otherwise noted, the reaction between aldehyde (0.33�) and
Bu3SnCH2C(Me)�CH2 (1.1 equiv) was carried out in the presence of chiral bis-
TiIV oxide (S,S)-3 or chiral mono-TiIV (S)-2 in CH2Cl2 at 0 �C for the given reaction
time. [b] Determined by HPLC analysis on Chiralcel OD, OD-H and OB-H.
[c] Determined by comparison of the sign of optical rotation with reported values.
See ref. [18a].


Table 3. Dilution effect of aldehyde substrate on the asymmetric meth-
allylation of aldehydes with methallyltributyltin catalyzed by chiral bis-TiIV


oxide (S,S)-3.[a]


Aldehyde Concentration
of substrate [�]


reaction
condition
[�C, h]


Yield
[%]


ee [%] [b]


(config)


1 PhCH2CH2CHO 1.33 � 20, 2 76 82 (R)
2 0.67 0, 2 76 93 (R)
3 0.33 0, 0.75 80 94 (R)
4 0.17 0, 2 73 94 (R)
5 0.083 0, 5 77 96 (R)
6 PhCH�CHCHO 0.33 0, 2 90 94 (S)
7 0.083 0, 11 90 96 (S)


[a] The reaction between aldehyde and Bu3SnCH2C(Me)�CH2 (1.1 equiv)
was carried out in the presence of chiral bis-TiIV oxide (S,S)-3 (10 mol%) in
CH2Cl2 under the given reaction conditions. [b] Determined by HPLC
analysis on Chiralcel OD, OD-H, and OB-H.
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When we used partially resolved (S)-BINOL as chiral
auxiliary for the preparation of non-racemic bis-TiIV oxide 3
(Method C), we observed a positive nonlinear effect in
correlation of the enantiopurity of allylation product 5 (R�
CH2CH2Ph) with the ee of (S)-BINOL, as shown in Table 5
and Figure 1. With such partially resolved (S)-BINOL, three
kinds of bis-TiIVoxides exist: major (S,S)-3, minor (S,R)-3, and
very minor (R,R)-3 (Scheme 9). The big difference in the
(S,S)-3/(R,R)-3 catalyst ratio is assumed to be the reason for
the positive nonlinear effect observed in these asymmetric
allylation reactions. In marked contrast, however, optically
pure bis-TiIV oxides (S,S)-3 and (R,R)-3 were prepared
independently by starting from optically pure (S)- and (R)-
BINOL, and asymmetric allylation by mixing them in a
different ratio with the condition that (S,S)-3� (R,R)-3
(Method D) gave rise to product 5 (R�CH2CH2Ph) in rather
high yield without any chiral amplification (Table 5 and
Figure 2). These results imply the following important points:
1) Symmetric (S,S)-3 and
(R,R)-3 are more reactive
than meso-(S,R)-3 catalyst.


2) Bis-TiIV oxide 3 exists in
solution as a monomeric
species rather than as a di-
meric one,[22]


3) Bis-TiIV oxide 3 is coordina-
tively stable, and no scram-
bling between (S,S)-3 and
(R,R)-3 was observed under
these allylation conditions.
Kinetic information may also


help in the development of
efficient synthetic strategies us-
ing non-enantiopure systems.
Accordingly, we performed ki-
netic studies of these TiIV cata-
lysts for the asymmetric allyla-
tion of hydrocinnamaldehyde.
As expected, the catalytic ac-
tivity of the homochiral (S,S)-3


derived from optically pure (S)-BINOL is ca. 4 times greater
than that of heterochiral (S,R)-3 derived from rac-BINOL
under the same reaction conditions (Figure 3).


Figure 1. Reactivity and selectivity profile of chiral bis-TiIV oxide prepared
by method C.
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Table 4. Asymmetric propargylation of aldehydes with allenyltributyltin cata-
lyzed by chiral bis-TiIV oxide (S,S)-3.[a]


Aldehyde Ti catalyst
(mol%)


Reaction
time [h]


Yield
[%]
(ratio)[b]


ee [%] [c]


(config)[d]


1 PhCH2CH2CHO (S,S)-3 (10) 0, 18 50 (10:1) 92 (R)
2 (S,S)-3 (10)[e] 0, 18 64 (15:1) 92 (R)


25, 6
3 PhCHO (S,S)-3 (10) 0, 18 28 (10:1) 95 (S)
4 (S,S)-3 (20)[e] 0, 18 69 (10:1) 92 (S)


25, 6


[a] Unless otherwise noted, the reaction between aldehyde (0.33�) and
Bu3SnCH�C�CH2 (1.1 equiv) was carried out in the presence of chiral bis-TiIV
oxide (S,S)-3 in CH2Cl2 under the given reaction conditions. [b] Isomeric ratio of
homopropargyl alcohol 7 and allenyl alcohol 12. [c] Determined for major 7 by
HPLC analysis on Chiralcel OD, OD-H, and AD-H. [d] Determined by compar-
ison of the sign of optical rotation with reported values. See [19b]. [e] Use of
excess Bu3SnCH�C�CH2 (3 equiv).


Table 5. Chiral Amplification in asymmetric allylation catalyzed by non-
racemic bis-TiIV oxide 3.[a]


ee [%] of 3[b] Method C[c] Method D[c]


Yield [%] ee [%] [d] Yield [%] ee [%] [d]


0 38 0 70 3
25 50 64 74 23
50 63 87 75 52
75 69 96 75 75
100 84 99 84 99


[a] Reaction between aldehyde 4 (R�CH2CH2Ph) (0.33�) and allyltribu-
tyltin (1.1 equiv) was carried out in the presence of non-racemic bis-TiIV


oxide 3 (10 mol%) in CH2Cl2 at 0 �C for 4 h. [b] In the non-racemic
BINOL, (S)-BINOL was in excess. [c] See Experimental Section for
methods C and D. [d] Determined by HPLC analysis on Chiralcel OD.


Scheme 9. Preparation of non-racemic bis-TiIV oxide (S,S)-3 by methods C or D.
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Figure 2. Reactivity and selectivity profile of chiral bis-TiIV oxide prepared
by method D.


Figure 3. Catalytic activity of homochiral (S,S)-3 vs. heterochiral (S,R)-3.


NMR study of carbonyl/TiIV Lewis acid complexes : The high
reactivity of chiral TiIV complex (S,S)-3 toward aldehyde
carbonyls is attributed to the strong coordination of the
mono-�-oxo Ti�O�Ti structure to a carbonyl oxygen atom,
thereby allowing strong activation of the aldehyde carbonyls.
Such activation is also observed by 13C NMR spectroscopy
with 2,6-dimethyl-�-pyrone as carbonyl substrate. Thus,
75 MHz 13C NMR examination of the 1:1 2,6-dimethyl-�-
pyrone/mono-TiIV 2 complex in
CDCl3 at 20 �C showed that the
original signal of the �-carbon
atoms of the free pyrone at ��
165.41 ppm shifted only slightly,
to �� 166.07 ppm, suggesting
feeble Lewis acidity of 2. In
contrast, the 1:1 2,6-dimethyl-�-
pyrone/(S,S)-3 chelation com-
plex under similar conditions
shows a further downfield shift
for the �-carbon atoms of the
pyrone (�� 167.90 ppm). This
result implies strong electro-


philic activation of the pyrone carbonyl by (S,S)-3. Further-
more, addition of one more equivalent of 2,6-dimethyl-�-
pyrone to the 1:1 pyrone/(S,S)-3 complex produced 13C NMR
chemical shifts at �� 166.22 ppm. Hence, two pyrone carbon-
yls coordinate separately to two TiIV centers of (S,S)-3 in the
2:1 pyrone/(S,S)-3 mixture.


Elucidation of possible reaction pathways : Several possible
reaction pathways to account for the activation phenomenon
with chiral bis-TiIV oxide 3 have been considered. First, chiral
bis-TiIV oxide (S,S)-3 might exist as an equilibrium mixture of
(S)-binaphthoxytitanium oxide (S)-13[23] and (S)-binaphthox-
ytitanium diisopropoxide (S)-2.[13] However, this possibility
has been excluded by independent preparation of (S)-13 and
(S)-2, and subsequent carrying out of the asymmetric
allylation of hydrocinnamaldehyde with allyltributyltin in
the presence of a mixture of (S)-13 and (S)-2 (each 10 mol%)
at 0 �C for 4 h to furnish homoallylic alcohol 5 (R�
CH2CH2Ph) in 31% yield and with 88% ee. Since the use
solely of (S)-13 gave product 5 (R�CH2CH2Ph) in 20% yield
with 5% ee, mixing of (S)-13 and (S)-2 seems partially to
generate bis-TiIV oxide (S,S)-3. Indeed, on heating a mixture
of (S)-13 and (S)-2 at reflux in CH2Cl2 for 3 h, we observed
higher reactivity and selectivity (78% yield with 94% ee) in
this allylation under similar conditions (Scheme 10).
It should be noted that (S)-binaphthoxytitanium �-oxo


complex (S,S)-1 showed only low reactivity and selectivity
under similar allylation condition (14%, 25% ee).[4] In
addition, Keck×s mono-TiIV reagent (20 mol%) derived from
[Ti(OiPr)4] (20 mol%) and (S)-BINOL (40 mol%) was also
examined for the asymmetric allylation of hydrocinnamalde-
hyde (53% yield (93% ee) at 0 �C for 4 h), again excluding the
possibility of the generation of Keck×s reagent by Methods A
or B.[2d, 18b] Therefore, the high reactivity and selectivity of the
chiral bis-TiIV oxide (S,S)-3 might be attributable to the
intramolecular coordination of one isopropoxy oxygen to the
other titanium, thereby enhancing the otherwise weak Lewis
acidity of the original titanium(��) center for the carbonyl
activation as shown in 14. Alternatively, a carbonyl oxygen
atom may coordinate simultaneously to two Ti centers as an
intermediate or as a dynamic species, thereby producing
strong activation of aldehyde carbonyls, such as depicted in
15.[20, 24] In both cases, the mono-�-oxo Ti�O�Ti bridge plays a
key role in the activation of aldehyde carbonyl.
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Scheme 10. Apparent partial generation of bis-TiIV oxide (S,S)-3 by mixing of (S)-13 and (S)-2.
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Conclusion


In conclusion, a new chiral bis-TiIV complex (S,S)-3 has been
designed and can be utilized for the precise enantiofacial
discrimination of aldehyde carbonyls for a new catalytic,
practical, and enantioselective allylation of aldehydes with
allyltributyltin and for similar reactions. This asymmetric
approach provides a very useful way of obtaining high
reactivity and selectivity by the simple incorporation of the
M�O�M unit into the design of chiral Lewis acid catalysts.


Experimental Section


General : For thin layer chromatography (TLC) analysis, Merck precoated
TLC plates (silica gel 60 GF254, 0.25 mm) were used throughout this work.
The products were purified by preparative column chromatography on
silica gel 60 (Merck 1.09385.9025, 230 ± 400 mesh). Infrared (IR) spectra
were recorded on a Shimadzu FT-IR 8200A spectrometer. 1H NMR spectra
were measured on a JEOL JNM-FX400 (400 MHz) spectrometer. Chem-
ical shifts of 1H NMR spectra were reported relative to tetramethylsilane
(�� 0 ppm). Splitting patterns were designated as follows: s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet; br, broad. 13C NMR spectra
were measured on a JEOL JNM-FX400 (100 MHz) spectrometer. Chem-
ical shifts of 13C NMR spectra were reported relative to CDCl3 (�� 77.0).
Analytical high performance liquid chromatography (HPLC) was per-
formed on a Shimadzu LC-10A instrument with columns of Daicel
Chiralcel OD, OJ, OD-H, OB-H, and AD-H (�� 210 or 254 nm).
Analytical gas ± liquid phase chromatography (GC) was performed on a
Shimadzu Model 14B instrument with a flame-ionization detector and a
capillary column (Chrompack CP-Chirasil-Dex CB). Optical rotations
were measured on a JASCO DIP-1000 digital polarimeter. Electrospray
ionization mass spectra (ESI-MS) were recorded on an Applied Biosystems
Mariner ESI-TOF Mass spectrometer.


All experimental work was carried out under an atmosphere of argon.
CH2Cl2 was freshly distilled from calcium hydride. Toluene was freshly
distilled from sodium metal. THF was freshly distilled from sodium
benzophenone ketyl. Aldehydes were distilled under reduced pressure.
Other simple chemicals were purchased and used as such.


Synthesis of chiral bis-TiIV oxide (S,S)-3 by Method A : Dried [Ti(OiPr)4]
(88 �L, 0.3 mmol) was added under argon at 0 �C to a stirred solution of
TiCl4 (0.1 mmol) in CH2Cl2 (2 mL). The solution was allowed to warm to
room temperature. After 1 h, silver(�) oxide (46.4 mg, 0.2 mmol) was added
at room temperature, and the whole mixture was stirred for 5 h with
exclusion of direct light. The mixture was diluted with CH2Cl2 (4 mL), and
treated with (S)-BINOL (114.5 mg, 0.4 mmol) at room temperature for 2 h
to furnish chiral bis-TiIV oxide (S,S)-3 in CH2Cl2 solvent.


Synthesis of chiral bis-TiIV oxide (S,S)-3 by method B : Dried [Ti(OiPr)4]
(88 �L, 0.3 mmol) was added under argon at 0 �C to a stirred solution of
TiCl4 (0.1 mmol) in CH2Cl2 (2 mL). The solution was allowed to warm to
room temperature. After 1 h, (S)-BINOL (114.5 mg, 0.4 mmol) was added
at room temperature, and the solution was stirred for 2 h. The mixture was
cooled to 0 �C, and treated at 0 �C with silver(�) oxide (46.4 mg, 0.2 mmol).
The mixture was allowed to warm to room temperature, and stirred for 5 h
with exclusion of direct light to furnish chiral bis-TiIV oxide (S,S)-3, which
was diluted with CH2Cl2 (4 mL) before use.


((S)-Binaphthoxy)Ti(OiPr)2 (S)-2 : Dried [Ti(OiPr)4] (886 �L, 3 mmol) was
added at room temperature to a suspension of dried (S)-BINOL (858 mg,


3 mmol) in CH2Cl2 (25 mL). After stirring for 1 h at that temperature, the
reaction mixture was azeotroped until the volume of the solution had been
reduced to 10 mL. Further concentration was continued under reduced
pressure. The resulting orange residue was dissolved in diethyl ether
(20 mL) and allowed to stand for several hours at 0 �C. The resulting
needle-crystalline material was decanted and the supernatant solution was
removed by syringe. The ether solvent was removed under reduced
pressure to give ((S)-binaphthoxy)Ti(OiPr)2 (S)-2 (2.0 g, 4.3 mmol, 72%)
as yellowish orange crystals: 1H NMR (CD2Cl2): �� 7.93 (d, J� 8.1 Hz, 2H;
Ar�H), 7.54 (d, J� 8.7 Hz, 2H; Ar�H), 7.40 (ddd, J� 3.1, 4.9, 8.1 Hz, 2H;
Ar�H), 7.14 ± 7.24 (m, 4H; Ar�H), 6.79 (d, J� 8.7 Hz, 2H; Ar�H), 4.55
(sept, J� 6.0 Hz, 2H; O�CH), 1.15 (d, J� 6.0 Hz, 6H; CH3), 1.09 (d, J�
6.0 Hz, 6H; CH3) ppm; 13C NMR (CD2Cl2): �� 158.75, 132.80, 129.88,
128.90, 127.96, 126.35, 125.27, 123.17, 120.96, 118.57, 80.84, 25.02, 24.79 ppm.


ESI-MS analysis of chiral bis-TiIV oxide (S,S)-3 : [Ti(OiPr)4] (88 mL,
0.3 mmol) was added under argon at 0 �C to a stirred solution of TiCl4
(0.1 mmol) in CH2Cl2 (2 mL), and the mixture was then allowed to warm to
room temperature. After 1 h, Ag2O (46.4 mg, 0.2 mmol) was added at room
temperature, and the mixture was stirred for 5 h with exclusion of direct
light. The mixture was diluted with CH2Cl2 (4 mL), and treated at room
temperature with (S)-BINOL (114.5 mg, 0.4 mmol) for 2 h to furnish chiral
bis-TiIV oxide (S,S)-3 in CH2Cl2. This mixture was filtered to remove AgCl,
and THF (2 mL) was then added to the resulting CH2Cl2 solution at room
temperature. An electrospray ionization mass spectrum (ESI-MS) was
recorded on an Applied Biosystems Mariner ESI-TOF mass spectrometer.
Experimental conditions were as follows: direct infusion by syringe pump;
sample concentration, 50 �� in CH3CN; flow rate, 5 �Lmin�1; nebulizing
gas, N2; spray tip voltage, 3.5 kV; API interface nozzle potential, 80 V; API
interface quad RF voltage, 300 V; API interface nozzle temperature, 80 �C;
found: 943 [M�2THF�H]� ; [C54H55O9Ti2]� calcd 943.
Synthesis of [Ti2(�-O)Cl2(�2-guaiacolato)4] (8) with Ag2O : 2-Methoxyphe-
nol (660 �L, 6 mmol) was added under argon at room temperature to a
stirred solution of TiCl4 (329 �L, 3 mmol) in toluene (20 mL). After 24 h,
the solution was concentrated to about 12 mL, and the reddish-brown
precipitate was filtered off, washed with toluene, and dried under vacuum.
Recrystallization from toluene afforded cis-[TiCl2(�2-guaiacolato)2];[13]
1H NMR (400 MHz, CDCl3): �� 7.39 ± 7.26 (m, 5H; Ph�H), 5.89 ± 5.75
(m, 1H; C�CH�C), 5.22 ± 5.13 (m, 2H; C�CH2), 4.77 ± 4.72 (m, 1H;
O�CH), 2.60 ± 2.45 (m, 2H; CH2�C�C), 2.02 ppm (d, J� 3.3 Hz, 1H; OH).
Ag2O (46.4 mg, 0.2 mmol) was added at room temperature to a stirred
solution of cis-[TiCl2(�2-guaiacolato)2] (146.0 mg, 0.4 mmol) in freshly
distilled CH2Cl2 (5 mL), and the mixture was stirred for 5 h with exclusion
of direct light. After removal of AgCl by filtration, the red solution was
concentrated under vacuum. The residue was dissolved in CDCl3. The
solution was then transferred by cannula to a NMR tube, which was capped
with a rubber septum and filled with argon. The 1H NMR spectrum was
recorded at room temperature, and was spectroscopically identical with
that of [Ti2(�-O)Cl2(�2-guaiacolato)4] (8) prepared by the reported
procedure by use of H2O;[13] 1H NMR (400 MHz, C6D6): �� 6.84 (m, 4H;
4� 4-HAr), 6.61 (m, 8H; 4� 3,6-HAr), 6.14 (m, 4H; 4� 5-HAr), 3.42 ppm
(s, 12H; 4�OCH3).
Representative procedure for asymmetric allylation of aldehydes (by
method A): Compound (S,S)-3 (0.2 mmol) [prepared by Method A],
generated in situ in CH2Cl2 (6 mL), was cooled to �15 �C, and treated
sequentially at �15 �C with hydrocinnamaldehyde (263 �L, 2.0 mmol) and
allyltributyltin (682 �L, 2.2 mmol). The mixture was allowed to warm to
0 �C and stirred for 4 h. The reaction mixture was quenched with saturated
NaHCO3, and extracted with ether. The organic extracts were dried over
Na2SO4. Evaporation of solvents and purification of the residue by column
chromatography on silica gel (ether/hexane 1:4 as eluent) gave (R)-1-
phenyl-5-hexen-3-ol 5 (R�CH2CH2Ph) as a colorless oil (296.1 mg, 84%
yield): 1H NMR (CDCl3): �� 7.32 ± 7.17 (m, 5H; Ar�H) , 5.81 (m, 1H;
C�CH�C), 5.14 (dd, J� 1.2, 13.2 Hz, 2H; C�CH2), 3.68 (m, 1H; O�CH),
2.81 (m, 1H; PhCH2), 2.69 (m, 1H; PhCH2), 2.32 (m, 1H; CH2�C�C), 2.18
(m, 1H; CH2�C�C), 1.80 (m, 2H; Ph�C�CH2), 1.61 (d, J� 4.4 Hz, 1H;
OH) ppm. The absolute configuration and enantiomeric purity of the
product were determined as R and 99% ee by analytical HPLC analysis
[Daicel Chiralcel OD, iPrOH/hexane 1:20, flow rate� 0.5 mLmin�1, tR�
18.86 min (S isomer), tR� 29.17 min (R isomer)] by comparison with the
racemic and authentic samples.
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Asymmetric allylation of 3,4-diacetoxybenzaldehyde : A solution of chiral
bis-TiIV oxide (S,S)-3 (prepared by Method A) was cooled to �15 �C, and
treated sequentially at �15 �C with 3,4-diacetoxybenzaldehyde (2 mmol)
and allyltributyltin (682 �L, 2.2 mmol). The mixture was allowed to warm
to 0 �C and stirred for 16 h. The reaction mixture was quenched with
saturated NaHCO3, and extracted with ether. The organic extracts were
dried over Na2SO4. Evaporation of solvents and purification of the residue
by column chromatography on silica gel (EtOAc/hexane 1:3) gave (S)-1-
(3,4-diacetoxyphenyl)-3-buten-1-ol 5 (R� 3,4-diacetoxyphenyl)[15] as a
colorless oil (499.6 mg, 95% yield): [�]22D ��35.5 (c� 1.25 in CHCl3);
1H NMR (CDCl3): �� 7.26 ± 7.15 (m, 3H; Ar�H), 5.81 (m, 1H; CH�CH2),
5.19 (m, 1H; C�CH2), 5.15 (m, 1H; C�CH2), 4.74 (m, 1H; O�CH), 2.48 (m,
2H; CH2�C�C), 2.29 (d, J� 1.2 Hz, 6H; 2�CH3), 2.11 (d, J� 3.2 Hz, 1H;
OH) ppm.


The absolute configuration and enantiomeric purity of the product were
determined as S and 98% ee by HPLC analysis (Daicel Chiralcel OD-H,
hexane/iPrOH 4:1, flow rate� 0.5 mLmin�1, �� 210 nm), tR� 16.13 min (S
isomer), tR� 17.73 min (R isomer) in comparison with the authentic sample.
Representative procedure for asymmetric methallylation of aldehydes :
Compound (S,S)-3 (0.2 mmol) [prepared by Method A], generated in situ
in CH2Cl2 (6 mL), was cooled to�15 �C, and treated sequentially at�15 �C
with hydrocinnamaldehyde (263 �L, 2.0 mmol) and methallyltributyltin
(759.3 mg, 2.2 mmol). The mixture was allowed to warm to 0 �C and was
stirred for 30 min. The reaction mixture was quenched with saturated
NaHCO3, and extracted with ether. The organic extracts were dried over
Na2SO4. Evaporation of solvents and purification of the residue by column
chromatography on silica gel (EtOAc/hexane 1:12 as eluent) gave (R)-5-
methyl-1-phenyl-5-hexen-3-ol 6 (R�CH2CH2Ph) as a colorless oil
(239.2 mg, 63% yield): 1H NMR (CDCl3): �� 7.31 ± 7.20 (m, 5H; Ar�H),
4.89 (s, 1H; C�CH2), 4.80 (s, 1H; C�CH2), 3.75 (m, 1H; O�CH), 2.82 (m,
1H; PhCH2), 2.71 (m, 1H; PhCH2), 2.15 (m, 2H; CH2�CMe�C), 1.81 (m,
2H; Ph�C�CH2), 1.74 (s, 3H; CH3), 1.72 (d, J� 2.8 Hz, 1H; OH) ppm. The
absolute configuration and enantiomeric purity of the product were
determined as R and 94% ee by analytical HPLC analysis [Daicel
Chiralcel OD-H, iPrOH/hexane 1:30; flow rate� 0.5 mLmin�1, ��
254 nm), tR� 19.07 min (S isomer), tR� 29.46 min (R isomer)] by compar-
ison with the racemic and authentic samples.


Representative procedure for asymmetric propargylation of aldehydes :
Compound (S,S)-3 (0.2 mmol) [prepared by Method A], generated in situ
in CH2Cl2 (6 mL), was cooled to�15 �C, and treated sequentially at�15 �C
with hydrocinnamaldehyde (263 �L, 2.0 mmol) and allenyltributyltin
(724 mg, 2.2 mmol). The mixture was allowed to warm to 0 �C and was
stirred for 18 h. The reaction mixture was quenched with saturated
NaHCO3, and extracted with ether. The organic extracts were dried over
Na2SO4. Evaporation of solvents and purification of the residue by column
chromatography on silica gel (EtOAc/hexane 1:10 as eluent) gave (R)-1-
phenyl-5-hexyn-3-ol 7 (R�CH2CH2Ph) as a colorless oil (158.7 mg, 45.5%
yield) accompanied by (R)-1-phenyl-4,5-hexadien-3-ol 12 (R�
CH2CH2Ph) (15.6 mg, 4.5% yield). The absolute configuration and
enantiomeric purity of the major product 7 (R�CH2CH2Ph) were
determined as R and 92% ee by analytical HPLC analysis [Daicel
Chiralcel OD-H, iPrOH/hexane 1:30, flow rate� 0.5 mLmin�1, tR�
26.42 min (S isomer), tR� 42.71 min (R isomer)] by comparison with the
racemic and authentic samples.


(R)-1-Phenyl-5-hexyn-3-ol : 1H NMR (CDCl3): �� 7.31 ± 7.19 (m, 5H;
Ar�H), 3.78 (m, 1H; O�CH), 2.80 (m, 1H; PhCH2), 2.70 (m, 1H; PhCH2),
2.40 (m, 2H; CH2CCH), 2.06 (t, J� 2.4 Hz, 1H; CH2CCH), 1.95 (br s, 1H;
OH), 1.88 (m, 2H; PhCH2CH2) ppm.


(R)-1-Phenyl-4,5-hexadien-3-ol : 1H NMR (CDCl3): �� 7.31 ± 7.17 (m, 5H;
Ar�H), 5.26 (dd, J� 6.0, 12.8 Hz, 1H; CHCCH2), 4.88 (dt, J� 2.4, 6.0 Hz,
2H; CHCCH2), 4.26 (m, 1H; O�CH), 2.77 ± 2.55 (m, 2H; PhCH2), 1.97 (m,
2H; PhCH2CH2), 1.84 (br s, 1H; OH) ppm.


Linear versus positive nonlinear effects : preparation of catalyst solution by
method C : The catalyst solution (x% ee) for 2 mmol scale reaction was
prepared by Method A by the use of partially resolved (S)-BINOL, which
was prepared by mixing (S)-BINOL (y mmol) and rac-BINOL (2 mmol, y
� z� 0.4, x� 250y).
Preparation of catalyst solution by method D : The catalyst solution (x%
ee) for a 2 mmol scale reaction was prepared as follows; optically pure
(S,S)-3 and (R,R)-3 solutions were prepared independently by Method A,


and they were mixed in different ratios [(S,S)-3 (ymmol) and (R,R)-3
(z mmol), y � z� 0.4,�� 250(y� z)] before the asymmetric allylation.
General procedure for kinetic studies : A solution of chiral TiVI catalyst
(prepared in CDCl3 by Method A, 0.1 or 0.2 mmol) was cooled to �15 �C,
and was treated sequentially at �15 �C with aldehyde (1 mmol) and
allyltributyltin (341 �L, 1.1 mmol). The resulting solution was transferred
by cannula to a NMR tube capped with a rubber septum, placed under
argon, and cooled to 0 �C, and the 1H NMR spectrum was recorded at 0 �C.


General procedure for NMR studies on the 1:1 Lewis acid ± carbonyl
complexes: 2,6-Dimethyl-�-pyrone (47.2 mg, 0.38 mmol) was added at
room temperature under argon to a solution of (S,S)-3 (0.4 mmol, prepared
by Method A) in degassed CDCl3 (1.5 mL). After being stirred for 0.5 h at
that temperature, the resultant solution was transferred by cannula to a
NMR tube, which was capped with a rubber septum and filled with argon.
The 1H and 13C NMR were recorded at room temperature.


Synthesis of chiral (Binaphthoxy)Ti�O (S)-13 :[23] A solution of H2O (36 �L,
2 mmol) in isopropanol (0.8 mL) was added at 0 �C under argon to a stirred
solution of Ti(OiPr)4 (590 �L, 2 mmol) in isopropanol (2 mL). The mixture
was then allowed to warm to room temperature. It was then concentrated
under reduced pressure, and the (iPrO)2Ti�O residue was diluted with
CH2Cl2 (as a 0.5� solution). A CH2Cl2 solution of (iPrO)2Ti�O (0.5��
1.6 mL, 0.8 mmol) was added under argon at room temperature to a stirred
solution of (S)-BINOL (229.1 mg, 0.8 mmol) in toluene (4 mL). The
mixture was stirred at room temperature for 1 h and was then heated at
reflux for azeotropic removal of isopropanol, followed by complete
removal of toluene under reduced pressure to furnish [(S)-
binaphthoxy]Ti�O (S)-13.


Asymmetric allylation with ((S)-binaphthoxy)Ti�O (S)-13 and (S)-binaph-
thoxytitanium diisopropoxide (S)-2 : ((S)-Binaphthoxy)Ti�O (S)-13[23] and
(S)-binaphthoxytitanium diisopropoxide (S)-2[14] were prepared independ-
ently as described above, and asymmetric allylation of hydrocinnamalde-
hyde with allyltributyltin by mixing of (S)-13 and (S)-2 (each 10 mol%) at
0 �C for 4 h then afforded homoallylic alcohol 5 (R�CH2CH2Ph) in 31%
yield and with 88% ee. Since the use solely of 3 gave product 5 (R�
CH2CH2Ph) in 20% yield with 5% ee, the mixing of (S)-13 and (S)-2
seems partially to generate bis-TiIV oxide (S,S)-3. Indeed, on heating a
mixture of (S)-13 and (S)-2 at reflux in CH2Cl2 for 3 h, we observed higher
reactivity and selectivity (78% yield with 94% ee) in this allylation under
similar conditions.


Synthesis of chiral bis-�-oxo Ti(��) catalyst (S,S)-1:[4] [Ti(OiPr)4] (118 mL,
0.4 mmol) and then H2O (7.2 mL, 0.4 mmol) were added under argon at
room temperature to a stirred solution of (S)-BINOL (114.5 mg, 0.4 mmol)
in toluene (4 mL). The mixture was heated at reflux for 2 h. Azeotropic
removal of 2-propanol followed by complete removal of toluene under
reduced pressure afforded chiral bis �-oxo TiIV catalyst (S,S)-1.


Asymmetric allylation with chiral bis-�-oxo TiIV catalyst (S,S)-1: Asym-
metric allylation of hydrocinnamaldehyde with allyltributyltin in the
presence of (S)-binaphthoxytitanium �-oxo complex (S,S)-1 at 0 �C for
4 h afforded homoallylic alcohol 5 (R�CH2CH2Ph) in 14% yield and with
25% ee.[4]


Asymmetric allylation with modified Keck×s reagent. Keck×s mono-TiIV


reagent (20 mol%), derived from [Ti(OiPr)4] (20 mol%) and (S)-BINOL
(40 mol%), was utilized for the asymmetric allylation of hydrocinnamal-
dehyde with allyltributyltin at 0 �C for 4 h to furnish homoallylic alcohol 5
(R�CH2CH2Ph) in 53% yield and with 93% ee.[2d]
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Abstract: Car ± Parrinello molecular
dynamics (CPMD) studies of neutral
(1) and ionized (1�.) valeramide are
performed with the aim of providing a
rationalization for the unusual temper-
ature effect on the dissociation pattern
of 1�. observed in mass spectrometric
experiments. According to CPMD sim-
ulations of neutral valeramide 1 per-
formed at approximately 500 K, the
conformation with the fully relaxed
carbon backbone predominates (96 %).
Conformational changes involving fold-
ing of the carbon backbone into con-
formers that would allow intramolecular
H transfers are predicted not to take
place spontaneously at this temperature
because of the barrier heights associated
with these transitions (3.5 and
6.9 kcal mol�1), which cannot be over-
come by thermal motion alone. For 1�. ,
CPMD simulations performed at
�300 K reveal a substantial stability of


a conformation in which the carbon
backbone is fully relaxed; no reaction
is observed even after 7 ps. However,
when conformers with already folded
carbon-backbones are used as initial
geometries in the CPMD simulations,
the �-hydrogen migration (McLafferty
rearrangement resulting in C3H6) is al-
ready completed within 2 ps. For this
important process, the free activation
energy associated with both a required
conformational change and the subse-
quent H transfer equals 4.5 kcal mol�1,
while for the formally related �-H shift
(which eventually gives rise to the elim-
ination of C2H4/C2H5


.) it amounts to
7.0 kcal mol�1. Since the barriers associ-


ated with conformational changes are
energetically more demanding than
those of the corresponding hydrogen
transfers, 1�. is essentially trapped by
conformational barriers and long-lived
at �300 K. At elevated temperatures
(500 K), the preferred reaction (within
7.3 ps) in the CPMD simulation corre-
sponds to the McLafferty rearrange-
ment. The estimated free activation
energy associated with this process
amounts to 2.5 kcal mol�1, while the free
activation energy for the �-H transfer
equals 4.4 kcal mol�1. This relatively
small free activation energy for the
McLafferty rearrangement might cause
dissociation of a substantial fraction of
1�. prior to the time-delayed mass
selection, which would reduce the C3/
C2 ratio in the experiments conducted
with metastable ions that have a lifetime
in the order of some �s at a source
temperature of 500 K.


Keywords: amides ¥ intramolecular
hydrogen transfer ¥ mass spectrom-
etry ¥ molecular dynamics ¥ radical
cations ¥ temperature effects


Introduction


Amides are a group of compounds of paramount importance
for living organisms and the -CO-NH- structural motif is
present in many molecules of biological relevance. Conse-
quently, there is a large number of publications on exper-
imental and computational research that is aimed at the
prediction of some of the physical properties of the peptide
bond.[1] Often, structural studies of small amides aid in a
better understanding of peptide bonds in biological molecules.
Our interest in this context concerns the reaction mechanisms
of amide rearrangements upon chemical activation, electron


transfer in particular, which might hopefully lead to a better
understanding of biological systems. As a result of radiation or
oxidative damage, an intramolecular hydrogen-atom transfer
occurs in peptide and protein radicals.[2] Furthermore, free-
radical attacks on biological systems cause severe afflictions,
such as the Alzheimer and the Parkinson diseases, arthritis,
myocardial infarction, arteriosclerosis, and cancer.[3] The
investigation of rearrangements of smaller amides may un-
cover some of the interesting molecular features and thus
might help in understanding some of these processes that may
result in serious degenerations.


As a model molecule, we have chosen valeramide, 1 (n-
pentane amide), a relatively small amide with a chain of only
five carbon atoms, which nevertheless may mimic the
behavior of larger amides with regard to intramolecular
hydrogen migration. The ionization of valeramide and the
dissociation pathways of the resulting cation radical 1�. were
previously explored by various experimental and theoretical
means.[4, 5] The mass spectrometric results[4] and the computed
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potential-energy surface[5] revealed a pronounced competi-
tion between initial �- and �-C ± H bond activations in 1�.


leading to the corresponding distonic ions 2� . and 3� . and
their subsequent fragmentation products (Scheme 1).


The distonic ion 2� . is the key intermediate of the �-
hydrogen transfer commonly referred to as the McLafferty
rearrangement. C�C bond cleavage facilitated by the radical
center at C4 leads directly to the elimination of propene;
based on the type of neutral molecule formed, this process is
collectively described as the C3 route further below. In
contrast, C�C bond cleavage of intermediate 3� . leads to
the expulsion of ethene or, after yet another hydrogen
rearrangement (3� .� 4� .), to the loss of an ethyl radical;
the production of these two C2 fragments is referred to as the
C2 route. One important conclusion from both experiment[4]


and theory[5] is that the C2 and C3 pathways are effectively
uncoupled from each other in that the intermediate distonic
ions 2� . and 3� . do not interconvert within the timescales and
energies available to 1�. .


While the experimental and theoretical results agree pretty
well in many respects, including several subtle mechanistic
details deduced from the product distributions observed upon
isotopic labeling, the branching ratio of the C2 and C3 routes
could not be explained rigorously. Even more disturbing were
the variations of the C3/C2 branching ratios observed at
different temperatures of the ion source.[6] At relatively low
temperatures, the energetically more favorable McLafferty
rearrangement prevails, while the C2 channel gains in
abundance at elevated temperatures. This finding is fully
consistent with results which predict a lower activation barrier
for the C3 than for the C2 route; in addition, the latter process
is also more complex because a subsequent rearrangement is
required en route to the energetically favorable expulsion of
an ethyl radical as compared to the direct loss of C2H4


(Figure 1). Not explicable was, however, that already at a
source temperature of �500 K the C3/C2 ratio approaches a
value of 1. Three possible mechanistic scenarios have been
proposed to account for this surprising effect:[6]


1) Because the regioselectivities of the initial C�H bond
activations are primarily determined by the accessibility of the
appropriate conformations, it is conceivable that the popula-
tion of the neutral conformers required for access to the C2


route increases at elevated temperatures. A comprehensive
description of such a scenario must also account for the
different trajectories involved in �-C�H and �-C�H bond
activations by means of dynamic considerations.


2) Uncoupling of the distonic
intermediates 2� . and 3� . is not
expected to affect the C3:C2


ratio in metastable ion dissoci-
ations in any but unusual situa-
tions. In the present case, the
appearance energy of the C3


route is very close to the ioniza-
tion threshold of 1, indicating
rather low thermochemical and
kinetic restrictions of this par-
ticular fragmentation (Fig-
ure 1). Consequently, it is con-
ceivable that the population of
intermediate 2� . is effectively
depleted at elevated tempera-
tures in that a significant frac-
tion of 2� . formed upon ioniza-


Figure 1. Simplified potential-energy surface for the competitive dissoci-
ation of 1�. by the C2 and C3 routes (for details, see text and refs. [5, 6].


tion of 1 already dissociates before time-delayed mass-
selection is achieved. Thus, the unexpectedly low C3/C2 ratio
of �1 in the experiments with metastable ions (lifetimes
around few �s) conducted at a source temperature of 500 K
could be explained through an enrichment of 3� . relative to
2� . .
3) The third hypothesis is similar to scenario 2, but it involves
an enhanced propensity for the formation of long-lived 1�.


upon ionization of neutral valeramide at low temperatures.
Contribution of some amount of genuine 1�. to the mass-
selected ion beam would result in a preference for the
energetically favored C3 route. Thus, the C3/C2 ratio would
increase with respect to that observed at higher temperatures
and this scenario can thus account for the observed temper-
ature behavior as well.


Despite the great success of femtosecond spectroscopy in
the investigation of the dynamic pathways of (bio)chemical
reactions,[7] computational methods may provide complemen-
tary information. As a natural choice for testing the above-
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Scheme 1. Dissociation pattern of ionized valeramide 1�. .
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mentioned hypotheses by computational means, studies
employing some of the current molecular dynamics (MD)
methods are indicated. Since the electronic effects in radical
cation systems most probably play a crucial role in rearrange-
ment pathways, an ab initio MD method is deemed the only
acceptable choice for obtaining any significant results. We
have chosen the Car ± Parrinello molecular dynamics
(CPMD)[8] approach because of its superb performance in
chemistry and material sciences.[9] CPMD combines classical
molecular dynamics with the quantum mechanical computa-
tion of the electronic structure (ab initio part).[10] The forces
on the nuclei are obtained from the electronic ground state
energy by means of the Hellmann ± Feynman theorem, rather
than from an empirical force field as is common for non-ab-
initio-based MD methods. The Car ± Parrinello procedure
differs from the Born ± Oppenheimer MD technique because
it uses a dynamical optimization scheme known as simulated
annealing for electronic wave function degrees of freedom,
which can be treated simultaneously with Newtonian nuclear
dynamics. As the parameter of inertia, called ™fictitious
electronic mass∫, is much smaller than the nuclei masses, the
wave function adapts instantaneously to the moving nuclei
and keeps the electrons sufficiently close to the correct
ground state (within the Born ± Oppenheimer approxima-
tion).


Computational Methods


The Car ± Parrinello molecular dynamics[8] simulations were performed
with the CPMD program[11] with a plane-wave basis and a spin-polarized
semilocal BLYP functional.[12] The wave function was expanded at the �


point in a plane-wave basis set with the kinetic energy cutoff of 70 Ry. A
cuboid box (dimensions (11.007� 8.805� 8.805) ä) was used under the
periodic boundary conditions. The form of the nonlocal pseudopotential
according to Kleinman and Bylander was employed,[13] and the core
electrons were described by the pseudopotentials of Trouiller and
Martins.[14] Simulations of positively charged species were performed with
the corresponding negative charge distributed uniformly in the cell.[15] The
timestep (given in a.u., where 1 a.u.� 0.0241888 fs) for the numerical
integration of the equations of motions,[16] according to the velocity Verlet
algorithm, was adjusted to a particular system under investigation; for the
neutral valeramide a time step of 4 a.u. was employed, while for the radical
cation the timestep was 3 a.u.


Some of the optimized geometries obtained in our previous study[5] were
used as initial structures for the CPMD runs. These geometry optimizations
were performed with the GAUSSIAN 98 suite of programs[17] employing
the B3LYP functional[12] and the 6-31G* basis set.[18]


For the sake of consistency, the structure labeling code employed in our
previous studies[4±6] was partially used for the present one as well. However,
in case of the CPMD simulations, the labels do not only represent one
particular structure (conformer) as was the case for the nondynamical


computations;[5] rather, it comprises the whole conformational subspace,
although often only one representative is depicted in the Figures.


To test the reproducibility and compare the results obtained in our previous
study[5] (B3LYP/6-311��G**//B3LYP/6-31G*) with those computed with
the CPMD (BLYP and cutoff of 70 Ry), one of the crucial transition
barriers for the conformational change in valeramide radical cation has
been singled out. For the conformational change 11


�.� 13
� . , the barrier


equals 3.5 kcal mol�1 at the B3LYP/6-311��G**//B3LYP/6-31G* level of
theory, while it amounts to 4.0 kcal mol�1 (0 K) when computed with the
BLYP functional, as implemented in the CPMD program. Thus, it is
expected that there is an overall good agreement between the results
obtained with the two computational methods.


Results and Discussion


Neutral valeramide : A CPMD study of neutral valeramide 1 is
used to address hypothesis 1, namely, that the population of
the neutral conformers required for access to the C2 route
increases at elevated temperatures. Therefore, CPMD simu-
lations at an average temperature of 519 K were performed.[19]


Conformer 11 was used as an initial geometry (Scheme 2).


Scheme 2. Conformational changes from the conformation with a relaxed
carbon backbone 11 into folded ones, that upon ionization may lead
eventually to the McLafferty or the �-H transfer rearrangements.


This conformer was obtained as the (global) minimum in our
previous study.[5] Monitoring the dihedral angle C1-C2-C3-C4
during the CPMD simulation (Figure 2) should indicate
conformational changes of the fully extended carbon-chain
conformation into folded conformers that might serve as
precursors for the intramolecular H transfers. However,
during the MD simulation, which lasted for 6250 fs, no
relevant conformational changes of 1 were observed (the
dihedral angle C1-C2-C3-C4 remains practically constant).
The parameter that fluctuates most is the dihedral angle
N-C1-C2-C3 (Figure 2), which is associated with an internal
rotation of the amide group. However, as the results of such
simulations depend heavily on the initial conditions (e.g.
choice of the starting conformer) and a possibility of
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Figure 2. Changes in the dihedral angles of neutral valeramide 1 during the CPMD simulation; average temperature 519 K; trajectory sampled for 6250 fs.
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insufficient sampling time, a note of caution is warranted.
There are two ways to address the problem: either to perform
a great number of MD simulations with different initial
conformers, or to compute the free activation energy asso-
ciated with the conformational changes crucial for the
eventual hydrogen transfers. Since more than 200 different
conformers were indicated to exist for valeramide,[5] it seems
rather impractical to perform as many MD runs commencing
from those conformers. Rather, the barriers associated with
the conformational change starting from a conformation with
the totally relaxed carbon backbone (Scheme 2: encircled)
into the folded ones, that is 12 and 13, will be computed.


To this end, the free-energy profiles associated with both
conformational changes were computed at approximately
500 K; in these computations, the distances between the
oxygen atom and a hydrogen attached to C4 (leading to the
McLafferty rearrangement) or to C5 (leading to a �-H shift)
were varied by performing a series of short CPMD simula-
tions at different fixed O�H distances (constraint parameter).
For the purpose of driving the system along the reaction path
it is not necessary that the constraint degree of freedom is
identical with the true reaction coordinate. Rather, it suffices
that the constraint variable points approximately in the
direction of the tangent of the reaction path.[20] The free-
energy profile can be determined by integrating the mean
averaged force with respect to the constraint coordinate.[21]


Therefore, short CPMD simulations (�0.5 ps) were per-
formed for a constrained O�H distance with an increment
of 0.2 ä.[22] The free activation energy (�G�) associated with
the conformational change from the completely relaxed
carbon chain (11)[23] into the folded conformer that, after
ionization, could lead to the McLafferty rearrangement (12)
amounts to 3.5 kcal mol�1 (Figure 3), while �G� for the


Figure 3. The free energy profile at an average temperature of 521 K for
the conformational change 11� 12 ; upon ionization, the McLafferty
rearrangement could commence from the latter. For the CPMD simula-
tions, the O�H distances, where the H is bonded to the C4 atom, were
constrained.


change into a conformer from which the �-H shift might
commence (13), equals 5.9 kcal mol�1 (Figure 4). At average
temperatures[24] of the simulations, the thermal energy
associated with the reaction-coordinate motion equals
0.5 kcal mol�1.[25] Thus, the conformational barriers in these
endergonic reactions cannot be overcome by thermal motion


Figure 4. The free energy profile at an average temperature of 523 K for
the conformational change 11� 13 ; upon ionization, the �-H transfer could
commence from the latter. For the CPMD simulations, the O�H distances,
where the H is bonded to the C5 atom, were constrained.


alone. Moreover, if account is taken of the relative stabilities
by means of the Boltzmann equation, one obtains an
approximate composition of the conformational populations
assuming that the ensemble contains only the fully relaxed
carbon-chain conformation (11) and the two folded ones (12


and 13). This estimation results in a composition of 96.4, 3.3,
and 0.3 % for 11, 12, and 13, respectively. Therefore, the first
hypothesis addressed in the introduction can be ruled out
since the conformational population of neutral valeramide at
�500 K mostly consists of a conformation with a fully relaxed
carbon backbone 11. Folded conformations cannot explain the
observed temperature effect on the dissociation pattern
because they are not populated in a sufficient amount because
of the conformational barriers that cannot be surmounted by
thermal motion. Thus, an explanation of the anomalous
temperature effect has to be sought on the potential energy
surface of the valeramide radical cation 1�. .


Valeramide radical cation


Simulations at 300 K : Three different conformers of the
valeramide radical cation (11


�. , 13
� . , and 14


� .)[26] were used as
initial geometries for the CPMD simulations at �300 K.
Conformer 11


�. , which contains a fully extended carbon
backbone, corresponds to the global minimum,[5] and con-
formers 13


� . and 14
� . were identified as those from which the


McLafferty and the �-H shift rearrangements commence.
When 11


�. is used as the initial geometry for the CPMD
simulation, an intramolecular hydrogen transfer was not
observed even after 7257 fs (see inset in Figure 5). Further-
more, the dihedral angle C1-C2-C3-C4 that could indicate a
reaction does not change significantly during the simulations,
neither does the distance between the oxygen atom and a
hydrogen from the C4 position.[27] However, if the initial
geometry already contains a folded carbon backbone, the
McLafferty rearrangement is completed after only 392 or
1925 fs, depending whether the initial geometry for the
CPMD simulation was 13


� . or 14
� . , respectively. The progress


of the McLafferty reaction can be followed by monitoring the
distance between the oxygen and a hydrogen atom bonded to
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the C4 center (Figure 5). In conformer 13
� . , the O�H distance


is already relatively short (3.023 ä), thus facilitating the
hydrogen-transfer reaction (completed within 392 fs). Even
though in the nondynamical computations conformer 14


� . was
identified as the one from which the �-H shift commence,[5]


the dynamical simulation (Figure 5 b) indicates that the
McLafferty rearrangement is easily accessible from that
conformation as well. Thus, the McLafferty rearrangement
seems more probable. However, to substantiate this assump-
tion, the �G� changes associated with both rearrangements
had to be computed. Therefore, constrained molecular
dynamics simulations were performed at �300 K for both
rearrangements.[28] To trigger the McLafferty rearrangement,
the distance between the oxygen and a hydrogen atom
bonded to the C4 atom was constrained (Figure 6), and the
competing �-H shift was monitored by confining the distance
between the oxygen and a hydrogen at the C5 atom (Fig-
ure 7).


The activation free energy associated with the McLafferty
rearrangement 1�.� 2� . amounts to 4.5 kcal mol�1. As can be
seen in Figure 6, the major portion of the activation energy is
used for the conformational change (the O�H distance varies
from 3 ± 5 ä), while the actual hydrogen transfer does not
seem to be rate determining; this scenario was already
suggested in our previous experimental and theoretical
studies.[4, 5] As soon as the ™correct∫ conformer is formed,
the hydrogen transfer proceeds without any barrier to form
the distonic ion 2� . in an exergonic reaction (�7.8 kcal mol�1).
This ion serves as an intermediate in the pathway in which
propene (C3 channel) is formed in an entropy-driven reaction.


The �-H shift is more complex because of conformational
changes that 1�. has to overcome in order to populate a


conformer from which the H transfer can proceed. Several
conformational steps are indicated (Figure 7) and the total
activation energy prior to the H-shift activation amounts to
5.0 kcal mol�1, while the free activation energy for the final
step, that is the �-H transfer, equals 2.0 kcal mol�1. Thus, these
CPMD computations are also in good agreement with
experimental and theoretical studies,[4, 5] according to which
the conformational changes are energetically more demand-
ing than the actual H transfers themselves for both competing
processes. In fact, the observation that the C3 route is
associated with a negligible kinetic isotope effect (KIE�
1.03) for hydrogen versus deuterium migration, whereas the
C2 route exhibits a small, but yet significantly larger effect
(KIE� 1.32)[4] is in accord with the present CPMD results.


Comparison of the total �G� changes (Table 1) for both
rearrangements reveals that the McLafferty rearrangement
(4.5 kcal mol�1) is energetically less demanding than the �-H
shift (7.0 kcal mol�1). Moreover, the PES associated with the
McLafferty rearrangement is less complicated and the
distonic ion 2� . can immediately dissociate upon its formation
thus increasing the entropy of the reaction. In contrast, the
distonic ion 3� . can enter either directly or through yet
another H shift the dissociation channel (C2 route; Figure 1).
Thus, the McLafferty rearrangement seems more probable at
300 K. However, this does not yet explain the observed
temperature effect on the dissociation pattern. Therefore,
CPMD simulations had to be performed at 500 K. Never-
theless, at this point we should briefly comment on the third
hypothesis mentioned in the introduction, namely the role of
long-lived 1�. . Because the conformational changes are
energetically more demanding than the corresponding hydro-
gen transfers, conformer 1�. is trapped by conformational
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Figure 5. The CPMD simulations of 1�. at 300 K. The reaction (�-H shifts) constitutes the initial phase of the McLafferty rearrangement. Two different
conformers of the valeramide radical cation were used as starting geometries: A) 13


� . and B) 14
� . . In the inset, the CPMD simulation at 300 K is shown for the


conformer 11
�. as the initial geometry; trajectory sampled for 7257 fs during which no reaction is observed.
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Figure 6. The free energy profile for the McLafferty rearrangement at an
average temperature of 299 K, as obtained from the series of constrained
CPMD simulations. The O�H distances, where the H is bonded to the C4
atom, were constrained.


Figure 7. The free energy profile for the �-H transfer at an average
temperature of 301 K, as obtained from the series of constrained CPMD
simulations. The O�H distances, where the H is bonded to the C5 atom,
were constrained.


barriers and can be postulated to be long-lived at �300 K. In
fact, no H transfer was observed when the fully relaxed
carbon backbone conformation 1�. was taken as the initial
geometry (see inset in Figure 5). This finding strongly suggests
that in the experiments performed at lower temperatures
(�320 K) a larger population of 1�. is mass-selected, which
eventually undergoes the McLafferty rearrangement (C3


route) more readily thus increasing (relative to the results at
higher temperatures) the C3/C2 ratio to approximately 3.
Nevertheless, this explanation does not exclude the possibility
that at higher temperatures the population of intermediate 2� .


is effectively depleted so that a significant fraction of 2� . ,
formed upon ionization of 1, already dissociates before mass-
selection.


Simulations at 500 K : Conformer 11
�. was employed as the


initial geometry for the CPMD simulation at �500 K. The
McLafferty rearrangement was already completed after
1444 fs (Figure 8). However, prior to the McLafferty rear-
rangement, a conformational change had to occur; this is
achieved within 1200 fs (see the change in the dihedral angle
in Figure 8). The reaction evolution can be also monitored by
following the change in the dihedral angle C1-C2-C3-C4 that
accompanies the H transfer. As can be seen in Figure 8,
simultaneously with the hydrogen transfer, a further con-
formational change takes place in which the dihedral angle
decreases below 25�. After the H transfer has been completed,
a new distonic ion is formed in which the oxygen atom is
protonated and the radical center is located at C4; the
resulting distonic ion undergoes yet another conformational
change in order to escape from its staggered conformation.


In agreement with conclusions derived in the previous
chapters including those regarding higher temperatures, the
McLafferty rearrangement again appears to be more prob-
able than its �-H shift counterpart. Nevertheless, to be on the
safe side, the free activation energy associated with both H
transfer processes has been computed. Therefore, constrained
CPMD simulations[28.] were performed at �500 K with 1�. as
the initial geometry for both reaction coordinate calculations.
The �G� values for both rearrangements, as expected, are
lower at 500 K than at 300 K. In the case of the McLafferty
rearrangement (Figure 9), the total free activation energy
equals 2.5 kcal mol�1, while the �-H shift is again energetically
more demanding (4.4 kcal mol�1; Figure 10). In both cases,
conformational changes need to occur prior to H transfer. In
the McLafferty rearrangement, the actual H transfer proceeds
without a barrier, and the reaction takes place as soon as the
right conformer is formed. Prior to the �-H transfer, at least
two conformational barriers have to be overcome (Figure 10),
and the activation energy associated with these steps equals
3.6 kcal mol�1, being again higher than �G� for the H transfer
(2.0 kcal mol�1). Thus, the conformational changes that enable
H transfers are again rate-determining for both rearrange-
ments. Comparing the total free activation energies associated
with the two hydrogen transfers, it is clear that the McLafferty
rearrangement is more probable. Moreover, such a low
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Table 1. Comparison between energy demands [kcal mol�1] for processes
relevant for the valeramide radical cation 1� . dissociation obtained with a
non-dynamical method (B3LYP/6 ± 311��G**//B3LYP/6 ± 31G*) and the
CPMD method.


Nondynamical method[a] CPMD method
0 K 300 K 500 K


Activation McLafferty �-H
shift


McLafferty �-H
shift


McLafferty �-H
shift


confor-
mational


3.5[b] 4.0 4.5 5.0 2.5 3.6


H transfer n/a[c] 3.7 0.0 2.0 0.0 2.0
total 3.5 4.0 4.5 7.0 2.5 4.4


[a] Values taken from ref. [5]; they correspond to the most stable con-
former of the particular structure. The values given present relative
enthalpies at 0 K. [b] The BLYP as implemented in CPMD results in a
barrier of 4.0 kcal mol�1 at 0 K. [c] The transition structure associated with
the H transfer could not be located.
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Figure 9. The free energy profile for the McLafferty rearrangement at an
average temperature of 486 K, as obtained from the series of constrained
CPMD simulations. The O�H distances, where the H is bonded to the C4
atom, were constrained.


activation energy for the McLafferty rearrangement is
expected to be easily overcome under mass-spectrometric
conditions, especially since the appearance energy of the C3


route is very close to the ionization threshold of 1 (Figure 1).
Therefore, it is quite likely that a significant fraction of 2� .


formed upon ionization of 1 already dissociates before mass-
selection is achieved. As a consequence, the actual C3/C2 ratio
drops in the experiments conducted at a source temperature
of 500 K. In the mass-spectrometric experiments, the time
window between the ionization and the mass-selection (some
�s) is sufficiently large to induce the McLafferty rearrange-


ment and the dissociation of the
distonic ion 2� . .[4, 6] According
to the CPMD simulation (Fig-
ure 8) the rearrangement is
completed after only 1444 fs.
Since the dissociation of 2� . is
barrierless,[5] it is likely to hap-
pen immediately after the H
transfer has been completed.


Even though the same con-
clusions might be obtained by
the statistical RRKM theory,[29]


we cannot exclude, a priori, the
possibility of some dynamical
or nonstatistical processes oc-
curring in the reactions dis-
cussed above. However, as the
results obtained by CPMD to-
gether with the experimental
findings explain the observed
temperature effect on the dis-
sociation pattern of the ionized
valeramide, we refrain from a
further confirmation of these
findings by performing RRKM
calculations.


Figure 10. The free energy profile for the �-H transfer at an average
temperature of 483 K, as obtained from the series of constrained CPMD
simulations. The O�H distances, where the H is bonded to the C5 atom,
were constrained.


Finally, Table 1 provides a comparison of the activation
energies of the processes discussed above (i.e. conformational
changes and H transfers) computed with the CPMD method
and those reported in our previous study.[5]


Conclusion


CPMD studies of neutral and ionized valeramide provide a
rationale for the unusual temperature effects on the dissoci-
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Figure 8. The CPMD simulation at an average temperature of 535 K. The reaction observed corresponds to the
McLafferty rearrangement. The conformer 11


�. was used as the initial geometry.
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ation patterns observed in mass spectrometric experiments.
According to the CPMD calculations, even at elevated
temperatures, a conformation with the fully relaxed carbon
backbone predominates (96 %) the population of the neutral
valeramide. The �G� values associated with folding of the
carbon backbone into conformers from which the desired H
transfers can commence, amount to 3.5 or 6.9 kcal mol�1.
However, these barriers cannot be surmounted by thermal
motion alone.


The CPMD simulations performed at �300 K on the
ionized valeramide reveal a substantial stability of a con-
formation in which the carbon backbone is fully relaxed; no
reaction was observed for the trajectory that was sampled for
more than 7 ps. However, when conformers with the folded
carbon backbone are used as initial geometries, the McLaff-
erty rearrangement is completed within 2 ps. Therefore, the
McLafferty rearrangement seems to be more probable and is
associated with a total free activation energy of 4.5 kcal mol�1,
while the �-H shift is energetically more demanding, being
equal to 7.0 kcal mol�1.


At elevated temperatures (500 K), the observed reaction
(within 1.4 ps) corresponds to the McLafferty rearrangement.
The estimated free activation energy associated with this
process amounts to 2.5 kcal mol�1, while the total free
activation energy for the �-H transfer equals 4.4 kcal mol�1.


Therefore, we conclude that the unusually low branching
ratio between the two dissociation channels observed in the
experiments conducted at the source temperature of �500 K
is most probably caused by two factors:
1) The relatively low free activation energy of the McLafferty
rearrangement as well as the appearance energy of the C3


route being close to the ionization threshold of 1, cause the
dissociation of a substantial fraction of 1�. or its distonic ion
2� . prior to the time-delayed mass selection; this will reduce
the C3/C2 ratio.
2) Since the barriers associated with conformational changes
were shown to be energetically more demanding than the
corresponding hydrogen transfers, 1�. being trapped by
conformational barriers, is believed to be long-lived at lower
temperatures. This might indicate that, in the experiments
performed at room temperature (�320 K), a greater popula-
tion of 1�. is mass-selected, which then enters the McLafferty
rearrangement (C3 route) and thus increases (relative to ratios
at higher temperatures) the C3/C2 ratio.
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Chiral Pyrimidine Metallacalixarenes: Synthesis, Structure and
Host ±Guest Chemistry


Elisa Barea,[a] Jorge A. R. Navarro,*[a] Juan M. Salas,*[a] Miguel Quiro¬ s,[a]
Michael Willermann,[b] and Bernhard Lippert*[b]


Abstract: A set of enantiomerically
pure cyclic multinuclear complexes with
the formula cis-[a2PdL]nn� [a2� (R,R)-
1,2-diaminocyclohexane (R,R-dach),
(S,S)-1,2-diaminocyclohexane (S,S-
dach); n� 4, 6; LH� 2-hydroxypyrimi-
dine (2-Hpymo), 4,6-dimethyl-2-hydroxy-
pyrimidine (2-Hdmpymo) and 4-hy-
droxypyrimidine (4-Hpymo)] were ob-
tained by reaction of cis-[a2Pd(H2O)2]2�


and LH in aqueous media. The polynu-
clear complexes were studied by
1H NMR spectroscopy and X-ray crys-
tallography. These studies revealed that


the N1,N3-bridging mode exhibited by
the pyrimidine moieties is ideally suited
for formation of inorganic analogues of
calixarenes (metallacalixarenes) in a
self-assembly process. The most stable
species are the tetranuclear metallaca-
lix[4]arenes, which are obtained in all
cases. Hexanuclear species, namely,
[a2Pd(2-dmpymo)]66�, were also isolated


and fully characterised. 1H NMR experi-
ments show conversion of [a2Pd(2-
dmpymo)]66� to [a2Pd(2-dmpymo)]44�


on heating. Analogously to organic cal-
ixarenes, these systems are also capable
of incorporating hard metal ions at the
oxo surface. Additionally, investigations
on the receptor properties of these
metallacalixarenes towards mononu-
cleotides showed that enantioselective
recognition processes occur in aqueous
media.


Keywords: calixarenes ¥ host ±
guest systems ¥ molecular recogni-
tion ¥ N,O ligands ¥ palladium


Introduction


Transition-metal ions have been shown to be extremely
important in self-assembly processes leading to discrete
nanosized species or infinite coordination polymers.[1, 2]


Small-protein-sized molecules have been synthesised in this
way,[3] and there are numerous reports on exciting host ± guest
chemistry of such systems and interesting applications rele-
vant to sensing and catalysis, among others.[2, 4] Molecular
capsules have also been used to stabilise highly reactive
species (™ship-in-a-bottle∫ synthetic strategies) and for carry-
ing out selective reactions in the confined space of a
capsule.[5, 6] In this context, implementation of chirality in
these systems is of added value since it permits an entry to


enantioselective processes, which are fundamental to many
biological applications.[7]


Calixarenes, cyclic compounds possessing well-structured
cavities, have been the subject of considerable attention due
to their versatile behaviour as molecular receptors and ligands
for metal ions.[8, 9] The interest in these systems has also drawn
attention to the formation of coordination compounds
analogous to calixarenes,[10] which considerably extend the
properties of classic organic calixarenes as a result of the
catalytic, spectroscopic and stereochemical properties intrin-
sic to metal ions.[3, 11]


A successful strategy for forming metallamacrocycles
closely related to calix[n]arenes is the combination of a metal
entity with 90� bond angles and an organic ligand providing
120� bond angles. This situation is ideally met by d8 square-
planar metal fragments and pyrimidine derivatives,[12] which
respectively replace the methylene and phenol moieties of
organic calixarenes.


Here we show how this strategy to build novel metal-
lacalix[n]arenes easily allows us engineer their size and
functionalisation by the appropriate choice of pyrimidine
derivative and metal fragment. Thus, formation of metal-
lacalix[n]arenes (n� 4, 6) is easily achieved by a self-assembly
process involving cis-[a2Pd(H2O)2]2� (a2� (R,R)-1,2-diamino-
cyclohexane (R,R-dach), S,S-1,2-diaminocyclohexane (S,S-
dach)) metal fragments and simple hydroxypyrimidine deriv-
atives (Scheme 1). This simple strategy offers a way of
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Scheme 1. a) 2-Hydroxypyrimidine (2-Hpymo), b) 4(3H)-pyrimidone (4-
Hpymo), c) 4,6-dimethyl-2-hydroxypyrimidine (2-Hdmpymo).


controlling the size and functionalisation of the metallaca-
lix[n]arene cavities, which results in a rich playground for
host ± guest chemistry. Furthermore, we can produce enantio-
merically pure systems by means of R,R-dach or S,S-dach
chelating ligands attached to the metal atoms.


We have also explored their behaviour as molecular hosts,
for which their cationic and chiral nature makes them suitable
as enantiospecific hosts for anionic guests. In this context,
selective molecular recognition of DNA/RNA and their
fragments is a key step in the development of selective
catalysts for phosphodiester cleavage.[1a, 13] Thus, we also
studied the host ± guest chemistry of enantiomerically pure
metallacalix[n]arenes with mononucleotides in aqueous media.


Results and Discussion


Synthesis: [a2PdL]4(NO3)4 (1a : a2�R,R-dach, LH� 2-hy-
droxypyrimidine (2-Hpymo); 1b : a2� S,S-dach, LH� 2-Hpy-
mo; 2a : a2�R,R-dach, LH� 4,6-dimethyl-2-hydroxypyrimi-
dine (2-Hdmpymo); 2b : a2� S,S-dach, LH� 2-Hdmpymo;
4a : a2�R,R-dach, LH� 4-hydroxypyrimidine (4-Hpymo);
4b : a2� S,S-dach, LH� 4-Hpymo) were prepared by reaction
of [a2Pd(H2O)2](NO3)2 and LH in aqueous solution.


[a2PdL]6(NO3)6 (3a : a2�R,R-dach, LH� 2-Hdmpymo; 3b :
a2� S,S-dach, LH� 2-Hdmpymo) were obtained from dilute
solutions of 2a and 2b, respectively. Under these conditions,
the corresponding [a2PdL]n(NO3)n compounds were isolated
as suitable crystals for single-crystal X-ray diffraction after
slow evaporation at room temperature. All compounds were
characterised by elemental analyses, single-crystal X-ray
diffraction and 1H NMR spectroscopy. Additionally, recrys-
tallisation of these complexes in presence of an excess of
La(NO3)3 and NaNO3 permitted isolation in the solid state of
adducts of the types {La[(dach)PdL]4}(NO3)7 (1c and 1d) and
{Na[(dach)PdL]4}(NO3)5 (1e and 1 f) only for L� 2-pymo.


Crystal structures of 1b�, 1 f, 2b, 3b and 4a : Suitable crystals
for X-ray analysis were obtained for all compounds, but only
crystals of 1b, 1 f, 2b, 3b and 4a were fully characterised by
this technique. In the case of 1b, the crystal selected for X-ray
analyses was not representative of the sample, as it contained
mononuclear [(S,S-dach)Pd(H2O)2]2� in addition to tetranu-
clear [(S,S-dach)Pd(2-pymo)]4(NO3)4 (see below). For this
reason, we denote this compound as 1b�.


A selection of crystal and structure refinement parameters
for these compounds is summarised in Table 1. All these
systems crystallise in noncentrosymetric space groups, which
is consistent with their chiral nature.


Compounds 1b�, 1 f, 2b and 4a consist of tetranuclear cyclic
[(dach)Pd(pymo-N1,N3)]44� (1b�, S,S-dach, 2-Hpymo; 1 f, S,S-
dach, 2-Hpymo; 2b, S,S-dach, 2-Hdmpymo; 4a, R,R-dach,
4-Hpymo) cations, nitrate counterions and water molecules of
hydration.


Perspective views of cations [(R,R-dach)Pd(2-pymo-
N1,N3)]44�, [(S,S-dach)Pd(2-dmpymo-N1,N3)]44� and [(R,R-
dach)Pd(4-pymo-N1,N3)]44� are depicted in Figure 1a, b and
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Table 1. Crystallographic data for 1b�, 1 f, 2b, 3b and 4a.


Compound 1b� 1 f 2b 3b 4a
Empirical formula Pd5C46H114N24O38 Pd4C40H88N21O29Na Pd4C48H104N20O26 Pd6C72H186N30O54 Pd4C40H92N20O28


Mr 2143.64 1775.93 1803.15 2974.96 1726.97
crystal system monoclinic orthorhombic cubic monoclinic triclinic
space group C2 C2221 P213 P21 P1
a [ä] 35.08(7) 32.38(5) 36.727(3) 18.324(4) 13.869(3)
b [ä] 9.37(2) 35.77(5) 36.727(3) 14.291(3) 15.533(3)
c [ä] 29.72(6) 30.43(4) 36.727(3) 23.343(3) 18.033(4)
� [�] 90 90 90 90 111.46(3)
� [�] 91.28(3) 90 90 95.71(3) 103.65(3)
� [�] 90 90 90 90 92.95(3)
V [ä3] 9769 35242 49571 6082 3472
Z 16 16 24 2 2
�calcd [Mg/m�3] 1.43 1.32 1.45 1.39 1.65
�(MoK�) [mm�1] 0.98 0.88 0.93 0.94 1.11
T [K] 293(2) 293(2) 173(2) 293(2) 293(2)
crystal size [mm] 0.25� 0.15� 0.10 0.32� 0.27� 0.20 0.36� 0.25� 0.21 0.25� 0.20� 0.15 0.30� 0.25� 0.20
2�max [�] 54 56 50 56 56
reflns. collected 20581 200435 505553 23261 15633
independent rflns. 11315 41024 29186 23261 15633
reflns. obsd 4562 31662 24101 10855 6931
parameters refined 787 1413 1437 1244 700
R1


[a] 0.083 0.119 0.077 0.048 0.098
wR2


[b] 0.27 0.34 0.224 0.114 0.314
goodness of fit 0.879 1.279 1.053 0.827 1.023
residuals [eä�3] 1.22/� 1.20 2.060/� 2.055 1.590/� 0.700 0.940/� 0.420 1.476/� 1.253


[a] R1�� � �Fo � � �Fc � � /� �Fo �. [b] wR2� [�w(F 2
o �F 2


c �2/�w(F 2
o�2]1/2.
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Figure 1. a) Perspective view of the cation [(dach)Pd(2-pymo)]44� in the
crystal structure of 1b�. b) Perspective view of the cation [(dach)Pd(2-
dmpymo)]44� in the crystal structure of 2b. c) View of the cation
[(dach)Pd(4-pymo)]44� in the crystal structure of 4a. Disorder in 4a
prevented unequivocal location of the exocyclic oxygen atoms of pyrimidine
moieties, which can be located in position A or B in each pyrimidine ring.


c, respectively. X-ray analyses show that, regardless of
pyrimidine functionalisation, an N1,N3-bridging mode is
present in all cases and leads to a metallacalix[4]arene. In
1b� and 1 f, the four Pd centres lie on a nearly perfect square


plane, whereas in 2b and 4a the Pd atoms form a square
folded along the diagonal with a dihedral angle of about 14�
(Table 2). In all cases, the square sides measure about 5.8 ä.


The geometry of the pyrimidine moieties is similar to that
found in other compounds containing related ligands exhibit-
ing the same bridging coordination mode.[14] In all cases, the
pyrimidine rings are not coplanar with the Pd4 plane and
display a 1,3-alternating arrangement similar to that previ-
ously found in [(en)Pt(uracilate)]4(NO3)4[10] and [(en)M(2-
pymo)]4(NO3)4[15] metallacalix[4]arenes. As expected, the
dach ligands are responsible for the homochiral nature of
the cyclic cations.


For compound 4a, significant disorder prevents unequiv-
ocal location of the exocyclic oxygen atoms of the pyrimidine
moieties (see Figure 1c). This disorder is due to the asymme-
try of the 4-Hpymo ligand, which leads to formation of several
species in which the oxygen atoms can be located in
position A or B in each pyrimidine ring (see Figure 1c).


The crystal structure of 1 f is an interesting example of the
ability of metallacalix[n]arenes to interact with additional
metal ions.[16] In this case, the overall features of tetranuclear
cations [(S,S-dach)Pd(2-pymo)]44�, such as 1,3-alternating
conformation, are maintained (Figure 2). Additionally, two


Figure 2. View of the structure of 1 f. The cation [(dach)Pd(2-pymo)]44�


with an Na ion coordinated to the exocyclic oxygen atom of a pyrimidine
moiety is depicted.
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Table 2. Selected average bond lengths [ä] and angles [�] for 1b�, 1 f, 2b,
3b and 4a.


1b� 1 f 2b 3b 4a


Pd ¥¥¥ Pd� 5.83(1) 5.80(1) 5.77(1) 5.77(1) 5.82(1)
Pd�N(pymo) 2.05(1) 2.03(1) 2.04(1) 2.05(1) 2.05(1)
Pd�N(dach) 2.07(1) 2.02(1) 2.04(1) 2.05(1) 2.05(1)
Na�O 2.21(1)
N(pymo)-Pd-N(pymo) 88.4(4) 89.5(4) 91.4(4) 94.0(3) 92.7(4)
N(dach)-Pd-N(dach) 84.3(4) 84.3(4) 84.1(4) 83.2(3) 84.5(5)
N(dach)-Pd-N(pymo) 93.7(5) 93.1(3) 91.2(5) 91.4(3) 91.4(5)
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hydrated Na ions are found in the asymmetric unit composed
of two crystallographically independent tetranuclear [(S,S-
dach)Pd(2-pymo)]44� cations. Nevertheless, only one of the
two alkali metal ions directly interacts with a metallacalix[4]-
arene. This interaction occurs between the alkali metal ion
and one exocyclic pyrimidine oxygen atom. This is consistent
with the weakness of alkali metal ±metallacalix[4]arene
interactions, which are not observed in solution (see below).


In contrast to the above complexes, compound 3b contains
hexanuclear cyclic [(S,S-dach)Pd(2-dmpymo-N1,N3)]66� ions.
A view of the structure of 3b is shown in Figure 3. As
expected, Pd binding occurs at the N1 and N3 donor atoms of
the pyrimidine ring. In this case, the six Pd centres lie on a
plane (mean deviation of ca. 0.01 ä) generating a distorted
hexagon 8.2 ä wide and 13.9 ä long. The folding of the
molecule can be explained in terms of hydrophobic inter-
actions between the methyl groups and the � electrons of the
pyrimidine moieties, which are separated by about 3.2 ä. This


novel geometry is also responsible for a separation of adjacent
Pd centres similar to that found in previous tetranuclear
species (Table 2).[10] Analogous to the above-mentioned
metallacalix[4]arenes, the pyrimidine rings are not coplanar
with the Pd6 plane and show a 1,3,5-alternating arrangement.


1H NMR studies : 1H NMR studies on these compounds
(Table 3) show the complex effect of pyrimidine functional-
isation on the process of metallacalix[n]arene formation.
Thus, in the 1:1 reaction between [(dach)Pd(H2O)2]2� (enan-
tiomerically pure [(R,R-dach)Pd(H2O)2]2� or [(S,S-
dach)Pd(H2O)2]2�) and symmetric 2-Hpymo in aqueous
media, quantitative formation of a single species 1 (1a or
1b) is observed. However, if 2-Hdmpymo is used instead of
2-Hpymo, this reaction leads to the formation of two cyclic
species 2 and 3 (2a or 2b and 3a or 3b, respectively). Fresh
solutions of compounds 2b and 3b gave the same spectrum as
2 and 3, respectively. Finally, in the case of an asymmetric


4-Hpymo ligand, the analogous
reaction is further complicated,
and several tetranuclear species
are generated (see below).


The 1H NMR spectra of all
compounds isolated are indica-
tive of a N1,N3-bridging coor-
dination mode of the pyrimi-
dine ligands. Thus, replacement
of acidic protons at the endocy-
clic basic nitrogen atoms in
2-H2pymo� is responsible for a
significant high-field shift of the
aromatic protons of 2-pymo.
The chirality of the auxiliary
ligand provokes the loss of the
original equivalence of the two
halves of the aromatic ring, and
two signals then appear for H4
(Table 3).


In the case of 2-H2dmpymo�,
two different species are gener-
ated. Tetranuclear 2 species
show a high-field shift of the
H5 resonance and a downfield
shift and concomitant loss of
the original equivalence of
methyl groups. In the case of
3, a larger high-field shift of H5
and slight downfield shifts of
methyl resonances are ob-
served. The large downfield
shift for the methyl groups[17]


in 2 is a consequence of their
location over the metal coordi-
nation plane when a square-
planar d8 metal center[18] binds
to the endocyclic nitrogen
atoms of 2-dmpymo. This ob-
servation could also be indica-
tive of a weak M ¥¥¥H interac-


Chem. Eur. J. 2003, 9, 4414 ± 4421 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4417


Figure 3. Two perspective views of the cation [(dach)Pd(2-dmpymo)]66� in the crystal structure of 3b. Folding of
the molecule due to hydrophobic interactions between the methyl groups and the � electrons of the pyrimidine
moieties is evident (b).
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tion[19] (M ¥¥¥H separation of ca. 2.6 ä), which can be
described as a three-centre, four-electron M ¥¥¥H�C interac-
tion,[20] in contrast to the classical three-centre, two-electron
agostic interactions. For 3, the lower downfield shifts of the
methyl resonances can be explained by the disposition of
methyl groups over the pyrimidine rings (separation of methyl
and pyrimidine plane is ca. 3.2 ä). This situation implies
significant shielding of the methyl groups because of the �


orbitals of the pyrimidine ligand, which counteracts the
anisotropic effect of M ¥¥¥H�C interactions, which are also
present in this case.


The presence of a single set of resonances in 1, 2 and 3 for
the pyrimidine signals indicates the equivalence of all
aromatic moieties in solution. Indeed, variable-temperature
experiments (up to 70 �C in D2O; �50�C in MeOD) did not
indicate any change in the basic features of the spectra, in
agreement with highly conformationally flexible metallaca-
lix[n]arenes. In the case of 3, experiments at higher temper-
atures showed slow conversion of hexanuclear 3 cations into
the entropically favoured tetranuclear complexes 2
(Scheme 2). This process is complete after heating at 60 �C


Scheme 2. Conversion of metallacalix[6]arene to metallacalix[4]arene.


for about 6 h; however, at room temperature, there is no
appreciable change in the 1H NMR resonances with time.
Nevertheless, if crystallisation takes place from dilute sol-
utions, the hexanuclear species 3 are isolated in the solid state
as main products. This behaviour can be related to a
concentration dependence similar to that found by Fujita
et al. for tetrameric and a trimeric cyclic systems.[21] We are
aware that other factors can also influence the distribution.[22]


Another characteristic feature of the NMR spectra of 1, 2
and 3 is the loss of the original equivalence of the two halves
of the pyrimidine moieties as a consequence of the asymmetry
introduced by the dach ligands at the metal centres (Table 3).


The presence of exocyclic oxygen atoms at the pyrimidine
moieties prompted us to explore their behaviour as ligands for
hard metal ions. Thus, addition of lanthanum salts to aqueous


solutions of 1, 2, 3 and 4 does not have any effect on the
1H NMR spectra, which rules against any appreciable
interaction between the LaIII ions and the oxo surface of the
metallacalixarenes in polar solvents such as water and
methanol. However, when lanthanum salts were added to
solutions containing 1a or 1b, 1c and 1d, adducts (Scheme 3)


Scheme 3. Proposed structure for 1c and 1d.


were obtained as solids in good yields, and this implies a
conformational change from 1,3-alternating to a cone con-
formation on binding lanthanum. In contrast, neither 2 nor 3
give any adduct with LaIII in the solid state, which may be
related to their alternating orientation of the exocyclic oxygen
atoms and the sterically hindered rotation about the Pd�N
bonds due to the bulky methyl substituents and diaminocy-
clohexane. This fact may explain the low yield obtained in the
synthesis of related {Gd[(en)Pd(2-dmpymo)]4}(NO3)7.[23] Ad-
ditionally, the capability of the exocyclic pyrimidine oxygen
atoms to coordinate metal ions is confirmed in the crystal
structure of 1 f, which shows an interaction with a sodium
cation. In contrast to lanthanum adducts, interaction with
sodium does not imply any conformational change to a cone
conformation.


In the case of the asymmetric ligand 4-Hpymo, the
observation of several sets of signals indicates the generation
of different species. As discussed above, these are also present
in a single crystal. The first set of resonances of aromatic
protons, in the range �� 6.20 ± 6.38 ppm, belongs to H5
protons (Table 3). H6 appears as a broad signal in the ��
7.76 ± 8.05 ppm region, whereas for H2 eight signals between
�� 8.11 and 8.50 ppm are observed. This is explained by the
different possibilities for the relative orientation of the
exocyclic oxygen atoms of the pyrimidine moieties in 4.


We simplified this situation by performing the same
reaction on an NMR scale with ethylenediamine instead of
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Table 3. 1H NMR (200 MHz) chemical shifts [ppm] in the aromatic region and coupling constants [Hz] for compounds 1a, 1b, 2a, 2b, 3a, 3b, 4a, 4b and 5
(D2O at 295 K, pH* 6).


Compound H2 H4, H4 H5 H6 Me, Me�


2-Hpymo ¥HCl 8.72 (J4,5� 5.9) 7.05 (J� 5.9)
2-Hdmpymo ¥HCl 6.77 2.58
4-Hpymo ¥HCl 9.26 6.81 (J5,6� 6.9) 8.09 (J� 6.9)
1a, 1b 8.20, 8.30 (J4,5� 5.6, J4,4�� 2.7) 6.47 (J� 5.6)
2a, 2b 6.31 3.00, 3.13
3a, 3b 6.18 2.61, 2.65
4a, 4b 8.12, 8.15, 8.25, 8.27, 8.28, 8.32, 8.40, 8.47 6.25, 6.28, 6.31 7.90
5 8.36 6.53 (J5,6� 6.9) 8.02 (J� 6.9)
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1,2-diaminocyclohexane as blocking ligand. In this case, a
single species 5 is observed in the 1H NMR studies.


These results show the effect of the asymmetry and the
steric hindrance introduced by exocyclic substituents on dach
in the complexes. In this regard, the possibility of isolating two
species should be noted, namely metallacalix[6]arene 3 and
metallacalix[4]arene 2, as well as formation of multiple
species in the case of metallacalix[4]arenes containing 4-py-
mo.


Host ± guest chemistry : The cationic and chiral nature of these
systems prompted us to study their host ± guest chemistry
towards biologically relevant anionic guests. The properties of
these materials as molecular receptors of mononucleotides
were investigated in aqueous solution by means of 1H NMR
spectroscopy. The experiments show that significant molec-
ular recognition processes only take place between metal-
lacalix[4]arenes 2a and 2b and adenosine 5�-monophosphate
(AMP). Guanosine 5�-monophosphate (GMP), thymidine 5�-
monophosphate (TMP) and cytidine 5�-monophosphate
(CMP) are not recognised, which points to a significant
contribution of hydrophobic interactions in the recognition
process.[24]


The 1HNMR experiments clearly show the enantioselective
nature of supramolecular interactions between 2 and AMP.
Figure 4 shows the effect of adding AMP to a solution
containing [(R,R-dach)Pd(2-dmpymo)]4(NO3)4 and [(S,S-
dach)Pd(2-dmpymo)]4(NO3)4 enantiomers (1:1 ratio) on the
1H NMR spectra. These experiments showed that addition of
an excess of AMP (1:4 ratio) splits the H5 signals of the


metallacalix[4]arene (Figure 4b). The resulting high-field
shifts of the H5 protons of the metallacalix[4]arenes and the
downfield shifts of the AMP H8 and H2 protons is attribut-
able to a supramolecular interaction. The observed shifts are
����0.05 and �0.04 for the H5 resonances of the R,R and
S,S isomers, respectively. The H8 and H2AMP resonances are
shifted by����0.03 and�0.01, respectively. The splitting of
the metallacalix[4]arene H5 signals is due to the slightly
different affinities of the R,R and S,S enantiomers for AMP
(the relatively small enantiomeric effect can be related to the
separation between the recognition site and the chiral
centres).


Addition of a larger quantity of the R,R isomer permits
unequivocal assignment of the respective diasteroisomers
(Figure 4c).


In contrast to 2a and 2b, closely related 1a and 1b do not
show any significant supramolecular interactions with AMP.
We attribute this different behaviour to a change in size and
polarity of the cavity of 2a and 2b as a consequence of the
methyl substituents. This closely resembles the host ± guest
chemistry of classical calix[n]arenes, for which rings substi-
tuted on the upper rim (e.g., with tert-butyl groups) have
richer receptor properties than unsubstituted rings.[8] Inter-
estingly, these interactions also do not take place with
metallacalix[6]arenes [(R,R or S,S-dach)Pd(2-dmpymo)]6-
(NO3)6], despite the fact that they are assumed to have wider
cavities. This fact can be explained by the folding of the
molecule due to hydrophobic intramolecular interactions
between the methyl groups and the � electrons of the
pyrimidine moieties (see above).
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Figure 4. a) H5 signal for a solution containing [(R,R-dach)Pd(2-dmpymo)]4(NO3)4 and [(S,S-dach)Pd(2-dmpymo)]4(NO3)4 enantiomers (1:1 ratio).
b) Splitting of metallacalix[4]arene H5 signal due to the addition of AMP (1:4 ratio). c) Addition of a larger quantity of the R,R-isomer permits unequivocal
assignment of the respective diasteroisomers. d) H8 and H2 signals of free AMP (pH* 6).
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In all cases, AMP induces decomposition of the cyclic
structure of the metallacalix[n]arenes over several hours to
give complexes of the type [(R,R or S,S-dach)Pd(AMP)2].
Analogous processes are also observed with the other
mononucleotides.


Conclusion


Enantiomerically pure cyclic polynuclear complexes with
different nuclearities have been synthesised. The tetranuclear
species are clearly thermodynamically favoured, which can be
explained by considering entropic reasons. This is similar to
organic calixarenes, for which calix[4]arenes are also the most
favoured species.


The recognition of mononucleotides by metallacalixarenes
followed by cross-linking reactions may open the possibilities
of employing metallacalixarenes as selective metal-based
DNA-binding drugs.


Experimental Section


Materials and methods : 2-Hydroxypyrimidine ¥HCl (2-Hpymo ¥HCl),
(1R,2R)-1,2-diaminocyclohexane ¥ �-tartaric acid (R,R-dach ¥ �-tartaric
acid) and (1S,2S)-1,2-diaminocyclohexane ¥ �-tartaric acid (S,S-dach ¥ �-
tartaric acid purchased from Aldrich, were converted to the corresponding
HNO3 adducts by anion exchange. 4,6-Dimethyl-2-hydroxypyrimidine (2-
Hdmpymo), 4(3H)-pyrimidone (4-Hpymo), and monosodium salts of
adenosine 5�-monophosphate (AMP), thymidine 5�-monophosphate
(TMP), cytidine 5�-monophosphate (CMP) and guanosine 5�-monophos-
phate (GMP) were used as received (Aldrich). Potassium tetrachloropal-
ladate was supplied by Johnson Matthey. [(en)PdCl2], [(R,R-dach)PdCl2]
and [(S,S-dach)PdCl2] were prepared by standard methods.[25]


Synthesis of [a2PdL]4(NO3)4 (1a: a2�R,R-dach, LH� 2-Hpymo; 1b: a2�
S,S-dach, LH� 2-Hpymo; 2a: a2�R,R-dach, LH� 2-Hdmpymo; 2b: a2�
S,S-dach, LH� 2-Hdmpymo; 4a: a2�R,R-dach, LH� 4-Hpymo; 4b: a2�
S,S-dach, LH� 4-Hpymo): [a2PdCl2] (4 mmol) was added to an aqueous
solution of AgNO3 (1.36 g, 8 mmol) in water (30 mL), and the suspension
was stirred in the dark at 40 �C overnight. The resulting mixture was kept at
4 �C for 1 h before the AgCl precipitate was filtered off. A solution of LH in
water (4 mmol in 20 mL) was added to the filtrate and, after raising the pH
to 5.5 by means of 1� NaOH, the mixture was allowed to react at 60 �C for
6 h. Subsequent concentration of the solution to 15 mL by rotary
evaporation gave the corresponding [a2PdL]4(NO3)4 compounds after
seven days at room temperature.


[(dach)Pd(2-pymo)]4(NO3)4 ¥ nH2O (n� 14; R,R : 1a, S,S : 1b): Elemental
analysis (%) calcd for Pd4C40H96N20O30 (1763.00): C 27.25, H 5.49, N 15.73;
found: C 27.28, H 5.77, N 15.57. Yield 53%. 1H NMR (200 MHz, D2O, 25 �C,
TMA): �� 1.01 ± 1.43 (m, 4H; dach), 1.53 ± 1.75 (m, 2H; dach), 1.89 ± 2.10
(m, 2H; dach), 2.49 ± 2.70 (m, 2H; dach), 6.47 (t, J5,4� J5,4�� 5.6 Hz, 1H;
H5), 8.20 (dd, J4,4�� 2.7 Hz, 1H; H4), 8.30 ppm (dd, 1H; H4�).


[(dach)Pd(2-dmpymo)]4(NO3)4 ¥ nH2O (n� 10; R,R : 2a, S,S : 2b): Ele-
mental analysis (%) calcd for Pd4C48H104N20O26 (1803.15): C 31.97, H 5.81, N
15.54; found: C 31.86, H 6.19, N 15.68. Yield 50%. 1H NMR (200 MHz,
D2O, 25 �C, TMA): �� 1.01 ± 1.43 (m, 4H; dach), 1.53 ± 1.75 (m, 2H; dach),
1.89 ± 2.10 (m, 2H; dach), 2.49 ± 2.70 (m, 2H; dach), 3.00 (s, 3H; Me), 3.13
(s, 3H; Me�), 6.31 ppm (s, 1H; H5).


[(dach)Pd(4-pymo)]4(NO3)4 ¥ nH2O (n� 12; R,R : 4a, S,S : 4b): Elemental
analysis (%) calcd for Pd4C40H92N20O28 (1726.97): C 27.82, H 5.37, N 16.22;
found: C 27.88, H 5.89, N 16.62. Yield 53%. 1H NMR (200 MHz, D2O,
25 �C, TMA): �� 1.01 ± 1.43 (m, 4H; dach), 1.53 ± 1.75 (m, 2H; dach), 1.89 ±
2.10 (m, 2H; dach), 2.49 ± 2.70 (m, 2H; dach), 6.28 (br, 1H; H5), 7.90 (br,
1H; H6), 8.32 ppm (1H; H2).


Synthesis of [a2PdL]6(NO3)6 (3a: a2�R,R-dach, LH: 2-Hdmpymo; 3b:
a2�S,S-dach, LH� 2-Hdmpymo): These compounds were prepared by


following the above-described procedure, except that the concentration
process was omitted. These conditions permit the isolation of
[a2PdL]6(NO3)6 after four days at room temperature.


[(dach)Pd(2-dmpymo)]6(NO3)6 ¥ nH2O (n� 30; R,R : 3a, S,S : 3b): Ele-
mental analysis (%) calcd for Pd6C72H186N30O54 (2974.96): C 29.07, H 6.30,
N 14.12; found: C 29.19, H 6.56, N 14.32. Yield 15%. 1H NMR (200 MHz,
D2O, 25 �C, TMA): �� 1.01 ± 1.43 (m, 4H; dach), 1.53 ± 1.75 (m, 2H; dach),
1.89 ± 2.10 (m, 2H; dach), 2.61 (s, 3H; Me), 2.65 (s, 3H; Me�), 6.18 ppm (s,
1H; H5).


Synthesis of {La[(dach)Pd(2-pymo)]4}(NO3)7 (1c: a2�R,R-dach; 1d: a2�
S,S-dach): An excess of La(NO3)3 ¥ 6H2O (2.60 g, 6 mmol) was added
dropwise to a solution of [(dach)Pd(2-pymo)]4(NO3)4 ¥ nH2O (1.76 g,
1 mmol). Slow evaporation at room temperature of the resulting pale
yellow solution gave, after two days, a microcrystalline precipitate in nearly
quantitative yield. This contrasts with the low yield (ca. 3%) obtained when
a similar reaction was performed with [(en)Pd(2-dmpymo)]4(NO3)4 ¥ nH2O
and Gd(NO3)3 ¥ 6H2O.[23]


{La[(dach)Pd(2-pymo)]4}(NO3)7 ¥ nH2O (n� 10; R,R : 1c, S,S : 1d): Ele-
mental analysis (%) calcd for Pd4C48H96N23O39La (2184.01): C 23.01, H 4.63,
N 15.43; found: C 23.03, H 4.38, N 15.25. Yield 80%. 1H NMR (200 MHz,
D2O, 25 �C, TMA): �� 1.01 ± 1.43 (m, 4H; dach), 1.53 ± 1.75 (m, 2H; dach),
1.89 ± 2.10 (m, 2H; dach), 2.49 ± 2.70 (m, 2H; dach), 6.47 (t, J5,4� J5,4��
5.6 Hz, 1H; H5), 8.20 (dd, J4,4�� 2.7 Hz, 1H; H4), 8.30 ppm (dd, 1H; H4�).


Synthesis of {Na[(dach)Pd(2-pymo)]4}(NO3)5 (1e: R,R-dach; 1 f: S,S-
dach): These compounds were obtained by the methods described above.
In this case, the presence of an excess of NaNO3, formed when the pH is
raised to 5.5 with 1� NaOH (see synthesis of [a2PdL]4(NO3)4) leads the
formation of this type of adducts. These conditions permit the isolation of
yellow crystals after four days at room temperature.


{Na[(dach)Pd(2-pymo)]4}(NO3)5 ¥ nH2O (n� 10; R,R : 1e, S,S : 1 f): Ele-
mental analysis (%) calcd for Pd4C40H88N21O29Na (1775.93): C 27.05, H
4.99, N 16.56; found: C 26.84, H 4.57, N 16.31. Yield 60%. 1H NMR
(200 MHz, D2O, 25 �C, TMA): �� 1.01 ± 1.43 (m, 4H; dach), 1.53 ± 1.75 (m,
2H; dach), 1.89 ± 2.10 (m, 2H; dach), 2.49 ± 2.70 (m, 2H; dach), 6.47 (t,
J5,4� J5,4�� 5.6 Hz, 1H; H5), 8.20 (dd, J4,4�� 2.7 Hz, 1H; H4), 8.30 ppm (dd,
1H; H4�).


Characterisation and physical measurements : Elemental (C, H, N) analyses
were obtained on a Fisons-Carlo ERBA EA 1008 analyser at the Centre of
Scientific Instrumentation of the University of Granada. IR spectra were
recorded on a MIDAC PRS spectrophotometer by using KBr pellets. All
1H NMR spectra were recorded with tetramethylammonium tetrafluor-
oborate (TMA) as internal reference (�� 3.18 ppm relative to TMS).
200 MHz 1H NMR spectra were recorded in D2O with a Bruker AC 200 FT
NMR spectrometer. Low-temperature experiments were performed in
MeOD. 1H NMR experiments for studying the interaction between
metallacalix[n]arenes and mononucleotides were performed in D2O
solutions at pH* 6 (pH* denotes uncorrected pH meter readings) with a
palladium concentration of 0.033�. These 1H NMR spectra were recorded
with a Bruker ARX 400 (400 MHz) (Centre of Scientific Instrumentation
of the University of Granada).


X-ray data collection : Intensity data for 1b, 3b and 4a were collected with
an Enraf-Nonius KappaCCD diffractometer[26] (MoK� , �� 0.71069 ä,
graphite monochromator, University of Dortmund). Intensity data for 1 f
and 2bwere collected with a Bruker SMARTAPEX (MoK� , �� 0.71069 ä,
graphite monochromator, Centre of Scientific Instrumentation of the
University of Granada and University of Zaragoza, respectively). Crystal
data are listed in Table 1.
In all cases, the whole-sphere reciprocal space was covered by measure-
ments of 360 frames. Preliminary orientation matrices and unit cell
parameters were obtained from the peaks of the first ten frames and were
refined using the whole data set. Frames were integrated and corrected for
Lorentzian and polarization effects by using DENZO.[27] Scaling and the
global refinement of crystal parameters were performed by SCALE-
PACK.[27] Reflections that were partly measured on previous and following
frames were used to mutually scale these frames. Merging of redundant
reflections partly eliminates absorption effects and, if present, also takes
crystal decay into account.


Structure solution and refinement : The crystal structures were solved by
standard direct methods[28] and refined by full-matrix least-squares
methods on F2 using the SHELXTL-PLUS[29] and SHELXL-97 pro-
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grams.[30] The atom-scattering factors given in the SHELXTL-PLUS
program were taken. Transmission factors were calculated with SHEXL-
97.[30] All non-hydrogen atoms were refined anisotropically, with the
exception of some of the nitrate anions and water molecules. The rather
high R value of 1 f may be related to the poor quality of the crystal and the
presence of disorder in the uncoordinated sodium cation.


CCDC-209073, CCDC-209074, CCDC-209075, CCDC-209076, CCDC-
211043 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union road, Cambridge CB2 1EZ, UK; fax: (�44)1223-336-033; or e-mail :
deposit@ccdc.cam.ac.uk).
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Supramolecular Spintronic Devices: Spin Transitions and Magnetostructural
Correlations in [Fe4IIL4]8� [2� 2]-Grid-Type Complexes
Mario Ruben,[a, b] Esther Breuning,[a] Jean-Marie Lehn,*[a] Vadim Ksenofontov,[c]
Franz Renz,[c] Philip G¸tlich,*[c] and Gavin B. M. Vaughan[d]


Abstract: The magnetism of a series of
tetranuclear complexes of the
[FeII4L4](X)8 [2� 2]-grid-type was inves-
tigated, revealing the occurrence of spin
transition behavior within this class of
compounds. The phenomenon depends
directly on the nature of the substituent
R1 in the 2-position on the central
pyrimidine group of the ligand L. All
FeII ions in compounds with R1 substitu-


ents favoring strong ligand fields (R1�
H; OH) remain completely in the dia-
magnetic low-spin state. Only com-
plexes bearing R1 substituents attenuat-


ing the ligand field by steric (and to a
lesser extent electronic) effects (R1�
Me; Ph) exhibit spin transition behavior
triggered by temperature. In general,
gradual and incomplete transitions with-
out hysteresis were observed for mag-
netically active complexes. The systems
described provide approaches to the
development of (supra)molecular spin-
tronics.


Keywords: iron ¥ magnetic suscept-
ibility ¥ Mˆssbauer spectroscopy ¥
N ligands ¥ spin transition ¥ supra-
molecular chemistry


Introduction


The next frontier in data storage, just before entering the
realm of the quantum effects, lies in the nanodomain of the
molecule. Molecular systems, which are capable of under-
going externally triggered transitions between two or more
different states have attracted increasing interest during the
last decades in view of their potential for future applications.[1]


Such bi- or multistability at the molecular level, as required
for high density information storage devices, might be
achieved by exploitation of changes in intrinsic molecular
properties, such as conformational, spin, magnetic, electronic,


or photophysical states. Among the feasible effects, the spin
transition (ST) phenomenon of FeII ions is one of the
perspective processes to enable molecular memory effects
due to the concomitance of possible ™write∫ (temperature,
pressure, light) and ™read∫ (magnetic, optical) parameters.[2a]


Such features provide access to the development of (supra)-
molecular spintronics.[3]


So far, predominantly mononuclear[2] and only some
binuclear,[4a] one trinuclear,[4b] and one pseudo-pentanu-
clear[4c] molecular FeII spin transition compounds have been
investigated. Most investigations have concerned the influ-
ence of weak intermolecular interactions (hydrogen bonding;
� ±� stacking) on the cooperativity of the spin transition
processes in the solid state. On the other hand, polymeric FeII


compounds involving 1,2,4-triazole and 1,2,3,4-tetrazole li-
gands have been subject of several investigations.[5]


In a previous communication, a [2� 2] grid-type Fe4II


complex (4 herein) was described as the first tetranuclear
compound exhibiting ST properties,[6] generated by a conse-
quent application of self-assembly on ST systems.


Self-assembly processes open the way to generate func-
tional supramolecular devices by spontaneous, but controlled
buildup from their components.[7] Such self-fabrication tech-
niques are of particular interest, due to the possibility of
bypassing tedious nanofabrication and nanomanipulation
procedures.[8]


Furthermore, previous publications reported on particular
magnetic and electrochemical properties of analogous
[Co4


IIL4]8� [2� 2] grid species.[9, 10]
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Since self-assembled tetranuclear [Fe4IIL4]8� [2� 2] grid-
type species appeared to be a promising new class of ST
compounds, a series of complexes [Fe4IIL4](X)8 1 ± 8 (L�A ±
H ; X�PF6


�, BF4
� or ClO4


� ; see Scheme 1) was synthesized
and their ST properties were studied both in solution and in
the solid state. 1H NMR and UV/Vis techniques were used in
solution, while magnetic susceptibility, X-ray diffraction and
Mˆssbauer investigations were carried out in the solid state to
reveal the influence of the nature of ligand L on the magnetic
behavior of the complexes.


Scheme 1. Ligands A ±H and [2� 2] grid complexes 1 ± 8.


In a first series of compounds (compounds 1 ± 5
[Fe4IIL4](X)8), the coordination sphere of the [2� 2] grid-type
complexes was varied by changing the substituent R1 in the
2-position of the pyrimidine of the incorporated ligands L
(L�A ±E with R1�H, OH, Me, Ph, p-PhNMe2). In the


second series of compounds, the ligands were additionally
altered at the periphery. In complexes 6 and 7 S-n-propyl
groups were introduced in the 4�-position of the ligands
(complex 6 [Fe4IIF4](PF6)8;[11] and complex 7 [Fe4IIG4](ClO4)8).
In complex 8, [Fe4IIH4](BF4)8, the peripheral pyridyl ring of
the ligand backbone was exchanged by a 5��-aminopyrazin-
2��yl group yielding ligand H (Scheme 1).


Results


Synthesis : The synthesis of the ligands has been described
elsewhere (see Experimental Section). The [Fe4IIL4]8� [2� 2]
grid-type complexes 1 ± 8 (Scheme 1) were generated by self-
assembly from the corresponding metal salt and ligand in
acetonitrile or methanol solution. For the complexes 1, 2, and
6[11] even rather long reaction times (2 ± 3 days under reflux, in
the case of 2 under deprotonation of ligandB) do not drive the
self-assembly process to completion. Therefore, in these cases,
further purification steps became necessary (1, 6 : column
chromatography; 2 : recrystallization) and delivered the pure
compounds in modest yields (1: 8%; 2 : 23%; 6: 18%[11]). On
the other hand, the self-assembly of complexes 3 ± 5, 7, and 8
was accomplished after only 2 ± 6 h at room temperature
giving quantitative yields without further purification. In
these cases, the crude products showed correct analytical data
and were directly used in the subsequent investigations.


1H NMR spectroscopic analysis : At room temperature,
solutions of Fe4II complexes 1, 2, and 6 give rise to the usual
diamagnetic 1HNMR spectra with typical shifts between �� 0
and 10 ppm. All other complexes (3–5, 7, and 8) exhibit shifts
over a wide range, between ���20 and�150 ppm (so-called
paramagnetically shifted spectra). Characteristic spectra for
both cases are depicted in Figure 1 for complexes 1 and 3. The
number of signals observed coincides in all cases with the
expected number of signals of the respective, symmetrically
coordinated, ligands. No coupling patterns have been ob-
served for the paramagnetic shifted peaks.


On the stepwise decrease of the temperature of the
solutions of complexes exhibiting paramagnetic behavior,
new peaks between �� 0 and 10 ppm emerge at the expense
of the paramagnetically shifted peaks finally reaching an
almost completely diamagnetic situation at low temperatures
(228 K). Temperature-dependent 1H spectra of complex 4
[Fe4IID4](ClO4)8 were described earlier in a temperature range
from 308 K to 228 K.[6]


UV/Vis spectroscopy: The absorption spectra of compounds
1 ± 8 in acetonitrile show two strong absorption bands in the
UV region and, in addition, several weak and broad
absorption bands in the visible region (Figure 2). However,
the most remarkable feature is that all compounds with a
R1�H or OH (1, 2, and 6) exhibit absorption bands in the
visible range with absorption coefficients �� 2.5 ± 3.5�
104��1 cm�1 superior to those of complexes with R1�Me,
Ph, or p-Ph-NMe2 (3 ± 5, 7, and 8, with �� 0.5 ± 1.8�
104��1 cm�1) at room temperature.


Abstract in French: Une sÿrie de complexes 1 ±8 de type grille
[2� 2], [FeII4L4](X)8, a ÿtÿ synthÿtisÿe et leurs propriÿtÿs
magnÿtiques ont ÿtÿ ÿtudiÿes, rÿvÿlant des phÿnomõnes de
transition de spin pour les ions FeII dans ces complexes. Ce
comportement est directement dÿpendant de la nature du
substituent R1 en position 2 sur le noyau pyrimidine du
ligand L. Tous les composÿs avec un substituent R1 donnant
champ de ligand fort (R1�H, OH) restent complõtement dans
l×ÿtat de spin bas. Les complexes n×ayant que de substituents qui
affaiblissent le champ de ligand par des effets stÿriques (ou
dans une moindre mesure ÿlectroniques) (R1�Me, Ph) mon-
trent une transition de spin induite par la tempÿrature.
Gÿnÿralement, des transitions trõs graduelles et incomplõtes
ne prÿsentant aucune hystÿrÿsis, ont ÿtÿ observÿes pour les
composÿs magnÿtiquement actifs. Les systõmes dÿcrits reprÿ-
sentent une voie d×accõs au dÿveloppement d×une spintronique
molÿculaire.
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Figure 1. 1H NMR spectra in CD3CN of complex 1 (bottom) and of
complex 3 (top, the asterisk marks the solvent signal).


Figure 2. a) UV/Vis spectra of complex 4 in acetonitrile between 0 �C and
60 �C; b) extinction coefficient � as a function of the temperature.


Increasing the temperature of the solutions of complexes
3 ± 5 and 7 and 8 in acetonitrile resulted in a strong decrease of
the corresponding absorption band, while the intensity
remained completely unchanged for compounds 1, 2, and 6.
As an example, Figure 2 depicts the temperature-dependent
behavior of complex 4, [Fe4IID4](ClO4)8, for which an almost
linear change in intensity with temperature is observed in the
range between 273 and 333 K.


Single-crystal X-ray investigations: Crystals of compound 7,
[Fe4IIG4](ClO4)8, were grown by diffusion of diisopropyl ether
into a solution of the complex in acetonitrile. The structure of
7 was determined at 120 K and yielded a monoclinic space
group P21/c. It was not possible, however, to use the same
crystal for data collection at 298 K, apparently due to a phase
transition.


The investigation reveals a tetranuclear complex with four
inequivalent FeII ions in a pseudo-octahedral N6 environment.
The ligands are found in an almost ideal alignment in
perpendicular and parallel directions (Figure 3). The distance
between the pyrimidine rings of two parallel ligands averages
7.0 ä, whereby the peripheral pyridine rings of the ligands are
slightly bent inside. The substituents R1 are perpendicularly
twisted with respect to the pyrimidine rings and are sand-
wiched between the two opposite ligands in a distance of d�
3.5 ä. This distance is an argument for an effective �-stacking
between the respective pyridine groups of the ligands and the
R1� phenyl substituents.


All Fe�N bond lengths are different at each FeII ion,
generally exhibiting longer bond lengths to the less basic
pyrimidine nitrogen atoms than to the pyridine nitrogen sites.
The internal pyridine nitrogen atoms present slightly shorter
bonds than their peripheral equivalents. These differences in
bond lengths result in an overall axial distortion of the
coordination N6 octahedron (�ax � �0.1 ä).


The single X-ray investigation of [Fe4IID4](ClO4)8 (4) was
reported previously for temperatures of 100 K and 298 K.[6]


The same space group, P1≈, was retained at both temperatures;
no crystallographic phase transition was observed. Complex 4
presented at both temperatures structural features similar to
those obtained for complex 7 (rectangular shape, sandwiched
phenyl substituent, �-stacking).


The average Fe�N bond lengths of 7 at 120 K show that two
of the FeII ions have distances of about d� 2.15 and 2.16 ä,
while the other two are considerably shorter (d� 2.07 and
1.99 ä, Table 1).


In comparison, the average Fe�N bond lengths of 4[6]


present the following picture. At low temperature, three FeII


ions exhibit shorter bond lengths of d� 1.99 ± 2.01 ä, while
the fourth remains at a longer distance of d� 2.20 ä.
Increasing the temperature of complex 4 to room temperature
reverses the situation: three of the FeII ions exhibit now longer
distances of d� 2.17 ± 2.19 ä, while the fourth remains with a
short bond distance of d� 2.07 ä.


Magnetic susceptibility measurements: Complexes 1, 2, and 6
remain diamagnetic over the whole temperature range
between 4 K and 300 K, while for the other complexes
investigated, the magnetic moments change with the temper-
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Figure 3. Top (a) and side view (b) of the single-crystal X-ray
investigation of complex 7; some of the S-n-propyl chains are
disordered (anions, solvent molecules, and hydrogen atoms are
omitted for clarity).


ature. The magnetic properties of two series of these
complexes are represented in Figure 4 and 5 in the
form of �MT/4 versus T plots. �MT/4 refers to the molar
magnetic susceptibility (�M) times temperature (T)
normalized to one FeII ion and corrected for diamag-
netic contributions, �D��357.8� 106 cm3mol�1 using
Pascal×s constants.[12]


All magnetic plots present gradual slopes without
hysteresis loops. Another common feature is the
strong drop of the �MT/4 values for all magnetic
curves below 30 K.


In the first series of complexes 3 ± 5, the substituent
R1 was varied from methyl via phenyl to para-
dimethylaminophenyl. This results in similar plot
shapes but different maxima of the susceptibility at
room temperature (Figure 4).


In a second series of the complexes 4, 7, and 8 the
pyrimidine substituent was maintained (R1�Ph), while the
peripheral substitution pattern (4 : R2�H; 7: R2� SnPr; 8 :
introduction of a 5��-aminopyrazin-2��yl ring) was varied. The
ligand variations modified the shapes of the magnetic
susceptibilities versus temperature plots, while the maxima
at room temperature remained relatively unchanged (Fig-
ure 5).


Mˆssbauer spectroscopy: The Mˆssbauer effect, a micro-
scopic tool, was used to probe the spin states and oxidation
states of the metal ions.[13] Complex 6, [Fe4IIF4](PF6)8, exhibits
a doublet with an isomer shift �� 0.178 (0.093) mms�1


(relative to Fe/Rh) and a quadrupole splitting of 1.197
(1.173) mms�1 shown at 4.2 K (300 K), which remains con-
stant over all the temperature range from 10 K to 300 K
(Figure 6a). An additional small signal arises at 330 K from an
impurity in the detector window (10% at 300 K).


The same investigation using complex 4, [Fe4IID4](ClO4)8,
resulted in the observation of two doublets at 4.2 K: one with
an isomer shift �� 0.402(6) mms�1 and a quadrupole splitting
of 1.37(1) mms�1, and a second with an isomer shift of ��
1.090(8) mm s�1 and a quadrupole splitting of 2.17(1) mms�1


(Figure 6b). Taking equal Lamb ±Mˆssbauer factors for both
signals, the area fraction of these signals is 54 and 46%,
respectively. Upon increasing the temperature, the first
doublet loses intensity in favor of the second doublet, yielding


Table 1. Average Fe�N bond lengths in ä for the perchlorate salts of 4 (at
173 K and 293 K) and of 7 (at 120 K).


4[6] 4[6] 7
293 K 173 K 120 K


Fe1�N 2.19 2.20 2.164(5)
Fe2�N 2.17 2.01 2.148(5)
Fe3�N 2.07 1.99 2.067(6)
Fe4�N 2.17 2.01 1.986(6)


Figure 4. �MT/4 versus T plots of complexes 3 ± 5 : Influence of the variation of the
substituent R1 (R1�Me, Ph, p-PhNMe2) on the magnetism.
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Figure 5. �MT/4 versus T plots of complexes 4, 7, and 8 : Variation of the
peripheral substituents of the ligands (maintaining substituent R1�Ph).


a 10 to 80% ratio at 300 K. As also found for 6, above 193 K
an additional small signal emerges due to impurity in the
detector window (10% at 300 K).


Discussion


The characteristics observed during the self-assembly process
subdivide the complexes 1±8 into two classes of compounds.
All complexes with R1�H or OH (1, 2, and 6) show slow
formation kinetics and result in low yields. In contrast, all
complexes with R1�Me, Ph, or p-PhNMe2 undergo self-
assembly in a short time with quantitative yields of the
respective products 3±5, 7, and 8. Clearly, the substituent R1


close to the coordinating pyrimidine nitrogen donor atoms plays
a predominant role in the kinetics of the self-assembly process,
while changes in other, more peripheral, ligand positions
influence the reaction parameters to a much lesser extent.


As known from other FeII ± ligand systems, the introduction
of sterically demanding substituents in the neighboring
position of a coordinating nitrogen provokes the (partial)
transition of FeII ions from the low-spin ground state into the
high-spin state (vide infra).[14, 15] The differences in reaction


times and yields of the self-assembly processes may be related
to the fact that the kinetics of ligand exchange of FeII ions in
the low-spin (LS; t2g6 eg0) and high-spin (HS; t2g4 eg2) state
differ markedly. Similar observations were reported on FeII


ions in the gas phase, but have not yet been described for FeII


ions in solution.[16] It is known from ligand field theory, that
the ™closed shell∫ FeII(LS) state is kinetically more inert than
the ™open shell∫ HS state, thus leading to slower ligand
exchange. As reversibility of the bond formation is essential
for the self-assembly process, the formation of the final [2� 2]
grid structure is inhibited, resulting in slow and incomplete
reactions. The introduction of bulky R1 substituents results in
an ™open shell∫ HS configuration at reaction temperature by
attenuation of the ligand field and thus drives the self-
assembly process to completion in much shorter times.


All 1H NMR spectra illustrate the formation of highly
symmetric structures in agreement with the proposed [2� 2]
grid-like motif. The number of signals, in combination with
the composition of the complexes obtained by mass spectro-
scopy, elemental analysis and X-ray investigations, allows the


unambiguous assignment of the [2� 2] grid-type
nature for both dia- and paramagnetic com-
plexes.


Figure 1 illustrates the effect of incorporation
of FeII(LS) or FeII(HS) ions on the room-temper-
ature 1H NMR spectra: all complexes (1, 2, and
6) with FeII(LS) ions exhibit only signals in a
region expected for diamagnetic complexes (��
0 ± 10 ppm). In contrast, those of the paramag-
netic complexes (3 ± 5, 7, and 8), show peaks
spread across a wide range (���20 ± 180 ppm).
The strong shift of peaks in the proton NMR
spectra is caused by the high local field typical
for paramagnetic FeII(HS) ions.[17] Furthermore,
the absence of coupling patterns can be attrib-
uted to broadening by increased relaxation rates


near the strong polar fields of the FeII(HS) ions. Because of
these two features, non-diagnostic shifts and absence of any
coupling patterns, an assignment of the peaks was only
achieved for some of the signals by cross comparison of the
differently substituted complexes 3 ± 5, 7, and 8, however, not
conclusively and completely for all signals.


Temperature-dependent 1H NMR investigations confirmed
the proposed spin transition behavior of paramagnetically
shifted complexes in solution.[6] Upon stepwise cooling from
308 to 208 K, the paramagnetically shifted peaks are first
broadened, later disappearing in favor of new signals found in
the ™diamagnetic∫ region of the spectrum. This process was
proven to be completely reversible. Thus, in solution the
course of the spin transition can be described by a Boltzmann
approach with a temperature-dependent distribution over the
HS and LS states.


The room-temperature electronic spectra of all compounds
1 ± 8 show qualitatively similar features with two main
transitions bands in the UV and two in the visible region.
The two transitions in the UV region can be attributed to
ligand-centered � ±�* transitions of the pyridine and the
pyrimidine groups. In the visible region, the two distinct
maxima coincide with the FeII(LS) ± pyridine MLCT band, as


Figure 6. Mˆssbauer spectra of a) 6 and b) 4 at various temperatures.
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also observed in [Fe(tpy)2](PF6)2 (�max� 518 nm).[18] The
FeII(LS) ± pyrimidine MLCT transition is found at significant-
ly longer wavelengths, since the pyrimidine LUMO is of lower
energy than the pyridine LUMO, such that the respective
MLCT has a smaller band gap.


The subdivision of the investigated compounds into dia-
and paramagnetic compounds is also mirrored by the
absorption coefficients derived from the MLCT bands. All
diamagnetic complexes (1, 2, and 6) show values close to the
sum of those of four mononuclear [Fe(tpy)2]2� segments (��
9200��1 cm�1).[18] In contrast, all paramagnetic compounds
exhibit dramatically decreased absorption coefficients at
room temperature. This can be explained by the involvement
of occupied antibonding e* orbitals in the FeII(HS) state,
which leads to elongated Fe�N bonds and reduced overlap
integrals and consequently to very weak or undetectable
MLCTs under standard conditions.[19] Evidently, the observed
intensities of the MLCT bands originate almost exclusively
from FeII(LS) to ligand transitions. Thus, the comparison of
the absorption coefficients of dia- and paramagnetic com-
plexes gives already a first rough estimate of the ratio of
FeII(LS) and (HS) ions at room temperature in solution.


In addition, as shown for compound 4 in Figure 2, the
absorption coefficients of the paramagnetic complexes de-
crease almost linearly with increasing temperature, thus
indicating the transformation of visible light-absorbing FeII


(LS) ions into ™colorless∫ FeII(HS) ions.
The X-ray investigations of both complexes 4[6] and 7, show


pseudooctahedral N6 surroundings for all FeII ions. All four
ions are crystallographically inequivalent in each structure
and exhibit very different Fe�N bond lengths. The Fe�N bond
lengths do not only vary considerably between the four FeII


ions within one complex, but also for the respective six bonds
around each of the four coordination centers. These devia-
tions are due to the differences in �-basicity of the pyridine
and of the pyrimidine nitrogen atoms on the one hand and due
to small distortions originating from the electronic structure
of the d6 HS systems on the other hand.[20]


The average Fe�N bond lengths can be used as an indicator
for the spin state, since the population of the antibonding eg*
orbitals in the HS case causes an elongation of the bond length
by about 0.2 ä.[21] Thus, at 100 K in complex 4 three of the
four metal ions show bond lengths close to those characteristic
of the FeII(LS) state, while the fourth remains at bond lengths
typically observed for the FeII(HS) state.[6] Following the same
argumentation, we can conclude that complex 7 presents at
120 K a situation pointing to two HS and one LS FeII sites with
a last one in between (d(Fe�N)� 2.06 ä). The latter can be
interpreted by the occurrence of disorder over the sites within
the averaging of the bond lengths over the coherence
wavelength.


At 298 K, the crystal structure of 4 indicates that three of
the FeII ions are in a HS situation, while the fourth exhibits
once more a bond length apparently between the LS and HS
state.[6] The differences in the average bond lengths in 4 and 7
at low temperatures as well as the bond length change on
increasing the temperature in 4 indicate clearly a spin
transition behavior of the paramagnetic complexes in the
solid state.


The solid-state magnetic properties of the present com-
plexes were examined directly by magnetic susceptibility
measurements. The paramagnetic complexes 3 ± 5, 7, and 8
were studied in two different ligand variation series, while the
compounds 1, 2, and 6 are diamagnetic. In general, all
paramagnetic complexes present very gradual and incomplete
spin transitions with a sharp decrease of the magnetic moment
below 30 K due to the zero-field splitting of the FeII(HS)
ion.[22] No hysteresis was detected, which is in line with the
very gradual spin transition apparently arising from very weak
cooperative interactions.[2]


In the first series 3 ± 5, the substitution of R1 resulted in very
similarly shaped magnetic curves, but with different maximum
values of susceptibilities �MT/4 at room temperature. In the
case of compound 3 (R�methyl) a value of �MT/4�
1.5 cm3Kmol�1 indicates a magnetic situation close to the
presence of 2LS/2HS in one molecule, while compounds 4 and
5 exhibit room temperature �MT values closer to a 1LS/3HS
situation (�MT/4� 1.9 and 2.5 cm3Kmol�1).


The second series (4, 7, and 8), where R1� phenyl is
conserved but the peripheral ligand sphere varies, yields
slightly higher �MT values at room temperature (close to a
1LS/3HS situation for 4 and 8 and a 2LS/2HS for 7), but shows
clear differences in the change of �MT with temperature.
Complex 8, which may undergo intermolecular hydrogen-
bonding interactions, shows the biggest �MT values and the
smallest slope of all investigated compounds within the
temperature range studied. On the contrary, compound 4
displays a more structured progression, while complex 7
presents a pronounced magnetic plateau up to 150 K and a
small, but continuous slope at temperatures above 150 K.
However, the highest experimental �MT values in both series
remain below the theoretical spin-only value of a FeII ion in
the high spin state (�MT/4� 3.2 cm3 Kmol�1).


The Mˆssbauer spectra were investigated for one diamag-
netic and one paramagnetic compound as typical examples.
Compound 6 shows a doublet of FeII(LS) at all temperatures
investigated. On the other hand, compound 4 presents two
doublets at T� 4.2 K with characteristics typical for FeII(LS)
(small isomeric shift and small quadrupole splitting) and
FeII(HS) (large isomeric shift and large quadrupole splitting)
under the given symmetric environments. The low-temper-
ature spectrum accounts for a 3LS/1HS situation, while at
high temperature the reverse situation is observed. This
confirms once more a thermally induced spin transition for
the paramagnetic compounds.


Conclusion


The occurrence of spin transition in [2� 2] grid-like com-
plexes of the type [FeII4L4](A)8 depends directly on the nature
of the substituent R1 in the 2-position of the ligand L. All
compounds with substituents in this position favoring strong
ligand fields (R1�H; OH) remain completely in the LS state
at all temperatures studied. Only complexes bearing sub-
stituents which attenuate the ligand field by steric (and to
lesser extent electronic) effects (R1�Me; Ph), exhibit,
although incomplete, temperature triggered spin transition.
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The magnetic behavior was characterized in solution by
1H NMR and UV/Vis spectroscopy and in the solid state by
X-ray, magnetic susceptibility, and Mˆssbauer measurements.
Very gradual and incomplete transitions without hysteresis
seem to be typical for all investigated, magnetically active
compounds of the [FeII4L4](X)8 [2� 2] grid-type. The presence
of the substituent R1�Ph resulted in the most complete
transition and further substitutions at the phenyl ring or in the
4�-position of the ligand altered the spin transition behavior
only marginally. Improving the intermolecular interaction
between the tetranuclear centers by introduction of hydrogen
bonding between the grid units increased the HS fraction over
the whole temperature range, although the spin transition
remained very gradual and incomplete.


The question of cooperativity within and between the
molecular building blocks is being investigated. Moreover,
further work is being directed toward the construction of
larger functional architectures using grid-like building blocks
in extended hierarchic self-assembly processes.


In a farther-reaching perspective, architectures presenting
spin state properties that may be switched by external triggers
represent entries toward (supra)molecular spintronics.[3]


Experimental Section


Magnetic measurements : The magnetic measurements were carried out
with a Foner susceptometer and a SQUID Magnetometer (Quantum
Design) working in the 4.2 ± 300 K temperature range. The applied
magnetic field was 1 T.


Mˆssbauer spectra : Mˆssbauer spectra were recorded in transmission
geometry with a Co/Rh source kept at room temperature and a conven-
tional spectrometer operating in the constant-acceleration mode. The
samples were sealed in a plexiglass sample holder and mounted in a helium-
bath cryostat for temperature variation between 4.2 and 300 K. The spectra
were fitted to Lorentzian-shaped lines using a nonlinear iterative mini-
misation routine (MOSFUN).


X-ray structural analysis of complex 7: A suitable pine-green prism (0.02�
0.02� 0.04 mm) of [C144H128N24S8Fe4]8� ¥ 8ClO4


± ¥ 3CH3CN ¥ 5H2O was ob-
tained from acetonitrile ± diisopropyl ether. The data were recorded at
120.0(2) K on Beamline ID11 at the ESRF. Phi rotation images (1 s per
frame) were recorded with a Bruker Smart 6500 camera and a Si(111)
monochromated wavelength of 0.45085 ä. The data were integrated with
the Bruker data reduction suite Saint and the absorption correction applied
via SADABS. Structure solution was performed by direct methods
(SHELXS)[23] and refinement against F 2 (SHELXL).[24] The hydrogen
atoms were calculated to their idealized positions with isotropic temper-
ature factors (1.2 or 1.5 times the C temperature factor) and were refined as
riding atoms. Due to the poor diffracting power of the crystal and the
consequent low number of strong observations, geometric constraints were
applied in order to keep the data/parameter ratio acceptable. Many of the
thiol side chains and one of the perchlorate ions were disordered between
different sites.


Complex 7: (at 120 K) monoclinic, P21/c, a� 26.266(2), b� 19.930(2), c�
33.801(4) ä, �� 110.378(5)�, V� 16587(3) ä3, Z� 4, �calcd� 1.344 gcm�3,
2�max� 22.4�, �(0.45085 ä)� 0.317 mm�1. A total of 38325 collected
reflections, 10188 unique reflections [5838 with I� 2	(I)] were used for
refinement. The final R values were R� 0.121, wR2� 0.325 [I� 2	(I)], R�
0.187, wR2� 0.364 (all data) for 1294 parameters and 2249 restraints. The
highest electron density on the final difference map was 0.671 eä�3.
CCDC-205093 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).


Synthesis


General : All reagents were obtained from commercial suppliers and used
without further purification unless otherwise noted. The following solvents
were distilled prior to use: tetrahydrofuran (THF) and diethyl ether from
sodium and benzophenone, and dimethyl sulfoxide (DMSO) from calcium
hydride under argon. All organic solutions were routinely dried over
magnesium sulfate or sodium sulfate and solvents were removed under
vacuum using a rotary evaporator. 1H and 13C NMR spectra were recorded
on a Bruker AC 200 spectrometer at 200 MHz and 50 MHz, respectively.
Flash chromatography was performed using neutral alumina (activity 2).
FAB mass spectra were performed on a Fisons TRIO-2000 (Manchester)
and a Micromass AUTOSPEC-M-HF spectrometer using 3-nitrobenzylic
alcohol as matrix. Microanalyses were carried out by the Service de
Microanalyse, Faculte¬ de Chimie, Strasbourg. Melting points were meas-
ured on a digital electrothermal apparatus and are uncorrected.


Ligands: The synthesis of ligands A,[25] C,[26]D,[27] E,[27] F,[11]G, [10b] andH[28]


is described elsewhere. Ligand B was synthesized by using Stille-type
coupling procedures following the reactions depicted in Scheme 2.


Scheme 2. Reaction scheme for the synthesis of ligand B: i) [Pd(PPh3)4]
(cat.), toluene; ii) NaOBn, BnOH; iii) excess CF3SO3H, toluene.


6-(Tributylstannyl)2,2�-bipyridine[26](970 mg, 2.1 mmol), 2,4,6,-trichloro-
pyrimidine (200 mg, 1.09 mmol), and [Pd(PPh3)4] (153 mg, 0.22 mmol)
were combined in DMF (5 mL), flushed with argon, and heated under
reflux for 48 h. The solvent was evaporated and the resulting brown crude
material was washed with methanol several times. The product 4,6-
bis(2�,2��-bipyrid-6�-yl)-2-chloropyrimidine remained as a white powder in
60% yield (270 mg, 0.65 mmol).


4,6-Bis(2�,2��-bipyrid-6�-yl)-2-chloropyrimidine (85 mg, 0.2 mmol) was sus-
pended in benzylic alcohol (30 mL), and NaOBn (0.28 mL, 1� in methanol)
was slowly added. The suspension was heated at 120 �C until all solid had
disappeared resulting in a dark yellow solution. The solvent was removed in
vacuo and the remaining crude product dissolved in toluene. This solution
was treated with an excess of triflic acid (10 mL) under reflux for 2 h. The
resulting solid was filtered and suspended three times in n-hexane (10 mL)
immersing it each time into a ultrasound bath for about five minutes. The
remaining solid was recrystallized twice from methanol yielding 45 mg of a
white powder (0.11 mmol, 55%).


Ligand C: 4,6-bis(2�,2��-bipyrid-6�-yl)-pyrimid-2-one : 1H NMR (200 MHz,
[D6]DMSO, 298 K): �� 8.81 (d, J� 5.1 Hz, 2H), 8.74 (d, J� 8.1 Hz, 2H),
8.61 (d and s, J� 7.7 Hz 3H), 8.50 (d, J� 6.82 Hz, 2H), 8.23 (t, J� 8.1 Hz,
2H), 8.15 (t, J� 7.66 Hz, 2H), 7.62 (t, J� 5.1 Hz, 2H), 4.77 ppm (s, 1H);
13C NMR: not determined due to insufficient solubility ; FAB-MS: m/z :
405.0 [M�]; elemental analysis calcd (%) for C24H16N6O: C 71.28, H 3.99,
N 20.78; found: C 70.78, H 3.81, N 19.09.


Complexes: The synthesis of complexes 1,[25] 4,[8] 6,[27] and 8[28] was carried
out following literature protocols.


Complex 2 : A suspension of the ligand B (30 mg, 74 �mol) in anhydrous
methanol (3 mL) was treated with NaOMe (74 �L of a 1� solution in
methanol). After dissolution of the ligand, the metal salt Fe(BF4)2 ¥ 6H20
(25 mg, 74 �mol) was added and the deep blue solution was heated under
reflux for 48 h. The solvent was evaporated and the remaining blue solid
was recrystallized from methanol to yield complex 2 as blue, thin needles
(36 mg, 17 �mol; 23%). 1H NMR (200 MHz, CD3CN, 298 K): �� 8.73 (d,
2H), 8.46 (s and d, 3H), 8.05 (d, Hz, 2H), 7.82 (d, 2H), 7.48 (t, 2H), 6.62 (t,
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2H), 6.38 ppm (t, 2H); 13C NMR: (due to insolubility not possible); FAB-
MS: m/z : 2097.1 [M��BF4], 2011.1 [M�� 2BF4], 1924.1 [M�� 3BF4],
1852.1 [M�� 4BF4]; UV/Vis (CH3CN, nm, 298 K)(� in 104��1 cm�1): ��
312 (134), 383 (155), 569 (37), 694 (28), 753 (29); elemental analysis calcd
(%) for C96H60B4F16N24O4Fe4 ¥ 4CH3OH: C 51.94, H 3.31, N 14.54; found: C
50.87, H 3.45, N 13.83.


Complexes 3, 5, and 7: A suspension of the ligand (19.8 �mol) and the
respective FeII salt (19.8 �mol) in CH3CN (1.5 mL) was heated shortly until
the mixture was dissolved completely. The solution was stirred for 12 h at
room temperature (in the case of solubility problems under reflux). The
complex was isolated by evaporation of the solvent or addition of
diisopropyl ether to the solution until a precipitate formed. The precipitate
was collected, washed with diisopropyl ether and dried in vacuo. The crude
product was used directly for the measurements without further purifica-
tion.


Complex 3 : 1H NMR (200 MHz, CD3CN, 298 K): �� 140.9, 63.1, 50.4, 44.8,
41.5, 38.4, 11.0, 8.0, �8.5 ppm; FAB-MS:m/z : 2430.1 [M�� 2ClO4], 2330.2
[M�� 3ClO4], 2231.4 [M�� 4ClO4], 2031.7 [M�� 5ClO4]; UV/Vis
(CH3CN, nm, 298 K) (� in 104��1 cm�1): �� 274 (95), 332(100), 346 (102),
512 (10), 585 (17), 651(5); elemental analysis calcd (%) for
C100H72Cl8N24O32Fe4 ¥ 5.5H2O: C 44.18, H 3.04, N 12.36; found: C 42.34,
H 3.13, N 11.17.


Complex 5 : 1H NMR (200 MHz, CD3CN, 298 K): �� 141.2, 78.0, 70.6, 64.6,
55.5, 50.3, 16.3, 7.6, 4.9, 3.7, �6.8, �17.0 ppm; FAB-MS: m/z : 2773.9 [M��
2BF4], 2687.6 [M�� 3BF4], 2600.3 [M�� 4BF4]; UV/Vis (CH3CN, nm,
298 K) (� in 104��1 cm�1): �� 385 (108), 623(13); elemental analysis calcd
(%) for C128H100B8F32N28Fe4 ¥ 2CH3CN ¥ 6H2O: C 50.14, H 3.82, N 13.49;
found: C 49.93, H 4.07, N 12.17.


Complex 7: 1H NMR (200 MHz, CD3CN, 298 K): �� 151.9, 77.2, 72.0, 67.0,
60.1, 54.0, 18.2, 9.0, 8.2, �0.1, �9.8; FAB-MS: m/z : 3370.6 [M��ClO4],
3270.3 [M�� 2ClO4], 3171.2 [M�� 3ClO4], 3071.3 [M�� 4ClO4]; UV/Vis
(CH3CN, nm, 298 K)(� in 104��1 cm�1): �� 289 (89), 349 (110), 572 (9), 646
(7); elemental analysis calcd (%) for C144H128Cl8N24O32S8Fe4 ¥ 3CH3CN ¥
5H2O: C 48.41, H 4.06, N 10.37, S 7.03; found: C 49.43, H 4.21, N 8.61, S 7.10.
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Anthracene ±BODIPY Cassettes: Syntheses and Energy Transfer
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Abstract: Compounds based on the 4,4-
difluoro-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s-indacene (BODIPY)
framework are excellent fluorescent
markers. When BODIPY dyes of this
type are conjugated to functionalities
that absorb at relatively short wave-
lengths, those functionalities can, in
some molecules, transmit the absorbed
energy to the BODIPY which then
fluoresces. In such cases the BODIPY
fragment acts as an acceptor while the
other group serves as a donor. Energy
transfer efficiencies in such donor ± ac-
ceptor cassette systems must vary with


the relative orientation of the two com-
ponents, and with the structure of the
linkers that attach them. This study was
designed to probe these issues for the
special case in which the linkers between
the donor and acceptor fragments are
conjugated. To do this, the cassettes 3 ±
10 were prepared. Electrochemical stud-
ies were performed to provide insight
into the degree of donor± acceptor con-


jugation in these systems. X-ray Crystal-
lographic studies on single crystals of
compounds 7 and 9 revealed the favored
conformations of the donor and accept-
or fragments in the solid state. Absorp-
tion, fluorescence, and time-resolved
fluorescence spectra of the compounds
were recorded, and quantum yields for
the cassettes excited at the donor �max


were measured. Fluorescence steady-
state anisotropy data were determined
for cassettes 3 and 9 to provide informa-
tion about the mutual direction of the
transition dipole moments.


Keywords: dyes/pigments ¥ energy
transfer ¥ fluorescent probes ¥
UV/Vis spectroscopy


Introduction


Fluorescent labels that emit light at wavelengths distant from
that of the source used to excite them have many applications
in biotechnology. For single dye systems the difference
between the S0 absorption and the S1 emission wavelengths
is the Stokes× shift.[1] When the Stokes× shift of a single dye is
insufficient for a particular application, strategies that exploit
through-space energy transfer between two dyes are fre-
quently used.[2, 3] An absorbing molecular fragment (a donor)
is arranged to be proximal to an emitting fragment (an
acceptor); the donor is then excited at wavelengths close to its
�max, and the fluorescence of the acceptor is observed. For
biotechnological applications, the donor and acceptor units


are usually connected via non-conjugated linker systems,
hence the predominant energy transfer mechanism is
through-space (usually Fˆrster mechanism; Figure 1a).[4] A


Figure 1. Through-space and through-bond energy transfer.


requirement for Fˆrster energy transfer is that the emission
spectrum of the donor must overlap with the absorption
spectrum of the acceptor. That requirement places an upper
limit on the range of fluorescence wavelengths from two-dye
cassettes irradiated using a single excitation wavelength.
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In contrast to through-space energy transfer cassettes,
donor and acceptor units connected by conjugated linker
fragments may transfer energy via several pathways. These
include through-space energy transfer, but also other path-
ways that may be collectively referred to as through-bond
energy transfer mechanisms (Figure 1b), which include Dex-
ter energy transfer and others.[5] The literature on molecules
that exhibit through-bond energy transfer may be divided into
that which deals with oligomeric conjugated materials,[6] and
other contributions featuring models for biological systems
(e.g. porphyrin-containing systems).[7±11] Energy transfer
through bonds does not require the emission spectrum of
the donor to overlap with the lowest energy excited states of
the acceptor. Of course, excitation of any molecule above the
S1 state will lead to S1 to S0 fluorescence, but the higher energy
absorption cross sections are often low and they vary
considerably between molecules. In conjugated donor± ac-
ceptor cassettes, however, a given donor part can be
incorporated to absorb strongly at a given wavelength, and
the acceptors can be varied to emit at different wavelengths
that are distant from that of the source used to excite them.
We are interested in designing fluorescent dyes for biotech-
nology that exploit this phenomenon.[12, 13]


For conjugated cassettes of the type shown in Figure 1b, it
may not be possible to ascertain how much energy transfer
proceeds via through-bond mechanisms relative to the
through-space pathways. This is very likely to be the case
when the donor and acceptor fragments are relatively close
together. Nevertheless, the overall rates of energy transfer can
be measured; they in turn will be influenced by the
structure of the donor, acceptor, and linker fragments,
and the orientation of the donor ± linker ± acceptor connec-
tivity.


The work described herein focuses on the last of the issues
outlined above: overall rates of energy transfer in donor ±
acceptor cassettes as a function of the linker structure and
orientation. To do this, compounds 1 and 2 were used as
mimics of the donor and acceptor fragments in cassettes 3 ±
10 ; all of which feature dyes of the BODIPY type as
acceptors.[7, 14, 15] The structures of these cassettes were
determined in part by synthetic accessibility. For instance, it
is much easier to prepare molecules with aryl substituents at
C8 of the BODIPY framework, than with alkyne groups there,
but it is relatively straightforward to put either type of
substituent at C4. Another consideration in the design of
cassettes 3 ± 10 was future applications of these materials.
Thus, in molecules 4 ± 6 a bromine is included to allow these
cassettes to be attached to other molecules via organometallic
coupling reactions. Spectroscopically, the bromine substituent
is unlikely to have any appreciable effect, and comparisons
between cassettes 3 and 4 allow this assumption to be
explored in one representative case.


Efficiencies of energy transfer in a conjugated donor± ac-
ceptor cassettes must depend on the orientation of the donor
and acceptor fragments (a key factor for Fˆrster transfer),[16]


and the nature of the �-system that connects them (partic-
ularly relevant to through-bond transfer mechanisms). The
work that is described here features several derivatives of
BODIPY 2 which were investigated to explore some of


these orientation/connection issues. Specifically, compounds
3 ± 6, each having an anthracene donor connected to the side
of a BODIPY fragment via different linkers, and the ™axially-
linked∫ systems 7 ± 10 were compared. Absorption and
fluorescence emission data collected for these compounds
were interfaced with results from X-ray crystallographic,
electrochemical, and time resolved fluorescence experiments
to begin to understand how the structure and electronic
properties of these molecules correlate with their spectro-
scopic characteristics.
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Results and Discussion


Syntheses of the cassettes : Anthracene derivative 1 was
prepared via the Sonogashira coupling shown in Scheme 1;
this was the key reaction used for most of the syntheses of the


Scheme 1. Preparation of compounds 1 and 3.


cassettes described here. Thus cassette 3 was prepared via
similar coupling of the alkyne-functionalized BODIPY.[13]


Cassettes 5, 6, and 7, were prepared in the same way, but
beginning with starting materials for which syntheses have
been reported by this group before.[12, 13, 17]


Cassette 7 was prepared by the sequence in Scheme 2a
beginning with commercially available 3,5-dimethylpyrrole-2-
carbaldehyde. Iodination, under basic conditions, gave the
4-iodo derivative 12, and this was then condensed with 2,4-
dimethylpyrrole and treated with boron trifluoride to give the


BODIPY 13. Suzuki coupling[18] of 13 to the 9-anthracenyl
boronic acid gave the desired cassette 7.


Cassette 8 was also prepared via a route that involved the
iodo-BODIPY 13 (Scheme 2b). Successive Sonogashira cou-
plings[19, 20] of this with trimethylsilylacteylene and with


9-bromoanthracene gave the desired product. Possibly the
most difficult step to develop in this synthesis was the removal
of the trimethylsilyl group, because the BODIPY frameworks
are not stable to prolonged treatment with fluoride ion. This
transformation was accomplished by careful control of the
reaction temperature and time.


Scheme 2c outlines the synthesis devised for dye 9. This
features a Suzuki, silyl deprotection, Sonogashira sequence.
Similarly, cassette 10 was prepared by a Sonogashira, silyl-
deprotection, Sonogashira sequence as shown in Scheme 2d
involving compound 19.[13]


Cyclic voltammetry : Redox potential data can be related the
electronic conjugation of the chromophores within the
cassettes, hence the cassettes 3 and 7 ± 10 were studied by
cyclic voltammetry. The single chromophore models 1 and 2
were also studied to provide references for the various
molecular components. Table 1 summarizes the data obtained
(throughout these experiments, chloroform solvent was used
and the scan rate was 100 mVs�1).


All compounds exhibited irreversible redox waves, with the
exception of the reduction waves of 2 and 7 for which the
waves are partially reversible. For cassettes 3, 7, 9, 10 it was
shown that two electrons could be removed from (and added
to) the system. Those electron transfer steps are most likely
related to redox events on the chromophore parts of the
molecules. The oxidation potentials of the model dyes 1 and 2
were almost the same (0.85 and 0.88 V, respectively), so that in
the cassettes the oxidation steps corresponding to the
anthracene and to the BODIPY, respectively, coalesced.
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Scheme 2a. Preparation of cassette 7.


Scheme 2b. Preparation of cassette 8.
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Conversely, reduction gave two distinct waves, at least for
compounds 3, 9, and 10 and the reduction potential data was
useful for probing the �-conjugation in the systems. For model


1, the redox wave is beyond the accessible range (� �2.50 V).
This anthracene reduction is also not visible for 7, only the
BODIPY reduction at �1.71 V was observed. This potential
is the most negative of those measured for 3, 7 ± 10 hence this
cassette is the one that showed the least conjugation within
the series. Compounds 3 and 9, which possess the same linker,
display some small degree of conjugation because their
reduction potentials corresponding to the BODIPY fragment
are less negative (�1.66 and �1.69 V, respectively) than for 2
and 7. Moreover, the reduction corresponding to the anthra-
cene part of 3 and 9 occurred in the observable range
(� � 2.2 V); this also indicates that it was more conjugated in
these molecules than in compound 2. These trends were
observed to continue for compound 10, indicating a higher
degree of conjugation. Interestingly, the compound 8 was
shown to have a relatively low oxidation potential, a modestly
negative reduction potential, and no second oxidation or
reduction. These electrochemical characteristics are indica-
tive of a well-conjugated system.


The data described above indicate increasing conjugation in
the series 7� 9 and 3� 10� 8. This observation is chemically
reasonable. Cassette 7, having a direct connection between the
BODIPY and 9-anthracenyl components is likely to adopt a
twisted conformation in which two chromophores are elec-
tronically independent and therefore less conjugated. The
BODIPY-to-benzene connection in cassettes 3 and 9 is also
likely to impede conjugation for similar reasons. However, the
1,4-bis(ethynyl)phenyl linker in 10 allows good electronic
communication between the dyes, and when the phenyl linker
is removed, as in 8, there is almost no barrier to �-conjugation.


Single crystal X-ray studies : Figure 2 shows representations of
compounds 7 and 9 generated from X-ray crystallographic
coordinates. The bond lengths and angles are unexceptional
for these systems, except that the structures do show the
degree of twist between the BODIPY fragment and the
peripheral aryl substituent (9-anthracenyl for 9 and a sub-
stituted benzene ring for 3). Inspections of these models
shows that the anthracenyl fragment of 7 clearly encounters
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Scheme 2c. Preparation of cassette 9.


Scheme 2d. Preparation of cassette 10.


Table 1. Redox potentials of compounds 1 ± 3 and 7 ± 10 in CH2Cl2.
(Ferrocene was used as internal standard. Scan rate 100 mVs�1.)


Compound Oxidation Reduction
potentials potentials
Epa [V] Epc [V]


1 � 0.88 --[a]


2 � 0.85 � 1.75
(E1/2��1.66 V, ipa/ipc� 0.20)


3 � 0.85 (2 e) � 1.69
2nd wave: � 2.21


7 � 0.80 (2 e) � 1.71
(E1/2��1.65 V, ipa/ipc� 0.22)


8 � 0.58 � 1.54
9 � 0.85 (2 e) � 1.66


2nd wave: � 2.26
10 � 0.83 (2 e) � 1.57


2nd wave: � 2.20


[a] Redox wave not accessible under conditions employed.
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Figure 2. Chem3D diagrams from single crystal X-ray diffraction studies
of a) cassette 7, and b) cassette 9.


more steric interactions with the BODPY framework than the
1,4-disubstituted phenyl substituent of 9. Thus the twist
between the donor and acceptor planes is more rigidly
enforced in 7 than in 9.


Spectroscopic properties : The absorption spectra of the
cassettes in ethanol and chloroform display peaks due to
strong and weak S0� S1 transitions with maxima at 500 ±
645 nm and 365 ± 445 nm, for the BODIPY group and
anthracene groups, respectively. A strong higher-energy
transition of anthracene was observed at about 265 nm. For
the model compound 20, absorptions are observed at about
300 nm that can be ascribed to the S0� S1 transition of the
conjugated phenylethynyl system; similar absorptions for the
cassettes are therefore likely to be due to the phenylethynyl
linker system (Figure 3). For most of these samples, the
absorption spectrum approximates that which would be
expected from adding the components together.


The following experiment was performed to test whether
attaching the chromophores causes a weak perturbation of the
absorbance for the component parts. The molar absorption at
the BODIPY component of the cassette studied most in this
paper (see below), cassette 5, was measured as 40000��1 cm�1


in CHCl3. The value measured from the absorption spectrum
of 5 in Figure 3 is 20000��1 cm�1 for the absorption in the
anthracene region. These values are perfectly consistent with
that for anthracene derivatives including, for instance, com-
pound 20 (30000��1 cm�1), which is more highly conjugated
than the residue used in the cassettes. These data show that
attaching the anthracene compenent to the acceptor system
causes minimal perturbation of the absorptivity of that
component.


Figure 3. Normalized absorption spectra of a) cassettes 3 ± 6 and b) 7 ± 10
in CHCl3.


Compound 8 does not have a sterically enforced twist to
prevent the donor and acceptor coming into a planar
conformation. Consequently, the absorption spectrum for this
compound differs slightly from the others, but perhaps not as
much as might be expected. The absorption maximum for
cassette 8 is red-shifted by about 40 nm compared with 9, 10, 3
where the linker is a phenylethynyl group. These shifts agree
qualitatively with that between anthracene and 9,10-bis(phe-
nylethynyl)anthracene (BPEA) 20.[21]


Comparisons of the absorption spectra of the acceptor
components may use cassette 3 as a reference point since its
�maxabs closely resembles that of the free BODIPY 2 (500 and
504 nm when dissolved in ethanol and chloroform, respec-
tively). For cassettes 7 and 9, in which the short edge of the
acceptor (i.e. , C2) is directly bound to an aromatic group, the
�maxabs values are red-shifted by about 20 nm compared with 3.
Cassettes 8 and 10, where the immediate linkage is to an
ethynyl group, have �maxabs values red-shifted by about 40 nm
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compared with 3. Furthermore, the spectral band shape of the
cassettes 7 ± 10 are broader than 3. All cassettes show a
modest solvent dependence with a few nanometers blue-shift
upon replacing the solvent ethanol with chloroform.


The fluorescence emission spectra of the cassettes show
maxima varying between 515 and 650 nm (Figure 4). The shift
between fluorescence and absorption maxima is between


Figure 4. Corrected normalized fluorescence emission spectra of a) com-
pounds 3 ± 6 and b) 7 ± 10 in CHCl3.


5500 ± 11000 cm�1, when the cassettes are excited at the S0�S1


transition of the donor. The corresponding difference is
18400 ± 23300 cm�1 when the donor is excited at the S0�S2


transition. The spectral band shapes of the cassettes are
similar to those of parent BODIPY 2, although somewhat
broader. Cassettes 9 and 3, which only differ in linker
attachment site on the BODIPY group, have very different
spectra. The spectrum of 3 much resembles that of BODIPY
2, while the spectrum of 9 is considerably shifted to the red
with a fluorescence maximum at 569 nm. This difference may
be due to the fact that substitution at the BODIPY C2 position
lowers the symmetry, and this perturbs the S0 and S1 states. In
unpublished studies, we have also found a similar red-shift for
N-(4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-in-
dacene-2-yl)iodoacetamide, which is also substituted at C2.[22]


The fluorescence from the donors in all the cassettes was very
weak, indicating rapid energy transfer from donor to acceptor
(the solvents chloroform, ethanol and propane-1,2-diol were


tested). Based on lifetime measurements described below, we
estimate the donor fluorescence quantum yields in the
cassettes to be �5� 10�5.


The acceptor fluorescence time profiles of the cassettes
appear to be mono-exponential. For example, the acceptor
lifetimes of the cassettes in chloroform vary between 0.5 to
4.0 ns (Table 2), and in most cases are significantly longer than
when the compounds are dissolved in ethanol (0.13 to 3.2 ns).
The shortest lifetimes were measured found for cassette 8.


The fluorescence quantum yields (�) of compounds 3, 4,
and 7 ± 10 in chloroform and ethanol were determined
(Table 2). In ethanol, � takes values between 0.01 and 0.57
and in chloroform between 0.02 and 0.75. The � values on
were the same whether the donor or the acceptor groups were
excited. The absence of a � (�ex) dependence suggests nearly
complete energy transfer from the donor to the acceptor. The
quantum yields measured were always higher when chloro-
form was used as the solvent than ethanol. Cassette 9 exhibits
the highest quantum yield in CHCl3, and 8 exhibits the lowest
fluorescence quantum yield in EtOH.


The fluorescence excitation anisotropies of cassettes 9 and 3
provide information about the alignments of excitation and
emission transition dipole moments. The excitation anisotro-
py experiments with 9 in propane-1,2-diol at 262 K (Figure 5),
show the anisotropy is about 0.35 for the S0� S1 transition
(450 ± 560 nm). The steady-state fluorescence anisotropy of
the compound as a cold glass corresponding to the anthracene
S0� S1 transition (400 nm) is about 0.3. The corresponding
limiting fluorescence anisotropies of BODIPY 2 and free
anthracene are 0.37[22] and 0.34,[23] respectively. This implies
that the overall transition dipoles of cassette 9 are very similar
to the polarization of its donor and acceptor constituents. For
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Table 2. Absorption and fluorescence spectroscopic properties of compounds 3, 4,
7, 8, 9, and 10 in ethanol and chloroform.


Cassette Solvent �fl (SA
0 � D(S1)�A(S1) D(S2)�A(S1) �[c] �[d] ET


nm[a] 103 cm�1 [b] 103 cm�1 [b] [ns] Effic.
[%]


3 EtOH 514 5.6 19.0 0.16� 0.04 1.1 � 95
3 CHCl3 517 5.5 18.4 0.39� 0.05 2.1 � 95
4 EtOH 541 6.0 19.3 0.57� 0.03 4.0 � 95
4 CHCl3 545 5.9 18.8 0.67� 0.03 4.0 � 95
7 EtOH 615 11.1 23.3 0.05� 0.01 1.0 � 95
7 CHCl3 594 10.3 22.1 0.25� 0.02 2.7 � 95
8 EtOH 640 8.8 22.5 0.01� 0.01 0.3 � 95
8 CHCl3 647 8.8 22.3 0.02� 0.01 0.5 � 95
9 EtOH 568 7.5 20.9 0.28� 0.03 1.7 � 95
9 CHCl3 569 7.4 20.2 0.75� 0.06 3.7 � 95
10 EtOH 588 7.7 21.5 0.22� 0.02 1.3 � 95
10 CHCl3 590 7.6 20.8 0.42� 0.03 2.2 � 95


[a] The peak wavelength of fluorescence of the acceptor is denoted �fl (SA
0 �.


[b] D(S1)�A(S1) denotes the wavenumber difference between the peak wave-
length of the first vibronic absorption band of the S0� S1 transition in the donor and
the emission maximum of the acceptor. D(S2)�A(S1) denotes the corresponding
quantity for the higher-energy transition of the donor, near 260 nm. [c] � is the
quantum yield of fluorescence. The wavelengths [nm] used to excite of the donor
(D) and acceptor (A) groups were as follows: 3, 420 (D) and 490 (A); 4, 420 (D) and
490 (A); 7 385 (D) and 490 (A); 8, 420 (D) and 490 nm (A); 9, 420 (D) and 490 (A);
and, 10, 420 (D) and 490 (A).
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Figure 5. Fluorescence excitation anisotropies and absorption spectra of
a) compound 3 and b) compound 9 in propane-1,2-diol at 262 K. The
fluorescence emissions were monitored at 570 and 550 nm, respectively.


cassette 3, the limiting fluorescence anisotropy is about 0.35 in
the spectral region arising from the BODIPY S0�S1 tran-
sition (450 ± 560 nm), while it is about �0.15 for the region
originating from the anthracene S0�S1 transition (�400 nm).
The angle (�) between the absorption and emission transition
dipoles is related to the fluorescence steady-state anisotropy
(r) through the relationship:


r� r0


2
(3cos2�� 1)


where the limiting anisotropy, and r0 is theoretically 2³5. The
blue edge of the S0� S1 transition band of anthracene is short-
axis polarized.[24] It therefore follows from the anisotropy
values obtained for the S0� S1 transition of the BODIPY
group in compounds 9 and 3 that the S0� S1 transition dipole
of BODIPY is long-axis polarized. Consequently, energy
transfer in cassette 3 cannot be ascribed to point-dipole
interactions. The limiting anisotropy of 3 is about zero for the
260 nm absorption of anthracene, but it is significantly smaller
(more negative) for 9. For cassette 9 the transition dipole for
the 260 nm absorption of anthracene should be perpendicular
to the S1� S0 emission dipole of the BODIPY fragment, but
parallel for system 3. In cassette 9, the fluorescence anisotropy


is invariant to rotation about the linker axis because of the
parallel dipoles, so that the anisotropy is expected to be close
to 0.4.[24] The observed value (0.37) is consistent with this
reasoning. However, the chemical structure of 3 allows
internal rotational freedom of the donor and acceptor about
the linker -C6H4-CC- component. A random distribution of
orientations about the linker axis would give an expected
anisotropy value close to 0.1. The lower value observed
suggests that the molecular planes of anthracene and BOD-
IPY moieties preferentially adopt non-coplanar orientations
possibly in the range 50 ± 60 �C.


The interpretation of the ultrafast spectroscopic measure-
ments required formulation of a generic energy level Scheme
for the cassettes. To do this, compounds 4 and 6 were selected
because these have very different BODIPY acceptor frag-
ments in the series 3 ± 10, and within that set of compounds it
is the acceptor rather than the anthracene-based donor
fragments that show the most variation. In the UV spectra
of the cassettes (Figure 3) the anthracene component is
almost constant and the main differences are with respect to
substitution pattern and orientation. The lifetime of the
cassettes× lower-lying anthracene level was of primary interest
in this study. Figure 6 represents the energy level scheme,


Figure 6. Energy level diagram depicting the anthracene and BODIPY
energy levels and showing the origins of different UVemissions in ultrafast
two-photon experiments.


showing that synchronization of pulses at 415 and 830 nm
leads to high-energy emission, in principle reaching the high-
energy limit imposed by the sum of the photon energies
(�275 nm). Delaying the arrival of the 830 nm pulses allows
vibrational dephasing and other relaxation processes to occur,
so that the accessible region of UV fluorescence is signifi-
cantly reduced.


Cassette 5 was one of the first prepared, and more sample
was available than for some of the other cassettes, so this
compound was studied in more depth. The following dis-
cussion illustrates the approach used. Figure 7 shows how the
ultraviolet emission spectrum depended on the pulse interval
for 5 in chloroform. At t� 0, when the pulses were synchron-
ized in the sample, emission was observed close to the short-
wavelength limit of 275 nm, as expected, in addition to a
stronger emission band having a Franck ±Condon maximum
near 320 nm. This emission band is consistent with observa-
tions made by excitation with two photons at 532 nm, and with
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Figure 7. UV emission spectra of cassette 5 resulting from synchronized
(t� 0) and separated (t� 20 ps).


the existence of the abovementioned absorption maximum
near 300 nm. In fact, the entire emission spectrum from 275 ±
380 nm is stronger at t� 0 than when the pulses are separated.
When the 830 nm probe pulses were delayed by 20 ps, the
system is seen to have relaxed since the ultraviolet emission is
less intense and has shifted to longer wavelengths. This is
consistent with relaxation to the BODIPY, from which
excitation at 830 nm can generate fluorescence at �310 nm.
Therefore, an experiment involving 830 nm probing, with
monitoring at �300 nm, should reveal a decay consistent with
the energy transfer rate from the anthracene species followed
by a more constant signal attributable to vibrationally ™hot∫
lower levels. Time-correlated single-photon counting experi-
ments as well as optically gated fluorescence measurements
confirmed that the preliminary relaxation was complete in
50 ps, the only remaining dynamics being associated with
nanosecond-scale fluorescence decay.


Figure 8 shows time profile for 5, which was obtained by
scanning the pulse separation, while monitoring the UV
fluorescence signal at 300 nm. The data fit a decay time of
550 fs, which we associate with relaxation of the anthracene
moiety. The possibility that the UV emission spectrum could


Figure 8. Time profiles resulting from detecting UV emission at 300 nm
(see Figure 7) and scanning the time separation of the 415 and 830 nm
ultrashort pulses. The relaxation of the anthracene component is caused by
energy transfer within the cassettes.


depend on the state of relaxation of this complex molecule
was real; however, the same decay time against different
amounts of background signal was measured over the entire
range from 300 ± 390 nm. This experiment detected no
significant variation in the apparent dynamics with the
sampling wavelength, and we are confident that the signal
represents a single relaxation time of the anthracene moiety.
Figure 8 also shows, for comparison, a similar decay trace
obtained for cassette 6 under the same conditions. That trace,
after deconvolution of the instrument response function,
showed a relaxation time of only 310 fs.


Table 3 shows the collected data from lifetime measure-
ments of the anthracene moiety in a series of BODIPY
compounds.[25] The data reveal some significant differences in


behavior of the cassettes. Thus, 3 ± 6 tend to give stronger UV
emission signals, with measurable lifetimes attributable to the
anthracene component in the range 300 ± 800 fs (including a
solvent effect measured for 5). The other cassettes tend to give
weaker, shorter-lived signals, some of which were apparently
decaying within the instrument response profile, which is
estimated to be �150 fs (fwhm).


Conclusion


In the series of compounds 3 ± 10, two, 8 and 10, are not truly
cassettes, as defined here, since they are fully conjugated
systems without an internal twist to break that conjugation.
This is reflected in the slightly red-shifted absorption spectra,
which also show broader bands than the other compounds in
this study. Similarly, the electrochemical studies (Table 1)
showed that the degree of donor± acceptor conjugation was
greatest for 8, then 10.


Compounds 3 ± 7 and 9 are true cassettes. X-ray crystallo-
graphic studies on single crystals of compounds 7 and 9
revealed the favored conformations of the donor and acceptor
fragments, at least in the solid state (Figure 2). In 7, the
anthracene donor and the BODIPY acceptor are directly
attached and significant steric interactions prevent the donor
and acceptor fragments becoming planar. The corresponding
steric effects for compound 9 are evident, but not so severe.
Consistent with this, electrochemical studies of 3, 7, and 9
revealed that donor acceptor conjugation decreases in the
order 3 � 9 � 7. In studies of absorption and time-resolved
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Table 3. Ultrafast relaxation times of cassettes 3 ± 10 in CHCl3 solution as
measured by pump-probe spectroscopy.


Compound S1 Absorption Energy relaxation
maximum [nm] t [fs]


3 500 320
4 500 490
5 520 550
6 635 310
7 520 � 200
8 540 � 200
9 525 � 200
10 540 � 200







FULL PAPER K. Burgess et al.


fluorescence spectra, cassette 8 was shown to have different
spectroscopic properties from the other compounds in the
series; unlike the other cassettes studied, it did not fluoresce
significantly when excited at the donor �max. Quantum yields
for the cassettes excited at the donor �max increased in the
order 8� 7� 3� 10� 4� 9. Near complete energy transfer
from the donor to the acceptor is suggested by the fact the
quantum yields do not vary significantly if the compounds are
excited at the donor or acceptor absorbance. The quantum
yields measured were always higher when chloroform was
used as the solvent than ethanol. Cassette 9 gave the highest
fluorescence quantum yield, and 8 the lowest. The average
fluorescence lifetimes change in reasonable agreement with
changes of the measured quantum yields. Fluorescence
emission spectra of the cassettes show maxima varying
between 514 and 647 nm. For compounds 3 and 9 it is shown
that the S0� S1 transition dipole of BODIPY group is long-
axis polarized. Fluorescence steady-state anisotropy data of
cassette 3 suggest that the molecular planes of anthracene and
BODIPY are preferentially oriented in a non-coplanar
conformation.


The molecules in this study can be grouped into two
structural classes. The first, compounds 3 ± 6, have the
BODIPY group attached so that its short axis is parallel to
the phenylethynyl linker and to the short axis of the
anthracene moiety. The substituents on the BODIPY accept-
or were varied within this compound set. These cassettes show
measurably different relaxation times in the range 300 ± 550 fs
(in chloroform). However, despite the wide range of anthra-
cene ±BODIPYenergy gaps, there was no obvious correlation
between the energy gap and the relaxation time. Thus, the
lowest absorption bands of 6 are red-shifted relative to the
other cassettes in this set, but the relaxation times for all the
members fall within the same range. Comparative measure-
ments for 5 in cyclohexane, ethanol and chloroform solutions
revealed a variation in lifetime from 500 ± 800 fs, for which
ethanol showed the shortest, and cyclohexane solution
showed longest decay time. These results reveal the need for
caution when interpreting rates in terms of the physical
properties of the solute molecule alone.


The second set of molecules 7 ± 10 have different separation
of the anthracene and BODIPY moieties, and, unlike the first
set, have the BODIPYunit attached with its long axis parallel
to the linker. All the relaxation times in this group were
substantially shorter than for 3 ± 6, in the general range
�200 fs. The above observations suggest that the orientation
of the BODIPY moiety has the greater effect on the
relaxation rates of the anthracene subunit than its substitu-
tion, or the separation of the two chromophores within this
group. The conjugated systems, 8 and 10, were not exceptional
within this group, that is, 7 ± 10 all exhibited much faster
relaxation dynamics than the first set.


In summary:
� The energy transfer rates measured for cassettes 3 ± 6 vary


by about a factor of two in chloroform solvent, but no
correlation has been established with the structure of the
acceptor chromophore;


� all cases where the donor was attached to the long axis of
the BODIPY acceptor, as in 7 and 9, exhibit significantly
faster energy transfer than if the donors are coupled to the
short axis as in 3 ; but


� although the sequence of molecules 7 ± 10 was chosen to
focus on the possible influence of molecular separation on
the transfer rate, the experiments so far employed had
insufficient time resolution (�150 fs) to make a useful
comparison.


Experimental Section


General synthetic procedures : Melting points are uncorrected. High field
NMR spectra were recorded on Varian Unity Plus (1H at 300 MHz, 13C at
75 MHz, 31P at 121 MHz) or Inova (1H at 500 MHz, 13C at 125 MHz) NMR
spectrometers. Chemical shifts are reported in units of ppm relative to the
solvent peak (CDCl3: 7.27 ppm for 1H and 77.0 ppm for 13C; D2O: 4.63 ppm
for 1H; [D6]acetone: 2.04 ppm for 1H and 29.9 ppm for 13C; [D6]DMSO:
2.50 ppm for 1H and 39.5 ppm for 13C; CD3OD: 3.30 ppm for 1H and
49.0 ppm for 13C; CD3CN: 1.93 ppm for 1H and 1.3 ppm for 13C). Mass
spectra were obtained from the Mass Spectrometry Applications Labo-
ratory at Texas A&M University using electrospray unless otherwise
indicated; the matrix used for the MALDI analyses was 2,4,6-trihydrox-
yacetophenone. Thin-layer chromatography was performed using silica gel
60 F254 plates. Flash chromatography was performed using silica gel (230 ±
600 mesh). CH2Cl2, THF, DMF, triethylamine, and toluene were distilled
from appropriate drying agents. Other chemicals were purchased from
commercial suppliers and used as received. The product cassettes were
made in relatively small quantities, so molar absorptivity and micro-
analytical data were not obtained.


(2�-Phenylethynyl)-9-anthracene 1: A mixture of 9-bromoanthracene
(0.5 g, 1.94 mmol), phenylacetylene (0.42 mL, 3.89 mmol) and [Pd(PPh3)4]
(0.23 g, 0.20 mmol) in triethylamine (2 mL) and THF (5 mL) was stirred at
60 �C under nitrogen for 12 h. The mixture was diluted using EtOAc
(20 mL), washed with water, dried (MgSO4) and evaporated to yield crude
product. It was purified via silica gel chromatography (hexane/EtOAc 50:1)
giving compound 21 (0.45 g, 83%). M.p. 88 ± 90 �C; Rf 0.54 (hexane/EtOAc
8:1); 1H NMR (CDCl3): �� 7.51 ± 7.61 (m, 5H), 7.69 ± 7.74 (m, 2H), 7.93 (d,
J� 7.5 Hz, 2H), 8.04 (d, J� 8.4 Hz, 2H), 8.41 (s, 1H), 8.82 (d, J� 8.4 Hz,
2H); 13C NMR (CDCl3): �� 86.4, 100.7, 117.1, 123.6, 125.5, 126.5, 126.6,
127.6, 128.3, 128.4, 128.6, 131.0, 131.6, 132.5; HRMS: m/z : calcd for C22H14:
278.1096; found: 278.1093 [M]� .


Cassette 7: nBuLi (1.6� in hexane, 1.5 mL, 2.10 mmol) at �78 �C under
nitrogen was added to a solution of 9-bromoanthracene (0.5 g, 1.95 mmol)
in THF (10 mL). After stirring for 15 min at �78 �C, trimethylborate
(0.25 mL, 2.10 mmol) was added in one portion. The mixture was allowed
to warmed to 25 �C over 30 min, then quenched with dilute HCl. The
mixture was extracted with EtOAc (20 mL), washed with water, dried
(MgSO4) and evaporated to obtain the crude 9-anthracenylboronic acid
that was used without further purification.


9-Anthracenylboronic acid, compound 13 (0.20 g, 0.55 mmol) and
[Pd(PPh3)4] (60 mg, 0.05 mmol) were heated reflux in toluene (10 mL),
ethanol (5 mL) and 2� Na2CO3 (2 mL) for 6 h. The mixture was cooled to
25 �C and diluted with EtOAc (20 mL). The mixture was washed with
water, dried (Mg2SO4) and evaporated to yield crude product that was then
purified via silica gel chromatography (hexane/CH2Cl2 5:1) to give
compound 7 (0.16 g, 71%). M.p. 255 ± 256 �C; Rf 0.35 (hexane/CH2Cl2
1:1); 1H NMR (CDCl3): �� 1.95 (s, 3H), 2.24 (s, 3H), 2.32 (s, 3H), 2.64
(s, 3H), 6.14 (s, 1H), 7.26 (s, 1H), 7.41 ± 7.52 (m, 4H), 7.76 (d, J� 8.4 Hz,
2H), 8.08 (d, J� 8.1 Hz, 2H), 8.53 (s, 1H); 13C NMR (CDCl3): �� 10.3,
11.3, 13.3, 14.8, 119.3, 120.3, 125.2, 125.9, 126.2, 127.3, 127.7, 128.0, 128.7,
130.9, 131.4, 132.9, 133.8, 140.3, 141.7, 156.4, 157.5; HRMS: m/z : calcd for
C27H23BF2N2: 424.1922; found: 424.1927 [M]� .


Cassette 8 : A mixture of compound 4-(trimethylsilylalkynyl)phenylboronic
acid (60 mg, 0.22 mmol), 9-bromoanthracene (85 mg, 0.33 mmol) and
[Pd(PPh3)4] (25 mg, 0.022 mmol) in triethylamine (2 mL) and THF
(5 mL) was stirred at 60 �C under nitrogen for 12 h. The mixture was
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diluted using EtOAc (20 mL), washed with water, dried (MgSO4) and
evaporated to the yield crude product. This was purified via silica gel
chromatography (hexane/CH2Cl2 3:1) giving compound 8 (60 mg, 61%).
M.p. 300 �C (decomp); Rf (hexane/CH2Cl2 1:1); 1H NMR (CDCl3): �� 2.34
(s, 3H), 2.59 (s, 3H), 2.63 (s, 3H), 2.90 (s, 3H), 6.17 (s, 1H), 7.19 (s, 1H),
7.53 ± 7.58 (m, 2H), 7.61 ± 7.66 (m, 2H), 8.06 (d, J� 8.7 Hz, 2H), 8.46 (s, 1H),
8.66 (d, J� 8.7 Hz, 2H); 13C NMR (CDCl3): �� 11.1, 11.4, 13.9, 14.9, 92.5,
93.4, 117.7, 120.1, 120.5, 125.7, 126.6, 127.3, 128.8, 131.2, 132.2, 140.5, 143.0,
149.5, 159.4; MALDI-MS: m/z : calcd for C29H22BF2N2: 448.19; found:
447.99 [M]� .


Cassette 9 : A mixture of compound 17 (20 mg, 0.057 mmol), 9-bromoan-
thracene (26 mg, 0.10 mmol) and [Pd(PPh3)4] (6 mg, 0.05 mmol) in triethyl-
amine (2 mL) and THF (5 mL) was stirred at 60 �C under nitrogen for 12 h.
The mixture was diluted using EtOAc (20 mL), washed with water, dried
(MgSO4) and evaporated to yield crude product. This was purified via silica
gel chromatography (hexane/CH2Cl2 5:1) giving compound 9 (12 mg,
40%). M.p. 221 ± 223 �C; Rf 0.25 (hexane/CH2Cl2 1:1); 1H NMR (CDCl3):
�� 2.31 (s, 3H), 2.32 (s, 3H), 2.63 (s, 3H), 2.64 (s, 3H), 6.13 (s, 1H), 7.17 (s,
1H), 7.38 (d, J� 8.1 Hz, 2H), 7.54 ± 7.59 (m, 2H), 7.63 ± 7.69 (m, 2H), 7.88 (d,
J� 8.1 Hz, 2H), 8.07 (d, J� 8.1 Hz, 2H), 8.49 (s, 1H), 8.72 (d, J� 8.1 Hz,
2H); 13C NMR (CDCl3): �� 10.3, 11.3, 13.4, 14.8, 86.8, 100.6, 117.2, 119.4,
120.3, 122.2, 125.7, 126.6, 126.7, 127.8, 128.7, 129.8, 131.1, 131.2, 131.7, 132.6,
133.9, 134.0, 137.0, 141.8, 154.3, 157.7; HRMS: m/z : calcd for C35H27BF2N2:
524.2235; found: 524.2238 [M]� .


Cassette 10 : The mixture of compound 13 (200 mg, 0.53 mmol), compound
19 (200 mg, 0.66 mmol) and [Pd(PPh3)4] (6 mg, 0.05 mmol) in triethylamine
(2 mL) and THF (10 mL) was stirred at 60 �C under nitrogen for 12 h. The
mixture was diluted using EtOAc (20 mL), washed with water, dried
(MgSO4) and evaporated to yield crude product. This was purified via silica
gel chromatography (hexane/CH2Cl2 5:1) giving compound 10 (210 mg,
71%). M.p. 265 ± 266 �C; Rf 0.16 (hexane/CH2Cl2 1:1); 1H NMR (CDCl3):
�� 2.28 (s, 3H), 2.39 (s, 3H), 2.57 (s, 3H), 2.70 (s, 3H), 6.11 (s, 1H), 7.10 (s,
1H), 7.50 ± 7.65 (m, 6H), 7.74 (d, J� 8.7 Hz, 2H), 8.03 (d, J� 8.2 Hz, 2H),
8.45 (s, 1H), 8.65 (d, J� 8.4 Hz, 2H); 13C NMR (CDCl3): �� 10.7, 11.3, 13.6,
14.9, 84.1, 88.2, 95.5, 100.6, 117.0, 120.1, 120.5, 123.1, 123.6, 125.7, 126.7,
128.0, 128.7, 131.2, 131.3, 131.6, 132.2, 132.6, 134.7, 135.2, 140.8, 143.0, 157.6,
159.4; HRMS: m/z : calcd for C37H27BF2N2: 548.2235; found: 548.2248
[M]� .


Cassette 3 : A mixture of compound 19 (0.1 g, 0.29 mmol), 9-bromoan-
thracene (0.14 g, 0.57 mmol) and [Pd(PPh3)4] (33 mg, 0.029 mmol) in
triethylamine (2 mL) and THF (5 mL) was stirred at 60 �C under nitrogen
for 12 h. The mixture was diluted using EtOAc (20 mL), washed with water,
dried (MgSO4) and evaporated to yield crude product. This was purified via
silica gel chromatography (hexane/CH2Cl2 2:1) giving compound 3 (0.1 g,
66%). M.p. 260 �C (decomp); Rf 0.28 (hexane/CH2Cl2 1:1); 1H NMR
(CDCl3): �� 1.55 (s, 6H), 2.62 (s, 6H), 6.06 (s, 2H), 7.42 (d, J� 8.1 Hz, 2H),
7.55 ± 7.60 (m, 2H), 7.64 ± 7.70 (m, 2H), 7.94 (d, J� 8.4 Hz, 2H), 8.08 (d, J�
8.4 Hz, 2H), 8.51 (s, 1H), 8.71 (d, J� 8.7 Hz, 2H); 13C NMR (CDCl3): ��
14.6, 14.7, 87.7, 99.9, 116.7, 121.4, 124.4, 125.8, 126.6, 126.8, 128.2, 128.4,
128.8, 131.2, 132.3, 132.7, 135.1, 140.8, 143.0, 155.8; HRMS: m/z : calcd for
C35H27BF2N2: 524.2235; found: 524.2242 [M]� .


4-Iodo-3,5-dimethylpyrrole-2-carbaldehyde 12 : A mixture of 3,5-dimethyl-
pyrrole-2-carbaldehyde (2.37 g, 19.27 mmol), iodine (5.30 g, 20.88 mmol)
and K2CO3 (3.93 g, 28.48 mmol) in methanol (50 mL) was stirred under
nitrogen at 0 �C for 12 h. The reaction mixture was extracted with Et2O
(100 mL), washed with saturated sodium thiosulfate (50 mL, saturated),
dried (MgSO4) and evaporated to yield a crude product. This residue was
recrystallized from hexanes/dichloromethane (5:1) to give compound 12
(4.10 g, 85%). M.p. 161 ± 163 �C; Rf 0.17 (hexanes/EtOAc 4:1); 1H NMR
(CDCl3): �� 2.31 (s, 3H), 2.39 (3H), 9.52 (s, 1H), 10.66 (s, 1H); 13C NMR
(CDCl3): �� 12.6, 14.3, 72.6, 129.1, 136.8, 140.1, 176.2; HRMS: m/z : calcd
for C7H8INO: 249.9729; found: 249.9727 [M]� .


BODIPY 13 : Phosphorus oxytrichloride (1.00 mL, 11 mmol) was added to
a solution of 3,5-dimethylpyrrole (1.02 g, 11 mmol) and iodopyrrole 12
(2.66 g, 11 mmol) in n-pentane (5 mL) and CH2Cl2 (5 mL) at 0 �C with
stirring over 5 min. A red precipitate formed; this was removed by filtration
and washed with cold pentane. The filtrates were neutralized with aqueous
Ca(OH)2 at 0 �C. The organic layer was extracted by CH2Cl2 (100 mL), and
washed with water, dried (MgSO4) and evaporated to obtain orange solid
(1.52 g). The solid was dissolved into benzene (20 mL) then triethylamine


(2 mL, 15.3 mmol) was added, and the reaction mixture was stirred at 25 �C
for 10 min. BF3 ¥OEt2 (3.2 mL, 25.5 mmol) was added and the mixture was
heated to 70 �C for 2 h. The mixture was diluted with EtOAc (100 mL),
washed with water, dried (MgSO4) and evaporated to obtain crude product.
Purification via flash chromatography on silica gel using hexane/CH2Cl2 5:1
gave compound 13 as a orange solid (1.50 g, 36%). M.p. 212 ± 215 �C; Rf�
0.25 (1:1 hexane/CH2Cl2); 1H NMR (CDCl3): �� 2.20 (s, 3H), 2.24 (s, 3H),
2.54 (s, 3H), 2.57 (s, 1H), 6.10 (s, 1H), 7.05 (s, 1H); 13C NMR (CDCl3): ��
11.3, 13.6, 14.8, 15.4, 80.5, 120.1, 132.2, 134.1, 142.2, 143.2, 155.3, 159.2;
HRMS: m/z : calcd for C13H14BF2IN2: 374.0263; found: 374.0266 [M]� .


BODIPY 14 : A mixture of compound 12 (0.2 g, 0.53 mmol), [Pd2(dba)3] ¥
CHCl3 (56 mg, 0.062 mmol), CuI (35 mg, 0.18 mmol), phenol (46 mg,
0.49 mmol) and nBu4NI (0.68 g, 1.85 mmol) was flushed with nitrogen,
then, DMF (5 mL) and iPr2Et (0.25 mL) were added, and the mixture was
stirred at 25 �C for 5 min. It was then allowed to cool to 0 �C, trimethylsi-
lylacetylene (0.13 mL, 0.93 mmol) was added, and the mixture was stirred
at room temperature for 2 h. The mixture was diluted with EtOAc (20 mL),
washed with water, dried (MgSO4) and evaporated to yield crude product.
This was purified via silica gel chromatography (hexane/EtOAc 15:1)
giving compound 14 (0.15 g, 82%). M.p. 212 ± 213 �C; Rf 0.51 (hexane/
EtOAc 4:1); 1H NMR (CDCl3): �� 0.28 (s, 9H), 2.23 (s, 3H), 2.27 (s, 3H),
2.54 (s, 3H), 2.61 (s, 3H), 6.08 (s, 1H), 7.03 (s, 1H); 13C NMR (CDCl3): ��
0.1, 10.5, 11.2, 13.3, 14.7, 97.4, 100.5, 113.5, 119.9, 120.6, 131.3, 134.5, 141.5,
142.9, 157.7, 158.9; HRMS: m/z : calcd for C18H23BF2N2Si: 344.1692; found:
344.1698 [M]� .


BODIPY 15 : A solution of trimethylsilylethynyl-BODIPY 14 (0.15 g,
0.44 mmol) in THF (5 mL) was stirred at �78 �C under nitrogen while
TBAF (1.0� in THF, 0.65 mL, 0.65 mmol) was added dropwise over a few
minutes. The solution was warmed to 25 �C and stirred at this temperature
until TLC analysis indicated completion of reaction (�30 min). The
solution was poured into water (50 mL) and extracted with EtOAc
(20 mL). The organic layer was washed with water, dried (MgSO4) and
evaporated to yield crude product. This was purified via silica gel
chromatography (hexane/EtOAc 15:1) giving compound 15 (60 mg,
51%). M.p. 173 ± 175 �C; Rf 0.40 (hexane/EtOAc 4:1); 1H NMR (CDCl3):
�� 2.25 (s, 3H), 2.29 (s, 3H), 2.56 (s, 3H), 2.62 (s, 3H), 3.35 (s, 1H), 6.10 (s,
1H), 7.06 (s, 1H); 13C NMR (CDCl3): �� 10.4, 11.3, 13.2, 14.8, 76.2, 83.0,
112.1, 120.1, 120.7, 131.1, 134.7, 141.8, 143.2, 157.4, 159.4; HRMS: m/z : calcd
for C15H15BF2N2: 272.1296; found: 272.1296 [M]� .


BODIPY 16 : nBuLi (1.6� in hexane, 1 mL, 1.6 mmol) at �78 �C under
nitrogen was added to a solution of 4-(trimethylsilylethynyl) iodobenzene
(0.3 g, 1.13 mmol) in THF (5 mL). After stirring for 15 min at �78 �C,
trimethylborate (0.2 mL, 1.6 mmol) was added in one portion. The mixture
was warmed to 25 �C, stirred for 30 min, and quenched with dilute HCl
solution. The mixture was extracted with EtOAc (20 mL), washed with
water, dried (MgSO4) and evaporated to obtain the crude 4-(trimethylsi-
lylethynyl)phenylboronic acid that was used without further purification.


The boronic acid isolated from above procedure, compound 9 (0.10 g,
0.27 mmol) and [Pd(PPh3)4] (30 mg, 0.027 mmol) in toluene (10 mL),
ethanol (5 mL) and 2� Na2CO3 (2 mL) were heated under reflux for 5 h.
The mixture was cooled to 25 �C and diluted with EtOAc (20 mL). The
mixture was washed with water, dried (MgSO4) and evaporated to yield the
crude product. This was purified via silica gel chromatography (hexane/
CH2Cl2 3:1) giving compound 16 (90 mg, 80%). M.p. 209 ± 210 �C; Rf 0.39
(hexane/CH2Cl2 1:1); 1H NMR (CDCl3): �� 0.27 (s, 9H), 2.23 (s, 3H), 2.30
(s, 3H), 2.53 (s, 3H), 2.59 (s, 3H), 6.11 (s, 1H), 7.14 (s, 1H), 7.21 (d, J�
8.4 Hz, 2H), 7.55 (d, J� 8.1 Hz, 2H); 13C NMR (CDCl3): �� 0, 10.2, 11.3,
13.3, 14.7, 94.8, 104.9, 119.4, 120.3, 121.7, 129.5, 129.6, 131.1, 132.0, 132.2,
133.9, 137.0, 141.7, 154.3, 157.7; HRMS: m/z : calcd for C24H27BF2N2Si:
420.2005; found: 420.2008 [M]� .


BODIPY 17: A solution of compound 16 (90 mg, 0.21 mmol) in THF
(5 mL) was stirred at �78 �C under nitrogen while TBAF (1.0� in THF,
0.26 mL, 0.26 mmol) was added dropwise over a few minutes. The mixture
solution was warmed to 25 �C and stirred until TLC analysis indicated
completion of the reaction (�30 min). The solution was poured into water
(50 mL) and extracted with EtOAc (20 mL). The organic layer was washed
with water, dried (MgSO4) and evaporated to yield crude product. This was
purified via silica gel chromatography (hexane/CH2Cl2 4:1) giving com-
pound 17 (50 mg, 68%). M.p. 204 ± 205 �C; Rf 0.16 (hexane/CH2Cl2 1:1);
1H NMR (CDCl3): �� 2.23 (s, 3H), 2.29 (s, 3H), 2.55 (s, 3H), 2.59 (s, 3H),
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3.16 (s, 1H), 6.11 (s, 1H), 7.15 (s, 1H), 7.24 (d, J� 8.1 Hz, 2H), 7.58 (d, J�
8.1 Hz, 2H); 13C NMR (CDCl3): �� 10.2, 11.3, 13.3, 14.7, 77.6, 83.5, 119.5,
120.3, 120.6, 129.6, 130.9, 132.2, 132.5, 133.9, 134.3, 136.9, 141.8, 154.1, 157.8;
HRMS: m/z : calcd for C21H19BF2N2: 348.1609; found: 348.1601 [M]� .


Silyldiyne 18 : A mixture of 9-ethynylanthracene (200 mg, 0.78 mmol),
4-(trimethylsilylethynyl)iodobenzene (250 mg, 0.86 mmol), [Pd(PPh3)4]
(8 mg, 0.07 mmol) in triethylamine (2 mL) and THF (10 mL) was stirred
at 60 �C under nitrogen for 12 h. The mixture was diluted using EtOAc
(20 mL), washed with water, dried (MgSO4) and evaporated to yield crude
product. The residue was purified via silica gel chromatography (hexane/
CH2Cl2 10:1) giving compound 18 (220 mg, 75%). M.p. 45 ± 46 �C; Rf 0.32
(hexane/CH2Cl2 6:1); 1H NMR (CDCl3): �� 0.32 (s, 9H), 7.49 ± 7.64 (m,
6H), 7.71 (d, J� 8.4 Hz, 2H), 8.01 (d, J� 8.4 Hz, 2H), 8.42 (s, 1H), 8.63 (d,
J� 8.4 Hz, 2H); 13C NMR (CDCl3): �� 0, 88.3, 96.4, 100.3, 104.7, 116.9,
123.0, 123.6, 125.7, 126.6, 126.7, 128.0, 128.7, 131.1, 131.4, 132.0, 132.6;
HRMS: m/z : calcd for C27H22Si: 374.1491; found: 374.1493 [M]� .


Diyne 19 : A solution of compound 7 (220 mg, 0.80 mmol) in THF (10 mL)
was stirred at �78 �C under nitrogen while TBAF (1.0� in THF, 1.2 mL,
1.2 mmol) was added dropwise over several minutes. The mixture solution
was warmed to room temp until TLC analysis indicated completion of
reaction (�30 min). The solution was poured into water (50 mL) and
extracted with EtOAc (20 mL). The organic layer was washed with water,
dried (MgSO4) and evaporated to yield crude product. This was purified via
silica gel chromatography (hexane/CH2Cl2 10:1) giving compound 19
(200 mg, 75%). M.p. 45 ± 46 �C; Rf 0.32 (hexane/CH2Cl2 6:1); 1H NMR
(CDCl3): �� 7.49 ± 7.64 (m, 6H), 7.73 (d, J� 8.4 Hz, 2H), 8.01 (d, J� 8.4 Hz,
2H), 8.42 (s, 1H), 8.63 (d, J� 8.4 Hz, 2H); 13C NMR (CDCl3): �� 79.1,
83.3, 88.4, 100.1, 116.8, 122.0, 124.0, 125.7, 126.6, 126.7, 128.1, 128.7, 131.1,
131.4, 132.2, 132.6; HRMS: m/z : calcd for C24H14: 302.1096; found:
302.1095 [M]� .


Spectroscopic studies : Spectroscopic grade ethanol was purchased from
Kemetyl, chloroform for UV spectroscopy was obtained from Fluka, and
synthetic grade propane-1,2-diol from Merck-Schuchardt. Absorption
spectra were recorded on a GBC 912 (GBC Scientific Equipment Pty,
Ltd, Australia). A SPEX fluorolog 112 instrument (SPEX Industries,
Metuchen, NJ, USA) equipped with Glan-Thompson polarizers was used
for depolarization experiments. The excitation and emission bandwidths
were 5.6 and 2.7 nm, respectively. All fluorescence spectra were corrected.
To avoid re-absorption, the maximum absorbance was kept below 0.08.
Time-resolved fluorescence experiments were performed on a modified
PRA 3000 instrument (PRA Inc., London, Ontario, Canada) using light
emitting diodes, NanoLED-01 and NanoLED-05 (IBH, Glasgow, Scotland,
UK), for excitation. Excitation wavelengths were isolated through inter-
ference filters centered at 440 nm (HBW� 11 nm), 500 nm (HBW�
12 nm) and 520 nm (HBW� 28 nm) (Omega/Saven, Sweden). Fluores-
cence was observed either through an interference filter at 550 nm
(HBW� 40 nm) or a long-pass filter above 610 nm (Schott, Germany).


The fluorescence quantum yield was calculated using the following
relationship:


��� {1� exp(�Aref ln10)}n2 ¥ F(�)d�[{1 � exp(�A ln10)}n 2
ref ¥ Fref(�)d�]�1


where A, n and F denote the absorbance at the excitation wavelength, the
refractive index of the medium and the corrected fluorescence spectrum.
The reference systems used were perylene in ethanol (�� 0.92)[26±28] and
3,3�,4,4�-difluoro-1,3,5,7-tetramethyl-4-borata-3a-azonia-4a-aza-s-indacene
in methanol (�� 0.94).[29]


The concentrations used in the determination of quantum yields were
decided upon by the following procedure. To avoid re-absorption, the
absorption maximum of BODIPY was chosen to be less than 0.08. Using an
estimated molar absorptivitity of 60000��1 cm�1, the concentrations were
therefore always in the micromolar range.


Ultrafast spectroscopic measurements


General considerations : The time constant for energy transfer from the
substituted anthracene moiety to the BODIPY component was measured
by ultrafast spectroscopy, by directly probing absorption and fluorescence
signals attributable to the anthracene species. Low-quantum-yield emis-
sions from the anthracene chromophores (�� 5� 10�5) were not readily
detected by the usual fluorescence methods, in competition with intrinsic


impurities, decomposition products and scattered laser radiation. However,
this ultrashort-lived emission can be detected in real time through the
application of ultrafast spectroscopy. One approach uses an optical gate, in
which some of the emitted fluorescence is mixed with a laser pulse in a
nonlinear crystal to generate optical sum-frequency radiation. This signal
can then be detected against a much reduced background signal via a
monochromator/photomultiplier combination. Such an approach was used
by in this laboratory to time-resolve the emission from 5, and provides a
reference point for the data presented here.[25] However, intrinsically low
signals and sample quantities limited the application of this approach.


Pump-probe techniques provide an alternative way to monitor ultrafast
transient events in electronically excited molecules, providing potentially
larger signals in the limit of short time resolution. It is well established that,
when ultrashort-lived higher-energy electronic states of a molecule are
populated by the consecutive absorption of photons from two laser pulses,
weak fluorescence can be observed against nearly zero background. This
technique was used by Topp and co-workers at 10 ± 30 ps time resolution to
time-resolve the singlet lifetimes of weakly fluorescent heterocyclic
aromatic molecules and some other species.[30] The present experiments
on the anthracene ±BODIPY cassettes have excited the anthracene moiety
by 415 nm pulses, and subsequently populated an even higher-energy state
via 830 nm pulses, leading to fluorescence at �� 275 nm. The dependence
of the resulting ultraviolet fluorescence intensity on pulse separation
provides a record of the dynamics of the intermediate state.


Apparatus : The experiments used a Ti/sapphire laser oscillator/amplifier
combination, delivering 200 mW of average power near 830 nm at a
repetition rate of 1 kHz. The pulse autocorrelation profile had a width of
�60 fs. Second-harmonic radiation near 415 nm (�10 mW) was generated
in a 1 mm thick BBO crystal, after which the beams were split and then
recombined after passing the 830 nm pulses through a variable optical
delay line, which was scanned in steps of 1.5 �m (/10 fs increment), and a
620 Hz beam chopper. The experiment used a flowing sample cell �1 mm
thick, of which fluorescence from the front portion was imaged onto the
entrance slit of a double monochromator. The cross-correlation profile of
the two pulses, as measured by third-harmonic generation at the surface of
a silica slide was �90 fs, and the overall cross-correlation profile of the
experiment, which was limited by group velocity dispersion in the sample
cell, was measured to be �150 fs fwhm. The output from a photomultiplier
mounted on the back of the monochromator was sampled by a lock-in
amplifier synchronized to the beam chopper, and the output was fed to a
computer. The experiment involved either a) scanning the fluorescence
signal as a function of wavelength at a fixed delay time to generate a
transient emission spectrum, or b) scanning the delay line for a fixed
detection wavelength to record a time profile.


The results for the above approach were compared with preliminary
measurements that had been made earlier for cassettes 4 ± 6 by fluores-
cence upconversion.[25] Since the results agreed closely, we are satisfied that
the two-photon approach is indeed measuring the lifetime of the
anthracene excited state. This approach was then used for all cassettes
because the signal-to-noise ratio was more favorable than for fluorescence
upconversion.
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Asymmetric Synthesis of Oxygen Heterocycles via Pd-Catalyzed Dynamic
Kinetic Asymmetric Transformations: Application to Nucleosides


Barry M. Trost,* Brian S. Brown, Ernest J. McEachern, and Oliver Kuhn[a]


Abstract: Racemic butadiene and iso-
prene monoepoxide react with unsatu-
rated alcohols in the presence of a chiral
palladium catalyst and a boron co-cata-
lyst to give 3-alkoxy-4-hydroxy-1-butene
and 3-alkoxy-4-hydroxy-3-methyl-1-bu-
tene, respectively, with excellent regio-
and enantioselectivity in a dynamic
kinetic asymmetric transformation
whereby both enantiomers of the start-
ing epoxides provide the same enantio-
meric product. In the case of 2-phenyl-
butadiene monoepoxide, easily availa-
ble from phenacyl chloride and


vinylmagnesium bromide, the reaction
proceeds by kinetic resolution. A model
to rationalize the result is presented. The
bis-olefin products are ideal substrates
for the Ru catalyzed ring closing meta-
thesis. In this way, five-, six-, and seven-
membered oxygen heterocycles are
readily available enantiomerically pure.
The value of this very simple two step


process is demonstrated by the use of
the five-membered ring heterocycles to
form unnatural and unusual nucleosides
that cannot be easily accessed by other
means. The sequence involves a Ru
catalyzed isomerization of the initial
2,5-dihydrofuran to a 2,3-dihydrofuran
followed by a selenium promoted addi-
tion of a pyrimidine or purine base. One
advantage of this strategy is the easy
access to either enantiomeric series,
both of which have important biological
applications.


Keywords: asymmetric catalysis ¥
asymmetric synthesis ¥ metathesis ¥
nucleosides ¥ palladium


Introduction


The asymmetric synthesis of oxygen heterocyles represents an
important task because of the widespread occurrence of such
structural motifs and their use as building blocks. The
importance of nucleosides wherein the core ring is a
tetrahydrofuran drew our attention especially to the case of
five-membered rings. Nonetheless, larger rings are also of
interest. Our strategy evolved from the ability to effect
dynamic kinetic asymmetric transformations (DYKAT) of
racemic epoxides with alcohol nucleophiles using Pd cata-
lyzed asymmetric allylic alkylation (AAA). The intrinsic
presence of a carbon-carbon double bond in such processes
raised the question of a sequential Pd-catalyzed AAA and
Ru-catalyzed metathesis sequence as shown in Equation (1).
Simple variation of the chain length of the alcohol partner
then would provide access to various ring sizes.


The case of five-membered rings holds special significance.
In addition to the proven therapeutic potential of �-nucleo-
side analogues, a number of �-nucleoside analogues have


recently demonstrated interesting biological activity as well.[1]


Highlighting the need for enantioselective versatility, the
™unnatural-like∫ compounds 3TC and FTC were found to be
more potent and less toxic than their corresponding anti-
podes.[2] More traditional, furanyl analogues such as �-ddC
and �-d4A[3] also show promise as anti-HIV and anti-HBV
agents.


Non-racemic syntheses have generally utilized chiral pool
starting materials, or a resolution of racemic material. The
first method has the disadvantage of having easy access to
only one enantiomer through occasionally lengthy sequences,
while the second produces both enantiomers, but discards the
unwanted half of the racemic mixture. The desymmetrization
of a meso-diester provides a more flexible approach to non-
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racemic material of either enantiomer in high optical purity
and chemical yield [Eq. (2)].[4] One aspect that is an issue with
respect to this approach, however, was the elaboration of the
remaining benzoate to the desired hydroxymethyl group via a
carboxylic acid moiety. A more direct synthesis of the
hydroxymethyl series is desirable.


Additionally, a number of 4�-substituted analogues have
been recently synthesized and found to display considerable
biological activity. For example, the 4�-�-methyl compounds
1[5] and 2[6] both possess antiviral activity against HSV, VZV,
and HIV, although they also show considerable cytoxicity.
While the 4�-ethynyl analogue 3[7] retains potent activity
against HIV, it is also much less cytotoxic than the others,
offering results which encourage more investigation in this
area. The synthesis of virtually all 4�-substituted analogues
start from naturally-occurring sugars or nucleosides, generally
proceeding through a 5�-oxo compound,[8] although methods
using 4�,5�- or 3�,4�-didehydro compounds also exist.[9] Un-
fortunately, these routes tend to be lengthy and limit 4�-
substitution to groups which can be installed by enolate
chemistry. In an attempt to improve upon the known synthetic
sequences, an alternative strategy was devised based on the
construction of the sugar moiety by ring-closing metathesis of
non-racemic diallyl ethers to form 2,5-dihydrofurans, which
could then be elaborated to the desired nucleoside analogues
as shown in Scheme 1.


Scheme 1. Retrosynthetic analysis.


We, therefore, undertook a study of the use of unsaturated
alcohols in the Pd-DYKAT process with three different vinyl


epoxides. To demonstrate the utility of the new route, the
syntheses of �-2�,3�-dideoxydidehydro nucleoside analogues
possessing an H, Me, or Ph group in the 4�-�-position were
examined, with the phenyl compounds being previously
unreported and not easily accessible by traditional methods.
This strategy then addresses the limitations previously


mentioned by providing a suc-
cinct route to a wider range of 4�-
substituted analogues in either
enantiomeric series.


DYKAT: The Pd-DYKAT of
racemic epoxides involves treat-
ment of a 1:1 mixture of the
alcohol and the vinyl epoxide
with the chiral catalyst in the
presence of 1 mol% triethylbor-


ane as a co-catalyst.[10] The reaction with commercial buta-
diene monoepoxide (epb, 4) is depicted in Equation (3) and
summarized in Table 1. For the reaction to succeed, the


intermediate �-allylpalladium complex must interconvert
between the two diastereomeric forms (when L* is chiral
which become enantiomeric if L is achiral) faster than transfer
of oxygen. Furthermore, the oxygen nucleophile must be
preferentially transferred to the more substituted allyl termi-
nus. The role of the boron co-catalyst is twofold, 1) to enhance
the ability of alcohols to serve as good nucleophiles via
formation of ™ate∫ complexes and 2) to temporarily tether the
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Table 1. Pd-DYKAT of vinylepoxides.


Epoxide Alcohol Yield [%] ee [%]


1[a] 4 n� 1 (5a) 80 (7a) 90
2[a] 4 n� 2 (5b) 82 (7b) 90
3[a] 4 n� 3 (5c) 84 (7c) 90
4[a] 4 n� 4 (5d) 80 (7d) n.d.[e]


5[b] 10a n� 1 (5a) 86 (11a) 94
6[b] 10a n� 2 (5b) 83 (11b) 96
7[b] 10a n� 3 (5c) 86 (11c) 91
8[c] 10b n� 1 (5a) 33 (66)[d] (12, n� 1) 87


[a] Reaction performed with 0.5 mol% 8, 1.5 mol% 9b, 0.5 mol%
triethylborane and 5 mol% DMAP in methylane chloride at RT. [b] Re-
action performed with 1 mol% 8, 3 mol% 9a, and 1 mol% triethylborane
in methylene chloride at RT. [c] Reaction with 1 mol% 8, 3 mol% 9a, and
20 mol% DMAP in dioxane at RT. [d] Yield in parentheses based upon
45% conversion. [e] n.d.� not determined.
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nucleophile to the epoxide oxygen to help deliver it to the
proximal carbon as shown in 6.


In the event, unsaturated alcohols 5a ±d reacted smoothly
with 4 using 1 mol% Pd precatalyst 8, 3 mol% ligand 9 and
1 mol% triethyl- or tri-sec-butyl borane to give good yields of
the product 7a but only in 64 ± 69% ee. Switching to the more
constrained naphthyl ligand 9b increased the ee to 92%.
Dropping the catalyst load to 0.5 mol% 8, 1.5 mol% 9b and
0.5 mol% triethylborane, gave comparable yield and ee (see
Table 1, entry 1). Using homoallyl alcohol 5b, a similar trend
was observed. Thus, the latter conditions were adopted as our
standard as summarized in Table 1 (entries 1 ± 4). In the case
of unsaturated alcohol 5d, the ee of the product 7d was not
determined (see below) but we assume it will be similar. In all
cases, only one regioisomer was observed.


Switching to isoprene monoepoxide (10a) gave somewhat
better results as summarized in Equation (4) and Table 1. At
first glance, the requirement for attack to form a quarternary
center might have been thought to be more difficult. Quite the
contrary was the case. First, the ™standard∫ ligand 9a sufficed
to give excellent results. Second, no DMAP was needed as a
co-catalyst. Third, the enantioselectivities were slightly high-
er.


On the other hand, the phenyl substrate 10b proved to be
quite different. This substrate is easily accessed from phenacyl
chloride and vinylmagnesium bromide in 91% isolated
yield.[11] This epoxide reacted very sluggishly. Stoichiometric
triallyl borate was required for any reasonable yields. Using
1 mol% 8 and 3 mol% of the ™standard∫ ligand 9a in
methylene chloride gave only a 35% conversion to product
of 34% ee. Using DMSO increased the conversion to 94% but
the ee dropped to 10%. Ether solvents proved best for ee,
56% in Et2O, 70% in THF, 81% in dioxane, and 84% in
DME. Greater reproducibility in dioxane led to its being the
solvent of choice; however, the conversion was still only 28%.
Adding 20 mol% DMAP increased the conversion to 45%
with an ee of 87%. Increasing the DMAP to 100 mol% gave a
similar conversion, although somewhat lower yield, but
enhanced the ee to 94%. Changing the palladium source to
palladium acetate or �-allylpalladium chloride dimer, which
normally give more kinetically active catalyst, decreased the
conversion but maintained high ee, 93 ± 94%. No beneficial
effects were obtained by using chloride or fluoride salts.


Under conditions giving good enantioselectivity, the addi-
tion apparently occurs by a traditional kinetic resolution, as
demonstrated by the low conversions and enhanced ee of the
recovered starting material. Due to the considerable steric
differences between the H, Me, and Ph substituents, the
absolute stereochemistry of the product and recovered
starting material was determined to confirm reaction in
accord with the normal mnemonic [(S,S)-ligand reacting via
the syn hydroxymethyl complex to give (R)-product for 7 and
11 but (S)-product for 12 because of change in priorities, not
absolute configuration].[12] Treatment of recovered 10b (46%
ee) with ozone, followed by sodium borohydride reduction,
provided the known alcohol 13[13] in 73% yield and 41% ee
[Eq. (5a)].


Based upon the optical rotation, the major epoxide
enantiomer was determined to possess the (R) configuration;
this indicates preferential ionization of the (S)-10b in the
addition reaction (any potential Payne rearrangement here
results in retention of absolute stereochemistry and is not a
concern). The increased reactivity of (S)-10b does not
necessarily favor formation of (S)-12 (n� 1) due to the
possibility of allyl interconversion under the Pd-catalyzed
conditions. Therefore, 12 (n� 1) was reconverted to starting
10b to determine the absolute configuration of the newly
created center, which was found to be the expected (S)-isomer
[Eq. (5b)]. Overall, these results indicate selective ionization
followed by a slower, but competitive, alkoxy transfer.


Metathesis : Ring-closing metathesis to form the five-mem-
bered rings as summarized in Equation (6) proceeded well
with 2 mol% of Grubbs I catalyst 13[14] to produce the 2,5-
dihydrofurans 14a ± c of high enantiopurity. No loss of
stereochemical integrity accompanied the RCM, that is, the
enantiopurities of the products were identical to those of the
acyclic precursors.


In contrast to the above, cyclization to the dihydropyrans
proved more challenging. Conditions similar to those of
Equation (6) with substrates 7b and 11b proceeded very
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sluggishly and incomplete conversion persisted even upon
heating. Speculating that the free hydroxyl group might be the
culprit was counterintuitive since coordination to ruthenium
in a carbene intermediate would have been anticipated to be a
more severe problem for 7a, 11a, and 12. Nevertheless, using
5 mol% of complex 13 and 30 mol% of titanium tetraiso-
propoxide,[15] presumably to coordinate the OH function, as
well as elevated temperature (40 �C) and extended reaction
times (18 h) gave good to moderate yields of dihydropyrans
15a and 15b as summarized in Equation (7).


A more effective solution was employment of the corre-
sponding acetates 16a,b.[16] In the case of the unsubstituted
substrate 16a, cyclization proceeded very smoothly under the
conditions of Equation (6) within 3 h. However, substrate 16b
only led to 43% conversion under the identical conditions
even with 18 h reaction time. Increasing the catalyst load to
5 mol% increased the conversion to 61% which did not
improve when the reaction was run at 40 �C. The best result
was obtained by adding three portions of 2 mol% each of
catalyst 13 over a 72 h period whereby conversion was 94%
and the isolated yield of the product was 85%. Again, no loss
of enantiopurity was observed.


Extending the chain one more carbon led to even bigger
problems. For the unsubstituted substrate 7c, the best
conditions found for substrate 7b with titanium tetraisopr-
oxide as a co-catalyst gave only a 50% conversion to alcohol
17a [Eq. (8)]. The same conditions gave no conversion of
diene alcohol 11c. Using the monoacetate 16c, however, gave
an excellent yield of the oxepin 17c. Unfortunately, diene
acetate 16d gave no cyclization to oxepin 17d. Only
intermolecular coupling to form the symmetrical 1,2-disub-
stituted alkene arising by metathesis of the monosubstituted
olefin was observed.


A quick examination of the RCM of acetate 18 to the eight-
membered ring 19 proceeded only in low yield (10%), with
symmetrical 1,2-disubstituted alkene being the major product
besides unreacted starting material [Eq. (9)]. Because of the
failure of the RCM, establishing the ee of the alcohol
precursor 7d was not pursued.


Nucleoside synthesis : Initially, the most direct route to the
desired nucleoside analogues was considered to be one
proceeding through cyclic carbonate 20, which would then
allow for nucleoside base installation by a palladium-cata-
lyzed amination procedure. Two main paths to 20 are outlined
in Scheme 2, and involve either alcohol activation followed by
electrophilic cyclization and elimination, or an alcohol-
directed epoxidation followed by epoxide opening. A variety
of substrates prepared for the top route, including the Boc,
N,N-dimethylcarbamate, N-tosylcarbamate,and pyrrolidinyl-
carbamate derivatives, failed to provide the desired cycliza-
tion products under a number of electrophilic cyclization
conditions using selenium, iodine, or palladium. This route
was therefore abandoned in favor of the epoxidation strategy.


Scheme 2. Initial proposed nucleoside precursor.


After examination of several epoxidizing reagents, trifluor-
operacetic acid was found to give significantly better results
than the others, delivering the desired products 21 and 22 in
reasonable yields [Eq. (10)]. Due to its easier handling,
elaboration of 22 was initially examined.


Base-mediated epoxide isomerization[17] attempts led only
to decomposition, except in the case of LHMDS, which
afforded 50% of the corresponding TMS-protected starting
material (23). This result then led to preparation of the
TBDMS ether 24 (TBDMS-Cl and 22, 83% yield), reasoning
that a silyl group protected against decomposition. Epoxide
opening then occurred smoothly with LiNEt2 giving allylic
alcohol 26a in 78% yield [Eq. (11)]. Attempted in situ
formation of the corresponding cyclic carbonate 26b starting
from acyclic carbonate 25 (22 and ClCO2CH3, 78% yield)
failed.
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The desired activation of alcohol 26a was accomplished
using n-butyllithium as base, followed by trapping to give the
acetate, pivaloate, or benzoate [Eq. (12)]. These compounds
had to be used as the crude materials since they were unstable
to chromatography. Efforts to install more labile phosphate,
carbonate, or even the originally sought cyclic carbonate
leaving groups led only to decomposition. Therefore, nucleo-
side base introduction was examined using allylic acetate 27.


Under a variety of conditions, the planned Pd-catalyzed allylic
amination proceeded very poorly, giving low yields, conver-
sions, and diastereoselectivities. The reasons for this remain
unclear, since similar �-allyl chemistry efficiently delivered
nucleoside products.[4] The slight improvement in results using
phosphite ligands indicates the problem may lie in the initial
complexation of the enol ether, although examples of
successful allylic alkylation in similar systems also exist. The
most efficient conditions proved to be simple base-mediated
SN2� displacement under thermal conditions, although these
conditions were still unacceptable.


Therefore, a new route was devised involving alkene
isomerization of the 2,5-dihydrofurans to the corresponding
furanoid glycals. A number of literature precedents exist for
the conversion of glycals to nucleoside analogues, with the
enantiomer of 30 being a known intermediate in the syntheses
of d4T and d2T via selenium-mediated electrophilic glyco-
sylation.[18] Although conversion of unsubstituted 2,5-dihy-
drofuran to 2,3-dihydrofuran is known,[19] initial isomerization
attempts met with disappointing results, giving either no
reaction or decomposition. However, successful isomeriza-
tions of alkenes into conjugation with oxygen using ruthenium
catalysts have been reported by Mori, Curran, and others,[20]


although never specifically in the context of furanyl glycals.


Indeed, reaction of silyl ether 29 with catalytic [H2Ru-
(CO)(PPh3)3] efficiently promoted the desired migration to
dihydrofuran 30 [Eq. (13)].


Approximately 10% of the trisubstituted glycal 32 was
observed, but fortunately analysis of the free alcohol 31,
obtained by TBAF-mediated desilylation, indicated that no
racemization had occurred under the reaction conditions. This
sequence therefore, represents a formal synthesis of the
unnatural antipodes of d4Tand d2T, and this material was not
advanced further. The corresponding isomerization of the 2,2-
disubstituted compounds 33 and 34, where no alternative
migration is possible, proceeded even more efficiently
[Eq. (14)] to 35 and 36, respectively.


Although successful glycal elaboration with a number of
electrophiles has been reported, the silylated base/PhSeCl
system[18] worked best here [Eq. (15)]. Modifications did lead
to improvements. For example, changing from ether to
dioxane increased the diastereoselectivity from 1.8:1 to 4.7:1
with bis-(trimethylsilyl)-thymine (TMS2T) as a nucleophile
and more dramatically, from 1.4:1 to 16:1 with bis-(trimethyl-
silyl)-uracil [(TMS)2U] as a nucleophile. In all cases, InCl3
proved to be the preferred Lewis acid, although the optimal


amount (catalytic or stoichiometric) varied from case to case
(Table 2). Also, the amount of nucleophile did not generally
affect the results much, except when using 6-chloropurine.
The anomalous results here are not understood, but may be
linked to variation in the quality of the in situ-formed silylated
bases. Also not understood are the low yields in glycosylation
with the 4�-methylglycal since this reaction is reported to work
well in the unsubstituted case and gives the highest yield for
any reaction in this study in the 4�-phenyl series. Another
interesting difference between the Lewis acids is in the
selectivity difference in entries 6 and 7. Although SnCl4 gives a
lower yield, it is much more selective. This selectivity trend is
reversed however with the phenyl-substituted compound
(entries 13 ± 15). Optical purity remained unchanged by the
glycosylation, as shown by chiral HPLC analysis of 4�-methyl-
6-chloropurine analogue 44 and the 4�-phenyluridine ana-
logue 45 after their conversions to free alcohols. This was true
for both InCl3 and SnCl4.


The dihydrofuryl compounds were all deprotected to the
free didehydronucleoside analogues [Eq. (16) and (17)]. This


allowed the assignment of the
major diastereomers of 37 and
39 based on conversion to, and
comparison with, the known cor-
responding alcohols 42 and 47.[6]


The minor compounds in these
reactions were assumed to be the
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C1�-epimers, although this has not been rigorously establish-
ed. Preferential formation of the �-anomers in the 4�-phenyl
system was assumed based on analogy to the methyl series.
This is supported by the large difference in 1H NMR shifts of
the C6 proton between the epimers of 45. While the major
isomer, presumed 45�, shows the usual shift at 8.11 ppm, the
minor 45� displays this proton at 6.82 ppm, most likely due to
anisotropic shielding by the cis phenyl ring. (The use of � and
� refers to the stereochemistry as drawn in Equation (17)
wherein � refers to the enantiomer of the natural nucleo-
sides). For the 6-chloropurine substitutions, no significant
amounts of N7-products were detected (again, assuming the
reported isomers to be C1�-epimers).


Conversion of the 6-chloropurines to the adenines was
accomplished by heating in NH3 saturated MeOH [Eq. (18)].
For the 4�-methyl analogues, amination prior to silyl depro-
tection proceededmore efficiently than when these steps were
reversed. For example, amination of silyl ether ent-39
proceeds in 74% yield while amination of alcohol 44 occurs
in only 36% yield [Eq. (19)]. Small but appreciable amounts
(up to 20%) of the corresponding 6-methoxy compounds
were also observed in the amination reaction.


Discussion and Conclusion


The palladium catalyzed AAA reactions of vinyl epoxides
provides a simple and powerful atom economical approach to
very flexible building blocks wherein a tetrasubstituted
carbon has three quite distinct functional groups for individ-
ual manipulation–one of which is an alkene [Eq. (20)].


Thus, incorporating a double bond into the pronucleophile
sets the stage for ring formation. When the pronucleophile is
an alcohol then the ring being formed is an oxygen hetero-
cycle. Indeed, five to seven-membered oxygen heterocycles
are now easily accessed asymmetrically by this strategy. The
fact that both enantiomers of racemic epoxide can be
converted to the same enantiomer of the product and that
the enantiodiscriminating event simultaneously builds more
of the structure of the desired final target (and does not just
simply introduce chirality) provides increased practicality.


While the DYKAT worked well for small R groups in the
epoxide, phenyl was a problem. Clearly, the nature of the
chiral space restricts formation of both diastereomeric
palladium complexes with these chiral ligands. We have
previously demonstrated that a phenyl substitutent has no
particular bias to go syn or anti relative to methyl in the �-
allylpalladium intermediate during ionization with these
chiral ligands.[21] The source of this behavior may be the
duality of steric size of the phenyl group, that is, it is bulky in
the plane of the ring but relatively non-bulky if rotated so that
interactions occur above or below the plane of the ring. This
reasoning favors ionization to form the �-allylpalladium
complexes wherein the alkoxymethyl group is preferentially
syn as shown in structures II and IV [Eq. (21) and (22)].
Therefore, structures I and III are labelled as disfavored.
Whereas, ionization from (S)-10bmeets this requirement and
places this group in the sterically uncongested ™flap∫ region of
the ligand forming the favored II, ionization from (R)-10b
makes this group butt against a ™wall∫ of one of the aromatic
rings on the ligand forming the disfavored IV. The sterically
bulky phenyl ring on the same carbon as the alkoxymethyl
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Table 2. Synthesis of nucleoside analogues.


R Nu (equiv) L.A. (equiv) Product Yield [%] (� :�)


1 Me (35) (TMS)2T (2) SnCl4(1.2) 37 42 (4.7:1)
2 (2) SnCl4 (0.1) 37 58 (3.5:1)
3 (2) InCl3 (1.5) 37 59 (5.0:1)
4 (4) InCl3 (1.5) 37 73 (7.1:1)
5 (2) InCl3 (0.1) 37 70 (7.1:1)
6 (TMS)2U (2) SnCl4 (1.2) 38 39 (16:1)
7 (2) InCl3 (1.5) 38 60 (5.0:1)
8 (TMS)6-ClPur (2) AgOTf (1.2) 39 38 (1.4:1)
9 (2) SnCl4 (1.2) 39 32 (2.3:1)
10 (1.3) InCl3 (0.1) 39 14 (1.1:1)
11 (2) InCl3 (1.2) 39 21 (1.3:1)
12 (2) InCl3 (0.1) 39 40 (2.5:1)
13 Ph (36) (TMS)2U (2) SnCl4 (1.2) 40 60 (6.0:1)
14 (2) InCl3 (0.1) 40 67 (9:1)
15 (1.3) InCl3 (0.1) 40 66 (10:1)
16 (TMS)6-ClPur (2) SnCl4 (1.2) 41 62 (5.3:1)
17 (2) InCl3 (1.2) 41 83 (4.4:1)
18 (1.3) InCl3 (0.1) 41 49 (5:1)
19 (2) InCl3 (0.1) 41 15 (4.5:1)
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group then prevents minimization of the unfavorable steric
interactions of IV to the extent that it is even difficult to form.
Thus, a true DYKAT becomes more difficult as observed in
the present case.


The metathesis also demonstrates a strong steric depend-
ence.[22] Thus, while the favorability of five-membered ring
formation minimizes such issues, they arise with increasing
dominance in forming six-membered rings and, in the case of
the seven-membered ring bearing a tetrasubstituted carbon,
completely inhibited the reaction. The hydroxyl group has a
similar kinetic effect; however, it can be easily circumvented
by the use of the acetate derivatives. It should be noted that
these type of allylic ethers have been used for chelate
controlled additions of Grignard reagents [Eq. (23)].[23] In
that report, the substrates were obtained enantiomerically
pure by kinetic resolutions. The current method provides a
more efficient approach.


The synthesis of the nucleosides provides further demon-
stration of the value of these oxygen heterocycles available by
this methodology. Unlike starting from the chiral pool, either
enantiomer is easily accessed simply by switching the ligand.
Indeed, ent-39 was prepared exactly in the same manner as 39
and in comparable efficiency and yields. The efficient isomer-
ization of the 2,5-dihydrofurans to the 2,3-dihydrofurans
provides two valuable intermediates in a reasonably atom
economic manner where the only mass loss is a molecule of
ethylene from the starting epoxide and unsaturated alcohol.[24]


The 2,3-dihydrofuran is also an equivalent of the aldehyde 48,


which derives in only 3 steps and possesses diverse function-
ality [Eq. (24)]. The method of Castillon et al proved quite


efficient for diastereoselective
introduction of the nucleoside
bases.


The unsaturated dideoxy nu-
cleosides formed in this work are
of interest in their own right but
also as intermediates for intro-
duction of various substituents
at the 2- and 3-positions. Thus,
unusual nucleosides of high dia-
stereo- and enantiopurity are
available in 5 steps from vinyl
epoxides and allyl alcohol.


Experimental Section


Preparation of 2-(R)-2-methyl-2-allyloxybut-3-en-1-ol (11a): Freshly dis-
tilled allyl alcohol (0.86 mL, 10.0 mmol) and a solution of Et3B (1� in THF,
0.10 mL, 0.10 mmol) were added to a solution of [Pd2dba3] ¥CHCl3
(53.3 mg, 0.0515 mmol) and (1S,2S)-(9a) (0.107 g, 0.154 mmol) in CH2Cl2
(100 mL) to give an orange solution. After stirring for 5 min, neat epoxide
10a (1.00 mL, 10.2 mmol) was added giving a light yellow solution. The
mixture was stirred for 9.5 h, concentrated at 25 mm Hg, and purified by
Kugelrohr distillation (125 �C at 25 mm Hg) to provide 11a as a clear oil
(1.22 g, 8.58 mmol, 86%) in 94% ee by chiral GC analysis (Cyclosil-B,
90 �C, tR(R-(�)-isomer)� 16.5 min, tR(S-(�)-isomer)� 17.8 min); [�]24D �
�7.9 (c� 1.4, CHCl3); IR (film): �� � 3441, 1727, 1646, 1461, 1415, 1122,
1059, 924 cm�1; 1H NMR (300 MHz): �� 5.92 ± 5.75 (m, 2H), 5.26 ± 5.19 (m,
3H), 5.10 (dd, J� 1, 10 Hz, 1H), 3.85 (dd, J� 1, 4 Hz, 2H), 3.48 (d, J�
11 Hz, 1H), 3.41 (d, J� 11 Hz, 1H), 2.16 (br s, 1H), 1.27 (s, 3H); 13C NMR
(75 MHz): �� 139.6, 135.4, 116.8, 115.9, 78.2, 69.3, 63.8, 18.5; elemental
analysis calcd (%) for C8H14O2: C 67.57, H 9.92; found: C 67.45,
H 9.79.


Preparation of 2-(S)-2-phenyl-2-allyloxybut-3-en-1-ol (12, n� 1): A flask
containing [Pd2dba3] ¥CHCl3 (0.222 g, 0.215 mmol), (1S,2S)-(9a) (0.445 g,
0.644 mmol), and DMAP (0.526 g, 4.30 mmol) was evacuated and filled
with N2 three times, and filled with dioxane (100 mL). To this was added
triallyl borate (4.26 mL, 21.5 mmol), and the resulting solution was stirred
for 10 min. Epoxide 10b (3.15 g, 21.5 mmol) was then added, and allowed
to react for 19 h. The reaction mixture was concentrated, diluted with sat aq
NaHCO3 (50 mL) and extracted with CH2Cl2 (2� 50 mL). The combined
organic layers were dried (Na2SO4), concentrated, and purified by flash
chromatography (15% Et2O/PE) to provide recovered 10b as a yellow oil
[1.38 g, 9.44 mmol, 44%, 46% ee by chiral GC analysis (Cyclosil-B, 110 �C,
tR(R-(�)-minor isomer)� 14.0 min, tR(S-(�)-major isomer)� 14.6 min)],
and product 12(n� 1) as a yellow oil [1.45 g, 7.11 mmol, 33%, 87% ee by
chiral GC analysis (Cyclosil-B, 140 �C tR(R-(�)-isomer)� 26.7 min; [�]24D �
�10.4 (c� 1.49, CH2Cl2). tR(S-(�)-isomer)� 28.0 min)]; IR (film): �� �
3450, 3085, 2923, 1645, 1492, 1408, 1059, 925 cm�1; 1H NMR (300 MHz):
�� 7.41 ± 7.27 (m, 5H), 6.12 (ddd, J� 1.2, 11.1, 17.8 Hz, 1H), 5.96 (m, 1H),
5.50 ± 5.30 (m, 3H), 5.17 (d, J� 10.2 Hz, 1H), 3.96 ± 3.83 (m, 4H), 2.00 (br s,
1H); 13C NMR (75 MHz): �� 140.0, 137.2, 135.0, 128.4, 127.7, 127.0, 118.2,
116.0, 82.3, 67.8, 64.5; elemental analysis calcd (%) for C13H16O2: C 76.43, H
7.91; found: C 76.20, H 7.98.


Metathesis to (2-(R)-2,5-dihydrofuran-2-yl)methanol (14a): A solution of
7a (1.37 g, 10.7 mmol) and [Cl2(PCy3)2RuCHPh] (0.176 g, 0.214 mmol) in
CH2Cl2 (110 mL) was stirred for 3 h. The mixture was concentrated
(80 mmHg), and purified by flash chromatography (67% Et2O/pentane)
and Kugelrohr distillation (140 �C at 25 mmHg) to provide 14a as a clear oil
(0.847 g, 8.46 mmol, 79%) in 87 ± 90% ee by chiral GC analysis (Cyclosil-B,
80 �C, tR(S-(�)-isomer)� 20.2 min, tR(R-(�)-isomer)� 20.7 min); [�]24D �
123.8 (c� 1.0, CH2Cl2); IR (film): �� � 3396, 2859, 1654, 1356, 1074,
1038 cm�1; 1H NMR (300 MHz): �� 6.02 (dq, J� 2.0, 6.2 Hz, 1H), 5.76
(m, 1H), 4.92 (br s, 1H), 4.76 ± 4.63 (m, 2H), 3.74 (ddd, J� 2.9, 6.4, 11.4 Hz,
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1H), 3.58 (ddd, J� 4.9, 6.4, 11.4 Hz, 1H), 1.84 (t, J� 6.4 Hz, 1H); 13C NMR
(75 MHz): �� 128.4, 126.2, 86.9, 75.4, 64.8; elemental analysis calcd (%) for
C5H8O2: C 59.97, H 8.07; found: C 60.02, H 7.95.


Metathesis to (2-(R)-2-methyl-2,5-dihydrofuran-2-yl)methanol (14b): A
solution of 11a (1.22 g, 8.58 mmol) and [Cl2(PCy3)2RuCHPh] (0.141 g,
0.171 mmol) in CH2Cl2 (190 mL) was stirred for 5.5 h. The mixture was
concentrated (30 mmHg), and purified by Kugelrohr distillation (125 �C at
25 mmHg) to provide 14b as a clear oil (0.834 g, 7.30 mmol, 85%). [�]24D �
25.3 (c� 0.60, CHCl3); IR (film): �� � 3418, 1646, 1454, 1350 cm�1; 1H NMR
(300 MHz): �� 5.91 (brd, J� 6.0 Hz, 1H), 5.65 (dt, J� 2.0, 6.0 Hz, 1H),
4.64 (br s, 2H), 3.54 ± 3.46 (m, 2H), 2.12 (br s, 1H), 1.22 (s, 3H); 13C NMR
(75 MHz): �� 131.1, 127.4, 90.7, 75.1, 68.3, 22.3; elemental analysis calcd
(%) for C6H10O2: C 63.14, H 8.83; found: C 62.95, H 8.65.


Metathesis to (2-(R)-2-phenyl-2,5-dihydrofuran-2-yl)methanol (14c): A
solution of 12 (1.67 g, 8.17 mmol) and Cl2(PCy3)2RuCHPh (133 mg,
1.61 mmol) in CH2Cl2 (4.5 mL) was stirred for 7 h. Additional
[Cl2(PCy3)2RuCHPh] (66.3 mg, 0.0806 mmol) was then added, and the
mixture was stirred for 4 h, concentrated, and purified by flash chromatog-
raphy (60% Et2O/PE) to provide 14c as a tan oil (1.24 g, 7.04 mmol, 86%)
which solidified. M.p. 47 ± 50 �C; [�]24D ��102.8 (c� 1.0, CH2Cl2); IR (film):
�� � 3440, 2855, 1602, 1448, 1088, 1061, 1009 cm�1; 1H NMR (300 MHz): ��
7.40 ± 7.25 (m, 5H), 6.05 (s, 2H), 4.85 (d, J� 13.0 Hz, 1H), 4.74 (d, J�
13.0 Hz, 1H), 3.79 (s, 1H), 2.00 (s, 1H); 13C NMR (75 MHz): �� 142.3,
129.7, 128.4, 128.0, 127.4, 125.0, 94.3, 75.5, 68.6; elemental analysis calcd (%)
for C11H12O2: C 74.96, H 6.88; found: C 75.01, H 7.02.


Preparation of (2-(R)-5,6-dihydro-2H-pyran-2-yl)-methanol (15a): Follow-
ing the normal metathesis procedure, the allyl ether 7b was converted into
the cyclic ether 15a using the following quantities of reagents and solvents:
compound 7b (100 mg, 0.70 mmol), [Cl2(PCy3)2Ru�CHPh] (29 mg,
0.035 mmol), [Ti(iPrO)4] (58 �L, 0.21 mmol), CH2Cl2 (14 mL). The reac-
tion time in this case was 18 h, while the reaction temperature was 40 �C.
Flash chromatography of the crude material (silica gel, pentane/Et2O 2:1)
afforded 15a as a colorless oil (59 mg, 74%) in 90% ee (separated by chiral
GLC, Cyclosil B column, isothermal 100 �C, tR(R-(�)-isomer)� 19.49 min,
tR(S-(�)-isomer)� 20.31 min); [�]D��13.9� (c� 1.28, CHCl3); IR: �� �
3418, 1653, 1462, 1430, 1371, 1185, 1093, 1056, 770 cm�1; 1H NMR
(300 MHz): �� 5.95 ± 5.90 (m, 1H), 5.56 ± 5.54 (d, 1H, J� 10 Hz), 4.18
(br s, 1H), 4.00 ± 3.94 (m, 1H), 3.70 ± 3.53 (m, 3H), 3.40 ± 2.38 (m, 1H),
2.36 ± 2.21 (m, 1H), 1.94 (brd, 1H, J� 18 Hz), 13C NMR (75.5 MHz): ��
93.2, 81.0, 74.6, 64.0, 63.0, 25.2; elemental analysis calcd (%) for C6H10O2: C
63.14, H 8.83; found C 62.91, H 8.78.


Preparation of (2-(R)-2-methyl-5,6-dihydro-2H-pyran-2-yl)methanol
(15b): Following the metathesis protocol, the allyl ether 11b was converted
into the cyclic ether 15b using the following quantities of reagents and
solvents: compound 11b (100 mg, 0.64 mmol), [Cl2(PCy3)2Ru�CHPh]
(26 mg, 0.032 mmol), [Ti(iPrO)4] (57 �L, 0.19 mmol), CH2Cl2 (13 mL).
The reaction time in this case was 18 h, while the reaction temperature was
40 �C. Flash chromatography of the crude material (silica gel, pentane/Et2O
2:1) afforded starting material 11b (22 mg, 22%) and 15b (47 mg, 57%) as
a colorless oil in 90% ee (separated by chiral GLC, Cyclosil B column,
isothermal 120 �C, tR(R-(�)-isomer)� 10.08 min, tR(S-(�)-isomer)�
10.58 min); [�]D��24.3� (c� 2.07, CHCl3); IR: �� � 3441, 1652, 1453,
1428, 1365, 1216, 1080, 999, 722 cm�1; 1H NMR (300 MHz): �� 5.95 ± 5.89
(m, 1H), 5.53 (d, 1H, J� 10 Hz), 3.85 ± 3.72 (m, 2H), 3.51 (d, 1H, J�
11 Hz), 3.39 (d, 1H, J� 11 Hz), 2.19 ± 1.94 (m, 2H), 1.18 (s, 3H); 13C NMR
(75.5 MHz): �� 131.0, 126.1, 74.5, 68.4, 59.4, 25.0, 21.5; elemental analysis
calcd (%) for C7H12O2: C 65.60, H 9.44; found: C 65.45, H 9.22.


Preparation of 2-(R)-5,6-dihydro-2H-pyran-2-ylmethyl acetate (15c): Fol-
lowing the metathesis protocol, the allyl ether 16a was converted into the
cyclic ether 15c using the following quantities of reagents and solvents:
compound 16a (131 mg, 0.71 mmol), [Cl2(PCy3)2Ru�CHPh] (12 mg,
0.014 mmol), CH2Cl2 (14 mL). The reaction time in this case was 3 h.
Flash chromatography of the crude material (silica gel, pentane/Et2O 2:1)
afforded 15c as a colorless oil (99 mg, 89%) in 90% ee (separated by chiral
GLC, Cyclosil B column, isothermal 120 �C, tR(S-(�)-isomer)� 11.78 min,
tR(R-(�)-isomer)� 12.14 min); [�]D��20.4� (c� 1.54, CHCl3); IR: �� �
1743, 1654, 1431, 1368, 1234, 1188, 1100, 1041, 770 cm�1; 1H NMR
(300 MHz): �� 5.94 ± 5.88 (m, 1H), 5.53 (dd, 1H, J� 2, 10 Hz), 4.27 (br s,
1H), 4.09 ± 3.90 (m, 3H), 3.67 ± 3.58 (m, 1H), 2.26 ± 2.15 (m, 1H), 2.03 (s,
3H), 1.97 ± 1.88 (m, 1H); 13C NMR (75.5 MHz) �� 170.9, 127.4, 125.3, 71.9,


65.9, 62.8, 24.9, 20.8; elemental analysis calcd (%) for C8H12O3: C 61.52, H
7.74; found: C 61.70, H 7.61.


Preparation of 2-(R)-2-methyl-5,6-dihydro-2H-pyran-2-ylmethyl acetate
(15d): Following the metathesis protocol, the allyl ether 16b was converted
into the cyclic ether 15d using the following quantities of reagents and
solvents: compound 16b (150 mg, 0.77 mmol), [Cl2(PCy3)2Ru�CHPh]
(38 mg, 0.046 mmol), CH2Cl2 (15 mL). The reaction time in this case was
3 d, and the Grubbs catalyst was added in three portions of 13 mg at 24 h
intervals. Flash chromatography of the crude material (silica gel, pentane/
Et2O 2:1) afforded 15d (110 mg, 85%) as a colorless oil in 96% ee
(separated by chiral GLC, Cyclosil B column, isothermal 120 �C, tR(R-(�)-
isomer)� 10.26 min, tR(S-(�)-isomer)� 10.66 min); [�]D��49.8� (c�
1.50, CHCl3); IR: �� � 1744, 1430, 1381, 1368, 1242, 1083, 1043, 737 cm�1;
1H NMR (300 MHz): �� 5.92 ± 5.86 (m, 1H), 5.52 (dt, 1H, J� 10, 2 Hz),
4.11 (d, 1H, J� 11 Hz), 3.88 (d, 1H, J� 11 Hz), 3.85 ± 3.71 (m, 2H), 2.10 ±
2.02 (m, 5H), 1.20 (s, 3H); 13C NMR (75.5 MHz): �� 170.9, 130.1, 126.3,
72.7, 68.3, 59.5, 24.8, 22.5, 20.9; elemental analysis calcd (%) for C9H14O3: C
63.51, H 8.29; found: C 63.70, H 8.47.


Preparation of 2-(R)-2,5,6,7-tetrahydro-oxepin-2-ylmethyl acetate (17c):
Following the methathesis protocol, the allyl ether 16c was converted into
the cyclic ether 17c using the following quantities of reagents and solvents:
compound 16c (93 mg, 0.47 mmol), [Cl2(PCy3)2Ru�CHPh] (8 mg,
0.009 mmol), CH2Cl2 (9 mL). The reaction time in this case was 3 h. Flash
chromatography of the crude material (silica gel, pentane/Et2O 2:1)
afforded 17c (65 mg, 81%) as a colorless oil in 90% ee (separated by chiral
GLC, Cyclosil B column, isothermal 120 �C, tR(R-(�)-isomer)� 19.87 min,
tR(S-(�)-isomer)� 20.49 min); [�]D��56.1� (c� 2.39, CHCl3); IR: �� �
1743, 1435, 1367, 1235, 1137, 1044, 692 cm�1; 1H NMR (300 MHz): ��
5.90 ± 5.82 (m, 1H), 5.46 (d, 1H, J� 11 Hz), 4.25 (br s, 1H), 4.11 ± 3.99
(m, 3H), 3.70 ± 3.62 (m, 1H), 2.37 ± 2.31 (m, 1H), 2.20 ± 2.12 (m, 1H), 2.03
(s, 3H), 1.82 ± 1.72 (m, 2H); 13C NMR (75.5 MHz): �� 170.9, 133.8, 129.4,
75.8, 71.3, 66.5, 28.7, 26.8, 20.8; elemental analysis calcd (%) for C9H14O3: C
63.51, H 8.29; found: C 63.65, H 8.40.


Preparation of (2R)-2-methyl-2-tert-butyldiphenylsiloxymethyl-2,5-dihy-
drofuran (33): TBDPSCl (0.79 mL, 3.0 mmol) was added to a solution of
alcohol 14b (0.314 g, 2.75 mmol), imidazole (0.247 g, 3.63 mmol), and
DMAP (33.2 mg, 0.272 mmol) in DMF (5 mL). The reaction mixture was
stirred 30 min, diluted with ether (50 mL), washed with water (30 mL) and
brine (20 mL), dried (Na2SO4), and concentrated to give a clear oil. Flash
chromatography (2 to 4% Et2O/PE) provided 33 as a clear oil (0.781 g,
2.21 mmol, 81%). [�]24D � 35.7 (c� 1.35, CH2Cl2); IR (film): �� � 3072, 2930,
2857, 1590, 1472, 1428 cm�1; 1H NMR (500 MHz): �� 7.69 ± 7.66 (m, 4H),
7.42 ± 7.34 (m, 6H), 5.88 (dt, J� 1.4, 6.1 Hz, 1H), 5.75 (dt, J� 2.4, 6.1 Hz,
1H), 4.70 ± 4.62 (m, 2H), 3.61 (d, J� 10.0 Hz, 1H), 3.55 (d, J� 10.0 Hz,
1H), 1.30 (s, 3H), 1.05 (s, 9H); 13C NMR (125 MHz): �� 135.7, 135.6, 133.6,
131.9, 129.5, 127.6, 126.7, 90.5, 75.1, 69.8, 26.8, 22.8, 19.2.


Preparation of (2S)-2-tert-butyldiphenylsiloxymethyl-2-phenyl-2,5-dihy-
drofuran (34): TBDPSCl (1.96 mL, 7.54 mmol) was added to a solution of
alcohol 14c (1.21 g, 6.86 mmol), imidazole (0.606 g, 8.90 mmol), and
DMAP (25 mg, 0.20 mmol) in DMF (15 mL). The reaction mixture was
stirred 45 min, diluted with Et2O (100 mL), washed with water (125, 50 mL)
and brine (50 mL), dried (Na2SO4), and concentrated to give a tan oil. Flash
chromatography (3 to 4% Et2O/PE) provided 34 as a clear oil (2.76 g,
6.66 mmol, 97%). [�]24D ��17.9 (c� 1.25, CH2Cl2); IR (film): �� � 3071,
2936, 2857, 1590, 1428, 1113, 1081, 701 cm�1; 1H NMR (500 MHz): ��
7.65 ± 7.62 (m 2H), 7.59 ± 7.56 (m, 2H), 7.41 ± 7.18 (m, 11H), 6.06 (dt, J� 2.4,
6.1 Hz, 1H), 5.99 (dt, J� 1.2, 6.1 Hz, 1H), 4.85 (dt, J� 2.0, 12.9 Hz, 1H),
4.73 (dt, J� 2.0, 12.9 Hz, 1H), 3.84 (s, 2H), 1.01 (s, 9H); 13C NMR
(125 MHz): �� 143.1, 135.6, 133.5, 130.0, 129.5, 128.0, 127.5, 127.0, 125.6,
94.0, 75.6, 70.2, 26.7, 19.2; elemental analysis calcd (%) for C27H30O2Si: C
78.20, H 7.31; found: C 78.35, H 7.25.


Preparation of (2R)-2-tert-butyldiphenylsiloxymethyl-2-methyl-2,3-dihy-
drofuran (35): A solution of 33 (0.775 g, 2.20 mmol) and [H2Ru(CO)-
(PPh3)3] (39.9 mg, 0.0435 mmol) in toluene (6.6 mL) was heated from rt to
80 �C for 1 h. The reaction mixture was concentrated and purified by flash
chromatography (3% Et2O/PE) to provide 35 as a clear film (0.759 g,
2.15 mmol, 98%). [�]24D ��48.3 (c� 1.0, CH2Cl2); IR (film): �� � 2930, 2858,
1622, 1428, 1113, 1059, 701 cm�1; 1H NMR (500 MHz): �� 7.69 ± 7.66 (m,
4H), 7.44 ± 7.36 (m, 6H), 6.20 (q, J� 2.4 Hz, 1H), 4.77 (q, J� 2.4 Hz, 1H),
3.59 (d, J� 10.1 Hz, 1H), 3.57 (d, J� 10.1 Hz, 1H), 2.68 (dt, J� 2.4,


Chem. Eur. J. 2003, 9, 4442 ± 4451 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4449







FULL PAPER B. M. Trost et al.


15.1 Hz, 1H), 2.28 (dt, J� 2.4, 15.1 Hz, 1H), 1.36 (s, 3H), 1.06 (s, 9H);
13C NMR (125 MHz): �� 144.4, 135.7, 133.6, 129.6, 128.6, 98.6, 86.6, 68.9,
37.8, 26.8, 23.7, 19.4; elemental analysis calcd (%) for C22H28O2Si: C 74.94,
H 8.02; found: C 75.15, H 7.89.


Preparation of (2S)-2-tert-butyldiphenylsiloxymethyl-2-phenyl-2,3-dihy-
drofuran (36): A solution of 34 (2.73 g, 6.58 mmol) and [H2Ru(CO)(PPh3)3]
(125 mg, 0.136 mmol) in toluene (20 mL) was heated from rt to 70 �C for
4 h. The reaction mixture was concentrated and purified by flash
chromatography (5% Et2O/PE), and re-subjected to the reaction con-
ditions except at 80 �C for 9 h. The reaction mixture was concentrated and
purified by flash chromatography (3% Et2O/PE) to provide 36 as a clear
film (2.46 g, 5.94 mmol, 90%); [�]24D ��39.9 (c� 1.54, CH2Cl2); IR (film):
�� � 2930, 2858, 1625, 1428, 1153, 1113, 1058, 700 cm�1; 1H NMR (300 MHz):
�� 7.58 (m, 2H), 7.51 (m, 2H), 7.43 ± 7.16 (m, 11H), 6.39 (q, J� 2.4 Hz, 1H),
4.86 (q, J� 2.4 Hz, 1H), 3.81 (d, J� 10.2 Hz, 1H), 3.75 (d, J� 10.2 Hz, 1H),
3.15 (dt, J� 2.4, 15.0 Hz, 1H), 2.77 (dt, J� 2.4, 15.0 Hz, 1H), 1.00 (s, 9H);
13C NMR (75 MHz): �� 144.5, 144.4, 135.7, 135.6, 133.5, 133.3, 129.6, 129.5,
128.0, 127.6, 127.1, 125.7, 98.9, 89.8, 69.7, 38.5, 26.7, 19.3; elemental analysis
calcd (%) for C27H30O2Si: C 78.22, H 7.29; found: C 78.40, H 7.18.


Preparation of thymidine analogue 37: PhSeCl (17.1 mg, 0.0893 mmol) was
added to a solution of 35 (24.4 mg, 0.0692 mmol) in dioxane (0.5 mL), and
allowed to react for 45 min. To the resultant solution was added
bis(trimethylsilyl)thymine (37.2 g, 0.138 mmol), followed by InCl3 (1.7 mg,
0.0077 mmol). The reaction mixture was stirred for 3 h, diluted with sat aq
NaHCO3 (7 mL), and extracted with CH2Cl2 (2� 8 mL). The combined
organic layers were dried (Na2SO4), concentrated, and purified by flash
chromatography (30% Et2O/PE) to give an impure mixture of selenides as
a clear film (35 mg). This mixture was dissolved in THF (0.8 mL), and
pyridine (12 �L) and 30% H2O2 (16 �L) was added. The mixture was
stirred for 45 min, concentrated, and and purified by flash chromatography
(40% Et2O/PE) to afford a 7:1 mixture of isomeric products as a clear film
(23.0 mg, 0.0483 mmol, 70%). Material from other runs was combined and
re-purified by flash chromatography (15% Et2O/PE, 2.5% IPA) to provide
pure 37� and tentatively identified 37� as a clear films. Both could be
crystallized from EtOAc/PE. 37� : m.p. 97 ± 102 �C; [�]24D � 74.1 (c� 1.0,
CH2Cl2); IR (film): �� � 3182, 1694, 1471, 1428, 1252, 1113, 1082, 703 cm�1;
1H NMR (500 MHz): �� 8.52 (br s, 1H), 7.67 ± 7.64 (m, 4H), 7.44 ± 7.38 (m,
6H), 7.03 (s, 2H), 6.25 (d, J� 6.0 Hz, 1H), 5.80 (d, J� 6.0 Hz, 1H), 3.64 (d,
J� 10.3 Hz, 1H), 3.58 (d, J� 10.3 Hz, 1H), 1.92 (s, 3H), 1.40 (s, 3H), 1.06 (s,
9H); 13C NMR (125 MHz): �� 163.6, 150.6, 139.2, 135.6, 135.4, 133.0,
132.9, 129.8, 127.7, 125.4, 111.1, 91.7, 90.0, 69.5, 26.8, 22.7, 19.2, 12.6.


37� : m.p. 137 ± 141 �C; [�]24D � 4.30 (c� 1.0, CH2Cl2); IR (film): �� � 3184,
1691, 1113, 1081, 703 cm�1; 1H NMR (300 MHz): �� 8.25 (br s, 1H), 7.66 ±
7.60 (m, 4H), 7.45 ± 7.34 (m, 6H), 7.13 (s, 1H), 6.99 (s, 1H), 6.34 (dd, J� 1.8,
6.0 Hz, 1H), 5.78 (d, J� 6.0 Hz, 1H), 3.77 (d, J� 10.7 Hz, 1H), 3.72 (d, J�
10.7 Hz, 1H), 1.41 (s, 3H), 1.35 (s, 3H), 1.07 (s, 9H); 13C NMR (75 MHz):
�� 163.9, 151.0, 139.5, 135.6, 135.4, 135.3, 133.3, 132.7, 130.0, 129.9, 127.8,
127.7, 124.8, 111.0, 91.7, 89.1, 69.2, 26.9, 23.2, 19.4, 11.8; elemental analysis
calcd (%) for C27H32N2O4Si: C 68.02, H 6.78, N 5.88; found: C 67.81, H 6.75,
N 5.84.


Preparation of thymidine analogue 42 : TBAF (1.0� in THF, 57 �L,
0.057 mmol) was added to a solution of 37 (22.7 mg, 0.0476 mmol) in THF
(0.40 mL). The resultant solution was stirred 2.5 h, concentrated, and
purified by flash chromatography (80% EtOAc/PE) to afford 42 as a white
solid (10.8 mg, 0.0453 mmol, 95%). M.p. 180 ± 182 �C; [�]24D ��64.3 (c�
1.0, MeOH); IR (film): �� � 3420, 1694, 1472, 1083 cm�1; 1H NMR (D2O,
300 MHz): �� 7.61 (s, 1H), 6.89 (s, 1H), 6.37 (dd, J� 1.6, 6.0 Hz, 1H), 5.85
(d, J� 6.0 Hz, 1H), 3.66 (d, J� 12.7 Hz, 1H), 3.51 (d, J� 12.7 Hz, 1H), 1.79
(s, 3H), 1.25 (s, 3H); 1H NMR (CD3OD, 500 MHz): �� 7.82 (d, J� 1.2 Hz,
1H), 6.95 (d, J� 1.5 Hz, 1H), 6.35 (dd, J� 2.0, 6.1 Hz, 1H), 5.84 (dd, J�
1.2, 6.1 Hz, 1H), 3.65 (d, J� 12.0 Hz, 1H), 3.57 (d, J� 12.0 Hz, 1H), 1.83 (d,
J� 1.5 Hz, 1H), 1.26 (s, 3H); 13C NMR (CD3OD, 125 MHz): �� 166.7,
153.0, 140.8, 139.2, 126.2, 110.9, 93.6, 90.5, 67.7, 23.3, 12.4.


Preparation of uridine analogue 45 : PhSeCl (26.5 mg, 0.138 mmol) was
added to a solution of 36 (44.2 mg, 0.107 mmol) in dioxane (0.5 mL) and
allowed to react for 45 min. To the resultant solution was added
bis(trimethylsilyl)uracil (54.5 mg, 0.213 mmol), followed by InCl3 (2.7 mg,
0.012 mmol). The reaction mixture was stirred for 3 h, diluted with sat aq
NaHCO3 (5 mL), and extracted with CH2Cl2 (2� 7 mL). The combined
organic layers were dried (Na2SO4), concentrated, and purified by flash


chromatography (25% EtOAc/PE) to give an impure mixture of selenides
as a yellow film (50 mg). This mixture was dissolved in THF (0.5 mL), and
pyridine (18 �L) and 30% H2O2 (25 �L) were added. The mixture was
stirred for 1 h, concentrated, and purified by flash chromatography (33%
EtOAc/PE) to afford a 9:1 mixture of C-1� isomeric products 40� :� as a
clear film (37.3 mg, 0.0711 mmol, 67%). 40� : 1H NMR (500 MHz): �� 8.63
(br s, 1H), 7.96 (d, J� 8.0 Hz, 1H), 7.68 (m, 2H), 7.62 (m, 2H), 7.57 ± 7.29 (m,
11H), 7.08 (s, 1H), 6.57 (dd, J� 2.0, 5.8 Hz, 1H), 5.87 (dd, J� 1.3, 5.8 Hz,
1H), 4.02 (s, 2H), 1.11 (s, 9H). A solution of TBAF (1� in THF, 0.34 mL,
0.34 mmol) was added to a solution of a 6:1 mixture of C-1� isomeric ethers
40� :� (0.150 g, 0.285 mmol) in THF (1.5 mL), and stirred for 90 min. The
mixture was concentrated and purified by flash chromatography (EtOAc to
7% MeOH/CH2Cl2 gradient elution) to afford a 6:1 mixture of 45� :� as a
white foam. Further purification by preparative HPLC (5% to 95% 0.1%
TFA/H2O/MeOH over 35 min, 20 mLmin�1) gave C-1� 45� (10.3 mg,
0.0360 mmol, 13%) as a white solid, and 45� (69.1 mg, 0.241 mmol, 85%)
as a white foam.


45� : m.p. 173 ± 177 �C (decomp); [�]24D ��60.1 (c� 0.5, acetone); IR (film):
�� � 3424, 3060, 1694, 1466, 1377, 1263 cm�1; 1H NMR ([D6]acetone,
500 MHz): �� 10.07 (br s, 1H), 8.11 (d, J� 8.1 Hz, 1H), 7.50 ± 7.47 (m,
2H), 7.38 ± 7.34 (m, 2H), 7.29 ± 7.26 (m, 1H), 7.01 (t, J� 1.4 Hz, 1H), 6.80
(dd, J� 2.0, 6.0 Hz, 1H), 5.97 (ddd, J� 0.5, 1.4, 6.0 Hz, 1H), 5.59 (d, J�
8.1 Hz, 1H), 4.50 (br s, 1H), 3.97 (d, J� 12.0 Hz, 1H), 3.72 (d, J� 12.0 Hz,
1H); 13C NMR (125 MHz): �� 163.9, 151.8, 142.8, 142.5, 138.9, 129.2, 128.2,
126.3, 126.1, 102.2, 96.6, 90.1, 68.4; elemental analysis calcd (%) for
C15H14N2O4: C 62.92, H 4.94, N 9.79; found: C 62.75, H 5.19, N 9.53; chiral
HPLC analysis indicates 87% ee (Chiralcel OJ, 70:30 hept/IPA,
0.2 mLmin�1, tR((�)-isomer)� 52.0 min, tR((�)-isomer)� 57.8 min). 45� :
1H NMR ([D6]acetone, 500 MHz): �� 7.45 ± 7.43 (m, 2H), 7.37 ± 7.34 (m,
2H), 7.30 ± 7.27 (m, 1H), 7.14 (t, J� 1.5 Hz, 1H), 6.84 (dd, J� 2.0, 5.9, Hz,
1H), 6.82 (d, J� 8.0 Hz, 1H), 6.03 (dd, J� 1.5, 5.9 Hz, 1H), 5.39 (d, J�
8.0 Hz, 1H), 3.75 (d, J� 11.7 Hz, 1H), 3.68 (d, J� 11.7 Hz, 1H).


Preparation 6-chloropurine analogue 46 : Neat PhSeCl (58.5 mg,
0.305 mmol) was added to a solution of 36 (98.0 mg, 0.236 mmol) in
dioxane (1.0 mL), and stirred 15 min. A solution of (TMS)-6-chloropurine
(0.32� in dioxane, 1.5 mL, 0.48 mmol) was added, followed by addition of
InCl3 (63.3 mg, 0.286 mmol). The reaction mixture was stirred 3 h, diluted
with sat aq NaHCO3 (7 mL), and extracted with CH2Cl2 (3� 6 mL). The
combined organic layers were dried (Na2SO4), concentrated, and purified
by flash chromatography (25% EtOAc/PE) to give an impure mixture of
selenides as a yellow oil (0.33 g). This mixture was dissolved in THF
(1 mL), and pyridine (30 �L) and 30% H2O2 (41 �L) were added. The
mixture was stirred for 1 h, concentrated, and purified by flash chromatog-
raphy (33% EtOAc/PE) to afford a 4.4:1 mixture of C-1� isomeric products
41� :� as a clear film (111 mg, 0.196 mmol, 83%). 41� : 1H NMR
(300 MHz): �� 8.75 (s, 1H), 8.42 (s, 1H), 7.60 ± 7.25 (m, 15H), 7.20 (s,
1H), 6.70 (dd, J� 1.9, 6.0 Hz, 1H), 6.10 (dd, J� 1.0, 6.0 Hz, 1H), 3.99 (d,
J� 11.0 Hz, 1H), 3.94 (d, J� 11.0 Hz, 1H), 1.02 (s, 9H).


A solution of TBAF (1� in THF, 61 �L, 0.061 mmol) was added to a
solution of a 5:1 mixture of 41� :� (31.8 mg, 0.0560 mmol) in THF (0.5 mL),
and stirred for 90 min. The mixture was concentrated and purified by flash
chromatography (2%MeOH/CH2Cl2) to afford a 5:1 mixture of 46� :� as a
white foam (18.4 mg, 0.560 mmol, 100%). Repurification of a sample of
this mixture by flash chromatography (80% EtOAc/PE) afforded pure
alcohol 46� as a clear film: [�]24D ��152.9 (c� 1.0, CH2Cl2); IR (film): �� �
3356, 2924, 1592, 1565, 1488, 1397, 1336, 1197, 1088 cm�1; 1H NMR
(500 MHz): �� 8.77 (s, 1H), 8.56 (s, 1H), 7.47 ± 7.33 (m, 5H), 7.15 (s, 1H),
6.80 (dd, J� 2.1, 6.1 Hz, 1H), 6.06 (d, J� 6.1 Hz, 1H), 4.39 (br s, 1H), 4.00
(m, 2H); 13C NMR (125 MHz): �� 152.0, 151.4, 151.2, 144.7, 140.1, 138.3,
132.2, 128.7, 128.1, 125.1, 124.6, 97.3, 89.5, 68.5; HRMS: m/z : calcd for
C11H11O2: 175.0759; found: 175.0762 [M��C5H2ClN4].


Preparation of adenosine analogue 48 : A solution of 46� (13.9 mg,
0.423 mmol) in NH3/MeOH (satd at 0 �C, 0.5 mL) was heated in a sealed
vial to 60 �C for 26 h. M.p. 196 ± 199 �C (decomp); [�]24D ��176.7 (c� 0.5,
MeOH); IR (film): �� � 3176, 2922, 1651, 1600, 1472, 1418, 1205, 1089,
1061 cm�1; 1H NMR (500 MHz): �� 8.31 (s, 1H), 8.00 (s, 1H), 7.48 ± 7.45
(m, 2H), 7.43 ± 7.39 (m, 2H), 7.36 ± 7.32 (m, 1H), 7.03 (m, 1H), 6.78 (dd, J�
1.8, 5.9 Hz, 1H), 6.01 (dd, J� 1.2, 5.9 Hz, 1H), 5.82 (br s, 2H), 4.03 (d, J�
12.9 Hz, 1H), 3.99 (d, J� 12.9 Hz, 1H); 13C NMR (125 MHz): �� 155.4,
152.9, 149.1, 140.5, 140.0, 138.0, 128.7, 128.0, 125.1, 124.7, 120.0, 97.6, 89.6,
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68.8; elemental analysis calcd (%) for C16H15N5O2: C 62.12, H 4.90, N 22.64;
found: C 62.33, H 4.86, N 22.39.
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Abstract: The beryllocenes [Be(C5-


Me4H)2] (1), [Be(C5Me5)2] (2), and
[Be(C5Me5)(C5Me4H)] (3) have been
prepared from BeCl2 and the appropri-
ate KCp� reagent in toluene/diethyl
ether solvent mixtures. The synthesis of
1 is facile (20 �C, overnight), but gener-
ation of decamethylberyllocene 2 de-
mands high temperatures (ca. 115 �C)
and extended reaction times (3 ± 4 days).
The mixed-ring beryllocene 3 is ob-
tained when the known [(�5-C5Me5)-
BeCl] is allowed to react with
K[C5Me4H], once more under some-
what forcing conditions (115 �C, 36 h).
The structures of the three metallocenes


have been determined by low-temper-
ature X-ray studies. Both 1 and 3 present
�5/�1 geometries of the slip-sandwich
type, whereas 2 exhibits an almost
regular, ferrocene-like, sandwich struc-
ture. In the mixed-ring compound 3,
C5Me5 is centrally bound to beryllium
and the �1-C5Me4H ring bonds to the
metal through the unique CH carbon
atom. This is also the binding mode of
the �1-ring of 1. To analyze the nature of


the bonding in these molecules, theoret-
ical calculations at different levels of
theory have been performed on com-
pounds 2 and 3, and a comparison with
the bonding in [Be(C5H5)2] has been
made. As for the latter molecule, energy
differences between the �5/�5 and the �5/
�1 structures of 2 are very small, being of
the order of a few kcalmol�1. Constrain-
ed space orbital variations (CSOV)
calculations show that the covalent char-
acter in the bonding is larger for
[Be(C5Me5)2] than for [Be(C5H5)2] due
to larger charge delocalization and to
increased polarizability of the C5Me5


fragment.


Keywords: beryllium ¥ cyclopenta-
dienyl ligands ¥ electronic structure
¥ metallocenes ¥ X-ray diffraction


Introduction


The cyclopentadienyl derivatives of the alkaline-earth metals,
MCp�2, are an attractive family of metallocenes that has


experienced a remarkable development over the last two
decades.[1] The use of substituted cyclopentadienyl ligands,
including those with very bulky substituents,[2] has added
luster to this field and has permitted the stabilization of
fascinating hitherto unknown structures[1, 3] that actually
emerge from a seemingly simple electrostatic, M2� ¥ ¥ ¥ 2Cp��


bonding model.[1a] Indeed, theory suggests[4] that with the
exception of the more covalent [Be(C5H5)2], electrostatic
forces in the unsubstituted metallocenes, [M(C5H5)2], of Mg
to Ba account for approximately 70 ± 85% of the total
interaction energy.[4a]


By using Cp� ligands with different substituents and variable
degrees of substitution, many MCp�2 compounds of the
alkaline-earth elements from Mg to Ba have been structurally
characterized in the solid state by X-ray methods. It is
therefore surprising that prior to this work [Be(C5H5)2] was
the only beryllocene authenticated by X-ray crystallogra-
phy.[5, 6] It appears plausible that the widely accepted belief
that the tiny Be2� ion, which is the smallest of the dipositive
cations,[7b] could not accommodate two bulky Cp� rings may
have deterred studies aimed at the preparation of beryllo-
cenes with substituted cyclopentadienyl ligands.[8] In accord
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with these premises only the half-sandwich complex [Be(�5-
C5Me5)Cl], could be isolated from the treatment of BeCl2 with
C5Me5 transfer reagents, under different reaction condi-
tions.[9, 10] However, the mixed-ring complex [Be(C5-


Me5)(C5H5)] was obtained when [Be(�5-C5H5)Cl] and
Li[C5Me5] were allowed to react in the absence of solvent
(60 �C, melted mixture).[10]


The structure of beryllocene has been the subject of an
intense debate since its first preparation by Fischer and
Hoffmann in 1959.[11] The different nature of the two C5H5


rings is manifested by the observation of a high dipole
moment in solution[11] (2.24 D, cyclohexane, 25 �C), which
rules out the symmetrical ferrocene-like structure I. Three
X-ray studies[5] have demonstrated the adoption of the slip-
sandwich �5/�1(�) structure II with the beryllium atom


disordered between two equivalent sites of 50% occupancy.
Reinterpretation of the electron diffraction data leads also to
a slipped-sandwich geometry for the molecules of [Be(C5H5)2]
in the gas phase.[12] This unusual structure has been lucidly
rationalized by Beattie and Nugent,[13] and finds additional
theoretical support in recent molecular dynamic[14] and DFT
calculations.[4a]


In solution, beryllocene is a highly fluxional molecule. Only
one set of resonances is found for the two C5H5 groups in the
1H and 13C NMR spectra down to �135 �C,[15] as a conse-
quence of two facile rearrangements. These are a 1,5-
sigmatropic shift of the Be(�5-C5H5) unit around the periph-
ery of the �1-C5H5 ring and a molecular inversion that
interchanges the �5 and the �1 rings.[14] The rates for molecular
redistribution in solution (300 K)[15b] and in the gas phase
(400 K)[14] are of the order of 1010 ± 1012 s�1, making detection
by NMR impossible.


The successful use of methyl-substituted cyclopentadienyl
ligands, in particular of C5Me5, for the development of main
group metallocenes,[1, 8, 16] led us to attempt the preparation of
the beryllocenes of C5Me4H and C5Me5. Herein we present
the synthesis and structural characterization of three new
beryllocenes, namely [Be(C5Me4H)2] (1), [Be(C5Me5)2] (2),
and [Be(C5Me5)(C5Me4H)] (3). Detailed theoretical calcula-
tions aimed to shed some light on the electronic factors
governing the preference for �5-�5 or �5-�1 structures and to
analyze the nature of the bonding in these systems will also be
presented. Part of this work has appeared in preliminary
form.[17]


Results and Discussion


Synthesis and properties of [Be(C5Me4H)2] (1), [Be(C5Me5)2]
(2), and [Be(C5Me5)(C5Me4H)] (3): Despite the long con-
troversy surrounding the structure of [Be(C5H5)2] and the
existence of many half-sandwich beryllium compounds,[6] at
the outset of this work no other beryllocenes had been
reported, with the exception of [Be(C5Me5)(C5H5)], charac-
terized only in solution.[10] Related dihydro-1H-azaboryl
species had also been investigated.[18]


Octamethylberyllocene, [Be(C5Me4H)2] (1), can be synthe-
sized by the reaction of BeCl2 and K[C5Me4H] in diethyl ether
as the solvent. As shown in Equation (1), overnight room
temperature conditions suffice to prepare this compound in
good yields (isolated yield of 70%).


Complex 1 is a low-melting (83 �C), volatile, sublimable
material that is very soluble in common non-polar organic
solvents. It is very reactive towards O2 and H2O and
decomposes immediately upon exposure to air. In toluene
solution it is highly fluxional, only one set of signals can be
detected for the two C5Me4H groups in the 1H and 13C NMR
spectra down to �90 �C. There is little variation of the
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Abstract in Spanish: Los berilocenos [Be(C5Me4H)2] (1),
[Be(C5Me5)2] (2) y [Be(C5Me5)(C5Me4H)] (3) se preparan
mediante la reaccio¬n del BeCl2 con el reactivo KCp� apropiado,
usando mezclas de tolueno y e¬ter como disolvente. Aunque la
sÌntesis del compuesto 1 ocurre bajo condiciones de reaccio¬n
suaves (20 �C, 12 h), la del decametilberiloceno 2 requiere altas
temperaturas (�115 �C) y tiempos de reaccio¬n prolongados
(3 ± 4 dÌas). El beriloceno mixto 3 se obtiene a partir del
compuesto [(�5-C5Me5)BeCl], por reaccio¬n con K[C5Me4H], a
115 �C durante aproximadamente 36 h. La estructura de las
mole¬culas de estos berilocenos en el estado so¬lido se ha
determinado mediante estudios de difraccio¬n de rayos X,
efectuados a temperaturas bajas. Tanto el compuesto 1 como el
3 poseen geometrÌa �5/�1 de tipo ™slip-sandwich∫, mientras que
la del 2 es casi regular, de tipo �5/�5. En el compuesto 3 el anillo
de C5Me5 se coordina de manera sime¬trica (�5) pero el de
C5Me4H se une al berilio a trave¬s del a¬tomo de C de la
agrupacio¬n CH. Con la finalidad de analizar la naturaleza del
enlace Be�Cp� se han desarrollado ca¬lculos teo¬ricos de
diferente complejidad para los compuestos 2 y 3, y se han
comparado los resultados obtenidos con los correspondientes
al [Be(C5H5)2]. Al igual que en esta u¬ltima mole¬cula, las
diferencias de energÌa entre las estructuras �5/�5 y �5/�1 del
compuesto 2 son muy pequenƒas, del orden de algunas
kcalmol�1. Los ca¬lculos de tipo ™Constrained Space Orbital
Variations∫ (CSOV) ponen de manifiesto que el cara¬cter
covalente del enlace en el [Be(C5Me5)2] es mayor que en el
[Be(C5H5)2], debido probablemente a una deslocalizacio¬n
superior de la carga en el primero y a la mayor polarizabilidad
del grupo C5Me5 en comparacio¬n con el C5H5.
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chemical shift with temperature. For instance, the two differ-
ent CMe nuclei within each ring resonate at �� 117.2 and
117.3 ppm at 80 �C and �� 117.8 and 118.7 ppm at �90 �C. A
somewhat larger variation is found for the CH resonance,
which changes from �� 84.7 ppm (80 �C) to �� 80.4 ppm
(�90 �C). In the same temperature range the one-bond
1J(C,H) coupling constant experiences no appreciable change
(ca. 157 Hz). For comparative purposes the corresponding
resonances of [Mg(�5-C5Me4H)2][19a] are approximately ��
102 (CH, 163 Hz) and 112.3, 112.5 ppm (CMe). In isomeric
iminoacyl derivatives of composition [Be(�5-C5Me4H)(C(N-
Xyl)C5Me4H)][20] (Xyl�Me2-2,6-C6H3), the �5-C5Me4H ligand
displays 13C signals at approximately �� 101 (CH) and 109 ±
111 ppm (CMe). Since a Be-�1-
C5Me4H linkage is expected to
give higher-field CH and lower
field CMe resonances, the ob-
served NMR data for 1 seem to
correspond to the expected aver-
age of the �5- and �1-bonded
C5Me4H rings. The solution dynamic behavior of 1 is likely to
involve a 1,5-sigmatropic shift of the Be(�5-C5Me4H) group
around the �1-C5Me4H ligand, plus the exchange of the �5- and
�1-C5Me4H ligands, as proposed for [Be(C5H5)2].[14] This topic
will be discussed in the following paper of this issue.[20] The
ready formation of 1 under the mild, room temperature
conditions of Equation (1), encouraged us to pursue the
synthesis of decamethylberyllocene. The larger solid angle[21]


of C5Me5 (187 �C), when compared to C5Me4H (177 �C), along
with the reported formation of [Be(�5-C5Me5)Cl] when BeCl2
and [Mg(C5Me5)2] are heated under reflux in toluene/Et2O
mixtures,[9] suggested that more severe reaction conditions
should be applied. We have found that K[C5Me5], the most
nucleophilic of the C5Me5


� transfer reagents,[16] interacts with
BeCl2 at 115 �C (bath temperature) in a toluene-diethyl ether
solution for 3 ± 4 days to give moderate isolated yields (ca.
50%) of [Be(C5Me5)2] (2) (see Eq. (2)].


Similar to [Be(C5Me4H)2], 2 is soluble in nonpolar organic
solvents and decomposes instantly upon exposure to the
atmosphere. The formation of 2 at 115 �C is still slow and the
crude reaction product is sometimes contaminated by small
amounts of [Be(C5Me5)Cl]. Separation of the two complexes
by fractional crystallization is not straightforward but the
chloro derivative is more volatile and can be removed by
sublimation, facilitating the purification of 2.


The 1H and 13C NMR spectra of 2 are very simple and show
surprisingly little variation with temperature. Thus, the 1H
resonance of the methyl proton changes from �� 2.04 ppm at
80 �C to 1.91 at �90 �C, whereas in the same temperature
interval the 13C signal of the ring carbon nuclei varies by only
1 ppm (from �� 110.7 ± 109.7 ppm). As in [Be(�5-
C5Me5)Cl],[9, 10] [Be(�5-C5Me5)(�1-C5H5)][10] and [Be(�5-


C5Me5)(C(Nxyl)C5Me5)][20] because the �5-C5Me5 ring-carbon
signal appears at �� 108 ± 110 ppm, decamethylberyllocene
might seem to contain �5-C5Me5 rings. This is actually found in
the solid state (vide infra). Nonetheless, the expected
similarity with other beryllocenes, along with the reactivity
of 2 toward CNXyl[20] indicate that in the unlikely event that
the �5/�5 geometry is maintained in solution, it must exist in
fast equilibrium with the isomeric �5/�1 structure.


To complete our studies on beryllocenes we have prepared
the mixed-ring compound nonamethylberyllocene, [Be(C5-


Me5)(C5Me4H)] (3), by the high-temperature interaction of
[Be(C5Me5)Cl] and K[C5Me4H] [Eq. (3)].


As for 2, prolonged heating at elevated temperatures is


needed, but the reaction gives good isolated yields (ca. 70%)
of the beryllocene. Compound 3 is also a highly crystalline
solid, with solubility and other properties similar to those of 1
and 2.


Variable-temperature 1H and 13C NMR studies are sugges-
tive of fluxional behavior. As for 2, the signal due to the
carbon nuclei of the C5Me5 ring varies very little with
temperature. The chemical shift value (�� 108.9 ppm, 20 �C;
�� 108.7 ppm, �90 �C) may be taken as indicative of �5-
C5Me5 coordination. Somewhat more pronounced changes
are observed for the C5Me4H group, whose CH carbon
resonance moves from �� 67.0 to 59.3 ppm, upon lowering
the temperature from �95 to �90 �C. No significant variation
in the value of 1J(C, H) (ca. 143 Hz) accompanies this
chemical shift change. Smaller � variations are recorded for
theCMe nuclei (2 ± 4 ppm to lower field from �95 to �90 �C).
Comparison of the � values of the C5Me4H ring carbon atoms
of 3 at the latter temperature (�� 128.1, 124.5, and 59.3 ppm)
with those of 2 (�� 118.7, 117.8, and 80.4 ppm) suggests that a
[Be(�5-C5Me5)(�1-C5Me4H)] structure, in which Be is bonded
to the CH carbon of the �1-ring, has an important contribution
to the solution structure. This assumption finds further
support in the observation of a well-resolved coupling of
approximately 10 Hz between the quadrupolar 9Be (I� 3³2)
and the 13C nucleus of the CH group in the 13C NMR spectrum
of 3 recorded at �95 �C. For comparative purposes, in the
half-sandwich derivative [Be(�5-C5Me5)(CH3)],[20, 22] 1J(Be, C)
for the Be�CH3 unit amounts to 30 Hz. As already discussed,
these data suggest formulation of 3 in solution as [Be(�5-
C5Me5)(�1-C5Me4H)] (as shown below, this is the structure of
the molecules of 3 in the solid state) and by extension
explanation of its dynamic behavior in terms of 1,5-sigma-
tropic shifts of the Be(�5-C5Me5) group around the periphery
of the �1-C5Me4H ring. Nevertheless the results of the DFT
calculations that will be discussed later, and the unexpected
reactivity of 3 toward CNXyl, that has given rise to three Be-
iminoacyl isomers,[20] demostrate that inversion to give [Be(�5-
C5Me4H)(�1-C5Me5)] (i.e. ring exchange) is a facile process in
solution.
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Solid-state structure of beryllocenes 1 ± 3 : The structures of
metallocenes 1 ± 3 in the solid state have been determined at
low-temperature by X-ray crystallography. ORTEP diagrams
are given in Figures 1, 2, and 3, crystal data and data collection
parameters are presented in Table 1. Table 2 provides a
comparison of relevant bonding parameters for the three
beryllocenes under discussion.


Figure 1. Structure of 1 (ORTEP diagram).


Figure 2. Structure of 3 (ORTEP diagram).


Both [Be(C5Me4H)2] (1), and [Be(C5Me5)(C5Me4)] (3)
exhibit �5/�1 geometries, which in the case of the mixed-ring
beryllocene 3 consists of �5-C5Me5 and �1-C5Me4H binding
(see Figure 1 and Figure 2). In the two compounds, the �1-
C5Me4H ring bonds to the metal through the unique CH
carbon, possibly to form a stronger Be�C bond (it is well-
known that the strength of the M�C bond decreases with
substitution at carbon; primary alkyl compounds are more
stable than secondary alkyls and these more than tertiary
ones[24]). Interestingly the Be�CH bond lengths are identical
within experimental error (Table 2) and compare well with
the corresponding length in [Be(C5H5)2] (1.826(6) ä[5]). These
Be�CH separations are in the middle of the range of Be�C
bond lengths (1.70± 1.85 ä[22, 23]).


The coordination of the �5-Cp� ring in 1 and 3 is highly
symmetrical. For either compound the five Be�C lengths are


almost identical and cluster around 1.90 ä. As can be deduced
from the data in Table 2, the difference between the shortest
and longest Be�C bonds is only 0.02 ä. Considering that in
[Be(C5H5)2], the Be�C(�5) bond lengths have comparable
values (average ca. 1.92 ä) an interesting observation arises,
namely that for this series of compounds substitution of H by
Me within the �5-Cp� ligand does not alter significantly the
strength of the Be�C(�5) bonds. The same conclusion stems
from analysis of the separation between Be and the �5 ring
centroids, which is identical in 1 and 3 (1.47 ä) and very
similar to that in [Be(C5H5)2] (1.50 ä[5]).


In the two complexes, 1 and 3, the Be ± C(�1) ring plane
angle is close to 100 ± 102�, far from the value of 125� which
would be expected for �1-bonding to a tetrahedral ring carbon
atom.[13] Similarly, the Be-C(�1)-C angles to the adjacent
carbon atoms are smaller than the ideal 109.5� value that
would correspond to tetrahedral geometry. For instance the
Be-C7-C6 angle in 1 is 99.4(3)�, while the analogous Be-C11-
C12 angle in 3 amounts 98.4(2)�. Additionally, the �5 and �1


rings are almost planar and nearly parallel, the angles
between rings being 6.6(1) and 4.9(1)�, for 1 and 3, respec-
tively. All these data strongly support consideration of the
structures of 1 and 3 as of the slipped-sandwich type and
therefore similar to that of [Be(C5H5)2].[5] In accord with this,
the difference in the length of the C�� and C�� bonds (� and �


refer to the position with respect to the Be-bonded carbon
atom) is only 0.06 ± 0.07 ä. This contrasts with the signifi-
cantly larger values found in cyclopentadiene and in cyclo-
pentadienyl rings with localized double bonds. For instance in
C5H6 this difference is 0.12 ä,[25] whereas in some �1-Cp�
derivatives such as [B(�5-C5Me5)( �1-C5Me5)]�[26] and [{Hg(�1-
C5Me4SiMe2tBu)Cl}4][27] it can be as high as approximately
0.14 ä.


Most unexpectedly, and at variance with beryllocenes 1 and
3, [Be(C5Me5)2] (2), exhibits an almost regular, ferrocene-like,
sandwich structure in the solid state (Figure 3). The two


Figure 3. Structure of 2 (ORTEP diagram).


C5Me5 rings are perfectly parallel and planar (the average
deviation from the mean plane is 0.01 ä) and are separated by
3.310(1) ä, a distance comparable to the 3.35 ä interlayer gap
in graphite.[7a] The Be�C5Me5 centroid separation of
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1.655(1) ä is noticeably longer than the Be�Cp� centroid
separations in 1 and 3 (ca. 1.47 ä), thus revealing a
significantly weaker Be�C5Me5 bonding interaction. This is
not unexpected in view of the existence of two �-C5Me5 rings
in the molecules of 2 (formal coordination number of six) and
of only four valence orbitals on beryllium. The Be�C
separations are also longer than in 1 and 3 (see Table 2) and
the five distances to each ring are not identical but range from
1.969(1) to 2.114(1) ä (average value 2.05 ä; compare to ca.
1.90 ä in 1 and 3). Consequently the Be�Cp� centroid vectors
are not perpendicular to the ring planes but form an angle of
87.1(5)�. Since theory predicts (vide supra) that the �5/�1(�)
structure (i.e. the slip-sandwich structure) has minimum
energy, crystal packing effects may enforce adoption of the
more symmetrical sandwich structure in the solid state. In
solution the compound is highly fluxional, as demonstrated by
its reactivity toward CNXyl, to be presented in the following
paper.[20]


As already stated, the Be�Cp�
centroid and Be�C(�5) separa-
tions in 2 are appreciably longer
than in 1 and 3, and are there-
fore indicative of a weaker
Be�Cp� bonding interaction. It
should be noted, however, that
within the variations imposed by
the differences in the ionic radii
of the metal ions (vide infra),
they are comparable to those
found in the related [Mg(�5-
C5Me5)2][19a] and [Al(�5-
C5Me5)2]�[28] species, which are
stable molecules that have been
known for many years.[19, 28] This
similarity becomes even clearer
when a comparison of the M�C
bond lengths in the three deriv-
atives is made. In the structur-
ally characterized, formally
four-coordinate, Be-�5-C5Me5


compounds described in this
and in the following paper,[20]


as well as in previously reported
half-sandwich Be-�5-C5Me5


complexes,[14a, 29] the Be�C sep-
arations average approximately
1.90 ä. Since the effective ionic
radius of Be2� in four coordina-


tion environments is established as 0.27 ä,[7b] following
Hanusa[30] a value of 1.63 ä can be estimated for the ™ionic
radius∫ of the C atoms of the C5Me5


� group. The effective
ionic radii, assuming six-coordination for Be2� (0.45 ä,
calculated), Al3� (0.535 ä) and Mg2� (0.72 ä),[7b] lead to
estimates of M�C(�5) separations of 2.08 (Be), 2.165 (Al) and
2.35 ä (Mg), which are in excellent agreement with the
experimental values (2.05 ä in 2 ; 2.16 ä for Al[(�5-
C5Me5)2]�[28] and 2.34 ä in [Mg(�5-C5Me5)2][19a]).


Bonding analysis of beryllocenes 2 and 3: comparison with
[Be(C5H5)2] and [Be(C5H5)(C5MeH4)]: Although several
papers[4, 14] have appeared recently reporting theoretical
studies of the geometric and electronic structure of the
[Be(C5H5)2] complex, to our knowledge, none of them has
made an extensive comparison of the electron correlation
effects in the theoretical description of this system. For this
reason, and to allow a comparison with the results for
[Be(C5Me5)2], we present in Table 3 the optimized geometries
for [Be(C5H5)2] and [Be(C5Me5)2] at different levels of theory,
enforcing either D5d or Cs symmetry.


All the computed geometries for theD5d structures are very
similar. The DFT functionals produce the shortest distances,
with longer distances computed at the HF level and even
longer at the CASSCF level. These results indicate that the
effects of the dynamical electron correlation, mostly account-
ed for in the DFT functionals, increase the strength of the
Be�(C5H5) and Be�(C5Me5) (�5) delocalized bond, while the
non-dynamical correlation effects, included in the CASSCF
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Table 1. Crystal data and structure refinement.


1 2 3


formula C18H26Be C20H30Be C19H28Be
formula weight 251.40 279.45 265.42
crystal size [mm] 0.10� 0.20� 0.20 0.35� 0.30� 0.30 0.35� 0.30� 0.30
crystal system orthorhombic monoclinic monoclinic
space group Pnma C2/c P21/n
a [ä] 12.918(3) 14.9127(5) 8.0745(5)
b [ä] 15.735(3) 11.9919(4) 6.6636(4)
c [ä] 7.621(2) 9.4979(3) 30.295(2)
� [�] 90 90 90
� [�] 90 94.8390(10) 92.097
� [�] 90 90 90
V [ä3] 1549.1(5) 1692.47(10) 1628.9(2)
Z 4 4 4
�calcd [Mgm�3] 1078 1097 1082
T [K] 113(2) 103(2) 130(2)
� [mm�1] (MoK�) 0.059 0.060 0.059
F(000) 552 616 584
	max [�] 20.82 30.68 29.67
index ranges � 8� h� 12 � 21� h� 21 � 11�h� 10


� 14� k� 13 � 17� k� 17 � 1�k� 9
� 4� l� 7 � 13� l� 7 � 35� l� 34


no. of reflections measured 2661 8398 6690
no. of unique reflections 777 2450 3033
no. of params 98 102 194
R1 (I� 2
(I))[a] 0.0548 0.0531 0.0672
R1 (all data) 0.0850 0.0632 0.0844
wR2 (all data) 0.1637 0.1581 0.1746
diff. Fourier peaks min/max [eä�3] � 0.216/0.179 � 0.355/0.355 � 0.239/0.282


[a] R1�� � �Fo� � �Fc� � /��Fo �, wR2 � ��(w(Fo
2 �Fc


2)2)/�(w(Fo
2)2)]1/2.


Table 2. Selected bond lengths [ä] and angles [�].


1 2 3


Be�C(�5-ring) 1.890(8) ± 1.911(6) 1.969(1) ± 2.114(1) 1.896(3) ± 1.919(3)
Be�Cp�(ring centroid) 1.471(7) 1.655(1) 1.473(4)
Be�C(�1-ring) 1.769(8) 1.776(3)
centroid-Be-C(�1)
(or centroid-Be
-centroid)


176.2(6) 180 175.0(4)


Be-C(�1)-ring 100.5 102.5
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wavefunction, reduce the strength of this bond. A slight
increase of the Be�(C5Me5) separations is observed due to the
introduction of the methyl groups indicating that there are
only small, if any, steric repulsions between the two bulky
C5Me5 rings. The computed geometry for [Be(C5Me5)2] is in
good agreement with the experimental findings (see Table 2)
although the theoretical values for Be�C and Be�(C5Me5)
separations are a little longer (by 0.02 ä) than the exper-
imentally-determined bond lengths. The floppiness of the
molecule and the fact that the experimental values corre-
spond to the solid state, where the packing forces may have a
significant influence on the geometry, must be considered
when comparing these two sets of theoretical parameters.


The geometries and relative energies computed at different
levels of theory for the Cs structures show a few significant
differences, indicating that understanding the treatment of
electron correlation effects correctly is vital to the interpre-
tation of electronic structure and bonding in these complex
systems. All Be�C separations involving the �5 ring are lower
than in the correspondingD5d structure indicating a reinforce-


ment of the delocalized
Be�Cp�(�5) bond. With respect
to the geometry of the �1-ring,
an important qualitative differ-
ence appears in the coordina-
tion mode of the �1-ring de-
pending on the correlation
functional used. For
[Be(C5H5)2] the C
 has a tetra-
hedral coordination at RHF,
CASSCF or B3LYP levels,
while the structures predicted
by those functionals employing
the PW91 correlation function-
al can be described more as of
the slip-sandwich type, with a
Be-C
-X� (X�� (�1)-ring cent-
roid) angle very close to 90�.
This reflects a fundamental dif-
ference in the treatment of the
electron correlation in this
functional that is also present
on the computed relative ener-
gies. While either the B3LYP
functional predicts the Cs to be
the lower energy structure (by
about 3 kcalmol�1), those func-
tionals employing the PW91
correlation functional give
much smaller energy differen-
ces between the two isomers,
about (or less than)
1 kcalmol�1. This is consistent
with the slip-sandwich descrip-
tion of the �1-ring coordination,
producing a very fluxional pic-
ture of the structure of these
systems. The results given by
the CASSCF wavefunction are,


however, qualitatively different for [Be(C5H5)2] than for
[Be(C5Me5)2]. For the former, the structure is of the 
-type,
close to the HF description, and the energy difference
between the two conformations is larger than at any other
theoretical level. For [Be(C5Me5)2] the CASSCF structure is
clearly of the slip-sandwich type with an energy difference
between the two conformations of only 3.2 kcalmol�1.


The bonding model usually utilized to analyze the metal ±
ligand interactions in metallocenes correlates the atomic
orbitals of the cation (in our case Be2�) with the � MOs of
Cp�.[4a] This is a conceptually simple model that allows us to
rationalize the bonding in terms of fully ionic and donor ±
acceptor interactions between these fragments. At the same
time it is a very convenient model because it decomposes the
bonding in terms of interactions between closed shell species,
and many energy partitioning analyses can be applied in this
case. For this purpose we have performed constrained space
orbitals variations (CSOV) calculations[31] as implemented in
our version of the HONDO program. This analysis decom-
poses the total interaction between two fragments in terms of
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Table 3. Calculated main geometrical parameters [ä and �] and relative energies [kcalmol�1] of the Cs isomers.


Molecule/sym Level rBeC
[a] rBeX


[a] rCC
[a] �XBeC1


[b] �BeC1X�
[b] Erel


[c]


[Be(C5H5)2]/D5d RHF 2.067 1.685 1.407
B3LYP 2.054 1.662 1.419
PW91 2.047 1.650 1.424
BPW91 2.054 1.658 1.426
B3PW91 2.042 1.649 1.417
CASSCF 2.085 1.703 1.415


[Be(C5H5)2]/Cs RHF 1.920 ± 1.935 1.511 1.409 ± 1.411 179.2 112.8 � 6.27
1.763 ± 3.365 2.523 1.346 ± 1.480


B3LYP 1.908 ± 1.935 1.497 1.420 ± 1.423 176.7 104.4 � 2.52
1.786 ± 3.201 2.389 1.375 ± 1.470


PW91 1.901 ± 1.926 1.502 1.425 ± 1.429 172.7 92.0 0.93
1.777 ± 2.951 2.197 1.395 ± 1.459


BPW91 1.908 ± 1.953 1.505 1.427 ± 1.431 172.8 94.8 0.57
1.778 ± 3.016 2.247 1.393 ± 1.464


B3PW91 1.807 ± 1.936 1.493 1.417 ± 1.421 173.9 96.0 0.63
1.770 ± 3.027 2.259 1.382 ± 1.456


CASSCF 1.957 ± 1.966 1.550 1.416 ± 1.417 179.9 113.7 � 9.41
1.783 ± 3.418 2.563 1.359 ± 1.491


[Be(C5Me5)2]/D5d RHF 2.081 1.698 1.414
B3LYP 2.069 1.676 1.427
PW91 2.062 1.663 1.433
BPW91 2.074 1.677 1.435
B3PW91 2.059 1.665 1.425
CASSCF 2.087 1.701 1.421


[Be(C5Me5)2]/Cs RHF 1.916 ± 1.927 1.500 1.417 ± 1.420 179.1 109.0 � 8.53
1.779 ± 3.310 2.487 1.347 ± 1.493


B3LYP 1.905 ± 1.925 1.484 1.429 ± 1.433 176.8 102.2 � 3.59
1.773 ± 3.175 2.374 1.378 ± 1.484


PW91 1.889 ± 1.936 1.485 1.435 ± 1.439 172.0 92.5 0.04
1.782 ± 2.975 2.217 1.398 ± 1.473


BPW91 1.928 ± 1.938 1.490 1.438 ± 1.442 174.8 98.3 � 1.11
1.788 ± 3.111 2.323 1.393 ± 1.482


B3PW91 1.896 ± 1.923 1.478 1.427 ± 1.431 175.0 97.7 � 0.70
1.779 ± 3.078 2.300 1.382 ± 1.472


CASSCF 1.963 ± 1.964 1.547 1.422 ± 1.425 165.6 87.7 � 3.24
1.802 ± 2.851 2.144 1.384 ± 1.466


[a] For the Cs structures the first line of geometrical parameters rBeC, rBeX, and rCC corresponds to the �5 ring while
the second corresponds to the �1 ring. [b] X refers to the �5-ring centroid and X� to the �1-ring centroid.
[c] Relative energies for the Cs isomer taking the corresponding D5d structure as reference.
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a frozen core contribution, referred to as the sum of isolated
fragments, and polarization and charge transfer contributions.


The results of the CSOV energy decomposition analysis are
presented in Table 4 for RHF and BPW91 wavefunctions. The
analysis has also been carried out with the B3LYP functional,
but the results were almost identical to those of the BPW91
functional. The main contribution is, in all cases, the frozen
core interaction between fragments representative of purely
electrostatic attraction. For the D5d structures, this contribu-
tion amounts to 65% of the total interaction for [Be(C5H5)2],
while the ionicity for [Be(C5Me5)2], following this energy
decomposition analysis, is reduced to 58%. It may be argued
that this high percentage of purely electrostatic interaction
can be, at least in part, a reflection of the choice of highly
charged fragments as reference. To check this we have
performed a similar analysis taking as reference fragments
BeCp� and Cp�, the results of which are also shown in Table 4.
Indeed, these new results show a reduction of around 15 ±
17% on the ionic interaction between fragments, but the
general picture of the bonding is similar, with a high covalent
character in the bonding that is larger for [Be(C5Me5)2] than
for [Be(C5H5)2].


The breakdown of the non-electrostatic contributions
provided by the CSOV method shows that only two contri-
butions are significant: the polarization of the (Cp�)2 frag-
ment in the presence of Be2� and the partial charge transfer
from (Cp�)2 to Be2�, with any other contribution being less
than 0.5 kcalmol�1. Of these two, the polarization of (Cp�)2


accounts for about two thirds of the covalent energetic
contributions to the bonding and it is about 30% larger for
(C5Me5


�)2 than for (C5H5
�)2. This reflects the larger extension


of the electronic cloud in the C5Me5 ligand and the consequent
overlap increase with the orbitals of the Be center. The
analysis of the energetic bonding contributions on the Cs
structures is similar, but with some significant changes. When
the reference fragments are Be2� and (Cp�)2 there is a


reduction of the ionic character of the bonding and a
corresponding increase of the (Cp�)2 polarization. Taking
BeCp� and Cp�(�1) as reference fragments, an increase in the
ionic contribution is observed coupled to a reduction in the
Cp�(�1) to BeCp� charge transfer energetic contribution.
These changes can be interpreted as an increase of the
covalent character of the Be�Cp(�5) bond, propitiated by the
shorter Be�Cp separation, while the loss of charge delocal-
ization in the Cp(�1) ring results in a more ionic and less
polarizable Be�Cp(�1) bond.


To obtain further insight about the structure and bonding in
biscyclopentadienyl beryllocene complexes, we have per-
formed some additional theoretical calculations on the
[Be(C5H5)(C5H4Me)] and [Be(C5Me5)(C5Me4H)] systems.
For these studies we have employed the 6 ± 31G(d) basis set
and the B3LYP functional. The optimized geometries and
relative energies for the stationary points found are summar-
ized in Table 5. From these results a complex picture of the
potential energy surface of these systems is found, with many
minima (�5-�1 structures) connected by a �5-�5 structure and
with small energy differences. In both cases, the minimum
energy �5-�1 structure has a Be�C(
)H bond, while those
having a Be�C(
)Me bond are about 3 ± 4 kcalmol�1 less
stable. In the [Be(C5H5)(C5H4Me]) complex, a secondary
minimum with a Be�CH 
-bond to the carbon atom nearest to
that having the Me substituent is found only 0.4 kcalmol�1


over the absolute minimum that has the Be�C bond as far as
possible from the Me substituent. These results are in
agreement with experimental NMR findings that indicate
that �1 geometries in which Be is bonded to the CH of the �1-
ring have an important contribution to the solution structure.


These results can be rationalized in the light of the bonding
analysis performed for [Be(C5H5)2] and [Be(C5Me5)2]. In the
mixed cyclopentadienyl rings (C5MeH4 and C5Me4H) the ring
carbon atoms bonded to Me groups are more polarizable than
those bonded to H atoms. Correspondingly, there is a charge
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Table 4. CSOV energy decomposition analysis results [kcalmol�1].


Be�2 � (C5H5
�)2 Be�2 � (C5Me5


�)2


RHF BPW91 RHF BPW91
D5d Cs D5d Cs D5d Cs D5d Cs


frozen core � 546.0 � 516.8 � 534.7 � 507.8 � 488.4 � 474.4 � 468.1 � 437.3
(Cp)2 Pol[a] � 182.4 � 224.3 � 194.8 � 219.5 � 234.1 � 266.7 � 247.6 � 281.8
(Cp�)2 to Be2� CT[b] � 79.2 � 77.9 � 90.4 � 86.6 � 74.8 � 73.1 � 88.4 � 82.7
Be2� Pol � 0.1 � 0.2 � 0.4 � 0.5 � 0.1 � 0.2 � 0.4 � 0.6
Be2� to (Cp�)2 CT 0.0 0.0 � 0.1 � 0.1 0.0 0.0 � 0.1 � 0.1
remaining 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
total � 807.6 � 819.2 � 820.4 � 814.5 � 797.2 � 814.4 � 804.6 � 802.5


Be(C5H5)�� (C5H5
�) Be(C5Me�)� (C5Me5


�)
RHF BPW91 RHF BPW91


D5d Cs D5d Cs D5d Cs D5d Cs
frozen core � 111.1 � 124.6 � 107.6 � 113.2 � 88.8 � 114.6 � 79.7 � 94.9
Cp� Pol � 36.8 � 44.6 � 39.3 � 41.9 � 42.7 � 42.9 � 43.9 � 42.4
Cp� to BeCp� CT � 35.8 � 24.1 � 43.9 � 31.3 � 33.1 � 21.8 � 42.3 � 28.7
BeCp� Pol � 20.7 � 17.8 � 18.0 � 15.1 � 25.9 � 21.3 � 24.2 � 19.2
BeCp� to Cp� CT � 1.0 � 0.9 � 1.4 � 1.3 � 1.7 � 1.5 � 2.7 � 2.4
remaining � 1.6 � 1.1 � 1.4 � 1.0 � 2.9 � 1.9 � 3.0 � 1.9
total � 206.9 � 231.1 � 211.6 � 203.7 � 195.2 � 203.4 � 195.9 � 189.1


[a] Pol� polarization. [b] CT� charge transfer.
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localization in the latter, resulting in a stronger Be�CH 
-
bond. Thus, those structures where the Be �1-ring interaction
takes place through a Be�CH bond are more stable due to this
charge localization on the CH carbon atom. When two of
these structures are possible they are nearly degenerate, but
with a slight energy balance in favor of that structure having
the Me group as far as possible from the Be�C(
) bond.


Conclusions


At variance with beryllocene, the low-temperature X-ray
studies carried out with the methyl-substituted beryllocenes
1 ± 3 lead to structures with no positional or thermal disorder.
The molecules of 1 and 3 exhibit �5/�1 geometries with nearly
parallel Cp� rings, and in both compounds the �1-C5Me4H
ligand binds to Be through the CH carbon atom, possibly to
make the strongest possible bond. Theoretical studies on 3 are
in agreement with these findings, the preference of Be for
binding to the CH group being interpreted as a result of the
larger charge localization on this side of the �1-ring.


Quite unexpectedly, the long-sought [Be(C5Me5)2] (2), has
an almost regular sandwich structure in the solid state.
Although our theoretical calculations indicate a preference
for the �5/�1 structure, the fact that the solid-state exper-
imental Be�Cp� centroid length (hence the separation be-
tween the rings) is somewhat smaller than the computed value
may suggest that the compression resulting from crystal
packing effects may create steric repulsion between the ring
substituents that distort the molecule toward the �5/�5


geometry. This proccess is energetically facile as the energy
difference between both structures is very low.


Experimental Section


CAUTION : Beryllium compounds
are very toxic by inhalation and in
contact with the skin, are irritating to
the respiratory system, and present the
danger of very serious irreversible
effects.


General methods : All preparations
and manipulations were carried out
under oxygen-free argon using con-
ventional Schlenk techniques. Sol-
vents were rigorously dried and de-
gassed before use. The petroleum used
had b.p. 40 ± 60 �C. The complex
[Be(�5-C5Me5)Cl] was prepared ac-
cording to the literature procedure.[9]


Microanalyses were obtained at the
Microanalytical Service of the Institu-
to de Investigaciones QuÌmicas (Sev-
illa). Infrared spectra were recorded
on a Bruker, Vector 22 spectrometer.
NMR spectra were recorded on Bruk-
er AMX-300, DRX-400 and DRX-500
spectrometers. The 1H and 13C reso-
nances of the solvent were used as the
internal standard, and the chemical
shifts are reported relative to TMS.
9Be chemical shifts are referenced to
external BeCl2, 0.1� in D2O.


Compound 1, [Be(C5Me4H)2]: BeCl2 (0.824 g, 10 mmol) and K[C5Me4H]
(3.2 g, 20 mmol) were suspended in diethyl ether (200 mL) and stirred
overnight at room temperature. Removal of the solvent under vacuum and
extraction with petroleum ether afforded crystals of 1 after cooling at
�30 �C. Yield 1.76 g, 70%; m.p. 83 �C; 1H NMR (500 MHz, [D8]toluene,
25�C): �� 1.79 (s, 1H; Cp�CH3), 1.82 (s, 12H; Cp�CH3), 4.36 ppm (s, 2H;
Cp�CH); 13C NMR (125 MHz, [D8]toluene, 25 �C): �� 10.1 (s; CH3), 12.4
(s; CH3), 83.0 (s; CH), 117.3 (s; CCH3), 117.7 ppm (s; CCH3); 1H NMR
(500 MHz, [D8]toluene, �90 �C): �� 1.84 (s, 12H; Cp�CH3), 1.87 (s, 12H;
Cp�CH3), 4.25 ppm (s, 2H; Cp�CH); 13C NMR (125 MHz, [D8]toluene,
�90�C): �� 10.6 (s; CH3), 12.8 (s; CH3), 80.4 (s; CH), 117.8 (s; CCH3),
118.7 ppm (s; CCH3); 9Be NMR ([D6]benzene, 25 �C): ���19.9 ppm (w1/


2 � 9.7 Hz); IR (Nujol): �� � 3065, 2728, 1244, 1040, 798 cm�1; elemental
analysis calcd (%) for C18H26Be: C 86.0, H 10.4; found: C 85.1, H 10.6.


Compound 2, [Be(C5Me5)2]: The synthesis is similar to that of compound 1.
BeCl2 (0.482 g, 6 mmol) and K[C5Me5] (2.088 g, 12 mmol) were stirred for
84 h in a 1:1 mixture of toluene/diethyl ether (80 mL) while the temper-
ature of the heating bath was maintained at 115�C. The solvent was then
removed under vacuum and the residue extracted with petroleum ether.
Cooling at �30�C overnight gave crystals of 2 in approximately 50% yield
(0.84 g); m.p. 237�C; 1H NMR (400 MHz, [D8]toluene, 25�C): �� 1.81 ppm
(s, 30H; Cp�CH3); 13C NMR (100 MHz, [D8]toluene, 25 �C): �� 10.4 ppm
(s; CH3), 110.5 (s; CCH3); 1H NMR (400 MHz, [D8]toluene, �90 �C): ��
1.91 ppm (s, 30H; Cp�CH3); 13C NMR (100 MHz, [D8]toluene, �90�C): ��
10.4 (s; CH3), 109.7 ppm (s; CCH3); 9Be NMR ([D6]benzene, 25 �C): ��
�21.7 ppm (w1/2� 4.4 Hz); IR (Nujol): �� � 2723, 1030, 715 cm�1; elemental
analysis calcd (%) for C20H30Be: C 85.9, H 10.8; found: C 85.7, H 10.8.


Compound 3, [Be(C5Me5)(C5Me4H)]: [Be(C5Me5)Cl] (1.35 g, 7.52 mmol)
and K[C5Me4H] (1.20 g, 7.52 mmol) were suspended in 100 mL of a 1:1
mixture of toluene/diethyl ether and heated, with stirring, at 115 �C for 84 h.
Removal of the solvent under reduced pressure and extraction with
petroleum ether, followed by filtration, afforded a clear solution from
which colorless crystals of the title compound were collected after
concentration and cooling at �30 �C. Yield 1.47 g, 74%; m.p. 96 ± 99 �C;
1H NMR (400 MHz, [D8]toluene, 25 �C): �� 1.59 (15H; C5Me5), 1.91 and
1.84 (6H, 6H; C5Me4H), 3.50 ppm (1H; C5Me4H); 13C NMR (100 MHz,
[D8]toluene, 25 �C): �� 9.2 (C5Me5), 11.5 and 14.1 (2Me, 2Me; C5Me4H),
65.7 (CH), 108.9 (C5Me5), 123.1 and 125.4 ppm (2C, 2C; C5Me4H);
1H NMR (400 MHz, [D8]toluene, �90�C): �� 1.55 (15H; C5Me5), 2.12 and
1.97 (6H, 6H; C5Me4H), 3.30 ppm (1H; C5Me4H); 13C NMR (100 MHz,
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Table 5. Calculated main geometrical parameters [ä and �] and relative energies [kcalmol�1] for the complexes
[Be(C5H5)(C5MeH4)] and [Be(C5Me5)(C5Me4H)].


Structure rBeC
[a] rBeX


[a] rCC
[a] �XBeX� �BeC1X� Erel


[Be(C5H5)(C5MeH4)]
�5-�5 2.019 ± 2.118 1.675 1.417 ± 1.422 173.3 3.2


2.002 ± 2.119 1.658 1.420 ± 1.421
�5-�1(Me) 1.907 ± 1.946 1.499 1.420 ± 1.423 153.8 96.4 4.0


1.775 ± 3.053 2.278 1.381 ± 1.468
�5-�1(H) 1.906 ± 1.930 1.488 1.421 ± 1.423 152.3 107.4 0.4


1.750 ± 3.266 2.428 1.371 ± 1.481
�5-�1(H) 1.907 ± 1.930 1.489 1.421 ± 1.422 152.8 108.5 0.0


1.750 ± 3.290 2.450 1.370 ± 1.477
�1-�5 1.910 ± 1.918 1.483 1.421 ± 1.426 151.8 106.0 4.1


1.758 ± 3.236 2.416 1.374 ± 1.473
Be(C5Me5)(C5Me4H)
�5-�5 2.051 ± 2.058 1.660 1.426 ± 1.428 179.1 3.9


2.031 ± 2.094 1.680 1.421 ± 1.430
�5-�1(H) 1.903 ± 1.915 1.475 1.430 ± 1.433 152.9 110.9 0.0


1.789 ± 3.329 2.489 1.374 ± 1.485
�5-�1(Me) 1.899 ± 1.921 1.476 1.429 ± 1.433 152.3 103.2 3.0


1.769 ± 3.219 2.389 1.372 ± 1.483
�5-�1(Me) 1.902 ± 1.920 1.478 1.429 ± 1.433 152.2 101.7 4.0


1.733 ± 3.173 2.366 1.373 ± 1.487
�1-�5 1.886 ± 1.937 1.487 1.425 ± 1.436 153.5 103.7 3.9


1.770 ± 3.206 2.396 1.376 ± 1.486


[a] For the �5-�1 structures the first line of geometrical parameters (rBeC, rBeX and rCC) corresponds to the �5 ring
while the second corresponds to the �1-ring.
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[D8]toluene, �90�C): �� 9.4 (C5Me5), 12.2 and 14.7 (2Me, 2Me; C5Me4H),
59.3 (CH), 108.7 (C5Me5) 124.5 and 128.1 ppm (2C, 2C, C5Me4H); 9Be
NMR ([D6]benzene, 25 �C): ���19.7 ppm (w1/2� 9.7 Hz); IR (Nujol): �� �
2728, 1240, 1043, 887 cm�1; elemental analysis calcd (%) for C19H28Be: C
86.0, H 10.5, found: C 84.8, H 10.8.


Computational details : In all cases, except where explicity indicated, we
have employed the 6 ± 31G(d,p) atomic basis set for all elements. This basis
set, of double- quality and including polarization orbitals on all atoms, is
known to give a reasonable description of the atomic electron density.
Restricted Hartree ± Fock (RHF) and density functional theory (DFT)
calculations have been performed by using the Gaussian 98 program
suite.[32] Various functionals have been employed, combining Becke×s
three-parameter hybrid exchange functional,[33] with either the non-local
correlation functional of Lee, Yang, and Parr[34] (B3LYP) or the non-local
correlation functional of Perdew[35] (B3PW91) and the gradient corrected
exchange functional of Perdew[36] with the same non-local correlation
functional of Perdew (PW91). While DFT methods are widely used
nowadays, these functionals have been developed focusing on systems
containing only low Z elements with wavefunctions well aproximated by a
single Slater determinant[37] . This imposes some restrictions on functionals
derived from KS theory and, recently, it has been suggested that, in cases
where quasi-degenerations are present, more than one determinant may be
needed to construct the exact energy functional. For these reasons
CASSCF calculations have been undertaken to check for possible effects
of the non-dynamic correlation in the electronic structure of the complexes
studied here. The valence structure of Be(C5H5)2 is complex, due to the
large number of electrons present. As our goal is to adequately describe the
bonding between the Be atom and the two (C5H5) rings, the logical choice
for the active space includes the valence shell of the Be atom and the �


system of both Cp rings. This produces an active space consisting of 12
electrons distributed over 14 molecular orbitals. Given that the last MO in
this active space was found in preliminary calculations to be practically
empty, we have deleted it from the active space and, finally, kept an active
space of 12 electrons distributed over 13 MOs that produces a CI
wavefuction of 736164 CSF. This active space is expected to adequately
describe near degeneracy effects both intra (C5H5) � systems and those
resulting from charge transfer between the Be atom and (C5H5) rings.
Those CASSCF calculations have been undertaken using a locally modified
version of the HONDO program system[38] that allows us to perform direct
and parallel CI calculations on a Beowulf-type computer.


Crystal structure determinations : Crystals of 1, 2 and 3 suitable for X-ray
studies were obtained by crystalization from petroleum ether (1 and 2) and
by sublimation under vacuum (3). Crystal data and experimental details are
given in Table 1. All X-ray data were collected an a Brucker-Siemens Smart
CCD diffractometer equipped with a low temperature device and a normal
focus, 2.4 kW sealed tube X-ray source (molybdenum radiation, ��
0.71067 ä) operating at 50 kV and 20 mA. Data were collected using �


scan (3�	� 21�) for 1 (whose crystals exhibited poor quality so there were
no reflections over 21�), 2�	� 31� for 2 and 2.59� 	� 29.67 for 3. The
structures were solved by direct methods (G. M. Sheldrick, SHELX-92,
Program for Crystal Structure Determination, University of Cambridge,
1992). Hydrogen atoms were located in difference Fourier maps. Refine-
ments were by full-matrix least-squares analysis with anisotropic thermal
parameters for all non-hydrogen atoms and isotropic for hydrogen atoms in
all cases.
CCDC-137573 (1), CCDC-137574 (2), and CCDC-193648 (3) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or deposit@ccdc.cam.
ac.uk).
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Synthetic, Reactivity, and Structural Studies on Half-Sandwich (�5-C5Me5)Be
and Related Compounds: Halide, Alkyl, and Iminoacyl Derivatives


M. del Mar Conejo,[a] Rafael Ferna¬ndez,[a] Ernesto Carmona,*[a] Richard A. Andersen,*[b]
Enrique Gutie¬rrez-Puebla,*[c] and M. Angeles Monge[c]


Dedicated to Professor G. E. Coates, the pioneer of organoberyllium chemistry, on the occasion of his 86th birthday


Abstract: The half-sandwich com-
pounds [(�5-C5Me5)BeX] (X�Cl, 1a ;
Br, 1b), readily prepared from the
reaction of the halides BeX2 and
M[C5Me5] (M�Na or K), are useful
synthons for other (�5-C5Me5)Be orga-
nometallic compounds, including the
alkyl derivatives [(�5-C5Me5)BeR]
(R�Me, 2a ; CMe3, 2b ; CH2CMe3, 2c ;
CH2Ph, 2d). The latter compounds can
be obtained by metathetical exchange of
the halides 1 with the corresponding
lithium reagent and exhibit NMR signals
and other properties in accord with the
proposed formulation. Attempts to
make [(�5-C5Me5)BeH] have proved


fruitless, probably due to instability of
the hydride toward disproportionation
into [Be(C5Me5)2] and BeH2. The half-
sandwich iminoacyl [(�5-C5Me5)-
Be(C(NXyl)Cp�)] and [(�5-C5Me4H)-
Be(C(NXyl)Cp�)][3, 6] where Xyl�
C6H3-2,6-Me2 and Cp��C5Me5 or
C5Me4H, are formed when the beryllo-
cenes [Be(C5Me5)2], [Be(C5Me4H)2],
and [Be(C5Me5)(C5Me4H)] are allowed


to react with CNXyl. Isolation of three
different iminoacyl isomers from the
reaction of the mixed-ring beryllocene
[(�5-C5Me5)Be(�1-C5Me4H)] and
CNXyl, namely compounds 5a, 5b, and
6, provides compelling evidence for the
existence in solution of different beryl-
locene isomers, generated in the course
of two very facile processes that explain
the solution dynamics of these metal-
locenes, that is the 1,5-sigmatropic shift
of the Be(�5-Cp�) unit around the pe-
riphery of the �1-Cp� ring, and the
molecular inversion rearrangement that
exchanges the roles of the two rings.


Keywords: beryllium ¥ cyclopenta-
dienyl ligands ¥ half-sandwich com-
plexes ¥ iminoacyls ¥ sigmatropic
rearrangements


Introduction


In contrast to the many known organoberyllium compounds
that contain a Be(�5-C5H5) fragment,[1] there are only a few in
which the cyclopentadienyl ligand is substituted. The half-
sandwich species, [(�5-C5Me5)BeCl] (1a), was first isolated by
Burns and Andersen in 1987,[2] and later by Pratten, Cooper,


and Aroney, who also characterized the mixed-ring beryllo-
cene [Be(C5Me5)(C5H5)] by solution IR and NMR studies.[3]


From 1a, the beryllium organometallic compunds [(�5-
C5Me5)BeMe],[4] [(�5-C5Me5)Be(PtBu2)],[5a] and [(�5-C5Me5)-
Be(AstBu2)][5b] were subsequently prepared. More recently
the beryllocenes [Be(C5Me5)2], [Be(C5Me4H)2], and [Be(C5-


Me5)(C5Me4H)] have been described by some of us.[6]


Whereas [(�5-C5H5)BeMe] has long been known,[7] the
synthesis and physical properties of the C5Me5 analogue have
not been published, despite its use in the formation of an [Yb]-
Me[Be] adduct, by its reaction with the bent sandwich f block
metallocene [Yb(�5-C5Me5)2].[4] Herein we report details on
the formation of 2a and the synthesis of other beryllium alkyls
[�5-C5Me5)BeR] as well as of [(�5-C5Me5)BeCl] (1a ; an
alternative, higher-yield procedure[2]) and the bromo ana-
logue 1b. Compounds 1 are useful synthons for alkyl,
cyclopentadienyl, and related Be(�5-C5Me5) compounds, but
attempts to make [(�5-C5Me5)BeH], the simplest member of
the series, starting from these or related derivatives, have
failed to give a pure material.


As discussed in the preceding paper,[6] the beryllocenes
[Be(C5Me5)2], [Be(C5Me4H)2], and [Be(C5Me5)(C5Me4H)]
exhibit dynamic behavior in solution. To obtain chemical
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evidence in support of the proposed fluxional processes,[8] the
reactions of the above beryllocenes with different Lewis bases
have been examined. Some of these attempts have proved
fruitless but nevertheless the reaction with CNXyl (Xyl�
C6H3-2,6-Me2) has provided convincing evidence of the
existence, in solution, of different �5/�1 beryllocene isomers
as active participants in the two fluxional processes. The
synthesis, structural characterization (spectroscopic and X-ray
methods) and solution behavior of the iminoacyl complexes
[(�5-Cp�)Be(C(NXyl)Cp��)] resulting from these reactions are
also reported.[9]


Results and Discussion


Alkyl derivatives [(�5-C5Me5)BeR] (R�Me, CMe3,
CH2CMe3, and CH2Ph): Most of the compounds described
in this section can be made from either [(�5-C5Me5)BeCl][2, 3]


(1a) or its bromo analogue [(�5-C5Me5)BeBr] (1b), in Et2O, or
in mixtures of Et2O and toluene, when heating is required.
These halide precursors are obtained in high yields when
[BeX2(OEt2)2] (X�Cl, Br) are allowed to react with
M[C5Me5] salts (M�Na, K). The alkyl derivatives [(�5-
C5Me5)BeR] (2), can then be obtained by metathetical
exchange with an alkyl lithium reagent in Et2O [Eq (1)].


Compounds 1 and 2 are crystalline solids, which may be
crystallized on cooling their concentrated solutions in pen-
tane. Their physical properties are given in the Experimental
Section. The halides 1, but not the alkyls 2, develop a red
coloration on standing in a glass vessel, that we attribute to
the generation of hydrolysis products from the trace amounts
of water on the glass surface. It is noteworthy that similarly to
[(�5-C5H5)BeCl] and other (�5-C5H5)Be compounds,[10] 1a
experiences an observable benzene-induced 1H NMR shift
from �� 1.91 ppm in C6D12 to �� 1.67 ppm in C6D6: ��
0.24 ppm. This shift, albeit smaller than that of [Be(C5H5)Cl],
(�� 0.39 ppm)[10] is larger than that spanned by the remaining
Be(C5Me5) compounds described in this section, and may be
attributed to specific interactions between the aromatic
solvent and the H atoms of the Cp� ligand,[10] which have a
net positive charge in the dipolar molecules. The smaller
average �� charge on a C�H group of C5Me5, as compared
with C5H5, and the fact that a molecule of C6H6 cannot
interact simultaneously with the three H atoms of a CH3


group explain the lower upfield shift found for 1a, in
comparison with its C5H5 analogue.


Compounds 1 and 2 are all volatile and can be sublimed
readily under dynamic vacuum. The least volatile are the
halides 1 (ca. 60 �C, 0.05 mm), whereas the methyl derivative
2a sublimes at 60 �C and atmospheric pressure, or at room


temperature under a dynamic
vacuum of approximately
0.1 mm. Thus, care must be ex-
ercised in isolating this alkyl or it
will distill into the solvent trap.
All compounds give monomeric
molecular ions in their mass
spectra (see Experimental Sec-
tion) and no ions are detected at


masses greater than expected for monomeric fragments. In
addition, no disproportionation ions (for example the molec-
ular ion for [Be(C5Me5)2]�) have been observed.


NMR data for compounds 1 and 2 (1H, 13C, and 9Be)
compare well with those reported for other Cp�-Be deriva-
tives. There is not much worthy of note in the 1H NMR
spectra, except the solvent dependence for 1a already
mentioned. The 13C chemical shift of the Me group of [(�5-
C5Me5)BeMe] (2a) is ���25.4 ppm and the signal appears
as a well-resolved 1:1:1:1 pattern due to coupling to 9Be (I�
3³2), with a 1J(Be�C) coupling constant of 30 Hz. In all of the
other alkyls this resonance was not observed, presumably due
to quadrupolar relaxation by the beryllium nucleus. The ring
carbon atoms are not affected by the quadrupolar nucleus
since the singlet resonances are sharp and no coupling is
detected. The chemical shift value of �� 108 ± 109 ppm (see
Experimental Section) is almost the same as that found for
structurally characterized (�5-C5Me5)Be compounds,[4] includ-
ing the [(�5-C5Me5)Be(C(NXyl)Cp�)] derivatives described in
the following section (ca. �� 10 ppm). Hence, �5-C5Me5
coordination to beryllium in compounds 1 and 2 can be
proposed with confidence. 9Be chemical shifts also have
normal values. The signals are relatively sharp (half-height
width of 3.5 Hz for 1b ; 16 Hz for 2a) and due to paramagnetic
ring current effects[11] they are located in the higher-field
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Abstract in Spanish: Los compuestos de composicio¬n [(�5-
C5Me5)BeX] (X�Cl, 1a ; Br, 1b) se preparan con facilidad
mediante la reaccio¬n de los haluros BeX2 con M[C5Me5] (M�
Na o K), y son excelentes materiales de partida para la sÌntesis
de otros compuestos organometa¬licos de Be tales como los
alquilos [(�5-C5Me5)BeR] (R�Me, 2a ; CMe3, 2b ; CH2CMe3,
2c ; CH2Ph, 2d). Estos u¬ltimos resultan de una simple reaccio¬n
de meta¬tesis entre 1a o 1b y el derivado LiR correspondiente.
Los intentos efectuados para obtener el hidruro [(�5-C5Me5)-
BeH] han resultado infructuosos, debido casi con toda
probabilidad a su tendencia a la desproporcio¬n para dar
[Be(C5Me5)2] y BeH2. Si los berilocenos [Be(C5Me5)2],
[Be(C5Me4H)2] y [Be(C5Me5)(C5Me4H)] se hacen reaccionar
con el CNXyl se obtienen iminoacilos de formulacio¬n [(�5-
C5Me5)Be(C(NXyl)Cp�)] and [(�5-C5Me4H)Be(C(Nxyl)Cp�)]
(3 ±6), siendo Xyl�C6H3-2,6-Me2 y Cp��C5Me5 or C5Me4H.
El aislamiento de tres berilocenos diferentes de la reaccio¬n del
[Be(C5Me5)(C5Me4H)] con CNXyl, a saber, los complejos 5a,
5b y 6 se puede considerar como evidencia concluyente sobre
la existencia de diferentes berilocenos iso¬meros que se generan
merced a dos procesos dina¬micos de muy baja energÌa de
activacio¬n:el desplazamiento sigmatro¬pico 1,5 de la unidad
Be(�5-Cp�) sobre la periferia del anillo �1-Cp� y el proceso de
inversio¬n molecular que intercambia la funcio¬n de los dos
anillos.
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region of the 9Be chemical shift range (from approximately
���25 to �25 ppm[11±14]). They cluster around ���16 ppm
and are therefore somewhat shifted to lower field in
comparison with values reported for [(�5-C5H5)BeX] com-
plexes (���19.1 ppm, X�Cl; ���20.4 ppm, X�Me; ��
21.9 ppm, X�C5H5


[11, 12]).
The reactions of the alkyl derivatives are rather disappoint-


ing, since they are inert except to protic substances such as
water. For example, the methyl compound 2a is recovered
unchanged after exposure to H2 (18 atm, 20 �C) and it does not
react with either CNCMe3 or CNXyl (in the latter case at
80 �C for 24 h). This contrasts with the facility with which
CNXyl adds to [BeCp�2] complexes (vide infra). Similarly, the
neopentyl derivative 2c is also recovered unchanged when
exposed to H2 (18 atm), CO (18 atm), NO (2 atm), or N2O
(2 atm), at 20 �C. Even treatment of the benzyl derivative 2d
with H2 (60 atm) at 110 �C for a week does not yield the
hydride or its decomposition product, [Be(C5Me5)2] (see
below). Heating the tert-butyl complex 2b in toluene for
prolonged periods of time gave no evidence for the hydride.
Thus, neither hydrogenation nor �-H transfer reactions are
useful synthetic routes to the sought hydride [(�5-C5Me5)-
BeH]. The lack of reactivity of compounds 2 is not, however,
surprising, as in their molecules the four beryllium atomic
orbitals are involved in the bonding to the �5-C5Me5 and R
groups. Hence, only high-energy antibonding orbitals could be
employed so that any resulting ring-slipping or ion-pair
formation would be a high energy processes.


The isolobal relationship between the alkyls 2 and the
hydride [(�5-C5Me5)BeH] suggests that the latter is a reason-
able synthetic target. However, compounds with Be�H bonds
are rare,[1b, 15] the only monomeric hydride structurally char-
acterized by X-ray methods is [�3-HB(3-tBupz)3BeH] report-
ed by Parkin and co-workers.[14a] Other terminal beryllium
hydrides are known[16] such as the thermally unstable, partially
characterized [(�5-C5H5)BeH], which is reported to form
when [(�5-C5H5)Be(BH4)] reacts with PPh3.[1b] Since, as
outlined above, the hydrogenolysis of the alkyls 2 fails to
give the hydride, the reactions of the halides 1 with different
hydride-transfer reagents have been investigated.


[(�5-C5Me5)BeCl] reacts with LiBH4 to give [(�5-C5Me5)-
Be(BH4)], but since the latter complex is recovered un-
changed when treated with PPh3, it was characterized only by
IR spectroscopy. The analogous reaction of 1b with LiAlH4 in
Et2O appeared more promising since it provides a white
crystalline solid that shows an IR absorption at 1950 ±
1985 cm�1, which may be due to a Be�H group.[1b] The
frequency and relative intensity of this feature depends upon
the reaction conditions, particularly the reaction time. How-
ever, no hydride resonance can be found by 1H NMR
spectroscopy, the spectrum exhibits only two singlets at ��
1.66 and 1.83 ppm. The former is due to unreacted 1b and the
latter to [Be(C5Me5)2], as confirmed by comparison with the
spectrum of an authentic sample.[17] 9Be NMR studies also
confirm the existence of [Be(C5Me5)2] and [Be(C5Me5)Br] as
the only species detectable in solution. As a further con-
firmation of the above, the mass spectrum of the white
crystalline solid shows a molecular ion envelope at 223/
225 amu, identical to that of pure 1b, along with a higher mass


envelope at 279 amu, due to [Be(C5Me5)2]. In this regard it is
also noteworthy that the reaction of [(�5-C5Me5)BeCl] with
KC10H8 also gives [Be(C5Me5)2].


Control experiments were done to show that [(�5-C5Me5)-
BeBr] (1b) is stable toward disproportionation. No evidence
for the formation of [Be(C5Me5)2] is found by 1H NMR
spectroscopy and mass spectrometry when 1b is stirred in
solution or sublimed. The same applies to the alkyls 2, so that
evidence for the formation of the metallocene is obtained only
when 1b is allowed to react with LiAlH4. We suggest that [(�5-
C5Me5)BeH] forms, but it is not stable at room temperature
and disproportionates as shown in Equation (2).


The reaction should be essentially thermoneutral, since an
equal number of Be�H and Be�C5Me5 bonds are made and
broken. Although we have been unable to confirm the
formation of the unstable BeH2,[18] it seems reasonable that
its insolubility in hydrocarbon solvents, due to its polymeric
nature, drives the disproportionation reaction.


In this regard it is appropriate to comment that similarly to
other organometallic compounds of Be and other Group 2
and Group 12 elements,[19, 20] 1a participates in a redistrib-
ution reaction when treated with pyridine, yielding insoluble
[BeCl2(py)2], and [Be(C5Me5)2]. Thus, it appears that the
insolubility of one of the disproportionation products is the
driving force for it.


Half-sandwich [(�5-C5Me5)Be(C(NXyl)Cp�)] and related imi-
noacyls: solution studies : Beryllocene, [Be(C5H5)2],[21] has
a slip-sandwich �5/�1 (�) structure in the solid state.[22] In
solution it is a highly fluxional molecule that undergoes two
facile rearrangements, namely a 1,5-sigmatropic shift of the
Be(�5-C5H5) unit around the periphery of the �1 ring and a
molecular inversion that interchanges the roles of the C5H5


rings.[8]


At variance with this situation, [Be(C5Me5)2] has an �5/�5,
almost regular sandwich structure in the solid state. As
discussed in the preceding paper,[6] variable-temperature 1H
and 13C NMR studies provide no evidence for dynamic
behavior. However, by similarity with other beryllocenes it is
reasonable to assume that in solution the �5/�5 structure (A in
Scheme 1a) is in equilibrium with the �5/�1 structure (B).
Rearrangement by means of 1,5-sigmatropic shifts and ring-
exchange would convert B into degenerate structures. [Be(C5-


Me4H)2] exhibits a slip-sandwich structure in the solid state
(degenerate formulae C orD, Scheme 1b), but in solution the
two rings are equivalent, even at �90 �C. This is indicative of
ring-exchange between degenerate structures C and D, but
whereas it is reasonable to suppose that the 1,5-shift is a very
easy process, no evidence can be obtained by NMR spectro-
scopy, even if this exchange would lead to the nondegenerate,
isomeric structures E and F. Finally, in the solid state
[Be(C5Me5)(C5Me4H)] contains �5-C5Me5 and �1-C5Me4H,
the latter bonded to Be through the CH carbon atom. For this
beryllocene, variable-temperature NMR studies denote flux-
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Scheme 1. Rearrangements of substituted beryllocenes: a) [Be(C5Me5)2];
b) [Be(C5Me4H)2]; c) [Be(C5Me5)(C5Me4H)].


ionality,[6] but provide no clues about its intimate nature. As
shown in Scheme 1c, both the molecular inversion and the
sigmatropic shift generate isomeric structures (H and I, J,
respectively).


To obtain evidence in support of the structures and
processes represented in Scheme 1 we have investigated the
reactions of substituted beryllocenes, [BeCp�2],[6] toward some
Lewis bases. Dissapointingly, no coordination or ion-pair
formation is detected by NMR spectroscopy when
[Be(C5Me5)2] is heated (80 �C, 16 h) in C5D5N. Moreover,
decamethylberyllocene is recovered unchanged after treat-
ment with CO (20 �C, 2 atm) or 1,3,4,5-tetramethylimidazol-2-
ylidene (100 �C). [Be(C5Me4H)2] is also recovered unaltered
after exposure to 100 atm of CO. Notwithstanding the above,
we have found that octa-, nona-, and decamethylberyllocene
exhibit a remarkable reactivity toward CNXyl that serves as a
chemical probe for both the sigmatropic shift and the
molecular inversion rearrangements.


The room-temperature reaction of [Be(C5Me5)2] and
CNXyl allows isolation in good yields (ca. 70%) of a
crystalline solid, identified as the iminoacyl complex 3
(Scheme 2). Relevant spectroscopic data in support of this
formulation include an IR absorption at 1570 cm�1 associated
with a low-field 13C resonance at �� 155.7 ppm, which are due
to the iminoacyl unit,[24] along with 13C signals characteristic of
the �5 ring (�� 108.8 ppm) and of the C5Me5 group within the
iminoacyl ligand (�� 140.7, 135.2, and 71.7 ppm).


Scheme 2. Reaction of [Be(C5Me5)2] and CNXyl.


Other spectroscopic features of 3 are in agreement with the
proposed structure (see Experimental Section), subsequently
confirmed by X-ray studies (vide infra).


It is worthy of note that iminoacyl formation is a reversible
reaction. Room-temperature 1H and 13C NMR studies of 3
provide no indication of reversibility, but at higher temper-
atures partial dissociation of the product into the reactants is
observed. At temperatures between approximately 80 and
115 �C, the equilibrium is attained at a convenient rate and the
equilibrium concentration of the species involved can be
measured. This leads to the van×t Hoff representation shown
in Figure 1 and to �Ho and �So values of 18(0.4) kcalmol�1


and 35(1) calmol�1K�1, respectively, for the dissociation


Figure 1. Van×t Hoff representation for the dissociation process of com-
plex 3.


reaction. Extrapolation to room temperature yields an
equilibrium constant of 2� 10�6 for the formation of 3.
Iminoacyl formation is thermodynamically favored at 20 �C,
despite the negative �So value. Clearly, this is due to the
enthalpic contribution, but at temperatures around 100 �C the
T�So term offsets partially the exothermicity of the iminoacyl
forming reaction,[23±25] and leads to partial dissociation meas-
urable by NMR methods. As illustrated in Scheme 2 and
discussed in more detail below, the carbon ± carbon coupling
reaction involves, most likely, the �5/�1 isomer of
[Be(C5Me5)2], structure B of Scheme 1a. Compelling evi-
dence in favor of this proposal derives from studies of other
beryllocenes (vide infra) and of the isovalent zincocene
[Zn(C5Me5)2]. The latter has a slip-sandwich structure[26a,b]


and reacts with CNXyl to give the iminoacyl [(�5-
C5Me5)Zn(C(NXyl)C5Me5)], with properties very similar to
those of 3.[26c]
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The analogous room-temperature reaction of [Be(C5-


Me4H)2] and CNXyl gives the iminoacyl derivative 4a
(Scheme 3), with a structure similar to that of 3. Apart from


a �(CN) value of 1560 cm�1
,
1H NMR resonances are found


for 4a at �� 4.69 (�5-Cp�) and 3.96 ppm (�C(NXyl)Cp�) for
the CH proton of the Cp� groups. The ring carbon atoms of the
�5-C5Me4H ligand resonate at �� 100.4 (CH), 110.2, and
111.5 ppm (tentatively assigned to the � and � carbon atoms,
respectively), whereas those of the other Cp� ring appear at
distinctively higher (�� 77.2 ppm; CH) and lower field (��
137.3 and 134.6, � and � carbon nuclei). It seems clear that 4a
results from the coupling of CNXyl with beryllocene C (orD)
of Scheme 1b. However, if the reaction is conducted at
�78 �C, a different isomer, 4b, is generated cleanly and may
be isolated in almost 55% yield. Salient NMR features of 4b
are an olefinic 1H resonance at �� 5.78 ppm, due to the
C5Me4H proton of the iminoacyl ligand, as well as five distinct
13C signals for the ring carbon nuclei of this C5Me4H group
(�� 71.8 ppm aliphatic quaternary carbon; �� 134.1, 141.3,
and 148.6 ppm, olefinic quaternary carbons; �� 131.4 ppm,
olefinic CH). These data indicate that 4b is the product of the
reaction of beryllocene F (Scheme 1b) and CNXyl, or in other
words that one of the �-C(Me) atoms of the �1 ring of
[Be(C5Me4H)2] couples with the isocyanide to produce 4b.


Even though compound 4b is stable at room temperature in
the solid state, in solution it undergoes partial dissociation
even at �78 �C (1H NMR monitoring). Warming a C7D8


solution of 4b prepared at �78 �C, allows the observation at
approximately �30 �C of a weak olefinic 1H resonance at ��
5.69 ppm. This may be due to the missing iminoacyl isomer,
namely the one in brackets in Scheme 3, that would result
from the �-C(Me)-CNXyl coupling of beryllocene E in
Scheme 1b. Nevertheless the concentration of this purported
iminoacyl remains too low (�5%) to allow its unequivocal
characterization. At room temperature, 4b converts cleanly
into 4a, hence the latter is the thermodynamic product of the
reaction. Isolation of the two products provide direct exper-
imental evidence for the existence of the �5/�1 isomersC and F
of Scheme 1b, and therefore for the 1,5-sigmatropic rear-
rangement responsible for their exchange. Naturally, the
identity of the two Cp� rings makes molecular inversion
undetectable by this chemical probe. As discussed in the next
paragraphs, nonamethylberyllocene allows this problem to be
circumvented.


Four isomeric structures (Scheme 1c) are possible for
[Be(C5Me5)(C5Me4H)], thus it is not surprising that its
reaction with CNXyl is the most complex of all that we have


examined. Three of the four possible iminoacyl isomers
(Scheme 4) have been isolated and characterized, and of the
three, 5a, 5b, and 6, the last two have been studied by X-ray


methods. As for [Be(C5Me4H)2],
the low-temperature reaction of
[Be(C5Me5)(C5Me4H)] and
CNXyl yields the iminoacyl re-
sulting from �-C(Me)-CNXyl
coupling of the C5Me4H group
(5b).


An isolated sample of this
complex, dissolved at �78 �C,
exists in equilibrium with minor
amounts of the reactants. Upon
warming to room temperature,


Scheme 4. Reaction of [Be(C5Me5)(C5Me4H)] with CNXyl.


slow conversion to the isomeric iminoacyl 6 takes place, but
once more, at approximately �30 ± � 20 �C, a weak 1H NMR
resonance at �� 5.69 ppm can be discerned. The concentra-
tion of this species remains below 5% too, and therefore it
cannot be confidently attributed to the missing imnoacyl
isomer, represented in brackets in Scheme 4. Further pro-
longed heating at 80 ± 100 �C, causes the formation of a new
compound, 5a, at the expense of the lower temperature
isomers 5b and 6.


Spectroscopic data show unambiguously that 6 contains an
�5-C5Me4H ligand, whereas the C5Me5 of the original ber-
yllocene is part of the iminoacyl unit (see Experimental
Section). Thus, it is the product of the coupling of CNXyl with
the inverted beryllocene H of Scheme 1c. This result provides
convincing evidence for the population of structure H, and
therefore for the molecular inversion process that exchanges
the two rings of the beryllocenes. On a preparative scale, 6 can
be obtained by the direct room temperature reaction of
[Be(C5Me5)(C5Me4H)] and CNXyl. As already hinted, 6 is not
the thermodynamic product of this reaction, since at higher
temperatures (80 ± 100 �C) it converts readily into 5a, which
has an �5-C5Me5 ligand and an iminoacyl with a
C(NXyl)�CHC4Me4 bond. Obviously, 5a derives from isomer
G of Scheme 1c.
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All of the above results concerning the iminoacyls 3 ± 6 can
only be accounted for assuming that the C�C coupling that
leads to the iminoacyl unit is a reversible reaction. This has
been convincingly demonstrated for 3 (see Figure 1), and it is
additionally supported by the results of the crossing experi-
ments represented in Scheme 5. In one instance (Scheme 5a),
equimolar amounts of [Be(C5Me5)2] and of iminoacyl 6 are
heated in C7D8, at 100 �C for 16 h, to give a complex reaction
mixture that contains [Be(C5Me5)2], 6, CNXyl, 3, and 5a. In
the second experiment (Scheme 5b), the iminoacyl 3 and the
mixed-ring beryllocene [Be(C5Me5)(C5Me4H)] are reacted
under identical conditions, to generate a mixture of the
starting products plus CNXyl, [Be(C5Me5)2] and the iminoac-
yls 6 and 5a. These results may be interpreted postulating that
in each case the iminoacyl reactant undergoes partial
dissociation and that the liberated CNXyl combines with the
beryllocenes present in solution to furnish the corresponding
iminoacyls.


The reaction of the Me-substituted beryllocenes with
CNXyl to form the iminoacyls 3 ± 6 resembles the analogous
addition of organolithium and organomagnesium reagents to
isonitriles to give the corresponding metalloimines,[27, 28] which
are useful synthetic reagents.[24a] Ion-pair formation, followed
by coordination of the isocyanide and rearrangement to the


final product, seems unlikely considering the chemical
reactivity described above for the beryllocenes, and also in
view of the facility with which iminoacyls 4b and 5b form at
�78 �C in pentane. A concerted [4�2] cycloaddition between
the diene part of the �1-Cp� ring and the isocyanide � system
cannot be ruled out but, in our view, it is difficult to reconcile
with the sequence of formation found experimentally for the
iminoacyl products of Scheme 3 and Scheme 4. We believe
that our experimental results are best explained assuming that
a three-center transition state of type K gives rise to the
iminoacyl products. This could arise from the direct attack of


CNXyl onto a weak, inherently polar, Be��1-Cp� bond (recall
that [(�5-C5Me5)BeMe], with a stronger bond between Be and
the primary alkyl, does not react with CNXyl at 80 �C), or,
alternatively, from a traditional migratory insertion proces-
s.[23, 24a] The latter appears unlikely as the investigated
beryllocenes are sterically congested molecules and moreover
the metal has only 2s and 2p valence orbitals available.
However, since a change in the hapticity of the �5-Cp� ligand
cannot be discarded, we defer making a definitive proposal on
this matter until the results of the theoretical studies that are
currently under way become available.


The [Be(C5Me5)(C5Me4H)]/CNXyl reaction system may be
used to illustrate our mechanistic proposal, which rests on the
assumption that all accessible [Be(�5-Cp�)(�1-Cp��)] isomers
compete to react with the isocyanide. At a certain reaction


temperature, the nature of the
iminoacyl product (e.g. 5a, 5b,
or 6 in Scheme 4) depends on
both the relative rate of the
individual couplings and the
relative thermodynamic stabil-
ity of the iminoacyl isomers.
Recalling that the difference in
energy between the ground
state structure G and the high-
est energy isomer H (Sche-
me 1c) is only[6] approximately
4 kcalmol�1, the selective, fast
generation of 5b at �78 �C
(Scheme 4) implies that J is
populated at this temperature
and moreover that its reaction
with CNXyl is fastest, perhaps
as a reflection of a very weak
Be�C bond.[29] The reversibility
of the reaction and the higher
thermodynamic stability of 6, as
compared to 5b, accounts for
the 5b-to-6 conversion ob-


served at 20 �C. Nevertheless, this reaction is slower, and
requires higher temperatures and longer reaction times.
Finally, the most stable isomer 5a forms only after prolonged
heating at 80 ± 100 �C. This may be due to a higher kinetic
barrier for the coupling reaction, as a consequence of the
stronger Be�CH bond[29] within the Be��1-C5Me4H linkage of
the ground state structure G.


Solid-state structure of iminoacyls [(�5-Cp�)Be(C(N-
Xyl)Cp��)]: Although characterization of the half-sandwich
beryllium iminoacyls by spectroscopy is unambiguous, it was
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considered important to attain further characterization by
X-ray methods. Three derivatives have been chosen for this
investigation, two of them, namely 3 and 5b, contain a Be(�5-
C5Me5) unit, the third, 6, is a Be(�5-C5Me4H) derivative that
results from the reaction of CNXyl with the inverted
beryllocene structure H of Scheme 1c. Compound 5b arises
from beryllocene isomer J (Scheme 1c) and therefore results
from �C(Me)�CNXyl bond coupling.


Figures 2, 3, and 4 show ORTEP perspective views of the
molecules of the iminoacyls; crystal data collection parame-
ters are summarized in Table 1. Table 2 provides a comparison


Figure 2. Structure of complex 3 (ORTEP diagram).


Figure 3. Structure of complex 5b (ORTEP diagram).


of relevant bonding parameters. The Be-�5-C5Me5 moiety of 3
and 5b is characterized by a Be�Cp�(centroid) separation of
1.47 ä and Be�C(ring) lengths of 1.90 ä. These distances are
identical, within the error of the measurement, to correspond-
ing distances in the mixed-ring beryllocene [Be(�5-C5Me5)(�1-
C5Me4H)],[6] revealing comparable bonding interactions.
Interestingly, in compound 6, which contains a Be(�5-
C5Me4H) linkage, the Be�Cp�(centroid) is longer (1.50 ä),
consequently the Be�C(ring) are also longer (av 1.92 ä) and
span a somewhat larger range than in 3 and 5b (0.02 ä for the
former and approximately 0.03 for 6). It seems that to
compensate for the slightly weaker Be��5-Cp� interaction, the
Be�C11 bond (to the iminoacyl carbon) is stronger in 6 than


Figure 4. Structure of complex 6 (ORTEP diagram).


in 3 or 5b (Table 2). Notwithstanding these small differences,
in the three compounds the Be�C bond length is comparable
to the Be��1-CH separations in the beryllocenes [Be(C5-


Me4H)2] and [Be(C5Me5)(C5Me4H)],[6] and it is within the
1.70 ± 1.85 ä range characteristic of Be�C � bonds. The �5-
Cp�(centroid)-Be-C11 angle is very close to 180�.


As for the iminoacyl ligand, the iminoacyl carbon atom C11
has a planar, triangular geometry, the sum of the three angles
defined by this atom being 360�. In the three compounds the
Be-C11-N angle opens up somewhat (ca. 127�), at the expense
of the N-C11-C12 angle (ca. 113�) perhaps to minimize van
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Table 1. Crystal data and structure refinement.


3 5b 6


formula C29H39BeN C28H37BeN C28H37BeN
formula weight 410.62 396.60 396.60
crystal size [mm] 0.20� 0.20� 0.25 0.15� 0.32� 0.40 0.08� 0.18� 0.20
crystal system triclinic monoclinic monoclinic
space group P1≈ P21/n P21/n
a [ä] 8.6728(7) 15.5994(9) 10.678(2)
b [ä] 16.751(2) 18.8313(10) 19.128(3)
c [ä] 18.357(2) 16.9993(9) 12.273(2)
� [�] 99.5050 (10) 90 90
� [�] 103.4820 (10) 102.6930(10) 105.825 (4)
� [�] 90.4370 (10) 90 90
V [ä3] 2554.8(4) 4871.6(5) 2411.6(7)
Z 4 8 4
�calcd [Mgm�3] 1068 1081 864
T [K] 143(2) 153(2) 143(2)
	 [mm�1] (MoK�) 0.060 0.061 0.061
F(000) 896 1728 864

max [�] 20.81 32.06 20.82
index ranges � 8�h� 8 � 6� h� 22 � 2�h� 10


� 16�k� 14 � 28� k� 25 � 16�k� 17
� 16� l� 18 � 17� l� 22 � 12� l� 10


no. of reflections
measd


7641 20791 4870


no. of unique
reflections


5049 10881 2197


no. of params 566 571 286
R1 (I� 2�(I))[a] 0.1000 0.0818 0.0690
R1 (all data) 0.1331 0.1418 0.1432
wR2 (all data) 0.3029 0.2469 0.1742
diff. Fourier peaks
min/max [eä�3]


� 0.650/0.962 � 0.387/0.532 � 0.209/0.208


[a] R1�� � �Fo� � �Fc � � /� �Fo �, wR2� ��(w(Fo
2�Fc


2)2)/�(w(Fo
2)2)]1/2.
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der Waals repulsive interactions between the �5-Cp� and Xyl
aromatic rings. The C11�N bond has a length of 1.29 ä,
comparable to organic C�N bonds (1.26 ± 1.31 ä[30]) and to the
C�N bond of other main group iminoacyls.[31]


It is pertinent to comment that the Cp� rings bonded to the
iminoacyl carbon atom have localized, diene character. Brief
structural comparison with the �1-C5Me4H ring of [Be(C5-


Me4H)2] and [Be(C5Me5)(C5Me4H)] is therefore appropriate.
As in these beryllocenes, the �1-ring keeps partial aromatic
character. For instance, the Be-bound carbon atom has nearly
trigonal prismatic coordination, with Be-C-C angles close to
100�.[6] Additionally, in the beryllocenes the difference in the
length of the C�� and C�� bonds is of only 0.06 ± 0.07 ä.[6]


These data contrast with corresponding parameters in the
iminoacyls, as the geometry around C12 is tetrahedral and the
difference between the long (C��) and the short (C��) carbon-
carbon bonds is of the order of 0.14 ä.


Conclusions


The halides [(�5-C5Me5)BeX] 1 have proved to be excellent
starting materials for the preparation of other (�5-C5Me5)Be
organometallic compounds, including the alkyls [(�5-
C5Me5)BeR] 2, and the beryllocenes [Be(C5Me5)2] and
[Be(C5Me5)(C5Me4H)] described in the preceding paper.[6]


The reactions of these two metallocenes and that of the
analogous [Be(C5Me4H)2] with CNXyl give iminoacyl com-
plexes of composition [(�5-Cp�)Be(C(NXyl)Cp��)] 3 ± 6, where
Cp� and Cp�� stand for C5Me5 or C5Me4H. On the assumption
that iminacyls 3 ± 6 result from the coupling of [(�5-Cp�)Be(�1-
Cp�)] isomers with the organic isocyanide, the isolation of
iminoacyls 5a and 5b from the reaction of [Be(C5Me5)(C5-


Me4H)] and CNXyl (Scheme 4) provides chemical evidence
for 1,5-sigmatropic shifts of the (�5-C5Me5)Be unit around the
periphery of the �1-C5Me4H ring, whereas the formation of
iminoacyl 6 (Scheme 4) attests to the feasibility of the
molecular inversion rearrangement that exchanges the
[Be(�5-C5Me5)(�1-C5Me4H)] and [Be(�5-C5Me4H)(�1-
C5Me5)] isomers of this beryllocene. To the best of our
knowledge these results constitute the first chemical demon-
stration provided for these dynamic rearrangements of
metallocenes.


Experimental Section


CAUTION : Beryllium compounds are very toxic by inhalation and in
contact with the skin, are irritating to the respiratory system, and present
the danger of very serious irreversible effects.


General methods : All preparations and manipulations were carried out
under an oxygen-free argon atmosphere with conventional Schlenk
techniques. Solvents were rigorously dried over sodium and degassed
before use. The petroleum ether had a b.p. of 40 ± 60�C. The complexes
[Be(C5Me5)2], [Be(C5Me4H)2], and [Be(C5Me5)(C5Me4H)] were prepared
according to literature procedures.[6] Microanalyses were obtained at the
Microanalytical Services of the University of California, Berkeley and IIQ
(Sevilla). Infrared spectra were recorded on a Bruker, Vector 22 spec-
trometer. NMR spectra were recorded on Bruker AMX-300, DRX-400 and
DRX-500 or JEOL FX-90Q spectrometers. The 1H and 13C resonances of
the solvent were used as the internal standard, and chemical shifts are
reported relative to TMS. The mass spectra were obtained at the Mass
spectroscopy facility at the University of California, Berkeley, and
are reported as follows: molecular ion (observed intensity, simulated
intensity).


Compound 1a, [(C5Me5)BeCl]: The diethyl ether adduct of BeCl2,
[BeCl2(OEt2)2] (1.6 g, 0.012 mol) dissolved in diethyl ether (50 mL) was
added to sodium pentamethylcyclopentadienide (2.0 g, 0.012 mol) in
diethyl ether (50 mL). The mixture was stirred for 24 h and the volatile
material was removed under reduced pressure. Pentane (50 mL) was added
and the suspension was stirred for 10 min then allowed to settle. Filtration
yielded a colorless filtrate that was concentrated to approximately 20 mL
and cooled to �80 �C to yield colorless blocks. The compound sublimed at
55 ± 65 �C at 10�2 mm. Yield 1.6 g, 75%; m.p. 109 ± 110 �C (turned red);
1H NMR (90 MHz, [D6]benzene, 25 �C): �� 1.67 ppm (s, 15H; Cp�CH3);
13C NMR (22.5 MHz, [D6]benzene, 25 �C): �� 8.40 (s; CH3), 109.3 ppm (s;
CCH3); 1H NMR (90 MHz, [D12]cyclohexane, 25 �C): �� 1.91 (s, 15H;
Cp�CH3, turned reddish); MS (EI): m/z : 179 (100, 100), 180 (11, 29), 181
(33, 31), 182 (4, 3); elemental analysis calcd (%) for C10H15BeCl: C 66.9, H
8.4; found: C 67.0, H 8.3.


The compound may be obtained from K[C5Me5] with similar yield or from
[Mg(C5Me5)2], but in the latter case the yield is about 20% when diethyl
ether was used as solvent. The yield increased to 55% when the solvent
mixture of toluene/diethyl ether (1:1) under reflux was used.


Compound 1b, [(C5Me5)BeBr]: This compound was prepared in a manner
similar to that used for the chloride, except that [BeBr2(OEt2)2] was used.
The bromide was crystallized in 40% yield from hot hexane by cooling to
room temperature; m.p. 117 ± 119 �C . The compound sublimed at 70 ± 80 �C
at 10�2 mm. 1H NMR (90 MHz, [D6]benzene, 25 �C): �� 1.66 (s, 15H;
Cp�CH3); 9Be NMR ([D6]benzene, 25 �C): ���15.2 (w1/2� 3.5 Hz); MS
(EI): m/z : 223 (100, 100), 224 (11, 61), 225 (98, 93), 226 (11, 5); elemental
analysis calcd (%) for C10H15BeBr: C 53.6, H 6.7; found: C 53.1, H 6.6.


Compound 2a, [(C5Me5)BeMe]: Methyllithium (6.2 mL of a 0.90� solution
in diethyl ether, 0.0056 mol) was added to [(C5Me5)BeCl] in diethyl ether
(50 mL), and the suspension was stirred for 8 h. The diethyl ether was
evaporated and the residue was sublimed on to a cold finger (�78 �C) at
30 ± 40 �C. The sublimed solid may be crystallized from a minimum volume
of pentane at �10 �C as colorless blocks. M.p. 64 ± 65 �C; 1H NMR
(90 MHz, [D6]benzene, 25 �C): �� 1.77 (s, 15H; Cp�CH3), �1.25 ppm (s,
3H; Me); 13C NMR (22.5 MHz, [D6]benzene, 25 �C): �� 9.05(s; CCH3),
108.2 (s; CCH3), �25.4 ppm (JBe,C� 29 Hz; Be�CH3); 9Be NMR ([D6]ben-
zene, 25 �C): ���16.7 ppm (w1/2� 16 Hz); 13C NMR (22.5 MHz, [D6]ben-
zene, 80 �C): �� 8.92(s; CCH3), 108.4 (s; CCH3),�26.1 ppm (JBe,C� 30 Hz;
Be�CH3); MS (EI): m/z : 159 (100, 100), 160 (12, 12); elemental analysis
calcd (%) for C11H18Be: C 83.0, H 11.3; found: C 83.1, H 11.0. Note: The
methyl derivative is much more volatile than the halide derivatives and
care must be taken when solvent is removed or it will be lost; accordingly
the yield is variable.


Compound 2b ± d, [(C5Me5)BeR]: These alkyls were prepared in a manner
similar to 2a. The three compounds, R�CMe3, 2b ; CH2CMe3, 2c ; CH2Ph,
2d ; are rather volatile and they were all collected by sublimation on to a
cold finger at temperatures of about 40 �C (CMe3 and CH2CMe3) and 50 �C
(CH2Ph). In each case the colorless solids may be crystallized from a
minimum volume of pentane at low temperature (�30 �C). In each case,
the yields are variable, but generally are about 50%. 2b : M.p. 72 ± 74 �C;
1H NMR (90 MHz, [D6]benzene, 25 �C): �� 1.72 (s, 15H; Cp�CH3),
0.92 ppm (s, 9H; CMe3); 13C NMR (22.5 MHz, [D6]benzene, 25 �C): ��
8.53 (s; CCH3), 108.2 (s; CCH3), 32.1 ppm (s; CMe3); MS (EI): m/z : 201
(100, 100), 202 (14, 16), 203 (1,1); elemental analysis calcd (%) for
C14H24Be: C 83.6, H 11.9; found: C 82.9, H 12.0.
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Table 2. Selected bond lengths [ä] and angles [�].


3 5b 6


Be�C(�5-ring)(av) 1.899(11) 1.900(4) 1.923(10)
Be�Cp�(ring centroid) 1.472(4) 1.470(4) 1.50(1)
Be�C11 1.752(11) 1.751 (4) 1.717(10)
centroid-Be-C11 178.7(5) 178.2(2) 176.8(5)
C11�N 1.282(7) 1.287(3) 1.287(6)
Be-C11-N 126.7(6) 126.4(2) 126.9(5)
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2c : M.p. 20 �C; 1H NMR (90 MHz, [D6]benzene, 25 �C): �� 1.76 (s, 15H;
Cp�CH3), 1.0 (s, 9H; CH2CMe3), �0.35 ppm (s, 2H; CH2CM3); MS (EI):
m/z : 215 (100, 100), 216 (6, 17); elemental analysis calcd (%) for C15H26Be:
C 83.7, H 12.1; found: C 83.1, H 12.0.


2d : M.p. 57 ± 59 �C; 1H NMR (90 MHz, [D6]benzene, 25 �C): �� 1.62 (s,
15H; Cp�CH3), 1.15 (s, 2H; CH2CMe3), 6.9 (m, 4H; CHp�CHo�Ph), 7.1
(m, 2H; CHm�Ph); MS (EI): m/z : 237 (100, 100), 238 (18, 20); elemental
analysis calcd (%) for C17H22Be: C 86.3, H 9.4; found: C 86.0, H 9.3.


Compound 3 : Decamethylberyllocene [Be(C5Me5)2], (0.279 g, 1 mmol) and
2,6-dimethylphenylisocyanide, CNXyl (Xyl�C6H3-2,6-Me2) (0.131 g,
1 mmol), were dissolved in petroleum ether (30 mL) and stirred overnight
at room temperature. Removal of the solvent in vacuo, extraction with
petroleum ether and filtration afforded crystals of 1 after cooling the
filtrate at �30 �C. Yield: 0.3 g, 73%; 1H NMR (500 MHz, [D6]benzene,
25 �C): �� 1.40 (s, 3H; C(NXyl)C5Me5), 1.44 (s, 15H; �5-C5Me5), 1.73 (s,
6H; C(NXyl)C5Me5), 1.83 ppm (s, 6H; C(NXyl)C5Me5); 13C NMR
(125 MHz, [D6]benzene, 25 �C): �� 8.7 (s; �5-C5Me5), 11.1 (s;
C(NXyl)C5Me5), 11.6 (s; C(NXyl)C5Me5), 18.8 (s; C(NXyl)C5Me5), 71.7
(s; C(NXyl)C5Me5), 108.8 (s; �5-C5Me5), 135.2 (s; C(NXyl)C5Me5), 140.7 (s;
C(NXyl)C5Me5), 155.7 ppm (s; C�N); IR (Nujol): �� � 1571 cm�1 (C�N);
elemental analysis calcd (%) for C29H39NBe (410.6): C 84.9, H 9.5, N 3.4;
found: C 84.8, H 9.6, N 3.4.


Compound 4a : The synthesis is similar to that of compound 3. From
octamethylberyllocene, [Be(C5Me4H)2], (0.251 g, 1 mmol) and CNXyl
(0.131 g, 1 mmol), approximately 0.26 g (68%) of crystalline 2a were
obtained. 1H NMR (400 MHz, [D6]benzene, 25 �C): �� 1.36 (s, 6H; �5-
C5Me4H), 1.55 (s, 6H; �5-C5Me4H), 1.77 (s, 6H; C(NXyl)C5Me4H), 1.86 (s,
6H; C(NXyl)C5Me4H), 3.96 (s, 1H; C(NXyl)C5Me4H), 4.69 ppm (s, 1H; �5-
C5Me4H); 13C NMR (125 MHz, [D6]benzene, 25 �C): �� 8.8 (s; �5-
C5Me4H), 10.9 (s; �5-C5Me4H), 11.6 (s; C(NXyl)C5Me4H), 13.3 (s;
C(NXyl)C5Me4H), 77.2 (s; C(NXyl)C5Me4H), 100.4 (s; �5-C5Me4H), 110.2
(s; �5-C5Me4H), 111.5 (s; �5-C5Me4H), 134.6 (s; C(NXyl)C5Me4H), 137.3 (s;
C(NXyl)C5Me4H), 156.7 ppm (s; C�N); IR (Nujol): �� � 1560 cm�1 (C�N);
elemental analysis calcd (%) for C27H35NBe (382.6): C 84.8, H 9.2, N 3.7;
found: C 85.0, H 9.2, N 3.7.


Compound 4b : [Be(C5Me4H)2], (0.251 g, 1 mmol) and CNXyl (0.131 g,
1 mmol) were dissolved in petroleum ether (30 mL) at �78 �C and stirred
at this temperature for 30 min. The reaction mixture was allowed to warm
up to �20 �C and the solvent was then evaporated in vacuo at this
temperature. The residue was extracted with petroleum ether, cooled to
�20 �C, filtered and crystallized at that temperature. Yield: 0.21 g, 55%;
1H NMR (400 MHz, [D8]toluene, �78 �C): �� 1.24 (s, 3H; �5-C5Me4H),
1.25 (s, 3H; �5-C5Me4H), 1.53 (s, 3H; �5-C5Me4H), 1.55 (s, 3H; �5-C5Me4H),
1.57 (s, 3H; C(NXyl)C5Me4H), 1.67 (s, 3H; C(NXyl)C5Me4H), 1.74 (s, 3H;
C(NXyl)C5Me4H), 1.80 (s, 3H; C(NXyl)C5Me4H), 4.65 (s, 1H; �5-C5Me4H),
5.78 ppm (s, 1H; C(NXyl)C5Me4H); 13C NMR (125 MHz, [D8]toluene,
�78 �C): �� 8.9 (s; �5-C5Me4H), 11.1 (s; �5-C5Me4H), 11.3 (s; C(NXyl)C5-


Me4H), 13.4 (s; C(NXyl)C5Me4H), 14.2 (s; C(NXyl)C5Me4H), 16.7 (s;
C(NXyl)C5Me4H), 71.8 (s; C(NXyl)C5Me4H), 101.5 (s; �5-C5Me4H), 109.5
(s; �5-C5Me4H), 109.7 (s; �5-C5Me4H), 111.2 (s; �5-C5Me4H), 111.5 (s; �5-
C5Me4H), 131.4 (s; C(NXyl)C5Me4H), 134.1 (s; C(NXyl)C5Me4H), 141.3 (s;
C(NXyl)C5Me4H), 148.6 (s; C(NXyl)C5Me4H), 156.5 ppm (s; C�N); IR
(Nujol): �� � 1560 cm�1 (C�N); elemental analysis calcd (%) for C27H35NBe
(382.6): C 84.8, H 9.2, N 3.7; found: C 84.7, H 9.8, N 3.7.


Compound 5a : [Be(C5Me5)(C5Me4H], (0.075 g, 0.283 mmol) and CNXyl
(0.037 g, 0.283 mmol) were dissolved in toluene (20 mL). The mixture was
stirred at 100 �C for 48 h in a thick-walled Schlenk tube. The solvent was
removed in vacuo and the resulting residue was extracted with petroleum
ether. After filtering the solution and concentrating the filtrate, the clear
solution was cooled at �30 �C overnight and crystals were collected. Yield:
0.05g, 45%; 1H NMR (500 MHz, [D6]benzene, 25 �C): �� 1.44 (s, 15H; �5-
C5Me5), 1.78 (s, 6H; C5Me4H), 1.87 (s, 6H; C5Me4H), 2.15 (s, 6H; C(NXyl)),
4.01 (s, 1H; C5Me4H), 6.89 (t, 3J(H,H)� 7 Hz, 1H; p-CH-Ar), 7.07 (d,
3J(H,H)� 7 Hz, 2H; m-CH-Ar); 13C NMR (125 MHz, [D68]benzene,
25 �C): �� 8.9 (s; �5-C5Me5), 11.7 (s; C5Me4H), 13.4 (s; C5Me4H), 19.8 (s;
2Me-Ar), 78.0 (s; CH-C5Me4H), 109.1 (s; �5-C5Me5), 121.5 (s; p-CH-Ar),
125.4 (s; Cq-Ar), 128.0 (s; m-CH-Ar), 134.4 (s; C5Me4H), 137.0 (s;
C5Me4H), 156.2 ppm (s; C�N); IR (Nujol): �� � 1570 cm�1(C�N); elemental
analysis calcd (%) for C29H39NBe (396.6): C 84.9, H 9.3, N 3.5; found: C
84.0, H 9.5, N 3.6.


Compound 5b : The synthesis is similar to that of compound 4b. Starting
from [Be(C5Me5)(C5Me4H)], (0.265 g, 1 mmol) and CNXyl (0.131 g,
1 mmol), approximately 0.22 g (55%) of 5b were obtained by crystalliza-
tion from petroleum ether. 1H NMR (400 MHz, [D8]toluene, �78 �C): ��
1.44 (s, 15H; �5-C5Me5), 1.63 (s, 3H; C5Me4H), 1.74 (s, 3H; C5Me4H), 1.80 (s,
3H; C5Me4H), 1.89 (s, 3H; C5Me4H), 2.06 (s, 6H; C(NXyl)), 5.85 (s, 1H;
C5Me4H), 7.00 (s, 3J(H,H)� 7 Hz, 1H; p-CH-Ar), 7.08 ppm (d, 3J(H,H)�
7 Hz, 2H; m-CH-Ar); 13C NMR (125 MHz, [D8]toluene, �78 �C): �� 9.2
(s; �5-C5Me5), 11.4 (s; C5Me4H), 13.5 (s; C5Me4H), 14.2 (s; C5Me4H), 18.8 (s;
C5Me4H), 20.0 (s; 2Me-Ar), 72.2 (s; C5Me4H), 108.9 (s; �5-C5Me5), 121.1 (s;
p-CH-Ar), 124.7 (s; Cq-Ar), 128.0 (s; m-CH-Ar), 131.1 (s; CH-C5Me4H),
133.6 (s; C5Me4H), 141.5 (s; C5Me4H), 148.3 (s; C5Me4H), 155.8 ppm (s;
C�N); IR (Nujol): �� � 1570 cm�1 (C�N); elemental analysis calcd (%) for
C29H39NBe (396.6): C 84.9, H 9.3, N 3.5; found: C 84.1, H 9.8, N 3.5.


Compound 6 : [Be(C5Me5)(C5Me4H)], (0.265 g, 1 mmol) and CNXyl
(0.131 g, 1 mmol) were dissolved in petroleum ether (20 mL) and the
mixture was stirred at room temperature for 16 h. Removal of the solvent
in vacuo, extraction with petroleum ether and filtration afforded crystals of
3a after cooling the concentrated filtrate at �30 �C. Yield: 0.19 g, 48%;
1H NMR (500 MHz, [D6]benzene, 25 �C): �� 1.33 (s, 6H; �5-C5Me4H), 1,45
(s, 3H; C5Me5), 1.59 (s, 6H; �5-C5Me4H), 1.74 (s, 6H; C5Me5), 1.81 (s, 3H;
C5Me5), 2.05 (s, 6H; CNXyl), 4.70 (s, 1H; �5-C5Me4H), 6.89 (t, 3J(H,H)�
7 Hz, 1H; p-CH-Ar), 7.04 ppm (d, 3J(H,H)� 7 Hz, 2H; m-CH-Ar);
13C NMR (125 MHz, [D6]benzene, 25 �C): �� 8.5 (s; �5-C5Me4H), 10.7 (s;
�5-C5Me4H), 11.0 (s; C5Me5), 11.5 (s; C5Me5), 16.6 (s; C5Me5), 19.5 (s;
CNXyl), 71.2 (s; C5Me5), 100.6 (s; �5-C5Me4H), 109.6 (s; �5-C5Me4H), 111.2
(s; �5-C5Me4H), 120.9 (s; CNXyl), 125.2 (s; CNXyl), 128.0 (s; CNXyl), 135.6
(s; C5Me5), 140.5 (s; C5Me5), 156.4 ppm (C�N); IR (Nujol) �� � 1570 cm�1


(C�N); elemental analysis calcd (%) for C29H39NBe (396.6): C: 84.9, H: 9.3,
N: 3.5, found C: 84.5, H: 9.4, N: 3.5.


Crystal structure determinations: The crystals of 3, 5b and 6 used for X-ray
studies were obtained by crystallization from petroleum ether. Exper-
imental procedures were as in the preceding paper.[6] Crystal data and
experimental details are given in Table 4.


CCDC-151965 (3), CCDC-203559 (5b) and CCDC-203558 (6) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html
or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (�44) 1223-336-033; or e-mail :
deposit@ccdc.cam.ac.uk
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Square-Planar Coordinated Polyanions of Palladium, Platinum, and Gold
Stannaborate [SnB11H11]2� Coordination Chemistry


Thiemo Marx,[a] Bernd Mosel,[b] Ingo Pantenburg,[a] Siegbert Hagen,[a] Herbert Schulze,[a]
and Lars Wesemann*[a]


Abstract: The tetrasubstituted polyan-
ions of platinum, palladium, and gold
[M(SnB11H11)4]x� (x� 6, M�Pd, Pt; x�
5, M�Au) have been prepared and
characterized by single-crystal X-ray
diffraction, elemental analysis, IR, Ram-
an, 11B, and 119Sn heteronuclear NMR
spectroscopy. In the case of the platinum


derivative [Bu3MeN]6[Pt(SnB11H11)4] (2)
119Sn Mˆssbauer spectroscopy has been
carried out. The isolated salts are stable


towards moisture and air and the com-
plexes 2 and 3 were treated with 1,3-
bis(diphenylphosphino)propane (dppp)
to give the respective substitution prod-
ucts [Bu3MeN]2[(dppp)M(SnB11H11)2]
(M�Pd, Pt).


Keywords: boranes ¥ cluster
compounds ¥ gold ¥ Mˆssbauer
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Introduction


For more than thirty years the coordination chemistry of tin
has been an active field of research.[1] Formation of bonds
between tin and transition-metals is of particular interest in
the field of heterometallic cluster synthesis as well as in
homogeneous catalysis since the [SnCl3]� ligand is a prom-
inent cocatalyst.[1±4] In recent years bis(amino)stannylene
[Me2Si(NtBu)2Sn],[5] dialkylstannylene [Sn{CH(SiMe3)2}2],[6]


and triamidostannates [MeSi{SiMe2N(4-CH3C6H4)}3Sn]� and
[H3CC(CH2NSiMe3)3Sn]�[7] have been proven to be versatile
ligands in transition-metal chemistry. We have recently
started an exploration of the coordination chemistry of a
tin-containing closo-heteroborate. The preparation of the
cluster [SnB11H11]2� is achieved easily by following a proce-
dure developed by Todd and co-workers.[8] Thus, stanna-closo-
dodecaborate can be synthesized with different counterca-
tions offering the possibility of dissolving the ligand salt either
in water or dichloromethane. By coordinating the anionic tin-
ligand with cationic electrophiles, zwitterionic molecules were
systematically constructed.[9] It turned out that the cluster
[SnB11H11]2� exhibits a strong trans influence and lability in
coordination at square-planar coordinated platinum(��) cen-
ters. Interestingly, this heteroborate activates aryl ± platinum


complexes towards isonitrile insertion and hydroformyla-
tion.[10, 11]


Homoleptic complexes with tin ligands are known for the
trichlorostannyl [Pt(SnCl3)5]3�[12] and bis(amino)stannylene
ligand [Pt{Sn(NtBu)2SiMe2}4Cl2].[5] To synthesize the first
homoleptic derivatives with stanna-closo-dodecaborate as
the ligand, the reactions with platinum, palladium and gold
halides were investigated.


Here we present the tetrasubstitution at palladium(��),
platinum(��), and gold(���) centers resulting in the isolation of
nearly square-planar coordinated polyanions.


Results and discussion


Syntheses : Four equivalents of the heteroborate 1 were
reacted at room temperature with a suspension of PtCl2 in
dichloromethane. Immediately the color of the reaction
mixture changed to orange. Evidence that the reaction had
proceeded to completion was provided by 11B NMR spectro-
scopy (Scheme 1).


The course of the reaction could easily be monitored by 11B
NMR spectroscopy: the uncoordinated heteroborate shows
resonances around ���11 and �13 ppm, whereas, due to
isochronism, the M-SnB11H11 unit exhibits a single signal at
���16 ppm for ten boron atoms (the signal for B12 could
not be detected). Yellow crystals of the platinum salt 2 were
obtained after washing with water and crystallization from
dichloromethane. From reaction with [(cod)PtCl2] (cod� 1,5-
cyclooctadiene) the tetrasubstituted product 2 was also
isolated in excellent yield. In accordance with this procedure
the homologous palladium complex 3 was synthesized in
yields around 90% starting from [(cod)PdCl2] (Scheme 2).
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The hexaanions 2 and 3 are resistant towards moisture and
air and show no reaction with further equivalents of stanna-
borate ligand 1. However, in contrast to this reaction is the
pentacoordination in [Pt(SnCl3)5]3�. The substitution of the
cyclooctadienyl ligand (Scheme 2) is surprising since the
comparable trichlorostannyl ligand shows no tendency to
displace the diolefin. The trichlorostannyl substituted olefin
complexes [N(PPh3)2][M(SnCl3)3(cod)] (M�Pd, Pt) are
known from the literature.[13] These findings might be
interpreted as a further indicator for the stronger trans-
influence of the heteroborate ligand 1 in comparison to the
trichlorostannyl ligand in the chemistry of platinum(��) and
palladium(��).


Red-orange crystals of the tetrasubstitution product [Bu3N-
H]5[Au(SnB11H11)4] (4) were obtained from the reaction of
gold(���) chloride with cluster nucleophile (Scheme 3). The
coordination chemistry of tin with gold is much less developed
and the corresponding homoleptic trichlorostannyl complex is
so far unknown.[7, 14, 15, 16]


Scheme 3. Formation of the tetrasubstituted AuIII complex 4.


Solid-state structure : Crystallization of the tetraalkylammo-
nium derivatives 2 and 3 resulted in the isolation of yellow
crystals suitable for single-crys-
tal structure analysis. The [Bu3-
MeN]6[Pt(SnB11H11)4] (2) salt
crystallizes in the triclinic space
group P1≈ under the inclusion of
two equivalents of dichlorome-
thane. The structure of the


hexaanion in the solid state is
depicted in Figure 1 and the
data of the structure solution
and refinement are listed in
Table 1. However, due to tet-
raalkylammonium disorder in
the solid state the counterca-
tions were refined without hy-
drogen atoms. The square-pla-
nar coordination around the
platinum center is nearly ideal;
the transition metal is situated
at the center of symmetry.
The interatomic separations
of Pt�Sn1 2.554(1), Pt�Sn2
2.565(1) ä, and Sn�B
2.314(8) ± 2.347(8) are in the
range of those of other stanna-
closo-dodecaborate complexes
of platinum.[9] The analogous
palladium salt crystallizes in the
same space group but the dis-


order problems are even worse and therefore a suitable
structure solution was not obtained.


Figure 1. Molecular structure of the [Pt(SnB11H11)4]6� ion of 2 in the solid
state; the hexaanion lies on a center of symmetry. Interatomic distances [ä]
and angles [�]: Pt�Sn1 2.565(1), Pt�Sn2 2.554(1); Sn1-Pt-Sn2 88.82(2), Sn1-
Pt-Sn2� 91.18(2).


To overcome the crystallographic problems of the tetraal-
kylammonium disorder we decided to change the counter-
cations from alkylammonium to potassium/crown ether. The
tetracoordinate platinum and palladium complexes were
isolated as the [Bu3NH] salts 5 and 7 and then allowed to
react with six equivalents of hydride K[HBEt3] (Scheme 4).


Crystallization was carried out after addition of crown ether
from acetonitrile or a mixture of THF and acetone. [K(18-
crown-6)]6[Pt(SnB11H11)4] (6) crystallizes with the inclusion of
four molecules of acetone and two molecules of water as pale
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Scheme 1. Synthesis of the tetrasubstituted platinum complex 2.


Scheme 2. Reaction of [(cod)MCl2] (M�Pd, Pt) with stanna-closo-dodecaborate 1 (cod� 1,5-cyclooctadiene).


Scheme 4. Exchange of the countercation [Bu3NH]� with potassium.
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yellow rods in the monoclinic space group P21/m. The
platinum atom and two tin atoms lie on the mirror plane
and the platinum center is almost square-planar coordinated
by four heteroborate ligands. The deviation of 11� from 180�
for the Sn-Pt-Sn angle can be interpreted as an indication for a
slight distortion of the square-planar coordination towards a
tetrahedral geometry. Three of the six countercations are
coordinated at the cluster sphere, each by means of three


K�H�B-bonds, whereas the other cations exhibit coordina-
tion with additional acetone or water molecules. Figure 2
shows the hexaanion and the coordinated potassium cations
without the crown ether molecules. Data for the structure
solution and refinement are listed in Table 1.


Interestingly, the hexaanions [Pt(SnB11H11)4]6� are packed
in stacks in the structures of 2 and 6 with different counter-
cations. In the case of the [Bu3MeN] cation these stacks are
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Table 1. Crystal data and structure refinement parameters for 2, 4, 6, and 10.


2 4 6 10


empirical formula C82H232B44N6Cl8Sn4Pt C60H184B44N5Sn4Au C84H216B44O42K6Sn4Pt C53H108B22N2P2Sn2Pd
formula mass 2731.83 2123.49 3278.66 1416.95
data collection
diffractometer STOE IPDS II STOE IPDS II STOE IPDS I STOE IPDS II
radiation MoK� (graphite monochromator, �� 71.073 pm)
temperature [K] 170(2) 170(2) 170(2) 170(2)
index range � 15� h� 15 � 17� h� 17 � 25� h� 25 � 22� h� 22


� 19� k� 21 � 19� k� 19 � 29� k� 29 � 25� k� 25
� 22� l� 22 � 20� l� 20 � 26� l� 26 � 25� l� 26


rotation angle range 0���� 180� ; �� 0� 0���� 180� ; �� 0� 0���� 250� 0���� 180� ; �� 0�
0���� 180� ; �� 90� 0���� 180� ; �� 90� 0���� 180� ; �� 90�


0���� 20� ; �� 135�
increment ��� 2� ��� 2� ��� 2� ��� 2�
no. of images 180 180 125 190
exposure time [min] 2 4 5 2
detector distance [mm] 120 80 60 120
2� range [�] 1.9 ± 54.8 2.9 ± 64.8 3.8 ± 56.3 1.9 ± 54.8
total data collected 43746 46235 68060 106127
unique data 13569 13023 15323 8085
observed data 8749 7858 8592 4474
Rmerg 0.0536 0.0866 0.1142 0.1490
absorption correction numerical, after crystal shape optimization[17, 18]


transmission min/max 0.6586/0.8094 0.6366/0.8072 0.7142/0.8441 0.4949/0.7655
crystallographic data[19]


crystal size [mm] 0.3� 0.3� 0.2 0.2� 0.2� 0.1 0.25� 0.25� 0.2 0.3� 0.3� 0.2
color, habit yellow, column colorless, polyhedron colorless, column yellow, polyhedron
crystal system triclinic triclinic monoclinic orthorhombic
space group P1≈(no. 2) P1≈ (no. 2) P21/m (no. 11) Pnab (no. 60)
a [pm] 1199.1(1) 1437.1(2) 1923.6(3) 1794.2(1)
b [pm] 1703.0(2) 1566.6(1) 2238.3(3) 1966.8(1)
c [pm] 1746.8(2) 1697.6(2) 2024.5(3) 2035.6(2)
� [�] 83.83(1) 116.86(2)
� [�] 89.28(1) 100.17(1) 95.61(2)
� [�] 79.67(1) 93.41(1)
volume [nm3] 3.4887(5) 3.3138(6) 8.6749(22) 7.1831(10)
Z 1 1 2 4
	calcd [gcm�3] 1.300 1.064 1.255 1.310

 [mm�1] 1.896 1.875 1.575 1.017
F(000) 1400 1078 3336 2904
structure analysis and refinement
structure determination SHELXS-97[20] and SHELXL-93[21]


no. of variables 451 461 837 373
R indexes[a] [I� 2�I]
R1 0.0567 0.0688 0.0588 0.0535
wR2 0.1431 0.1999 0.1653 0.1253
R indexes (all data)
R1 0.0858 0.1107 0.1137 0.0952
wR2 0.1509 0.2217 0.1896 0.1362
goodness of fit (Sobs) 1.105 0.960 1.107 1.127
goodness of fit (Sall) 0.931 0.960 0.932 0.897
largest difference map hole/peak [e 10�6pm�3] � 1.537/1.925 � 0.762/2.305 � 1.194/3.683 � 0.825/1.107


[a] R1 ��� �Fo� � �Fc��/� �Fo�, wR2 � [�w �Fo�2 � �Fc�2)2/�w �Fo�2)2]1�2, S2� [�w �Fo�2 � �Fc�2)2/(n� p)]1�2, with w� 1/[�2(Fo)2 � (0.0908P)2] for 2, w� 1/[�2(Fo)2 �
0.1375P)2] for 4, w� 1/[�2(Fo)2 � (0.1095P)2] for 6 and w� 1/[�2(Fo)2 � (0.0741P)2] for 10, were P� (Fo


2� 2Fc
2)/3. Fc*� kFc [1� 0.001� �Fc�2�3/sin(2�)]�1/4.
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Figure 2. Structure of 6 in the solid state. Potassium cations without
coordination at the cluster sphere and the crown ether molecules have been
omitted for clarity. The atoms Pt, Sn1, Sn2, K1, and B26 lie on a mirror
plane. Interatomic distances [ä] and angles [�]: Pt�Sn1 2.559(1), Pt�Sn2
2.563(1), Pt�Sn3 2.570(1), K1�B22 3.35(1), K1�B26 3.32(2), K2�B32
3.39(1), K2�B34 3.33(1), K2�B33 3.33(1); Sn1-Pt-Sn2 169.14(3), Sn1-Pt-
Sn3 90.14(2), Sn2-Pt-Sn3 90.85(2), Sn3-Pt-Sn3� 169.49(3).


arranged along the a axis with a Pt�Pt separation of 11.99 ä,
whereas in the structure of 6 they are arranged along the c axis
with a Pt�Pt separation of 20.25 ä.


The palladium salt 8 was crystallized with dibenzocrown
ether as the chelating ligand. Yellow crystals of this salt were
obtained from acetonitrile at 0 �C. Unfortunately these
crystals were not suitable for single-crystal structure analysis.
To study the anion packing in the solid-state and its depend-
ency on the charge of the countercation we tried to crystallize
dications with the hexaanions. The salt [py-(CH2)4-
py]3[Pt(SnB11H11)4] was obtained as a red, analytically pure
substance but due to the very low solubility even in polar
solvents like DMSO we were not able to recrystallize this salt.


Crystals of the tetracoordinate gold derivative
[Au(SnB11H11)4]5� were obtained with the [Bu3NH]� ion.
The salt crystallizes in the triclinic space group P1≈ with the
gold atom at the center of symmetry. The boron, gold, and tin
atoms of the pentaanion were refined anisotropically and the
hydrogen atoms connected to the boron atoms were placed in
calculated positions. Two cations were found in the asym-
metric unit and the respective carbon and nitrogen atoms
were refined anisotropically. Electron density peaks for the
remaining half cation were found in the difference Fourier
map but we were not able to solve the disorder of the Bu3NH
cation with respect to the in-
version center. The structure of
the pentaanion in the solid state
is depicted in Figure 3 and
the data for the structure sol-
ution and refinement are listed
in Table 1. The Au�Sn inter-
atomic separation (2.589(1),
2.601(1) ä) is only slightly
longer than that in [MeSi-
{SiMe2N(4-CH3C6H4)}3Sn�Au-
(PPh3)] (2.565(1) ä).[7b]


Figure 3. Molecular structure of the anion of 4 in the solid state; the
pentaanion lies on a center of symmetry. Interatomic distances [ä] and
angles [�]: Au�Sn1 2.601(1), Au�Sn2 2.589(1); Sn1-Au-Sn2 90.42(2), Sn1-
Au-Sn2� 89.58(2).


Spectroscopic characterization : To further characterize the
tin ±metal complexes and to obtain information about the
electronic environment of the tin atom, 119Sn NMR and 119Sn
Mˆssbauer spectroscopy were carried out on the platinum
complex 2. The 119Sn NMR and Mˆssbauer spectroscopy data
of the uncoordinated ligand 1, the platinum derivative 2 and
the methylsubstituted stannaborate [MeSnB11H11]� are listed
in Table 2.[8] The NMR spectroscopic data depend strongly on
the oxidation state of the tin atom; however, the determi-
nation of the absolute valence state from the NMR chemical
shift is very difficult.[22] Several factors contribute to the
shielding of a nucleus in a molecular environment. In the
presented series of anions [SnB11H11]2�, [Pt(SnB11H11)4]6�, and
[MeSnB11H11]� the 119Sn chemical shift rises from ���546 to
�197 ppm. These spectroscopic findings are consistent with
the formal oxidation states of the tin nucleus of SnII and SnIV


in 1 and [MeSnB11H11]� , respectively.
Most organometallic tin compounds show 119Sn Mˆssbauer


isomer shifts in the range from 0 ± 4 mms�1 relative to
CaSnO3, and the value for �-tin (2.05 mms�1) is often
regarded as the borderline between the formal oxidation
states SnII (�2.05 mms�1) and SnIV (�2.05 mms�1).[23, 24] Thus,
in the presented series [SnB11H11]2� (IS� 2.46 mms�1),
[Pt(SnB11H11)4]6� (IS� 1.66 mms�1), (Figure 4) and [MeSn-
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Table 2. 119Sn Mˆssbauer and NMR spectroscopy for 1, 2, and [Ph3MeP][MeSnB11H11].[8]


119Sn Mˆssbauer data [mms�1] 119Sn NMR chemical shift [ppm]
IS EFG


[Bu3MeN]2[SnB11H11][a] (1) 2.46 1.71 � 546
[Bu3MeN]6[Pt(SnB11H11)4] (2) 1.66 1.51 � 317 (1JPt,Sn� 14000 Hz)
[Ph3MeP][MeSnB11H11] 1.18 0.95 � 97


[a] The Mˆssbauer spectrum of 1 shows a further signal (IS� 1.74 mms�1; EFG� 2.7 mms�1) even after repeated
recrystallization of the salt 1 and in different matrices.







FULL PAPER L. Wesemann et al.


B11H11]� (IS� 1.18 mms�1), the isomer shift varies from SnII to
SnIVand confirms the 119Sn NMR spectroscopic data. Since the
s orbitals are the only orbitals with appreciable electron
density at the nucleus, an decreasing IS value ([SnB11H11]2�


IS� 2.47 mms�1, [Pt(SnB11H11)4]6� IS� 1.66 mms�1) can be
interpreted as an indicator of donation of electron density
from the tin atom to the platinum center.[1a, 1b]


Figure 4. Experimental and simulated 119Sn Mˆssbauer spectrum of
[Bu3MeN]6[Pt(SnB11H11)4] (2) recorded at 78 K.


From the IR and Raman spectroscopic measurements the
Pd�Sn and Pt�Sn stretching frequencies in the square planar
coordinated hexaanions could be determined. As expected,
the values for the Pt�Sn vibration occur at lower energy
(170 cm�1) in comparison to the Pd�Sn vibration (191 cm�1).
In the case of the gold derivative 4 a resonance for the Au�Sn
vibration (159 cm�1) was observed only in the IR spectra.[1b]


As listed in Table 2, the 119Sn resonance for the platinum
derivative 2 appears at ���317 ppm with a 1J(119Sn,195Pt)
coupling constant of 14000 Hz. For square-planar tin ± plati-
num complexes the tin ± platinum coupling constant is strong-
ly dependent on the nature of the ligand trans to the tin
atom.[1b] Ligands with a weak trans influence, like chloride,
result in the observation of 1J(119Sn,195Pt) coupling constants
around 26000 ± 35300 Hz.[25] In contrast, the hydride ligand,
with a very strong trans influence, weakens the Pt�Sn bond,
and as a consequence the coupling constants are much smaller
(9000 ± 11500 Hz).[1b] In the presented example a stannabo-
rate ligand is always trans to the Pt�Sn unit and this ligand is
therefore responsible for the coupling constant of 14000 Hz,
whereas the trichlorostannyl ligand [SnCl3]� causes coupling
constants of around 19000 ± 24000 Hz. This might be inter-
preted as a further indicator for the already published
stronger trans influence of the heteroborate 1 in comparison
to the [SnCl3]� group.[9b]


Reactivity : In the case of the trichlorostannyl ligand a five-
coordinate platinum complex [Pt(SnCl3)5]3� is known from
the literature. We found no indication of a coordination
number higher than four in reactions of the hexaanions of
palladium and platinum and the pentaanion of gold with
excess stannaborate. Two of the stannaborate ligands could be
replaced upon reaction with chelating phosphines like 1,3-
bis(diphenylphosphino)propane (dppp) (Scheme 5). The syn-
thesis of the platinum complex 9 starting from the
[(dppp)PtCl2] dichloride has already been published and the
hydroformylation activity of the dianion 9 investigated.[11] The


Scheme 5. Reaction of the tetrasubstituted palladium and platinum
complexes with a chelating phosphine (dppp� 1,3-bis(diphenylphosphi-
no)propane).


dianions of the type [(dppp)M(SnB11H11)2]2� were character-
ized by NMR spectroscopy and, in the case of the so-far-
unknown palladium complex 10, by single-crystal X-ray
diffraction. Data for the X-ray crystal structure measurement
are listed in Table 1 and Figure 5 shows an Ortep plot of the


Figure 5. Molecular structure of the anion of 10 in the solid state; the
dianion lies on a twofold rotation axis. Interatomic distances [ä] and angles
[�]: Pd�Sn1 2.578(1), Pd�P1 2.313(1), P1�C1 1.830(6), C1�C2 1.535(7); P1-
Pd-Sn1� 167.61(3), P1-Pd-Sn1 91.85(4), P1-Pd-P1� 91.42(7), Sn1-Pd-Sn1�
87.49(2).


dianion of 10 in the solid state. Both the platinum and
palladium salt crystallize in the orthorhombic space group
Pbcn with nearly identical cell dimensions. The cell of the
palladium derivative is 1.7% larger than the cell of the
homologous platinum complex. The transition-metal complex
10 lies on a twofold rotation axis and, due to steric crowding
around the metal center, the square-planar configuration is
slightly distorted towards a tetrahedral arrangement (torsion
angle: P-P�-Sn-Sn�� 25�).


Conclusion


Four stanna-closo-dodecaborate clusters coordinate in a
square-planar coordination mode at the d8-transition-metal
centers PdII, PtII, and AuIII. The tin-polyborate ligand is a
strong enough nucleophile to displace the COD ligand in the
respective palladium and platinum complexes [(cod)MCl2].


Experimental Section


All manipulations were carried out under dry N2 in Schlenk glassware;
solvents were dried and purified by standard methods and were stored
under N2; NMR Bruker AC 200 (1H: 200 MHz, int. TMS; 31P{1H}: 81 MHz,
ext. 85% H3PO4; 11B{1H}: 64 MHz, ext. BF3 ¥ Et2O) NMR Bruker AC 300
(119Sn: 112 MHz, ext. SnMe4); elemental analysis: Institut f¸r Anorganische
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Chemie der Universit‰t zu Kˆln, Heraeus C,H,N,O-Rapid elemental
analyser; IR/Raman spectrometer: IFS66v/s Bruker. 119Sn Mˆssbauer
spectra were recorded by using a linear arrangement of source, absorber
and NaI(Tl) scintillation detector. Sn absorbers were cooled to 78 Kusing a
bath cryostat (MD 300, Oxford). The source Ca119mSnO3 (Wissel) was kept
at room temperature. The velocity scale is callibrated by a laser
interferometer. The experimental data were fitted to Mˆssbauer sites with
isomer shift IS and electrical field gradient EFG.


[Bu3MeN]6[Pt(SnB11H11)4] (2): [Bu3MeN]2[SnB11H11] (1) (1.20 g,
1.85 mmol) was dissolved in CH2Cl2 (20 mL ) and treated with a solution
of [(cod)PtCl2] (0.17 g, 0.45 mmol) in CH2Cl2 (20 mL) at room temper-
ature. After the mixture was stirred overnight, the solvent was evaporated
and the residue was dissolved in acetone (40 mL). Then an aqueous
saturated NaCl solution (40 mL) was slowly added. The yellow precipitate
was isolated by filtration and dried under vacuum. Yield: 1.00 g, 92%.
Recrystallization was carried out in CH2Cl2 by slow diffusion of hexane at
0 �C to give crystals of 2. 11B{1H} NMR (64 MHz, [D6]acetone, 25 �C): ��
�15,9 ppm (br; B2 ±B11), signal for B12 not detected; 119Sn NMR
(112 MHz, CD2Cl2, 25 �C): ���317 ppm (br, 1JPt,Sn� 14000 Hz); elemen-
tal analysis calcd (%) for PtSn4B44N6C78H224 (2392.18): C 39.16, H 9.44, N
3.51; found: C 38.89, H 9.36, N 3.56.


Instead of reacting a solution of [(cod)PtCl2] in CH2Cl2, a suspension of
PtCl2 in the same solvent can be used (yield: 81% of 2).


[Bu3MeN]6[Pd(SnB11H11)4] (3): Compound 1 (1.00 g, 1.54 mmol) was
dissolved in CH2Cl2 (20 mL) and treated with a solution of [(cod)PdCl2]
(0.11 g, 0.39 mmol) in CH2Cl2 (20 mL) at room temperature. After the
mixture was stirred overnight, the solvent was evaporated and the residue
was dissolved in acetone (40 mL). An aqueous saturated NaCl solution
(40 mL) was slowly added. The yellow precipitate was isolated by filtration
and dried under vacuum. Yield: 0.70 g, 78%. Recrystallization was carried
out in CH2Cl2 by slow diffusion of hexane at 0 �C to give yellow crystals of 3.
11B{1H} NMR (64 MHz, CD2Cl2, 25 �C): ���6.0 (B12), �15.1 ppm (B2 ±
B11); elemental analysis calcd (%) for PdSn4B44N6C78H224 (2303.49): C
40.67, H 9.80, N 3.65; found: C 40.68, H 10.10, N 3.80.


[Bu3NH]5[Au(SnB11H11)4] (4): AuCl3 (120 mg, 0.40 mmol) was dissolved in
CH2Cl2 (20 mL) and treated with [Bu3NH]2[SnB11H11] (0.99 g, 1.58 mmol)
at room temperature. Immediately the color of the solution turned from
yellow to red-orange. After the mixture had been stirred for several hours,
the solution was washed with water. From the CH2Cl2 phase orange crystals
of 4 were isolated by slow diffusion of hexane at room temperature. Yield:
0.59 g, 69%. 11B{1H} NMR (64 MHz, CD2Cl2, 25 �C): ���15.9 ppm (br;
B2 ±B11), signal for B12 not detected; elemental analysis calcd (%) for
AuB44Sn4N5C60H184 (2136.44): C 33.94, H 8.73, N 3.30; found: C 33.95, H
8.64, N 3.16.


[Bu3NH]6[Pt(SnB11H11)4] (5): The procedure was analogous to that for the
preparation of 2, but [Bu3NH]2[SnB11H11] (1.50 g, 2.41 mmol) and
[(cod)PtCl2] (0.23 g, 0.61 mmol) were used. Yield of 3 : 0.98 g, 69%;
elemental analysis calcd (%) for PtSn4B44N6C72H212 (2308.02): C 37.47, H
9.26, N 3.64; found: C 35.67, H 8.91, N 3.25.


[K[18]crown-6]6[Pt(SnB11H11)4] (6): Compound 5 (0.75 g, 0.33 mmol) was
dissolved in CH2Cl2 (30 mL) and treated with K[HBEt3] (2.00 mL, 1� in
THF). After the gas evolution ceased the mixture was stirred for another
hour. The precipitate was isolated by filtration, washed with hexane, and
dried under vacuum. The solid was dissolved in (CH3)2CO (30 mL) and
added to a (CH3)2CO solution of [18]crown-6 (0.60 g). Yellow crystals of 6 ¥
4(CH3)2CO ¥ 2H2O were obtained at 0 �C. Yield: 0.49 g, 45%; elemental
analysis calcd (%) for PtSn4B44K6O36C72H188 ¥ 4(CH3)2CO ¥ 2H2O (3278.73):
C 30.77, H 6.64; found: C 29.42, H 6.17.


[Bu3NH]6[Pd(SnB11H11)4] (7): The procedure was analogous to that for the
preparation of 3, but [Bu3NH]2[SnB11H11] (2.29 g, 3.69 mmol) and
[(cod)PdCl2] (0.26 g, 0.91 mmol) were used. Yield: 1.52 g, 75%. Recrystal-
lization was carried out in CH2Cl2 by slow diffusion of hexane at 0 �C to give
crystals of 7. Elemental analysis calcd (%) for PdSn4B44N6C72H212 ¥ 2CH2Cl2
(2389.19): C 37.20, H 9.11, N 3.52; found: C 36.98, H 9.47, N 3.41.


[K-dibenzo-18-crown-6]6[Pd(SnB11H11)4] (8): Compound 7 (1.52 g,
0.69 mmol)) was dissolved in CH2Cl2 (40 mL) and treated with K[HBEt3]
(4.14 mL, 1� in THF). After the gas evolution ceased the mixture was
stirred for another hour. The precipitate was isolated by filtration, washed
with hexane, and dried under vacuum. The solid was dissolved in CH3CN
(30 mL) and added to a solution of dibenzo-[18]crown-6 (1.50 g) in CH3CN


(10 mL). Yellow crystals of 8 ¥ 4CH3CN were obtained at 0 �C. Yield: 1.39 g,
55%; elemental analysis calcd (%) for PdSn4B44K6O36C120H188 ¥ 4CH3CN
(3662.43): C 41.98, H 5.50, N 1.53; found: C 41.53, H 5.96, N 1.53.


[Bu3MeN]2[(dppp)Pd(SnB11H11)2] (10): [Bu3MeN]6[Pd(SnB11H11)4] (5)
(0.35 g, 0.15 mmol) was treated with 1,3-bis(diphenylphosphino)propane
(62 mg, 0.15 mmol) in CH2Cl2 (20 mL) at room temperature for 12 h. The
color of the solution changed to orange and slow diffusion of hexane into
the CH2Cl2 layer at 5 �C resulted in the isolation of red crystals of 10 (yield:
70 mg, 36%). 1H NMR (CD2Cl2, 200 MHz, without signals for
[Bu3MeN]�): �� 2.03 (m, 2H; dppp), 2.33 (m, 4H; dppp), 7.46, 7.78 ppm
(m, 20H; Ph); 11B{1H} NMR (CD2Cl2, 64 MHz, ext. BF3Et2O): ���15.6
(s; B2 ±B11), �10.0 ppm (s; B12); 31P{1H} NMR (CD2Cl2, 81 MHz, ext.
H3PO4): �� 4.9 ppm (s, 2JP,Sn� 2356.4 Hz); elemental analysis calcd (%) for
PdSn2P2B22N2C53H108 (1298.34): C 44.92, H 7.68, N 1.98; found: C 44.13, H
7.79, N 2.30.
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Molecular Scale Speciation of First-Row Transition Elements Bound to
Ligneous Material by Using X-ray Absorption Spectroscopy


Emmanuel Guillon,* Patricia Merdy, and Michel Aplincourt[a]


Abstract: To develop a solid scientific
basis for maintaining soil quality and
formulating effective remediation strat-
egies, it is critical to determine how
environmentally-important trace metals
are sequestered in soils at the molecular
scale. The speciation of Mn, Fe and Cu
in soil organic matter has been deter-
mined by synchrotron-based techniques:
extended X-ray absorption fine struc-


ture (EXAFS) and X-ray absorption
near edge structure (XANES). We show
the structural similarity between the
surface complexes of MnII, FeIII and


CuII. These cations are bound to the
surface through oxygen atoms. Each one
presents a more or less tetragonal-dis-
torted octahedral geometry. The use of
X-ray absorption spectroscopy provides
a relevant method for determining
trace-metal speciation in both natural
and contaminated environmental mate-
rials.


Keywords: adsorption ¥ environ-
mental chemistry ¥ structure eluci-
dation ¥ surface chemistry ¥ X-ray
absorption spectroscopy


Introduction


The complexation of metal ions by soil organic matter (SOM)
has become an important topic in environmental studies,
because its understanding is closely related to the bioavail-
ability, toxicity and mobility of metals in natural systems.[1±3]


Especially, the knowledge of the chemical nature and stability
of these complexes is a key point in the understanding of most
reactions that occur in the soil environment, that is, ion
exchange, precipitation ± dissolution, redox properties, etc. It
is now widely accepted that SOM, and notably lignin
materials, plays a key role in the regulation of metal ions
and other pollutants in the environment.[4±7] Lignin is a natural
polymer that is biologically produced through random
polymerisation processes, which makes its study complicat-
ed.[8] It is a cross-linked, phenolic polymer built from three
basic phenyl propane monomers (p-hydroxycinnamyl, con-
iferyl and sinapyl alcohols), which are responsible for their
chemical heterogeneity. While complexation of metal ions by
humic substances is relatively well known, because widely
studied, the implication of lignins in the holding-back of
metals and the resulting transformation of organic matter are
known only partially.
The determination of the geometrical structure of transi-


tion-metal surface complexes, especially lignin, is crucial for
the understanding of their chemical behaviour, bioavailability


and their migration in soils. To describe the surface complex-
ation properties of metal ions in soils, on ligneous materials,
one needs to obtain precise information on the interaction
between these metal ions and lignin. The determination of the
structure of organic surface complexes has been the subject of
numerous studies in the last two decades. However, they were
mainly focused on humic substances, which are organic soil
material that is structurally comparable to lignocellulosic
substrates. Although most of them were carried out by means
of electron paramagnetic resonance (EPR),[9±12] special atten-
tion has recently been given to the use of X-ray absorption
spectroscopy (XAS), by means of extended X-ray absorption
fine structure (EXAFS) and X-ray absorption near edge
structure (XANES) spectroscopies,[13±15] because it can pro-
vide precise information on the structure.
Thus, the aim of the present study is to use these two X-ray


absorption techniques to characterise the transition-metal-
surface systems. The material studied as the ligand for the
metal ions is a lignocellulosic substrate (LS) extracted from
wheat straw by acido ± basic treatments. We report the results
of a XANES and EXAFS examination of iron(���), manga-
nese(��) and copper(��) surface complexes with LS, together
with suitable model compounds. These three metal ions are of
interest due to their abundance in soils.


Results and Discussion


Depending on the element, the pre-edge region of an X-ray
absorption spectrum sometimes contains features of struc-
tural or electronic interest. Thus, features close to the


[a] Dr. E. Guillon, Dr. P. Merdy, Prof. M. Aplincourt
GRECI (Groupe de Recherche En Chimie Inorganique)
Universite¬ de Reims Champagne-Ardenne
BP 1039, F-51687 Reims cedex 2 (France)
Fax : (�33)3-26-91-32-43
E-mail : emmanuel.guillon@univ-reims.fr


FULL PAPER


Chem. Eur. J. 2003, 9, 4479 ± 4484 DOI: 10.1002/chem.200304920 ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4479







FULL PAPER E. Guillon et al.


absorption edge can often be assigned to electronic transitions
from 1s orbitals (K-edge) to higher bound states, the energies
of which lie within the discrete part of the spectrum and give
information about the valence state of the absorbing atom and
its geometry. The edge itself defines the threshold ionisation
energy, above which lies the continuum, with oscillations
(XANES and EXAFS) superimposed on a smoothly varying
background of photoelectron energy. These oscillations,
called fine structure, reflect the electronic and geometric
characteristics of the molecular environment of the chosen
atom. In this paper, we use the discrete part of the spectra
(pre-edge features) to establish the local geometry of the
transition-metal atoms, and the EXAFS region to extract the
bond lengths.


XANES studies and their first derivatives : It is usual to focus
in XANES studies on energy shifts of absorption edges and
particular features to learn about an element×s oxidation state
and chemical environment. Figure 1 shows the Cu K-edge
XANES spectra of a) the Cu-LS compounds (including the
model and reference compounds) and b) their first deriva-
tives.


Figure 1. Cu K-edge XANES spectra of the sample and reference
compounds (a), and their first derivatives (b).


A comparison of these XANES spectra reveals that they
are almost identical, suggesting strong similarities in the
geometry around the metal ion. Each model compound has
more or less a tetragonally-distorted octahedral environment
as the copper ion in Cu ±LS complex, as it was shown by EPR
spectroscopy experiments.[16] In XANES spectra of copper
tetrahedral complexes, we can observe a weak 1s� 3d
transition pre-edge feature, and a shoulder on the low-energy
side of the edge due to a 1s� 4p transition. It is noteworthy
that in XANES spectra of octahedral copper complexes, only
a pre-edge bump due to 1s� 3d transition exists.[17] Moreover,
the intensity of this pre-edge feature is linked to the potential
presence of a center of symmetry, and its intensity increases
with the distortion from a symmetry due to the increase of p ±


d orbital mixing.[18] . Our Cu-LS XANES spectrum (Figure 1a)
exhibits a very weak 1s� 3d transition pre-edge feature
centred around 8976 eV. A weak shoulder structure on the
low-energy side of the edge was also observed, which reveals a
tetragonal distortion.[19] However, the first derivative of the
Cu ±LS complex and model compound XANES spectra
(Figure 1b) allows the precise quantification of splitting of
the peaks � and � in each spectrum. The second main peak (�)
represents the main absorption transition (1s� continuum).
The energy gap between the � and � peaks is equal to 7 eV for
Cu(OH)2, 6 eV for Cu(CH3CO2)2, 5.9 eV for Cu ±LS and 5 eV
for CuSO4 ¥ 5H2O. These values give an estimate of the
destabilisation of the 4pzmetal orbital (z being the elongation
axis), and are similar to those found for copper compounds in
a square planar or tetragonally-distorted octahedral environ-
ments.[20±23] The average axial distance around the copper
atom is equal to 2.63 ä for Cu(OH)2, 2.42 ä for Cu(CH3-
CO2)2 and 2.29 ä for CuSO4 ¥ 5H2O. The energy gap value of
5.9 eV for the Cu ±LS surface complexes seems to indicate an
axial Cu�O distance of approximately 2.40 ä, which is
relatively high, in accordance with a strong tetragonal
distortion. This value is close to those found by Palladino
et al.[24] in an ATP complex, and by Alcacio et al.[23] and Xia
et al.[21] in CuII bonding in humate complexes. These results
are confirmed by the fact that the XANES region is sensitive
to changes in the ligand environment and provides an
independent measure for estimating how electron transitions
and multiple scattering are influenced by adsorbed LS. The
decrease in � peak intensity, compared to that of
[Cu(H2O)6]2�, shows that the CuII coordination environment
depends on the ligand field. Actually, a decrease in the � peak
intensity is expected, because the field of the water molecules
undergoes ligand exchange with fields of different organic
moieties (carboxylic or phenolic acids) in the equatorial
plane. Moreover, the XANES region also contains informa-
tion about electron transitions. It was found that the � peak
intensity is influenced by the degree of axial distortion[25] and
by the covalence of the equatorial ligands bonded to the CuII


atom.[26] The source of the � electron transition has been
attributed to a shakedown effect, whereby the final electron
state is lower in energy than the direct 1s �4p transition.[26]


The path to the final state involves a 1s� 4pz excitation
combined with a ligand-to-metal charge transfer.[27] As
demonstrated by the [Cu(H2O)6]2� spectrum (Figure 1b),
water molecules coordinated in the equatorial plane produce
a strong � peak intensity. When comparing the derivatives
XANES spectra of Cu ±LS to [Cu(H2O)6]2�, the diminished �
peak for the former suggests that LS is more sterically
hindered due to its three-dimensional structure. Indeed, when
CuII approached, it cannot bond in the equatorial plane with
the same degree of angular overlap as water. Both two- and
three-dimensional binding could be expected. However, such
binding types are unlikely due to the relatively low site density
equal to 0.8 nm�2.[28] Such steric hindrance would affect the
ability of the ligand to transfer charge to the metal when core
electrons are removed in 1s� 4pz transitions. This also
allowed us to conclude that copper(��) is held in an inner-
sphere complex, as previously seen for other SOM copper
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complexes.[29±32] The comparison between the XANES spectra
of Cu ±LS, Cu(CH3CO2)2 and Cu(OH)2 derivatives seems to
indicate that binding sites for Cu2� in LS preferentially
involved carboxylic moieties, without excluding the phenolic
groups. Indeed, the XANES spectrum of the Cu ±LS deriv-
ative is the sum of those of Cu(CH3CO2)2 and Cu(OH)2, with
a weight of approximately 50% and 50% respectively.
Moreover, between the � and � Cu-LS peaks, a third peak
appears, which seems to correspond to the � [Cu(H2O)6]2�


peak. This is in accordance with the presence of two water
molecules in axial position around copper ion (see EXAFS
section).
Figure 2 shows the Fe K-edge XANES spectra of the Fe ±


LS compound and reference compounds. As in the Cu ±LS
system, the XANES spectra have a small pre-edge peak at


Figure 2. Fe K-edge XANES spectra of the sample and reference
compounds (a), and their first derivatives (b).


�7113 eVassigned to a quadrupolar 1s� 3d transition.[33] The
location and area of these peaks are very sensitive to the
coordination symmetry.[33] . The amplitude of this pre-edge
peak agrees with a six-coordinate complex with a relatively
high symmetry, as previously shown by Que, Jr. and co-
workers.[34, 35] Since oxido ± reduction processes have been
underlined at the LS surface,[7] an iron(��) reference compound
was recorded. Its edge transition occurs at a smaller energy
relative to the other compounds measured, especially Fe ±LS;
this indicates that iron is in the � III oxidation state at the LS
surface. Unfortunately, in contrast to the Cu-LS system, it was
not possible to conclude on which LS binding site iron(���) was
sorbed. Indeed, XANES spectra of iron(���) compounds
(Fe(H2O)63�, Fe(acac)3 and Fe-LS) are too similar for us to
form conclusions about the LS sites involved in the complex-
ation.
The XANES spectrum of Mn-LS system at the Mn K-edge


unequivocally shows that the oxidation state of the Mn atoms
is � II. The X-ray absorption edge spectra of Mn-LS,
Mn(H2O)62�, and Mn(CH3CO2)3� are compared in Figure 3.
While the edge features are significantly different, the


Figure 3. Mn K-edge XANES spectra of the sample and reference
compounds (a), and their first derivatives (b).


absorption edge of Mn (assigned as the point of inflection in
the absorption edge) is the same in each spectrum. The MnII


edge spectrum has a pre-edge peak at�10 eV below the point
of inflection. The peak arises from the 1s� 3d transition,
which is forbidden by the dipole selection rule, but occurs due
to quadrupole and symmetry-breaking effects. As for the iron
compounds, the area under the peak is sensitive to the
coordination geometry and symmetry of the complex, being
smallest for regular octahedral complexes.[34, 35] . In Figure 3,
the 1s� 3d peak for Mn(H2O)62� and Mn(CH3CO2)3� is
barely observable; this is consistent with a regular octahedral
geometry. The 1s� 3d peak for the Mn±LS complex is
slightly more intense, suggesting that the Mn atoms are six-
coordinate, but that the averaged symmetry of the coordina-
tion shells is lower than in Mn(H2O)62�. Lower symmetry
could be associated with larger differences among the Mn�LS
bond lengths.[18] .


EXAFS analysis : Table 1 summarises the number of nearest-
neighbour atoms and their distances from the respective metal
centres. The relatively large Debye ±Waller factors in the first
shell Fe�O and Mn�O distances are ascribed to the local
geometric distortion of FeIII and MnII. Moreover, for MnII, a
relatively weak metal binding could also be considered.[13]


Cu-EXAFS : The k3-weighted EXAFS spectrum with the
theoretical simulation for Cu ±LS system is shown in Fig-
ure 4a. The Fourier transformed EXAFS function (Figure 4b)
shows a predominant first coordination shell peak. No high Z
backscatterers are evident beyond this first shell, which
indicates that no metal ±metal bond, co-precipitation or
polymerisation effects occur. The weak scattering contribu-
tion from lowZ elements beyond the first shell to the EXAFS,
seen as minor Fourier peaks, prevents a more detailed
analysis. Within the framework of the single scattering
approach, the Cu ±LS EXAFS signal fits well (see Table 1),
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Figure 4. a) Experimental (¥ ¥ ¥ ) and fitted (––) EXAFS k space spectra of
Cu-LS system. b) Fourier transform of the EXAFS signal (k3�(k)) at the
copper K-edge.


and indicates that CuII ions are surrounded by four oxygen
atoms, and two other oxygen atoms with average Cu�O bond
lengths of 1.93 and 2.41 ä, respectively, with a least-squares
fitting parameter of 2%. The goodness of the fit can be seen in
Figure 4a. These data are consistent with those obtained from
XANES spectrum, that is, a strong tetragonal-distorted
octahedral coordination around copper(��) in LS. These results
are close to those obtained in other similar natural organic
substrate.[13, 23, 29, 36, 37]


Fe-EXAFS : The unfiltered and Fourier transformed EXAFS
region spectra of Fe-LS system are displayed in Figure 5 (a
and b, respectively). Experimental Fe K-edge EXAFS
interference function shown in Figure 5a has an oscillation
frequency up to a photoelectron momentum value of �9ä�1;
this suggests that only the first nearest Fe�O shell is resolved
in our spectrum. This conjecture is confirmed from the
observation of the corresponding Fourier transform spectrum
shown in Figure 5b. Specifically, in this phase shift uncorrect-
ed radial distribution function a next nearest neighbour shell
is not clearly observed. Its magnitude is, unfortunately, too
small to deliver any meaningful information. The results from
the best fit are shown in Table 1. The EXAFS region of the
Fe ±LS complex refined well for a surface complex containing
six oxygen scatterers at the distance of 1.99 ä from the metal


Figure 5. a) Experimental (¥ ¥ ¥ ) and fitted (––) EXAFS k space spectra of
Fe-LS system. b) Fourier transform of the EXAFS signal (k3�(k)) at the
iron K-edge.


centre (fitting parameter of 1.4%). The coordination number
found by XAS is in accordance with the octahedral geometry
obtained by EPR spectroscopy.[7] The average Fe�O distance
of 1.99 ä is very close to that obtained for iron(���) bound to
humic acids.[13]


Mn-EXAFS : The EXAFS spectrum of the Mn±LS system
was interpreted by using a single shell model, in agreement
with the single major peak in the Fourier transform (Figure 6).
An adequate fit (fitting parameter of 1.1%) was obtained by a


Figure 6. a) Experimental ( ¥¥ ¥ ) and fitted (––) EXAFS k space spectra of
Mn-LS system. b) Fourier transform of the EXAFS signal (k3�(k)) at the
manganese K-edge.
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Table 1. EXAFS results at the metal K edge for the metal ± LS systems.


Absorber ± scatterer N R [ä][a] � [A∆ 2] �E [eV]


Cu ±LS Cu�O 3.97 1.93 0.002 1.12
Cu�O 1.84 2.41 0.012 10.21


Fe ±LS Fe�O 5.73 1.99 0.005 � 3.77
Mn ±LS Mn�O 6.32 2.17 0.006 � 0.78
[a] The errors in the distances are in the range of �0.02 ä.
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single shell of six oxygen atoms with an average Mn�O
distance of 2.17 ä (Table 1). The Debye ±Waller factor (��
0.006 ä2) was relatively high in comparison with the values
normally found for the first shell backscatterers. This is
consistent with static disorder (i.e. , the average of several
similar Mn± ligand distances), and it is in accordance with
XANES spectrum. Thus the EXAFS, XANES, and EPR[7]


results consistently indicate a slightly distorted octahedral
coordination around manganese.


Conclusion


XAS provides reliable information for metal ± SOM surface
complexes. This study is, to our knowledge, the first one that
describes, at the atomic scale, structural information on
natural abundant metallic cations sorbed onto a lignocellulo-
sic substrate, which is the main soil component with humic
substances. The series examined in the present study show
that metallic cations are sorbed onto LS by oxygen atoms. The
results are consistent with inner-sphere surface CuII and FeIII


complexes, and outer-sphere complexes for MnII, in accord-
ance with EPR studies.[7, 16] Copper(��) is surrounded by four
oxygen atoms at 1.93 ä and two other ones at 2.41 ä, which
corresponds to a tetragonal-distorted octahedral geometry.
On the other hand, iron(���) and manganese(��) are surrounded
by six oxygen atoms at 1.99 and 2.17 ä, respectively. These
results may be useful in developing sound remediation
strategies for soils contaminated with first row transition
metals.


Experimental Section


Potassium nitrate KNO3, manganese nitrate Mn(NO3)2 ¥ 4H2O, ferric
nitrate Fe(NO3)3 ¥ 9H2O, and copper nitrate Cu(NO3)2 ¥ 3H2O were pur-
chased from Fluka. All chemicals from commercial sources were of the
highest available purity and have been used without further purification.


Sample preparation : The lignocellulosic substrate (LS) was extracted from
wheat straw. The natural straw was subjected to two successive treatments :
1) an acidic hydrolysis (H2SO4 10% wt/wt of dry matter) to remove starch,
proteins, and sugars; and 2) an alkali treatment (NaOH 0.02 molL�1, Tamb,
1 day stirring) to dissolve the low molecular-weight lignin compounds. Such
treatments lead to an insoluble substrate, for a pH ranging from 2 to 10,
suitable for the sorption of metallic cations. The solid (2 gL�1) was then
stirred with a solution of HNO3 (0.04 molL�1) over 3 h in order to
protonate all acid sites, and washed with de-ionised water until the pH of
the filtrate reached a constant value. The protonation of all acid sites has
been checked by potentiometric titrations.[30] The powder obtained was
dried under vacuum and ground to pass a 100 �m sieve.


IR and 13C-CP/MAS NMR spectroscopy and XPS lead us to identify
carboxylic and phenolic moieties as the main functional groups.[28] The
content of acidic surface sites was estimated by using ion exchange
reactions and potentiometric titrations in aqueous and non-aqueous media.
We determined a concentration of 0.09� 10�3 and 0.48� 10�3 molg�1 for
carboxylic and phenolic moieties, respectively.[30]


Manganese ± , iron ± , and copper±LS surface complexes were prepared by
dispersing LS (1 g) in a solution (500 mL) that contained the metal nitrate
(10�3 molL�1) and the supporting electrolyte KNO3 (0.1 molL�1). The pH
of the suspensions was controlled regularly with a pH-meter (Metrohm
655) equipped with a glass electrode paired with an internal standard Ag/
AgCl/KCl reference and adjusted by adding HNO3 (0.1 molL�1) and
NaOH (0.1 molL�1) to its equilibrium value. The pH values have been
chosen to ensure a good sorption capacity, and were equal to 8.5, 3.3, and


5.75 for MnII, FeIII, and CuII ions, respectively. The suspensions were stirred
with an automatic shaker at 20 �C for 12 hours to reach sorption
equilibrium. They were then filtered through a 0.2 �m pore cellulosic
acetate membrane and the solids were dried under vacuum. Free metal ions
in the filtrate were analysed by using a Varian Liberty ICP/AES
spectrometer. The amount of metal adsorbed was calculated from the
initial concentration.


X-ray absorption data collection and processing : The XANES (X-ray
absorption near edge structure) and EXAFS (extended X-ray absorption
fine structure) data were collected at LURE (Laboratoire d×Utilisation du
Rayonnement Electromagne¬tique, Paris-Sud University) on the XAS 4
beam line of the storage ring DCI (positron energy 1.85 GeV; mean current
300 mA). The spectra were recorded at transition-metal K-edge using the
channel-cut monochromator (Si(111) for EXAFS and Si(311) for
XANES), which was detuned to 30% and 10% of the maximum intensity
for Mn and Fe, respectively, to remove the higher order harmonics. The
energy was calibrated by using Mn, Fe and Cu metallic foils and fixed at
6556.6, 7131.3 and 8979 eV, respectively, for the first inflection point of the
metallic foil spectra. The measurements were performed at room temper-
ature in the transmission mode with two air-filled ionisation chambers.


The XANES spectra were recorded step-by-step, every 0.3 eV with a 2 s
accumulation time per point. The spectra of the 5 �m metallic foils were
recorded just before the unknown XANES spectra to check the energy
calibration, thus ensuring an energy accuracy of 0.25 eV. The EXAFS
spectra were recorded over 1000 eV, with 2 eV steps, from 6400 to 7400,
from 7000 to 8000 and from 8900 to 9900 eV for manganese, iron and
copper compounds, respectively. Data analysis was performed by means of
the ™EXAFS pour le Mac∫ package.[38] The �(k) functions were extracted
from the data with a linear pre-edge background, a combination of
polynomials and spline atomic-absorption background, and normalised by
using the Lengeler ±Eisenberg method.[39] The energy threshold, E0 , was
taken at the middle of the absorption edge. E0 was corrected for each
spectrum in the fitting procedure. The k3-weighted �(k) function was
Fourier transformed from k� 2 ± 14 or 2 ± 12 ä�1, by means of a Kaiser ±
Bessel window with a smoothness parameter equal to 3 (k is the
photoelectron wave number). In this work, all Fourier transforms were
calculated and presented without phase correction. The peaks correspond-
ing to the first- or two first-coordination shells were then isolated and back-
Fourier transformed into k space to determine the mean coordination
number (N), the bond length (R) and the Debye ±Waller factor (�) by a
fitting procedure realised in the framework of single scattering. Before this,
we used the FEFF7 code[40] to check if the multiple scattering of our
reference compounds of known crystallographic structure[41, 42] is negligible
in the 0 ± 2.8 ä range (see text) and to calculate the ab initio amplitude and
phase functions, � fi(k,Ri) � and ��i(k,Ri) � , respectively.
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Enantioselective Borohydride Reduction Catalyzed by Optically Active
Cobalt Complexes


Tohru Yamada,*[a, c] Takushi Nagata,[a, d] Kiyoaki D. Sugi,[a, g] Kiyotaka Yorozu,[a, f]


Taketo Ikeno,[c] Yuhki Ohtsuka,[c] Daichi Miyazaki,[c] and Teruaki Mukaiyama[b, e]


Abstract: The highly enantioselective
borohydride reduction of aromatic ke-
tones or imines to the corresponding
alcohols was developed in the presence
of a catalytic amount of an optically
active cobalt(��) complex catalyst. This
enantioselective reduction is carried out
using a precisely premodified borohy-
dride with alcohols such as tetrahydro-


furfuryl alcohol, ethanol and methanol.
High optical yields are obtained by
choosing the appropriate alcohol as


modifiers and a suitable �-ketoiminato
ligand of the catalyst. The enantioselec-
tive borohydride reduction has been
successfully applied to the preparation
of optically active 1,3-diols, the stereo-
selective reduction of diacylferrocenes,
and dynamic and/or kinetic resolution of
1,3-dicarbonyl compounds.


Keywords: asymmetric catalysis ¥
diastereoselectivity ¥ enantioselec-
tivity ¥ kinetic resolution ¥ reduc-
tion


Introduction


The enantioselective reduction of prochiral ketones is one of
the most reliable and efficient methods to obtain the
corresponding optically active secondary alcohols,[1] which
are themselves found in various natural or medicinal com-


pounds and are readily converted to other useful functional-
ized compounds. Various methods involving chemical and
biological procedures have been developed for the enantio-
selective reduction of ketones. High enantioselectivities were
achieved in the asymmetric hydrogenation of functionalized
ketones such as �-amino ketones and �-ketoesters by using
the diphosphine complexes of rhodium[2] and ruthenium.[3]


Recently, simple ketones were enantioselectively hydrogen-
ated using iridium[4] or ruthenium[5] complex catalysts. In
particular, the combined system of BINAP± ruthenium(��),
optically active diamine and KOH acted as a highly efficient
catalyst for the enantioselective hydrogenation of aromatic
ketones.[1a, 6] For the same purposes, metal hydride reagents
modified with various optically active ligands have been
alternatively proposed, such as lithium aluminum hydride,[7]


sodium borohydride,[8] and borane with camphor, proline, and
binaphthol derivatives.[9] It is remarkable that in the presence
of a catalytic amount of chiral oxazaborolidines,[1b, 10] the
asymmetric reduction of ketones was effectively achieved to
obtain various optically active secondary alcohols. Many
successful applications have been reported; for example, a
prostaglandin precursor,[11] potassium channel blockers[12] and
trichloromethyl alcohol used for the preparation of unnatural
amino acids.[13] Borohydrides including lithium borohydride
and sodium borohydride are some of the most conventional
reducing reagents in organic synthesis due to their stability,
high selectivity, and ease of handling, therefore, the enantio-
selective reduction of ketones was proposed[14] with the
combined use of stoichiometric amounts of optically active
N-benzoylcystine[15] as a ligand; for example, it was reported
that butyrophenone was converted to the corresponding
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optically active alcohol with
90% ee at �40 �C. Although
the lanthanoid complexes as a
stoichiometric Lewis acid cata-
lysts for the enantioselective
reduction with sodium borohy-
dride was reported,[16] there are
few reports of the enantioselec-
tive reduction of ketones with
borohydrides and a catalytic
amount of an optically active
metal complex. The optically
active semicorrin ± cobalt(��)
complexes were proposed for
the enantioselective 1,4-reduc-
tion with sodium borohydride but no application to the 1,2-
reduction version was found.[17] Whereas the optically active
�-ketoiminato cobalt(��) complexes proved to be efficient
catalysts for the enantioselective borohydride reduction of
aryl ketones and imines to obtain the corresponding optically
active alcohols and amines in high yields with high ee values.
In this article, we would like to fully disclose the highly
enantioselective reduction of ketones and imines catalyzed by
the optically active �-ketoiminatocobalt(��) complexes and its
application to the highly stereoselective preparation of useful
compounds.


Results and Discussion


Preparation of the optically active �-ketoiminato cobalt(��)
complexes : It has been already reported from our laboratory
that manganese(���) ± chloride complexes with optically active
�-ketoiminato-type ligands function as a catalyst during the
enantioselective aerobic epoxidation of simple olefins[18] and
the asymmetric oxidation of sulfides to optically active
sulfoxides.[19] The corresponding cobalt(��) complexes were
found to catalyze the enantioselective reduction of ketones
with sodium borohydride.[20] Various optically active �-
ketoiminato cobalt(��) complexes 1 ± 3 (Figure 1) were synthe-


sized as follows (Scheme 1). The benzoyl acetone derivatives
4 were prepared from the corresponding acetophenone using
the Claisen condensation. The acetoacetic ester derivatives 5
were prepared from diketene and the corresponding alcohol.
The treatment of these 1,3-dicarbonyl compounds (4 or 5)
with trimethyl orthoformate and acetic anhydride provided
2-formyl-1,3-dicarbonyl compounds 6. The optically active �-
ketoiminato ligand 7 was obtained by imine formation with
the optically active 1,2-diaryl-1,2-ethanediamines. The ligand
7 was then treated with two equivalents of sodium methoxide
and subsequently treated with one equivalent amount of
cobalt(��) chloride under a nitrogen atmosphere to afford the
cobalt(��) complex 1 ± 3 as an orange-colored powder. A X-ray
analysis of the molecular structure of the optically active �-
ketoiminato cobalt complex was performed for the cobalt(���)-
iodide (Figure 2) and bromide complexes derived from the
corresponding cobalt(��) complex 1a[21] and 3b,[22] respectively.


Activation of borohydride with appropriate alcohols : Pre-
liminary investigations suggested that the addition of an
alcohol was indispensable for achieving a high enantioselec-
tivity. As shown in Table 1, the enantioselective reduction of
6-methoxy-1-tetralone (8a) with or without ethanol indicated
a significant improvement in both the chemical yield and


enantioselectivity. Without
ethanol, the alcohol 9a was
obtained in less than 10% yield
and its enantiomeric excess was
only 5%, whereas in the pres-
ence of ethanol, an 83% ee in
38% yield in 24 h (entries 1 and
2). A higher enantiomeric ex-
cess of 87% as well as a faster
reaction rate were realized in
the presence of tetrahydrofur-
furyl alcohol (THFA) to afford
the alcohol 9a in 82% yield
(entry 3). The combined use of
ethanol and THFA allowed fur-
ther improvement in the enan-
tiomeric excess of the alcohol
9a with 91% (entry 4). In the
presence of structurally similar
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Figure 1. Various cobalt complex catalysts for enantioselective borohydride reduction.


Scheme 1. Preparation of �-ketoiminato cobalt(��) complexes.
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Figure 2. Crystal structure of [N,N�-bis{2,4,6-trimethylbenzoyl)-3-oxobu-
tylidene}-(1S,2S)-1,2-diphenylethylenediaminato]cobalt(���) iodide 1a-I.
a) ORTEP drawing. b) Space filling model based on the X-ray structure
(MeOH was omitted).


alcohols such as methoxymethanol and tetrahydro-3-furan-
methanol, the enantioselectivities were lower (75 and 70% ee,
entries 7 and 8, respectively). The molar ratios of THFA
versus ethanol was systematically examined for the catalytic
and enantioselective reduction of the ketone 8a, and these
surveys indicated that a 1 molar equivalent of both alcohols to
NaBH4 were at least required for achieving a high ee (91% ee,
entry 5). The best result was observed by adding 14 molar
equivalents of THFA and 3 molar equivalent of ethanol
(entry 6). In the optimized reaction conditions, 1 mol% of the
cobalt(��) complex 2a catalyzed the reaction to quantitatively
afford the corresponding alcohol 9a in 6 h with 93% ee. The
non-catalyzed reduction path was also examined by subjecting
the modified borohydride to the ketone 8a in the absence of


the cobalt(��) complex catalyst for 48 h, and the starting
substrate was nearly quantitatively recovered (�95%), thus
the observation indicated a very small contribution of the
non-catalyzed path in the present enantioselective reduction.
The addition of THFA to this reaction system presented two
interesting features; 1) THFA made the reaction mixture
homogenous, and an appropriately activated borohydride was
specifically formed in situ. 2) A modification protocol of the
borohydride influenced the reactivity and enantioselectivity
during the catalytic reduction of the ketones.


Although NaBH4 is usually employed for the reduction of
ketones in alcoholic solvents, the resulting activated borohy-
dride has never been completely characterized.[23] The pre-
modification procedure for the formation of an active
borohydride was then examined. The monitoring of the H2


evolution during the treatment of the borohydride with
alcohols revealed that nearly 2 molar equivalents of H2 versus
NaBH4 was gradually liberated as the modification reaction
proceeded. This implied that NaBH4 consumed 2 molar
equivalents of alcohols. Based on the multiplier effect of
ethanol and tetrahydrofurfuryl alcohol mentioned in Table 1,
the premodified borohydride in the present reaction is
tentatively illustrated as formula 10 (Scheme 2).[24] The


Scheme 2. Preparation of premodified activated borohydride.


borohydride thus modified with THFA/ethanol was subjected
to the reduction of 6-methoxy-1-tetralone (8a) in the
presence of a catalyst 2a, and drastic acceleration of the
enantioselective reduction was observed. When the premodi-
fied borohydride 10 solution was used at �20 �C (Scheme 3),


Scheme 3. Efficient borohydride reductant.


the reaction was completed within 20 min even in the
presence of 1 mol% of catalyst to afford in quantitative yield
the corresponding alcohol 9a with 94% ee. The modification
of the borohydride and the reduction were carried out at 0 �C,
and the reaction was completed within 15 min while main-
taining the enantioselectivity (93% ee).


The tentative structure of the modified borohydride 10 was
supported by the experiments of the asymmetric reduction of
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Table 1. Effects of the various alcohol(s) on the enantioselective borohy-
dride reduction catalyzed by cobalt(��) catalyst.[a]


Entry Alcohols (equiv vs NaBH4) Yield [%] ee [%][b]


1 none � 10 5
2 EtOH (6) 38 83


3 (THFA) (6) 82 87


4 THFA (6)�EtOH (6) 87 91
5 THFA (1)�EtOH (1) 82 93
6 THFA (14)�EtOH (3) � 98 93


7 (6)�EtOH (6) 65 75


8 �6� � EtOH�6� 27 70


[a] Reaction conditions: 0.50 mmol substrate 8a, 0.025 mmol Co catalyst
2a, 0.75 mmol NaBH4, in CHCl3 (10 mL), at �20 �C, 24 h. [b] Determined
by HPLC analysis.
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6-methoxy-1-tetralone with 5 mol% of a cobalt(��) catalyst 2a
by using the three kinds of premodified borohydrides treated
with one, two, and three equivalent(s) of THFA, respectively
(Figure 3). During the reaction of the borohydride with


Figure 3. Relationship between the amount of alcohol vs NaBH4 and
enantiomeric excess.


THFA at room temperature, the corresponding amount of
hydrogen gas was observed versus the amount of THFA
employed. The premodified borohydride using one equiva-
lent of THFA afforded the corresponding alcohol in 36%
yield with 75% ee for 18 h at �20 �C. For the premodified
borohydride with two equivalents of THFA, the reduction
slowly proceeded, but a better enantioselection was observed,
that is, the optically active alcohol was obtained in 17% yield
with 85% ee for 24 h. Both the reactivity and enantioselec-
tivity were lower in the reaction system using the modified
borohydride made from sodium borohydride and three equi-
valents of THFA; the ketone was converted to the corre-
sponding alcohol in 10% yield with 72% ee for 24 h.
Furthermore, by using one equivalent each of THFA and
ethanol, the reactivity as well as the enanitoselectivity were
significantly improved; the reaction gave the alcohol in 65%
yield with 90% ee for 20 h. This was consistent with the above-
mentioned result using the in-situ-modified borohydride with
one equivalent each of THFA and ethanol (entry 5 in
Table 1).


The 13C NMR analysis of the resulting borohydride also
supported the tentative structure mentioned above. The
sodium borohydride was treated with one equivalent of
ethanol and four equivalents of THFA in CHCl3 at 0 �C.
During the treatment, it was observed that almost two
equivalents of hydrogen gas were released. Although the
peaks for EtOH were not changed after borohydride treat-
ment, a new set of peaks for THFA (peaks a, b, and c in
Figure 4) was observed next to the original set of peaks (peaks
A, B, and C in Figure 4). The intensity ratio of the unshifted
peaks (A, B, and C) for the remaining THFA versus the
shifted peaks (a, b, and c) after borohydride treatment was
about 3:1. It is reasonable to assume that the borohydride
reacted with one molar of EtOH and THFA each to afford
NaBH2(OEt)(OTHFA). It was reported that the borohy-
drides substituted by two or three alcohols, such as MeOH
and EtOH, were not stable and were readily disproportio-
nated to the starting borohydride BH4


� and the borate


Figure 4. 13C NMR spectra of modified NaBH4 in CDCl3.


[B(OR)4]� .[23] On the contrary, the oxygen atom on tetrahy-
drofuran could partially coordinate to borate to form a five-
membered chelate structure and stabilize the di-alkoxy-
substituted borohydride. The interpretation is quite consistent
with the 13C NMR observation that the peak for the 5th
position on tetrahydrofuran was significantly shifted after
borohydride treatment.


It should be noted that the appropriate choice of alcohol in
the combination with THFA was also significantly effective
for tuning the enantioselectivity (Table 2). For example, when
the borohydride was modified with the combined use of
methanol and THFA, the aryl primary alkyl ketone 8b was
converted to the corresponding alcohol 9b with 90% ee. The
use of ethanol in place of methanol in this reaction improved
the enantioselection to 97% ee. A similar effect was observed
during the enantioselective reduction of the cyclopropyl
phenyl ketone 8c (76% ee with methanol versus 90% ee
with ethanol). On the contrary, methanol was alternatively
effective for the reduction of the aryl secondary alkyl ketones
8d and 8e (98 and 95% ee, respectively). The following notes
for choosing the suitable additive alcohols to achieve a high
enantioselection are described; 1) The use of the ethanol-
THFA combination for the modification of borohydride is
preferable when using sterically less demanding ketones
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Table 2. Combination of additive alcohols with various aromatic ketones.[a]


Entry Ketone ee [%][b]


Activator ROH
MeOH EtOH


1 8b 90 97


2 8c 76 90


3 8d 98 77


4 8e 95 78


[a] Reaction conditions: 0.50 mmol substrate, 0.005 mmol Co catalyst 3a,
0.75 mmol NaBH4, 2.25 mmol ROH, 10.3 mmol THFA, in CHCl3 (10 mL),
at �20 �C, 12 h, quantitative yield. [b] Determined by HPLC analysis.
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(primary alkyl or cyclopropyl ketone). 2) For the ketones with
a more steric demand (secondary alkyl ketone), methanol is
preferable for the combined use with THFA.[25]


Combination of cobalt(��) complexes with various substituted
ketones : The preliminary investigations of the asymmetric
borohydride reduction of various ketones using the cobalt(��)
complex catalysts 1a, 2a, or 3a suggested that the suitable
matching of catalyst and substrates is significant in order to
achieve a high enantioselection (Table 3). For example, the


reduction of 2,2-dimethyl-1-tetralone (8 f) with the combined
use of MeOH/THFA or EtOH/THFA was catalyzed by the
complex 1a to afford the corresponding optically active
alcohol in 91 or 81% ee, respectively, whereas that it was 75%
ee when the complex 2a was employed. On the contrary, the
enantioselectivity during the reduction of 1-tetralone (8g) was
observed to be higher when using complex 2a (90% ee) than
that for the complex 1a or 3a (65 or 60% ee, respectively).
Similarly, 2,2-dimethyl-4-chromanone (8h) was converted to
the corresponding alcohol by the enantioselective borohy-
dride reduction catalyzed by complex 2a (with 92% ee) than
by using complex 1a (with 88% ee) or 3a (with 74% ee). For
the acyclic ketones such as butyrophenone (8b) and cyclo-
hexyl phenyl ketone (8e), complex 3a was the most matched
catalyst to achieve a high enantioselectivity and afford the
optically active alcohols with 95 and 97% ee, respectively.
Enantioselection ranging between 62 ± 87% ee in the same
reaction was observed by using complex 1a and 2a.[26]


A general rule to choose a matched catalyst was extracted
as follows; 1) the complex 1a having the chiral ligand derived
from prototypical 1,2-diphenylethylenediamine was effective
for the reduction of aryl ketones which are sterically hindered
at the �-position of the carbonyl groups (entry 1). 2) The
complex 2a having the chiral ligand derived from 1,2-bis(3,5-
dimethylphenyl)ethylenediamine was the most matched to
the cyclic aryl ketones with less steric demand (entries 2 and
3). 3) The complex 3a having the chiral ligand derived from
the bulky 1,2-bis(2,4,6-trimethylphenyl)ethylenediamine was
effectively employed during the enantioselective borohydride
reduction of acyclic alkyl aryl ketones (entries 4 and 5). The
present study indicated that highly enantioselective borohy-
dride reductions of various aryl ketones are achieved by the
appropriate choice of the optically active cobalt(��) catalysts
and the matched combination of two alcohols used for
modifying the borohydride. Various aromatic ketones were
smoothly converted to the corresponding optically active
alcohols in quantitative yield using 1 mol% of the cobalt(��)
complex catalysts.


Catalytic enantioselective reduction of imine : In order to
prepare the optically active alcohols with high efficiency, the
catalytic enantioselective reduction of prochiral ketones had
been extensively investigated. Likewise, analogous catalytic
enantioselective reductions of imines to afford optically active
amines have been reported in the literature, however, few
examples are known for the syntheses of the optically active
amines with satisfactory ee values. For examples, the recent
achievements of the metal catalyzed enantioselective hydro-
genations,[27] transfer hydrogenation,[28] hydrosilylations,[29]


and oxazaborolidine[30] catalyzed enantioselective borane
reduction of imines are not enough in terms of enantioselec-
tivity or applicability. The development of a highly efficient
enantioselective reduction of imines still remains as challeng-
ing topics in synthetic organic chemistry. The above-men-
tioned enantioselective borohydride reduction was applied to
compounds with a C�N functionality, and it was found that
the reduction of N-substituted ketimines were effectively
catalyzed by the cobalt(��) complexes to form the correspond-
ing optically active amines with high enantiomeric purity.


Preliminary experiments on the synthesis of the optically
active primary amines from each aryl ketoximes and N-
substituted ketimines by the enantioselective borohydride
reductions using 1 mol% of the cobalt(��) complex 2a were
tried at 0 �C for 4 h (Table 4). The treatments of oxime 11a or
oxime methyl ether 11b by the borohydride reductions using
the cobalt(��) complex did not afford the optically active
primary amines under the above conditions, and the starting
substrates were completely recovered. On the contrary, when
the reduction of the protected imines such as N-toluenesul-
fonyl imine 11c (N-tosyl imine) or N-diphenylphosphinyl
imine 11d was tried, the reactions smoothly took place and
the corresponding optically active amines were obtained in 95
and 85% yields with 71 and 98% ee, respectively. The
observed differences in ee values of the resulting amines could
be attributed to the competitive direct reduction of imines
with borohydrides by a non-catalytic reduction pathway.
When the N-tosyl imine 11c was subjected to the reduction in
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Table 3. Combination of cobalt(��) complex catalysts with various substi-
tuted ketones.[a]


Entry Ketone ee [%][b]


Co catalyst
1a 2a 3a


1 8 f 91[c] 75 n.r.[d]
(81)[a]


2 8g 65 90 60


3 8h 88 92 74


4 8b 63 87 97


5 8e 62 65 95[c]


[a] Reaction conditions: 0.50 mmol substrate, 0.005 mmol Co catalyst,
0.75 mmol NaBH4, 2.25 mmol EtOH, 10.3 mmol THFA, in CHCl3 (10 mL),
at �20 �C, 12 h, quantitative yield. [b] Determined by HPLC analysis.
[c] Using MeOH intead of EtOH. [d] No reaction.
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the absence of a catalyst, the corresponding racemic amine
was obtained in 30% yield. On the other hand, N-phosphinyl
imine 11d was inert toward the premodified borohydride
alone; this suggested that N-phosphinyl imines are suitable
substrates for the present reductions. The enantioselective
borohydride reduction using an optically active cobalt(��)
complex catalyst (1a, 2a, or 3a) was then examined using
various N-diphenylphosphinyl imines, and the results are
summarized in Table 5.


In the presence of 1 mol% of the above-mentioned catalyst
1a, 2a, or 3a, various arylN-phosphinyl imines were smoothly
converted to the corresponding optically active amines in
good yields at 0 �C within 4 h. As shown in the enantioselec-
tive borohydride reduction of aryl ketones, a suitable
combination of the cobalt(��) catalyst and aryl imine was one
of the important factors in achieving high enantioselectivity
(Table 5). When the cyclic aryl imine 11d was subjected to the
reductions, the cobalt(��) complex 2a was the best choice, and
the corresponding amine was obtained in 98% ee whereas
complex 1a gave 92% ee (entries 1 and 2). It should be noted
that when complex 3a was used, no reaction took place
(entry 3). It may be attributed to the high degree of steric
congestion for N-diphenylphosphinyl imines with cobalt(��)
complexes. Complex 3a gave the corresponding amine with
the best enantiomeric excess (90% ee, entry 6) for the acyclic
aryl imine 11e. Complexes 1a and 2a gave lower yields as 77
and 80% ee, respectively (entries 4 and 5). The observed
combinations of the catalyst and imine are similar to the
suitable pairs found for the aryl ketone reduction, and thus
the cyclic aryl substrates with complex 2a and acyclic aryl
substrates with complex 3a are preferable. Accordingly,
various cyclic N-phosphinyl imines 11 f ± i were applied to
the reductions using 1 mol% of complex 2a, and the
corresponding optically active amines were obtained in 91 ±
99% ee (entries 7 ± 10).[31] The resulting N-phosphinyl amine
represents an additional advantage over theN-sulfonyl amine,
since the conversion to the optically active primary amine
by subsequent removal of the diphenylphosphoryl group
can be carried out under mild conditions; for example, using
HCl/MeOH at 25 �C for 3 h, the optically active primary
amine was obtained in good yield without racemization
(Scheme 4).


Scheme 4. Removal of diphenylphosphoryl group.


Preparation of optically active C2-symmetrical diol com-
pounds : Enantiomeric pure C2-symmetrical 1,3-diaryl-1,3-
propanediol could be employed as the essential component
of chiral ligands in asymmetric syntheses;[32] however, few
reports have been published on the successful preparation of
the optically active 1,3-diaryl-1,3-propanediols.[33] The opti-
cally active ferrocene derivatives have been extensively
employed as the powerful chiral ligands of transition-metal
complexes for various enantioselective catalyses.[34] The C2-
symmetrical chiral ferrocenyldiol is one of the most accessible
precursors for the optically active ligands.[35] Among several
preparations,[36] the enantioselective reduction with borane/
THF catalyzed by the chiral oxazaborolidine (CBS reduc-
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Table 4. Effects of the various substituents of imines.[a]


Entry �X Yield [%] ee [%][b]


1 �OH 11a n.r.[c]


2 �OMe 11b n.r.[c]


3 �Ts 11c 95 78
4 �P(O)Ph2 11d 85 98


[a] Reaction conditions: 0.50 mmol substrate, 0.005 mmol Co catalyst 2a,
0.75 mmol modified NaBH4 (0.75 mmol NaBH4, 0.75 mmol EtOH,
10.3 mmol THFA), in CHCl3, at 0 �C, 4 h. [b] Determined by HPLC
analysis. [c] No reaction.


Table 5. Enantioselective borohydride reduction of N-diphenylphosphinyl
imines.[a]


Entry Imine Catalyst Yield [%] ee [%][b]


1 11d 1a 88 92
2 2a 85 98
3 3a n.r.[c]


4 11e 1a 96 77
5 2a 95 80
6 3a 97 90


7 11 f 2a 86 91


8 11g 2a 81 94


9 11h 2a 97 99


10 11 i 2a 81 92


[a] Reaction conditions: 0.50 mmol substrate, 0.005 mmol Co catalyst 2a,
0.75 mmol modified NaBH4 (0.75 mmol NaBH4, 0.75 mmol EtOH,
10.3 mmol THFA), in CHCl3, at 0 �C, 4 h. [b] Determined by HPLC
analysis. [c] No reaction.
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tion)[9a, 10a, 11] of the corresponding diketones is the most
reliable method.[37] Though the protocol was effective for
various 1,1�-diacylferrocenes, the loading of a large amount
(60 ± 200 mol%) of the oxazaborolidine catalyst was required
for the high enantioselectivity. In this section, it was described
that the efficient and highly asymmetric synthesis of C2-
symmetrical diol compounds from the corresponding dike-
tones was achieved by the enantioselective borohydride
reduction catalyzed by the optically active cobalt(��) com-
plexes.


The enantioselective borohydride reduction of 1,3-diaryl-
1,3-diketones was first examined using various optically active
�-ketoiminato cobalt complex catalysts adopting 1,3-diphen-
yl-1,3-diketone (14a) as the model substrate (Table 6). It was


found that the enantioselectivities in this reaction were
sensitively affected by the steric demand of the chiral diamine
part of the cobalt catalyst ligand. When complex 1a, 1b or 2a,
prepared from the optically active 1,2-diphenylethylenedi-
amine or 1,2-bis(3,5-dimethylphenyl)ethylenediamine, was
employed as a catalyst, the ee values of the product were
moderate (entries 1 ± 3). However, catalyst 3, having the
optically active 1,3-bis(2,4,6-trimethylphenyl)ethylenedia-
mine unit, realized an excellent enantioselectivity and a
good-to-high dl selectivity in each case (entries 4 ± 7). Espe-
cially, catalyst 3b, with attached acyl groups as the side chains,
indicated a high dl selectivity (81%) and excellent ee value
(98%) for the enantioselective reduction of 1,3-diphenyl-1,3-
propanedione (14a).[38] After optimizing the reaction condi-
tions, it was found that the concentration of the reaction
mixture depended on the stereoselectivity. In the 8.3� 10�3�
solution (0.25 mmol substrate versus 30 mL chloroform), the
dl selectivity was enhanced up to 84% with 98% ee (entry 8).


The optimized procedure was successfully applied to the
preparation of various 1,3-diaryl-1,3-propanediols from the
corresponding 1,3-diketones (Table 7). Diketones with alkyl,
electron-donating, and -withdrawing groups were all smoothly
reduced in high enantioselectivity with high dl selectivity. As


examples, the 1,3-diaryl-1,3-diols with p-methyl- (15b), p-
methoxy- (15d), p-fluoro (15e), and o-fluoro- (15 f) substitu-
ents were obtained in 97, 98, 99, and 97% ee, with 85, 84, 76,
and 90% dl selectivity, respectively (entries 2, and 4 ± 6). For
the reduction of 1,3-bis(4-tert-butylphenyl)-1,3-propanedione
(14c), the addition of methanol instead of ethanol was
effective in the reduction system (entry 3) for modification
of the borohydride. Also, dinaphthyldione with a larger
aromatic ring 14g was smoothly reduced to the 1,3-diol 15g
with 81% dl selectivity and 99% ee (entry 7).[39]


The present procedure could be readily used for the
multigram preparation because one recrystallization of the
crude products afforded the enantiomeric pure 1,3-diols. For
example, dibenzoylmethane (10.0 g) was treated with the
modified borohydride in the presence of a catalytic amount of
the cobalt complex 3a produced a quantitative yield of 1,3-
diphenyl-1,3-propanediol. After rinsing the dl/meso mixture
with ethyl acetate/hexane and simple recrystallization from
ethyl acetate, optically pure 1,3-diphenyl-1,3-propanediol
(6.15 g) was obtained in 60% overall yield (Scheme 5). It
should be noted that the obtained pure 1,3-propanediol was
quantitatively converted to the optically pure 1,3-diphenyl-
1,3-propanediamine by the conventional method.[40]
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Table 6. Various cobalt(��) catalysts for enantioselective borohydride
reduction of dibenzoylmethane.[a]


Entry Catalyst Yield [%] dl :meso[b] ee [%][c]


1 1a 93 53:47 41
2 1b 93 29:71 61
3 2a quant 56:44 64
4 3a 96 85:15 90
5 3b 93 81:19 98
6 3c 97 66:34 89
7 3d 90 72:28 94
8[d] 3b quant 84:16 98


[a] Reaction conditions: 0.50 mmol substrate 14a, 0.005 mol% Co catalyst,
1.5 mmol NaBH4, 4.5 mmol EtOH, 63 mmol THFA, in CHCl3 (20 mL), at
�20 �C, 24 ± 48 h. [b] Determined by 1H NMR analysis of diacylated 1,3-
diols after the treatment with Ac2O/pyridine. [c] Determined by HPLC
analysis. [d] Using 30 mL CHCl3 for 0.25 mmol substrate.


Table 7. Enantioselective preparation of various 1,3-diaryl-1,3-propane-
diols.[a]


Entry 1,3-Diaryl- Yield [%] dl :meso[b] ee [%][c]


1,3-propandione


1[d] 15a quant 84:16 98


2 15b 94 85:15 97


3[e] 15c 94 80:20 96


4


15d


99 84:16 98


5 15e 98 76:24 99


6 15 f 99 90:10 97


7 15g 93 81:19 99


[a] Reaction conditions: 0.25 mmol substrate, 0.0125 mmol Co catalyst, 3b,
0.75 mmol NaBH4, 2.25 mmol EtOH, 10.5 mmol THFA, in CHCl3 (30 mL),
at �20 �C, 40 ± 60 h. [b] Determined by 1H NMR analysis of diacylated 1,3-
diols after the treatment with Ac2O/pyridine. [c] Determined by HPLC
analysis. [d] Using 0.005 mmol Co catalyst 3b. [e] Using MeOH instead of
EtOH.
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Scheme 5. Preparation of enantiopure 1,3-diphenyl-1,3-propanediol.


The enantioselective reduction of 1,1�-dibenzoylferrocenes
(16a) into optically active 1,1�-ferrocenyldiols was adopted as
a model reaction for screening the various optically active �-
ketoiminato cobalt complexes for the catalytic borohydride
reduction (Table 8). When complex 1 or 2 was employed as a


catalyst, the ee values of the product were very low (entries
1 ± 4), whereas excellent ee values (�99% ee) were achieved
by the bulky complex 3 (entries 5 ± 9).[38] Catalyst 3b (entry 6),
with attached acyl groups as the side chains, indicated the
highest dl selectivity (88%) with excellent ee (�99%) for the
enantioselective reduction of 1,1�-dibenzoylferrocene (16a).
The solvent effect was subsequently surveyed and found that
the reaction time significantly depended on the reaction
solvent. In chloroform, a suitable solvent for the enantiose-
lective borohydride reduction, and other typical solvents, the
reduction was completed in 12 ± 72 hours,[41] whereas in
diethyl ether, the enantioselective reduction was completed
in 0.5 h at �20 �C. In diethyl ether at 0 �C, the reduction to
afford 1,1�-bis(�-hydroxypropyl)ferrocene (17a) was finished
within 15 min while maintaining high enantio- and dl selec-
tivities.


The enantioselective borohydride reduction was success-
fully applied to the preparation of various optically active 1,1�-
ferrocenyldiols using 5 mol% of a cobalt catalyst 3b in diethyl
ether at 0 �C (Table 9). Various 1,1�-dibenzoylferrocene de-


rivatives, possessing p-fluorophenyl (16b), p-chlorophenyl
(16c), p-bromophenyl (16d), p-methylphenyl (16e), o-fluo-
rophenyl (16 f), and o-chlorophenyl (16g) were converted to
the corresponding C2-symmetrical ferrocenyldiols 17 with
excellent ee values and high dl selectivity (entries 2 ± 7). The
reaction of 1,1�-di(o-bromobenzoyl)ferrocene (16h) was very
slow at 0 �C due to steric hindrance. Therefore, the enantio-
selective reduction was carried out at the diethyl ether reflux
temperature to afford the corresponding diols in 96% yield
for 0.5 h with 87% dl selectivity and 97% ee (entry 8). The
present enantioselective reduction could be applied to the
1,1�-dialkanoylferrocenes. Although the dl selectivity from
1,1�-dihexanoylferrocene (16k) was not sufficient at 0 �C, the
reduction was tried at�40 �C to afford the corresponding diol
with 87% dl selectivity and �99% enantioselectivity (en-
try 11). Also, the 1,1�-dipropanoyl- (16 i), dibutanoyl- (16 j),
and dioctanoyl- (16 l) ferrocenes were stereoselectively re-
duced to the corresponding ferrocenyldiols with high dl se-
lectivity and excellent enantioselectivity (entries 9, 10, and
12).[42] It is noted that the efficient and highly stereoselective
preparation of the C2-symmetrical chiral diol compounds was
provided by the enantioselective borohydride reduction of the
1,3-diaryl-1,3-propanedione, 1,1�-dialkanoyl-, and 1,1�-diben-
zoyl-ferrocenes catalyzed by the optically active �-ketoimi-
nato cobalt(��) complex.


Synthesis of optically active anti-aldol compounds : The aldol
reaction is one of the most useful and reliable methods in
organic synthesis for new carbon ± carbon bond formation
accompanied by the preparation of 2-substituted-3-hydroxy-
carbonyl units.[43] Optically active 2-substituted-3-hydroxy-
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Table 8. Various cobalt(��) catalysts for enantioselective borohydride
reduction of 1,1�-dibenzoylferrocene.[a]


Entry Catalyst dl :meso[b] ee [%][c]


1 1a 21:79 31
2 1b 22:78 21
3 2a 23:77 20
4 2b 25:75 32
5 3a 86:14 � 99
6 3b 88:12 � 99
7 3c 80:20 � 99
8 3d 72:28 � 99
9 3e 75:25 � 99


[a] Reaction conditions: 0.125 mmol substrate 16a, 0.00625 mmol Co
catalyst, 0.50 mmol modified NaBH4 (0.50 mmol NaBH4, 0.50 mmol
EtOH, 7.0 mmol THFA), in CHCl3, at �20 �C, 12 h, quantitative yield.
[b] Determined by 13C NMR analysis. [c] Determined by HPLC analysis.


Table 9. Enantioselective borohydride reduction of various 1,1�-diacylfer-
rocenes.[a]


Entry 1,1�-Diacylferrocene Yield
[%]


ee
[%][b]


dl :meso[c]


1 X�H 16a 92 � 99 89:11
2 F 16b 90 � 99 87:13
3 Cl 16c 89 99 87:13
4 Br 16d 88 � 99 89:11
5 CH3 16e 90 � 99 88:12


6 X�F 16 f 94 � 99 99:1
7 Cl 16g 87 � 99 93:7
8[d] Br 16h 96 97 88:12


9[e] n� 1 16 i 84 � 99 82:18
10[e] 2 16j 80 � 99 80:20
11[e] 4 16k 90 � 99 87:13
12[e] 6 16 l 69 � 99 85:15


[a] Reaction conditions: 0.125 mmol substrate, 0.00625 mmol Co catalyst
3b, 0.5 mmol modified NaBH4, in Et2O, at 0 �C within 3 h. [b] Determined
by HPLC analysis. [c] Determined by 1H NMR analysis and/or 13C NMR
analysis. [d] Et2O reflux temperature, 0.5 h. [e] Using 0.0125 mmol Co
catalyst 3b, 1.25 mmol modified NaBH4, at �40 �C, 48 h.
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carbonyl units are often observed in natural products and
their hydroxy or carbonyl groups could be converted into
various functionalities. Therefore, highly diastereoselective
and/or enantioselective versions of the aldol reaction[44] are
indispensable for organic synthesis. A wide variety of
enantioselective aldol reactions, especially the catalytic enan-
tioselective version by optically active transition-metal com-
plexes, have been dynamically studied for a decade.[45] In
almost all catalytic enantioselective aldol reactions, however,
the preparation of silyl or metal enolates is required in
advance along with a relatively large amount of loading of the
catalyst for high enantio- and/or diastereoselectivity. These
disadvantages have made the catalytic and enantioselective
aldol reactions difficult to use for multigram scale laboratory
and manufacturing processes. Alternatively, optically active
2-substituted-3-hydroxycarbonyl compounds could also be
prepared from the corresponding 2-substituted-1,3-dicarbonyl
compounds with catalytic and enantioselective reductions.


The symmetrical 2-substituted-1,3-diketones was first
adopted as a model substrate for the demonstration of the
reductive synthesis of optically active aldol compounds using
the enantioselective borohydride reduction catalyzed by the
optically active �-ketoiminato cobalt complexes. Because the
four isomers of the hydroxyketones and diol compounds
could be produced in this reaction, the stereoselectivity and
reactivity should be controlled at the same time. The
enantioselective reduction of 1,3-diphenyl-2-methyl-1,3-pro-
panedione (18a) into the optically active 1,3-diphenyl-3-
hydroxy-2-methylpropanone (19a) was chosen as a model
reaction for screening the suitable optically active �-ketoimi-
nato cobalt catalyst (Table 10). Although the anti-selectivity
of the resulting �-hydroxyketones was excellent in each case,
the ee values of the anti-products widely varied, being


sensitive to the structure of the cobalt complex catalysts
(entries 1 ± 6). Catalyst 1a or 2a afforded a low or moderate ee
of the anti-product (entries 1 and 2), whereas the enantiose-
lectivity was remarkably improved when employing catalysts
3a ± c and e derived from the optically active 1,3-bis(2,4,6-
trimethylphenyl)ethylenediamine (entries 3 ± 6). Among
these catalysts, it was found that catalyst 3b, having acetyl
groups on both side chains, was the most efficient catalyst for
the enantioselective reduction of the 1,3-diphenyl-2-methyl-
1,3-propanedione (entry 4). After optimization of the reaction
temperature (�20 �C) and procedure, 99% ee of the anti-
product was isolated in 93% yield with 99% diastereoselec-
tivity (entry 7).


The catalytic and enantioselective reduction was success-
fully applied in the preparation of various optically active
2-substituted-1,3-diaryl-3-hydroxypropanones 19 from the
corresponding 1,3-diketones 18 (Table 11). Various 2-meth-
yl-1,3-diaryl-1,3-diketones, having p-methylphenyl- (18b),
2-naphthyl- (18c), p-bromophenyl- (18d), and p-methoxy-
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Table 10. Various cobalt(��) catalysts for enantioselective borohydride
reduction of 2-methyl-1,3-diphenyl-1,3-propanedione.[a]


Entry Catalyst Yield anti-Selectivity ee (anti) Recovery Diol Yield
[%] [%][b] [%][c] [%] [%]


1 1a 65 93 33 3 27
2 2a 58 99 45 ± 39
3 3a 65 94 89 24 11
4 3b 75 95 92 10 15
5 3c 55 98 81 1 41
6 3e 71 96 87 1 28
7[d] 3b 93 99 99 ± 7


[a] Procedure A: A solution of the Co catalyst and the substrate was added
to the solution of the modified NaBH4; 0.5 mmol substrate 18a, 0.025 mmol
Co catalyst, 0.5 mmol NaBH4, 1.5 mmol oEtOH, 7 mmol THFA, in CHCl3,
at 0 �C, 10 h. [b] Determined by 1H NMR analysis. [c] Determined by
HPLC analysis. [d] Procedure B: To the solution of the Co catalyst and the
substrate was added a solution of the modified NaBH4; 0.25 mmol
substrate 18a, 0.0125 mmol Co catalyst 3b, 0.25 mmol modified NaBH4


(0.25 mmol NaBH4, 0.25 mmol EtOH, 3.5 mmol THFA), in CHCl3, at
�20 �C, 10 h.


Table 11. Enantioselective borohydride reduction of 2-alkyl-1,3-diaryl-1,3-
propanediones.[a]


Entry Hydroxyketone Yield anti-selectivity ee (anti)
[%] [%][b] [%][c]


1 19a 93 99 99


2 19b 97 99 99


3 19c 73 99 99


4 19d 68 99 99


5 19e 96 99 97


6 19 f 88 99 99


7 19g 88 99 97


8 19h 96 99 98


9 19 i 45 99 91


[a] Procedure B (see Table 10). [b] Determined by 1H NMR. [c] Deter-
mined by HPLC analysis.
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phenyl- (18e) as the aryl group, were converted into the
corresponding anti-2-methyl-3-hydroxyketones 19b ± e in
good-to-high yield with excellent anti-selectivity and excellent
enantioselectivity (entries 2 ± 5). For the catalytic and enan-
tioselective reduction of various 2-substituted-1,3-diketones,
such as 2-ethyl- (18 f), 2-allyl- (18g), 2-benzyl- (18h), and
2-isopropyl- (18 i), the corresponding anti-2-alkyl-3-hydroxy-
ketones (19 f ± i) were obtained with excellent anti-selectivity
and excellent enantioselectivity (entries 6 ± 9).[46]


In this reaction system, it is remarkable feature that the
anti-selectivity is excellent. The highly anti-selective aldol
reactions of the highly diastereoselective[47] or enantioselec-
tive[48] version were very limited. It was expected that the
present catalytic reduction could provide an alternative
potential for the preparation of optically active anti-aldol
compounds. Recently, it was revealed in a preliminary
examination of the borohydride reduction with a catalytic
amount of the �-ketoiminato cobalt complexes that aromatic
ketones were preferentially reduced in the presence of
aliphatic ketones. As shown in Scheme 6, 0.1 mmol NaBH4


was added to a solution of 0.5 mmol 2-undecanone (20a) and
0.5 mmol 2-acetonaphthone (20b) in methanol. After 8 h,
2-undecanone (20a) (as an alkyl ketone) was reduced to the
corresponding alcohol 21a in 25% yield and 2-acetonaph-
thone (20b) (as an aromatic ketone) in 11% yield. The
chemoselectivity for the reduction of the aliphatic ketone was
about 70%. In contrast, in the presence of 0.1 mmol of the �-
ketoiminato cobalt complex 22,
the chemoselectivity was com-
pletely reversed. By treatment
of the premodified borohydride,
an aromatic ketone, 2-aceto-
naphthone (20b), was selective-
ly reduced to 1-(2-naphthyl)-1-
ethanol (21b) in 45% yield
while the aliphatic ketone 20a
was reduced in only 5% yield.
The chemoselectivity for the
aromatic ketone was 90%.


These observations encour-
aged us to apply the cobalt-
catalyzed reduction to 1-alkyl-
3-aryl-1,3-diketones to prepare
the corresponding 1-alkyl-3-ar-
yl-3-hydroxyketones. It was
conventionally reported for
the chemo- and enantioselec-
tive reduction of unsymmetrical
1-alkyl-3-aryl-1,3-diketones
that the ketone neighboring
alkyl group was selectively re-
duced because of the reduced
bulkiness.[33f] As the unsymmet-
rical 2-substituted-1,3-diketone
model for the chemo-, diaster-
eo- and enantioselective reduc-
tion, 2,4-dimethyl-1-phenyl-1,3-
pentanedione (23a) was adopt-
ed. Because the kinetic resolu-


tion should be considered for the model substrate, 0.5 equiv-
alent of the premodified borohydride was employed in the
presence of 5 mol% of the optically active �-ketoiminato
cobalt complex catalyst 3b. After 24 h, the reaction was
quenched to afford the corresponding hydroxyketones 24a in
44% yield with 88% aromatic versus 12% aliphatic alcohol.
Though the diastereoselectivity in the aromatic alcohol was
determined to be 93% anti, the enantioselectivity of the anti-
aromatic alcohol 24a was 67% ee.


In the case of using only 0.25 equivalents of the premodified
borohydride, it was found that an optically active hydroxyke-
tone was obtained in 21% yield with high chemo- (98%),
diastereo- (98%), and enantioselectivities (99% ee). These
observations suggested that the excess hydride in the catalytic
system caused a non-catalytic reduction thus resulting in low
selectivities. In order to maintain the initial reaction con-
ditions, therefore, five portions of the 0.1 equivalents premo-
dified borohydride were successively added at one-hour
intervals to the reaction to obtain the 3-aryl-3-hydroxyke-
tones 24a in 43% yield with 97% chemoselectivity, 99% anti-
selectivity, and with 94% enantiomeric excess (Scheme 7).
The ee values of the 2-methyl-1,3-diketone 23a remaining
after the kinetic resolution was determined by HPLC. Since
racemization of the 2-substituted-1,3-diketones gradually
proceeded at room temperature, the reaction mixture was
directly injected into the HPLC chiral column (Daicel
chiralpak AD, 5.0% propan-2-ol in n-hexane) to determine
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Scheme 6. Chemoselective borohydride reduction of aromatic versus aliphatic ketones.


Scheme 7. Highly chemo-, diastereo-, and enantioselective borohydride reduction of 2-methyl-1,3-diketone.
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the ee of 2,4-dimethyl-1-phenyl-1,3-pentanedione 23a which
was 99% ee.


In order to reduce the excess hydride in the catalytic system
and avoid any further non-catalytic reduction, four portions of
the 0.1 equivalent premodified borohydride were successively
added at two-hour intervals to the reaction mixture to
produce a 46% yield, and 99% chemo-, 99% anti- and 96%
enantioselectivities. These observations indicated that the
cobalt-catalyzed reduction selectively afforded only one
isomer among the possible eight isomers and that the kinetic
resolution was excellent.The present kinetic resolution system
was successfully applied to the enantioselective reduction of
various 2-substituted-1-alkyl-3-aryl-1,3-diketones 23 to pro-
duce optically active 2-substituted-3-hydroxyketones 24 (Ta-
ble 12). The 1,3-diketones having a 2-methyl- (23a), 2-ethyl-
(23b) or 2-allyl- (23c) group were converted into the
corresponding 3-aryl-3-hydroxyketones 24a ± c with high
chemo-, diastereo- and enantioselectivities (entries 1 ± 3).
The kinetic resolution during the enantioselective reduction
of the substrate containing a tert-butyl ketone 23d afforded an
excellent result such that the corresponding reduced product
24d obtained in 48% yield indicated 99% chemoselectivity,
99% anti-selectivity, and 97% ee (entry 4). The present highly
selective kinetic resolution could also be applied to the
substrates with primary alkyl ketones, such as n-nonyl ketone


23e, isobutyl ketone 23 f, or
benzyl ketone 23g to obtain
the corresponding anti-hydroxy-
ketones 24e ± g with high selec-
tivities (entries 5 ± 7).[49]


If the racemization equilibri-
um of the starting material, that
is the 2-substituted 3-ketocar-
bonyl compound, would occur
during the kinetic resolution of
the enantioselective reaction, it
should be a more efficient and
promising method for the gen-
eration of the chiral centers at
the �- and �-positions of the
carbonyl compounds in one re-
action step ideally in 100%
chemical yield.[50] Therefore,
the dynamic kinetic resolution
with an enantioselective reac-
tion has been applied to the
2-substituted 3-ketoester for
the preparation of optically ac-
tive 2-substituted 3-hydroxyest-
ers, anti-aldol-compounds in
high yield and with high stereo-
selectivities (Scheme 8). Sever-
al trials of dynamic kinetic
resolution during the enantio-
selective reduction of 2-substi-
tuted-3-ketoesters have already
been reported; for example, the
ruthenium complex catalyzed
hydrogenation was successfully


applied to 2-substituted 3-ketoesters to obtain aldol products
with high stereoselectivities; however, almost all the reactions
using enantioselective hydrogenation were syn-selective.[51]


For the screening of the reaction conditions for the dynamic
kinetic resolution, the 2-methyl-3-(2-naphthyl)-3-oxopropion-
ic acid ethyl ester (25a) was adopted as the model substrate
and various bases were examined for racemization equili-
brium (Table 13). In the presence of 4 mol% of the cobalt
catalyst 3b, the enantioselective borohydride reduction af-
forded the 3-hydroxy-2-methyl-3-(2-naphthyl)propionic acid
ethyl ester (26a) with moderate anti-selectivity and enantio-


Scheme 8. Dynamic kinetic resolution with borohydride reduction.
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Table 12. Highly chemo-, diastereo-, and enantioselective reduction of 2-alkyl-1,3-diketones.[a]


Entry Hydroxyketone Yield [%] Conversion [%] Selectivity
Chemo- [%][b] anti- [%][b] Enantio- [%][c]


1 24a 46 48 99 99 96


2 24b 41 42 99 99 98


3 24c 47 55 95 98 96


4 24d 48 49 99 99 97


5 24e 47 54 96 98 96


6 24 f 47 54 99 98 95


7 24g 45 52 93 94 98


[a] Procedure: Four portions of the 0.1 equiv modified NaBH4 were successively added at 2 h intervals to the
solution of the Co catalyst and the substrate; 0.25 mmol substrate, 0.0125 mmol Co catalyst 3b, 0.1 mmol
modified NaBH4 (0.1 mmol NaBH4, 0.1 mmol EtOH, 1.4 mmol THFA), in CHCl3, at �20 �C, 10 h.
[b] Determined by 1H NMR analysis. [c] Determined by HPLC analysis.
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selectivity (entry 1). These observations indicated that the
racemization equilibrium was not sufficient without any base.
In order to accelerate the racemization equilibrium via its
enolates, several bases were added to the reaction mixture. In
the presence of alkalimetal carbonates, the reduction smooth-
ly proceeded though the anti-selectivity and enantioselectivity
were not improved at all (entries 2 and 3). The addition of
amine bases slightly improved the stereoselectivity, but their
selectivities did not reach a satisfactory level (entries 4 and 5).
The high diastereo- and enantioselectivities were achieved
with the addition of an alkalimetal alkoxide, though the
isolated yields were low due to the retro-aldol reaction from
the resulting products. To avoid any side reaction, the reaction
was performed at�10 �C to improve the isolated yield to 91%
while maintaining high diastereo- and enantioselectivities.


Various 2-alkyl-3-aryl-3-ketoesters 25 were successfully
subjected to the enantioselective reduction with dynamic
kinetic resolution for the preparation of the anti-aldol-type
compounds (Table 14). The optically active 3-hydroxy-2-
methylesters containing 2-naphthyl (26a), phenyl (26b), p-
bromophenyl (26c), p-methylphenyl (26d), or p-methoxy-
phenyl (26e) as a 3-aryl group could be prepared in the
present dynamic kinetic resolution system with high diaster-
eo- and enantioselectivities in high isolated yields (entries 1 ±
5). The 3-phenyl-3-ketoesters, having an ethyl 25 f or allyl 25g
group on the active methyne, were also converted into the
corresponding 3-aryl-3-hydroxyester 26 f ± g with good dia-
stereoselectivity and high ee
values (entries 6 and 7).[52] It
was demonstrated that the op-
tically active anti-2-substituted-
3-hydroxy compounds could be
prepared from the correspond-
ing 2-substituted-3-ketocarbon-
yl compounds using enantiose-
lective borohydride reduction.
In contrast, the syn-aldol was
generally produced in the tran-
sition-metal catalyzed reac-


tions; the present enantioselective reduction would provide
an alternative approach for the preparation of anti-aldol
compounds.


Enantiofacial discrimination of asymmetric borohydride re-
duction : A possible catalytic cycle is explained as follows
(Figure 5): When the modified NaBH4 was added to the
cobalt(��) complex solution, this reaction mixture was instantly
turned from orange, the color of the original catalyst solution,
to red. It was implied that new active species, probably
cobalt ± hydride intermediates were generated from the
modified borohydride and cobalt(��) complexes.
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Table 13. Various bases for kinetic resolution.[a]


Entry Base Yield anti-Selectivity ee
[%] [%][b] [%][c]


1 ± 99 69 83
2 Na2CO3 99 69 81
3 Cs2CO3 96 66 82
4 Et3N 95 79 87
5 HNiPr2 94 82 87
6 NaOEt 86 88 91
7 NaOMe 66 88 90
8[d] NaOMe 91 92 95


[a] Reaction conditions: 0.25 mmol substrate 25a, 0.01 mmol catalyst 3b,
0.25 mmol base, 0.30 mmol modified NaBH4 (0.30 mmol NaBH4,
0.30 mmol EtOH, 4.2 mmol THFA), in CHCl3 at 0 �C, 24 h. [b] Determined
by 1H NMR analysis. [c] Determined by HPLC analysis. [d] At�10�C, 15 h.


Table 14. Dynamic kinetic resolution of enantioselective reduction for
anti-aldol compounds.[a]


Entry Hydroxyester Yield anti-Selectivity ee (anti)
[%] [%][b] [%][c]


1 26a 93 99 99


2 26b 97 99 99


3 26c 73 99 99


4 26d 68 99 99


5 26e 96 99 97


6 26 f 88 99 99[d]


7 26g 88 99 97


[a] Reaction conditions: 0.25 mmol substrate, 0.01 mmol Co catalyst 3b,
0.25 mmol NaOMe, 0.30 mmol modified NaBH4 (0.30 mmol NaBH4,
0.30 mmol EtOH, 4.2 mmol THFA), in CHCl3, at �10 �C, 10 ± 15 h.
[b] Determined by 1H NMR analysis. [c] Determined by HPLC analysis.
[d] Determined by HPLC analysis after acylation.


Figure 5. Overall reaction pathway of cobalt catalyzed enantioselective reduction.
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The FAB mass analysis of the cobalt complex 1a treated
with borohydride was then examined. A peak at m/z 697 in
the FAB MS spectra was observed under negative mode for
the original cobalt complex 1a (Figure 6a). After treatment of
the cobalt complex 1a with borohydride, the peak at m/z 697
vanished and a new peak was found at m/z 698, which can be
assigned as a cobalt ± hydride complex (Figure 6b).


When borodeuteride was employed in place of borohy-
dride, the original peak at m/z 697 disappeared and a new
peak at m/z 699 assigned to the cobalt ± deuteride complex


Figure 6. FAB mass spectra of the cobalt complex treated with borohy-
dride.


appeared (Figure 6c). These results clearly indicated that the
cobalt ± hydride species would mainly exist in the reaction
media and could act as the reactive intermediate. Optically
active cobalt ± hydride species then precisely reacted with the
prochiral ketones recognizing the enantioface. As a result, an
optically active alcohol was obtained and the cobalt complex
was recycled. It was recently found that N-benzyl-(E)-�-
methylcinnamic amide 27 was subjected to the enantioselec-
tive reduction system to obtain the optically active 2-meth-
ylcarboxamide 28 with 60% ee (Scheme 9)[53] This result
suggested that the cobalt hydride generated in the reaction
system would attack the cinnamic amide in a 1,4-reduction
manner to form the cobalt-enolate equivalent 29, which was
then protonated in situ by THFA or methanol to afford the
optically active carboxyamide.


As mentioned above, X-ray analysis of the molecular
structure of the optically active �-ketoiminato cobalt complex
was performed for the cobalt(���)-iodide complex derived from


Scheme 9. Catalytic enantioselective protonation of cobalt enolate equiv-
alent.


the corresponding cobalt(��) complex 1a and 3b. It revealed
that the centered cobalt was surrounded by the square-planar
ligand and that aryl groups in the optically active diamine and
a mesitoyl group in the side chain were located nearby. The
observed enantiofacial selection of the corresponding (S)-
alcohols to the (S,S)-cobalt complexes (Re attack) can be
explained by considering the favorable transition state
illustrated in Figure 7; the substrates, aryl ketones, would


Figure 7. Possible mechanistic explanation for the observed enantioface
selection in asymmetric reduction with (S,S)-cobalt complex.


approach the postulated cobalt-hydride through the open site
(Re attack). The aromatic ring of the aryl ketones was placed
parallel to the square delocalized � system plane of the cobalt
complex by � interaction. Because � ±� interaction occurred
efficiently between the catalyst and aromatic ketone, the
reduction of the aryl ketone proceeded faster than the alkyl
ketone in the catalytic system (Scheme 6). The approaching
carbonyl group of the substrates was oriented away from the
cobalt complex to avoid any steric hindrance by the bulky aryl
groups. The alternative transition state (Si attack) is not
rationalized because of the steric repulsion of the bulky aryl
groups of the complex with the carbonyl group from the
incoming ketones. These closely packed transition states
could suggest that the enantiofacial selectivity was fairly
dependent on these components as substrates, ligands, and
additive alcohols as shown in Tables 1 and 2. Based on these
observations, it could be assumed that sodium borohydride
was modified in situ with the additive alcohols to form
NaBH2(OR1)(OR2) (R1�Me or Et, R2OH�THFA) and
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then the modified borohydride was closely located to the
cobalt complex and assisted the achieving a high enantiose-
lectivity.


Recently, it was reported that Jacobsen×s manganese(���)
complexes as well as the �-ketoiminato cobalt(��) complexes
could be used as catalysts for the enantioselective borohy-
dride reduction of 2-phenacylpyridine (30).[54] It should be
pointed out here that (S)-1-phenyl-2-(2-pyridyl)ethanol (31)
was obtained using the (S,S)-cobalt(��) complexes 1a, 2a, 3a,
or 3b, whereas the (R)-product was obtained using (S,S)-�-
ketoiminato manganese(���)-chloride complex 32 and Jacob-
sen×s (S,S)-salen manganese(���) ± chloride complex 33 (Ta-
ble 15).[55] It was proposed that Jacobsen×s manganese(���)
catalysts could be employed as a chiral Lewis acid to form a
stable chelate complex with 2-phenacylpyridine, which was
then enantioselectively reduced by the THFA-modified
borohydride.[54] On the other hand, the formation of a similar
tight chelate with the cobalt(��) complexes could not be
expected since the Lewis acidity of the cobalt(��) complex is
presumed to be generally weak.[56] Concerning the enantio-
selective sense, the manganese(���)-chloride complex with the
�-ketoiminato ligand afforded the opposite enantiomer
against the corresponding �-ketoiminato cobalt(��) complex
although both structures of the manganese and cobalt
complexes were very similar based on an X-ray analysis.[19]


The enantioselective sense in the present reduction of
2-phenacylpyridine was in accord with the cobalt complex
catalyzed reductions of carbonyl compounds. These observa-
tions should suggest that the enantioselective borohydride
reductions with the cobalt(��) and manganese(���) complex
catalysts proceeded by different mechanisms. Therefore, it is
reasonable to assume that the ™cobalt ± hydride equivalent∫


generated from the optically active cobalt catalyst and
premodified borohydride could react with carbonyl com-
pounds in a highly enantioselective manner. As mentioned
above, all simple ketones 8a ± g were converted to the (S)-
alcohol 9a ± g in the presence of the (S,S)-cobalt complexes.
Various (S)-amines 12d ± i were also obtained corresponding
to the (S,S)-cobalt catalyst. These results indicated that
optically active �-ketoiminato cobalt complexes could recog-
nize the prochiral face of imines as well as ketones in the same
mechanism.


It was revealed that (1S,3S)-1,3-diphenyl-1,3-propanediol
(15a) was obtained using to the (S,S)-cobalt catalyst when
compared with the previously reported optical rotation.[39]


The enantioselective sense was in accord with the various
cobalt-catalyzed reductions of the aryl ketones. The enantio-
selective sense was also determined for the enantioselective
reduction of 1,1�-dibenzoylferrocene (16a) in the presence of
the (S,S)-cobalt complex which afforded the (R,R)-ferroce-
nyldiol, whereas the (S,S)-diol was obtained from the 1,1�-
dialkanoylferrocene (16k) (Scheme 10).[42] The enantioselec-
tive sense in the reduction of the 1,1�-dibenzoylferrocene


Scheme 10. Enantioselective sense for dialkanoylferrocene vs dibenzoyl-
ferrocene.


(16a) was in accord with that[26] of the acetophenone
derivatives. As for the enantioselective reduction of 1,1�-
dialkanoylferrocene (16k), it is reasonable to consider that
the cobalt complex catalyst should recognize the ferrocenyl
group as the � system similar to the reduction of phenyl
ketone to achieve a high enantioselection. The anti-1,3-di(p-
bromophenyl)-3-hydroxy-2-methyl-1-propanone (19d) was
converted to (R)-�-methoxyphenylacetate for the X-ray
analysis. It was found that the (R)-alcohol anti-form,
(2S,3R)-1,3-di(p-bromophenyl)-3-hydroxy-2-methyl-1-propa-
none (19d), was obtained corresponding to the (R,R)-cobalt
complex catalyst (Figure 8).[46] Thus, the excellent stereo-
selectivity in the present catalytic reduction system can be
explained as follows (Figure 9): The hydride equivalent
nucleophile should attack one of the carbonyl groups in the
1,3-diaryl-1,3-propanedione according to the Felkin ±Anh
model to afford the corresponding anti-product with high
diastereoselectivity. Concerning the excellent enantioselec-
tivity, the optically active �-ketoiminato cobalt complex could
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Table 15. Enantioselective reduction of 2-phenacylpyridine with cobalt(��)
or manganese(���) catalysts.[a]


Entry (S,S)-catalyst Yield ee Absolute
[%] [%][b] configuration


1 1a 89 22 S
2 2a 93 39 S
3 3a 93 64 S
4 3b 92 86 S


5 90 5 R


6 82 85 R


[a] Reaction conditions: 0.50 mmol substrate, 0.01 mmol Co catalyst,
0.75 mmol NaBH4, 0.75 mmol EtOH, 10.5 mmol THFA, in CHCl3
(10 mL), at 0 �C, 12 h. [c] Determined by HPLC analysis.
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Figure 8. X-ray analysis of (R)-�-methoxyphenylacetate of anti-1,3-di(p-
bromophenyl)-3-hydroxy-2-methyl-1-propanone corresponding to the
(R,R)-cobalt catalyst.


Figure 9. Diastereo- and enantioselectivities in the catalytic reduction
system.


distinctly recognize the Si face of the carbonyl group using the
(R,R)-cobalt complex catalyst. Therefore, the (R)-alcohol
anti-form was obtained in the presence of the (R,R)-cobalt
catalyst.


The anti-1-hydroxy-2,4,4-trimethyl-1-phenyl-3-pentanone
(24d) was conventionally transformed into the corresponding
p-bromobenzoate. As a result of the X-ray analysis, it was
revealed that the (1R,2S)-form was obtained corresponding to
the (R,R)-cobalt complex catalyst (Figure 10).[49] The ob-
tained anti-3-hydroxy-2-methyl-3-phenylpropionic acid ethyl
ester (26b) was treated with lithium aluminum hydride for
conversion into the corresponding anti-1-phenyl-2-methyl-
1,3-propanediols. The optical rotation of the resulting 1,3-diol
was compared with the previously reported result. It was
revealed to be the (2R,3R)-anti-1,3-diol, therefore, the
(2S,3R)-anti-3-hydroxyester should be generated and corre-
spond to the (R,R)-catalyst. The absolute configurations of
the obtained products could be fully explained by the above-
mentioned surveys, that is, the presentation in Figure 7.


Figure 10. The absolute configuration of p-bromobenzoate of anti-1-
hydroxy-2,4,4-trimethyl-1-phenyl-3-pentanone corresponding to the
(R,R)-cobalt catalyst was determined by X-ray analysis.


Conclusion


We have developed a novel method of the enantioselective
borohydride reduction in which aromatic ketones are smooth-
ly and quantitatively converted into the corresponding
alcohols in the presence of a catalytic amount of the optically
active cobalt(��) complex catalyst. This enantioselective re-
duction is carried out using a precisely premodified borohy-
dride with alcohols such as tetrahydrofurfuryl alcohol, ethanol
andmethanol, and high ee values are obtained by choosing the
appropriate alcohols as modifiers and a suitable �-ketoimi-
nato ligand of the catalyst. The enantioselective borohydride
reduction has been successfully applied to the reduction of
imines protected by a phosphinyl group. The optically active
amines are obtained with high chemical yields and high ee
values. The subsequent hydrolysis smoothly gives the corre-
sponding primary amine while maintaining a high enantio-
meric excess. In the catalytic system, optically active C2-
symmetrical diols, 1,3-diaryl-1,3-propanediols and 1,1�-ferro-
cenyldiols were prepared with high stereoselectivities and a
high catalytic efficiency. Also, it was demonstrated that the
optically active anti-2-substituted-3-hydroxycarbonyl com-
pounds could be prepared from the corresponding 2-substi-
tuted 3-ketocarbonyl compounds using enantioselective bor-
ohydride reduction. In contrast, the syn-aldol was generally
produced by the transition-metal catalyzed reactions; the
present enantioselective reduction could provide an alterna-
tive approach for the preparation of the anti-aldol-type
compounds.


Experimental Section


General : 1H NMR spectra were measured on a JOEL model FX-270
(270 MHz) or GX-400 (400 MHz) spectrometer using CDCl3 as a solvent
with tetramethylsilane (0.00 ppm) as an internal standard. 13C NMR
spectra (100 MHz) were measured on a JOELmodel GX-400 spectrometer
using CDCl3 (77.0 ppm) or C6D6 (128.0 ppm) as a solvent. Infrared spectra
were recorded on a JASCO model IR-700 or FTIR-410 infrared spec-
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trometer on 3M IR card (Type 61 and 62) or as KBr pellets. The melting
points (m.p.) were measured on a Mettler FP62 apparatus, an Electro-
thermal IA9100 apparatus, a Seiko Denshi Kogyo Ltd. DSC-100 apparatus
(DSC), or Shimadzu DSC-60 apparatus (DSC) and were uncorrected.
Elemental analyses were determined with an Elemental Vario EL
apparatus. High-resolution mass spectra (HRMS) were obtained with a
HITACHI M-80B. FAB mass spectra were obtained with JOEL JMS-700
mass spectrometer using 3-nitrobenzyl alcohol as matrix with 10 kV
acceleration voltage. High-performance liquid chromatography (HPLC)
analyses were performed with a Shimadzu LC-6A chromatograph using an
optically active column (Daicel Chiralcel OB, Chiralcel OD-H, Chiralpak
AD, or Chiralpak AD-H); the peak areas were obtained with a Shimadzu
Chromatopack CR-4A or Varian Dynamax MacIntegrater. Optical rota-
tions were measured with a JASCO DIP-360 or DIP-370 digital polar-
imeter.


General procedure for preparation of optically active cobalt complexes:
These ligands were prepared by the reported method[18] from 3-oxo-2-
(2,4,6-trimethylbenzoyl)butanal and the corresponding (1S,2S)-1,2-diaryl-
ethylenediamines. The optically active cobalt(��) complexes were prepared
by the reported method.[21, 57]


[N,N�-Bis{2-(2,4,6-trimethylbenzoyl)-3-oxobutylidene}-(1S,2S)-1,2-
bis(2,4,6-trimethylphenyl)ethylenediaminato]-iodocobalt(���) (1a-I): Co-
balt(���) complex 1a-I was prepared by adding 0.5 equiv iodine to a
dichloromethane solution of the cobalt(��) complex 1a at room temper-
ature. The crystal appropriate for X-ray analysis was obtained as dark
brown plate by recrystallization (dichloromethane/Et2O/hexane 1:1:4) at
room temperature.


X-ray Crystallography of complex 1a-I : Accurate unit cell parameters were
obtained on a Rigaku AFC-6R diffractometer with CuK� radiation (��
1.54178 ä). The structure was solved by direct methods and refined by full-
matrix least squares calculations.


Crystal data of 1a-I (C48H54N2O4ICo ¥H2O): FW� 926.78, monoclinic, space
group P21, a� 17.432(2), b� 18.096(2), c� 16.4(10) ä, �� 113.725(8)�, V�
4744(289) ä3, Z� 4, �� 1.298 Mgm�3, F(000)� 1912, crystal size 0.25�
0.30� 0.03 mm, T� 298 K, �� 8.291mm�1, no. of reflections measured
8133 (total) and 7834 (unique), R� 0.1242 and wR� 0.3113.


X-ray Crystallography of complex 3b-Br : The complex 3b-Brwas prepared
from the complex 3b and bromine similarly to the complex 1a-I. Accurate
unit cell parameters were obtained on a Rigaku AFC-7R diffractometer
with MoK� radiation (�� 0.7107 ä). The structure was solved by direct
methods and refined by full-matrix least squares calculations.


Crystal data of 3b-Br (C32H38N2O4BrCo ¥H2O ¥C4H8O): FW� 743.62,
monoclinic, space group P21, a� 13.667(2), b� 15.046(2), c� 17.764(2) ä,
�� 100.32(1)�, V� 3593.8(8) ä3, Z� 4, D� 1.374 Mgm�3, F(000)� 1552,
crystal size 0.50� 0.30� 0.1 mm, T� 297 K, �� 1.64mm�1, no. of reflec-
tions measured 12278 (total) and 11744 (unique), R� 0.064 and wR�
0.186.


Preparation of ketones : The chromanone derivative 8h was prepared
according to the literature method.[58] Tetralone derivatives 8a and 8g were
purchased from Tokyo Kasei Kogyo (TCI), and the ketones 8 f[59] was
prepared by reported procedure. Alkyl phenyl ketones 8b, 8e, 8c, and 8d
were purchased from Tokyo Kasei Kogyo (TCI).


General procedure for enantioselective reduction of aromatic ketones
using premodified borohydride


Exclusive formation of premodified dialkoxyborohydride 10 : Under argon
atmosphere, in a precooled vessel at 0 �C, were placed fine grained NaBH4


(29 mg, 0.75 mmol), CHCl3 (5.0 mL), EtOH (0.44 mL, 0.75 mmol) and
THFA (1.0 mL, 10.3 mmol), and the mixture was continued to stir for 3 h.


Catalytic enantioselective borohydride reduction : The solution of 10 was
added (while maintaining the solution at 0 �C) to the solution of (S,S)-
cobalt(��) catalyst 2b (3.7 mg, 0.005 mmol, 1 mol%) and 6-methoxy-1-
tetralone (8a, 88 mg, 0.50 mmol) in CHCl3(5.0 mL), and the mixture was
continued to stir for 30 min at 0 �C. The reaction was quenched by the
addition of saturated aqueous ammonium chloride, and extracted with
diethyl ether. The combined organic layers were washed with brine, dried
over anhydrous sodium sulfate, and then the excess solvent were removed
under reduced pressure. The purification by column chromatography on
silica gel (hexane/ethyl acetate 4:1) gave the corresponding alcohol 9a as
colorless oil (99%, 88 mg). The enantiomeric excess was determined to be


93% by HPLC analysis using Daicel Chiralpak AD (2.0% propan-2-ol in
hexane, flow 1.0 mLmin�1); [�]28D ��29.7� (c� 0.81, Et2O).


6-Methoxy-1-tetralol (9a): 1H NMR (CDCl3): �� 1.74 ± 1.92 (m, 5H),
2.65 ± 2.87 (m, 2H), 3.78 (s, 3H), 4.73 (br, 1H), 6.62 (d, 1H, J� 2.6 Hz), 6.76
(dd, 1H, J� 2.6, 8.6 Hz), 7.33 (d, 1H, J� 8.6 Hz); IR: �� � 3392, 2930, 1609,
1577, 1501, 1457 cm�1. Enantiomeric excess was determined to be 93% by
HPLC analysis (Chiralpak AD; 2.0% propan-2-ol in hexane, flow
1.0 mLmin�1, 44.1 min (major), 47.7 min (minor)); [�]28D ��29.7� (c� 0.81
in Et2O).


1-Phenyl-1-butanol (9b): 1H NMR (CDCl3): �� 0.88 (t, 3H, J� 7.25 Hz),
1.26 ± 1.35 (m, 2H), 1.68 ± 1.81 (m, 2H), 1.91 (m, 1H), 4.62 (t, 1H, J�
6.6 Hz), 7.23 ± 7.34 (m, 5H); IR: �� � 3356, 2956, 2870, 1492, 1454 cm�1.
Enantiomeric excess was determined to be 97% by HPLC analysis
(Chiralcel OB; 1.0% propan-2-ol in hexane, flow 1.0 mLmin�1, 14.2 min
(major), 16.8 min (minor)); [�]28D ��47.9� (c� 0.34 in benzene). (lit.[60]


[�]D��43.4� (benzene), 96% ee (R)).


Cyclopropylphenylmethanol (9c): 1H NMR (CDCl3): �� 0.32 ± 0.68 (m,
4H), 1.15 ± 1.28 (m, 1H), 2.00 (d, 1H, J� 3.0 Hz), 4.00 (dd, 1H, J� 3.0,
8.3 Hz), 7.25 ± 7.44 (m, 5H); IR: �� � 3384, 3080, 3004, 1493, 1452 cm�1.
Enantiomeric excess was determined to be 90% by HPLC analysis
(Chiralpak AD; 2.0% propan-2-ol in hexane, flow 0.7 mLmin�1, 36.5 min
(minor), 38.2 min (major)); [�]25D ��22.6� (c� 0.234 in CHCl3).


2-Methyl-1-phenyl-1-propanol (9d): 1H NMR (CDCl3): �� 0.80 (d, 3H,
J� 6.93 Hz), 1.00 (d, 3H, J� 6.9 Hz), 1.83 (br, 1H), 1.92 ± 2.02 (m, 1H), 4.36
(dd, 1H, J� 3.3, 6.9 Hz), 7.26 ± 7.37 (m, 5H); IR: �� � 3422, 2958, 2872, 1492,
1453 cm�1. Enantiomeric excess was determined to be 98% by HPLC
analysis (Chiralcel OB; 0.5% propan-2-ol in hexane, flow 1.0 mLmin�1,
18.0 min (major), 19.1 min (minor)); [�]34D ��48.6� (c� 0.288, Et2O).
(lit.[61] [�]20D ��47.7� (c� 5.80 in Et2O), (S)).


Cyclohexylphenylmethanol (9e): 1H NMR (CDCl3): �� 0.89 ± 1.84 (m,
11H), 1.97 (br, 1H), 4.35 (dd, 1H, J� 3.0, 7.3 Hz), 7.22 ± 7.35 (m, 5H); IR:
�� � 3362, 3070, 3006, 1492, 1452 cm�1. Enantiomeric excess was determined
to be 95% by HPLC analysis (Chiralcel OD-H; 10.0% propan-2-ol in
hexane, flow 0.5 mLmin�1, 11.8 min (major), 13.3 min (minor)); [�]31D �
�21.8� (c� 0.461 in EtOH). (lit.[61] [�]20D ��22.5� (c� 5.13 in EtOH), (R)).


2,2-Dimethyl-1-tetralol (9 f): 1H NMR (CDCl3): �� 0.98 (s, 3H), 1.00 (s,
3H), 1.50 ± 1.58 (m, 1H), 1.62 (br, 1H), 1.76 ± 1.86 (m, 1H), 2.75 ± 2.83 (m,
2H), 4.26 (s, 1H), 7.08 ± 7.15 (m, 1H), 7.17 ± 7.24 (m, 2H), 7.41 ± 7.46 (m,
1H); IR: �� � 3388, 3020, 2918, 1453 cm�1. Enantiomeric excess was
determined to be 94% by HPLC analysis (Chiralcel OD-H; 1.0%
propan-2-ol in hexane, flow 0.5 mLmin�1, 30.2 min (minor), 33.7 min
(major)); [�]31D ��21.6� (c� 0.817 in CHCl3). (lit.[62] [�]25D ��23.5� (c�
3.37 in CHCl3), (S)).


1-Tetralol (9g): 1H NMR (CDCl3): �� 1.71 ± 2.00 (m, 4H), 2.01 ± 2.10 (br,
1H), 2.69 ± 2.85 (m, 2H), 4.74 (t, 1H, J� 4.6 Hz), 7.05 ± 7.14 (m, 1H), 7.16 ±
7.21 (m, 2H), 7.36 ± 7.41 (m, 1H); IR: �� � 3348, 2930, 2860, 1489, 1453 cm�1.
Enantiomeric excess was determined to be 90% by HPLC analysis
(Chiralpak AD; 2.5% propan-2-ol in hexane, flow 1.0 mLmin�1, 18.4 min
(major), 20.1 min (minor)); [�]24D ��28.8� (c� 0.55 in CHCl3). (lit.[63]


[�]17D ��32.7� (c� 10.7 in CHCl3), �99% ee (S)).


2,2-Dimethyl-4-hydroxychroman (9h): 1H NMR (CDCl3): �� 1.32 (s, 3H),
1.43 (s, 3H), 1.58 ± 1.77 (br, 1H), 1.87 (dd, 1H, J� 8.4, 14.3 Hz), 2.18 (dd,
1H, J� 8.4, 14.3 Hz), 4.87 (d, 1H, J� 8.4 Hz), 6.77 ± 6.83 (m, 1H), 6.90 ±
6.97 (m, 1H), 7.14 ± 7.21 (m, 1H), 7.42 ± 7.48 (m, 1H); IR: �� � 3230, 2976,
1608, 1580, 1484, 1456 cm�1. Enantiomeric excess was determined to be
92% by HPLC analysis (Chiralpak AD; 2.5% propan-2-ol in hexane, flow
1.0 mLmin�1, 20.5 min (major), 21.7 min (minor)); [�]28D ��49.0� (c� 1.00
in CHCl3). (lit.[64] [�]D��51.5� (c� 1.12 in CHCl3),(S)).


Preparation of aryl N-diphenylphosphinyl imines : Aryl N-diphenylphos-
phinyl imines 1d ± i were prepared from the corresponding oxime and
chlorodiphenylphosphine according to the literature method.[65]


N-(1,2,3,4-Tetrahydro-1-naphthylidene)-P,P-diphenylphosphinamide
(11d): 1H NMR (CDCl3): �� 2.07 ± 2.13 (m, 2H), 2.67 (t, 2H, J� 7.8 Hz),
4.76 (d, 1H, J� 7.8 Hz), 5.91 (d, 1H, J� 4.9 Hz), 7.13 ± 7.28 (m, 3H), 7.38 ±
7.52 (m, 7H), 7.89 ± 7.94 (m, 4H); 13C NMR (CDCl3): �� 22.0, 27.8, 113.2 (d,
JC-P� 5.0 Hz), 120.2, 126.4, 127.5, 127.8, 128.6 (d, JC-P� 13.3 Hz), 131.7 (d,
JC-P� 10.0 Hz), 131.9 (d, JC-P� 2.5 Hz), 132.0 (d, JC-P� 130.2 Hz), 132.2 (d,
JC-P� 8.3 Hz), 133.0 (d, JC-P� 1.7 Hz), 137.4; IR (KBr): �� � 3051, 2871, 1462,
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1438, 1201, 1123, 1109, 694 cm�1; m.p. 156.3 ± 156.6 �C; HRMS: m/z : calcd
for C22H20NOP: 345.1283; found: 345.1276 [M�].


N-(1-Phenylethylidene)-P,P-diphenylphosphinamide (11e):[66] 1H NMR
(CDCl3): �� 2.96 (s, 3H), 7.39 ± 7.54 (m, 9H), 7.97 ± 8.09 (m, 6H);
13C NMR (CDCl3): �� 23.0 (d, JC-P� 12.4 Hz), 127.7, 128.2 (d, JC-P�
12.4 Hz), 128.3, 131.2 (d, JC-P� 2.5 Hz), 131.4 (d, JC-P� 9.1 Hz), 132.2,
133.5 (d, JC-P� 131.0 Hz), 139.1 (d, JC-P� 24.0 Hz), 181.2 (d, JC-P� 7.5 Hz);
IR (KBr): �� � 3060, 1642, 1438, 1200, 1125, 1109, 727, 715, 694, 550 cm�1;
m.p. 139.6 ± 140.4 �C.


N-(1-Indanylidene)-P,P-diphenylphosphinamide (11 f):[67] 1H NMR
(CDCl3): �� 3.08 (t, 2H, J� 5.6 Hz), 3.24 ± 3.27 (m, 2H), 7.33 ± 7.52 (m,
9H), 7.97 ± 8.03 (m, 5H); 13C NMR (CDCl3): �� 28.5, 34.9 (d, JC-P�
11.6 Hz), 123.7, 125.8 (d, JC-P� 1.7 Hz), 127.0, 128.1 (d, JC-P� 12.4 Hz),
131.1 (d, JC-P� 2.5 Hz), 131.3 (d, JC-P� 9.1 Hz), 133.9, 134.6 (d, JC-P�
127.7 Hz), 140.0 (d, JC-P� 23.2 Hz), 153.1, 190.5 (d, JC-P� 7.5 Hz); IR
(KBr): �� � 1637, 1436, 1199, 1122, 870, 762, 519 cm�1; m.p. 165.3 ± 166.6 �C.


N-(6,7,8,9-Tetrahydro-5H-benzocyclohepten-5-ylidene)-P,P-diphenylphos-
phinamide (11g): 1H NMR (CDCl3): �� 1.63 (q, 2H, J� 7.6 Hz), 1.99
(quintet, 2H, J� 7.6 Hz), 2.57 (t, 2H, J� 7.6 Hz), 4.70 (d, 1H, J� 7.6 Hz),
5.88 (t, 1H, J� 7.6 Hz), 7.18 ± 7.33 (m, 3H), 7.42 ± 7.61 (m, 7H), 7.92 ± 7.97
(m, 4H); 13C NMR (CDCl3): �� 23.3, 32.2, 35.1, 112.4 (d, JC-P� 5.0 Hz),
125.5, 126.2, 127.9, 128.5 (d, JC-P� 12.4 Hz), 129.1, 131.7 (d, JC-P� 10.0 Hz),
131.8 (d, JC-P� 3.3 Hz), 131.9 (d, JC-P� 129.4 Hz), 135.6 (d, JC-P� 1.6 Hz),
138.3 (d, JC-P� 8.3 Hz), 142.0; IR (KBr): �� � 3054, 2873, 1438, 1206, 1190,
692, 526 cm�1; m.p. 165.5 ± 166.7 �C; HRMS: m/z : calcd for C23H22NOP:
359.1439; found: 359.1458 [M�].


N-(6-Methoxy-1,2,3,4-tetrahydro-1-naphthylidene)-P,P-diphenylphosphi-
namide (11h): 1H NMR (CDCl3): �� 1.96 (quin, 2H, J� 6.2 Hz), 2.84 (t,
2H, J� 6.2 Hz), 3.23 ± 3.27 (m, 2H), 3.85 (s, 3H), 6.67 (d, 1H, J� 2.7 Hz),
6.87 (dd, 1H, J� 2.7, 8.8 Hz), 7.38 ± 7.45 (m, 6H), 7.95 ± 8.00 (m, 4H), 8.40
(d, 1H, J� 8.8 Hz); 13C NMR (CDCl3): �� 23.0, 30.1, 35.4 (d, JC-P�
12.4 Hz), 55.4, 112.4, 113.4, 127.3 (d, JC-P� 24.1 Hz), 128.2 (d, JC-P�
12.4 Hz), 129.7, 131.0 (d, JC-P� 2.5 Hz), 131.3 (d, JC-P� 9.1 Hz), 135.3 (d,
JC-P� 130.2 Hz), 145.9 (d, JC-P� 1.7 Hz), 163.1, 181.2 (d, JC-P� 6.6 Hz); IR
(KBr): �� � 1627, 1587, 1569, 1252, 1205, 813, 726, 550, 517 cm�1; m.p. 172.4 ±
174.7 �C; HRMS: m/z : calcd for C23H22NO2P: 375.1388; found: 375.1366
[M�].


N-(Chroman-4-ylidene)-P,P-diphenylphosphinamide (11 i): 1H NMR
(CDCl3): �� 3.50 ± 3.54 (m, 2H), 4.35 (t, 2H, J� 6.3 Hz), 6.92 (d, 1H,
J� 7.9 Hz), 7.04 (t, 1H, J� 7.9 Hz), 7.41 ± 7.48 (m, 7H), 7.95 ± 8.01 (m, 4H),
8.26 (dd, 1H, J� 1.7, 7.9 Hz); 13C NMR (CDCl3): �� 33.8 (d, JC-P�
12.4 Hz), 66.0, 117.9, 121.1, 121.9, 122.2, 127.1, 128.3 (d, JC-P� 12.4 Hz),
131.3 (d, JC-P� 2.5 Hz), 131.3 (d, JC-P� 9.2 Hz), 134.5 (d, JC-P� 131.0 Hz),
160.5 (d, JC-P� 1.7 Hz), 175.1 (d, JC-P� 6.6 Hz); IR (KBr): �� � 1629, 1604,
1481, 1457, 1438, 1190, 1126, 1108, 896, 760, 728, 703, 551 cm�1; m.p. 161.3 ±
163.0 �C; HRMS: m/z : calcd for C21H18NO2P: 347.1075; found: 347.1057
[M�].


Typical procedure for enantioselective reduction of aryl N-diphenylphos-
phinyl imines


Formation of premodified borohydride : Under argon atmosphere, in a
precooled vessel at 0 �C were placed fine grained NaBH4 (29 mg,
0.75 mmol), CHCl3 (5.0 mL), EtOH (0.044 mL, 0.75 mmol) and THFA
(1.0 mL, 10.3 mmol), and the mixture was continued to stir for 3 h.


Catalytic enantioselective borohydride reduction : While maintaining
solution of premodified borohydride at 0 �C, its solution was slowly added
to the solution of (S,S)-cobalt(��) catalyst 2a (3.7 mg, 0.005 mmol, 1 mol%)
and N-diphenylphosphinyl imine (11d, 172.6 mg, 0.50 mmol) in CHCl3
(5.0 mL), and the mixture was continued to stir for 4 h at 0 �C. The
reaction was quenched by the addition of saturated aqueous ammonium
chloride, and extracted with diethyl ether. The combined organic layers
were washed with brine, dried over anhydrous sodium sulfate, and then the
excess solvents were removed under reduced pressure. The purification by
column chromatography on silica gel (hexane/ethyl acetate/dichlorome-
thane 1:2:1) gave the corresponding amine 12d as white solid (148.0 mg,
85%). Enantiomeric excess was determined to be 98% by HPLC analysis
using Daicel Chiralpak AD (20.0% propan-2-ol in hexane, flow
1.0 mLmin�1); [�]28D ��65.2� (c� 0.43 in MeOH).


Removal of diphenylphosphinyl group : Aryl N-diphenylphosphinyl amine
(�)-12d (191.6 mg, 0.55 mmol) was mixed with 5%HCl/methanol solution
(15 mL). The solution was stirred for 3 h at ambient temperature. It was


evaporated, and treated with aqueous NaOH, extracted with Et2O, dried
with anhydrous sodium sulfate, to quantitatively provide the free amine
(S)-(�)-13d as a white solid, [�]26D ��47.8� (c� 0.68 in benzene) (lit.[68]


[�]21D ��47.6� (c� 0.47 in benzene), (R)).


N-(Diphenylphosphinyl)-1,2,3,4-tetrahydro-1-naphthylamine (12d):
1H NMR (CDCl3): �� 1.63 ± 1.98 (m, 3H), 2.04 ± 2.18 (m, 1H), 2.60 ± 2.85
(m, 2H), 3.15 ± 3.26 (m, 1H), 4.24 ± 4.38 (m, 1H), 7.04 (d, 1H, J� 7.3 Hz),
7.12 ± 7.26 (m, 2H), 7.38 ± 7.56 (m, 6H), 7.71 (d, 1H, J� 7.6 Hz), 7.93 ± 8.02
(m, 4H); 13C NMR (CDCl3): �� 19.9, 29.2, 33.4 (d, JC-P� 2.5 Hz), 49.8 (d,
JC-P� 1.7 Hz), 126.2, 127.0, 128.4 (d, JC-P� 12.4 Hz), 128.5 (d, JC-P�
12.4 Hz), 128.9 (d, JC-P� 1.7 Hz), 131.8 (d, JC-P� 1.7 Hz), 132.1 (d, JC-P�
10.0 Hz), 132.1 (d, JC-P� 9.1 Hz), 132.4 (d, JC-P� 126.1 Hz), 132.9 (d, JC-P�
128.5 Hz), 137.3, 138.5, 138.6; IR (KBr): �� � 3120, 2925, 2860, 1438, 1196,
1182, 1118, 750, 736, 694, 531 cm�1; m.p. 132.1 ± 136.7 �C; HRMS:m/z : calcd
for C22H22NOP: 347.1439; found: 347.1411 [M�]. Enantiomeric excess was
determined to be 98% byHPLC analysis (Chiralpak AD; 20.0% propan-2-
ol in hexane, flow 1.0 mLmin�1, 12.9 min (major), 16.3 min (minor));
[�]28D ��65.2� (c� 0.43 in MeOH). The corresponding free amine was
assigned as (S) configuration as mentioned above.


N-(Diphenylphosphinyl)-1-phenylethylamine (12e): 1H NMR (CDCl3):
�� 1.57 (d, 3H, J� 6.6 Hz), 3.14 ± 3.23 (m, 1H), 4.31 ± 4.47 (m, 1H), 7.20 ±
7.52 (m, 11H), 7.77 ± 7.96 (m, 4H); 13C NMR (CDCl3): �� 26.0, 51.0, 125.8,
127.0, 128.2 (d, JC-P� 12.4 Hz), 128.3 (d, JC-P� 12.4 Hz), 128.4, 131.6 (d,
JC-P� 2.5 Hz), 131.7 (d, JC-P� 2.5 Hz), 131.8 (d, JC-P� 9.1 Hz),131.9 (d,
JC-P� 130.2 Hz), 132.3 (d, JC-P� 9.1 Hz), 133.0 (d, JC-P� 127.7 Hz), 144.9 (d,
JC-P� 6.6 Hz); IR (KBr): �� � 3431, 3165, 2974, 2869, 1437, 1181, 1126, 1109,
727, 692, 545 cm�1; m.p. 182.7 ± 194.3 �C; HRMS: m/z : calcd for
C20H20NOP: 321.1283; found: 321.1263 [M�]. Enantiomeric excess was
determined to be 90% byHPLC analysis (Chiralpak AD; 10.0% propan-2-
ol in hexane, flow 0.5 mLmin�1, 47.7 min (minor), 50.0 min (major)). The
corresponding free amine was assigned as (S) configuration, [�]28D ��20.0�
(c� 0.13 in EtOH) (lit.[69] [�]20D ��31.0� (c� 2.1 in EtOH), (S)).


N-(Diphenylphosphinyl)-1-indanamine (12 f): 1H NMR (CDCl3): ��
1.87 ± 1.99 (m, 1H), 2.49 ± 2.97 (m, 3H), 3.24 (dd, 1H, J� 6.3, 11.2 Hz),
4.54 ± 4.69 (m, 1H), 7.14 ± 7.27 (m, 3H), 7.40 ± 7.55 (m, 6H), 7.67 (d, 1H, J�
7.3 Hz), 7.91 ± 8.03 (m, 4H); 13C NMR (CDCl3): �� 30.0, 37.2 (d, JC-P�
4.1 Hz), 56.8 (d, JC-P� 1.7 Hz), 124.4, 126.6, 127.6, 128.4 (d, JC-P� 13.3 Hz),
128.4 (d, JC-P� 12.4 Hz), 131.68 (d, JC-P� 1.7 Hz), 131.70 (d, JC-P� 2.5 Hz),
132.0 (d, JC-P� 9.1 Hz), 132.1 (d, JC-P� 9.1 Hz), 132.4 (d, JC-P� 129.4 Hz),
132.6 (d, JC-P� 125.2 Hz), 142.6, 144.6 (d, JC-P� 6.6 Hz); IR (KBr): �� � 3434,
3175, 1438, 1182, 1126, 1108, 1165, 744, 727 cm�1; m.p. 119.1 ± 122.4 �C;
HRMS: m/z : calcd for C21H20NOP: 333.1283; found: 333.1284 [M�].
Enantiomeric excess was determined to be 91% by HPLC analysis
(Chiralpak AD; 20.0% propan-2-ol in hexane, flow 1.0 mLmin�1, 12.3 min
(minor), 14.9 min (major); [�]30D ��36.5� (c� 0.663 in MeOH). The
corresponding free amine was assigned as S configuration, [�]30D ��9.9�
(c� 0.19 in MeOH) (lit.[70] [�]20D ��15� (c� 1.7 in MeOH), (S)).


N-(Diphenylphosphinyl)-6,7,8,9-tetrahydro-5H-benzocyclohepten-5-yla-
mine (12g): 1H NMR (CDCl3): �� 1.45 ± 2.19 (m, 6H), 2.57 ± 2.86 (m, 2H),
3.43 (dd, 1H, J� 5.4, 10.7 Hz), 4.37 ± 4.52 (m, 1H), 7.01 ± 7.20 (m, 3H),
7.22 ± 7.56 (m, 7H), 7.75 ± 7.98 (m, 4H); 13C NMR (CDCl3): �� 27.3, 27.7,
36.1, 37.4, 55.5, 126.1, 126.9, 128.3 (d, JC-P� 11.6 Hz), 128.4 (d, JC-P�
12.4 Hz), 129.8, 131.6 (d, JC-P� 3.3 Hz), 131.7 (d, JC-P� 9.1 Hz), 131.7 (d,
JC-P� 2.5 Hz), 131.9 (d, JC-P� 140.1 Hz), 133.2 (d, JC-P� 136.0 Hz), 140.8,
143.0 (d, JC-P� 6.6 Hz); IR (KBr): �� � 3432, 2098, 2923, 2858, 1438, 1198,
1182, 1112, 749, 720, 695, 537 cm�1; m.p. 214.7 ± 215.0 �C; HRMS:m/z : calcd
for C23H24NOP: 361.1596; found: 361.1582 [M�]. Enantiomeric excess was
determined to be 94% by HPLC analysis (Chiralcel OD-H; 30.0% propan-
2-ol in hexane, flow 0.5 mLmin�1, 9.9 min (major), 13.5 min (minor));
[�]30D ��40.8� (c� 0.556 in MeOH).


N-(Diphenylphosphinyl)-6-methoxy-1,2,3,4-tetrahydro-1-naphthylamine
(12h): 1H NMR (CDCl3): �� 1.60 ± 2.13 (m, 4H), 2.57 ± 2.88 (m, 2H),
3.12 ± 3.25 (m, 1H), 3.76 (s, 3H), 4.20 ± 4.34 (m, 1H), 6.56 (d, 1H, J�
2.6 Hz), 6.78 (dd, 1H, J� 2.6, 8.6 Hz), 7.37 ± 7.53 (m, 6H), 7.62 (d, 1H, J�
8.6 Hz), 7.89 ± 8.00 (m, 4H); 13C NMR (CDCl3): �� 19.8, 29.5, 33.4 (d,
JC-P� 2.5 Hz), 49.2 (d, JC-P� 1.7 Hz), 55.1, 112.5, 113.0, 128.3 (d, JC-P�
12.4 Hz), 128.4 (d, JC-P� 12.4 Hz), 130.3, 130.7 (d, JC-P� 7.5 Hz), 131.6 (d,
JC-P� 1.7 Hz), 131.6 (d, JC-P� 2.5 Hz), 132.0 (d, JC-P� 9.1 Hz), 132.5 (d,
JC-P� 127.8 Hz), 132.9 (d, JC-P� 129.4 Hz), 138.5, 158.2; IR (KBr): �� � 3210,
1607, 1500, 1436, 1255, 1181, 1107, 703, 529 cm�1; m.p. 156.1 ± 157.3 �C;
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HRMS: m/z : calcd for C23H24NO2P: 377.1545; found: 377.1521 [M�].
Enantiomeric excess was determined to be 99% by HPLC analysis
(Chiralpak AD; 20.0% propan-2-ol in hexane, flow 1.0 mLmin�1, 15.2 min
(minor), 18.5 min (major)); [�]28D ��50.8� (c� 1.560 in MeOH).


N-(Diphenylphosphinyl)-chroman-4-ylamine (12 i): 1H NMR (CDCl3): ��
2.13 ± 2.30 (m, 2H), 3.31 (dd, 1H, J� 6.9, 10.2 Hz), 4.10 ± 4.41 (m, 3H),
6.74 ± 6.79 (m, 1H), 6.89 ± 6.97 (m, 1H), 7.10 ± 7.18 (m, 1H), 7.39 ± 7.58 (m,
7H), 7.89 ± 8.04 (m, 4H); 13C NMR (CDCl3): �� 32.1 (d, JC-P� 2.5 Hz),
45.5, 63.2, 116.9, 120.6, 123.9, 124.0, 128.5, (d, JC-P� 13.3 Hz), 128.6, (d, JC-
P� 13.3 Hz), 129.4, 131.8 (d, JC-P� 9.1 Hz), 131.9 (d, JC-P� 3.3 Hz), 131.9 (d,
JC-P� 128.5 Hz), 132.1 (d, JC-P� 10.0 Hz), 132.6 (d, JC-P� 128.5 Hz), 154.6;
IR (KBr): �� � 3432, 3196, 1438, 1177, 1126, 1077, 747, 701, 694, 533 cm�1;
m.p. 239.1 ± 241.2 �C; HRMS:m/z : calcd for C21H20NO2P: 349.1232; found:
349.1223 [M�]. Enantiomeric excess was determined to be 92% by HPLC
analysis (Chiralpak AD; 20.0% propan-2-ol in hexane, flow 1.0 mLmin�1,
9.8 min (minor), 11.4 min (major)); [�]28D ��64.3� (c� 1.130 in CHCl3).


Preparation of 1,3-diaryl-1,3-propanedione : 1,3-Diaryl-1,3-propanediones
14a and 14d are commercially available. 1,3-Diaryl-1,3-propanediones 14b,
14c, 14e, 14 f, and 14g were prepared by the conventional Claisen
condensation reaction.


1,3-Bis(p-methylphenyl)-1,3-propanedione (14b): 1H NMR (CDCl3): ��
2.43 (s, 6H), 6.82 (s, 1H), 7.29 (d, 4H, J� 8.3 Hz), 7.89 (d, 4H, J� 8.3 Hz);
13C NMR (CDCl3): �� 21.8, 92.4, 127.0, 129.3, 132.8, 143.0, 185.3; IR (KBr):
�� � 1608, 1527, 1481, 1184, 1120, 1014, 773 cm�1; m.p. 127.0 ± 127.4 �C;
elemental analysis calcd (%) for C17H16O2: C 80.93, H 6.39; found: C 80.76,
H 6.32.


1,3-Bis(p-tert-butylphenyl)-1,3-propanedione (14c): 1H NMR (CDCl3):
�� 1.36 (s, 18H), 6.82 (s, 1H), 7.50 (d, 2H, J� 8.2 Hz), 7.92 (d, 2H, J�
8.2 Hz); 13C NMR (CDCl3): �� 31.2, 35.2, 92.6, 125.5, 126.9, 132.8, 155.9,
185.3; IR (KBr): �� � 2960, 1606, 1495, 1362, 1296, 1109, 796, 546 cm�1; m.p.
107.3 ± 107.7 �C; elemental analysis calcd (%) for C23H28O2: C 82.10, H 8.39;
found: C 82.00, H 8.37.


1,3-Bis(p-fluorophenyl)-1,3-propanedione (14e): 1H NMR (CDCl3): ��
6.75 (s, 1H), 7.11 ± 7.24 (m, 4H), 7.93 ± 8.12 (m, 4H); 13C NMR (CDCl3):
�� 92.5, 115.8 (d, JC-F� 21.6 Hz), 129.5 (d, JC-F� 9.1 Hz), 131.5 (d, JC-F�
3.3 Hz), 165.3 (d, JC-F� 253.7Hz), 184.3; IR (KBr): �� � 1599, 1481, 1223,
1157, 850, 785, 567, 488 cm�1; m.p. 171.8 ± 172.0 �C; HRMS: m/z : calcd for
C15H10O2F2: 260.0649; found: 260.0675 [M�].


1,3-Bis(o-fluorophenyl)-1,3-propanedione (14 f): 1H NMR (CDCl3): ��
7.07 (s, 1H), 7.10 ± 7.21 (m, 2H), 7.22 ± 7.33 (m, 2H), 7.44 ± 7.56 (m, 2H),
7.94 ± 8.04 (m, 2H); 13C NMR (CDCl3): �� 102.4, 116.6 (d, JC-F� 23.2 Hz),
123.7 (d, JC-F� 9.7 Hz), 124.4 (d, JC-F� 4.1 Hz), 130.1 (d, JC-F� 1.6 Hz),
133.7 (d, JC-F� 9.1 Hz), 161.1 (d, JC-F� 256.3 Hz), 182.1; IR (KBr): �� � 1612,
1487, 1219, 1153, 820, 762, 602 cm�1; m.p. 101.6 ± 102.6 �C; HRMS:m/z : alcd
for C15H10O2F2: 260.0649; found: 260.0618 [M�].


1,3-Bis(2-naphthyl)-1,3-propanedione (14g): 1H NMR (CDCl3): �� 7.17 (s,
1H), 7.53 ± 7.66 (m, 4H), 7.87 ± 8.12 (m, 8H), 8.60 (s, 2H); 13C NMR
(CDCl3): �� 93.8, 123.2, 126.7, 127.7, 128.1, 128.3, 128.4, 129.3, 132.66,
132.73, 135.2, 185.3; IR (KBr): �� � 1599, 1523, 1496, 1429, 1190, 951, 789,
478 cm�1; m.p. 171.8 ± 172.0 �C; HRMS: m/z : calcd for C23H16O2: 324.1150;
found: 324.1156 [M�].


Typical procedure for enantioselective reduction of 1,3-diaryl-1,3-propane-
dione : Under a dry nitrogen atmosphere in a vessel at �20 �C, ethanol
(0.13 mL, 2.25 mmol) and tetrahydrofurfuryl alcohol (THFA, 1.0 mL,
10.5 mmol) were added to the suspension of NaBH4 (28 mg, 0.75 mmol) in
CHCl3 (22 mL). After 15 min, to the solution was added a CHCl3 solution
(4 mL) of a cobalt catalyst (complex (S,S)-3b, 1.4 mg, 0.0025 mmol) and
then dibenzoylmethane (56 mg, 0.25 mmol) in CHCl3 (4 mL) was added
and stirred for 40 h at �20 �C. The reaction was quenched by pH 7 buffer
solution and the crude products were extracted with CH2Cl2. The combined
organic layers were washed with brine and dried over anhydrous sodium
sulfate. After evaporation, the residue was purified by silica gel column
chromatography (hexane/AcOEt) to give (1S,3S)-1,3-diphenyl-1,3-pro-
panediol in quantitative yield. The enantiomeric excess was determined
by HPLC analysis (Daicel Chiralpak AD, Hexane/EtOH) to be 98%. The
ratio of dl/meso was determined by 1H NMR analysis of the corresponding
diacetate after treatment with Ac2O/pyridine to be 84:16.


dl-1,3-Diphenyl-1,3-propanediol (15a):[33c] HPLC: Daicel Chiralpak AD
(5% ethanol in hexane, flow 1.0 mLmin�1), 25.9 min (meso), 29.4 min
(minor), 46.6 min (major).


dl-1,3-Bis(p-methylphenyl)-1,3-propanediol (15b): 1H NMR (CDCl3): ��
2.16 (t, 2H, J� 5.2 Hz), 2.35 (s, 6H), 2.72 (d, 2H, J� 5.2 Hz), 4.94 (q, 2H,
J� 5.2 Hz), 7.15 ± 7.17 (m, 4H), 7.24 ± 7.26 (m, 4H); 13C NMR (CDCl3): ��
21.2, 46.4, 71.6, 125.5, 129.1, 137.0, 141.1; IR (KBr): �� � 3562, 2939, 1512,
1063, 812, 517 cm�1; m.p. 108.9 ± 109.4 �C; HRMS:m/z : calcd for C17H20O2:
256.1463; found: 256.1444 [M�]; HPLC: Daicel chiralpak AD (1 mLmin�1,
5% propan-2-ol in hexane), 25.9 min (meso), 29.4 min (minor), 46.6 min
(major); [�]23D ��27.6� (c� 0.56 in CHCl3).


dl-1,3-Bis(p-tert-butylphenyl)-1,3-propanediol (15c): 1H NMR (CDCl3):
�� 1.32 (s, 18H), 2.19 (t, 2H, J� 5.1 Hz), 2.66 (d, 2H, J� 5.1 Hz), 4.98 (q,
2H, J� 5.1 Hz), 7.29 ± 7.31 (m, 4H), 7.37 ± 7.39 (m, 4H); 13C NMR (CDCl3):
�� 31.4, 34.6, 46.3, 71.5, 125.3, 141.1, 150.3; IR (KBr): �� � 3450, 2962, 1363,
1269, 1049, 823, 588 cm�1; m.p. 174.1 ± 176.3 �C; HRMS: m/z : calcd for
C23H32O2: 340.2402; found: 340.2411 [M�]. HPLC: Daicel chiralpak AD
(1 mLmin�1, 2% ethanol in hexane), 31.0 min (meso), 49.4 min (minor),
55.9 min (major); [�]23D ��16.9� (c� 1.01 in CHCl3).


dl-1,3-Bis(p-methoxylphenyl)-1,3-propanediol (15d): 1H NMR (CDCl3):
�� 2.14 (t, 2H, J� 4.9 Hz), 2.72 (d, 2H, J� 4.9 Hz), 3.81 (s, 6H), 4.91 (q,
2H, J� 4.9 Hz), 6.88 (d, 4H, J� 8.5 Hz), 7.28 (d, 4H, J� 8.5 Hz); 13C NMR
(CDCl3): �� 46.4, 55.3, 71.3, 113.7, 126.8, 136.2, 158.8; IR (KBr): �� � 3357,
2949, 1612, 1512, 1250, 1039, 822 cm�1; m.p. 79.7 ± 81.3 �C; HRMS: m/z :
calcd for C17H20O4: 288.1361; found: 288.1405 [M�]. HPLC: Daicel
chiralpak AD (1 mLmin�1, 4% 2-propanpl in hexane), 90.0 min (meso),
98.1 min (minor), 118.5 min (major); [�]23D ��20.7� (c� 0.86 in CHCl3).


dl-1,3-Bis(p-fluorophenyl)-1,3-propanediol (15e): 1H NMR (CDCl3): ��
2.12 (t, 2H, J� 5.0 Hz), 2.76 (d, 2H, J� 5.0 Hz), 4.97 (q, 2H, J� 5.0 Hz),
6.99 ± 7.09 (m, 4H), 7.29 ± 7.38 (m, 4H); 13C NMR (CDCl3): �� 46.6, 71.1,
115.3 (d, JC-F� 21.6 Hz), 127.1 (d, JC-F� 7.5 Hz), 139.7 (d, JC-F� 3.3 Hz),
162.0 (d, JC-F� 245.5 Hz); IR (KBr): �� � 3421, 3301, 2943, 1604, 1152, 1221,
831, 553 cm�1; m.p. 122.0 ± 123.5 �C; HRMS: m/z : calcd for C15H14F2O2:
264.0962; found: 264.0951 [M�]. HPLC after acetylation: Daicel chiralpak
AD (1 mLmin�1, 2% ethanol in hexane), 11.4 min (major), 15.1 min
(meso), 22.2 min (minor); [�]23D ��52.3� (c� 0.61 in CHCl3).


dl-1,3-Bis(o-fluorophenyl)-1,3-propanediol (15 f): 1H NMR (CDCl3): ��
2.27 (t, 2H, J� 5.4 Hz), 2.91 (d, 2H, J� 5.4 Hz), 5.29 (q, 2H, J� 5.4 Hz),
6.97 ± 7.05 (m, 2H), 7.14 ± 7.20 (m, 2H), 7.21 ± 7.30 (m, 2H), 7.52 ± 7.61 (m,
2H); 13C NMR (CDCl3): �� 43.2, 66.4, 115.2 (d, JC-F� 21.6 Hz), 124.1 (d,
JC-F� 3.3 Hz), 127.1 (d, JC-F� 4.1 Hz), 128.8 (d, JC-F� 8.3 Hz), 130.7 (d,
JC-F� 13.3 Hz), 159.2 (d, JC-F� 244.6 Hz); IR (KBr): �� � 3462, 3348, 1493,
1219, 1049, 752 cm�1; m.p. 79.6 ± 80.6 �C; HRMS: m/z : calcd for
C15H14F2O2: 264.0962; found: 264.0995 [M�]. HPLC: Daicel chiralpak
AD (1 mLmin�1, 5% ethanol in hexane), 18.4 min (meso), 22.3 min
(minor), 38.9 min (major); [�]23D ��47.2� (c� 0.29 in CHCl3).


dl-1,3-Bis(2-naphthyl)-1,3-propanediol (15g): 1H NMR (CDCl3): �� 2.38
(t, 2H, J� 4.9 Hz), 3.00 (d, 2H, J� 4.9 Hz), 5.19 (q, 2H, J� 4.9 Hz), 7.43 ±
7.50 (m, 6H), 7.79 ± 7.87 (m, 8H); 13C NMR (CDCl3): �� 46.1, 72.1, 123.8,
124.2, 125.8, 126.2, 127.6, 127.9, 128.3, 132.8, 133.2, 141.4; IR (KBr): �� �
3390, 3311, 3053, 1398, 1034, 814 cm�1; m.p. 198.5 ± 200.2 �C; HRMS: m/z :
calcd for C23H20O2: 328.1463; found: 328.1450 [M�]. HPLC after acetyla-
tion: Daicel chiralpak AD (1 mLmin�1, 10% ethanol in hexane), 13.5 min
(major), 15.1 min (meso), 44.7 min (minor); [�]23D � 47.1� (c� 0.13 in
CHCl3).


Typical procedure for multigram preparation of optically pure 1,3-diaryl-
1,3-diols : Ethanol (15.5 mL, 268 mmol) and tetrahydrofurfuryl alcohol
(90.7 mL, 936 mmol) were added at �20 �C to the suspension of NaBH4


(5.06 g, 134 mmol) and CHCl3 (350 mL). After stirring for 15 min, to the
solution was added a CHCl3 solution (25 mL) of cobalt catalyst (complex
(S,S)-3a, 500 mg, 0.64 mmol) and then dibenzoylmethane (10.0 g,
44.6 mmol) in CHCl3 (25 mL). The solution was stirred for 3 d at �20 �C.
The reaction mixture was quenched by pH 7 buffer solution and extracted
with CH2Cl2. The combined organic layers were washed with brine and
dried over anhydrous sodium sulfate. Solvent and tetrahydrofurfuryl
alcohol were removed under reduced pressure. The crude products were
rinsed with ethyl acetate/hexane and recrystallized from ethyl acetate to
obtain the optically pure (1S,3S)-1,3-diphenyl-1,3-propanediol (6.15 g,
60%). Optically pure 1,3-diaryl-1,3-propanediols were quantitatively
converted to the corresponding 1,3-diamines without racemization.[40]


Preparation of 1,1�-diacylferrocenes : 1,1�-Diacylferrocenes were prepared
by the conventional Friedel-Crafts reaction from ferrocene and acyl
chlorides.[37c]
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1,1�-Dibenzoylferrocene (16a):[37c] 1H NMR (CDCl3): �� 4.56 ± 4.62 (m,
4H), 4.90 ± 4.96 (m, 4H), 7.39 ± 7.46 (m, 4H), 7.51 ± 7.58 (m, 2H), 7.76 ± 7.82
(m, 4H).


1,1�-Bis(p-fluorobenzoyl)ferrocene (16b):[37c] 1H NMR (CDCl3): �� 4.57 ±
4.61 (m, 4H), 4.86 ± 4.90 (m, 4H), 7.06 ± 7.14 (m, 4H), 7.77 ± 7.84 (m, 4H).


1,1�-Bis(p-chlorobenzoyl)ferrocene (16c): 1H NMR (CDCl3): �� 4.58 ±
4.61 (m, 4H), 4.85 ± 4.88 (m, 4H), 7.37 ± 7.42 (m, 4H), 7.67 ± 7.72 (m, 4H);
13C NMR (CDCl3): �� 73.2, 74.5, 79.4, 128.5, 129.4, 137.1, 138.3, 196.3; IR
(KBr): �� � 1631, 1444, 1288, 1087, 836, 763 cm�1; m.p. 187.4 ± 187.7 �C;
elemental analysis calcd (%) for C24H16O2Cl2Fe: C 62.24, H 3.48; found: C
61.99, H 3.26.


1,1�-Bis(p-bromobenzoyl)ferrocene (16d): 1H NMR (CDCl3): �� 4.58 ±
4.62 (m, 4H), 4.84 ± 4.88 (m, 4H), 7.54 ± 7.58 (m, 4H), 7.60 ± 7.64 (m, 4H);
13C NMR (CDCl3): �� 73.2, 74.5, 79.3, 126.9, 129.5, 131.5, 137.5, 196.4; IR
(KBr): �� � 1631, 1442, 1286, 1010, 835, 760, 504 cm�1; m.p. 196.3 ± 197.2 �C;
elemental analysis calcd (%) for C24H16O2Br2Fe: C 52.22, H 2.92; found: C
52.04, H 3.16.


1,1�-Bis(p-methylbenzoyl)ferrocene (16e): 1H NMR (CDCl3): �� 2.43 (s,
6H), 4.54 ± 4.57 (m, 4H), 4.89 ± 4.92 (m, 4H), 7.20 ± 7.24 (m, 4H), 7.69 ± 7.74
(m, 4H); 13C NMR (CDCl3): �� 21.7, 73.1, 74.5, 79.7, 128.3, 128.9, 136.3,
142.4, 197.3; IR (KBr): �� � 1628, 1446, 1288, 1165, 760, 505 cm�1; m.p.
178.5 ± 178.9 �C; elemental analysis calcd (%) for C26H22O2Fe: C 73.95, H
5.25; found: C 73.82, H 5.06.


1,1�-Bis(o-fluorobenzoyl)ferrocene (16 f): 1H NMR (CDCl3): �� 4.61 ± 4.64
(m, 4H), 4.82 ± 4.85 (m, 4H), 7.09 ± 7.16 (m, 2H), 7.18 ± 7.23 (m, 2H), 7.44 ±
7.52 (m, 4H); 13C NMR (CDCl3): �� 72.5, 75.0, 79.8, 116.3 (d, JC-F�
21.6 Hz), 123.9 (d, JC-F� 4.2 Hz), 128.0 (d, JC-F� 15.8 Hz), 129.1 (d, JC-F�
3.3 Hz), 132.3 (d, JC-F� 8.3 Hz), 159.1 (d, JC-F� 251.3 Hz), 195.1; IR (KBr):
�� � 1638, 1455, 1301, 836, 754, 649, 492 cm�1; m.p. 154.3 ± 154.8 �C; HRMS:
m/z : calcd for C24H16O2F2Fe: 430.0468; found: 430.0438 [M�].


1,1�-Bis(o-chlorobenzoyl)ferrocene (16g): 1H NMR (CDCl3): �� 4.68 ±
4.71 (m, 4H), 4.80 ± 4.83 (m, 4H), 7.30 ± 7.36 (m, 2H), 7.39 ± 7.42 (m, 4H),
7.44 ± 7.47 (m, 2H); 13C NMR (CDCl3): �� 72.4, 74.7, 79.7, 126.3, 128.7,
130.3, 130.9, 131.1, 138.5, 197.3; IR (KBr): �� � 1638, 1447, 1297, 1064, 837,
755 cm�1; m.p. 162.2 ± 162.4 �C; elemental analysis calcd (%) for
C24H16O2Cl2Fe: C 62.24, H 3.48; found: C 62.14, H 3.43.


1,1�-Bis(o-bromobenzoyl)ferrocene (16h): 1H NMR (CDCl3): �� 4.70 ±
4.73 (m, 4H), 4.81 ± 4.84 (m, 4H), 7.30 ± 7.41 (m, 4H), 7.44 ± 7.48 (m, 2H),
7.58 ± 7.62 (m, 2H); 13C NMR (CDCl3): �� 72.5, 74.7, 79.5, 119.4, 126.9,
128.8, 131.2, 133.5, 140.4, 198.2; IR (KBr): �� � 1650, 1444, 1291, 1036, 839,
742 cm�1; m.p. 196.0 ± 196.7 �C; elemental analysis calcd (%) for
C24H16O2Br2Fe: C 52.22, H 2.92; found: C 52.07, H 2.96.


1,1�-Dipropanoylferrocene (16 i): 1H NMR (CDCl3): �� 1.19 (t, 6H, J�
7.3 Hz), 2.68 (q, 4H, J� 7.3 Hz), 4.44 ± 4.49 (m, 4H), 4.75 ± 4.80 (m, 4H);
13C NMR (CDCl3): �� 8.2, 33.0, 70.4, 73.2, 80.2, 203.8; IR (KBr): �� � 2935,
1673, 1458, 1243, 1102, 1050, 808 cm�1; m.p. 53.8 ± 55.2 �C; elemental
analysis calcd (%) for C16H18O2Fe: C 64.45, H 6.08; found: C 64.53, H 6.12.


1,1�-Dibutanoylferrocene (16 j): 1H NMR (CDCl3): �� 1.01 (t, 6H, J�
7.3 Hz), 1.73 (sextet, 4H, J� 7.3 Hz), 2.64 (t, 4H, J� 7.3 Hz), 4.47 ± 4.50
(m, 4H), 4.76 ± 4.79 (m, 4H); 13C NMR (CDCl3): �� 14.0, 17.7, 41.8, 70.5,
73.3, 80.4, 203.3; IR (KBr): �� � 2968, 1662, 1456, 1242, 840, 507 cm�1; m.p.
75.7 ± 76.4 �C; elemental analysis calcd (%) for C18H22O2Fe: C 66.27, H 6.80;
found: C 66.28, H 6.57.


1,1�-Dihexanoylferrocene (16k):[37c] 1H NMR (CDCl3): �� 0.93 (t, 6H, J�
6.6 Hz), 1.31 ± 1.43 (m, 8H), 1.70 (quintet, 4H, J� 7.3 Hz), 2.65 (t, 4H, J�
7.3 Hz), 4.45 ± 4.51 (m, 4H), 4.74 ± 4.80 (m, 4H).


1,1�-Dioctanoylferrocene (16 l): 1H NMR (CDCl3): �� 0.90 (t, 6H, J�
7.1 Hz), 1.22 ± 1.43 (m, 16H), 1.67 (quintet, 4H, J� 7.3 Hz), 2.65 (t, 4H,
J� 7.3 Hz), 4.46 ± 4.49 (m, 4H), 4.76 ± 4.79 (m, 4H); 13C NMR (CDCl3): ��
14.1, 22.7, 24.4, 29.2, 29.5, 31.8, 40.0, 70.5, 73.3, 80.4, 203.6; IR (KBr): �� �
2925, 1681, 1464, 1241, 824 cm�1; m.p. 55.8 ± 57.5 �C; elemental analysis
calcd (%) for C26H38O2Fe: C 71.23, H 8.74; found: C 71.42, H 8.63.


Typical procedure of the stereoselective reduction of 1,1�-diacylferrocenes


Preparation of the modified borohydride solution : EtOH (0.11 mL,
2 mmol) and tetrahydrofurfuryl alcohol (THFA) (2.71 mL, 28 mmol) were
added at 0 �C under a dry nitrogen atmosphere to a suspension of NaBH4


(75.7 mg, 2 mmol) in CHCl3 (13.3 mL). The mixture was stirred for 3 h at
0 �C and then cooled at �20 �C.


Enantio- and diastereoselective reduction of the 1,1�-dibenzoylferrocene
(16a): 1,1�-Dibenzoylferrocene (16a) (0.125 mmol) and (S,S)-cobalt com-
plex catalyst 3b (3.6 mg, 0.00625 mmol, 5.0 mol% against 1,1�-dibenzoyl-
ferrocene) were dissolved in Et2O (10 mL) and cooled to 0 �C under a dry
nitrogen atmosphere. The modified borohydride solution (4 mL, 0.5 mmol)
was added to the reaction mixture and stirred for 0.5 h at 0 �C. The reaction
was quenched by drop-wise addition of ice-cold water (10 mL). The
reaction mixture was extracted with AcOEt. The combined organic layers
were washed with brine and dried over anhydrous sodium sulfate. After
filtration and evaporation, the residue was purified by silica gel column
chromatography (hexane/AcOEt) to afford the corresponding 1,1�-ferro-
cenyldiols 17a and meso-form. The dl/meso selectivity was determined by
13C NMR analysis and the enantiomeric excess was determined by HPLC
analysis (Daicel chiralpak AD-H, propan-2-ol/hexane).


dl-1,1�-Bis(�-hydroxyphenylmethyl)ferrocene (17a):[37c] HPLC: Daicel
Chiralpak AD-H (10% propan-2-ol in hexane, flow 1.0 mLmin�1),
9.6 min (minor), 11.2 min (major), 12.6 min (meso).


dl-1,1�-Bis(�-hydroxy-p-fluorophenylmethyl)ferrocene (17b):[37c] HPLC:
Daicel Chiralpak AD-H (10% propan-2-ol in hexane, flow 0.5 mLmin�1),
21.1 min (minor), 25.9 min (meso), 31.9 min (major).


dl-1,1�-Bis(�-hydroxy-p-chlorophenylmethyl)ferrocene (17c): 1H NMR
(CDCl3): �� 4.12 ± 4.19 (m, 4H), 4.21 ± 4.30 (m, 4H), 4.34 ± 4.38 (m, 2H),
5.49 (s, 2H), 7.17 ± 7.24 (m, 8H); 13C NMR (CDCl3): �� 66.5, 66.8, 68.1,
68.4, 72.1, 93.2, 127.4, 128.3, 128.4, 133.2, 142.5; IR (KBr): �� � 3267, 1289,
1012, 811, 517 cm�1; m.p. 130.8 ± 132.1 �C; elemental analysis calcd (%) for
C24H20O2Cl2Fe: C 61.70, H 4.32; found: C 61.99, H 4.39. HPLC: Daicel
Chiralcel OD-H (10% propan-2-ol in hexane, flow 1.0 mLmin�1), 7.0 min
(minor), 7.6 min (major), 9.1 min (meso); [�]23D ��34.1� (c� 0.73 in
CHCl3).


dl-1,1�-Bis(�-hydroxy-p-bromophenylmethyl)ferrocene (17d): 1H NMR
(CDCl3): �� 4.12 ± 4.17 (m, 4H), 4.21 ± 4.26 (m, 2H), 4.33 ± 4.37 (m, 2H),
4.52 ± 4.58 (m, 2H), 5.44 (s, 2H), 7.08 ± 7.14 (m, 4H), 7.32 ± 7.37 (m, 4H);
13C NMR (CDCl3): �� 66.5, 66.7, 68.1, 68.4, 72.1, 93.1, 121.3, 127.7, 131.3,
143.0; IR (KBr): �� � 3281, 1486, 1009, 756, 494 cm�1; m.p. 129.6 ± 130.3 �C;
elemental analysis calcd (%) for C24H20O2Br2Fe: C 51.84, H 3.63; found: C
51.65, H 3.64. HPLC: Daicel Chiralcel OD-H (10% propan-2-ol in hexane,
flow 1.0 mLmin�1), 8.3 min (minor), 10.9 min (major), 15.3 min (meso);
[�]23D ��39.2� (c� 2.08 in CHCl3).


dl-1,1�-Bis(�-hydroxy-p-methylphenylmethyl)ferrocene (17e): 1H NMR
(CDCl3): �� 2.29 (s, 6H), 3.68 (br, 2H), 4.12 ± 4.15 (m, 2H), 4.16 ± 4.19
(m, 2H), 4.21 ± 4.24 (m, 2H), 4.38 ± 4.42 (m, 2H), 5.55 (s, 2H), 7.06 ± 7.10 (m,
4H), 7.19 ± 7.23 (m, 4H); 13C NMR (CDCl3): �� 21.1, 66.7, 66.8, 67.9, 68.2,
72.6, 93.7, 126.1, 128.9, 137.0, 141.4; IR (KBr): �� � 3253, 1511, 1015, 806,
529 cm�1; m.p. 129.5 ± 130.5 �C; elemental analysis calcd (%) for
C26H16O2Fe: C 73.25, H 6.15; found: C 73.08, H 5.95. HPLC: Daicel
Chiralpak AD-H (10% propan-2-ol in hexane, flow 1.0 mLmin�1), 11.5 min
(major), 15.1 min (meso), 16.9 min (minor); [�]23D ��13.5� (c� 0.66 in
CHCl3).


dl-1,1�-Bis(�-hydroxy-o-fluorophenylmethyl)ferrocene (17 f): 1H NMR
(CDCl3): �� 4.10 ± 4.15 (m, 2H), 4.20 ± 4.27 (m, 4H), 4.32 ± 4.38 (m, 2H),
4.39 ± 4.44 (m, 2H), 5.88 (s, 2H), 6.86 ± 6.96 (m, 2H), 6.99 ± 7.08 (m, 2H),
7.10 ± 7.19 (m, 2H), 7.32 ± 7.41 (m, 2H); 13C NMR (CDCl3): �� 66.0 (d, JC-F
� 3.3 Hz), 66.8 (d, JC-F� 11.6 Hz), 68.1 (d, JC-F� 21.6 Hz), 92.6, 115.1 (d, JC-F
� 21.6 Hz), 124.1 (d, JC-F� 3.3 Hz), 127.3 (d, JC-F� 4.1 Hz), 128.8 (d, JC-F
� 8.3 Hz), 131.2 (d, JC-F� 13.3 Hz), 159.5 (d, JC-F� 245.5 Hz); IR (KBr):
�� � 3271, 1485, 1221, 1044, 756, 494 cm�1; m.p. 132.6 ± 133.3 �C; HRMS:
m/z : calcd for C24H20O2F2Fe: 434.0781; found: 434.0786 [M�]. HPLC:
Daicel Chiralpak AD-H (10% propan-2-ol in hexane, flow 0.5 mLmin�1),
16.7 min (major), 18.8 min (minor), 23.8 min (meso); [�]23D ��31.2� (c�
1.75 in CHCl3).


dl-1,1�-Bis(�-hydroxy-o-chlorophenylmethyl)ferrocene (17g): 1H NMR
(CDCl3): �� 4.10 ± 4.17 (m, 2H), 4.22 ± 4.30 (m, 2H), 4.33 ± 4.46 (m, 4H),
4.60 ± 4.68 (m, 2H), 5.99 (s, 2H), 7.06 ± 7.14 (m, 2H), 7.14 ± 7.28 (m, 4H),
7.41 ± 7.49 (m, 2H); 13C NMR (CDCl3): �� 66.8, 66.9, 68.0, 68.2, 68.6, 92.7,
127.0, 127.6, 128.5, 129.1, 131.9, 141.3; IR (KBr): �� � 3271, 1469, 1434, 1016,
821, 747 cm�1; m.p. 159.9 ± 160.6 �C; elemental analysis calcd (%) for
C24H20O2Cl2Fe: C 61.70, H 4.32; found: C 61.71, H 4.09. HPLC: Daicel
Chiralpak AD-H (5% propan-2-ol in hexane, flow 1.0 mLmin�1), 12.2 min
(minor), 13.1 min (major), 15.5 min (meso); [�]23D ��47.3� (c� 1.61 in
CHCl3).
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dl-1,1�-Bis(�-hydroxy-o-bromophenylmethyl)ferrocene (17h): 1H NMR
(CDCl3): �� 3.94 ± 3.99 (m, 2H), 4.14 ± 4.19 (m, 2H), 4.26 ± 4.30 (m, 2H),
4.39 ± 4.45 (m, 4H), 6.00 (s, 2H), 7.03 ± 7.10 (m, 2H), 7.21 ± 7.28 (m, 2H),
7.44 ± 7.49 (m, 4H); 13C NMR (CDCl3): �� 67.0, 67.2, 68.0, 68.4, 71.2, 92.8,
122.3, 127.7, 128.1, 128.9, 132.5, 143.0; IR (KBr): �� � 3284, 1467, 1434, 1015,
745 cm�1; m.p. 150.4 ± 151.3 �C; elemental analysis calcd (%) for
C24H20O2Br2Fe: C 51.84, H 3.63; found: C 51.58, H 3.61. HPLC: Daicel
Chiralpak AD-H (10% propan-2-ol in hexane, flow 0.5 mLmin�1),
13.2 min (minor), 15.5 min (major), 17.9 min (meso); [�]23D ��10.6� (c�
0.72 in CHCl3).


dl-1,1�-Bis(�-hydroxypropyl)ferrocene (17 i): 1H NMR (CDCl3): �� 0.90 (t,
6H, J� 7.3 Hz), 1.52 ± 1.72 (m, 4H), 3.65 (br, 2H), 4.10 ± 4.18 (m, 6H),
4.20 ± 4.24 (m, 2H), 4.40 (t, 2H, J� 6.3 Hz); 13C NMR (CDCl3): �� 9.9,
32.7, 66.2, 66.6, 67.48, 67.51, 71.4, 93.7; IR (neat): �� � 3340, 2965, 1463, 1036,
810, 489 cm�1; elemental analysis calcd (%) for C16H22O2Fe: C 63.59, H
7.34; found: C 63.83, H 7.31. HPLC: Daicel Chiralpak AD-H (10%Ethanol
in hexane, flow 1.0 mLmin�1), 7.2 min (minor), 14.9 min (meso), 25.3 min
(major); [�]23D ��49.9� (c� 1.33 in CHCl3).


dl-1,1�-Bis(�-hydroxybutyl)ferrocene (17 j): 1H NMR (CDCl3): �� 0.89 (t,
6H, J� 7.3 Hz), 1.24 ± 1.72 (m, 8H), 3.26 (br, 2H), 4.11 ± 4.19 (m, 6H),
4.20 ± 4.24 (m, 2H), 4.44 (dd, 2H, J� 5.4, 7.3 Hz); 13C NMR (CDCl3): ��
14.0, 18.9, 42.1, 66.1, 66.5, 67.51, 67.55, 69.9, 94.2; IR (neat): �� � 3339, 2957,
1465, 1020, 810, 488 cm�1; elemental analysis calcd (%) for C18H26O2Fe: C
65.47, H 7.94; found: C 65.43, H 7.88. HPLC: Daicel Chiralpak AD-H (10%
Ethanol in hexane, flow 1.0 mLmin�1), 6.6 min (minor), 13.5 min (meso),
21.4 min (major); [�]23D ��33.9� (c� 1.29 in CHCl3).


dl-1,1�-Bis(�-hydroxyhexyl)ferrocene (17k):[37c] HPLC: Daicel Chiralpak
AD-H (2% Ethanol in hexane, flow 1.0 mLmin�1), 13.8 min (minor),
28.2 min (major), 33.8 min (meso).


dl-1,1�-Bis(�-hydroxyoctyl)ferrocene (17 l): 1H NMR (CDCl3): �� 0.87 (t,
6H, J� 6.8 Hz), 1.08 ± 1.46 (m, 20H), 1.48 ± 1.70 (m, 4H), 3.27 (br, 2H),
4.10 ± 4.17 (m, 6H), 4.19 ± 4.22 (m, 2H), 4.43 (dd, 2H, J� 5.6, 7.1 Hz);
13C NMR (CDCl3): �� 14.1, 22.7, 25.7, 29.3, 29.6, 31.9, 40.0, 66.1, 66.6, 67.50,
67.54, 71.1, 94.2; IR (neat): �� � 3339, 2926, 1465, 1044, 809, 488 cm�1;
elemental analysis calcd (%) for C26H42O2Fe: C 70.58, H 9.57; found: C
70.48, H 9.28. HPLC: Daicel Chiralpak AD-H (2% Ethanol in hexane,
flow 1.0 mLmin�1), 11.0 min (minor), 18.1 min (major), 21.6 min (meso);
[�]23D ��16.4� (c� 1.55 in CHCl3).


Preparation of 1,3-diaryl-2-alkyl-1,3-propanediones : The 1,3-dialkyl-1,3-
propanediones were prepared by conventional Claisen condensation of the
corresponding ArCOMe and ArCO2Et, and then their sodium enolates
were treated with the corresponding alkyl halide (RX) to obtain the 1,3-
diaryl-2-alkyl-1,3-propanediones.


1,3-Diphenyl-2-methyl-1,3-propanedione (18a):[71] 1H NMR (CDCl3): ��
1.61 (d, 3H, J� 6.9 Hz), 5.27 (q, 1H, J� 6.9 Hz), 7.41 ± 7.50 (m, 4H), 7.53 ±
7.60 (m, 2H), 7.90 ± 8.01 (m, 4H).


1,3-Di(p-methylphenyl)-2-methyl-1,3-propanedione (18b): 1H NMR
(CDCl3): �� 1.58 (d, 3H, J� 6.9 Hz), 2.39 (s, 6H), 5.21 (q, 1H, J�
6.9 Hz), 7.24 (d, 4H, J� 8.3 Hz), 7.86 (d, 4H, J� 8.3 Hz); 13C NMR
(CDCl3): �� 14.5, 21.7, 50.9, 128.5, 129.4, 133.0, 144.2, 196.6; IR (KBr): �� �
2992, 2944, 1684, 1664, 1605, 1336, 1294, 1238, 1179, 966, 824, 565 cm�1; m.p.
132.8 ± 133.7 �C; elemental analysis calcd (%) for C18H18O2: C 81.17, H 6.81;
found: C 81.25, H 6.59.


1,3-Di(2-naphthyl)-2-methyl-1,3-propanedione (18c): 1H NMR (CDCl3):
�� 1.75 (d, 3H, J� 7.0 Hz), 5.57 (q, 1H, J� 7.0 Hz), 7.51 ± 7.57 (m, 2H),
7.58 ± 7.64 (m, 2H), 7.84 ± 7.93 (m, 6H), 8.02 ± 8.07 (m, 2H), 8.54 (s, 2H);
13C NMR (CDCl3): �� 14.8, 51.4, 124.0, 126.8, 127.6, 128.6, 128.7, 129.6,
130.2, 132.4, 132.9, 135.6, 197.0; IR (KBr): �� � 3058, 2985, 2937, 1687, 1675,
1623, 1361, 1315, 1280, 1171, 801, 760 cm�1; m.p. 132.3 ± 132.9 �C; HRMS:
m/z : calcd for C24H18O2: 338.1307; found: 338.1329 [M�].


1,3-Di(p-methoxyphenyl)-2-methyl-1,3-propanedione (18d): 1H NMR
(CDCl3): �� 1.58 (d, 3H, J� 6.9 Hz), 3.85 (s, 6H), 5.13 (q, 1H, J�
6.9 Hz), 6.92 (d, 4H, J� 9.3 Hz), 7.95 (d, 4H, J� 9.3 Hz); 13C NMR
(CDCl3): �� 14.6, 51.1, 55.5, 113.9, 128.6, 130.7, 163.5, 195.6; IR (KBr): �� �
2973, 2940, 2917, 1674, 1658, 1598, 1570, 1511, 1338, 1263, 1169, 1021, 973,
855, 565 cm�1; m.p. 78.4 ± 79.4 �C; elemental analysis calcd (%) for
C18H18O4: C 72.47, H 6.08; found: C 72.41, H 5.85.


1,3-Di(p-bromophenyl)-2-methyl-1,3-propanedione (18e): 1H NMR
(CDCl3): �� 1.59 (d, 3H, J� 7.1 Hz), 5.12 (q, 1H, J� 7.1 Hz), 7.60 (d,


4H, J� 8.5 Hz), 7.79 (d, 4H, J� 8.5 Hz); 13C NMR (CDCl3): �� 14.4, 51.4,
128.9, 129.9, 132.2, 134.1, 195.7; IR (KBr): �� � 2986, 2935, 1697, 1671, 1583,
1281, 1195, 1068, 970, 797, 590 cm�1; m.p. 112.9 ± 113.8 �C; elemental
analysis calcd (%) for C16H12Br2O2: C 48.52, H 3.05; found: C 48.24, H 2.77.


1,3-Diphenyl-2-ethyl-1,3-propanedione (18 f): 1H NMR (CDCl3): �� 1.06
(t, 3H, J� 7.3 Hz), 2.13 ± 2.23 (m, 2H), 5.12 (t, 1H, J� 6.4 Hz), 7.41 ± 7.49
(m, 4H), 7.53 ± 7.60 (m, 2H), 7.93 ± 8.01 (m, 4H); 13C NMR (CDCl3): ��
13.0, 23.0, 58.7, 128.4, 128.7, 133.3, 136.0, 195.9; IR (KBr): �� � 2972, 2941,
1686, 1665, 1595, 1578, 1448, 1355, 1281, 1226, 1201, 991, 701, 692 cm�1; m.p.
88.1 ± 88.6 �C; elemental analysis calcd (%) for C17H16O2: C 80.93, H 6.39;
found: C 80.88, H 6.17.


2-Allyl-1,3-diphenyl-1,3-propanedione (18g): 1H NMR (CDCl3): �� 2.88
(t, 2H, J� 6.8 Hz), 5.04 (dd, 1H, J� 1.5, 10.3 Hz), 5.11 (dd, 1H, J� 1.5,
17.1 Hz), 5.30 (t, 1H, J� 6.8 Hz), 5.81 ± 5.94 (m, 1H), 7.42 ± 7.50 (m, 4H),
7.55 ± 7.60 (m, 2H), 7.92 ± 7.99 (m, 4H); 13C NMR (CDCl3): �� 33.6, 56.8,
117.2, 128.5, 128.8, 133.4, 135.0, 135.8, 195.3; IR (KBr): �� � 3060, 2916, 1695,
1671, 1594, 1447, 1333, 1208, 908, 761, 685 cm�1; m.p. 65.9 ± 66.6 �C;
elemental analysis calcd (%) for C18H16O2: C 81.79, H 6.10; found: C
82.01, H 6.01.


2-Benzyl-1,3-diphenyl-1,3-propanedione (18h): 1H NMR (CDCl3): �� 3.45
(d, 2H, J� 6.5 Hz), 5.52 (t, 1H, J� 6.5 Hz), 7.13 ± 7.26 (m, 5H), 7.36 ± 7.45
(m, 4H), 7.50 ± 7.56 (m, 2H), 7.85 ± 7.92 (m, 4H); 13C NMR (C6D6): �� 35.6,
59.6, 126.7, 128.7, 128.80, 128.82, 129.4, 133.1, 136.6, 139.7, 194.9; IR (KBr):
�� � 3037, 2905, 1695, 1664, 1594, 1446, 1350, 1214, 948, 760, 711, 696 cm�1;
m.p. 106.4 ± 107.4 �C; elemental analysis calcd (%) for C22H18O2: C 84.05, H
5.77; found: C 84.24, H 5.82.


1,3-Diphenyl-2-isopropyl-1,3-propanedione (18 i): 1H NMR (CDCl3): ��
1.02 (d, 6H, J� 6.4 Hz), 2.85 ± 2.98 (m, 1H), 5.05 (d, 1H, J� 9.3 Hz), 7.39 ±
7.49 (m, 4H), 7.51 ± 7.59 (m, 2H), 7.96 ± 8.05 (m, 4H); 13C NMR (CDCl3):
�� 21.4, 30.4, 64.9, 128.55, 128.64, 133.2, 136.9, 195.4; IR (KBr): �� � 2965,
2935, 2876, 1696, 1657, 1448, 1292, 1224, 1204, 998, 705, 685 cm�1; m.p.
82.1 ± 83.0 �C; elemental analysis calcd (%) for C18H18O2: C 81.17, H 6.81;
found: C 81.10, H 6.63.


Typical procedure for the reductive desymmetrization of 1,3-diaryl-2-alkyl-
1,3-propanedione : Under a dry nitrogen atmosphere in a precooled vessel
at �20 �C were placed the (R,R)-3b catalyst (7.2 mg, 0.0125 mmol), 1,3-
diphenyl-2-methyl-1,3-propanedione (59.4 mg, 0.25 mmol), and CHCl3
(12 mL). To this solution was added the solution of premodified NaBH4


(2.0 mL), and stirred for 10 h at �20 �C. The reaction was quenched by
precooled aqueous THF solution at �20 �C and pH 7 buffer solution and
the crude products were extracted with AcOEt. The combined organic
layers were washed with brine and dried over anhydrous sodium sulfate.
After evaporation, the residue was purified by silica gel column chroma-
tography (hexane/AcOEt) to give 1,3-diphenyl-3-hydroxy-2-methyl-1-
propanone (55.5 mg, 93%). The anti-selectivity was determined by
1H NMR analysis to be 99%. The enantiomeic excess was determined by
HPLC analysis to be 99% ee.


anti-1,3-Diphenyl-3-hydroxy-2-methyl-1-propanone (19a):[72, 73] 1H NMR
(CDCl3): �� 1.05 (d, 3H, J� 7.6 Hz), 3.05 (br, 1H), 3.83 (quin, 1H, J�
7.6 Hz), 4.98 (d, 1H, J� 7.6 Hz), 7.24 ± 7.49 (m, 7H), 7.52 ± 7.59 (m, 1H),
7.93 ± 7.99 (m, 2H); HPLC: Daicel Chiralpak AD (5% propan-2-ol in
hexane, flow 1.0 mLmin�1), 23.6 min (major), 26.4 min (minor); [�]24D �
�111.4� (c� 0.489 in CHCl3).


anti-1,3-Di(p-methylphenyl)-3-hydroxy-2-methyl-1-propanone (19b):
1H NMR (CDCl3): �� 1.05 (d, 3H, J� 7.4 Hz), 2.34 (s, 3H), 2.41 (s, 3H),
2.94 (d, 1H, J� 4.6 Hz), 3.79 (quin, 1H, J� 7.4 Hz), 4.95 (dd, 1H, J� 4.6,
7.4 Hz), 7.17 (d, 2H, J� 7.9 Hz), 7.27 (d, 2H, J� 7.9 Hz), 7.30 (d, 2H, J�
7.9 Hz), 7.88 (d, 2H, J� 7.9 Hz); 13C NMR (CDCl3): �� 15.9, 21.2, 21.7, 47.8,
76.6, 126.5, 128.5, 129.0, 129.2, 134.1, 137.4, 139.1, 144.0, 204.3; IR (KBr):
�� � 3385, 2980, 2950, 1663, 1605, 1453, 1186, 999, 966, 818 cm�1; m.p. 95.0 ±
95.6 �C; elemental analysis calcd (%) for C18H20O2: C 80.56, H 7.51; found:
C 80.57, H 7.62. HPLC: Daicel Chiralpak AD-H (15% propan-2-ol in
hexane, flow 1.0 mLmin�1), 13.7 min (minor), 15.5 min (major); [�]24D �
�126.1� (c� 1.077 in CHCl3).


anti-1,3-Di(2-naphthyl)-3-hydroxy-2-methyl-1-propanone (19c): 1H NMR
(CDCl3): �� 1.17 (d, 3H, J� 7.6 Hz), 3.12 (d, 1H, J� 4.4 Hz), 4.11 (quin,
1H, J� 7.6 Hz), 5.24 (dd, 1H, J� 4.4, 7.6 Hz), 7.45 ± 7.66 (m, 5H), 7.81 ± 7.93
(m, 6H), 7.95 ± 7.99 (m, 1H), 8.03 ± 8.08 (m, 1H), 8.52 (s, 1H); 13C NMR
(CDCl3): �� 16.2, 48.0, 77.1, 124.0, 124.3, 125.88, 125.92, 126.1, 126.7, 127.59,
127.65, 127.9, 128.3, 128.49, 128.53, 129.6, 130.2, 132.4, 133.05, 133.08, 133.9,
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135.6, 139.4, 204.5; IR (KBr): �� � 3446, 3052, 2980, 1664, 1188, 823, 748,
477 cm�1; m.p. 120.7 ± 121.6 �C; HRMS: m/z : calcd for C24H20O2: 340.1463;
found: 340.1456 [M�]. HPLC: Daicel Chiralpak AD (25% propan-2-ol in
hexane, flow 1.0 mLmin�1), 20.2 min (minor), 22.4 min (major); [�]24D �
�96.2� (c� 1.083 in CHCl3).


anti-1,3-Di(p-bromophenyl)-3-hydroxy-2-methyl-1-propanone (19d):
1H NMR (CDCl3): �� 1.05 (d, 3H, J� 7.5 Hz), 2.92 (d, 1H, J� 4.4 Hz),
3.70 (quin, 1H, J� 7.5 Hz), 4.95 (dd, 1H, J� 4.4, 7.5 Hz), 7.29 (d, 2H, J�
8.7 Hz), 7.50 (d, 2H, J� 8.7 Hz), 7.62 (d, 2H, J� 8.7 Hz), 7.83 (d, 2H, J�
8.7 Hz); 13C NMR (CDCl3): �� 15.6, 47.9, 76.1, 121.8, 128.3, 128.6, 129.8,
131.5, 131.9, 135.1, 140.9, 203.3; IR (KBr): �� � 3494, 2978, 1661, 1581, 1396,
1244, 1069, 1009, 964, 822, 742 cm�1; m.p. 114.2 ± 114.9 �C; HRMS: m/z :
calcd for C16H14Br2O2: 395.9362; found: 395.9390 [M�]. HPLC: Daicel
Chiralpak AD-H (10% propan-2-ol in hexane, flow 1.0 mLmin�1),
22.5 min (minor), 24.9 min (major); [�]24D ��97.8� (c� 1.038 in CHCl3).


anti-1,3-Di(p-methoxyphenyl)-3-hydroxy-2-methyl-1-propanone (19e):
1H NMR (CDCl3): �� 1.06 (d, 3H, J� 7.5 Hz), 2.98 (d, 1H, J� 4.4 Hz),
3.75 (quin, 1H, J� 7.5 Hz), 3.81 (s, 3H), 3.88 (s, 3H), 4.94 (dd, 1H, J� 4.4,
7.5 Hz), 6.89 (d, 2H, J� 8.9 Hz), 6.94 (d, 2H, J� 8.9 Hz), 7.34 (d, 2H, J�
8.9 Hz), 7.97 (d, 2H, J� 8.9 Hz); 13C NMR (CDCl3): �� 16.0, 47.6, 55.3,
55.5, 76.4, 113.71, 113.73, 127.7, 129.6, 130.7, 134.4, 159.0, 163.5, 203.2; IR
(KBr): �� � 3366, 2977, 2934, 1664, 1599, 1516, 1252, 1174, 1032, 973, 825,
576 cm�1; elemental analysis calcd (%) for C18H20O4: C 71.98, H 6.71;
found: C 71.86, H 6.72; m.p. 80.8 ± 81.7 �C. HPLC: Daicel Chiralcel OD-H
(10% propan-2-ol in hexane, flow 1.0 mLmin�1), 21.3 min (major),
26.4 min (minor); [�]24D ��124.8� (c� 1.079 in CHCl3).


anti-1,3-Diphenyl-2-ethyl-3-hydrodxy-1-propanone (19 f):[72, 73] 1H NMR
(CDCl3): �� 0.82 (t, 3H, J� 7.3 Hz), 1.48 ± 1.61 (m, 1H), 1.66 ± 1.80 (m,
1H), 3.07 (d, 1H, J� 6.4 Hz), 3.78 (q, 1H, J� 6.4 Hz), 5.03 (t, 1H, J�
6.4 Hz), 7.22 ± 7.49 (m, 7H), 7.51 ± 7.58 (m, 1H), 7.88 ± 7.95 (m, 2H);
13C NMR (CDCl3) �� 11.8, 23.8, 54.3, 75.7, 126.3, 127.7, 128.2, 128.4,
128.5, 133.1, 138.1, 142.6, 205.4; IR (KBr): �� � 3411, 3061, 2958, 2877, 1671,
1447, 1269, 1207, 1001, 768, 703 cm�1; m.p. 63.0 ± 63.8 �C; elemental analysis
calcd (%) for C17H18O2: C 80.28, H 7.13; found: C 80.24, H 7.28. HPLC:
Daicel Chiralpak AD (1.5% propan-2-ol in hexane, flow 1.0 mLmin�1),
59.1 min (major), 67.5 min (minor); [�]24D ��90.7� (c� 1.046 in CHCl3).


anti-2-Allyl-1,3-diphenyl-3-hydrodxy-1-propanone (19g): 1H NMR
(CDCl3): �� 2.24 ± 2.35 (m, 1H), 2.37 ± 2.50 (m, 1H), 3.17 (d, 1H, J�
5.4 Hz), 3.90 (q, 1H, J� 6.8 Hz), 4.88 ± 5.06 (m, 3H), 5.55 ± 5.69 (m, 1H),
7.23 ± 7.47 (m, 7H), 7.51 ± 7.58 (m, 1H), 7.85 ± 7.91 (m, 2H); 13C NMR
(CDCl3): �� 34.8, 52.6, 75.5, 117.5, 126.3, 127.8, 128.2, 128.4, 128.5, 133.1,
134.2, 137.7, 142.2, 204.5; IR (KBr): �� � 3374, 3073, 1671, 1448, 1241, 1209,
1012, 916, 767, 704, 607 cm�1; m.p. 79.3 ± 80.2 �C; elemental analysis calcd
(%) for C18H18O2: C 81.17, H 6.81; found: C 81.07, H 6.78. HPLC: Daicel
Chiralcel OD-H (3% propan-2-ol in hexane, flow 1.0 mLmin�1), 17.7 min
(minor), 19.1 min (major); [�]24D ��74.7� (c� 1.053 in CHCl3).


anti-2-Benzyl-1,3-diphenyl-3-hydrodxy-1-propanone (19h):[73] 1H NMR
(CDCl3): �� 2.91 (dd, 1H, J� 7.0, 13.3 Hz), 3.05 (dd, 1H, J� 7.0,
13.3 Hz), 3.45 (d, 1H, J� 7.0 Hz), 4.09 (q, 1H, J� 7.0 Hz), 4.97 (t, 1H,
J� 7.0 Hz), 7.07 ± 7.37 (m, 12H), 7.42 ± 7.48 (m, 1H), 7.63 ± 7.68 (m, 2H);
13C NMR (CDCl3): �� 36.7, 54.7, 75.4, 126.0, 126.3, 127.6, 128.0, 128.2, 128.3,
128.4, 128.9, 133.0, 137.8, 138.4, 142.5, 205.3; IR (KBr): �� � 3434, 3062, 3035,
1674, 1456, 1206, 1047, 1010, 751, 703 cm�1; m.p. 115.6 ± 116.5 �C; HRMS:
m/z : calcd for C22H20O2: 316.1463; found: 316.1481 [M�]. HPLC: Daicel
Chiralcel OD-H (5% propan-2-ol in hexane, flow 1.0 mLmin�1), 15.4 min
(major), 17.3 min (minor); [�]24D ��8.7� (c� 1.024 in CHCl3).


anti-1,3-Diphenyl-3-hydrodxy-2-isopropyl-1-propanone (19 i): 1H NMR
(CDCl3): �� 0.87 (d, 3H, J� 6.8 Hz), 1.15 (d, 3H, J� 6.8 Hz), 2.24 ± 2.35
(m, 1H), 3.59 (dd, 1H, J� 4.4, 8.3 Hz), 4.04 (d, 1H, J� 8.1 Hz), 5.17 (dd,
1H, J� 4.4, 8.1 Hz), 7.08 ± 7.14 (m, 1H), 7.18 ± 7.35 (m, 6H), 7.42 ± 7.48 (m,
1H), 7.60 ± 7.66 (m, 2H); 13C NMR (CDCl3): �� 21.1, 21.3, 29.6, 58.7, 73.5,
125.5, 127.1, 127.9, 128.2, 128.3, 133.0, 138.6, 143.0, 207.1; IR (KBr): �� �
3435, 2952, 1666, 1447, 1271, 1207, 1010, 768, 700, 570 cm�1; m.p. 84.0 ±
85.2 �C; HRMS: m/z : calcd for C18H20O2: 268.1463; found: 268.1502 [M�].
HPLC: Daicel Chiralpak AD-H (15% propan-2-ol in hexane, flow
1.0 mLmin�1), 8.3 min (minor), 11.2 min (major); [�]24D ��40.1� (c�
0.261 in CHCl3).


Chemoselective reduction of 2-undecanone and 2-acetonaphthone in the
presence of �-ketoiminato cobalt complex catalyst (Scheme 6): To the
CHCl3 solution (20 mL) of 2-undecanone 20a (85.2 mg, 0.5 mmol),


2-acetonaphthone 20b (85.1 mg, 0.5 mmol), and catalyst 22 (18.6 mg,
0.05 mmol) was added the solution of the premodified borohydride
(3.2 mL, 0.4 mmol) under a dry nitrogen atmosphere at �20 �C. After
stirring for 12 h at �20 �C, the reaction was quenched by a precooled
aqueous THF solution at �20 �C and pH 7 buffer solution; then the crude
products were extracted with AcOEt. The combined organic layers were
washed with brine and dried over anhydrous sodium sulfate. After filtration
and evaporation, the residue was purified by silica gel column chromatog-
raphy (hexane/AcOEt) to give undecan-2-ol 21a (4.0 mg, 5%) and 1-(2-
naphthyl)-1-ethanol 21b (38.3 mg, 45%).


Preparation of 1,2-dialkyl-3-aryl-1,3-diketones : The 1-alkyl-3-aryl-1,3-di-
ketones (RC(O)CH2C(O)Ar) were prepared by conventional Claisen
condensation of the corresponding RCOMe and ArCO2Et, and then their
sodium enolates were treated with the corresponding R�X to obtain the 1,2-
dialkyl-3-aryl-1,3-propanediones (RC(O)CH(R�)C(O)Ar).


2,4-Dimethyl-1-phenyl-1,3-pentanedione (23a):[74] 1H NMR (CDCl3): ��
1.03 (d, 3H, J� 6.9 Hz), 1.10 (d, 3H, J� 6.9 Hz), 1.45 (d, 3H, J� 7.0 Hz),
2.77 (sept, 1H, J� 6.9 Hz), 4.64 (q, 1H, J� 7.0 Hz), 7.46 ± 7.53 (m, 2H),
7.56 ± 7.64 (m, 1H), 7.93 ± 8.00 (m, 2H); 13C NMR (CDCl3): �� 13.8, 18.6,
19.2, 39.5, 54.4, 128.5, 128.8, 133.5, 135.9, 197.5, 210.8; HRMS: m/z : calcd
for C13H16O2: 204.1150; found: 204.1131 [M�].


2-Ethyl-4-methyl-1-phenyl-1,3-pentanedione (23b):[75] 1H NMR (CDCl3):
�� 0.95 (t, 3H, J� 7.3 Hz), 0.99 (d, 3H, J� 6.8 Hz), 1.06 (d, 3H, J�
6.8 Hz), 2.02 (double quint, 2H, J� 7.3, 14.6 Hz), 2.75 (sept, 1H, J�
6.8 Hz), 4.49 (t, 1H, J� 7.3 Hz), 7.46 ± 7.53 (m, 2H), 7.57 ± 7.63 (m, 1H),
7.94 ± 8.01 (m, 2H); IR (neat): �� � 2971, 1721 (�C�O), 1674 (�C�O), 1448, 1273,
1209, 694 cm�1; HRMS:m/z : calcd for C14H18O2: 218.1307; found: 218.1281
[M�].


2-Allyl-4-methyl-1-phenyl-1,3-pentanedione (23c): 1H NMR (CDCl3): ��
1.01 (d, 3H, J� 6.8 Hz), 1.06 (d, 3H, J� 6.8 Hz), 2.64 ± 2.81 (m, 3H), 4.68 (t,
1H, J� 7.1 Hz), 5.02 (d, 1H, J� 10.3 Hz), 5.08 (d, 1H, J� 17.1 Hz), 5.69 ±
5.82 (m, 1H), 7.46 ± 7.54 (m, 2H), 7.58 ± 7.64 (m, 1H), 7.95 ± 8.01 (m, 2H);
13C NMR (CDCl3): �� 18.4, 19.0, 33.1, 39.8, 60.4, 117.2, 128.5, 128.8, 133.6,
134.7, 136.4, 195.8, 208.9; IR (neat): �� � 2974, 1722 (�C�O), 1675 (�C�O), 1448,
1000, 919, 693 cm�1; HRMS: m/z : calcd for C15H18O2: 230.1307; found:
230.1300 [M�].


2,4,4-Trimethyl-1-phenyl-1,3-pentanedione (23d): 1H NMR (CDCl3): ��
1.14 (s, 9H), 1.42 (d, 3H, J� 7.1 Hz), 4.93 (q, 1H, J� 7.1 Hz), 7.47 ± 7.54 (m,
2H), 7.57 ± 7.64 (m, 1H), 7.94 (m, 2H); 13C NMR (CDCl3): �� 15.4, 26.8,
44.7, 49.3, 128.4, 128.8, 133.4, 135.4, 197.2, 211.1; IR (KBr): �� � 2970, 1716
(�C�O), 1663 (�C�O), 1451, 1345, 1217, 972, 694cm�1; m.p. 93.5 ± 94.2 �C;
HRMS: m/z : calcd for C14H18O2: 218.1307; found: 218.1321 [M�].


2-Methyl-1-phenyl-1,3-dodecanedione (23e):[76] 1H NMR (CDCl3): �� 0.87
(t, 3H, J� 7.1 Hz), 1.12 ± 1.33 (m, 12H), 1.45 (d, 3H, J� 7.1 Hz), 1.47 ± 1.57
(m, 2H), 2.38 (dt, 1H, J� 7.3, 17.6 Hz), 2.51 (dt, 1H, J� 7.3, 17.6 Hz), 4.49
(q, 1H, J� 7.1 Hz), 7.46 ± 7.52 (m, 2H), 7.57 ± 7.62 (m, 1H), 7.95 ± 8.00 (m,
2H).


2,5-Dimethyl-1-phenyl-1,3-hexanedione (23 f): 1H NMR (CDCl3): �� 0.80
(d, 3H, J� 6.8 Hz), 0.86 (d, 3H, J� 6.8 Hz), 1.44 (d, 3H, J� 7.0 Hz), 2.13
(nonet, 1H, J� 6.8 Hz), 2.27 (dd, 1H, J� 6.8, 17.1 Hz), 2.39 (dd, 1H, J�
6.8, 17.1 Hz), 4.47 (q, 1H, J� 7.0 Hz), 7.45 ± 7.53 (m, 2H), 7.56 ± 7.63 (m,
1H), 7.93 ± 8.00 (m, 2H); 13C NMR (CDCl3): �� 13.6, 22.4, 24.0, 49.4, 56.8,
128.6, 128.8, 133.5, 136.0, 197.1, 206.5; IR (neat): �� � 2958, 1717 (�C�O), 1677
(�C�O), 1449, 1226, 969, 689 cm�1; HRMS: m/z : calcd for C14H18O2:
218.1307; found: 218.1307 [M�].


2-Methyl-1,4-diphenyl-1,3-butanedione (23g): 1H NMR (CDCl3): �� 1.44
(d, 3H, J� 7.1 Hz), 3.71 (d, 1H, J� 15.9 Hz), 3.82 (d, 1H, J� 15.9 Hz), 4.57
(q, 1H, J� 7.1 Hz), 7.09 ± 7.16 (m, 2H), 7.18 ± 7.31 (m, 3H), 7.39 ± 7.46 (m,
2H), 7.53 ± 7.60 (m, 1H), 7.77 ± 7.85 (m, 2H); 13C NMR (CDCl3): �� 13.8,
48.2, 54.6, 127.1, 128.4, 128.6, 128.7, 129.6, 133.4, 133.5, 135.7, 197.4, 204.4; IR
(neat): �� � 1718 (�C�O), 1675 (�C�O), 1449, 1330, 1215, 970, 702 cm�1;
HRMS: m/z : calcd for C17H16O2: 252.1150; found: 252.1113 [M�].


Chemo-, diastereo-, and enantioselective reduction of 2,4-dimethyl-1-
phenyl-1,3-pentanedione (Scheme 7): Under a dry nitrogen atmosphere in
a precooled vessel at �20 �C were placed the (R,R)-catalyst 3b (7.2 mg,
0.0125 mmol), 2,4-dimethyl-1-phenyl-1,3-pentanedione (51.0 mg,
0.25 mmol), and CHCl3 (12.0 mL). The five portions of the 0.1 equiv of
the premodified borohydride (0.2 mL, 0.025 mmol) were successively
added at 1 h intervals to the reaction mixture, and stirred for 24 h at
�20 �C. The reaction was quenched by a precooled aqueous THF solution
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at�20 �C and pH 7 buffer solution; then the crude products were extracted
with AcOEt. The combined organic layers were washed with brine and
dried over anhydrous sodium sulfate. After filtration and evaporation, the
residue was purified by silica gel column chromatography (hexane/AcOEt)
to give the corresponding 2-substituted-3-hydroxyketone (22.2 mg,43%).
The chemo-selectivity and diastereoselectivity were determined by
1H NMR analysis to be 97% aryl/alcohol selectivity and 99% anti-
selectivity. The enantiomeric excess of the anti-form was determined by
HPLC analysis to be 94%.


Analysis of the ee values of the remaining 2,4-dimethyl-1-phenyl-1,3-
pentanedione after kinetic resolution : The above-mentioned reaction
mixture, before the reaction was quenched by a precooled aqueous THF
solution, was directly injected into HPLC chiral column (Daicel Chiralpak
AD, 5% propan-2-ol in hexane, 1 mLmin�1) to determine the ee of 2,4-
dimethyl-1-phenyl-1,3-pentanedione to be 99% ee (7.1 min (minor), 7.6 min
(major)). Since racemization of 2-substituted-1,3-diketones gradually
proceeded at room temperature, the substrate isolated by silica gel column
chromatography was of low ee.


Optimized procedure of highly chemo-, diastereo-, and enantioselective
reduction, example for the reaction of 2,4,4-trimethyl-1-phenyl-1,3-penta-
nedione : Under a dry nitrogen atmosphere in a precooled vessel at �20 �C
were placed the (R,R)-catalyst 3b (7.2 mg, 0.0125 mmol), 2,4,4-trimethyl-1-
phenyl-1,3-pentanedione 23d (54.7 mg, 0.25 mmol), and CHCl3 (12.0 mL).
The four portions of the 0.1 equiv of the premodified borohydride (0.2 mL,
0.025 mmol) were successively added at 2 h intervals to the reaction
mixture, and stirred for 12 h at �20 �C. The reaction was quenched by a
precooled aqueous THF solution at �20 �C and pH 7 buffer solution; then
the crude products were extracted with AcOEt. The combined organic
layers were washed with brine and dried over anhydrous sodium sulfate.
After filtration and evaporation, the residue was purified by silica gel
column chromatography (hexane/AcOEt) to give the corresponding
2-substituted-3-hydroxyketone 24d in (26.6 mg, 48%). The chemo- and
diastereoselectivity were determined by 1H NMR analysis to be 99% aryl/
alcohol selectivity and 99% anti-selectivity. The enantiomeric excess of the
anti-form was determined by HPLC analysis to be 97%.


anti-1-Hydroxy-2,4-dimethyl-1-phenyl-3-pentanone (24a): 1H NMR
(CDCl3): �� 0.97 (d, 3H, J� 7.3, 3.4 Hz), 0.98 (d, 3H, J� 6.9 Hz), 1.07
(d, 3H, J� 6.9 Hz), 2.64 (sept, 1H, J� 6.9 Hz), 3.07 (quin, 1H, J� 7.3 Hz),
4.75 (dd, 1H, J� 3.4, 7.3 Hz), 7.25 ± 7.36 (m, 5H); 13C NMR (CDCl3): ��
15.0, 17.70, 17.73, 41.3, 51.0, 76.7, 126.3, 127.7, 128.3, 142.3, 219.2; IR (neat):
�� � 3456, 2972, 2933, 1707 (�C�O), 1456, 1375, 1009, 756, 702 cm�1; HRMS:
m/z : calcd for C13H18O2: 206.1307; found: 206.1309 [M�]. HPLC: Daicel
Chiralcel OD-H, 3.0% propan-2-ol in hexane, 1 mLmin�1, 9.0 min (minor),
12.7 min (major), Daicel chiralpak AD-H, 2% propan-2-ol, 1 mLmin�1,
17.2 min (major), 20.0 min (minor); [�]29D ��97.1� (c� 1.04 in CHCl3).


anti-2-Ethyl-1-Hydroxy-4-methyl-1-phenyl-3-pentanone (24b): 1H NMR
(CDCl3): �� 0.85 (d, 3H, J� 6.8 Hz), 0.89 (d, 3H, J� 7.6 Hz), 1.01 (d, 3H,
J� 6.8 Hz), 1.44 ± 1.55 (m, 1H), 1.57 ± 1.68 (m, 1H), 2.46 (sept, 1H, J�
6.8 Hz), 2.98 (dt, 1H, J� 6.1, 7.6 Hz), 3.22 (d, 1H, J� 6.1 Hz), 4.82 (t, 1H,
J� 6.1 Hz), 7.24 ± 7.36 (m, 5H); 13C NMR (CDCl3): �� 12.0, 17.2, 17.3, 23.1,
42.4, 58.1, 75.2, 126.0, 127.6, 128.3, 142.9, 219.7; IR (neat): �� � 3464, 2968,
1705 (�C�O), 1456, 1031, 701 cm�1; HRMS: m/z : calcd for C14H20O2:
220.1463; found: 220.1465 [M�]. HPLC: Daicel Chiralcel OD-H, 2.0%
propan-2-ol in hexane, 1 mLmin�1, 18.1 min (major), 22.4 min (minor),
Daicel chiralpak AD-H, 2% propan-2-ol, 1 mLmin�1, 9.1 min (minor),
13.7 min (major); [�]27D ��86.2� (c� 0.77 in CHCl3).


anti-2-Allyl-1-Hydroxy-4-methyl-1-phenyl-3-pentanone (24c): 1H NMR
(CDCl3): �� 0.83 (d, 3H, J� 6.9 Hz), 0.97 (d, 3H, J� 6.9 Hz), 2.18 ± 2.35
(m, 2H), 2.42 (sept, 1H, J� 6.9 Hz), 3.11 (dt, 1H, J� 6.3, 8.3 Hz), 3.33 (d,
1H, J� 6.3 Hz), 4.81 (t, 1H, J� 6.3 Hz), 5.02 (d, 1H, J� 9.5 Hz), 5.03 (d,
1H, J� 17.1 Hz), 5.68 (ddt, 1H, J� 7.3, 9.5, 17.1 Hz), 7.25- 7.36 (m, 5H);
13C NMR (CDCl3): �� 17.0, 17.2, 34.5, 42.5, 56.4, 75.1, 117.6, 126.0, 127.6,
128.3, 134.6, 142.6, 218.9; IR (neat): �� � 3465, 2974, 2932, 1707 (�C�O), 1445,
1042, 701 cm�1; HRMS:m/z : calcd for C15H20O2: 232.1463; found: 232.1482
[M�]. HPLC: Daicel Chiralcel OD-H, 1.0% propan-2-ol in hexane,
1 mLmin�1, 18.1 min (minor), 28.0 min (major). Daicel chiralpak AD-H,
1% propan-2-ol, 1 mLmin�1, 13.5 min (minor), 20.6 min (major); [�]25D �
�39.6� (c� 1.26 in CHCl3).


anti-1-Hydroxy-2,4,4-trimethyl-1-phenyl-3-pentanone (24d): 1H NMR
(CDCl3): �� 1.03 ± 1.04 (m, 12H), 3.17 (d, 1H, J� 6.2 Hz), 3.32 (quin,


1H, J� 6.2 Hz), 4.77 (t, 1H, J� 6.2 Hz), 7.25 ± 7.36 (m, 5H); 13C NMR
(CDCl3): �� 16.7, 26.0, 45.0, 46.7, 77.4, 126.3, 127.7, 128.3, 142.9, 220.9; IR
(KBr): �� � 3506, 2976, 1699 (�C�O), 987, 700 cm�1; m.p. 66.4 ± 68.0 �C;
HRMS: m/z : calcd for C14H20O2: 220.1463; found: 220.1491 [M�]. HPLC:
Daicel Chiralcel OD-H, 3.0% propan-2-ol in hexane, 1 mLmin�1, 6.8 min
(minor), 15.8 min (major). Daicel chiralpak AD-H, 5% propan-2-ol,
1 mLmin�1, 8.3 min (major), 9.5 min (minor); [�]26D ��99.4� (c� 0.54 in
CHCl3).


anti-1-Hydroxy-2-methyl-1-phenyl-3-dodecanone (24e): 1H NMR
(CDCl3): �� 0.88 (t, 3H, J� 6.8 Hz), 0.94 (d, 3H, J� 7.5 Hz), 1.20 ± 1.32
(m, 12H), 1.50 ± 1.57 (m, 2H), 2.41 (dt, 1H, J� 7.2, 17.3 Hz), 2.50 (dt, 1H,
J� 7.6, 17.3 Hz), 2.92 (quin, 1H, J� 7.5 Hz), 2.94 (s, 1H), 4.75 (d, 1H, J�
7.5 Hz), 7.27 ± 7.37 (m, 5H); 13C NMR ([D6]DMSO): �� 13.6, 14.0, 22.1,
22.8, 28.6, 28.7, 28.9, 29.0, 31.3, 42.3, 52.8, 75.6, 126.7, 127.2, 127.9, 143.6,
213.0; IR (KBr): 3364, 3302, 2954, 2928, 2850, 1706 (�C�O), 1467, 1009,
699 cm�1; m.p. 41.6 ± 43.8 �C; HRMS: m/z : calcd for C19H30O2: 290.2246;
found: 290.2948 [M�]. HPLC: Daicel Chiralcel OD-H, 3.0% propan-2-ol
in hexane, 1 mLmin�1, 14.4 min (major), 16.0 min (minor). Daicel chir-
alpak AD-H, 1% propan-2-ol, 1 mLmin�1, 15.7 min (minor), 19.7 min
(major); [�]24D ��52.2� (c� 0.86 in CHCl3).


anti-1-Hydroxy-2,5-dimethyl-1-phenyl-3-hexanone (24 f): 1H NMR
(CDCl3): �� 0.887 (d, 1H, J� 6.8 Hz), 0.893 (d, 1H, J� 6.3 Hz), 0.93 (d,
1H, J� 7.6 Hz), 2.10 ± 2.20 (m, 1H), 2.32 (dd, 1H, J� 6.1, 16.5 Hz), 2.38
(dd, 1H, J� 7.3, 16.5 Hz), 2.90 (quin, 1H, J� 7.6 Hz), 2.95 (d, 1H, J�
3.1 Hz), 4.75 (dd, 1H, J� 3.1, 7.6 Hz), 7.27 ± 7.37 (m, 5H); 13C NMR
(CDCl3): �� 14.3, 22.5, 22.6, 24.0, 52.2, 53.1, 76.5, 126.5, 127.8, 128.4, 142.1,
215.1; IR (neat): �� � 3452, 2958, 2933, 2871, 1707 (�C�O), 1456, 1356,
702 cm�1; HRMS: m/z : calcd for C14H20O2: 220.1463; found: 220.1449
[M�]. HPLC: Daicel chiralpak AD-H, 5.0% propan-2-ol, 1 mLmin�1,
9.1 min (major), 10.6 min (minor); [�]25D ��72.1� (c� 0.64 in CHCl3).


anti-4-Hydroxy-3-methyl-1,4-diphenyl-2-pentanone (24g): 1H NMR
(CDCl3): �� 0.84 (d, 3H, J� 7.6 Hz), 2.79 (br, 1H), 2.98 (quin, 1H, J�
7.6 Hz), 3.68 (s, 2H), 4.66 (d, 1H, J� 7.6 Hz), 7.06 (d, 2H, J� 7.3 Hz), 7.16 ±
7.28 (m, 8H); 13C NMR (CDCl3): �� 14.6, 50.6, 52.0, 76.8, 126.4, 126.9,
127.8, 128.4, 128.5, 129.5, 133.5, 142.0, 212.5; IR (neat): �� � 3448, 3030, 1711
(�C�O), 1454, 702 cm�1; HRMS: m/z : calcd for C17H18O2: 254.1307; found:
254.1325 [M�]. HPLC: Daicel chiralpak AD-H, 3.0% propan-2-ol,
1 mLmin�1, 34.2 min (major), 39.0 min (minor); [�]28D ��101.8� (c� 0.63
in CHCl3).


Preparation of the 2-alkyl-3-ketoesters : The 2-alkyl-3-ketoesters were
prepared by the conventional Claisen condensation and alkylation, or by
the reported methods.


2-Methyl-3-(2-naphthyl)-3-oxopropionic acid ethyl ester (25a):[77] 1H NMR
(CDCl3): �� 1.17 (t, 3H, J� 7.1 Hz), 1.56 (d, 3H, J� 7.0 Hz), 4.09 ± 4.21 (m,
2H), 4.55 (q, 1H, J� 7.0 Hz), 7.53 ± 7.65 (m, 2H), 7.86 ± 7.93 (m, 2H), 7.95 ±
8.00 (m, 1H), 8.01 ± 8.06 (m, 1H), 8.52 (s, 1H).


2-Methyl-3-phenyl-3-oxopropionic acid ethyl ester (25b):[71] 1H NMR
(CDCl3): �� 1.17 (t, 3H, J� 7.1 Hz), 1.50 (d, 3H, J� 7.1 Hz), 4.15 (q, 2H,
J� 7.1 Hz), 4.38 (q, 1H, J� 7.1 Hz), 7.45 ± 7.52 (m, 2H), 7.56 ± 7.62 (m, 1H),
7.95 ± 8.01 (m, 2H); 13C NMR (CDCl3): �� 13.8, 14.0, 48.4, 61.3, 128.5,
128.6, 133.3, 135.7, 170.7, 195.7.


2-Methyl-3-(p-methylphenyl)-3-oxopropionic acid ethyl ester (25c):
1H NMR (CDCl3): �� 1.18 (t, 3H, J� 7.1 Hz), 4.49 (d, 3H, J� 7.0 Hz),
2.42 (s, 3H), 4.15 (q, 2H, J� 7.1 Hz), 4.36 (q, 1H, J� 7.0 Hz), 7.28 (d, 2H,
J� 8.1 Hz), 7.89 (d, 2H, J� 8.1 Hz); 13C NMR (CDCl3): �� 13.9, 14.1, 21.7,
48.3, 61.3, 128.7, 129.3, 133.2, 144.3, 170.9, 195.3; IR (neat): �� � 2984, 1739
(�C�O), 1684 (�C�O), 1607, 1186, 969, 833, 746 cm�1; HRMS: m/z calcd for
C13H16O3: 220.1099; found: 220.1121 [M�].


2-Methyl-3-(p-methoxyphenyl)-3-oxopropionic acid ethyl ester (25d):
1H NMR (CDCl3): �� 1.18 (t, 3H, J� 7.0 Hz), 1.48 (d, 3H, J� 7.1 Hz),
3.88 (s, 3H), 4.15 (q, 2H, J� 7.0 Hz), 4.34 (q, 1H, J� 7.1 Hz), 6.95 (d, 2H,
J� 9.3 Hz), 7.98 (d, 2H, J� 9.3 Hz); 13C NMR (CDCl3): �� 13.9, 14.1, 48.1,
55.5, 61.3, 113.8, 128.7, 130.9, 163.6, 171.0, 194.2; IR (neat): �� � 2983, 1736
(�C�O), 1677 (�C�O), 1602, 1263, 1172, 1030, 971, 845 cm�1; HRMS: m/z :
calcd for C13H16O4: 236.1049; found: 236.1065 [M�].


3-(p-Bromophenyl)-2-methyl-3-oxopropionic acid ethyl ester (25e):
1H NMR (CDCl3): �� 1.18 (t, 3H, J� 7.1 Hz), 1.49 (d, 3H, J� 7.0 Hz),
4.15 (q, 2H, J� 7.1 Hz), 4.31 (q, 1H, J� 7.0 Hz), 7.63 (d, 2H, J� 8.5 Hz),
7.85 (d, 2H, J� 8.5 Hz); 13C NMR (CDCl3): �� 13.7, 14.0, 48.4, 61.5, 128.7,
130.0, 132.0, 134.5, 170.4, 194.6; IR (neat): �� � 2984, 1739 (�C�O), 1689
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(�C�O), 1585, 1397, 1071, 842 cm�1; HRMS: m/z : calcd for C12H13BrO3:
284.0049; found: 284.0028 [M�].


2-Ethyl-3-phenyl-3-oxopropionic acid ethyl ester (25 f):[78] 1H NMR
(CDCl3): �� 1.00 (t, 3H, J� 7.3 Hz), 1.18 (t, 3H, J� 7.1 Hz), 2.05 (quintet,
2H, J� 7.3 Hz), 4.15 (q, 2H, J� 7.1 Hz), 4.22 (t, 1H, J� 7.3 Hz), 7.45 ± 7.52
(m, 2H), 7.56 ± 7.62 (m, 1H), 7.97 ± 8.03 (m, 2H); 13C NMR (CDCl3): ��
12.2, 14.1, 22.4, 55.9, 61.3, 128.5, 128.6, 133.3, 136.3, 169.9, 195.1; IR (neat):
�� � 2974, 1738 (�C�O), 1687 (�C�O), 1448, 1217, 1025, 691 cm�1.


2-Allyl-3-phenyl-3-oxopropionic acid ethyl ester (25g):[78b] 1H NMR
(CDCl3): �� 1.17 (t, 3H, J� 7.1 Hz), 2.69 ± 2.82 (m, 2H), 4.10 ± 4.19 (m,
2H), 4.40 (t, 1H, J� 7.1 Hz), 5.05 (dd, 1H, J� 1.2, 10.3 Hz), 5.12 (dd, 1H,
J� 1.2, 17.1 Hz), 5.76 ± 5.88 (m, 1H), 7.45 ± 7.52 (m, 2H), 7.56 ± 7.62 (m, 1H),
7.97 ± 8.03 (m, 2H); IR (neat): �� � 2982, 1738 (�C�O), 1687 (�C�O), 1449, 1237,
1001, 921, 670 cm�1; HRMS: m/z : calcd for C14H16O3: 232.1099; found:
232.1092 [M�].


Diastereo- and enantioselective reduction of the 2-alkyl-3-ketoester :
Under a dry nitrogen atmosphere in a precooled vessel at �10 �C were
placed the (R,R)-cobalt catalyst 3b (5.7 mg, 0.01 mmol), sodium methoxide
(13.5 mg, 0.25 mmol), the 2-alkyl-3-ketoester (0.25 mmol), and CHCl3
(12.0 mL). The premodified NaBH4 (2.4 mL, 0.30 mmol) was added to
the reaction mixture, and stirred for 15 h at �10 �C. The reaction was
quenched by a precooled aqueous THF solution at �10 �C and pH 7 buffer
solution, then the crude products were extracted with AcOEt. The
combined organic layers were washed with brine and dried over anhydrous
sodium sulfate. After filtration and evaporation, the residue was purified by
silica gel column chromatography (hexane/AcOEt) to give the correspond-
ing 2-alkyl-3-hydroxyester. The anti-selectivity was determined by 1HNMR
analysis. The enantiomer excess was determined by HPLC analysis.


anti-3-Hydroxy-2-methyl-3-(2-naphthyl)propionic acid ethyl ester (26a):
1H NMR (CDCl3): �� 1.05 (d, 3H, J� 7.6 Hz), 1.26 (t, 3H, J� 7.1 Hz), 2.92
(quin, 1H, J� 7.6 Hz), 3.14 (d, 1H, J� 4.4 Hz), 4.20 (q, 2H, J� 7.1 Hz), 4.93
(dd, 1H, J� 4.4, 7.6 Hz), 7.45 ± 7.53 (m, 3H), 7.77 ± 7.88 (m, 4H); 13C NMR
(CDCl3): �� 14.2, 14.7, 47.0, 60.8, 76.5, 124.2, 125.9, 126.0, 126.1, 127.6, 127.9,
128.3, 133.0, 133.1, 138.9, 175.7; IR (neat): �� � 3461, 2979, 1732 (�C�O), 1376,
1182, 1034, 822, 749, 479 cm�1; HRMS: m/z : calcd for C16H18O3: 258.1256;
found: 258.1236 [M�]. HPLC: Daicel Chiralpak AD-H (5.0% propan-2-ol
in hexane, flow 1.0 mLmin�1), 24.9 min (minor), 27.3 (major); [�]21D �
�33.9� (c� 0.45 in CHCl3).


anti-3-Hydroxy-2-methyl-3-phenylpropionic acid ethyl ester (26b):[79]
1H NMR (CDCl3): �� 1.02 (d, 3H, J� 7.3 Hz), 1.26 (t, 3H, J� 7.0 Hz),
2.80 (quin, 1H, J� 7.3 Hz), 3.02 (d, 1H, J� 4.2 Hz), 4.19 (q, 2H, J� 7.0 Hz),
4.75 (dd, 1H, J� 4.2, 7.3 Hz), 7.23 ± 7.43 (m, 5H); IR (neat): �� � 3461, 2980,
1733 (�C�O), 1455, 1376, 1181, 1025, 767, 703 cm�1. HPLC: Daicel Chiralpak
AD-H (2.0% propan-2-ol in hexane, flow 1.0 mLmin�1), 27.5 min (major),
30.7 (minor); [�]21D ��48.7� (c� 0.63 in CHCl3).


anti-3-Hydroxy-2-methyl-3-(p-methylphenyl)propionic acid ethyl ester
(26c): 1H NMR (CDCl3): �� 1.01 (d, 3H, J� 7.5 Hz), 1.27 (t, 3H, J�
7.0 Hz), 2.35 (s, 3H), 2.79 (quin, 1H, J� 7.5 Hz), 2.89 (d, 1H, J� 4.4 Hz),
4.19 (q, 2H, J� 7.0 Hz), 4.72 (dd, 1H, J� 4.4, 7.5 Hz), 7.16 (d, 2H, J�
7.1 Hz), 7.23 (d, 2H, J� 7.1 Hz); 13C NMR (CDCl3): �� 14.2, 14.6, 21.2, 47.2,
60.7, 76.2, 126.5, 129.1, 137.6, 138.5, 175.8; IR (neat): �� � 3471, 2980, 1734
(�C�O), 1458, 1376, 1249, 1179, 1035, 819, 539 cm�1; HRMS: m/z : calcd for
C13H18O3: 222.1256; found: 222.1286 [M�]. HPLC: Daicel Chiralcel OB-H
(0.7% propan-2-ol in hexane, flow 1.0 mLmin�1), 20.8 min (minor), 32.0
(major); [�]21D ��43.2� (c� 0.46 in CHCl3).


anti-3-Hydroxy-2-methyl-3-(p-methoxyphenyl)propionic acid ethyl ester
(26d):[79] 1H NMR (CDCl3): �� 0.99 (d, 3H, J� 7.7 Hz), 1.28 (t, 3H, J�
7.2 Hz), 2.77 (quin, 1H, J� 7.7 Hz), 2.89 (d, 1H, J� 3.9 Hz), 3.81 (s, 3H),
4.20 (q, 2H, J� 7.2 Hz), 4.71 (dd, 1H, J� 3.9, 7.7 Hz), 6.89 (d, 2H, J�
8.3 Hz), 7.27 (d, 2H, J� 8.3 Hz); 13C NMR (CDCl3): �� 14.2, 14.6, 47.2,
55.3, 60.8, 76.0, 113.8, 127.8, 133.6, 159.2, 175.8; m.p. 66.5 ± 67.5 �C. HPLC:
Daicel Chiralcel OB-H (3% propan-2-ol in hexane, flow 1.0 mLmin�1),
18.7 min (minor), 26.1 (major); [�]21D ��42.1� (c� 0.51 in CHCl3).


anti-3-(p-Bromophenyl)-3-hydroxy-2-methylpropionic acid ethyl ester
(26e): 1H NMR (CDCl3): �� 1.04 (d, 3H, J� 7.4 Hz), 1.26 (t, 3H, J�
7.2 Hz), 2.75 (quin, 1H, J� 7.4 Hz), 3.15 (d, 1H, J� 4.6 Hz), 4.18 (q, 2H,
J� 7.2 Hz), 4.72 (dd, 1H, J� 4.6, 7.4 Hz), 7.23 (d, 2H, J� 8.3 Hz), 7.49 (d,
2H, J� 8.3 Hz); 13C NMR (CDCl3): �� 14.2, 14.5, 46.9, 60.9, 75.6, 121.7,
128.2, 131.5, 140.5, 175.5; IR (neat): �� � 3453, 2980, 1732 (�C�O), 1377, 1181,
1011, 823, 542 cm�1; HRMS: m/z : calcd for C12H15BrO3: 286.0205; found:


286.0203 [M�]. HPLC: Daicel Chiralpak AD-H (5.0% propan-2-ol in
hexane, flow 1.0 mLmin�1), 16.8 min (minor), 18.5 (major); [�]21D ��36.0�
(c� 0.44 in CHCl3).


anti-2-Ethyl-3-hydroxy-3-phenylpropionic acid ethyl ester (26 f):[79, 80]
1H NMR (CDCl3): �� 0.87 (t, 3H, J� 7.6 Hz), 1.23 (t, 3H, J� 7.1 Hz),
1.33 ± 1.45 (m, 1H), 1.53 ± 1.66 (m, 1H), 2.63 ± 2.72 (m, 1H), 2.89 (d, 1H, J�
5.5 Hz), 4.10 ± 4.24 (m, 2H), 4.80 (dd, 1H, J� 5.5, 7.6 Hz), 7.25 ± 7.40 (m,
5H). HPLC: Converted to acyl-form with Ac2O, py, and DMAP. Daicel
Chiralpak AD-H (0.7% propan-2-ol in hexane, flow 1.0 mLmin�1),
19.9 min (major), 31.1 (minor); [�]21D ��39.0� (c� 0.17 in CHCl3).


anti-2-Allyl-3-hydroxy-3-phenylpropionic acid ethyl ester (26g):[81]
1H NMR (CDCl3): �� 1.20 (t, 3H, J� 7.1 Hz), 2.13 ± 2.22 (m, 1H), 2.24 ±
2.35 (m, 1H), 2.80 ± 2.88 (m, 1H), 2.99 (d, 1H, J� 5.9 Hz), 4.08 ± 7.21 (m,
2H), 4.83 (dd, 1H, J� 5.9, 7.3 Hz), 5.01 (d, 1H, J� 9.8 Hz), 5.04 (d, 1H, J�
17.1 Hz), 5.64 ± 5.76 (m, 1H), 7.27 ± 7.39 (m, 5H). HPLC: Daicel Chiralpak
AD-H (1.2% propan-2-ol in hexane, flow 1.0 mLmin� 1), 48.6 min
(major), 52.4 (minor); [�]21D ��32.1� (c� 0.46 in CHCl3).
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Synthesis, Structure and Conformation of Partially-Modified Retro- and
Retro-Inverso �[NHCH(CF3)]Gly Peptides
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Matteo Zanda*[a]


Abstract: Partially modified retro-
(PMR) and retro-inverso (PMRI)
�[NHCH(CF3)]Gly peptides, a concep-
tually new class of peptidomimetics,
have been synthesized in wide structural
diversity and variable length by aza-
Michael reaction of enantiomerically
pure �-amino esters and peptides with
enantiomerically and geometrically pure
N-4,4,4-trifluorocrotonoyl-oxazolidin-2-
ones. The factors underlying the ob-
served moderate to good diastereocon-
trol have been investigated. The con-
formations of model PMR-
�[NHCH(CF3)]Gly tripeptides have
been studied in solution by 1H NMR
spectroscopy supported by MD calcula-
tions, as well as in the solid-state by
X-ray diffraction. Remarkable stability
of turn-like conformations, comparable
to that of parent malonyl-based retro-


peptides, was evidenced, as a likely
consequence of two main factors: 1) se-
vere torsional restrictions about sp3


bonds in the [CO-CH2-CH(CF3)-NH-
CH(R)-CO] module, which is biased by
the stereoelectronically demanding CF3


group and the R side chain; 2) formation
of nine-membered intramolecularly hy-
drogen-bonded rings, which have been
clearly detected both in CHCl3 solution
and in some crystal structures. The
former factor seems to be more impor-
tant, as turn-like conformations were
found in the solid-state even in the
absence of intramolecular hydrogen
bonding. The relative configuration of


the -C*H(CF3)NHC*H(R)- stereogenic
centers has a major effect on the stability
of the turn-like conformation, which
seems to require a syn stereochemistry.
X-ray diffraction and ab initio computa-
tional studies showed that the [-
CH(CF3)NH-] group can be seen as a
sort of hybrid between a peptide bond
mimic and a proteolytic transition state
analogue, as it combines some of the
properties of a peptidyl -CONH- group
(low NH basicity, CH(CF3)-NH-CH
backbone angle close to 120�, C�CF3


bond substantially isopolar with the
C�O) with some others of the tetrahe-
dral intermediate [-C(OX)(O�)NH-] in-
volved in the protease-mediated hydrol-
ysis reaction of a peptide bond (high
electron density on the CF3 group,
tetrahedral backbone carbon).


Keywords: conformation analysis ¥
fluorine ¥ Michael addition ¥
peptidomimetics


Introduction


Peptides are essential to virtually every biochemical process
but their low bioavailability, which is principally a conse-


quence of fast in vivo degradation by proteolytic enzymes,
represents a serious pharmacological drawback.[1] The need of
drug-like molecules retaining both activity and potency of the
parent peptides, while at the same time much more stable and
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orally active, has been a major driving-force for the develop-
ment of a variety of peptide mimics. Two very attractive ways
of generating bio-active peptide mimics with improved
biostability are: a) to replace a peptide bond with a surrogate
unit X, which is usually symbolized as�(X);[2] b) to reverse all
or some of the peptide bonds (NH-CO instead of CO-NH)
giving rise to the so called retro- or partially-modified-retro
(PMR) peptides, respectively.[3, 4] When the stereochemistry
of one or more amino acids of the reversed segment is
inverted, the resulting pseudo-peptide is termed as retro-
inverso. A malonic unit is classically incorporated to provide
partially-modified retro-peptides, while the direction can be
restored incorporating an additional gem-diaminoalkyl unit.


Recently, we communicated a new strategy for generating
peptidomimetic sequences, based on the idea of combining
both the ™surrogate-unit∫ and the ™direction-reversal∫ strat-
egies in a novel class of pseudo-peptides with a
�[NHCH(CF3)] instead of the �(NHCO) unit featured by
retro-peptides (Figure 1).[5]


Figure 1. Conventional retro- and retroinverso peptides, and
�[NHCH(CF3)] retropeptides.


A first intuitive consequence of this structural modification
is that the symmetry of conventional malonyl PMR peptides is
broken, resulting in the generation of two families of
regioisomeric PMR-�[NHCH(CF3)] and -�[CH(CF3)NH]
peptides (Figure 2),[6] each one existing in two epimeric forms
at the CF3-substituted carbon. In this way a great diversity of
structurally related, potentially bioactive molecules can be
created.[7]


Figure 2. Different isomers of �[NHCH(CF3)]Gly- and
�[CH(CF3)NH]Gly retropeptides.


Further important biological and physicochemical features
are expected to arise from the presence of the [CH(CF3)NH]
group. For example, the �[NHCH(CF3)] surrogate should be
very stable toward proteolytic degradation. Furthermore, the
stereoelectronically demanding CF3 group is expected to
constraint the molecule; this limits the number of accessible
conformational states and lead to peptidomimetics displaying
well-defined conformational motifs. Last but not least, it
should modify the binding properties of the parent peptide,
changing the hydrogen bonding or coordinative features of
the ligand in the putative receptor sites.[8]


We now report in full on: 1) the solution-phase chemistry
which leads to PMR and PMRI �[NHCH(CF3)]Gly peptides
(R�H in Figure 1), 2) the results of NMR, molecular
modelling and X-ray studies on their propensity to assume
turn-like conformations in solution and in the solid state, and
3) the structural properties of the [NHCH(CF3)] module
using X-ray diffraction and ab initio calculations to character-
ize its molecular electrostatic potential surface.


Results and Discussion


Chemistry : We envisaged a synthetic approach to the
�[NHCH(CF3)]-containing dipeptide units involving aza-
Michael reaction of a series of �-�-amino esters 1 (Scheme 1)
with enantiomerically and geometrically pure Michael accept-
ors (S,E)-2, prepared according to literature methods.[9]


Scheme 1. Aza-Michael reaction with amino-ester nucleophiles 1.


This reaction is extraordinarily simple and efficient, if one
considers that examples of aza-Michael reactions involving
chiral �-amino esters and 4-substituted Michael acceptors are
very scarce in the literature.[10] Pseudo-dipeptides 3 were
formed in excellent yields simply by mixing the hydrochlor-
ides, or PTSA salts, 1 (2 equiv) with (S,E)-2 and sym-collidine
(TMP) (4 equiv) in the appropriate solvent, and stirring at
room temperature for 16 ± 88 hours (Table 1).[11] The solvent
has a strong influence on stereoselectivity, as shown by
experiments carried out on the model reaction between �-1a
and 2a. The best results were obtained in CH2Cl2 (entry 1),
while a substantial drop of de was observed with more polar
solvents such as ethanol, acetonitrile, THF, DMF or mixtures
(entries 2 ± 5). The base also plays an active role, as
demonstrated by the fact that the use of DABCO (both in
CH2Cl2 and toluene), instead of TMP, accelerates the reaction
of 1b with 2a but lowers the de of the product 3c (entries 9
and 10) in comparison with TMP (entry 8). In the absence of a
base (entry 11), namely pre-generating the free �-amino ester
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from the hydrochloride by treatment with NaHCO3, the
diastereoselectivity was similar to that achieved with TMP. In
the light of these results, CH2Cl2 and TMP were used as,
respectively, the solvent and the base of choice for the
preparation of pseudo-dipeptides 3a ± l. The facial diastereo-
selectivity of these reactions is mainly controlled by the
nucleophiles 1. In fact, in all cases �-configurated 1 (Scheme 1
and Table 1, entries 1 ± 20) attack preferentially the Si face of
(S)-2a producing new (S)-centers, whereas enantiomeric �-
Ala-OMe 1a (entry 23) attacks theRe face producing the (R)-
configurated diastereomer 5a, although with lower diaster-
eocontrol (mismatch).[12] Moreover, compound 3e was pro-
duced with good diastereocontrol when �-Val-OBn 1b was
reacted with the achiral Michael-acceptor 2c (entry 14), while
achiral H-Gly-OEt 1g (entry 21) and Bn-Gly-OEt 1h (en-
try 22) added to (S)-2a without stereocontrol, affording
equimolar mixtures of 3k and 3 l, respectively. It is therefore
apparent that the stereoelectronic features of the �-amino
ester R1 side chain have a major impact on the degree of
diastereoselectivity, which follows the trend iPr � iBu � Me
� Bn � H (de up to 78% in the case of 3d, entry 13). Modest
de was obtained with the cyclic �-amino ester �-Pro-OBn 1 f
(entry 20), but the reaction occurred also in this case with very
good yield. On the other hand, the R3 substituent on the
oxazolidinone stereocenter has a lower effect on the stereo-
selectivity. In fact, (S)-configurated products 3d (R3� iPr,
entry 13), 3c (R3�Bn, entry 11) and 3e (R3�H, entry 14)
were obtained from �-Val-OBn 1b in 78, 72 and 65% de,
respectively, with little variation and the same sense of facial
selectivity. No meaningful effect is exerted by the X group
of the nucleophile, as shown by the fact that �-Phe-OBn
(1 f, entry 15) and �-Phe-OtBu (1g, entry 16) added to 2a
with nearly identical diastereocontrol (43 and 45%, respec-
tively).


The results described above can be rationalized if one
considers that in the absence of chelating agents N-(E)-enoyl-
oxazolidin-2-ones 2 exist in transoid conformation (as por-
trayed throughout the paper),[13] with the R3 substituent
pointed away from the C�C bond, thus exerting little control
of the facial selectivity. In contrast, the R1 side chain of �-
amino esters 1 should be spatially close to the forming
stereogenic center in the transition state, therefore its
influence is much more important. Chelation with Lewis
acids for biasing the oxazolidin-2-ones 2 in cisoid conforma-
tion was tried with little success. For example, treatment of 2a
with Sc(OTf)3 (entry 12),[14] followed by addition ofL� 1c
and TMP, produced 3d in 58% de and �85% yield
(determined by 19F NMR of the crude reaction mixture) after
30 h at RT. The reaction time had no effect on diastereose-
lectivity, in fact 3h was formed from 1e and 2a with the
identical 50% de after 16 h (ca. 50% conversion, entry 18) or
after 88 hours as well (entry 17), as shown by NMR of the
crude reaction mixture. This strongly supports the conclusion
that adducts 3 are formed irreversibly, and the stereochemical
outcome is under kinetic control.


It is worth noting that stereocontrol is totally absent in the
aza-Michael reaction of �-Ala-OMe 1a with methyl 4,4,4-
trifluorocrotonate, which was chosen initially as the Michael
acceptor, and the reaction is much slower (one month, RT).
This is likely to be a consequence of the lower conformational
rigidity and electrophilicity of 4,4,4-trifluorocrotonate with
respect to the oxazolidinone acceptors 2.
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Table 1. Aza-Michael reaction with amino-ester nucleophiles 1.


Entry Major product AA Acceptor Oxazolidinones R1 R2 R3 X Solvent Base t [h] Yield [%][c] de [%][d]


1 3a 1a 2a Me H Bn Me CH2Cl2 TMP 16 90 50
2 3a 1a 2a Me H Bn Me EtOH TMP 16 80 20
3 3a 1a 2a Me H Bn Me MeCN TMP 40 80 31
4 3a 1a 2a Me H Bn Me THF/DMF 4:1 TMP 40 n.d.[b] 26
5 3a 1a 2a Me H Bn Me PhH/DMF 4:1 TMP 40 � 98 29
6 3b 1a 2b Me H iPr Me CH2Cl2 TMP 64 91 60
7 3c 1b 2a iPr H Bn Bn CH2Cl2 TMP 64 92 72
8 3c 1b 2a iPr H Bn Bn CH2Cl2 TMP 6.5 41[d] 72
9 3c 1b 2a iPr H Bn Bn CH2Cl2 DABCO 6.5 58[d] 69


10 3c 1b 2a iPr H Bn Bn toluene DABCO 6.5 65[d] 68
11 3c 1b 2a iPr H Bn Bn CH2Cl2 None 60 � 98 72
12[e] 3c 1b 2a iPr H Bn Bn CH2Cl2 TMP 60 85 58
13 3d 1b 2b iPr H iPr Bn CH2Cl2 TMP 68 � 98 78
14 3e 1b 2c iPr H H Bn CH2Cl2 TMP 68 90 65
15[a] 3 f 1c 2a Bn H Bn Bn CH2Cl2 TMP 24 78 43
16 3g 1d 2a Bn H Bn t-Bu CH2Cl2 TMP 60 � 98 45
17[a] 3h 1e 2a iBu H Bn Bn CH2Cl2 TMP 88 � 98 50
18 3h 1e 2a iBu H Bn Bn CH2Cl2 TMP 16 50[d] 50
19 3 i 1e 2b iBu H iPr Bn CH2Cl2 TMP 68 � 98 60
20 3 j 1 f 2a -(CH2)3- Bn Bn CH2Cl2 TMP 40 � 98 29
21 3k 1g 2a H H Bn Et CH2Cl2 TMP 40 � 98 � 5
22 3 l 1h 2a H Bn Bn Et CH2Cl2 TMP 72 70[d] � 5
23 5a �-1a 2a Me H Bn Me CH2Cl2 TMP 16 � 98 31


[a] PTSA salt of the amino acid was used. [b] Not determined. [c] Overall isolated yield of both diastereomeric products, unless otherwise stated.
[d] Determined by 500 MHz 1H and 19F NMR. [e] Oxazolidinone 2a was prior treated with Sc(OTf)3 in CH2Cl2 at RT for 30 min.
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We next explored the viability of the method for preparing
longer PMR and PMRI �[NHCH(CF3)]Gly peptides by using
N-terminally unprotected peptides as nucleophiles. Satisfac-
torily, dipeptides 6a ± c (Scheme 2) reacted with 2a affording
in excellent yields and good stereocontrol the tripeptide


Scheme 2. Aza-Michael reaction with dipeptide nucleophiles 6.


mimics 7a ± c (Table 2). It is worth noting that while, in
analogy with simple �-amino esters 1, H-Val-Ala-OMe 6b
(entry 2) added more stereoselectively (70% de) than H-Phe-
Ala-OMe 6a (46% de, entry 1), we observed an unexpectedly
strong effect by the remote stereocenter of the second amino-
acid residue. In fact, the dipeptide H-Val-�-Ala-OMe 6c
(entry 3) scored a much lower diastereocontrol than 6b,
affording 7c in 54% de.


With a number of PMR �[NHCH(CF3)]Gly peptides at
hand we addressed the chemoselective cleavage of the
oxazolidinone auxiliary. This result was achieved in 55 ±
82% yields upon treatment of the oxazolidinone pseudopep-
tides 3 ± 7 (Scheme 3) with LiOH/H2O2 (30 min, 0 �C).[15] The
resulting pseudo-di- and tri-peptides with a terminal CO2H
group were purified by FC, then coupled with another �-
amino ester (HATU/HOAt, sym-collidine, DMF). The final
PMR and PMRI tripeptides 9a ± e and tetrapeptide 10,
orthogonally protected at the carboxy end groups (except
9e) and therefore suitable for further selective elongation,
were obtained in quantitative yields, often as solid materi-
als.[16]


A very interesting feature of PMR �[NHCH(CF3)]Gly
peptides 3 ± 10 is their weakly basic nature, which is due to the
presence of the strongly electron-withdrawing CF3 in the �-
position to the amino group. As a matter of fact, PMR
�[NHCH(CF3)]Gly peptides 3 ± 10 did not form stable salts
with trifluoroacetic acid or 2� hydrochloric acid, as assessed
by 1H and 19F NMR spectroscopy.[17] In terms of basicity, the
[NHCH(CF3)] moiety resembles a retropeptide unit [NHCO]
more closely than a conventional secondary amine moiety.


Scheme 3. i) LiOH, H2O2; ii) HATU/HOAt, sym-collidine, DMF, �-amino
ester.


Bio-assays : Within the frame of an ongoing program aimed at
the identification of fluorinated peptide mimics for inhibition
of matrix metalloproteinases (MMPs), the three model
compounds 9b,c,e were randomly chosen to study their effect
on MMP-9 (gelatinase B) expression and activity in human
macrophages. In contrast with PMR �[NHCH(CF3)]Gly-
peptidyl hydroxamates,[7c] some of which showed moderate
activity, the three assayed molecules showed negligible
activity, confirming the well known importance of the
terminal hydroxamate function for MMPs inhibition.


Secondary structure of PMR �[NHCH(CF3)]Gly peptides : �-
Turns are one of the three major structural elements of
peptides and proteins. A �-turn is characterized by the
presence of a ten-membered intramolecularly hydrogen-
bonded (C�O ¥ ¥ ¥H�N) ring involving four amino-acid resi-
dues (from i through the i�3 positions).[18] It has been shown


that very simple PMR-peptides, such as the triamide 11
(Figure 3), adopt turn-like nine-membered folding patterns
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Table 2. Aza-Michael reaction with dipeptide nucleophiles 6.


Entry Product Dipeptide R1 R2 Yield [%][a] de [%][b]


1 7a 6a Bn �-Me � 98 46
2 7b 6b iPr �-Me 90 70
3 7c 6c iPr �-Me � 98 54


[a] Overall isolated yield of both diastereomeric products. [b] Determined
by 500 MHz 1H and 19F NMR.
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Figure 3. Conformations of Gellman×s and �[NHCH(CF3)]Gly peptides.


with an intramolecular N�H ¥ ¥ ¥O�C hydrogen bond in the
solid state, as well as in low-polarity solvent solutions.[19]


As a starting point of our investigation on the properties of
PMR �[NHCH(CF3)]Gly peptides, we decided to assess
whether some conformational analogies exist with the un-
fluorinated parent molecules. Racemic �[NHCH(CF3)]-dia-
mide 12 (Figure 3) was synthesized in good overall yield by
aza-Michael of H-Gly-OBn (1 i) with the achiral acceptor 2c
(Scheme 4), followed by a standard reaction sequence per-
formed on the adduct 3m.


Scheme 4. Synthesis of the model �[NHCH(CF3)]-diamide 12.


In a weakly hydrogen bonding solvent, such as CDCl3, both
the absolute value and the temperature dependence of an
amide proton chemical shift provide important structural
information. To assess whether the amide NHb proton of 12 is
involved in hydrogen bonding, we first investigated the
™reduced temperature coefficient∫ ��/�T.[20] 1H NMR vari-
able temperature studies from 293 to 213 K, performed on a
3m� solution of 12 in CDCl3, showed that the chemical shifts
of the amide protons NHb moved downfield of 0.81 ppm, with
a ��/�T 0.0101 (see Figure 4). This very high ��/�T ratio
strongly suggests that the NHb proton forms hydrogen bonds
of increasing stability as the temperature is lowered.


In order to determine if such chemical shift variations were
due to the formation of intra- or intermolecular hydrogen
bonds, another series of 1H NMR experiments was performed
at 0.05m� of 12 in CDCl3, and the spectra were acquired at
different temperatures ranging from 293 to 213 K. In the
range between 293 and 273 K the NHb chemical shift of 12
moved upfield of 0.1 ppmwith the dilution in comparison with
the 3m� solution (see Figure 4), indicating a partial disrup-
tion of hydrogen bonds. This strongly suggests that intermo-


Figure 4. Amide proton (NHb) NMR chemical shifts of 12 (�, c� 3.0m� ;
�, c� 0.05m�), 13 (�, c� 3.0m�) and 14 (�, c� 3.0m�) in CDCl3 solutions
as a function of temperature.


lecular hydrogen bonds are involved in this range of temper-
atures. In contrast, at lower temperatures (from 263 to 213 K)
the NHb chemical shift did not change significantly with
dilution (Figure 4). A very high ��/�T 0.0111 was also
observed at this concentration. The data above can be
interpreted in terms of formation of a more stable intra-
molecularly hydrogen-bonded folded structure of 12 at low
temperature (see Figure 3), in analogy with Gellman×s
unfluorinated PMR-peptide 11.


However, 2D ROESY experiments performed on 12 at
both 213 and 293 K did not show NOE interactions that could
unambiguously confirm the presence of a folded conforma-
tion, because also the distance values of the extended
structure are within 5 ä.


Next, in order to investigate the effect of the configuration
of the CF3-substituted stereogenic center on the conformation
of PMR �[NHCH(CF3)]Gly peptides in solution, we selected
the two diastereomeric O-Bn PMR �[NHCH(CF3)]Gly-
peptidyl hydroxamates 13 and 14.[21]


In fact, we have recently shown via X-ray diffraction that in
the solid state 13 displays a hydrogen-bonded turn-like
conformation (Figure 5) closely resembling that of unfluori-
nated PMR peptides.[19] 1H NMR variable temperature
experiments (from 293 to 213 K), performed on 3m�
solutions of 13 and 14 in CDCl3 showed, respectively, a
0.99 ppm (��/�T 0.0124) and 0.26 ppm (��/�T 0.00325)
deshielding for the NHb protons (see Figure 4).[22] It is also
immediately apparent that 13 exhibits NHb chemical shifts
downfield at all temperatures with respect to 14, which in turn
was always deshielded with respect to 12. In solution, in a
regime of fast exchange, the observed chemical shifts are
averages of the shifts of the non-hydrogen bonded and
hydrogen bonded species, so it is possible qualitatively to
conclude that: 1) the NHb protons of both 13 and 14 are more
involved in hydrogen bonding than the NHb of 12 ; 2) the NHb


protons of both 13 and 14 form hydrogen bonds of increasing
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Figure 5. Crystal conformation of PMR �[NHCH(CF3)]Gly-peptidyl
hydroxamates 13.


stability as the temperature is lowered; 3) the upfield shift and
the smaller variation of chemical shift for the NHb proton of
14 are consistent with, respectively, a lower proportion of
hydrogen bonding and a lower dependence of its folding
pattern on the temperature in comparison with its diaster-
eoisomer 13. In order to assess whether such hydrogen
bonding is inter- or intramolecular, concentration-depend-
ence experiments (not shown in Figure 4) were carried out:
the NHb chemical shifts of 13 and 14 did not change with
dilution (down to 0.05 m�) at constant temperature, thus
demonstrating that the hydrogen bonds are predominantly
intramolecular.


Actually the NOE data must be considered as the average
of the interactions occurring for many conformations. In the
case of 13 2D ROESY spectra performed at 213 and 293 K,
allowed to obtain specific NOE interactions (see Figure 6 and


Figure 6. The arrows indicate the experimental NOEs determining the
folded structure of 13.


Table 3) that unambiguously confirmed that in addition to the
extended conformations, this compound adopts stable folded
structures in solution. In particular, NHb shows contacts with
H-6, H-7 (strong interactions), H-3, H-8 and H-9 protons
(weak interactions). It is interesting to note that the folded


conformation is already present at 293 K, indicating a strong
natural tendency of this molecule to bend.


2D ROESY experiments performed under the same
experimental conditions on 14 showed some differences
concerning the NOE, in comparison with its diastereoisomer
13. In particular, we observed that the NOE contacts between
the NHb amide proton and H-6, H-7 (strong interactions) are
preserved, while the NOE between NHb and the H-3 proton
here is lacking. Weaker contacts of NHb with H-8 and H-9
with respect to 13 were also detected. Thus, one can say that
also the hydroxamate 14 shows a certain tendency to fold in
solution, but the turn-like conformation featuring a C�O ¥ ¥ ¥
Hb-N intramolecular hydrogen bond here is less populated.
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Table 3. Intramolecular NOE interactions and interproton distances
values [ä] for 13.


Experimental NOE Model distances


NHb ¥ ¥ ¥H-1 (pro R) 2.58
NHb ¥ ¥ ¥H-2 (pro S) 3.14
NHb ¥ ¥ ¥H-3 4.36
NHb ¥ ¥ ¥H-6 2.91
NHb ¥ ¥ ¥H-7 3.48
NHb ¥ ¥ ¥H-8 (pro R) 4.53
NHb ¥ ¥ ¥H-9 (pro S) 4.12
NHb ¥ ¥ ¥H-12 4.04
NHb ¥ ¥ ¥NHa 2.06
NHb ¥ ¥ ¥CH3 (pro S) 3.49
NHb ¥ ¥ ¥CH3 (pro R) 4.84
NHb ¥ ¥ ¥Phe(A) (pro S) 4.75
Phe(A) ¥ ¥ ¥H-1 (pro R) 2.40
Phe(A) ¥ ¥ ¥H-2 (pro S) 3.49
Phe(B) ¥ ¥ ¥CH3 (pro S) 4.05
Phe(B) ¥ ¥ ¥H-12 4.97
Phe(B) ¥ ¥ ¥NHa 3.59
Phe(B) ¥ ¥ ¥H-3 4.34
Phe(B) ¥ ¥ ¥H-4 (pro R) 4.50
Phe(B) ¥ ¥ ¥H-5 (pro S) 4.88
Phe(B) ¥ ¥ ¥H-10 (pro R) 2.44
Phe(B) ¥ ¥ ¥H-11 (pro S) 3.63
H-1 ¥ ¥ ¥H-2 1.76
H-1 (pro R) ¥ ¥ ¥H-6 4.23
H-3 ¥ ¥ ¥H-4 (pro R) 2.80
H-3 ¥ ¥ ¥H-5 (pro S) 2.34
H-3 ¥ ¥ ¥H-10 (pro R) 3.12
H-3 ¥ ¥ ¥H-11 (pro S) 2.59
H-4 ¥ ¥ ¥H-5 1.76
H-4 (pro R) ¥ ¥ ¥H-11 (pro S) 2.39
H-5 (pro S) ¥ ¥ ¥H-11 (pro S) 3.43
H-4 (pro R) ¥ ¥ ¥H-10 (pro R) 2.77
H-6 ¥ ¥ ¥H-8 (pro R) 2.64
H-6 ¥ ¥ ¥H-9 (pro S) 3.58
H-8 ¥ ¥ ¥H-9 1.75
H-7 ¥ ¥ ¥CH3 (pro R) 2.70
H-7 ¥ ¥ ¥CH3 (pro S) 3.52
H-7 ¥ ¥ ¥NHa 2.99
H-7 ¥ ¥ ¥H-12 2.43
H-6 ¥ ¥ ¥NHa 2.63
H-10 ¥ ¥ ¥H-11 1.74
H-8 (pro R) ¥ ¥ ¥NHa 3.53
H-9 (pro S) ¥ ¥ ¥NHa 2.52
H-12 ¥ ¥ ¥NHa 3.84
H-12 ¥ ¥ ¥CH3 (pro R) 2.14
H-12 ¥ ¥ ¥CH3 (pro S) 2.13
NHa ¥ ¥ ¥CH3 (pro R) 3.64
NHa ¥ ¥ ¥CH3 (pro S) 2.96
CH3 ¥ ¥ ¥CH3 2.51
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This result is in accord with the minor chemical shift variation
found for the NHb (see Figure 4), which confirms that the
molar fraction of the hydrogen bonded conformations is
lower. These findings evidence that the configuration of the
CF3-substituted carbon has an important effect on the folding
of PMR �[NHCH(CF3)]Gly peptides in solution.[23]


Because of the large conformational motions expected for
the 13, MD simulations were performed without experimental
constraints, which provided a set of structures that, after
minimisation, converge in many folded structures at low
energy. The conformation reported in Figure 7 (E�
136 kcalmol�1) features the best agreement with the exper-
imental NOE data (Table 3) and presents an nine-membered


Figure 7. Conformation of 13 obtained from molecular modelling.


intramolecularly hydrogen bonded ring with a C�O ¥ ¥ ¥H-N
distance of 2.18 ä.[24] It is worth noting that the bond angle
(CF3)CH-NH-C is 118.54� predicting a widened geometry of
the amine nitrogen atom N4 that is confirmed by experimen-
tal evidence (see below). The model distances reported in
Table 3 are in good agreement with the solid state, where the
X-ray analysis of this compound showed a folded structure
with a distance of 1.95 ä for the hydrogen bond.[7c]


Structural properties of the �[NHCH(CF3)] unit : A study on
the structural and geometric properties of the
�[NHCH(CF3)] group was carried out by means of X-ray
diffraction and computational methods, also with the aim of
understanding the role of such units in promoting turn-like
structures in PMR �[NHCH(CF3)]Gly peptides.


Analysis of the X-ray structures of 3a, 9a, 9c (Figure 8)[25]


and of the known hydroxamate 13 (Figure 5)[7c] highlighted
the distortion of the sp3 nitrogen atom N2: the C13-N2-C15
angle is in fact close to 120� (see Table 4). This value is
comparable with that found in amides and somewhat larger
than the already wide average of 116.65� determined for 203
secondary amine structures having the appropriate structural
features found in a Cambridge Structural Database search.[26]


The N2�C13 and N2�C15 bond lengths are very similar in 3a,
9a and 9c and invariably shorter than the average value of


1.469 ä reported for secondary amines.[27] Values are rather in
the range expected for C(sp3)�N(sp2) single bonds. In all of
the four structures the amine hydrogen atom, experimentally
located by Fourier methods, is displaced from the plane
defined by N2 and the adjacent C13 and C15 atoms, showing a
distorted sp3 geometry of N2.


The local conformation of the common part of the four
molecules is well described by the torsion angles around the
five bonds C11�C12, C12�C13, C13�N2, N2�C15 and
C15�C16 (see Table 4). The similarities among the four
compounds are remarkable: indeed the conformational
preferences towards trans or gauche arrangements of these
dihedral angles are rather well defined and seem to be only
marginally influenced by the presence of an intramolecular
hydrogen bond, as found in 13. Specifically, the torsion angle
around C12�C13 is dictated by the expected preferential
location of the CF3 group, rather than N2, trans to C11.
Similarly, in the case of the torsion angles around N2�C15, the
™larger∫ sp3 carbon C17, rather than the sp2 C16, is arranged
trans to the C13 atom, which has a bulky environment. The
conformation around C13�N2 is more difficult to account for
just considering local features. However, all of the four
compounds display a conformation with the C12 nearly trans
to C15, possibly due to cooperative conformational effects.
Finally, the conformation around C11�C12 appears to favor a
transoid arrangement (i.e., from trans to skew) of N1 with
respect to C13, depending upon the nature of the groups
bound to N1. The basic features of the turn-like structure are
in essence related to the gauche, trans, gauche sequence of,
respectively, the torsion angles C11-C12-C13-N2, C12-C13-
N2-C15 and C13-N2-C15-C16, with gauche angles of the same
sign. As readily observable in Figure 8, this property is
common to all of the molecules discussed herein, with the
notable exception of 9c. In all of the four crystal structures,
the local conformations discussed above seem to bring the
stereoelectronically demanding CF3 group in a stereochemi-
cally favorable environment. In the case of 3a, 9a and 13 this
position is represented by the exterior surface of the turn: it is
in this respect clear that the relative configuration of the CF3-
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Table 4. Selected geometrical parameters for 3a, 9a, 9c and 13.


3a 9a 13 9c


bond lengths
N2�C13 1.453(3) 1.444(3) 1.449(3) 1.427(6)
N2�C15 1.466(3) 1.450(3) 1.462(3) 1.441(6)
C12�C13 1.522(3) 1.519(4) 1.522(4) 1.536(6)
C13�C14 1.504(3) 1.511(4) 1.531(4) 1.513(7)
bond angles
C13-N2-C15 116.8(2) 117.0(2) 119.2(2) 119.3(4)
N2-C13-C14 108.7(2) 108.8(2) 113.5(2) 114.4(4)
N2-C13-C12 111.9(2) 112.3(2) 112.0(2) 108.0(4)
C12-C13-C14 108.5(2) 109.8(2) 107.4(2) 109.2(4)
torsion angles
C14-C13-N2-C15 � 97.8(3) � 96.7(3) � 75.2(4) � 74.9(6)
C12-C13-N2-C15 142.4(2) 141.6(2) 163.0(2) � 163.3(5)
C11-C12-C13-N2 � 79.0(2) � 81.9(3) � 71.6(3) 70.8(5)
C11-C12-C13-C14 161.1(2) 157.0(2) 163.1(2) � 164.2(4)
C13-N2-C15-C16 � 68.3(3) � 69.1(3) � 94.3(3) � 99.2(6)
C13-N2-C15-C17 168.5(2) 165.7(3) 142.5(3) 138.7(7)
N1-C11-C12-C13 177.7(2) 113.2(2) � 173.6(2) 119.6(4)
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bearing C13 atom and the C15 amino-acid center, which is
identical in 3a, 9a and 13 and opposite in 9c, has a key role in
determining the stability of the turn-like conformation,
whereas the absolute configurations of C13 and C15 fix the
sign of the torsion angles around the adjacent C13�N2 and
C13�C12 bonds, and thus the chirality of the turn. These
findings are in agreement with the results obtained by
1H NMR spectroscopy in solution on the hydroxamates 13
and 14, and strongly suggest that a syn configuration of the [-
CH(CF3)NHCH(R)-] fragment is a fundamental requisite for
the formation of a stable turn-like conformation. One can
therefore say that, with the appropriate configuration, the


C13�CF3 group behaves as a
valid mimic of the retro-amide
carbonyl group in Gellman×s
retropeptides.


In order to verify the respec-
tive influences of the neighbor-
ing CF3 and of the substituents
directly bonded to the NH
group, a series of ab initio
geometry optimization calcula-
tions was performed. For the
sake of comparison, analogous
calculations were carried out on
the structure TI (Figure 9),
which represents a mimic of
the so called ™tetrahedral inter-
mediate∫ in the protease medi-
ated hydrolysis reaction, on
model �[NHCH(CF3)]-amides
15a ± c (Figure 9), and on
�[NHCH(CFnH3�n)] structures
(n� 0 ± 2) 16 ± 18, which have
lower degrees of fluorination
(Figure 10). These calculations
were accomplished in order to
check and compare structural
and electronic features of the
tetrahedral intermediate TI and
those of the fluorinated pepti-
domimetics 15 ± 18. Several
studies have demonstrated that
the ™tetrahedral intermediate∫,
closely resembling (according
to Hammond×s postulate) the
transition state leading to the
hydrolysis of amides or esters, is
characterized by the presence
of a negatively charged oxygen
atom bound to an sp3 carbon,
belonging to the scissile amide
or ester group.[28] Other studies
on the mechanism of serine
proteases in different condi-
tions[29] have shown that the
tetrahedral intermediate is a
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Figure 8. ORTEP drawings of 3a, 9a and 9c.


Figure 9. Calculated structures of model PMR �[NHCH(CF3)]Gly frame-
works and tetrahedral hydrolysis intermediate TI.







FULL PAPER A. Volonterio, M. Zanda et al.


Figure 10. Calculated structures of model PMR �[NHCH(RF)]Gly frame-
works.


good model to explain reactivity and draw mechanistic
conclusions.


Simplified models catching all the basic chemical and
conformational features of the �[NHCH(CFnH3�n)] systems
and of TI were used in order to reduce the computation time
and allow the use of a suitable level of theory in the QM ab
initio calculations. Ab initio calculation were performed in the
perspective of calculating and comparing the stereoelectronic
features of our model compounds to those of TI, which is
impossible to isolate and whose properties are not easily
measurable. Moreover, using a high level of theory, trends in
the related compounds examined can be evidenced with high
accuracy.


The starting structure of each model peptide was built using
the Macromodel package with a spatial disposition of the
groups mimicking their respective disposition in the X-ray
structure (see Supporting Information). Each structure was
first minimized through a Molecular Mechanics approach
using the Amber[30] force field. As expected, the bond angle of
the CA-NF-X (X�CB, HF) group covalently bound to the CF3


moiety is far from 120� : this angle is actually close to 109.0�
for each starting structure of the peptides studied.


In contrast, the structures
obtained after the quantum
mechanical level optimization
(see Figure 11 and data report-
ed in Table 5) clearly show that
when a substituent (X�CB) is
present on the NH group a
widening of the CA-NF-CB angle
to a value around 120� is ob-
served, matching the experi-
mentally determined X-ray
structure. This underlines the
importance of the correct theo-
retical treatment of this kind of
peptide models.


The NH2 group in 15a is
bound to a CA�CF3 system with
no further ramification. This
primary amine nitrogen dis-
plays the typical structural char-
acteristics of an sp3 atom (Ta-
ble 5). Increasing the degree of
substitution on the amino group
by the insertion of a CH3 moi-
ety (15b), determines dramatic
effects on the bond angle on
nitrogen. In fact, the CA-NF-CB


bond angle becomes clearly
distorted. In the optimized
structure it adopts a value of


120.8�, which could suggest an sp2-type geometry. However,
the NF�H bond does not lie in the same plane as the two
carbons bound to the NF atom, in agreement with the results
of X-ray diffraction on the PMR peptides 3a, 9a, 9c and 13.
Analysis of 15c, obtained by substitution of one of the
hydrogen atoms on the primary amino group of 15a with -
CH2CONH2, confirms the tendency of the substituted �-CF3


amino group NF to adopt a bond angle value around 120�, with
an overall local geometry similar to that of 15b, thus
confirming the highly distorted sp3 geometry already evi-
denced for the NF 15b.


Three analogues of 15b, namely 16 ± 18 (see Figure 12),
characterized by the different number of F atoms in the
methyl group bound to the NH-substituted CA atom, were
studied next with the aim of gaining deeper insight into the
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Figure 11. Optimized geometries for the structures for TI, and for the amides 15a ± c.


Table 5. CA-NF-X bond angle and CA�NF bond length values for the
optimized peptide structures.[a]


Compound CA-NF-X
angle [�]


CA-NF-HF1


angle [�]
CA�NF bond
length [ä]


15a (X�HF2) 112.625 112.877 1.44
15b (X�CB) 120.791 109.501 1.45
15c (X�CB) 120.526 111.057 1.45
16 (X�CB) 118.679 108.300 1.47
17 (X�CB) 119.896 108.624 1.45
18 (X�CB) 120.791 109.501 1.45
TI 117.422 110.330 1.49


[a] Atom tags are defined in Figure 11.
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effect of increasing fluorine substitution on the geometry of
NH. Inspection of Table 5 shows that the CA-NF-CB angle
tends to assume a value closer to 120� as the fluorine atom
number increases. This can be likely interpreted in terms of an
increasing steric hindrance of the fluoromethyl group cen-
tered on CF, which determines a progressive widening of the
CA-N-CB angle, which is particularly distorted in the case of
the bulky CF3 group. This hypothesis is supported by analysis
of the 203 crystal structures having secondary amine functions
found in the CCD (see Supporting Information). It is indeed
apparent that the largest C-NH-C bond angles are displayed
by those compounds having sterically demanding substituents
bound to the �-amino carbon. In order to completely rule out
the possibility that factors other than steric hindrance are
involved in the distortion of the CA-NF-CB angle, population
analysis was run on the optimized structure. The results
showed that, as expected, the CA�NF bond involving the
amino group flanking the CF3 substituent does not have any
double bond character.


In the case of TI the analogous angle (defined by the
tetrahedral carbon bearing two oxygen atoms, the NH group
and the CB attached to the N atom) displays a value of about
118.7�. This value is very close to the value of the angle CA-NF-
CB calculated for the fluorinated peptidomimetics.


The stereoelectronic features of the three model CF3-
amides 15a ± c were evaluated with the calculation of their
molecular electrostatic potential (MEP); the surfaces of the
amides are displayed in Figure 12. All the molecules display a
high local concentration of negative charge on the CF3 group,


Figure 12. The molecular electrostatic potential surfaces (MEP) for the
tetrahedral intermediate TI, and CF3-amides 15a ± c. The color code is from
blue for positive potential to red for negative potential.


influencing the dipolar characteristics of each molecule. The
concentration of negative charge is located in a position
strictly correlated to the one of the negatively charged O
atoms in molecule TI. The presence of a net negative charge
on TI makes the overall MEP more negative. The absence of
such a charge in the fluorine containing peptidomimetics
favors the presence of positively or neutrally charged patches
on the MEP surface.


The presence of such a localized negatively charged region
can be extremely important, together with the peculiar
geometrical aspects of the NH groups of these compounds,
for the recognition of the designed peptides by putative
receptors.


Conclusion


Conceptually new types of peptidomimetics, PMR and PMRI
�[NHCH(CF3)]Gly peptides, are now available through the
effective solution-phase chemistry described in this paper, as
well as through solid-phase chemistry, as previously repor-
ted.[7d] Several PMR �[NHCH(CF3)]Gly peptides investigat-
ed by X-ray diffraction show a remarkable proclivity to adopt
turn-like conformations independent of the presence of
C�O ¥ ¥ ¥Hb-N intramolecular hydrogen bonding, which was
shown to be of paramount importance for stabilizing the turn-
like conformations adopted by Gellman×s unfluorinated
retropeptides. This is clearly shown by the strong similarity
in the values of the torsion angles defining the turns in the
crystal structure of compounds 3a, 9a, and 13, having the
same syn-configuration at the C13 and C15 stereocenters,
among which only 13 displays intramolecular hydrogen
bonding. In contrast, no turn-like structure is displayed by
9c, which has anti-configuration at the same centers. Similar
turn-like conformational states were found to be highly
populated in CDCl3 solution for �[NHCH(CF3)]-PMR tri-
peptides 12 (which is an exact structural analogue of one of
Gellman×s retropeptides), 13 and 14. These striking conforma-
tional features can be ascribed to the heavy stereoelectronic
demands of the CF3 group,[31] and possibly to its preferential
solvation once the turn-like conformation has been estab-
lished. In fact, it is apparent that in such turn-like conforma-
tions the CF3 group points towards the outside position of the
turn itself, independent of the other substituent groups
examined. These findings, which deserve further investiga-
tion, suggest that the CF3 group itself might constitute an
important stabilizing factor for the turn. This could represent
a new general concept for the rational design of linear
peptidomimetics incorporating a turn-like secondary struc-
ture. Finally, ab initio computational studies showed that the
[-CH(CF3)NH-] group has very peculiar characteristics, which
are intermediate between a peptide bond mimic and a
proteolytic transition state analogue. We believe that
�[NHCH(CF3)] PMR peptides hold the potential to become
an important class of peptidomimetics in biomedicinal and
pharmaceutical field.
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Experimental Section


General details : THF was freshly distilled from Na; diisopropylamine was
freshly distilled from CaH2. In all other cases, commercially available
reagent-grade solvents were employed without purification. All reactions
where an organic solvent was employed were performed under nitrogen
atmosphere, after flame-drying of the glass apparatus. Melting points (m.p.)
are uncorrected and were obtained on a capillary apparatus. TLC were run
on silica gel 60 F254 Merck. Flash chromatographies (FC) were performed
with silica gel 60 (60 ± 200 �m, Merck). 1H NMR spectra were run at 250,
400 or 500 MHz. Chemical shifts are expressed in ppm (�), using
tetramethylsilane (TMS) as internal standard for 1H and 13C nuclei (�H


and �C� 0.00), while C6F6 was used as external standard (�F 162.90) for 19F.


Experimental for the aza-Michael reaction : Synthesis of 3,4c is described
as an example. To a stirred solution of (E,S)-2a[9] (80 mg, 0.27 mmol) and �-
1b (131 mg, 0.54 mmol) in dry CH2Cl2 (3.4 mL) was added neat sym-
collidine (0.14 mL, 1.08 mmol). After 64 h at RT the solvent was removed
in vacuo, the crude dissolved in EtOAc and washed once with a 1� HCl.
The organic layer was dried over anhydrous Na2SO4, filtered, the solvent
removed in vacuo, and the crude purified by FC (hexane/diethyl ether
65:35) affording diastereoisomerically pure 3c (116 mg, 78.5%) and its
minor diastereoisomer 4c (20 mg, 13.5%). 3c : Rf� 0.21 (hexane/EtOAc
80:20); [�]23D ��28.3� (c� 1.0, CHCl3); m.p. 102 ± 103 �C; FTIR (film):
��max� 3449, 1794, 1700, 1385, 1258, 1120 cm�1; 1H NMR (250 MHz, CDCl3):
�� 7.38 ± 7.20 (m, 10H), 5.13 (d, J� 12.1 Hz, 1H), 5.06 (d, J� 12.1 Hz, 1H),
4.70 (m, 1H), 4.24 (m, 1H), 4.16 (dd, J� 8.8, 2.8 Hz, 1H), 3.62 (m, 1H), 3.42
(dd, J� 15.3, 3.6 Hz, 1H), 3.36 (m, 2H), 3.15 (dd, J� 15.3, 9.6 Hz, 1H), 2.77
(dd, J� 13.7, 10.1 Hz, 1H), 2.01 (m, 1H), 1.88 (br s, 1H), 0.96 (d, J� 6,7 Hz,
3H), 0.85 (d, J� 6,7 Hz, 3H); 19F NMR (250 MHz, CDCl3): ���77.5 (d,
J� 6.7 Hz); 13C (250 MHz, CDCl3): �� 174.8, 169.3, 153.6, 135.6, 135.4,
129.4, 129.0, 128.6, 128.4, 128.2, 127.4, 126.0 (q, J� 282.3 Hz), 66.8, 66.6,
66.5, 55.7 (q, J� 29.3 Hz), 55.5, 37.9, 36.3, 31.8, 19.3, 17.5; MS (70 eV): m/z
(%): 507 (8) [M��H], 371 (90), 91 (100).


4c : Rf� 0.17 (hexane/EtOAc 80:20); 19F NMR (250 MHz, CDCl3): ��
�77.1 (d, J� 7.2 Hz).


Typical procedure synthesis of the PMR peptides : A 30% aqueous H2O2


solution (0.86 mL, 0.85 mmol) followed by solid LiOH (5 mg, 0.21 mmol)
was added to a cooled solution of 3c (97 mg, 0.21 mmol) in THF/H2O 4:1
(1.5 mL) at 0 �C and under nitrogen atmosphere. After 60 min the reaction
was quenched with saturated aqueous Na2SO3, warmed to rt, and extracted
three times with AcOEt, and the combined organic layers were dried over
anhydrous Na2SO4, filtered, and concentrated in vacuo. Purification by FC
(hexane/AcOEt 1:1 until complete recovery of the oxazolidin-2-one and
then MeOH) afforded the acid (50 mg, 68%). To a stirred mixture of this
acid (30 mg, 0.08 mmol) and �-1a (12 mg, 0.08 mmol) in dry DMF (1 mL)
was added, at 0 �C under nitrogen atmosphere, neat sym-collidine
(0.032 mL, 0.85 mmol), followed by solid HOAt (11 mg, 0.08 mmol) and
solid HATU (31 mg, 0.08 mmol). After 40 min the solution was quenched
with 1� HCl, warmed to RT, and extracted with AcOEt, and the combined
organic layers dried over anhydrous Na2SO4, filtered, and concentrated in
vacuo. Purification by FC (hexane/AcOEt 75:25) afforded 9a (35 mg,
quant). Rf� 0.34 (hexane/EtOAc 70:30); [�]23D ��9.2� (c� 0.9, CHCl3);
m.p. 70 ± 71 �C; FTIR (KBr): ��max� 3324, 1745, 1647, 1152 cm�1; 1H NMR
(250 MHz, CDCl3): �� 7.42 ± 7.32 (m, 5H), 7.10 (brd, J� 6.2 Hz, 1H), 5.20
(d, J� 12.0 Hz, 1H), 5.11 (d, J� 12.0 Hz, 1H), 4.59 (m, 1H), 3.74 (s, 3H),
3.55 (m, 1H), 3.46 (d, J� 5.0 Hz, 1H), 2.65 (dd, J� 15.4, 3.1 Hz, 1H), 2.43
(dd, J� 15.4, 9.3 Hz, 1H), 2.00 (m, 2H), 1.44 (d, J� 6.9 Hz, 3H), 0.96 (d,
J� 6.6 Hz, 3H), 0.88 (d, J� 6.6 Hz, 3H); 19F NMR (250 MHz, CDCl3): ��
�73.6 (d, J� 6.9 Hz); 13C (250 MHz, CDCl3): �� 174.4, 173.5, 168.2, 135.5,
128.6, 128.4, 126.0 (q, J� 283.0 Hz), 66.9, 65.5, 56.0 (q, J� 29.6 Hz), 52.4,
48.3, 36.1, 31.9, 19.0, 18.0, 17.6; MS (70 eV): m/z (%): 433 (3) [M��H], 297
(100), 91 (100).


NMR studies on the secondary structure of �[NHCH(CF3)]-PMR
peptides : 1H NMR spectra were measured in CDCl3 with a 600 MHz
spectrometer. The concentrations of the samples were 3, 0.7 and 0.04m�
with temperatures ranging from 293 to 213 K. Chemical shifts are given in �


and referred to the CDCl3 used as the solvent. 2D ROESY spectra were
acquired in the phase sensitive TPPI mode, with 2 k� 512 complex FIDs,
spectral width of 9615 Hz, recycling delay 1.6 s, 56 scans, at 213 and 293 K
with mixing times of 300 ms. The spectra were transformed and weighted


with a 90� shifted sine-bell squared function to 1 k� 1 k real data
points.


Molecular modelling on 13 : Molecular models were build using a Silicon
Graphics 4D35GTworkstation running the Insight II & Discover software.
Molecular mechanics (MM) and molecular dynamics (MD) were carried
out using CVFF as force field. The starting geometry of the compounds
were generated using standard bond lengths and angles. The models were
then energy minimised without NOE constraints, using a optimised cycle
until a maximum energy derivative of 4.18� 10�2 kJmol�1ä�1 was reached.
The subsequent unrestrained molecular dynamics calculation, performed
for 100 ps at 1000 K temperature and sampling the trajectory every 1 ps,
followed by minimisation, led to different structures.


X-ray structure analysis of 3a : Colorless lath of 0.45� 0.10� 0.05 mm size,
orthorhombic P212121, a� 5.2797(4), b� 13.3423(9), c� 27.2759(18) ä,
V� 1921.4(2) ä3, Z� 4, �calcd� 1.391 gcm�3, 2�max� 61�, diffractometer
Siemens Smart CCD, MoK� (�� 0.71073 ä), � scan, T� 293(2) K, 15758
reflections collected of which 5668 were independent (Rint� 0.0643), direct
primary solution and refinement on F 2,[32] 256 refined parameters, amino
hydrogen atom located in a difference Fourier synthesis and refined with
restrained N�H bond length, other hydrogen atoms riding, R1[I� 2	(I)]�
0.0471, wR2 (all data)� 0.1123, residual electron density 0.168
(�0.149) eä�3, absolute structure could not be determined.


X-ray structure analysis of 9a : Needle colorless crystal with dimension of
0.15� 0.2� 0.8 mm, orthorhombic P212121, a� 9.106(5), b� 15.611(5), c�
16.770(5) ä, V� 1383(1) ä3, Z� 4, �calcd� 1.205 gcm�3, 
� 0.868 mm�1,
Siemens P4 diffractometer with graphite monochromated CuK� radiation
(�� 1.54179 ä), �/2� scan technique, room temperature, a total of 3055
reflections (2862 unique, Rint� 0.016) collected up to 136� in 2�. Structure
solved by direct methods[33] and refined on F 2,[32] amino hydrogen freely
refined, other hydrogen atoms riding, R1� 0.0397 (Rw� 0.100) for 2283
observed reflections [I �2	(I)] and 280 parameters refined, and R1�
0.0517 (Rw� 0.131) for all data, residual electron density of 0.126 and
�0.104 eä�3.


X-ray structure analysis of compound 9c : Needle colorless crystal with
dimension of 0.2� 0.3� 0.8 mm, hexagonal R3, a� 35.624(5), c�
5.210(5) ä, V� 5726(6) ä3, Z� 9, �calcd� 1.254 gcm�3, 
� 0.870mm�1, Sie-
mens P4 diffractometer with graphite monochromated CuK� radiation (��
1.54179 ä), �/2� scan technique, room temperature, a total of 2644
reflections (2435 unique, Rint� 0.019) collected up to 130� in 2�. Structure
solved by direct methods[33] and refined on F 2,[32] amino hydrogen freely
refined, other hydrogen atoms riding, R1� 0.0493 (Rw� 0.126) for 2122
observed reflections [I� 2�(I)] and 256 parameters refined, and R1�
0.0575 (Rw� 0.134) for all data, residual electron density of 0.286 and
�0.169 eä�3.


Ab initio calculations : All ab initio calculations were carried out using the
Gaussian 98[34] molecular orbital package on an Origin 200 Silicon Graphics
workstation. The initial geometry of each model peptide was chosen to
mimic the situation in the experimentally determined crystal structure (see
Tables 4 and 5, and Supporting Information). Initial geometries were built
using the Macromodel6.5 package.[35] Three model peptides were chosen
with different substitutions on the NH (labeled NF in Figure 11) group
bound to the CF3 carrying carbon atom. Structure 15a is characterized by
the presence of a CF3-CH-NH2 group, structure 15b by the presence of a
CF3-CH-NH-CH3 while structure 15c carries a CF3-CH-NH-CH2-CO-NH2.
These groups were chosen to mimic different steric and electronic features
of each peptide. The geometries were optimized at DFT level[36] using the
B3LYP[37] functional and the 6-311��G** basis. The DFT B3LYP level of
theory is known to give very accurate energy values, and the use of a basis
set like 6-311��G** guarantees that possible polarization effects due to
the presence of the fluorine atoms are taken into account.[38] Previous
calculations on peptide models using this approach have proved to yield
results in terms of peptide geometry which are comparable to those
obtained using much higher levels of theory. Population analysis was run on
the minimized structures at the RHF 6-31G** level.
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Scalar Coupling between the 15N Centres in Methylated 1,8-Diaminonaph-
thalenes and 1,6-Diazacyclodecane: To What Extent is 2HJNN a Reliable
Indicator of N�N Distance?


Guy C. Lloyd-Jones,*[a] Jeremy N. Harvey,*[a] Paul Hodgson,[b] Martin Murray,[a] and
Robert L. Woodward[a]


Abstract: The scalar couplings between
hydrogen bonded nitrogen centres
(2HJNN) in the free-base and protonated
forms of the complete series of [15N2]-N-
methylated 1,8-diamino naphthalenes in
[D7]DMF solution have been deter-
mined, either directly (15N{1H} NMR),
or, indirectly (13C{1H} NMR and simu-
lation of the X part of the ABX spec-
trum (X� 13C, A,B� 15N)). Addition-
ally, the 2HJNN value in the HBF4 salt
of [15N2]-1,6-dimethyl-1,6-diazacyclode-
cane was determined, indirectly by
13C{1H} NMR spectroscopy. As con-
firmed by DFT calculations and by
reference to CSD, the rigid nature of
the naphthalene scaffold results in rath-
er low deviations in N,N distance or
H-N,N angle within each series, apart
from the free base of the permethylated


compound (proton sponge) where the
naphthalene ring is severely distorted to
relieve strain. Despite such restrictions,
the 2HJNN values increase smoothly from
1.5 to 8.5 Hz in the protonated series as
the degree of methylation increases. The
effect in the free-base forms is much less
pronounced (2.9 to 3.7 Hz) with no
scalar N,N coupling detected in the
permethylated compound (proton
sponge) due to the lack of hydrogen
bond between the N,N centres. Neither
the pKa nor the N�N distance in the
protonated forms correlates with 2HJNN.


However, the sum of the 13C NMR shifts
of the naphthalene ring C(1,8) carbons
which are attached directly to the nitro-
gen centres correlates linearly with 2HJNN


and with the degree of methylation. The
gas-phase computed 2HJNN is almost
constant throughout the homologous
series, and close to the experimental
value for the tetramethylated ion. How-
ever, the computed coupling constant is
attenuated in structures involving micro-
solvation of each N-H unit, and the
trend then matches experiment. These
experimental and computational obser-
vations suggest that Fermi contact be-
tween the two N centres is decreased
upon formation of strong charge-dis-
persing intermolecular hydrogen bonds
of the free N-H groups with the solvent.


Keywords: density functional calcu-
lations ¥ hydrogen bonds ¥ NMR
spectroscopy ¥ solvent effects ¥
spin ± spin coupling


Introduction


Hydrogen bonding is a structural feature that is ubiquitous
and yet essentially peerless. As a crucial element in structural
and chemical control, its study remains an area of intense
interest and activity. There is an enormous diversity of
hydrogen bonded/bonding species with a very broad spectrum
of strength and (a)symmetry.[1] Hydrogen bond ™strength∫


may be crudely broken down into three ranges. Those classed
as ™strong∫ may be generalised as a predominantly covalent
interaction with a bond energy in the range 10 ± 40 kcal mol�1,
whilst ™moderate∫ are in the range 4 ± 10 kcal mol�1 and
™weak∫ are below 4 kcal mol�1 and predominantly arise from
electrostatic interactions. ™Low-barrier hydrogen bonds∫
(LBHB) and ™short-strong hydrogen bonds∫(SSHB), are
two types of hydrogen bond that are often misleadingly
considered as one and the same. Their potential involve-
ment[2, 3] in the massive rate accelerations effected by enzymic
catalysis is an area that continues to attract vigorous debate.[4]


The arguments for[2] and against[3] both the existence and the
relevance of such interactions have often been based on
analogy with much simpler non-biological systems that can be
more fully analysed and characterised. Since most examples
of strong hydrogen bonds occur in species that are in the gas-
phase, solution-phase examples are much sought after. N-
Methylated 1,8-diaminonapthalenes (1 ± 6) provide an inter-
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esting series of compounds for study. The hydrogen bond in
[6H]� , the protonated form of archetypal first generation[5]


proton sponge[6] 6, has been suggested as a solution phase
example of a LB/SS-HB. Indeed the hydrogen bond strength
in [6H]� has been proposed by Gerlt, Kreevoy, Cleland and
Frey to be as high as 15 kcal mol�1.[4]


This latter conclusion is based on the surprisingly low
acidity of [6H]� (pKa � 18 in MeCN; � 12 in H2O) as
compared to, for example, [Ph-N(H)Me2]� which is approx-
imately a million-fold more acidic. However, it is noted that
[1H]� ± [5H]� , which all contain the potential for analogous
intramolecular hydrogen bonding, are much more acidic
(pKa 11 ± 13 in MeCN) than [6H]� . This feature,[3] as well as
the study of N-stereodynamics[7] and isotopic perturbation[8]


has led others to question such conclusions about both the
strength and the symmetry of the hydrogen bond in [6H]� .
The unusual properties of first generation proton sponges
such as 6 have also attracted the attention of computational
chemists.[9±12] Most calculations suggest the presence of an
unusually strong hydrogen bond in [6H]� . However, it is
noted that these calculations are generally conducted ™in the
gas phase∫ in the absence of solvation.


New tools for the characterisation of hydrogen bonds are
particularly valuable and NMR has proved an abundant
source.[13] It is therefore not surprising that the recent
observation and measurement of scalar coupling constants[14]


across hydrogen-bonded nitrogen centres in Watson ± Crick
base pairs by Dingley and Grzesiek[14, 15] and Pervushin
et al. ,[16] has caused much interest. These couplings are
represented as ™2HJNN∫ and are most often measured in 15N-
H-15N systems.[14] Based on DFT calculations, Limbach et al.
have proposed that in contrast to ™normal∫ hydrogen bonds
between two nitrogen centres where a maximum 2HJNN value
of about 10 Hz is observed, symmetrical hydrogen bonds
(LBHB) should display the maximum value of about 25 Hz.[17]


In search for an example of an N-H-N hydrogen bond
displaying the latter characteristics, Limbach et al. , chose to
determine the 2HJNN value in [6H]� , on the basis that the
proton sponge system contains an ™already classical intra-
molecular low-barrier [N ¥ ¥ ¥ H ¥ ¥ ¥ N]� hydrogen bond∫.[18]


However, the 2HJNN value in [15N2]-[6H][ClO4] was determined
as 8.7 (�0.5) Hz whilst [15N2]-[6], which lacks the N-H-N unit,
displayed no detectable JNN (0 (�0.5) Hz). Both determina-


tions were made indirectly by 13C NMR spectroscopy, using a
multiple frequency-based approach that involved spectra
being acquired on 250, 500 and 750 MHz (1H frequency)
spectrometers.[18]


Results and Discussion


Recent developments in computation suggest that genuine
information on hydrogen bond ™strength∫, geometry, symme-
try and, in particular donor-acceptor distance (rNN) in ™N-H ¥ ¥ ¥
N∫ systems is available through determination of the NMR
coupling constant between the N centres.[15, 17, 19±21] This
coupling is suggested to arise predominantly by Fermi-contact
between the N centres through the H-bond and is thus
represented as ™2HJNN∫. We have an ongoing interest in the
hydrogen bonding in first generation proton sponges.[5] Our
thermodynamic data, derived from comparison of the kinetics
of stereodynamic processes in N,N�-dibenzyl-N,N�-dimethyl-
1,8-diaminonaphthalene[22, 23] with its protonated form[7] led us
to conclude that the hydrogen bond in the protonated form,
and thus by analogy in [6H]� , is not of any unusual enthalpic
strength or special ™character∫. To further study these species,
we have prepared a number of 15N labelled 1,8-diaminonaph-
thalenes so that we can determine experimental values for
2HJNN in such systems. Whilst we were engaged in these
studies, the 2HJNN value for [15N2]-[6H][ClO4], see above, was
published.[18] Herein we report on the synthesis and determi-
nation of 2HJNN values for the protonated and free base forms
of the non-permethylated compounds in the series (1 ± 5) as
well as the proton sponge compound 6. We also demonstrate
that it is not necessary to make measurements at different
fields in order to determine the 2HJNN scalar coupling in
formally symmetrical N-H-N systems by 13C NMR spectros-
copy and also that the ABX method is not ™limited to
compounds exhibiting sufficiently large 13C isotope effects
�15N{13C} on the nitrogen chemical shifts∫.[18] We use the 2HJNN


data in three distinct ways. Firstly we compare the exper-
imentally determined 2HJNN values with known pKa values (of
the protonated forms)[24] and reinforce earlier conclusions
regarding the ™normality∫ of hydrogen bonding between the
N centres in the protonated form of the archetypal bis-N,N�-
(dialkyl)-1,8-diaminonaphthalene proton sponge compounds.
Secondly, in response to the suggestion of Del Bene that the
predicted dominance of the Fermi-contact term (and thus N,N
distance and the H-N,N angle) in determining 2HJNN be tested
experimentally[20] we have performed DFT calculations to
establish equilibrium intramolecular N,N distance (rNN) and
H-N,N angles (aNHN) in all 12 species (1 ± 6 and [1H]� ± [6H]�).
The rNN values arising from these DFT calculations, which are
likely to be close to the time-averaged values, compare well
with average values in the solid state established by survey of
the Cambridge Structural Database (CSD). Finally, we have
calculated 2HJNN for all 12 species (1 ± 6 and [1H]� ± [6H]�),
which has led us to consider how this coupling constant is
affected by factors other than N,N distance (rNN) and H-N,N
angles (aNHN), especially intermolecular hydrogen bonding.
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Synthesis of the full homologous series of N,N�-(methyl)n-1,8-
diamino naphthalenes (n� 0 to 4) in [15N2]-labelled form :
Generation of the complete series [15N2]-1 to [15N2]-6 involved
the preparation of [15N2]-1 by reduction of [15N2]-1,8-dinitro-
naphthalene ([15N2]-7) and then a controlled, that is, non
exhaustive, methylation of [15N2]-1, as had been conducted
with 1 by Alder et al. in their seminal work on (unlabelled)
6.[5] Using a combination of two equivalents Na15NO3


[25] in a
solvent mixture of (CF3CO2)O/CF3CO2H/CHCl3, to effect a
one-pot double nitration[26] we obtained [15N2]-7 in 31.4 %
yield with [15N2]-1,5-dinitronaphthalene (13 % yield) as the
major side product in addition to a range of other mono- and
poly-nitronaphthalene isomers. The desired dinitro species
[15N2]-7 was separated by crystallisation, hydrogenated to give
1,8-diamine [15N2]-1 (87 %) and then the bulk of [15N2]-1 was
methylated (NaH/MeI) in a one-pot, two-step, sequence. The
use of 2.0 equivalents MeI was found to give the optimum
distribution of products, which were separated by gradient
elution from alumina, to give [15N2]-2 (26 %) [15N2]-3[27] (4%),
[15N2]-4 (14%) and [15N2]-5 (43 %) in an overall yield of 96 %
(based on MeI), Scheme 1. A titration of [15N2]-5 in [D7]DMF
with ethereal hydrogen iodide,[28] monitored by 1H NMR


Scheme 1. Outline of the synthetic route used to prepare 15N labelled
compounds [15N2]-1 ± [15N2]-6, and [15N2]-[1H][I] ± [15N2]-[6H][I] (�90%
15N2; �7.5% 15N1; �2.5% 15N0) from Na15NO3 (� 95% 15N) and
naphthalene. Note that compounds [15N2]-2 ± 5 were isolated as separate
species and then protonated to give [15N2]-[2][I] ± [5H][I] as separate
species.


(chemical shift and half-peak line width of the NMe2 unit)
demonstrated that proton exchange between [15N2]-[5H][I]
and [15N2]-5 is rapid and also that use of excess HI (up to
2 equiv) gave no evidence for double protonation. Prepara-
tive mono-protonation gave the HI salts [15N2]-[1H][I], [15N2]-


[2H][I], [15N2]-[3H][I], [15N2]-[4H][I] and [15N2]-[5H][I] in
quantitative yields.
Neutral methylation[23] of trimethyl diamine [15N2]-5 was


readily achieved by its dissolution in MeI, from which [15N2]-
[6H][I] crystallised in 77 % yield. Deprotonation (NaOH)
afforded [15N2]-6 (91 %), a small sample of which was re-
protonated with TfOH to give [15N2]-[6H][OTf] so that the
effect of counterion (I� versus ClO4


�,[18] versus TfO�) on 2HJNN


could be probed.


Determination of 2HJNN values by direct and indirect methods :
For the purpose of determination of the 2HJNN values by 13C
and 15N NMR spectroscopy (Table 1), the samples were
dissolved in dry, degassed [D7]DMF. The non-symmetrical
free base and protonated species ([15N2]-2, [15N2]-4, [15N2]-5
and [15N2]-[2H][I], [15N2]-[4H][I], [15N2]-[5H][I]) displayed
well-resolved AX systems (all of the ��N (Hz)/2HJNN values
lie within the range 329 to 20) in their 15N{1H} NMR spectra
from which the 2HJNN values were determined directly by
standard means (Table 1.


The time-average symmetrical species ([15N2]-1, [15N2]-3,[27]


[15N2]-6 and [15N2]-[1H][I], [15N2]-[3H][I],[27] [15N2]-[6H][I])
were studied by 13C{1H} NMR, focusing in particular on
C(1,8). At ambient temperature these carbons are degenerate
at the NMR time scale and form the X part of an AA�X spin
system which is desymmetrised by the net isotope shift of the
13C (observed nucleus, C(1)) versus the 12C (99% non-observed
nucleus, C(8)) to an ABX spin system (see experimental
section for full discussion). Full band shape analysis of the
X-part of the spectrum [using the parameters JAB (� JNN�); JAX


(� JCN); JBX (� JCN�); ��A; ��B (��A� ��B ��� 15N, the isotope
shift); ��X and the natural line-width �0.5 ; see Table 3 in
Experimental Section] allowed extraction of the 2HJNN value
(JAB) (Table 1) for each compound from a single spectrum.
This differs from the frequency-based approach employed
earlier, which requires a number of spectra be acquired, each
at different fields.[18] The simulations were found to be
sensitive to variations in all of the parameters, each parameter
giving a unique response, thus allowing acceptable confidence
limits to be established. In the upper section of Figure 1,
systematic variations (A ± E) in the parameters JAB, JAX, JBX,
(��A� ��B)[29] and �0.5 for the simulation of the C(1,8) signal for
[15N2]-6H][I] are shown. Set C in each series is the best-fit.
Some other examples of best-fit simulations superimposed
with real spectra are given in the lower section.


Considering the 2HJNN values for the free base (2 ± 6, open
circles in Figure 2)) and protonated forms ([2 ± 6H]� , filled
circles in Figure 2), both show a trend of increasing 2HJNN with
increasing degree of methylation. The increase in 2HJNN for the
protonated form is strikingly smooth, covers a range of over
7 Hz and spans the much smaller range of 0.9 Hz observed in
the free bases 1 ± 5. As has been suggested earlier, the
unusually high basicity of 6, as compared to 1 ± 5, is predom-
inantly due to relief of strain on protonation and not due to
any unusual properties of the H-bond in [6H]� . Accordingly,
the 2HJNN values for [1H]� ± [6H]� do not display a simple
relationship with pKa


[30] or with the (time average) chemical
shift of the hydrogen bonded proton. (Table 1).
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The strain in 6, that induces its unusual basicity, arises from
lone-pair/lone-pair repulsion. Partial relief of this strain is
achieved by delocalisation of the lone pairs into the aromatic
ring (requiring trigonalisation at N). However, this process is
hindered by the resulting steric clash between N and N�-
methyl groups and between methyl groups and the C(1,7)-H
units. As a consequence of such clashes, some distortion of the
aromatic ring arises, as is evident in single crystal X-ray
structures. Analogous strain is not present in 1 ± 5 due to the
presence of one, or more, N-H units. The N-H unit imparts the
ability of such species to form an intramolecular hydrogen
bond and in doing so, trigonalise one N centre and delocalise
the lone pair with the aromatic ring. It is this intramolecular
hydrogen bond which in turn facilitates the 2HJNN coupling.
Observation of significant JNN coupling in 1 ± 5 supports the
presence of this hydrogen bonding which is not evident in the
1H NMR spectrum due to time-average degeneracy of the
N-H protons caused by exchange. The permethylation in 6
does not allow analogous hydrogen bonding and accordingly
no JNN coupling is detected[31] until it has been protonated to
give [6H]� .


Relationship of 2HJNN values to donor-acceptor distance (rNN):
A number of computational studies have been conducted on
the relationship between 2HJNN and N,N distance (rNN), NHN
angles (aNHN), N�H bond lengths (rNH) N-hybridisation and
charge in intermolecular [N-H ¥ ¥ ¥ N] hydrogen-bond com-
plexes.[19±21, 32±41] DFT calculations performed by Dingley et al.
on internucleotide hydrogen bonds suggested a near-linear
relationship between 2HJNN and rNN when one rNH value was


held constant. The predicted values were found to correlate
closely with the measured values for a G-C base pair when rNN


was assumed to be 2.92 ä and the N ± H distance 1.038 ä.[15b]


In contrast, high level ab initio calculations on a large and
diverse range of complexes (neutral and anionic donors and
neutral and cationic acceptors) by Del Bene[19, 20] predict that
2HJNN values should correlate smoothly, but non-linearly, with
rNN, providing that the [N-H ¥ ¥ ¥ N] unit is linear (aNHN� 180�)
and each complex is at its equilibrium rNN geometry, see
crosses in Figure 3.


For a given equilibrium rNN value, the predicted 2HJNN value
is not significantly affected by hybridisation or charge.[19]


Furthermore, deliberate distortion of [N-H ¥ ¥ ¥ N] units from
linearity or displacement of the vector of the lone-pair on the
donor away from co-linearity with the hydrogen bond were
both found to have a minor effect on 2HJNN providing that such
distortions were not extreme.[20] Analogously small (but
opposite) effects were found for the isotropic component of
2HJNN by Bryce and Wasylishen for methyleneimine dimer.[21]


Overall, such results have interpreted to suggest that the
relationship between 2HJNN and rNN ™...will be useful for
determining N ± N distances from coupling constants meas-
ured in hydrogen-bonded complexes stabilized by either N-H-
N or N-H�-N hydrogen bonds.. .∫.[20] Limbach et al. have
recently determined solution phase 2HJNN values for symmet-
ric [15N2]-N,N�-diphenyl-6-aminopentafulvene-1-aldimine
([15N2]-8) and the non-symmetric [1,6-15N2]-N-phenyl-N�-
(1,3,4-triazol)-6-aminopentafulvene-1-aldimine ([15N2]-9).[42]


The 2HJNN value in the latter compound has also been
determined as 7.3 Hz in the solid state.[43] Using rNN values
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Table 1. Selected NMR, physical and computational data[a] for neutral and protonated forms (HI) of diaminonaphthalenes 1 ± 6 and the protonated form
(HBF4) of 1,6-dimethyl-1,6-diazacyclodecane, [10H]�.


Species �15N �13C(1,8) �1H(N�H) 2HJNN
[e] pKa


[f] rNN
[g] aNHN


[h] �rNH
[i]


(Me)n[b] [ppm][c] [ppm] [ppm][d] [Hz] [ä] [�] [ä]


1 (0) 62.7,62.7 147.7,147.7 ± 2.88 (0.3) ±[j] 2.716[k] 106.1 3.268
[1H]� (0) 62.1,62.1 133.2,133.2 9.36 1.5 (0.2) 10.99 2.598[l] 153.2 2.669
2 (1) 59.5,61.7 149.5,146.9 ± 3.25(0.2) ±[j] 2.716 115.0 3.141
[2H]� (1) 47.1,48.4 132.5,135.1 8.85 2.6 (0.2) 11.64 2.644 151.8 2.722
3 (2) 52.4,52.4 149.2,149.2 ± 3.21 (0.3) ±[j] 2.726 131.2 2.964
[3H]� (2) 37.8,37.8 133.7,133.7 8.43 ±[m] 11.95 2.625 154.2 2.691
4 (2) 35.8,62.5 153.5,148.0 ± 3.3 (0.2) ±[j] 2.739 125.8 3.032
[4H]� (2) 32.9,44.7 149.6,130.5 4.21 4.46 (0.2) 12.87 2.652 154.9 2.702
5 (3) 35.1,58.6 153.3,149.2 ± 3.71 (0.2) ±[j] 2.719 133.9 2.930
[5H]� (3) 32.8,41.7 149.4,138.8 12.90 6.68 (0.2) 12.91 2.645 156.0 2.661
6 (4) 46.0,46.0 151.7,151.7 ± 0 (0.5)[n] ±[j] 2.860[o] ±[p] ±[p]


[6H]� (4) 35.5,35.5 146.1,146.1 18.68 8.46(0.2) 18.18 2.617[q] 158.6 2.714
[6H]�[r] (4) 34.9,34.9 146.0,146.0 18.66 8.80(0.2) ±[s] 2.617[q] 158.6 2.714
[10H]� (2) 42.9,42.9 ± 19.51 10.56 (0.5) � 12[t] 2.602[t] 169[t] 2.62[t]


[a] NMR data from isotopically labelled compounds (�90% 15N2; �7.5% 15N1; �2.5% 15N0). [b] ™n∫ is the number of methyl groups. [c] 40.6 MHz (400 1H)
in [D7]DMF with 1H decoupling, chemical shift referenced against NH3� 0 ppm. [d] Proton chemical shifts in the non-permethylated compounds [1 ± 5H]�


are time-average values inclusive of chemical shifts arising from non-H-bonded protons with which they rapidly exchange at the NMR time scale.
[e] Estimated errors in parenthesis, see experimental details. For (time-average) symmetrical species, 2HJNN determined by simulation of X part of ABX in
13C NMR sub-spectrum. [f] pKa , in MeCN, from ref. [24]. [g] Intramolecular N ± N distance in lowest energy structure according to DFT calculation, see
Experimental Section for full details. [h] The angle N-H-N of the hydrogen bond in the lowest energy structure according to DFT calculation, see
Experimental Section for full details. [i] Sum of the two N ± H distances in the intramolecular N-H-N hydrogen bond. [j] pKa values are given for protonated
forms only. [k] Average intramolecular N ± N distance from 7 structural determinations of this compound deposited in the CSD is 2.73 ä. [l] Average
intramolecular N ± N distance from 7 structural determinations of the cationic fragment of this compound, irrespective of counterion, deposited in the CSD is
2.67 ä. [m] Not determined with sufficient accuracy, see ref. [27]. [n] No coupling detected. [o] Average intramolecular N ± N distance from 3 structural
determinations of this compound deposited in the CSD is 2.77 ä. [p] No hydrogen bond present due to permethylation. [q] Average intramolecular N ± N
distance from 67 structural determinations of the cationic fragment of this compound, irrespective of counterion, deposited in the CSD is 2.58 ä.
[r] Counterion is triflate. [s] pKa not determined for this salt. [t] From ref. [45], angles and lengths from X-ray structure of HI salt.
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Figure 1. Simulations of X part of ABX spectra (X� 13C, AB� 15N).
Upper section: the effect on the X spectrum when the five parameters
[��A � ��B] (� ��N, the isotope shift) ; JBX (� 3JC(1)N(2)); JAB (� 2HJNN); JAX (�
1JC(1)N(1)) and �0.5 (� the natural line-width) are varied independently with
all other parameters locked at their best fit values. Five variations are
shown (A to E) with set C corresponding to the parameters generating the
best fit with the real spectrum [parameters for C: ��N � 26 ppb, 3JC(1)N(2) �
1.16 Hz, 2HJNN�� 8.46 Hz, 1JC(1)N(1) ��7.62 Hz and �0.5 � 0.4 Hz]. Parame-
ters for A, B, D and E are: ��N: 500, 50, 10 and 0; 3JC(1)N(2): 0, 0.5, 2 and 3;
2HJNN: 2, 4, 10, 12.5; 1JC(1)N(1): �2.5, �5.0, �10.0, �12.5; �0.5 : 1, 0.75, 0.25,
0.15. Lower section: selected best fit simulations superimposed on the
experimental 13C{1H} sub-spectra of [15N2]-[6H][I], [15N2]-[10H][BF4],
[15N2]-1 and [15N2]-[1H][I] (see Table 3 for full details).


Figure 2. The smooth relationship between the degree of methylation
(�Me) in the two series [15N2]-[1 ± 6] (�) and [15N2]-[1 ± 6H][I] (�) and the
N,N coupling constant (2HJNN) in [D7]DMF solution at 22 �C. For [15N2]-[1 ±
6H][I], 2HJNN/ Hz� 1.80 (�0.11) [�(Me)]�1.08 (�0.27).


taken from the CSD, it is apparent that the experimentally
determined 2HJNN values for these intramolecularly hydrogen


Figure 3. Graph of N,N coupling constant (2HJNN) at equilibrium N ± N
separation (rNN). � : calculated values for a range of intermolecular
hydrogen bonded complexes, data taken from refs. [19] and [20]. �: [15N2]-
[1 ± 6H][I]. �: [15N2]-1 ± 6 (note that JNN for 6 is close to zero due to no
hydrogen bond being present) both cases in [D7]DMF solution with rNN


from DFT calculations. �: [15N2]-8 and [15N2]-9 in CDCl3 solution, rNN for 8
and 9 from CSD, data from ref. [42]. �: [15N2]-9 in solid state, data from
ref. [43]. *: [15N2]-10 in [D7]DMF solution with rNN from CSD, data from
ref. [45].


bonded systems (squares, Fig-
ure 3) are remarkably close to
those predicted from the curve
derived from the calculations of
Del Bene on intermolecular hy-
drogen bond complexes, despite
non-linearity of the hydrogen
bonds (aNHN� 154 ± 155�) in 8
and 9.


We therefore sought to ascertain whether the trends in
coupling constants in the species described here could be
correlated with changes in rNN. To do this, we have optimized
gas-phase structures for 1 ± 6 and [1H]� ± [6H]� using DFT
(B3LYP level of theory, with the flexible 6-311G(d,p) basis
set), selected data are given in Table 1. Based on previous
computational studies of proton sponges,[9±12] this level of
theory should provide reliable geometries. The geometries
obtained are mostly unremarkable, and are in good agree-
ment with those derived from previous Hartree ± Fock[9, 10]


and especially DFT[12] calculations. Two major factors deter-
mine the structures of the neutral species: rotation of the
amine groups so as to relieve lone-pair repulsion, and
formation of fairly weak hydrogen bonds between the two
nitrogens (except in the permethylated compound 6). In the
protonated species, there is a reasonably strong hydrogen
bond, leading also to a significantly shorter N ± N distance in
all cases. The structures have protons localised on one of the
nitrogen atoms only, again in agreement with previous
computational work and with experiment[8] although the
barriers for intramolecular proton transfer are assumed to be
low.


We have also conducted a survey of the CSD[44] and
extracted the rNN values from every report of any of these
structures. It emerges that only 1, [1H]�[X]� , 6 and [6H]�[X]�


(X� unspecified counterion) have been reported (the latter
species some 71 times). The rNN values derived from the DFT
calculations agree satisfactorily with the CSD derived data
and this confirms that the DFT derived rNN values for the
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intermediate species (2 ± 5) and [2H]� ± [5H]� should be
reasonably reliable. When the experimentally determined
JNN values for 1 ± 6 (open circles) and [1H]�-[6H]� (closed
circles) are plotted against rNN (Figure 3) it is readily apparent
that they do not correlate with the predicted values. This lack
of correlation is manifest both in significantly lower 2HJNN


values than would be predicted for rNN in the range 2.6 ± 2.7 ä
and also in the diversity of the 2HJNN values within such a small
range of rNN. Clearly, the rigidity of the N�C�C�C�N array
means that rNN is restricted to a very small range of values in
these compounds, so that changes in N ± N distance (rNN)
cannot account for the observed changes in coupling constants
(2HJNN).


Analysis of the NHN angle suggests that, for the protonated
species at least, insufficient deviation from linearity is present
(aNHN� 152 ± 159�) to result in such a discrepancy with the
predicted rNN versus 2HJNN curve. Indeed, the aNHN values are
similar to those in 8 and 9 which correlate almost perfectly.
The free base forms 1 ± 5 display a wide range of significantly
smaller angle (aNHN � 106 ± 134�) but in contrast display a
much smaller range of 2HJNN values. In both series (free base
and protonated), the observed 2HJNN values are significantly
lower than would be expected from the ™normal∫ trend in
Figure 3. The hydrogen bonding in the protonated proton
sponge species is sometimes referred to as being ™under
compression∫.[45] That is, the rigidity of the naphthalene
scaffold results in a much lower rNN value than there would be
if the N-H-N unit alone were to control the equilibrium
geometry in the absence of the constraints of the C�C bonded
framework. However, compression and elongation of model
systems predicts smooth relationships between rNN versus
predicted 2HJNN that mirrored the relationship arising from
equilibrium rNN values in the series of compounds.[20] In other
words, non-equilibrium rNN should still result in a reasonably
predictable 2HJNN value. To probe whether a general medium
effect may play an important factor, we re-performed the
DFT calculations on the protonated series [1H]� ± [6H]� using
a polarisable medium that mimics DMF. Consistent with the
rigidity of the diaminonaphthalene system, there were only
very slight changes in the structure. The most notable of these
were a small elongation of the N ± N distance (�rNN 0.001 ±
0.050 ä) and a slight bending of the N-H-N unit further away
from linearity (�aNHN 0.8 ± 4.8�) as the medium was changed
from the gas phase to a DMF mimic. However, these changes
are far too small to decrease the deviation between predicted
and observed 2HJNN to a significant extent.


Relationship between 2HJNN values and inductive effects on
the naphthalene ring : The restriction in the current two
systems (1 ± 6 and [1H]� ± [6H]�) to small variations in rNN,
provides an opportunity to explore in an isolated manner
other factors that must therefore contribute to the magnitude
of 2HJNN. The smooth increase in 2HJNN in the series [1H]� ±
[6H]� suggests that the increasing degree of methylation
directly or indirectly increases the Fermi contact, the domi-
nant contributor to the coupling,[19±21] between the N centres.
In both series, the naphthalene ring is a constant, whilst the
degree of methylation is variable and we thus chose to use
[�13C1,8] , the sum of the 13C shifts of C(1) and C(8) (see


Table 1) normalised against naphthalene,[46] as a probe for the
inductive effects arising as a consequence of the electronic
interaction between the naphthalene ring and the {R2N-H-
NR2} unit to which it is bound through the C(1) and C(8)
carbons. In such a manner we find that the 2HJNN coupling is
related both to the degree of methylation in the series 1 ± 5
and [1H]� ± [6H]� (Figure 2) and also to [�13C1,8], where a
good correlation is observed (Figure 4).


Figure 4. Graph of the N,N coupling (2HJNN for all but 6) in [15N2]-1 ± 6 and
[15N2]-[1 ± 6H][I] in [D7]DMF against the sum of the C(1) and C(8) chemical
shifts, normalised against the chemical shift of naphthalene. Open circles
are for [15N2]-1 ± 6; filled circles are for [15N2]-[1 ± 6H][I]. Data taken from
Table 1. The labels (0 to 4) above data-points are the number of methyl
groups in each species. Straight lines passing through data-points are linear
regressions of the two data sets (excluding the free base form of 6 for which
2HJNN is zero). For [15N2]-[1 ± 6H][I], 2HJNN � 0.24(�0.03)[�13C1,8)-256.6]�
0.6(�0.6); for [15N2]-1 ± 5 2HJNN � 0.081(�0.3)[�13C1,8)� 256.6]� 0.1(�1.2).


Considering the data, it is evident that as the degree of
methylation is increased (see �(Me) associated with data
points in Figure 4) the electron demand on the ring is strongly
modulated in the protonated series (��13C1,8 ca. 27 ppm) with
a similar but much smaller trend in the neutral series
([��13C1,8] ca. 8 ppm). Initially this result in the cationic
series, [1H]� ± [6H]� , may appear contra-intuitive: a methyl
group should be more electron donating (inductive) than a
hydrogen, and increasing methylation would therefore be
expected to stabilise the N-cationic centres, reduce the net
electron withdrawing effect of the {R2N-H-NR2} unit and thus
decrease the [��13C1,8] value. The opposite effect is observed,
see above. However, concomitant with increasing methylation
is, of course, a parallel decrease in the number of non
intramolecularly hydrogen bonded N-H units. Intermolecular
hydrogen bonding of these N-H units would be rather
favourable in the protonated forms since this would delocalise
the positive charge of the ammonium centre. A consequence
of this would be a reduction in the charge localised at the
N-centres and thus a reduction in the net electron with-
drawing effect exerted at C(1,8) of the naphthalene ring.
Considering first [1H]� , which has the opportunity to engage
in four separate intermolecular hydrogen bonding interac-
tions, a stepwise increase in methylation (in the series [1H]� ±
[6H]�) should then result in a stepwise decrease in charge
delocalisation. This would then be accompanied by a stepwise
increase in demand for electron donation by the naphthalene
ring and thus an increasing [��13C1,8] value.
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In addition to the variation of the 2HJNN values within the
series [1H]� ± [6H]� , there also remains the issue of the large
deviation of even the maximum 2HJNN value (ca. 8.5 Hz) with
that predicted by consideration of the computed curve for
model systems in Figure 3. Based on the discussion above, we
wondered whether this deviation might be due to peculiarities


in the electronic structure of
these naphthyl diamines, associ-
ated with the inductive effects
within the C�N bond, or to a
more general polarisation of the
naphthyl ring by the ammonium
substituent. To answer this, we
have also studied the double 15N


labelled HBF4 salt of N,N�-dimethyl-1,6-diazacyclodecane
(10),[47, 48] and measured the 2HJNN value of this purely aliphatic
in-protonated diamine.


The time-average symmetry of this species again involved
the analysis of the X-part of an ABX spin system in the
13C{1H} NMR spectrum and using this technique the 2HJNN was
determined as 10.6 Hz. The hydrogen bond assembly in this
system is close to linearity (aNHN� 169�) and is time-average
symmetrical in both the solid state (X-ray) and solution
(NMR). The observation that a similar deviation between rNN


NMR-predicted and NMR-observed 2HJNN also occurs in this
fully aliphatic transannular hydrogen-bonded cationic N-H-N
system, see asterisk in Figure 3, strongly supports the notion
that the naphthalene ring is not responsible for the analo-
gously large deviations in the series [1H]� ± [6H]� and 1 to 5.


Computation of N,N-Fermi-contacts for 1 ± 6 and [1H]� ±
[6H]� and the effect of microsolvation : So as to gain further
insight into the origin of the variation in 2HJNN for the 1,8-
diaminonaphthalenes, and especially their protonated forms
[1H]� ± [6H]� , we also used DFT (with the ADF program
package,[49] using the standard BP86 functional as B3LYP
calculations cannot be performed with this program) to
calculate the coupling constants. First, we ensured that this
method (BP86 computation of 2HJNN at the B3LYP geometry)
gives results similar to those obtained for example by
Del Bene et al.[19, 20] Our computed values for three cases
spanning the range from ™weak∫ to ™strong∫ coupling are
indeed in good agreement with previous computed values:
2HJNN is found to be respectively 2.7, 5.0 and 8.9 Hz for the
pyrrole ± HNC, CNH ± NCH and CNH ± pyridine complexes,
as compared with values of 3.0, 5.5 and 10.7 Hz computed at
the CCSD-EOM ab initio level of theory. For the CNH ± NCH
complex, we obtained a strong dependence of 2HJNN with
respect to rNN when the latter is changed from its equilibrium
value, as in ref. [19].


Next, we computed 2HJNN coupling constants for the free
bases 1 ± 6. By and large, considering that our calculations
treat isolated gas-phase species, the results are in excellent
agreement with experiment (see Table 2, entries 1 ± 6).


In contrast, analogous computations in the protonated
series [1H]� ± [6H]� significantly over-estimated the coupling
for all but [6H]� . Indeed, as with the free-base series, the
computed couplings were essentially independent of the
degree of methylation (Table 2, entries 7 ± 12). We considered


several possible reasons for this discrepancy with experiment.
First, our calculations are carried out at the equilibrium
geometry, whereas the observed coupling constants arise from
averaging over the range of configurations sampled on the
NMR time scale. For example, NMR measurements on the
protonated forms [1H]� , [3H]� and [6H]� show the two
nitrogens to be identical, whereas the equilibrium computed
structure corresponds to a desymmetrised structure with the
proton associated with one nitrogen only. This is due to the
low barrier to intramolecular proton transfer. Del Bene et al.
have shown[37] that the effective coupling constants obtained
as ensemble averages of the computed values at specific
geometries can be significantly different from the equilibrium
value. In the present case, the ™most different∫ geometry
likely to be sampled at thermal energies is the transition state
for intramolecular proton transfer, and we have accordingly
recomputed 2HJNN at this geometry for [1H]� and [6H]� . As
might be expected from the fact that this structure involves
much stronger electronic coupling between the two amine
functions, the 2HJNN at this point is somewhat larger than that
at the unsymmetric equilibrium geometry: 9.3 versus 7.5 Hz
for [1H]� , and 8.5 versus 6.7 for [6H]� . Vibrational averaging
of this type may therefore account in part for the fact that the
computed coupling constant for [6H]� is somewhat smaller
than the experimental value. However, even taking into
account the fact that averaging will also involve some
geometries where 2HJNN is lower than at the equilibrium
position, it seems extremely unlikely that the low values of
2HJNN for [1H]� ± [5H]� could be explained in this way.


The most likely remaining explanation for the very
significant deviation of the measured coupling constants of
these ions from the simple correlation with rNN is solvent
effects, and especially hydrogen bonding by ™free∫ N-H
groups to the electron rich carbonyl group of DMF. This
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Table 2. The observed and computed 2HJNNvalues [a] for the free-base and
the protonated, cationic forms of diaminonaphthalenes 1 ± 6.


Species 2HJNN observed[b] 2HJNN calculated [Hz]
(Me)n[c] [Hz] in gas phase with N-H


micro-solvation[d]


1 1 (0) 2.88 (0.3) 3.34
2 2 (1) 3.25(0.2) 3.46
3 3 (2) 3.21 (0.3) 3.51[e]


4 4 (2) 3.3 (0.2) 2.77
5 5 (3) 3.71 (0.2) 3.62
6 6 (4) 0 (0.5) 0.32[f]


7 [1H]� (0) 1.5 (0.2) 7.53 4.37
8 [2H]� (1) 2.6 (0.2) 6.31 4.81
9 [3H]� (2) ±[g] 5.85 ±[h]


10 [4H]� (2) 4.46 (0.2) 6.85 6.04
11 [5H]� (3) 6.68 (0.2) 6.17 6.51
12 [6H]� (4) 8.46(0.2) 6.67 ±[i]


[a] The coupling between N,N centres through the intramolecular hydro-
gen bond, except for entry 6. [b] NMR data from isotopically labelled
compounds (�90 % 15N2; �7.5% 15N1; �2.5 % 15N0). Calculated data from
DFT (BP86) calculations, see Experimental Section for full details. [c] ™n∫
is the number of methyl groups. [d] Each non-intramolecularly hydrogen
bonded N-H unit in the cationic series has a DMF molecule added to mimic
hydrogen bonding to the solvent. [e] For trans [���]-isomer. [f] Coupling
mechanism is through space. [g] Not determined with sufficient accuracy,
see ref. [27]. [h] Not calculated. [i] Not applicable (no non-intramolecularly
hydrogen bonded N-H unit available).
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hypothesis is not easy to probe by computation, as ADF is not
able to compute coupling constants in the presence of
continuum solvent.[50] In any case, the solvent effect will
depend on the degree of charge transfer from the solute to the
solvent within the hydrogen bond, and this interaction is not
described by continuum models.[51]


So as to address this issue, we therefore chose to represent
the solvent by considering equilibrium structures for [1H]� ±
[5H]� , microsolvated by one DMF molecule hydrogen bond-
ing to each non-intramolecular H-bonded N-H. The opti-
mized structure of the [1H]� microsolvate is contrasted with
that of the bare ion in Figure 5. These microsolvated
structures[52] only provide a static snapshot of the dynamic
solvent-solute interactions, and it is unclear that the restric-
tion to one solvent molecule per N-H unit is justified.
However, these models do give some interesting insight into
the properties of [1H]� ± [5H]� .[53]


Figure 5. DFT optimised structures of bare [1H] � (a) and of the [1H]� ¥
(DMF)4 microsolvate (b). For full discussion see text.


First, the optimised structures are considerably distorted
from the gas-phase structures, with significant rotation around
the C�N bond in most cases, leading to disrupted intra-
molecular hydrogen bonding but to more favourable solute ±
solvent interactions. Although rNN and aNHN do not change
very significantly (in [1H]� ¥ (DMF)4, for example, rNN in-
creases to 2.671 from 2.598 ä in the bare ion, and aNHN


decreases from 153.2 to 136.8�), it can be seen in Figure 5
that the acceptor NH2 group rotates quite significantly, so that
the lone pair no longer points directly towards the donor
NH3


� group. The fact that relatively weak hydrogen bonding
to DMF can cause these changes in geometry of the main
intramolecular hydrogen bond supports the previous conclu-
sion[7] that hydrogen bonding in protonated diaminonaptha-
lenes is not abnormally strong. Next, analysis of the wave-


functions of these microsolvates shows that there is indeed
significant solute to solvent charge transfer. In [1H]� ¥
(DMF)4, the four solvent molecules have a total NBO[54]


charge of �0.12. Compared to the gas-phase ion, the charge
on the [N2H5]� moiety has barely changed (�0.53 vs �0.50),
but the charge on the 1,8-naphthyl framework has markedly
decreased, from �0.50 to �0.35. This charge transfer process
thereby suggests that the observed increase in [�13C1,8] upon
increasing the degree of methyl substitution is indeed due to a
decreased ability to hydrogen bond to solvent.


More significantly from the present point of view, the
computed 2HJNN values for these microsolvates also agree
much better with experiment than those derived from the gas
phase structures. Thus, the spin ± spin coupling was found to
rise smoothly in the order [1H]� ± [5H]� , Table 2, entries 7 ±
11. It should be noted that the computed 2HJNN values remain
larger than the experimental ones, but the crude nature of the
microsolvation model means that exact numerical reproduc-
tion of the solvent effect is not expected. A significant part of
the change in coupling constant is due to the disruption in the
hydrogen-bonding geometry discussed above: the computed
2HJNN for the [1H]� ion at its optimized geometry within the
[DMF]4 microsolvate but in the absence of the DMF
molecules (5.5 Hz) is already much smaller than the value
calculated at the equilibrium structure of this bare ion
(7.5 Hz). Most of this change is probably due to the fact that
the hydrogen bond acceptor lone pair is no longer optimially
oriented towards the donor.


However, geometry changes alone do not explain the whole
change in coupling, as the computed value for the distorted
but unsolvated ion, 5.5 Hz, remains larger than that for the
full solvated species (4.4 Hz). This further decrease in
coupling must be due to electronic effects disrupting hydrogen
bonding. Wilkens et al.[55] have found that NBO analysis can
provide insight into the origin of spin ± spin coupling con-
stants. In the specific case of 2HJNN coupling, they found that
delocalisation of the hydrogen-bond ™acceptor∫ N lone pair
into the antibonding N-H orbital of the hydrogen bond donor
makes a large contribution to the computed 2HJNN in the
adenine-thymine base pair.[55] NBO analysis[54] of [1H]� and its
microsolvated form indicates how solvation might affect
spin ± spin coupling between the two nitrogen nuclei. Thus,
the key N lone pair ± N-H �* interaction is severely attenuated
in the microsolvates: the N-H �* has an NBO population of
0.14 electrons in the bare ion, mainly due to donation from the
lone pair on the other nitrogen; this electron delocalisation
interaction has an associated stabilisation energy E(2) of
59.2 kcal mol�1 (this is related to but not identical to the
overall stabilisation energy due to hydrogen bonding). These
properties are very similar in bare [6H]�: 0.14 electrons in the
N-H �* orbital, and a lone pair ± �* delocalisation energy of
50.9 kcal mol�1. In the [DMF]4 solvate, the interaction is much
weakened: the �* orbital now only contains 0.06 electrons,
and the orbital interaction stabilisation energy is only
19.7 kcal mol�1. This reflects the lesser importance of N-H ¥ ¥ ¥
N hydrogen bonding, with N-H ¥ ¥ ¥ O�CH(NMe2) interactions
instead becoming of significant importance: the strongest
such interaction, involving the bottom left-hand DMF mol-
ecule in Figure 5 and the corresponding N�H bond of the
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NH3
� group, also leads to a �* electron population of 0.06, and


an orbital interaction stabilisation energy of 15.9 kcal mol�1.
Overall, it is clear that solvation of non- or partially-


methylated 1,8-diaminonaphthalene cations can have a strong
effect on the magnitude of the intramolecular N,N spin ± spin
coupling. Solvation is a very complex phenomenon which is
only partly described by the microsolvation model used here,
so that it is not really possible to conclude whether the main
effect on the coupling constants is due to the geometric or the
electronic disruption created by hydrogen bonding to solvent.


Conclusion


In summary, we have prepared a range of neutral and cationic
(protonated) diamine species in 15N2-labelled form and
performed DFT calculations to estimate geometries of hydro-
gen bonds, where present. The scalar NMR coupling between
the nitrogen centres has been measured by two methods: one
direct (15N NMR) for the non-symmetrical species (2, 4, 5,
[2H]� , [4H]� and [5H]�) and the other indirect (13C NMR) for
the time-average symmetrical species (1, 3, 6, [1H]� , [3H]�


[6H]� and [10H]�). Smooth variations in the coupling constant
in the series [1 ± 6H]� suggests that the indirect method allows
reliable extraction of JNN from time-average symmetrical
systems. In contrast to earlier techniques,[18] the method does
not require a multiple frequency approach, or substantial
isotope shifts, to be effective. Consistent with a) the presence
of an intramolecular N-H-N hydrogen bond in all of the free
base forms except 6, b) the dominant coupling mechanism
being Fermi-contact between N centres through the hydrogen
bond (i.e., 2HJNN) and c) very similar N�N separation (rNN) in
1 ± 5, the coupling constant varies only slightly through the
series 1 ± 5 (2.8 ± 3.7 Hz) but is 0 Hz in 6. Nonetheless, the
observed 2HJNN values are significantly lower than the values
based on those predicted on the basis of DFT and ab initio
calculations of the relationship between N ± N separation
(rNN) and 2HJNN in model systems (see above). In the
protonated series [1 ± 6H]� , the 2HJNN value spans some
7 Hz, despite similarly small variation in rNN. Again, all values
are significantly lower than the values predicted by the
computated relationship between (rNN) and 2HJNN in model
systems. The modulation of 2HJNN with increasing methylation
is found to correlate well with the 13C NMR shifts of the
naphthalene carbons directly attached to the N centres.
However, the lack of correlation of observed and predicted
2HJNN with rNN in the aliphatic protonated diamine [10H]� ,
suggests that the participation of the naphthalene ring is not
(wholly) responsible for the discrepancy.


Two possible explanations for the increasing 2HJNN in the
series [1 ± 6H]� are i) that the inductive effect of the methyl
groups (relative to hydrogen) results in an increased cova-
lency,[56] and thus Fermi-contact, across the cationic N-H-N
unit[55] and/or ii) that the significant hydrogen bonding of the
N�H units to solvent in the lower members of the homologous
series weakens the intramolecular hydrogen bond. The
rigidity of the naphthalene skeleton precludes changes in
rNN and hence means that the frequently discussed correlation
between rNN and 2HJNN plays no role in the presently observed


highly variable coupling constants. The induction mecha-
nism i) is unlikely as the computed gas-phase coupling
constants remain roughly constant with increasing methyla-
tion. In contrast, the solvation mechanism ii) is supported by
the reduction in computed full spin ± spin coupling terms for
lower members of the homologous series [1 ± 6H]� when
microsolvation of the free N�H bonds by discrete DMF is
used to reproduce the key aspects of solvent ± solute inter-
actions. Further investigation is clearly required and is
ongoing in our laboratories. In conclusion, we have demon-
strated that solvation of N-H groups, within the confines of
the structural restrictions imposed by intramolecular N-H-N
hydrogen bonding can result in significant deviation of 2HJNN


between experiment and theory. As such, until 2HJNN/rNN


values have been determined in a much broader range of
species, particularly intermolecular examples (which by their
very nature are the hardest to study) caution should be
exercised in extracting N-N distances (rNN) from experimental
15N,15N coupling constants (2HJNN).


Experimental Section


General : The reactions were carried out under nitrogen or hydrogen
atmospheres using standard Schlenk techniques. Solvents were dried by
passage under nitrogen thorough an Anhydrous Technologies drying train
(activated alumina). Na15NO3 (�95 % 15N) was obtained from Amersham
International. Flash column chromatography was performed on Merck
silica gel 60 or Merck neutral alumina eluting with a constant gravity head
of ca. 15 cm solvent. TLC: 0.25 mm, Merck silica gel 60 F254 or neutral
alumina F254 visualising at 254 nm or with acidic (H2SO4) aq. KMnO4


solution (ca. 2%). NMR experiments were performed on JEOL GX400
and Delta 400 instruments. Frequency references: 1H internally referenced
to [D6]DMF� 2.74, 2.91, 8.01 ppm or to CD2HCN� 1.95 ppm); 13C
internally referenced to [D7]DMF� 30.1, 35.2, 167.7 ppm or to CD3CN�
118.2, 1.3 ppm; 15N NMR internally referenced to [D7]DMF� 103.8 ppm or
CD3CN� 239.5 ppm (externally referenced to NH3 � 0 ppm). Full assign-
ments were aided by 1 and 2D experiments {DEPT, HHCOSY, CH-
FGDQFC, CH-FGHMBC} as appropriate. In all cases, 1J(C,N) is assumed
to be negative. Spectral simulation was performed on g-NMR software.
Mass spectra were recorded on a VG Micromass in electron impact (EI)
mode. [10H][BF4] was a gift from Professor Roger W. Alder, University of
Bristol.


[15N2]-1,5-dinitronaphthalene and [15N2]-1,8-dinitronaphthalene (7). These
compounds were prepared by adaptation of a literature method[57] for the
preparation of [15N]-1-nitronaphthalene. Naphthalene (1.51 g, 11.77 mmol)
and Na15NO3 (2.00 g, 23.26 mmol) were stirred in chloroform (24 mL) at
room temperature. A mixture of trifluoroacetic anhydride (17.3 g,
11.64 mL, 82.37 mmol) and trifluoroacetic acid (9.39 g, 6.33 mL,
82.37 mmol) was then added dropwise over 1 h. The resulting yellow
suspension was stirred at room temperature for a further 48 h giving a
bright yellow homogeneous solution. The reaction was quenched with
water (30 mL) and extracted with chloroform (3� 30 mL). The combined
organic phases were dried over MgSO4 and the solvent removed in vacuo to
afford the title compounds as an intimate mixture of yellow solids (2.22 g,
86.5 % crude) consisting predominantly of dinitronaphthalenes. Recrystal-
lisation from pyridine three times gave [15N2]-1,5-dinitronaphthalene
(330 mg, 12.9 %) as fine yellow needles. M.p. 202 ± 206 �C (from pyridine)
(lit. 216 �C[58]); 1H NMR (400 MHz, CDCl3, 22 �C, SiMe4): �� 8.29 (ddd,
3J(H,H)� 7.59, 4J(H,H)� 1.3, 3J(N,H)� 2.6 Hz, 2 H; C(2)H, C(6)H), 8.25
(dd, 3J(H,H)� 8.24, 4J(H,H)� 1.3 Hz, 2H; C(4)H, C(8)H), 7.75 (br dd,
3J(H,H)� 7.59, 3J(H,H)� 8.24 Hz, 2H; C(3)H, C(7)H); MS-EI: m/z (%):
220 (15) [M�], 173 (81), 142 (22).


The filtrates from the above crystallisations from pyridine were combined
and evaporated to give a light brown residue which was recrystallised three
times from ethyl acetate to give [15N2]-1,8-dinitronaphthalene ([15N2]-7,


Chem. Eur. J. 2003, 9, 4523 ± 4535 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4531







FULL PAPER G. C. Lloyd-Jones, J. N. Harvey et al.


805 mg, 31.4%) as pale brown flakes. M.p. 158 ± 160 �C (from ethyl acetate)
(lit. 171 �C[58]); 1H NMR (400 MHz, CDCl3, 22 �C, SiMe4): �� 8.80 (dd,
3J(H,H)� 7.58, 4J(H,H)� 0.8 Hz, 2 H; C(4)H, C(5)H), 8.32 (ddd,
3J(H,H)� 7.59, 4J(H,H)� 0.8, 3J(N,H)� 2.2 Hz, 2 H; C(2)H, C(7)H), 7.82
(br dd, 3J(H,H)� 7.59, 7.58 Hz, 2 H; C(3)H, C(6)H); MS-EI: m/z (%): 220
(84) [M�], 173 (7), 142 (14), 126 (75).


[15N2]-1,8-Diaminonaphthalene ([15N2]-1): PtO2 powder (35 mg,
0.16 mmol) was added to a saturated solution of [15N2]-1,8-dinitronaph-
thalene (705 mg, 3.204 mmol) in THF (ca. 10.5 mL). The resulting
suspension was hydrogenated (1 atm H2) giving at first a dark brown
solution, which after approximately 16 h became lighter as hydrogenation
neared completion. The air sensitive solution was transferred to a kugelrohr
bulb, the solvent removed in vacuo and then brown residue distilled
(0.3 mm Hg; oven temperature 120 �C) to give the title compound (446 mg,
87%) as a viscous yellow oil which solidified on standing. M.p. 56 ± 57 �C;
(commercial, unlabelled material: m.p. 63 ± 67 �C); 1H NMR (400 MHz,
[D7]DMF, 22 �C, [D6]DMF): �� 7.09 (dd, 3J(H,H)� 8.06, 8.06 Hz, 2H;
C(3)H, C(6)H), 7.05 (dd, 3J(H,H)� 8.06, 4J(H,H)� 1.71 Hz, 2 H; C(4)H,
C(5)H), 6.69 (ddd, 3J(H,H)� 8.06, 4J(H,H)� 1.71, 3J(N,H)� 1.96 Hz, 2H;
C(2)H, C(7)H), 5.51 (d, 1J(N,H)� 78.5 Hz, 4 H; 2�NH2); 13C NMR
(100.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): �� 147.7 (X of ABX, C(1),
C(8)), 138.4 (s; C(10)), 127.1 (s; C(3)H, C(6)H), 118.9 (s; C(4)H, C(5)H),
117.7 (t, 2J(C,N)� 2.02 Hz; C(9)), 111.4 (s; C(2)H, C(7)H); 15N NMR
(40.6 MHz, [D7]DMF, 22 �C, [D7]DMF): �� 62.7 (t, 1J(N,H)� 78.5 Hz, 2N;
NH2); MS-EI: m/z (%): 160 (100) [M��H], 145 (3), 131 (28).


[15N2]-N-Methyl-1,8-diaminonaphthalene, [15N2]-N,N-dimethyl-1,8-diami-
nonaphthalene, [15N2]-N,N�-dimethyl-1,8-diaminonaphthalene and [15N2]-
N,N,N�-trimethyl-1,8-diaminonaphthalene : Sodium hydride 60% disper-
sion (80 mg, 2.0 mmol) was added to a stirred solution of [15N2]-1,8-
diaminonaphthalene (315 mg, 1.97 mmol in THF (4.8 mL). After efferves-
cence had ceased, the brown solution was stirred at room temperature for
15 min and then methyl iodide (280 mg, 0.120 mL, 1.97 mmol) added
dropwise, resulting in a pale green suspension. After 15 minutes, a further
portion of sodium hydride 60 % dispersion (80 mg, 2.0 mmol) and methyl
iodide (280 mg, 0.120 mL, 1.97 mmol) was added, resulting in an off-white
suspension. After stirring for a further 3 h, the reaction mixture was
cautiously quenched with water (5 mL) and then extracted with ethyl
acetate (3� 5 mL). The combined organic phases were dried (MgSO4) and
the solvent removed in vacuo to give a dark brown tar. This was purified by
column chromatography on neutral alumina using column of dimensions
12.5 cm (length) and 4.3 cm (diameter). Elution with a gradient from 1 to
100 % ethyl acetate in hexane gave: [15N2]-2, [15N2]-3, [15N2]-4 and [15N2]-5.


[15N2]-N-methyl-1,8-diaminonaphthalene ([15N2]-2): (90 mg, 26.2 %); Rf


(90 % hexane/10 % EtOAc; neutral alumina, 0.24); 1H NMR (400 MHz,
[D7]DMF, 22 �C, [D6]DMF): �� 7.28 (d, 3J(H,H)� 8.79 Hz, 1 H; C(5)H),
7.20 (dd, 3J(H,H)� 7.57, 8.07 Hz, 1 H; C(3)H), 7.14 (dd, 3J(H,H)� 6.60,
8.79 Hz 1H; C(6)H), 7.04 (dd, 3J(H,H)� 8.07, 4J(H,H)� 1.22 Hz, 1H;
C(4)H), 5.70 (very broad signal, 3H; NH and NH2), 6.65 (d, 3J(H,H)�
6.60 Hz, 1H; C(7)H), 6.42 (dd, 3J(H,H)� 7.57, 4J(H,H)� 1.22 Hz, 1H;
C(2)H), 2.84 (s, 3H; Me); 13C NMR(100.6 MHz {1H}, [D7]DMF, 22 �C,
[D7]DMF): �� 149.5 (d, 1J(C,N)��11.53 Hz; C(1)), 146.9 (d, 1J(C,N)�
�8.84 Hz; C(8)), 135.0 (3J(C,N)� 2.7, 2.7 Hz; (10)), 129.9 (s; C(4)), 119.8
(s; C(5)), 117.9 (s; C(3)), 117.8 (dd, 2J(C,N)� 2.1, 2.1 Hz; C(9)), 115.3 (s;
C(6)), 113.2 (d, 2J(C,N� 0.77 Hz; C(2)), 104.9 (s; C(7)), 31.9, (d, 1J(C,N)�
�9.22 Hz; Me); 15N NMR (40.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF):
�� 61.7 (d, 2HJ(N,N)� 3.25 Hz, 1N; NH2), 59.5 (d, 2HJ(N,N)� 3.25 Hz, 1N;
HNMe).


[15N2]-N,N�-Dimethyl-1,8-diaminonaphthalene ([15N2]-3): (14 mg, 3.8%);
Rf (90 % hexane/10 % EtOAc; neutral alumina, 0.51); 1H NMR (400 MHz,
[D7]DMF, 22 �C, [D6]DMF): �� 7.24 (dd, 3J(H,H)� 7.60, 7.60, 2 H; C(3),
C(6)H), 7.14 (d, 3J(H,H)� 7.60, 2 H; C(4), C(5)H), 6.55 (d, 3J(H,H)� 7.60,
2H; C(2)H, C(7)H), 6.19 (dq, 3J(H,H)� 5.25, 1J(NH)� 83.35 Hz, 2 H; 2�
NH), 2.76 (d, 3J(H,H)� 5.25 Hz, 6H; 2�Me); 13C NMR (100.6 MHz {1H},
[D7]DMF, 22 �C, [D7]DMF): �� 149.2 (X of ABX; C(1), C(8)), 137.8 (t,
2J(C,N)� 1.10 Hz; C(10)),127.3 (s; C(3), C(6)), 119.0 (s; C(4), C(5)), 117.8
(t, 2J(C,N)� 2.21 Hz; C(9)), 102.0 (d, 2J(C,N)� 1.6 Hz; C(2), C(7)), 32.8 (X
of ABX; 2�Me); 15N NMR (40.6 MHz, [D7]DMF, 22 �C, [D7]DMF): ��
37.8 (d, 1J(N,H)� 83.35 Hz, 2N; HNMe).


[15N2]-N,N-Dimethyl-1,8-diaminonaphthalene ([15N2]-4): (53 mg, 14.2 %);
Rf (90 % hexane/10 % EtOAc; neutral alumina, 0.44); 1H NMR(400 MHz,


[D7]DMF, 22 �C, [D6]DMF: �� 7.48 (dd, 3J(H,H)� 8.07, 4J(H,H)� 1.22,
1H; C(4)H), 7.30 (dd, 3J(H,H)� 8.07, 8.07, 1H; C(3)H), 7.16 (dd, 3J(H,H)�
7.57, 7.57, 1H; C(6)H), 7.16 (dd, 3J(H,H)� 7.57, 4J(H,H)� 1.47 Hz, 1H;
C(5)H), 7.02 (dd, 3J(H,H)� 8.07, 4J(H,H)� 1.22 Hz, 1 H; C(2)H), 6.93
(very broad singlet, 2 H; NH2), 6.66 (ddd, 3J(H,H)� 7.57, 4J(H,H)� 1.47,
3J(N,H)� 2.44 Hz, 1H; C(7)H), 2.74 (s, 6H; Me); 13C NMR (100.6 MHz
{1H}, [D7]DMF, 22 �C, [D7]DMF): �� 153.5 (d, 1J(C,N)��7.00 Hz; C(1)),
148.0 (d, 1J(C,N)��12.30 Hz; C(8)), 138.4 (s; C(10)), 127.8 (s; C(3)H),
126.3 (s; C(5)H), 125.9 (s; C(4)H), 119.1 (d, 2J(H,H)� 4.70 Hz; C(9)), 116.2
(s; C(6)H), 115.4 (s; C(2)H), 109.6 (d, 2J(C,N)� 2.30 Hz; C(7)H), 46.6 (d,
1J(C,N)��5.38 Hz; NMe2); 15N NMR (40.6 MHz {1H}, [D7]DMF, 22 �C,
[D7]DMF): �� 62.5 (d, 2HJ(N,N)� 3.28 Hz, 1N; NH2), 35.8 (d, 2HJ(N,N)�
3.28 Hz, 1 N; NMe2).


[15N2]-N,N,N�-Trimethyl-1,8-diaminonaphthalene ([15N2]-5): (171 mg,
43.1 %); Rf (90 % hexane/10 % EtOAc; neutral alumina, 0.71); 1H NMR
(400 MHz, [D7]DMF, 22 �C, [D6]DMF): �� 8.99 (d, 1J(N,H)� 88.54 Hz;
1H, NH), 7.52 (dd, 3J(H,H)� 8.06,4J(H,H)� 1.22 Hz; 1H, C(4)H), 7.33 (dd,
3J(H,H)� 7.58, 7.58 Hz 1H; C(6)H), 7.27 (dd, 3J(H,H)� 8.06, 7.43 Hz, 1H;
C(3)H), 7.22 (dd, 3J(H,H)� 7.58, 4J(H,H)� 1.22 Hz, 1 H; C(5)H),7.02 (dd,
3J(H,H)� 7.43, 4J(H,H)� 1.22 Hz, 1H; C(2)H), 6.40 (dd, 3J(H,H)� 7.58,
3J(H,H)� 1.22 Hz, 1H; C(7)H), 2.94 (s, 3 H, HNMe), 2.72 (s, 6H, NMe2);
13C NMR (100.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): �� 153.3 (d,
1J(C,N)��6.92 Hz; C(1)), 149.2 (d, 1J(C,N)��13.46 Hz; C(8)), 138.1
(dd, 3J(C,N)� 1.16, 0.77 Hz; C(10)), 128.1 (d, 3J(C,N)� 1.15 Hz; C(3)H),
126.5 (d, 2J(C,N)� 0.76 Hz; C(2)H), 126.2 (s; C(4)H), 119.1 (dd, 2J(C,N)�
3.84, 0.76 Hz; C(9)), 116.1 (s; C(6)H), 115.6 (s; C(5)H), 103.25 (d,
2J(C,N)� 1.54 Hz; C(7)H), MeNH peak obscured by Dn-DMF signal,
46.5 (d, 1J(C,N)��5.38 Hz; NMe2); 15N NMR (40.6 MHz, [D7]DMF,
22 �C, [D7]DMF): �� 58.6 (dd, 1J(N,H)� 88.54, 2HJ(N,N)� 3.71 Hz, 1 N;
HNMe), 35.1 (d, 2HJ(N,N)� 3.71 Hz, 1N; NMe2).


[15N2]-N,N,N�,N�-Tetramethyl-1,8-diaminonaphthalene ([15N2]-6): A solu-
tion of the HI salt of [15N2]-N,N,N�,N�-tetramethyl-1,8-diaminonaphthalene
(40 mg, 0.116 mmol) in CH2Cl2 (1 mL) was washed with 3� NaOH solution
(3� 2 mL), the organic phase was separated, dried (MgSO4) and the
solvent removed in vacuo to give the title compound as a pale orange
viscous oil (23 mg, 91%). 1H NMR (400 MHz, [D7]DMF, 22 �C, [D6]DMF):
�� 7.40 (d, 3J(H,H)� 7.33 Hz, 2 H; C(4), C(5)H), 7.32 (dd, 3J(H,H)� 7.33,
7.33 Hz, 2 H; C(3), C(6)H), 6.99 (d, 3J(H,H)� 7.33 Hz, 2H; C(2), C(7)H),
2.78 (s, 12H; 4�Me); 13C NMR (100.6 MHz {1H}, [D7]DMF, 22 �C,
[D7]DMF): �� 151.7 (d, 1J(C,N)��10.76 Hz; C(1), C(8)), 139.0 (s;
C(10)), 126.6 (s; C(4)H, C(5)H), 122.7 (s; C(3)H, C(6)H), 121.5 (t,
2J(H,H)� 3.83 Hz; C(9)), 113.9 (s; C(2)H, C(7)H), 45.0 (d, 1J(H,H)�
�8.00 Hz; 4�Me); 15N NMR (40.6 MHz {1H}, [D7]DMF, 22 �C,
[D7]DMF): �� 46.0 (s; NMe2).


General procedure for mono-protonation of the free-base forms of amines
1 ± 5 with ethereal HI : Conc. HCl (0.67 mL, 8 mmol) was added to a
saturated solution of sodium iodide (1.509 g, 10 mmol) in acetonitrile (ca.
5 mL) immediately resulting in a white precipitate. Diethyl ether was then
added until precipitation of inorganic salts was complete and the resulting
yellow solution used immediately. The amine, as solution in ether was
treated dropwise with the ethereal HI solution until precipitation had
ceased, the supernatant liquid was removed by pipette and then the solid
dried under a stream of nitrogen to give the hydrogen iodide salt as a yellow
powder.


HI salt of [15N2]-1,8-diaminonaphthalene (1): Prepared using the general
procedure outlined above; m.p. 168 ± 172 �C (decomp); 1H NMR
(400 MHz, [D7]DMF, 22 �C, [D6]DMF): �� 9.36 (br s, 5H; NH2 and
NH3


�), 7.81 (dd, 3J(H,H)� 7.07, 4J(H,H)� 1.47 Hz, 2H; C(4), C(5)H),
7.52 (dd, 3J(H,H)� 7.07, 7.07 Hz 2H; C(3)H, C(6)H), 7.48 (ddd, 3J(H,H)�
7.07, 4J(H,H)� 1.47, 3J(N,H)� 2.22 Hz, 2 H; C(2)H, C(7)H); 13C NMR
(100.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): �� 135.9 (s; C(10)), 133.2 (X
of ABX; C(1), C(8)), 133.1 (s; C(4)H, C(5)H), 129.7 (d, 3J(C,N)� 2.31 Hz;
C(3)H, C(6)H), 117.6 (broad singlet; C(9)), 109.5 (d, 2J(C,N)� 2.69 Hz;
C(2)H, C(7)H); 15N NMR(40.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): ��
62.1 (s; NH2 and NH3


�).


HI salt of [15N2]-N-methyl-1,8-diaminonaphthalene (2): Prepared using the
general procedure outlined above; m.p. 182 ± 185 �C (decomp); 1H NMR
(400 MHz, [D7]DMF, 22 �C, [D6]DMF): �� 8.85 (very broad singlet, 5H;
H2N ¥ ¥ ¥ H ¥ ¥ ¥ NH2


�), 7.96 ± 7.92 (m, 1 H; C(4)H), 7.86 (dd, 3J(H,H)� 8.3,
4J(H,H)� 1.22 Hz, 1 H; C(5)H), 7.61 (dd, 3J(H,H)� 7.57, 7.57 Hz, 1H;
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C(3)H), 7.60 ± 7.55 (m, 2H; C(7)H, C(6)H), 7.51 (ddd, 3J(H,H)� 7.57,
4J(H,H)� 1.22, 3J(N,H)� 1.95 Hz 1H; C(2)H), 3.05 (s, 3 H; Me); 13C NMR
(100.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): �� 135.7 (s; C(10)),135.1 (d,
1J(C,N)��13.07 Hz; C(8)), 132.5 (d, 1J(C,N)��12.68 Hz; C(1)), 129.7
(d, 2J(C,N)� 2.31 Hz; C(7)H), 129.6 (d, 2J(C,N)� 1.92 Hz; C(2)H), 124.8
(s; C(5)), 124.1 (s; C(4)), 122.3 (br s; C(9)), 109.9 (d 3J(C,N)� 1.93 Hz;
C(6)H), 108.6 (s; C(3)H), 39.5 (d, 1J(C,N)��10.00 Hz; Me); 15N NMR
(40.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): �� 48.4 (d, 2HJ(N,N)�
2.60 Hz, 1 H; NH3


�), 47.1 (d, 2HJ(N,N)� 2.60 Hz, 1 N; MeNH).


HI salt of [15N2]-N,N�-dimethyl-1,8-diaminonaphthalene (3): Prepared
using the general procedure outlined above; m.p. 170 ± 173 �C (decomp);
1H NMR (400 MHz, [D7]DMF, 22 �C, [D6]DMF): �� 8.43 (br d 1J(N,H)�
92.0 Hz, 2 H; NH2


�), 7.68 (d, 3J(H,H)� 8.30 Hz, 2H; C(4)H, C(5(H), 7.48
(dd, 3J(H,H)� 7.57, 8.30 Hz, 2H; C(3)H, C(6)H), 7.14 (dd, 3J(H,H)� 7.57,
3J(N,H)� 1.95 Hz, 2 H; C(2)H, C(7)H), 3.69 (d, 3J(N,H)� 1.22 Hz, 6H; 2�
Me); 13C NMR (100.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): �� 136.6 (s,
C(10)), 133.7 (X of ABX; C(1), C(8)), 124.5 (s; C(4), C(5)), 123.5 (s; C(3),
C(6)), 122.4 (t, 2J(C,N)� 0.90 Hz; C(9)), 108.4 (d, 3J(C,N)� 1.40 Hz; C(2),
C(7)), 38.8 (X of ABX; 2�Me); 15N NMR (40.6 MHz {1H}, [D7]DMF,
22 �C, [D7]DMF): �� 51.54 (s; 2�Me(H)N-H).


HI salt of [15N2]-N,N-dimethyl-1,8-diaminonaphthalene (4): Prepared using
the general procedure outlined above; m.p. 126 ± 130 �C (decomp);
1H NMR (400 MHz, [D7]DMF, 22 �C, [D6]DMF): �� 8.11 (dd, 3J(H,H)�
7.57, 4J(H,H)� 1.47 Hz, 1 H; C(5)H), 8.03 (dd, 3J(H,H)� 8.56, 4J(H,H)�
1.23 Hz, 1 H; C(4)H), 7.92 (ddd, 3J(H,H)� 7,.57, 4J(H,H)� 1.47, 3J(N,H)�
1.72 Hz, 1H; C(7)H), 7.71 (dd, 3J(H,H)� 8.56, 4J(H,H)� 1.23 Hz, 1H;
C(2)H), 7.71 (dd, 3J(H,H)� 8.56, 8.56, 1 H; C(3)H), 7.68 (dd, 3J(H,H)� 7.57,
7.57, 1H; C(6)H), 4.21 (very broad singlet, 3 H; NH3


�), 2.98 (s, 6H;
NMe2); 13C NMR (100.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): ��
149.6 (d, 1J(C,N)��6.92 Hz; C(1)), 136.8 (s; C(10)), 130.5 (d,
1J(C,N)��8.07 Hz; C(8)), 129.7 (s; C(4)H), 128.2 (s, (C(5)H), 128.1 (s;
C(3)H), 127.0 (d, 2J(C,N)� 1.54 Hz; C(2)H), 124.8 (s; C(6)H), 122.9 (d,
2J(C,N)� 3.46 Hz; C(9)),122.2 (s; C(7)H), 46.4 (d, 1J(C,N)��4.99 Hz;
Me); 15N NMR (40.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): �� 44.7
(d, 2HJ(N,N)� 4.46 Hz, 1N; NH3


�), 32.9 (d, 2HJ(N,N)� 4.46 Hz, 1 N;
NMe2).


HI salt of [15N2]-N,N,N�-trimethyl-1,8-diaminonaphthalene (5): Prepared
using the general procedure outlined above; m.p. 193 ± 195 �C; 1H NMR
(400 MHz, [D7]DMF, 22 �C, [D6]DMF): �� 12.90 (very broad singlet, 2H;
NH2


�), 8.07 (dd, 3J(H,H)� 7.57, 4J(H,H)� 1.46 Hz, 1 H; C(4)H), 8.05 (d,
3J(H,H)� 8.06 Hz, 1H; C(5)H), 7.97 (dd, 3J(H,H)� 7.57, 4J(H,H)� 1.46,
1H; C(2)H), 7.82 (br d, 3J(H,H)� 8.06 Hz, 1H; C(7)H), 7.72 (dd,
3J(H,H)� 7.57, 7.57 Hz, 1 H; C(3)H), 7.71 (dd, 3J(H,H)� 8.06, 8.06 Hz,
1H; C(6)H), 3.30 (s, 3 H; MeN), 3.03 (s, 6H; NMe2); 13C NMR (100.6 MHz
{1H}, [D7]DMF, 22 �C, [D7]DMF): �� 149.4 (d, 1J(C,N)��6.92 Hz; C(1)),
138.8 (d, 1J(C,N)��8.84 Hz; C(8)), 136.8 (s; C(10)H), (s; C(10)), 129.0 (s;
C(3)H), 128.7 (s; C(6)H), 129.2 (s; C(5)H), 127.5 (d, 2J(C,N)� 1.15 Hz;
C(7)H), 122.5 (s; C(2)H), 122.3 (s; C(4)H), 121.7 (d, 2J(C,N)� 3.46 Hz;
(C(9)), 46.7 (d, 1J(C,N)��4.99 Hz; NMe2), 37.9 (d, 1J(C,N)��5.77 Hz;
MeNH2


�); 15N NMR (40.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): �� 41.7
(d, 2HJ(N,N)� 6.68 Hz, 1 N; MeNH2


�), 32.8 (d, 2HJ(N,N)� 6.68 Hz, 1 N;
NMe2).


HI salt of [15N2]-N,N,N�,N�-tetramethyl-1,8-diaminonaphthalene (6): [15N2]-
N,N,N�-Trimethyl-1,8-diaminonaphthalene (100 mg, 0.494 mmol) was dis-
solved in excess methyl iodide (2.280 g, 1 mL, 16.063 mmol) to give a pale
yellow solution which was left at room temperature for 72 h. The excess
methyl iodide was decanted from the pale yellow needles which had formed
and they were washed with a further portion of methyl iodide (0.5 mL) and
then the residual solvent removed in vacuo to afford the HI salt of the title
compound as a yellow powder (131 mg, 77 %). M.p. 248 ± 250 �C (from
MeI); 1H NMR (400 MHz, [D7]DMF, 22 �C, [D6]DMF): �� 18.68 (triple
tridecet, 1J(N,H)� 30.53, 3J(H,H)� 2.44 Hz, 1H; NH�), 8.22 (dd,
3J(H,H)� 7.57, 4J(H,H)� 0.98 Hz, 2 H; C(4), C(5)H), 8.19 (dd, 3J(H,H)�
8.31, 4J(H,H)� 0.98 Hz, 2H; C(2), C(7)H), 7.80 (dd, 3J(H,H)� 8.31,
7.57 Hz, 2H; C(3), C(6)H), 3.34 (d, 3J(H,H)� 2.44 Hz, 12 H; Me);
13C NMR (100.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): �� 146.1 (X of
ABX; C(1), C(8)), 136.4 (s; C(10)), 130.1 (s; C(4), C(5))128.1 (s; C(3),
C(6)), 123.1 (s; C(2), C(7)), 120.5 (t, 2J(C,N)� 2.21 Hz; C(9)), 46.9 (X of
ABX; 4�Me); 15N NMR (40.6 MHz, [D7]DMF, 22 �C, [D7]DMF): ��
35.32 (d, 1J(N,H)� 30.53 Hz; H ¥ ¥ ¥ NMe2).


Trifluoromethanesulphonic acid salt of [15N2]-N,N,N�,N�-tetramethyl-1,8-
diaminonaphthalene (6): In an NMR tube, trifluoromethanesulphonic acid
(11 mg, 11 �L, 0.07 mmol) was added to a solution of [15N2]-N,N,N�,N�-
tetramethyl-1,8-diaminonaphthalene (15 mg, 0.07 mmol) in [D7]DMF (1 g)
to give a pale yellow solution. The 1H, 13C, and 15N NMR spectra were
recorded immediately. 1H NMR (400 MHz, [D7]DMF, 22 �C, [D6]DMF):
�� 18.66 (triple tridecet, 1J(N,H)� 34.9, 3J(H,H)� 2.68 Hz, 1 H, NH�),
8.20 (dd, 3J(H,H)� 7.33, 4J(H,H)� 0.98 Hz, 2H; C(4), C(5)H), 8.19 (dd,
3J(H,H)� 7.33, 4J(H,H)� 0.98 Hz, 2H; C(2), C(7)H), 7.79 (dd, 3J(H,H)�
7.33, 7.33 Hz, 2 H; C(3), C(6)H), 3.32 (d, 3J(H,H)� 2.68 Hz, 12H; Me);
13C NMR (100.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): �� 146.0 (X of
ABX; C(1), C(8)), 136.3 (s; C(10)), 130.1 (s; C(4), C(5)), 128.1 (s; C(3),
C(6)), 122.9 (s; C(2), C(7)), 120.5 (t, 2J(C,N)� 1.92 Hz; C(9)), 46.7 (X of
ABX; 2�NMe2); 15N NMR (40.6 MHz, [D7]DMF, 22 �C, [D7]DMF): ��
34.9 (d, 1J(N,H)� 30.62 Hz; 2�NMe2).


Tetrafluoroboric acid salt of [15N2]-1,6-dimethyl-1,6-diazacyclodecane (10):
1H NMR (400 MHz, [D7]DMF, 22 �C, [D6]DMF): �� 19.51 (tm, 1J(N,H)�
28.81 Hz, 1 H; NH), 2.89 ± 2.79 (m, 4 H; NCHH), 2.61 (d, 3J(H,H)�
2.50 Hz, 6H; Me), 2.69 ± 2.59 (m, 4H; NCH2), 1.83 (br s, 8 H; NCH2CHH);
13C NMR (100.6 MHz {1H}, [D7]DMF, 22 �C, [D7]DMF): �� 54.6 (s; 4�
NCH2), 41.1 (X of ABX; 2�Me), 25.7 (s; 4�NCH2CH2); 15N NMR
(40.6 MHz, [D7]DMF, 22 �C, [D7]DMF): �� 43.4 (d, 1J(NH)� 28.81 Hz,
1H; 2�CH2N(H)Me). 1H NMR (400 MHz, CD3CN, 22 �C, CD3CN) ��
19.35 (tm, 1J(N,H)� 30.44 Hz, 1H; NH), 2.76 ± 2.65 (m, 4 H; NCHH), 2.56
(d, 3J(H,H)� 2.69 Hz, 6 H; 2�Me), 2.56 ± 2.47 (m, 4H; NCHH, 1.82 (br s,
8H; NCH2CH2); 13C NMR (100.6 MHz {1H}, CD3CN, 22 �C, CD3CN): ��
55.7 (s; 4�NCH2), 42.2 (X of ABX; 2�Me), 26.8 (s; 4�NCH2CH2); 15N
NMR (40.6 MHz, CD3CN, 22 �C, CD3CN): �� 42.9 (d, 1J(N,H)� 30.44 Hz;
2�N).


Determination of JAA� and JAB in the X-part of AA�X and ABX spectra :
The 13C{1H} NMR spectra of the time-average symmetrical, doubly 15N-
labelled, species ([15N2]-1, [15N2]-3, [15N2]-6 and [15N2]-[1H][I], [15N2]-
[6H][I]) are of the ABX type (15N�A,B; 13C�X), since an isotope effect
renders the two 15N nuclei chemically non-equivalent. Since this shift is
small, the observed spectra look similar to the AA�X spectra which would
be observed if there were no isotope shift. The X part of an AA�X spectrum
consists of six transitions, two of which occur at �X. The remaining four
transitions form two pairs, each symmetrically placed about �X, one with a
separation equal to N (JAX�JA�X), the other with a separation equal to�


(L2�4J2), where L� JAX � JA�X, and J� JAA�). Clearly it is impossible to
determine the three coupling constants from these two separations alone.
Further information is however available from the line intensities. Whereas
the N doublet has 50 % of the total intensity, the distribution of the
remaining 50 % intensity between the central line and the


�
(L2


�
4J2)


doublet varies, depending on the ratio of L to J. Thus if J�L, the central
line has 50% of the total intensity, the


�
(L2�4J2) doublet has zero


intensity, and only a triplet is observed. Neither J nor L can be determined.
If J � L, the central line has zero intensity, the remaining doublet has 50%
of the total intensity, and a doublet of doublets is observed. If J is then
assumed to be zero (not necessarily justified if L is large), L can be
determined, so JAX and JA�X can be determined. However, since in this case
N and L cannot be distinguished, it is impossible to determine the relative
signs of JAX and JA�X. In intermediate cases (J	L), five lines are observed,
and the relative intensities of the central line and the


�
(L2�4J2) doublet


allow a complete analysis. The accuracy with which J (and therefore L) can
be determined will however vary as J approaches the two extreme
conditions described above. The approach we have used is to perform full
band-shape analysis to simulate the spectrum with respect to both
frequency and intensity. If the isotope shift between the two A nuclei is
significant (for 12C/13C this usually implies that one of the 13C nuclei is
directly bonded to the X nucleus) the system must be treated as an ABX
system, with the introduction of a fourth parameter, �AB. To a first
approximation, the only effect of the isotope shift is to split the central line.
This splitting depends on �AB, but not in a linear fashion. Adding the
chemical shift to the simulations is relatively trivial; it can be quickly
determined since the separation of the two central lines depends largely on
the shift �AB. By performing full band shape analysis of the X part, as we
have done, there is no necessity to measure the spectra at different field
strengths. The approach used in earlier work[18] was to measure the spectra
at three different field strengths, and use the (non-linear) variation of the
central splitting to determine the parameters. This approach is of course not
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always available, and the accuracy of using line separations alone must be
questioned, since the critical central splitting, even on a 17.7 T spectrom-
eter, is no more than 2 ± 3 Hz.


Simulation of 13C{1H} sub-spectra : The real FID was transformed into g-
SPG format by conversion first to JEOL GX file format using JEOL delta
software, then subsequently into g-NMR spectral format using commer-
cially available g-CVT software. The unweighted 65 536 point spectrum was
phased and calibrated using commercially available g-SPG software.
Spectral analysis of the X part of the 3 spin ABX (15N,15N,13C(1,8)) system
was conducted by iterative automated simulation with commercially
available g-NMR software such that a best fit was obtained on the basis
of both frequency and intensity (full bandshape analysis). Of the seven
required parameters [JAB (� JNN�); JAX (� JCN); JBX (� JCN�); ��A; ��B (��A �
��B ��� 15N, the isotope shift) ; ��X and the natural line-width �0.5] , the
following were variables: {JAB, JAX, JBX, ��A} and the following were fixed
{��B, ��X, �0.5}. The fixed parameters were obtained from the real 15N and 13C
spectra. We note that the simulation did not take into account the small
variations in line widths within sub-spectra (i.e., a single value of �0.5 was
applied to the system). However, these variations are usually neglible.[46b]


With the best-fit in hand, the tolerance of the fit to each of the parameters
was approximated by locking six of the seven ™best fit parameters∫ and, in
turn, allowing freedom in a seventh parameter until the fit became
noticeably poorer. The data for the simulations are collected in Table 3.


Computational methods : The geometry of all species was fully optimised
using the Jaguar 4.1 code[59] at the standard B3LYP level of theory, with the
flexible 6-311G(d,p) basis set on all atoms. For the bare diamines and
protonated species, all possible conformers and/or tautomers were
optimised separately, and the reported data refers to the lowest-lying
amongst the tautomers. Transition states for proton transfer for the non-
and tetra-methylated species were optimised by restricting the geometry to
C2v symmetry. The geometry of the cationic species was re-optimised using
a polarisable continuum model ™solvent∫, as implemented in Jaguar, using
solvent parameters (�� 38.3, probe radius� 2.485 ä) suitable for N,N-
dimethylformamide. The microsolvated ions were also fully optimised,
starting from the appropriately modified gas-phase structures; however,
there is no guarantee that global minima have been located. All Jaguar
calculations were carried out in Bristol. 15N ± 15N spin ± spin NMR coupling
constants[60] were computed using the ADF 2002 program package,[49]


installed on computers of the UK Computational Chemistry Facility. These
calculations were carried out at the gas-phase B3LYP geometries, using the
standard BP86 functional, with no frozen electrons. Flexible Slater DZP
basis sets were used on C, H and O, whereas the very large TZ2P basis was
used on the N atoms so as to describe the core region as well as possible.
High-accuracy grids and convergence thresholds were used throughout.
The paramagnetic and diamagnetic orbital terms, as well as the electron-
spin dependent Fermi-contact terms were included; the latter is by far the
most important. Test calculations showed that the spin ± dipole term was
unimportant and it was therefore omitted.


Acknowledgement


The important intellectual contributions of Professor Roger W. Alder
(Bristol), Professor Gary R. Weisman (University of New Hampshire,
USA), Professor John White (Melbourne, Australia) and Drs. Frederick R.
Manby and Jonathan P. H. Charmant (Bristol) to this and our earlier work
in this area are very gratefully acknowledged. G.C.L.-J. thanks the Royal
Society of Chemistry for unrestricted funding in the form of the Hickin-
bottom Fellowship. Pfizer Ltd and the Zeneca Strategic Research Fund
made generous donations and the Nuffield Foundation provided a start-up
grant (SCI/180/96/142). R.L.W. thanks Pfizer Ltd for a vacation bursary and
for support in the form of a CASE award.


[1] G. A. Jeffrey, in An Introduction to Hydrogen Bonding, Oxford
University Press, NY & Oxford, 1997, pp. 11 ± 32.


[2] a) W. W. Cleland, M. M. Kreevoy, Science 1994, 264, 1887; b) J. A.
Gerlt, M. M. Kreevoy, W. W. Cleland, P. A. Frey, Chem. Biol. 1997, 4,
259.


[3] J. P. Guthrie, Chem. Biol. 1996, 3, 163.
[4] For leading references see: a) C. L. Perrin, B. K. Ohta, J. Mol. Struct.


2003, 644, 1; b) A. S. Mildvan, M. A. Massiah, T. K. Harris, T. G.
Marks, D. H. T. Harrison, C. Viragh, P. M. Reddy, I. M. Kovach, J.
Mol. Struct. 2002, 615, 163; c) K. S. Kim, D. W. Kim, J. Y. Lee, P.
Tarakeshwar, K. S. Oh, Biochemistry 2002, 41, 5300; d) A. J. Mulhol-
land, P. D. Lyne, M. Karplus, J. Am. Chem. Soc. 2000, 122, 534; e) A.
Warshel, A Papazyan, Proc. Natl. Acad. Sci. USA 1996, 93, 13665.


[5] R. W. Alder, P. S. Bowman, W. R. S. Steele, D. R. Winterman, J.
Chem. Soc. Chem. Commun. 1968, 723.


[6] a) H. A. Staab, T. Saupe,Angew. Chem. 1988, 100, 895;Angew. Chem.
Int. Engl. Ed. 1988, 27, 865; b) V. Raab, J. Kipke, R. M. Gschwind, J.
Sundermeyer, Chem. Eur. J. 2002, 8, 1682.


[7] P. Hodgson, G. C. Lloyd-Jones, M. Murray, T. M. Peakman, R. L.
Woodward, Chem. Eur. J. 2000, 6, 4451.


[8] C. L. Perrin, B. K. Ohta, J. Am. Chem. Soc. 2001, 123, 6520.
[9] M. Per‰kyl‰, J. Org. Chem. 1996, 61, 7420.


[10] S. T. Howard, J. A. Platts, J. Org. Chem. 1998, 63, 3568.
[11] P. R. Mallinson, K. Wozniak, C. C. Wilson, K. L. McCormack, D. S.


Yufit, J. Am. Chem. Soc. 1999, 121, 4640.
[12] I. Alkorta, J. Elguero, Struct. Chem. 2000, 11, 335.
[13] H. H. Limbach, Magn. Reson. Chem. 2001, 39, S1.
[14] For an introduction to scalar coupling across hydrogen bonds see: A. J.


Dingley, F. Cordier, S Grzesiek, Concepts Magn. Reson. 2001, 13, 103.
[15] a) A. J. Dingley, S. Grzesiek, J. Am. Chem. Soc. 1998, 120, 8293;


b) A. J. Dingley, J. E. Masse, R. D. Peterson, M. Barfield, J. Feigon, S.
Grzesiek, J. Am. Chem. Soc. 1999, 121, 6019.


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4523 ± 45354534


Table 3. 13C{1H} NMR parameters used in simulation of X part of ABX spectra of [15N2]-1, [15N2]-3, [15N2]-6, [15N2]-[1H][I], [15N2]-[6H][I], [15N2]-[6H][OTf],
[15N2]-[6H][ClO4] and [15N2]-[10H][BF4].[a]


Species Solvent JAB
[a] JAX


[a] JBX
[a] [��A-��B][a] �0.5


[a]


[Hz] [Hz] [Hz] [ppb] [Hz]


[15N2]-1 [D7]DMF 2.88 (0.3) � 9.43 (0.3) 0.17 (0.15) 20 (5) 0.5 (0.25)
[15N2]-[1H][I] [D7]DMF 1.50 (0.5) � 12.50 (0.2) 1.5 (0.20) 40 (40) 0.80 (0.15)
[15N2]-3 [D7]DMF 3.28 (0.3) � 10.48 (0.2) 0.66 (0.15) 17 (5) 0.4 (0.15)
[15N2]-[3H][I][b] [D7]DMF 2.5 (0.5)[b] � 12.6 (0.2)[b] 0.75 (0.2)[b] 17 (5)[b] 0.80 (0.15)[b]


[15N2]-6 [D7]DMF 0 (0.5) � 10.76 (0.2) 0.77 (0.5) ± 0.4 (0.1)
[15N2]-6[c] CD3CN 0 (0.5) � 11.1 0.8 (0.5) ± ±[d]


[15N2]-[6H][I] [D7]DMF 8.46 (0.2) � 7.62 (0.2) 1.16 (0.20) 25 (5) 0.4 (0.1)
[15N2]-[6H][OTf] [D7]DMF 8.80 (0.3) � 6.90 (0.3) 0.60 (0.30) 31 (5) 0.45 (0.15)
[15N2]-[6H][ClO4][c] CD3CN 8.7 (0.5) � 7.4 (0.5) 1.0 (0.5) 26 (8)[e] ±[d]


[15N2]-[10H][BF4] [D7]DMF 10.56 (0.5) � 5.47 (0.4) 0.42 (0.5) 34 (30) 1.95 (0.2)
[15N2]-[10H][BF4] CD3CN 10.60 (0.5) � 6.22 (0.4) 1.05 (0.5) 23 (20) 1.50 (0.2)


[a] For full details of simulation and parameters, see discussion in Experimental Section; C(1,8) are source of 13C signals for [15N2]-1, [15N2]-3, [15N2]-6, [15N2]-
[1H][I], [15N2]-[6H][I], [15N2]-[6H][OTf and [15N2]-[6H][ClO4]. Methyl groups are source of 13C signals for [15N2]-[10H][BF4]. [b] Quality of spectrum rather
poor (see ref. [27]), consequently data not as reliable as other entries. [c] Data taken from ref. [18]. [d] Line widths vary with field (0.5 to 1.2 Hz) in original
publication (ref. [18]). [e] Note that in ref. [18] the isotope shift is incorrectly given as 2.6(8) ppb.
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Weakly Oriented Liquid-Crystal NMR Solvents as a General Tool to
Determine Relative Configurations


Christie Aroulanda,[a] Vale¬rie Boucard,[b] FranÁois Guibe¬,[b]
Jacques Courtieu,[a] and Denis Merlet*[a]


Abstract: A new NMR method to determine the relative configuration of
asymmetric centres is presented. It proceeds through the use of a weakly ordered
solvent and the measurement of orientational order parameters. The method is
illustrated by using dihydropyridone derivatives for which the orientations and the
relative configurations of the asymmetric carbon atoms are determined unambig-
uously.


Keywords: configuration determi-
nation ¥ diastereomers ¥ dipolar
couplings ¥ liquid crystals ¥ NMR
spectroscopy


Introduction


The determination of relative configurations of asymmetric
centres is an important challenge in chemistry. It is sometimes
possible to make such an assignment either from the distance
information obtainable through NOE measurements, chem-
ical shifts or scalar couplings. However, often these NMR
interactions do not allow unambiguous conclusions to be
drawn, either because the NOE between the concerned nuclei
is zero or because the couplings are identical.
It was shown recently that it is possible to determine


diastereomeric and enantiomeric excesses through deuterium
NMR spectroscopy by using a chiral liquid-crystal solvent
composed of poly-�-benzyl-�-glutamate (PBLG) dissolved in
an organic solvent.[1, 2] Furthermore, such weakly oriented
liquid-crystal NMR solvents have proven their efficiency in
solving many stereochemical problems.[3±5] Thus, by using this
method it was possible to determine the relative configura-
tions in threo ±meso mixtures provided that one studies a
nonstatistical mixture of the isomers, that is, a sample with
both enantiomeric and diasteromeric excesses.[2] The method
is very simple, but remains limited to deuterated molecules
and symmetrically substituted compounds. Furthermore, the
synthesis of a nonstatistical mixture of all the isomers may not
be trivial.


Herein we present a completely general method to assign
relative configurations through the analysis of orientational
order parameters. To obtain these order parameters the NMR
spectra of the diastereoisomers dissolved in an achiral, weakly
oriented, liquid-crystal solvent are first analysed to extract the
dipolar couplings. It is well known that there is a simple
mathematical relationship between the anisotropic dipolar
couplings, molecular geometry and order parameters. The
major point is that this is a one-to-one relationship (univocal)
and we will show that the knowledge of the molecular order
parameters allows the assignment of relative configurations
without ambiguity.


Results and Discussion


To illustrate the method through an example, we use two
samples that contain separate diastereomers (A and B) of the
dihydropyridones shown in Figure 1. Diastereomers A and B
were synthesised as an approximately 1:1 mixture and could
be separated by column chromatography. The synthesis is
described in reference [6]. In these compounds, NOE meas-
urements do not give information on the spatial proximity of
the protons H3 and H6. These equilibrium structures have
been minimised by using the semiempirical force field, AM1,
through the HYPERCHEM molecular modelling package.
At this point it is important to note that, as far as the ordering
is concerned, the compounds may be separated in three parts:
the phenyl ring, the benzylic group and the dihydropyridone
moiety; the last part contains the two chiral centres of interest
in this study. The dihydropyridinone ring involves atoms
labeled H3, H4, H5, H6, N1, C2, C3, C4, C5, C6, which can be
assumed to be rigid and will be referred to as the (1 ± 6) ring in
the following. The molecular modelling shows that for the
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Figure 1. Structure obtained by molecular modelling and nuclei number-
ing of the cis and trans compounds.


trans compound, the C6�H6 and the C3�H3 bonds or
directions are nearly parallel to each other and that this is
not the case for the cis compound (Figure 1). This fact is
important in oriented solvents as it is known that a simple
relationship exists between the geometrical structure and the
orientational order parameter (Sij) of a direction (ij) for a rigid
part of a molecule. This is given by Equation (1):


Sij�
�


��a�b�c


�


��a�b�c
cos(��


ij�cos(��
ij�S�� (1)


in which � and � are the axes of an arbitrary (a,b,c)
reference frame attached to the molecule. The ��


ij are the
angles between the ij direction and the � axis of the molecular
frame (�� a, b or c), and the S�� are the elements of the
second-rank-order tensor of the rigid part of the molecule
expressed in the reference frame. Consequently, due to the
fact that two parallel directions will give the same �ij angles,
we should find the same order parameter, Sij, associated with
the C6�H6 and C3�H3 directions in the trans isomer, but not
for the cis compounds in an oriented solvent.
To obtain the order parameters of internuclear directions,


the dipolar couplings must be measured from the spectra
obtained by using an anisotropic solvent. At first order the
13C�H total splitting (Tij) observed on the proton coupled
13C NMR spectrum is given by Equation (2):


Tij� Jij � 2Dij (2)


in which here Jij is the scalar coupling between nuclei i and j,
and Dij is the dipolar coupling, which is related with the order
parameter Sij by Equation (3):


Dij���0�i�j�h


8�2
r�3ij Sij (3)


Here rij is the distance between the i and j nuclei, �i and �j
are the magnetogyric ratios of the nuclei i and j, and Sij is the
order parameter of the ij direction. From these definitions it
must be seen that for the dihydropyridones studied here, the


dipolar couplings between C6�H6 and C3�H3 nuclei should
be nearly the same for the solute with the trans configuration,
but not for the solute with the cis configuration.
In this study the achiral weakly oriented liquid crystal


solvent used was made of a racemic mixture of poly-�-benzyl-
�-glutamate (PBLG) and its enantiomer (PBDG), dissolved
in chloroform.[2] The mixture will be named hereafter PBG. It
is important to note that it is not necessary to use a chiral
liquid crystal to solve our problem as we are studying two
diastereomers in racemic mixtures. The use of a chiral liquid
crystal would result in an enantiomeric discrimination. Con-
sequently, we would observe a doubling of the different
spectra and this would complicate the analysis without
bringing any new information about the relative configuration
at C3 and C6.
The assignments of the chemical shifts and the scalar


couplings were made from the analysis of the proton, 13C,
HSQC and HMBC NMR spectra in CDCl3. These spectra are
not presented here, but results concerning the dihydropyr-
idone part are shown in Table 1.


By using the PBG, we were able to determine the C3�H3
and C6�H6 dipolar couplings from the 13C spectra of the two
samples containing each diastereomer. The spectra for these
two carbon atoms are shown in Figure 2 for sample A. It is


Figure 2. Selected part of the proton-coupled 13C NMR spectra for
sample A a) in isotropic solvent, b) in liquid-crystalline solvent.


clear that, for this sample, the total splitting �Tij � is larger than
�Jij � the splitting in the isotropic medium. Due to the weak
orientation in the PBG phase, the dipolar coupling is smaller
than the scalar coupling. Consequently, the C3�H3 and
C6�H6 dipolar couplings have the same sign as the scalar


Table 1. Scalar and dipolar couplings.


C6�H6 C3�H3 C4�H4 C5�H5 H6�H5 H5�H4
sample A
scalar coupling [Hz] � 141 � 129 � 161 � 165 0 � 10
dipolar coupling[a] [Hz] � 89 � 85 � 80 � 22 � 28 � 5
sample B
scalar coupling [Hz] � 141 � 130 � 162 � 162 � 2 � 10
dipolar coupling[a] [Hz] � 97 � 65 � 34 � 81 25 4


[a] Error on the dipolar coupling is �4 Hz.
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couplings, which are positive. In contrast, from the spectra of
the C3 and C6 carbon atoms shown in Figure 3 for sample B,
we can conclude immediately that the C3�H3 and C6�H6
dipolar couplings have opposite signs. The results are
summarised in Table 1. We can also see that the C3�H3 and
C6�H6 dipolar couplings are similar in size for sample A and
very different for sample B. It is now trivial to assign the
compounds to the correct relative configuration: the com-
pound of trans relative configuration is in sample A, while the
cis compound is in sample B.


Figure 3. Selected part of the proton coupled 13C NMR spectra for
sample B a) in isotropic solvent, b) in liquid-crystalline solvent.


To confirm this preliminary result and generalise the
methodology, we have determined the elements of the order
tensors of the rigid part, the (1 ± 6) ring, for compounds A and
B. In fact, this situation, in which two C�H directions are
parallel in one of the diastereoisomers is not general. There-
fore, we have to calculate all the elements of the Saupe order
matrix {S��}, which describes the orientation of the rigid part
of the molecule that contains the asymmetric centres. To do
this and to remove the complications coming from the
rotational parts, we have limited the calculation to the rigid
part composed of the (1 ± 6) ring. This heterocycle has no
symmetry and at least five experimental dipolar couplings are
required to characterise S��. Here we can easily determine
four one-bond 13C ± 1H dipolar couplings from the proton-
coupled 13C spectra and/or the spectra obtained with a
standard HSQC experiment. The two other dipolar couplings
used are the H6�H5 and H5�H4 couplings. These values have
been obtained from two-dimensional SERF experiments.[7]


We have recently demonstrated the potential of this experi-
ment for chiral liquid-crystal samples by simplifying the
proton spectra and easing the enantiomeric discrimination
using proton NMR spectroscopy.[8] This sequence is a J-
resolved experiment that uses only selective pulses. From this,
on the two-dimensional map we visualise only one coupling,
the coupling between the selectively excited nuclei. The
power of this experiment is that 1) we simplify greatly the
proton spectra and 2) the sequence is very sensitive and the
experimental time is short (less than one hour). Note that the
signs of the 1H ± 1H total splittings cannot be determined from
the SERF experiments, and two possible values of each 1H±
1H dipolar couplings resulted. Such ambiguities did not prove
to be a problem during order matrix calculations, as in all the


cases only a single combination of the possible signed values
yielded a satisfying solution in the fitting procedure.
From the experimental dipolar couplings and the geometry


obtained by molecular simulation, the orientation of the
solutes have been determined with the SHAPE fitting
program.[9] In Figure 4, the calculated dipolar couplings are


Figure 4. Comparison between the experimental dipolar couplings, Dexp,
and the calculated dipolar couplings for the two geometrical structures
considered, Dcalcd , a) for sample A and b) for sample B. Note the ideal
results are for the line Dcalcd�Dexptl . Error on the experimental dipolar
coupling is �4 Hz.


compared to the experimental values for each sample with the
cis or trans geometry. The results obtained show that the
NMR data for sample A do not fit with the cis geometry, but
agree very well with the trans geometry, whilst the reverse is
true for sample B. It is clear then that the unique solution is
that sample A contains the trans diastereomer and sample B
contains the cis diastereomer. These results are in agreement
with what was found previously in this work by comparing
only the C3�H3 and C6�H6 dipolar couplings, but this latter
method is much more general.


Conclusion


We have demonstrated that the use of weakly oriented solvent
is a powerful method to determine the relative configurations
of different asymmetric centres. For two diastereomers of
dihydropyridone, we have been able to attribute the relative
configurations without ambiguity by using standard 1H and
13C NMR experiments. In this case, the different dipolar
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couplings were measured by using SERFand two-dimensional
HSQC experiments. From the dipolar couplings we have
computed easily the orientational order matrices of the
solutes in the mesophase and then attributed the diastereom-
ers due to the relationship between geometry and order
matrix elements. In other words, an experimental set of
dipolar couplings was shown to be compatible with a single
geometry. It is also demonstrated that this method can be an
interesting alternative to classical methods such as NOE
experiments when they are ambiguous or when they do not
work. This method is now being developed to be used
routinely.


Experimental Section


Sample preparation : The two liquid-crystalline NMR samples investigated
in this work were prepared by using standard procedures described
elsewhere.[10] The samples were made up of PBLG (MW� 120000, 50 mg),
PBDG (MW� 120000, 50 mg), the solute (10 mg) and dry CDCl3 (605 mg).
Note all NMR tubes (5 mm o.d.) were centrifuged back and forth until an
optically homogeneous birefringent phase was obtained.


NMR spectroscopy : Proton and 13C one- and two-dimensional NMR
spectra in oriented solvents were performed on a high-resolution Bruker
DRX400 spectrometer equipped with a standard variable-temperature
unit (BVT3000) by using a Broadband inverse probe and a Z-gradient unit.
The temperature was kept constant at 300 K for all samples.
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An Accurate Barrier for the Hydrogen Exchange Reaction from Valence
Bond Theory: Is this Theory Coming of Age?


Lingchun Song,[a] Wei Wu,*[a] Philippe C. Hiberty,[b] David Danovich,[c] and Sason Shaik*[c]


Abstract: One of the landmark achieve-
ments of quantum chemistry, specifically
of MO-based methods that include elec-
tron correlation, was the precise calcu-
lation of the barrier for the hydrogen-
exchange reaction (B. Liu, J. Chem.
Phys. 1973, 58, 1925; P. Siegbahn, B.
Liu, J. Chem. Phys. 1978, 68, 2457). This
paper reports an accurate calculation of
this barrier by two recently developed
VB methods that use only the eight
classical VB structures. To our knowl-
edge, the present work is the first accu-
rate ab initio VB barrier that matches an


experimental value. Along with the ac-
curate barrier, the VB method provides
accurate bond energies and diabatic
quantities that enable the barrier height
to be analyzed by the VB state correla-
tion diagram approach, VBSCD (S.
Shaik, A. Shurki, Angew. Chem. 1999,
111, 616; Angew. Chem. Int. Ed. Engl.
1999, 38, 586). This is a proof of principal


that VB theory with appropriate ac-
count of dynamic electron correlation
can achieve quantitative accuracy of
reaction barriers, and still retain a com-
pact and interpretable wave function. A
sample of SN2 barriers and dihalogen
bonding energies, which are close to
CCSD(T) and G2(�) values, show that
the H3 problem is not an isolated case,
and while it is premature to conclude
that VB theory has come of age, the
occurrence of this event is clearly within
sight.


Keywords: ab initio calculations ¥
reaction barrier ¥ transition states ¥
valence bond theory


Introduction


The acceptance of quantum mechanics by chemists was aided,
among other events, by a few landmark achievements. In 1927
Heitler and London (HL) published their seminal paper[1] on
the origins of the chemical bond in the H2 molecule, using
Heisenberg×s resonance approach.[2] Even though not quanti-
tatively accurate, the HL wave function for the first time
provided a physical mechanism for bond formation between
two neutral atoms, due to the quantum-mechanical interfer-
ence effect called resonance energy. The HL wave function


formed the foundation of the valence bond (VB) theory of
Slater[3] and Pauling[4] and, especially due to the work of the
latter, it became a powerful tool that explained most of the
known chemistry of the time.[5] At about the same time,
Hund[6] and Mulliken[7] formulated a spectroscopy-based
method, called molecular orbital (MO) theory, which ac-
counted for a multitude of spectral observations: the magnetic
properties of the dioxygen molecule,[8] the rotational barriers
of olefins,[9] the properties of conjugated molecules,[10] and so
on. These pioneering VB and MO treatments suggested that
the whole of chemistry would naturally emerge from quantum
mechanical principles. However, the quantitative aspects of
the methods were still unsatisfactory, and a quantitative proof
of the validity of quantum mechanics was required.
The H2 molecule was a good benchmark case. VB theory


could be improved by adding ionic structures to the HL wave
function,[11] but the results were still some way from quanti-
tative accuracy. MO theory with a single determinant gave
even worse results than the HL wave function, but it could be
improved by configuration interaction (CI). CI brought to the
fore the notion of electron correlation, which eventually
culminated in the wave function of James and Coolidge
(JC),[12] giving highly accurate results for the bond energy and
other properties of the H2 molecule. This second landmark
achievement demonstrated that a quantum mechanical meth-
od that accounts properly for electron correlation is capable
of predicting molecular properties with an accuracy that
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matches, if not surpasses, experimental accuracy. This was a
proof of principle that quantum mechanics correctly and
accurately describes the nature of the chemical bond.
The next landmark was the calculation of the barrier for the


simplest chemical reaction that describes bond exchange, the
identity hydrogen transfer [Eq. (1)].


H�H � H . � H . � H�H (1)


An early VB treatment of this reaction by London[13a]


showed that VB theory can account qualitatively for the
entire potential surface. This VB treatment was generalized
by Eyring and Polanyi,[13b] and eventually led to the develop-
ment of a useful parametrization scheme for generating
potential energy surfaces. Still, though, quantitative accuracy
of reaction barriers was beyond the reach of VB theory. By
contrast, MO-based treatments with extensive CI, initially by
Liu et al.[14] and by Truhlar and Horowitz,[15] gave a highly
accurate barrier for the hydrogen-exchange reaction. Liu×s
computational data are still widely used for global analytical
potential energy surfaces. Subsequent computational work by
Peterson et al.,[16] Bauschlicher et al.,[17] Anderson et al.,[18]


and again Peterson et al.[19] further substantiated the results of
this pioneering study. This work demonstrated that quantum
mechanics was also able to account most accurately for a key
quantity that determines the speed of a chemical reaction.
With these three landmarks it has become apparent that, in
principle, chemistry has entered under the sovereignty of
quantum mechanics.
In the interim, MO and MO-CI theories have been going


from one achievement to another and establishing the validity
of quantum mechanics. It is unanimously accepted that MO-
based theory with electron correlation correction is the
method of choice for the calculation of molecular properties
and especially of reaction barriers. In contrast, VB theory, the
one that was the first to achieve the landmarks of describing
the chemical bond and the reaction barrier, has been receding
and almost fading out as a quantitative method. Despite the
resurgence of VB methods since the early 1980s,[20] and the
insight this theory provides into chemical reactivity,[21] it is still
considered to be inferior toMO-based methods, primarily due
to quantitative aspects. The bond energy challenge has
already been met by VB theory, and accurate bond energies
may be obtained by VB treatments such as the breathing
orbital VB method (BOVB).[22] However, highly accurate
reaction barrier calculations are still challenging for VB
theory. When this challenge is met, VB theory will finally
come of age, and the addition of quantitative accuracy to its
chemical lucidity will form a formidable theoretical tool in the
service of chemistry. Meeting this challenge is an important
goal of modern quantum chemistry, and is part of our own
program. This work represents a step towards this goal.
The most valuable feature of a VB wave function is its


chemical lucidity: the fact that it maintains a very clear
correspondence between the VB eigenfunctions and the
chemically common Lewis structures for a given electronic
system. For this correspondence to hold, it is necessary to
employ VB methods that make use of pure AOs that are
strictly localized on a single atom or fragment, without any


delocalization tails to other atoms. This feature is also
required for the calculation of the diabatic curves used in
the VBSCD diagrams (vide infra). The VBSCF method of
Balint-Kurti and van Lenthe[23] is appropriate for this purpose,
but its accuracy is still wanting. The BOVBmethod,[22] devised
to improve the accuracy of VBSCF while keeping its
conceptual simplicity and interpretability, is also appropriate.
Finally, some of us recently introduced a VB-based method,
called VBCI, that incorporates the CI technique and philos-
ophy into VB wave functions, while conserving the lucidity of
the wave function, in terms of a minimal set of constituent VB
structures.[24] In this form, the method enables quantitative
accuracy to be obtained with a wave function based on the
classical VB structures. While BOVB has already been tested
for its ability to reproduce bond energies, and similar tests are
reported in this work for the VBCI method (vide infra), the
question is whether the BOVB and/or VBCI methods can also
meet the greater challenge of an accurate calculation of a
reaction barrier with a minimal set of VB structures.
To answer this question we decided to compute the barrier


of the hydrogen exchange reaction,[14±19, 25±33] in Equation (1),
in an attempt to duplicate the landmark achievement of
Liu,[14] and to analyze the constitution of the thus calculated
precise barrier by use of the VB state correlation diagram
model, at a highly accurate level.[21] Although this challenge
may seem unimpressive in comparison with the current
capabilities of MO-based methods, this is not the case for
VB theory. Thus, an earlier VB study by Harcourt and Ng,[34]


used the STO-6G basis set, and arrived at a barrier of
23.6 kcalmol�1. Our own BOVB study,[35] with the 6 ± 31G
basis set, gave a barrier of 18.7 kcalmol�1, almost twice the
true classical barrier of around 9.8 kcalmol�1.[14±19] The
challenge of accuracy facing the VBCI and BOVB methods
is therefore not trivial. As shall be seen, the VBCISD method
meets the quantitative challenge, and at the same time
provides the means to produce basis set-independent diabatic
energy curves and accurate VB parameters of VB state
correlation diagram for the hydrogen exchange reaction.[21]


The computational results show that VB theory is not only a
powerful tool for qualitative understanding but also able to a
good approach for quantitative applications.


Results and Discussion


Methodology


The VBCI method : The VB calculations use a spin-free
formulation of VB theory, which has been fully described
elsewhere.[36, 37] In spin-free VB theory, a many-electron wave
function is expressed in terms of spin-free function �K. �K


� �
�


K


CK�K (2)


may be a bonded tableau (BT)[37] state that maintains a one-
to-one correspondence with the chemical VB structures.
In the VBSCF method,[23] both the VB orbitals and the


structural coefficients are optimized simultaneously to min-
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imize the total energy. The VBSCF method takes care of the
static electron correlation. However, it lacks dynamic corre-
lation,[22] which is absolutely essential for the goal of
quantitative accuracy. The VBCI method[24] uses a config-
uration interaction technique to improve the energetics after
a VBSCF calculation in which all the fundamental VB
structures are involved [Eq. (3)].


�VBSCF �
�


K


CSCF
K �0


K (3)


A subsequent VBCI calculation[24] involves all the funda-
mental and the excited VB structures. This includes double
excitations on each atom, plus products of single excitations of
two atoms. In Equation (4), the structures are indexed by the
superscript i, which can correspond to a fundamental (i� 0) or
a virtual VB structure (i�0).


�VBCI �
�


K


�


i


CKi�i
K (4)


Here, excited structures are nascent from their fundamental
structure through replacement of occupied orbital(s) with
virtual orbital(s), keeping the same spin-pairing. To preserve
the interpretability of the final wave function, the virtual
orbitals are defined, by use of a projector, so as to be strictly
localized on precisely the same atom as the corresponding
occupied orbitals. This form of the virtual orbitals conserves
the nature of the fundamental VB structures. In this manner,
one does not add new VB structures, but rather dresses the
fundamental structures, found at the VBSCF stage, with
dynamic correlation. The total VBCI energy of the system is
given by Equation (5).


EVBCI �


�


K�L


�


i�j


CKi CLj��i
K�H��j


L�
�


K�L


�


i�j


CKi CLj��i
K��j


L�
(5)


Since the virtual orbitals for each fundamental structure are
localized on the same atoms as in the fundamental structure,
the entire VBCI wave function can be written in terms of the
fundamental structures. The weight of a given VB structure is
given by the usual Coulson ±Chirgwin formula[38] in Equa-
tion (6).


wK � C2
K �


�


K�L


CKCL ��K ��L� (6)


The CI can be truncated at any desired level. Thus, single
excitation of all the fundamental orbitals leads to the VBCIS
method, while double excitation corresponds to VBCISD.
Thus, the method can be gradually improved to the desired
accuracy. Practical experience with the method shows that
going beyond double excitation is usually not necessary. For
this purpose one may resort to perturbational summations,
but that is beyond the scope of the present paper. Fortunately,
unlike the MO-based CISD, the VBCISD method is free of
size inconsistency effects.[24]


The BOVB method : The BOVB method is another way of
improving VBSCF by accounting for some dynamic correla-
tion. Relative to the minimal set of VB structures of the
VBSCF wave function [Eq. (3)], BOVB does not perform any


extra CI, but improves the description of the VB structures by
allowing different orbitals for different structures. The
method has been described in detail elsewhere[22] and is only
very briefly summarized here. The basic principle is that each
VB structure is allowed to possess its specific set of orbitals,
different from one VB structure to the other, during the
optimization process. The orbitals and coefficients of the VB
structures are optimized simultaneously so as to minimize the
total energy of the multistructure wave function. In this
manner, the orbitals can fluctuate in size and shape so as to fit
the instantaneous charges of the atoms on which these orbitals
are located. In this work, the BOVB method is used at two
levels of accuracy. The most basic level, L-BOVB, displays a
very compact three-configuration wave function for H2, just
involving the three classical VB structures–one covalent and
two ionic–and each ionic structure is described as a unique
doubly occupied AO on the anionic center. Extension of this
description to the H3 system yields an eight-configuration
wave function, each configuration (spin eigenfunction) cor-
responding to one of the VB structures 1 ± 8 displayed in
Scheme 1.


Scheme 1. The VB structure set for H3.


With respect to this simple level, the more sophisticated SL-
�-BOVB level brings two improvements: 1) an ionic structure
is now described as two singly occupied AOs that are singlet-
coupled, but localized on the same ionic fragment, this
improvement bringing radial correlation energy to the ionic
structures, and 2) VB structures corresponding to the �


bonding of H2 are added to provide some angular correlation.
Previous experience has shown us that such VB structures are
not entirely negligible in diatomic molecules such as H2, Li2,
etc.


The VB structure set : The minimal set of VB structures
required to describe the hydrogen exchange reaction is shown
in Scheme 1. These structures involve all the modes of
distribution of three electrons among the three hydrogen
atoms. Structures 1, 3, and 5 correspond to the reactants
(Ha�Hb � Hc), and structures 2, 4, and 6 correspond to the
products (Ha � Hb�Hc). Structures 7 and 8 are excited states
that can mix only into the TS but do not contribute to the
reactants and products.[35]
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The VB state correlation diagram (VBSCD) method : The
VBSCD[21] method uses VB theory to provide chemical
insight into the barrier and other features of a chemical
reaction. The diagram, shown in Figure 1, is composed of
three curves: one is the adiabatic energy profile of the ground
state involving all eight structures in Scheme 1, and the other
two are the reactant and product curves, also called diabatic


Figure 1. VBSCD for the hydrogen exchange reaction.


curves. The diabatic curves are variational within the subset of
VB structures,[22f] structures 1, 3, and 5 for reactants and 2, 4,
and 6 for products.[35] In a nutshell, after construction of these
three curves, the barrier can then be analyzed in terms of the
diabatic quantities. These are the promotion gap,G, the height
of the crossing point, �Ec, given as a fraction of the gap, �G,
and the resonance energy of the transition state, B, which
results from avoided crossing and VB mixing.[21, 35, 39]


While full variation is suitable for the adiabatic curve that
obeys the variational theorem, this may not necessarily be the
case for the diabatic curves. Except for their asymptotic
points, the diabatic curves are not physical states, and
therefore a straightforward variational procedure may result
in a wrong description of the diabatic curve. Thus, in a fully
variational treatment, with a large basis set, the diabatic curve
may try to mimic the full adiabatic and collapse to the ground
state.[40] Many test calculations show that such a problem is
not serious for a moderate basis set, but deterioration is
rapidly incurred with improvement of the basis set; this is
especially pronounced when the basis set includes diffuse
functions. This will create a serious basis set dependence of
the parameters–G, B, and � of the diagram–and this is
precisely what we wish to avoid. The way to solve the problem
is to optimize only the orbitals of the bonded fragment, while
the orbitals of the unbound fragment are kept in their
optimized situation for the free fragment. By following this
procedure, for the H3 system, full variational procedure is
used for R (reactants at the reactant geometry), while atomic
orbitals naturally become the orbitals of P* (reactant at the
product geometry). The computational results shown later
demonstrate that the diabatic curves generated with this
definition are independent of basis sets, and give a consistent
set of parameters G, �, and B.


To avoid artificial bonding interaction between the spin-
paired fragment and the uncoupled one during the VBCI
procedure for the diabatic state (e.g., P*), we use a ™partial∫
CI procedure. Thus, a VBCI calculation is carried out on the
spin-paired fragment by itself, to provide the coefficients of
the participating VB structures. Subsequently, the energy of
the whole system is computed by bringing in the uncoupled
fragment while using the same VB structures and coefficients
as in the spin-paired fragment. Such a technique prevents
undesired bonding interactions from taking place between the
bonded fragment and the uncoupled fragment, which would
have artificially caused the diabatic excited state wave
function to collapse to the adiabatic ground state below it.


Basis sets, geometries, and computational levels : Five differ-
ent basis sets were used for this study: the three Pople basis
sets[41] 6 ± 31G, 6 ± 31G**, and 6 ± 31��G**, and two corre-
lation-consistent ones,[42] cc-pVTZ and aug-cc-pVTZ. Initial-
ly, the geometries used in the VB calculations are taken from
CCSD(T)/aug-cc-pVTZ calculations. Subsequently, geome-
tries are optimized at the VBCISD/aug-cc-pVTZ level. The
Gaussian98 package[43] is used for the MO-based calculations,
while the VB calculations are carried out with the Xiamen
package.[44] The calculations are done at the following VB
levels: VBSCF, L-BOVB, SL-�-BOVB, VBCIS, and VBCISD.


Computational results


To determine the barrier height of the hydrogen exchange
reaction, corresponding results for the H2 molecule are
required. Table 1 shows the bond energy of H2 obtained by
various methods. It can be seen that the VBSCF bond energy
is ca. 94 ± 95 kcalmol�1 and almost independent of basis set.
L-BOVB and VBCIS results do not improve the results
compared with VBSCF. The VBCISD bond energy is slightly
improved from the VBSCF results in the 6 ± 31G basis set. As
the basis set increases, both the SL-�-BOVB and VBCISD
bond energies increase and depart from the VBSCF,
L-BOVB, and VBCIS results. The SL-�-BOVB values reach
about 105 kcalmol�1 in the 6 ± 31G** and 6 ± 311��G**
basis sets, and about 107 kcalmol�1 in the correlation-
consistent basis sets. The VBCISD results are always slightly
better than BOVB, reaching about 106 kcalmol�1 for the 6 ±
31G**/6 ± 311��G**, and converging to about
108.6 kcalmol�1 for the correlation-consistent basis sets. The
larger the basis set, the more significant the BOVB-VBCISD
difference. This is explained by the fact that VBCISD can use
the extra basis functions of the large basis set to account for
angular correlation. This could also be done at the BOVB
level, but only at the price of adding further VB structures. We
note that the VBCISD results are exactly the same as those of
MO-based CCSD(T). This is because, for H2, VBCISD is
indeed a full CI calculation that covers all electron correla-
tions as CCSD(T). Both VBCISD and CCSD(T) results
match the experimentally determined value very well.
Table 2 displays the barriers of the hydrogen exchange


reaction. It is apparent that VBSCF barriers for all basis sets
are too high and do not get significantly lower with basis set
improvement. The BOVB calculations have been restricted to
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the simple L-BOVB level. Some preliminary tests showed
that use of the more sophisticated SL-�-BOVB level did not
change the barriers since it resulted in the same energy
reduction for the (H.


3) transitions state and the (H2 � H .)
reactants. Thus, even at this lower level, the L-BOVB barriers
are much better than those of VBSCF, due to dynamic
correlation imparted by the BOVB method.[22] As noted
before,[24] L-BOVB and VBCIS are approximately equivalent,
and this equivalency is projected both from the total energies
and from the barriers of the twomethods, which are extremely
close. Nevertheless, the L-BOVB and VBCIS barriers are still
higher than the experimental values in small or medium-sized
basis sets, while VBCISD is better and partly compensates for
basis set deficiency. The L-BOVB results are rather sensitive
to the quality of the basis set and gradually improve as the size
of the basis set increases, to reach the fairly accurate value of
10.2 kcalmol�1 in the best basis set. Once again, the VBCISD
barriers are consistently slightly better than BOVB, and reach
the value of 10.0 kcalmol�1 with the correlation consistent
aug-cc-pVTZ basis set. This latter value is in very good
agreement with the value of 9.8 kcalmol�1 derived from
previous MO-based CI methods[14±16] and CCSD(T) calcula-
tions, and with the experimental estimate of 9.8�
0.2 kcalmol�1 cited in [14]. The CCSD(T) method is one of
the most reliable MO-based methods for barrier calculation.
In this respect, not only are the BOVB and VBCISD barriers
in very good agreement with that of CCSD(T), but the total
VBCISD energy at the TS also matches the CCSD(T) result at
the aug-cc-pVTZ level. Thus, valence bond theory clearly


meets the challenge of reproducing the landmark barrier of the
hydrogen exchange reaction.
Table 3 shows the optimized bond lengths of H2 and of H3


at the TS at the BOVB/aug-cc-pVTZ and VBCISD/aug-cc-
pVTZ levels. Again, the BOVB and VBCISD bond lengths
for both the reactants and the transition state are precisely the
same as those derived from CCSD(T), and previous ab initio
values,[14±16] within 0.001 ± 0.002 ä.
Clearly, the above results demonstrate that a properly


designed VBmethod that brings in dynamic correlation in full
can result in accurate estimates of bond energies, bond
lengths, and–most importantly–of a reaction barrier. This
successful calculation of the barrier is not an isolated event,
and occasionally one does not even need a large basis set as in
the hydrogen exchange reaction. Table 4 displays central
barriers for identity SN2 reactions [Eq. (7)].


X:� � CH3�X � X�CH3 � :X� (7)


These barriers are calculated with the 6 ± 31G* basis set for
X�F, Cl, or its effective core potential equivalent,
LANL2DZ* for Br and Cl. In the CCSD(T) method all
electrons are correlated, while in the VBCISD method only
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Table 2. The barriers of the hydrogen exchange reaction.


Basis set Method E(H3) (a.u.)E(H2�H) (a.u.)Barrier (kcalmol�1)
6 ± 31G VBSCF � 1.60481 � 1.64450 24.9


L-BOVB � 1.61471 � 1.64451 18.7
VBCIS � 1.61428 � 1.64451 19.0
VBCISD � 1.62160 � 1.64992 17.8
CCSD(T) � 1.62625 � 1.64992 14.9


6 ± 31G** VBSCF � 1.60705 � 1.64750 25.4
L-BOVB � 1.62086 � 1.64769 16.8
VBCIS � 1.62044 � 1.64779 17.2
VBCISD � 1.63827 � 1.66338 15.8
CCSD(T) � 1.64275 � 1.66338 12.9


6 ± 31��G**VBSCF � 1.61267 � 1.65027 23.6
L-BOVB � 1.62694 � 1.65067 14.9
VBCIS � 1.62729 � 1.65077 14.7
VBCISD � 1.64775 � 1.66819 12.8
CCSD(T))� 1.65048 � 1.66819 11.1


cc-pVTZ VBSCF � 1.61275 � 1.65062 23.8
L-BOVB � 1.62925 � 1.65103 13.7
VBCIS � 1.62819 � 1.65123 14.5
VBCISD � 1.65451 � 1.67215 11.1
CCSD(T) � 1.65619 � 1.67215 10.0


aug-cc-pVTZ VBSCF � 1.61804 � 1.65081 20.6
L-BOVB � 1.63485 � 1.65115 10.2
VBCIS � 1.63149 � 1.65130 12.4
VBCISD � 1.65655 � 1.67246 10.0
CCSD(T) � 1.65689 � 1.67246 9.8


Table 3. The geometries of H2 and H3 at the TS with aug-cc-pVTZ basis set
[ä].


Method R(H2) R(H3)


BOVB 0.743 0.932
VBCISD 0.743 0.932
CCSD(T) 0.743 0.931
experimental[46] 0.741 0.930


Table 1. The bond energy of H2 by various methods


Basis set Method E(H2) (a.u.) E(H�H) (a.u.) D [kcalmol�1]


6 ± 31G VBSCF � 1.14627 � 0.99647 94.0
L-BOVB � 1.14627 � 0.99647 94.0
VBCIS � 1.14628 � 0.99647 94.0
VBCISD � 1.15169 � 0.99647 97.4
CCSD(T) � 1.15169 � 0.99647 97.4


6 ± 31G** VBSCF � 1.14926 � 0.99647 95.9
L-BOVB � 1.14946 � 0.99647 96.0
SL-�-BOVB � 1.16452 � 0.99647 105.5
VBCIS � 1.14955 � 0.99647 96.1
VBCISD � 1.16514 � 0.99647 105.8
CCSD(T) � 1.16514 � 0.99647 105.8


6 ± 311��G** VBSCF � 1.15045 � 0.99964 94.6
L-BOVB � 1.15085 � 0.99964 94.9
SL-�-BOVB � 1.16758 � 0.99964 105.4
VBCIS � 1.15096 � 0.99964 95.0
VBCISD � 1.16838 � 0.99964 105.9
CCSD(T) � 1.16838 � 0.99964 105.9


cc-pVTZ VBSCF � 1.15080 � 0.99962 94.9
L-BOVB � 1.15121 � 0.99962 95.1
SL-�-BOVB � 1.69968 � 0.99962 106.9
VBCIS � 1.15142 � 0.99962 95.3
VBCISD � 1.17234 � 0.99962 108.4
CCSD(T) � 1.17234 � 0.99962 108.4


aug-cc-pVTZ VBSCF � 1.15098 � 0.99964 95.0
L-BOVB � 1.15133 � 0.99964 95.2
SL-�-BOVB � 1.17078 � 0.99964 107.4
VBCIS � 1.15148 � 0.99964 95.3
VBCISD � 1.17264 � 0.99964 108.6
CCSD(T) � 1.17264 � 0.99964 108.6


experimental[45] 109.5
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the four valence electron pairs, which have �-symmetry with
respect to the X-C-X axis, are correlated. Nevertheless, the
VBCI barriers are close to the CCSD(T) data and to earlier
G2(�) data.[47]
Bonding energies of the dihalogen molecules pose difficult


test cases, and require high levels of CI in MO-based
theory.[22f] Table 5 displays a sample of bond energies calcu-


lated at the VBCISD level by use of moderate basis sets and
only the three classical structures–one covalent and two
ionic. Alongside these quantities we present the bond
energies calculated with the coupled cluster method
CCSD(T). Quite large basis sets are normally required for
such molecules to approach the experimentally measured
bonding energies, and the CCSD(T) results vary from poor to
quite good as the size of the basis set is increased. The VBCI
method, with merely the three classical structures, follows the
same behavior and yields bonding energies with an accuracy
comparable to that of the extensive MO-based CCSD(T)
method. The ability of the BOVB method to yield good
bonding energies has also proved satisfactory, as discussed in
previous papers.[22]


Valence bond state correlation diagrams (VBSCDs)


Having demonstrated that VB theory can lead to correct
barrier data, we now turn to analysis of the origins of this
barrier, in order to emphasize the second aspect of VB theory:
its conceptual lucidity. Table 6 shows the VB-computed
parameters of the VBSCD (Figure 1).[21]


It can be seen from the table that the promotion gap,G, the
height of the crossing point, �Ec, and the curvature param-
eter, �, are virtually independent of the VB method. The
promotion gap G converges at the VBSCF/BOVB levels to
164.2 ± 164.0 kcalmol�1 and is almost independent of basis
sets. However, at the VBCISD levels, the value of G is
somewhat higher and converges quickly to 177.0 kcalmol�1.
This value is close to a theoretical estimate–
182.7 kcalmol�1–based on the approximate formula that
relates the promotion gap to the singlet-to-triplet excitation
energy of the ground state H�H bond [Eq. (8)].[35, 39]


G	 0.75�EST (8)


This equation, the derivation of which was elaborated in
previous treatments of the VBSCD,[35, 39] is a good approx-
imation to G. However, a precise estimate of G is given in
Equation 7, as the average of the singlet-to-triplet excitation
and the corresponding bond energy [Eq. (9)] where D is the
bond energy of H2. Using this equation and the computed
values for these physical quantities, one obtains G�
176.5 kcalmol�1, which shows a perfect agreement with the
VBCISD/aug-cc-pVTZ result. This gives us confidence in the
other reactivity factors.


G� 0.5 (�EST � D) (9)


The height of the crossing point, �Ec, is approximately
constant: about 62.7 ± 65.2 kcalmol�1 for the VBSCF/BOVB
methods and 63.9 ± 68.1 kcalmol�1 for the VBCISD method.
These values are again close to the semiempirical estimate of
this quantity, 61.5 kcalmol�1, as a sum of the bond distortion
energy (�D�) and the averaged triplet repulsion across the
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Table 4. Central barriers for identity SN2 reactions X� � CH3X�
XCH3 � X� (kcalmol�1)


Method F Cl Br I


VBCISD 13.3 14.2 12.2 11.6
CCSD(T) 11.2 13.6 10.4 9.2
G2(�) 11.6 13.2 10.8 9.6


Table 5. Bond energies calculated with CCSD(T)[a] and VB methods
[kcalmol�1].


Molecule/Basis De[CCSD(T)] De[VBCISD]


Cl�Cl (LANL2DZ) 39.35
Cl�Cl (6 ± 31G*) 40.52 41.55
Cl�Cl (6 ± 311G*) 39.96 40.38
Cl�Cl (cc-pVDZ) 41.78 45.02
Cl�Cl (cc-pVTZ) 52.08 56.12
Cl�Cl (cc-pVQZ) 55.90
Cl�Cl (cc-pV5Z) 58.09
Exp. 57.8
F�F (6 ± 31G*) 32.84 32.25
F�F (6 ± 311G*) 26.80 29.75
F�F (cc-pVDZ) 27.14 28.46
F�F (cc-pVTZ) 34.76 36.12
F�F (cc-pVQZ) 36.64
F�F (cc-pV5Z) 37.48
Exp. 38.3
Br�Br (LANL2DZ) 41.06
Br�Br (6 ± 31G*) 41.18 44.09
Br�Br (cc-pVDZ) 41.35
Br�Br (cc-pVTZ) 47.97 49.99
Br�Br (cc-pVQZ) 51.74
F�Cl (6 ± 31G*) 50.23 49.31
F�Cl (cc-pVDZ) 43.17 45.61
F�Cl (cc-pVTZ) 55.0 58.84
F�Cl (cc-pVQZ) 59.18
F�Br (6 ± 31G*) 52.20 52.48
Cl�Br (6 ± 31G*) 41.84 43.89


[a] CCSD(T) calculations were done with frozen core approximation.


Table 6. VB parameters of H3 [kcalmol�1].


Basis set Method �E* �Ec B G f


6 ± 31G VBSCF 24.9 62.7 37.8 163.3 0.38
L-BOVB 18.7 62.7 44.0 163.3 0.38
VBCISD 17.8 63.9 46.2 166.7 0.38


6 ± 31G** VBSCF 25.4 64.0 38.6 165.9 0.39
L-BOVB 16.8 64.0 47.1 166.0 0.39
VBCISD 15.8 66.8 51.0 175.8 0.38


6 ± 311��G** VBSCF 23.6 64.9 41.3 163.6 0.40
L-BOVB 14.9 64.9 50.0 163.9 0.40
VBCISD 12.8 67.7 54.9 174.9 0.39


cc-pVTZ VBSCF 23.8 64.9 41.1 163.8 0.40
L-BOVB 13.7 64.9 51.3 164.1 0.40
VBCISD 11.1 68.0 57.0 177.7 0.38


aug-cc-pVTZ VBSCF 20.6 65.1 44.5 164.0 0.40
L-BOVB 10.2 65.2 54.9 164.2 0.40
VBCISD 10.0 68.1 58.1 177.6 0.38
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short Ha ¥¥ ¥ Hb and long Ha ¥¥ ¥ Hc distances in the TS
[Eq. (10)].[39]


�Ec � �D�� 0.5 [3E(a,b)�� 3E(a,c)�] � �G (10)


Since the factor � is simply the ratio �Ec/G, and neither
quantity varies much, this factor itself is approximately
constant (ca. 0.38 ± 0.40), in agreement with results of other
identity hydrogen abstraction reactions,[35] as well as with a
semiempirical estimate of this quantity.[35]


What appears to make the barrier in Table 6 so small is B,
the resonance energy of the transition state, which varies from
37.8 at the VBSCF level with the smallest basis set, all the way
to 57.1 ± 58.0 kcalmol�1 at the VBCISD level with the
correlation consistent basis sets. It therefore seems that the
resonance energy of the transition state is optimum when
dynamic electron correlation is accounted for in a precise
manner. The value of B is extremely close to the semi-
empirical estimate of B, as one half of the bond energy of the
ground state molecules [Eq. (11)].


B � 0.5D (11)


By use of the bond energy calculated in Table 2, the
estimated value of B is 54.5 kcalmol�1, in good agreement
with the best VBCISD values. A previously recommended
simple expression for the barrier, Equation (12), gives a
barrier of 12.5 kcalmol�1, which is not a bad estimate.


�E � �G� 0.5D ; � � 0.38 (12)


Moreover, this equation, based on the VBSCD model,[21]


provides a very clear mechanism for barrier formation; the
barrier is a balance between, on the one hand, the total
deformation and repulsion energies, required to achieve
resonance between the reactant and product boding schemes,
and on the other hand, the resonance energy lowering due to
the delocalization of the electrons, which are reorganized
during the transformation.


Conclusion


The calculation of the barrier for the hydrogen exchange
reaction[14] in the 1970s constituted a landmark achievement
of quantum chemistry and specifically of MO-based methods
that include electron correlation. In this paper we report an
accurate calculation of this barrier by use of recently
developed VB methods, BOVB and VBCI, that incorporate
the necessary dynamic correlation. As expected for any well
behaved computational method, the VB barriers are too high
when small basis sets are used and gradually converge to the
experimentally determined or best MO-based values as the
quality of the basis set is increased. In our case the VB
convergence is rather fast and occurs in a medium-sized basis
set, aug-cc-pVTZ. This is achieved with VB wave functions
that deal with only the eight classical VB structures. With the
BOVB method, the wave function is extremely compact, as
each VB structure is described by the appropriate determi-


nant spin eigenfunction. In the VBCI framework, each VB
structure is described by several spin eigenfunctions, which
are condensed into a single structure. In that sense, the VBCI
wave function should be regarded as a function that deals with
a minimal set of VB structures, eight in the current case, that
are dressed with dynamic correlation. As such, VBCI does not
lose any advantage relative to BOVB and even tends to be
more accurate in medium-sized basis sets. Both the BOVB
and VBCI methods, while for the moment still being
computationally more costly than, for example, CCSD(T),
are suitable for the calculation of diabatic states and for the
many applications that are specific to VB.
To the best of our knowledge, this work is the first accurate


VB barrier that matches an experimental value. This is a proof
of principal that VB theory with appropriate accounting for
dynamic electron correlation can achieve quantitative accu-
racy of reaction barriers, and still retain a compact and ™very
chemical∫ wave function. The sample of SN2 barriers shows
that this is not an isolated case.
In addition, the paper presents a new strategy for comput-


ing diabatic energy curves that are independent of the basis
set. This enables the generation of quantitatively accurate VB
state correlation diagrams (VBSCD). Thus, the VB method
can attain high accuracy and still retain relatively simple and
straightforward interpretability. In this respect, while an-
nouncing the coming of age of VB theory is still somewhat
premature, this event is certainly within close reach.
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Resonance-Assisted Intramolecular Chalcogen ±Chalcogen Interactions?


Pablo Sanz, Manuel Ya¬nƒ ez, and Otilia Mo¬*[a]


Abstract: High-level B3LYP/6-
311�G(3df,2p) density functional calcu-
lations have been carried out for a series
of saturated chalcogenoaldehydes:
CH(X)-CH2-CH2YH (X, Y�O, S, Se,
Te). Our results indicate that in CH(X)-
CH2-CH2YH (X�Y�O, S, Se) the
X�H ¥ ¥ ¥X intramolecular hydrogen
bond (IHB) competes in strength with
the X ¥ ¥ ¥XH chalcogen ± chalcogen in-
teraction, while the opposite is found for
the corresponding tellurium-containing
analogues. For those derivatives in
which X�Y, X being the more electro-
negative atom, the situation is more
complicated due to the existence of two
non-equivalent X�H and Y�H tauto-
mers. The Y�H tautomer is found to be
lower in energy than the X�H tautomer,


independently of the nature of X and Y.
For X�O, S, Se and Y� S, Se the most
stable conformer b is the one exhibiting
a Y�H ¥ ¥ ¥X IHB. Conversely when Y�
Te, the chelated conformer d, stabilized
through a X ¥ ¥ ¥YH chalcogen ± chalco-
gen interaction is the global minimum of
the potential energy surface. Systemati-
cally the IHB and the chalcogen ±
chalcogen interactions observed for sa-
turated compounds are much weaker
than those found for their unsaturated
analogues. This result implies that the


nonbonding interactions involving
chalcogen atoms, mainly Se and Te, are
not always strongly stabilizing. This
conclusion is in agreement with the fact
that intermolecular interactions be-
tween Se and Te containing systems
with bases bearing dative groups are
very weak. We have also shown that
these interactions are enhanced for un-
saturated compounds, through an in-
crease of the charge delocalization with-
in the system, in a mechanism rather
similar to the so call Resonance Assisted
Hydrogen Bonds (RAHB). The chalc-
ogen ± chalcogen interactions will be
also large, due to the enhancement of
the X�Y dative bond, if the molecular
environment forces the interacting
atoms X and Y to be close each other.


Keywords: density functional calcu-
lations ¥ chalcogen ± chalcogen in-
teractions ¥ hydrogen bonds ¥ reso-
nance assisted interactions


Introduction


Weak interactions play a crucial role in the structural
organization of chemical and biochemical systems and in
molecular recognition. Many of these weak interactions are
directly associated with the formation of inter- or intra-
molecular hydrogen bonds (IHBs),[1±3] while others are due to
nonbonding interactions between heavy atoms. Among the
latter chalcogen ± chalcogen interactions have received a
particular attention. These weak bonds are responsible for
the enhanced stability of chelated structures with respect to
open ones, as it is the case for instance in malonaldehyde[4±8]


and in thiomalonaldehyde (TMA),[9, 10] and modulate their
intrinsic reactivity. Tropolone,[11] resorcinol,[12] and acid anhy-
drides[13] are paradigmatic examples of systems where the
existence or the formation of IHBs affects the intrinsic


basicity and/or acidity of the system. Chalcogen ± chalcogen
attractive forces also play an important role as far as the
preferred conformation and reactivity of some chalcogen
derivatives is concerned, as it has been shown many years ago
by Adcock, Angyan et al. and B¸rgi and D¸nitz,[14±16] and
more recently by Minyaev and Minkin.[17, 18] Also recently,
Komatsu et al.[19] showed that 17O and 77Se NMR spectro-
scopic data provide strong evidence for intramolecular non-
bonded interaction between Se and O in hydroxy-selenenyl
compounds. These interactions seem to play also an important
role in some reaction mechanisms.[20]


Very recently, using �-chalcogenovinylaldehydes as suitable
model compounds, we have investigated[21] the competition
between X�H ¥ ¥ ¥Y (or X ¥ ¥ ¥H-Y) IHBs (structures a and b in
Scheme 1) and Y�X (or X�Y) chalcogen ± chalcogen
nonbonded interactions (structures c and d, respectively in
Scheme 1) on the stability of these systems.


A possible mixture of rapidly interconverting tautomers a
and b through the IHB is another important characteristic of
this kind of compounds. As a matter of fact, for thiomalo-
naldehyde high level ab initio calculations predict both
tautomers to be very close in energy,[9] and thiomalonalde-
hyde and its derivatives have been successfully used as model
systems to investigate ultrafast hydrogen transfer through
pulsed lasers.[22±24] Also, the existence of both forms a and b
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has been well established by means of UV,[25] UV photo-
electron,[26] IR,[25] and 1H NMR spectroscopy.[27, 28] However,
our results indicated that, although selenovinylaldehyde and
selenothiovinylaldehyde resemble closely thiomalonalde-
hyde, in the sense that the O-H ¥ ¥ ¥Se and the S-H ¥ ¥ ¥ Se
intramolecular hydrogen bonds compete in strength with the
O ¥ ¥ ¥ Se and the S ¥ ¥ ¥ Se interactions, the opposite is found for
the corresponding tellurium-containing analogues. These
dissimilarities are due to dramatic differences between Se
and Te as far as the X ¥ ¥ ¥Y (X�O, S; Y� Se, Te) interactions
are concerned, which for Se derivatives are rather small, while
for Te compounds are very strong. As a consequence, while
for selenium containing compounds the global minima of the
potential energy surface (PES) correspond to a-type tauto-
mers, for Te containing systems the global minima correspond
to d-type tautomers. In a recent paper,[29] we have also shown
that these weak interactions play a crucial role in the intrinsic
basicity and acidity of these systems.


The enhanced stability of the IHB in thiomalonaldehyde
has been often associated with the so-called Resonance
Assisted Hydrogen Bond (RAHB) phenomenon,[1, 30±32] that
is, the stabilization resulting from the charge delocalization
triggered by the formation of the IHB. An open question, is
whether similar resonance effects may be responsible for the
enhanced stability of d-type tautomers in the case of Se- and
Te-containing compounds, that is, whether chalcogen ± chalc-
ogen interactions observed in �-chalcogenovinylaldehydes
containing Se and Te are enhanced by a possible charge
delocalization effect. In order to analyze this possibility we
will compare along this paper the structure, stability and
bonding characteristics previously reported in the literature[21]


for �-chalcogenovinylaldehydes, with those of the corre-
sponding saturated analogues, namely CH(X)-CH2-CH2YH
(X, Y�O, S, Se, Te), where delocalization effects are absent.


Computational Methods


The geometries of the different conformers of CH(X)-CH2-
CH2YH (X, Y�O, S, Se, Te) species were optimized using the
B3LYP density functional theory (DFT) approach, as it is
implemented in the Gaussian 98 suite of programs.[33]The
B3LYP method combines Becke×s three-parameter nonlocal
hybrid exchange potential[34] with the non-local correlation
functional of Lee, Yang and Parr[35] and yields optimized
geometries in fairly good agreement with experimental
ones[5, 36±42] and, harmonic vibrational frequencies that are
closer to experiment than those obtained by using other
correlated methods such as the MP2 formalism.[43, 44] A


6-31G* basis set expansion
was used for the geometry opti-
mization and harmonic vibra-
tional frequency calculations
for all compounds, except for
those containing Te. For tellu-
rium derivatives, we have em-
ployed a mixed base, which
includes a SKBJ relativistic po-
tential of Stevens et al.[45] for


Te, which accounts for the most important relativistic effects,
together with the [4,1]�d basis described in ref. [21] and a
6-31G(d) basis set for the remaining atoms of the system.
Hereafter, for the sake of simplicity this mixed basis set, will
be named for extension 6-31G(d).


Final energies were obtained on single point B3LYP/6-
311�G(3df,2p) calculations on the aforementioned optimized
geometries. It must be indicated that for Se the
6-311�G(3df,2p) basis set corresponds to that reported by
Curtiss et al.[46]


For Te-containing compounds, again a mixed basis set was
used. It combines an all-electron 6-311�G(3df,2p) basis set
expansion for all atoms except Te, for which the SKBJ
effective core potential is combined with the (6s,6p,3d,1f)
basis set developed in a previous paper.[21] Again for the sake
of simplicity this mixed basis set will be named hereafter as
6-311�G(3df,2p) basis. In a previous paper[21] we have shown,
for the set of �-chalcogenovinylaldehydes that this approach
yields results in good agreement with those obtained by
means of high-level G2(MP2) ab initio calculations, but at a
much lower cost.


The bonding characteristics of the different tautomers were
analyzed by using two alternative procedures, namely the
atoms in molecules (AIM) theory of Bader[47] and the Natural
Bond Order (NBO) analysis of Weinhold et al.[48] The first
method is based on a topological analysis of the electron
charge density and its Laplacian. Within this approach we
have located for each bond the bond critical points (bcp) the
charge density of which is a good indication of the strength of
the linkage.


The NBO analysis will allow us to obtain reliable charge
distributions, as well as to evaluate quantitatively the intra-
molecular attractive orbital interactions which would be
responsible for the stability of c- and d-type structures (see
Scheme 1). These analyses will be complemented with those
carried out in terms of the lengthening or shortening of the
bond lengths and in terms of the shifting of the corresponding
stretching frequencies. We have carried out also a Natural
Resonance Theory (NRT)[49±51] analysis to estimate the weight
of the most important resonance structures that may contrib-
ute to the enhancement of the strength of the IHB or that of
the chalcogen ± chalcogen interaction.


Results and Discussion


Since the main goal of our study is to analyze in detail the
strength of IHBs and chalcogen ± chalcogen interactions, we
shall restrict our survey to tautomers a ± d (see Scheme 2).
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Scheme 1. Tautomers for X�O, S and Y�Se, Te.
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Furthermore, in preliminary calculations carried out at the
B3LYP/6-31G(d) level we have verified that, in the gas phase,
conformers a ± d are systematically lower in energy than other
conformers in which the aliphatic chain is more extended. In
order to make more systematic our discussion the following
nomenclature will be adopted hereafter. The different com-
pounds will be identified by naming the two chalcogen atoms
XY followed by the letter which identifies each tautomer (a ±
d). In all casesY designates the less electronegative of the two
chalcogen atoms. It must be noted that for the particular cases
in which X�Y, tautomer a is identical to tautomer b and
tautomer c is identical to tautomer d. It is also important to
realize that, although for the unsaturated compounds, tauto-
mers a and b are directly connected through a hydrogen
transfer through the IHB, that is not the case for tautomers a
and b of the corresponding saturated analogues.


The optimized geometries of the different conformers of
the compounds under investigation have been schematized in
Figure 1. Their total energies are given as supporting infor-
mation. Figure 1 includes also their relative stabilities for the
sake of a better comparison.


Relative stabilities of compounds with X�Y: From the values
in Figure 1, it can be easily observed that for O, S and Se-
containing compounds the chelated structure stabilized
through the X�H ¥ ¥ ¥X intramolecular hydrogen bond is the
global minimum of the PES, although the energy gap between
conformers a and c decreases steadily from O to Se. For the
Te derivative the structure exhibiting a Te ¥ ¥ ¥Te nonbonding
interaction is more stable than that with a Te-H ¥ ¥ ¥Te IHB.
These results are consistent with the bonding characteristics
obtained either through the use of the AIM or the NBO
partition techniques. A topological analysis of their charge
density reveals the existence of a bcp associated with the IHB
in all conformers a. However, as shown in Table 1, the charge
density decreases on going from O to Te, even though the Se
derivative has a value slightly larger than that of the S
containing compound. More importantly, only for Se- and Te-
derivatives a bcp exists between the two chalcogen atoms in
conformer c. As expected, the strength of the IHB depends on
the donor and acceptor proton ability of the heteroatom. In
the oxygen containing compound the O-H group is a good
proton donor reflecting the high electronegativity of the
oxygen atom, while the C�O group is a moderate proton
acceptor. The C�S group is a better proton acceptor than the
C�O group, but in contrast the S-H group is a much poorer
proton donor than the O-H group, due to a much smaller
electronegativity of the sulfur atom. This donor ability does


not change significantly on go-
ing from sulfur to selenium, but
in general the C�Se group is
slightly better proton acceptor
than the C�S group. For Te-
compounds, both the proton
donor ability of the Te-H group
and the proton acceptor ability
of the C�Te group decrease and
the Te-containing compound
exhibits the weakest IHB. Con-


versely, the X�H (X� Se, Te) �* antibonding orbitals are
lower in energy than the X�H (X�O, S) �* ones, favoring the
formation of dative bonds. As a matter of fact, a second order
perturbation NBO analysis shows that in both (SeSe)c and
(TeTe)c tautomers there is a dative bond from one of the
lone pairs of the chalcogen atom in the C�X group to the �*
antibonding X�H (X� Se, Te) orbital, while no similar orbital
interactions are detected for (OO)c and (SS)c. The energy
associated with these orbital interactions is, as expected larger
(10.6 kJmol�1) for the Te derivative than for the Se-contain-
ing compound (7.0 kJmol�1). Consistently, whereas for the Se-
derivative tautomer a lies lower in energy than tautomer c, for
the Te-containing compound is the other way around. This is
also reflected in the Se�H and Te�H bond lengths. Although
in conformer a the Se�H (Te�H) bond is involved in the IHB,
its bond length is shorter than in tautomer c, reflecting the
population (occupation number 0.02) of the �* antibonding
X�H through the chalcogen ± chalcogen interaction men-
tioned above, this difference being greater for the Te than for
the Se-derivative. Consistently, the Se�H (Te�H) stretching
frequency for tautomer c appears at lower values than for
tautomer a (2387 vs 2243 cm�1 for the selenium derivative and
1980 vs 2036 cm�1 for the tellurium derivative).
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Scheme 2. Tautomers for X�O, S, Se, Te and Y�O, S, Se, Te.


Table 1. Charge density (�(r) in eau�3) at the bond critical points
associated with the IHB and the chalcogen ± chalcogen interaction in
CH(X)-CH2-CH2YH (X, Y�O, S, Se, Te) compounds.


Tautomer �(r) IHB[a] Tautomer �(r) X ¥ ¥ ¥X[a]


X�Y
(OO)a 1.485 OOc *
(SS)a 0.7999 SSc *
(SeSe)a 0.9457 SeSec 1.047
(TeTe)a 0.5364 TeTec 0.8472
X�Y
(OS)a 1.329 OSc *
(OS)b 0.8671 OSd *
(OSe)a 1.469 OSec *
(OSe)b * OSed *
(OTe)a 1.057 OTec[b] *
(OTe)b * OTed 1.514
(SSe)a 1.078 SSec *
(SSe)b 0.7999 SSed *
(STe)a 0.7736 STec *
(STe)b * STed 1.074
(SeTe)a 0.7112 SeTec *
(SeTe)b 0.5545 SeTed 1.099


[a] All values have been multiplied by 100. * denotes that the correspond-
ing bcp does not exist. [b] This tautomer is not a stationary point of the
PES.
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Relative stability of compounds with X�Y: The situation is
obviously more complicated when both chalcogen atoms are
different, because the four conformers a ± d are different. The
first conspicuous fact of Figure 1 is that the Y�H tautomers (b,
d) are systematically more stable than the X�H tautomers (a,
c). As illustrated in this figure, the energy gaps between these
two sets of conformers depend strongly on the nature of the
chalcogen atoms involved. When X�O, the gap increases
from about 13 kcalmol�1 if Y� S, to about 20 kcalmol�1 if
Y�Te. Conversely, these energy gaps decrease dramatically
when X� S and Y� Se, Te or when X� Se and Y�Te.
Similar stability trends were observed before for some
unsaturated analogues, such as thiomalonaldehyde and some
�-chalcogenovinylaldehydes containing sulfur, selenium and
tellurium. However, for the unsaturated systems, the energy
gap between Y�H type and X�H tautomers is canceled out by
the existence of strong IHBs or strong chalcogen ± chalcogen
interactions.[29] Apparently, this is not the case when dealing
with the saturated analogues, and therefore a more detailed
analysis is needed. As suggested in previous papers, the
relative stability of X�H versus Y�H tautomers can be
analyzed through the use of the isodesmic reaction:


H2C�X�CH3YH�CH3XH�H2C�Y (1)


(X�O, S; Y� Se, Te)


The results obtained (see Table 2) show that Reaction (1) is
systematically endothermic reflecting the larger stability of
C�O and C�S bonds as compared with C�Se and C�Te ones,


which is not counterbalanced by the greater stability of O�H
and S�H linkages as compared with Se�H and Te�H ones.
The enthalpy values calculated when X�O are much larger
than those obtained when C�S, showing the enhanced
stability of a carbonyl group as compared with a thiocarbonyl
group. More importantly, and in contrast with what has been
found before for the unsaturated analogues,[29] these enthalpy
values are rather similar to the calculated energy gaps
between (b, d) and (a, c) tautomers (See Figure 1). This
seems to indicate that, for saturated compounds, the relative
stability trend is given primarily by the fact that the Y�H
tautomers (b, d) are systematically more stable than the X�H
ones (a, c), and that the possible role of IHBs or chalcogen ±
chalcogen interactions is very small. We shall discuss this
particular point later.


Among the most stable tautomers conformer b, stabilized
through the Y�H ¥ ¥ ¥X IHB (see Figure 1), is the global
minimum of the PES, for compounds in which X�O, S, Se
and Y� S, Se, while for all systems in which Y�Te
structure d, stabilized through a X ¥ ¥ ¥Y�H chalcogen ± chalc-
ogen interaction, is the most stable conformer.


Let us analyze in more detail the bonding of these systems.
As shown in Table 1, the X�H ¥ ¥ ¥Y IHB in tautomers a is
systematically stronger than the Y�H ¥ ¥ ¥X IHB in tauto-
mers b, as measured by the value of the charge density at the
corresponding bcp. Actually, for some compounds, such as
(OSe)b, (OTe)b, and (STe)b the interaction is so weak that no
bcp is found associated with the possible IHB. This result
could be qualitatively anticipated if one takes into account
that, on the one hand the X�H groups should be better proton
donors than the Y�H groups, because X is more electro-
negative than Y, and on the other hand, the C�Y groups are
more polarizable than the C�X ones, because they involve
bulkier atoms and therefore they behave as better proton
acceptors. However, the enhanced strength of the X�H ¥ ¥ ¥Y
IHB, is not enough to counterbalance the intrinsic greater
stability of Y�H versus X�H tautomers. This is at variance
with what was found for the corresponding unsaturated
analogues, where for compounds in which X�O, S, Se and
Y� S, Se, tautomer a, stabilized through a X�H ¥ ¥ ¥Y IHB is
the most stable one, in spite of the fact that also for
unsaturated compounds the Y�H tautomers are intrinsically
more stable than the X�H ones. We shall come back later to
this point.


A similar analysis permits to explain the stability of those
species which do not present IHBs. As shown in Table 1, a bcp
between the two chalcogen atoms was located only for
(OTe)d, (STe)d, and (SeTe)d species. Consistently, a second
order NBO perturbation analysis shows that only for these
three species there is a dative bond from the lone pairs of the
X (� O, S, Se) atom towards the �* Te�H antibonding orbital
(see Table 3). The existence of this stabilizing chalcogen ±
chalcogen interaction is mirrored in shorter X ¥ ¥ ¥Te (X�O,
S, Se) distances (See Figure 1) than those estimated for the
remaining tautomers. Also the population of the Te�H
antibonding �* orbital is reflected in a clear elongation of
this bond (compare structures d and b in Figure 1), and in the
red-shifting (63, 59 and 71 cm�1, respectively) of the corre-
sponding Te�H stretching frequency.


Why chalcogen ± chalcogen interactions are quantitatively
significant only for Te containing compounds can be under-
stood, as explain elsewhere,[21] as the result of several factors,
associated in general with the low electronegativity of Te and
with its size. One of these factors is the electrostatic
interaction between the negatively charged X chalcogen and
the positively charged tellurium atom, which tends to bring
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Table 2. Calculated enthalpy [kJmol�1] for Reaction (1), showing that
systematically the Y�H-type tautomers are more stable than the X�H-type
ones.


X Y �H �


O S � 54.6
O Se � 65.5
O Te � 81.8
S Se � 10.8
S Te � 27.2
Se Te � 16.4


Table 3. Second order orbital interaction energies [kJmol�1] obtained by
means of a NBO analysis.


System LPX(1)� � *Te�H LPX(2)� � *Te�H


(OTe)d 6.2 7.3
(STe)d 2.8 9.5
(SeTe)d 3.1 12.8
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both atoms closer favoring the
dative bond between the occu-
pied orbitals of X and the empty
orbitals of the YH group. On the
other hand, the size of the Te
orbitals also favors the overlap
with the orbitals of X[48] and,
finally, the �* Te�H antibonding
orbital is lower in energy than �*
Y�H (Y� S, Se) orbitals and
behaves as a better electron
acceptor. It is also worth noting
that the second order interac-
tion energies reported in Table 3
are significantly smaller than
those reported in ref. [21] for
the corresponding unsaturated
analogues.


Saturated versus unsaturated
compounds : The next important
question to be answered is why
the IHBs as well as the chalc-
ogen ± chalcogen interactions
are significantly weaker for sa-
turated compounds than for
their unsaturated analogues. As
far as the IHB one can invoke
the so called RAHB effect. A
quantitative way to measure this
effect is by means of isodesmic
reactions (2) ± (5).


These reactions allow us to
compare the strength of the IHB
in unsaturated compounds [Re-
actions (2) and (3)] with that of
the IHB in the saturated ana-
logue [Reactions (4) and (5)].
The results obtained are sum-
marized in Table 4. It is appa-
rent that IHBs are extremely
weak for saturated compounds.
Actually, only for X�O the
O-H ¥ ¥ ¥Y (Y� S, Se) are slightly
stabilizing, while not net stabili-
zation of the system is found
when a Y�H ¥ ¥ ¥X IHB is
formed. Most importantly, for
the unsaturated compounds the
relative energy associated with
X�H ¥ ¥ ¥Y IHB is rather similar
to the energy gap between X�H
and Y�H-type tautomers. Ac-
cordingly, even if in general the
latter are intrinsically more sta-
ble than the former, the possibil-
ity of forming a strong X�H ¥¥¥Y
IHB tends to cancel out this
difference and both, a and b


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4548 ± 45554552


Figure 1. Optimized structures of CH(X)-CH2-CH2YH (X, Y�O, S, Se, Te) compounds (bond lengths [ä], bond
angles [�]). Relative energies with respect to the most stable tautomer are in kJmol�1. For X�Y, the more
electronegative chalcogen atom (X) is always the one on the left.
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tautomers, are very close in energy.[9, 21] This is not the case for
saturated compounds where the extra stabilization associated
with the IHB is so small that it cannot affect, in a significant
way, to the relative stability of the tautomers, being the Y�H-
type ones systematically lower
in energy.


The question now is whether
the greater strength of the IHB
for unsaturated compounds is a
direct consequence of charge
delocalization process (RAHB
effect) or it is simply a conse-
quence of the greater rigidity of
the unsaturated compound
that, on the one hand forces
the whole system to be planar,
and on the other hand forces
the X ¥ ¥ ¥Y distance to be small-
er than in saturated compounds
where the flexibility of the
system does not impose any


constrain. To gain some insight
into this problem we have car-
ried out a NRT analysis of both
a- and b-type unsaturated com-
pounds. In this analysis we have
considered only those reso-
nance structures whose weight
is larger than 5%. These reso-
nance structures have been
schematized in Scheme 3 and
their weights in Table 5.


It can be observed that for a-
type tautomers stabilized
through a O-H ¥ ¥ ¥Y IHB the
degree of delocalization is sig-
nificantly high, the classical al-
ternated structure I weighting
only about 33%. Also interest-
ingly, when the system presents
a much weaker Y�H ¥ ¥ ¥O IHB
(b-type conformers) the degree
of delocalization significantly
decreases, and the resonance
structure I clearly dominates.
These results indicate that al-
though RAHB phenomenon is
present in both O-H ¥ ¥ ¥Y and


Y�H ¥ ¥ ¥O IHBs, the delocalization is more favorable in the
former than in the latter case, contributing to strengthen the
O-H ¥ ¥ ¥Y bonds with respect to the Y�H ¥ ¥ ¥O ones.


A similar strategy can be carried out to analyze the strength
of the chalcogen ± chalcogen interactions. In this case we will
limit our analysis exclusively to Te-containing compounds for
which these interactions are quantitatively significant. To
compare the strength of these interactions for unsaturated
and saturated compounds we can used similar isodesmic
reactions to those employed to analyze the relative strength of
the IHBs by simply replacing tautomers a and b by tauto-
mers c and d in Reactions (2) ± (5).


The results obtained (see Table 6) show that again, the
intramolecular chalcogen ± chalcogen interactions are ex-
tremely weak for saturated compounds, while they are much
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Table 4. Enthalpies of Reactions (2) ± (5) [kJmol�1] that allow to estimate
the relative stability of X�H ¥ ¥ ¥Y and Y�H ¥ ¥ ¥X IHBs.


Unsaturated compounds Saturated compounds
X Y (2) (3) (4) (5)


O S � 56.6 � 20.6 � 1.6 � 0.7
O Se � 59.4 � 17.6 � 1.6 � 2.5
O Te � 53.6 � 6.6 � 0.2 � 2.8
S Se � 30.7 � 19.5 � 5.0 � 6.3
S Te � 29.7 � 4.5 � 6.5 � 6.4
Se Te � 25.7 � 9.0 � 7.1 � 5.5


Scheme 3.
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stronger for the unsaturated systems. In both cases the X ¥ ¥ ¥
YH interactions are much stronger than the Y ¥ ¥ ¥XH ones. As
a matter of fact, for saturated compounds, the latter do not
contribute to stabilize the system.


A NRT analysis (See Table 5) indicates that for d-type
tautomers the delocalization is also sizably large, and there-
fore, similarly to what has been postulated for IHBs, we can
speak of resonance assisted chalcogen ± chalcogen interac-
tions. A closer analysis permits to realize that this resonance
stabilization depends on the nature of the electron donor and/
or on the nature of the electron acceptor. If we take for
example, the (OTe)d, (STe)d and (SeTe)d systems, in which
the acceptor group is systematically the Te-H group, it can be
observed that while the oxygen derivative is not very
delocalized, with a large weight of the resonance form I, the
degree of delocalization increases significantly when O is
replaced by S or Se. As a matter of fact, due to the great
stability of the C�O bond, in the (OS)d, (OSe)d, and (OTe)d
tautomers, in which the oxygen of the carbonyl group is the
common electron donor, the charge distribution is quite
localized through a high weight of resonance form I. Hence,
we can conclude that although delocalization also contributes
to stabilize tautomers with chalcogen ± chalcogen interactions,
these effects are more pronounced as the electronegativity
difference between the two chalcogen atoms involved de-
creases.


An alternative way to assess the importance of the
resonance assisted phenomenon would be to analyze what
changes appear in the unsaturated system if the chalcogen ±
chalcogen distance is forced to be equal to that of the
corresponding saturated analogue. For this purpose we have


used the (OTe)d unsaturated derivative. When the O�Te
distance is forced to be equal to 3.1 ä, which is the distance
obtained for the optimized structure of the saturated ana-
logue, the stability of the system decreases by 10 kJmol�1.
However, the second order orbital interaction energies
associated with the dative bond from the lone pairs of oxygen
to the �TeH* antibonding orbital decrease dramatically from 20
and 38 kJmol�1[21] to 3.6 and 9.0 kJmol�1, respectively. It is
worth noting that these new values are similar to those
reported in Table 3 for the saturated compound. This seems to
indicate that this dative interaction depends strongly on the
chalcogen ± chalcogen distance. Conversely, changes in the
delocalization are much smaller. As a matter of fact the
weight of resonance structures II and IV remain almost
unchanged (9.2 and 7.9%, respectively), while that of
resonance structure I increases (70.9%). The fact that the
dramatic change in the strength of the O�TeH dative
interaction is not reflected in a parallel change in the stability
of the system leads us to conclude that resonance is an
important factor behind the strong chalcogen ± chalcogen
interactions observed in unsaturated compounds. This con-
clusion would also explain why similar intermolecular inter-
actions, such as those calculated between H2C�O and CH3-
TeH, are much weaker[21] than those observed in �-tellur-
iumvinylaldehyde [(OTe)d]. For the intermolecular case the
repulsion between the electronic distributions of both neu-
trals, H2C�O and CH3-TeH, prevents them to be very close
each other. As a matter of fact, the O ¥ ¥ ¥Te distance in the
corresponding complex[21] is rather similar to that calculated
for the saturated (OTe)d compound. The consequence is that
the dative O�TeH bond in the intermolecular complex is
very weak (2.8 kJmol�1), and the lack of any resonance
stabilization leads to a rather weak interaction energy
(5.2 kJmol�1) between both molecules.


Conclusion


Our results indicate that in CH(X)-CH2-CH2YH (X�Y�O,
S, Se) the X�H ¥ ¥ ¥X IHB competes in strength with the X ¥ ¥ ¥
XH chalcogen ± chalcogen interaction, while the opposite is
found for the corresponding tellurium-containing analogues.


For those derivatives in which X�Y the situation is more
complicated due to the existence of two non-equivalent X�H
and Y�H tautomers. The Y�H tautomer is found to be lower
in energy than the X�H tautomer, independently of the
nature of X and Y. For X�O, S, Se and Y� S, Se the most
stable conformer b is the one exhibiting a Y�H ¥ ¥ ¥X IHB.
Conversely when Y�Te, conformer d, stabilized through a
X ¥ ¥ ¥YH chalcogen ± chalcogen interaction is the global mini-
mum of the PES.


Systematically the IHB and the chalcogen ± chalcogen
interactions observed for saturated compounds are much
weaker than those found for their unsaturated analogues. This
result implies that the nonbonding interactions involving
chalcogen atoms, mainly Se and Te, are not always strongly
stabilizing. This conclusion is in agreement with the fact that
intermolecular interactions between Se and Te containing
systems with bases bearing dative groups are very weak. Our
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Table 5. Weight [%] of the most important resonance structures for �-
chalcogenovinylaldehydes as obtained through a NRT analysis.


Compound I II III IV


(OS)a 34.7 20.3 12.7 9.2
(OSe)a 33.0 20.4 13.3 9.6
(OTe)a 32.7 19.3 14.8 10.3
(SSe)a 47.8 20.8 5.6 9.7
(STe)a 33.4 20.4 11.8 9.5
(SeTe)a 46.6 18.9 6.1 10.7
(OS)b 60.9 18.7 ± 7.1
(OSe)b 69.5 11.2 ± 7.7
(OTe)b 74.2 8.2 ± 6.7
(OS)d 71.2 10.1 ± 7.2
(OSe)d 69.8 10.7 ± 7.8
(OTe)d 61.9 9.9 ± 8.9
(SSe)d 56.1 19.1 ± 8.5
(STe)d 38.8 14.6 10.7 7.0
(SeTe)d 34.8 14.3 11.7 7.4


Table 6. Enthalpies of Reactions (2) ± (5) [kJmol�1] involving tautomers c
and d, that allow to estimate the relative stability of H�X ¥ ¥ ¥Y and X ¥ ¥ ¥
Y�H chalcogen ± chalcogen interactions for tellurium containing systems.


Unsaturated compounds Saturated compounds
X Y (2) (3) (4) (5)


O Te � 8.4 � 43.8 ± � 1.5
S Te � 19.7 � 58.4 � 13.5 � 0.6
Se Te � 27.7 � 64.0 � 8.1 � 2.0
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analysis also shows that these interactions are enhanced
through an increase of the charge delocalization within the
system, in a mechanism rather similar to the so call RAHB.
The chalcogen ± chalcogen interactions will be also large, due
to the enhancement of the X�Y dative bond, if the
molecular environment, for instance in a crystal, forces the
interacting atoms X and Y to be close each other.
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Guest ± Framework Interaction in Type I Inorganic Clathrates with Promising
Thermoelectric Properties: On the Ionic versus Neutral Nature of the
Alkaline-Earth Metal Guest A in A8Ga16Ge30 (A� Sr, Ba)


Carlo Gatti,*[a] Luca Bertini,[a] Nick P. Blake,[b] and Bo B. Iversen[c]


Abstract: Periodic density functional
calculations using pseudopotentials and
a local basis set were performed on the
type I clathrates A8Ga16Ge30 (A� Sr,
Ba). Both are known to show promising
thermoelectric properties. Ab initio
wave functions were analyzed within
the framework of the quantum theory of
atoms in molecules. This enabled us to
analyze both the charge transfer and
bonding properties of the clathrate from
a rigorous quantum mechanical view-
point. The Ba and Sr centers were found
to be largely ionic (charge: ca. �1.7 e)
both in the smaller 20-atom and in the
larger 24-atom cages, consistent with a
Zintl-phase view of these type I clath-
rates. The assertion that the Sr atoms in
the different cages have similar oxida-
tion states is shown to be consistent with


multiwavelength diffraction experi-
ments on Sr8Ga16Ge30; while the asser-
tion of ionicity of the Sr center is
supported by the observation that the
adsorption edge lies close to that pre-
viously found in the Sr K-edge XANES
spectra of Sr(OH)2 ¥ 8 H2O. As such, this
work contradicts previous experimental
and theoretical studies that claim that
the guest atoms are neutral. We show
that the discrepancy is related to the
definitions used for electron transfer.
Definitions based on electron displace-
ment (rearrangement) in space, as in


previous works, do not account for the
variation in shape and volume of the
atomic catchment regions upon change
in the number and average locations of
the particles in the system. Eventually,
such definitions lead to underestimation
of charge transfer. The large binding
energy found in earlier work for Ba and
Sr in these materials is found to be
consistent with a simple picture of
charge transfer from the guest to the
frame. Preliminary investigations on a
clathrate of perfect stoichiometry ap-
pear to rule out any important relation-
ship between the observed increase in
the thermoelectric figure of merit with
increasing external pressure and host ±
guest charge transfer.


Keywords: ab-initio calculations ¥
clathrates ¥ host ± guest systems ¥
thermoelectric materials ¥ Zintl
phases


Introduction


In the search for promising thermoelectric materials (TMs), in
the last five years, many scientists have focussed on the rare-
earth-filled skutterudites and type I inorganic clathrates.
These semiconducting materials seem to fulfil Slack×s phonon
glass and electron crystal (PGEC) criterion[1, 2] for a good TM.
Type I clathrates, which are the topic of this paper, show some
promise for high-temperature thermoelectric applications.
They consist of two types of cages, the 20-atom dodecahedron


and the 24-atom tetradodecahedron (Figure 1). The stoichi-
ometry is generally written as AxByC46�y, where B and C are
Group 3 and 4 elements, respectively, and A is an alkali or
alkaline earth metal. These metal atoms are encapsulated in
the cages formed by the framework of tetrahedrally bonded
atoms B and C. The encapsulated atoms are known to possess
localized, low-frequency phonon modes that lower the
thermal conductivity k to values comparable to those of
amorphous semiconductors.[3±5] It is believed, although not
theoretically demonstrated, that these phonon modes do not
significantly affect the electrical conductivity �. If true, this
may explain why carrier mobilities are comparable to those of
crystalline semiconductors,[6] and would confirm clathrates as
prototypical PGECs.


Recently, experimental and theoretical studies have ap-
peared on A8Ga16Ge30 (A� Sr, Ba) concerning their structure
and stability,[7±10] band structure and thermoelectric proper-
ties,[8, 11] and anisotropic vibrations of the metal guest.[3, 8, 10, 12]


A dramatic positive effect[13] on the figure of merit when an
external pressure of 7.5 GPa was applied to n-doped
Sr8Ga16Ge30 has also been reported.
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Figure 1. The clathrate type I structure.


Structural chemists generally regard these clathrates as
Zintl phases,[14] in which the guest atoms completely transfer/
accept valence electrons to/from the framework. The obser-
vation that the clathrate type I structures exhibit a fixed
number of valence electrons per unit cell (184 e), despite the
large variation in their elemental compositions, firmly sup-
ports this belief.


Indeed, band structure calculations[9] of the Ba8 and
Ga16Ge30 sublattices showed that the metal functions as an
electron donor; this accounts for the semiconducting Zintl
nature of A8Ga16Ge30. Transport calculations[11] for the Zintl
phase stoichiometries indicated (albeit within the relaxation-
time approximation) that clathrates showed promise as high-
temperature thermoelectrics. However, when the charge
density of the clathrate was compared with that for inter-
leaved, noninteracting Ba8 and Ga16Ge30 sublattices, it was
surprisingly found[9] that while Ba was clearly an electron
donor it did not appear to be ionic. Charges on a given Ba
atom in the clathrate and Ba8 were calculated by evaluating
the total electron charge within a sphere of a given radius
around a given Ba nucleus and were found to be rather
similar. Analysis of the experimental electron density of the
Sr clathrate with a maximum-entropy method (MEM) also
supported the idea of nonionic metal guests in these
clathrates.[10] This belief was not contradicted by XANES
data at the Sr K-edge, which revealed an edge position for the
clathrate similar to that of Sr metal, although the absorption
edge was very broad.[10]


This paper re-examines this ™ionic versus neutral debate∫
within the framework of the quantum theory of atoms in
molecules (QTAIM).[15] This approach, being fully rooted in
quantum mechanics,[15, 16] has the advantage that it is free from
any arbitrariness in defining and determining the volume,
shape and resulting electron population of any atomic basin in
a compound. The QTAIM approach was also used to
characterize the nature of the bonding of the metal guests
to the frame. We shall demonstrate that both Ba and Sr are


best thought of as ionic, thus reconciling the Zintl view of the
title clathrates with what is expected from the notions of
elementary chemistry. In the case of Sr8Ga16Ge30 we compare
our estimate of the charge transfer with the results of a
multiwavelength diffraction experiment across the Sr K-edge
to see if the experimental observations can be rationalized
from this new viewpoint. Finally, we investigate the pressure
dependence of this charge transfer between the metal and the
frame to see if this in part is responsible for the dramatic
enhancement in the figure of merit observed when an external
pressure is applied to n-doped Sr8Ga16Ge30.[13]


Computational and Experimental Methods


Geometries of investigated systems : A8Ga16Ge30 (A� Sr, Ba): Two
structures for each clathrate, corresponding to two different Ga atom
sitings in the framework and with zero and four Ga�Ga bonds were
considered (see Table 1). The geometries of these structures were taken


from a previous study[9] in which a full minimization of atomic positions and
cell volumes was performed by using a density functional generalized-
gradient approach (GGA) and a plane-wave basis set. The space group of
the considered structures is P1 (no. 1), while the framework sites reported
in Table 1 are labeled according to the Pm3≈n symmetry of the idealized and
fully symmetric A8Ga16Ge30 clathrate in which no distinction is made
between Group 3 and Group 4 elements. Such a clathrate, hereinafter
referred to as the parent clathrate PC, has only three types of framework
sites (6c, 16i, and 24k) and two different locations (2a and 6d) for the guest
cations at the center of the 20-atom and 24-atom cages, respectively.


Preliminary tests to select the optimum basis set and other computational
conditions were performed on the Sr8Ga16Ge30 PC, since this model system
allows for a drastic reduction of computational time, due to the 48
symmetry operations of the Pm3≈n space group. Model cell parameter and
free fractional coordinates (i and k positions) of the PC were taken from a
20 K synchrotron X-ray diffraction experiment.[17]


A8 (A� Sr,Ba); bulk Ga and Ge : These systems were calculated either for
determining the optimum basis set and computational conditions (vide
infra) or as a source of reference bonding and atomic properties to be
compared with those observed in the investigated clathrates. A8 was
assigned the symmetry, cell parameters and atom coordinates of the B1
clathrate (see Table 1), while the geometries of Ga (space group Cmca,
no. 64) and Ge (space group Fd3m, no. 227) were taken from reference
[18].


AO (A� Sr,Ba): These oxides were investigated in their B1 NaCl-type
phases (space group Fm3m, no. 225) and at their experimental geo-
metries[19] as prototypical cases in which the A metal atoms are almost fully
ionized.


Hamiltonians and k-point sampling : Calculations were performed using the
Hartree ± Fock ± Roothaan or the density functional Kohn ± Sham ap-
proach, as implemented in the CRYSTAL98 code.[20] Several density
functional correlation and exchange potentials were adopted in the
preliminary tests on the parent clathrate. The Perdew ± Wang[21] and
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Table 1. Labeling and relative energy of the P1 A8Ga16Ge30 clathrates for
different Ga sittings at the c, i and k special positions of the Pm3≈n space
group.


Label #6c #16i #24k #Ga�Ga[a] �E [eV][9] �E [eV], this work
A� Sr A�Ba A�Sr A�Ba


B1 3 1 12 0 0.00 0.00 0.00 0.00
B3 5 3 8 4 0.52 0.42 3.99 1.90
parent 0 16 0 8 ± ± 10.00 ±


[a] Number of Ga�Ga (short) bonds.
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Becke[22] GGA functionals (hereinafter collectively termed PWB) were
then used as correlation and exchange potentials, respectively, for
calculations on the P1 geometry clathrates. The Fock or Kohn ± Sham
matrix was diagonalized at an isotropic net of 6� 6� 6 k-points, while 12�
12� 12 k-points were used in the reciprocal space integration for Fermi
energy calculation and density matrix reconstruction.


Effective core pseudopotentials : Preliminary tests on the parent and on the
P1 clathrates used the large-core pseudopotentials (LCPP) of Wadt and
Hay[23] for all types of atoms. However, difficulties in the analysis of the
resulting electron density (ED) topologies (see ref. [24] for a discussion of
the effect of pseudopotentials on the ED distributions), led us to adopt a
Hay ± Wadt[25] small-core pseudopotential (SCPP) for the A atoms, while
retaining the LCPP for the framework atoms, in the final calculations. The
LCPP is the only pseudopotential available for Ge and Ga within the Hay ±
Wadt scheme.


All-electron computations : Sr8Ga16Ge30 in the B1 geometry was also
calculated by including all electrons of the Ga and Ge atoms in the self-
consistent procedure, while retaining the SCPP for the Sr atoms. A
standard STO-3G basis set[26] was used for Ga and Ge, while basis set D
(vide infra) was used for the Sr atom. This computation is referred to as
AEPP in the following.


Independent atom model (IAM) computations : For the sake of comparison
of the self-consistent ab initio results with a case in which no spatial charge
transfer with respect to the isolated atoms is allowed, we calculated the
electron density in the crystal using a periodic density matrix obtained as a
superposition of atomic densities (PATO option in CRYSTAL98) and the
same basis set as in the crystal calculation. To each atomic solution, the
neutral-atom population was assigned.


Basis sets: In the preliminary LCPP computations, the original 3s3p/1s1p
Wadt ± Hay[23] energy-optimized valence basis sets were adopted. These
basis sets led to long CPU times even for the high-symmetry parent
clathrate, thus making the computation of the P1 clathrates nearly
prohibitive. To decrease CPU times, the following procedure was followed.
1) The s� p constraint was imposed on the atomic shells of all atoms, and


the Gaussian exponents used were those of the s basis functions in the
original Hay ± Wadt basis sets.[23, 25] The new M contraction coefficients
(M� 3 for Ga, Ge; M� 5 for Sr, Ba) for each of the n s (n� 4 for Sr, Ga,
Ge; n� 5 for Sr, Ba, n� 6 Ba) and np functions (n� 4 for Sr, Ga, Ge;
n� 5 for Ba) were determined by HFPP atomic calculations with the
Hay ± Wadt LC (Ga,Ge) or SC (Sr, Ba) pseudopotentials. This step
yielded basis set B, where basis set A denotes the original SC (Sr,Ba)
and LC (Ga,Ge) Hay ± Wadt basis sets.


2) The outermost s Gaussians (Sr: �� 0.0292; Ba: �� 0.0231) of the n s
expansions of Sr and Ba S-PP original basis sets were removed. Using
the s�p constraint for the remaining four s primitives, the new n s and
np contraction coefficients for Sr and Ba were obtained with the
procedure given earlier. This step led to basis set C (Ga and Ge basis
sets are the same as in basis set B).


3) The optimum scale factors (SFs) for the outermost sp shell of Ga and Ge
to be used in the clathrate calculations were variationally determined
from DFT-PWB computations on Ga and Ge metals. Using the thus-
obtained SF for Ge (1.02) and Ga (0.98) the SF for the outermost 5s
shell of Sr (1.02) was variationally determined from DFT-PWB
computations on the parent clathrate. An SF of 1.0 was used for the
outermost 6s shell of Ba. This step led to basis set D.


Table 2 shows how the computing time for the parent clathrate decreases
from basis set A to basis set C. Table 2 also shows that with basis set D the
CPU time for calculating the P1 clathrate at B1 geometry has become
acceptable and comparable to that required for the parent clathrate with
basis set A.


For the SrO and BaO reference systems, several basis sets and approaches
were considered.
1) Test 1 (T1): The oxygen atom was described with an all-electron basis


set, while for Sr and Ba the SC Hay ± Wadt pseudopotential was
adopted. Basis sets were taken from a detailed study[27] on the phase
transition from B1 (NaCl type) to B2 (CsCl type) phases in alkaline-
earth oxides. The oxygen basis was an 8-411-(1d)G contraction (the first
shell is of s type and is a contraction of eight Gaussian-type functions
(GTFs), and there are three sp shells and one d shell), while the Sr or Ba
basis is a 3-1(1d)G contraction. The optimized exponents of the two
most diffuse sp and d shells of each atom and for each kind of oxide were
taken from Table 1 of ref. [27].


2) Test 2 (T2): Same as T1, except for the use of basis set C (see earlier) for
Ba and Sr.


3) Test 3 (T3): The standard 3-21G basis set[28] for O and Sr was modified to
3-11 for the Sr atom by splitting the two GTFs of the innermost valence
sp shell and by removing the outermost valence GTF. The exponent of
the outermost GTFs for Sr and O atoms were then iteratively optimized
using a numerical steepest descent gradient optimisation as implement-
ed in the LoptCG code,[29] interfaced to CRYSTAL98. Final optimized
exponents were 0.335 and 0.092 for O and Sr, respectively. A restricted
Hartree ± Fock (RHF) approach was used.


4) Test 4 (T4): Same as T3, except for the use of the DFT-PWB
Hamiltonian instead of the RHF type. Due to the insufficient numerical
accuracy achieved in the LoptCG optimisation of the outermost GTF of
Sr using the DFT approach, the basis set optimized in test T3 was
adopted.


Electron density analysis : Atomic net populations and guest ± frame bond
properties were determined by a topological analysis of the electron
density, according to the QTAIM theory.[16] Application of QTAIM to our
crystalline wave functions was made possible by the code TOPOND98,[30]


interfaced to CRYSTAL98. The accuracy of the numerical determination
of integrated properties was judged against the calculated values for the
atomic Lagrangian L(�)�� (1/4)


�
��2�, a quantity that should vanish


because of the atomic-basin boundary condition.[15] The obtained values of
L(�) were typically less than 1� 10�4 a.u. Atomic net populations for the
IAM density were also evaluated through TOPOND98, by supplying to this
code the density matrix obtained with the PATO option of CRYSTAL98.


Multiwavelength diffraction experiment : The variation in the anomalous
part of the atomic scattering factor f(S) (f(S)� f0(S)� f�� if��) across an
absorption edge can be used to create contrast between atoms of the same
element in different valence states.[31] This is because the ionization
energies and thus the position of the absorption edge depends on the
oxidation state of the system. The energy dependence of the Bragg
reflection intensity near and above the absorption edge of some atomic
level forms the basis of the diffraction anomalous fine-structure (DAFS)
method.[32] This technique combines the sensitivity to long-range order
typical of the X-ray diffraction method with the local character and site
selectivity of absorption spectroscopy. The DAFS technique, if applied to a
selection of reflections in an energy range near and above the absorption
edge, should represent a valuable experimental tool for shedding light, in a
site-specific manner, on the guest valence states in clathrates. In the present
case we used a somewhat different approach than in the typical DAFS
experiment. Instead of collecting a few reflections at many different
wavelengths and relying on somewhat crude absorption correction and the
Kramers ± Kronig transformation to obtain f�, we collected many reflec-
tions at relatively few wavelengths around the Sr K-edge. This allows us to
obtain f� directly as a parameter in the crystallographic refinements.


The multiwavelength diffraction experiment was carried out on
Sr8Ga16Ge30 at the Swiss-Norwegian beam line at the European Synchro-
tron Radiation Facility, on a crystal with maximum dimensions of about
25 �m to minimize absorption and extinction effects. Full structural
diffraction data were collected at 10 wavelengths across the Sr K-edge as
well as at one very short wavelength (off-edge).[33] Details of the
experimental data are listed in Table 3. The data were carefully selected
to contain: i) all the low-order reflections (sin�/�� 0.3 ä�1), ii) ± enough
symmetry-equivalent reflections to carry out accurate empirical absorption
corrections[34] and iii) a selection of high-order reflections predicted to have
large changes in the anomalous scattering contribution f� across the Sr
K-edge.[35] The data set collected at short wavelength (�� 0.49994 ä) was
used to establish the positional and thermal parameters of the structure
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Table 2. Sr8Ga16Ge30, DFT-BECKE-PWGGA: total energy and CPU time
as a function of space group symmetry and basis set.


Space group Basis set Energy [a.u.] CPU time [s]


Pm3≈n, Parent clathrate A � 391.41368 57952
B � 390.80914 8408
C � 390.80380 1507


P1, geometry B1 D � 391.09053 140 338
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with little influence of systematic errors.[36] In the refinement of the 10 Sr
K-edge data sets, the structural parameters and the extinction parameter
were fixed at the values obtained from the off-edge data, and only the scale
factor and the anomalous scattering contributions for the two separate Sr
sites were refined.[37]


Results


Data in Table 1 confirm[9] that the clathrate structure B1, with
no short Ga�Ga contacts, is the most stable among the
investigated structures for both Sr and Ba guests. The energy
difference between structures B1 and B3 is somewhat larger
than found previously,[9] likely due to the use of geometries


which were not fully optimized for the computational model
adopted in this study.


Guest-to-frame charge transfer : Table 4 lists a number of
atomic properties, averaged over the basins of the guest atoms
in the 20- or in the 24-atom cage, for the B1 and the B3
structures of A8Ga16Ge30. Atomic properties were calculated
from the DFT-PWB wave function with basis set D. For the
sake of comparison, Table 4 also reports the corresponding
atomic properties, at the B1 geometry, for the A8 sublattices
and for A8Ga16Ge30 clathrates, obtained with the AEPP
approach or the IAM model. Table 5 displays results for
charge transfer in SrO and BaO for tests T1 ± T4.
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Table 3. Details of the multiwavelength crystallographic experiment on Sr8Ga16Ge30. The refinements were carried out in space group Pm3≈n (a�
10.72933(9) ä) with Sr(d) disordered over four sites (24j). In all refinements the guest atom occupancies were fixed at 100 %. The X-ray path lengths are
based on refined crystal dimensions during the absorption correction procedure.[61] They are in excellent agreement with the crystal size and shape observed
under a light microscope prior to mounting and under an electron microscope after mounting. The internal agreement factor is defined as in the equation
RI �� � I��I� � /� � I � ).


EX-ray


[eV]
�


[ä]
�l [mm�1] Max./min.


XPL[a] [�m]
Max./min.
XTF[b]


RI Nmeas Nuniq Nvar f�Sr atom


(calcd)
f�Sr(a)


(exptl)
f�Sr(d) RF RF2 RwF2 GoF


16099 0.77014 33.6 7/28 0.40/0.80 0.0257 330 101 4 � 7.5 � 7.74(7) � 7.5(7) 0.045 0.056 0.146 1.52
16103 0.76995 33.5 5/27 0.40/0.84 0.0272 374 104 4 � 8.8 � 8.4(4) � 8.0(3) 0.035 0.047 0.084 0.86
16105 0.76986 42.7 6/24 0.36/0.79 0.0290 340 104 4 � 10.3 � 9.2(8) � 8.9(7) 0.053 0.078 0.151 1.45
16107 0.76976 42.7 7/28 0.31/0.74 0.0368 775 150 4 � 8.39 � 10.2(7) � 9.8(6) 0.078 0.106 0.157 1.33
16109 0.76966 42.7 9/27 0.31/0.67 0.0284 589 150 4 � 7.76 � 10.1(3) � 9.4(3) 0.041 0.067 0.079 0.73
16111 0.76957 42.7 8/28 0.31/0.71 0.0243 439 112 4 � 7.37 � 9.3(4) � 9.0(4) 0.047 0.071 0.095 0.97
16113 0.76947 42.7 5/26 0.33/0.81 0.0229 320 102 4 � 7.09 � 10.3(10) � 9.2(19) 0.057 0.060 0.205 1.92
16115 0.76938 42.7 6/26 0.34/0.79 0.0268 388 112 4 � 6.86 � 8.1(5) � 8.7(5) 0.055 0.077 0.106 1.01
16118 0.76923 42.7 7/28 0.31/0.74 0.0317 580 103 4 � 6.60 � 7.4(3) � 7.1(3) 0.034 0.044 0.072 0.72
16123 0.76900 42.6 2/25 0.35/0.92 0.0340 351 103 4 � 6.27 � 7.1(6) � 6.4(5) 0.047 0.059 0.124 1.14
24800 0.49994 13.2 9/32 0.66/0.89 0.0268 1094 143 19 � 0.023 0.045 0.022 0.044 0.53


[a] X-ray path length. [b] X-ray transmission factor.


Table 4. Averages (standard deviations) of atomic basin properties of alkaline earth metal atoms A (A� Sr, Ba) in the A8Ga16Ge30 clathrates at geometries
B1 and B3 for ab initio and IAM models. For the sake of comparison data for the A8 sublattices are also reported. All quantities in a.u.


Model//basis set � Pos.[a] q(�)[b] BV2[c] TBV[c] SPHD[d] �av
[e] rsph


[f]


A8Ga16Ge30, geometry B1
DFT-BECKE-PWGGA//D Sr a � 1.669 (0.001) 135.3 (0.0) 135.3 (0.0) 0.86 (0.00) 0.269 3.18 (0.00)


d � 1.687 (0.005) 154.9 (2.6) 157.5 (1.0) 0.88 (0.01) 0.231 3.35 (0.01)
Ba a � 1.743 (0.001) 161.2 (0.2) 161.2 (0.2) 0.81 (0.00) 0.337 3.38 (0.00)


d � 1.773 (0.003) 194.2 (0.8) 194.3 (0.7) 0.85 (0.00) 0.279 3.59 (0.00)
AEPP(basis set, see text) Sr a � 1.769 146.1 146.1 0.89 0.248 3.27


d � 1.744 156.7 178.3 0.91 0.203 3.49
IAM//D Sr a � 0.096 201.3 201.3 0.189 3.64


d � 0.126 241.6 241.6 0.158 3.86
Ba a � 0.858 186.3 186.3 0.296 3.54


d � 0.576 251.8 251.8 0.220 3.92
A8Ga16Ge30, geometry B3
DFT-BECKE-PWGGA//D Sr a � 1.658 (0.001) 134.1 (0.0) 134.1 (0.0) 0.86 (0.00) 0.271 3.18 (0.01)


d � 1.677 (0.009) 152.3 (2.2) 157.4 (1.0) 0.88 (0.00) 0.231 3.35 (0.01)
Ba a � 1.740 (0.003) 160.8 (0.0) 160.8 (0.0) 0.81 (0.00) 0.337 3.37 (0.00)


d � 1.769 (0.007) 194.2 (0.6) 194.3 (0.6) 0.85 (0.00) 0.279 3.59 (0.00)
A8, geometry B1
DFT-BECKE-PWGGA//D Sr a 0.000 324.9 1066.1 1.00 0.036 6.34


d 0.000 326.4 1095.4 0.99 0.035 6.39
Ba a 0.000 444.1 1095.7 0.97 0.051 6.40


d 0.000 445.2 1131.4 0.97 0.049 6.46


[a] The special position that the A atom would occupy in space group 223 (Pm3≈n), with a and d corresponding to the centers of the 20- and 24-atom cages,
respectively. [b] q(�) is the net charge in basin �. [c] TBV is the total basin volume, while BV2 is the volume of that portion of the basin in which the electron
density is equal to or exceeds 0.002 a.u. [d] SPHD, given by SPHD� �


�r ¥��/[�3N(�)], where N(�) is the basin electron population, attains the limit of 1 in
an isolated atom and in the limit of an extremely loosely bound atom (see ref. [40]). [e] �av is the average electron density in �, given by [N(�)�Nc(�)]/BTV
where Nc(�) is the number of frozen electrons in the pseudopotential calculation. [f] rsph is the radius of a sphere with a volume equal to the BTV.
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Atomic net charges q(�) in Tables 4 and 5 were obtained
from q(�)�Zeff(�)�N(�), where Zeff is the effective
nuclear charge[38] of the atom and N(�) is its electron
population, given by the integral of the electron density over
the atomic basin �. The atomic basin is the portion of space
including the atomic nucleus and enclosed by a surface S
defined by the zero-flux condition[15] as in the equation
��(rs) ¥ n(rs)� 0 where n(rs) is a unit vector normal to the
surface at rs, and rs denotes any point of the surface S. The
thus-defined atomic basins are proper quantum objects, and
their electron populations are quantum observables,[16] pro-
vided the electron density � used in the basin definition is
obtained from an ab initio wave function. This property
ensures that the net charges in Tables 4 and 5, except for those
derived from the IAM model, have a well-defined physical
meaning. The main results we obtained are summarized
below.
1) The guest atoms in the A8Ga16Ge30 clathrates are almost


completely ionized, regardless of the kind of cage they
occupy.[39] Their net charge is about �1.7 e, and the charge
difference between the two cages is indeed very small (ca.
0.02 e) and similar for Ba and Sr clathrates.


2) As expected, Ba atoms are slightly more ionized than Sr
atoms since they loose an additional 0.1 e in both cages
with respect to Sr.


3) The results listed above hold true whether the Ga and Ge
core electrons are included (DFT-PWB) or not included
(AEPP) in the self-consistent field (SCF) procedure.


4) The influence of the kind of Ga sitings on guest-to-frame
charge transfer is rather limited, as can be appreciated by
comparing results for the B1 and B3 geometries. Full
geometry optimisation of B1 and B3 structures should not
affect this conclusion. It should bring the charge transfer to
even closer similarity, since we found an energy difference
for the two structures (Table 1) which is larger than that
obtained[9] with full geometry optimisation.


5) The largest difference between the two types of cages is the
13 ± 18 % increase in the total basin volume (TBV) on
passing from the smaller to the larger cage (Table 4).
Owing to the similar net charges of the guest atoms in the
two cages, this basin expansion yields a corresponding
decrease in the average electron density �av in the basin of
the A atoms in the 24-atom cage. The observed increase in
size of the A basins in this cage does not imply the


presence of regions of very low atomic density, since TBV
in this case is also very close to BV2, the volume of the
portion of the atomic basin in which � is greater than or
equal to 0.002 a.u.


6) Net charges of the guest atoms in the clathrates closely
correspond to those exhibited by the corresponding atoms
in the oxides. Differences in the case of the closest level of
theory and basis set quality (test T2) are about 0.04 e for Sr
and even less for Ba.


7) The very small standard deviations (Table 4) found for the
net charges and the other atomic properties of the guest
atoms located in either of the two kinds of cages suggest
that the geometry perturbation related to symmetry
lowering, from Pm3≈n to P1, affects the cages of either
type similarly (24-atom cages are slightly more differ-
entiated among each other).


8) The zero-flux recipe applied to the IAM model density
predicts the Sr atoms to be close to neutral and Ba atoms
to be less than half-charged compared to DFT-PWB and
AEPP models (Table 4). While it is not required by physics
(see earlier discussion) that the zero-flux recipe should
necessarily predict the A atoms to be neutral for IAM
densities, it is gratifying that this recipe recovers very small
or small net charges when the SCF procedure and thus the
electron transfer among atomic orbitals is switched off. In
other words, considering the A atoms to be almost neutral
in the clathrates would correspond to ignoring the charge
rearrangements due to bonding in these compounds and to
assign net charges only on the basis of the changes due to
the superposition of frozen atomic clouds.


9) The A atoms in either of the cages have their gradient
vector field �� appreciably distorted from those of
isolated atoms, as indicated by the departure of SPHD
(SPHD� �


�(r ¥��)d�/[�3N(�)]) from the value of unity
which would be attained at the limit of no interaction with
the surroundings.[15, 40] This indicates that the A atom in
A8Ga16Ge30 does not simply act as a templating agent that
forces the frame atoms to bind around it to form cages.
Instead, the guest ± framework interaction has two main
effects, namely, a nonnegligible distortion of the electron
density distribution of the guest atom compared to an
unbound atom, and substantial CT from the guest atoms to
the framework. It is noteworthy that the A atoms in the
corresponding oxides (Table 5) exhibit similar, yet some-
what enhanced, distortions, while a distribution very close
to that of free atoms is found (Table 4) for the A atoms in
the A8 sublattices, in agreement with their much larger
atomic volumes (TBVs).


Multiwavelength diffraction : In Figure 2 the refined f� values
for each of the Sr sites are plotted against wavelength. A
typical DAFS spectrum shows some characteristic and well-
defined structures: the cusp at the absorption edge and the
extended fine-structure oscillations above it. These modula-
tions are very similar to those observed in X-ray absorption
spectroscopy (XAS), and they are interpreted on the basis of
the effects induced by the local environment around the
absorbing atom on the final density of states available for the
photoelectron.
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Table 5. Atomic basin properties of alkaline earth metal atoms A (A� Sr,
Ba) in their oxides AO for tests T1 ± T4. All quantities in a.u., symbols and
abbreviations as in Table 4.


Test � q(�) BV2 BTV SPHD �av rsph


T1 Sr � 1.543 113.3 113.3 0.84 0.321 3.00
T2 � 1.717 110.7 110.7 0.83 0.328 2.98
T3 � 1.871 110.5 110.5 0.97[a] 0.327 2.98
T4 � 1.782 110.6 110.6 0.96[a] 0.327 2.98
T1 Ba � 1.510 164.6 164.7 0.80 0.331 3.40
T2 � 1.758 155.3 155.3 0.80 0.349 3.33


[a] Due to the inclusion of the core-electron contribution, which has nearly
perfect spherical symmetry, SPHD has a much higher value in tests T3 and
T4, compared to those obtained in tests T1, T2 and for A atoms in the
clathrates.
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Figure 2. Plot of the refined anomalous scattering contributions f� for the
two Sr sites as a function of wavelength across the Sr K-edge. The
theoretical curve was calculated for a neutral Sr atom.


The curves for the two different Sr sites follow each other
quite closely (Figure 2). The theoretical curve was calculated
for a neutral Sr atom by using a free-atom model.[41] While this
model is able to reproduce the most evident structure of f�,
such as the cusp, it cannot calculate the fine-structure
oscillations observed in the experimental data. A model that
takes these oscillations into account was recently developed in
terms of the tensor formulation of the multiple scattering
theory,[42] but its use is beyond the scope of the present work.
The present analysis (Figure 2) indicates that the multiwave-
length experiment supports similar oxidation states for the Sr
atoms in the different cages, as found from ab initio wave
functions. The cusp of the free-atom model occurs at some-
what lower energies than those of the Sr atoms in the two sites
of the clathrate, which conversely show an adsorption edge
close to that (16107 eV) obtained from the Sr K-edge XANES
spectra of Sr(OH)2 ¥ 8 H2O.[10]


The nature of the frame ± guest interactions : Table 6 shows
that in the parent clathrate (PC) the A atom hosted in the
small cage is linked to 8 Ga atoms in position i and to 12 Ge
atoms in position k to give a total of 20 guest ± frame
interactions for each A atom.[43] In the larger cages, the A
atoms are only bonded to the 8 Ge atoms in position k. The
nature of these interactions is of the closed-shell type, as
indicated by the low electron density at the bond critical point
(BCP) and by the dominance at the BCP of the density
curvature �3 along the bond path over the perpendicular


curvatures (�i, i� 1, 2). These features are consistent with an
ionic character of these bonds.


The bonds between guest metal atoms in either of the cages
to Ge atoms in k positions exhibit a nonnegligible ellipticity[15]


	� (�1/�2)� 1, which is another indication of the departure of
the electron distributions of the guest metal atoms guests from
spherical symmetry. Bonds in the smaller cages are stronger
and more directional than those in the larger cages, since they
show a greater electron density �b at the BCP and a much
flatter electron density distribution in the region between two
neighbouring bonds in the cage. In fact, on passing from the
BCP to a point located between two neighbouring bonds and
at the same distance from the guest atom A as the BCP, the
electron density decreases by about 18 % and by less than 1 %
for bonds in the 20- and 24-atom cages, respectively.


Upon release of symmetry and adoption of the minimum
energy Ga atom sitings (B1 geometry), the bonding picture
becomes significantly modified with respect to the PC. Table 7
reports the bond properties for the guest ± frame bonding
interactions averaged over the two different 20-atom and over
the six different 24-atom cages associated with the B1
geometry of the clathrates. Bond properties and their stand-
ard deviations, also listed in Table 7, yield a clear and
quantitative estimate of the departure from Pm3≈n symmetry
within the two kinds of cages. The symmetry breaking is
particularly relevant in the case of the 24-atom cages, and
especially so for the Sr clathrate. In the large cages only 2.8(8)
and 4.0(11) guest ± frame bonding interactions are found on
average for the Sr and Ba clathrates, respectively, instead of
the eight present in the corresponding PCs. However, these
remaining interactions are notably stronger than those in the
PCs, as evidenced by the 50 % (Sr) and 16 % (Ba) average
increases in the �b values compared to the PCs. It is clear that
the increase in strength of some interactions occurs at the
expense of weakening other interactions, which ultimately
disappear. We find 2 ± 5 guest ± frame bonding interactions in
each large cage, and the average interaction strength within a
cage decreases as the number of bonding contacts in this cage
approaches that in the PCs. Also notable is the decrease in the
closed-shell character of the frame-to-guest interactions with
respect to those in the PCs. Indeed, the ratio of parallel to
perpendicular curvatures [�	/ � �
av � ] is on average more than
halved, as a consequence of the decreased dominance of the
parallel over the perpendicular curvatures of the density at
BCPs in the clathrates with B1 geometry.


The numerical decrease and the observed strengthening of
the guest ± frame interactions in the larger cages is not
unexpected, since the A atoms are on average significantly
displaced (0.81 and 0.42 ä for Sr and Ba, respectively)[9] from
the center of the 24-atom cages in the B1 geometries of the
clathrates. It is therefore likely that the observed symmetry
lowering and displacement of the guest atoms is driven by the
energy gain due to the formation of guest ± frame interactions.
The guest ± frame interactions in the larger cages are of
similar (Ba) or much greater (Sr) strength than those of the
smaller cages.


It is noteworthy that the quite different guest ± frame
bonding features in the two kind of cages are not mirrored
in significant differences in the average net charges on the
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Table 6. Guest ± frame bonding interactions in the parent A8Ga16Ge30


clathrates.[a] All quantities in a.u. if not otherwise indicated. N is the
multiplicity of each interaction.


Bond A�B N RAB [ä] RA [ä] RB, ä] 102�b 102�	 �	/ � �
av � 	


Sr(2a)-Ga(i) 8 3.48 1.65 1.83 0.99 2.7 14.3 0.0
Sr(2a)�Ge(k) 12 3.61 1.65 1.97 0.95 2.7 14.4 3.6
Sr(6d)�Ge(k) 8 3.66 1.69 2.00 0.82 2.3 11.9 4.2
Ba(2a)�Ga(i) 8 3.51 1.75 1.76 1.12 3.0 13.7 0.0
Ba(2a)�Ge(k) 12 3.63 1.75 1.89 1.08 3.0 13.7 2.8
Ba(6d)�Ge(k) 8 3.69 1.78 1.93 0.93 2.6 11.9 2.3


[a] Cell parameter as for B1 geometry.
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guest atoms within the two cages (Table 4). Net charges are
the result of integration and compensating effects may thus
lead to similar electron populations.


The charge rearrangement due to the guest ± frame inter-
actions may be also highlighted (Table 7) by comparing the
BCP properties of the clathrates with those one would obtain
(IAM model) at the limit of null interaction among the atoms
forming the clathrate, except for that due to the overlap of
their undistorted atomic densities. Since the A atoms are
mostly ionized in the clathrate and their atomic volumes are
consequently smaller than those obtained from the IAM
model densities (Table 4), we expect that the A�Ge(Ga)
BCPs will come closer to the A nuclei when the atomic
interactions are switched on.[44] Indeed (Table 7), in the IAM
density the Sr�Ge(Ga) BCPs are somewhat closer to Ge(Ga)
than to the Sr atoms, whilst the opposite is true for the ab
initio density. These BCP displacements of about 0.2 ä in
both kinds of cage contribute to changing the Sr atoms from
almost neutral to doubly ionized. In the Ba clathrate the BCP
displacements are smaller (ca. 0.04 ä), consistent with the
smaller change in the atomic charge of Ba on going from IAM
to ab initio densities. The larger values found by the IAM
model for the density at the BCPs are not an indication of
stronger host ± guest interactions, which are by definition
absent in the IAM model, but just reflect the increase in
electron density when the BCP locations come closer to the
framework atoms.


Discussion


Charge transfer and atomic charges : The results we obtained
for guest ± frame charge transfer (CT) are at variance with
those from previous studies. Bentien et al.[10] combined
information from XANES spectra of A8Ga16Ge30 (A� Sr,
Ba) with the analysis of the X-ray electron densities of these
clathrates using the MEM method. Spherical integration
around the guest atom positions of the difference between the
nonuniform prior density and the MEM density supported
neutral Sr atoms in the larger cages of Sr8Ga16Ge30, although
this same method, when applied to the MEM density of NaF,
greatly underestimated (ca. 0.2 e) the complete valence
charge transfer that is thought to occur in such an ionic
crystal. Reliable MEM charge estimates for the smaller cages
of the Sr clathrate and for both cages of the Ba clathrate could
not be obtained due to experimental and modelling prob-


lems.[45] Instead, the XANES
spectra of A8Ga16Ge30 at the
K-edge of Sr and at the LIII-
edge of Ba supported[10] an Sr
atom close to neutrality and a
Ba atom much more positively
charged, when compared with
the corresponding spectra for
Sr metal and Sr(OH)2 ¥ 8 H2O
and Ba metal and BaO.


Blake et al.[9] showed for a
number of clathrates, including
those of the present study, that


the formation of A8B16C30 from A8 and B16C30 takes place
through the donation of 16 electrons per unit cell from the
valence bands of A8 into the empty bands of B16C30. However,
since the spatial charge distribution of the eight donor orbitals
of A8 was found to be very similar to that of the eight acceptor
orbitals of B16C30, the authors concluded[9] that the guest
atoms are charge donors but not ionic in these clathrates.
Their argument is based on the distinction they made between
charge donation–the flow of electrons from one set of
orbitals to another set ± -and charge transfer, defined as the
physical displacement of electrons from one region of three-
dimensional (3D) space to another. Thus, in the terminology
of Blake et al. charge donation and charge transfer will
obviously coincide whenever the donor and the acceptor
orbitals are located in different spatial regions.


While the above distinction yielded a useful and simple
model for the mechanism of guest ± framework interaction in
the A8B16C30 clathrates, it cannot provide, in general, a correct
assignment for the electronic charge transferred from one set
to another set of atoms in a given system.[15] Charge
partitioning (and as a consequence charge transfer) is not a
matter of position, but instead of the physical properties that
are associated with such a position. Indeed, properties at a
point r in 3D space which is not devoid of particles are a direct
consequence of the space(time)-averaged distribution of the
particles present in the space, rather than an intrinsic
characteristic of the geometrical location of r. If the number
and/or type of particles constituting a system is changing, the
properties at a given point vary, and the electron density at
this point may no longer be apportioned to the same atom as
before if one uses the QTAIM recipe. It is thus clear that the
atomic boundaries within the 3D spaces of the A8 and B16C30


sublattices and the clathrate lattice will differ among each
other, even if the atomic species common to these systems are
placed in the same geometrical locations with respect to a
common reference frame.[46] This argument against definition
of charge transfer based only on geometrical considerations
can be cast in a rigorous way within QTAIM. This theory can
be formulated[16, 47] in terms of the field-theoretical derivation
of the principle of stationary action due to Schwinger.[48] One
of the important consequences of the application of such a
principle to an open system is that both the atomic and local
forms of each theorem[49] obtained from the Heisenberg
equation of motion for any observable are expressed in terms
of a ™dressed∫ density.[15±16] This is a density distribution in real
space for a given property, say force or energy, that results
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Table 7. Average[a] bond property values for the guest ± frame bonding interactions in the A8Ga16Ge30 clathrates
in the B1 geometry (see text). If not otherwise stated, all quantities in a.u.


Cage Model[b] Nav Rav [ä] (RA)av, [ä] (102�b)av (102�	)av (�	/ � �
av � )av 	av


20-atom DFT 8(0) 3.46(2) 1.62(1) 1.03(5) 3.3(2) 3.8(8) 0.2(1)
IAM 17(0) 3.55(8) 1.82(6) 1.55(13) 2.2(3) 3.1(15) 0.8(10)


24-atom DFT 2.8(8) 3.38(7) 1.58(2) 1.24(13) 3.8(5) 5.8(16) 1.1(12)
4.5(24) 1.0(20)


A�Ba
20-atom DFT 13(0) 3.54(6) 1.73(2) 1.15(8) 3.5(4) 4.0(16) 0.7(8)
24-atom DFT 4.0(11) 3.59(13) 1.75(4) 1.08(16) 3.1(6) 3.4(17) 2.0(26)


[a] Standard deviations in parentheses. [b] DFT refers to DFT-BECKE-PWGGA//D calculations.
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from replacing the property for a single particle at some point
in space with a corresponding density that describes the
average interaction of a particle with all the remaining
particles in the system. In a stationary state, a dressed density
m associated with an operator M√ is given by Equation (1),


m(r)� �
d��
*M√
 (1)


where
�


d�� denotes the averaging of M√ over the coordinates of
the remaining particles and the sum over all spins. When M√ �
1, one obtains the definition of the electron density. The
boundary surface S of a proper open system �, a subsystem
obeying quantum mechanics, is defined[15] in terms of the
topological properties of the electron density as in the
equation (��(rs) ¥ n(rs)� 0, �rs� S). For M√ ���V√, one ob-
tains the Ehrenfest force F(r),[50] which is the classical
electrostatic force exerted on the electron density at r by
the nuclei and by the average distribution of the remaining
electrons in the total system (the operator ��V√ represents
the gradient taken with respect to the coordinates of the
electron located at point r of the total potential energy
operator V√ that describes all of the interactions within a
system). The Ehrenfest force enters the atomic force theo-
rem[49] and its virial V(r),[15, 51] the potential energy density of
an electron at r, provides the shortest range description for the
interactions experienced by an element of the density.[52]


As pointed out earlier and exemplified here, both the
definition and the description of the physics of a proper open
system are carried out in terms of dressed densities, that is,
quantities which are functions of the average space(time)
distribution of all the particles in the total system. It is thus
clear that the evaluation of the charge of an atom implies a
definition of its electronic charge catchment basin, whose
shape and properties depend on dressed densities and not on
geometrical considerations. When only the latter are used, as
in the MEM study by Bentien et al.[10] and in the theoretical
study by Blake et al.,[9] one obtains estimates of the guest ±
host charge transfer that may totally differ from those derived
by using a partitioning based on quantum mechanics, as
performed in the present study.


It is worth noting that the debate on the definition of charge
transfer has a long history,[53] which dates back to the early
days of X-ray crystallography, when experimentalists such as
W. L. Bragg, R. W. James, P. Debye, and P. Scherrer were
already using the concept of electron distribution in their
papers,[54, 55] largely anticipating the quantum mechanical
probabilistic interpretation given by Born in 1926. X-ray
crystallographers were interested in the origin of the bond in
ionic crystals such as NaCl. The fact that ™Bragg spectra∫
(diffraction data) of KCl showed the absence of ™even∫
reflections seemed to imply that K and Cl have the same
number of electrons or, in other words, that atoms are present
as monovalent ions. However, the accuracy of measurements
was not deemed sufficient for such a conclusion; moreover, in
the crystal of NaF, consisting of much lighter atoms, the mixed
reflections were not absent, owing to the different thermal
motion of the two ions.[54] The real problem, however, was not
only the treatment of the effect of the thermal motion and


especially of extinction effects, which prevented the extra-
polation to zero scattering angle of the atomic form factors of
the two kinds of atoms.[55] Indeed, Bragg et al. , in a study on
the distribution of electrons around the nucleus in the sodium
and chlorine atoms, wrote[55] ™Can we tell from the atomic
form factors whether their maxima are at 10 (for Na) and 18
(for Cl) or at 11 and 17 respectively? (...) If all the electrons
were grouped close to the atomic centers, and if the trans-
ference of an electron meant that one electron passed from
the Na group to the Cl group, then a solution (...) might be
possible. The electron distribution we find extends, on the
other hand, right through the volume of the crystal. The
distance between Na and Cl centers is 2.81 ä and we find
electron distributions 1 ä from the center in sodium and 1.8 ä
from the center in chlorine. If the valency electron is
transferred from the outer region of one atom to that of the
other, it will still be in the region between the two atoms for
the greater part of the time∫. To summarize: in the early days
of the electron-distribution era, it was already becoming clear
that charge transfer can not be defined from geometrical
considerations only. Other criteria, not yet known at that time,
had to be brought to the fore.[16]


Charge donation and charge rearrangement : We have thus far
discussed how different CT definitions may lead to different
estimates of the guest atom ionicity in clathrates and how our
physical approach does not support neutral guest atoms. In
the following we analyse 1) whether our results confirm or
disprove the other conclusion by Blake et al. ,[9] that the A
atoms act as charge donors (see above for definition), and
2) the extent of charge rearrangement, that is, the point-to-
point electron density change, on passing from the IAM to the
ab-initio density in A8Ga16Ge30 (A� Sr, Ba).


The density of states (DOS) of A8Ga16Ge30 (A� Sr, Ba) at
B1 geometries and near the Fermi level is shown in Figure 3.
Both the total DOS and projections on the different sets of
contributing atoms (Ge, Ga, A) are reported (Figure 3). Sr
and Ba both provide negligible contributions to the occupancy
of the valence states close to the Fermi level, while their
contribution to the conduction states close to such an energy
level is dominant. This result agrees with the finding by Blake
et al.[9] that the guest A atoms are charge donors. It also
confirms that our wave function, obtained within a different
ab initio model, is able to reproduce the relevant features of
the total DOS and band structure of this previous study.[9]


Thanks to the use of a local basis set, however, we are able to
single out the contributions to the total DOS from the
different set of atoms with no need to resort to the study of the
band (or DOS) structures of the sublattices composing the
clathrate and to use a frozen approximation when combining
the bands from the various sublattices. Atomic projections of
the DOS are evaluated within CRYSTAL code by using a
Mulliken-type approach. This approach, contrary to the
QTAIM approach based on a real space partitioning, defines
atomic projections of a system property such as the total
number of electrons in terms of a partitioning of contributions
of given subsets of the basis set. Since for the systems
investigated in the present work, QTAIM atomic charges are
very similar to those obtained with Mulliken×s criterion, we
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are confident that the reported atomic DOS projections are
not significantly dependent on the basis set. On these grounds,
we can thus safely conclude that the guest atoms are both
charge donors and ionic in the clathrates studied here.


Figures 4 and 5 detail the spatial charge rearrangement that
takes place on passing from the IAM to the ab initio model in
planes containing a guest A atom and neighbouring frame-
work atoms or A atoms belonging to different cages. We
report the plots only for A� Sr, since those for A�Ba are
qualitatively similar. Figure 4 displays the contour plots for
the density (top) and for the Laplacian (middle) for the ab
initio (left) and IAM (right) models. Plots refer to a plane
containing an Sr atom in a 20-atom cage and two Ge atoms at i
and k sites (PC symmetry labeling), one of which is linked to
Sr by a bond path (Ge(i), 3.46 ä from Sr). Also reported in
the same figure is the (ab initio minus IAM) electron density
(bottom, left) and Laplacian density (bottom, right) in the
same plane. While it is clear that the largest changes brought
about by the atomic interactions are located along the
covalent bonds of the framework, appreciable charge rear-
rangements also occur within the interior of the cage. The
electron distribution around the Sr atom in the IAM model is
more expanded and less spherical, as a result of the overlap of
the valence frozen density, than the ™real∫ density. The region
around Sr in the density-difference map is entirely charge-
depleted, with the most negative contour being equal to
�0.08 a.u. (for the sake of clarity, the contour levels increase
in thickness with increasing absolute value in the electron-
density difference map).[56] From these data, it is clear that the
calculated charge for Sr (Table 4) is the result of both charge
depletion in the Sr basin and of a decrease in volume of the Sr
catchment region compared to that of the IAM density (the
BCP is closer to the Sr nucleus by about 0.2 ä in either kind of
cage). The former contribution is the ™spatial∫ charge transfer
discussed by Blake et al.,[9] although calculated with respect to


another reference system (IAM in our case, the Sr8 sublattice
in ref. [9]). The electron depletion within the Sr basin makes a
significant contribution to the positive charge calculated for
the guest atom. Indeed, if one assumes a spherical Sr basin
with radius equal to the average BCP distance from the Sr
nucleus (1.67 ä) and an average density difference of 0.04 a.u.
within the basin, one would obtain an electron depletion equal
to 0.8 e�, which is about half of the charge transferred from Sr
to the framework (Table 4). Figure 5 displays similar functions
to Figure 4 but for a plane containing an Sr atom in the 20-
atom cage and two other Sr atoms in the 24-atom cages. The
electron and Laplacian density of the two kinds of Sr atoms
are very similar, as is their (ab initio minus IAM) electron
density difference (bottom, left). Contrary to Figure 4, the
bottom right panel shows the ab initio electron-density
difference between Sr8Ga16Ge30 and the Sr8 sublattice. Taking
the Sr8 sublattice as a reference system, one finds that in the
clathrate the electron charge is depleted around the Sr atom
within a distance of about 1.8 ä from the nucleus (i.e., about
0.15 ä farther than the BCPs), while it is accumulated at
larger distances. Even with respect to this reference system,
the electron depletion within the Sr basins appears to be
noteworthy.


Chemical bonding : The electron-density description of the
frame ± guest interactions presented above can be discussed in
view of previous considerations by Blake et al.[9] These
authors found a significant binding energy (�4 eV per guest)
for the frame ± guest interaction, although both the calculated
low frequencies (40 ± 100 cm�1) for the motion of the guest
atom in the cages and the lack of any structural evidence for
™directed∫ bonding suggested weak bonding and a low host ±
guest binding energy. Blake et al. concluded that the ™large
binding energy obtained in their calculations indicate that the
guest ± frame bond is unusual∫, since ™the guest forms a strong
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Figure 3. Density of states (DOS) of A8Ga16Ge30 (left: A� Sr; right: A�Ba) at B1 geometries and near the Fermi level. Total DOS and their projections on
the different sets of contributing atoms (Ge, Ga, A) are reported in arbitrary units. The scale factor for each projection was chosen so as to compare on the
same scale the average single-atom contribution to the DOS from each set.
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bond with the whole cage rather than having a customary pair
wise bonding between the guest and a specific frame atom.
This happens partly because the valence orbitals of the guest


atom overlap strongly with
those of all the frame atoms∫.
According to our analysis, the
significant host ± guest binding
energy is mainly due to CT
from the guest to the host. Thus,
although we confirm that the
™guest ± frame bond is a bond
with the whole cage∫,[9] we dis-
agree on the premises which led
to such a conclusion. This bond
should be mostly electrostatic
in nature because the guest
atom is far from neutral. Elec-
tron-density topological prop-
erties at the A�Ga(Ge) BCPs
confirm this picture. Even if the
occurrence of these BCPs and
their density values indicate
that the guest ± host interaction
is somewhat ™directional∫ (and
especially so in the 24-atom
cages), the locations and prop-
erties at these BCPs are typical
of a closed-shell ionic interac-
tion. If one assumes similar
electron ± electron integrals for
the valence electrons of Ba8-
Ga16Ge30 and for a system com-
prising Ba8 and Ga16Ge30, it can
be shown that the large Ba
binding energy seen in Ba8-
Ga16Ge30 is consistent with dif-
ference in the respective elec-
tron affinities of the Ba8 and
Ga16Ge30 sublattices. A crude
estimate along these lines leads
to a binding energy of 3.5 eV.[57]


This confirms the picture that
the stability of the clathrate is
attributable to the electron-do-
nating role played by the en-
capsulated metal atom.


It is also interesting to relate
the observed strengthening (Ta-
ble 7) of the Sr ± host interac-
tions in the larger cages with
the calculated[9] frequency of
the cage ™rattling∫ motion in
the clathrates. Frequencies for
Sr in the larger cages were
calculated[9] to be larger than
for the smaller cages, consistent
with the stronger Sr ± frame in-
teractions found by us in the
larger cages. The opposite was


true for Ba, also in agreement with the BCP data reported in
Table 7. The strong asymmetry of the potential energy curve
calculated for the displacement of Sr in the 24-atom cages is
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Figure 4. Contour maps of the electron density � (top) and of the negative Laplacian (L���2�, middle) for the
ab initio (left) and the IAM model (right) of Sr8Ga16Ge30 in the B1 geometry. The functions are plotted in a plane
containing an Sr atom at position a (20-atom cage) and two Ge atoms at positions i and k at distances of 3.46 and
3.65 ä from the Sr atom. Positions are labeled as in the parent clathrate (see text). The nuclei of the Ge and Ga
atoms at the left of the central Sr atom are less than 0.1 ä from the plotted plane. The overlaid bond paths (top,
left) denote the Ge atoms bonded to the Sr atom. The Ge and Ga atoms at k positions, which are at distances from
Sr greater than 3.6 ä, are not bonded to the central Sr atom. The bottom panels report the (ab initio minus IAM)
electron density (left) and Laplacian density (right) in the same plane. Contour levels at 2, 4 and 8� 10n a.u.
(n� 0 to �3). Dashed contours denote negative contour values. In the case of the � difference density (bottom,
left) the contour levels increase in thickness with increasing absolute value. The most negative and positive
contour around Sr are �0.08 a.u. and 0.04 a.u., respectively. In the difference densities the negative contours are
associated with regions in which the ab initio model has a lower value of � (bottom, left) or of L (bottom, right)
compared with the IAM model. The positive contours around Sr are at least 2.3 ä from the Sr nucleus (cf. the
average distance of a BCP from the nucleus of about 1.66 ä).







FULL PAPER C. Gatti et al.


nicely mirrored in the asymmetry of the guest ± host bonding
interactions found in these cages. It is the possibility to
increase the strength (and covalent character) of these
interactions which is ultimately responsible for the disordered


Sr site, revealed experimentally
by the MEM deformation den-
sity of the 24-atom cages.[10]


Effect of pressure: In view of
the increase in the thermoelec-
tric figure of merit ZT of n-
doped Sr8Ga16Ge30 induced by
external pressure,[13] we looked
at whether charge transfer
might be affected by pressure
and whether charge transfer is
related to the Seebeck coeffi-
cient S. According to Meng
et al., the threefold ZT en-
hancement at 7.5 GPa should
mostly be ascribed to the ob-
served increase, by a factor of
1.85, in the magnitude of the
Seebeck coefficient at this pres-
sure.[58] In our preliminary in-
vestigation, a crude structural
model was assumed, with the
reduction of cell parameters
being the only geometrical
change due to compression at
4.3 and 7.5 GPa.[59] This choice
of geometry was deemed rea-
sonable, since diffraction meas-
urements[13] on a hydrostatically
compressed sample showed
that up to 7.5 GPa the crystal
structure remains the same as at
ambient pressure, and hence
the increase in S is not associ-
ated with a crystallographic
phase transition. Evaluation of
atomic basins and net charges
indicate a very small decrease,
by about 0.01 e, in the charge
transfer from the guest to the
framework on compression at
the highest pressure of 7.5 GPa.
The total DOS for the com-
pressed clathrate and the con-
tribution from Sr atoms is hard-
ly changed with respect to that
reported in Figure 3 for the
unperturbed clathrate. On the
other hand, the electron density
at the Sr�Ge(Ga) BCPs rises by
about 7 ± 10 %, in agreement
with an enhanced Sr ± frame-
work interaction in the com-
pressed clathrate.


We conclude that the Sr guest is almost completely ionized
and continues to act as a charge donor under an applied
external pressure. For this crude geometrical model and the


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4556 ± 45684566


Figure 5. Contour maps of the electron density � (top) and of the negative Laplacian (L���2�, middle) for the
ab initio (left) and the IAM model (right) of Sr8Ga16Ge30, in the B1 geometry. The functions are plotted in a plane
containing three Sr atoms, one at position a (20-atom cage) and two at positions d (24-atom cage). Positions are
labeled as in the parent clathrate (see text). The bottom panels report the (ab initio minus IAM) electron density
(left) and the (Sr8Ga16Ge30 minus Sr8) ab initio electron density difference (right). Both these difference densities
were calculated for the B1 geometry of the clathrate. Contour levels as in Figure 4. In the case of the � difference
density the contour levels increase in thickness with increasing absolute value. The most negative contour around
Sr in the (ab initio minus IAM) electron density (bottom, left) is �0.08 a.u., while the most negative and positive
contours around Sr in the (Sr8Ga16Ge30 minus Sr8) ab initio electron density difference (bottom, right) are �0.08
and 0.04 a.u., respectively.
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range of investigated pressures, there is no direct relationship
between charge transfer and the increase in the thermopower
S. These results seem to rule out the possibility of simulating
the effect of external pressure by suitable chemical tuning to
increase or decrease the CT from the host metal to the
framework. Note, however, that the sample investigated by
Meng et al. had a large stoichiometry deviation
(Sr6.38Ga15.64Ge30), with incomplete occupation of cages by
the Sr guest. This structural defect could significantly affect
both the geometrical distortions and the charge transfer on
compression. The importance of the lattice composition for
ZT and other quantities of interest for thermoelectric
behaviour was recently reported by Bryan et al.[60] for
BaxGayGez clathrates of different compositions and chemical
purity.


Conclusion


Our theoretical study indicates that in the type I inorganic
clathrates A8Ga16Ge30 (A� Sr, Ba), the guest atoms are
largely ionized in both the smaller 20-atom cages and the
larger 24-atom cages. The influence of the kind of Ga sitings
on the host ± guest CT seems rather limited, in view of the
similar CT calculated for the B1 and B3 geometries of the
clathrates. The multiwavelength diffraction experiment also
supports similar oxidation states for the Sr atoms in the
different cages, with an adsorption edge similar to that found
in the Sr K-edge XANES spectra[10] of Sr(OH)2 ¥ 8 H2O.


This result contradicts previous experimental and theoret-
ical studies claiming almost charge neutrality of the guest
atoms. We show that such discrepancy is related to the
definitions used for electron transfer. Use of a definition
based on electron displacement in space,[9±10] something that
may be better termed ™charge rearrangement∫, does not
account for the local change in the virial of forces acting on an
element of the charge density and, consequently, for the
variations in the shape and volume of the atomic catchment
regions due to the change in the number and average locations
of particles in the system. In our case, we show that charge
rearrangement underestimates charge transfer when this is
evaluated within the rigorous quantum mechanics framework
provided by QTAIM.


Using information from the total density of states and from
its atomic projections, we confirmed the previous conclusion[9]


that the guest atoms act as charge donors in these clathrates,
electrons being taken from the highest valence bands of the
A8 sublattice and placed into orbitals of the Ga16Ge30


sublattice. Due to the use of a local basis set, we come to
this conclusion without resorting to band analysis of the
sublattices composing the clathrate and the use of the frozen-
band approximation. The ionic character of the guest atoms
demonstrated here, along with confirmation of their charge-
donor behaviour, fully reconciles the theoretical analysis with
the structural chemist×s view of these type I clathrates as Zintl
phases.


A detailed description of the guest ± host interactions has
been formulated in terms of the electron density topology.
The larger cages exhibit a smaller number of interactions than


the 20-atom cages. The notable displacement of the guest
atoms in the larger cages appears to be driven by the energy
gain due to the formation of guest ± host interactions of
similar (Ba) or much greater (Sr) strength than in the smaller
cages. The guest ± host interactions have a closed-shell nature.
The large binding energy found for the frame ± guest inter-
action (ca. 4 eV per guest),[9] is consistent with electron
affinity of the Ga16Ge30 sublattice relative to the average
energy of the valence electrons in Ba8.


Preliminary investigations on a perfectly stoichiometric
clathrate appear to exclude any important relationship
between the application of external pressure and the host ±
guest charge transfer (or the extent of ™charge donation∫ from
the guest). This result seems to rule out the possibility of
simulating the effect of external pressure by suitable chemical
tuning to increase or decrease the CT from the host metal to
the framework. However, strong deviation from stoichiom-
etry, as present in the sample investigated by Meng et al.,[13]


could possibly change this picture.[60]
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