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Introduction


Glycobiotechnology is leading to new products such as
glycoconjugates and polysaccharides that are potential phar-
maceuticals and components in drug design. Many sugar-
based drugs are known but they are sparsely used in the
pharmaceutical industry mainly due to the immature produc-
tion methods. One of the main reasons for this stems from the
inability to produce sufficient quantities of the required
oligosaccharides at a reasonable price. Thus it remains a
challenge for synthetic carbohydrate chemists to provide ever
more potent strategies. Generally, it is recognized that enzyme
catalyzed glycosylation is one of the most practical approach
for large-scale synthesis.[1] A number of enzymatic methods
have been developed so far:
1) Oligosaccharide synthesis using glycosyltransferases of the


Leloir biosynthetic pathway, which require sugar nucleo-
tides as donors,


2) Oligosaccharide synthesis using glycosyltransferases of the
non-Leloir biosynthetic pathway, which require sugar
1-phosphates as donors,


3) Oligosaccharide synthesis using glycosidases.


The use of Leloir glycosyltransferases seems to be the most
advantageous method for large-scale production because of
the high regioselectivity and yields. Figure 1 shows the Leroil
glycosyltransferase synthetic procedure.


Recombinant technologies are now providing the required
glycosyltransferases (step III, Figure 1); additionally the ac-
cumulation of new data on their genes, structures and
mechanisms has increased the pace in recent years.[2] On the
other hand, required sugar nucleotides (NDP-sugars, step II,
Figure 1) are not commercially available in large quantity, and
also nucleoside 5�-triphosphates (NTP, step I, Figure 1), in
contrast to monophosphates (NMP), are relatively expensive.
Therefore, many studies are conducted to develop techniques
for NTP and NDP-sugars (re)generation. The sources of
energy for regeneration consist of cheaper high-energy
phosphate compounds or polyphosphate (step I, Figure 1).[3]


Polyphosphate is the cheapest alternative. A combination of
NMP kinases with polyphosphate kinase (ppk)[4] or polyphos-
phate/NMP phosphotransferase with ppk[5] makes ppk and
polyphosphate the most attractive method for NTP and NDP-
sugars (re)generation.


If the above-mentioned enzyme approach is to be used in an
economically feasible industrial process, enzyme recycling is
essential. Generally, recycling of any biocatalyst (enzymes,
cells, ribozymes, abzymes andmulticatalytic complexes) is most
convenient using immobilization. Various immobilization
strategies have been devised,[6] however, there are no general
rules for selecting the best approach for a given application.


In the eighties, Professor Serge David and Claudine Auge¬
started a project on the use of immobilized enzymes in
preparative sugar chemistry.[7] In 2000 year, Auge¬ and co-
workers introduced to the field an efficient procedure for
concentration, immobilization and stabilization of fucosyl-
transferase, relying on a His6 tag of the recombinant
enzyme.[8] We reported a transfer of all in vitro multiple
enzyme sugar nucleotide regeneration systems onto a support
(superbeads).[9] The concept of such sugar nucleotide regen-
eration beads involves: i) cloning and overexpression of N-
terminal His6-tagged enzymes along the sugar nucleotide
biosynthetic pathway and ii) co-immobilization of these
enzymes onto nickel-nitrilotriacetate (NTA) agarose.
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Enzymes along the sugar nucleotide biosynthetic pathways :
Biochemical pathway charts reveal many enzymes for the
synthesis of nucleotide sugars. The majority of them are
available as recombinant proteins; however, only a few of
them have been characterized in terms of suitability for the
development of industrial biocatalytic processes. In this
respect, the enzymes from microbial sources are suited much
better for nucleotide sugar synthesis despite the fact that
transferases from mammalian sources have been available for
some time. There are eight main sugar nucleotides which are
the substrates of the Leloir glycosytransferases in mammals
(Figure 1). Their enzymatic syntheses have been well sum-
marized by B¸lter and Elling.[10] Uridine 5�-diphospho-�-�-
galactose (UDP-Gal) is one of the most relevant nucleotide
sugars to glycoconjugate biosynthesis; we therefore focused
on its large-scale preparation. Two generations of superbeads
have been developed (see also Frontispiece):[9] superbeads I
and superbeads II. The first generation requires four enzymes
(Scheme 1) and second generation seven enzymes (Scheme 2)
for UDP-Gal (re)generation. The corresponding genes were
individually amplified from E. coliK-12 genome by polymer-
ase chain reaction, and then inserted into pET15b vector with
a sequence coding for a N-terminal His6-tag. The enzymes


were expressed in E. coli BL21(DE3) with isopropyl-1-thio-�-
galactopyranoside (IPTG) induction. Cell lysate mixtures
with an equal activity of individual enzymes were prepared by
combining the cell lysates (in 20 m� Tris-HCl, pH 8.5 buffer
containing 1% Triton X-100) with the appropriate volume
ratios.


Immobilization of the enzymes : The use of immobilized
enzymes in bioprocesses offers greater productivity because
the same enzyme molecules can be used over a long period of
time. Other advantages include more precise control of the
extent of the reaction, the capability of automation and
continuous operation, and the elimination of the requirement
for downstream enzyme inactivation. These reasons propelled
the development of many immobilization methods such as:
covalent binding, encapsulation, entrapment, cross-linking
and adsorption.[6] Covalent binding[11] avoids the disadvantage
of basic adsorption methods, that is desorption of enzymes
under environmental changes (pH, temperature) or shaking
of the biocatalyst ± support complex. However, desorption is
turned to an advantage if the regeneration of the support is
built into operational regimen to allow rapid expulsion of
exhausted biocatalyst and replacement with fresh enzymes.[12]


Figure 1. Oligosaccharide synthesis by Leloir glycosyltransferases.
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Encapsulation of the enzyme with nylon or cellulose nitrate
semipermeable membranes causes diffusion problems which
may result in the rupture of the membrane if the products
rapidly accumulate from the reaction mixture. Entrapment of
the enzyme into a three-dimensional matrix of native
(alginate, agarose) or synthetic (polyvinylalcohol) hydrogels
decreases the diffusional limitations. However, in contrast to
encapsulation, the gel lattice is not tight enough to prevent
enzyme leakage and thus requires an increase in the size of
catalytic particles through aggregation[13] or coating of the gel
bead surface with additional polymers.[14] Immobilization of
enzymes by adsorption on solid support has been pursued
since the 1950s and is the method used the most in industrial
biocatalysis. The procedure consists of combining the bio-
logical component(s) and support with adsorption properties,
under suitable conditions such as pH, ionic strength for an
incubation period, followed by collecting the immobilized
material and extensive washing to remove nonbound bio-
logical component. Surface modified silicon, silica gel, glass or
native cellulose, agarose, gelatin and chitosan are examples of
such supports. Integration of immobilized metal-affinity
chromatography (IMAC)[15] and bioaffinity chromatogra-
phy[16] in the design of enzyme expression and adsorption
solved nonspecific binding on the support, lowered the cost
and made this approach superior from the industrial stand-
point. Many hybrid proteins were prepared by fusing the
coding sequence of enzyme (functional domain) and the
coding sequence for an affinity peptide (binding domain). As
mentioned above, we have used enzymes along the sugar
nucleotide biosynthesis pathways (Schemes 1 and 2) with
fused hexahistidine tail. The attachment of recombinant
enzymes to Ni2�-agarose beads is shown in Figure 2. Gal
regeneration beads were prepared by incubating the cell
lysate mixtures with Ni2�-NTA resin from Qiagen (3 mL
lysate, 1 mL beads) for 20 min and washings with Tris-HCl
(20m�, pH 8.0) buffer containing 0.5� NaCl.


Other, most powerful strategy relies on the cellulose-
binding domain (CBD) which is a peptide derived from the


cellulolitic bacteria such as Cel-
lulomonas fimi[16] or Clostridi-
um cellulovorans (cellulose
binding protein A).[17] CBD
shows very strong affinity for
cellulose and chitin.[18] Its bind-
ing to cellulose is essentially
irreversible under high-salt
concentration and wide range
of pH 2 ± 10. Only 6� guani-
dine-HCl, 8� urea or high pH
can remove CBD from cellu-
lose. Cellulose and chitin beads
are relatively inexpensive,
chemically inert materials,
which are safe for use even in
food or pharmaceutical appli-
cations. Many native immobili-
zation matrices with different
properties are available. Con-
sequently, it is anticipated that
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Figure 2. Attachment of recombinant enzymes to Ni2�-agarose by the
histidine tail.


other support binding domains (e.g. xylan-binding domain,[19]


starch-binding domain[20]) will likely be used in the near future
and offer adsorption tailored to a selected immobilization
method (e.g. alginate entrapment/alginate-binding pro-
tein[21]). Therefore it follows to offer a hypothesis that
multiple (bio)affinity layering[22] first established between
lectins and saccharides can also improve the immobilization
by ™support∫ binding domains of recombinant proteins (Fig-
ure 3).


Application of the superbeads : The application of UDP-Gal
regeneration beads was demonstrated by the production of a
variety of oligosaccharides (Figure 4). The synthesis of
Gal�1,3Gal�1,4GlcOBn (1), trisaccharide with a terminal
Gal�1,3Gal sequence (�Gal-epitope, desirable as antigen for
preventing hyper-acute rejection in pig-to-human xenotrans-
plantation[23]) has been performed in gram-scale. WhenE. coli
lysate containing bovine �-1,3-galactosyltransferase was add-
ed to the enzyme mixture (Scheme 1) and co-immobilized on
Ni2�-agarose support, 72% yield based on LacOBn acceptor
has been obtained. The repeated use of superbeads gave 71,
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Figure 4. Oligosaccharides synthesized with UDP-Gal regeneration beads.


69, and 66% yields during a three-week period. The same
galactosyltransferase (with removedHis6-tag) used in solution
of the reaction mixture gave the yield of 78%. A combination
of the beads with bovine �-1,4-galactosyltransferase (from
Sigma) in solution readily produced Gal�1,4GlcNAc (2) in
92% yield based on GlcNAc. Globotriose (3) a trisaccharide
inhibitor of globotriaosylceramide/verotoxin interaction[24]


was produced by the recombinant �-1,4-galactosyltransferase
from Neisseria meningitidis co-immobilized on superbeads I
in 86% yield. Another synthetic potential of the superbeads is
that multiple galactosyltransferases can be simultaneously
immobilized onto the beads to generate specific sequences.
For example, the combination of �-1,3-galactosyltransferase
with �-1,4-galactosyltransferase produced Gal�1,3Gal�1,4Glc
(4) in 95% and Gal�1,3Gal�1,4GlcNAc�1,3Gal�1,3GlcN3 (5)
in 76% yield.


The reactions were performed in repeated batch mode with
stirred reactor or packed column bed reactor configurations.[9]


After several repeated syntheses, the deactivated enzymes
can be removed from the nickel beads by washing with 0.5�
EDTA; the resin is then recharged with a NiCl2 solution and
new enzyme mixture.[25]


Oligosaccharide synthesis using whole cells : An alternative
strategy for the synthesis of oligosaccharides is the in vivo,
intracellular production in recombinant microorganisms ex-


pressing glycosyltransferases
and enzymes along sugar nu-
cleotide synthetic pathways.
This method has the advantage
over classical chemoenzymatic
methods that there is no need
for any overproduction and
pre-purification of the enzymes.
The whole cell approach has
grown in significance when we
successfully transferred the
complex in vitro biosynthetic
cycle (Scheme 1) into a single,


product-producing E. coli strain containing a plasmid with all
the necessary genes for sugar-nucleotide (re)generation and
oligosaccharide accumulation.[26] The carbohydrate-produc-
ing bacterial strains–we call ™superbugs∫–can be fermented
in large quantities and directly used for the synthesis of the
desired oligosaccharide. Without extensive optimization, the
superbug system produces 3 ± 4 g of Gal�1,3Lac trisaccharide
from every 10 L fermentation (about 56% yield). We should
point out that the superbug synthesis is a two-step process; the
first step involves the growth of the engineered microorgan-
isms and the second step involves their use as a source of
catalyst, energy, and cofactors to synthesize the product.


Another strategy, pioneered by Kyowa Hakko company in
Japan, uses coupling of three strains: I) Corynebacterium
ammoniagenes for NTP (re)generation; II) recombinant E.
coli with NDP-sugar (re)generation cycle expression; and
III) recombinant E. coli with glycosyltransferase. Despite the
need for multiple plasmids, multiple fermentations of several
strains, and transport of intermediates between the strains,
this approach is the most cost effective at this time. The
Kyowa Hakko group achieved large-scale production of
globotriose (188 gL�1), N-acetyllactosamine (107 gL�1), sial-
yl-Tn epitope (45 gL�1) and 3�-sialyllactose (33 gL�1).[27]


Immobilization of the cells : The fact that whole cell immobi-
lization has been applied in pharmaceutical biotransforma-
tions as an alternative to enzyme immobilization highlights its
economic benefits. Not only are the costs for enzyme isolation
eliminated but frequently, enzyme system in native cell
preparations exhibits greater stability than in a purified state.
However, a disadvantage of the whole cell system is side-
product contamination and product degradation.


Because of the simplicity, nontoxicity, low cost, and
versatility, entrapment of cells into calcium alginate has been
established as basic cell immobilization method during last
three decades. Recently, some companies (e.g. GeniaLab,
Inotech AG, Nisco Engineering AG) have worked out scale
up of the entrapment to alginate and introduced large-scale
encapsulation apparatus.[28] Sometimes calcium alginate does
not provide satisfactory results, because it is sensitive to
calcium chelating compounds, especially to high levels of
phosphate used in glycosyltransferase catalyzed synthesis of
saccharides. In those cases, the alginate can simply be
substituted with pectate[29] or with a synthetic hydrogel such
as polyvinyl alcohol.[30]


Figure 3. Schematic diagram of the bioaffinity layers preparation.
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Although whole-cell immobilization via action of surface-
expressed CBD has already been demonstrated,[31] the
effectiveness and precise conditions for biotransformations
have not been elucidated. The main problem is the low
immobilization capacity and that binding is dramatically
affected at higher pH. However, immobilization of whole cells
by ™support∫ binding domains is a very promising method for
the future.


Despite the fact that Kyowa Hakko technology and our
superbugs shifted oligosaccharide synthesis by recombinant
glycosyltransferases to the whole cell reactions, there is no
example for the immobilization of the latter.


Conclusion


Oligosaccharide synthetic chemistry is integrated with the
modern strategy for pharmaceutical synthesis: The concept
involves 1) deduction of the biosynthetic pathways of a
desired product using genomic and protein databases;
2) cloning, expression, and investigation of the individual
enzymes; 3) immobilization of the enzymes by fused binding
domains or immobilization of whole recombinant cells which
overexpress the synthetic cycle; and 4) running the reaction
by robust immobilized preparation, that is superbeads. These
four points require close collaboration between synthetic
chemists, biochemist, as well as molecular biologists.
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Introduction


With their increasing molecular complexity,[1] newly devel-
oped chemical entities of pharmacological relevance, such as
active pharmaceutical ingredients (APIs), and pharmaceuti-
cal intermediates, have challenged process chemists of both
the fine chemicals and the pharmaceutical industry to supply
them in a scalable, industrially viable manner as much as ever
did.[2] In view of such industrial requirements, this report will


deal with two comparative case studies to see what difference
synthetic strategy can make: One case study is on the
synthesis of viracept 1 (nelfinavir mesylate, AG1343), a
potent HIV protease inhibitor, with a focal point on how to
assemble the central key intermediate of a common 1,4-
differentially substituted-2-amino-3-hydroxybutane motif 2.[3]


The other is on the synthesis of a single enantiomer of
3-hydroxytetradecanoic acid (3), which would serve the
structure activity relationship study around not only lipid A
4, an active principle of lipopolysaccharide (LPS) eliciting
endotoxic reactions of Gram-negative bacteria, but also its
truncated analogues in the search for therapeutically effica-
cious immunostimulants (Figure 1).[4]


Figure 1. Structures of viracept 1, its central intermediate 2, 3-hydroxyte-
tradecanoic acid 3, and lipid A 4 containing (S)-3.
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Synthesis of Viracept 1 and Its Central
Intermediate 2


The first synthesis of viracept 1 from N-Cbz �-serine (5): The
discovery synthesis of viracept 1 explored at Agouron
Pharmaceuticals employed erythro-(2S,3R)-1-chloro-3-N-
Cbz-amino-2-hydroxy-4-phenylthiobutane (10) as a central
intermediate, which, in turn, could be assembled from N-Cbz
�-serine 5, a natural �-amino acid derivative (Scheme 1).[5]


Once epoxide 11 was formed, nucleophic substitution with
octahydro-2(1H)-isoquinoline 12 proceeded smoothly, and
amide formation with 3-hydroxy-2-methylbenzoic acid 14
afforded 1.
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Scheme 1. The first synthesis of viracept 1 starting from N-Cbz �-serine 5.
a) MeO2CN�NCO2Me, Ph3P, THF, �55 �C. b) PhSNa, THF (7: 44% yield
from 5). c) 1) iBuOCOCl, Et3N, THF; 2) CH2N2; 3) HCl. d) NaBH4, THF,
H2O (10 : 26% yield from 7). e) KOH, EtOH (85%). f) 12, EtOH, 80 �C
(40%). g) HBr, AcOH (71%). h) 14, DCC, HOBt, DMF (59%). i) MeS-
O3H, CH2Cl2 (99%).


This seminal synthesis of 10 fully exploited both �-hydroxy
and carboxyl groups of �-serine. However, it ended up
suffering from three practical drawbacks, which are itemized
as follows: 1) a costly set of reagents for intramolecular
Mitsunobu reaction to install a phenylthio group to the
hydroxy terminal (5 � 6 � 7; a three-step overall yield of
44%); 2) use of hazardous and explosive diazomethane to
effect one-carbon homologation at the carboxyl terminal
leading to ��-chloro ketone (7 � 8 � 9); 3) less complete
stereo-directing effect of the �-N-Cbz amino group on the
NaBH4-mediated reduction in building the erythro-disposed
amino alcohol (9 � 10 ; a four-step overall yield of 26% from
7).


To avoid using intractable diazomethane in assembling ��-
chloro ketone 9, an ingenious protocol was devised at Kaneka
wherein magnesium enolate of sodium �-chloroacetate served
as a chloromethyl anion equivalent.[6] However, even if 9
could be prepared in a safer way, the �-serine-based synthesis
would remain less industrially viable, unless 9were reduced to
10with much higher diastereoselectivity. The reason is that, to
remove the unwanted threo-(2R,3R)-diastereomer of 10
generated as a reduction by-product, the product mixture
has to be recrystallized from dichloromethane at �78 �C.


Synthesis of erythro-(2S,3R)-3-N-Cbz-amino-2-butanol 10
from sodium erythorbate (15): A method to overcome such
methodological limitations plaguing the original approach to
10 (Scheme 1) involves installing an amine functionality
regio- and stereoselectively in a chiral four-carbon scaffold
equipped with differentiated terminals. Its molecular ends
being at different oxidation levels, methyl (2S,3R)-4-hydroxy-
2,3-epoxybutanoate 16 was assumed to serve the purpose, and
it was actually used to full advantage in assembling 10 at
Nagase (see Scheme 2).[3]
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Scheme 2. Synthesis of (2S,3R)-3-N-Cbz-amino-2-butanol 10 from sodium
erythorbate 15. a) ref. [7]; 78% overall yield in three steps. b) 1) NaOH,
MeOH, ice-cooling; 2) conc. NH3, 50 �C. c) 1) CbzCl, aq NaHCO3,
0 �C�rt; 2) aq HCl. d) p-TsOH ¥H2O, H2O, rt (18 : 63% yield from 16).
e) Ca(BH4)2, MeOH (72%). f) PPTS, MeCOMe (quantitative yield).
g) 1) MsCl, Et3N, PhMe; 2) PhSH, K2CO3, DMF (79%). h) 0.1� aq HCl,
MeOH, 80 �C (79%). i) SOCl2, Et3N, CH2Cl2 (quantitative yield).
j) 1) LiCl, DMF, 80 �C; 2) aq HCl (70%).


According to Weigel×s protocol[7] epoxy ester 16 was
prepared from sodium erythorbate 15, an inexpensive food
preservative produced by fermentation, in a three-step overall
yield of 78%. After alkaline hydrolysis of 16, the resulting
sodium carboxylate was treated with aqueous ammonia; the
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carboxyl group exerted its inductive effect to make the C�O
bond located � to it more vulnerable to SN2 substitution
whereby the amine functionality could be installed success-
fully in a desired sense of regioselectivity. N-Benzyl carba-
mate formation and lactonization were both effected in
aqueous medium without isolating 17a and 17b. Being
hydrophobic enough to be extracted into an organic solvent,
lactone 18 was isolated without difficulty, and then purified by
crystallization; the four-step overall yield of 18 from 16 was
63%. When 18 was treated with NaBH4 in the presence of
CaCl2, triol 19a was obtained in 72% yield.


To discriminate between the two primary hydroxy groups in
19a, the 1,2-diol moiety was temporarily masked as a 1,3-
dioxolane ring. The discrete, unaffected primary hydroxyl
group in 19b was then substituted with a phenylthio group to
give 19c in a two-step overall yield of 79%. After the diol
functionality was uncovered in 79% yield, 19d was converted
to cyclic sulfite 20, which, on nucleophilic displacement by
LiCl, was converted into 10 in 70% yield, the purity of which
was high enough to be used in the ensuing processes that
would converge on 1 (Scheme 1). Dispensing with chromato-
graphic purification and cryogenic conditions, this synthetic
program allowed 10 to be produced under strict stereocontrol
in fourteen-step overall yield of 17%.


Synthesis of erythro-(2S,3R)-3-N-Boc-amino-2-butanol O-sil-
yl ether 26 from �-tartaric acid (21): If the symmetry element
hidden in the chiral four-carbon intermediates such as 16 and
19a were recognized, functional group manipulations could
be more streamlined in achieving the synthetic goal. To take
advantage of such latent symmetrical features, however, the
synthesis had to depend on unnatural, more expensive �-
tartaric acid (21), as explored at Seoul National University
and Samchully (Scheme 3).[8]


Concomitant acetalization and methyl ester formation of 21
was followed by NaBH4-mediated reduction to give diol 22a
in a two-step overall yield of 85%. After O-mesylation,
substitution with chloride was accompanied by acetal removal
to afford bischlorohydrin 22b in 55% yield, which was
converted to cyclic sulfate 23 in 95% yield according to the
standarad operations: 1) cyclic sulfite formation with SOCl2;
and 2) RuVIII-catalyzed oxidation. By virtue of the molecular
symmetry, nucleophilic attack of potassium phthalimide
(PhtNK) at either sulfate end led to the same substitution
product 24a in a quantitative yield with both terminal
chlorides being unaffected.


To install a phenylthio group regioselectively, the molecular
terminal closer to the amine functionality was activated by
aziridine-ring formation. After the nitrogen protection was
switched from the N-Pht group to an N-Boc group in a three-
step overall yield of 75%, the secondary alcohol was masked
as a tert-butyldimethylsilyl (TBS) ether 24b. When it was
treated with NaH in THF, N-Boc aziridine 25 was obtained
quantitatively. Nucleophilic attack by a soft nucleophile,
Et3NH�PhS�, took place favorably to open the aziridine ring
giving 26 in 82% yield with the terminal chloride again
untouched. In the event, N,O-doubly protected 26, a synthetic
equivalent of 10, could be obtained under excellent stereo-
control in an eleven-step overall yield of approximate 27%.
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Scheme 3. Synthesis of (2S,3R)-3-N-Boc-amino-2-butanol O-silyl ether 26
from �-tartaric acid 21. a) 1) Me2C(OMe)2, p-TsOH ¥H2O, PhH, MeOH
(quantitative yield); (2) NaBH4, MeOH (85%). b) MsCl, Et3N, LiCl,
MeCN, 55 �C (55%). c) 1) SOCl2, CHCl3; 2) RuCl3, NaIO4, CCl4/MeCN/
H2O (95%). d) PhtNK, DMF (quantitative yield). e) 1) H2NNH2 ¥H2O,
iPrOH; 2) HCl, MeOH; 3) (Boc)2O, Et3N, THF (75%); 4) tBu(Me)2-
SiCl (TBSCl), DMF, imidazole (yield unspecified). f) NaH, THF (quanti-
tative yield). g) PhSH, Et3N, MeOH (82%).


However, from the practical viewpoint, it seems doubtful that
the synthesis of 26 from �-tartaric acid (21) was able to
benefit from the symmetry-based strategy, because, compro-
mising the starting material cost, it ended up only three steps
less than in the synthetic processes via more elaborate chiral
intermediate 16 (Scheme 2).


Synthesis of epoxide 11 via threo-(2R,3R)-3-N-Cbz-amino-
butane-1,2-diol (32b): Indeed, (2S,3R)-3-N-Cbz-amino-1,2-
epoxybutane (11) served the first synthesis of viracept 1 as
outlined in Scheme 1. However, chiral chlorohydrin 10 does
not represent the one and only synthetic precursor to 11,
because it could be constructed also from threo-(2R,3R)-3-N-
Cbz-amino-1,2-diol 32b, if the epoxide ring were formed with
inversion at the secondary alcohol in it (Scheme 4). In fact,
such retrosynthetic analysis turned out rewarding enough to
reveal another dimension of molecular symmetry whereby the
synthesis could start with 3,5,8-trioxabicyclo[5.1.0]octane 27, a
simple, easy-to-prepare meso epoxide, as demonstrated at
Japan Tobacco[9]


Because of the internal symmetry inherent in the meso
configuration of 27, its aminolysis should lead to the same
racemic trans-amino alcohol regardless of which epoxide
terminal would undergo nucleophilic attack by an achiral
amine. Interestingly, when 27 was treated with (R)-�-phen-
ethylamine 28 in iPrOH, more polar diastereomer 29 possess-
ing the desired configuration crystallized consistently from
the reaction mixture in�99% de and 37 ± 40% yield. On acid
treatment to drive acetal migration with 29 in a thermody-
namically more stable direction, dioxolane 30 was generated,
which was then subjected to catalytic hydrogenolysis in the
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PhMe, H2O. f) HCl, MeOH, H2O. g) 1) 4-nitrobenzoyl chloride (PNBCl),
2-picoline, AcOEt; 2) MsCl, Et3N, AcOEt (32c : 80 ± 84% yield from 31a).
h) KOH, 1,4-dioxane, H2O (98%).


presence of benzoic acid to give both enantiomerically and
diastereomerically pure 31a of high crystallinity in 82%
overall yield from 29. Benzyl carbamate formation gave 31b,
the primary alcohol of which was substituted with a phenyl-
thio group under the standard conditions to provide 32a.
Having served its tactical role to differentiate between the
molecular terminals, the acetal protection in 32awas removed
by acidic hydrolysis to give diol 32b, a (2R)-epimer of 19d
(Scheme 2).


To invert the secondary alcohol concomitantly with epoxide
formation, 1,2-diol 32b was treated with 4-nitrobenzoyl
chloride (PNBCl) in the presence of 2-picoline to block its
primary alcohol selectively. The untouched secondary alcohol
was then mesylated to afford 32c in 84% overall yield from
31a. Saponification with aqueous KOH was accompanied by
in situ intramolecular nucleophilic displacement to provide 11
in 98% yield. Coupled with the stereochemical inversion in
the epoxide formation (32c � 11), the desymmetrization of
meso epoxide (27� 29� 31a) succeeded in producing 11 in a
ten-step overall yield of 25% from 27 without recourse to
expensive reagents or chromatographic purification.


The ultimate industrial synthesis of viracept 1 via oxazoline
formation : To battle against the recent outbreak of an AIDS
epidemic, viracept 1 has to be supplied at the lowest possible


manufacturing cost. This ultimate goal of process research and
development has been achieved when the three following
issues could be further addressed: 1) redundant operations to
discriminate between the two primary hydroxyl groups [29�
30 � 31a (Scheme 4)]; 2) surplus protection/deprotection to
carry the amine functionality through the synthesis [31b� 11
(Scheme 4) � 13 (Scheme 1)]; and 3) no diastereoselectivity
for the aminolysis of meso epoxide 27 with (R)-�-phenethyl-
amine 28 (Scheme 4).


The first two methodological problems were resolved
successfully by taking advantage of the electron-delocalized
nature of the amide functionality [HN-C�O��HN�C-O�]
whereby the 2-amino-1-ol moiety could be transformed into
its dormant form of oxazoline ring 34 (Scheme 5).[10] On
catalytic N-debenzylation on 29, the resulting primary amine
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Scheme 5. Concise synthesis of nelfinavir (free base of 1) via oxazoline 34.
a) H2, Pd/C, AcOH (1.0 equiv) (83 ± 90%). b) 3-acetoxy-2-methylbenzoyl
chloride, NaHCO3, CH2Cl2, H2O. c) MsCl, Et3N, CH2Cl2. d) 1) BF3 ¥OEt2,
CH2Cl2; 2) Ac2O. e) 12, K2CO3, MeOH, H2O (36 : 62 ± 65% yield from
33a); f) PhSH (2.0 equiv), KHCO3 (2.0 equiv), MeCOiBu, 115 �C (81 ±
84%).


33a was acylated with 3-acetoxy-2-methylbenzoyl chloride
(O-acetyl acid chloride of 14) to give amide 33b, which was
then O-mesylated to provide 33c. Under the influence of a
Lewis acid catalyst, BF3 ¥OEt2, the amide oxygen was allowed
to replace one of the two acetal oxygen atoms smoothly to
form an oxazoline ring. When the reaction was quenched with
acetic anhydride, oxazoline 34 was isolated successfully in
65 ± 71% overall yield from 33a. On treatment with amine 12
in the presence of K2CO3 in aqueous MeOH, double
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O-deacetylation on 34 was followed by intramolecular
substitution to give epoxide 35 with stereochemical inversion,
which then underwent an intermolecular nucleophilic attack
by 12 in a consecutive fashion. As a result, elaborate oxazoline
36, a penultimate intermediate with the proper erythro-
configuration, was obtained in a four-step overall yield of 62 ±
65%. Finally, the oxazoline ring in 36 was opened successfully
by potassium thiophenoxide to provide nelfinavir, the free
base of 1, in 81 ± 84% yield, which amounted to a six-step
overall yield of 42 ± 49% starting from cyclic amino alcohol
29.


To overcome the lack of selectivity in the aminolytic
desymmetrization step [27 � 29 (Scheme 4)], a new asym-
metric process was developed ingeniously at Japan Tobacco
(Scheme 6). When 27 was treated with (�)-�-phenethylamine
28 (1.0 equiv) in the presence of (S)-1,1�-bi-2-naphthol 37
(0.5 mol%), Ti(OiPr)4 (0.5 mol%), and water (10 mol%) in
nheptane/toluene (9:1) at 40 �C,[11] the aminolysis in question
took place enantioselectively giving 38 of 97.2% ee in 95%
yield. Such excellent stereochemical consequence could be
ascribed to the (S)-1,1�-bi-2-naphthol-titanium complex dis-
criminating between the two prochiral acetal oxygen atoms
through bidentate chelation with the epoxide oxygen atom
and one of those enantiotopic oxygen atoms. Thus, being
tightly chelated, the Lewis acid catalyst could function even in
the presence of the basic reactant (�)-28 without suffering
deactivation.[11]


Now that the catalytic asymmetric synthesis of 38
(Scheme 6), and hence 33a (Scheme 5), was established, it
could be integrated into the existing processes that proceeded
via the oxazoline formation (Scheme 5), which has culminated
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in the ultimate industrial processes to produce viracept 1. In
the meanwhile, a more sophisticated two-fold synthesis of 1
was explored based on the oxazoline-formation tactics at
Agouron Pharmaceuticals, while it is not certain whether
either approach was actually scaled up or not:[12, 13] One
approach commenced with �-tartaric acid (21) to construct a
chiral four-carbon scaffold on which the oxazoline ring was
formed.[12] The other more elegant method employed (3R,4S)-
4-amino-3-hydroxy-tetrahydrofuran as an immediate precur-
sor for the oxazoline formation,[13a] which, in turn, could be
prepared from meso 3,4-epoxytetrahydrofuran by Jacobsen×s
chiral (salen)CrIII catalyst.[13b]


Synthesis of (R)- and (S)-3-Hydroxytetradecanoic
acid (3)


Synthesis of a single enantiomer of 3 seems less demanding
than that of viracept 1 and its central four-carbon intermedi-
ates such as 10 (Schemes 1 and 2), 32c (Scheme 4), and 34
(Scheme 5), because 3 possesses only one stereogenic center
(Figure 1). However, it is ironic that scalable processes to
access either (R)- or (S)-3 are few notwithstanding various
synthetic methodologies explored so far, which actually cover
the following alternatives: 1) resolution of (�)-3[14±17] via
diastereomeric salt formation with basic resolving
agents;[14b, 15, 18] 2) kinetic resolution of (�)-3 and its methyl
ester via lipase-catalyzed enantioselective O-acetyla-
tion;[14a, 19, 20] 3) asymmetric bioreduction of �-keto acid;[16, 20a]


4) asymmetric reduction of �-keto ester over chiral metal/
complex catalysts;[14c, 21±23] 5) stereoselective functionalization
through Sharpless× asymmetric epoxidation[24] and dihydroxy-
lation;[25] 6) stereoselective construction of homoallyl alcohol
through Brown×s asymmetric allyboration;[26] 7) chiral pool
synthesis starting from (S)-�-hydroxy-�-butyrolactone[27] or
(S)-epichlorohydrin.[4] Thus, the scope and limitation intrinsic
to each methodology will be discussed from the pragmatic
viewpoint in the sections that follow.


Resolution by diastereomeric salt formation : Chiral separa-
tion of racemic 3 by diastereomeric salt formation with chiral
amine would represent a standard method to access a single
enantiomer of 3 if its racemic synthesis could be implemented
on scale. The most typical approach to (�)-3 started with
acylation of Meldrum×s acid 39with dodecanoyl chloride 40 to
give 41,[14] which, on methanolysis, was converted to �-keto
ester 42 in 72% overall yield from 39 (Scheme 7).[14c]


Reduction with NaBH4 gave (�)-43 in 87% yield.[14b]


Saponification eventually provided (�)-3 in a three-step
overall yield of 65% from 39.[14a] Except for Meldrum×s
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Scheme 7. Synthesis of (�)-3 starting from Meldrum×s acid 39 and
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c) NaBH4, EtOH, 0 �C�rt (87%).[14b] d) 1) 10� aq NaOH; 2) pH 2 (conc
HCl); 3) recrystallization (nhexane) [(�)-3 : 65% yield from 39].[14a]
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acid-based synthesis, there are other approaches to prepare
(�)-3, such as the Reformatsky reaction to prepare ethyl ester
of (�)-3 from ethyl bromoacetate and dodecanal,[15] �-
alkylation of a dianion generated from methyl acetoacetate
with decyl halide to give 42,[16] and acylation of a barium
chelate complex of methyl acetoacetate with acid chloride.[17]


Resolution of (�)-3 into (R)-3 by diastereomeric salt
formation was effected using chiral amine as the resolving
agent, such as (1S,2R)-�-ephedrine (44),[14b] (R)-�-�-methyl-
�-phenethylamine (45),[15] and dehydroabietylamine (46).[18]


Resolution efficiency reported for each resolving agent is as
follows: 44, 50% ee and 25% overall yield after twofold
recrystallization; 45, no data for optical purity or overall yield
for a single recrystallization step; 46, 95% ee and 24% overall
yield after twofold recrystallization.


Lipase-catalyzed kinetic resolution : Besides diastereomeric
salt formation with chiral amine, a chemoenzymatic method
was also applied to resolve (�)-3 in a kinetic manner. When
(�)-3 was treated with vinyl acetate in the presence of
Pseudomonas lipase (lipase PS-30, Amano) in THF, (S)-3
underwent preferential O-acetylation leaving (R)-3 unaffect-
ed (Scheme 8).[14a] Repeated recrystallization of the resolved
product mixture from nhexane allowed (R)-3 of 98% ee to be
isolated in 37% overall yield without recourse to chromato-
graphic purification.


Another option to access a single enantiomer of 3 by
enzymatic kinetic resolution was to use the methyl ester of
(�)-�-hydroxy acid 3 [(�)-43] as a substrate (Scheme 8).[19]


When O-acetylation of (�)-43 with vinyl acetate was allowed
to proceed halfway in the presence of immobilized lipase
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Scheme 8. Kinetic resolution of (�)-3 and its methyl ester (�)-43 by
lipase-catalyzed enantioselective O-acetylation. a) 1) Pseudomonas lipase
(lipase PS-30, Amano), CH2�CHOAc, THF, stream of N2 to purge
MeCHO, 65 �C, 36 h; 2) Recrystallization (nhexane) [(R)-3 : 37% yield].
b) 1) immobilized lipase (Amano PS), CH2�CHOAc, THF, 26 ± 28 �C, 5 d,
(50% conversion); 2) silica gel chromatography [(S)-48 : 46% yield; (R)-
43 : 49% yield]. c) 1) 6�HCl/MeOH (1:3), 40 �C, 2 d; 2) NaOH (1.6 equiv),
MeOH, 90 �C, 30 min (92%). d) 1) (S)-28 (1.18 equiv), MeOH/MeCN
(1:5); 2) recrystallization [MeOH/MeCN (1:5)]; 3) 10% aq citric acid [(S)-
3 of � 99% ee : 52% yield].


(Amano PS), the O-acetyl product (S)-48 (70% ee ; 46%
yield) was separated from the untouched (R)-alcohol 43 (70%
ee ; 49% yield) by silica gel chromatography. Acid-catalyzed
deacetylation of (S)-48 followed by alkaline hydrolysis of the
methyl ester gave partially resolved (S)-3 in a two-step overall
yield of 92%, the optical purity of which could be upgraded
via diastereomeric salt formation with (S)-�-phenethylamine
28 (1.18 equiv). After single recrystallization, (S)-3 of �99%
ee was obtained in 22% overall yield from (�)-3.


Enantioselestive hydrolysis of O-butanoate of (�)-43 was
also attempted using Geotrichum candium (GC-4) lipase
(Amano) along with enantioselective O-acetylation of (�)-43
using the same enzyme; in neither case, however, the optical
purity of the resolved alcohol exceeded 90% ee.[20]


Whether the resolution is conducted kinetically by enzy-
matic catalysis or by diastereomeric salt formation, it remains
less industrially viable in general, unless the unwanted
enantiomer could be racemized for another round of reso-
lution. However, enantiomers each of �-hydroxy acid 3 and �-
hydroxy ester 43 being highly susceptible to �-elimination,
their racemization should be difficult to effect in a simple
practical way.


Furthermore, enzyme-catalyzed kinetic resolution of sec-
ondary alcohol cannot be conducted on an industrial scale, if
the resolved products, alcohol and its ester, were difficult to
separate during the extractive work-up. Possessing a long
aliphatic chain, neither �-hydroxyl ester (R)-43 nor �-
hydroxyl acid (R)-3 would remain in the aqueous phase,
while O-acetates each of the respective antipodes, (S)-48 and
(S)-47, were extracted into an organic solvent because of the
similar hydrophobicity.[14a, 19a]


Therefore, any chiral separation method should not be
employed outside the laboratory to obtain single enantiomers
of 3 on a larger scale.


Asymmetric reduction of �-keto ester : Asymmetric reduction
of prochiral �-keto ester 42 (Scheme 7) and its parent acid
would represent a logical method to access a single enan-
tiomer of 3. When �-keto tertradecanoic acid and its
potassium salt were treated with fermenting bakers× yeast[16]


and Saccharomyces cerevisiae Hansen,[20a] respectively, asym-
metric reduction proceeded with high enantioselectivity to
give (R)-3 in � 97% ee. Treatment with diazomethane gave
methyl ester (R)-43, which was then purified by silica gel
chromatography; however, the isolation yield was too low for
either bioreduction to be run in industry: 22% yield for the
bakers× yeast reduction;[16] and 10% yield for the S. cerevisiae
Hansen reduction.[20a]


If �-keto ester 42 were reduced in organic medium using a
chiral metal/complex catalyst, product isolation could be
facilitated enough to increase the isolation yield. When �-keto
ester 42 (10 g) was hydrogenated over an (R,R)-tartaric acid-
NaBr-modified Raney Ni catalyst (prepared from 1.9 g of
Raney alloy) at hydrogen pressure of 96.8 atm in methyl
propanoate (30 mL) doped with AcOH (0.1 mL) at 100 �C,
(R)-43 of 86% eewas isolated quantitatively (Scheme 9).[14c, 21]


Saponification followed by salt formation with dicyclohexyl-
amine (DCHA) produced salt (R)-49 of high crystallinity,
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Scheme 9. Asymmetric reduction of �-keto ester 42 over chiral metal-
complex catalysts. a) H2 (96.8 atm), (R,R)-tartaric acid/NaBr/Raney Ni,
nPrCO2Me, 100 �C (quantitative yield). b) 1) aq NaOH; 2) acid (79.7%).
c) 1) (c-C6H11)2NH, MeCN; 2) recrystallization from MeCN (�3). d) 10%
aq HCl [(R)-3 of 100% ee : 72.1% yield from crude (R)-3]. e) H2 (100 atm),
RuCl2[(R)-BINAP], MeOH, rt (91%).


which, on three-fold recrystallization from MeCN, provided
(R)-3 of 100% ee in 57% overall yield from 42.


The asymmetric reduction of 42 should be effected more
efficiently over a chiral homogeneous catalyst than over the
asymmetrically modified heterogeneous Ni catalyst. In fact,
catalytic hydrogenation proceeded smoothly over commer-
cially available {RuCl2[(R)-BINAP]}2NEt3 (0.05 mol%) in the
presence of catalytic HCl (0.1 mol%) in MeOH at hydrogen
pressure of 4.1 atm (gauge pressure; Parr apparatus) at 45 �C.
The resulting (R)-43 was subjected to saponification (aq
LiOH, THF; 1� aq HCl) to give free acid (R)-3, which was
combined with DCHA in MeCN to form crystalline salt (R)-
49. After single recrystallization from MeCN, (R)-49 of 97%
ee was obtained in 91% overall yield from 42.[22] In contrast,
when asymmetric hydrogenation was run at higher hydrogen
pressure of 100 atm over RuCl2[(S)-BINAP], prepared in situ
from Ru(OAc)2[(S)-BINAP], (S)-43 of � 99% ee could be
obtained in 91% yield (Scheme 9).[23]


Indeed, asymmetric hydrogenation over a chiral BINAP-
RuII complex catalyst may seem to be a scalable method to
produce a single enantiomer of 3. However, this state-of-the
art methodology has suffered from two technical issues that
would both detract from its industrial viability: For one thing,
enantioselectivity remains mediocre unless hydrogen pres-
sures as high as 100 atm could be applied. In addition, because
of its homogeneous nature, the precious asymmetric catalyst is
difficult to separate from the product; in fact, long-chained �-
hydroxy ester 43 being less volatile, the catalyst would not be
recovered in industry without high vacuum distillation
facilities.


Asymmetric oxidation and C�C bond formation : Except for
�-keto ester 42, allylic alcohol and �,�-unsaturated ester
would comprise prochiral precursors to single enantiomers of
3 if they were oxygenated by asymmetric epoxidation[24] and


dihydroxylation,[25] respectively. Whichever asymmetric oxi-
dation method is employed, both olefinic ends are supposed
to be involved in the oxidative functionalization; hence, an
extra C�O bond should be reductively removed afterwards. It
is such functional group manipulations needed to adjust the
oxidation state that have rendered those synthetic processes
lengthy and, as such, less viable in industry.


Sharpless× asymmetric epoxidation of allylic alcohol 51,
prepared from dodecanal 50 in a two-step overall yield of
79%, gave (2S,3R)-2,3-epoxy-1-ol 52 (Scheme 10).[24] When
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Scheme 10. Synthesis of (R)-3 using Sharpless× asymmetric epoxidation.
a) 1) Ph3P�CHCO2Me, CH2Cl2, rt (86%); 2) iBu2AlH (DIBAL-H),
CH2Cl2, �78 �C (92%). b) (�)-diethyl-�-tartrate (DET), Ti(OiPr)4,
tBuO2H, CH2Cl2, �20 �C (81%). c) NaAl(OCH2CH2OMe)2H (Red-Al),
THF, �20 �C�rt (89%). d) 1) tBuCOCl, DMAP, CH2Cl2 (83%); 2) tBu-
(Me)2SiCl (TBSCl), imidazole, DMF (84%). e) DIBAL-H, PhMe, CH2Cl2,
�78 �C (76%). f) Jones reagent, MeCOMe, 0 �C (54%). g) HF/Py, THF,
�20 �C (70%).


it was treated with NaAl(OCH2CH2OMe)2H (Red-Al) in
THF, reductive epoxide opening took place regioselectively at
the C-2 position to give (R)-1,3-diol 53a in 72% overall yield
from 51. After masking the secondary hydroxy group via
three-step functional group manipulations [53% overall
yield: 1) protection of the primary alcohol as a pivaloyl ester;
2) protection of the secondary alcohol as a tert-butyldime-
thylsily (TBS) ether; 3) reductive removal of the pivaloyl
ester], primary alcohol 53c was oxidized under Jones×
conditions. Finally, deprotection of the silyl ether furnished
(R)-3 in a two-step overall yield of 38%, the overall yield from
50 being 11% in nine steps.


Instead of being reduced to allylic alcohol, �,�-unsaturated
ester 55 was subjected to Sharpless× asymmetric dihydroxy-
lation to give (2S,3R)-2,3-dihydroxy ester 56a of �99% ee in
a two-step overall yield of 91% (Scheme 11).[25] To remove
the hydroxy group at the C-2 position selectively, 56a was
converted to (2R,3S)-2-chloro-3-acetoxy ester 56b in 63%
yield via cyclic ortho ester. Radical reduction with tributyltin
hydride initiated by thermolysis of AIBN removed the
chloride to give 57a in 99% yield. After NaOMe-catalyzed
methanolysis, tert-butyl ester of (R)-3, 57b, was obtained in
75% yield, which was subjected to acid-catalyzed mild
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Scheme 11. Synthesis of O-benzyl ether of (R)-3, 58, using Sharpless×
asymmetric dihydroxylation. a) Ph3P�CHCO2tBu, CH2Cl2, 23 �C (92%).
b) AD-mix-� [(DHQD)2PHAL, K3Fe(CN)6, K2CO3, K2OsO4 ¥ 2H2O],
MeSO2NH2, tBuOH, H2O, 10 �C (99%). c) MeC(OMe)3, TMSCl, CH2Cl2,
23 �C (56b : 66% yield; unreacted 56a : 23% yield). d) nBu3SnH, AIBN,
PhH, reflux (99%). e) NaOMe, MeOH, 0 �C (57b : 75% yield; unreacted
57a : 17%). f) PhCH2OC(�NH)CCl3, CF3SO3H, c-C6H12/CH2Cl2, 23 �C.
g) TFA, CH2Cl2, 23 �C (58 : 65% yield from 57b).


O-benzylation with benzyl 2,2,2-trichloroacetimidate to give
orthogonally protected 57c. Finally, acid-catalyzed deprotec-
tion of the tert-butyl ester provided O-benzyl (R)-3, 58, in a
two-step overall yield of 65%; a seven-step overall yield of 58
was 28% from 50.


If the secondary alcohol in question was built stereo-
selectively with concomitant C�C bond formation, aldehyde
50 would serve the asymmetric synthesis of 3 as a more
immediate prochiral precursor than 51 (Scheme 10) and 55
(Scheme 11). When Brown×s asymmetric allylboration was
applied to 50, homoallylc alcohol 60a was obtained in � 95%
ee and 75% yield (Scheme 12).[26] O-Acylation followed by
permanganate oxidation provided O-tetradecanoate of (R)-3,
61, successfully in a two-step overall yield of 88%.


In spite of its high overall yield of 66% from 50, the
asymmetric allylboration approach has suffered from both
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Scheme 12. Synthesis of O-tetradecanoate of (R)-3, 61, using Brown×s
asymmetric allylboration. a) 1) allyl-B(dIpc)2 59, Et2O, �78 �C; 2) Me-
CHO; 3) 3� aq AcONa, 30% aq H2O2 [60a (b.p. 96 �C at 0.05 mmHg):
75% yield]. b) C13H27COCl, py, CH2Cl2, 25 �C, (94%). c) 1) KMnO4,
Aliquat 336, nhexane, AcOH, 0 �C; 2) Na2SO3 (94%).


strategic and tactical concerns. From the strategic viewpoint,
it has detracted from the atom economy;[28] since introduction
of an ally group (C3) to 50 (C12) gave rise to the C15-skeleton
60a, the one extra carbon had to be excised in the last stage of
the synthesis. The tactical drawbacks plaguing the asymmetric
process are two-fold: 1) the cryogenic conditions (�78 �C)
needed to achieve high enantioselectivity; and 2) inevitable
use of highly flammable diethyl ether as a reaction medium.


Chiral pool synthesis : Commercially available chiral building
blocks could be elaborated to a single enantiomer of 3 if they
were suited for building �-hydroxy acid functionality and for
homologation as well. In fact, such approaches have been
explored successfully using two kinds of bifunctional chiral
starting materials: one was (S)-�-hydroxy-�-butyrolactone 62,
available from cheese-manufacturing waste (Scheme 13);[27]


and the other was (S)-epichlorohydrin 63,[4] available
by Jacobsen×s hydrolytic kinetic resolution method
(Scheme 14).[29]
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Scheme 13. Synthesis of (R)-3 from (S)-�-hydroxy-�-butyrolactone 62.
a) 1) NaI, TMSI, MeCN; 2) EtOH (63%). b) Ag2O, MeCN (94%).
c) 1) C10H21MgBr, CuI, THF, �30 �C; 2) silica gel chromatography
(93%). d) KOH, EtOH (76%).
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Scheme 14. Synthesis of (S)-3 from (S)-epichlorohydrin 63.
a) C10H21MgBr (1.1 equiv), CuI (0.9 mol%), PhMe/THF (29:18), 3 ±
15 �C. b) 48% aq NaOH, MeOH-PhMe (19:39), rt (68 : 55% yield from
63). c) NaCN (1.2 equiv), MeOH, H2O, pH 10.8 ± 12.2 (H2SO4), 47 ± 52 �C.
d) NaOH, H2O2, MeOH, H2O, reflux [crude (S)-3 : 74% yield from 68].
e) (c-C6H11)2NH, MeCN/MeOH 6:1, 0 �C (68%). f) aq. H2SO4 (98%).
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Before entering into the C-C bond formation, the lactone
ring of 62was opened with TMSI to give iodohydrin 64, which,
on treatment with silver oxide, was elaborated to ethyl (S)-3,4-
epoxybutanoate (65) (a C4 intermediate) in a two-step overall
yield of 59% (Scheme 13). When 65 was treated with
decylmagnesium bromide (C10H21MgBr) in the presence of
catalytic CuI in THFat�30 �C, the epoxide-ring opening took
place chemo- and regioselectively to give 66 of 99.3% ee in
93% yield after silica gel chromatography. Finally, saponifi-
cation provided (R)-3 in 76% yield, its four-step overall yield
from 62 being 42%.


When commencing with 63 (a C3 chiral unit), C10 and C1


homologation should be effected in tandem at both electro-
philic ends of it (Scheme 14). The first homologation em-
ployed chemo- and regioselective epoxide-ring opening of 63
with C10H21MgBr in the presence of catalytic CuI in PhMe/
THF (29:18) at temperatures between 3 and 15 �C. On
alkaline treatment to complete the epoxide-ring closure with
67, (S)-1,2-epoxytridecane (68) was isolated in a pure state by
simple distillation, and it was then subjected to the second
homologation with NaCN to give �-hydroxy nitrile 69.
Hydrolysis with basic hydrogen peroxide gave crude acid
(S)-3, which was purified by crystalline salt formation with
DCHA. Single crystallization of salt (S)-49 followed by acid
treatment liberated purified free acid (S)-3 of 99.5% ee in a
six-step overall yield of 27% from 63.


As regards the synthesis of a single enantiomer of 3, the
chiral pool synthesis, especially, that which has employed (S)-
epichlorohydrin 63 as the starting material,[4] seems to
compare favorably with the asymmetric reduction of �-keo
ester 42 over a chiral BINAP-RuII catalyst in terms of
industrial viability, because it could dispense with high-
pressure equipment, special care to handle the sensitive
catalyst, chromatographic purification, and expensive re-
agents.


Conclusion


Apparently, there seems to be no royal road to process
chemistry aimed at developing industrially viable synthetic
processes. However, with expertise in total synthesis,[30] the
issues inherent in process chemistry should be addressed
elegantly as demonstrated by the ultimate industrial synthesis
of viracept 1[10] (Scheme 5). In addition, knowledge in modern
synthetic chemistry including asymmetric catalysis and versa-
tile products thereof should help devise a practical enantio-
selective route to chiral compounds, even if they were as
deceptively simple as 3-hydroxytetradecaoic acid 3[4]


(Scheme 14).[31]


In conclusion, suffice it to quote a great European
scientist×s words: ™Discovery consists of seeing what every-
body has seen and thinking what nobody has thought.∫ Albert
von Szent-Gyˆrgyi (1893 ± 1986).
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Total Synthesis of the Antitumor Acetogenin Mosin B: Desymmetrization
Approach to the Stereodivergent Synthesis of threo/trans/erythro-Type
Acetogenins


Naoyoshi Maezaki,[a] Naoto Kojima,[a] Atsunobu Sakamoto,[a] Hiroaki Tominaga,[a]


Chuzo Iwata,[a] Tetsuaki Tanaka,*[a] Morito Monden,*[b] Bazarragchaa Damdinsuren,[b] and
Shoji Nakamori[b]


Abstract: A total synthesis of the threo/trans/erythro-type acetogenin mosin B and
one of its diastereomers has been achieved. The carbon skeleton is assembled in a
convergent fashion from two segments (a THF ring segment and a �-lactone
segment) through the Nozaki ±Hiyama ±Kishi reaction. The THF ring segment was
stereoselectively constructed by a stereodivergent synthesis starting from a common
intermediate (4-cyclohexene-1,2-diol) based on a desymmetrization strategy. The �-
lactone segment was synthesized by coupling a triflate and a chiral �-sulfenyl �-
lactone. By virtue of these synthetic results, we suggest that the absolute
configuration of natural mosin B is 1a. Antiproliferative effects of 1a and 1b were
also investigated.


Keywords: annonaceous acetogenins
¥ asymmetric desymmetrization ¥
mosin B ¥ structure elucidation ¥
total synthesis


Introduction


Annonaceous acetogenins[1] are a new class of natural
products which have attracted worldwide attention in recent
years because of their potent biological activities such as
cytotoxic, antitumor, immunosuppressive, pesticidal, antifee-
dant, and antimalarial effects. Inhibition of mitochondrial
complex I (NADH±ubiquinone oxoreductase) is considered
to be one mode of action for acetogenins, leading to a lack of
ATP in the tumor cell and the subsequent apoptosis.[2] Some
acetogenins inhibit multidrug-resistant cancer cells with an
ATP-driven transporter system.[3] Furthermore, although
more than 250 acetogenins have been isolated from various
Annonaceae plants, the absolute configuration of many
acetogenins have not been determined. In view of the scarcity


of natural resources, more samples are required for further
biological and clinical studies and for precise structural
determination.


Mosin B (1) (Scheme 1) is a threo/trans/erythro-type mono-
THF acetogenin isolated in 1997 from the bark of Annona
squamosa by McLaughlin and co-workers.[4, 5] This natural
product has selective and potent cytotoxic activity against the
human pancreatic tumor cell line. The structure of 1 was
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Scheme 1. Possible structures of mosin B.


assigned mainly on the basis of 1H and 13C NMR spectroscopy
and MS data. Although the absolute configuration of the �-
lactone moiety was established as (4R,34S) and the relative
stereochemistry of the THF part was determined as threo/
trans/erythro,[1a] the absolute configuration remained un-
known. Differentiation of the two possible structures 1a and
1b would be difficult by 1H or 13C NMR spectroscopic data,
since two stereogenic regions, that is, the THF ring core part
(C15 ±C20) and the �-lactone segment (C4 and C34), are
separated by a long carbon chain. Moreover, the absolute


[a] Prof. Dr. T. Tanaka, Dr. N. Maezaki, N. Kojima, Dr. A. Sakamoto,
H. Tominaga, Prof. Dr. C. Iwata
Graduate School of Pharmaceutical Sciences
Osaka University, 1-6 Yamadaoka, Suita
Osaka 565-0871 (Japan)
Fax: (�81)6-6879-8214
E-mail : t-tanaka@phs.osaka-u.ac.jp


[b] Prof. Dr. M. Monden, Dr. B. Damdinsuren, Dr. S. Nakamori
Department of Surgery and Clinical Oncology
Graduate School of Medicine, Osaka University, E2
2-2 Yamadaoka, Suita, Osaka 565-0871 (Japan)
Fax: (�81)6-6879-3259
E-mail : monden@surg2.med.osaka-u.ac.jp


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


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0902-0390 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 2390


FULL PAPER







Antitumor Acetogenin Mosin B 389±399


Chem. Eur. J. 2003, 9, No. 2 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0902-0391 $ 20.00+.50/0 391


stereochemical assignment of the threo/trans/erythro-type
acetogenin by the advanced Mosher ester methodology is
generally difficult because the protons of the THF part are
affected by the shielding from the two methoxy(trifluorome-
thyl)phenylacetate (MTPA) esters flanking both sides of the
THF ring.[4, 6] X-ray analysis is also very difficult due to the
waxy nature of this compound. To establish the absolute
configuration of mosin B, we planned to synthesize the two
candidate structures (1a and 1b) by a stereodivergent syn-
thesis based on a desymmetrization strategy starting from the
common intermediate 4-cyclohexene-1,2-diol (3).[7]


In a preliminary communication,[8] we reported the first
total synthesis of 1a and 1b, and suggested that compound 1a
is the correct structure of mosin B. In this paper, we describe
full details of the synthesis of 1a and 1b including an
investigation of an appropriate alkylating agent for an �-
sulfenylated �-lactone 9. Furthermore, precise comparison of
the 13C NMR spectral data of the natural mosin B, 1a, and 1b
afforded additional evidence that mosin B is identical with 1a
rather than 1b. The antiproliferative effects of 1a and 1b
against several anticancer cells are also reported.


Results and Discussion


We have recently developed an efficient method for the
asymmetric desymmetrization of cyclic meso-1,2-diols by
using C2-symmetric bis-sulfoxide 2 (Scheme 2).[7] After ace-
talization of the meso-1,2-diols with the chiral auxiliary 2, the
resulting acetals were subjected to base-promoted acetal
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Scheme 2. Our asymmetric desymmetrization protocol for cyclicmeso-1,2-
diols.


fission followed by benzylation to give the desymmetrized
diol derivatives with high diastereoselectivity. The chiral
auxiliary 2 was readily removed by acid hydrolysis and can be
recovered without loss of enantiomeric excess. Based on this
methodology, 4-cyclohexene-1,2-diol (3) can be converted to
the desymmetrized alcohols 4a and 4b (�98% ee); the
stereochemistry for both compounds was confirmed by a
modified Mosher method. These are versatile chiral building


blocks for the construction of stereogenic centers at the C19


and C20 positions in both 1a and 1b.
Scheme 3 shows a retrosynthetic analysis of the candidate


1a. Compound 1a is divided into the two key building blocks 5
and 6. The THF core segment 5 is stereoselectively con-
structed by iodoetherification[9] of the E allylic alcohol 7,
which is prepared from the chiral alcohol 4a.[7] The �-lactone
segment 6 is synthesized by �-alkylation of known �-sulfenyl
�-lactone 9[10] with an alkyne 8 prepared from an iodide 10.[11]
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Scheme 3. Retrosynthetic analysis of mosin B.


The synthesis of the allylic alcohol 7 from the optically pure
alcohol 4a is summarized in Scheme 4. Alcohol 4a was
converted into a lactol 11 by dihydroxylation of the double
bond followed by oxidative cleavage of the resulting 1,2-diol.
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Scheme 4. Synthesis of allylic alcohol 7. a) cat. OsO4,N-methylmorpholine
N-oxide, acetone/THF, RT; b) NaIO4, acetone/H2O, RT; c) Ph3PC10H21Br,
KHMDS, THF, �78 to 0 �C; d) NaBH4, MeOH, RT, 20% over four steps;
e) H2, Pd/C, 3 atm, MeOH, RT, quant.; f) pTsOH, acetone, RT, 93%;
g) MsCl, Et3N, CH2Cl2, RT; h) NaI, NaHCO3, acetone, reflux, 88% over
two steps; i) 1-tert-butyldimethylsilyloxy-2-propyne, nBuLi, THF/HMPA,
0 �C, 74%; j) TBAF, THF, RT, quant.; k) LiAlH4, THF, reflux, 90%.
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Wittig reaction proceeded selectively on the free aldehyde
moiety of lactol 11, and the lactol itself was then reduced with
NaBH4 in MeOH at room temperature to give diol 12 in
overall 20% yield from 4a. Hydrogenation of the double
bond accompanied by debenzylation afforded a triol 13 in
quantitative yield. The 1,2-diol was selectively protected as an
acetonide to give 14 in 93% yield.[12] Mesylation of 14
followed by iodination gave an iodide 15 (88% in two steps).
The iodide 15 was coupled with the acetylide generated from
the tert-butyldimethylsilyl (TBS) ether of propargyl alcohol[13]


on treatment with nBuLi to give alkyne 16 in 74% yield.
Alkylation of 15 with the acetylide generated from an
unprotected propargyl alcohol afforded no desired product,
and instead, elimination of the iodide occurred due to the
basicity of the alkoxide. The alkyne 16 was converted into the
E allylic alcohol 7 by deprotection of the TBS ether to give
alcohol 17 followed by an E-selective reduction of the triple
bond with LiAlH4. Attempted Birch reduction of 16 afforded
an E-selective reduction product, but the TBS ether was lost.


Upon treatment of 7 with I(collidine)2ClO4,[9] iodoether-
ification proceeded highly stereoselectively to give epoxide 18
as a single isomer after subsequent base treatment
(Scheme 5). The epoxide 18 was subjected to nucleophilic
ring opening[9b, 14] with 5-hexenylmagnesium bromide in the


O
nC12H25


TBSO OTBS
OH O


nC12H25


TBSO OTBS
CHO


O
nC12H25


RO OR


OH


O
nC12H25


OH
O


19: R = H
20: R = TBS


c


d


21


e


22


f


(   )3


(   )3 (   )3


a
bc


d


18


a, b


7


Scheme 5. Synthesis of THF core segment 22. a) I(collidine)2ClO4, MeCN/
H2O, RT; b) K2CO3, MeOH, RT, 80% over two steps; c) 6-bromo-1-
hexene, Mg, CuBr, THF, 0 �C, 89%; d) TBSOTf, 2,6-lutidine, CH2Cl2, RT,
83%; e) cat. OsO4, N-methylmorpholine N-oxide, THF/acetone/H2O, RT,
79%; f) NaIO4, CH2Cl2/acetone/H2O, RT, 75%.


presence of CuBr to give diol 19 regioselectively in 89%
yield.[15] The stereochemistry around the THF ring was
assigned as threo/trans/erythro by comparison of the
13C NMR spectral data of 19 with those of Fujimoto×s
synthetic model compounds.[16] As shown in Figure 1, the
13C NMR spectral data around the THF ring of 19 nicely
matched those of the model compound with threo/trans/
erythro stereochemistry. The THF core segment 22 was then
synthesized by silylation of the diol 19 followed by oxidative
cleavage of the terminal olefin via the intermediate diol 21.


Preparation of the �-lactone segment 28 is summarized in
Scheme 6. The known iodide 10[11] prepared from (R)-malic
acid was converted into an alkyne 23 on treatment with
lithium trimethylsilyl acetylide. Deacetonization of 23 with
AcOH to give diol 24 was followed by desilylation to give
acetylenic diol 25 in 90% yield. Selective tosylation of the
primary alcohol in 25 and subsequent silylation of the
secondary alcohol gave tosylate 26 in 69% yield in two steps.
Iodination of 26 with NaI gave the iodide 27 in 88% yield.
Unfortunately, alkylation of the known lactone 9[10] with 27 in


Figure 1. Differences between the characteristic chemical shifts of the
carbon atoms of 19 and those of Fujimoto×s model compounds. The x and y
axes represent the carbon position and�� (�19��model compound), respectively.
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Scheme 6. Synthesis of �-lactone segment 28. a) Trimethylsilylacetylene,
nBuLi, THF/HMPA, �78 to 0 �C, 85%; b) AcOH, H2O, RT, 92%;
c) TBAF, THF, RT, 90%; d) pTsCl, pyridine, RT; e) TBSCl, imidazole,
DMF, RT, 69% over two steps; f) NaI, NaHCO3, acetone, reflux, 88%;
g) 9, KHMDS, THF/HMPA, 0 �C to reflux, 16%.


the presence of potassium hexamethyldisilazane (KHMDS)
in THF/HMPA (hexamethylphosphoramide) gave the sulfide
28 in only 16% yield.[17, 18] We suggest that the bulky TBS
ether adjacent to the iodo substituent prevents the alkylation,
since alkylation of 9 with 1-iodohexane proceeded in good
yield (74%) under the same conditions. Thus, we investigated
an appropriate protecting and leaving group for the �-
alkylation of 9.


We selected a methoxymethyl (MOM) group as a less bulky
protecting group, and triflate (OTf) and chloromethanesulfo-
nate (OMc)[19] as more efficient leaving groups. The MOM-
protected iodide 30 was synthesized from the diol 25 by the
same procedure as that described for 27 (Scheme 7). The
alkylating agents 36 ± 39 with OTf or OMc as the leaving
group were prepared as follows: selective esterification of the
primary alcohol of 25 to a pivaloyl ester 31 followed by
protection of the secondary alcohol as the TBS or MOM ether
afforded 32 or 33, respectively. Deprotection of the pivaloyl
ester of 32 or 33 with diisobutylaluminum hydride (DIBALH)
was carried out in 98% and 92% yield, respectively.
Conversion of the primary alcohol in 34 or 35 into the leaving
group gave four alkylating agents 36 ± 39. The alkylating agent
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Scheme 7. Synthesis of alkylating agents 30 and 36 ± 39. a) pTsCl, pyridine,
RT; b) MOMCl, iPr2NEt, CH2Cl2, RT, 67% over two steps; c) NaI,
NaHCO3, acetone, reflux, 79%; d) pivaloyl chloride, pyridine, CH2Cl2, 0 �C
to RT, 89%; e) TBSCl, imidazole, DMF, RT, quant.; f) MOMCl, iPr2NEt,
CH2Cl2, 0 �C to RT, 93%; g) DIBALH, CH2Cl2, �78 �C, 98% for 34 and
92% for 35 ; h) Tf2O, 2,6-lutidine, CH2Cl2, 0 �C, 91% for 36 ; i) McCl,
2,6-lutidine, CH2Cl2, 0 �C, 90% for 37 and 84% for 39.


38 was used immediately in the next reaction without further
purification due to its instability.


The results of the coupling reaction of the alkylating agents
30 and 36 ± 39 with the lactone 9 are summarized in Table 1.
For substrates bearing a MOM ether, the reaction resulted in
decomposition and gave the coupling product in poor yield
(entries 1 ± 3). For the substrates with a TBS ether, triflate was
the best leaving group (entries 4 ± 6). Thus, the product 28 was
obtained in 26% yield.


Next, we examined the effect of HMPA on the yield of
alkylation (Table 2). We found that the yield was optimized at
69% when five equivalents of HMPAwere used. The correct
combination of the protecting group (TBS) and the leaving
group (OTf) in the alkylating agent, and the amount of
HMPA were therefore important to achieve high yields. This
procedure will be useful for the synthesis of other acetogenins
with an hydroxy group at the C4-position.[20]


We investigated the reaction of the acetylide derived from
28 with 1-pentanal (40) as a model study (Table 3). Although
an adduct 41 was obtained, the yield was low. All efforts to
improve the yield were unsuccessful and led to decomposition
of 40 probably as a result of the high basicity of the acetylide.


The corresponding cerium acetylide has a low basicity;
however, coupling with this also failed because of the
decomposition of the sulfide 28 (entry 5). We therefore
abandoned the coupling reaction of the aldehyde with the
acetylide and planned an alternative route with the Nozaki ±
Hiyama ±Kishi reaction.[21]


Synthesis of the �-lactone segment 47 started from the
known aldehyde 42[22] prepared from �-glutamic acid, which
was converted into a diol 43 by Takai×s olefination[23] followed
by deacetalization. Selective triflation of the primary alcohol
in 43 with Tf2O at �50 �C and subsequent silylation of the
secondary alcohol with TBSOTf at 0 �C were carried out in a
one-pot reaction.[24] In contrast to 36, the coupling reaction of
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Scheme 8. Synthesis of �-lactone segment 47. a) CrCl2, CHI3, THF, RT;
b) Dowex 50W, MeOH, RT, 58% over two steps; c) Tf2O, 2,6-lutidine,
CH2Cl2, �50 �C then TBSOTf, 0 �C, 92%; d) 9, KHMDS, THF, 0 �C then
39, RT, 79%; e) mCPBA, CH2Cl2, 0 �C; f) toluene, reflux, 85% over two
steps.


Table 1. Coupling reaction of lactone and alkylating agents.
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Entry Compound PG L Conditions Yield [%]


1 30 MOM I 0 �C to RT trace
2 38 MOM OTf 0 �C decomp.
3 39 MOM OMc 0 �C to RT trace
4 27 TBS I 0 �C to reflux 16
5 36 TBS OTf 0 �C 26
6 37 TBS OMc 0 �C to reflux trace


Table 2. Effect of HMPA in coupling reaction of lactone and triflate.
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Entry HMPA [equiv] Conditions Yield [%]


1 0 0 �C to RT 10 (20)[a]


2 1 0 �C 48
3 5 0 �C 69
4 5 � 20 to �10 �C 65
5 14 0 �C 26


[a] Yield in parentheses based on the consumed triflate.


Table 3. Coupling reaction of aldehyde and acetylide.
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Entry Base Additive Yield [%]


1 nBuLi ± 20
2 nBuLi HMPA complex mixture
3 tBuLi ± 23
4 tBuLi BF3 ¥OEt2 20
5 tBuLi CeCl3 complex mixture
6 KHMDS ± trace
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44 with lactone 9[10] in the presence of HMPA (5 equiv) gave
the desired product 45 in poor yield (13%) along with the by-
product 46 in 12% yield. In this case, the yield was improved
up to 79% when the reaction was carried out without HMPA.
Oxidation of the sulfide 45 into sulfoxide followed by thermal
elimination afforded the �-lactone segment 47.


Assembly of the two segments 22 and 47 was performed
with the Nozaki ±Hiyama ±Kishi reaction (Scheme 9). Treat-
ment of 47 with CrCl2 (5 equiv) in the presence of catalytic
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Scheme 9. Synthesis of mosin B 1a and the diastereomer 1b. a) 47, CrCl2,
cat. NiCl2, DMF/Me2S, RT, 71% from 22, 70% from ent-22 ; b) SO3 ¥ pyri-
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[(Ph3P)3RhCl], benzene, RT, 78% from 49, 74% from 52 ; d) aq. HF,
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NiCl2 in DMF afforded 48 in low yield, although rapid
consumption of aldehyde 22 was observed. With the DMF/
Me2S solvent system,[25] the yield was remarkably improved
and gave 48[26] in 59% yield and recovered aldehyde 22 in
35% yield. Moreover, the alcohol 48 was obtained in 71%
yield when ten equivalents of CrCl2 were used. Oxidation of
48 with SO3 ¥ pyridine complex and DMSO followed by
selective reduction of the resulting enone 49 with Wilkinson×s
catalyst afforded the tri-TBS ether 50. Finally, deprotection of
all the TBS ethers with HF afforded the candidate 1a. The


other candidate 1bwas synthesized from 4b by using the same
procedure as for 1a.


The specific rotations of the two synthetic samples 1a and
1b were very different. While the specific rotation of synthetic
1a ([�]25D ��18.7, c� 0.50, CH2Cl2) is higher than the
reported value of the naturally occurring mosin B[4] ([�]23D �
�11.5, c� 0.005, CH2Cl2), the specific rotation of 1b ([�]26D �
�2.2, c� 0.39, CH2Cl2) was very small. Due to the unavail-
ability of mosin B, a comparison of our synthetic samples with
the authentic natural product was not possible. However,
taking into account the fact that the reported optical rotations
of acetogenins are sometimes smaller than their actual values
when they are measured at low concentrations, presumably
owing to experimental error or the presence of impuri-
ties,[5c, d, 27] the synthetic compound 1a was assumed to be the
natural mosin B.


Compounds 1a and 1b could not be differentiated by
1H NMR spectral data. The 13C NMR spectral data of 1a and
1b were also very close to those of natural mosin B. It would
therefore be difficult to distinguish which compound was
identical to the natural mosin B unless both 1a and 1b were
available. We compared the 13C NMR spectral data more
precisely by plotting the difference between the chemical
shifts of natural mosin B and those of each candidate 1a and
1b as shown in Figure 2. The chemical shifts of 1awere almost
identical to the reported values of mosin B, and the differ-
ences in the chemical shifts were within 0.04 ppm except for
one carbon. In contrast, the differences in 1b exceeded more
than 0.04 ppm for many carbons. From this evidence, we
concluded that natural mosin B is 1a and not 1b.


Biological evaluation of 1a and 1b : Comparison of the
antiproliferative effects of mosin B (1a) and the unnatural
diastereomer 1b is of great interest. Thus, we evaluated their
antiproliferative effects by using adriamycin as a positive
control. The results are shown in Figure 3. Both compounds
1a and 1b inhibited proliferation of two pancreatic cancer cell
lines (PaCa-2 and PSN-1) in a dose-dependent manner. In the
growth-inhibitory assay (for 4 d), they had approximately
sixfold greater ED50 values than adriamycin against PaCa-2
and PSN-1.[28] Unexpectedly, the growth-inhibitory effect of
1b is almost the same as that of 1a (the differences were not
statistically significant, p� 0.05). The growth-inhibitory as-
says with 1a, 1b, and adriamycin were also performed on HT-
29 (colon adenocarcinoma) and MCF-7 (breast adenocarci-
noma) cell lines. Compounds 1a and 1b did not have superior


Figure 2. Differences between the characteristic chemical shifts of the carbon atoms of natural mosin B and those of each candidate 1a (left) and 1b (right)
(75 MHz, CDCl3). The x and y axes represent the carbon number and �� (�1a,b� �mosin B), respectively.
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growth-inhibition effects relative to adriamycin in those cells
or in the KMP-5 (pancreatic adenocarcinoma) cell line (data
not shown).


Conclusion


The total synthesis of mosin B (1a) and the diastereomer 1b
was accomplished by using asymmetric desymmetrization of
the �-symmetric diol 3 and the Nozaki ±Hiyama ±Kishi
reaction as key steps. The overall yield was 1.1% for 20 steps
from the desymmetrized alcohol 4a. Based on the spectral
data, we suggest that mosin B is 1a and not 1b. Diastereomer
1b exhibited a higher antiproliferative effect than adriamycin
and had a similar profile of growth inhibition as 1a against
used cancer cells.


Experimental Section


General : Melting points are uncorrected. Optical rotations were measured
with a JASCO DIP-360 digital polarimeter. IR spectra were measured with
an Horiba FT-210 IR spectrometer. 1H NMR spectra were measured with a
JEOL JNM-GX500 spectrometer (500 MHz) or a JEOL JNM-AL300
spectrometer (300 MHz). 13C NMR spectra were measured with a JEOL
JNM-AL300 spectrometer (75 MHz) or a JEOL JNM-EX270 spectrometer
(67.8 MHz). All signals are expressed as ppm downfield from tetramethyl-
silane used as an internal standard. The following abbreviations are used:
singlet (s), doublet (d), triplet (t), quartet (q), quintet (qn), multiplet (m).
Mass spectra were recorded on a Shimadzu QP-1000 mass spectrometer, a
JEOL JMS-D300, or a JEOL JMS-600 mass spectrometer. High-resolution
mass spectra were obtained with a JEOL JMS-D300 or a JEOL JMS-600
mass spectrometer. FAB mass spectra were measured with a JEOL-JMS-
700 mass spectrometer. Unless otherwise stated, all solvents were dry and
all extracts were dried over MgSO4. Merck Kieselgel 60 was used as an


adsorbent for column chromatography. Known compounds 4a,[7] 4b,[7] 9,[10]


10,[11] and 42[22] were synthesized according to the literature methods.
Experimental procedures and characterization data of 23 ± 39 and 41 are
included in the Supporting Information.


(6Z,3R,4S)-3-Benzyloxy-6-hexadecene-1,4-diol (12): N-Methylmorpholine
N-oxide (2.15 g, 18.4 mmol) and OsO4 (31.1 mg, 0.122 mmol) were added
successively to a stirred solution of 4a (1.25 g, 6.12 mmol) in acetone/water
(1:1, 60 mL) at RT. After 3 h, the reaction was quenched with saturated
Na2S2O3. Celite was added to the mixture and stirring was continued for
1 h. The Celite was filtered off, and the filtrate was concentrated under
reduced pressure. NaIO4 (1.57 g, 7.24 mmol) was added to a stirred solution
of the crude diol in acetone/water (3:1, 40 mL) at RT. The stirring was
continued at the same temperature for 10 min. After filtration through
Celite, the solvent was evaporated under reduced pressure. The residue was
extracted with EtOAc prior to drying and solvent evaporation. KHMDS
(0.5� in toluene, 10.6 mL, 5.31 mmol) was added slowly to a stirred
suspension of Ph3P(nC10H21)Br (2.57 g, 5.31 mmol) in THF (10 mL) at 0 �C.
A solution of the crude aldehyde in THF (10 mL) was added to the mixture
at �78 �C, and this was stirred at 0 �C for 2 h. The reaction was quenched
with water, and the mixture was extracted with EtOAc. The combined
organic phases were washed with brine prior to drying and solvent
evaporation. NaBH4 (183 mg, 4.83 mmol) was added to a stirred solution of
the crude lactol in MeOH (48 mL) at RT. After 5 min, the reaction was
quenched with water, and the solvent was concentrated under reduced
pressure. The residue was extracted with EtOAc, and the extract was
washed with water and brine prior to drying and solvent evaporation. The
residue was purified by chromatography (hexane/EtOAc 3:1) to give 12
(435 mg, 20% in four steps) as a colorless oil. [�]27D ��3.1 (c� 0.92,
CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.88 (t, J� 7.0 Hz, 3H), 1.26 ±
1.35 (m, 14H), 1.78 ± 1.84 (m, 1H), 1.88 ± 1.95 (m, 1H), 2.05 (dt, J� 7.3,
6.7 Hz, 2H), 2.22 ± 2.27 (m, 1H), 2.30 ± 2.36 (m, 1H), 2.38 (m, 2H), 3.62 (dt,
J� 7.3, 3.7 Hz, 1H), 3.72 ± 3.76 (m, 1H), 3.82 (ddd, J� 11.0, 7.3, 3.7 Hz, 1H),
3.89 (dt, J� 8.5, 4.3 Hz, 1H), 4.58 (d, J� 11.6 Hz, 1H), 4.64 (d, J� 11.6 Hz,
1H), 5.37 ± 5.43 (m, 1H), 5.56 (dt, J� 10.4, 7.3 Hz, 1H), 7.30 ± 7.38 (m, 5H);
13C NMR (67.8 MHz, CDCl3): �� 14.1, 22.6, 27.5, 29.3 (2C), 29.5, 29.56,
29.60, 30.6, 31.2, 31.9, 59.5, 71.7, 71.8, 80.0, 124.7, 127.9 (3C), 128.5 (2C),
133.4, 138.0; IR (KBr): �� � 3358 cm�1; MS (EI): m/z (%): 362 (0.2) [M]� ,
253 (4.1), 177 (18.2), 91 (100); elemental analysis calcd (%) for C23H38O3: C
76.20, H 10.56; found: C 76.01, H 10.50.


Figure 3. Antiproliferative effect of 1a, 1b, and adriamycin in PaCa-2 and PSN-1 cells: a) Growth-inhibitory assay for 4 d (average data from four
independent experiments). b) Growth-inhibitory assay for 7 d (average data from four independent experiments).
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(3R,4S)-1,3,4-Hexadecanetriol (13): Pd/C (4.0 mg) was added to a solution
of 12 (37.8 mg, 0.104 mmol) in MeOH (1 mL). The mixture was stirred
under 3 atm pressure of hydrogen at RT for 6.5 h. The Pd/C was filtered off
and the filtrate was concentrated under reduced pressure. The residue was
purified by chromatography (hexane/EtOAc 1:1) to give 13 (28.7 mg,
100%) as a colorless powder. M.p. 109.5 ± 110.0 �C (EtOAc/MeOH);
[�]28D ��0.58 (c� 1.00, MeOH); 1H NMR (500 MHz, [D4]MeOH): �� 0.90
(t, J� 7.0 Hz, 3H), 1.29 ± 1.37 (m, 20H), 1.52 ± 1.63 (m, 3H), 1.80 ± 1.86 (m,
1H), 3.34 ± 3.44 (m, 1H), 3.52 ± 3.55 (m, 1H), 3.67 ± 3.76 (m, 2H); 13C NMR
(67.8 MHz, [D4]MeOH): �� 14.4, 23.7, 27.0, 30.5, 30.8 (5C), 30.9, 33.1, 33.7,
35.9, 60.4, 73.5, 76.0; IR (KBr): �� � 3263 cm�1; MS (FAB): m/z : 275
[M�H]� ; elemental analysis calcd (%) for C16H34O3: C 70.02, H 12.49;
found: C 69.64, H 12.21.


(3R,4S)-3,4-O-Isopropylidene-1,3,4-hexadecanetriol (14): A mixture of 13
(54.7 mg, 0.199 mmol) and pTsOH ¥H2O (0.8 mg) in acetone (4 mL) was
stirred at RT for 24 h. The reaction was quenched with NaHCO3. After
filtration, the solvent was concentrated under reduced pressure. The
residue was purified by chromatography (hexane/EtOAc 1:1) to give 14
(58.0 mg, 93%) as a colorless oil. [�]28D ��16.3 (c� 1.13, CHCl3); 1H NMR
(500 MHz, CDCl3): �� 0.88 (t, J� 7.0 Hz, 3H), 1.23 ± 1.58 (m, 23H), 1.35 (s,
3H), 1.46 (s, 3H), 1.74 ± 1.81 (m, 1H), 2.35 ± 2.36 (m, 1H), 3.80 ± 3.85 (m,
2H), 4.07 ± 4.11 (m, 1H), 4.24 (ddd, J� 11.0, 5.8, 2.7 Hz, 1H); 13C NMR
(67.8 MHz, CDCl3): �� 14.1, 22.7, 25.9, 26.3, 28.4, 29.3, 29.49, 29.54, 29.6
(5C), 31.9, 31.9, 61.3, 77.3, 78.0, 107.8; IR (KBr): �� � 3410 cm�1; MS (FAB):
m/z : 315 [M�H]� ; elemental analysis calcd (%) for C19H38O3: C 72.56, H
12.18; found: C 72.46, H 12.00.


(3R,4S)-1-Iodo-3,4-O-isopropylidene-3,4-hexadecanediol (15): Methane-
sulfonyl chloride (0.144 mL, 1.86 mmol) was added to a stirred mixture of
14 (488 mg, 1.55 mmol) and Et3N (0.260 mL, 1.86 mmol) in CH2Cl2 (16 mL)
at RT. After 5 min, the reaction was quenched with water. The mixture was
extracted with EtOAc, and the extract was washed with brine prior to
drying and solvent evaporation. NaHCO3 (1.04 g, 12.4 mmol) and NaI
(698 mg, 4.65 mmol) were added to the mixture of the residue in acetone
(16 mL), and the mixture was heated at reflux for 11 h. Water was added
and the mixture was extracted with EtOAc. The extract was washed with
brine prior to drying and solvent evaporation. The residue was purified by
chromatography (hexane/EtOAc 4:1) to give 15 (578 mg, 88% in two
steps) as a colorless oil. [�]29D ��31.6 (c� 1.02, CHCl3); 1H NMR
(500 MHz, CDCl3): �� 0.88 (t, J� 7.0 Hz, 3H), 1.23 ± 1.54 (m, 22H), 1.35
(s, 3H), 1.42 (s, 3H), 1.81 ± 1.87 (m, 1H), 1.92 ± 1.99 (m, 1H), 3.24 (dt, J�
9.2, 7.3 Hz, 1H), 3.37 (ddd, J� 9.2, 7.3, 4.3 Hz, 1H), 4.07 ± 4.13 (m, 2H);
13C NMR (67.8 MHz, CDCl3): �� 2.8, 14.1, 22.7, 25.9, 26.3, 28.6, 29.3, 29.5
(2C), 29.56, 29.62 (2C), 29.7 (2C), 31.9, 34.2, 77.5, 77.6, 107.8; IR (KBr): �� �
1092 cm�1; MS (FAB): m/z : 425 [M�H]� ; elemental analysis calcd (%) for
C19H37IO2: C 53.77, H 8.79, I 29.90; found: C 53.73, H 8.56, I 29.57.


(6R,7S)-1-(tert-Butyldimethylsilyloxy)-6,7-O-isopropylidene-2-nonade-
cyne-6,7-diol (16): nBuLi (1.54� in n-hexane, 2.88 mL, 4.44 mmol) was
added to a stirred solution of 1-(tert-butyldimethylsilyloxy)-2-propyne
(756 mg, 4.44 mmol) in THF (19 mL) at 0 �C. After 5 min, a solution of 15
(942 mg, 2.22 mmol) in HMPA (3.2 mL) was added to the mixture at the
same temperature, and the stirring was continued for 10 min. The reaction
was quenched with saturated NH4Cl, and the solvent was concentrated
under reduced pressure. The residue was extracted with EtOAc, and the
extract was washed with saturated NH4Cl, water, and brine prior to drying
and solvent evaporation. The residue was purified by chromatography
(hexane/EtOAc 50:1) to give 16 (763 mg, 74%) as a colorless oil. [�]29D �
�17.1 (c� 1.04, CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.11 (s, 6H), 0.88
(t, J� 7.0 Hz, 3H), 0.91 (s, 9H), 1.26 ± 1.40 (m, 20H), 1.33 (s, 3H), 1.42 (s,
3H), 1.45 ± 1.58 (m, 3H), 1.63 ± 1.70 (m, 1H), 2.26 ± 2.32 (m, 1H), 2.39 ± 2.45
(m, 1H), 4.06 (dt, J� 8.5, 4.3 Hz, 1H), 4.12 (ddd, J� 10.4, 5.5, 3.1 Hz, 1H),
4.29 (t, J� 2.1 Hz, 2H); 13C NMR (67.8 MHz, CDCl3): ���5.1 (2C), 14.1,
15.6, 18.3, 22.7, 25.9 (3C), 26.0, 26.3, 28.6, 29.1, 29.3, 29.5 (2C), 29.59 (2C),
29.65 (2C), 29.71, 31.9, 52.0, 76.6, 77.8, 79.1, 84.6, 107.5; IR (KBr): �� �
2233 cm�1; MS (EI): m/z (%): 465 (3.6) [M�H]� , 451 (31.5) [M�CH3]� ,
351 (100) [M�TBS]� ; elemental analysis calcd (%) for C28H54O3Si: C
72.04, H 11.66; found: C 72.24, H 11.36.


(6R,7S)-6,7-O-Isopropylidene-2-nonadecyne-1,6,7-triol (17): TBAF (1.0�
in THF, 0.163 mL, 0.163 mmol) was added to a stirred solution of 16
(38.0 mg, 0.081 mmol) in THF (0.8 mL) at RT. After 10 min, water was
added and the mixture was extracted with EtOAc. The organic phase was
washed with water and brine prior to drying and solvent evaporation. The


residue was purified by chromatography (hexane/EtOAc 3:1) to give 17
(28.8 mg, 100%) as a colorless oil. [�]30D ��23.1 (c� 1.05, CHCl3); 1HNMR
(500 MHz, CDCl3): �� 0.88 (t, J� 7.0 Hz, 3H), 1.26 ± 1.40 (m, 20H), 1.34 (s,
3H), 1.42 (s, 3H), 1.50 ± 1.60 (m, 3H), 1.67 (dddd, J� 12.8, 10.4, 8.2, 5.0 Hz,
1H), 2.32 (dtt, J� 17.1, 8.2, 2.1 Hz, 1H), 2.44 (dddt, J� 17.1, 7.8, 5.0, 2.4 Hz,
1H), 4.08 (dt, J� 10.4, 4.3 Hz, 1H), 4.12 (ddd, J� 10.4, 6.1, 3.1 Hz, 1H),
4.25 (br s, 2H); 13C NMR (67.8 MHz, CDCl3): �� 14.1, 15.5, 22.7, 25.9, 26.4,
28.6, 29.1, 29.3, 29.4, 29.5, 29.57, 29.61 (2C), 29.65, 29.68, 31.9, 51.3, 76.5,
77.8, 78.8, 85.6, 107.6; IR (KBr): �� � 3381, 2224 cm�1; MS (FAB): m/z : 353
[M�H]� ; elemental analysis calcd (%) for C22H40O3: C 74.95, H 11.44;
found: C 74.79, H 11.39.


(E,6R,7S)-6,7-O-Isopropylidene-2-nonadecene-1,6,7-triol (7): LiAlH4


(22.0 mg, 0.579 mmol) was added to a stirred solution of 17 (102 mg,
0.289 mmol) in Et2O (3 mL) at RT. The mixture was heated at reflux for
3 h. Saturated Rochelle salt was gradually added to the vigorously stirred
mixture. After 10 min, the mixture was extracted with EtOAc, and the
extract was washed with water and brine prior to drying and solvent
evaporation. The residue was purified by chromatography (hexane/EtOAc
3:1) to give 7 (92.4 mg, 90%) as a colorless oil. [�]28D ��4.3 (c� 1.02,
CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.88 (t, J� 6.7 Hz, 3H), 1.26 ±
1.63 (m, 24H), 1.34 (s, 3H), 1.43 (s, 3H), 2.06 ± 2.13 (m, 1H), 2.45 ± 2.32 (m,
1H), 4.01 ± 4.06 (m, 2H), 4.09 ± 4.11 (m, 2H), 5.66 ± 5.76 (m, 2H); 13C NMR
(67.8 MHz, CDCl3): �� 14.1, 22.6, 26.0, 26.2, 28.6, 28.7, 29.3 (2C), 29.5,
29.56, 29.60 (3C), 29.63, 29.7, 31.9, 63.5, 77.3, 78.0, 107.4, 129.5, 132.2; IR
(KBr): �� � 3396 cm�1; MS (FAB): m/z : 355 [M�H]� ; elemental analysis
calcd (%) for C22H42O3: C 74.52, H 11.94; found: C 74.46, H 11.85.


(2R,3R,6R,7S)-1,2:3,6-Diepoxy-7-hydroxynonadecane (18): I(collidine)2-
ClO4 (552 mg, 1.18 mmol) was added to a stirred solution of 7 (348 mg,
0.981 mmol) in MeCN/water (100:1, 9.8 mL) at RT. After 5 min, water was
added and the mixture was extracted with EtOAc. The organic phase was
washed with water and brine prior to drying and solvent evaporation.
K2CO3 (814 mg, 5.89 mmol) was added to a stirred solution of the residue in
MeOH (10 mL) at RT. After 30 min, water was added and the mixture was
extracted with CHCl3. The extract was washed with saturated NH4Cl,
water, and brine prior to drying and solvent evaporation. The residue was
purified by chromatography (hexane/EtOAc 3:1) to give 18 (244 mg, 80%
in two steps) as a colorless powder. M.p. 52.0 ± 52.5 �C (hexane); [�]28D �
�1.5 (c� 1.04, CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.88 (t, J� 7.0 Hz,
3H), 1.25 ± 1.51 (m, 22H), 1.83 ± 1.94 (m, 3H), 2.01 (br s, 1H), 2.05 ± 2.16 (m,
1H), 2.70 (dd, J� 5.2, 2.7 Hz, 1H), 2.79 (t, J� 4.5 Hz, 1H), 2.98 (dt, J� 4.5,
2.7 Hz, 1H), 3.82 (dt, J� 6.1, 3.1 Hz, 1H), 3.87 (dd, J� 12.2, 6.7 Hz, 1H),
3.94 (ddd, J� 8.9, 5.8, 3.1 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): �� 14.1,
22.6, 24.6, 25.9, 29.0, 29.3, 29.5, 29.56, 29.60 (2C), 29.62 (2C), 31.9, 32.5,
44.2, 54.2, 71.5, 79.2, 83.0; IR (KBr): �� � 3421 cm�1; MS (FAB): m/z : 319
[M�Li]� ; elemental analysis calcd (%) for C19H36O3: C 73.03, H 11.61;
found: C 72.86, H 11.22.


(8R,9R,12R,13S)-9,12-Epoxy-8,13-dihydroxy-1-pentacosene (19): 6-Bro-
mo-1-hexene (0.090 mL, 0.672 mmol) was added to a stirred mixture of
Mg (17.2 mg, 0.706 mmol) in THF (0.3 mL) at RT. After 1.5 h, THF
(0.3 mL) was added to the mixture. The mixture was cooled at �30 �C, and
CuBr (9.6 mg, 0.067 mmol) was added. After 5 min, 18 (10.5 mg,
0.034 mmol) in THF (0.34 mL) was added, and the mixture was stirred at
0 �C for 1 h. The reaction was quenched with saturated NH4Cl, and the
solvent was concentrated under reduced pressure. The residue was
extracted with EtOAc, and the extract was washed with water and brine
prior to drying and solvent evaporation. The residue was purified by
chromatography (hexane/EtOAc 2:1) to give 19 (11.8 mg, 89%) as a
colorless powder. M.p. 55.0 ± 56.0 �C (hexane); [�]28D ��14.0 (c� 1.03,
CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.88 (t, J� 6.7 Hz, 3H), 1.26 ±
1.43 (m, 28H), 1.50 ± 1.53 (m, 2H), 1.62 ± 1.67 (m, 1H), 1.82 ± 1.94 (m, 2H),
1.97 ± 2.01 (m, 1H), 2.03 ± 2.07 (m, 3H), 2.37 (br s, 1H), 3.38 ± 3.39 (m, 1H),
3.79 ± 3.89 (m, 3H), 4.93 (dd, J� 10.4, 1.8 Hz, 1H), 4.99 (dq, J� 17.1, 1.8 Hz,
1H), 5.81 (ddt, J� 17.1, 10.4, 6.7 Hz, 1H); 13C NMR (67.8 MHz, CDCl3):
�� 14.1, 22.6, 25.2, 25.4, 26.0, 28.6, 28.8, 29.1, 29.3, 29.5, 29.57, 29.60 (2C),
29.63, 29.7, 31.9, 32.5, 33.0, 33.7, 71.4, 74.3, 82.3, 83.3, 114.2, 139.0; IR (KBr):
�� � 3425 cm�1; MS (FAB): m/z : 397 [M�H]� ; elemental analysis calcd (%)
for C25H48O3: C 75.70, H 12.20; found: C 75.62, H 11.95.


(8R,9R,12R,13S)-8,13-Bis(tert-butyldimethylsilyloxy)-9,12-epoxy-1-penta-
cosene (20): TBSOTf (17.9 �L, 0.078 mmol) was added to a stirred mixture
of 19 (10.3 mg, 0.026 mmol) and 2,6-lutidine (12.1 �L, 0.104 mmol) in
CH2Cl2 (0.3 mL) at RT. After 10 min, the reaction mixture was quenched
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with saturated NH4Cl. The mixture was extracted with EtOAc, and the
extract was washed with water and brine prior to drying and solvent
evaporation. The residue was purified by chromatography (hexane) to give
20 (13.5 mg, 83%) as a colorless oil. [�]26D ��13.6 (c� 1.03, CHCl3);
1H NMR (500 MHz, CDCl3): �� 0.05 (s, 9H), 0.06 (s, 3H), 0.88 (m, 21H),
1.26 ± 1.51 (m, 30H), 1.59 ± 1.66 (m, 1H), 1.78 ± 1.89 (m, 3H), 2.02 ± 2.06 (m,
2H), 3.52 ± 3.55 (m, 1H), 3.69 ± 3.72 (m, 1H), 3.81 (td, J� 7.0, 4.3 Hz, 1H),
3.88 (td, J� 8.5, 6.1 Hz, 1H), 4.91 ± 4.94 (m, 1H), 4.99 (ddd, J� 17.1, 3.7,
1.8 Hz, 1H), 5.81 (tdd, J� 17.1, 10.4, 6.7 Hz, 1H); 13C NMR (67.8 MHz,
CDCl3): ���4.6, �4.5, �4.24, �4.18, 14.1, 18.2, 18.3, 21.5, 22.7, 25.2, 25.5,
26.0 (6C), 26.7, 27.7, 28.9, 29.36, 29.42, 29.6 (2C), 29.7 (2C), 29.9, 31.9, 32.9,
33.8, 34.7, 73.8, 75.1, 81.9, 82.0, 114.1, 139.2; IR (KBr): �� � 1088 cm�1; MS
(FAB): m/z : 624 [M�H]� ; elemental analysis calcd (%) for C37H76O3Si2: C
71.08, H 12.25; found: C 71.04, H 12.04.


(2RS,8R,9R,12R,13S)-8,13-Bis(tert-butyldimethylsilyloxy)-9,12-epoxypen-
tacosan-1,2-diol (21): A catalytic amount of OsO4 was added to a stirred
mixture of 20 (330 mg, 0.528 mmol) and N-methylmorpholine N-oxide
(92.8 mg, 0.792 mmol) in THF/acetone/water (1:1:1, 8 mL) at RT. After
stirring at RT for 17 h, saturated Na2S2O3 was added and the mixture was
stirred for a further 1 h. The mixture was extracted with EtOAc, and the
extract was washed with brine prior to drying and solvent evaporation. The
residue was purified by chromatography (hexane/EtOAc 1:1) to give 21
(274 mg, 79%) as a colorless oil. [�]25D ��10.2 (c� 1.06, CHCl3); 1H NMR
(500 MHz, CDCl3): �� 0.04 (s, 3H), 0.05 (s, 6H), 0.07 (s, 3H), 0.88 (br s,
21H), 1.26 ± 1.43 (m, 32H), 1.63 (td, J� 10.4, 8.5 Hz, 1H), 1.78 ± 1.89 (m,
3H), 2.40 (br s, 2H), 3.43 (dd, J� 11.0, 7.9 Hz, 1H), 3.51 ± 3.54 (m, 1H), 3.64
(dd, J� 11.0, 3.1 Hz, 1H), 3.68 ± 3.73 (m, 2H), 3.82 (td, J� 7.0, 4.3 Hz, 1H),
3.88 (td, J� 7.9, 6.1 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): ���4.6, �4.5,
�4.3,�4.2, 14.1, 18.16, 18.22, 22.7, 25.2, 25.5, 25.6, 26.0 (9C), 26.6, 27.7, 29.3,
29.58, 29.63 (2C), 29.9, 31.9, 32.8, 33.1, 34.7, 66.8, 72.3, 73.7, 75.0, 81.9, 82.0;
IR (KBr): �� � 3356 cm�1; MS (FAB) m/z : 660 [M�H]� ; HRMS (FAB):
m/z : calcd for C37H79O5Si2: 659.5466; found: 659.5464 [M�H]� .


(8R,9R,12R,13S)-8,13-Bis(tert-butyldimethylsilyloxy)-9,12-epoxytetaraco-
sanal (22): NaIO4 (187 mg, 0.876 mmol) was added to a stirred solution of
21 (274 mg, 0.416 mmol) in CH2Cl2/acetone/water (10:6:1, 9 mL) at 0 �C.
After stirring at RT for 12 h, Et2O was added to the mixture. The organic
layer was separated, dried, and evaporated. The residue was purified by
chromatography (hexane/EtOAc 3:1) to give 22 (196 mg, 75%) as a
colorless oil. The aldehyde was unstable and was therefore used immedi-
ately in the next step.


(EZ,R)-6-Iodo-5-hexene-1,2-diol (43): A solution of 42 (97.3 mg,
0.615 mmol) and iodoform (484 mg, 1.23 mmol) in THF (6 mL) was added
to a slurry of flame-dried chromium chloride (567 mg, 4.61 mmol) in THF
(4 mL) at RT. The resulting suspension was stirred at RT for 15 h. After
water was added, the mixture was extracted with EtOAc. The organic phase
was washed with saturated Na2S2O3 and brine prior to drying and solvent
evaporation. The residue was filtered through a short plug of silica gel,
eluted with hexane/EtOAc (10:1), and the combined filtrates were
concentrated under reduced pressure. The residue was dissolved in MeOH
(4 mL), and Dowex 50W (100 mg) was added to the solution. The mixture
was stirred at RT for 4.5 h, filtered, and the filtrate was concentrated under
reduced pressure. The residue was purified by chromatography (EtOAc) to
give 43 (9:1 E/Z mixture, 85.8 mg, 58% in two steps) as a colorless oil.
[�]25D ��6.8 (c� 0.88, CHCl3); 1H NMR (500 MHz, CDCl3): �� 1.54 (q,
J� 7.3 Hz, 1H), 2.17 (qn, J� 7.5 Hz, 9³10H), 2.24 (qn, J� 7.8 Hz, 9³10H),
2.13 ± 2.33 (m, 6³5H), 3.42 ± 3.48 (m, 1H), 3.63 ± 3.67 (m, 1H), 3.68 ± 3.73 (m,
1H), 6.06 (d, J� 14.6 Hz, 9³10H), 6.18 ± 6.26 (m, 1³5H), 6.52 (td, J� 14.0,
7.3 Hz, 9³10H); 13C NMR (75 MHz, CDCl3) (major): �� 31.4, 32.0, 66.5, 71.1,
75.4, 145.5; (minor): �� 31.0, 31.1, 66.5, 71.5, 83.3, 140.4; IR (KBr): �� �
3331 cm�1; MS (EI): m/z (%): 242 (0.2) [M]� , 224 (23.4) [M�H2O]� , 115
(9.6) [M� I]� , 97 (27.2) [M�H2O� I]� , 55 (100); HRMS (EI): m/z : calcd
for C6H11IO2: 241.9804; found: 241.9796 [M]� .


(EZ,R)-2-(tert-Butyldimethylsilyloxy)-6-iodo-5-hexenyl trifloromethane-
sulfonate (44): Tf2O (0.106 mL, 0.647 mmol) was added to a mixture of
43 (131 mg, 0.539 mmol) and 2,6-lutidine (0.314 mL, 2.70 mmol) in CH2Cl2
(5 mL) at �50 �C. After 15 min, TBSOTf (0.210 mL, 0.916 mmol) was
added and the mixture was stirred for 5 min at 0 �C. Saturated NH4Cl was
added, and the mixture was extracted with Et2O. The extract was washed
with saturated NH4Cl, water, and brine prior to drying and solvent
evaporation. The residue was purified by chromatography (hexane/EtOAc


20:1) to give 44 (243 mg, 92%) as a colorless oil. The triflate was unstable
and was therefore used immediately in the next step.


(3RS,5S)-3-[(EZ,2R)-2-(tert-Butyldimethylsilyloxy)-6-iodo-5-hexenyl]-5-
methyl-3-(phenylsulfenyl)tetrahydrofuran-2-one (45) and (5R)-5-(tert-Bu-
tyldimethylsilyloxy)-1-iodo-6-phenylsulfenyl-1-hexene (46): KHMDS
(0.5� in toluene, 6.42 mL, 3.21 mmol) was added to a stirred solution of
9 (669 mg, 3.21 mmol) in THF (3 mL) at 0 �C. After 5 min, a solution of 44
(1.57 g, 3.21 mmol) in THF (3 mL) was added to the mixture at 0 �C. After
stirring at RT for 2 h, saturated NH4Cl was added, and the mixture was
extracted with EtOAc. The organic phase was washed with saturated
NH4Cl, water, and brine prior to drying and solvent evaporation. The
residue was purified by chromatography (hexane/EtOAc 20:1) to give 45
(1.38 g, 79%) as a colorless oil along with 46.


Compound 45 : [�]24D ��49.9 (c� 0.85, CHCl3); 1H NMR (500 MHz,
CDCl3) (major): �� 0.12 (s, 3H), 0.17 (s, 3H), 0.87 (s, 9H), 1.25 (d, 3H,
J� 6.1 Hz), 1.48 ± 1.65 (m, 2H), 1.86 (dd, 1H, J� 14.0, 6.7 Hz), 1.90 (dd,
2H, J� 7.6, 3.1 Hz), 1.95 (td, 2H, J� 7.3, 4.9 Hz), 3.00 (dd, 1H, J� 14.0,
7.3 Hz), 4.27 ± 4.31 (m, 1H), 4.53 (qd, 1H, J� 14.0, 6.1 Hz), 5.98 (d, 1H, J�
14.6 Hz), 6.44 (td, 1H, J� 14.6, 7.3 Hz), 7.34 ± 7.44 (m, 3H), 7.53 ± 7.58 (m,
2H); 13C NMR (75 MHz, CDCl3) (major): ���4.0 (2C), 17.9, 21.3, 25.9
(3C), 30.8, 36.7, 39.5, 41.0, 54.9, 68.3, 73.2, 75.1, 129.0 (2C), 129.7, 130.0,
136.6 (2C), 145.4, 177.2; IR (KBr): �� � 1767 cm�1; MS (FAB): m/z : 547
[M�H]� ; HRMS (FAB): m/z : calcd for C23H36IO3SSi: 547.1199; found:
547.1170 [M�H]� .


Compound 46 : [�]22D ��38.0 (c� 0.53, CHCl3); 1H NMR (300 MHz,
CDCl3) (major): �� 0.00 (s, 3H), 0.03 (s, 3H), 0.87 (s, 9H), 1.58 ± 1.71
(m, 1H), 1.75 ± 1.88 (m, 1H), 2.01 ± 2.21 (m, 2H), 2.91 (dd, J� 13.1, 7.3 Hz,
1H), 3.03 (dd, J� 13.4, 5.0 Hz, 1H), 3.76 ± 3.88 (m, 1H), 5.98 (d, J�
14.0 Hz, 1H), 6.50 (td, J� 14.3, 7.0 Hz, 1H), 7.14 ± 7.22 (m, 1H), 7.28 ± 7.37
(m, 4H); 13C NMR (75 MHz, CDCl3) (major): ���4.7, �4.4, 18.0, 25.8
(3C), 31.5, 34.5, 40.7, 70.5, 74.8, 126.2, 128.9 (2C), 129.6 (2C), 136.5, 146.0;
IR (KBr): �� � 1585, 1080 cm�1; MS (FAB): m/z : 455 [M�Li]� ; HRMS
(FAB):m/z : calcd for C18H29INaOSSi: 471.0651; found: 471.0633 [M�Na]� .


(5S)-3-[(EZ,2R)-2-(tert-Butyldimethylsilyloxy)-6-iodo-5-hexenyl]-5-meth-
yl-2,5-dihydrofuran-2-one (47): A solution of mCPBA (10.5 mg,
0.061 mmol) in CH2Cl2 (0.6 mL) was added to a stirred solution of 45
(27.7 mg, 0.051 mmol) in CH2Cl2 (0.6 mL) at 0 �C. After 20 min, the mixture
was partitioned between Et2O and saturated NaHCO3. The organic layer
was separated, and washed with saturated NaHCO3 and brine prior to
drying and solvent evaporation. The residue was dissolved in toluene
(2 mL), and the mixture was stirred at 130 �C for 20 min. The solvent was
concentrated under reduced pressure. The residue was purified by
chromatography (hexane/EtOAc 20:1) to give 47 (9:1 E/Z mixture,
18.8 mg, 85% in two steps) as a colorless oil. [�]25D ��15.1 (c� 1.33,
CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.04 (s, 27³10H), 0.05 (s, 3³10H), 0.06
(s, 27³10H), 0.09 (s, 3³10H), 0.88 (s, 8H), 0.89 (s, 1H), 1.42 (d, J� 6.7 Hz, 3H),
1.53 (td, J� 7.9, 6.1 Hz, 2H), 2.05 ± 2.28 (m, 2H), 2.40 (dd, J� 14.6, 5.5 Hz,
9³10H), 2.41 (dd, J� 14.6, 5.5 Hz, 1³10H), 2.46 (dd, 9³10H, J� 14.6, 5.5 Hz), 2.50
(dd, J� 14.6, 6.1 Hz, 1³10H), 3.97 (qn, J� 5.8 Hz, 9³10H), 4.02 (qn, J� 5.8 Hz,
1³10H), 5.02 (qd, J� 6.7, 1.2 Hz, 1H), 6.02 (td, 9³10H, J� 14.0, 1.5 Hz), 6.16 ±
6.21 (m, 2³5H), 6.49 (td, J� 14.0, 7.3 Hz, 9³10H), 7.12 (d, J� 1.2 Hz, 9³10H), 7.15
(d, J� 1.2 Hz, 1³10H); 13C NMR (75 MHz, CDCl3) (major): ���4.6, �4.5,
17.9, 18.9, 25.8 (3C), 31.7, 32.6, 35.2, 69.2, 74.9, 77.5, 130.3, 145.8, 151.8,
173.8; (minor): ���4.6, �4.5, 17.9, 18.9, 25.8 (3C), 30.5, 32.6, 34.7, 69.4,
77.5, 82.8, 130.4, 140.6, 151.8, 173.8; IR (KBr): �� � 1755 cm�1; MS (EI): m/z
(%): 436 (2.3) [M]� , 379 (100); HRMS (EI): m/z : calcd for C17H29IO3Si:
436.0931; found: 436.0928 [M]� .


(5S)-3-[(E,2R,7RS,13R)-2,13-Bis(tert-butyldimethylsilyloxy)-13-
[(2R,5R)-5-[(1S)-1-(tert-butyldimethylsilyloxy)tridesyl]tetrahydrofuran-2-
yl]-7-hydroxytridec-5-enyl]-5-methyl-2,5-dihydrofuran-2-one (48): CrCl2
(291 mg, 2.37 mmol) and NiCl2 (1.5 mg, 0.012 mmol) were added to a
stirred mixture of 22 (149 mg, 0.237 mmol) and 47 (207 mg, 0.447 mmol) in
DMF/Me2S (2:1, 4 mL) at RT. After 20 h, EtOAc and saturated NH4Cl
were added and the mixture was stirred for 10 min. The mixture was
extracted with EtOAc, and the organic phase was washed with water and
brine prior to drying and solvent evaporation. The residue was purified by
chromatography (hexane/EtOAc 5:1) to give 48 (1:1 diastereomeric
mixture, 158 mg, 71%) and 22 (27.6 mg, 19%) each as a colorless oil.
[�]19D ��16.9 (c� 0.93, CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.02 (s,
3H), 0.03 (s, 3H), 0.035 (s, 3H), 0.039 (s, 3H), 0.05 (s, 3H), 0.06 (s, 3H), 0.88
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(br s, 30H), 1.25 ± 1.31 (m, 32H), 1.41 (d, J� 6.7 Hz, 3H), 1.49 ± 1.58 (m,
2H), 1.62 (td, J� 11.6, 8.5 Hz, 1H), 1.77 ± 1.84 (m, 2H), 1.86 (td, J� 6.7,
4.3 Hz, 1H), 2.02 ± 2.17 (m, 2H), 2.43 ± 2.45 (m, 2H), 3.50 ± 3.53 (m, 1H),
3.70 (td, J� 6.1, 4.3 Hz, 1H), 3.81 (td, J� 7.3, 4.3 Hz, 1H), 3.87 (td, J� 8.5,
6.1 Hz, 1H), 3.98 (tdd, J� 11.6, 8.5, 3.1 Hz, 1H), 4.02 (q, J� 6.7 Hz, 1H),
5.01 (qd, J� 6.7, 1.2 Hz, 1H), 5.47 (dd, J� 15.3, 7.0 Hz, 1H), 5.60 (td, J�
15.9, 6.7 Hz, 1H), 7.12 (d, J� 1.2 Hz, 1³2H), 7.13 (d, J� 1.2 Hz, 1³2H);
13C NMR (75 MHz, CDCl3): ���4.6,�4.5,�4.4 (2C),�4.24,�4.19, 14.1,
18.0, 18.17, 18.24, 18.9 (0.5C), 19.0 (0.5C), 22.7, 25.2, 25.5, 25.6, 25.7, 25.8
(3C), 25.97 (3C), 25.99 (3C), 26.7, 27.7, 27.9, 29.3, 29.59, 29.64 (2C), 29.7
(2C), 29.9, 31.9, 32.6 (0.5C), 32.7 (0.5C), 32.9, 34.7, 36.2, 37.3, 69.5 (0.5C),
69.6 (0.5C), 73.0 (0.5C), 73.0 (0.5C), 73.7, 75.1, 77.5, 81.9, 82.0, 130.6 (0.5C),
130.7 (0.5C), 131.1 (0.5C), 131.2 (0.5C), 133.5 (0.5C), 133.6 (0.5C), 151.7,
174.0; IR (KBr): �� � 3502, 1759 cm�1; MS (FAB): m/z : 960 [M�Na]� ;
HRMS (FAB): m/z : calcd for C53H104NaO7Si3: 959.6987; found: 959.6962
[M�Na]� .


(5S)-3-[(E,2R,13R)-2,13-Bis(tert-butyldimethylsilyloxy)-13-[(2R,5R)-5-
[(1S)-1-(tert-butyldimethylsilyloxy)tridesyl]tetrahydrofuran-2-yl]-7-oxo-
tridec-5-enyl]-5-methyl-2,5-dihydrofuran-2-one (49): SO3 ¥ pyridine com-
plex (58.6 mg, 0.368 mmol) was added to a mixture of 48 (86.3 mg,
0.092 mmol), DMSO (52.2 �L, 0.736 mmol), and Et3N (0.154 mL,
1.10 mmol) in CH2Cl2 (0.3 mL) at 0 �C. After stirring at RT for 4 h, water
was added to the reaction mixture. The mixture was extracted with EtOAc,
and the organic phase was washed with water and brine prior to drying and
solvent evaporation. The residue was purified by chromatography (hexane/
EtOAc 5:1) to give 49 (61.7 mg, 72%) as a colorless oil. [�]25D ��13.8 (c�
0.26, CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.01 (s, 3H), 0.02 (s, 3H),
0.038 (s, 3H), 0.044 (s, 3H), 0.05 (s, 3H), 0.07 (s, 3H), 0.86 ± 0.89 (m, 30H),
1.25 ± 1.31 (m, 30H), 1.43 (d, J� 7.3 Hz, 3H), 1.57 ± 1.63 (m, 3H), 1.78 ± 1.87
(m, 3H), 2.22 ± 2.36 (m, 2H), 2.44 (d, 1H, J� 6.1 Hz), 2.48 (d, 1H, J�
6.1 Hz), 2.52 (t, J� 7.3 Hz, 2H), 3.50 ± 3.54 (m, 1H), 3.71 (td, J� 6.1, 4.3 Hz,
1H), 3.81 (td, J� 7.3, 4.3 Hz, 1H), 3.87 (td, J� 7.9, 5.5 Hz, 1H), 4.02 (qn,
J� 5.5 Hz, 1H), 5.02 (qd, J� 6.7, 1.2 Hz, 1H), 6.09 (d, J� 15.9 Hz, 1H),
6.80 (td, J� 15.9, 6.7 Hz, 1H), 7.13 (d, J� 1.2 Hz, 1H); 13C NMR (75 MHz,
CDCl3): ���4.63, �4.57, �4.53, �4.47, �4.3, �4.2, 14.1, 17.9, 18.1, 18.2,
18.9, 22.6, 24.1, 25.1, 25.5, 25.8, 25.9 (4C), 26.0 (5C), 26.6, 27.6, 28.0, 29.3,
29.55 (2C), 29.59, 29.60, 29.63, 29.9, 31.9, 32.67, 32.71, 34.7, 35.0, 40.1, 69.4,
73.7, 75.0, 77.5, 81.8, 82.0, 130.3, 130.4, 146.3, 151.8, 173.8, 200.6; IR (KBr):
�� � 1759, 1697 cm�1; MS (FAB): m/z : 958 [M�Na]� ; HRMS (FAB): m/z :
calcd for C53H102NaO7Si3: 957.6831; found: 957.6827 [M�Na]� .


(5S)-3-[(2R,13R)-2,13-Bis(tert-butyldimethylsilyloxy)-13-[(2R,5R)-5-
[(1S)-1-(tert-butyldimethylsilyloxy)tridesyl]tetrahydrofuran-2-yl]-7-oxo-
tridecyl]-5-methyl-2,5-dihydrofuran-2-one (50): [(Ph3P)3RhCl] (28.4 mg,
0.031 mmol) was added to a solution of 49 (57.2 mg, 0.061 mmol) in
benzene (0.6 mL). The mixture was stirred under H2 at RT for 27 h. The
solution was purified by chromatography (hexane/EtOAc 5:1) to give 50
(44.5 mg, 78%) as a colorless oil. [�]26D ��11.9 (c� 0.55, CHCl3); 1H NMR
(500 MHz, CDCl3): �� 0.02 (s, 3H), 0.038 (s, 3H), 0.044 (s, 6H), 0.05 (s,
3H), 0.06 (s, 3H), 0.88 (br s, 30H), 1.26 ± 1.40 (m, 32H), 1.42 (d, J� 6.7 Hz,
3H), 1.53 ± 1.68 (m, 5H), 1.78 ± 1.81 (m, 1H), 1.83 (td, J� 6.7, 4.3 Hz, 1H),
1.87 (td, J� 6.1, 4.3 Hz, 1H), 2.376 (t, J� 7.3 Hz, 2H), 2.382 (t, J� 7.3 Hz,
2H), 2.41 (dd, J� 2.4, 1.2 Hz, 1H), 2.42 (dd, J� 3.1, 1.2 Hz, 1H), 3.50 ± 3.55
(m, 1H), 3.71 (td, J� 6.1, 4.0 Hz, 1H), 3.81 (td, J� 7.3, 4.3 Hz, 1H), 3.87 (td,
J� 8.5, 6.1 Hz, 1H), 3.95 (qn, J� 5.5 Hz, 1H), 5.01 (qd, J� 6.7, 1.2 Hz, 1H),
7.12 (d, J� 1.2 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): ���4.6 (2C), �4.5
(2C), �4.3, �4.2, 14.1, 18.0, 18.1, 18.2, 18.9, 22.6, 23.8, 23.9, 24.7, 25.1, 25.4,
25.8 (4C), 25.9 (5C), 26.6, 27.7, 29.3, 29.56 (3C), 29.60 (3C), 29.9, 31.9, 32.6,
32.7, 34.7, 36.7, 42.6, 42.8, 69.9, 73.7, 75.0, 77.5, 81.8, 82.0, 130.7, 151.5, 173.9,
211.1; IR (KBr): �� � 1759, 1716 cm�1; MS (FAB): m/z : 960 [M�Na]� ;
HRMS (FAB): m/z : calcd for C53H104NaO7Si3: 959.6988; found: 959.6993
[M�Na]� .


(5S)-3-[(2R,13R)-2,13-Dihydroxy-13-[(2R,5R)-5-[(1S)-1-hydroxytridesyl]-
tetrahydrofuran-2-yl]-7-oxotridecyl]-5-methyl-2,5-dihydrofuran-2-one
(1a): Four drops of 48% aqueous HF was added to a stirred solution of 50
(84.9 mg, 0.091 mmol) in MeCN/THF (1.5:1, 1.5 mL) at RT. After stirring
at RT for 2.5 h, the reaction mixture was partitioned between CH2Cl2 and
brine. The organic layer was separated and the aqueous layer was extracted
with CH2Cl2. The combined organic layers were washed with brine prior to
drying and solvent evaporation. The residue was purified by chromatog-
raphy (EtOAc) to give 1a (39.0 mg, 72%) as a white waxy solid. [�]25D �
�18.7 (c� 0.50, CH2Cl2); 1H NMR (500 MHz, CDCl3): �� 0.88 (t, J�


6.7 Hz, 3H), 1.26 (br s, 30H), 1.35 ± 1.41 (m, 4H), 1.44 (d, J� 6.7 Hz, 3H),
1.46 ± 1.51 (m, 2H), 1.56 ± 1.65 (m, 1H), 1.82 ± 1.94 (m, 2H), 1.97 ± 2.02 (m,
1H), 2.38 ± 2.43 (m, 1H), 2.40 (t, J� 7.3 Hz, 2H), 2.42 (t, J� 7.3 Hz, 2H),
2.52 (ddd, J� 15.3, 3.1, 1.8 Hz, 1H), 3.36 ± 3.40 (m, 1H), 3.79 ± 3.84 (m, 2H),
3.85 ± 3.89 (m, 2H), 5.06 (qd, J� 6.7, 1.2 Hz, 1H), 7.19 (d, J� 1.2 Hz, 1H);
13C NMR (75 MHz, CDCl3): �� 14.1, 19.1, 22.7, 23.4, 23.6, 25.1, 25.2, 25.3,
26.0, 28.6, 29.2, 29.3, 29.5, 29.59, 29.63 (2C), 29.7 (2C), 31.9, 32.5, 32.9, 33.4,
37.0, 42.5, 42.7, 69.6, 71.5, 74.2, 78.0, 82.1, 83.2, 131.0, 152.0, 174.7, 211.4; IR
(KBr): �� � 3444, 1767, 1755, 1743, 1703 cm�1; MS (EI): m/z (%): 325, 307,
289, 225, 207; MS (FAB): m/z : 595 [M�H]� 595; HRMS (FAB): m/z : calcd
for C35H63O7: 595.4574; found: 595.4556 [M�H]� .


(5S)-3-[(E,2R,7RS,13S)-2,13-Bis(tert-butyldimethylsilyloxy)-13-[(2S,5S)-
5-[(1R)-1-(tert-butyldimethylsilyloxy)tridesyl]tetrahydrofuran-2-yl]-7-hy-
droxytridec-5-enyl]-5-methyl-2,5-dihydrofuran-2-one (51): The procedure
was the same as that used for preparation of 48. [�]28D ��0.16 (c� 1.01,
CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.01 (s, 3H), 0.02 (s, 3H), 0.025
(s, 3H), 0.030 (s, 3H), 0.04 (s, 3H), 0.05 (s, 3H), 0.86 (br s, 30H), 1.23 ± 1.30
(m, 32H), 1.40 (d, 3H, J� 6.7 Hz), 1.49 ± 1.56 (m, 2H), 1.61 (td, J� 11.0,
8.9 Hz, 1H), 1.76 ± 1.87 (m, 3H), 2.01 ± 2.16 (m, 2H), 2.42 ± 2.44 (m, 2H),
3.49 ± 3.51 (m, 1H), 3.68 ± 3.71 (m, 1H), 3.80 (td, J� 7.0, 4.3 Hz, 1H), 3.86
(td, J� 7.9, 6.1 Hz, 1H), 3.94 ± 3.99 (m, 1H), 4.02 (td, 1H, J� 6.7, 3.1 Hz),
5.00 (qd, J� 6.7, 1.2 Hz, 1H), 5.46 (dd, J� 15.3, 7.0 Hz, 1H), 5.59 (td, J�
14.6, 6.7 Hz, 1H), 7.11 (d, J� 1.2 Hz, 1³2H), 7.12 (d, J� 1.2 Hz, 1³2H);
13C NMR (75 MHz, CDCl3): ���4.6,�4.53 (2C),�4.47,�4.3,�4.2, 14.1,
18.0, 18.1, 18.2, 18.89 (0.5C), 18.92 (0.5C), 22.6, 25.1, 25.47, 25.48, 25.6, 25.8
(3C), 25.9 (3C), 26.0 (3C), 26.6, 27.7, 27.9, 29.3, 29.56 (2C), 29.61 (2C),
29.64, 29.9, 31.9, 32.6 (0.5C), 32.7 (0.5C), 32.8, 34.7, 36.2, 37.2, 69.4 (0.5C),
69.6 (0.5C), 72.9 (0.5C), 73.0 (0.5C), 73.7, 75.1, 77.5, 81.9, 82.0, 130.5 (0.5C),
130.6 (0.5C), 131.0 (0.5C), 131.1 (0.5C), 133.5 (0.5C), 133.6 (0.5C), 151.7,
174.0; IR (KBr): �� � 3437, 1759 cm�1; MS (FAB): m/z : 960 [M�Na]� ;
HRMS (FAB): m/z : calcd for C53H104NaO7Si3: 959.6987; found: 959.6963
[M�Na]� .


(5S)-3-[(E,2R,13S)-2,13-Bis(tert-butyldimethylsilyloxy)-13-[(2S,5S)-5-
[(1R)-1-(tert-butyldimethylsilyloxy)tridesyl]tetrahydrofuran-2-yl]-7-oxo-
tridec-5-enyl]-5-methyl-2,5-dihydrofuran-2-one (52): The procedure was
the same as that used for preparation of 49. [�]27D ��1.6 (c� 0.58, CHCl3);
1H NMR (500 MHz, CDCl3): �� 0.02 (s, 3H), 0.025 (s, 6H), 0.031 (s, 3H),
0.05 (s, 6H), 0.86 (br s, 30H), 1.24 ± 1.31 (m, 30H), 1.40 (d, J� 6.7 Hz, 3H),
1.55 ± 1.63 (m, 3H), 1.76 ± 1.87 (m, 3H), 2.19 ± 2.34 (m, 2H), 2.41 (dd, J�
14.0, 5.5 Hz, 1H), 2.46 (d, 1H, J� 5.5 Hz), 2.50 (t, 2H, J� 7.3 Hz), 3.49 ±
3.52 (m, 1H), 3.69 (td, J� 6.1, 4.3 Hz, 1H), 3.79 (td, J� 7.3, 4.3 Hz, 1H),
3.85 (td, J� 7.9, 6.1 Hz, 1H), 4.00 (qn, J� 5.5 Hz, 1H), 5.00 (qd, J� 6.7,
1.2 Hz, 1H), 6.07 (d, J� 15.9 Hz, 1H), 6.78 (td, J� 15.3, 6.7 Hz, 1H), 7.12
(d, J� 1.2 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): ���4.5, �4.40, �4.37,
�4.3, �4.12, �4.06, 14.2, 18.1, 18.2, 18.3, 19.0, 22.7, 24.2, 25.2, 25.6, 25.8
(3C), 26.0 (3C), 26.1 (3C), 26.7, 27.7, 28.1, 29.4, 29.6 (2C), 29.68 (2C), 29.72
(2C), 29.9, 32.0, 32.79, 32.81, 34.8, 35.1, 40.2, 69.4, 73.7, 75.0, 77.5, 81.8, 82.0,
130.2, 130.3, 146.2, 151.6, 173.6, 200.4; IR (KBr): �� � 1759, 1697 cm�1; MS
(FAB): m/z : 958 [M�Na]� ; HRMS (FAB): m/z : calcd for C53H102NaO7Si3:
957.6831; found: 957.6830 [M�Na]� .


(5S)-3-[(2R,13S)-2,13-Bis(tert-butyldimethylsilyloxy)-13-[(2S,5S)-5-[(1R)-
1-(tert-butyl-dimethylsilyloxy)tridesyl]tetrahydrofuran-2-yl]-7-oxotridec-
yl]-5-methyl-2,5-dihydrofuran-2-one (53): The procedure was the same as
that used for preparation of 50. [�]25D ��1.9 (c� 0.57, CHCl3); 1H NMR
(500 MHz, CDCl3): �� 0.01 (s, 3H), 0.026 (s, 6H), 0.032 (s, 6H), 0.05 (s,
3H), 0.87 (br s, 30H), 1.24 ± 1.47 (m, 32H), 1.40 (d, J� 6.7 Hz, 3H), 1.51 ±
1.63 (m, 5H), 1.77 ± 1.87 (m, 3H), 2.365 (t, J� 7.3 Hz, 2H), 2.371 (t, J�
7.3 Hz, 2H), 2.40 ± 2.41 (m, 2H), 3.49 ± 3.53 (m, 1H), 3.68 ± 3.71 (m, 1H),
3.80 (td, J� 7.0, 4.3 Hz, 1H), 3.85 (td, J� 8.5, 6.1 Hz, 1H), 3.94 (qn, J�
5.5 Hz, 1H), 5.00 (qd, J� 6.7, 1.2 Hz, 1H), 7.11 (d, 1H, J� 1.2 Hz);
13C NMR (75 MHz, CDCl3): ���4.6, �4.5 (3C), �4.3, �4.2, 14.1, 18.0,
18.1, 18.2, 18.9, 22.7, 23.8, 23.9, 24.7, 25.1, 25.5, 25.8 (3C), 25.9 (3C), 26.0
(3C), 26.6, 27.6, 29.3, 29.5, 29.56 (2C), 29.62 (2C), 29.6, 29.9, 31.9, 32.6, 32.7,
34.7, 36.7, 42.7, 42.8, 69.9, 73.7, 75.0, 77.5, 81.8, 82.0, 130.7, 151.6, 174.0, 211.2;
IR (KBr): �� � 1759, 1714 cm�1; MS (FAB): m/z : 960 [M�Na]� ; HRMS
(FAB): m/z : calcd for C53H104NaO7Si3: 959.6988; found: 959.6981
[M�Na]� .


(5S)-3-[(2R,13S)-2,13-Dihydroxy-13-[(2S,5S)-5-[(1R)-1-hydroxytridesyl]-
tetrahydrofuran-2-yl]-7-oxotridecyl]-5-methyl-2,5-dihydrofuran-2-one
(1b): The procedure was the same as that used for preparation of 1a.
[�]26D ��2.2 (c� 0.39, CH2Cl2); 1H NMR (500 MHz, CDCl3): �� 0.86 (t,
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J� 7.0 Hz, 3H), 1.23 (br s, 30H), 1.33 ± 1.38 (m, 4H), 1.41 (d, J� 6.7 Hz,
3H), 1.45 ± 1.49 (m, 2H), 1.51 ± 1.64 (m, 1H), 1.79 ± 1.92 (m, 2H), 1.94 ± 2.00
(m, 1H), 2.29 (br, 1H), 2.38 (t, J� 7.3 Hz, 2H), 2.39 (t, J� 7.3 Hz, 2H),
2.36 ± 2.41 (m, 1H), 2.47 ± 2.51 (m, 1H), 2.56 (br, 1H), 2.72 (br, 1H), 3.34 ±
3.38 (m, 1H), 3.76 ± 3.83 (m, 2H), 3.84 ± 3.87 (m, 2H), 5.04 (qd, J� 6.7,
1.2 Hz, 1H), 7.18 (d, J� 1.2 Hz, 1H); 13C NMR (75 MHz, CDCl3): �� 14.1,
19.0, 22.6, 23.4, 23.6, 25.1, 25.16, 25.23, 26.0, 28.5, 29.1, 29.3, 29.5, 29.55,
29.59 (2C), 29.61, 29.64, 31.9, 32.5, 32.9, 33.3, 37.0, 42.5, 42.6, 69.5, 71.5, 74.2,
78.0, 82.2, 83.2, 131.0, 152.0, 174.6, 211.4; IR (KBr): �� � 3439, 1740, 1720,
1716, 1705 cm�1; MS (EI):m/z : 325, 307, 289, 225, 207; MS (FAB):m/z : 595
[M�H]� ; HRMS (FAB): m/z : calcd for C35H63O7: 595.4574; found:
595.4561 [M�H]� .


Biological assay : The two human pancreatic cancer cell lines, PaCa-2 and
PSN-1, were purchased from the Japanese Cancer Research Resources
Bank (Tokyo, Japan). The KMP-5 cell line was a gift from Prof. M.
Imamura (Kyoto University, Kyoto, Japan).[29] They were maintained in
Dulbecco×s Modified Eagle Medium supplemented with 10% fetal bovine
serum, 100 unitsmL�1 penicillin and 100 �gmL�1 streptomycin at 37 �C in a
humidified incubator with 5% CO2 in air.


Growth inhibitory assays : Cells with a density of 3� 103 per well were
added in triplicate to a 96-well microplate. After 24 h, the medium was
replaced by fresh medium (0.1 mL) containing various concentrations of
mosin B (1a), its diastereomer 1b, or adriamycin. The concentrations of 1a
and 1b tested were 0.0002 ± 0.05 �gmL�1; those of adrimycin were 0.001 ±
1 �gmL�1. Tumor cells suspended in complete medium were used as a
control for cell viability. The medium was changed every 72 h, and 3 or 6 d
after the addition of drugs, the numbers of viable cells were assessed by
MTT (Sigma Co, St.Louis, MO) assay. Briefly, 10 �L (50 �g) of MTT was
added to each well. The plate was incubated for 4 h at 37 �C. Unreacted
MTT was then removed, leaving the resultant formazan crystals at the
bottom of the well. Then, 2-propanol (0.1 mL) was added to each well to
dissolve the crystals. The absorbance of the plate was measured in a
microplate reader at a wavelength of 570 nm. These assays were repeated
four times, and similar results were obtained.


The inhibitory activities (ED50, �gmL�1) of mosin B, its diastereomer, and
adriamycin against used cell growth were evaluated by using the growth-
inhibitory curves and the results represent the averages from four
independent experiments.
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The Delocalization Index as an Electronic Aromaticity Criterion: Application
to a Series of Planar Polycyclic Aromatic Hydrocarbons


Jordi Poater, Xavier Fradera, Miquel Duran, and Miquel Sola¡*[a]


Abstract: This work introduces a new
local aromaticity measure, defined as
the mean of Bader×s electron delocali-
zation index (DI) of para-related carbon
atoms in six-membered rings. This new
electronic criterion of aromaticity is
based on the fact that aromaticity is
related to the cyclic delocalized distri-
bution of �-electrons. We have found
that this DI and the harmonic oscillator


model of aromaticity (HOMA) index
are strongly correlated for a series of six-
membered rings in eleven planar poly-


cyclic aromatic hydrocarbons. The cor-
relation between the DI and the nu-
cleus-independent chemical shift
(NICS) values is less remarkable, al-
though in general six-membered rings
with larger DI values also have more
negative NICS indices. We have shown
that this index can also be applied, with
some modifications, to study of the
aromaticity in five-membered rings.


Keywords: aromaticity ¥ atoms in
molecules theory (AIM) ¥ para-de-
localization index (PDI) ¥ planar
polycyclic aromatic hydrocarbons
(PAH) ¥


Introduction


Aromaticity is a concept of central importance in physical
organic chemistry.[1±6] It has been very useful in the ration-
alization of the structure, stability, and reactivity of many
molecules. Even though this concept was introduced 137 years
ago,[7] it has no precise and generally well established
definition yet. Aromaticity is not an observable quantity
and so, not being directly measurable, it must be defined by
convention. According to Schleyer and Jiao,[4] aromatic
systems are conjugated cyclic �-electron compounds that
exhibit cyclic electron delocalization leading to bond length
equalization, abnormal chemical shifts and magnetic aniso-
tropies, and energetic stabilization.


Because of the importance of aromaticity in chemistry,
there have been many attempts to rationalize and quantify
this property, and to derive a universal quantitative measure
of it. However, because of its multiple manifestations, there is
not yet any generally accepted single quantitative definition
of aromaticity. The evaluation of aromaticity is usually based
on the classical aromaticity criteria: structural, magnetic,
energetic, and reactivity-based measures.[5, 8]


The structure-based measures of aromaticity rely on the
idea that important manifestations of aromaticity are equal-
ization of bond lengths and symmetry.[9] Among the most
common structure-based indices of aromaticity, one of the
most effective[9] is the harmonic oscillator model of aroma-


ticity (HOMA) index, defined by Kruszewski and Krygowski
according to Equation (1) .[10, 11]


HOMA� 1��


n


�n


i�1


(Ropt�Ri)2 (1)


Here n is the number of bonds considered, and � is an
empirical constant fixed to give HOMA� 0 for a model
nonaromatic system and HOMA� 1 for a system with all
bonds equal to an optimal value Ropt, assumed to be achieved
for fully aromatic systems. Ri stands for a running bond length.


Magnetic indices of aromaticity are based on the �-electron
ring current induced when the system is exposed to external
magnetic fields. Historically, characteristic proton NMR
chemical shifts and the exaltation of magnetic susceptibility
(�) have been important magnetic criteria for quantification
of aromaticity.[8, 9, 12] The exaltation is defined as the differ-
ence between the true diamagnetic susceptibility �M and the
one calculated by an additive scheme by use of atom and bond
increments �M�, according to Equation (2).


�� �M � �M� (2)


The exaltations are negative (diamagnetic) for aromatic
compounds and positive (paramagnetic) for antiaromatic
compounds. Ring-current intensities have also been used as a
criterion for aromaticity.[13, 14] More recently, a new and widely
used aromatic index, the nucleus-independent chemical shift
(NICS), has been proposed by Schleyer and co-workers.[4, 15] It
is defined as the negative value of the absolute shielding
computed at a ring center or at some other interesting point of
the system. Rings with large negative NICS values seem to be
indicative of aromatic character. The more negative the NICS
values, the more aromatic are the rings.


[a] Dr. M. Sola¡ , J. Poater, Dr. X. Fradera, Prof. Dr. M. Duran
Institut de QuÌmica Computacional and Departament de QuÌmica
Universitat de Girona
17071 Girona, Catalonia (Spain)
Fax: (�34) 972-41-8356


FULL PAPER


¹ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/03/0902-0400 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 2400







400 ± 406


Chem. Eur. J. 2003, 9, No. 2 ¹ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/03/0902-0401 $ 20.00+.50/0 401


Finally, energetic-based indices of aromaticity make use of
the fact that conjugated cyclic �-electron compounds are
more stable than their chain analogues,[3, 16] while reactivity-
based indices exploit the fact that aromatic compounds prefer
substitution to addition reactions to retain their �-electron
structures.[17] The most commonly used measure among
energy-based indices is the aromatic stabilization energy
(ASE), calculated as the energetic effect of an imaginary
homodesmotic reaction.[18±20]


Less common is the use of electronically based measures of
aromaticity. Among these, we can mention the HOMO ±
LUMO gap, the absolute and relative hardness, the electro-
static potential, and the polarizability.[12] In addition, the
degree of �-delocalization in an aromatic compound is
generally considered to provide a measure of its aromaticity.
Indeed, several measures of delocalization derived from
natural bond orbital analysis of the first-order density have
been used to quantify aromaticity in five-membered hetero-
aromatic compounds.[21, 22] Also noticeable is the work carried
out by Moyano and Paniagua,[23, 24] who used local resonance
energies obtained from H¸ckel localized molecular �-orbitals
to evaluate local aromaticities. In the framework of Bader×s
Atoms in Molecules (AIM) theory,[25±27] an aromaticity index
that takes account of the topological properties of the electron
density at ring-critical points of six-membered rings has been
also proposed.[28]


Herein we introduce a new electronically based aromaticity
index, the delocalization index (DI), �(A,B),[29±33] derived
from the AIM theory. The term �(A,B) is obtained by double
integration of the exchange-correlation density over the
atomic basins, as defined in the AIM theory, of atoms A
and B, according to Equation (3).


�(A,B)��
�
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�


B


�XC(�r1,�r2)d�r1d�r2 �
�
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��2
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�


B
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(3)


The term �(A,B) gives a quantitative idea of the number of
electrons delocalized or shared between atoms A and
B.[29, 31±33] Several reasons prompted us to analyze the validity


of the DI as a possible index of aromaticity: first, the basic
idea that �-electron delocalization is the central source of
aromaticity, second, the fact that this DI, derived from the
second-order density, provides an unambiguous way to
quantify delocalization, third, the results of a recent paper
by Chesnut and Bartolotti,[30] who have applied this index to a
series of substituted cyclopentadienyl species, proving that,
for a given compound, there is a good correlation between the
DI of the formally single C�C bond and the corresponding
ASE value, and finally, the finding by Bader and co-workers
that the delocalization of the density in benzene is greater
between para-related carbons–�(C,C�)p� 0.10 electrons–
than between meta-related atoms–�(C,C�)m� 0.07 elec-
trons[29, 34]–despite the distance between carbon atoms being
shorter in the latter. This result is an indication that, in a
valence bond model of benzene, Dewar structures connecting
para-related carbon atoms are more relevant than those
connecting meta-related carbon atoms.[34] Thus, we decided to
undertake a study of the validity of a new criterion for local
aromaticity, defined as the mean of all DIs of para-related
carbon atoms in a given six-membered ring (PDI). An
advantage of the PDI index is that, like the HOMA and
NICS indices, it provides a local criterion for each one of the
rings in a polycyclic system. A local index of aromaticity is
perhaps more useful than a global index for the whole
molecule when the aromaticity of large polycyclic aromatic
hydrocarbons (PAHs),[28] fullerenes,[17] or nanotubes[35] is
being studied.


We must note that, as indicated by Katritzky, Krygowski,
and co-workers,[8, 9, 36, 37] aromaticity is a multidimensional
property. These authors found that mutual relationships
between different aromaticity parameters depend strongly
on the selection of molecules in the sample. They therefore
recommend the use of more than one aromaticity parameter
for comparisons restricted to some regions or groups of
relatively similar compounds.[36] Accordingly, Krygowski and
co-workers pointed out that fully aromatic systems are those
cyclic �-electron species that follow all the main aromatic
criteria, while those that do not follow all of them should be
considered as partly aromatic.[9, 36] So far, the most widely
used indices of aromaticity are based on structural, magnetic,
and energetic measures. In this sense, it is very relevant to
introduce new aromaticity indices based on other manifes-
tations of aromaticity. The index introduced here is an
electronically based index that exploits the key idea of
electron delocalization so often found in textbook definitions
of aromaticity.


In this study, two different series of compounds have been
taken into consideration to test the delocalization index (DI)
as an aromaticity criterion. The first is a series of PAHs
containing six-membered rings, and the second a series of
substituted cyclopentadienyl compounds with five-membered
rings, widely used in previous aromaticity studies.[15, 30, 38, 39]


Computational Methods


All calculations were performed with the Gaussian 98[40] and AIMPAC[41]


packages of programs. For the series of planar PAHs,[15] DIs have been


Abstract in Catalan: En aquest treball introduÔm una nova
mesura local d×aromaticitat, definida com la mitjana dels
Ìndexos de deslocalitzacio¬ de Bader (DI) entre carbonis en
posicio¬ para en anells de sis membres. Aquest nou criteri
d×aromaticitat es basa en el fet que aquesta propietat esta¡
relacionada amb la deslocalitzacio¬ cÌclica dels electrons �.
Hem trobat que aquest DI i l�Ìndex del model de l�oscillador
harmo¡nic d×aromaticitat (HOMA) presenten una bona corre-
lacio¬ pels anells de sis membres per a una se¡rie d×onze
hidrocarburs policÌclics aroma¡tics plans. La correlacio¬ entre els
DI i els valors del desplaÁament quÌmic independent del nucli
(NICS) no e¬s tan bona, encara que, en general, els anells de sis
membres amb majors valors de DI tambe¬ presenten NICS me¬s
negatius. Hem demostrat que, amb algunes modificacions,
aquest Ìndex tambe¬ es pot aplicar a l×estudi de l×aromaticitat en
anells de cinc membres.
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obtained at the B3LYP/6-31G* optimized geometries, and for the series of
substituted cyclopentadienyl systems,[15, 30, 38, 39] at the MP2/6-31G* opti-
mized geometries. The GIAO method[42] has been used to perform HF/6-
31�G* calculations of NICS at ring centers determined by the non-
weighted mean of the heavy atom coordinates.[15] It is also possible to
calculate the NICS at 1 ä above the molecular plane–NICS(1)–which
should in principle better reflect the �-electron effects. However, previous
works[36, 43] have shown NICS(1) to be qualitatively very close to NICS,
which is more widely applied.


DIs have been calculated by the HF/6-31G* method. The DIs have not
been calculated at the DFT level of theory because it is not possible to
obtain correlated second-order densities for this methodology. In a recent
work, we have shown that Hartree ± Fock DIs are generally quite accurate
in comparison to correlated DIs.[44] Moreover, because of computational
limitations, it has not been possible to calculate the DIs at the configuration
interaction (CI) level of theory, although values for the benzene molecule
are included here for comparison (Table 1). In agreement with previous
results,[29, 31, 32] we have found that correlated DIs are always somewhat
smaller than the HF ones, although the qualitative trends are preserved
when going from HF to CI. In particular, both levels of theory yield a larger
value for �(C,C�)p than for �(C,C�)m.


Results and Discussion


Planar polycyclic aromatic hydrocarbons : The PDI electronic
measure of aromaticity is applied in this section to a series of
eleven planar PAHs, including benzene, used as the reference
compound. Schleyer and co-workers[15] have already calcu-
lated the NICSs and �s for part of this series, showing that
there is some correlation between these two aromaticity
measures (see Table 2). Nevertheless, NICS and � being a
local and a global measure of aromaticity, respectively, they
cannot be unambiguously compared when various rings are
present. This, together with the multidimensional character of
aromaticity,[36] makes it necessary to include other measures
of aromaticity. Apart from these two magnetic criteria (NICS
and �), we have therefore calculated the HOMA and the PDI
indices as geometric and electronic criteria of aromaticity,
respectively. Comparison between the NICS, HOMA, and
PDI indices should give an indication of the usefulness of the
PDI as a measure of aromaticity.


Scheme 1 shows the molecular structures of the eleven
planar PAHs together with the labels given to each ring. The
values of the NICS, �, HOMA, and PDI for each PAH are
collected in Table 2. As already mentioned, because NICS
and � are based on different properties, good correlation is
not completely achieved for this series. In general, however,
systems with more negative values of � also have more
negative values of NICS. Table 2 shows that in most cases
there is a good correspondence between the different indices,
compounds with more negative NICS values also having
larger HOMA and PDI measures. This can be clearly seen in


Figure 1 and Figure 2, which plot PDI versus HOMA and PDI
versus NICS, respectively. In particular, electronic PDI and
structural HOMA indices give almost the same order of
aromaticity for the different six-membered rings in the PAHs
analyzed, with a few exceptions. One of these is the six-
membered ring in benzocyclobutadiene, which is quite
aromatic according to the PDI index and only moderately
aromatic as indicated by the HOMA index. Note that benzene
(C1) is the most aromatic six-membered ring of the series
according to both HOMA and PDI indices.


There is also some correlation between PDI and NICS
values, with five exceptions. Two of these five uncorrelated
cases are the 6 B inner rings of C5 and C7, which have similar
structural environments. These rings show a quite large
negative value of NICS (� � 13.2), denoting substantial
aromaticity, while the PDI (�0.06) and HOMA (�0.6)
indices indicate that these rings have intermediate aromatic
character. Remarkably, all indices agree in attributing a
greater aromaticity to the inner rings of C5 and C7 than to
their outer rings. Other uncorrelated examples correspond to
compounds C8 and C9, with fused four- and six-membered
rings. In these systems, the NICS values suggest a rather small
aromatic character for the six-membered rings, while PDI and
HOMA indices indicate that these rings are quite aromatic,
especially the 6 A ring of C9. The last case to mention is the
6 A ring of C11, which has nonaromatic character according to
its NICS value of close to zero, while both PDI and HOMA
indices favor a partial aromatic character for this ring. It is
worth noting that Diogo and co-workers,[45] using thermo-
chemical, structural, and NMR data, have also not reached a
clear-cut answer regarding the aromatic or antiaromatic
character of C11.


Table 1. HF/3 ± 21G* and CISD/3 ± 21G*//HF/3 ± 21G* calculated deloc-
alization indices (DIs) for the benzene molecule.[a]


HF CI


�(C,C)ortho 1.398 1.162
�(C,C)meta 0.068 0.048
�(C,C)para 0.106 0.071
�(C,H) 0.963 0.836


[a] Units are electrons.


Table 2. HF/6 ± 31�G* calculated NICS (ppm) and magnetic susceptibil-
ity exaltations � (ppm cgs), together with HF/6 ± 31G* HOMA, PDI
delocalization indices (electrons) and the � contribution to PDI (elec-
trons). All of these parameters have been obtained at the B3LYP/6 ± 31G*
geometry.


Molecule Ring NICS �[a] HOMA[b] PDI PDI�


C1 6A � 9.7[a] � 13.4 0.981 0.101 0.093
C2 6A � 9.9[a] � 28.2 0.769 0.073 0.066
C3 6A � 10.2[a] � 47.9 0.854 0.082 0.074


6B � 6.5[a] 0.433 0.044 0.037
C4 6A � 9.3 � 57.6 0.889 0.086 0.079


6B � 2.2 0.047 0.025 0.019
C5 6A � 8.2[a] � 49.8 0.616 0.061 0.054


6B � 13.3[a] 0.692 0.067 0.060
C6 6A � 10.1 0.804 0.079 0.071


6B � 7.6 0.541 0.052 0.045
C7 6A � 6.8 0.456 0.055 0.048


6B � 13.1 0.602 0.062 0.055
C8 6A � 2.5[a] 9.0 0.664 0.083 0.074


4B 22.5[a] � 1.570
C9 6A � 5.1[a] � 7.9 0.835 0.089 0.081


4B 19.0[a] � 1.044
C10 6A � 8.6[a] � 32.5 0.834 0.070 0.062


5B 2.9[a] 0.142
C11 6A � 0.1[a] � 8.4 0.755 0.067 0.059


5B 12.8[a] � 0.164


[a] From ref. [15]. [b] Equation (1) with �� 257.7 and Ropt � 1.388 ä
according to ref. [9].
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In general, despite being based on different physical
manifestations of aromaticity, the NICS, HOMA, and PDI
parameters yield similar results, with some exceptions. Thus,
all methods classify the 6 A rings of C1, C2, C3, C4, C6, and
C10 as manifestly aromatic, while the 6 B rings of C3, C4, and
C6 and ring 6 A of C7 are classified as being only moderately


aromatic. When different aromaticity criteria provide the
same answer, then one can be quite sure about the aromaticity
of a given ring. However, in some cases (rings 6 A of C5, C8,
C9, and C11 or rings 6 B of C5 and C7), different indices
afford divergent answers. Since the different available meas-
ures of aromaticity are based on different manifestations of


A
A


B


A


B A B


BA


B


A B A B


A


B


A


B


A


A


C1, Benzene C2, Naphthalene C3, Phenanthrene


C4, Triphenylene C5, Anthracene


C6, Chrysene
C7, Naphthacene


C8, Benzocyclobutadiene
C9, Biphenylene


C10, Acenaphthylene
C11, Pyracyclene


Scheme 1. Labels for the molecules and rings listed in Table 2, corresponding to the planar polycyclic aromatic hydrocarbons studied.
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Figure 1. Plot of PDI versus HOMA for the series of planar polycyclic
aromatic hydrocarbons studied.


Figure 2. Plot of PDI versus NICS for the series of planar polycyclic
aromatic hydrocarbons studied.


this phenomenon, it is not surprising that distinct aromaticity
indices may yield different results.[36] Thus, for instance, the
addition of a five-membered ring to C10 to give C11
substantially reduces the NICS of the six-membered rings in
C11 as compared to C10, while at the same time hardly
affecting the PDI and HOMA indices. In this sense, when
quantifying the aromaticity of certain species, the safer method
is to use different measures of aromaticity. This is in line with
the suggestion of Schleyer and Jiao[4] that bond length equal-
ization alone should not be used as a criterion for aromaticity,
as some bond-equalized systems are not aromatic.


If we now just focus on the systems containing outer and
inner six-membered rings (C3 ± C7), all aromaticity indices in
Table 2 show the inner rings of ™linear∫ C5 and C7 as more
aromatic than the outer rings, while the reverse is true for C3,
C4, and C6 systems with six-membered rings fused in angular
arrangements. Analysis of the components of the PDI index
provides further insight into the differences between ™linear∫
and ™nonlinear∫ systems. In particular, we have collected all
the delocalization indices of para-related carbons for the
outer (A) and inner (B) rings of the simplest ™linear∫ and
™nonlinear∫ systems (C5 and C3, respectively) in Table 3.
These values provide an indication of the most probable
Dewar resonance structures for each system in a valence bond
picture (Scheme 2). From the DIs obtained we can state, for
C3 for instance, that the �-electron delocalization is more
important in ring A than in ring B. We can also anticipate that
the Dewar structure I should be more significant (�(C2,C5)�
0.097) than structures II and III, which should in turn be more
relevant than IV and V. For C5, on the other hand, we find the
opposite behavior, the electron delocalization in ring B being
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Scheme 2. Dewar resonance structures for phenanthrene (C3) and an-
thracene (C5).


slightly more important than in ring A. Thus, in this case we
may also conclude that structure IV (�(C7,C8)� 0.105) is the
most important of the Dewar structures, followed successively
by I, III, and II. Finally, it is worth noting that para-DIs
connecting two carbon atoms located in a ring fusion are
always smaller than those possessing only one carbon atom in
a bridge, which are in turn smaller than para-DIs linking C
atoms not located in ring fusions. Therefore, the low
aromaticity in ring B of ™nonlinear∫ systems can be attributed
to the fact that in this ring at least one C atom is located in a
ring fusion for all para-related carbon atoms.


For planar PAHs, PDI values, like NICS indices, can be
separated into � and � contributions. Values for the �


contributions (PDI�) are tabulated in Table 2, while values
for the � contributions, obtained as the difference between
PDI and PDI� values, have been omitted because they are
quite constant along the series (PDI�� 0.008 electrons).
Owing to the constancy of the � contribution, the trends
obtained from the PDI� values are the same as those derived
from the PDI measures.


In this first section, we have shown that the PDI index is a
simple and efficient probe for local aromaticity in six-mem-
bered rings. The PDI index cannot be used to quantify the
aromaticity in pentagonal rings, because five-membered rings
do not have para-related carbon atoms. However, we show in
the next section that a related index based on DIs also allows
the aromaticity of five-membered rings to be quantified.


Table 3. Para-delocalization indices and PDI for the outer and inner rings
of C3 and C5.[a]


C3 C5


A �(C1,C4) 0.075 0.045
�(C2,C5) 0.097 0.093
�(C3,C6) 0.074 0.045
PDI 0.082 0.061


B �(C3,C9) 0.033 0.049
�(C4,C10) 0.049 0.049
�(C7,C8) 0.049 0.105
PDI 0.044 0.067


[a] See Scheme 2 for atom numbering. Units are electrons.
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Substituted cyclopentadienyl compounds : The series of sub-
stituted cyclopentadienyl compounds chosen is the same as
that used by Schleyer and co-workers previously[15] to show
that the NICS parameter correlates well with the aromatic
stabilization energies and the magnetic susceptibility exalta-
tions. This series presents a wide range of five-membered ring
heterocyclic compounds going from the fully aromatic cyclo-
pentadienyl anion to antiaromatic species such as borol.
Table 4 lists the NICS, ASE, and � values for the eleven
systems studied. One can easily see that the more aromatic a
compound is, the more negative are its NICS and � and the
more positive its ASE.[15, 38]


Delocalization indices (DIs) for the formally single C�C
bond (�(C�C)) and the formal double C�C bond (�(C�C))
have been calculated by using Equation (3), and values are
listed in Table 4. In agreement with the results reported by
Chesnut and Bartolotti,[30] the more aromatic the compound
is, the more negative is the NICS value, the smaller the
�(C�C) value and the larger the �(C�C) value. A maximum
of aromaticity is obtained for the cyclopentadienyl anion,
which has five equivalent bonds and a totally delocalized five-
membered ring. In other words, the more aromatic the
compound, the smaller the difference between the DIs of the
single and double bonds. To describe this situation, we have
defined �DI as the difference between �(C�C) and �(C�C)
delocalization indices. This is a measure of the deviation with
respect to a totally bond equivalent system, such as the
cyclopentadienyl anion. This measure correlates better with
NICS, ASE, and � values than either �(C�C) or �(C�C),
increasing when the aromaticity is reduced. This can be clearly
observed in Figure 3, which shows a good correlation between
the �DIs and the NICS values, with the sole exception of the
cyclopentadienyl cation.


Finally, Table 4 also contains the parameter �r: the differ-
ence between the single C�C and the double C�C bond
lengths. As can be seen from these values, �DI and �r are
clearly related: the larger the �DI, the larger the �r. Thus, as
mentioned above, larger bond length alternations are asso-
ciated with lower aromaticities.


Figure 3. Plot of the difference between �(C�C) and �(C�C)–�DI–
versus nucleus-independent chemical shifts (NICS) for the series of
substituted cyclopentadienyl compounds.


From the above two applications, we have demonstrated
the validity of the DI as an electronic local aromaticity
criterion in five- and six-membered rings. Nevertheless, there
are other conjugated rings that are also interesting from the
point of view of their aromaticity. For instance, this is the case
in 4�-electron systems such as cyclobutadiene, for which the
difference of DIs between the single and double bonds should
also give a measure of antiaromatic character. However, more
studies need to be carried out to corroborate the validity of
the DI for quantification of local aromaticity in conjugated
rings other than five- and six-membered ones.


Conclusion


In this work we have introduced the delocalization index, an
electron-pair property, as a new electronically based measure
of aromaticity. We have demonstrated that the PDI for six-
membered rings and the �DI for five-membered rings are
simple and efficient probes for local aromaticity. This is not
completely surprising, since aromaticity has always been
associated with the cyclic delocalization of electrons. We have
shown that these DIs, with some exceptions, correlate well
with other already existing independent local aromaticity
parameters, such as the magnetic-based NICS criterion or the
geometry-based HOMA, which are commonly in use nowa-
days. The different behavior of the PDI, HOMA, and NICS
aromaticity indices has been attributed to the multidimen-
sional character of aromaticity. We have also shown that these
DIs can be easily associated with valence bond-like structures,
derived from the Lewis model. Thus, DIs appear to be useful
tools that can help chemists to classify five- and six-membered
rings with respect to their local aromaticity. In particular,
these indices can be used to discuss local aromaticity in
fullerenes, buckybowls, and nanotubes, most of these consist-
ing of fused five- and six-membered rings. Research in this
direction is currently under way in our laboratory.
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Metal-Free, Noncovalent Catalysis of Diels ±Alder Reactions by Neutral
Hydrogen Bond Donors in Organic Solvents and in Water


Alexander Wittkopp[a] and Peter R. Schreiner*[a, b]


Abstract: We examined the catalytic
activity of substituted thioureas in a
series of Diels ±Alder reactions and
1,3-dipolar cycloadditions. The kinetic
data reveal that the observed accelera-
tions in the relative rates are more
dependent on the thiourea substituents
than on the reactants or solvent. Al-
though the catalytic effectiveness is the
strongest in noncoordinating, nonpolar


solvents, such as cyclohexane, it is also
present in highly coordinating polar
solvents, such as water. In 1,3-dipolar
cycloadditions, the thiourea catalysts
demonstrate only very moderate selec-


tivity for reactions with inverse electron
demand. Our experiments emphasize
that both hydrophobic and polar inter-
actions can co-exist, making these cata-
lysts active, even in highly coordinating
solvents. This class of catalysts increases
the reaction rates and endo-selectivities
of Diels ±Alder reactions, in a similar
manner to weak Lewis acids, without
concomitant product inhibition.


Keywords: catalysis ¥ Diels ±Alder
reaction ¥ hydrogen bonds ¥ hydro-
phobicity


Introduction


Although there are many natural products, for example
catharanthine 1 and tabersonine 2,[1, 2] that may formally


derive from intramolecular [4�2]-cycloadditions (there are
naturally occurring proteins which catalyze Diels ±Alder
reactions[3, 4]), there is no definitive proof that these reactions
actually take place in biosynthesis.[5] Notwithstanding, there
are many examples of catalytic Diels ±Alder reactions under
conditions reminiscent of biological systems, such as RNA-
based mixtures of metals,[6, 7] catalytic antibodies,[8±14] encap-
sulating polysaccharoids,[15±17] and selfassembling molecular
capsules.[18±20] While the catalytic activity is usually ascribed to
hydrogen bonding, hydrophobicity, and other effects or
combinations thereof, the exact type of interaction often


remains uncertain. We will demonstrate herein that catalytic
activity can be achieved quite simply by means of properly
designed hydrogen-bond donors that activate the unsaturated
carbonyl moiety of, for instance, Michael-type dienophiles.


Lewis acids, such as AlCl3 and TiCl4 accelerate Diels ±
Alder reactions dramatically,[21±24] making them progress at
reasonable rates, even at low temperatures, while reducing the
amount of side products.[25±27] The rate enhancements can be
readily understood in terms of FMO theory. Upon coordina-
tion to a lone pair located on the Lewis-basic center of the
dienophile, the catalytically active Lewis acid withdraws
electron density and lowers the LUMO energy of the entire
(conjugated) system. This improves the HOMODiene ±
LUMODienophile interaction.[28±31] More modern approaches
that combine experiment and theory show that Lewis acids
strongly affect the geometries of the transition structures, that
is, making them more asynchronous; these reactions are
nevertheless considered to be concerted.[32, 33] A comparison
of computed and experimental H/D and 13C/12C kinetic
isotope effects is a particularly effective tool to probe the
nature of the experimental transition structure of the pa-
rent[34] and catalyzed Diels ±Alder reactions.[35±39]


While the effects of hydrogen bonding in protic solvents or
active sites may be rationalized similarly, the binding energies
are expected to be much smaller. This is not undesirable
because strong binding of the starting materials or products
does not necessarily lead to rate accelerations. Quite the
contrary, binding of the product often leads to product
inhibition that is often observed in simple Lewis acid catalyst
reactions (vide infra);[40] exceptions are known.[41±44] Hence,
an ideal binding situation consists of a variety of interactions
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(hydrogen bonding plus hydrophobic effects[45, 46]) which all
are relatively small, but complementary if the overall fit to the
transition state is to be maximized relative to reactants and
products.[8]


Besides the classic monodentate Lewis acids there are also
polydentate Lewis acids which often doubly coordinate
carbonyl functionalities; one of many examples is the complex
of bidentate 1,2-phenylenedimercury derivatives with the
carbonyl group of dimethylformamide.[47] Not surprisingly, a
similar coordination pattern is found for the complexation of
carbonyl compounds with small hydrogen-bond donors, such
as water itself. Jorgensen×s theoretical rationalization of the
experimentally observed acceleration of the Claisen rear-
rangement in water also suggests that carbonyl groups accept
two H bonds (3).[48, 49] Experimental confirmation of this
theoretical prediction is available through the X-ray struc-
tures of the adduct of the biphenylenediol (4) with 2,6-
dimethylpyran-4-one[50, 51] and the complexes of a m-nitro-
diaryl urea with several Lewis bases.[52]


The similarity between Lewis acids and hydrogen-bond
donors is also apparent from their ability to accelerate and
stereochemically alter organic transformations.[53] Hence,
some well-chosen bidentate hydrogen-bond donors increase
the reaction rates and change the stereochemical course of
some reactions. For instance, 40 mol% of 4 increases the
yields of Diels ±Alder reactions of �,�-unsaturated carbonyl
compounds with cyclopentadiene by a factor of 12.[54] An
equimolar amount of the sub-
stituted diphenylurea 5 causes
up to fivefold rate enhance-
ment in Claisen rearrange-
ments.[55] The same reagent
(20 mol%) increases the endo/
exo selectivity in allylations of
�-sulfinyl radicals by a factor of
1.5.[56] The catalytic activity of
the amidinium ion 6 is compa-
rable to that of mild Lewis acids
accelerating some Diels ±Alder
reactions by a factor of 1.7 ±
450;[57] this is largely attributed
to an increased interaction of
the highly polarized N�H
bonds in the cation.


In a similar manner to these
designed bidentate reagents,
protic solvents, such as water,
also accelerate pericyclic reac-
tions.[58] Although organic and
organometallic additives are
still active in protic and polar


solvents,[59] very often they are not even needed.[60] Again, the
primary factors for the frequently remarkable changes in
increased reaction rates, stereochemistry, and chemoselectiv-
ities in these hydrogen-bonding environments are assigned to
hydrogen bonding and hydrophobic effects.[46, 61±64]


We demonstrate in the following that bidentate hydrogen-
bond donors, like certain substituted thioureas, catalyze
Diels ±Alder reactions with a catalytic loading of 1 mol%.
As thiourea derivatives are generally more soluble in a wide
range of solvents, long alkyl chains as in 5 are dispensable.[55]


The hydrogen-bond donor ability of thiourea derivatives to
carbonyl groups is expected from the enhanced differences in
acidities {pKa thiourea� 21.0; pKa urea� 26.9}.[65] Further-
more, the lower electronegativity of sulfur makes self-
association (interaction of the N�H group of one molecule
with the carbonyl or thiocarbonyl group of another) less
favorable. As these model catalysts are easy to synthesize, we
investigated the catalytic effectiveness of a series of sym-
metrically substituted thioureas 7a ± n (Scheme 1). Several
1,3-disubstituted alkyl, cycloalkyl, and phenyl thioureas were
tested to screen their catalytic abilities. Since different
substituents with possibly opposing effects would unnecessa-
rily cloud our analysis, we only utilized symmetrical thioureas.
We also prepared two alkyl derivatives with n-octyl (7a) and
cyclohexyl groups (7b) for comparison.


To be systematic, we examined aniline derivatives with
electron-donating and electron-withdrawing groups in various
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Scheme 1. The symmetrically substituted thioureas used in the present work.
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ring positions. Our expectation was that noncoordinating
electron-withdrawing groups (e.g., CF3) in the meta positions
of the ring would enhance the hydrogen bonding ability of the
N�H bonds. Such electron-withdrawing substituents are the
trifluoromethyl group (monosubstituted in para, meta, and
ortho positions; 7 f ± h) and the fluoro group (also monosub-
stituted in para, meta, and ortho positions; 7 i ± k). To
determine the effect of double substitutions on the catalyst
quality we also examined thioureas derived from the respec-
tive aniline derivatives (7 l ± n). It is noteworthy that the
hydrogen-bonding properties of ureas play an important role
in their functions as herbicides, solubilizers, inclusion com-
pounds, nonlinear optical materials,[66] and as HIV-protease
inhibitors.[67


Results and Discussion


Catalyst evaluation : To screen catalyst efficiencies, we carried
out a series of Diels ±Alder reactions of cyclopentadiene with
several �,�-unsaturated carbonyl compounds catalyzed by


thiourea derivatives (7a ± n, 1 mol% in all experiments) and
without an additive in deuterated chloroform. Although
chloroform is an hydrogen-bond donor and is known to
accelerate Diels ±Alder reactions[68] (compared to reactions
in nonpolar, non-coordinating solvents, vide infra) we utilized
it in our reactions because it dissolves a wide range of organic
compounds. Furthermore, its hydrogen-bond donor abilities
are rather poor so that its rate-accelerating effects should
easily be overcome by those of the catalyst. We also carried
out reactions in cyclohexane and water to unveil solvent
effects and to separate them from the effectiveness of the
catalyst. With a 10-fold excess of cyclopentadiene, all
reactions were strictly pseudo-first-order and the relative rate
constants krel were determined by least-error square fits of the
kinetic data. While krel strongly depends on the choice of
catalyst, the reaction order is nearly constant over time
(Figure 1), indicating the absence of product inhibition.


Most thioureas under investigation show catalytic behavior
and increase the rate of product formation significantly, even
at a catalytic loading of only 1 mol%. For instance, adding
1 mol% of catalyst 7g increases the reaction rate by a factor


Figure 1. Kinetic data of the Diels ±Alder reaction of methyl vinyl ketone and cyclopentadiene catalyzed by the thiourea derivatives 7. The curves result
from fits of least-error square fits.
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of �6 (Table 1, entry 5). Furthermore, product inhibition
seems to be very minor because the activity is still present
even after 80% conversion. The highly dynamic interactions
between the catalysts, starting materials, and products appa-
rently make the catalysts less susceptible to product inhib-
ition.


As expected, the choice of catalyst is crucial. While the
alkyl-substituted thioureas (7a and 7b) and 1,3-diphenylth-
iourea (7c) only cause minimal rate accelerations, the
accelerating effects of the fluorophenyl-substituted thiourea
(7 j) and especially the trifluoro-substituted (7 f ± l) thioureas
are appreciable.


Since the complexation between thioureas and carbonyl
compounds is modestly strong (�7 kcalmol�1 at room tem-
perature in dichloromethane)[53, 69] the complexation con-
stants are likely to be dominated by entropic effects that may
surpass the binding exothermicities. This also implies that the
strength of the interaction depends on the rigidity of the
catalyst. Thus, the poor performance of 7a and 7b is
entropically unfavorable since the floppy alkyl substituents
of the free thiourea derivatives have to be ordered for proper
interaction of the catalyst with the dienophile. A similar
argument applies to the rotation of the aryl groups in 7c and
7d. In uncomplexed 7c or 7d, the rotational barrier is small
(according to B3LYP/6-31G* computations the barrier of 7c
is only 1.5 kcalmol�1, while the barrier of rotation in 7 l is
3.4 kcalmol�1)[70] resulting in entropy loss upon binding and
hence leading to a negligible catalytic effectiveness. For the
same reason, all ortho-substituted phenylthioureas 7e, h, k, n
are also less active. In the case of the thioureas derived from
meta- and para-substituted anilines, 7 f, g, i, j, l, m, the hydro-
gen atoms in the ortho position are more positively polarized


because of the electron-withdrawing groups (EWGs). The
small hydrogen-bond donor ability of these C�H bonds leads
to internal interactions between the Lewis-basic sulfur and the
ortho hydrogen atoms which hinder the rotation of the phenyl
groups (Scheme 2).[70]
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Scheme 2. The interactions influencing the rotation of the phenyl groups.


In summary, thiourea derivatives with rigid electron-with-
drawing aromatic substituents are the most effective H-
bonding catalysts for Diels ±Alder reactions considered in the
present study. The electron-withdrawing substituents in meta-
or para- positions aid in reducing the flexibility of the catalyst,
thus minimizing the entropic penalty upon complexation. The
accelerating effect can even be magnified by disubstituted
electron-poor phenyl groups, making 7 l and 7m some of the
more efficient catalysts in this series.


These new types of catalysts are also active for other Diels ±
Alder reactions with �,�-unsaturated carbonyl compounds
(Table 1). The relative effectiveness does not depend on the
reaction, that is, the relative catalyst efficiencies are the same
in different reactions: 7g, 7 l, and 7m are consistently the best
catalysts as they increase the relative rates by factors of 3 ± 8;


Table 1. Relative rate constants krel of the reaction of cyclopentadiene (9, 10-fold excess) with the dienophiles 8a ± e.


Entry Dienophile 7
a b c d e f g h i j k l m n


1 1.0 1.2 1.4 1.4 1.3 2.4 2.5 1.1 2.9 1.4 1.2 4.8 3.3 1.0


2 1.2 1.0 1.1 1.3 1.1 1.2 2.4 1.3 1.7 1.6 1.1 4.3 2.7 1.1


3 0.9 1.1 1.1 1.2 1.2 1.3 3.1 1.2 3.1 3.3 1.0 5.1 2.7 1.0


4 1.0 1.3 1.3 1.5 1.2 1.6 2.2 1.3 1.9 2.0 1.4 5.3 2.1 1.1


5 1.1 1.2 1.5 1.4 1.2 1.9 5.9 1.1 5.2 4.1 1.7 8.2 3.5 4.0
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dienophile 8e may be consid-
ered to be special case as it
could form a doubly hydrogen-
bonded complex.[71]


In a separate series of experi-
ments we examined the
changes of the exo/endo selec-
tivities in reactions of two �,�-
unsaturated compounds with
cyclopentadiene (Table 2).
Metallic Lewis acids generally
increase the selectivity of
Diels ±Alder reactions mostly
in favor of the endo product.[72]


For instance, AlCl3 ¥OEt2 im-
proves the endo selectivity of
the reaction of cyclopentadiene
and methyl acrylate from 82%
to 98%.[73] Since the analysis of
the endo/exo ratio by 1H NMR
techniques is simplified when
aldehydes instead of ketones
are used, we chose crotonalde-
hyde (8 f ; endo selectivity, en-
try 1, Table 2) andmethacrolein
(8g ; exo selectivity, entry 2, Ta-
ble 2) as the dienophiles.


In this set of reactions, thio-
urea 7g also reveals its similar-
ity with mild Lewis acids.[53] In
the case of crotonaldehyde, the yield obtained after 20 h is
increased by a factor of 1.5 and the endo selectivity increases
from 65% to 77%. For methacrolein we found a 2.1-fold yield
increase (also after 20 h) of the uncatalyzed reaction while the
exo selectivity changed from 82% to 92%.


Effect of solvent : As chloroform itself is a weak hydrogen-
bond donor capable of accelerating [4�2] cycloadditions to
some degree, we carried out a selected set of Diels ±Alder
reactions of methyl vinyl ketone and cyclopentadiene with
7a ± n in cyclohexane. This solvent is expected to have
negligible interactions with the solutes, allowing direct
observation of the rate enhancements by the respective
catalyst (Table 3). As a consequence, the catalysts show the
same order of activity while the increases in the reaction rates
are even higher (with krel up to 9, for 7 l).


While strong Lewis acids often cannot be used in protic or
highly polar solvents because of hydrolysis or strong solvation
that completely deactivates the catalysts (again, exceptions
are known[71, 76, 77]),[78±83] and while only rather mild Lewis
acids with metal centers, such as [Yb(OTf)3], are active in
such solvents,[83±86] the much lowered acceptor strength of 7
should make these catalysts less sensitive to competitive
aqueous solvation. This was confirmed by the reaction of
cyclopentadiene (9) and methyl vinyl ketone (8a) in cyclo-
hexane, chloroform, and water (Figure 2, Table 4). This
reaction is particularly suitable since it is easily monitored
by NMR spectroscopy (the product 1H NMR resonance
signals are well separated from those of the starting materials)


Figure 2. Product formation over time ([%], 1H NMR) in the reaction of
8a with 9 in three solvents without and with 1 mol% catalyst 7g. The
steeper slopes refer to the catalyzed reaction. The data are fitted on the
basis of a first-order reaction (see the Experimental Section).


Table 2. Yields and selectivities (after 20 h) of Diels ±Alder reactions between cyclopentadiene (9, 10-fold
excess, 40 �C) and �,�-unsaturated aldehydes with and without 20 mol% 7g. Values in parentheses are from
references [74, 75].


Entry Dienophile Yield without cat. [%] Yield with cat. [%] endo :exo without cat. endo :exo with cat.


1 16 24 65:35 (62:38) 77:23


2 31 66 18:82 (17:83) 8:92


Table 3. Relative rate constants krel of the reaction of cyclopentadiene (9) with 8a.


7
a b c d e f g h i j k l m n


1.1 1.8 1.9 2.0 1.8 3.7 3.9 1.3 3.3 2.0 1.4 8.8 5.1 1.5


Table 4. Product yields in three solvents with and without catalyst 7g in the
reaction of 8a with 9.


Solvent Catalyst Yield after 1 h
[mol%] [%][a]


cyclohexane ± 18
1 42


chloroform ± 31
1 52


40 65
water (incl. 10 vol% tBuOH) ± 74


1 85


[a] � 1%, determined by 1H NMR spectroscopy.
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and because of its reaction rate, which is fast enough to obtain
the data within a reasonable timeframe and slow enough to be
observable on the NMR time scale.


Figure 2 demonstrates that in cyclohexane, chloroform, and
water (with 10% tert-butyl alcohol to solubilize all reac-
tants[87]) the reaction orders were constant and of pseudo-first
order. While catalyst 7g is active in all chosen solvents, it is
particularly striking that acceleration is also observed in
water, even in catalyst concentrations as low as 1 mol%!
Protic solvents, for example alcohols, generally accelerate
Diels ±Alder reactions[88] by H-bonding and by reducing the
HOMO±LUMO gap of the reactants. In water, however, not
only the polarity of the solvent but also the hydrophobicities
of the solutes are important.[87±91] This rather complex
property is governed by the limited ability of water to dissolve
nonpolar molecules and is considered to be important in
enzyme ± substrate interactions,[10] the aggregation of amphi-
philic molecules into supramolecular structures (e.g., micelles
and vesicles),[92] molecular recognition phenomena, and sur-
face forces.[93] It causes nonpolar molecules or parts thereof to
agglomerate to small capsules in aqueous media.[63]


Metallic Lewis acids, on the other hand, are rather polar
and, if not hydrolyzed, are often highly solvated in aqueous
media leading to a reduction of their catalytic effectiveness.
Hence, a possible explanation for our findings is that the
hydrophobic organic molecules are forced together in water
that interacts better with itself than with the solute. This effect
is cumulative to the TS-stabilizing polar interactions of water
with the transition state. These conclusions compare well with
a very recent computational study of the solvent effects on the
Diels ±Alder reaction of butadiene with acrolein.[46]


The authors found that the microsolvation effect of explicit
water molecules induces a polarization and hence energy
lowering of the transition structure. In the spirit of the
Jorgensen model (vide supra), our catalysts take the place of
the 2 ± 3 required water molecules. The aforementioned
computational study also showed that this hydrogen-bonding
microsolvation accounts for approximately one-half of the
observed catalytic effect. The other half stems from increased
hydrophobic interactions which are maximized in water as the
solvent around both the reactants and the catalysts in our case.
The explicit hydrogen bonding is necessary to induce charge
polarization of the transition structure and to allow enforced
hydrophobic interactions. The endo/exo selectivity is equally
influenced by both hydrogen bonding and bulk phase
effects.[46] The present study, therefore, is a welcome con-
firmation of the computational analysis and emphasizes the
possibility that both effects, polarization and hydrophobicity,
can indeed be complementary rather than competitive.


1,3-Dipolar cycloadditions with normal and inverse electron
demand : To verify the hypothesis that the interaction between
the thiourea and the carbonyl groups causes the observed
accelerations, we examined the catalytic activity of 7 f ± l in
1,3-dipolar cycloadditions of N-benzylideneaniline N-oxide
(nitrone 11) with dipolarophiles. In 1,3-dipolar cycloadditions
with normal electron demand (e.g., between a nitrone and
�,�-unsaturated carbonyl compounds), the most important
FMO interaction is the overlap of the HOMOnitrone with the


LUMOdipolarophile.[94] Complexation of the most Lewis-basic
site, the nitrone oxygen, would lower the energy of the
HOMOnitrone and hence decelerate the reaction. On the other
hand, complexation of the nitrone in a 1,3-dipolar cyclo-
addition with inverse electron demand (e.g., between a
nitrone and a �,�-unsaturated ether where the LUMOnitrone


is interacting with the HOMOdipolarophile) would reduce the
HOMO±LUMO gap and thus accelerate the reaction. Hence,
if our assumption that hydrogen-donor complexation is
mainly responsible for the observed thiourea catalysis is
correct, 1,3-dipolar cycloadditions with inverse electron
demand should be accelerated. To test this hypothesis, we
examined the reactions of 11 with 8a and with isopropyl vinyl
ether (12).


While addition of an equimolar amount of any of our
thiourea derivatives does not have an accelerating effect on
the 1,3-DC with normal electron demand (8a, Table 5) or may
even be considered decelerating, the catalysts are very
modestly effective in the reaction with inverse electron
demand (12, Table 5). Again, thiourea 7 l is one of the more
efficient additives; after 10 h, the yield is nearly doubled
compared to the uncatalyzed reaction.


The observation that our catalysts do accelerate the 1,3-
dipolar cycloaddition with inverse but not the one with normal
electron demand, supports our proposition that the catalysts
operate by hydrogen-bonding to the most Lewis-basic groups
and reducing the HOMO±LUMO gap in analogy to mild
Lewis acids.


Finally, we also probed catalysts with only one N�H bond
donor (the N-monomethylated forms of 7g and 7 l and found
them virtually ineffective. This is supported by the clamplike
binding motif (i.e., Jorgensen×s water model) found for these
types of catalysts when interacting with carbonyl groups.[53]


Conclusion


Simple, neutral hydrogen-bond donors, such as substituted
thioureas, are able to catalyze Diels ±Alder reactions and 1,3-
dipolar cycloadditions, increasing the reaction rates and
stereoselectivities. The relative effectiveness of these catalysts
depends more on their substituents than on the reactants or


Table 5. The yield ratio of the catalyzed and the uncatalyzed 1,3-dipolar
cycloadditions of above reactants; t� 20 h, T� 60 �C, 1 equiv catalyst,
10 equiv dipolarophile.


Dipolarophile 7
f g h i j k l


8a 1.0 0.9 0.9 1.0 1.0 1.1 0.8
12 1.6 1.5 1.0 1.2 1.4 1.0 1.8
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solvent. Generally, highly flexible hydrogen-bond donors
suffer from entropy loss upon complexation that cannot be
overcome by enthalpic effects. In contrast, more rigid
thiourea derivatives bind more favorably and, as a conse-
quence of their electron-poor nature, reduce the reaction
barriers. As there is a very fine balance including small
enthalpic binding, product inhibition is not observed.


Counterintuitively, a highly coordinating solvent, such as
water, does not override the catalytic effect. While the
reactions are accelerated by polar interactions of water, even
without a catalyst, addition of only 1 mol% catalyst still leads
to detectable rate accelerations, that is, solvent and additive
do not necessarily compete, but may operate in a comple-
mentary fashion, as predicted computationally.[46]


Hence, we have identified a neutral system that relays its
ability to lower the activation energies of a subset of Diels ±
Alder reactions through specific hydrogen bonds.[53] Finally,
this allows the bold question as to whether the ™hunt∫ for a
™Diels ±Alder-ase∫ is still meaningful.[5]


Experimental Section


Materials : All thiourea derivatives,[95] N-benzylidene-aniline N-oxide,[96, 97]


1,3-diphenyl-propenone,[98] 3-phenyl-1-pyridin-2-yl-propenone,[99] and
3-phenyl-1-pyridin-3-yl-propenone[100] were synthesized following the pro-
cedures reported in the literature. Methyl vinyl ketone (Fluka), isopropyl
vinyl ether (Acros), methacrolein (Acros), and crotonaldehyde (Acros)
were distilled immediately before use. Cyclopentadiene was prepared from
its dimer (Aldrich) by thermal retro-Diels ±Alder reaction immediately
before use. All solvents used were of the highest purity available.
Deuterated chloroform was stored over sodium bicarbonate.


Kinetics : All NMR measurements were recorded on a Bruker Aspect 300
NMR spectrometer. The Diels ±Alder reactions were carried out in a 5-mm
standard NMR tube containing 0.5 mL of a solution of 0.1� dienophile,
1.0� 9, and the respective amount of catalyst (in the case of ketone
dienophiles 8a ± e 1 mol%, in the case of aldehyde dienophiles 8 f,g
20 mol%) in the chosen solvent. Since the solubility of 9 and the thioureas
in water is very low, 0.1 equiv tert-butyl alcohol were used as solubilizers for
all reactions in water (also in those without catalyst for proper comparison).
The Diels ±Alder reactions of 8a,b were carried out at 20 �C and were
recorded over 2 h. All other Diels ±Alder reactions were carried out at
40 �C and recorded over 40 h. Pseudo-first-order rate constants were
calculated with a fitting program. The 1,3-dipolar cycloaddition reactions
were also carried out in a 5-mm standard NMR tube containing 0.5 mL of a
solution of 0.1� 11, 1.0� dipolarophile, and 0.1� catalyst in deuterated
chloroform at 60 �C and analyzed after 20 h. All reactions were repeated
and the results were averaged.
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Structural Studies of N,N�-Di(ortho-fluorophenyl)formamidine
Group 1 Metallation


Marcus L. Cole,[a] David J. Evans,[a] Peter C. Junk,*[a] and Matthew K. Smith[a, b]


Abstract: The treatment of N,N�-di-
(ortho-fluorophenyl)formamidine
(HFPhF) in tetrahydrofuran with equi-
molar amounts of n-butyllithium, so-
dium bis(trimethylsilyl)amide or potas-
sium bis(trimethylsilyl)amide affords
the colourless crystalline formamidinate
complexes [Li(FPhF)(thf)] (1), [Na-
(FPhF)(thf)] (2) and [K(FPhF)] (5).
Low-temperature preparation of 2 in
diethyl ether yields the Et2O adduct
[Na(FPhF)(Et2O)] (3). At ambient tem-
perature the sodium fluoride inclusion
complex [Na3(FPhF)3(Et2O)(NaF)] (4)
is also formed. Spectroscopic (1H, 13C
and 19F{1H} NMR) data for 1 ± 5, micro-
analytical analyses for compounds 1, 2
and 5 and X-ray structure determina-
tions for 1, 3 ± 5 confirm the formulae of


these species. In the solid-state, 1 and 3
possess a dimeric nature in which the
formamidinate ligands coordinate
through �2:�2:�1 (1) and �2:�2:�2 (3)
binding modes. These are enabled by
partial ortho-fluoro donation. Com-
pound 4, which is also dimeric, contains
two trisodium tris(formamidinate) units
that comprise �2:�2:�2-FPhF ligands, a
bridging diethyl ether moiety and an
unprecedented �3 :�2 :�2 :�2-formamidi-
nate donor. Together, these trinuclear
units encapsulate two sodium fluoride
units by �2-N,N-formamidinate chela-


tion of the sodium cations (thereby
creating further �3 :�2 :�2 :�2-bound for-
mamidinates) and fluoride ± sodium in-
teractions. Compound 5 extends the
coordinative versatility of FPhF to
�2 :�4 :�3 coordination by the generation
of K2(�2 :�4 :�3-FPhF)2 units that exhibit
�2-arene interactions. Macromolecular-
ly, the overlaying of these units affords a
polymeric solvent-free structure that
incites coordination of the FPhF ligands
to metal atoms above and below the
K2(FPhF)2 plane. Overall, this generates
a remarkable �4:�4:�3:�2:�1-amidinate
binding mode that incorporates both
bridging and terminal fluorine donors.
Compounds 1 ± 5 are the first non-chro-
mium complexes of N,N�-di(ortho-fluo-
rophenyl)formamidinate.


Keywords: alkali metals ¥ amidi-
nates ¥ coordination modes ¥ inclu-
sion compounds ¥ N ligands


Introduction


The chemistry of amidinate ligands of the type
[R1NC(R2)NR1]� includes elements spanning the periodic
table. Historically, most interest has centred upon the use of
Group 1 amidinates, particularly those of lithium, as
metathesis reagents in the preparation of ™paddle-wheel∫
dinuclear transition metal species, general formula
[M2(amidinate)4]0,�1 or �2,[1] wherein close metal ± metal prox-
imity incites fascinating magnetic and electronic properties.
Of these, the significant works of Cotton and co-workers have
made extensive use of N,N�-di(aryl)formamidinates (R2�
H).[2±6] These possess greater conformational dexterity than
related alkyl/aryl/amido-substituted amidinates/guanidinates
courtesy of an unencumbered NCN backbone.[7]


In spite of the emphasis placed upon Group 1 formamidi-
nates (cf. the above preparations), their structural study has
been somewhat overlooked. Indeed, prior to a report by
Cotton and Murillo in 1997[8] no s-block formamidinate
complexes had been characterised in the solid state. The
rationale put forward for this was the facility by which donor
solvent was lost, thereby frustrating crystallographic charac-
terisation. Conversely, several benzamidinate (R2�Ph) com-
plexes of lithium were structurally authenticated prior to
1997.[9±11] Without exception, these species included donors of
recognised strong chelation or donation.


Recently, the focus of amidinate research has swayed from
the dinuclear transition metal species of the preceding
decades toward Group 13 metal catalytic studies popular-
ised,[12±14] amongst others, by Jordan et al.[15±17] To compliment
these, the amidinate chemistries of Groups 2 and 14[18±42] have
also received attention in an effort to exploit an untapped
research area. In stark contrast, the study of Group 1
amidinate chemistry, particularly formamidinate, has re-
mained scarce.[8, 43±50] The groups of both Lappert[51±59] and
Arnold[60±64] have done most to address this by advancing the
chemistry of benzamidinates and guanidinates (R2�NR2).
However, given the considerable structural diversity exhib-


[a] Dr. P. C. Junk, Dr. M. L. Cole, D. J. Evans, M. K. Smith
School of Chemistry, Monash University
P.O. Box 23, Clayton, Victoria 3800 (Australia)
Fax: (�61)3-9905-4597
E-mail : peter.junk@sci.monash.edu.au


[b] M. K. Smith
Present address: Research School of Chemistry
Australian National University, Canberra, ACT 2600 (Australia)


FULL PAPER


Chem. Eur. J. 2003, 9, No. 2 ¹ 2003 WILEY-VCH Verlag GmbH &Co. KGaA, Weinheim 0947-6539/03/0902-0415 $ 20.00+.50/0 415







FULL PAPER P. C. Junk et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0902-0416 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 2416


ited by transition metal amidinate species, which in short
encompasses �1-monodentate, for example [Pt{2-6-(CH2N-
{CH3}2)2C6H3}{(4-CH3-C6H4)NC(H)N(4-CH3-C6H4)}];[65] �1:�1-
symmetrical diazaallyl, for example [{Pt((C6H5)NC(C6H5)-
N(C6H5))}2];[66] �1:�1-unsymmetrical diazaallyl, for example,
[Ta(CH3)Cl2{(C6H11)NC(CH3)N(C6H11)}2][67] and �2:�1:�1-ami-
dinate, for example, homometallic [Mo2{(C6H5)NC(C6H5)-
N(C6H5)}4][68] or heterobimetallic [Pt{2-6-(CH2N{CH3}2)2-
C6H3}Hg{�-{(4-CH3-C6H4)NC(H)N(iPr)}(Br)(Cl)],[69] we be-
lieve the full structural versatility of s-block metallated
amidinates has not been comprehensively researched. An
example of this versatility can be seen in acetamidinate and
benzamidinate complexes of pentamethyl-
cyclopentadienyl ruthenium, which have
generated the first examples of recognised
�3-diazaallyl coordination (NCN fragment
bound ™near∫ side-on to maximise dia-
zaallyl �-donation).[70, 71]


The unusual �2:�2:�1-binding mode of
N,N�-di(para-tolyl)formamidinate (FTolP)
in the first lithium formamidinate complex
[{Li(FTolP)(Et2O)}2],[8] which has no tran-
sition metal equivalent, and the highly
ionic nature of Group 1 amides suggest
the chemistry of Group 1 formamidinates
may possess structural novelty beyond that of d-block
systems.[72] To assess this, we have embarked upon a detailed
crystallographic study of both Group 1 and 2 formamidinate
complexes.[73±78] Thus far, employing the ligands FTolP, FTolO
(N,N�-di(ortho-tolyl)formamidinate), and FMes (N,N�-di-
(2,4,6-trimethylphenyl)formamidinate), under different sol-
vent conditions, this has provided rich structural diversity
within each element class, for example [{Li(�2:�1:�1-FMes)-
(dme)}2][76] (DME� 1,2-dimethoxyethane) and [Li2(�2 :�1:�1-
FTolP)2(thf)2(�2-thf)];[75] [Na3(�3 :�2 :�1:�1-FTolP)2(�2 :�2 :�2-
FTolP)(thf)4][75] and [{Na(�2:�2:�1-FTolP)(dme)}2]);[75] and
[{K2(�2 :�2 :�2-FTolP)2(�2-thf)3}�][77] and [K{(�6-Mes)NC(H)-
N(Mes)}{(�6-Mes)NC(H)NH(Mes)][73] (Mes� 2,4,6-trime-
thylphenyl). To further the binding remit of formamidinate
species and utilise the highly electropositive nature of the
lighter Group 1 elements, we have now chosen to investigate
the Group 1 metallation chemistry of N,N�-di(ortho-fluoro-
phenyl)formamidine (HFPhF). In exploiting the established
precedent for fluorinated-arene fluoro coordination to prox-
imal metal centres,[79] we hope that coordination of FPhF to
lithium, sodium and potassium will frustrate the inclusion of
solvent donors and elaborate upon an ever-growing number
of novel amidinate binding modes.


Herein, the results of this study are reported. In all
instances fluoro coordination is prevalent amongst the
structural make up of Group 1 FPhF species. As hoped, this
limits solvent coordination and encourages greater formami-
dinate ± metal interaction. In the extreme, such interactions
afford the solvent-free species [{K(�4 :�4 :�3 :�2 :�1-FPhF)�] (5),
which, in addition to potassium ± fluorine and ± arene inter-
actions, exhibits a tetranuclear �4:�2:�1:�1:�1-NCN bound
amidinate. This binding mode is unique to compound 5 and
represents the greatest amidinate ± metal interaction hitherto
reported.[80, 81]


Results and Discussion


Treatment of tetrahydrofuran solutions of HFPhF with
equimolar amounts of n-butyllithium, sodium bis(tri-
methylsilyl)amide or potassium bis(trimethylsilyl)amide re-
sults in clean deprotonation of the formamidine amino group
(Scheme 1) yielding highly air- and moisture- sensitive
crystalline products that characterise as [Li(FPhF)(thf)] (1),
[Na(FPhF)(thf)] (2) and [K(FPhF)] (5) by 1H NMR spectro-
scopy (C6D6, non-donating solvent used to preclude further
solvent donation) and C, H, N microanalyses. Spectroscopy
confirms deprotonation due to the absence of resonances and


stretches attributable to the N ± H moiety of HFPhF. These
occur at �� 5.87 ppm and �� � 3015 cm�1 (1H NMR N(H)
resonance signal and FTIR N ± H stretch, respectively).[82]


Furthermore, the delocalisation of � electrons across the
NCN backbone inherent of deprotonation, shields the
methyne proton (NC(H)N), shifting backbone HFPhF reso-
nances at �� 7.55 and 147.2 ppm (1H and 13C NMR spectro-
scopy, respectively)[82] to �� 8.07 and 158.4 (1), 8.65 and 142.7
(2), and 8.58 and 161.4 ppm (5). The placement of these
resonance signals complies with those of Group 1 FTolP-
tetrahydrofuran species (�� 8.60 and 160 ppm, respective-
ly)[75, 77] and is radically different to those of the unusual �6 :�1-
chelated formamidinate in [K{(�6-Mes)NC(H)N(Mes)}{(�6-
Mes)NC(H)NH(Mes)] (�� 9.13 and 182.5 ppm [D8]THF).[73]


This suggests that, unlike [K{(�6-Mes)NC(H)N(Mes)}{(�6-
Mes)NC(H)NH(Mes)], compounds 1, 2 and 5 do not exhibit
aryl ± metal coordination in solution. Indeed, the presence of
orthodox non-fluxional aryl environments for all three
species, as indicated by 1H NMR spectroscopy, suggests the
FPhF ligands of 1, 2 and 5 bind the metal centres by
conventional NCN binding modes. This may or may not be
augmented by fluorine donation from the ortho-fluoro groups
as all three species exhibit sharp singular 19F{1H} NMR
resonance signals (�129.7 (HFPhF), �126.7 (1), �135.9 (2),
�130.5 ppm (5)). To discover whether these symmetrical
coordination modes are an artefact of rapid solution-state
fluxional processes, single crystals of 1, 5 and [Na(FPhF)(E-
t2O)] (3) were grown from their respective reaction media and
X-ray structure determinations undertaken. Compound 3 was
prepared as all attempts to grow suitable crystals of 2 (for
spectroscopic data, see the Experimental Section) failed.
Unlike 2, but like [{Li((�2 :�2 :�1-FTolP)(Et2O)}2],[8] the inclu-
sion of diethyl ether in 3 (the preparation medium employed,
see Scheme 1) furnishes 3 with extreme solvent dependency


Scheme 1. Reagents and conditions: 1: nBuLi, L�THF, n� 1; 2 : M�Na, L�THF, n� 1; 3 : M�
Na, L�Et2O, n� 1; 5 : M�K, L� no solvent, n�� .
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(loss of crystallinity over a period of seconds when removed
from mother liquor), this frustrated the acquisition of mean-
ingful microanalytical data for 3 and resulted in an inferior
thermal stability compared to 2 (3 : 238 �C (decomp); 2 : 265 �C
(decomp); 1: 121 �C; 5 : 234 �C). The molecular structures
of 1, 3 and 5 can be seen in Figures 1, 2, 5 and 6, respectively
(POV-RAY illustrations, 30% thermal ellipsoids); selected
bond lengths and angles are given in the captions to the
figures. X-ray diffraction data for all complexes are listed in
Table 1.


Compound 1 crystallises in the monoclinic space group P21/n
with half a dimeric [{Li(�2 :�2 :�1-FPhF)(thf)}2] unit in the


Figure 1. Molecular structure of [{Li(�2 :�2 :�1-FPhF)(thf)}2] (1). All hydro-
gen atoms and tetrahydrofuran C4H8 tethers omitted for clarity. Relevant
bond lengths [ä] and angles [�]: Li(1) ± N(1) 2.014(4), Li(1)# ± N(2)
1.989(4), Li(1)# ± F(2) 2.114(4), Li(1) ± O(1) 1.944(4), N(1) ± C(13)
1.318(3), N(2) ± C(13) 1.343(3), C(2) ± F(1) 1.364(3), C(8) ± F(2) 1.393(3);
Li(1)-N(1)-C(13) 116.10(19), Li(1)#-N(2)-C(13) 124.5(2), N(1)-C(13)-N(2)
122.0(2), C(1)-N(1)-C(13) 115.18(19), C(7)-N(2)-C(13) 115.9(2), C(8)-
F(2)-Li(1)# 110.52(17), N(1)-Li(1)-N(2)# 125.3(2), N(1)-Li(1)-O(1)
107.4(2), N(1)-Li(1)-F(2)# 114.7(2), O(1)-Li(1)-N(2)# 118.4(2), O(1)-
Li(1)-F(2)# 105.86(19), F(2)#-Li(1)-N(2)# 80.83(16). Symmetry transfor-
mation used to generate # atoms: �x � 2, �y � 2, �z.


asymmetric unit. The exo-NCN chelation of FPhF incurred by
fluorine donation (F(2), see Figure 1) precludes the incorpo-
ration of more than one solvent donor (as exhibited by
[Li2(�2 :�1:�1-FTolP)2(thf)2(�2-thf)])[75] or greater than �1-NCN
formamidinate coordination to each metal centre (as exhib-
ited by [{Li(�2 :�2 :�1-FTolP)2(Et2O)}2]).[8] This induces a sig-
nificantly large Li ¥¥¥ Li distance of 3.234(8) ä, the aforemen-
tioned FTolP species exhibiting analogous distances of
2.794(14) ä[75] and 2.61(2) ä.[8] Furthermore, as a conse-
quence of nitrogen/fluorine chelation to each lithium centre,
of which the Li�F bonds possess a length of 2.114(4) ä (mean
Li�F bond length structurally characterized 1.970 ä),[43] the
lithium atoms reside in highly distorted tetrahedral environ-
ments (N(1)-Li(1)-N(1)# 125.3(2)�, O(1)-Li(1)-F(2)
105.9(2)�). This is similar to the lithium atoms of
[Li2(�2 :�1:�1-FTolP)2(thf)2(�2-thf)] (OTHF-Li-O�-THF 102.8(4)�,
N-Li-OTHF 113.8(3)�) and [{Li((�2 :�2 :�1-FTolP)2(Et2O)}2]
(OEt2O-Li-N�1 121.6(4)�, N�1-Li-N�2 120.0(4)�),[8] whilst the
Li�OTHF distance of 1 (1.944(4) ä) is comparable to that of
the tetrahydrofuran ligands in [{Li(2-AsMe2-C6H4NH)-
(thf)2}2] (1.94(2) ä and 1.96(2) ä, lithium centres also four
coordinate).[83] Within the formamidinate ligand, the bond
lengths in the carbon ± nitrogen backbone of 1 suggest
delocalisation of the anionic charge across the NC(H)N unit
(1.318(3) ä and 1.343(3) ä; variation 0.025 ä, those of
[{HFTolP}2]; 1.340(2) ä and 1.414(2) ä, suggestive of discrete
single and double C�N bonds).[75] However, as a consequence
of �2 :�2 :�1 binding, the NCN backbone of the FPhF
ligand exists at an obtuse angle of 122.0(2)�. This is closed
with respect to the protonated ligand (122.45(11)�),[82]


and intermediate to those of [Li2((�2 :�1:�1-FTolP)2(thf)2-
((�2-thf)] (123.3(4)�)[75] and [{Li((�2 :�2 :�1-FTolP)2(Et2O)}2]
(120.0(4)�),[8] presumably because the conformational NCN
strain exhibited by 1 lies in between that of pure �2:�1:�1 and
�2 :�2 :�1 coordination. The lack of symmetry displayed by the
binding of FPhF within 1 is alluded to by the differing
carbon ± fluorine bond lengths for each aryl group, F(1)�C(2)
1.364(3), F(2)�C(8) 1.393(3) ä, that of the donor group being
extended as a result of donation of fluorine electron density


Table 1. Summary of crystal data for compounds 1 and 3 ± 5.


1 3 4 5


formula C17H174Li1N2O1F2 C17H19Na1N2O1F2 C86H74Na8N12O2F14 C13H9K1N2F2


Mw 310.27 328.33 1757.49 270.32
T [K] 123(2) 123(2) 123(2) 123(2)
space group P21/n P21/c P21/c P21/n
a [ä] 9.5714(19) 7.9919(16) 21.870(4) 3.9708(8)
b [ä] 7.6956(15) 15.671(3) 17.942(4) 11.558(2)
c [ä] 21.129(4) 13.450(3) 21.800(4) 25.035(5)
� [�] 99.50(3) 94.92(3) 94.28(3) 91.99(3)
V [ä3] 1535.0(5) 1678.3(6) 8530(3) 1148.3(4)
Z 4 4 4 4
�calcd [gcm�3] 1.343 1.299 1.369 1.564
� [mm�1] 0.100 0.119 0.140 0.469
reflns collected 15665 12301 81899 13453
reflns observed 3806 4077 20919 2812
parameters varied 276 210 1103 164
R(int) 0.1006 0.0664 0.1077 0.0722
R1 0.0575 0.0660 0.0533 0.0984
wR2 0.1654 0.1718 0.1036 0.2581
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and the minute closing of the ipso C-C-F angle of F(2) with
respect to the aryl group of F(1) (116.6(2)� and 117.6(2)�,
respectively). This has implications for the Li�N bonds adjacent
to each group, wherein that of N(1) is slightly longer (2.014(4) ä)
than that of N(2) (1.989(4) ä), the discrepancy arising from
greater ligand N�Li contact enforced by Li ¥¥ ¥ F contact.
Irrespective of this, these Li�N bond lengths are shorter than
the mean of those structurally authenticated (mean Li�N
bond length of four-coordinate lithium amides 2.096 ä).[43]


Similar to 1, compound 3 crystallises in a monoclinic space
group (P21/c) with half a dinuclear [{Na(�2:�2:�2-FPhF)-
(Et2O)}2] unit in the asymmetric unit (Figure 2). The increase


Figure 2. Molecular structure of [{Na(�2:�2 :�2-FPhF)(Et2O)}2] (3). All
hydrogen atoms and diethyl ether ethyl groups omitted for clarity. Relevant
bond lengths [ä] and angles [�]: Na(1)�N(1) 2.350(2), Na(1)�N(2) 2.580(2),
Na(1)#�N(2) 2.424(2), Na(1)#�F(2) 2.345(2), Na(1)�O(1) 2.344(2),
N(1)�C(13) 1.300(3), N(2)�C(13) 1.337(3), C(2)�F(1) 1.363(3),
C(8)�F(2) 1.371(3); Na(1)-N(1)-C(13) 92.76(16), Na(1)-N(2)-C(13)
82.17(15), Na(1)#-N(2)-C(13) 123.25(18), N(1)-C(13)-N(2) 121.8(2), C(1)-
N(1)-C(13) 117.9(2), C(7)-N(2)-C(13) 116.6(2), C(8)-F(2)-Na(1)#
117.94(15), N(1)-Na(1)-N(2) 55.50(7), N(1)-Na(1)-N(2)# 111.15(9), N(1)-
Na(1)-O(1) 112.92(8), N(1)-Na(1)-F(2)# 96.68(8), Na(2)-Na(1)-F(2)#
144.11(8), N(2)-Na(1)-N(2)# 97.99(8), O(1)-Na(1)-N(2)# 134.64(8), O(1)-
Na(1)-F(2)# 114.99(9), F(2)#-Na(1)-N(2)# 69.23(7). Symmetry transforma-
tion used to generate # atoms: �x � 1, �y, �z.


in metallic radii from 1 to 3 (Li 0.60, Na 1.00 ä)[84] facilitates
an �2-chelate interaction to each metal centre. Discounting
fluorine ± sodium interactions, this structural motif is similar
to that of the FTolP ligands within [{Na(�2 :�2 :�1-
FTolP)(DME)}2].[75] Similar to this species, the sodium atoms
of 3 reside in a distorted trigonal-bipyramidal environment
(F(2)-Na(1)-N(2) 144.11(8)�, O(1)-Na(1)-N(1) 112.92(8)�)
with a fluoro group (F(2)) taking the place of one ethereal
oxygen donor (cf. chelating donor in [{Na(�2 :�2 :�1-
FTolP)(dme)}2]).[75] As per 1, this creates a distortion of the
N,N�-di(aryl)formamidinate frame leading to disparate so-
dium ± nitrogen bond lengths of 2.350(2) and 2.424(2) ä
(intra-N4C2Na2 metallocycle Na�N bond length 2.580(2) ä),
meanwhile �2 chelation has little effect upon the NCN
backbone angle (1: 121.8(2)� ; 122.0(2)� 3) and renders N(2)
tetrahedral (distorted geometry; Na(1)-N(2)-N(1)# 82.01(8),
C(7)-N(2)-Na(1) 133.16(17). One ramification of fluorine ¥¥ ¥


sodium contact is lesser metal ± metal proximity for 3 than
[{Na(�2:�2:�1-FTolP)(dme)}2][75] resulting from exo-NCN li-
gand ± metal interaction (3.285(2) and 3.080(2) ä, respective-
ly). This constricts the carbon-nitrogen-ipso-carbon angles (at
F(2) 117.9(2)� versus angle at F(1) 116.2(2)�); however, with
respect to the NCN backbone, surprisingly this results in little
perturbation of the NCN dihedral angles between the
F-coordinated aromatic groups and the non-F-coordinated
aromatic groups, unlike 1 (3 ; C(1) ± C(6) ring plane to the
NCN plane 44.5(2)�, C(7) ± C(12) ring plane to the NCN plane
48.6(3)�, 1; C(1) ±C(6) ring plane to the NCN plane 56.2(2)�,
C(7) ± C(12) ring plane to the NCN plane 41.2(2)�). The Na�F
bonds responsible for decreased metal ± metal distances (see
above) have a length of 2.345(3) ä (mean of those structurally
characterised; 2.438,[43] C(2)�F(1) 1.363(3), C(8)�F(2)
1.371(3) ä). Fluorine coordination has a moderate effect
upon the typically symmetrical formamidinate carbon ± ni-
trogen bond lengths, those of the NCN unit are 1.300(3)
and 1.337(3) ä. Meanwhile, the sodium to ethereal
oxygen distance of 2.344(2) ä is similar to those
observed in [{Na{(SiMe3)NC(C6H5)N(SiMe3)}(Et2O)}2]
(mean 2.329 ä).[48] Overall, the metal ± oxygen/nitrogen
lengths of 3 are shorter than those structurally authenticated
(CCSD: Na�O 2.450, Na�Namido 2.442 ä, see Figure 2 for
Na�N bonds of 3).[43]


During the preparation of 3 at ambient temperature, a
second crystalline product [{Na3(�3 :�2 :�2 :�2-FPhF)3(�2-Et2O)-
(NaF)}2] (4) was isolated by fractional crystallisation (Fig-
ures 3 and 4, see the Experimental Section for spectroscopic
data). The composition of compound 4 presumably results
from a lack of reaction control during the diethyl ether
solvated deprotonation of HFPhF by sodium bis(trimethylsi-
lyl)amide. We speculate that this manifests itself as metathesis
at the ortho-fluorophenyl positions of 3 (rather than meta-
thesis with unreacted HFPhF), thereby eliminating sodium
fluoride in situ. The subsequent trapping of sodium fluoride
by [{Na(FPhF)}n(Et2O)m] renders 4 (n� 3, m� 1), suggesting
that the solution-state composition of 3 differs from that
observed in the solid state. Preparation of 3 at decreased
temperatures (�50 �C) inhibits the formation of 4, as evi-
denced by the absence of resonance signals at �� 7.08 and
8.49 ppm in 1H NMR spectra of the bulk product (C6D6).
These resonance signals, indicative of complex 4 (see the
Experimental Section), repeatedly appear in bulk samples of
3 prepared at ambient temperature; however, no analogous
products are identified in the bulk reaction material of
preparations of 1, 2 and 5 in tetrahydrofuran. Why this should
be is largely a point of conjecture; however, complex 4 can be
intentionally synthesised in high yield (�80% by 1H NMR)
by the treatment of HFPhF with 9/7 equivalents of sodium
bis(trimethylsilyl)amide. This reaction presumably proceeds
according to the path described in Scheme 2. Attempts to
isolate the hypothetical sodium N,N�-di(ortho-bis(trimethylsi-
lyl)aminophenyl)formamidinate by-product of this reaction
have proved fruitless probably due to increased solubility.
However, in view of the accepted stronger donor character-
istics of THF compared to diethyl ether, we believe the
absence of a 4-like species in the syntheses of 1, 2 and 5
suggests that, whilst diethyl ether donation is relatively labile,







Formamidine Group 1 Metal Complexes 415±424


Chem. Eur. J. 2003, 9, No. 2 ¹ 2003 WILEY-VCH Verlag GmbH &Co. KGaA, Weinheim 0947-6539/03/0902-0419 $ 20.00+.50/0 419


Figure 3. Molecular structure of one of the trinuclear [{Na3(�2 :�2:�2-
FPhF)2(�3 :�2 :�2 :�2-FPhF)((�2-Et2O)] capping units within the asymmetric
unit of 4. All hydrogen atoms and diethyl ether ethyl groups omitted for
clarity. Relevant bond lengths [ä] and angles [�]: N(1A)�Na(2A)
2.6812(19), N(2A)�Na(2A) 2.569(2), N(1A)�Na(3A) 2.429(2),
N(2A)�Na(4A) 2.455(2), F(2A)�Na(3A) 2.6096(16), F(3A)�Na(4A)
2.4034(16), F(2A)�C(2A) 1.374(3), F(3A)�C(8A) 1.384(3),
N(4A)�Na(2A) 2.506(2), N(3A)�Na(3A) 2.372(2), F(4A)�Na(3A)
2.4302(17), F(5A)�Na(2A) 2.9312(17), F(4A)�C(15A) 1.377(3),
F(5A)�C(21A) 1.374(3), N(5A)�Na(4A) 2.485(2), N(6A)�Na(2A)
2.495(2), F(6A)�Na(4A) 2.4113(17), F(7A)�Na(2A) 2.4353(16),
F(6A)�C(28A) 1.380(3), F(7A)�C(34A) 1.387(2), Na(3A)�O(1A)
2.438(2), Na(4A)�O(1A) 2.5306(18), N(1A)�C(13A) 1.321(3),
N(2A)�C(13A) 1.309(3), N(3A)�C(26A) 1.323(3), N(4A)�C(26A)
1.327(3), N(5A)�C(39A) 1.323(3), N(6A)�C(39A) 1.324(3); Na(3A)-
O(1A)-Na(4A) 80.71(5), N(1A)-C(13A)-N(2A) 121.4(2), N(3A)-C(26A)-
N(4A) 121.4(2), N(5A)-C(39A)-N(6A) 121.1(2), N(4A)-Na(2A)-F(5A)
58.06(5), N(6A)-Na(2A)-F(7A) 67.42(6), N(1A)-Na(2)-N(2A) 51.75(6),
N(1A)-Na(3A)-F(2A) 65.26(6), N(1A)-Na(3A)-O(1A) 89.40(6), N(3A)-
Na(3A)-F(4A) 68.42(6), N(2A)-Na(4A)-O(1A) 90.67(6), N(5A)-Na(4A)-
F(6A) 65.92(6), N(2A)-Na(4A)-F(3A) 67.60(6).


the robust coordination of THF inhibits the metathesis
reaction that leads to 4.


Compound 4 crystallises in the monoclinic space group
P21/c with two unique half molecules of [{Na3(�3:�2 :�2 :�2-
FPhF)3(�2-Et2O)(NaF)}2] in the asymmetric unit. On account
of the similar metrical parameters of both molecules, for
which the remaining halves are formed by crystallographic
inversion, only molecule ™A∫ is discussed here. As depicted in


Figure 4. Molecular structure of one of the dimeric units of
[{Na3(�3 :�2 :�2:�2-FPhF)3(�2-Et2O)(NaF)}2] in 4. All hydrogen atoms and
diethyl ether ethyl groups omitted for clarity. Relevant bond lengths [ä]
and angles [�] not listed in Figure 3: Na(1A)�F(1A) 2.3710(18),
Na(1A)�F(1A)# 2.3877(16), Na(1A)�N(3A) 2.5828(19), Na(1A)�N(5A)#
2.509(2), Na(1A)�N(4A) 2.509(2), Na(1A)�N(6A)# 2.582(2),
F(1A)�Na(2A) 2.3010(18), F(1A)�Na(3A) 2.3942(16), F(1A)�Na(4A)
2.2968(18); N(5A)#-Na(1A)-F(1A) 160.46(7), N(4A)-Na(1A)-N(6A)#
147.98(7), N(3A)-Na(1)-F(1A)# 168.14(7), F(1A)-Na(1A)-F(1A)#
91.89(5), N(3A)-Na(1A)-F(5A)# 94.42(6), Na(2A)-F(1A)-Na(3A)
81.67(6), Na(2A)-F(1A)-Na(4A) 87.64(6), Na(2A)-F(1A)-Na(1A)
84.66(6), Na(2A)-F(1A)-Na(1A)# 85.64(6), Na(1A)-F(1A)-Na(4A)
172.00(8), Na(3A)-F(1A)-Na(1A)# 166.77(8), Na(3A)-F(1A)-Na(4A)
86.59(5), Na(1A)-F(1A)-Na(1A)# 88.11(5). Symmetry transformation used
to generate # atoms: �x � 1, �y � 2, �z.


Figures 3 and 4, the molecular structure of compound 4
consists of two trisodium tris(formamidinate) units that
comprise �2:�2:�2-FPhF ligands, a bridging diethyl ether
moiety and an unprecedented �3 :�2:�2:�2-formamidinate
donor. These encapsulate two sodium fluoride fragments by
�2-N,N-formamidinate chelation of the sodium cations by the
�2 :�2 :�2-ligands, thereby creating a further unique �3:�2 :�2 :�2-
formamidinate binding mode, and sodium ± fluoride interac-


tions. Ignoring fluorine ± metal
coordination, the two distinct
sets of formamidinate ligands
display �3:�2:�1:�1-amidinate
bonding similar to that of [Na3-
(FTolP)3(thf)4],[75] wherein two
�2:�1:�1-FTolP ligands coordi-
nate a trisodium moiety in tan-
dem with a singular �2 :�2 :�2-
FTolP ligand (N-Na-N bite and
NCN angles, �3-FTolP; mean
51.2� and mean 121.7�, �2 :�2 :�2-
FTolP; mean 52.2� and
121.9(11)�).[75] This motif renders
the NCN-chelate bite angles to
Na(2A), Na(1A) and Na(1A)#
small (N(1A)-Na(2A)-N(2A)


Scheme 2. Generation of [{Na3(�3:�2 :�2:�2-FPhF)3(�2-Et2O)(NaF)}2] (4) from addition of excess sodium
bis(trimethylsilyl)amide.
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51.75(6)�, N(3A)-Na(1A)-N(4A) 53.97(6)�, N(5A)-Na(1A)#-
N(6A) 53.83(6)�) when compared to those of [Na{(2,6-
iPr-C6H3)NC(H)N(2,6-iPr-C6H3)}(thf)3] (56.54(7)�)[82] and 3
(55.50(7)�)[73] because of depreciated ligand ±metal contact.
Unsurprisingly, this and the congested nature of 4 afford
extended sodium ± nitrogen contacts relative to other less-
congested sodium amidinate species (mean 2.50 ä, mean 3
2.45 ä,[73] mean of those in trimeric tris(amidinate)
[{Na((C6H11)NC{N(SiMe3)2}N(C6H11))}3] ¥ C6H5CH3 2.49 ä).[61]


It appears unlikely that this extension results from fluorine
electron withdrawal from the NCN-formamidinate subunit.
This hypothesis is supported by the short nature of the M�N
bonds of compound 4, and also those of 1, 3 and 5 (see below),
relative to Group 1 metal amide bonds in the structural
archive, and the similar length of the M�N bonds in
compounds 1, 3 ± 5 to the mean M�N lengths of relevant
Group 1 FTolP species [Li2(�2 :�1:�1-FTolP)2(�-thf)(thf)2]
(2.028 ä),[75] [Na2(�2:�2:�1-FTolP)2(dme)2] (2.481 ä)[75] and
[K(�2-FTolP)([18]crown-6)] (2.876 ä).[77] Furthermore, the
symmetrical formamidinate environments of 4 incur back-
bone C�N bond lengths that describe complete delocalisation
of the anionic charge across the backbone, the variation
within each ligand being 0.012, 0.004 and 0.001 ä
([{HFTolP}2], mean C�N 1.409, C�N 1.347 ä).[75] The trinu-
clear sodium fluoride −trapping× moieties of 4 are noteworthy
in that they represent the fourth trisodium tris(amidinate) unit
structurally authenticated, the metal ± amidinate ™trimer∫
motif appearing preferential to sodium.[52, 61, 75] In addition,
although species containing bridging THF moieties are some-
what common,[85] the diethyl ether ligands of 4 are the only
reported example of a bridging Et2O (Na(3A)�O(1A)
2.438(2), Na(4A)�O(1A) 2.5306(18) ä; mean structurally
characterised Na�O distance; 2.450 ä).[43] Finally, coordina-
tion of the sodium and fluorine atoms of NaF by these
trinuclear ™pseudo-ligand∫ units present sodium ± fluoride
and nitrogen ± sodium bond lengths in the ranges 2.297 ±
2.394(2) and 2.509(2) ± 2.583(2) ä. These are shorter and
longer, respectively, relative to those in the Cambridge
crystallographic structural database because of the highly
ionic nature of these bonds (mean Na�F CCSD: 2.438; mean
Na�Namido CCSD: 2.442 ä)[43] and result in heavily distorted
octahedral sodium geometries (N(4A)-Na(1A)-N(6A)#
148.0(1)�, N(3A)-Na(1A)-F(5A)# 94.4(1)�) and relatively
symmetrical square-pyramidal fluoride environments
(Na(1A)-F(1A)-Na(4A) 172.0(1), Na(1A)-F(1A)-Na(1A)#
88.1(1)�).


The increasing use of Group 1 amido complexes as
synthetic reagents in inorganic chemistry and as strong
Br˘nsted bases or nucleophiles in organic synthesis[86±89] has
increased interest in the effect of Group 1 salts upon chemical
reactivity. The high polarity of alkali metal M�X bonds (X�
halide, amide etc) causes association of Group 1 species,
yielding dimers, trimers or even oligomers that may become
non-reactive or modify the activity of the host system.[44] The
extent of this aggregation is largely dependent on the steric
bulk of the associated ligands, although it has even greater
dependence on metal charge density. For this reason, lithium
salts, lithium bearing the highest charge density of all alkali
metals, have received the most attention with regard to


Group 1 inclusion compounds.[44, 90±99] Furthermore, in the
absence of any tangible advantage to handling more reactive
heavy Group 1 reagents, the wide-spread use of lithium
reagents has led to almost all documented cases of Group 1
halide inclusion being those of lithium.[43] Non-serendipitous
research into the entrapment of lithium salts has been
principally advanced by the group of Chivers.[44, 95±99] Surplus
to these forays, we are unaware of any concerning the
chemistry of heavier Group 1 species. The selective prepara-
tion of 4 by reaction of HFPhF with excess sodium bis(trime-
thylsilyl)amide (see above) suggests that this study should be
undertaken (see Scheme 2).


The molecular structure of compound 5, like those of 1 and
3, can be broken down into a dimeric unit of composition
M2(FPhF)2 (Figure 5). Contrary to lighter metal analogues,
and like potassium complexes of bulky N,N�-di(aryl)form-


Figure 5. Molecular structure of a dimeric K2(FPhF2) unit within
[K{�4 :�4 :�3 :�2:�1-FPhF}�] (5). Formamidinates exhibit (�2:�4 :�3-binding
as shown. All hydrogen atoms omitted for clarity. Relevant bond lengths
[ä] and angles [�]: K(1)�F(1) 3.030(4), K(1)�N(1) 2.934(5), K(1)�C(1)
3.199(5), K(1)�C(2) 3.255(6), K(1)#1�N(1) 3.444(5), K(1)#1�N(2)
2.767(5), K(1)#1�F(2) 2.805(4) N(1)�C(13) 1.322(7), N(2)�C(13)
1.323(7); F(1)-K(1)-N(1) 54.16(11), K(1)-N(1)-K(1)#1 66.34(9), N(1)-
K(1)#1-N(2) 42.34(12), N(1)-K(1)#1-F(2) 99.33(11), N(2)-K(1)#1-F(2)
58.05(12), N(1)-C(13)-N(2) 123.5(5), F(1)-K(1)-F(2)#1 92.65(11), F(1)-
K(1)-N(2)#1 147.89(12), F(1)-K(1)-N(1)#1 153.40(11), N(1)-K(1)-F(2)#1
146.12(12), N(1)-K(1)-N(2)#1 155.73(13), N(1)-K(1)-N(1)#1 113.66(9).
Symmetry transformation used to generate #1 atoms: �x � 1, �y, �z.


amidinates, for example, [K{(�6-Mes)NC(H)N(Mes)}{(�6-
Mes)NC(H)NH(Mes)],[73] [K2{(�6-2,6-iPr2C6H3)NC(H)N-
(2,6-iPr2C6H3)}2(thf)2] and [K{(�6-2,6-iPr2C6H3)NC(H)N-
(2,6-iPr2C6H3)}(thf)3] ¥ HFIso (HFIso; N,N�-di(2,6-diisopro-
pylphenyl)formamidine),[78] the potassium centres of 5 exhibit
a preference for potassium �-arene donation rather than
supplementary nitrogen or solvent oxygen donors. This
renders 5 Lewis-base-free and polymeric. As illustrated in
Figures 5 and 6, compound 5 crystallises in the monoclinic
space group P21/n with half a dimeric K2(FPhF)2 in the
asymmetric unit. Like 3, within this dimeric unit, the NCN
fragments coordinate the metal atoms in a �2:�2:�1-binding
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mode giving K�N bond lengths of 2.767(5) (�1) and 2.934(5),
3.444(5) ä (�2) (see Figures 5 and 6). Like 4, these interac-
tions are supplemented by fluorine coordination of both
ortho-fluoro groups. For F(1) this is K(1) (3.030(4) ä), and for
F(2) this is K(1)# (2.805(4) ä). The aromatic group bearing
the F(1) donor partakes in �2-aryl donation to the K(1) metal
centre (C(1) ¥¥¥ K(1) 3.199(5) ä and C(2) ¥¥ ¥ K(1) 3.255(6) ä).
These lengths are extended with respect to those in the
structural archive (mean K�C lengths of the potassium
cyclopentadienide compound [{KCp(dme)0.5}�]: 3.055 ä;[100]


mean K�C length in the CCSD: 3.116 ä);[43] but are well
within the recognised limits set by compounds, like
[{K(C(SiMe3)2C6H5)}�],[101] which possesses potassium
arene ± carbon bond lengths ranging from 3.093(2) to
3.522(2) ä. This provides the formamidinate ligand in 5 with
greater asymmetry than those in 1 and 3. In addition, the NCN
backbone is opened to 123.5(5)� (1 122.0(2), 2 121.8(2)�,
HFPhF 122.5(1)�). Overall, this gives 5 the greatest dimer
metal ±metal distance amongst FPhF Group 1 metal com-
plexes, namely 3.516(2) ä (cf. 3.234(8) in 1 and 3.285(2) ä in
2), which suggests that the greater electropositivity and
increased metallic radius of potassium (Allred and Rochow
electronegativity of 0.9 (Li), 1.0 (Na), metallic radii 0.60 ä
(Li), 1.00 ä (Na), 1.40 ä (K))[84] are predisposed to fluorine
and arene-� donation. Similar potassium ± arene interactions
have been cited as stabilising influences in several organo-
metallic systems that support unusual kinetically transient
coordination environments.[102±105] Macromolecularly, the
overlaying of K2(FPhF)2 dimeric units of 5 affords a polymeric
structure that incorporates further formamidinate coordina-
tion to potassium atoms above and below the K2(FPhF)2


plane. As depicted in Figure 6, in tandem with augmentative
bridging of F(1) to a proximal metal atom within the lattice
(K(1)#2, F(1)-K(1)#2 2.706(4) ä), 5 is furnished with unpre-
cedented tetranuclear bridging formamidinates that exhibit
�4 :�4 :�3 :�2 :�1-amidinate coordination. The bridging of four
nuclei by one amidinate ligand is unique to 5 and the complex


[Li4(�4:�1:�1:�1:�1-PhNC(Ph)NPh)(�3:�2:�1:�1-PhNC(Ph)NPh)2]-
[Li(AlMe3But)2],[81] there being only three examples of
trinuclear bridging amidinates in the Cambridge crystallo-
graphic structural database,[43, 80] whilst the macromolecular
motif described by 5 exhibits metal ±metal distances ranging
from 3.516(2) to 5.812(2) ä. Furthermore, the recognised
incorporation of lithium halides in lanthanoid species pre-
pared by metathetical paths[106] make THf-soluble 5 an ideal
precursor for the preparation of heteroleptic f-block N,N�-
di(ortho-fluorophenyl)formamidinate species. These are cur-
rently under investigation.[82] Taking into account the macro-
molecular metal ± ligand bond lengths (see Figure 6 caption),
the bond lengths within the molecular structure of 5 possess
mean values of 3.027 (K�N), 2.810 (K�F) and 3.227 ä (K�C).
With the exception of the K�F bonds (which in the absence of
donor solvent participate with potassium to a greater extent
than the central metal atoms of 1 and 3) these are elongated
relative to those in the structural archive (2.939, 2.828 and
3.116 ä, respectively)[43] due to the decreased ligand ± metal
contact inherent of high nuclearity. Lastly, the fluorine
coordination and �2-aryl coordination of FPhF ligands in 5
provide an aryl ± aryl torsion angle of 59.7(1)� ; this is small
compared with those of 1 and 3 (86.4(1)� and 85.7(1)�,
respectively), which possess aryl groups that are not coordi-
nated to fluorine. Interestingly, the layered solid-state motif of
5 (see Figure 6) would almost certainly be disrupted by the
steric imposition of any group other than hydrogen upon the
amidinate backbone.


Conclusion


We have demonstrated that the structural versatility of FPhF
documented by complexes 1 and 3 ± 5 epitomises the dextrous
coordination of formamidinate ligands to contrasting metal
assemblies. Comparisons with the chemistries of related N,N�-
di(tolyl)formamidinate species[75, 77] indicate that the in-


Figure 6. Macromolecular structure of [K{�4:�4 :�3:�2 :�1-FPhF}�] (5). Dimeric unit of Figure 5 displayed as ellipsoids. Relevant bond lengths [ä] and angles
[�] not listed in Figure 5: F(1)�K(1)#2 2.706(4), N(1)�K(1)#2 3.018(5), N(2)�K(1)#3 2.925(4), K(1) ¥¥ ¥ K(1)#1 3.5155(21), K(1) ¥¥ ¥ K(1)#2 3.9708(8), K(1) ¥¥ ¥
K(1)#3 5.8124(22), K(1)#1 ¥¥ ¥ K(1)#2 4.7400(21), K(1)#1 ¥¥ ¥ K(1)#3 3.9708(8), K(1)#2 ¥¥ ¥ K(1)#3 3.5155(21); F(1)-K(1)#2-N(1) 56.34(11), K(1)-N(1)-K(1)#2
83.68(12), K(1)#1-N(1)-K(1)#2 94.12(12), K(1)#1-N(2)-K(1)# 88.44(13). Symmetry transformations used to generate equivalent atoms: #1: �x � 1, �y, �z ;
#2: x� 1, y, z ; #3: �x, �y, �z.
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creased NCN hapticity of FPhF results from fluoro substitu-
tion. This increases M ¥¥¥M distances and fully or partially
frustrates the inclusion of ethereal donors that would
intuitively decrease nuclearity. In tandem with the unencum-
bered nature of FPhF, not only caused by a hydrogen
substituent upon the backbone but also the low steric demand
of the ortho-fluorophenyl groups, this provides FPhF with a
near autonomous binding preference without weakening the
metal ± nitrogen interaction (as evidenced by comparison with
relevant Group 1 FTolP species, see above). In accordance, all
species coordinate as per the coordinative requirements of the
included metal centres, the perturbation of ideal 120� NCN-
sp2 centres largely depending on metal aggregation. In 4 and 5,
the sheer extent of this aggregation places increased demand
upon the formamidinate frame. This results in disparate ipso-
carbon-nitrogen-methyne carbon, NCN and ipso-carbon-
nitrogen-metal angles that deviate in the ranges; 116.9(2) ±
119.6(2)�, 121.1(2) ± 121.4(2)�, 105.2(1) ± 135.9(1)� (4) and
115.1(4) ± 115.6(4)�, 123.5(5)�, 87.4(3) ± 120.8(3)� (5). The
coordination preference of the FPhF ligands within 3
(�2 :�2 :�2) and 4 (�3 :�2 :�2 :�2) are unique with respect
to the established precedent set by fluorinated formamidi-
nate ™lantern-type∫ complexes of chromium (�2:�2:�1).[79]


Similarly, the binding motif of FPhF ligands within 5
(�4 :�4 :�3 :�2 :�1) is entirely unique in amidinate chemistry, a
field of research that comprises elements spanning the
periodic table.


Experimental Section


The formamidinate ligand precursor N,N�-di(ortho-fluorophenyl)formami-
dine, HFPhF, was synthesised according to a published procedure.[8, 107] n-
Butyllithium (1.6� solution in hexanes), sodium bis(trimethylsilyl)amide
(1.0� solution in tetrahydrofuran) and potassium bis(trimethylsilyl)amide
(0.5� solution in toluene) were purchased from Aldrich. Tetrahydrofuran,
diethyl ether and hexane were dried over sodium, freshly distilled from
sodium/benzophenone ketyl and freeze ± thaw degassed prior to use.
Toluene was dried over sodium, freshly distilled from Na/K alloy and
freeze ± thaw degassed prior to use. All manipulations were performed by
means of conventional Schlenk or glove-box techniques under an
atmosphere of high purity dinitrogen in flame-dried glassware. Infrared
spectra were recorded as Nujol mulls between sodium chloride plates on a
Nicolet Nexus FTIR spectrophotometer. 1H NMR spectra were recorded
at 300 MHz, 13C NMR spectra were recorded at 75.5 MHz and 19F{1H}
NMR spectra at 282 MHz on a Bruker BZH300/52 spectrometer, with
chemical shifts referenced to the residual 1H, 13C resonance signals of the
deuterated benzene solvent or, for 19F{1H} NMR spectra, an external CCl3F
standard (�� 0.0). Melting points were determined in sealed glass
capillaries under dinitrogen and are uncorrected. Microanalyses for
compounds 1, 2 and 5 were conducted at the University of Otago (New
Zealand) The high solvent dependency of compounds 3 and 4 (loss of
crystallinity within seconds upon removal from mother liquor), combined
with their pronounced sensitivity to moisture and air, prevented the
acquisition of meaningful C,H,N microanalytical data. However, given that
1H NMR spectra of 3 and 4 show no observable impurities, and in view of
the sharpness of their melting points, we believe the bulk purity of both to
be of microanalytical quality. A resonance attributable to the bound NaF
moieties of compound 4 was not observed, and is thought to be placed
beyond the range of the spectrometer employed (see above).


[{Li(�2 :�2:�1-FPhF)(thf)}2] (1): n-Butyllithium (0.80 mL, 1.28 mmol) was
added dropwise to a solution of HFPhF (0.30 g, 1.29 mmol) in THF
(40 mL). This resulted in the formation of a light yellow solution that was
stirred overnight at ambient temperature. The solution was concentrated in
vacuo (�10 mL), filtered and stored at �10 �C overnight to yield the title


compound as small colourless blocks. Yield: 0.27 g (68%); m.p. 121 �C;
1H NMR (C6D6, 300 K): �� 1.44 (m, 8H; CH2, THF), 3.62 (m, 8H; CH2O,
THF), 6.66 (m, 4H; Ar-H), 6.84 (m, 8H; Ar-H), 7.08 (m, 4H; Ar-H),
8.07 ppm (br s, 2H; NC(H)N); 13C NMR (C6D6, 300 K): �� 26.1 (s; CH2,
THF), 68.3 (s; CH2O, THF), 115.6, 115.8, 121.5, 122.8 (br s; Ar-C), 125.3 (d,
J(C,F)� 3.4 Hz; Ar-C), 137.5 (s; Ar-C), 158.4 ppm (s; NC(H)N); 19F{1H}
NMR (C6D6, 300 K): ���126.7 ppm (s); IR (Nujol): �� � 670 (w), 756 (m),
804 (m), 843 (m), 884 (m), 920 (m), 991 (m), 1035 (m), 1101 (m), 1188 (m),
1216 (s), 1277 (m), 1338 (m), 1486 (s), 1561 (s), 1618 (m), 1672 (m) cm�1;
elemental analysis (%) calcd for C34H34N4O2F4Li2: C 65.81, H 5.52, N 9.03;
found: C 65.86, H 5.48, N 9.47.


[Na(FPhF)(thf)] (2): Sodium bis(trimethylsilyl)amide (2.50 mL,
2.50 mmol) was added dropwise to a solution of HFPhF (0.57 g, 2.45 mmol)
in THF (20 mL). The resulting solution was stirred overnight. Volatiles
were removed in vacuo to render an oil that precipitated as a light powder
upon washing with toluene (�2 mL). The powder was extracted into fresh
THF (15 mL), and the mixture was filtered and stored at �5 �C to yield the
title compound as a colourless microcrystalline powder. Yield: 0.55 g
(69%); m.p. 265 �C, decomposition 290 �C; 1H NMR (C6D6, 300 K): ��
1.43 (m, 4H; CH2, THF), 3.59 (q, 4H; OCH2, THF), 6.61 (m, 2H; Ar-H),
6.85 (m, 6H; Ar-H), 8.65 ppm (br s, 1H; NC(H)N); 13C NMR (C6D6,
300 K): �� 24.4 (s ; CH2, THF), 66.6 (s; OCH2, THF), 113.6, 113.9, 118.9,
119.0, 123.9, 142.7 (br s; Ar-C), 162.6 ppm (s; NC(H)N); 19F{1H} NMR
(C6D6, 300 K): ���135.9 ppm; IR (Nujol): �� � 610 (w), 741 (m), 804 (m),
841 (m), 884 (w), 924 (m), 1002 (m), 1039 (m), 1099 (m), 1149 (w), 1220 (s),
1261 (m), 1274 (m), 1486 (s), 1546 (s), 1617 (m) cm�1; elemental analysis
(%) calcd for C17H17N2O1F2Na1: C 62.57, H 5.25, N 8.58; found: C 62.02, H
5.24, N 9.01.


[{Na(�2 :�2:�2-FPhF)(Et2O)}2] (3): Sodium bis(trimethylsilyl)amide
(2.50 mL, 2.50 mmol) was added dropwise to a solution of HFPhF
(0.57 g, 2.45 mmol) in Et2O (25 mL) at �50 �C. The resulting solution
was stirred for 3 h at low temperature before warming to ambient
temperature. The mixture was stirred overnight, and volatiles were
removed in vacuo to yield a light coloured powder. The powder was
extracted into fresh diethyl ether (15 mL), and the mixture was filtered and
stored at �5 �C to yield the title compound as small colourless prisms.
Yield: 0.57 g (71%); m.p. 238 �C, decomposition 290 �C; 1H NMR (C6D6,
300 K): �� 1.18 (t, 12H; CH3, Et2O), 3.27 (q, 8H; OCH2, Et2O), 6.63 (m,
4H; Ar-H), 6.86 (m, 12H; Ar-H), 8.58 ppm (br s, 2H; NC(H)N); 13C NMR
(C6D6, 300 K): �� 14.2 (s; CCH3, Et2O), 64.6 (s; OCH2, Et2O), 113.7, 114.1,
119.3, 120.1, 124.1, 141.1 (br s; Ar-C), 156.6 ppm (s; NC(H)N); 19F{1H}
NMR (C6D6, 300 K): ���136.3 ppm; IR (Nujol): �� � 610 (w), 741 (m),
805 (m), 841 (m), 885 (w), 923 (m), 1034 (m), 1098 (m), 1150 (w), 1223 (s),
1275 (m), 1299 (m), 1487 (s), 1566 (s), 1617 (m) cm�1.


[{Na3(�3:�2 :�2 :�2 :FPhF)3(NaF)(�2-Et2O)}2] (4): Sodium bis(trimethyl-
silyl)amide (1.70 mL, 1.70 mmol) was added dropwise to a solution of
HFPhF (0.40 g, 1.72 mmol) in Et2O (40 mL) at ambient temperature. The
resulting light yellow solution was stirred overnight, then all volatiles were
removed in vacuo to render a colourless powder that was washed with cold
hexane (3� 15 mL). The dried material was extracted into fresh diethyl
ether (10 mL), filtered and stored at �5 �C to fractionally crystallise 4 as
colourless needles. Yield: 0.19 g (51% by Na); m.p. 226 �C (decomp);
1H NMR (C6D6, 300 K): �� 1.36 (t, 12H; CH3, Et2O), 3.56 (q, 8H; OCH2,
Et2O), 6.67 (m, 12H; Ar-H), 6.82 (m, 24H; Ar-H), 7.08 (brm, 12H; Ar-H),
8.49 ppm (br s, 6H; NC(H)N); 13C NMR (C6D6, 300 K): �� 14.4 (s; CCH3,
Et2O), 66.6 (s; OCH2, Et2O), 114.6, 114.9, 120.6, 122.7, 128.3, 138.5 (br s;
Ar-C), 152.9 ppm (s; NC(H)N); 19F{1H} NMR (C6D6, 300 K): ��
�137.2 ppm; IR (Nujol): �� � 608 (w), 745 (m), 810 (m), 836 (m), 1040
(m), 1097 (m), 1231 (m), 1286 (m), 1310 (m), 1446 (s), 1567 (s), 1610 (m),
1687 (w) cm�1.


[{K(�4 :�4:�3 :�2 :�1-FPhF)}8] (5): Potassium bis(trimethylsilyl)amide
(2.6 mL, 1.30 mmol) was added dropwise to a stirred solution of HFPhF
(0.30 g, 1.29 mmol) in THF (30 mL) resulting in immediate precipitation of
a light coloured material. After stirring for 3 h, all volatiles were removed
in vacuo to yield a colourless opaque oil. Washing with hexane (3� 5 mL)
gave a clean precipitate that was extracted into fresh THF (20 mL). The
mixture was concentrated in vacuo and filtered. The filtrate was stored at
�25 �C overnight to yield the title compound as colourless blocks. Yield:
0.30 g (86%); m.p. 234 �C; 1H NMR (C6D6, 300 K): �� 6.77 (m, 2H; Ar-
H), 7.05 (m, 6H; Ar-H), 8.58 ppm (br s, 1H; NC(H)N); 13C NMR (C6D6,
300 K): �� 114.2 (d, J(C,F)� 21.5 Hz; Ar-C), 119.0, 119.3 (br s; Ar-C),
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124.1 (d, J(C,F)� 3.2 Hz; Ar-C), 128.0 (br s; Ar-C), 142.0 (d, J(C,F)�
9.2 Hz; Ar-C), 161.4 ppm (s; NC(H)N); 19F{1H} NMR (C6D6, 300 K): ��
�130.5 ppm; IR (Nujol): �� � 606 (m), 650 (w), 753 (m), 804 (m), 838 (m),
890 (w), 922 (m), 991 (m), 1035 (m), 1098 (m), 1153 (w), 1180 (m), 1217 (s),
1328 (s), 1464 (s), 1538 (s), 1614 (m) cm�1; elemental analysis (%) calcd for
C13H9N2F2K1: C 57.76, H 3.36, N 10.36; found: C 57.70, H 3.65, N 10.11.


X-ray crystallography : Crystalline samples of compounds 1 and 3 ± 5 were
mounted upon glass fibres, in viscous hydrocarbon oil, at �150 �C (123 K).
Crystal data were obtained on an Enraf-Nonius KappaCCD. Data were
corrected for absorption with the DENZO program.[108] Structural solution
and refinement was carried out with the SHELX suite of programs[109] and
the graphical interface X-Seed.[110] All hydrogen atoms were placed in
calculated positions by the riding model. Crystal data and refinement
parameters for all complexes are compiled in Table 1.


CCDC-191157 (1), CCDC-191158 (3), CCDC-191159 (4) and CCDC-
191160 (5) 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)1223-336033; or
deposit@ccdc.cam.uk).
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Diastereoselective Hydroformylation of 2-Substituted Allylic
o-DPPB-Esters–On the Origin of 1,2-Asymmetric Induction**


Bernhard Breit,* Golo Heckmann, and Stephan K. Zahn[a]


Abstract: 2-Substituted secondary alco-
hol o-DPPB esters (o-DPPB� ortho-
diphenylphosphanylbenzoyl) have been
prepared and their o-DPPB-directed
diastereoselective hydroformylation ex-
amined. It was found that the diaster-
eoselectivity increased as a function of
the steric demand of the substituents
both at the stereogenic center and in the
alkene 2-position. Hydrolytic cleavage
of the o-DPPB group afforded–via the
lactols 29–the corresponding lactones
30, the relative configurations of the
vicinal stereogenic centers of which
were ascertainable by 2D-NOESY spec-


troscopy. In addition, a crystal structure
analysis of the hydroformylation prod-
uct 2 d provided further confirmation of
the relative configuration. Replacement
of the ester carbonyl group of the o-
DPPB by a methylene unit resulted in
significantly worse diastereoselectivity
in the course of the hydroformylation
(34� 35), which indicates a decisive
role for the ester carbonyl function. All


the experimental observations were
combined in a model of the origin of
the 1,2-asymmetric induction during the
title reaction. The key feature is the
consideration of diastereomeric trigo-
nal-bipyramidal rhodium-hydrido-olefin
complexes I and II, capable on the basis
of the Hammond postulate of acting as
good models for the transition states of
the selectivity-determining hydrometa-
lation step. Investigation of these com-
plexes by force-field methods indicated
good correlation between theoretically
predicted and experimentally deter-
mined diastereoselectivities.


Keywords: asymmetric synthesis ¥
catalysis ¥ catalyst directing group
¥ C�C coupling ¥ hydroformylation


Introduction


The hydroformylation of alkenes is an attractive C/C bond-
forming reaction, since it is not only an atom-economic
addition reaction but also provides the aldehyde function,
which itself is an ideal platform for further synthetic
operations.[1] However, hydroformylation has not yet been
of frequent use in organic synthesis, although it is one of the
industrially most important reactions relying on homogenous
catalysis.[2] This discrepancy is primarily due to the difficulty in
control of selectivity, in particular stereoselectivity, in the
course of the hydroformylation reaction.
We[3] and others[4] recently devised solutions to this


selectivity problem, relying on specifically introduced sub-
strate-bound catalyst-directing groups. Such a function en-
forces attractive substrate ± catalyst interaction and enables
efficient substrate-directed hydroformylation of, for instance,


methallylic and homomethallylic alcohols. As an ideal cata-
lyst-directing group we identified the ortho-diphenylphospha-
nylbenzoyl function (o-DPPB), attached to a hydroxy group
of the substrate through an ester linkage (see Scheme 1). In


R
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O(o-DPPB)


R


O(o-DPPB)


Me OOMe Me


O


PPh2


+


1 syn-2 anti-2


up to
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(63-99%)


Rh-cat.
hydroformylation


Scheme 1. Diastereoselective hydroformylation of metallylic o-DPPB
esters (o-DPPB�ortho-diphenylphosphinobenzoate).


the case of the hydroformylation of methallylic o-DPPB
systems 1, diastereoselectivity of up to 96:4 in favor of the syn-
aldehyde 2 was observed.[5] The reaction has also been used as
a key step for the construction of stereotriad building blocks
for polyketide synthesis,[6] and additionally, was able to serve
as a key step in Domino-type reaction sequences.[7]


However, previous studies with this system have shown that
diastereoselectivity of the o-DPPB-directed hydroformyla-
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[**] Substrate-Directed Diastereoselective Hydroformylations, Part 4; for
Part 3 see: B. Breit, M. Dauber, K. Harms, Chem. Eur. J. 1999, 5,
2819 ± 2827.
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tion is a function of the nature of the substituent at the
stereogenic center of the methallylic o-DPPB ester 1, with
secondary alkyl substituents showing the highest selectivi-
ties.[5] To learn more about the scope of this stereoselective
hydroformylation and to obtain insights into the origin of 1,2-
asymmetric induction, we have initiated studies on the
influence of the substituent R2 on the diastereoselectivity of
the o-DPPB-directed hydroformylation described (see
Scheme 2). The results of these investigations, together with
a model for the origin of 1,2-asymmetric induction in the
course of the o-DPPB-directed hydroformylation, are report-
ed here.


Scheme 2. Influence of the 2-substituent R2 on the diastereoselectivity of
2-substituted allylic o-DPPB esters.


Preparation of 2-alkyl-substituted allylic alcohol o-DPPB
esters : The synthesis of 2-alkyl-substituted allylic alcohol
derivatives started from aldehydes 3 and 4 (Scheme 3).
Mannich reactions provided enals 5 and 6, and chemoselective
addition of the corresponding Grignard reagent gave the
desired 2-substituted allylic alcohol derivatives 7 ± 11. Subse-
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Scheme 3. Preparation of 2-substituted allylic o-DPPB esters.


quent esterification with ortho-diphenylphosphinobenzoic
acid by the DCC/DMAP coupling protocol[8] furnished the
o-DPPB esters in good to excellent yields. Stoichiometric
amounts of DMAP as the acylation catalyst were essential to
ensure good yields for the esterification step.


Hydroformylation of 2-alkyl-substituted allylic alcohol o-
DPPB esters : To preclude alkene isomerization as a potential
side reaction, mild reaction conditions (60 �C, 20 bar CO/H2,
1:1) for the hydroformylation of the 2-alkyl-substituted allyl-
o-DPPB esters were selected.
Hydroformylation occurred smoothly at 20 bar syngas


pressure with a catalyst loading of 0.7 mol% [Rh(CO)2acac]
in the presence of 2.8 mol% of triphenylphosphite. The
addition of a co-ligand was found to be beneficial with respect
to yield and diastereoselectivity in the course of the o-DPPB-
directed hydroformylation reaction. Aldehydes 2 a ± d and
22 ± 26 were formed in good to excellent yields. In each case
the syn diastereomer was obtained as the major product, with
diastereoselectivities of up to 99:1 (Scheme 4, Table 1).


R1


O(o-DPPB)


R1


O(o-DPPB)
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O(o-DPPB)


R2 OOR2 R2


+


1a-d, 17-21 syn-2a-d, 22-26 anti-2a-d, 22-26


0.7 mol% [Rh(CO)2acac]
2.8 mol% P(OPh)3


20 bar H2/CO (1 : 1)
 toluene, 60°C, 30-40 h


(71-99%)


up to 99 : 1


Scheme 4. Hydroformylation of 2-substituted allylic o-DPPB esters.


Determination of relative configuration : In the case of the
aldehydes 2 a ±d, derived from methallylic alcohol, the
relative configurations of the hydroformylation products
had been determined previously, by transformation into the
corresponding �-lactones.[5] In addition, we were able to
obtain an X-ray crystal structure analysis of aldehyde 2 d,
which further confirms the stereochemical assignment of
aldehydes 2 a ± d. The structure of 2 d in the solid state is
depicted in Figure 1.


Abstract in German: 2-Substituierte sekund‰re Allylalkohol o-
DPPB Ester (o-DPPB� ortho-diphenylphosphanylbenzoyl)
wurden pr‰pariert und deren o-DPPB-dirigierte diastereose-
lektive Hydroformylierung untersucht. Dabei wurde gefunden,
dass die Diastereoselektivit‰ten mit steigendem sterischen
Anspruch der Substituenten sowohl am stereogenen Zentrum
als auch in der 2-Position des Alkens zunahmen. Durch
hydrolytische Abspaltung der o-DPPB-Gruppe gelangte man
¸ber die �-Lactole 29 zu den entsprechenden �-Lactonen 30.
An diesen konnte die relative Konfiguration der vicinalen
stereogenen Zentren durch 2D-NOESY Spektroskopie aufge-
kl‰rt werden. Dar¸berhinaus lieferte eine Kristallstrukturana-
lyse des Hydroformylierungsproduktes 2d eine weitere Ab-
sicherung der relativen Konfiguration. Der Ersatz der Ester-
carbonylgruppe der o-DPPB-Funktion durch eine
Methyleneinheit f¸hrte zu einer deutlich schlechteren Diaste-
reoselektivit‰t im Verlauf der Hydroformylierung (34� 35),
was der Estercarbonylfunktion eine entscheidende Rolle zu-
weist. Alle experimentellen Beobachtungen wurden in einem
Modell zum Ursprung der 1,2-asymmetrischen Induktion im
Verlauf der Titelreaktion zusammengefasst. Kerngedanke ist
die Betrachtung der diastereomeren trigonal-bipyramidalen
Rhodium-Hydrido-Olefin-Komplexe I und II, die aufgrund
des Hammond-Postulats als gute Modelle f¸r den ‹bergangs-
zustand des Selektivit‰ts-bestimmenden Hydrometallierung-
steilschrittes dienen kˆnnen. Untersuchungen dieser Komplexe
mit Kraftfeldmethoden ergaben eine gute Korrelation zwischen
theoretisch erwarteter und experimentell gefundener Diaste-
reoselektivit‰t.
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Figure 1. Structure of 2 d in the solid state.


To ensure the relative configurations of the 2-isopropyl-
and 2-tert-butyl-substituted derivatives, aldehyde 24 was
selected for transformation into the corresponding �-lactone
(see Scheme 5). The derivatization sequence commenced with
protection of aldehyde 24 as the dimethylacetal 27. Alkaline
hydrolysis with potassium hydroxide in ethanol gave alcohol
28, together with the ortho-diphenylphosphinobenzoic acid, in
quantitative yield. Deprotection of the dimethyl acetal in 28
occurred upon treatment with 80% acetic acid to furnish the
�-lactols 29, which were smoothly oxidized in the presence of
PCC to furnish the cis-�-lactone 30.


Scheme 5. Derivatization of aldehyde 24 to the �-lactone cis-30.


To clarify the relative configuration of lactone cis-30
unambiguously by use of NOE experiments, it became
necessary to have access to the trans diastereomer of 30. A
non-directed hydroformylation of the allylic alcohol 9 was
decided upon. From previous experience, this was expected to
furnish the lactols 29 without significant diastereoselectivity.
Subjection of allylic alcohol 9 to standard hydroformylation
conditions (see Scheme 6) for 48 h gave a 50% conversion
and a theoretical yield of 50% for the �-lactols 29. Oxidation
with PCC revealed a 64:33 mixture of the cis and trans
diastereomers of lactone 30.


Scheme 6. Hydroformylation of allylic alcohol 9 and oxidation to give the
�-lactones cis- and trans-30.


Two-dimensional NOESY NMR spectra showed distinct
NOE contacts for both diastereomeric �-lactones 30, which
allowed the relative configurations to be determined. Thus,
cis-30 showed a NOE contact between protons attached to C4
and C5 (Figure 2), whereas trans-30 revealed a NOE contact
between the proton at C5 and the methine unit of the
isopropyl substituent.


Figure 2. Observed NOE contacts for cis- and trans-30, illustrated with the
corresponding MM2 minimized geometries.


Comparison of the NMR spectra of the aldehydes 22 ± 26
revealed characteristic differences between the syn (major)
and the anti (minor) diastereomers. For instance, the 13CNMR
resonances of the isopropyl methine carbon atoms are shifted
to higher field in syn-22 ± 24 than in anti-22 ± 24 (see Table 2).
The same holds for the proton NMR resonances of the
aldehyde protons, which are shifted to higher field in syn-22,
23, and 25 than in anti-22, 23, and 25. With derivatization of 24
to the cis-�-lactone 30 as a point of reference, NMR
spectroscopy allows the assignment of syn and anti config-
urations for aldehydes 22 ± 26.


Table 1. Results from the substrate-directed diastereoselective hydro-
formylation of 2-substituted allylic o-DPPB esters.


Entry Allylic R1 R2 Product dr
o-DPPB ester (yield/%[a]) (syn :anti[b])


1 1 a Et Me 2 a (99) 60:40[c]


2 1 b Bn Me 2 b (75) 72:28[c]


3 1 c Ph Me 2 c (98) 90:10[c]


4 1 d iPr Me 2 d (97) 96:4[c]


5 17 Et iPr 22 (81) 84:16
6 18 Bn iPr 23 (96) 92:8
7 19 Ph iPr 24 (97) 99:1
8 20 Et tBu 25 (71) 94:6
9 21 Bn tBu 26 (95) 99:1


[a] Isolated yield after column chromatography. In all cases the branched
regioisomer could not be detected. [b] Determined by NMR spectroscopic
analysis of the crude product. [c] For hydroformylations run at 90 �C
diastereomeric ratios obtained for 2 a ± d were 73:27, 80:20, 92:8, and 96:4,
respectively.
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Discussion


The hydroformylation of 2-substituted allyl alcohol o-DPPB
esters proceeded in all cases with good to excellent yields at
low temperatures (60 �C) and within 30 ± 48 h. In each case the
syn diastereomer was formed as the major product. For the
methallylic ester derivatives 1 a ± d the diastereoselectivity for
the reactions run at 60 �C was in some cases somewhat lower
than obtained for the same reactions run at 90 �C (see
Scheme 4, Table 1).[5] The diastereoselectivities show a clear
dependence on the size of the substituents both at the
stereogenic center (� R1) and at the 2-position of the allylic
alcohol system (� R2). Thus, a combination of the sterically
least demanding substituents–R1�Et and R2�Me–gave
the lowest diastereomer ratio for 2 a, at syn/anti 60:40
(Figure 3, Table 1, entry 1). However, an increase in the steric
demand of R1–as an isopropyl substituent–with R2 main-
tained as Me increased the diastereoselectivity to 96:4 for 2 d
(Figure 3, Table 1, entry 4). Similarly, maintenance of R1 as Et
while increasing the size of the R2 substituent to a tert-butyl
group increased diastereoselectivity from 60:40 to 94:6 for 25


Figure 3. Graphical summary of the results of the o-DPPB-directed
hydroformylation of 2-substituted allylic o-DPPB esters.


(Figure 3, Table 1, entry 8). Optimum results were obtained
for derivatives 24 (R1�Ph, R2� iPr) and 26 (R1�Bn, R2�
tBu) (Figure 3, Table 2, entries 7 and 9), the minor anti
diastereomer being undetectable in each case.
In general, an increase in the steric demand of either of the


substituents R1 and R2 significantly increased the diastereo-
selectivity of the hydroformylation of 2-substituted allylic o-
DPPB esters.


Model for 1,2-asymmetric induction : To understand these
trends in the diastereoselectivity and to provide a more
detailed insight into the factors governing 1,2-asymmetric
induction, one has to consider the rate and selectivity-
determining step of the hydroformylation, which is the
hydrometalation step.[9] According to the generally accepted
mechanism of the hydroformylation, the hydrometalation
occurs from a trigonal-bipyramidal rhodium(�)-hydrido-olefin
complex. Stereoelectronic reasons cause the alkene to align
coplanar with the rhodium±hydride bond to allow for
efficient orbital overlap. The hydrometalation is known to
be exothermic.[10] Hence, according to Hammond×s postu-
late,[11] the transition state is early, making the starting
hydrido ± alkene rhodium complex a good model for the
corresponding hydrometalation transition state.
How, though, do o-DPPB esters of 2-substituted allylic


alcohols bind with a trigonal-bipyramidal rhodium center?
From previous experiments we already know that the


presence of the phosphine function is essential to produce
diastereoselectivity in the course of the hydroformylation
reaction.[5] Hence, binding of the phosphine to the catalyti-
cally active rhodium center throughout the selectivity-deter-
mining step is reasonable. The ester linkage should adopt the
energetically preferred conformation expected for an ester of
a secondary alcohol, based on minimization of allylic 1,3-
strain (see Figure 4; consider for example the o-DPPB ester
conformation in the X-ray structure plot of 1 d depicted in
Figure 1). This would reduce the number of degrees of
freedom, and hence should lead to a highly ordered transition
state for the hydrometalation step.
To probe this role of the o-DPPB linkage, a substrate in


which the carbonyl group of the ester was replaced by a CH2


unit was needed (�31). Such a benzyl ether linkage should
lack the conformational preference of the o-DPPB ester
linkage present in o-DPPB substrates 1 (Figure 4).


O


O
PPh2H


R O


PPh2H


H


H


R


A1,3 minimized


Methylene Group
flexible segment


Carbonyl Group
"fixed" segment


1 31


Figure 4. Proposed influence of the linkage of the catalyst-directing group
on the conformational properties of the alkene substrates.


Synthesis of a corresponding benzyl ether substrate was
achieved by starting from ortho-diphenylphosphinobenzoic
acid (Scheme 7). Reduction with lithium aluminum hydride
and oxidation with hydrogen peroxide gave the known


Table 2. Comparison of selected NMR data of syn and anti aldehydes 22 ±
26.


Com-
pound


13C NMR shifts for R2 1H NMR shift
of aldehyde proton


syn anti syn anti


22 28.0 (CH) 28.8 (CH) 9.50 9.64
19.1, 21.2 18.9, 20.7
[CH(CH3)2] [CH(CH3)2]


23 28.0 (CH) 29.4(CH) 9.53 9.70
19.4, 21.3 19.2, 20.7
[CH(CH3)2] [CH(CH3)2]


24 27.0 (CH) ± 9.18 ±
17.1, 21.3
[CH(CH3)2]


25 32.8 [C(CH3)3] n. d. 9.42 9.66
28.6 [C(CH3)3]


26 33.0 [C(CH3)3] ± 9.40 ±
28.8 [C(CH3)3]


n.d.�not detectable.
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Scheme 7. Preparation of benzyl ether 34 : i) LiAlH4; ii) H2O2; iii) PBr3.


phosphane oxide alcohol.[12] Treatment with phosphorus
bromide furnished bromide 32, which could be coupled to
produce the allylic ether 33 by use of the Williamson
etherification protocol. Reduction of the phosphane oxide
proceeded upon treatment with trichlorosilane in the pres-
ence of triethylamine at higher temperatures to give the
desired test substrate 34.
Next, ortho-diphenylphosphinobenzyl allylic ether 34 was


subjected to rhodium-catalyzed hydroformylation under our
standard conditions at 90 �C and 20 bar syngas pressure.
Formation of the two diastereomeric aldehydes 35 was
observed, in a syn/anti diastereomer ratio of 68:32
(Scheme 8). The corresponding hydroformylation with the
o-DPPB 1 c substrate at 90 �C occurred with a much higher
syn/anti diastereoselectivity of 92:8. This showed that the
ester linkage was essential for achievement of high levels of
diastereoselectivity.


Me
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Scheme 8. Hydroformylation of benzyl ether 34 and o-DPPB ester 1 c :
influence of the carbonyl group.


What remained to be clarified was the coordination mode
of the o-DPPB allylic esters within the trigonal-bipyramidal
geometry of the starting hydrido-olefin-rhodium(�) complexes.
Three possible bidentate binding modes of olefin and
phosphine had to be considered: a) equatorial ± equatorial,
b) axial ± equatorial, or c) axial ± axial coordination (Fig-
ure 5).


Rh


L


L


LRh


L


Rh
L
L


axial-axial equatorial-axial equatorial-equatorial


Figure 5. Possible binding modes of a bidentate ligand in a trigonal-
bipyramidal rhodium(�) complex.


Since rhodium(�)-hydrido-alkene complexes are too reac-
tive to be isolated and investigated experimentally,[13] a
theoretical study of the preferred binding mode of the o-
DPPB substrates was undertaken. For this reason we em-
ployed a modified version of Casey andWhiteker×s concept of
the natural bite angle for bidentate ligands.[14] This method
was originally developed to determine natural bite angles of
diphosphine ligands. We extrapolated this method to the
bidentate phosphine/alkene rhodium complexes A of the o-
DPPB esters 1. The force-field parameters used are given in
Table 3. The potential energy as a function of the bite angle is
shown in Figure 6.[15]


Figure 6. Relative energies of complex A as a function of the C�olefin-Rh-P
bite angle.


Clearly, the preferred bite angle �n for substrates 1 is close
to 120�. Going either to 90� (required for axial ± equatorial
binding) or to 180� (required for diaxial binding) is associated
with a large energy penalty. Hence, allylic o-DPPB esters
should adopt the equatorial ± equatorial binding mode as a
bidentate ligand in trigonal-bipyramidal rhodium(�) com-
plexes.
As a result, only two diastereomeric rhodium(�) alkene


complexes leading to the corresponding hydrometalation
transition states remained to be considered: complex I,
characterized by minimization of allylic 1,2-strain, and com-
plex II, which shows a minimization of allylic 1,3-strain within
the allylic part of the molecule (Scheme 9, Figure 7). The


Table 3. Force-field parameters used to determine the natural bite angle �n
of methallylic o-DPPB esters 1.


Rh�P bond d� 230 pm, k� 440 nm�1


Rh�Colefin bonds d� 200 pm (locked)
P-Rh-Colefin angle k� 0
r0 (Rh) (van der Waals) 200 pm
� (hardness factor) 0.255
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Scheme 9. Assumed chelate complexes I and II for hydroformylation of o-
DPPB esters 1.


relative axial position of the hydrido ligand is a consequence
of the formation only of the linear regioisomer, as observed
experimentally. Since both alkene complexes should repre-
sent good models for the corresponding diastereomorphic
transition states, inspection of the relative stabilities of
complexes I and II was carried out by use of the MMFF94
force-field, as implemented in the Spartan molecular package.
Table 4 shows the results and Figure 7 displays the calculated
structures for complexes I and II of derivative 1 d.
In accordance with the experimental results, complex I,


leading to the syn diastereomer, is the energetically more stable
in all cases. Furthermore, the energy differences between the
two alkene complexes increase with the steric demand of the
substituents R1 and R2. Interestingly, the calculated diaster-
eomer ratios based on these energy differences are very close
to the experimental observations (Table 4).


The diastereoselectivities of the o-DPPB-directed hydro-
formylation of 2-substituted allylic alcohol derivatives are
thus governed by a repulsive interaction between substituents
R1 and R2 (Scheme 9). This repulsive interaction is minimized
in alkene complexes I (and in the corresponding transition
state) because both substituents have dihedral angles of ca.
�86�. Conversely, in alkene complexes II this dihedral angle
is much smaller, at ca. �53�. Hence, the two substituents R1


and R2 are in spatial proximity. The repulsive interaction
increases with increasing size of R1 and R2 and results in
higher diastereoselectivity.


Conclusion


In conclusion, the hydroformylation of o-DPPB esters of
2-substituted allylic alcohols occurs as a substrate-directed
diastereoselective reaction. The diastereoselectivities can be
interpreted by employing the diastereomeric hydrido-alkene-
rhodium(�) complexes as good models for the corresponding
competing diastereomorphic hydrometalation transition
states. Two-point binding of the substrate through phosphine
and alkene, a preferred conformation induced by the ester
linkage of the o-DPPB group, and minimization of repulsive
interaction of substituents R1 and R2 are the basis and origin
of diastereoselectivity in these reactions. In some cases perfect
diastereoselectivity could be observed, which is now not only
theoretically understandable but also makes this variant of the
hydroformylation a preparatively interesting method for the
construction of building blocks with vicinal stereocenters.


Experimental Section


General : Reactions were performed
in flame-dried glassware either under
argon (purity �99.998%) or under
nitrogen. The solvents were dried by
standard procedures, distilled, and
stored under nitrogen. All tempera-
tures quoted are uncorrected. 1H,
13C NMR spectra: Bruker ARX 200,
Bruker AC 300, Bruker WH 400, or
Bruker AMX 500, with tetramethylsi-
lane (TMS), chloroform (CHCl3), or
benzene (C6H6) as internal standards.
31P NMR spectra: Bruker WH 400
(161.978 MHz) with 85% H3PO4 as
external standard. Melting points: Dr.
Tottoli (B¸chi) melting point appara-
tus. Elemental analyses: CHN-rapid
analyzer (Heraeus). Flash chromatog-
raphy: Si 60 silica gel, E. Merck AG,


Darmstadt, 40 ± 63 �m. Hydroformylation reactions were performed in
100 and 200 mL stainless steel autoclaves equipped with magnetic
stirrers. Gases: carbonmonoxide 2.0 (Messer ±Griesheim), hydrogen 3.0
(Messer ±Griesheim). The following compounds were prepared by
literature procedures: 3,3-dimethylbutyraldehyde (4),[16] methallylic o-
DPPB esters 1a ± d,[5] [2-(diphenylphosphinoyl)phenyl] methanol.[12]


2-Isopropylpropenal (5): A solution of dimethylammonium chloride
(32.62 g, 0.40 mol) in 37% aqueous formaldehyde (32.5 mL, 0.40 mol)
was adjusted to pH 7 with powdered sodium bicarbonate. After addition
of 3-methylbutyraldehyde (3, 28.42 g, 0.33 mol) the reaction mixture was
heated at 70 �C for 22 h. The reaction mixture was subsequently steam


Figure 7. MMFF-minimized geometries for rhodium complexes I and II derived from o-DPPB ester 1d.


Table 4. MMFF force-field calculations for complexes I and II.


R1 R2 EI


[kcalmol�1]
EII


[kcalmol�1]
EII�EI


[kcalmol�1]
NI/NII


[a] dr (exptl)


Me Me 13.7 15.2 1.5 88:12 73:27[b]


Ph Me 30.5 32.2 1.7 91:9 92:8
iPr Me 20.7 23.5 2.8 98:2 96:4
tBu Me 29.9 34.1 4.2 � 99:� 1 n.d.[c]


Me tBu 37.4 39.3 1.9 94:6 94:6[b]


[a] from [ln(NII/NI)�� (EII�EI)/RT)] at 363 K; [b] For R1�Et; [c] not
determined.
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distilled until organic material no longer separated from the distillate. The
distillate (ca. 500 mL) was extracted with diethyl ether (3� 150 mL), the
combined organic phases were dried (Na2SO4), and the solvent was
removed in vacuo. Distillation of the residue at normal pressure (15 cm
Vigreux) furnished enal 5 (20.52 g, 64%) as a colorless liquid. B.p. 109 �C
(1013 mbar). The analytical and spectroscopic data correspond to those
reported previously.[17]


2-tert-Butylpropenal (6): The procedure used was analogous to that
described for the preparation of enal 5. Treatment of 3,3-dimethylbutyr-
aldehyde (4, 3.51 g, 35.5 mmol), dimethylammonium chloride (3.43 g,
42 mmol), and 37% aqueous formaldehyde solution (3.4 mL, 42 mmol)
gave enal 6 (1.53 g, 40%) as a colorless liquid. B.p. 124 �C (1013 mbar). The
analytical and spectroscopic data correspond to those reported previous-
ly.[17]


2-Isopropylpent-1-en-3-ol (7): A solution of 2-isopropylpropenal (5, 2.75 g,
8 mmol) in ether (8 mL) was added dropwise over 15 min to a 1� solution
of ethyl magnesium bromide in diethyl ether (35 mL, 35 mmol). The
reaction mixture was stirred at room temperature for 3 h; followed by
addition of saturated aqueous NH4Cl solution (30 mL). The reaction
mixture was extracted with tert-butyl methyl ether (3� 100 mL). The
combined organic layers were dried (MgSO4), the solvent was removed in
vacuo, and the residue was purified by distillation (15 cm Vigreux) to give
allyl alcohol 7 (2.21 g, 62%) as a colorless oil. B.p. 70 ± 71 �C (24 ± 25 mbar);
1H NMR (300.133 MHz, CDCl3): �� 0.88 (pseudo t, J� 7.4 Hz, 3H;
CH2CH3), 1.01 [d, J� 7.2 Hz, 3H; CH(CH3)2], 1.04 [d, J� 7.1 Hz, 3H;
CH(CH3)2], 1.42 ± 1.66 (m, 2H; CH2CH3), 1.71 (br s, 1H; OH), 2.23 [m, 1H;
CH(CH3)2], 3.98 (pseudo t, 3J� 6.1 Hz, 1H; CHOH), 4.87 (s, 1H, �CH2),
4.98 (s, 1H;�CH2); 13C NMR (75.469 MHz, CDCl3): �� 9.99, 22.70, 23.15,
28.83, 30.18, 75.75, 106.97, 158.88; analytical data correspond to those
reported previously.[18]


3-Isopropyl-1-phenyl-but-3-en-2-ol (8): A solution of 2-isopropylpropenal
(5, 3.93 g, 40 mmol) in diethyl ether (5 mL) was added at 0 �C to a solution
of benzylmagnesium chloride [prepared from benzyl chloride (6.33 g,
50 mmol) and magnesium (1.34 g, 55 mmol)] in diethyl ether (25 mL). The
reaction mixture was stirred at room temperature for 4 h, followed by
addition of saturated aqueous NH4Cl (30 mL). The resulting precipitate
was removed by filtration over Celite. The organic phase was separated and
the aqueous phase was extracted with tert-butyl methyl ether (3� 40 mL).
The solvent was removed in vacuo and the residue was purified by
distillation to give allyl alcohol 8 (7.19 g, 94%) as a 10:1 mixture of 1,2- and
1,4-addition product, which was used as such in the subsequent esterifica-
tion step. B.p. 80 ± 84 �C (1 mbar); 1H NMR (300.133 MHz, CDCl3): ��
1.13 [d, J� 6.9 Hz, 6H; CH(CH3)2], 1.15 [d, J� 6.7 Hz, 6H; CH(CH3)2],
1.77 (br s, 1H; OH), 2.36 [m, 1H; CH(CH3)2], 2.75 (dd, J� 13.7, 8.8 Hz, 1H;
CH2), 2.98 (dd, J� 13.6, 4.2 Hz, 1H; CH2), 4.32 (m, 1H; CHOH), 4.99 (m,
1H; �CH2), 5.15 (m, 1H; �CH2), 7.21 ± 7.37 (m, 5H; Ar-H); 13C NMR
(75.469 MHz, CDCl3): �� 22.35, 22.98, 30.73, 43.41, 74.79, 107.29, 125.94,
128.35 (2C), 129.34 (2C), 138.58, 158.33 (C3).


2-Isopropyl-1-phenyl-prop-2-en-1-ol (9): The procedure was analogous to
that used for the preparation of 8. Allyl alcohol 9 (5.71 g, 81%) was
obtained from magnesium (1.34 g, 55 mmol), bromobenzene (7.85 g,
50 mmol), and 2-isopropylpropenal (5, 3.93 g, 40 mmol) as a colorless oil.
B.p. 85 ± 90 �C (1 mbar); 1H NMR (300.133 MHz, CDCl3): �� 0.95 [pseu-
do d, J� 6.6 Hz, 6H; CH(CH3)2], 1.96 (br s, 1H; OH), 2.08 [m, 1H;
CH(CH3)2], 5.01 (m, 1H;�CH2), 5.15 (s, 1H; CHOH), 5.22 (m, 1H;�CH2),
7.23 ± 7.32 (m, 5H; Ar-H); 13C NMR (75.469 MHz, CDCl3): �� 22.37, 23.10,
30.10, 76.61, 107.71, 126.95 (2C), 127.13, 128.34 (2C), 142.39, 157.76;
elemental analysis calcd (%) for C12H16O (176.3): C 81.77, H 9.15; found C
81.90, H 9.18.


2-tert-Butyl-pent-1-en-3-ol (10): The procedure was analogous to that used
for the preparation of 7. Allyl alcohol 10 (0.90 g, 79%) was obtained from
ethylmagnesium bromide solution in diethyl ether (1�� 10 mL, 10 mmol)
and 2-tert-butylpropenal (6, 0.90 g, 8.0 mmol), as a colorless oil. B.p. 74 �C
(25 mbar); 1H NMR (300.133 MHz, CDCl3): �� 0.88 (pseudo t, J� 7.4 Hz,
3H; CH2CH3), 1.02 [s, 9H; C(CH3)3], 1.49 ± 1.59 (m, 2H; CH2CH3), 1.86
(br s, 1H; OH), 4.04 (pseudo t, J� 6.6 Hz, 1H; CHOH), 4.95 (s, 1H;
�CH2), 5.06 (s, 1H; �CH2); 13C NMR (75.469 MHz, CDCl3): �� 10.88
(C5), 29.16 (3C), 31.50, 35.57, 71.52, 107.32, 162.10; analytical data
correspond to those reported previously.[18]


3-tert-Butyl-1-phenylbut-3-en-2-ol (11): The procedure was analogous to
that used for the preparation of 8. Allyl alcohol 9 (721 mg, 59%) was
obtained from magnesium (201 mg, 8.3 mmol), benzyl chloride (949 mg,
7.5 mmol), and 2-tert-butyl-propenal (6, 673 mg, 6.0 mmol), as a colorless
oil. Rf� 0.33 (petrol ether/tert-butyl methyl ether 4:1); 1H NMR
(300.133 MHz, CDCl3): �� 1.12 [s, 9H; C(CH3)3], 1.66 (br s, 1H; OH),
2.80 (dd, J� 13.8 Hz, 8.9 Hz, 1H; CH2Ph), 2.94 (dd, J� 13.8 Hz, 3.9 Hz,
1H; CH2Ph), 4.43 [dd, J� 8.9, 3.9 Hz, 1H; CHOH), 5.15 (s, 1H�CH2), 5.30
(s, 1H;�CH2), 7.23 ± 7.36 (m, 5H; Ar-H); 13C NMR (75.469 MHz, CDCl3):
�� 28.98 (3C), 35.64, 45.39, 71.04, 108.19, 126.38, 128.37(2C), 129.38 (2C),
139.10, 161.11; IR (film): �� � 3500(m, b), 2965(s), 2908 (s), 1454(m),
1363(m), 1047(m), 1031(m), 908(m), 751 (m), 699 (s) cm�1; MS (EI, 70 eV):
m/z(%): 204 (1) [M]� , 113 (25) [M�C7H7]� , 92 (100) [C7H8]� , 57 (44)
[C(CH3)3]� ; found: 204.1516 [M]� ; C14H20O calcd 204.1514.


General procedure for synthesis of o-DPPB esters 12 ± 16 : o-DPPBA
(1 equiv), DMAP (1 equiv), and DCC (1.1 equiv) were successively added
to a solution of allylic alcohol in CH2Cl2 (0.5�, 1 equiv) and the resulting
mixture was stirred at room temperature until TLC showed complete
consumption of the starting material. The reaction mixture was subse-
quently filtered through a plug of CH2Cl2-wetted Celite and washed with
additional CH2Cl2. An appropriate amount of silica gel was added to the
filtrate, which was then concentrated to dryness. Flash chromatography
with petroleum ether/tert-butyl methyl ether (9:1) provided the o-DPPB
esters 12 ± 16 either as slightly yellow to colorless, highly viscous oils or as
colorless solids.


(1RS)-(�)-1-Ethyl-2-isopropyl-prop-2-enyl 2-(diphenylphosphanyl)ben-
zoate (12): o-DPPB ester 12 (1.84 g, 88%) was obtained from 2-isopro-
pylpent-1-en-3-ol (7, 0.64 g, 5.0 mmol), o-DPPBA (1.53 g, 5.0 mmol),
DMAP (0.61 g, 5.0 mmol), and DCC (1.08 g, 5.3 mmol), as a colorless
solid. M.p. 77 ± 78 �C; 1H NMR (300.133 MHz, CDCl3): �� 0.80(pseudo t,
J� 7.4 Hz, 3H; CH2CH3), 0.99 [d, J� 6.8 Hz, 3H; CH(CH3)2], 1.01 [d, J�
6.9 Hz, 3H; CH(CH3)2], 1.64 (m, 2H; CH2CH3), 2.20 [m, 1H; CH(CH3)2],
4.89 (m, 1H; �CH2), 5.00 (m, 1H; �CH2), 5.30 (pseudo t, J� 6.6 Hz, 1H;
CHOR), 6.89 ± 6.92 (m, 1H; Ar-H), 7.25 ± 7.38 (m, 12H; Ar-H), 8.06 ± 8.13
(m, 1H; Ar-H); 13C NMR (75.469 MHz, CDCl3): �� 9.89, 22.55, 22.78,
26.57, 30.41, 78.28, 109.28, 128.10, 128.29 ± 128.45 (6Aryl-C), 130.46 (d,
J(C,P)� 2.6 Hz), 131.67, 133.87 (d, J(C,P)� 20.7 Hz, 2C), 133.97 (d,
J(C,P)� 20.8 Hz, 2C), 134.26, 134.83 (d, J(C,P)� 18.9 Hz), 138.10 (d,
J(C,P)� 11.7 Hz), 138.19 (d, J(C,P)� 12.2 Hz), 140.49 (d, J(C,P)�
27.9 Hz), 153.86 (C2�), 165.95 (d, 3J(C,P)� 2.4 Hz); 31P NMR
(161.978 MHz, CDCl3): ���4.2; elemental analysis calcd (%) for
C27H29O2P (416.5): C 77.85, H 7.03; found C 77.86, H 6.98.


(1RS)-(�)-1-Benzyl-2-isopropyl-prop-2-enyl 2-(diphenylphosphanyl)ben-
zoate (13): o-DPPB ester 13 (2.20 g, 92%) was obtained from 2-isoprop-
yl-4-phenylbut-1-en-3-ol (8, 1.05 g, 5.5 mmol), o-DPPBA (1.53 g,
5.0 mmol), DMAP (0.61 g, 5.0 mmol), and DCC (1.08 g, 5.3 mmol), as a
highly viscous, slightly yellow oil. 1H NMR (300.133 MHz, CDCl3): �� 0.94
[d, J� 6.9 Hz, 3H; CH(CH3)2], 0.97 [d, J� 6.9 Hz, 3H; CH(CH3)2], 2.15
[m, 1H; CH(CH3)2], 2.87 ± 2.99 (m, 2H; CH2Ph), 4.86 (s, 1H;�CH2), 4.96
(s, 1H;�CH2), 5.53 (pseudo t, J� 6.7 Hz, 1H; CHOR), 6.87 ± 6.90 (m, 1H;
Ar-H), 7.14 ± 7.30 (m, 17H; Ar-H), 7.97 ± 8.02 (m, 1H; Ar-H); 13C NMR
(75.469 MHz, CDCl3): �� 22.25, 22.59, 31.00, 40.61, 77.26, 109.78, 126.41,
128.19 (2C), 128.37 ± 128.55 (7Aryl-C), 129.54 (2C), 130.51(d, J(C,P)�
2.3 Hz), 131.79, 133.98 (d, J(C,P)� 20.8 Hz, 2C), 134.07 (d, J(C,P)�
20.8 Hz, 2C), 134.28, 134.60 (d, J(C,P)� 18.5 Hz), 137.46 (C5), 138.16 (d,
J(C,P)� 11.7 Hz), 138.19 (d, J(C,P)� 12.3 Hz), 140.75 (d, J(C,P)�
27.5 Hz), 153.82, 165.95 (d, J(C,P)� 2.4 Hz); 31P NMR (161.978 MHz,
CDCl3): ���4.3; elemental analysis calcd (%) for C32H31O2P (478.6): C
80.31, H 6.53; found C 80.28, H 6.68.


(1RS)-(�)-2-Isopropyl-1-phenyl-prop-2-enyl 2-(diphenylphosphanyl)ben-
zoate (14): o-DPPB ester 14 (2.18 g, 94%) was obtained from 2-isoprop-
yl-3-phenylprop-2-en-1-ol (9, 0.88 g, 5.0 mmol), o-DPPBA (1.53 g,
5.0 mmol), DMAP (0.61 g, 5.0 mmol), and DCC (1.08 g, 5.3 mmol), as a
highly viscous, slightly yellow oil. 1H NMR (300.133 MHz, CDCl3): �� 0.97
[d, J� 6.8 Hz, 3H; CH(CH3)2], 1.01 [d, J� 6.9 Hz, 3H; CH(CH3)2], 2.14 [m,
1H; CH(CH3)2], 5.04 (s, 1H; �CH2), 5.14 (s, 1H; �CH2), 6.44 (s, 1H;
CHOR), 6.92 ± 6.96 (m, 1H; Ar-H), 7.21 ± 7.35 (m, 17H; Ar-H), 8.15 ± 8.18
(m, 1H; Ar-H); 13C NMR (75.469 MHz, CDCl3): �� 22.17, 22.67, 30.46,
77.75, 109.60, 127.82 (2C), 127.90, 128.14, 128.21 ± 128.48 (6Aryl-C), 128.31
(2C), 130.59 (d, J(C,P)� 2.3 Hz), 131.88, 133.94 (d, J(C,P)� 20.8 Hz, 4C),
134.31, 134.31 (d, J(C,P)� 18.8 Hz), 137.99 (d, J(C,P)� 12.2 Hz), 138.08 (d,
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J(C,P)� 12.2 Hz), 138.61 (C4), 140.99 (d, J(C,P)� 27.8 Hz), 153.69 (C2),
165.29; 31P NMR (161.978 MHz, CDCl3): ���4.2; elemental analysis
calcd (%) for C31H29O2P (464.6): C 80.15, H 6.29; found C 79.98, H 6.42.


(1RS)-(�)-2-tert-Butyl-1-ethyl-prop-2-enyl 2-(diphenylphosphanyl)ben-
zoate (15): o-DPPB ester 15 (1.39 g, 81%) was obtained from 2-tert-
butylpent-1-en-3-ol (10, 0.22 g, 4.0 mmol), o-DPPBA (1.22 g, 4.0 mmol),
DMAP (0.61 g, 5.0 mmol), and DCC (1.08 g, 5.3 mmol), as a highly viscous,
slightly yellow oil. 1H NMR (300.133 MHz, CDCl3): �� 0.76 (pseudo t, J�
7.4 Hz, 3H; CH2CH3), 0.98 [s, 9H; C(CH3)3], 1.63 (pseudo quint, J� 7.2 Hz,
2H; CH2CH3), 5.00 (s, 1H;�CH2), 5.07 (s, 1H;�CH2), 5.42 (t, 3J� 6.6 Hz,
1H; CHOR), 6.85 ± 6.89 (m, 1H; Ar-H), 7.19 ± 7.37 (m, 12H; Ar-H), 8.01 ±
8.05 (m, 1H; Ar-H); 13C NMR (75.469 MHz, CDCl3): �� 10.36, 28.92, 29.14
(3C), 35.44, 74.40, 109.86, 128.05, 128.26 ± 128.47 (6Aryl-C), 130.49 (d,
J(C,P)� 2.3 Hz), 131.61, 133.80 (d, J(C,P)� 21.1 Hz, 2C), 134.09 (d,
J(C,P)� 21.5 Hz), 134.12, 134.79 (d, J(C,P)� 18.5 Hz, 2C), 138.10 (d,
J(C,P)� 10.0 Hz), 138.24 (d, J(C,P)� 12.5 Hz), 140.47 (d, J(C,P)�
27.4 Hz), 156.37, 165.94; 31P NMR (81.015 MHz, CDCl3): ���3.1;
elemental analysis calcd (%) for C28H31O2P (430.5): C 78.11, H 7.26; found
C 77.84, H 7.10.


(1RS)-(�)-1-Benzyl-2-tert-butyl-prop-2-enyl 2-(diphenylphosphanyl)ben-
zoate (16): o-DPPB ester 16 (1.03 g, 84%) was obtained from 2-tert-
butyl-4-phenyl-but-1-en-3-ol (11, 511 mg, 2.5 mmol), o-DPPBA (765 mg,
2.5 mmol), DMAP (305 mg, 2.5 mmol), and DCC (540 mg, 2.6 mmol), as a
highly viscous, slightly yellow oil. 1H NMR (300.133 MHz, CDCl3): �� 0.94
[s, 9H; CH(CH3)3], 2.91 ± 3.05 (m, 2H; CH2Ph), 5.10 (s, 1H;�CH2), 5.21 (s,
1H; �CH2), 5.71 (pseudo t, J� 6.6 Hz, 1H; CHOR), 6.90 ± 6.94 (m, 1H;
Ar-H), 7.19 ± 7.43 (m, 17H; Ar-H), 8.02 ± 8.06 (m, 1H; Ar-H); 13C NMR
(75.469 MHz, CDCl3): �� 28.96 (3C), 35.48 (C9), 42.01 (C4), 73.51 (C1),
110.87 (C3), 126.32, 128.06 (2C), 128.26 ± 128.50 (7Aryl-C), 129.66 (2C),
130.41 (d, J(C,P)� 2.2 Hz), 131.66, 133.79 (d, J(C,P)� 20.8 Hz, 2C), 133.99,
134.13 (d, J(C,P)� 20.9 Hz, 2C), 134.45 (d, J(C,P)� 18.9 Hz), 137.46,
138.07 (d, J(C,P)� 11.5 Hz), 138.19 (d, J(C,P)� 12.8 Hz), 140.65 (d,
J(C,P)� 27.8 Hz), 155.79, 165.59 (d, J(C,P)� 2.6 Hz); 31P NMR
(81.015 MHz, CDCl3): ���3.1; elemental analysis calcd (%) for
C33H33O2P (492.6): C 80.46, H 6.75; found C 80.46, H 6.55.


General procedure for hydroformylation of methallylic o-DPPB esters
1a ± d and 12–16 : P(OPh)3 (4.5 mg, 1.4� 10�2 mmol) was added at room
temperature to a solution of [Rh(CO)2acac] (0.9 mg, 3.5� 10�3 mmol) in
toluene (3 mL) (exclusion of air and moisture), and the mixture was stirred
for 15 min. The corresponding allylic o-DPPB ester (0.5 mmol) was
subsequently added, and the resulting solution was cannulated into a
stainless steel autoclave, followed by rinsing with additional toluene
(2 mL). The autoclave was heated to 60 �C and then pressurized succes-
sively with 20 bar of a 1:1 mixture of hydrogen and carbon monoxide. The
reaction was monitored by TLC and was stopped after complete
consumption of starting material. The autoclave was allowed to cool to
room temperature, and the reaction mixture was filtered through a small
plug of silica with tert-butyl methyl ether (30 mL). After evaporation of the
solvent in vacuo, the crude product was analyzed by NMR to determine
conversion and diastereomer ratio. Subsequent flash chromatography with
petroleum ether/tert-butyl methyl ether (9:1) provided the corresponding
aldehydes 2a ± d[5] and 22 ± 26 as highly viscous oils.


Crystal structure analysis of (�)-2 d : C27H29O3P, Mr� 432.47; monoclinic,
space group: P21/n ; a� 12.2840(2), b� 11.6675(2), c� 17.0825(3) ä, ��
103.6533(12)�, V� 2379.14(7) ä3, �calcd 1.207 gcm�3 ; Z� 4, F(000)� 920,
crystal dimensions: 0.45� 0.35� 0.2 mm. A total of 11422 reflections were
collected at 100 K with a Nonius Kappa CCD area-detector diffractometer,
by use of � scans in the theta range of 3.16 to 30.03�, 6939 reflections were
unique (Rint� 0.0217). The structure was solved by direct methods.[19] Full
matrix, least-squares refinement[20] was based on F 2, with all non-hydrogen
atoms anisotropic and hydrogens isotropic. The refinement converged at
R1� 0.0592 and wR2� 0.1380 for all data; final GOF 1.012; largest peak
and hole in the final difference Fourier: 0.315 and �0.315 eä�3.


CCDC-194956 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).


(1R*,2S*)-(�)-1-Ethyl-2-isopropyl-4-oxobutyl 2-(diphenylphosphanyl)-
benzoate (syn-22) and (1R*,2R*)-(�)-1-ethyl-2-isopropyl-4-oxobutyl


2-(diphenylphosphanyl)benzoate (anti-22): Compound 22 (180 mg, 81%)
was obtained from 17 (208 mg, 0.50 mmol) after 46 h, as a colorless, highly
viscous oil. Diastereomer ratio 84:16 (syn/anti). 1H NMR (300.133 MHz,
CDCl3): �� 0.74 ± 0.86 (m, 9H; 3�CH3), 1.35 ± 1.76 [m, 3H; CH(CH3)2 and
CH2CH3], 2.15 ± 2.38 [m, 3H; CHCH2CHO), 5.11 ± 5.19 (m, 1H; CHOR),
6.94 ± 6.98 (m, 1H; Ar-H), 7.28 ± 7.42 (m, 12H; Ar-H), 8.00 ± 8.10 (m, 1H;
Ar-H), 9.50 (pseudo t, J� 2.0 Hz, 1H; CHO-syn); [minor diastereomer:
9.64 (pseudo t, J� 1.7 Hz, 1H; CHO-anti)]; 13C NMR (75.469 MHz,
CDCl3): �� 10.25, 19.14, 21.23, 23.56, 28.02, 41.65, 41.84, 77.49, 128.11 ±
140.67 (18Aryl-C), 166.23 (d, J(C,P)� 2.9 Hz), 201.93 [minor diastereom-
er: 9.53, 18.88, 20.67, 25.77, 28.82, 41.29, 41.52, 76.83]; 31P NMR
(161.978 MHz, CDCl3): ���4.1; elemental analysis calcd (%) for
C28H31O3P (446.6): C 75.30, H 7.00; found C 75.15, H 7.08.


(1R*,2S*)-(�)-1-Benzyl-2-isopropyl-4-oxobutyl 2-(diphenylphosphanyl)-
benzoate (syn-23) and (1R*,2R*)-(�)-1-benzyl-2-isopropyl-4-oxobutyl
2-(diphenylphosphanyl)benzoate (anti-23): Compound 23 (244 mg, 96%)
was obtained from 18 (239 mg, 0.50 mmol) after 36 h, as a yellow, highly
viscous oil. Diastereomer ratio 92:8 (syn/anti). 1H NMR (300.133 MHz,
CDCl3): �� 0.86 [d, J� 6.8 Hz, 3H; CH(CH3)2-syn], 0.95 [d, J� 6.7 Hz,
3H; CH(CH3)2-syn], 1.79 ± 1.90 [m, 1H; CH(CH3)2], 2.11 ± 2.42 (m, 3H;
CHCH2CHO), 2.76 ± 2.89 (m, 2H; PhCH2), 5.40 ± 5.46 (m, 1H; CHOR),
6.86 ± 6.91 (m, 1H; Ar-H), 7.13 ± 7.44 (m, 17H; Ar-H), 7.82 ± 7.86 (m, 1H;
Ar-H), 9.53 (br s, 1H; CHO-syn); [minor diastereomer: 0.73 (d, J� 6.8 Hz,
3H; CH(CH3)2-anti), 0.77 (d, J� 6.7 Hz, 3H; CH(CH3)2-anti), 9.70 (br s,
1H; CHO-anti]; 13C NMR (75.469 MHz, CDCl3): �� 19.44, 21.31, 28.04,
36.73, 41.74, 41.83, 76.55, 126.47, 128.15, 128.38 (2C), 128.38 ± 128.60
(6Aryl-C), 129.11 (2C), 130.36 (d, J(C,P)� 2.2 Hz), 131.84, 133.91 (d,
J(C,P)� 20.8 Hz, 2C), 134.07 (d, J(C,P)� 21.0 Hz, 2C) (C1�, expected at
�� 134 as a doublet, is obscured by the signals at 133.91 ± 134.14), 134.14,
137.47, 137.59 (d, J(C,P)� 12.8 Hz), 138.18 (d, J(C,P)� 11.5 Hz), 140.61 (d,
J(C,P)� 27.6 Hz), 165.95 (d, J(C,P)� 2.6 Hz), 201.76 [minor diastereomer:
19.20, 20.14, 29.15, 38.93, 40.42, 41.39, 75.73]; 31P NMR (161.978 MHz,
CDCl3): ���4.1; elemental analysis calcd (%) for C33H33O3P (508.6): C
77.93, H 6.54; found C 77.69, H 6.34.


(1R*,2R*)-(�)-2-Isopropyl-1-phenyl-4-oxobutyl 2-(diphenylphosphanyl)-
benzoate (syn-24): Compound 24 (239 mg, 97%) was obtained from 19
(232 mg, 0.50 mmol) after 33 h, as a yellow, highly viscous oil. Diastereomer
ratio 99:1 (syn/anti). 1H NMR (300.133 MHz, CDCl3): �� 0.73 (d, J�
7.0 Hz, 3H; CH(CH3)2), 0.88 (d, J� 6.9 Hz, 3H; CH(CH3)2), 1.96 ± 2.20
(m, 3H; CH2 and CH(CH3)2), 2.58 ± 2.63 (m, 1H; CHCH2), 5.89 (d, J�
8.4 Hz, 1H; CHOR), 6.89 ± 6.93 (m, 1H; Ar-H), 7.19 ± 7.35 (m, 17H; Ar-H),
8.07 ± 8.12 (m, 1H; Ar-H), 9.18 (dd, 3J� 1.9, 1.7 Hz, 1H; CHO); 13C NMR
(75.469 MHz, CDCl3): �� 17.06, 21.28, 27.00, 40.44, 43.52, 77.60, 127.51
(2C), 128.11, 128.14, 128.32 (2C), 128.25 ± 128.50 (6Aryl-C), 130.58 (d,
J(C,P)� 2.3 Hz), 131.88, 133.66 (d, J(C,P)� 20.5 Hz, 2C), 133.91 (d,
J(C,P)� 20.8 Hz, 2C), 134.05 (d, J(C,P)� 18.0 Hz), 134.22, 137.61 (d,
J(C,P)� 12.9 Hz), 138.09 (d, J(C,P)� 11.5 Hz), 138.24, 140.56 (d, J(C,P)�
28.0 Hz), 165.58 (d, J(C,P)� 2.5 Hz), 200.60; 31P NMR (161.978 MHz,
CDCl3): ���4.2; elemental analysis calcd (%) for C32H31O3P (494.6): C
77.71, H 6.32; found C 77.52, H 6.58.


(1R*,2S*)-(�)-2-tert-Butyl-1-ethyl-4-oxobutyl
2-(diphenylphosphanyl)benzoate (syn-25) and (1R*,2R*)-(�)-2-tert-butyl-
1-ethyl-4-oxobutyl 2-(diphenyl-phosphanyl)benzoate (anti-25): Compound
25 (163 mg, 71%) was obtained from 20 (208 mg, 0.50 mmol) after 30 h, as
a colorless, highly viscous oil. Diastereomer ratio 94:6 (syn/anti). 1H NMR
(300.133 MHz, CDCl3): �� 0.74 (pseudo t, J� 7.4 Hz, 3H; CH2CH3), 0.85
[s, 9H; C(CH3)3], 1.41 (m, 2H; CH2CH3), 1.96 [m, 1H; CHC(CH3)3], 2.23
(ddd, J� 16.0, 5.2, 2.0 Hz, 1H; CH2CHO), 2.34 (ddd, J� 16.0, 8.1, 3.3 Hz,
1H; CH2CHO), 5.18 (m, 1H; CHOR), 6.83 ± 6.87 (m, 1H; Ar-H), 7.19 ± 7.35
(m, 12H; Ar-H), 7.90 ± 7.94 (m, 1H; Ar-H), 9.42 (m, 1H; CHO-syn) [minor
diastereomer: 9.66 (br s, 1H; CHO-anti)]; 13C NMR (75.469 MHz, CDCl3):
�� 10.72, 23.82, 28.61 (3C), 32.80, 41.04, 46.77, 77.48, 128.15 ± 128.57
(7Aryl-C), 130.45 (d, J(C,P)� 2.0 Hz), 131.78, 133.79 (d, J(C,P)� 20.5 Hz,
2C), 133.93, 134.06 (d, J(C,P)� 20.9 Hz, 2C) (C1�, expected at �� 134 as a
doublet, is obscured by the signals at 133.93 ± 134.06), 137.73 (d, J(C,P)�
12.7 Hz), 138.23 (d, J(C,P)� 11.3 Hz), 140.69 (d, J(C,P)� 27.5 Hz), 166.00
(d, J(C,P)� 2.9 Hz), 202.56 [minor diastereomer: 201.93 (C4-anti)]; 31P
NMR (81.015 MHz, CDCl3): ���2.9 [minor diastereomer: �3.6]; ele-
mental analysis calcd (%) for C29H33O3P (460.6): C 75.63, H 7.22; found C
75.56, H 7.30.
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(1R*,2S*)-(�)-1-Benzyl-2-tert-butyl-4-oxobutyl 2-(diphenylphosphanyl)-
benzoate (syn-26): Compound 26 (247 mg, 95%) was obtained from 21
(246 mg, 0.50 mmol) after 40 h, as a colorless, highly viscous oil. Diaster-
eomer ratio 99:1 (syn/anti). 1H NMR (300.133 MHz, CDCl3): �� 0.97 [s,
9H; C(CH3)3], 1.99 [ddd, J� 8.7, 5.1, 2.7 Hz, 1H; CHC(CH3)3], 2.34 (ddd,
J� 15.8, 5.1, 1.8 Hz, 1H; CH2CHO), 2.52 (ddd, J� 15.8, 5.1, 3.3 Hz, 1H;
CH2CHO), 2.80 (dd, J� 14.6, 10.4 Hz, 1H; PhCH2), 2.89 (dd, J� 14.6,
2.8 Hz, 1H; PhCH2), 5.55 (ddd, J� 10.3, 2.8, 2.6 Hz, 1H; CHOR), 6.80 ±
6.84 (m, 1H; Ar-H), 7.09 ± 7.33 (m, 17H; Ar-H), 7.71 ± 7.75 (m, 1H; Ar-H),
9.40 (dd, J� 3.8, 1.8 Hz, 1H; CHO); 13C NMR (75.469 MHz, CDCl3): ��
28.79 (3C), 33.02, 36.88, 41.18, 46.93, 76.27, 126.40, 128.14, 128.35 (2C),
128.35 ± 128.59 (6Aryl-C), 128.83 (2C), 130.40, 131.80, 133.53 (d, J(C,P)�
17.1 Hz), 133.86, 133.89(d, J(C,P)� 20.6 Hz, 2C), 134.16 (d, J(C,P)�
20.8 Hz, 2C), 137.54 (d, J(C,P)� 13.2 Hz), 138.36, 138.43 (d, J(C,P)�
10.9 Hz), 140.89 (d, J(C,P)� 27.5 Hz), 166.00 (d, J(C,P)� 2.9 Hz), 202.59
(C4); 31P NMR (81.015 MHz, CDCl3): ���2.8; elemental analysis calcd
(%) for C34H35O3P (522.6): C 78.14, H 6.75; found C 77.88, H 6.66.


(1R*,2R*)-(�)-2-Isopropyl-4-dimethoxy-1-phenylbutyl 2-(diphenylphos-
phanyl)benzoate (27): A mixture of aldehyde 24 (1.30 g, 2.6 mmol), Bayer
Lewatit SC 102 (200 mg), and Na2SO4 (1.85 g, 13.0 mmol) in methanol
(22 mL) was stirred for 3 h at room temperature. The reaction mixture was
filtered through basic alumina. Evaporation of the solvent afforded 27
(1.41 g, �99%) as a yellow, highly viscous oil. 1H NMR (300.133 MHz,
CDCl3): �� 0.83 [d, J� 6.8 Hz, 3H; CH(CH3)2], 0.89 [d, J� 6.8 Hz, 3H;
CH(CH3)2], 1.28 ± 1.37 (m, 1H; CH2), 1.52 ± 1.60 (m, 1H; CH2), 1.96 ± 2.11
[m, 2H; CHCH(CH3)2], 2.99 (s, 3H; OCH3), 3.18 (s, 3H; OCH3), 3.50 [m,
1H; CH(OCH3)2], 5.89 (d, J� 8.4 Hz, 1H; CHOR), 6.93 ± 6.97 (m, 1H; Ar-
H), 7.27 ± 7.34 (m, 17H; Ar-H), 8.16 ± 8.20 (m, 1H; Ar-H); 13C NMR
(75.469 MHz, CDCl3): �� 17.06, 21.20, 27.12, 29.10, 44.15, 53.13, 53.43,
78.33, 103.77, 127.28 (2C), 127.68, 128.14, 128.19 (2C), 128.28 ± 128.49
(6Aryl-C), 130.57 (d, J(C,P)� 2.3 Hz), 131.86, 133.86 (d, J(C,P)� 20.9 Hz,
2C), 134.00 (d, J(C,P)� 21.4 Hz, 2C), 134.33 (C1�, expected at �� 134 as a
doublet, is obscured by the signals at 133.86 ± 134.33), 137.92 (d, J(C,P)�
13.1 Hz), 138.22 (d, J(C,P)� 11.7 Hz), 139.89, 140.83 (d, J(C,P)� 28.1 Hz),
165.61 (d, J(C,P)� 2.5 Hz); 31P NMR (81.015 MHz, CDCl3): ���3.5.
(3R*,4R*)-(�)-4-Hydroxy-3-isopropyl-4-phenylbuten-1-al dimethylacetal
(28): A saturated solution of ethanolic potassium hydroxide (15 mL) was
added to a solution of ester 27 (1.08 g, 2.0 mmol), and the resulting mixture
was heated at reflux for 3 h. Water (30 mL) and tert-butyl methyl ether
(20 mL) were added, and the phases were separated. The aqueous phase
was extracted with tert-butyl methyl ether (2� 15 mL) and the combined
organic phases were dried (Na2SO4). The solvent was removed in vacuo,
and the residue was purified by flash chromatography with petroleum
ether/tert-butyl methyl ether (4:1) to furnish alcohol 28 (0.58 g, 99%) as a
yellowish oil. 1H NMR (300.133 MHz, CDCl3): �� 0.83 [d, 3J� 6.8 Hz, 3H;
CH(CH3)2], 0.87 [d, 3J� 6.9 Hz, 3H; CH(CH3)2], 1.35 ± 1.53 (m, 2H; CH2),
1.69 ± 1.74 [m, 1H; CH(CH3)2], 1.94 ± 2.00 [m, 1H; CHCH(CH3)2], 2.36
(br s, 1H; OH), 3.05 (s, 3H; OCH3), 3.15 (s, 3H; OCH3), 3.69 [pseudo t, J�
6.0 Hz, 1H; CH(OCH3)2], 4.60 (dd, J� 7.0, 2.4 Hz, 1H; CHOH), 7.25 ± 7.32
(m, 5H; Ar-H); 13C NMR (75.469 MHz, CDCl3): �� 17.65, 21.57, 27.15,
29.08, 46.27, 52.87, 53.39, 75.99, 104.34, 126.75 (2C), 127.37, 128.24 (2C),
143.93.


(4R*,5R*)-(�)-4-Isopropyl-5-phenyl-tetrahydrofuran-2-one (cis-30): A
solution of dimethylacetal 28 was dissolved in acetic acid (80%, 5 mL)
and stirred for 24 h at room temperature. The reaction was terminated by
cautious addition of aqueous saturated NaHCO3 solution (30 mL). The
reaction mixture was extracted with tert-butyl methyl ether (3� 15 mL)
and the combined organic phases were dried (MgSO4). Evaporation of the
solvent in vacuo and purification of the residue by flash chromatography
with petroleum ether/tert-butyl methyl ether (4:1) furnished the lactols 29
(44 mg, 75%) as a colorless oil. Lactols 29 were used directly in the
subsequent oxidation.


PCC on Al2O3 (1 mmolg�1, 630 mg) was added to a magnetically stirred
solution of lactols 29 (44 mg, 0.21 mmol) in CH2Cl2 (8 mL), and the
resulting suspension was stirred for 26 h at room temperature. The reaction
mixture was filtered through silica gel with CH2Cl2 (200 mL). After
evaporation of the solvent in vacuo, the residue was purified by flash
chromatography with petroleum ether/tert-butyl methyl ether (4:1) to
furnish lactone cis-30 (39 mg, 91%) as a colorless oil. 1H NMR
(300.133 MHz, CDCl3): �� 0.70 [d, J� 6.7 Hz, 3H; CH(CH3)2], 0.78 [d,
J� 6.5 Hz, 3H; CH(CH3)2], 1.20 ± 1.27 [m, 1H; CH(CH3)], 2.47 ± 2.58 (m,


3H; CHCH2), 5.54 (d, 3J� 6.4 Hz, 1H; CHPh), 7.18 ± 7.35 (m, 5H; Ar-H);
13C NMR (75.469 MHz, CDCl3): �� 19.90, 21.22, 27.49, 31.79, 47.54, 84.27,
126.51 (2C), 128.32, 128.47 (2C), 136.34, 176.83; MS (EI, 70 eV, m/z (%):
204 (29), 107 (60) [C7H7O]� , 98 (19), 70 (100), 55 (55), 42 (19), 28 (24)
[CO]� ; found 204.1151 [M]� (HRMS, EI); C13H16O2 calcd 204.1150.


(4R*,5R*)-(�)-4-Isopropyl-5-phenyl-tetrahydrofuran-2-one (cis-30) and
(4R*,5S*)-(�)-4-isopropyl-5-phenyl-tetrahydrofuran-2-one (trans-30):
PPh3 (74.9 mg, 0.286 mmol) was added at room temperature (exclusion
of air and moisture) to a solution of [Rh(CO)2acac] (0.9 mg, 3.5�
10�3 mmol) in toluene (3 mL), and the mixture was stirred for 15 min.
Subsequently, 2-isopropyl-1-phenylprop-2-en-1-ol (9, 705 mg, 4.0 mmol)
was added, and the resulting solution was cannulated into a stainless steel
autoclave, followed by rinsing with an additional toluene (2 mL). The
autoclave was heated to 90 �C and then pressurized successively with 20 bar
of a 1:1 mixture of hydrogen and carbon monoxide. After 48 h under these
conditions, the autoclave was allowed to cool to room temperature, and the
reaction mixture was filtered through a small plug of silica with tert-butyl
methyl ether (30 mL). After evaporation of the solvent in vacuo, the crude
product was purified by flash chromatography with petroleum ether/tert-
butyl methyl ether (4:1) to give lactols 29 (207 mg, 50% based on recovered
starting material 350 mg, 2.0 mmol).


The lactols 29 (103 mg, 0.5 mmol) were oxidized as described above for the
preparation of cis-30 to give a mixture of cis- and trans-lactone 30 (88 mg,
86%) in a diastereomer ratio cis/trans 64:36.


NMR data for trans-30 : 1H NMR (300.133 MHz, CDCl3): �� 0.82 (d, J�
6.8 Hz, 3H; CH(CH3)2), 0.93 (d, J� 6.8 Hz, 3H; CH(CH3)2), 1.72 ± 1.83 (m,
1H; CH(CH3)), 2.31 ± 2.64 (m, 3H; CHCH2), 5.14 (d, J� 6.6 Hz, 1H;
CHPh), 7.18 ± 7.33 (m, 5H; Ar-H); 13C NMR (75.469 MHz, CDCl3): ��
18.85, 20.63, 29.61, 31.66, 49.97, 84.62, 126.05, 128.45, 128.63 (2C), 139.31,
176.25. The analytical data correspond to those reported for cis-30.


1-Bromomethyl-2-(diphenylphosphinoyl)benzene (32): Phosphorus tribro-
mide (0.7 mL, 7.4 mmol) was added dropwise at 0 �C to a suspension of [2-
(diphenylphosphinoyl)-phenyl] methanol[12] (2.87 g, 9.3 mmol) in THF
(50 mL) and CH2Cl2 (10 mL). After the mixture had been stirred for
15 min at this temperature and for a further 2 h at room temperature, TLC
showed complete consumption of starting material. Water (5 mL) was
added, and the reaction mixture was poured into water (100 mL). After
extraction with CH2Cl2 (3� 50 mL), the combined organic phases were
dried (MgSO4) and the solvent was evaporated. Purification of the residue
by flash chromatography with petroleum ether/ethyl acetate (1:1) furnished
bromide 32 (3.3 g, 96%) as a colorless waxy solid. 1H NMR (500.130 MHz,
CDCl3): �� 4.93 (s, 2H; CH2), 6.97 (m, 1H; Ar-H), 7.17 (m, 1H; Ar-H),
7.39 ± 7.51 (m, 8H; Ar-H), 7.56 ± 7.60 (m, 4H; Ar-H); 13C NMR
(75.469 MHz, CDCl3): �� 60.2, 127.4 (d,� 12.4 Hz), 128.6 (d, J(C,P)�
12.0 Hz, 4C), 130.7 (d, J(C,P)� 72.3 Hz, 2C), 132.0 (d, J(C,P)� 10.2 Hz,
4C), 132.1 (d, J(C,P)� 2.9 Hz), 132.5 (d, J(C,P)� 2.8 Hz), 133.0 (d,
J(C,P)� 6.3 Hz), 133.2 (d, J(C,P)� 11.9 Hz), 133.5 (s), 142.9 (d, J(C,P)�
6.8 Hz, C1); 31P NMR (121.495 MHz, CDCl3): �� 32.3 (s); analytical data
correspond to those reported previously.[12]


(�)-1-{[(2-Methyl-1-phenylallyl)oxy]methyl}-2-(diphenylphosphinoyl)-
benzene (33): Sodium hydride (84 mg, 2.1 mmol, 60% in oil, 1.1 equiv) was
washed oil-free with petroleum ether (2 mL) and suspended in THF
(4 mL). Subsequently, a solution of (�)-2-methyl-1-phenylprop-2-en-1-
ol[21] (311 mg, 2.1 mmol) in THF (2 mL) was added dropwise at 0 �C, and
the mixture was stirred for ca. 10 min at this temperature until gas
evolution had ceased. A solution of bromide 32 (650 mg, 1.75 mmol) in
THF (5 mL) was added over 5 min, and the resulting mixture was stirred at
room temperature for a further 2 h until TLC showed complete con-
sumption of the starting material. The reaction mixture was poured into
water (30 mL) and extracted with CH2Cl2 (5� 20 mL). The combined
organic phases were dried (MgSO4) and concentrated in vacuo. Flash
chromatography with petroleum ether/ethyl acetate (1:1) yielded allylic
ether 33 (660 mg, 86%) as a highly viscous, colorless oil. 1H NMR
(300.130 MHz, CDCl3): �� 1.42 (s, 3H; CH3), 4.65 (s, 1H; CH2�), 4.74 (d,
J� 14.1 Hz, 1H; CH2), 4.83 (s, 1H), 4.85 (d, J� 14.0 Hz, 1H; CH2), 4.99 (s,
2H; CH2�), 7.05 (m, 1H; Ar-H), 7.20 ± 7.39 (m, 6H; Ar-H), 7.45 ± 7.67 (m,
11H; Ar-H), 7.91 (m, 1H; Ar-H); 13C NMR (75.469 MHz, CDCl3): �� 17.2,
67.9 (d, J(C,P)� 4.8 Hz, CH2), 85.0, 113.1, 126.2 ± 128.5 (15 Ar-C), 129.5,
131.8 ± 133.9 (7 Ar-C), 140.3, 144.3 (d, J(C,P)� 3.8 Hz); 31P NMR
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(121.495 MHz, CDCl3): �� 31.4 (s); found 439.1792 [M�H]� (HRMS,
FAB); C29H28O2P calcd 439.1827.


(�)-2-{[(2-Methyl-1-phenylallyl)oxy]methyl}phenyl-(diphenyl)-phosphane
(34): Triethylamine (9.92 g, 98 mmol) was added to a solution of phosphane
oxide 33 (2.07 g, 4.9 mmol) in toluene (15 mL). The solution was cooled to
0 �C, and trichlorosilane (3.32 g, 24.5 mmol) was added. The reaction
mixture was heated at 140 �C in a sealed tube for 45 h. After cooling to
room temperature, the reaction mixture was poured into aqueous sodium
hydroxide solution (5%, 100 mL). After addition of brine (30 mL), the
mixture was extracted with ether (4� 100 mL). The combined organic
phases were dried (MgSO4) and concentrated. The residue was purified by
flash chromatography with petroleum ether/tert-butyl methyl ether (98:2)
to furnish phosphine 34 (1.56 g, 77%) as a viscous, colorless oil. 1H NMR
(500.130 MHz, CDCl3): �� 1.49 (s, 3H; CH3), 4.66 (d, J� 12.6 Hz, 1H),
4.74 ± 4.77 (m, 2H), 4.91 (s, 1H), 5.06 (s, 1H), 6.88 (m, 1H; Ar-H), 7.16 ± 7.30
(m, 16H; Ar-H), 7.35 (m, 1H; Ar-H), 7.63 (m, 1H; Ar-H); 13C NMR
(125.758 MHz, CDCl3): �� 17.4 (CH3), 68.5 (d, J(C,P)� 25.0 Hz), 85.0,
113.3 (CH2�), 126.5 (s, 2C), 127.1 (s), 127.5, 127.8 (d, J(C,P)� 5.7 Hz), 128.0
(s, 2C), 128.5 (d, J(C,P)� 7.0 Hz, 4C), 128.6 (s, 2C), 128.9 (s), 133.4 (s),
133.8 (d, J(C,P)� 19.6 Hz, 4C), 135.1 (d, J(C,P)� 15.3 Hz), 136.6 (d,
J(C,P)� 10.2 Hz, 2C), 140.5 (s), 143.1 (d, J(C,P)� 23.6 Hz), 144.9; 31P
NMR (121.495 MHz, CDCl3): ���16.1 (s); elemental analysis calcd (%)
for C29H27PO (422.5): C 82.44, H 6.44; found C 82.16, H 6.56.


(3R*,4S*)-4-[2-(Diphenylphosphanyl)-benzyloxy]-3-methyl-4-phenylbu-
tyraldehyde (syn-35) and (3R*,4R*)-4-[2-(diphenylphosphanyl)-benzy-
loxy]-3-methyl-4-phenyl-butyraldehyde (anti-35): This compound was
obtained from allylic ether 34 (211 mg, 0.5 mmol) after 24 h at 90 �C and
20 bar syngas pressure, by the procedure described for the hydroformyla-
tion of o-DPPB esters 1a ± d and 17 ± 21, a quantitative conversion of
starting material according to NMR analysis of the crude reaction product.
The diastereomer ratio was syn/anti 68:32. Flash chromatography of the
crude product with petroleum ether/tert-butyl methyl ether (9:1) gave
aldehydes 35 (154 mg, 64%) as a highly viscous colorless oil. Signals of the
minor (anti) diastereomer in square brackets. 1H NMR (500.130 MHz,
CDCl3): �� 0.76 (d, J� 6.9 Hz, 3H; CH3), [0.69 (d, J� 6.8 Hz, 3H; CH3],
1.96 (ddd, J� 18.4, 8.0, 1.8 Hz, 1H), [2.07 (m, 1H)], 2.26 (m, 1H)], 2.34 (dd,
J� 16.6 Hz, 5.4 Hz, 1H), [2.51 (dd, J� 16.5 Hz, 5.1 Hz, 1H)], 4.25 (d, J�
5.1 Hz, 1H) [4.01 (d, J� 7.0 Hz, 1H)], 4.47 ± 4.64 (m, 2H), 6.91 (m, 1H; Ar-
H), 7.15 ± 7.36 (m, 17 Ar-H), 7.48 (m, 1H; Ar-H), 9.47 (s, 1H; CHO), [9.54
(s, 1H; CHO)]; 13C NMR (125.758 MHz, CDCl3): �� 15.6 [16.9], 34.4
[35.4], 46.8 [47.5], 69.4 [69.2], 84.7 [86.2], 127.3 [127.4] (2C), 127.8 [127.7],
128.1 [128.2] (2C), 128.4 ± 128.7 (4 Ar-C), 129.0, 133.7 (d, J(C,P)� 19.6 Hz,
4C), 135.4 [135.2], 135.5, 136.6 (d, J(C,P)� 10.1 Hz, 2C), 136.7 (d, J(C,P)�
10.3 Hz, 2C), 139.2 [140.1], 142.8 [142.5], 142.9, 202.4 [202.6]; 31P NMR
(202.457 MHz, CDCl3): ���18.7 (s); elemental analysis calcd (%) for
C30H29PO2 (452.3): C 79.62, H 6.46; found C 79.73, H 6.51.
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Lanthanum(���)-Catalyzed Disproportionation of Hydrogen Peroxide:
A Heterogeneous Generator of Singlet Molecular Oxygen–1O2 (1�g)–in
Near-Neutral Aqueous and Organic Media for Peroxidation of
Electron-Rich Substrates


Ve¬ronique Nardello,[a] Jacques Barbillat,[b] Jean Marko,[a] Peter T. Witte,[c]
Paul L. Alsters,*[c] and Jean-Marie Aubry*[a]


Abstract: The decomposition of hydro-
gen peroxide into singlet molecular oxy-
gen–1O2 (1�g)–in the presence of lan-
thanum����� salts was studied by mon-
itoring its characteristic IR lumines-
cence at 1270 nm. The process was
found to be heterogeneously catalyzed
by LaIII, provided that the heterogene-
ous catalyst is generated in situ. The
yield of 1O2 generation was assessed as
45� 5% both in water and in methanol.
The pH-dependence on the rate of 1O2


generation corresponds to a bell-shaped
curve from pH 4.5 to 13 with a maximum
around pH 8. The study of the influence


of H2O2 showed that the formation of
1O2 begins as soon as one equivalent of
H2O2 is introduced. It then increases
drastically up to two equivalents and
more smoothly above. Unlike all other
metal salt catalyst systems known to
date for H2O2 disproportionation, this
chemical source of 1O2 is able to gen-
erate 1O2 not only in basic media, but


also under neutral and slightly acidic
conditions. In addition, this La-based
catalyst system has a very low tendency
to induce unwanted oxygenating side
reactions, such as epoxidation of al-
kenes. These two characteristics of the
heterogeneous lanthanum catalyst sys-
tem allow non-photochemical (i.e.,
™dark∫) singlet oxygenation of substrate
classes that cannot be peroxidized suc-
cessfully with conventional molybdate
catalysts, such as allylic alcohols and
alkenyl amines.


Keywords: heterogeneous catalysis
¥ hydrogen peroxide ¥ lanthanum ¥
luminescence ¥ peroxidation ¥
singlet oxygen


Introduction


The ™dark∫ singlet oxygenation of organic compounds
through catalytic disproportionation of hydrogen peroxide is
of industrial relevance because this method can be easily
implemented in common stirred tank reactors, thus eliminat-
ing the need for dedicated photoreactors currently required
for singlet oxygenation through photooxidation. Accordingly,
we are interested in the development of novel catalysts for


hydrogen peroxide disproportionation with improved effi-
ciency and broader windows of application. In 1985, Aubry
screened the periodic table in search of chemical generators of
singlet molecular oxygen–1O2 (1�g)–based on hydrogen
peroxide decomposition.[1] More than thirty systems were
found to be able to produce the excited species in alkaline
aqueous medium (pH� 12). However, as the 1O2 detection by
chemical trapping experiments were all performed under
similar conditions of temperature, pH, and reactant concen-
trations, each system has to be further reinvestigated sepa-
rately to optimize reaction conditions. Systems based on
molybdenum(��), tungsten(��), and calcium(��) have been
reviewed in detail.[2±17] Lanthanides were also found to be
efficient in the screening experiments, and it appeared
judicious to reexamine lanthanum because it is inexpensive
and has a low toxicity. This work reports the study of the
decomposition of H2O2 by lanthanum(���) salts by measure-
ment of the characteristic IR luminescence of 1O2 at 1270 nm.
In addition, preparative examples of La-catalyzed ™dark∫
singlet oxygenation of some alkenes are provided, and the
synthetic added value of this new catalyst system over already
known systems is illustrated.
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Results and Discussion


Influence of the nature of the lanthanum salt : When 1O2 is
generated, by any means, in a liquid in the absence of
substrate, it can disappear according to two physical pathways
of deactivation [Eq. (1) and Eq. (2)].[18]


1O2 ��kd


solvent


3O2 (1)


1O2 ��kp 3O2 � h� (1270 nm) (2)


The first pathway (kd) is the quenching of 1O2 by the
solvent, whereas the second (kp) corresponds to the radiative
deactivation of 1O2 with emission of one photon at 1270 nm.
In conventional solvents, this latter reaction is of minor
importance, but highly specific to 1O2. Hence, the recording of
the luminescence at 1270 nm proves the involvement of 1O2 in
the process under study. In a first experiment, we examined
the decomposition of H2O2 (1�) induced by a lanthanum salt
(0.1�) in alkaline aqueous solution (H2O, pH� 9.0). Four
different lanthanum(���) salts were studied: the hydroxide
La(OH)3, the oxide La2O3, the nitrate La(NO3)3 ¥ 6H2O, and
the chloride LaCl3 ¥ 7H2O. The maximum intensities, Imax, of
the luminescence signals when the stationary state is reached
are reported in Table 1.


The insoluble lanthanum oxide and hydroxide each provide
a very weak signal (�1 mV), whereas much larger signals
(�45 mV) are obtained with the water-soluble lanthanum
nitrate and chloride as soon as they are precipitated at pH 9
by addition of NaOH in the presence of H2O2. On the other
hand, no signal is detected for the starting homogeneous
solutions containing only H2O2 and La(NO3)3 ¥ 6H2O or
LaCl3 ¥ 7H2O at natural pH (�3.5). These results suggest that
the process of 1O2 generation is heterogeneous and that the
formation of the intermediates, probably peroxolanthanum
species,[19±21] is favored when the starting lanthanum salt is
soluble, providing free La3� ions. The insoluble lanthanum
oxide and hydroxide are not readily peroxidized.


Luminescence spectrum of 1O2 : The emission spectrum of 1O2


was recorded for an aqueous solution (H2O) containing H2O2


(5�) and La(NO3)3 ¥ 6H2O (0.5�) at pH� 9.0 (Figure 1). The
IR emission was detected with a FT-Raman spectrometer in
which the laser was switched off. The presence of a well
defined emission peak at 1270 nm proves that the decom-
position of H2O2 by LaIII generates 1O2 according to Equa-
tion (3).


2H2O2 ��LaIII


pH�9� 25 oC
2H2O � � 1O2 � (1��)3O2 (3)


Figure 1. IR spectrum of 1O2 emitted from an aqueous (H2O) alkaline
(pH� 9.0) solution containing H2O2 (5�) and La(NO3)3 ¥ 6H2O (0.5�) at
T� 25 �C.


Optimization and kinetics of the reaction : The decomposition
of an aqueous solution of H2O2 (0.5�) in the presence of
La(NO3)3 ¥ 6H2O (0.1�� at 30 �C was monitored by its IR
luminescence at 1270 nm (Figure 2). As soon as NaOH was
added, a precipitate appeared at pH� 4.0 and a luminescence
signal was detected. Under neutral conditions (pH� 7.0), a
strong luminescence signal, I�, could be obtained (�60 mV)
and H2O2 was completely decomposed within 15 min.


Figure 2. IR luminescence signal I� emitted at 1270 nm by a solution
containing La(NO3)3 ¥ 6H2O (0.1�� and H2O2 (0.5�� in H2O at 30 �C and at
pH� 7.0.


The decay of the IR luminescence signal during the first few
minutes may be very rapid, suggesting a transitory state in
which peroxidized intermediates are formed at high initial
H2O2 concentration. The signal then decreases almost linearly,
followed by another rapid decrease at the end of the reaction.
Simultaneous titration of H2O2 with KMnO4 indicates that
this rapid decrease in the signal occurs when the H2O2/La
ratio becomes lower than 2. After about 20 min, a new aliquot
of H2O2 (0.5�� was added to the reaction medium. A new
luminescence signal was then recorded, with exactly the same
characteristics as for the first addition of H2O2. This result
clearly demonstrates that the disproportionation of H2O2 by
LaIII is a catalytic process.


To study the influence of the pH on the rate of 1O2


generation by the H2O2/LaIII system, we monitored the
intensity of the luminescence signal emitted from aqueous
solutions containing La(NO3)3 ¥ 6H2O (0.1�) and H2O2 (1.0�)


Table 1. Maximum intensities of the luminescence signal at 1270 nm for
different H2O2 (1�)/LaIII (0.1�) systems measured in H2O at pH� 9.0� 0.1
and T� 25 �C.


Nature of
the salt


La(OH)3 La2O3 La(NO3)3 ¥ 6H2O LaCl3 ¥ 7H2O


Imax [mV] 1.0� 0.5 1.0� 0.5 46� 2 41� 2







Generator of 1O2 435±441
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at 25 �C at different pH values. The pH was maintained
constant throughout the reaction by addition of small
amounts of NaOH (5�) and/or HCl (2�). Figure 3 reports
the values of the maximum intensities, Imax, obtained for the
different pH values studied. Values obtained with the well
known H2O2/MoO4


2� system, conducted under similar exper-
imental conditions, are also shown for comparison.


Figure 3. pH dependence of the generation of 1O2 from aqueous solutions
containing H2O2 (1�) and La(NO3)3 ¥ 6H2O (0.1�) (�) or Na2MoO4 ¥ 2H2O
(0.1�) (�) at 25 �C.


As with the systems based on MoVI, WVI, and CaII,[2, 3, 7, 11]


the generation of 1O2 from the LaIII-catalyzed disproportio-
nation of H2O2 exhibits a strong pH dependence with the form
of an asymmetrical bell-shaped curve. Nevertheless, the range
of pH values at which 1O2 is generated with LaIII is much
larger than that with MoVI, since a luminescence signal is
detected from pH 4.5 to 13.0. In very alkaline media, H2O2


dissociates (pKa� 11.6) and the rate of 1O2 formation
decreases accordingly. For the system H2O2/LaIII, the pH
values for which the rate of 1O2 generation is higher than 90%
of the maximal rate (around pH 8.0) range from 6.5 to 9.5,
whereas for the H2O2/MoVI system this pH range is from 8.5 to
10.5. On the other hand, the rate of generation of 1O2 by the
H2O2/LaIII system at the optimal pH value under the chosen
conditions is apparently 1.8 times lower than for the system
H2O2/MoVI, but this point needs to be clarified since the
difference could result from a screening effect of the LaIII


particles on the luminescence of 1O2.
Finally, the influence of the H2O2 concentration on 1O2


formation was studied by monitoring the luminescence signal
emitted from an aqueous alkaline (pH� 9.0) solution con-
taining La(NO3)3 ¥ 6H2O (0.1�� and a starting concentration
of H2O2 equal to 2�. Throughout the reaction, the pH was
maintained at the value of 9.0. The H2O2 was allowed to
decompose, and its concentration in the reaction medium was
monitored by titration with KMnO4 as soon as the stationary
state was reached (after about 2 min). The rate of H2O2


decomposition, d[H2O2]/dt, was then calculated from the
curve [H2O2]� f(t). Figure 4 reports the luminescence signal
(continuous curve) and the rate of H2O2 decomposition
d[H2O2]/dt (black dots) as a function of H2O2 concentration.


Figure 4 clearly indicates that at least one equivalent of
H2O2 is required for 1O2 generation. In addition, we can see
that the rate of H2O2 disappearance increases uniformly with


Figure 4. Influence of H2O2 concentration on the rate of H2O2 decom-
position (black dots) and the rate of 1O2 generation (continuous curve).
Conditions: [La(NO3)3 ¥ 6H2O]� 0.1�, [H2O2]o� 2�, H2O, pH� 9.0, T�
25 �C.


the concentration of H2O2, suggesting that the most peroxi-
dized species is probably the intermediate responsible for the
1O2 generation, in contrast with theMoVI andWVI catalysts.[3, 8]


Similar behavior has already been observed for the system
based on CaII.[7]


IR luminescence determination of the yield of 1O2 generated
from LaIII/H2O2 : The 1O2 yield was determined in MeOH by
addition of a known amount of
�-terpinene (1a). This highly
reactive chemical trap is
known to react with 1O2 by a
pure chemical process.[22]


Hence, the missing area in the luminescence signal corre-
sponds to the amount of 1O2 trapped by �-terpinene (1a). As
the total area under the curve is directly related to the
cumulative amount of 1O2 generated, comparison of the two
areas provides the yield of 1O2, which was found to be equal to
45� 5% for two equivalents of NaOH (Table 2). The yield of
1O2 generation from H2O2/LaIII was also measured in H2O. As
the total area under the curve of the luminescence signal is
proportional to the cumulative amount of 1O2 generated, the
area of the curve obtained for the H2O2/LaIII system was
compared with that obtained for the H2O2/MoVI system under
identical conditions. Knowing that 1O2 is generated in a 100%
yield for the H2O2/MoVI system, we were able to deduce that
45� 5% of O2 generated from the H2O2/LaIII system in water
is in the singlet state. This value was confirmed by addition of


Table 2. Determination of the yield of 1O2 generated from H2O2/LaIII in
water and methanol by IR luminescence.[a]


Catalyst Solvent Imax


[mV]
tend
[min]


Area
[mVmin�1]


1O2 Yield
[%]


MoVI H2O 55 45 1710 100[2]


LaIII H2O 25 45 765 45[b] 43[c]


LaIII CH3OH 310 40 3025 45


[a] Conditions: [catalyst]� 0.1�, [H2O2]� 1�, T� 25 �C, [NaOH]� 0.2�
for H2O2/LaIII. [b] By comparison with the area obtained for the system
H2O2/MoO4


2�. [c] By addition of AES.







FULL PAPER P. L. Alsters, J.-M. Aubry et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0902-0438 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 2438


a water-soluble trap (anthra-
cene-9,10-bis(ethanesulfonate)
or AES; Table 2),[23] by using
the method already applied to
�-terpinene in MeOH. The
yield of 1O2 formation exhibits
a pH dependence with a max-
imum for two equivalents of
NaOH.


It is noteworthy that the
intensity of the luminescence
signal is much higher in meth-
anol than in water. This may be
in part explained by the longer
lifetime of 1O2 in MeOH (���
10 �s) than in H2O (��� 4 �s).


The reason why the yield of
1O2 formation is not 100%
remains unclear. There might
be two pathways of O2 forma-
tion, one leading to 1O2, the
other one to 3O2. Another as-
sumption is that all the oxygen
is generated in the singlet state
at the surface or inside the
heterogeneous catalyst but a
part of it may be deactivated
into 3O2 by the solid before
being released into the solution
and only the available 1O2 is
detected during the lumines-
cence and trapping experi-
ments.


LaIII-catalyzed ™dark∫ singlet
oxygenation of alkenes : Some
preparative ™dark∫ singlet oxy-
genations of different types of
alkenes have been carried out
in order to illustrate the syn-
thetic potential of the LaIII-
based catalyst. Experimental
details and results are shown
in Table 3. In marked contrast
to molybdate-catalyzed peroxi-
dations,[4, 6] careful control of
the H2O2 addition rate is not
required for the lanthanum-cat-
alyzed oxidations. Accordingly,
the small-scale experiments of
Table 3 were carried out by
addition of 50% aqueous
H2O2 in one portion.[24] In line with the results described
above on the efficiency of 1O2 generation in organic solvents,
the peroxidation of �-terpinene (1a) was found to proceed
most efficiently in MeOH (Table 3, entry 1). The selectivity
for ascaridole 2awas found to depend on the absolute amount
of the La catalyst and on the molar NaOH/La ratio. Optimum


results were obtained with 3 mol% La(NO3)3 ¥ 6H2O and
NaOH/La� 4.


The peroxidation of �-citronellol (1b) similarly proceeds
cleanly in MeOH with NaOH/La� 3 (Table 3, entry 2). The
ratio of the expected ene-type singlet oxygenation products–
the secondary and tertiary hydroperoxides 2b and 2b�–was


Table 3. ™Dark∫ singlet oxygenation of alkenes at 30 �C catalyzed by LaIII or MoVI.


Entry Substrate mmol Substrate Catalyst (mmol) Product(s) Yield [%]
mmol H2O2 mmol NaOH (Selectivity [%])[a]


Solvent (mL)


1 5.0 La (0.15) 74 (�95)
58.0 0.6
MeOH (8)


2 5.0 La (0.15) 87 (�95)
58.0 0.45 2b/2b�� 55/45
MeOH (8)


3 5.0 Mo (0.15) 2b � 2b� 85 (�95)
18 0 2b/2b�� 54/46
MeOH (8)


4 5.0 La (0.5) 60[d] (95)
150 1.5 threo/erythro� 1/4
H2O (2)


5 0.6 Mo (0.06) � 95[b] (�95)
18 0 threo/erythro� 4/1
D2O (2)


6 10.0 La (0.5) 53[c,d] (�80)
71 1.0 2d/2d�� 41/59
MeOH[e] (10)


7 1.0 Mo (0.05) 2d � 2d� � 20[b,d] (�20)
5.3 0 2d/2d�� 41/59
D2O (2)


8 2.0 La (0.4) � 95[b] (�95)
30 0.6 2e/2e�� 90/10
D2O (2) (pD� 7.5)


[a] Selectivity towards isolated product as determined by 1H NMR analysis of the crude product or reaction
mixture. [b] Non-isolated yield as determined by 1H NMR analysis of the reaction mixture. [c] Yield in 74% pure
isolated oil (remainder substrate); pure mixture of products free from substrate obtained in 38% yield after
column chromatography. [d] Products obtained after reduction with Na2SO3. [e] An NMR-scale experiment with
La as catalyst in D2O resulted in the same singlet oxygenation products as obtained in the preparative experiment
in methanol, albeit with somewhat lower selectivity.
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almost the same as the ratio obtained with Na2MoO4 ¥ 2H2O
(Table 3, entry 3). However, significantly less H2O2 is required
to obtain a high (�90%) conversion with theMo catalyst than
with the La catalyst. This result is in line with the lower
percentage of 1O2 formed from H2O2 when a La salt is used as
the catalyst instead of molybdate, which is known to catalyze
H2O2 disproportionation with �70% 1O2 generation efficien-
cy in MeOH as solvent.[25]


The metal-catalyzed ™dark∫ singlet oxygenation of allylic
alcohols presents a synthetic challenge because of the
propensity of allylic alcohols to undergo epoxidation, which
proceeds readily under the influence of many metal peroxo
species formed in situ from metal salts and H2O2.[26] When
4-methyl-pent-3-en-2-ol (1c) was subjected to ™dark∫ singlet
oxygenation conditions with the La(NO3)3/NaOH catalyst
system in water as the solvent, the product obtained after
reduction consisted of 95% 4-methyl-pent-4-ene-2,3-diol (2c ;
threo/erythro 1:4), as expected for singlet oxygenation of this
substrate (Table 3, entry 4).[27] The epoxide 2c� (threo/erythro
4:1) corresponded to only �5% of the product. In contrast,
when Na2MoO4 was used in place of La(NO3)3/NaOH as the
catalyst, only epoxidation was observed (Table 3, entry 5).


As well as allylic alcohols, unsaturated amines also present
another class of substrates that cannot be subjected to
molybdate-catalyzed ™dark∫ singlet oxygenation in alkaline
medium. This is because the physical quenching of 1O2


induced by the non-protonated amino group hampers the
necessary chemical quenching by the C�C bond and because a
non-protonated amino group is sensitive to oxidation. In
contrast, when geranylamine (1d) was allowed to react in
MeOH with an excess of H2O2 in the presence of a suspension
of the La catalyst (NaOH/La(NO3)3� 2), a yellow oil
consisting of a mixture of substrate 1d and two products 2d
and 2d� in molar ratio 1d/2d/2d� 28:29:43 according to GC and
1H NMR analysis was isolated after reductive workup.
Although the two products were readily separated from the
substrate by column chromatography, their mutual separation
proved to be very difficult. From GC-HRMS in combination
with 1H and 13C NMR data, we conclude that the two products
are the two isomeric amino alcohols 2d and 2d� (Table 3,
entry 6).[28] No evidence of the formation of products derived
from attack of 1O2 on the C�CCH2NH2 double bond was
obtained. With Na2MoO4 instead of La(NO3)3/NaOH as the
catalyst, selectivity towards the desired singlet oxygenation
products 2d and 2d� is very low (Table 3, entry 7).


Since the La-catalyzed H2O2 disproportionation is expected
to be influenced by the pH increase resulting from the
addition of geranylamine to the H2O2-containing La/NaOH
catalyst solution, changes in pH resulting from addition of the
various components have been determined (Table 4). These
pH measurements were carried out in aqueous solution, by
use of allylamine as a water-soluble, but considerably
less basic analogue of geranylamine (pKa values of
H2C�CHCH2NH2 and Me2C�CHCH2NH2 are 9.8 and 10.6
respectively; the pKa of the latter amine would be expected to
be very similar to the pKa of geranylamine).[29] As can be
judged from Table 4, addition of H2O2 to the slightly basic
La(NO3)3/NaOH suspension results in a large drop in the pH,
which increases again to pH� 9.3 in the final reaction mixture


on addition of allyl amine. Because of the significantly higher
basicity of geranylamine than of allyl amine, we concluded
that the former is almost fully protonated under the reaction
conditions. As a result of the electron-withdrawing effect of
the allylic�NH3


� group on the adjacent C�C bond, the attack
of electrophilic singlet oxygen is directed to the terminal
Me2C�C bond. This explains the high regioselectivity ob-
served in the La-catalyzed ™dark∫ singlet oxygenation of
geranylamine in comparison to the Mo-catalyzed one, which
occurs in alkaline medium, in which the amino group is non-
protonated.


Finally, the ™dark∫ singlet oxygenation of sodium tiglate
(1e) was studied by 1H NMR spectroscopy in D2O (Table 3,
entry 8). Besides the expected hydroperoxide 2e, a minor
amount (�10%) of epoxide 2e� was formed. This was shown
by comparison with the reported oxidation of 1e with
Na2MoO4 as the catalyst, which also leads to either 2e or
2e� as the main product, depending on the pH.[4] It is
noteworthy that, on using the La-based system, the amount
of epoxide at neutral pH is minimized in relation to the Mo-
based system, which provides about 40% of epoxide at this
pH value.


Conclusion


The formation of 1O2 by the H2O2/LaIII catalytic system is now
unambiguous. In 1985, only the oxide La2O3 was studied, but
in this work we have shown that the use of a water-soluble
lanthanum salt such as La(NO3)3 ¥ xH2O considerably enhan-
ces (by about 50-fold) the rate of 1O2 production. In addition,
in comparison with known chemical generators of 1O2 based
on H2O2 disproportionation, this new source of 1O2 presents
two main advantages: it is by far the most efficient hetero-
geneous catalyst and it can generate 1O2 in neutral or even
slightly acidic aqueous media, whereas all other known
catalysts require alkaline conditions. Probably as a result of
the heterogeneous nature of the La catalyst, unfavorable
interactions between the metal center and heteroatoms in the
substrate are minimized. Accordingly, this new La-system
allows catalytic ™dark∫ singlet oxygenation of substrate
classes that cannot be peroxidized successfully with the
classical Mo-system, such as allylic alcohols or unsaturated
amines. Further work to identify the lanthanum peroxides
responsible for 1O2 generation is in progress.


Table 4. pH values of aqueous mixtures containing the various compo-
nents required for La-catalyzed ™dark∫ singlet oxygenation of allylic
amines.


Entry 1 2 3 4


La(NO3)3 [�] 0.05 0.05 0.05 0.05
NaOH [�] ± 0.10 0.10 0.10
H2O2 [�] ± ± 7.0 7.0
allylamine [�] ± ± ± 1.0
pH at 22 �C 5.8 8.3 4.3 9.3
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Experimental Section


Reagents : Lanthanum oxide La2O3 (99.99%), lanthanum hydroxide
La(OH)3 (99.9%), lanthanum nitrate La(NO3)3 ¥ 6H2O (99.99%), lantha-
num chloride LaCl3 ¥ 7H2O (99.9%), sodium molybdate Na2MoO4 ¥ 2H2O
(99%), sodium hydroxide (99.99%), geranylamine (90%), �-citronellol
(95%), �-terpinene (85%), and tiglic acid (98%) were purchased from
Aldrich Chemie. Hydrogen peroxide (50% Rectapur) and hydrochloric
acid (37% Normapur) were obtained from Prolabo. 4-Methyl-pent-3-en-2-
ol was prepared according to literature procedures[30] and sodium tiglate
was obtained from tiglic acid by addition of one equivalent of NaOMe in
methanol.


Instrumentation : IR detector: The IR emission of 1O2 was measured with a
liquid nitrogen-cooled germanium photodiode detector (Model EO-817L,
North Coast Scientific Co., Santa Rosa, CA, USA) sensitive in the spectral
region from 800 to 1800 nm, with a 0.25 cm2 detector and a sapphire
window.[31] The emission spectrum of 1O2 was recorded with a calibrated
FT-Raman instrument (Bruker FRA 106 FT-Raman module adapted to an
IFS 88 FTIR bench; LASIR, USTL, Villeneuve d×Ascq, France) operating
with a similar germanium diode detector.


Typical luminescence experiment : An aqueous solution (30 mL H2O)
containing La(NO3)3 ¥ 6H2O (1.7 g, 0.1�, 4 mmol) was maintained at 25 �C
and circulated, with the aid of a peristaltic pump, through a quartz cell
positioned in front of the germanium detector. When the background noise
of the IR signal was stabilized, H2O2 (50%, 5.7 mL, 2.5�, 100 mmol) was
introduced. The pH was rapidly adjusted to 9.0 by addition of NaOH (5��
and the total volume of the solution was adjusted to 40 mL by addition of
H2O (3 mL). The pH of the reaction medium was kept constant during the
reaction by addition of small amounts of concentrated HCl or NaOH. The
intensity of the luminescence signal (I�) was recorded, and simultaneously,
1 mL of the reaction medium was added to H2SO4 (10 mL, 1�), and H2O2


was titrated with KMnO4 (0.04�) to monitor the evolution of the H2O2


concentration during the reaction.


Oxidation experiments


Oxidation of �-citronellol (1b): A solution of La(NO3)3 ¥ 6H2O (65 mg,
0.15 mmol) and �-citronellol (1b, 0.92 mL, 5.0 mmol) in MeOH (8 mL) was
warmed to 30 �C, after which aqueous H2O2 (50%, 3.3 mL, 58 mmol) and
aqueous NaOH (5�� 90 �L, 0.45 mmol) were added. A white, milky
suspension was formed, and this was stirred overnight at 30 �C. The MeOH
was removed on the rotary evaporator and H2O (30 mL) was added. The
white suspension was extracted with Et2O (5� 30 mL) and the combined
Et2O layers were dried over Na2SO4. After filtration, the Et2O was
removed in vacuum to leave a colorless oil containing the starting material
1b (7%) and the two isomers of the hydroperoxides of �-citronellol (2b/2b�
55:45), according to 1H NMR spectroscopy. The chemical shifts of the
products are in accordance with literature values.[32] Yield: 0.82 g (87%).


Oxidation of �-terpinene (1a): The oxidation of �-terpinene (1a, 0.81 mL,
5 mmol) was performed similarly to that of �-citronellol (1b), but now with
0.6 mmol of NaOH. A light yellow oil was obtained after workup. 1H NMR
spectroscopy showed this oil to contain ascaridole 2a, together with 9% of
p-cymene (impurity in the �-terpinene starting material). The chemical
shifts of the product are in accordance with literature data. Yield: 0.63 g
(74%).[23b]


Oxidation of 4-methyl-pent-3-en-2-ol (1c): A solution of La(NO3)3 ¥ 6H2O
(217 mg, 0.5 mmol) in H2O (2 mL) was warmed to 30 �C, after which
aqueous H2O2 (50%, 8.5 mL, 150 mmol), aqueous NaOH (10�� 150 �L,
1.5 mmol), and 4-methyl-pent-3-en-2-ol (1c, 0.51 g, 5 mmol) were added. A
white, milky suspension was formed, and this was stirred for 48 h at 30 �C.
Na2SO3 (5 g, 40 mmol) was added to the mixture. The mixture was stirred
for one hour, saturated with NaCl, and extracted with ethyl acetate (5�
30 mL). The combined organic layers were dried over Na2SO4. After
filtration, the ethyl acetate was removed in vacuum to afford a colorless oil,
containing 4-methyl-pent-4-ene-2,3-diol (2c, erythro/threo 4:1) together
with �5% of the epoxide 2c� (erythro/threo 1:4). The chemical shifts of the
diol and epoxide products are in accordance with literature data.[27b, 33]


Yield: 0.36 g (60%).


Oxidation of geranylamine (1d): A solution of La(NO3)3 ¥ 6H2O (217 mg,
0.5 mmol) in MeOH (5 mL) was warmed to 30 �C, after which aqueous
NaOH (10�� 100 �L, 1.0 mmol) was added. The resulting white suspension
was stirred for one minute. After addition of aqueous H2O2 (50%, 4 mL,


71 mmol), a solution of geranylamine (1d, 1.85 mL, 10 mmol) and aqueous
HNO3 (65%, 0.69 mL, 10 mmol) in MeOH (5 mL) was added. The mixture
was stirred overnight at 30 �C, during which it turned light yellow. A
concentrated aqueous Na2SO3 solution (30 mL) was added to the mixture,
which was then stirred for one hour, saturated with NaCl, and extracted
with ethyl acetate (5� 50 mL). The combined organic layers were dried
over Na2SO4 and the solvent was removed on the rotary evaporator to leave
a yellow oil (1.21 g). 1H NMR spectroscopy showed that this oil was a
mixture of the substrate 1d, the two isomers of the product (secondary 2d
and tertiary 2d� alcohols), and some traces of impurities (ratio according to
1H NMR: 1d/2d/2d� 28:29:43, according to GC: 28:27:45). Separation by
column chromatography (eluent: CH2Cl2/MeOH/aqueous NH3 (25%)
30:5:1) yielded substrate 1d (0.20 g) as a yellow oil and a light yellow oil
(0.65 g) containing the products (mixture of isomers; 2d/2d� 41:59). The
assignment of the two isomeric amino alcohols is based on the relative
intensities of the signals and on a comparison of the NMR data of the
oxidized double bond region with the NMR data of that region in the
isomeric products obtained from �-citronellol. Yield: 0.65 g (38%).
H2C�C(Me)CH(OH)CH2CH2C(Me)�CHCH2NH2 (2d): 1H NMR (CDCl3,
300 MHz, 25 �C): �� 5.22 (overlap;�CH), 4.88 (s, 1H;�CHH), 4.77 (s, 1H;
�CHH), 3.97 (t, J� 6.8 Hz, 1H; CHOH), 3.22 (overlap; NCH2), 2.0 (b, 5H;
OH � NH2 � �CCH2), 1.66 (s, 3H; CH3), 1.60 (overlap; C(OH)CH2),
1.58 ppm (s, 3H; CH3); 13C {1H} NMR (CDCl3, 75.5 MHz, 25 �C): �� 149.4
(Cquat), 137.4 (Cquat), 127.7 (�CH2), 112.8 (�CH), 77.1 (HOCH), 41.2
(NCH2), 37.3 (�CCH2), 34.8 (HOCCH2), 19.4 (CH3), 18.0 ppm (CH3).


Me2C(OH)CH�CHCH2C(Me)�CHCH2NH2 (2d�): 1H NMR (CDCl3,
300 MHz, 25 �C): �� 5.4 ± 5.6 (m, 2H; CH�CH), 5.22 (overlap; �CH),
3.22 (overlap; NCH2), 2.63 (d, J� 6.4 Hz, 2H;�CCH2), 1.59 (s, 3H; CH3),
1.25 ppm (s, 6H; 2�CH3); 13C {1H} NMR (CDCl3, 75.5 MHz, 25 �C): ��
141.6 (�CH), 138.5 (Cquat), 127.2 (�CH), 126.4 (�CH), 72.4 (HOC), 43.9
(�CCH2), 41.2 (NCH2), 31.6 (C(CH3)2), 18.0 ppm (CH3).
HRMS calcd for [C10H20NO]� 170.1545, found 170.1568.
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Abstract: Combinatorial binding stud-
ies revealed that the di(trans-4-amino-
proline)diketopiperazine is an ideal
template for two-armed receptors with
highly selective binding properties to-
wards peptides. It is not only superior to
structurally very different diamines but
also to the diastereomeric di(cis-4-ami-
noproline)diketopiperazine. These em-
piric results are rationalized by the
analysis of the conformation of the


diastereomeric diketopiperazines in the
solid state, by X-ray crystal structure
analysis, as well as by NMR studies in
solution: to observe highly selective
binding, the template needs to be not


only conformationally rigid but it must
have a specific turn geometry. The
combination of combinatorial binding
studies, X-ray crystal structure analysis,
and NMR spectroscopy gave insight into
why the trans,trans-diketopiperazine is a
superior template compared to other
diamines. Additionally, the results pro-
vide a guide for the rational design of
two-armed receptors with good binding
properties towards peptidic guests.


Keywords: combinatorial chemistry
¥ conformation analysis ¥
diketopiperazine ¥ molecular
recognition ¥ proline ¥ receptors


Flexible but with a Defined Turn–Influence of the Template on the Binding
Properties of Two-Armed Receptors


Helma Wennemers,*[a] Matthias C. Nold,[a] Matteo M. Conza,[a] Klaus J. Kulicke,[a] and
Markus Neuburger[b]


Introduction


The binding specificities of molecular hosts and receptors are
often altered significantly by seemingly small structural
modifications.[1±6] Thus, understanding the correlation be-
tween structure and binding specificity is an important
challenge for rationalizing molecular recognition phenomena.
This task is particularly challenging for receptors that consist
of a template and two peptidic or sulfonopeptidic recognition
elements.[3±6] In spite of their structural flexibility many of
such two-armed receptors bind peptidic guests with moderate
to excellent selectivities and affinities. The lack of apparent
preorganization within the receptor structure, combined with
the many degrees of freedom of even simple di- and
tripeptides renders the principles that govern their intermo-
lecular interactions difficult to understand. However, such an
understanding is crucial for the rational design of new
receptors. In this paper we aim to understand the principles


that determine the binding properties of two-armed diketo-
piperazine receptors, which were recently reported.[6] These
receptors consist of a central diketopiperazine derived from 4-
aminoproline and two peptidic side chains as receptor arms
(Figure 1).[6]


Figure 1. Two-armed diketopiperazine receptors.


Diketopiperazine receptors are highly selective binders for
certain peptides as revealed by combinatorial screenings of
several receptor prototypes against a tripeptide library. With-
in the receptor structure, the receptor arms function as the
selectivity-determining modules, since small structural mod-
ifications in the arms lead to significantly altered binding
specificities.[6]


The central diketopiperazine template must provide a
structural basis by directing the arms into positions that allow
for intermolecular binding. To understand the crucial struc-
tural prerequisites that are necessary for the observed highly
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selective binding of diketopiperazine receptors we evaluated
the central diketopiperazine as a template of two-armed
receptors. By a combination of combinatorial binding studies,
crystal structure analysis as well as NMR studies we provide
here a rationale why the di(trans-4-aminoproline)diketo-
piperazine[7] is superior to other diamines as a template of
two-armed receptors.


Results and Discussion


Combinatorial binding studies : Combinatorial binding ex-
periments allow for the simultaneous analysis of the binding
properties of many thousands of peptides towards a given
receptor, or vice versa. This technique was therefore used as a
tool to elucidate the empiric effects of exchanging the
trans,trans-diaminodiketopiperazine against other diamines
on the binding properties of two-armed receptors with
peptidic arms.


To examine the influence of a rather small structural
difference in the template on the binding properties of two-
armed diketopiperazine receptors, we prepared two-armed
molecules based on the di(cis-4-aminoproline)diketopiper-
azine, the diastereomer of the originally employed trans,trans-
diketopiperazine (Figure 2).[7]


Figure 2. Two-armed receptors based on a) the di(trans-4-aminoproline)-
and b) the di(cis-4-aminoproline)diketopiperazine.[7]


cis,cis-Diketopiperazine receptors were prepared by a
similar synthetic route as described for the trans,trans-
diketopiperazine receptors.[6a] To allow for a direct analysis
of the effect of the diastereomeric templates on the binding
properties of two-armed receptors, the same tripeptides were
used as receptor arms for prototypes of the cis,cis-diketopip-
erazine receptors as had been previously employed for the
trans,trans-diketopiperazine receptors.[6]


The binding properties of the two-armed molecules 1 ± 5
(Figure 3) were examined towards a resin-bound tripeptide
library with the general structure Ac-AA3-AA2-AA1-
NH(CH2)5CONH-PS (PS� polystyrene resin); the same
library that had been used for the analysis of the binding
properties of the trans,trans-diketopiperazine receptors. The


Figure 3. Two-armed molecules 1 ± 5 based on the cis,cis-diketopipera-
zine.[8]


library had been prepared following the protocol for encod-
ed[9] split-and-mix synthesis[10] and contained a maximum of
293 � 24 389 different tripeptides, since 29 different �- and �-
amino acids were employed in each position.[11] Each combi-
natorial binding assay was carried out with an amount of the
library that corresponded to at least five theoretical copies in
order to ensure representative screening results.[12]


When dilute solutions (�30��) of receptors 1 and 4 in
chloroform were equilibrated with the library, only one bead
out of approximately 1500 picked up the red color of the
receptors. This indicates a highly selective binding to certain
tripeptides within the library. Isolation of these colored beads
and analysis of the encoding tag molecules by gas chromatog-
raphy using electron capture detection[9] revealed the peptide
binding specificities of receptors 1 and 4 (Table 1).[13]


Both 1 and 4 select preferentially peptides with a �-His
followed by two hydrophobic �-amino acids (�-Hph). These
binding specificities are similar to the ones previously
observed for the diastereomeric receptors based on the
trans,trans-diketopiperazine.[6a, 14] Besides, both receptors,
which differ only in a single methylene group from each
other exhibit further distinct binding specificities. Receptor 1
selects for peptides that contain a �-Asn in the middle or a �-
Asn at the N-terminal position along with two hydrophobic
amino acids. Receptor 4 shows a further preference for
peptides with a �-Gln at the N-terminal position followed by
a pair of hydrophobic �-amino acids. These selectivities are


Abstract in German: Kombinatorische Bindingungsstudien
zeigten, dass bis(trans-4-aminoprolin)diamindiketopiperazin
ein ideales Templat f¸r zweiarmige Rezeptoren mit hoch-
selektiven Bindungseigenschaften gegen¸ber Peptiden ist. Es
ist nicht nur im Vergleich zu strukturell sehr unterschiedlichen
Diaminen sondern auch gegen¸ber dem diastereomeren bis-
(cis-4-aminoprolin)diketopiperazin das bessere Templat. Diese
empirischen Resultate konnten durch die Aufkl‰rung der
Konformationen der beiden diastereomeren Diprolindiketopi-
perazine im Festkˆrper mittels Kristallstrukturanalyse als auch
durch NMR-Studien in Lˆsung verstanden werden: Um eine
hochselektive Wechselwirkung erzielen zu kˆnnen, muss das
Templat nicht nur konformationell rigide sein, sondern auch
einen bestimmten ™Knick∫ aufweisen. Die Kombination aus
kombinatorischen Bindungsstudien, Kristallstrukturanalyse
und NMR-Spektroskopie zeigte einerseits, dass das trans,-
trans-diaminodiketopiperazin ein besseres Template im Ver-
gleich zu anderen Diaminen ist. Andererseits geben die Ergeb-
nisse eine Anleitung f¸r das rationale Design von zweiarmigen
Rezeptoren mit guten Bindungseigenschaften gegen¸ber pepti-
dischen Gastmolek¸len.
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not exhibited by the diastereomeric receptors based on the
trans,trans-diketopiperazine.


In contrast to the highly selective binding properties
observed for receptors 1 and 4, no intermolecular association
was observed when solutions of the potential receptors 2, 3,
and 5 were mixed with the tripeptide library up to concen-
trations of 500��. Thus, the two-armed molecules 2, 3, and 5
do not interact with any of the approximately 24 000
tripeptides present in the library. This is remarkable, since
the diastereomeric molecules based on the trans,trans-di-
ketopiperazine are highly selective receptors with distinct
binding preferences.[6]


The observed binding properties demonstrate that the
template plays the most crucial role in allowing or preventing
an intermolecular interaction of two-armed receptors towards
peptides. This result is supported by combinatorial binding
studies with two-armed molecules based on the diamines 6 ± 9
(Figure 4). None of these two-armed molecules interact with
any of the � 24 000 peptides within the tripeptide library.


Figure 4. Diamines used as templates for two-armed molecules.[15]


A closer look at the structures of two-armed molecules 1 ± 5
reveals that those with an initial �-Tyr are highly selective
receptors, while those with an initial �-Tyr do not associate
with any peptide. Thus, the combinatorial binding studies
revealed that the template influences the binding properties
of two-armed receptors the most and that the second largest


effect is due to the initial amino acid, the structural element
closest to the template.


Conformational analysis : To understand the different binding
properties of two-armed receptors based on the trans,trans-
and the cis,cis-diketopiperazine, we analyzed the conforma-
tion of substituted diproline diketopiperazines in the solid
state by X-ray single-crystal structure analysis and by NMR
studies in solution. In particular, we studied the conformation
of the acetamides 10 and 11 as well as the azides 12 and 13
(Figure 5). These minimal fragments of the receptors were
used since it was not possible to obtain crystals of the two-
armed receptors, suitable for X-ray structure analysis, and the
signals in the NMR spectra of the receptors largely overlap.


Figure 5. The acetamides 10 and 11, and the azides 12 and 13.


Crystal structure analysis : Within the crystal structures of 10
and 11 the conformation of the tricyclic skeletons differ only
marginally. The central diketopiperazine moieties adopt boat
conformations; the pyrrolidine rings possess envelope (EC�)
conformations that are slightly perturbed to twisted
(C�TC�)conformations[16](Figure 6). The major difference be-
tween the conformation of 10 and 11 is the orientation of the
N-acetyl groups. In the crystal structure of the trans,trans-
diketopiperazine 10, they occupy the pseudo axial positions at
the C�-atoms, in the cis,cis-diketopiperazine 11 the pseudo
equatorial positions. As a result, the distances between the N-
acetyl groups, as well as the angle formed by the side chains
and the tricyclic sceleton are considerably different in the two
diastereomers. The N atoms of the N-acetyl groups (N1 and
N2) are at a distance of 7.8 ä apart in the trans,trans-
diketopiperazine 10 and 8.7 ä apart in the cis,cis-diketopiper-
azine 11. This difference of 1 ä apart is reflected in a
significantly narrower angle formed by the N-acetyl groups
and the diketopiperazine skeleton in the trans,trans-diketo-
piperazine 10 compared to the cis,cis-diketopiperazine 11. The
trans,trans-diketopiperazine 10 therefore adopts a turn con-
formation while the conformation of the cis,cis-diketopiper-
azine 11 resembles a rather linear structural element.


NMR spectroscopic studies : The asymmetric unit within the
unit cell of both crystal structures consists of two molecules
that are connected by two hydrogen bonds.[16] The observed
conformations might therefore be stabilized and are not likely
to reflect the conformation in solution. Thus we analyzed the
conformations of the acetylated diketopiperazines 10 and 11
in chloroform solution by a combination of one- and two-
dimensional NMR spectroscopy. The conformations of the
azides 12 and 13were also investigated as the proton signals of
the cis,cis-diketopiperazine 11 did not allow for an unambig-


Table 1. Binding specificities of the two-armed molecules 1 ± 5 based on
the cis,cis-diketopiperazine for tripeptides within the library Ac-AA3-
AA2-AA1-NH(CH2)5CONH-PS.


AA3 AA2 AA1 Freq. found
[%][a]


Freq. expec.
[%][a]


1 ��Hph[b] ��Hph ��His 59 0.10
��Ala �-Asn �/�-Hph 26 0.04
��Asn ��Hph �-Val/Gly 9 0.04


2 No binding
3 No binding
4 �-Val �-Hph �-His 56 0.02


�-Phe/�-Ala �-Phe/�-Ala �-His 19 0.02
�-Gln �-Val/�-Phe �-Val/�-Leu 19 0.02


5 No binding


[a] The frequency found column lists the percentage of beads selected in
the receptor binding assay for the indicated peptide sequence. The
frequency expected column lists the expected frequency for the particular
tripeptide sequence if the beads were picked randomly. The comparison
between the percentage of ™frequency found∫ and ™frequency expected∫ is
a measure for the selectivity level of the receptor. [b] Hph� hydrophobic
amino acid can be either Gly, Ala, Val, Leu, or Phe.
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uous analysis of the coupling constants of all protons due to
overlapping signals. All NMR spectra show only one six-spin
system for the pyrrolidine ring protons, indicating that on the
average time scale of the NMR measurement, compounds
10 ± 13 possess C2- symmetry.


Judged by the Karplus curve,[17] the observed couplings
between the pyrrolidine protons of the trans,trans-diketopi-
perazine 10 and 12 are in good agreement with the torsion
angles found in the crystal structure of 10 (Table 2). The
coupling constants of the acetamide 10 and the azide 12 differ
by �1 Hz. This indicates that the azide is conformationally
slightly more fixed and reveals that the overall conformation
is not dramatically changed by the substituent at C�. Both
compounds prefer a conformation with the substituents in the
pseudo axial positions, the same turn like conformation as
observed in the crystal structure of 10.


Unfortunately, several coupling constants of the acetamide
11 could not be determined unambiguously due to over-
lapping signals. Since the coupling constants 3J(H�,H�) and
3J(H�,H��) are almost identical for 11 and the azide 13, we


assume that their conforma-
tions look alike (Table 3). In
contrast to the good correlation
of the conformations in solution
and the solid state of the trans,-
trans-diketopiperazines, the
coupling constants observed
for the cis,cis-diketopiperazines
11 and 13 do not match with the
torsion angles found in the
crystal structure of 11. For ex-
ample, the torsion angles of
�150� should be reflected by
couplings of 3J� 9 ± 11.5 Hz,
and the torsion angles of� 30�


by couplings of 3J� 6.5 ±
8.5 Hz.[17] The observed cou-
pling constants differ signifi-
cantly from these expected val-
ues and are in fact not in agree-
ment with any single
conformation. Two main con-
formations are conceivable for
11 and 13 : a conformation with


the substituents at C� in the pseudo equatorial positions as
seen in the crystal structure and another one with pseudo-
axial-positioned substituents and ring flipped pyrrolidine
moieties. The latter would result in torsion angles that are
considerably different from the values found in the crystal
structure (Figure 7).


The observed coupling constants of 11 and 13 are approx-
imately an average of the ones expected for the conformation
with pseudo equatorial substituents and the one with pseudo
axial substituents. For example, the torsion angles of �150�


between H� and H�� as well as between H� and H�� observed
in the crystal structure should be reflected by coupling
constants between 9 ± 11.5 Hz. In the conformation with


Figure 6. Crystal structures of the trans,trans-diketopiperazine 10 (a) and the cis,cis-diketopiperazine 11 (b).


Table 2. 1H-1H coupling constants [Hz, �0.1 Hz] observed for 10 and 12
compared to the torsional angles [o] found in the crystal structure of 10.


Torsion angle[a] NMR, 3J(H,H) 10 NMR, 3J(H,H) 12 X-ray 10[b]


H�-C�-C�-H� 7.7 6.6 34� 5
H�-C�-C�-H�� 9.6 10.4 156� 5
H�-C�-C�-H�� 2.2 1.4 79� 2
H��-C�-C�-H�� 6.1 5.1 44� 2
H��-C�-C�-H� 1.5 1.4 90� 2
H��-C�-C�-H�� 6.1 5.1 32� 2
H�-C�-C�-C�-H�[c] ± 1.4 (4J(H,H))[c] ±


[a] H�, H�, H� and H��, H��, H��, respectively, are on opposite faces of the
pyrrolidine ring. [b] Average over all torsional angles within the pyrrolidine
rings of the two molecules in the assymetric unit of the crystal structure.[15]


[c] 4J(H,H) coupling between H� and H� indicates their pseudo-equatorial
positions at C� and C�.


Table 3. 1H-1H coupling constants [Hz, �0.1Hz] observed for 11 and 13
compared to the torsional angles [o] found in the crystal structure of 11.


Torsion angle[a] NMR,
3J(H,H) 11


NMR,
3J(H,H) 13


X-ray 11[b] 3J(H,H) expec.[c]


H�-C�-C�-H� nd[d] 8.8 30� 8 6.5 ± 8.5
H�-C�-C�-H�� nd[d] 5.7 152� 9 9.0 ± 11.5
H�-C�-C�-H� nd[d] 5.6 30� 8 6.5 ± 8.5
H��-C�-C�-H� nd[d] 4.5 152� 9 9.0 ± 11.5
H�-C�-C�-H� 5.9 5.6 17� 7 7.5 ± 9.5
H�-C�-C�-H�� 3.7 3.8 139� 8 6.5 ± 9.5
H��-C�-C�-C�-H��[e] ± 1.2 (4J(H,H))[e] ± ±


[a] H�, H�, H�, and H�, H��, H��, respectively, are on opposite faces of the
pyrrolidine ring. [b] Average over all torsional angles within the pyrrolidine rings
of the two molecules in the assymetric unit of the crystal structure.[16] [c] Vicinal
coupling constants estimated for the conformation observed in the crystal
structure of 11.[17] [d] The coupling constants could not be determined unambig-
uously due to overlapping signals of H� and H� as well as H� and H��. [e] The
4J(H,H) coupling between H�� and H�� indicates their pseudo-equatorial positions
at C� and C�.
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Figure 7. Newman projections of 11 (R�NHAc) and 13 (R�N3) with
pseudo-axially positioned substituents at C� and estimated vicinal coupling
constants.[17, 18]


pseudo axial substituents, the torsion angles would be close to
90� and should result in couplings close to 0 Hz. The observed
couplings of 3J� 4.5 Hz and 3J� 5.7 Hz are averages of the
expected values. Analysis of the remaining values leads to the
same conclusion. Thus, the coupling constants indicate that
the conformation with pseudo axial as well as the one with
pseudo-equatorial-positioned substituents are populated to
more or less equal extents. This conformer equilibrium is
further supported by NOE spectroscopic studies (Figure 8).
Mutual NOEs are not only observed between H�� and H�� as
would be expected for a conformation with pseudo equatorial
substituents but also between H�, H� and H� as expected for
the conformation with pseudo axial substituents.


Figure 8. NOEs observed for 11 (R�NHAc) and 13 (R�N3).


Thus, cis,cis-diketopiperazines are conformationally not
well defined, but are rather flexible. In contrast, the diaster-
eomeric trans,trans-diketopiperazines are highly preorganized
molecules with a defined conformation.


Conclusion


The conformational analysis revealed significant differences
between cis,cis- and trans,trans-diketopiperazines that are
reflected in the different binding properties of two-armed
receptors based on these templates. The highly preorganized,
turn like trans,trans-diketopiperazine is superior to all other
investigated diamines as a template for two-armed receptors
with peptidic side chains. The rather linear and conforma-
tionally flexible cis,cis-diketopiperazine can only serve as a
template with certain receptor arms (receptors 1 and 4). Thus,
rigidity paired with a turn-like conformation are necessary
requirements of templates for two-armed receptors. Still,
these requirements are not necessarily sufficient as revealed
by the binding experiments with the two-armed molecules
based on the diamines 6 ± 9. The diamines 6 and 8 are highly


preorganized molecules with a defined turn. However, they
are unsuitable as templates of two-armed receptors with
peptidic receptor arms.[19] Our results demonstrate that a
template with a defined narrow angle formed by the arms and
the template, such that a distance of �8 ä exists between the
starting points of the receptor arms, is ideal for this kind of
two-armed receptor. Thus, for the rational design of two-
armed receptors that bind tripeptides with high selectivity the
template should not only be conformationally rigid and adopt
a turn like conformation but the turn has to be defined.


Experimental Section


General aspects : Materials and reagents were of the highest commercially
available grade and used without further purification. Reactions were
monitored by thin-layer chromatography using Merck silica gel 60 F254


plates. Compounds were visualized by UV light, ceric ammonium
molybdate (CAM) and ninhydrin. Flash chromatography was performed
by using Merck silica gel 60, particle size 40 ± 63 �m. Gel filtrations were
performed on Sephadex LH20 resin purchased from Sigma. 1H and
13C NMR spectra were recorded on a Bruker DPX 500 spectrometer.
Chemical shifts are reported in ppm with TMS as a reference. Infrared
spectra were obtained on a Perkin ± Elmer 1600 series; peaks are reported
in cm�1. Finnigan MAT LCQ and TSQ 700 instruments were used for
electrospray ionization (ESI) mass spectrometry. HPLC analysis were
carried out on a Nucleosil 100-5 (250 mm� 4.6 mm) from Macherey Nagel.
The solid-phase binding assays were carried out with CHCl3 freshly filtered
through aluminumoxide.


Two-armed molecules 1 ± 5 were assembled by standard peptide couplings
by usingN-�-Fmoc-protected amino acids and 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) as a coupling reagent. For a
detailed procedure for the preparation of compounds 1 ± 5 [6a]


Receptor (1): 1H NMR (500 MHz, 2% CD3OD in CDCl3, 25 �C): �� 8.32
(d, J� 9.0 Hz, 4H; dye), 7.99 (s, 2H; NH), 7.91 (d, J� 9.0 Hz, 4 H; dye), 7.88
(d, J� 9.3 Hz, 4H; dye), 7.36 (d, J� 6.7 Hz, 2 H; NH), 7.27 ± 7.16 (m, 40H;
trityl, Phe, NH), 7.09 (d, J� 7.0 Hz, 4H; Phe), 7.03 (d, J� 8.6 Hz, 4H; Tyr),
6.92 (d, J� 6.5 Hz, 2 H; NH), 6.77 (d, J� 9.3 Hz, 4 H; dye), 6.74 (d, J�
8.6 Hz, 4H; Tyr), 4.48 (m, 2 H; Tyr-H�), 4.36 (m, 6 H; Pro-H�, Asn-H�,
Phe-H�), 4.17 (�t, J� 8.0 Hz, 2 H; Pro-H�), 4.03 (t, J� 5.7 Hz, 4H;
OCH2CH2N), 3.74 (t, J� 5.7 Hz, 4H; OCH2CH2N), 3.61 (m, 2 H; Pro-H�),
3.55 (q, J� 7.1 Hz, 4 H; CH2CH3), 3.23 (m, 2H; Pro-H��), 3.06 (dd, J�
14.1 Hz, 4.9 Hz, 2H; Tyr-H�), 2.90 (m, 4 H; Tyr-H��, Phe-H�), 2.78 (dd, J�
14.9 Hz, 5.7 Hz, 2 H; Asn-H�), 2.65 (dd, J� 14.0 Hz, 9.9 Hz, 2H; Phe-H��),
2.56 (dd, J� 14.9 Hz, 6.9 Hz, 2 H; Asn-H��), 2.38 (m, 2 H; Pro-H�), 2.15 (m,
2H; Pro-H��), 1.78 (s, 6 H; COCH3), 1.25 ppm (t, J� 7.1 Hz, 6 H; CH2CH3);
13C NMR (125.6 MHz, 2 % CD3OD in CDCl3, 25 �C): �� 172.4, 171.6,
171.4, 170.7, 170.2, 166.0, 157.3, 156.8, 151.3, 147.3, 144.1, 143.4, 136.3, 130.3,
129.4, 129.0, 128.7, 127.8, 127.0, 126.3, 124.7, 122.6, 114.4, 111.4, 70.6, 65.2,
58.9, 55.2, 54.9, 51.1, 49.8, 49.2, 47.5, 46.0, 37.4, 36.9, 35.8, 32.3, 22.5,
12.2 ppm; HRMS (ESI): m/z : calcd for C128H128N20O18 [M 2��2H]
1117.4931; found: 1117.4933.


Two-armed molecule (2): 1H NMR (500 MHz, 5% CD3OD in CDCl3,
25 �C): �� 8.31 (d, J� 9.1 Hz, 4H; dye), 7.90 (d, J� 9.1 Hz, 4 H; dye), 7.85
(d, J� 9.2 Hz, 4 H; dye), 7.26 ± 7.12 (m, 36H; trityl, Phe-6 H,), 7.08 (d, J�
8.4 Hz, 8H; Tyr, Phe), 6.78 (d, J� 8.6 Hz, 4 H; Tyr), 6.73 (d, J� 9.2 Hz, 4H;
dye), 4.37 (m, 2 H; Tyr-H�), 4.27 (m, 4 H; Asn-H�, Phe-H�), 4.07 (m, J�
6.0 Hz, 8 H; OCH2CH2N, Pro-H�Pro-H�), 3.73 (t, J� 6.0 Hz, 4H;
OCH2CH2N), 3.52 (q, J� 7.1 Hz, 4H; CH2CH3), 3.36 (br d), J� 9.7 Hz,
2H; Pro-H�), 3.18 (dd, J� 13.6, 6.7 Hz, 2 H; Asn-H�), 3.10 (dd, J� 14.3,
4.2 Hz, 4H; Phe-H�, Tyr-H�), 2.92 (dd, J� 13.6, 7.8 Hz, 2H; Asn-H��), 2.75
(dd, J� 14.3, 9.7 Hz, 2 H; Phe-H��, Pro-H��), 2.64 (dd, J� 14.9, 5.9 Hz, 2H;
Tyr-H��), 2.27 (m, 4H; Pro-H�, Pro-H��), 1.60 (s, 6H; COCH3), 1.21 ppm(t,
J� 7.1 Hz, 6 H; CH2CH3); 13C NMR (125.6 MHz, 5 % CD3OD in CDCl3,
25 �C): �� 172.1, 171.3, 171.1, 170.9, 170.7, 165.0, 157.1, 156.8, 151.3, 147.3,
144.2, 143.7, 136.0, 130.6, 129.8, 128.9, 128.9, 128.8, 127.9, 127.3, 127.0, 126.3,
124.7, 122.6, 114.4, 111.4, 70.8, 65.1, 58.2, 55.9, 50.9, 50.6, 49.8, 47.5, 46.0, 36.7,
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35.4, 32.4, 22.9, 12.3 ppm; HRMS (ESI): m/z : calcd for C128H128N20O18


[M 2��2H] 1117.4931; foun: 1117.4937.


Two-armed molecule (3): 1H NMR (500 MHz, 5% CD3OD in CDCl3,
25 �C): �� 8.31 (d, J� 9.1 Hz, 4H; dye), 7.91 (d, J� 9.1 Hz, 4 H; dye), 7.88
(d, J� 9.2 Hz, 4 H; dye), 7.23 ± 7.15 (m, 36H; trityl, Phe-6 H), 7.05 (d, J�
6.9 Hz, 4 H; Phe), 6.78 (�d, J� 9.1 Hz, 8 H; dye, Tyr), 6.69 (d, J� 8.8 Hz,
4H; Tyr), 4.50 (�t, J� 5.9, 2H; Asn-H� 4.39 (�t, J� 7.3 Hz, 2 H; Pro-H�),
4.32 (t, J� 6.6 Hz, 2 H; Tyr-H�), 4.13 (t, J� 8.4 Hz, 2 H; Pro-H�), 4.07 (t,
J� 6.0 Hz, 4H; OCH2CH2N), 4.06 (m, 2H; Phe-H�), 3.78 (t, J� 6.0 Hz,
4H; OCH2CH2N), 3.61 (dd, J� 12.0, 7.6 Hz, 2 H; Pro-H�), 3.56 (q, J�
7.0 Hz, 4 H; CH2CH3), 3.30 (dd, J� 12.0, 7.6 Hz, 2 H; Pro-H��), 2.95 (dd, J�
13.4, 6.7 Hz, 2H; Phe-H�), 2.80 (dd, J� 13.4, 8.0 Hz, 2H; Phe-H��), 2.74
(m, 8H; Tyr-H� Tyr-H��, Asn-H�Asn-H��), 2.42 (m, 2 H; Pro-H�), 2.27 (m,
2H; Pro-H��), 1.77 (s, 6 H; COCH3), 1.25 ppm(t, J� 7.0 Hz, 6 H; CH2CH3);
13C NMR (125.6 MHz, 5 % CD3OD in CDCl3, 25 �C): �� 171.8, 171.4,
171.1, 171.0, 170.3, 165.8, 157.3, 156.7, 151.2, 147.3, 144.1, 143.6, 136.6, 130.2,
129.3, 129.0, 128.6, 128.5, 127.7, 126.9, 126.2, 124.6, 122.5, 114.2, 111.3, 70.5,
65.2, 58.6, 55.9, 54.5, 53.4, 50.2, 49.9, 49.7, 47.0, 46.0, 37.5, 36.3, 35.3, 32.6,
22.5, 12.1 ppm; HRMS (ESI): m/z : calcd for C128H128N20O18 [M2��2H]
1117.4931; found:1117.4933.


Receptor (4): 1H NMR (500 MHz, CDCl3, 43 �C): �� 8.53 (br s), 2H, NH),
8.30 (d, J� 9.1 Hz, 4H; dye), 7.88 (d, J� 9.1 Hz, 4 H; dye), 7.84 (d, J�
9.2 Hz, 4 H; dye), 7.27 - 7.09 (m, 48H; trityl, Phe, Tyr-4 H, NH-4 H), 6.98
(br s), 2 H, NH), 6.73 (�d, J� 9.2 Hz, 8 H; Tyr, dye), 5.73 (br s), 2H, NH),
4.56 (m, 2 H; Tyr-H�), 4.41 (m, 2 H; Pro-H�), 4.32 (m, 2 H; Phe-H�), 4.13
(m, 2 H; Pro-H�), 4.03 (m, 6 H; OCH2CH2N, Gln-H�), 3.73 (t, J� 5.8 Hz,
4H; OCH2CH2N), 3.71 (m, 2H; Pro-H�), 3.52 (q, J� 7.0 Hz, 4H;
CH2CH3), 3.35 (dd, J� 11.3, 7.4 Hz, 2H; Pro-H��), 3.25 (dd, J� 14.1,
3.7 Hz, 2H; Tyr-H�), 3.05 (dd, J� 14.1, 4.5 Hz, 2H; Phe-H�), 2.83 (dd, J�
14.1, 10.1 Hz, 2 H; Tyr-H��), 2.67 (dd, J� 14.0, 9.9 Hz, 2 H; Phe-H��), 2.42
(m, 2 H; Pro-H�), 2.34 (m, 2 H; Pro-H��), 2.08 (m, 4 H; Gln-H�, Gln-H��),
1.87 (m, 2 H; Gln-H�), 1.75 (m, 2H; Gln-H��), 1.62 (s, 6H; COCH3),
1.22 ppm (t, J� 7.1 Hz, 6 H; CH2CH3); 13C NMR (125.6 MHz, CDCl3,
25 �C): �� 173.3, 172.9, 172.0, 171.3, 170.9, 165.8, 157.2, 156.8, 151.3, 147.4,
144.3, 143.7, 136.3, 130.4, 129.0, 128.8, 128.7, 128.0, 127.3, 127.1, 126.3, 124.7,
122.6, 114.3, 111.4, 70.8, 65.4, 58.9, 56.0, 54.8, 49.8, 49.4, 47.3, 46.1, 37.0, 36.1,
32.9, 25.8, 23.0, 12.3 ppm; HRMS (ESI): m/z : calcd for C130H132N20O18


[M 2��2H] 1131.5087; found:1131.5069.


Two-armed molecule (5): 1H NMR
(500 MHz, 5 % CD3OD in CDCl3,
25 �C): �� 8.31 (d, J� 9.1 Hz, 4 H;
dye), 7.91 (d, J� 9.1 Hz, 4 H; dye),
7.88 (d, J� 9.2 Hz, 4 H; dye), 7.29 ± 7.15
(m, 36 H; trityl, Phe-6 H), 7.05 (d, J�
7.1 Hz, 4H; Phe), 6.77 (d, J� 9.2 Hz,
4H; dye), 6.76 (d, J� 8.7 Hz, 4 H; Tyr),
6.71 (d, J� 8.8 Hz, 4H; Tyr), 4.36 (m,
2H, Tyr-H�), 4.32 (m, 2 H, Pro-H�),
4.19 (�t, J� 8.4 Hz, 2H; Pro-H�), 4.09
(m, J� 5.8 Hz, 8 H; Phe-H�,
OCH2CH2N, Gln-H�), 3.79 (t, J�
5.8 Hz, 4 H; OCH2CH2N), 3.61 (m,
2H; Pro-H�), 3.56 (q, J� 7.1 Hz, 4 H;
CH2CH3), 3.47 (m, 2H, Pro-H��),
2.97 ± 2.90 (m, 4 H, Phe-H�Tyr-H�),
2.79 (dd, J� 13.8, 8.2 Hz, 2H; Phe-
H��), 2.70 (dd, J� 13.8, 5.6 Hz, 2 H;
Tyr-H��), 2.48 (m, 2H; Pro-H�), 2.20
(m, 6 H; Pro-H��, Gln-H�, Gln-H��),
1.86 (s, 6H; COCH3), 1.80 (m, 4 H,
Gln-H�, Gln-H��), 1.25 ppm (t, J�
7.1 Hz, 6H; CH2CH3); 13C NMR
(125.6 MHz, 5% CD3OD in CDCl3,
25 �C): �� 172.7, 172.2, 171.7, 171.6,
171.1, 165.7, 157.3, 156.7, 151.3, 147.3,
144.3, 143.6, 136.8, 130.2, 129.0, 129.0,
128.6, 128.5, 127.8, 126.9, 126.8, 126.2,
124.6, 122.5, 114.4, 111.3, 70.5, 65.2,
58.6, 55.7, 54.4, 52.9, 49.5, 49.3, 47.1,
46.0, 36.2, 35.3, 32.8, 32.3, 26.7, 22.5,
12.2; ppm HRMS (ESI):m/z : calcd for


C130H132N20O18 [M 2�� 2 H] 1131.5087; found: 1131.5101.


Cyclo[(4R)-4-(N-acetyl)amino-�-proline]2 (10): Cyclo[(4R)-(N-tert-butoxy-
carbonyl)amino-� proline]2


[6a] (44 mg, 104 mmol) was dissolved in 4� HCl
in dioxane (1 mL) and allowed to stir at room temperature for 15 min.
After removal of all volatiles at reduced pressure, the solid residue was
triturated with Et2O (3� 2 mL) to yield the diammonium salt as a white
solid which was isolated by decantation followed by removal of all residual
volatiles in vacuo. Acetic anhydride (29 �L, 311 mmol) was added to the
solution of the diammonium salt in CH2Cl2 (0.5 mL) and NEt3 (43 �L,
311 mmol), and the mixture was allowed to stir for 1 h at room temper-
ature. After removal of all volatiles at reduced pressure, flash chromatog-
raphy on silica gel (gradient of CH2Cl2/MeOH from 100:0 to 100:6)
afforded the diketopiperazine 10 (17 mg, 52 %) as a white solid. 1H NMR
(500 MHz, CDCl3, 25 �C): �� 6.43 (d, J� 6.0 Hz, 2H; NH), 4.47 (m, 2H;
H��), 4.45 (dd, J� 9.3, 7.6 Hz, 2H; H�), 3.84 (dd, J� 12.8, 6.1 Hz, 2 H; H��),
3.48 (dd, J� 12.8, 1.6 Hz, 2 H; H�), 2.41 (ddd, J� 13.6, 9.6, 6.1 Hz, 2H;
H��), 2.34 (ddd, J� 13.6, 7.7, 2.2 Hz, 2H;H�), 2.00 ppm (s, 6 H; CH3);
13C NMR (100.5 MHz, 5 % CD3OD in CDCl3, 25 �C): �� 170.8, 166.3, 58.9,
51.3, 47.7, 33.7, 22.7 ppm; IR (KBr): �� � 3465, 3288, 3071, 1662, 1650, 1547,
1446 cm�1; FAB-MS (NBA): m/z (%): 309 (100) [M��H]; elemental
analysis calcd (%) for C14H20N4O4 ¥ H2O (326.4): C 51.52, H 6.79, N 17.17;
found: C 51.80, H 7.10, N 17.00.


Cyclo[(4S)-4-(N-acetyl)amino-�-proline]2 (11): Compound 11 was pre-
pared analogously to 10. 1H NMR (500 MHz, CDCl3, 25 �C): �� 6.08 (d,
J� 6.1 Hz, 2H; NH), 4.33 (�t, J� 6.8 Hz, 2 H; H�), 4.41 (�tq, J� 5.9 Hz,
3.8 Hz, 2H; H�), 3.78 (dd, J� 12.3, 3.7 Hz, 2 H; H��), 3.57 (dd, J� 12.3,
5.9 Hz, 2H; H�), 2.52 ± 2.49 (m, 4 H; H��, H�), 1.91 ppm (s, 6 H; CH3);
13C NMR (100.5 MHz, CDCl3, 25 �C): �� 170.2, 167.1, 59.2, 51.4, 48.3, 32.2,
23.1 ppm; IR (KBr): �� � 3446, 3292, 3071, 1661, 1549, 1438; FAB-MS
(NBA): m/z (%): 309 (100) [M��H]; elemental analysis calcd (%) for
C14H20N4O4 ¥ H2O (326.4): C 51.52, H 6.79, N 17.17; found: C 51.26, H 6.76,
N 16.84.


Cyclo[(4R)-4-azido-�-proline]2 (12): For the preparation see [6a] 1H NMR
(500 MHz, CDCl3, 25 �C): �� 4.45 (dd, J� 10.3, 6.6 Hz, 2H; H�), 4.34 (tt,
J� 5.1, 1.4 Hz, 2H; H��), 3.69 (dd, J� 13.0, 5.1 Hz, 2 H; H��), 3.62 (dt, J�
13.0, 1.3 Hz, 2 H; H�), 2.43 (ddt, J� 13.9, 6.6, 1.4 Hz, 2H; H�), 2.29 (ddd,
J� 13.9, 10.5, 5.1 Hz, 2H;H��); 13C NMR (100.5 MHz, CDCl3, 25 �C): ��
166.5, 58.8, 58.7, 50.7, 33.9 ppm; IR (KBr): �� � 2948, 2124, 1661, 1437,


Table 4. Crystallographic data, structure solution and refinement of 10 and 11.


10 11


formula C28H40N8O8 ¥ 2(C14H20N4O4) C28H44N8O10 ¥ 2(C14H20N4O4 �H2O)
Mr 616.68 652.71
crystal system monoclinic monoclinic
space group P21 P21


a [ä] 9.400(3) 6.9113(4)
b [ä] 17.189(4) 17.8909(12)
c [ä] 10.156(2) 13.2950(11)
� [ä] 90 90
�[ä] 111.15(97) 104.632(5)
�[ä] 90 90
V [ä3] 1530.5 1590.6
Z 2 2
F(000) [e�] 656 696
� [gcm�3] 1.338 1.363
	 [mm�1] 0.100 0.105
crystal size [mm] 0.04� 0.12� 0.17 0.10� 0.40� 0.44
T [K] 293 293
radiation MoK� (
 �0.71073) MoK� (
� 0.71073)
�max [�] 23.87 27.52
measured reflections 8435 10179
independent reflections 4407 6105
reflections in refinement 3308 3902
variables 414 446
final R 0.0675 0.0532
final Rw 0.0548 0.0506
weighting scheme Chebychev polynomial Chebychev polynomial


with 4 parameters[22b] with 5 parameters[22b]


last max/min in difference map 1.03/� 0.40 0.41/� 0.36
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1274 cm�1; FAB-MS (NBA): m/z (%): 277 (100) [M��H]; elemental
analysis calcd (%) for C10H12N8O2 (276.3): C 43.48, H 4.38, O 11.58; found:
C 43.26, H 4.50, O 11.64.


Cyclo[(4S)-4-azido-�-proline]2 (13):Compound 13 was prepared analo-
gously to 12. 1H NMR (500 MHz, CDCl3, 25 �C): �� 4.27 (dd, J� 8.8,
5.7 Hz, 2H; H�), 4.19 (�qd, J� 5.7, 4 Hz, 2 H; H�), 3.81 (ddd, J� 12.4, 3.8,
1.2 Hz, 2 H; H��), 3.55 (dd, J� 12.4, 5.6 Hz, 2H; H�), 2.69 (dddd, J� 13.8,
5.7, 4.9, 1.4 Hz, 2 H; H��), 2.50 ppm(ddd, J� 13.8, 8.8, 5.7 Hz, 2H;H�);
13C NMR (75.5 MHz, CDCl3, 25 �C): �� 165.5, 58.2, 58.0, 50.3, 32.4 ppm;
IR (film): �� � 2953, 2103, 1680, 1422, 1269cm�1; FAB-MS (NBA): m/z (%):
277 (100) [M��H]; elemental analysis calcd (%) for C10H12N8O2 (276.3): C
43.48, H 4.38, N 40.56; found: C 43.33, H 4.54, N 40.26.


Crystal structure determination of 10 and 11: Crystals were obtained by
slow vapour diffusion of Et2O into a solution of 10 and 11 in EtOAc and a
trace of CH2Cl2, respectively. Crystals of the compounds under investiga-
tion were stuck with glue on glass fiber and mounted on a Nonius
KappaCCD. Data collection was carried out using the Nonius collect
suite.[20] The structures were solved by using direct methods with the
program SIR92.[21] Least square refinement was carried out using the
program CRYSTALS.[22] Plots were produced using ORTEP3 for Win-
dows.[23] Experimental details of the structure determinations of 10 and 11
are compiled in Table 4.
CCDC-190722 (10) and CCDC-190723 (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 Cam-
bridge 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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3,3�- and 4,4�-Dimethoxy-2,2�-bipyrroles:
Highly Electron-Rich Model Compounds for Polypyrrole Formation.


Andreas Merz,*[a] Sergiy Anikin,[a] Bernd Lieser,[a] J¸rgen Heinze,[b] and Hermann John[b]


Abstract: 3,3�-Dimethoxy-2,2�-bipyrrole
(1) and 4,4�-dimethoxy-2,2�-bipyrrole (2)
were obtained in short sequences and
good yields from N-benzyl-3-hydroxy-
pyrrole-2,4-dicarboxylic acid. The key
intermediate leading to 1 is an N-benzyl-
3-methoxypyrrole, which is dimerized by
lithiation and oxidation with NiCl2. The
formation of 2 is achieved by a classical
Ullmann coupling of diethyl 1-benzyl-2-
bromo-4-methoxypyrrole-3,5-dicarbox-


ylate. The N-benzyl protection groups of
1 and 2 are cleaved under reducing
conditions with sodium in liquid ammo-
nia. Both isomeric bipyrroles are ex-


tremely sensitive toward air. Compound
1 has a very low oxidation potential of
0.09 V against AgCl but film formation
hardly occurs. On the other hand, com-
pound 2 with a potential of 0.35 V
readily forms stable polypyrrole films
with anodic waves at �0.51 and �0.35 V
and a cathodic wave at �0.77 V, the
lowest potential ever observed for a
p-doped polymer.


Keywords: cyclic voltammetry ¥
oxidation ¥ polypyrrole formation ¥
pyrrole dimerization ¥ reductive
N-benzyl cleavage ¥ Ullmann
coupling


Introduction


Pyrrole is a fairly electron-rich aromatic compound. On
exposure to air, pyrrole gradually discolors. Aqueous pyrrole
forms a black powder of moderately conducting material on
treatment with various oxidants. Electropolymerized poly-
pyrrole[1] is the most-cited organic conducting polymer. To
date, about 8500 sources mention polypyrrole, and about 3900
sources can be found for polythiophene.[2] Thiophene can
likewise be polymerized by anodic oxidation, but 3-alkylthio-
phenes give better results.[3] Still more activating are alkoxy
substituents in the 3-position or in both the 3- and 4-posi-
tions.[4, 5] Ethylendioxythiophene (EDOT) is a commercial
chemical with a large range of applications.[6, 7] Dimethoxy-
pyrrole[8] and other 3,4-alkoxypyrroles, including 3,4-ethyl-
endioxypyrrole (EDOP),[9] are quite sensitive to air and must
be stored under inert conditions. Remarkably, and contrary to
3-alkylpyrroles, alkoxy substituents facilitate polymerization
and enhance the conductivity of the corresponding polypyr-
role.[10]


Bipyrrole and thiophene dimers and oligomers have often
been used to study the single steps of electrochemical
polymerization.[4, 11, 12] The position of substituents in the
dimer is of remarkable importance. Thus, 4,4�-dimethoxy-2,2�-
bithiophene is a very potent monomer for polymerization
whereas 3,3�-dimethoxy-2,2�-bithiophene polymerizes quite
slowly.[4, 13] Due to the higher electronegativity of nitrogen as
compared with sulfur, the analogous 2,2�-bipyrroles 1 and 2
are expected to have extremely negative oxidation potentials.
Though, like in the thiophene case, both isomers should
display quite different properties. The syntheses of the title
compounds 1 and 2 and their chemical and electrochemical
behavior are reported.


Results and Discussion


Diethyl N-benzyl-3-hydroxypyrrole-2,4-dicarboxylate[14] 3 is
an excellent precursor molecule that is not only readily
prepared in large quantities from inexpensive chemicals, but
also allows for the preparation of both bipyrroles 1 and 2. The
3-hydroxy group in 3 is the basis of the later methoxy groups
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in 1 and 2. In solution, 3-hydroxypyrroles can exist as the
aromatic ™phenol∫ or in equilibrium with the pyrrolone
(™keto form∫) depending on substituents and solvents. For
instance, N-tert-butylpyrrole exists as 90 % keto form in
CDCl3, but as 95 % hydroxy form in [D6]DMSO, as deter-
mined by 1H NMR. 3-Hydroxy-N-phenylpyrrole has the
pyrrolone structure[15] in the solid state; on the other hand,
the solid structure of N-tert-butylpyrrole-3-ol is the hydroxy
form.[16] Crystalline 3 is a hydroxypyrrole, as shown by the
X-ray structure (Figure 1).[17]


Figure 1. Compound 3 : selected bond lengths: O1�C9 1.3457, N1�C1
1.4597, N1�C8 1.3942, N1�C11 1.3370, C8�C15 1.434, C8�C9 1.388,
C9�C10 1.407, C10�C11 1.3910, C10�C12 1.4592; bonds angles: C1-N1-
C11 123.82, C8-N1-C11 108.85, C1-N1-C8 127.18, N1-C1-C2 112.76, N1-C8-
C9 107.12, O1-C9-C10 126.85, C8-C9-C10 108.01, O1-C9-C8 125.13, C9-
C10-C11 106.08, C9-C10-C12 131, C11-C10-C12 122.66, N1-C11-C10 09.93;
torsion angles: C1-N1-C8-C9 176.62, C8-N1-C11-C10 �0.47, N1-C1-C2-C3
�27.70, N1-C8-C9-C10 �1.11, C8-C9-C10-C11 0.0, C9-C10-C11-N1 �0.23.


Preparation of the 3,3�-dimethoxybipyrrole skeleton : The
preparation of 1 starts with the methylation of the 3-hydroxy
group of 3 with dimethyl sulfate to give 4, followed by a
classical ester cleavage to give the free diacid 5 (Scheme 1).


Scheme 1. i) Me2SO4, acetone, K2CO3, reflux; ii) KOH, EtOH; iii) py-
rolysis, 240 �C; iv) THF/Et2O, sec-BuLi, TMEDA, �60 to 0 �C, then NiCl2.


The thermal decarboxylation of both carboxylates 5 occurs at
around 200 �C without a solvent, and the N-benzyl-protected
3-methoxypyrrole 6 can be isolated by vacuum distillation.
Various substituted 3-methoxypyrroles have been prepared
by Wong and Clezy,[18] and the first N-alkyl 3-alkoxypyrroles
with free 2, 4, and 5-CH positions, were reported by Kochlar
and Pinnock.[19] Among these was 6, which was only margin-
ally characterized. The facile syntheses of 3,4-dialkoxy
pyrroles[20, 21] suggested the analogous condensation of a
N-benzyliminodiacetic ester with formylacetic ester to give
3a. Compound 6 was obtained in a similar sequence to the one
above; however this approach suffers from a very poor yield
(7 %) due to the competing Cannizzarro disproportion of the
formylacetic ester in the first step. A completely different
source of 3-methoxypyrrole 6 is derived from a retro-Diels ±
Alder product of a diazine.[22] The present procedure, how-
ever, is far superior to all others.


The methoxy group and the nitrogen in 6 are in an activated
position for lithiation at the 2-position. Compound 6 was
lithiated at low temperature with sec-BuLi in THF/ether/
TMEDA by following a Kaufmann protocol.[23] Subsequently,
anhydrous NiCl2 was employed for oxidative dimerization.
Bipyrrole 7 was isolated in 35 to 45 % yield, but more than
50 % starting material 6 can be recovered by distillation. More
favorable conditions have not yet been established. Thus, the
benzyl-protected bipyrrole 7 with the ™inner∫ methoxy groups
is established for deprotection. Compound 7 shows atropic
isomerism as shown by the AB splitting of the benzyl-CH2


group.
Sessler et al. reported the dimerization of known pyrrole 8


to bipyrrole 9 (Scheme 2), which is a building block for
sapphyrines.[24] The dimerization of pyrrole 4, which is similar


Scheme 2. i) NaI/I2. E��COOEt.


to 9 with a single hydrogen at the 5-position, appeared to
provide easy access to 2. By using Sessler×s protocol, 4 was
treated with NaI/I2 in dichloroethane/aqueous buffered NaH-
CO3. Dimerization does indeed occur, however at the 2-
position, to give the 2,2�-bipyrrolidone as the crystalline
racemic � -10 and the achiral resinous meso form 11. The
assignment of the stereochemistry has been confirmed by an
X-ray structure (Figure 2[17]). The 1H NMR spectra of 10 and
11 display manifold diasterotopic -CH2- groups of the ethyl
esters and benzyl groups. Both ethyl -CH2 groups in 10 show a
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Figure 2. Compound 10 : selected bond lengths: N1�C1 1.48(18), N1�C8
1.3312, N1�C11 1.4717, N2�C18 1.4722, N2�C21 1.3249, N2�C28 1.4878,
C8�C9 1.3783, C9�C10 1.433, C10�C11 1.5990, C11�C18 1.580, C18�C19
1.5972(19), C19�20 1.435 (2), C20�C21 1.380(2); bond angles: N1-C11-C18
114.48, C10-C11-C15 107.58, C10-C11-C18 107.22, C15-C11-C18 131.7, N2-
C18-C11 113.18, N2-C18-C19 101.86, N2-C18-C22 110.96, C11-C18-C19
81.4, C11-C18-C22 115.24, C19-C18-C22 106.29, O10-C19-C18 122.67, O10-
C19-C20 132.20, C18-C19-C20 105.12, C19-C20-C21 108.04, C19-C20-C25
124.64, C21-C20-C25 127.20, N2-C21-C20 114.74(12); torsion angles at C11/
C18: C10-C11-C18-N2 37.44, C10-C11-C18-C19 74.62, C10-C11-C18-C22
�166.65, C15-C11-C18-N2 81.03, C15-C11-C18-C19 �166.91, C15-C11-
C18-C22 �48.18, N1-C11-C18-N2 49.04, N1-C11-C18-C19 36.98, N1-C11-
C18-C22 81.75.


4� 2� 2 line signal, whereas only the inner groups split into a
4� 2 signal in 11).


Surprisingly, the demethylation at the methoxy groups is
faster than the direct oxidation. The slightly alkaline aqueous
phase together with the organic solvent 1,2-dichloroethane
seems to be a mild phase-transfer medium that favors the
Finkelstein type SN2 reaction of the iodide or polyiodide ion
to give iodomethane and the mesomeric anion of 3. Oxidation
of 3� by the I2/In� system can give rise to the resonance-
stabilized neutral radical 3 . , which then dimerizes to 10 and
11. A possible route from 10 and/or 11 to bipyrrole 1 by ester
hydrolysis, decarboxylation, and re-methylation could not be
realized, however.


Preparation of the 4,4�-dimethoxybipyrrole skeleton : The
known bromohydroxypyrrole 12[25] derived from 3 is methyl-
ated at the OH group to give 13 in high yield (Scheme 3).
Compound 13 is a classical Ullmann precursor[26] with typical
electron deficient substituents. The bipyrrole 14 is formed
in the melt at �300 �C with copper powder and a trace of
DMF in a quite remarkable yield of 60 %. After removal
of the four carboxylic ester groups by hydrolysis (to give
15) and decarboxylation, the N-benzyl-protected 16 is
obtained in good yield as a fairly stable compound under
N2. Compounds 14 and 15 show atropic isomerism due to
the splitting of the benzyl methylene groups, but 16 does
not.


Scheme 3. i) Br2; ii) Me2SO4, acetone, K2CO3, reflux; iii) Cu powder,
DMF (trace), 300 �C; iv) KOH, EtOH; v) pyrolysis, 240 �C.


Preparation and isolation of 1 and 2 : As long as the pyrroles
contain electron-deficient substituents, it is possible to cleave
the N-benzyl protecting group with CF3-COOH.[20] Electron-
rich bipyrroles such as 6, 7, and 16, however, need reliable
procedures in a reducing environment. Solvated electrons in
liquid ammonia are excellent for this purpose.[21, 28] In the
present case, the reduction products are the bipyrrolyl sodium
salt and benzyl sodium. Aqueous-organic workup under
argon with adequately adapted conditions guarantees very
clean pyrroles.


The twin bipyrroles 1 and 2 are very sensitive to air and to
any other oxidation agents. Therefore, each compound is
taken up in a toluene solution, from which, at low temper-
ature, the bipyrroles crystallize. Both compounds can be
stored under argon at � � 20 �C in the dark. The crystals of 2
blacken within minutes on exposure to air, acquiring a soot-
like appearance, apparently a sort of polypyrrole. Freshly
prepared samples of 1 can be handled in air for some minutes,
but the samples begin to turn greenish-blue. The different
behavior of the two bipyrroles was expected by analogy with
the corresponding thiophenes.[4, 13]


The structure of 1 is related to the well known indigo
system, in the sense that 1 is an O-alkyl leuko-pyrrolindigo.
O-alkyl and O-acyl leukoindigo structures have been de-
scribed in the literature.[29] In pursuit of the unsubstituted


pyrrolindigo chromophore, Bauer was the first to prepare 3,3�-
diethoxy-2,2�-bipyrrole, the homologue of 1.[30] Furthermore,
Bauer obtained several substituted pyrrolindigo structures,
for example 4,5,4�,5�-tetramethyl-3,3�-dioxobipyrrole,[31] but
the unsubstituted pyrroloindigo has not yet prepared. Com-
pound 1 is certainly a candidate precursor to obtaining this
goal.
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Electropolymerization behavior of 1 and 2 : The electro-
polymerization experiments that were carried out with
compounds 1 and 2 in acetonitrile in the presence of a small
amount of water give results in perfect agreement with the
expectations. Figure 3 shows a voltammetric multisweep


Figure 3. Multisweep voltammogram of 1 (c� 8� 10�4�) at a 1 mm
platinum disk in Bu4NPF6 (0.1�) in acetonitrile �1% water.


experiment with 1. The oxidation of 1 occurs at the
remarkably low reduction potential of �0.09 V vs Ag/AgCl,
as an chemically irreversible process. However, no generation
or deposition of an extended oligomer or polymer is observed
during potentiodynamic cycling, only two small redox waves
at potentials of �0.25 and �0.0 V can be seen. Evidently 1, in
accordance with the findings obtained for 3,3�-dimethoxybi-
thiophene,[4, 5, 13] forms a �-dimer that slowly eliminates
protons to give a neutral tetramer. This can be charged up
to a dication without further follow-up reactions. The coupling
tendency of the tetrameric species is low due to the fact that
the spin density at the outer �-positions is low.


By contrast, compound 2 polymerizes rapidly in acetonitrile
in the presence of 1 % water. It is oxidized at a peak potential
of Ep ��0.35 V, and shows a following broad cathodic wave
in the reverse scan. In a multisweep experiment, fast growth of
a conducting polymer film can be observed (Figure 4). The


Figure 4. Multisweep voltammogram of 2 (c� 10� 10�3 M) at a 1 mm
platinum disk in Bu4NPF6 (0.1�) in acetonitrile � 1% water, showing the
development of the poly-3 film: a),b) anodic polymer peaks, c) oxidation of
2, d),e) cathodic polymer peaks.


current peak in the cyclic voltammogram increases with each
scan. The reason for the fast polymerization process lies in the
reactivity of the radical cation 2 .� , which has its highest spin
density at the nonblocked �-positions; this favors a fast
coupling reaction and evidently also facilitates proton elim-
ination. The further products of the coupling steps again have
substituents in the ™outer∫ �-positions of the growing
oligomer; these make it very reactive.


The corresponding polymer film of 2 was characterized by
using solid state voltammetry (Figure 5). The oxidation
potential of the main first wave lies at �0.51 V and a second


Figure 5. Voltammogram of a PPy-2 film generated during the potentio-
dynamic cycling of 2 in acetonitrile in the absence of 2. The two anodic
peaks at �0.51 and �0.35 (a, b) and the cathodic peaks at �0.59 and �0.77
(c, d) indicate the formation of two structurally different polymers.


wave appears at �0.35 V. In contrast to Figure 4, the first
oxidation wave is higher than the second one. As in the case of
the unsubstituted polypyrrole,[32, 33] we assume that two
structurally different polypyrrole systems are generated
during the electrochemical oxidation. As usual in conducting
polymers, the reduction peak is more negative (peak at
�0.56 V). A second reduction wave, at �0.77 V vs. Ag/AgCl,
however, is the lowest potential ever observed for the
discharging of a p-doped polymer. The strong hysteresis
between oxidation and reduction gives evidence that during
charging a thermodynamically stabilized network with �


interchain bonds is formed. The �-bond generation produces
a marked stabilization of the charged polymer and, in
addition, results in localized charges.


Conclusion


Starting from a readily available pyrrole precursor, bipyrroles
1 and 2 were both synthesized in a few steps. As expected, 1
and 2 are extremely sensitive towards oxygen, but both
compounds are stable under argon. Although 1 has the lower
oxidation potential, no polymerization was observed due to
the location of the electron hole in the inner portion of the
molecule. Only 2 is capable of forming a redox polymer.
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Experimental Section


General methods : NMR spectra were recorded on Bruker AC 250 or
Bruker ARX 400 instruments. IR spectra were recorded a Bio-rad
Excalibur Series FTIR spectrometer. Mass spectra were obtained with a
Finnigan Mat 95 or Varian Mat 311 A. Ethyl N-benzylglycine ester was
prepared on a 100 g scale in 55% yield according to ref. [34]. Ethyl N-
benzyl-N-[2-bis(ethoxycarbonyl)vinyl]glycinate and diethyl 1-benzyl-3-hy-
droxypyrrole-2,4-dicarboxylic acid 3 was prepared according to Momose
et al.[10]


Electrochemical measurements : The electrochemical measurements were
carried out in specially constructed cells containing an internal drying
column with highly activated alumina. The working electrode was a Pt disk
sealed in soft glass (1.0 mm diameter). This setup was controlled by a Jaissle
Potentiostat-Galvanostat IMP 88 or IMP 88 PC. The potential scans were
performed with an EG&G PARC Model175 Universal Programmer scan
generator and the cyclovoltammetric response was recorded with an IMK
PSO 8100 transient system. The measured potentials were referenced to the
Ag/AgCl electrode and were determined by an internal calibration with the
cobaltocinium/cobaltocene redox pair.


Dimethyl 1-benzyl-3-hydroxypyrrole-2,5-dicarboxylate (3a): A solution of
Na (7.46 g, 320 mmol) in MeOH (85 mL) and ethyl glyoxylic acid (29 mL,
146 mmol, 50 % solution) was heated under reflux for 3 days. The mixture
was poured into ice-water, and the product was extracted with diethyl
ether. Recrystallization from MeOH gave 3a 2.98 g (7.05%); m.p. 89 �C;
1H NMR (250 MHz, CDCl3): �� 3.79, 3.81 (2 s, 3H; CO2CH3), 5.95 (s,
PhCH2), 6.53 (s, 1H; CH), 6.97 ± 7,23 (m, C6H5), 8.16 (s, 1 H; OH); 13C NMR
(63 MHz, CDCl3): �� 49.48, 51.57, 51.86, 103.90, 111,43, 125.94, 126,11,
128.43, 138,81, 153.30, 160.95, 162.92; IR (KBr) �� � 3480, 3035, 2957, 2950,
1735, 1662 cm�1; elemental analysis calcd (%) for C16H17NO5 (289.3): C
62.28, H 5.23, N 4.84; found C 62.16, H 5.28, N 4.83.


Diethyl 1-benzyl-3-methoxypyrrole-2,4-dicarboxylate (4): K2CO3 (33 g,
240 mmol) and dimethyl sulfate (9 mL, 95 mmol) were added to a stirred
solution of 3 (30 g, 95 mmol) in dry acetone (300 mL) under N2, and the
reaction mixture was refluxed overnight. The cooled mixture was filtered,
and the solvent was removed. Recrystallization from ethanol gave white
crystals. Yield: 26.6 g (85 %); m.p. 69 ± 71 �C; 1H NMR (250 MHz, CDCl3):
�� 1.31 (t, J� 7.13 Hz, 3 H; CH2CH3), 1.34 (t, J� 7.13 Hz, 3H; CH2CH3),
3.91 (s, 3 H; OCH3), 4.27 (q, J� 7.13 Hz, 2 H; CH2CH3), 4.29 (q, J� 7.13 Hz,
2H; CH2CH3), 5.46 (s, 2 H; CH2Ph), 7.07 ± 7.38 (m, 6H; Ph, H5-pyrrole);
13C NMR (100 MHz, CDCl3): �� 14.24, 14.39, 53.45, 59.94, 60.18, 62.83,
108.47, 114.30, 127.13, 127.87, 128.78, 130.27, 136.86, 153.36, 160.56, 162.82;
IR (KBr): �� � 2981 ± 2870, 1698, 1551, 1449, 1388, 1295, 1247,1202, 1085,
1028, 998, 787, 699 cm�1; MS (70 eV, EI): m/z (%): 331 (37) [M�], 91 (100)
[C7H7


�]; elemental analysis calcd (%) for C18H21NO5 (331.4): C 65.24, H
6.39, N 4.23; found: C 65.25, H 6.33, N 4.23.


Dimethyl 1-benzyl-3-methoxypyrrole-2,5-dicarboxylate (4a): (Same pro-
cedure as given for 4.) Yield: 2.3 g (87 %); m.p. 130 �C; 1H NMR:
(250 MHz, CDCl3): �� 3.79, 3.86 (2 s, 3 H; CO2CH3), 3.80 (s, 1 H; -OCH3,),
6.11 (s, 2H; -CH2Ph), 6.63 ± 7.21 (m, 6 H; -C6H5, CH-pyrrol); 13C NMR
(63 MHz, CDCl3): �� 49.16, 51.47, 51.74, 58.07, 101.66, 126.04, 113.54,
214.68, 126.86, 128.38, 138.90, 152.78, 160.66, 161.16; IR: �� � 1718 cm�1; MS
(70 eV, EI): m/z : 303 [M�], 272, 91; elemental analysis calcd (%) for
C16H17NO5 (303.3) C 63.36, H 5.65, N 4.62; found C 63.27, H 5.69, N 4.60.


1-Benzyl-3-methoxypyrrole-2,4-dicarboxylic acid (5): Compound 3 (19 g,
57 mmol) in ethanol (300 mL) was added to a solution prepared from
NaOH (13.8 g, 344 mmol) and H2O (300 mL), and the mixture was heated
under reflux for 12 h. The ethanol was removed in vacuo, and the rest was
acidified with H2SO4 (10 %) to pH 2 ± 3 with cooling. The acid 5 was
extracted with diethyl ether. Recrystallization from ethanol gave colorless
crystals. Yield: 10.5 g (92 %); m.p. 142 ± 143 �C; 1H NMR (400 MHz,
[D6]DMSO): �� 3.75 (s, 1 H; OCH3), 5.48 (s, 2H; CH2Ph), 7.07 ± 7.37 (m,
5H; C6H5), 7.65 (s, 1 H; H-pyrrole), 12.17 (s, 2 H; COOH); 13C NMR
(100 MHz, [D6]DMSO): �� 52.05, 62.09, 107.72, 113.65, 126.79, 127.38,
128.49, 131.07, 138.10, 152.65, 161.09, 163.43; IR (KBr): �� � 3434, 3032 ±
2880, 2615, 1663, 1547, 1461, 1280, 1073, 1001, 924 cm�1; elemental analysis
calcd (%) for C14H13NO5 (275.2): C 61.09, H 4.76, N 5.09; found C 60.98, H
4.65, N 4.01.


1-Benzyl-3-methoxypyrrole-2,5-dicarboxylic acid (5a): (Same procedure as
given for 5.) Yield: 0.64 g from 1.0 g of 4a (70 %); m.p. 150 �C; 1H NMR


(250 MHz, [D6]DMSO): �� 3.76 (s, 3H; OCH3), 6.07 (s, 2H; CH2Ph), 6.69
(s, 1 H; Py), 6.88 (m, 2H; o-Ph), 7.24 (m, 3H; m/p-Ph), 12.73 (br s, COOH);
13C NMR (63 MHz): �� 47.90, 57.60, 101.98, 125.68, 126.64, 128.28, 139.48,
152.13, 161.38, 161.40; IR: �� � 3250 ± 2350, 1702, 1652; MS (70 eV, EI): m/z :
274 [M��H], 230 [M��CO2], 183 [M��C7H7]; elemental analysis calcd
(%) for C14H13NO5 (275.2): C 61.09, H 4.76, 5.09; found C 60.77, H 4.63,
N 4.99.


1-Benzyl-3-methoxypyrrole (6): Either compound 5 or 5a (5 g, 18 mmol)
was decarboxylated for 1 h in a round-bottomed flask for 1 h at 150 mbar
and 220 ± 230 �C by using a heat gun. The pressure was lowered to 2 mbar,
and 5 was distilled (b.p. 160 ± 170 �C) to give a colorless, air-sensitive oil
(3.4 g, 95%) to be stored under argon. 1H NMR (250 MHz, CDCl3): ��
3.69 (s, 1 H; OCH3), 4.95 (s, 1 H; CH2), 5.86 (d, J� 2.77 Hz, 1H; H4-
pyrrole), 6.23 (s, 1H; H2-pyrrole), 6.48 (d, J� 2.77 Hz, 1H; H5-pyrrole),
7.08 ± 7.37 (m, 5H; C6H5); 13C NMR (63 MHz, CDCl3): �� 53.90, 57.89,
97.29, 103.11, 119.30, 127.03, 127.65, 128.69, 138.17, 149.34; IR (film): �� �
2933, 1564, 1339, 1043, 736 cm�1; MS (70 eV, EI): m/z (%): 187 (45) [M�],
172 (9) [M��CH3], 91 (100) [C7H7


�]; elemental analysis calcd (%) for
C12H13NO (187.2): C 76.98, H 7.00, N 7.48; found: C 76.28, H 6.93, N 7.53.


1,1�-Dibenzyl-3,3�-dimethoxy-2,2�-bipyrrole (7): A solution of 6 (1 g,
5.3 mmol) dissolved in dry THF/diethyl ether (1:1, 15 mL) and TMEDA
(0.4 mL, 2.8 mmol) was cooled to �70 �C with stirring and under argon. sec-
Butyllithium in cyclohexane/hexanes (92:8, 0.34 g, 5.3 mmol) was added.
The mixture was allowed to warm to room temperature for 2.5 h. The
mixture was cooled again to �40 �C, and dry NiCl2 was added (0.83 g,
6.4 mmol). With vigorous stirring, the mixture was allowed to warm up 0 �C
(30 h). MeOH (10 mL) and water (20 ± 30 mL) were added with stirring.
Finally all solvents were removed in vacuo, and the dark oily residue was
distilled at 80 ± 85 �C (0.013 mbar). The distillate was starting material 6 (ca.
50%), the dark residue was recrystallized from ethyl acetate to give
colorless crystals. Yield: 0.38 g (40 %); m.p. 69 ± 71 �C; 1H NMR (250 MHz,
CDCl3): �� 3.68 (s, 6 H; 2OCH3), 4.59 (AB, 4H; 2 CH2Ph), 5.94 (d, J�
3.17 Hz, 2H; 2 H-pyrrole), 6.45 (d, J� 3.17 Hz, 2H; 2 H-pyrrole), 6.86 ± 7.27
(m, 10H; 2 C6H5); 13C NMR (63 MHz, CDCl3): �� 50.91, 58.00, 95.24,
106.82, 118.73, 127.19, 127.83, 128.32, 138.27, 147.39; IR (KBr): �� � 3463,
3062 ± 2831, 1606, 1550, 1479, 1452, 1411, 1330, 1091, 997, 711, 628 cm�1;
HRMS (70 eV, PI-EI) calcd. for C24H24N2O2: 372.1838, found m/z:
372.1836.


Racemic- and meso-Tetraethyl 1,1�-dibenzyl-3,3�-dioxo-2,2�,3,3�-tetrahy-
dro-2,2�-bipyrrole-2,2�,4,4�-tetracarboxylates (10) and (11): A solution of
NaHCO3 (2.63 g, 30 mmol) in H2O (10 mL) was heated to 50 �C, and 1,2-
dichloroethane (115 mL) added, followed by 4a (3 g, 9.1 mmol). A mixture
of I2 (2.6 g, 10 mmol) and NaI (3.2 g, 20 mmol) in water (10 mL) was added
within 5 min, and the resulting mixture was heated for one hour. Some
undissolved I2 was washed into the mixture with H2O during the reaction.
The mixture was transferred to a separating funnel, the organic layer was
separated, and the aqueous phase was washed with CHCl3 (3� 30 mL). The
combined organic layers were washed with a 5 % solution of Na2S2O3 (3�
30 mL), a 5% solution of NaHCO3 (3� 30 mL), and a saturated brine
solution (3� 30 mL), and then dried over Na2SO4. During the stripping off
of the solvent, 10 was precipitated.


(�)-10 : white crystals, 0.7 g (25 %); m.p. 198 ± 199 �C; 1H NMR (250 MHz,
CDCl3): �� 1.18 (t, J� 7.11 Hz, 6H; 2 CH2CH3 , 3,3�), 1.34 (t, J� 7.15 Hz,
6H; 2 CH2CH3 , 4,4�), 4.10 (qdd, J� 7.32, J� 3.52, 4H; CH2CH3), 4.31 (qdd,
J� 7.16, J� 3.57, 2H; 2CH2CH3), 4,99, 5.12 (AB, J� 14.02 Hz, 4 H;
2CH2Ph), 7.35 ± 7.56 (m, 10 H; 2C6H5), 8.12 (s, 2H; 2 H-pyrrole);
13C NMR (63 MHz, CDCl3): �� 14.08, 14.34, 56.22, 59.78, 63.65, 80.06,
101.98, 129.01, 129.31, 130.49, 133.81, 161.75, 164.24, 169.72, 184.78; IR
(KBr): �� � 3448, 3039, 2989, 2902, 1745, 1565, 1375, 1340, 1222, 1176, 1083,
1018, 966, 771, 703 cm�1; MS (CI): m/z (%): 318 (68) [(M/2�1)H�], 335
(100) [(M/2�1)�NH4


�], 633 (3) [M�H], 650 (8) [M��NH4]; elemental
analysis calcd (%) for C34H36N2O10 (632.67): C 64.55, H 5.74, N 4.43; found:
C 64.21, H 5.60, N 4.36.


rac-11: oil, 0.82 g (29 %); 1H NMR (250 MHz, CDCl3): �� 1.21 (t, J�
7.11 Hz, 6H; 2 CH2CH3), 1.26 (t, J� 7.05 Hz, 6 H; 2CH2CH3), 4.15 (qd, J�
7.12 Hz, 2H; 2HCHCH3), 4.16 (q, J� 7.16 Hz, 2H; 2HCHCH3), 4.22 (q,
J� 7.11 Hz, 4H; 4CH2CH3), 4.93, 4.70 (AB, J� 14.55 Hz, 4 H; 2 CH2Ph),
7.32 ± 7.46 (m, 10 H; 2C6H5), 8.33 (s, 2H; 2 H-pyrrole); 13C NMR (63 MHz,
CDCl3): �� 13.72, 14.48, 54.31, 60.04, 63.53, 79.32, 105.37, 128.86, 129.27,
129.38, 134.11, 162.20, 162.74, 171.47, 187.99; IR (KBr): �� � 3454, 2982, 1733,
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1689, 1569, 1373, 1238, 1020, 769, 702 cm�1; MS (FI): m/z (%): 316 (7) [M/
2�], 632 (100) [M�]; elemental analysis calcd (%) for C34H36N2O10 (632.67):
C 64.55, H 5.74, N 4.43; found: C 64.47, H 5.66, N 4.24.


Diethyl 1-benzyl-2-bromo-4-methoxypyrrole-3,5-dicarboxylate (12): This
compound was prepared exactly as described for the corresponding N-
methyl compound.[25] Compound 3 (10 g, 30 mmol) was methylated to give
12. Yield: 11.8 g (95 %); m.p. 87.5 ± 88 �C (MeOH); 1H NMR (250 MHz,
CDCl3): �� 1.26 (t, J� 7.13 Hz, 3H; CH3), 1.40 (t, J� 7.13 Hz, 3H; CH3),
4.27 (q, J� 7.13 Hz, 2H; CH2CH3), 4.39 (q, J� 7.13 Hz, 2 H; CH2CH3), 5.68
(s, 2H; CH2Ph), 6.95 ± 7.38 (m, 6H; C6H5, H5-pyrrole), 9.37 (s, 1H; OH);
13C NMR (63 MHz, CDCl3): �� 14.30, 50.60, 60.57, 60.84, 103.31, 108.52,
115.15, 126.17, 127.50, 128.66, 130.27, 136.46, 154.63, 160.87, 164.32; IR
(KBr): �� � 3294, 2984, 1698, 1493, 1205, 1096 cm�1; MS (70 eV, EI): m/z
(%): 395 (18) [M�], 351 (25) [M��EtOH], 91 (100) [C7H7


�]; elemental
analysis calcd (%) for C17H18BrNO5 (396.24): C 51.53, H 4.58, N 3.53;
found: C 51.48, H 4.48, N 4.47.


Diethyl 1-benzyl-2-bromo-4-methoxypyrrole-3,5-dicarboxylate (13): Com-
pound 12 (4 g, 10 mmol) in dry acetone (60 mL), K2CO3 (3.5 g, 25 mmol),
and dimethyl sulfate (1.27 g, 10 mmol) were used in the same procedure as
for 4. Compound 13 was recrystallized from MeOH. White crystals, 3.9 g
(85 %); m.p. 49 ± 51 �C; 1H NMR (250 MHz, CDCl3): �� 1.31 (t, J�
7.13 Hz, 3H; CH2CH3), 1.39 (t, J� 7.13 Hz, 3 H; CH2CH3), 3.89 (s, 3H;
OCH3), 4.26 (q, J� 7.13 Hz, 2 H; CH2CH3), 4.36 (q, J� 7.13 Hz, 2H;
CH2CH3), 5.74 (s, 2 H; CH2Ph), 6.94 ± 7.37 (m, 6 H; C6H5); 13C NMR
(63 MHz, CDCl3): �� 14.17, 14.29, 50.54, 60.44, 60.52, 63.20, 109.39, 115.06,
115.89, 126.31, 127.43, 128.63, 136.59, 153.33, 159.81, 162.12; IR (KBr): �� �
2981, 1706, 1542, 1493, 1416, 1288, 1242, 1095, 1029, 696 cm�1; MS (CI): m/z
(%): 410 (100) [MH�], 330 (54) [MH��HBr]; elemental analysis calcd
(%) for C18H20BrNO5 (410.27): C 52.7, H 4.91, N 3.41; found: C 52.43, H
4.78, N 3.35.


Tetraethyl 1,1�-dibenzyl-4,4�-dimethoxy-2,2�-bipyrrole-3,3�,5,5�-tetracarbox-
ylate (14): A mixture of 13 (4 g, 9.8 mmol) and copper powder (15.6 g,
240 mmol) with a small amount of DMF was heated at 300 �C for 30 min in
an open rotating flask with argon flushing. After cooling, the contents were
taken up with ethyl acetate, the solvent was evaporated, and the brown-
black residue was recrystallized from methanol to gave light-yellow
crystals. Yield: 3.80 g (60 %); m.p. 90 ± 91 �C; 1H NMR (250 MHz, CDCl3):
�� 1.03 (t, J� 7.12 Hz, 6 H; 2CH2CH3), 1.33 (t, J� 7.12 Hz, 6H;
2CH2CH3), 3.79 (q, J� 7.12 Hz, 2H; 2H3CHCHCO), 3.83 (q, J� 7.12 Hz,
2H; 2H3CHCHCO), 3.95 (s, 6H; 2OCH3), 3.98 (q, J� 7.15 Hz, 2H;
2H3CHCHCO), 4.02 (q, J� 7.15 Hz, 2H; 2H3CHCHCO), 4.30 (q, J� 7.09,
4H; 2 H3CCH2CO), 4.88 (d, J� 2.43, 4 H; 2CH2Ph), 6.81 ± 7.19 (m, 10H;
2C6H5); 13C NMR (63 MHz, CDCl3): �� 13.91, 14.21, 49.89, 59.63, 60.53,
63.08, 110.58, 115.30, 127.10, 127.48, 128.31, 129.48,136.52, 153.10, 160.41,
161.69; IR (KBr): �� � 2981 ± 2821, 1714, 1492, 1413, 1286, 1241, 1193, 1083,
1025, 194, 711 cm�1; MS (FD): m/z (%): 660 (100) [M�]; elemental analysis
calcd (%) for C36H40N2O10 (660.73): C 65.44, H 6.10, N 4.24; found: C 65.28,
H 6.09, N 4.19.


1,1�-Dibenzyl-4,4�-dimethoxy-2,2�-bipyrrole 3,3�,5,5�-tetracarboxylic acid
(15): Compound 14 (19 g, 29 mmol) was dissolved ethanol/water (1:1,
500 mL) containing NaOH (23 g, 580 mmol), and the mixture was heated
under reflux overnight. Most of the ethanol was stripped off, and the
aqueous solution was brought to pH� 2. The white precipitate was
dissolved in diethyl ether. Evaporation of the solvent gave 14.5 g (98 %) of
the title compound. M.p. 110 ± 112 �C; 1H NMR (400 MHz, CDCl3): ��
3.77 (s, 6H; 2OCH3), 4.84 (d, 4 H; 2CH2Ph), 6.79 ± 7.17 (m, 10 H; 2 C6H5),
12.25 (s, 4H; 4 OH); 13C NMR (100 MHz, CDCl3): �� 49.26, 62.45, 110.13,
114.97, 126.53, 126.97, 128.06, 129.37, 136.98, 152.19, 160.98, 162.78; IR
(KBr): �� � 3446, 2940, 2550, 1681, 1494, 1278, 1143, 1079, 993, 898, 750,
698 cm�1; MS (ESI): m/z (%): 547 (100) [M��H]; elemental analysis calcd
(%) for C28H24N2O10 (548.51): C 61.31, H 4.41, N 5.11; found: C 61.48, H
4.69, N 5.21.


1,1�-Dibenzyl-4,4�-dimethoxy-2,2�-bipyrrole (16): Tetracarboxylic acid 15
(5 g, 9.1 mmol) was decarboxylated without solvent in a similar manner to
6. The dark residue was recrystallized from ethyl acetate under argon to
give 2.34 g (70 %) of 16. M.p. 135 ± 137 �C; 1H NMR (400 MHz, CDCl3):
�� 3.37 (s, 6 H; 2OCH3), 4.58 (s, 4H; 2 CH2Ph), 6.08 (AB, 4 H; H-pyrrole),
6.77 ± 7.05 (m, 10H; 2C6H5); 13C NMR (100 MHz, CDCl3): �� 50.49, 57.20,
100.50, 104.14, 122.99, 126.98, 127.29, 128.63, 139.41, 149.33; IR (KBr): �� �


3440, 3066 ± 2825, 1565, 1405, 1326, 1132, 1035, 771, 698, 630 cm�1; HRMS
(70 eV, PI-EI) m/z : calcd for C24H24N2O2: 372.1838, found 372.1835.


3,3�-Dimethoxy-2,2�-bipyrrole (1): By using syringe techniques and strict
argon protection, sodium (50 mg, 2.2 mmol) was dissolved in liquid
ammonia (5 ± 10 mL) at �60 to �70 �C. Compound 7 (0.1 g, 0.27 mmol)
was dissolved in THF (2 mL) and added dropwise to the blue solution.
After 2 h, the mixture was allowed to warm to ambient temperature, and a
solution of NaHCO3 (0.18 g, 2.2 mmol) in argon-saturated water (3 mL)
was added carefully. When the excess sodium was completely dissolved,
toluene (2 mL) was added, and the contents were stirred for 10 min. The
toluene phase was removed by syringe under argon, and the extraction was
repeated with toluene (2 mL). The total toluene solution was placed in a
freezer at 	 � 20 �C, and 1 was obtained as colorless crystals. The crystal
suspension is recommended for storage. Yield: 36 mg (70 %); m.p. 173 ±
175 �C; 1H NMR (250 MHz, C6D6): �� 3.44 (s, 6H; 2 OCH3), 5.93 (t, J�
3.07 Hz, 2 H; 2H4-pyrrole), 6.16 (t, J� 3.07 Hz, 2 H; 2H5-pyrrole), 8.49 (s,
2H; 2 NH);13C NMR (63 MHz, C6D6): �� 58.19, 96.30, 113.35, 142.23; IR
(KBr): �� � 3354, 2964, 1540, 1262, 1103, 1069, 1036, 803, 695 cm�1; UV/Vis
(CH3CN): �max (�)� 286 (17 210); HRMS (70 eV, PI-EI) m/z : calcd for
C10H12N2O2: 192.0899, found 192.0896.


4,4�-dimethoxy-2,2�-bipyrrole (2): Compound 2 was prepared from 16 in
exactly the same manner as 1. Again, the product 2 crystallized from the
toluene solution at low temperature, and the suspension was put in the
freezer under argon. The crystal suspension is recommended for storage.
Colorless crystals, yield: 32 mg (70 %); m.p. (under argon in a sealed
capillary) black melt ca. 130 ± 140 �C; 1H NMR (250 MHz, C6D6): �� 3.51
(s, 6 H; 2OCH3), 5.87 (s, 4H; 4H-pyrrole), 6.48 (br s, 2H; 2NH); 13C NMR
(63 MHz, C6D6): �� 99.24, 93.59, 58,07; 1H (250 MHz, CD2Cl2): 3.70 (s, 6H;
2OCH3), 5.90 (d, J� 1 Hz, 2 H; 2-H, H2,2�), 6,25 (d, J� 1 Hz, 2 H; 2H;
H6,6�), 6.69 (br s, 2H; 2NH); 13C NMR (63 MHz, CD2Cl2): �� 99.11, 93.68,
57.50. In both solvents, the fourth quaternary-carbon (C2,2�) signal was too
weak to be observed in NMR. IR (KBr): �� � 3354, 2964, 1540, 1262, 1103,
1069, 1036, 803, 695 cm�1; UV/Vis (CH3CN): �max (�)� 286 (11 937); MS-
CI: m/z (%): 193 (100) [M�H], 373 (100) [M�H]; HRMS (70 eV, PI-EI)
m/z : calcd for C10H12N2O2: 192.0899, found 192.0896.


3-Methoxypyrrole (17): Compound 6 (0.25 g 11 mmol) was treated with Na/
liquid NH3 as described for 1 and 2. Vacuum distillation of the crude
material gave a colorless oil at RT under argon, which crystallizes in the
freezer. Yield: 84 mg (87 %); 1H NMR (250 MHz, CDCl3): �� 3.78 (s, 3H;
OCH3),5.99 (d, 1H; H4-pyrrole), 6.37 (s, 1H; H2-pyrrole), 6.59 (d, 1H; H5-
pyrrole), 7.86 (s, 1H; NH); 13C NMR (63 MHz, CDCl3): �� 58, 97, 99, 117,
149; IR (film): �� � 3402, 3000 ± 2900, 2829, 1571 cm�1; MS (70 eV, EI): m/z
(%): 97 (75) [M�], 82 (100) [M��CH3]; elemental analysis calcd (%) for
C5H7NO (97.12): C 61.84, H 7.26, N 14.42; found: C 61.51, H 7.28, N 14.57.
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Theoretical and Photoluminescence Studies on the d10 ± s2 AuI ± TlI Interaction
in Extended Unsupported Chains


Eduardo J. Ferna¬ndez,[b] Antonio Laguna,*[a] Jose¬ M. Lo¬pez-de-Luzuriaga,[b]


Fernando Mendizabal,[c] Miguel Monge,[b] M. Elena Olmos,[b] and Javier Pe¬rez[b]


Abstract: The reactions of solutions of
TlPF6 and OPPh3 in tetrahydrofuran or
acetone with NBu4[AuR2] (R�C6Cl5,
C6F5) gave the new complexes
[Au(C6Cl5)2]2[Tl(OPPh3)][Tl(OPPh3)(L)]
(L�THF (1), acetone (2)) and the
previously reported [Tl(OPPh3)2]-
[Au(C6F5)2] (3). The crystal structures
of complexes 1 and 2 display extended
unsupported chains with short intermo-
lecular interactions between alternating
gold(�) and thallium(�) centres. More-
over, the TlI centres show two different
types of geometrical environments, such
as pseudotetrahedral and distorted


trigonal-bipyramidal, due to the pres-
ence of solvent molecules that act as
ligands in the solid-state structure. Qua-
sirelativistic and nonrelativistic ab initio
calculations were performed to study
the nature of the intermetallic AuI ± TlI


interactions and are consistent with the
presence of a high ionic contribution
(80%) and dispersion-type (van der -
Waals) interaction with a charge-trans-


fer contribution (20%) when relativistic
effects are taken into account. All com-
plexes are luminescent in the solid state
at room temperature and at 77 K. Com-
plexes 1 and 2 show site-selective ex-
citation, probably due to the different
environments around the TlI centres.
The DFT and time-dependent (TD)-
DFT calculations are in agreement with
the experimental excitation spectra for
all complexes and confirm the site-
selective excitation behaviour as a func-
tion of the TlI geometrical environment.


Keywords: ab initio calculations ¥
density functional calculations ¥ gold
¥ luminescence ¥ thallium


Introduction


In the last few years bonding interactions between closed-
shell metal atoms have been widely studied from theoretical
and experimental points of view.[1] Among the heavy metals,
gold ± gold interactions (aurophilicity) have received close
attention, since d10 AuI ions have a great ability to form
dimers, oligomers, and polymers based on these interactions,
which are comparable in strength to hydrogen bonds.[2] In
addition, some of these complexes display very interesting
photophysical properties such as luminescence, also induced,


among other factors, by the presence of intermetallic inter-
actions.[3]


More recent studies deal with gold(�)-containing hetero-
metallic compounds in which short closed-shell metal ±metal
interactions are present (metallophilicity).[1] Thus, for exam-
ple, AuI ± PdII (d10 ± d8),[4] AuI ±AgI (d10 ± d10)[5] and AuI ±CuI


(d10 ± d10)[5] interactions have been theoretically described by
using correlated methods, and it was shown that the metal-
lophilic interactions arise from dispersion-type (van der
Waals), correlation effects and charge-transfer contribu-
tions.[4, 6] Moreover, the generation of Au ±M interactions by
acid-base reactions of, for instance, Tl� or Ag� Lewis acid
precursors with [AuR2]� (R�C6F5 or C6Cl5) Lewis bases,
provides an additional electrostatic attraction.[7±9]


Some of these AuI ±metal complexes have proved to be a
new class of photoluminescent materials in which the
emission of radiation results mainly from the interactions
between the different metal centres.[10] Among this class of
materials we have focused on the study of the d10 ± s2


interaction between AuI and TlI ions.[8, 9] Previous work by
Fackler et al. showed interesting luminescence properties of
an extended Au±Tl chain with bridging ligands,[11] as well as
the sandwich-type complex [Tl{Au(�-C2-N3-Rim)}3]� (C2-N3-
Rim� 1-benzylimidazolate, 1-methylimidazolate),[12] in which
the emissive properties arise from the intermetallic interac-
tions. Catalano et al. reported novel gold metallocryptates in
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which trigonal AuI host complexes encapsulate TlI ions and
display a rich photoluminescence behaviour.[13] We recently
developed another strategy for the synthesis of Au ±Tl
complexes by treating [AuR2]� Lewis base precursors with
TlI salts that act as Lewis acids. Thus, we reported the
synthesis and luminescence behaviour of the first unsupported
gold ± thallium chain [Tl(OPPh3)2][Au(C6F5)2] (3)[8] and new
two- and three-dimensional arrays of the type [Tl(4,4�-
bipy)n][AuR2] (bipy� bipyridine; R�C6F5, C6Cl5),[9] in which
variation of the perhalophenyl ligands gives rise to different
structural arrangements. Recently, Gade gave an overview of
d10 ± s2 interactions between AuI, Pd0 and Pt0 d10 ions and TlI s2


ion.[14]


Here we report the synthesis of and luminescence studies
on the new complexes [Au(C6Cl5)2]2[Tl(OPPh3)][Tl-
(OPPh3)(L)] (L�THF (1), acetone (2)) and compare them
with the previously reported [Tl(OPPh3)2][Au(C6F5)2] (3). We
also carried out ab initio calculations at HF and MP2 levels of
theory on simplified model systems with nonrelativistic and
relativistic effective core potentials to study the nature of the
d10 ± s2 AuI ±TlI interaction. Finally, we performed time-
dependent DFT (TD-DFT) calculations, which allow the
excitations that lead to the emission of radiation in the solid
state to be predicted.


Results and Discussion


Synthesis and structure : Complexes [Au(C6Cl5)2]2[Tl-
(OPPh3)][Tl(OPPh3)(L] (L�THF (1), acetone (2)) were


obtained by addition of TlPF6 (1 equiv) and OPPh3 (1 or
2 equiv) to a solution of NBu4[Au(C6Cl5)2] (1 equiv) in
tetrahydrofuran (1) or acetone (2). The already described
unsupported chain [Tl(OPPh3)2][Au(C6F5)2] (3) was synthes-
ised from precursors other than those previously reported,[8]


in the same way as 1 and 2. Thus, addition of TlPF6 and OPPh3
to a solution of NBu4[Au(C6F5)2] in a 1:2:1 molar ratio in
tetrahydrofuran led to the synthesis of 3 in a good yield.
Complexes 1 and 2 were collected as crystals by slow diffusion
of n-hexane into THF and acetone solutions respectively,
whereas complex 3 was isolated as a yellow-green solid. All
complexes are soluble in acetone and tetrahydrofuran and
insoluble in diethyl ether and n-hexane, and their elemental
analyses and physical and spectroscopic properties are in
agreement with the proposed formulas. As we previously
reported,[8, 9] such Au ±Tl compounds, derived from acid ±
base reactions of the metalloligand [AuR2]� , dissociate in
solution to give the separate ionic counterparts (1:1 electro-
lyte behaviour). This was also confirmed by the 19F NMR
spectrum of 3, which resembles the pattern of the precursor
NBu4[Au(C6F5)2]. The 31P{1H} NMR spectra show one singlet
for the OPPh3 ligands at �� 26.5 (1), 26.7 (2) and 30.0 ppm
(3). The 1H NMR spectra show signals for THFat �� 3.43 and
1.86 ppm (1) or acetone at �� 2.09 ppm (2). The IR spectra
show, among others, absorptions of the C6Cl5 and C6F5 ligands
bonded to gold(�) at 614 and 835 cm�1 (1), 615 and 836 cm�1 (2)
and 784, 957 and 1503 cm�1 (3) and the P�O stretching band at
1156 (1), 1156 (2) and 1178 cm�1 (3). In addition, 2 shows a
band at 1702 cm�1 for the �(C�O) stretch of the acetone
molecule coordinated to TlI.
The crystal structures of complexes 1 and 2were established


by X-ray diffraction studies (Figure 1, Figure 2, Figure 3 and
Figure 4; Table 1, Table 2 and Table 3), and in both cases the
asymmetric unit contains four metal atoms (instead of two as
observed in 3)[8] with a Tl-Au-Tl-Au arrangement. They
display short metal ±metal interactions with Au ¥¥¥ Tl distan-
ces in the range 3.0529(3) ± 3.3205(3) ä for 1 and 3.0937(3) ±
3.2705(4) ä for 2. Both compounds form one-dimensional
polymers in which the gold(�) centres are linearly coordinated


Figure 1. Asymmetric unit of the polymeric structure of 1 (30% proba-
bility level) with the labelling scheme of the atom positions. H atoms are
omitted for clarity.


Abstract in Spanish: La reaccio¬n de una disolucio¬n de TlPF6 y
OPPh3 en tetrahidrofurano o acetona con NBu4[AuR2] (R�
C6Cl5, C6F5) conduce a la sÌntesis de los nuevos complejos
[Au(C6Cl5)2]2[Tl(OPPh3)][Tl(OPPh3)(L)] (L�THF (1), ace-
tona (2)) o el anteriormente descrito [Tl(OPPh3)2][Au(C6F5)2]
(3). Las estructuras cristalinas de los complejos 1 y 2muestran
cadenas infinitas en las que se observan interacciones intermo-
leculares cortas entre centros alternos de oro(I) y talio(I).
Adema¬s, los centros de TlI presentan dos tipos de entorno
geome¬trico diferente: pseudotetrae¬drico y de bipira¬mide trigo-
nal distorsionado, debido a la presencia de mole¬culas de
disolvente actuando como ligandos en la estructura en estado
so¬lido. Se han llevado a cabo ca¬lculos ab initio quasirelativistas
y no-relativistas con objeto de estudiar la naturaleza de las
interacciones intermeta¬licas AuI-TlI, siendo consistentes con la
presencia de una elevada contribucio¬n io¬nica (80%) y de
dispersio¬n (van der Waals) con contribuciones de transferencia
de carga (20%) cuando se tienen en cuenta los efectos
relativistas. Todos los compuestos son luminiscentes en estado
so¬lido, tanto a temperatura ambiente como a 77 K. Los
complejos 1 y 2 muestran una excitacio¬n selectiva probable-
mente debida a los diferentes entornos de los centros de TlI. Los
ca¬lculos DFTy TD-DFT esta¬n de acuerdo con los espectros de
excitacio¬n experimentales para todos los compuestos y confir-
man que la excitacio¬n selectiva depende de la disposicio¬n
geome¬trica de los centros de TlI.
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Figure 2. Molecular structure of 1. H atoms are omitted for clarity.


Figure 3. Asymmetric unit of polymeric structure of complex 2 (30%
probability level) with the labelling scheme of the atom positions. H atoms
are omitted for clarity.


Figure 4. Molecular structure of complex 2. H atoms are omitted for
clarity.


to two C6Cl5 groups with Au�C distances in the range
2.041(5) ± 2.058(4) ä for 1 and 2.038(7) ± 2.055(6) ä for 2. In
contrast, each thallium atom of the asymmetric unit (Figure 1
and Figure 3) has a different environment: while Tl1 is ligated
by the oxygen atoms of a OPPh3 ligand and a solvent molecule
(THF (1) or acetone (2)) and has a trigonal-bipyramidal
geometry with a vacant equatorial coordination site (presum-
ably associated with the stereochemically active lone pair),
Tl2 only bears a OPPh3 ligand and has a strongly distorted
tetrahedral geometry with a vacant coordination site. In both
1 and 2, the Tl�O bond lengths for the OPPh3 ligands are
shorter than those of THF or acetone ligands. Thus, while the
Tl�OPPh3 distances are 2.471(3) and 2.582(4) in 1 and
2.511(4) and 2.572(4) ä in 2 (similar to those in 3 : 2.483(3)
and 2.550(4) ä), the solvent molecules are only weakly
coordinated, with Tl�O distances clearly longer than the


Table 1. Details of data collection and structure refinement for complexes
1 and 2.


Compound 1 2


empirical formula C64H38Au2Cl20O3P2Tl2 C63H36Au2Cl20O3P2Tl2
crystal habit yellow plate yellow plate
crystal size [mm] 0.45� 0.20� 0.10 0.50� 0.28� 0.11
crystal system triclinic monoclinic
space group P1≈ P21/c
a [ä] 11.8699(1) 12.0687(1)
b [ä] 14.2869(2) 13.9416(1)
c [ä] 21.8171(3) 42.5190(5)
� [�] 80.8126(5) 90
� [�] 82.6669(6) 94.349(4)
� [�] 87.7221(8) 90
V [ä3] 3621.79(8) 7133.52(11)
Z 2 4
�calcd [gcm�3] 2.227 2.248
M 2428.56 2414.53
F(000) 2272 4512
T [�C] � 100 � 100
2�max [�] 56 56
�MoK�) [mm�1] 9.301 9.444
transmission 0.4565, 0.1025 0.4231, 0.0882
no. of reflns measured 52126 17857
no. of unique reflns 17071 10701
Rint 0.047 0.0218
R (F� 2�(F))[a] 0.0331 0.0354
wR (F 2, all reflns)[b] 0.0717 0.0576
no. of reflns used 17071 10701
no. of parameters 838 831
no. of restraints 258 255
S[c] 1.034 1.102
max. residual electron
density [eä�3]


1.273 0.729


[a] R(F)�� � �Fo �� �Fc � �/� �Fo �. [b] wR(F 2)� [�{w(Fo2�Fc2�2}/�{w(Fo2�2}]0.5 ;
w�1��2(Fo2�� (aP)2�bP, where P� [Fo2�2Fc2]/3 and a and b are constants
adjusted by the program. [c] S� [�{w(Fo2�Fc2�2}/(n�p)]0.5, where n is the
number of data and p the number of parameters.


Table 2. Selected bond lengths [ä] and angles [�] for 1.[a]


Au(1)�C(11) 2.055(5) Au(1)�C(1) 2.058(4)
Au(2)�C(21) 2.041(5) Au(2)�C(31) 2.051(5)
Au(1)�Tl(1) 3.0529(3) Au(1)�Tl(2)#1 3.1630(3)
Au(2)�Tl(2) 3.1452(3) Au(2)�Tl(1) 3.3205(3)
Tl(1)�O(1) 2.471(3) Tl(1)�O(3) 2.766(5)
Tl(2)�O(2) 2.582(4) O(1)�P(1) 1.495(4)
O(2)�P(2) 1.498(4) O(3)�C(104) 1.401(9)
O(3)�C(101) 1.412(8) C(101)�C(102) 1.487(9)
C(102)�C(103) 1.499(10) C(103)�C(104) 1.473(11)
C(11)-Au(1)-C(1) 178.10(18) C(11)-Au(1)-Tl(1) 89.21(12)
C(1)-Au(1)-Tl(1) 91.47(12) C(11)-Au(1)-Tl(2)#1 80.09(12)
C(1)-Au(1)-Tl(2)#1 100.40(12) Tl(1)-Au(1)-Tl(2)#1 142.608(8)
C(21)-Au(2)-C(31) 176.69(17) C(21)-Au(2)-Tl(2) 94.54(13)
C(31)-Au(2)-Tl(2) 87.34(13) C(21)-Au(2)-Tl(1) 96.74(13)
C(31)-Au(2)-Tl(1) 81.50(13) Tl(2)-Au(2)-Tl(1) 168.529(8)
O(1)-Tl(1)-O(3) 79.65(14) O(1)-Tl(1)-Au(1) 92.33(9)
O(3)-Tl(1)-Au(1) 96.31(12) O(1)-Tl(1)-Au(2) 94.80(9)
O(3)-Tl(1)-Au(2) 106.92(12) Au(1)-Tl(1)-Au(2) 156.560(9)
O(2)-Tl(2)-Au(2) 102.56(8) O(2)-Tl(2)-Au(1)#2 115.37(9)
Au(2)-Tl(2)-Au(1)#2 131.599(8) P(1)-O(1)-Tl(1) 162.6(2)
P(2)-O(2)-Tl(2) 146.7(2) C(104)-O(3)-C(101) 107.9(6)
C(104)-O(3)-Tl(1) 123.5(4) C(101)-O(3)-Tl(1) 125.5(4)
O(3)-C(101)-C(102) 106.3(6) C(101)-C(102)-C(103) 104.5(6)
C(104)-C(103)-C(102) 105.6(6) O(3)-C(104)-C(103) 107.9(6)


[a] Symmetry transformations used to generate equivalent atoms: #1: x� 1,
y, z ; #2: x� 1, y, z.
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sum of the covalent radii (2.21 ä), but within the sum of
van der Waals radii of thallium and oxygen (ca. 3.35 ä). The
Tl�O(THF) distance in 1 is 2.766(5) ä, similar to those
observed in [(thf)2Tl(�-NC)Mn(CO)(dppm)2]PF6 (dppm�
bis(dimethylphosphanyl)methane); 2.74(3) and 2.75(3) ä),[15]


[Tl(tpp)(OSO2CF3)(thf) ¥ (THF)] (tpp� tetraphenylporphy-
rinato; 2.778(7) ä)[16] and [Tl(bipy)][Tl(bipy)0.5(thf)]-
[Au(C6Cl5)2]2 (2.781(7) ä),[9] but shorter than the that in
{[Tl(Me)2(thf)(O2C6H(Me)(tBu))]2}n (2.862(3) ä),[17] and the
Tl�O (acetone) distance in 2 is 2.828(7) ä, like that observed
in the polymeric {trans,trans,trans-[PtTl2(C6F5)2(C�CtBu)2]-
(acetone)2}n (2.83(2) ä)[18] and comparable to those found in
other complexes.[19±21] Finally, a series of Au ¥¥ ¥ Cl and Tl ¥¥¥ Cl
contacts between atoms of the same linear chain (in the
range 3.2874(12) ± 3.6380(15) (1) or 3.289(2)-3.4449(16) ä
(2)) and some Tl ¥¥¥ Cl interactions between adjacent chains
(in the range 3.5319(14) ± 3.7459(14) (1) or 3.4450(21) ±
3.6472(20) ä (2)) may contribute to the stability of the
compounds.


Ab initio calculations: metallophilic attraction : The geome-
tries of the [Tl(OPH3)2]� and [Au(C6H5)2]� fragments were
fully optimised at the MP2 level of theory. A C2v point
symmetry was assumed for the thallium fragment, while aD2h


symmetry was used for the gold anion. The optimised
distances and angles are given in Table 4 and Table 5 with
experimental data from X-ray diffraction studies for compar-
ison.[8]


We described the experimental structures by an idealized
[Tl(OPH3)2][Au(C6H5)2] model (Figure 5) with C2v symmetry.
Table 6 summarises the Au�Tl interaction energies and
equilibrium distances. The calculated distances fall in the
same range as the experimental ones. With quasi-relativistic
pseudopotentials, the Au�Tl distance at the HF level is larger
than that obtained at MP2 level, the latter being very close to
the experimental values. The energies at the HF and MP2


Figure 5. Theoretical model system [Tl(OPH3)2][Au(C6H5)2] in C2v sym-
metry for ab initio calculations.


levels are in the range of electrostatic interactions. However,
the energy difference between HF and MP2 is 57 kJmol�1.
This is within the range of magnitude of dispersion-type
van der Waals interactions with charge transfer.
We included nonrelativistic results for comparison with the


quasirelativistic data to enable quantification of the relativ-
istic effect in the Au�Tl metallophilic attraction. The inter-
action energy decreases by 21% on going from relativistic to
nonrelativistic pseudopotentials at the MP2 level of theory.
The result at the HF-NR level is poor, with a much too long
Au�Tl distance. This reflects the importance of electronic
correlation and the relativistic effects in heavy atoms.
The MP2-QR calculation reproduces the structural trends


found in the experimental data. On the other hand, the
interaction energy at the MP2-QR level consists of 80% of
ionic interaction and 20% of van der Waals interactions,
assuming that the electrostatic interaction is responsible for


Table 3. Selected bond lengths [ä] and angles [�] for 2.[a]


Au(1)�C(1) 2.055(6) Au(1)�C(11) 2.055(6)
Au(2)�C(31) 2.038(7) Au(2)�C(21) 2.041(7)
Au(1)�Tl(2) 3.2438(3) Au(1)�Tl(1) 3.2705(4)
Au(2)�Tl(1)#1 3.0937(3) Au(2)�Tl(2) 3.1492(3)
Tl(1)�O(1) 2.511(4) Tl(1)�O(3) 2.828(7)
Tl(2)�O(2) 2.572(4) O(1)�P(1) 1.488(4)
P(2)�O(2) 1.495(4) O(3)�C(100) 1.211(9)
C(100)�C(102) 1.481(10) C(100)�C(101) 1.484(11)
C(1)-Au(1)-C(11) 178.2(2) C(1)-Au(1)-Tl(2) 95.50(15)
C(11)-Au(1)-Tl(2) 85.46(15) C(1)-Au(1)-Tl(1) 97.53(15)
C(11)-Au(1)-Tl(1) 81.59(15) Tl(2)-Au(1)-Tl(1) 166.738(12)
C(31)-Au(2)-C(21) 178.6(2) C(31)-Au(2)-Tl(1)#1 88.75(15)
C(21)-Au(2)-Tl(1)#1 91.98(14) C(31)-Au(2)-Tl(2) 78.54(15)
C(21)-Au(2)-Tl(2) 101.49(15) Tl(1)#1-Au(2)-Tl(2) 143.881(10)
O(1)-Tl(1)-O(3) 79.35(17) O(1)-Tl(1)-Au(2)#2 87.31(10)
O(3)-Tl(1)-Au(2)#2 107.42(13) O(1)-Tl(1)-Au(1) 100.96(10)
O(3)-Tl(1)-Au(1) 93.88(13) Au(2)#2-Tl(1)-Au(1) 158.308(14)
O(2)-Tl(2)-Au(2) 107.23(9) O(2)-Tl(2)-Au(1) 108.88(10)
Au(2)-Tl(2)-Au(1) 135.725(10) P(1)-O(1)-Tl(1) 151.7(3)
P(2)-O(2)-Tl(2) 145.6(3) C(100)-O(3)-Tl(1) 128.0(6)
O(3)-C(100)-C(102) 121.9(8) O(3)-C(100)-C(101) 122.2(8)
C(102)-C(100)-C(101) 115.9(8)


[a] Symmetry transformations used to generate equivalent atoms: #1: x� 1
,y, z ; #2: x� 1, y, z.


Table 4. Optimised distances [pm] and angles [�] for [Tl(OPH3)2]� at the
MP2 level.


Parameter Tl[3-VE] QR Tl[3-VE] NR Experimental


P�H 141.5 141.0 ±
P�O 154.9 155.9 149
Tl�O 246.7 224.3 248 ± 255
P-O-Tl 165.5 143.9 156 ± 174
H-P-O 115.3 113.9 ±
O-Tl-O 88.16 83.58 80.61


Table 5. Optimised distances [pm] for [Au(C6H5)2]� at the MP2 level.


Parameter Au[19-VE] QR Au[19-VE] NR Experimental


Au�C 206.96 223.76 205.8
C�C1 139.42 141.33 137.5
C�C2 136 ± 137 138 ± 139 135 ± 138


Table 6. Optimised Tl�Au distance Re [pm], interaction energy V(Re)
[kJmol�1] and F [N/m] for [Au(C6H5)2][Tl(OPH3)2] and [Au(C6F5)-
[Tl(OPPh3)2] at the MP2 and HF levels.


Model system Method Re V(Re) F


[Au(C6H5)2][Tl(OPH3)2] MP2-QR 302.8 � 275.70 34.2
HF-QR 336.2 � 227.38 19.5
MP2-NR 313.1 � 216.98 30.1
HF-NR 400.3 � 159.47 2.98


[Au(C6F5)[Tl(OPPh3)2] exptl 303 ± 308
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the attractive behaviour at the HF level and that the
additional stabilization obtained at the MP2 level is due to
the introduction of dispersion-type correlation effects and
charge-transfer contributions.


Optical properties and time-dependent (TD)-DFT calcula-
tions : Similar to the infinite gold ± thallium chain [Tl(OP-
Ph3)2][Au(C6F5)2] (3), whose structure and luminescence were
described earlier, 1 and 2 both luminesce at room temperature
(293 K) and at 77 K in the solid state (Figure 6 and Figure 7).
The complexes have similar spectra with a complicated
excitation profiles and maxima at 400 nm for 1 and 392 nm
for 2 at room temperature, which lead to broad emissions at
497 and 501 nm, respectively.


Figure 6. Luminescence spectra of complexes 1 and 2 at room temperature
in the solid state.


Figure 7. Luminescence spectra of 1 at 77 K in the solid state showing site-
selective excitation.


The luminescence in these complexes is temperature-
dependent, and also exhibits an interesting site-selective
excitation at low temperatures, which is not observed at room
temperature. Thus, we observe low-energy bands centred at
510 nm (line 1; excitation at 412 nm (line 2)) for 1 and at
526 nm (excitation at 408 nm) for 2, and higher energy bands


at 461 nm (line 4; excitation at 329 nm (line 5)) for 1 and at
465 nm (excitation at 334 nm) for 2 (see Figure 7).
The observation that the excitation and emission wave-


lengths are similar for the pairs of bands in both complexes
seems to suggest the presence of similar fluorophores. There-
fore, the excited states do not seem to be significantly
influenced by the presence of different coordinating solvent
molecules in the two complexes (THF in 1 and acetone in 2);
otherwise, a larger energy difference would be expected. In
addition, since neither the gold(�) nor thallium(�) precursor
complexes nor the ligands are luminescent at similar energies,
and, furthermore, solutions of the complexes in acetone are
colourless and do not show luminescence, while evaporation
of the solvent regenerates the colour and the optical proper-
ties, we suggest that the extended-chain metal ±metal inter-
actions are responsible for the luminescence. Thus, the
emissions are likely to result from electronic states that are
strongly influenced by the interactions between the alternat-
ing gold and thallium centres. Hence, and with reference to
previous theoretical work by Fackler et al.[11] and by us[8] on
related gold ± thallium chains, the orbitals which are respon-
sible for light emission are considered to be mostly metal-
based, with a greater influence of the thallium 6pz orbital, and
whose energy is largely influenced by the metal ±metal
separation, even though no formal metal ±metal bond is
present in the ground or excited states. However, in the
above-mentioned cases, each alternating type of metal atom
has a invariant coordination environment, which makes the
analysis at each point of the infinite chain equivalent. By
contrast, the presence of different environments around the
thallium centres in the title complexes adds another factor
that must be considered in addition to the metal ±metal
distance.
Thus, it seems likely that the emissions come from two


different electronic states that can be related to the two
coordination modes of the thallium centres, each of which in
turn has different interactions with the gold atoms. In this
regard, and as can be deduced from the theoretical study (see
below), in these electronic states the geometry around the
thallium centres is essential, rather than the gold ± thallium
interactions, which are responsible for the shifts in the
emission band for each geometry. This assumption is in good
agreement with experimental results on other linear gold ±
thallium chains[8] with distorted trigonal-bipyramidal environ-
ments and different gold ± thallium interactions, because these
do not show such site-selective excitation and the emission
energies are close to the energy attributed to the thallium
centres in the title complexes, which also have this environ-
ment (see below).
Therefore, in view of the results obtained by photophysical


measurements and X-ray structural analysis, we performed
single-point DFT calculations on simplified model systems of
compounds 1 and 3. Owing to the presence of different Au�Tl
distances and TlI geometries in 1 we built four different
dinuclear models 1a ± 1d (Figure 8) to represent the four
observed coordination environments (two distorted tetrahe-
dral and two pseudo-trigonal-bipyramidal) and to study the
influence of the intermetallic distances and the geometries
around the TlI centres on the photophysical properties. Since
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Figure 8. Theoretical model systems 1a ± 1d and 3a for DFTand TD-DFT
electronic-structure calculations.


3 consists of alternating Au- and Tl-centred counterions
linked by Au�Tl interactions, we propose the tetranuclear
model system 3a to study the influence of the polymeric chain
on the photophysical properties.
For 1 we studied the MOs and performed a population


analysis from which we can deduce the contribution of each
part of the molecule (metal atoms and ligands) to each
occupied orbital for the four simplified models 1a ± 1d. The
results are given in Tables 7, 8, 9 and 10, which show that the


occupied orbitals involved in the theoretical transitions (see
TD-DFT calculations below) are mainly located on the
[AuR2]� units or at the gold centres, with no significant
contribution from either the TlI centres or the O-donor
ligands. On the other hand, the lowest unoccupied orbitals
cannot be subjected to population analysis, but we can


perform a visual analysis of their shape. Figure 9 shows the
lowest unoccupied orbitals (involved in the theoretical
transitions; see below) for models 1a (distorted tetrahedral)
and 1c (pseudo-trigonal-bipyramidal) as representative ex-
amples of the different geometries around thallium centres,
and it can be clearly seen that these orbitals are mainly
thallium-based, with small contributions from gold centres in
some cases. Thus, from this analysis it can be deduced that the
highest occupied orbitals are mainly localised in the [AuR2]�


units or at the gold atoms, while the locations of the lowest


Figure 9. Lower energy virtual molecular orbitals for theoretical models
1a (distorted tetrahedral) and 1c (pseudo-trigonal-bipyramidal).


Table 7. Population analysis for [Tl(OPH3)][Au(C6H5)2] (distorted-tetra-
hedral) model system 1a. Percentage contribution from each type of atom
to occupied orbitals.


MO Au Tl C6H5 OPH3


HOMO-1 (64a) 13.1 0.9 84.0 1.9
HOMO-5 (60a) 69.6 10.2 19.1 0.4
HOMO-7 (58a) 98.2 0.9 0.7 ±
HOMO-8 (57a) 91.2 6.9 1.0 0.7


Table 8. Population analysis for [Tl(OPH3)][Au(C6H5)2] (distorted-tetra-
hedral) model system 1b. Percentage contribution from each type of atom
to occupied orbitals.


MO Au Tl C6H5 OPH3


HOMO-1 (64a) 17.7 0.7 81.5 ±
HOMO-3 (62a) 48.4 2.5 48.8 ±
HOMO-4 (61a) 36.8 8.1 54.4 3.5
HOMO-5 (60a) 3.7 1.0 95.1 ±
HOMO-7 (58a) 94.5 4.3 0.55 0.5
HOMO-8 (57a) 95.0 2.8 2.0 0.1


Table 9. Population analysis for [Tl(OPH3)(H2O)][Au(C6H5)2] (pseudo-
trigonal-bipyramidal) model system 1c. Percentage contribution from each
type of atom to occupied orbitals.


MO Au Tl C6H5 OPH3, H2O


HOMO (70a) 4.9 0.6 89.9 4.5
HOMO-1 (69a) 19.1 0.3 80.6 ±
HOMO-2 (68a) 70.8 12.6 15.3 1.2
HOMO-3 (67a) 3.9 0.7 95.3 ±
HOMO-4 (66a) 3.0 1.1 95.9 ±
HOMO-5 (65a) 6.6 0.6 92.5 0.2
HOMO-6 (64a) 79.2 0.2 20.4 ±
HOMO-7 (63a) 88.7 8.6 1.5 1.2
HOMO-8 (62a) 97.9 0.8 1.2 ±


Table 10. Population analysis for [Tl(OPH3)(H2O)][Au(C6H5)2] (pseudo-
trigonal-bipyramidal) model system 1d. Percentage contribution from each
type of atom to occupied orbitals.


MO Au Tl C6H5 OPH3, H2O


HOMO (70a) 6.7 0.2 88.9 4.1
HOMO-1 (69a) 21.1 2.5 78.6 ±
HOMO-2 (68a) 79.3 2.5 13.7 ±
HOMO-4 (66a) 7.8 1.9 90.3 ±
HOMO-5 (65a) 2.5 0.4 97.0 ±
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unoccupied orbitals shows that the potential fluorophores are
the thallium centres, since they are the main contributors to
the orbitals from which the emission is produced, although the
contribution of the gold centres cannot be neglected.
The same type of analysis was carried out for model system


3a (Figure 8). Both the molecular orbitals and the population
analysis show the same trend as the dinuclear models for 1.
Thus, the occupied molecular orbitals are mainly [AuR2]�-
based (Table 11) and the most important unoccupied orbital is
159a (LUMO� 2), a metal-based orbital (Figure 10) mainly
localised on TlI. Therefore, the electronic structure of 3 is
similar that of 1: excitations come from [AuR2]�-based
orbitals and enter a TlI-based orbital that acts as fluorophore
for the emission of light.
The above conclusions were confirmed by TD-DFT calcu-


lations. Thus, the first few singlet excitation energies of 1a ±


Figure 10. HOMO-1 (155a) and LUMO� 2 (159a) molecular orbitals for
model 3a.


1d and 3a were calculated at the TD±DFT level (see
Methods of Calculation). Since we currently cannot estimate
the contribution of spin ± orbit effects to the triplet transitions,
only singlet ± singlet transitions were considered in these
quasirelativistic calculations.
As mentioned above, 1 and 2 show site-selective excitation


at low temperature, with two independent pairs of excitation
and emission bands at different energies. Hence, TD-DFT
analysis was carried out for 1a and 1b, which have TlI centres
in a pseudotetrahedral environment and two similar groups of
excitations in the ranges 423 ± 442 nm and 289 ± 342 nm. The
analysis of the theoretical transitions (Table 12 and Figure 11)
shows for both ranges that the excitations originate from
[AuR2]�- or AuI-based orbitals and enter antibonding pseu-
dotetrahedral TlI-based orbitals, that is, the antibonding Tl-


Table 11. Population analysis for [Tl(OPH3)2][Au(C6H5)2][Tl(OPH3)2]-
[Au(C6H5)2] model system 3a. Percentage contribution from each type of
atom to occupied orbitals.


MO Au Tl C6H5 OPH3


HOMO (156a) 4.7 0.2 95.1 ±
HOMO-1 (155a) 63.9 22.2 11.7 2.1
HOMO-2 (154a) 28.2 0.2 71.5 ±
HOMO-5 (151a) 7.7 1.1 91.1 ±
HOMO-6 (150a) 20.6 0.4 78.6 0.3
HOMO-7 (149a) 40.4 3.5 55.4 0.7
HOMO-8 (148a) 45.3 0.1 53.4 1.1


Table 12. TD-DFT RPA singlet-excitation calculations for simplified model systems 1a ± 1d and 3a.


Model 1a Model 1b Model 1c Model 1d Model 3a


437.7 (0.034)[a] 442.0 (0.010) 374.3 (0.050) 404.0 (0.018) 445.3 (0.013)
64a� 67a (67)[b] 64a� 67a (83) 69a� 72a (54) 69a� 72a (62) 154a� 159a (100)
64a� 68a (20) 64a� 68a (8) 70a� 73a (32) 70a� 73a (35)
423.4 (0.034) 428.6 (0.033) 371.8 (0.047) 398.5 (0.034) 425.8 (0.428)
64a� 68a (64) 64a� 68a (57) 70a� 73a (55) 70a� 73a (59) 155a� 159a (100)
64a� 67a (24) 62a� 66a (27) 69a� 72a (31) 69a� 72a (26)
339.4 (0.014) 424.7 (0.019) 316.5 (0.011) 390.3 (0.010) 371.6 (0.010)
60a� 68a (78) 62a� 66a (69) 65a� 72a (37) 69a� 73a (100) 151a� 159a (100)
60a� 67a (13) 64a� 68a (26) 67a� 72a (31)
326.8 (0.058) 342.5 (0.020) 312.5 (0.022) 327.1 (0.013) 353.6 (0.051)
58a� 66a (45) 64a� 69a (73) 68a� 73a (68) 66a� 72a (46) 150a� 159a (57)
60a� 67a (32) 60a� 68a (17) 65a� 72a (14) 68a� 73a (17) 149a� 159a (31)
310.6 (0.075) 339.4 (0.024) 306.4 (0.018) 319.3 (0.023) 352.1 (0.077)
58a� 66a (48) 60a� 68a (58) 66a� 73a (57) 66a� 73a (67) 149a� 159a (56)
60a� 67a (27) 64a� 69a (18) 67a� 73a (26) 66a� 72a (11) 150a� 159a (30)


327.0 (0.093) 301.9 (0.077) 316.8 (0.072)
61a� 68a (43) 68a� 72a (23) 66a� 72a (23)
57a� 66a (23) 64a� 71a (17) 68a� 72a (21)
321.5 (0.011) 301.4 (0.017) 309.0 (0.027)
58a� 66a (95) 64a� 71a (80) 65a� 73a (84)
312.4 (0.042) 290.9 (0.018) 280.9 (0.056)
57a� 66a (67) 68a� 74a (38) 69a� 75a (58)
61a� 68a (11) 62a� 71a (30) 66a� 74a (14)
289.7 (0.010)
64a� 70a (54)
65a� 71a (35)
289.1 (0.011)
65a� 71a (60)
64a� 70a (29)


[a] Energy of theoretical transitions in nanometres and oscillator strengths (in parentheses) that shows the mixed representation of both velocity and length.
[b] Contributions to each transition. The value in parentheses is �coeff. � 2� 100.
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Figure 11. Theoretical excitation spectra for models 1a and 1b (distorted
tetrahedral).


based molecular orbitals are responsible for the emission of
light.
The TD-DFT analysis of 1c and 1d, which have TlI centres


in a distorted trigonal-bipyramidal environment again gave
two groups of excitations for each model (Figure 12). The low-
energy range is 372 ± 404 nm, and the high-energy range 281 ±
327 nm. As in the pseudotetrahedral models, the the starting
orbitals of the excitations are mainly centred on the [AuR2]�


units or at the AuI centres, while the target orbitals are mainly
antibonding TlI-based molecular orbitals (Table 12).


Figure 12. Theoretical excitation spectra for models 1c and 1d (pseudo-
trigonal-bipyramidal).


Therefore, the theoretical excitations are in very good
agreement with the two site-selective experimental excitation
spectra of 1 (Figure 13). Careful inspection of the theoretical
excitation spectra indicates that the lower energy excitations
(420 ± 450 nm) can be assigned to the AuI ± TlI pseudotetra-
hedral interactions, while those at higher energy (around
280 nm) can be assigned to the AuI ± TlI distorted trigonal-
bipyramidal interactions. In fact, experimental excitation of 1
and 2 at low energy (412 and 408 nm, respectively) gives rise
to single low-energy emissions (510 and 526 nm, respectively)


Figure 13. Comparison between theoretical (models 1a ± 1d) and exper-
imental excitation spectra for complex 1.


that could be produced by emission of light from antibonding,
pseudotetrahedral Tl(I) molecular orbitals. Excitation of 1
and 2 at high energy (329 and 334 nm, respectively) leads to
single high-energy emissions (461 and 465 nm, respectively),
perhaps from antibonding, distorted trigonal-bipyramidal TlI


molecular orbitals. Finally, excitation in the range 340 ±
405 nm gives rise to both emissions, in accordance with the
theoretially determined availability of both types of Tl-based
molecular orbitals as target orbitals in this energy range.
We also carried out a TD-DFT calculation on 3a, a


simplified model system of 3. We used this tetranuclear
model, in which the TlI geometry is always distorted trigonal-
bipyramidal, to analyze the influence of the polymeric Au ±Tl
chain on the photophysical behaviour. Table 12 lists the most
important theoretical excitations for model 3a. As shown in
Figure 14, the theoretical spectrum clearly matches the


Figure 14. Comparison of theoretical and experimental excitation spectra
for complex 3.


experimental one, and theoretical excitation B at 425.8 nm is
the most important. The analysis of this excitation shows that
both the starting and the target orbitals are metal-based,
whereby virtual orbital 159a, mainly localised on TlI, is the
orbital from which the emission is produced in all cases,
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although the contribution from gold atoms is also important
for this orbital (Figure 10).
In short, the TD-DFT calculations confirm the qualitative


explanation for the photophysical behavior of the Au ±Tl
complexes 1 ± 3. First, they explain the site-selective excitation
of 1 and 2 due to the presence of different environments of TlI


centers. In addition, we observed increasing metal-based
character of the orbitals responsible for luminescence when
we increased the nuclearity of the model system (i.e. , 3a),
which matches the experimental spectra.
The basic conclusion is that the excitation has AuR2�TlI


charge-transfer character, whereby the thallium centres act as
fluorophores which are influenced by the presence of differ-
ent environments of the TlI centres. This suggests that Tl ±
ligand interactions have a greater influence on the photo-
luminescence than TlI ±AuI interactions. Similar conclusions
were recently drawn by Che et al. for d10 ± d10 metal com-
plexes.[22±24]


Experimental Section


Instrumentation : Infrared spectra were recorded in the range 4000 ±
200 cm�1 on a Perkin-Elmer FT-IR Spectrum 1000 spectrophotometer
with Nujol mulls between polyethylene sheets. C, H, N analyses were
carried out with a C.E. Instrument EA-1110 CHNS-O microanalyzer. Mass
spectra were recorded on a HP-5989B Mass Spectrometer API-Electro-
spray with interface 59987A. 1H, 19F and 31P{1H} NMR spectra were
recorded on a Bruker ARX 300 in (CD3)2CO or CDCl3. Chemical shifts are
quoted relative to SiMe4 (1H, external), CFCl3 (19F, external) and 85%
H3PO4 (31P, external). Excitation and emission spectra were recorded on a
Perkin-Elmer LS-50B luminescence spectrometer. Acetone for photo-
physics was distilled over potassium permanganate and degassed before
use. NBu4[AuR2] (R�C6F5, C6Cl5) starting materials were prepared
according to ref. [25].


Preparation of [Tl(OPPh3)(THF)][Au(C6Cl5)2][Tl(OPPh3)][Au(C6Cl5)2]
(1) and [Tl(OPPh3)(acetone)][Au(C6Cl5)2][Tl(OPPh3)][Au(C6Cl5)2] (2):
OPPh3 (0.07 g, 0.26 mmol) was added to a solution of TlPF6 (0.09 g,
0.26 mmol) and NBu4[Au(C6Cl5)2] (0.24 g, 0.26 mmol) in THF (1; 35 mL)
or acetone (2 ; 35 mL). The solutions were stirred for 30 min followed by
evaporation of the solvents under vacuum. The resulting solids were
washed with dichloromethane (20 mL) and collected by filtration to give 1
and 2 as green solids. Yield: 72% (1) and 65% (2). Crystals suitable for
X-ray diffraction studies on 1 and 2 were obtained by slow diffusion of n-
hexane into a concentrated solution of the complex in THF (1) or acetone
(2). Elemental analysis (%) calcd for 1 (C64H38Au2Tl2P2Cl20O3): C 31.65, H
1.6; found: C 31.8, H 1.7; elemental analysis (%) calcd for 2
(C63H36Au2Tl2P2Cl20O3): C 31.35, H 1.50; found: C 31.0, H 1.45; 31P{1H}
NMR (298 K, (CD3)2CO)), �� 26.5 (s) (1); 26.7 ppm (s) (2); 1H NMR
(298 K, (CD3)2CO)): �� 7.56 ± 7.73 (m, 30H, Ph) (1); 7.54 ± 7.70 (m, 30H,
Ph) (2); 3.43, (m, 4H, THF), 1.86 (m, 4H, THF) (1); 2.09 ppm (s, 6H,
acetone) (2); MS for 1 and 2 :m/z (%): 695 (100) [Au(C6Cl5)2]� (ES� ), 204
(100), Tl� (ES� ).
Crystallography : The crystals were mounted in inert oil on glass fibres and
transferred to the cold gas stream of a Nonius Kappa CCD diffractometer
equipped with an Oxford Instruments low-temperature attachment. Data
were collected with monochromatized MoK� radiation (�� 0.71073 ä) by	
and � type scans. Absorption corrections: numerical (based on multiple
scans). The structures were solved by direct methods and refined on F 2 by
using the program SHELXL-97.[26] All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included with a riding model.
Further details of the data collection and refinement are given in Table 1.
CCDC-187673 and CCDC-187674 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-


tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44) 1223 ± 336 ± 033; or deposit@ccdc.cam.ac.uk).
Methods of calculation : HF and MP2 calculations : The Gaussian98
package[27] was used. The basis sets and pseudopotentials (PP) used in
the production run are given in Table 4. The 19-valence electron (VE)
quasirelativistic (QR) and nonrelativistic (NR) PPs of Schwerdtfeger
et al.[28] were employed for gold. For the thallium atom 3-VE QR and NR
PPs were used.[29] We employed one f-type polarization function for Au and
Tl centres. The f orbital is necessary for the weak intermolecular
interactions, as was demonstrated previously for various metals.[1, 4, 30] The
diffuse f orbital exponent for the Tl atom was obtained by maximizing the
electric dipole polarizability of the TlI cation (�f� 0.34). The atoms C, P
and O were also treated by Stuttgart pseudopotentials,[31] including only the
valence electrons for each atom. For these atoms, double-zeta basis sets
were used, augmented by d-type polarization functions. For the H atom, a
double-zeta and one p-type polarization function were used (see Ta-
ble 13).[32]


First, we studied the experimental compounds using the model [Tl(O-
PH3)2][Au(C6H5)2]. We replaced the groups OPPh3 by OPH3 and C6F5 by
C6H5. We optimised the structures [Tl(OPH3)2]� and [Au(C6H5)2]�


separately at the second-order M˘ller ± Plesset (MP2) level of perturbation
theory (see Figure 5).[33] We studied the intermolecular interactions by
comparing the Au ±Tl distances obtained at the Hartree-Fock (HF) and
MP2 levels of theory with both QR and NR pseudopotentials. The
interaction energies were calculated by using the method of counterpoise
correction. Therefore, the basis sets superposition error (BSSE) is
corrected in these analyses.


TD-DFT calculations : The molecular structures used in the theoretical
studies on [Tl(OPH3)2][Au(C6H5)2][Tl(OPH3)(H2O)][Au(C6H5)2] (1a) and
[Tl(OPH3)2][Au(C6H5)2][Tl(OPH3)2][Au(C6H5)2] (3a) were taken from the
X-ray diffraction data for [Au(C6Cl5)2]2[Tl(OPPh3)][Tl(OPPh3)(THF)] (1)
and [Tl(OPPh3)2][Au(C6F5)2] (3), respectively. Keeping all distances, angles
and dihedral angles frozen, single-point DFT calculations were performed
on the models. In both the single-point ground-state calculations and the
subsequent calculations of the electronic excitation spectra, the default
Beck ± Perdew (BP) functional[34±36] as implemented in TURBOMOLE[37]


was used. The excitation energies were obtained at the density functional
level by using the time-dependent perturbation theory approach (TD-
DFT),[38±42] which is a DFT generalization of the Hartree ± Fock linear
response (HF-LR) or random-phase approximation (RPA) method.[43]


In all calculations, the Karlsruhe split-valence quality basis sets[44]


augmented with polarization functions[45] were used (SVP). The Stuttgart
effective core potentials in TURBOMOLE were used for Au and Tl.[46]


Calculations were performed without any assumption of symmetry for 1a ±
1d and 3a.
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A Three-Component Reaction for Diversity-Oriented Synthesis of
Polysubstituted Piperidines: Solution and Solid-Phase Optimization of the
First Tandem Aza[4�2]/Allylboration


Barry B. Toure¬,[a] Hamid R. Hoveyda,[a, b] Jyoti Tailor,[a] Agnieszka Ulaczyk-Lesanko,[a]
and Dennis G. Hall*[a]


Abstract: This article describes the de-
sign and optimization of a simple three-
component aza[4�2]/allylboration reac-
tion to access polysubstituted �-hydroxy-
alkyl piperidines in a highly diastereo-
controlled fashion from maleimides, 4-
boronohydrazonodienes, and aldehydes.
The aldehyde component does not in-
terfere with the first aza[4�2] step, and
it was found that this tandem reaction
provides better yields of piperidine
products 5 when carried out in one-pot.
The required 4-borono-hydrazono-
dienes 1 are synthesized efficiently from
the condensation of 3-boronoacrolein


pinacol ester (4) with hydrazines. Over-
all, the three-component process using
N-substituted maleimides as dienophiles
produces four stereogenic centers and is
quite general. It tolerates the use of a
wide variety of aldehydes and hydrazine
precursors with different electronic and
steric characteristics. By allowing such a
wide substrate scope and up to four


elements of diversity, this reaction proc-
ess is particularly well adapted towards
applications in diversity-oriented syn-
thesis of polysubstituted piperidine de-
rivatives. The suitability of the aza[4�2]/
allylboration reaction for use in solid-
phase chemistry was also demonstrated
using a N-arylmaleidobenzoic acid func-
tionalized resin. This novel multicompo-
nent reaction thus offers a high level of
stereocontrol and versatility in the prep-
aration of densely functionalized nitro-
gen heterocycles.


Keywords: boron ¥ diastereo-
selectivity ¥ heterocycles ¥ multi-
component reactions ¥ solid-phase
synthesis


Introduction


Multicomponent reactions (MCR) can be broadly defined,
regardless of their mechanistic nature, as ™one-pot∫ processes
that combine three or more substrates simultaneously.[1] The
most effective MCRs provide new products with optimal
change in structure and functionality from simple substrates,
and in a simple, highly atom-economical fashion. MCR
processes are particularly attractive both towards natural
product synthesis and in the more recent contexts of
combinatorial chemistry and diversity-oriented synthesis
(DOS).[2] Yet, to this day there are still only a few versatile
MCRs displaying a wide substrate generality suitable towards
applications in DOS. We were interested in the development


of novel MCRs to access polysubstituted piperidine deriva-
tives, and in particular, those possessing an �-hydroxyalkyl
side chain. Several biologically interesting alkaloids and
azasugar analogues contain a piperidine ring flanked with a
stereodefined hydroxyalkyl group at the �-position (Fig-
ure 1).[3]
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HO
H


HO
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N
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CO2Me
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swainsonine
(-)-methyl palustramate


Figure 1. Selected examples of natural products containing �-hydroxyalkyl
piperidine units.


As judged by the popularity of synthetic polysubstituted
derivatives in pharmaceutical drug development,[4] the piper-
idine subunit can be considered a privileged structure with
respect to biological properties. To the best of our knowledge,
there are very few MCRs for the construction of piperidine
derivatives. These specific cases include the Grieco three-
component reaction[5] and a limited number of Ugi-type
condensations[6] [Eqs. (1) and (2) in Figure 2] which cannot,
however, easily accommodate the formation of an �-hydroxy-
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(1) Grieco three-component synthesis of piperidines[5]


(3) Petasis three-component synthesis of β-aminoalcohols[7]


(2) Ugi-type three-component approach to piperidines[6a,b]


+   R2NH2 +   R3B(OH)2


(4) Modified Passerini MCR approach to β-aminoalcohol derivatives[8]


+   R4NC   +   R5CO2H


Figure 2. Examples of multicomponent reactions.


alkyl side chain. Similarly, although the Petasis borono-
Mannich reaction[7] and modified Passerini condensations[8]


are powerful MCRs to access acyclic �-aminoalcohol units
[Eqs. (3) and (4)], these processes have not been applied to
the construction of �-hydroxyalkyl piperidines.[9]


Herein, we present a detailed study on the design and
optimization of a simple, stereoconvergent MCR strategy for
the construction of polysubstituted �-hydroxyalkyl piperi-
dines based on a tandem aza[4�2]/allylboration reaction.[10]


Results and Discussion


Design : To access �-hydroxyalkyl piperidine derivatives in
one operation with a high degree of stereocontrol, we
envisioned a tandem reaction initiated by the hetero[4�2]
cycloaddition of 1-aza-4-borono-1,3-butadienes (1) with ap-
propriate dienophiles that could be followed by reaction of
the allylboronate intermediates with aldehydes (Scheme 1).
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Scheme 1. Retrosynthetic approach to substituted piperidine derivatives
using a tandem aza[4�2]/allylboration reaction.


Whereas [4�2] cycloadditions of 1-aza-1,3-butadienes[11]
and 1,3-dienylboronates[12] are known, the hybrid hetero-
dienes (e.g. 1) combining both substitution patterns are
unprecedented. The elegant work of Vaultier and others has
demonstrated the great versatility of 1,3-dienylboronates in
[4�2] cycloadditions.[12a] From the intermediate cycloadducts,
oxidation of the boronic ester group affords secondary
alcohols, whereas allylboration of aldehydes leads to homo-
allylic alcohols in a very high diastereoselectivity. In the case
of 1-aza-4-borono-1,3-butadienes 1, we anticipated that the
tandem hetero[4�2]/allylboration reaction planned in
Scheme 1 could be carried out as a ™one-pot∫ three-compo-
nent reaction.[13] This hypothesis was based on the premise
that the aldehyde component would not interfere with the
first stage of the tandem process, the hetero[4�2] cyclo-
addition, for example by acting as a heterodienophile vis-a¡ -vis
heterodienes 1.


Solution-phase studies : The hydrazonodienes 1 required in
the current investigation were easily synthesized by the
condensation of aldehyde 4 with the desired hydrazines
(Scheme 2).[14] As described in our first report,[10] the common
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Scheme 2. General preparation of azadienes 1. a) i) (R)-�-pinene
(2 equiv) in THF, BH3 ¥Me2S (1 equiv), 0 �C, 15 min; then RT, 2 h; add 2
(1 equiv), 0 �C, 1 h; then RT, 1 h; add CH3CHO (10 ± 20 equiv), 0 �C; then
reflux (45 �C), 12 h. ii) H2O (75 equiv), 0 �C, 3 h (80%). b) Dry pinacol
(1 equiv), THF (100%). c) Hydrazine (1 equiv) CH2Cl2, MgSO4


(1.3 equiv), reflux, 2 h (90 ± 95%).


precursor 4 can be made from propiolaldehyde diethyl acetal
(2) using a literature procedure involving two consecutive
distillations.[15, 16] The whole process proved rather cumber-
some and low yielding. Since then we have improved the
synthesis of 4 by developing a simple and practical procedure
that avoids any distillation, and provides this key aldehyde 4
in high yield and purity. Hydroboration of 2 with diisopino-
campheylborane, followed by acetaldehyde promoted oxida-
tive dealkylation and hydrolysis afforded 3-boronoacrolein
(3) directly. The latter, which precipitates as a white solid
upon evaporation of the ethereal extraction layer, can be
readily separated from the residual pinene by a simple
filtration followed by washing with cold hexanes or dichloro-
methane. Formation of the corresponding ester 4 was easily
carried out by reaction with an equimolar amount of pinacol.
This key intermediate was isolated with ease in high yield, and
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in essentially pure form, by evaporation of the THF solution.
Both 3 and 4 can be stored for a few months at 0 �C and used
when required towards the preparation of azadienes 1. We
initially reported the preparation of these hydrazonodienes 1
by acid catalyzed condensation of aldehyde 4 with the
required hydrazines.[10] Since then, we have employed a
simpler and more efficient procedure using anhydrous
magnesium sulfate as dehydrating agent.
Maleimides were chosen as model electron-poor dieno-


philes since they are known to afford complete endo-
selectivity in their [4�2] cycloadditions.[12a] Thus, optimization
of reaction conditions was carried out with 1-dimethylamino-
4-borono-1-azabutadiene 1a, N-phenylmaleimide, and benz-
aldehyde to give bicyclic product 5a (Table 1). By carrying out
the reaction in two distinct operations, our initial investiga-
tions indicated that the [4�2] step proceeds rather slowly at
room temperature, and should thus be carried out at elevated
temperatures. Given that the allylboration step also occurs
above ambient temperature, we have opted for a simple one-
pot procedure[12h] in where a solution of the three reagents is
heated in toluene at 80 �C. It appears that the presence of the
aldehyde component does not interfere with the first,
aza[4�2] stage of the MCR. Indeed, this one-pot procedure
provided better yields of 5a as compared to other procedures
involving the sequential addition of the dienophile followed
by the aldehyde. At the outset, we optimized the tandem
reaction using a limiting amount of the diene in order to
facilitate product purification, and also because it is the most
synthetically expensive component. The use of a 1:2:1 diene/
dienophile/aldehyde ratio and a reaction time of 72 hours
were the optimal conditions found to achieve full consump-
tion of the diene (entry 5, Table 1). Unfortunately, all our
attempts to accelerate this tandem process at lower temper-
atures through the use of Lewis acids were in vain.
Interestingly, we have noticed that some of the 4-borono-


hydrazonodienes 1 tend to undergo a thermal trans-cis
isomerization around the C3�C4 bond (Scheme 3). This
phenomena was particularly significant for dialkylhydrazono-
diene 1a, which was formed from aldehyde 4 in a mixture
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Scheme 3. Diene isomerization phenomena.


favoring the E,E isomer in a ratio varying between 2:1 to 5:1.
The occurrence of the minor isomer may be explained by
formation of a cyclic structure with favorable N-B coordina-
tion. At this time it is not yet possible to assess which
particular isomer between the five-memberedZ,E form or the
six-membered Z,Z form is implicated. Nonetheless, the
presence of a C3�C4 Z isomeric form of the hydrazonodienes
was deduced from the coupling constants between all the
olefinic hydrogens. The two isomers are not isolable by
chromatography, thereby suggesting that isomerization may
be a dynamic process even at room temperature. Indeed,
recovered diene 1a from incomplete [4�2]/allylboration
reactions carried out at 80 �C typically consisted of about
5:1 mixture of 3E and 3Z isomers respectively. It appears that
the 3Z isomer was not consumed in the reactions as no
cycloadducts with stereochemistry other than that expected
from the predominant E,E heterodiene were ever observed.
The lack of reactivity of the 3Z isomer could result from the
considerable steric bulk of the pinacolate ester in the endo
approach for that diene. Consequently, since the 3Z diene is
thought to interconvert readily into the reactive 3E isomer at
the reaction temperature, its presence would thus not affect
the yield of final bicyclic products 5.
Several combinations of substrates were explored in order


to assess the generality of this tandem [4�2]/allylboration
MCR process and its potential towards applications in
diversity-oriented synthesis (Table 2).
The bicyclic adducts 5 were obtained following a basic


aqueous work-up required to hydrolyze the resulting pinacol
borate, and a flash-chromatographic purification. According
to 1H NMR analysis of crude reaction products, it appears that
only one stereoisomer was observed in all cases. In general,
the use of diene 1a as a limiting reagent provided modest
yields of product that were nonetheless comparable with
those reported for the reactions of 1,3-dienylboronates.[12h] On
the other hand, when excess diene 1a was used (3:1:1 diene/
dienophile/aldehyde) the yield of bicycle 5a was raised
significantly from 47 to 75% (entries 1 ± 2, Table 2). We
suspect that heterodienes made from non-aromatic hydra-
zines (for example, 1a) are prone to thermal decomposition,
thereby causing a reduction in the yield of desired product
when they are used as limiting components. Unsurprisingly,
the maleimide substituent (R3) can be varied without affecting
product yields significantly (i.e., 5a vs 5b, entries 1 and 3). It
was found, however, that the N-aryl imide products tend to be


Table 1. Optimization of the tandem aza[4�2]/allylboration reaction.[a]


N


NMe2


OO
B


N
Ph


HO NMe2


NPh


O


O


NPh


O


O


1a


PhCHO+ +


5a


Entry Reagent stoichiometry (equiv) t Yield
Diene 1a/N-Ph-maleimide/PhCHO [h] [%][b]


1 1:1:1 24 incompl.
2 1:2:1 24 incompl.
3 1:3:1 24 incompl.
4 1:3:1 72 78
5 1:2:1 72 80


[a] All reactions were carried out by heating a mixture of diene/dienophile/
aldehyde in anhydrous toluene [�0.2�] at 80 �C. [b] Crude yield of
product.
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sensitive to hydrolysis, and must therefore be purified with
more care for characterization purposes. The isolation of
compounds 5c ± g (entries 4 ± 8) shows that a wide range of
aldehydes can be employed, including aliphatic ones, as well
as both electron-rich and electron-poor benzaldehydes. Very
hindered aldehydes such as ortho-disubstituted ones (for
example, entry 9), however, failed to provide the desired
products. Although the prospect for using diverse hydrazone
substituents is irrelevant to the synthesis of free piperidines
(they are accessible through reductive cleavage of the
hydrazine), it is undoubtedly appealing towards combinato-
rial chemistry applications. Hydrazines and hydrazides are
indeed present as pharmacophores in several pharmaceuti-
cals.[17] By including both hydrazone substituents in 1 (R1, R2),
the three components in this multicomponent reaction deliver
four elements of diversity into the compact bicyclic scaffold of
products 5. As shown with the isolation of products 5 i ±m
(entries 10 ± 14), heterodienes 1b ± e made from both mono-
and disubstituted arylhydrazines are also highly effective
substrates. We observed that these heterodienes tend to show
superior thermal stability as compared to 1a and thus gave
higher yields of products in the 65 ± 75% range even when
used as the limiting reagents. The deactivated heterodiene 1 f
made from acetylhydrazine reacted to provide product 5n
although in a modest yield (entry 15). On the other hand, a
similar diene (1g) featuring a carbamate-protected hydrazone
afforded the corresponding cycloadduct 5o in 61% yield
(entry 16). The latter was treated with trifluoroacetic acid to
provide the corresponding free primary hydrazine 6 after flash
chromatography [Scheme 4, Eq. (1)] (see also footnote [c] in
Table 2). Other dienophiles were tested (acrylates, maleic


anhydride, dimethyl fumarate, trans-1,2-bis(phenylsulfonyl)-
ethylene), but in all these cases the tandem reaction was either
not proceeding, or gave products that apparently decomposed
and/or gave unidentified side products at high temperatures.
Nonetheless, by offering such a wide scope of substituents for
the aldehyde and hydrazine components, this MCR offers
significant potential towards diversity-oriented syntheses of
polysubstituted piperidines derivatives. The double bond in
5b could also be selectively hydrogenated under palladium on
charcoal to provide compound 7 [Scheme 4, Eq. (2)]. X-ray
crystal structure determination[18] on the latter confirmed that
the relative stereochemistry resulting from the tandem
aza[4�2]/allylboration reaction of dienes 1, as indicated in
Table 2, mirrors that of the carbocyclic series.[12a]
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Scheme 4. Transformations of tandem aza[4�2]/allylboration products.
a) CF3CO2H/H2O 95:5, RT, 2 h (50%). b) H2 (1 atm), 10% Pd(C), EtOH,
RT, 18 h (72%).


Table 2. Bicyclic products 5 from tandem aza[4�2]/allylboration reactions.[a]


N


NR1R2


OO
B


N
R4


HO NR1R2


NR3


O


O


NR3


O


O


1


R4CHO+ +


5


Entry Diene Dienophile Aldehyde Ratio Product Yield
R1 R2 R3 R4 [%][b]


1 1a Me Me Ph Ph 1:2:1 5a 64
2 1a Me Me Ph Ph 3:1:1 5a 75
3 1a Me Me Me Ph 1:2:1 5b 50
4 1a Me Me Ph 4-NO2C6H4 1:2:1 5c 52
5 1a Me Me Ph 4-MeOC6H4 1:2:1 5d 48
6 1a Me Me Me 2-MeC6H4 2:1:1 5e 50
7 1a Me Me Ph iPrCH2 1:2:1 5f 50
8 1a Me Me Me C6H11 2:1:1 5g 39
9 1a Me Me Me 2,4,6-Me-C6H2 1:2:1 5h ±
10 1b H Ph Ph Ph 1:2:1 5 i 76
11 1c H 4-CF3C6H4 Me Ph 1:2:1 5j 77
12 1d H 4-MeOC6H4 Me Ph 1:2:1 5k 55
13 1e Me Ph Ph Ph 1:2:1 5 l 65
14 1e Me Ph Ph 2-MeOC6H4 2:1:1 5m 68
15 1f H Ac Ph Ph 1:2:1 5n 42
16 1g H Boc Me Ph 1:2:1 5o[c] 61


[a] All reactions were carried out by heating a mixture of diene/dienophile/aldehyde in anhydrous toluene [�0.2�] at 80 �C for 72 h. [b] Unoptimized yields
of products isolated after flash chromatography purification. [c] This compound was characterized as its deprotected primary hydrazine derivative 6 (R2�H)
(see Scheme 4 and Experimental Section).
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Mechanistically, the [4�2] cycloaddition of heterodienes 1
with maleimides is expected to proceed with complete endo-
selectivity to give the allylboronate intermediate shown in
Figure 3. From the latter, the stereochemical outcome of the
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Figure 3. Proposed transition state to rationalize the stereochemistry
resulting from the allylboration step.


allylation step can be explained via the usual cyclic chair-like
allylboration transition state involving anti coordination of
the aldehyde to the boronyl group oriented axially on the
endo face of the piperidine ring. It is noteworthy that this
system constitutes a rare example of allylboration reaction
involving �-amino-substituted allylboryl substrates.[19, 20]


Moreover, the stereochemistry of the resulting 1,2-amino-
alcohol unit is the same as that of several alkaloids including
swainsonine and methyl palustramate (Figure 1), thus con-
firming the potential of this strategy in natural product
synthesis.
In addition to the high level of diastereoselectivity observed


in this tandem hetero[4�2]/allylboration process, it was also
possible to control the absolute stereochemistry of the bicyclic
structure using a chiral auxiliary approach. While �-proline
derived diene 8 failed to give 9 in high de, the dimethyl
analogue 10 was reacted with N-phenylmaleimide, and
benzaldehyde to provide bicycle 11 in a remarkable �95%
de (Scheme 5).[21, 22]
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Scheme 5. Tandem aza[4�2]/allylboration reaction of chiral dienes 8 and
10. a) Conditions of Table 1; (55% for 11).


Solid-phase studies : The possibility of carrying out this
aza[4�2]/allylboration MCR on solid support could signifi-
cantly simplify its application to the generation of parallel
libraries of polysubstituted piperidine derivatives. In partic-
ular, the use of excess reagents, which can be easily eliminated
through simple resin washes, could help drive forward the
tandem process and shorten the long reaction times required
for the solution phase reaction. From a design standpoint, one


of the three components must be tethered to the solid support.
The substrate to be conjugated to the support must be
bifunctional, and since its immobilization usually impedes its
use as a diversifiable element, it is most advantageous to avoid
sacrificing those components that are the most easily acces-
sible as cheap, commercial building blocks. Considering that
there are far more commercial aldehyde and hydrazine
building blocks as compared to N-substituted maleimides,
we chose to tether the latter to the support. To this end, we
made use of our recently published methodology for mal-
eidobenzoic acid (MBA) resins.[23] Thus, optimization of the
solid-supported aza[4�2]/allylboration MCR was carried out
using SASRIN-p-MBA resin 12, diene 1a, and benzaldehyde
(Scheme 6).
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Scheme 6. Optimization of the solid-phase reaction.


Several experiments were performed whereby the relative
stoichiometry of the three components, temperature, and time
were varied with the goal of identifying the mildest, most
economical reaction conditions that would provide full
conversion of the resin bound maleimide (Table 3). Following
the usual resin rinses, cleavage of supported material 13 to
give 14a was effected with 0.5% trifluoroacetic acid in
dichloromethane followed by HPLC analysis (both UV and
ES-MS). Inasmuch as absence of cleaved maleimide 15 from
the crude product represents a complete reaction, these assays
confirmed that the solid-phase tandem reaction was indeed
faster than its solution-phase counterpart. This effect is likely
due to the use of excess reagents and also to the use of a more
electron-poor N-(p-carboxyphenyl)imide dienophile. While the
conditions of entry 1 (72 hours at 80 �C) were a prerequisite to
ensure reaction completion in the solution-phase variant, we
were able to significantly reduce the reaction time to 14 h and


Table 3. Optimization of the tandem aza[4�2]/allylboration reaction on
solid-phase.[a]


Entry Reagent stoichiometry (equiv) T t Outcome[b]


MBA resin 12/diene 1a/PhCHO [�C] [h]


1 1:20:20 80 72 full conversion
2 1:20:20 80 24 full conversion
3 1:20:20 80 14 full conversion
4 1:20:20 40 14 incomplete
5 1:10:10 80 14 full conversion
6 1:5:10 80 14 full conversion


[a] All reactions were carried out by heating a mixture of SASRIN MBA
resin 12 :diene 1a :benzaldehyde in anhydrous toluene [�0.2�] at 80 �C.
[b] The extent of conversion was determined by HPLC (UV and ES-MS).
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obtain cleaner product by using a 20-fold excess of reagents.
Furthermore, as shown with entry 6 (Table 3), full conversion
was maintained by using a smaller amount of the diene
(5 equiv). In the end, the parameters of entry 6 were selected
as the optimal reaction conditions for this solid-phase MCR
process. In addition, we found much to our surprise that the
basic treatment required to hydrolyze the final borate
intermediate in solution phase was not necessary in the
solid-phase variant. This could be explained by the use of
excess methanol during the resin rinsing operations, which
may cause transesterification of the borate ester.
We have examined substrate generality in the solid-phase


MCR, although in less detail since this issue was thoroughly
studied in the solution phase. All three piperidine derivatives
14a ± 14c were obtained in moderate crude yields following
cleavage from the solid support (Figure 4). Furthermore,
according to HPLC-MS analysis, the compounds were iso-
lated with a reasonable level of purity (80 ± 90%) typically
suitable towards HTS of combinatorial libraries. In the design
of such libraries, however, it may be advisable to consider the
synthesis of more hydrolytically stable N-alkyl imide products
(see above) from supported N-alkylmaleimide dienophiles.
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Figure 4. Polysubstituted piperidines synthesized on solid-support.


Conclusion


In summary, we have described the first three-component
aza[4�2]/allylboration reaction to access polysubstituted �-
hydroxyalkyl piperidines in a highly diastereocontrolled
fashion from maleimides, 4-boronohydrazonodienes, and
aldehydes. The required 4-borono-hydrazonodienes are syn-
thesized efficiently from the condensation of 3-boronoacro-
lein pinacol ester (4) with hydrazines. Overall the tandem
aza[4�2]/allylboration process is quite general. It tolerates
the use of a wide variety of aldehydes and hydrazine
precursors with different electronic and steric characteristics.
By allowing a wide substrate scope and up to four elements of
diversity, this MCR is particularly well adapted towards
applications in diversity-oriented synthesis of polysubstituted
piperidine derivatives. The suitability of this MCR for use in
solid-phase chemistry was also demonstrated using an N-ar-
ylmaleidobenzoic acid functionalized resin. Few multicompo-
nent reactions offer such a high level of stereocontrol and
versatility in the preparation of densely functionalized nitro-
gen heterocycles.


Experimental Section


General : Unless otherwise noted, all operations were carried out in oven or
flame-dried glassware under a dry, oxygen-free nitrogen atmosphere. Solid-


phase reactions were carried out in silanized glass vessels or in small
polypropylene (PP) filter vessels (Bio-Rad). In the latter case, agitation of
the vessels was provided by an orbital shaker. The workups of solid-
supported reactions were carried out by rinsing the resin several times with
different solvents (usually toluene, methanol, and methylene chloride).
Acetone, CH2Cl2, and toluene were freshly distilled from calcium hydride
prior to use. Anhydrous THF was distilled from sodium/benzophenone in a
recycling still. Reagents and starting materials were obtained from
commercial suppliers and used without further purification unless other-
wise noted. Pinacol was recrystallized from dichloromethane and dried
under vacuum. All organic extracts were dried over anhydrous MgSO4,
filtered, and concentrated with a rotary evaporator under reduced pressure.
Chromatography refers to flash chromatography on silica gel (230 ±
400 mesh). Thin-layer chromatography (TLC) was performed on 0.25 mm
Merck precoated silica-coated plates (60F-254). Visualization was obtained
by exposure to 5% phosphomolybdic acid in ethanol or aqueous KMnO4


solution. Proton nuclear magnetic resonance (1H NMR) spectra were
recorded at 300, 400, or 500 MHz in CDCl3 as solvent unless otherwise
mentioned. Protons chemical shifts are expressed in parts per million
(ppm) and recorded relative to tetramethylsilane as an internal standard.
Coupling constants are expressed as J values in hertz units (Hz) and are
accurate to �0.4 ± 0.6 Hz. The following abbreviation are used: s� singlet,
d� doublet, dd�doublet of doublet, ddd� doublet of doublet of doublet,
t� triplet, m�multiplet and br�broad. For broad singlets and sym-
metrical multiplets, only the central shift value may be provided, while a
shift range was provided for borader unsymmetrical signals. 13C NMR
spectra were recorded on a Bruker WH-300 (75 MHz) NMR spectrometer
in CDCl3 as solvent, and chemical shifts are expressed in ppm. Infrared
spectra were obtained on a Nicolet Magna-IR 750. Frequencies are
expressed in cm�1. Melting points were determined in a capillary tube on a
Gallenkamp melting point apparatus and are uncorrected. Elemental
analyses (C, H, N) were performed by the microanalytical laboratory of our
department. High resolution electrospray mass spectra (HRMS) were
obtained on a Micromass ZabSpec oa TOF instrument. Significant
protonated molecular ions [M�H]� as well as peaks corresponding to
sodiated molecular ions [M�Na]� were present in most of the spectra
because of trace amounts of sodium salts in the samples. X-ray analysis was
performed on a Bruker SMART 1000/P4/RA diffractometer by Dr. R.
MacDonald at the University of Alberta.


3-Borono-acrolein (3): A 100 mL round bottom flask equipped with a
septum inlet was charged with borane/dimethylsulfide complex (10� stock
solution, 3.3 mL, 33 mmol) and tetrahydrofuran (THF) (10 mL) under
nitrogen. (R)-(�)-�-pinene (91% ee) (10.8 mL, 66.7 mmol) was then added
dropwise at 0 �C. The mixture was stirred for 10 min followed by 2 h at
room temperature. The resulting white diisopinocampheylborane suspen-
sion was cooled to 0 �C and propiolaldehyde diethyl acetal (4.5 mL,
31 mmol) was added slowly. The resulting mixture was stirred at 0 �C for 1 h
and further stirred at room temperature for an additional 1 h, and cooled
back to 0 �C again prior to the quick addition of freshly distilled
acetaldehyde (20 mL). The solution was stirred for 30 minutes, warmed
up, then the flask was fitted with a condenser and heated to 45 �C overnight.
The solution obtained was cooled to 0 �C, and water (12 mL) was added.
After 3 h, the solution was transferred to a separatory funnel. The aqueous
phase was extracted two times with Et2O (50 mL) and ethyl acetate
(50 mL). The combined organic layers were concentrated under reduced
pressure. Under these conditions, the boronic acid precipitates as a white
solid. It was then separated from pinene by addition of either cold hexane
or cold dichloromethane and filtration (2.5 g, 76%).


Pinacol ester 4 : The 3-boronoacrolein (3) (1.00 g, 10.0 mmol) was dissolved
in THF (25 mL) at room temperature, and dry pinacol (recrystallized from
dichloromethane) (1.12 g, 10.0 mmol) was added. The solution was stirred
for 30 minutes then the solvent was evaporated under reduced pressure at
45 �C to afford a colourless oil in quantitative yield. Addition of THF
followed by concentration may be necessary to complete the condensation
by azeotropic removal of the water.


Typical procedure for the preparation of 4-borono heterodienes 1a ± e:
Preparation of N,N-dimethylhydrazonodiene 1a : N,N-dimethylhydrazine
(0.42 mL, 5.5 mmol) and magnesium sulfate (0.86 g, 7.2 mmol) were added
to a solution of aldehyde 4 (1.0 g, 5.5 mmol) in freshly distilled dichloro-
methane. The resulting mixture was then heated under reflux for 2 h.
Magnesium sulfate was removed by filtration through a predried fritted
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funnel. Solvent was evaporated under reduced pressure to afford a
yellowish oil as the product (1.2 g, 90%).


All dienes 1a ± e were isolated as a mixture of two inseparable 3E and 3Z
isomers (see text). NMR assignments are provided only for the major (E,E)
isomers. These dienes were generally employed immediately in the tandem
reactions.


Spectroscopic data for 1a (90% yield): IR (CHCl3 cast): �� � 2977, 2931,
2865, 1548, 1412, 1213, 998, 882, 779 cm�1; 1H NMR (300 MHz, CDCl3):
�� 7.15 (dd, J� 8.9, 17.9 Hz, 1H), 6.93 (d, J� 8.9 Hz, 1H), 5.53 (d, J�
17.9 Hz, 1H), 2.95 (s, 6H), 1.22 (s, 12H); 13C (75 MHz, CDCl3, APT): ��
148.2 (CH), 135.6 (CH), 134.5 (CH), 83.0 (C), 42.4, 24.9; MS (ES):m/z : 225
[M�H]� ; HRMS (ES): m/z : calcd for C11H22BN2O2: 225.1774; found:
225.1778 [M�H]� .
Spectroscopic data for 1b (86% yield): IR (CHCl3 cast): �� � 3285, 2977,
2924, 1560, 1446, 1286, 1214, 1070, 899, 648 cm�1; 1H NMR (300 MHz,
CDCl3): �� 7.34 ± 7.21 (m, 5H), 6.99 (d, J� 9.0 Hz, 1H), 6.87 (dd, J� 9.0,
18.0 Hz, 1H), 5.68 (d, J� 18.0 Hz, 1H), 1.25 (s, 12H); 13C (75 MHz, CDCl3,
APT): �� 146.4 (CH), 143.9 (C), 139.9 (CH), 129.2 (CH), 120.6 (CH), 120.4
(CH), 112.1 (CH), 82.7 (C), 24.7; MS (ES): m/z : 305 [M�Na]� , 273
[M�H]� ; HRMS (ES): m/z : calcd for C15H22BN2O2: 273.1774; found:
273.1769 [M�H]� .
Spectroscopic data for 1c (83% yield): 1H NMR (400 MHz, CDCl3): ��
7.80 (s, 1H), 7.48 (d, J� 6.8 Hz, 2H), 7.42 (d, J� 7.5 Hz, 2H), 7.20 (dd, J�
7.2, 14.6 Hz, 1H), 7.04 (d, J� 6.8, 1H), 5.75 (d, J� 14.5 Hz, 1H), 1.23 (s,
12H); 13C (75 MHz, CDCl3): �� 147.0, 146.6, 141.7, 126.5, 122.7 (q), 112.6,
111.2, 83.6, 25.1; HRMS (EI): m/z : calcd for C16H20BF3N2O2: 340.1570;
found: 340.1572 [M]� .


Spectroscopic data for 1d (88% yield): 1H NMR (300 MHz, CDCl3): ��
7.60 ± 7.46 (br s, 1H), 7.36 (d, J� 9.0 Hz, 1H), 7.19 (dd, J� 9.2, 18.3 Hz, 1H),
6.94 (d, J� 9.0 Hz, 2H), 6.80 (d, J� 9.0 Hz, 2H), 5.63 (d, J� 17.7 Hz, 1H),
3.68 (s, 3H), 1.25 (s, 12H); 13C (75 MHz, CDCl3, APT): �� 154.2 (C), 146.5
(CH), 139.3 (CH), 138.0 (C), 114.8 (CH), 114.6 (CH), 114.1 (CH), 83.4 (C),
55.6 (CH3), 24.7 (CH3); HRMS (ES): m/z : calcd for C16H23BN2O3:
302.1800; found: 302.1799 [M]� .


Spectroscopic data for 1e (81% yield): IR (CHCl3 cast): �� � 2977, 2926,
1651, 1611, 1552, 1457, 1215, 1030, 897, 668, 648 cm�1; 1H NMR (300 MHz,
CDCl3): �� 7.25 (m, 5H), 6.98 ± 6.89 (m, 2H), 5.70 (d, J� 15.3 Hz, 1H),
3.34 (s, 3H), 1.26 (s, 12H); 13C (75 MHz, CDCl3, APT): �� 152.6 (C), 148.4
(CH), 135.7 (CH), 128.8 (CH), 118.4 (CH), 115.6 (CH), 114.8 (CH), 83.1
(C), 44.3, 24.7; MS (ES): m/z : 287 [M�H]� ; HRMS (ES): m/z : calcd for
C16H24BN2O2: 287.1931; found: 287.1938 [M�H]� .
Spectroscopic data for 1g (93% yield): IR (CH2Cl2 cast): �� � 3231, 2933,
1619, 1480, 1457, 1215, 1048, 1020, 900, 866, 764, 588, 457 cm�1; 1H NMR
(500 MHz, CDCl3): �� 7.87 (s, 1H), 7.43 (d, J� 7.5 Hz, 1H), 7.08 (dd, J�
9.5, 17.9 Hz, 1H), 5.76 (d, J� 18.0 Hz, 1H), 1.44 (s, 9H), 1.20 (s, 12H); 13C
(125 MHz, CDCl3, APT): �� 154.2 (C), 146.1 (CH), 145.5 (CH), 145.4
(CH), 83.7 (C), 81.7 (C), 28.3 (CH3), 24.8 (CH3); HRMS (ES): m/z : calcd
for C14H25BN2O4Na: 319.1799; found: 319.1802 [M�Na]� ; elemental
analysis calcd (%) for C14H25BN2O4 (296.17): C 56.72, H 8.51, N 9.49;
found: C 56.06, H 8.51, N 9.28.


Procedure for the preparation of diene 1 f : Acetic hydrazide (0.41 g,
5.55 mmol) was added to a solution of aldehyde 4 (1.01 g, 5.55 mmol) in
anhydrous EtOH (20 mL). The mixture was stirred vigorously for 1 h under
refluxing conditions (85 �C), after which time it was allowed to cool down to
RT. The solution was then evaporated and dried over vacuum to give crude
product 1 f as a pale yellow solid. The crude product was subjected to flash
chromatography on silica gel, eluting with 10% MeOH in dichloro-
methane, giving pure heterodiene 1 f in 62% yield. IR (CHCl3 cast): �� �
3205, 2978, 1958, 1618, 1560, 1270, 1214, 898, 667, 649 cm�1; 1H NMR
(300 MHz, CDCl3): �� 7.42 (d, J� 9.1 Hz, 1H), 7.06 (dd, J� 8.8, 18.0 Hz,
1H), 5.92 (d, J� 18.0 Hz, 1H), 3.47 (s, 3H), 1.23 (s, 12H); 13C (75 MHz,
CDCl3, APT): �� 174.3 (CO), 146.5 (CH), 146.2 (CH), 145.0 (CH), 83.7
(C), 24.8, 20.2; MS (ES): m/z : 261 [M�Na]� , 239 [M�H]� ; HRMS (ES):
m/z : calcd for C11H20BN2O3: 239.1567; found: 239.1564 [M�H]� .
General solution-phase procedure for the preparation of bicyclic piperidine
products 5a ± o, 9, 11: The aldehyde (1 equiv) was added under a nitrogen
atmosphere at room temperature to a solution of diene 1 (1 or 2 equiv) in
toluene (5 mL). The dienophile (1 or 2 equiv) was added to the above
mixture which was then heated at 80 �C for 3 d, then allowed to cool down
to RT diluted with EtOAc, and stirred for 30 min with a saturated solution


of sodium hydrogen carbonate. The organic layer was separated, and the
aqueous layer was extracted with EtOAc (3� 15 mL each). The combined
organic layers were dried over anhydrous magnesium sulfate, filtered, and
concentrated to afford 5 as a crude product. Purification by flash column
chromatography using 1%MeOH in dichloromethane (or EtOAc/hexanes
system) led to the isolation of the pure product 5 as pale yellow solid in 42 ±
77% yield (see Table 2).


Spectroscopic data for 5a : m.p. 80 ± 82 �C; IR (CHCl3 cast): �� � 3475, 2944,
1783, 1597, 1454, 1199, 1059, 864, 667, 646, 621 cm�1; 1H NMR (300 MHz,
CDCl3): �� 7.25 ± 7.55 (m, 10H), 6.01 (ddd, J� 1.5, 3.7, 10.5 Hz, 1H), 5.75
(ddd, J� 1.5, 4.3, 10.6 Hz, 1H), 4.62 (d, J� 8.4 Hz, 1H), 4.24 (br s, 1H,
OH), 3.89 (d, J� 9.5 Hz, 1H), 3.62 ± 3.58 (m, 1H), 3.54 ± 3.48 (m, 1H), 2.50
(s, 6H); 13C (75 MHz, CDCl3, APT): �� 176.1, 174.0(CO), 140.1, 131.6 (C),
130.6, 129.2, 128.7, 128.5, 128.2, 127.2, 126.3, 121.1, 76.6, 61.4, 57.2, 43.7 (N-
CH3), 38.9 (CH); MS (ES): m/z : 400 [M�Na]� , 378 [M�H]� , 360[M�
H2O]� ; HRMS (ES): m/z : calcd for C22H23N3O3Na: 400.1637; found:
400.1639 [M�Na]� .
Spectroscopic data for 5b : m.p. 110 ± 112 �C; IR (CHCl3 cast): �� � 3463,
2945, 1779, 1704, 1454, 1434, 1279, 1199, 1124, 990, 809, 775, 703 cm�1;
1H NMR (300 MHz, CDCl3): �� 7.35 ± 7.25 (m, 5H), 5.91 (dd, J� 2.2,
10.4 Hz, 1H), 5.63 (ddd, J� 2.2, 4.5, 11.6 Hz, 1H), 4.42 (d, J� 9.1 Hz, 1H),
4.26 (br s, 1H, OH), 3.73 (d, J� 9.6 Hz, 1H), 3.46 ± 3.40 (m, 2H), 3.05 (s,
3H) 2.46 (s, 6H); 13C (75 MHz, CDCl3, APT): �� 177.0, 175.1 (CO), 140.2
(C), 130.2, 128.4, 128.1, 127.1, 121.2, 75.6, 61.2, 57.3, 38.7 (CH), 43.7 [N-
N(CH3)2], 25.3 (N-CH3); MS (ES): m/z : 338 [M�Na]� , 316 [M�H]� ;
HRMS (ES): m/z : calcd for C17H21N3O3Na: 338.1481; found: 338.1481
[M�Na]� ; elemental analysis calcd (%) for C17H21N3O3 (315.16): C 64.8, H
6.7, N, 13.3; found: C 64.1, H 6.6, N 12.6.


Spectroscopic data for 5c : m.p. 90 ± 92 �C; IR (CHCl3 cast): �� � 3439, 2922,
2852, 1778, 1597, 1499, 1376, 1197, 1108, 1072, 752, 691 cm�1; 1H NMR
(300 MHz, CDCl3): �� 8.40 (d, J� 7.2 Hz, 2H), 7.55 ± 7.38 (m, 5H), 7.29 (d,
J� 6.8 Hz, 2H), 6.08 (dd, J� 3.7, 10.6 Hz, 1H), 5.75 (ddd, J� 1.5, 3.9,
9.8 Hz, 1H), 4.60 (d, J� 8.4 Hz, 1H), 4.14 ± 4.04 (m, 1H), 4.02 (d, J�
9.3 Hz, 1H), 3.66 ± 3.56 (m, 1H), 3.52 ± 3.43 (m, 1H), 2.47 (s, 6H); 13C
(75 MHz, CDCl3): �� 176.1, 173.6, 155.8, 147.8, 131.5 (2), 130.5, 129.7, 129.3,
129.1, 127.8, 126.5, 126.1, 123.7, 75.5, 60.4, 56.3, 43.6 [N-N(CH3)2], 39.1; MS
(ES): m/z : 445 [M�Na]� , 423 [M�H]� ; HRMS (ES): m/z : calcd for
C22H22N4O5Na: 445.1488; found: 445.1482 [M�Na]� .
Spectroscopic data for 5d : m.p. 107 ± 110 �C; IR (CHCl3 cast): �� � 3476,
2919, 2850, 1651, 1597, 1513, 1302, 1137, 832, 806, 692, 405 cm�1; 1H NMR
(300 MHz, CDCl3): �� 7.50 ± 7.35 (m, 5H), 7.30 ± 7.20 (m, 4H), 6.75 (d, J�
6.0 Hz, 2H), 5.98 (ddd, J� 1.1, 3.6, 10.6 Hz, 1H), 5.71 (ddd, J� 2.3, 4.6,
10.5 Hz, 1H), 4.60 (d, J� 8.5 Hz, 1H), 3.88 (s, 1H), 3.82 (d, J� 9.1 Hz, 1H),
3.77 (s, 3H), 3.53 ± 3.51 (m, 1H), 3.51 ± 3.44 (m, 1H), 2.50 (s, 6H); 13C
(75 MHz, CDCl3, APT): �� 176.0, 174.0 (CO), 159.6, 132.1, 131.6 (C),
130.7, 129.3, 128.9, 128.3, 126.2, 121.1, 113.9, 75.6, 61.5, 57.2, 55.3 (CH), 43.7
[N-N(CH3)2], 38.8 (OCH3); MS (ES):m/z : 430 [M�Na]� , 408 [M�H]� , 390
[M�H2O]� ; HRMS (ES): m/z : calcd for C23H25N3O4Na: 430.1743; found:
430.1742 [M�Na]� .
Spectroscopic data for 5e : FTIR (CHCl3 cast): �� � 3471, 2946, 2817, 2776,
1780, 1705, 1434, 1374, 1279 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.50
(dd, J� 1.2, 8.7 Hz, 1H), 7.20 (dd, J� 1.2, 6.8 Hz, 1H), 7.13 (dt, J� 1.5,
7.5 Hz, 1H), 7.04 (d, J� 7.2 Hz, 1H), 5.85 (ddd, J� 1.5, 3.9, 10.5 Hz, 1H), 5.6
(ddd, J� 2.1, 4.7 and 10.5 Hz, 1H), 4.50 (d, J� 8.4 Hz), 4.1 (d, J� 9.9 Hz,
1H), 3.55 ± 3.50 (m, 1H), 3.47 ± 3.39 (m, 1H), 3.05 (s, 3H), 2.50 (s, 6H), 2.10
(s, 3H); 13C NMR (75 MHz, CDCl3): �� 177.1, 175.0, 138.3, 135.3, 130.4,
130.2, 127.7, 126.6, 126.5, 70.4, 61.4, 57.2, 43.8, 38.7, 25.2, 19.4; HRMS (EI):
m/z : calcd for C18H23N3O3: 329.1740; found: 329.1741 [M]� ; elemental
analysis calcd (%) for C18H23N3O3 (329.17): C 65.65, H 6.99, N 12.76; found:
C 65.52, H 6.92, N 12.62.


Spectroscopic data for 5 f : m.p. 75 ± 78 �C; IR (CHCl3 cast): �� � 2953, 1777,
1713, 1597, 1499, 1455, 1383, 1180, 751, 691 cm�1; 1H NMR (300 MHz,
CDCl3): �� 7.58 ± 7.25 (m, 5H), 6.17 (dddd, J� 0.9, 2.2, 4.6, 8.4 Hz, 1H),
6.04 (ddd, J� 2.1, 4.0, 10.5 Hz, 1H), 4.52 (d, J� 8.6 Hz, 1H), 3.54 (m, 1H),
3.24 (m, 2H), 2.52 ± 2.49 (m, 1H), 2.51 (s, 6H), 1.91 (m, 1H), 1.22 (m, 2H),
0.92 (s, 6H); 13C (75 MHz, CDCl3, APT): �� 176.4, 174.1 (CO), 131.6 9 (C),
130.9, 129.2, 129.1, 126.2, 121.2, 70.7, 60.0, 57.3, 56.3, 43.7 (CH), 42.4 (CH2),
38.6 [N-N(CH3)2], 24.6, 23.9 (CH3); MS (ES): m/z : 380 [M�Na]� , 358
[M�H]� ; HRMS (ES): m/z : calcd for C20H28N3O3: 358.2131; found:
358.2136 [M�H]� .
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Spectroscopic data for 5g : IR (CHCl3 cast): �� � 3495, 2927, 2851, 2772, 1781,
1705, 1434, 1376, 1278 cm�1; 1H NMR (300 MHz, CDCl3): �� 6.05 (ddd,
J� 2.1, 4.8, 10.5 Hz, 1H), 5.94 (ddd, J� 1.2, 3.9, 10.5 Hz, 1H), 4.38 (d, J�
8.7 Hz, 1H), 3.48 ± 3.42 (m, 2H), 3.40 ± 3.36 (m, 1H), 2.95 (s, 3H), 2.60 (d,
J� 9 Hz, 1H), 2.48 (s, 6H), 1.78 ± 1.09 (five m×s, 11H); 13C NMR (75 MHz,
CDCl3): �� 177.2, 175.1, 130.7, 121.1, 76.1, 56.7, 43.6, 39.1, 38.6, 31.2, 26.8,
26.4, 25.3, 25.2; HRMS (EI): m/z : calcd for C17H27N3O3: 321.2052; found:
321.2058; elemental analysis calcd (%) for C17H27N3O3 (321.20): C 63.55, H
8.41, N 13.03; found: C 63.57, H 8.49, N 13.07.


Spectroscopic data for 5 i : m.p. 180 ± 182 �C; IR (CHCl3 cast): �� � 3515,
3028, 2920, 1715, 1600, 1495, 1454, 1384, 1371, 1247, 1195, 1058, 971, 828,
751, 699 cm�1; 1H NMR (300 MHz, CDCl3�D2O): �� 7.49 ± 6.92 (m, 15H),
6.23 ± 6.17 (m, 1H), 5.59 (ddd, J� 2.2, 4.4, 10.4 Hz, 1H), 4.61 (d, J� 9.2 Hz,
1H), 4.22 (d, J� 9.6 Hz, 1H,), 3.91 (br s, 1H, OH), 3.85 ± 3.71 (m, 2H); 13C
(75 MHz, CD2Cl2): �� 173.6, 173.5 (CO), 147.1 139.4, 131.3 (C), 129.6,
129.4, 129.3, 129.1, 128.6, 128.4, 127.1, 126.2, 126.1, 121.1, 114.13, 76.3, 68.1,
68.0, 38.3 (CH); MS (ES): m/z : 448 [M�Na]� ; HRMS (ES): m/z : calcd for
C26H23N3O3Na: 448.1637; found: 448.1636 [M�Na]� ; elemental analysis
calcd (%) for C26H23N3O3 (425.17): C 73.5, H 5.4, N 9.9; found: C 73.2, H
5.2, N 9.6.


Spectroscopic data for 5 j : FTIR (CHCl3 cast): �� � 3464, 3246, 2920, 1958,
1784, 1705, 1617, 1527, 1495, 1431, 1413, 1385, 1275 cm�1; 1H NMR
(300 MHz, CD3COCD3): �� 7.48 (d, J� 8.6, 2H), 7.45 ± 7.21 (m, 5H), 7.16
(d, J� 8.3 Hz, 2H), 6.03 (ddd, J� 1.3, 4.4, 10.4 Hz, 1H), 5.58 (ddd, J� 2.2,
4.4, 10.5 Hz, 1H), 4.50 (d, J� 8.2 Hz, 1H), 4.26 (s, 1H), 4.21 (br s, 1H),
3.75 ± 3.58 (m, 2H), 2.97 (s, 3H); 13C NMR (75 MHz, CD3COCD3): ��
176.6, 175.3, 151.6, 141.6, 128.8, 128.4, 127.9, 126.9, 123.0, 120.4 (q), 113.3,
113.2, 76.2, 76.1, 62.3, 38.0, 25.1; HRMS (EI): m/z : calcd for C22H20F3N3O3:
431.1457; found: 431.1471 [M]� ; elemental analysis calcd (%) for
C22H20F3N3O3 (431.15): C 61.25, H 4.64, N 9.74; found: C 61.1, H 4.51, N
9.64.


Spectroscopic data for 5k : m.p. 210 �C (decomp.); IR (CH2Cl2 cast): �� �
2827, 1771, 1604, 1299, 1205, 1167, 995, 918, 902, 878, 677, 619, 599, 561 cm�1;
1H NMR (400 MHz, CDCl3): �� 7.25 ± 7.12 (m, 5H), 6.97 ± 6.92 (m, 2H),
6.82 ± 6.76 (m, 2H), 6.15 ± 6.05 (m, 1H), 5.45 (ddd, J� 2.2, 4.7, 10.4 Hz, 1H),
4.39 (d, J� 8.3 Hz, 1H), 4.09 ± 3.95 (m, 1H), 3.71 (s, 3H), 3.58 (m, 1H),
3.54 ± 3.44 (br s, 1H), 3.00 (s, 3H); 13C (75 MHz, CDCl3): �� 174.7 (CO),
154.7 (C), 139.5 (C), 128.5 (CH), 128.3 (CH), 127.1 (CH), 116.0 (CH), 114.9
(CH), 67.3 (CH), 55.7 (CH3), 37.6 (CH), 25.3 (CH3); HRMS (ES): m/z :
calcd for C22H23N3O4: 393.1700; found: 393.1704 [M]� ; elemental analysis
calcd (%) for C22H23N3O4 (393.44): C 67.16, H 5.89, N 10.68; found: C 66.63,
H 5.78, N 10.62.


Spectroscopic data for 5 l : m.p. 190 ± 192 �C; IR (CHCl3 cast): �� � 3497,
2921, 1716, 1597, 1496, 1454, 1384, 1371, 1244, 1141, 971, 829, 792, 692,
622 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.60 ± 7.20 (m, 15H), 6.10 (ddd,
J� 1.5, 3.5, 9.0 Hz, 1H), 5.81 (ddd, J� 2.4, 4.1, 10.6 Hz, 1H), 4.41 (d, J�
8.3 Hz, 1H), 4.20 (d, J� 8.9 Hz, 1H), 3.96 (br s, 1H, OH), 3.71 ± 3.62 (m,
2H), 3.01 (s, 3H); 13C (75 MHz, CDCl3): �� 175.7, 173.6 (CO), 149.3, 139.8,
131.3 (C), 131.0, 129.5, 129.3, 128.9, 128.5, 128.2, 127.1, 126.0, 120.1, 114.4,
76.6, 66.3, 58.6, 39.5 (CH), 35.6 (CH3); MS (ES): m/z : 462 [M�Na]� ;
HRMS (ES): m/z : calcd for C27H25N3O3Na: 462.1794; found: 462.1792
[M�Na]� .
Spectroscopic data for 5m : IR (CHCl3 cast): �� � 3524, 3061, 2937, 1782,
1716, 1598, 1494, 1464, 1387, 1371 cm�1; 1H NMR (300 MHz, CDCl3): ��
7.50 ± 7.36 (m, 4H), 7.32 ± 7.18 (m, 7H), 6.94 (dd, J� 7.5, 7.5 Hz, 1H), 6.88 ±
6.82 (m, 1H), 6.80 (d, J� 8.3 Hz, 1H), 6.05 (ddd, J� 1.8, 3.9, 10.5 Hz, 1H),
5.80 (ddd, J� 1.8, 4.5, 10.5 Hz, 1H), 4.80 (dd, J� 2.4, 8.1 Hz, 1H), 4.40 (d,
J� 8.4 Hz, 1H), 3.79 ± 3.71 (m, 1H), 3.66 ± 3.58 (m, 1H), 3.62 (s, 3H), 3.56
(brd, J� 2.7 Hz, 1H), 3.00 (s, 3H); 13C (75 MHz, CDCl3, APT): �� 175.9,
173.9, 156.2, 149.4, 131.6, 131.0, 129.3, 129.2, 128.8, 128.3, 127.3, 126.3, 120.9,
120.6, 119.7, 114.2, 110.4, 68.8, 65.5, 58.8, 55.2, 39.2, 35.5; HRMS (EI): m/z :
calcd for C28H27N3O4: 469.2002; found: 469.1998 [M]� ; elemental analysis
calcd (%) for C28H27N3O4 (469.53): C 71.61, H 5.75, N, 8.95; found: C 71.82,
H 5.63, N 8.72.


Spectroscopic data for 5n : m.p. 110 ± 112 �C; IR (CHCl3 cast): �� � 3021,
2960, 2924, 2852, 1593, 1567, 1496, 1455, 1371, 1259, 1186, 1153, 1100, 1026,
920, 867, 793, 730, 667, 620 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.60 ± 7.20
(m, 10H), 6.10 (ddd, J� 2.2, 3.0, 10.4 Hz, 1H), 5.98 (ddd, J� 2.4, 3.5,
10.4 Hz, 1H), 5.82 (d, J� 5.5 Hz, 1H), 5.22 (d, J� 9.3 Hz, 1H), 4.75 ± 4.65
(m, 1H), 3.85 ± 3.75 (m, 1H), 1.92 (s, 3H); 13C (75 MHz, CDCl3, APT): ��


174.0, 173.4, 169.6 (CO), 136.9, 136.0 (C), 131.4, 129.1, 128.7, 128.5, 128.4,
127.6, 127.4, 121.0, 77.5, 61.8, 58.7, 39.8 (CH), 21.1 (COCH3); MS (ES): m/z :
414 [M�Na]� ; HRMS (ES): m/z : calcd for C22H21N3O4Na: 414.1430;
found: 414.1430 [M�Na]� .
Spectroscopic data for 5o (6): Although compound 5o shows correct MS
data (see HPLC-ESMS chromatogram in Supporting Information), it exists
as a mixture of rotamers that complicate NMR spectra. Therefore it was
rather characterized as a free hydrazine derivative (6) following cleavage of
the Boc group: A mixture of trifluoroacetic acid and water (95:5, 10 mL)
was added to 5o (0.327 g, 0.85 mmol) at 0 �C under N2. The reaction
mixture was warmed up to RT and stirred for 2 h. After completion, the
reaction mixture was dried with MgSO4, filtered, and benzene (50 mL) was
added to the filtrate. The solvents were removed in vacuo (this was
repeated twice) to give a brown solid as the crude product (0.300 g). The
crude product was purified by flash chromatography with 5% MeOH in
CH2Cl2 as solvents system, and pure free primary hydrazine compound 6
was obtained (0.126 g, 50%). Spectroscopic data for 6 : m.p. 178 ± 181 �C; IR
(CH2Cl2 cast): �� � 3348, 3059, 2879, 1778, 1602, 1494, 1225, 1198, 1055, 985,
910, 817, 799, 764, 734, 669, 619, 552 cm�1; 1H NMR (300 MHz, CDCl3): ��
7.45 ± 7.20 (m, 5H), 5.92 (ddd, J� 2.4, 2.6, 10.2 Hz, 1H), 5.32 ± 5.23 (m, 1H),
4.48 (d, J� 8.7, 1H), 3.59 (d, J� 7.5 Hz, 1H), 3.39 ± 3.25 (m, 2H), 3.00 (s,
3H); 13C (100 MHz, CDCl3, APT): �� 174.9 (C), 140.6 (C), 128.5 (CH),
128.2 (CH), 127.6 (CH), 119.0 (C), 78.7 (CH), 66.7 (CH), 65.1 (CH), 41.3
(CH), 25.1 (CH3); MS (ES):m/z : 288 [M�H]� ; HRMS (ES)::m/z : calcd for
C15H17N3O3Na: 310.1167; found: 310.1660 [M�Na]� .
Preparation of 7: Compound 5b (0.16 g, 0.51 mmol) dissolved in EtOH
(2 mL) was added under an H2 atmosphere to a suspension of 10% Pd on
carbon (0.16 g) in EtOH (3 mL). After 18 h of stirring at RT, the catalyst
was filtered out. The solution was concentrated and purified by chroma-
tography on silica gel (5% MeOH in dichloromethane) affording 7 as pale
yellow solid (0.12 g, 75%), which was crystallized from dichloromethane
(RT).


Spectroscopic data for 7: m.p. 138 ± 140 �C; IR (CHCl3 cast): �� � 3018, 2916,
2848, 1704, 1434, 1383, 1282, 1215, 1130, 1062, 967, 754, 702, 667 cm�1;
1H NMR (300 MHz, CDCl3): �� 7.34 ± 7.20 (m, 5H), 4.36 (d, J� 8.8 Hz,
1H), 3.98 (d, J� 7.2 Hz, 1H), 3.08 ± 2.95 (m, 5H), 2.45 (s, 6H), 2.03 ± 1.89
(m, 1H), 1.70 ± 1.60 (m, 1H), 1.25 ± 1.14 (m, 1H), 0.95 ± 0.80 (m, 1H); 13C
(75 MHz, CDCl3, APT): �� 178.6, 178.3 (CO), 142.1 (C), 128.2, 127.5,
126.9, 78.7, 65.2, 51.8, 42.1 [N-N(CH3)2], 40.4 (CH), 25.2 (NCH3), 22.8, 21.7
(CH2); MS (ES):m/z : 340 [M�Na]� , 318 [M�H]� ; HRMS (ES):m/z : calcd
for C17H23N3O3Na: 340.1637; found: 340.1635 [M�Na]� .
Procedure for the preparation of diene 10 : A catalytic amount of glacial
acetic acid (1 drop) followed by SADP (0.60 g, 3.8 mmol, 2 equiv) was
added to a solution of aldehyde 4 (0.35 g, 1.90 mmol, 1 equiv) in anhydrous
Et2O (20 mL). After vigorous stirring for 1 h at reflux, the mixture was
extracted with water (2� 10 mL). The organic layer was washed once with
a saturated aqueous solution of sodium chloride, then dried with anhydrous
magnesium sulfate, filtered and concentrated to give the chiral heterodiene
10 as a pale yellow solid in a 93% crude yield (0.57 g). The crude material
was subjected immediately to the tandem [4�2]/allylboration reaction.
Spectroscopic data for 10 : IR (CHCl3 cast): �� � 2975, 2933, 2826, 1468,
1213, 924, 667, 647 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.11 (dd, J� 9.1,
17.9 Hz, 1H), 6.93 (d, J� 8.9 Hz, 1H), 5.46 (d, J� 17.9 Hz, 1H), 3.34 ± 3.31
(m, 1H), 3.21 (s, 3H), 2.50 ± 2.20 (m, 2H), 1.91 ± 1.53 (m, 4H), 1.23 (s, 12H),
1.12 (s, 3H), 1.11 (s, 3H); 13C (75 MHz, CDCl3, APT): �� 149.4 (CH), 148.9
(CH), 135.1 (CH), 83.3 (C), 82.3 (C), 76.0 (CH), 48.9 (CH2), 26.7 (CH2),
23.2, 22.1 (CH3), 22.0 (CH3), 21.7 (CH2), 19.4 (CH3); MS (ES): m/z : 323
[M�H]� ; HRMS (ES): m/z : calcd for C17H32BN2O3: 323.2506; found:
323.2500 [M�H]� .
Spectroscopic data for 11: m.p. 80 ± 82 �C; IR (CHCl3 cast): �� � 3853, 2932,
1715, 1651, 1597, 1499, 1455, 1382, 1179, 1142, 753, 692, 667, 621 cm�1;
1H NMR (300 MHz, CDCl3): �� 7.48 ± 7.22 (m, 10H), 6.01 (ddd, J� 1.6, 3.7,
10.6 Hz, 1H), 5.70 (ddd, J� 2.3, 4.5, 10.5 Hz, 1H), 5.38 (s, 1H), 4.80 (d, J�
8.5 Hz, 1H), 4.01 (d, J� 9.6 Hz, 1H), 3.63 ± 3.60 (m, 1H), 3.38 ± 3.28 (m,
2H), 3.36 (s, 3H), 2.92 ± 2.88 (m, 1H), 2.65 ± 2.61 (m, 1H), 1.78 ± 1.71 (m,
1H), 1.68 ± 1.57 (m, 3H), 1.37 (s, 3H), 1.18 (s, 3H); 13C (75 MHz, CDCl3,
APT): �� 175.2, 174.1 (CO), 140.7, 131.7, 130.8, 129.3, 128.8, 128.4, 128.1,
127.2, 126.3, 122.1, 78.5 (C), 76.1, 67.9, 63.2, 60.0, 50.7, 49.1 (CH), 38.4, 25.8,
22.7 (CH2), 21.9, 20.6 (CH3); MS (ES): m/z : 475 [M�H]� .
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Spectroscopic data for 14a (62% crude weight yield): 1H NMR (300 MHz,
(CD3)2CO): �� 10.8 (br s, 1H), 8.12 (d, J� 9 Hz, 2H), 7.55 (d, J� 9 Hz,
2H), 7.60 ± 7.50 (m, 2H), 7.40 ± 7.25 (m, 3H), 6.20 (ddd, J� 11, 4, 1.5 Hz,
1H), 6.02 (ddd, J� 11, 5, 2 Hz, 1H), 5.23 (d, J� 9 Hz, 1H), 4.54 (d, J�
6 Hz, 1H), 4.16 (m, 1H), 4.03 (m, 1H), 2.98 (s, 6H); 13C (75 MHz,
(CD3)2CO, APT): �� 175.0, 174.1, 166.8, 160.1, 142.1, 137.5, 131.0, 130.1,
128.7, 128.5, 128.2, 127.6, 122.9, 75.8, 61.4, 57.3, 43.1 [N-N(CH3)2], 38.7;
HRMS (ES): m/z : calcd for C23H23N3O: 422.1711; found: 422.1708 [M]� .


Spectroscopic data for 14b (54% crude weight yield): 1H NMR (300 MHz,
(CD3)2CO): �� 8.15 (d, J� 9 Hz, 2H), 7.60 ± 7.45 (m, 6H), 6.30 (ddd, J� 11,
4, 2 Hz, 1H), 6.19 (ddd, J� 11, 5, 2 Hz, 1H), 5.23 (dd, J� 9, 1 Hz, 1H), 4.71
(d, J� 4 Hz, 1H), 4.28 (m, 1H), 4.05 (m, 1H), 2.90 (s, 6H); 13C (75 MHz,
(CD3)2CO, APT): �� 173.9, 166.9, 141.7, 137.5, 131.7, 131.2, 131.0, 130.4,
129.2, 127.7, 123.3, 121.9, 74.6, 60.8, 56.8, 43.0 [N-N(CH3)2], 38.0; HRMS
(ES): m/z : calcd for C23H22N3O5Br: 500.0816; found: 500.0812 [M]� .


Spectroscopic data for 14c (60% crude weight yield): 1H NMR (300 MHz,
(CD3)2CO): �� 8.25 ± 8.10 (m, 2H), 8.02 (m, 1H), 7.80 (d, J� 9 Hz, 1H),
7.70 ± 7.00 (several m, 9H), 6.76 (tt, J� 7, 1, 1H), 6.14 (ddd, J� 10, 4, 1 Hz,
1H), 5.66 (ddd, J� 10, 5, 2 Hz, 1H), 4.73 (dd, J� 9, 1 Hz, 1H), 4.42 (d, J�
9 Hz, 1H), 3.90 (m, 1H), 3.75 (m, 1H); 13C (75 MHz, (CD3)2CO, APT): ��
174.6, 166.8, 148.6, 141.8, 137.3, 131.3, 131.2, 131.1, 129.8, 129.3, 129.0, 128.6,
128.1, 127.5, 120.3, 114.5, 76.4, 68.4, 62.3, 39.1; HRMS (ES): m/z : calcd for
C27H23N3O5: 470.1711; found: 470.1701 [M]� .
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A Comprehensive Theoretical Study on the Reactions of Sc� with CnH2n�2
(n� 1 ± 3): Structure, Mechanism, and Potential-Energy Surface


Dongju Zhang,*[b] Chengbu Liu,*[a] Siwei Bi,[a] and Shiling Yuan[b]


Abstract: The reactions of Sc�(3D) with
methane, ethane, and propane in the gas
phase were studied theoretically by
density functional theory. The potential
energy surfaces corresponding to [Sc,
Cn, H2n�2]� (n� 1 ± 3) were examined in
detail at the B3LYP/6-311��G(3df,
3pd)//B3LYP/6-311�G(d,p) level of
theory. The performance of this theo-
retical method was calibrated with re-
spect to the available thermochemical
data. Calculations indicated that the
reactions of Sc� with alkanes are multi-
channel processes which involve two
general mechanisms: an addition ± eli-


mination mechanism, which is in good
agreement with the general mechanism
proposed from earlier experiments, and
a concerted mechanism, which is pre-
sented for the first time in this work. The
addition ± elimination reactions are fa-
vorable at low energy, and the concerted
reactions could be alternative pathways
at high energy. In most cases, the ener-
getic bottleneck in the addition ± elimi-


nation mechanism is the initial C�C or
C�H activation. The loss of CH4 and/or
C2H6 from Sc��CnH2n�2 (n� 2, 3) can
proceed along both the initial C�C
activation branch and the C�H activa-
tion branch. The loss of H2 from Sc��
CnH2n�2 (n� 2, 3) can proceed not only
by 1,2-H2 and/or 1,3-H2 elimination, but
also by 1,1-H2 elimination. The reactiv-
ity of Sc� with alkanes is compared with
those reported earlier for the reactions
of the late first-row transition-metal ions
with alkanes.


Keywords: alkanes ¥ C�C activation
¥ C�Hactivation ¥ density functional
calculations ¥ scandium


Introduction


C�H and C�C activations of hydrocarbons at metal centers
are of fundamental importance in various areas of chemistry,
such as biochemistry, organometallic chemistry, and homo-
and heterogeneous catalysis.[1±2] The reactions of first-row
transition-metal ions with simple alkanes in the gas phase
have been studied by many experimental techniques (e.g.,
ion-beam mass spectrometry, ion cyclotron resonance mass
spectrometry, high-pressure mass spectrometry, flowing after-
glow methods, and collisional activation by tandem mass
spectrometry)[1±9] following the observation by Allison et al.[10]


that atomic transition-metal ions can activate C�C and C�H
bonds in alkanes. These experiments provided valuable
insights into reactions between transition-metal ions and
hydrocarbons, and substantial quantitative thermochemical
data is now available for a number of such systems. In recent
years considerable efforts have been directed at understand-


ing the mechanism and energetics of C�H and C�C bond
activation by transition-metal ions.


In the reactions of transition-metal ions with CH4, C2H6,
and C3H8, the products of Equations (1) ± (19) are observed in
general.


M��CH4 � MH��CH3 (1)


M��CH4 � MCH3
��H (2)


M��CH4 � MCH2
��H2 (3)


M��C2H6 � M(C2H4)��H2 (4)


M��C2H6 � MCH2
��CH4 (5)


M��C2H6 � MCH3
��CH3 (6)


M��C2H6 � MC2H2
�� 2H2 (7)


M��C2H6 � MH2
��C2H4 (8)


M��C2H6 � MH��C2H5 (9)


M��C3H8 � MH��C3H7 (10)


M��C3H8 � MC3H7
��H (11)


M��C3H8 � MCH3
��C2H5 (12)


M��C3H8 � MC2H5
��CH3 (13)
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M��C3H8 � MC3H6
��H2 (14)


M��C3H8 � MH2
��C3H6 (15)


M��C3H8 � MC2H4
��CH4 (16)


M��C3H8 � MCH4
��C2H4 (17)


M��C3H8 � MCH2
��C2H6 (18)


M��C3H8 � MC2H6
��CH2 (19)


Here, M� denotes a transition-metal ion. For a given metal
ion only some of these reactions may be involved under
certain conditions. These reactions have generally been
understood in terms of the mechanisms shown in Scheme 1.


For reactions M��CH4, the energetically most favorable
process observed by experiment is dehydrogenation to form
MCH2


��H2 at low energy. The proposed two main mecha-
nisms for the process are shown in Scheme 1 (top). One
involves a four-centered transition state (TS), and the other a
dihydrido species. In reactions of M� with C2H6 and C3H8, the


oxidative addition of C�H and C�C bonds to the metal center
are two fundamental steps from which a series of products
results, such as small neutral molecules (H2, CH4, C2H4, etc.)
and fragmentation ions. Most of the mechanisms proposed in
Scheme 1 (middle and bottom) involve a �-H or �-CH3 shift
after insertion of the metal ions into a C�C or C�H bond.


Although experimental techniques can provide general
mechanisms for the reactions of transition-metal ions with
small alkanes, as shown in Scheme 1, complete information on
all elementary reactions involved in such reactions is only
attainable in a few cases. The rational explanations of these
observations requires the support of accurate potential energy
surfaces (PES), and hence further theoretical studies are
needed. Extensive theoretical studies on these reactions can
not only evaluate experimental suggestions, but can also give
new findings that could not be achieved experimentally under
the considered conditions. Apparently, much more effort has
been devoted to experimental research than to theoretical
studies on these reactions, especially the detailed examination
of the PES. Recently, several theoretical studies on the
reactions of late first-row transition-metal ions with small


alkanes such as CH4, C2H6, and
C3H8 were reported.[11±15] Al-
though the reaction mechanism
of Sc� with CH4 was also re-
ported by Musaev et al. ,[16]


comprehensive theoretical
studies on the reactions of early
first-row transition-metal ions
with small alkanes are still nec-
essary, since the electronic con-
figurations of early transition-
metal ions and the strength of
spin ± orbit interactions clearly
differ from those of late first-
row transition-metal ions. Most
of the d orbitals are occupied in
late transition-metal ions, while
some of them are empty in
early transition-metal ions.
Hence distinct differences in
the reactivities of early and late
transition-metal ions can be
expected. These reactions de-
serve more detailed theoretical
studies. We chose Sc�, which
has only two valence electrons
and is the simplest transition-
metal ion, as a representative
early first-row transition-metal
ion. Here we describe in detail
the interesting properties of
the PESs of [Sc, Cn, H2n�2]�


(n� 1 ± 3) and how the scandi-
um ion activates C�H and C�C
bonds in small alkanes. We
expect to thus obtain a general
profile of the elementary mech-
anisms of early first-row tran-


Scheme 1. General mechanisms for the reactions of transition-metal ions with methane (top) and ethane
(middle), and for the CH4 and H2 eliminations of transition-metal ions with propane (bottom).
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sition-metal ions with small alkane by studying prototypes,
and to reveal the differences in reactivities between early and
late first-row transition-metal ions.


Quantum chemical ab initio calculations can in principle
provide reliable information on molecular geometries and
system energies. However, their computational complexity
usually prevents their application to large molecules. Per-
forming accurate calculations on systems involving transition
metals by ab initio molecular orbital theory is difficult, since a
relatively large number of electrons is present. As an
alternative, density functional theory (DFT)[17, 18] has recently
been widely applied to electronic structure calculations on
systems that contain transition metals. The electron correla-
tion effect in these systems is expected to play an important
role in determining the system energetics and electronic
configurations. The DFT method is particularly useful and
computationally efficient for systems with a relatively large
number of electrons that are difficult to deal with in ab initio
molecular orbital theory.[19, 20] Furthermore, the spin contam-
ination in the Kohn ± Sham single determinant reference
function proved to be relatively small. In view of the
computational effectiveness and reliability of DFT, it was
utilized throughout this work.


Methods of Calculation


We chose the B3LYP[21±24] DFT functional. This hybrid functional includes
three fitted parameters and a mixture of Hartree ± Fock exchange and DFT
exchange correlation. This model provides reasonably accurate geometries
and relative energies for organometallic systems,[25±27] and its reliability is
generally comparable to that of the MP2 method.[28±31] Furthermore it
requires far less disk space and is fast enough to allow the calculations
performed in this study. In addition, previous studies have shown that
B3LYP is highly suitable for ion ± ligand complexes.[32±34] This functional has
been widely used recently, especially for systems involving transition
metals.


In special calculations, the full geometry optimizations on all the species
involved in the reactions of scandium ion with CnH2n�2 (n� 1 ± 3) were first
performed at the B3LYP/6-311�G(d,p) level of theory without any
imposed symmetry constraints. The standard 6-311�G(d,p) basis set is
flexible enough to give a good account of longer range ion ± ligand
interactions. In addition, this basis set is large enough to generally reduce
the basis set superposition error to less than the errors inherent in the
method, so that superposition error corrections become unnecessary.


All stationary points were positively identified as minima or first-order
saddle points by evaluation of the frequencies and normal modes. Further,
several pathways between the transition structures and their corresponding
minima were characterized by internal reaction coordinate (IRC)[35]


calculations.


To analyze the sensitivity of the potential-energy surface to basis set and
correlation effects, the relative energies were also reevaluated by using the
large 6-311��G(3df,3pd) basis set. In all single-point energy calculations,
the SCF convergence criterion was set to 10�8 to give a good energy
convergence, since the basis sets used in this work include diffuse functions.
For all cited energies, zero-point energy corrections have been included.


Since the accuracy of DFT calculations also depends on the number of
points used in the numerical integration in addition to the sources of
numerical errors in Hartree ± Fock calculations, fine grids should be
employed. In the present calculations, we used the default grid, which is
a pruned (75,302) grid which has 75 radical shell and 302 angular points per
shell and results in about 7000 points per atom. All processes described
here occur on both the relevant triplet and singlet PESs. All calculations
were performed with the Gaussian98 program package[36] on an SGI 2100
server.


Results and Discussion


To check the reliability of our calculations, we first calibrated
the calculated data against available experimental values to
determine the performance of the level of theory. Then we
examined reactions of Sc� with CnH2n�2 (n� 1 ± 3) in detail,
including the geometries of the various species involved in
these reactions, the multichannel reaction mechanisms, the
PES profiles, and comparison of the reactivity of Sc� with
small alkanes to those of late first-row transition-metal ions.


Calibration of theoretical calculations : To clarify the general
reliability of the theoretical calculations, we compared the
predicted chemical properties of the present systems with
corresponding experimental data.


Ionization potential of scandium : The scandium ion has a 3D,
3d4s ground state, and the first ionization potential (IP) of
scandium is 6.56 eV.[37] The calculated IPs of Sc at the B3LYP/
6-311�G(d,p) and B3LYP/6-311��G(3df, 3pd) levels are
6.57 and 6.58 eV, respectively. The results obtained with both
basis sets are in excellent agreement with the experimental
value.


Bond dissociation energies : Accurate thermochemical data
are available in the literature for the species involved in the
reactions of transition-metal ions with small alkanes. Table 1


compares calculated bond dissociation energies (BDE) of
several species involved in the considered reactions at the
B3LYP/6-311�G(d,p) and B3LYP/6-311��G(3df,3pd) lev-
els with corresponding experimental values. To allow for a
more direct comparison to the experiment, the theoretical
BDEs were corrected to 0 K by including zero-point vibra-
tional energy. Use of the larger basis set apparently does not
improve the DBE, and this confirms that the 6-311�G(d,p)
basis set is flexible enough to describe the electronic
characters of the species involved in the reactions of Sc� with
CnH2n�2 (n� 1 ± 3). The results obtained with the two basis sets
are in good agreement, and this gives us confidence that the
B3LYP/6-311�G(d,p) level is adequate to optimize the
geometries and calculate the frequencies.


From Table 1, we found that the calculated D0 values for
Sc��R species (where R denotes an organic fragment)


Table 1. Calculated (D0) and experimental bond dissociation energies
[kcalmol�1]


Bond D0
[a] Exptl[b] Bond D0


[a] Exptl[d]


Sc��CH3 59 60 65� 5, 59� 5[c] H�H 102 104 104
HSc��CH3 57 56 61� 5 CH3�H 101 101 105
Sc��CH2 86 87 97� 6[c] C2H5�H 97 97 100
Sc��H 61 61 54� 4 C3H7�H 97 97 98
CH3Sc��CH3 57 58 57� 5 CH3�CH3 82 82 90
Sc��C2H4 34 35 40� 5 CH3�C2H5 79 79 88


CH2�CH2 168 169 174


[a] The first value was obtained at the B3LYP/6-311�G(d,p) level of
theory, and the second at the B3LYP/6-311��G(3df,3pd) level. [b] The
experimental data are from ref. [38] unless otherwise noted. [c] Ref. [39].
[d] Ref. [40].
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reproduce the experimental values. The errors introduced by
calculations for the relative energies for different isomers are
estimated to be �5 kcalmol�1 on the basis of our experience
and that of others.[41, 42]


We also inspected the values of �S2� for all species involved
in the reactions of Sc� with CnH2n�2 (n� 1 ± 3), and found the
deviation of �S2� was less than 5%. This indicates that spin
contamination was small in all calculations.


The above results lead us to conclude that the level of
theory used in this work is capable of describing the basic
electronic characteristics of the species of interest. In addi-
tion, the role of relativistic effects may be considered
insignificant for [Sc, Cn, H2n�2] (n� 1 ± 3) systems. The effects
on geometries and energies normally can be neglected for
systems containing only first- and second-row elements, and
this is also be true of the third-row elements, unless a very high
accuracy is required. In present work our goal is to describe
the interesting properties of the [Sc, Cn, H2n�2] (n� 1 ± 3) PESs
and to give the relative energies of various species rather than
their accurate total energies. It is expected that the errors due
to relativistic effects could be al-
most equal for the various species
involved in the reactions of Sc�


with CnH2n�2 (n� 1 ± 3), and these
errors would mostly cancel each
other in the calculations of the
relative energies. Therefore, we
believe that errors resulting from
relativistic effects are much less
than those due to incomplete
basis sets and can be safely ne-
glected.


Reaction of Sc� with methane :
Reactions of first-row transition-
metal ions with methane were
extensively studied by ion-beam
techniques and by ion cyclotron
resonance mass spectrometry in
the late 1980s. All first-row tran-
sition-metal ions except for Mn�


were observed to react with CH4


with similar endothermicities.[43±52]


At low energies, the most favor-
able reaction is dehydrogenation
to form MCH2


��H2. The rele-
vant reactions can be understood
in terms of the general mecha-
nisms shown in Scheme 1 (top).
Elimination of H2 proceeds via a
four-center transition state or a
metal dihydrido methylene cat-
ionic intermediate M�(H)2CH2.
The most detailed experimental
results for the reactions of Fe�[51]


and Co�,[52] including detailed re-
action mechanisms and PESs,
were reported by Armentrout
et al. They found that the barriers


of the reactions of Fe� and Co� with methane to yield FeCH2
�


and CoCH2
� were associated with the four-centered transition


state shown in Scheme 1 (top). Musaev et al. reported ab
initio studies on the mechanisms of the reactions of FeCH2


�


and CoCH2
� with H2, and the reverse of the reactions of Fe�


and Co� with CH4.[11, 12] They identified the four-centered TS
shown in Scheme 1 (top). More recently, they also studied the
reaction mechanism of Sc� with CH4 by using the CASSCF
and MR-SDCI-CASSCF methods.[16]


To comprehensively research the reactions of the early first-
row transition-metal ions with small alkanes such as CH4,
C2H6, and C3H8, and to calibrate the results given by Musaev
et al. earlier, here we study the reaction of Sc� with CH4 in
detail by using DFT theory, including geometry optimization
of various species involved on the PES of [Sc, C, H4]� , relative
energies, and reaction mechanism. Optimized geometric
parameters are shown in Figure 1. The electronic total
energies and relative energies are listed in Table 2. The
reaction process on the PES of [Sc, C, H4]� is shown in
Figure 2, and the PES of [Sc, C, H4]� in Figure 3.


Figure 1. Optimized geometries [ä, �] of species involved in the reaction of Sc� with CH4 at the B3LYP/6-
311�G(d,p) level of theory. The values in parentheses are the imaginary frequencies corresponding to the
transition vectors.
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Figure 3. The PES for the reaction of Sc� with CH4, calculated at the
B3LYP/6-311��G(3df,3dp)//B3LYP/6 ± 311��G(d,p) level of theory.


Four minima M1 ±M4 and three first-order saddle points
MTS 1 ±MTS 3 are located along the reaction path (Figure 1).
Initially, the ion ±molecule complex M 1 is formed as Sc�(3D)
and CH4 approach each other. The ground state of this


complex is a triplet and has C3v


symmetry. This result agrees
with that found by Musaev
and Morokuma.[16] It is calcu-
lated to be 17.2 kcalmol�1 more
stable than the Sc�(3D)�CH4


entrance channel. The singlet
state of M 1 is less stable than
the triplet state by
13.3 kcalmol�1. Along the reac-
tion coordinate lies the C�H
insertion species M2 [i.e.,
Sc�(H)(CH3)], the key inter-
mediate in this reaction, which
is 15.2 kcalmol�1 more stable
than the original entrance chan-
nel and lies 2.0 kcalmol�1 above
M 1. As expected, M 2 has Cs


symmetry, and its ground state
is a singlet. Thus, we conclude
there must be effective spin ±
orbit coupling interactions that
allow intersystem crossing from
the triplet to the singlet state
during insertion of Sc� into the
C�H bond to lead the system to
the energetically most favor-
able PES. Minima M 1 and M 2
are connected by the C�H
bond-insertion transition state
MTS 1. We tried to optimize its
geometries in both the singlet
and triplet states, but only the
structure of the singlet state was
located, and the triplet state
was not found, despite careful
searches. We also optimized the


triplet geometry of MTS 1 at the MP2/6-311�G(d,p) level of
theory, but this was also unsuccessful. This indicates that the
intersystem crossing could occur prior to the appearance of
the saddle point. As shown in Figure 1, MTS1 has a three-
membered-ring TS structure in which the C�H bond is
breaking and the C-Sc-H bridging structure is forming. The
C�H bond in MTS 1 is elongated by 0.495 ä and the Sc��C
and Sc��H lengths are shortened by 0.402 and 0.562 ä
relative to those in M 1. This TS structure is characterized by
an imaginary frequency of 1126i cm�1, and the transition
vector corresponds to the expected components of the
reaction coordinate in which Sc� is inserting into the C�H
bond. The barrier height from M1 to MTS 1 is calculated to be
24.6 kcalmol�1.


Minimum M 2 can directly decompose by breaking of the
Sc��C bond to form Sc�H and a CH3 radical. Competing with
this process is the cleavage of the Sc��H bond to yield Sc�CH3


and an H atom. Our calculations indicate these two processes
have similar energy requirements (see Figure 3). Minimum
M 2 can be also converted to the next minimum structure on
the PES of [Sc, C, H4]� , M 3, which is a precursor from which
molecular hydrogen will be eliminated. It lies 11.9 kcalmol�1


Table 2. Electronic total energies E [hartree] and relative energies �E [kcalmol�1] of the species involved in the
reaction Sc��CH4 at different levels of theory.


Species B3LYP/6-311�G(d,p) B3LYP/6 ± 311�G(3df, 3pd) ZPE
E �E E �E


Sc��CH4 � 800.913214 0.0 � 800.916689 0.0 27.96
M 1 � 800.940021 � 16.09 � 800.945195 � 17.16 28.69
M 2 � 800.930551 � 15.16 � 800.934947 � 15.74 23.68
M 3 � 800.885690 12.56 � 800.890239 11.89 23.25
M 4 � 800.798155 63.78 � 800.801821 63.66 19.54
MTS 1 � 800.893344 8.02 � 800.897775 7.43 23.51
MTS 2 � 800.884529 12.35 � 800.889211 11.59 22.31
MTS 3 � 800.789774 68.63 � 800.793389 68.54 19.13
Sc�CH3� H � 800.834568 42.04 � 800.838782 41.58 20.65
Sc�H�CH3 � 800.837101 40.79 � 800.841108 40.46 20.99
Sc�CH2�H2 � 800.862913 23.04 � 800.870095 20.72 19.44
Sc�(H)2(1A1)�CH2(3B1) � 800.719257 98.07 � 800.724071 95.93 16.49


Figure 2. Reaction process on the PES of [Sc, C, H4]� , calculated at the B3LYP/6-311��G(3df,3dp)//B3LYP/6-
311�G(d,p) level of theory. The values in parentheses are the energies [kcalmol�1] relative to the separate
reactants.
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above the entrance channel. As shown in Figure 1, M3 has a
C1-symmetric structure in which an H2 unit is bound to an
Sc�CH2 moiety by primarily electrostatic interaction. Note
that the geometry of M 3 is very different from those given
early by Musaev et al.[11, 12, 16] for the corresponding adducts of
Fe�CH2, Co�CH2, and Sc�CH2 with H2, which have C2v


symmetry and a coplanar structure. In the present calcula-
tions, the geometric parameters of the ScCH2


� and H2 units in
M 3 resemble those of the free species. Minima M 2 and M 3
are connected by the saddle point MTS 2, which lies
11.6 kcalmol�1 above the reactants. The structure of this
transition state is similar to that of M 3, and indicates that
MTS 2 is very loose. As a result, the energy of MTS 2 is only
0.3 kcalmol�1 above M3. The barrier height from M 2 to
MTS 2 is 26.8 kcalmol�1, slightly higher by 2.2 kcalmol�1 than
that of the initial C�H bond activation. Saddle point MTS2 is
a four-membered-ring TS corresponding to the activation of
the second C�H bond in CH4 and formation of H2, similar to
the case of the [M, C, H4]� PES given by Musaev and
Morokuma[16] earlier. The imaginary frequency of this TS is
603i cm�1. The associated normal mode corresponds to
motions of two hydrogen atoms.


Proceeding along the reaction coordinate, M 3 can decom-
pose directly into the products ScCH2


��H2, and this channel
is confirmed to be the lowest energy process on the PES,
endothermic by 20.7 kcalmol�1. Alternatively, M3 can be
converted to M 4, a minimum corresponding to the metal
dihydrido methylene cation intermediate proposed in
Scheme 1 (top). In M 4, Sc� has inserted into the H�H bond.
It has C2v symmetry (Figure 1) with two perpendicular planes
formed by Sc(H)2� and CH2 units. Although M 4 is less stable
by 63.7 kcalmol�1 than the entrance channel, it is a stable
structure, as confirmed by vibrational analysis. Direct disso-
ciation of M4 leads to the dihydrido species Sc�(H)2 and a
methylene radical. This dihydrido species has, in fact, been
observed by Bushnell et al.[53] However, stable dihydrido
species similar to M4 were not found for Co�(H)2 and Fe(H)2�


in previous studies by Holthausen et al. ,[13±15] Musaev
et al. ,[11, 12] and Bauschlicher et al.[54] These earlier studies
did not support the presence of such dihydrido species in the
reactions of late first-row transition-metal ions with alkanes.
This can be understood in terms of differences in D0(M��H).
For Fe� and Co�, the D0 values are 49 and 46 kcalmol�1,
respectively, while D0(Sc��H) is 61 kcalmol�1. The higher D0


value could be responsible for the existence of the dihydrido
species Sc(H)2� in the reactions of Sc� with alkanes.


Minima M3 and M 4 are connected by the saddle point
MTS 3, in which Sc� is inserting into the H�H bond. The TS
has Cs symmetry, and its relative energies with respect to M 3
and M 4 are 56.6 and 4.8 kcalmol�1, respectively. Evidently,
this process is only available under high-energy conditions.
Compared to the structure of M3, the H�H and C�Sc
distances in MTS 3 are significantly longer, but the CH2 unit
remains almost unchanged. The imaginary frequency for this
TS is 603i cm�1. The exit channel of M 4 is formation of
Sc�(H)2 and CH2, which is endothermic by 95.9 kcalmol�1


relative to the entrance channel.
From Figure 2, it is clear that the H2 elimination reaction is


the most energetically favorable channel under low-energy


conditions; it consists of two elementary steps: oxidative
addition of the C�H bond to the metal center to form
Sc�(H)(CH3) and rearrangement of the insertion product.
Our calculations indicate that the energy demand of the
rearrangement process is slightly higher than that of the initial
C�H activation. This result is in qualitative agreement with
earlier experimental findings.


Reaction of Sc� with ethane : Tonkyn et al. found that C2H6


reacts with all first-row transition-metal ions, except for Mn�


in 100 Pa of He.[4] The main products are listed in Equa-
tions (4) ± (9). To explain the earlier experimental results and
to generalize the mechanism postulated in Scheme 1 (middle),
Holthausen et al. reported two examples of theoretical
investigations on the reactions of the late first-row transi-
tion-metal ions Fe� and Co� with ethane.[13, 14] Their calcu-
lations indicated that: 1) These reactions process along both
the C�C and C�H activation branches; 2) Each branch is
composed of two elementary steps: C�C or C�H bond
activation and subsequent isomerization of the inserted
species by a �-H shift; 3) The rate-determining steps of the
two branches are the isomerizations of the intermediate
insertion products, rather than the initial C�C or C�H
activation.


Two questions arise: 1) Is a reaction mechanism similar to
that of late first-row transition-metal ions with ethane also
applicable to early first row transition ions? 2) Do other
reaction channels exist for the reactions of early first-row
transition-metal ions with ethane? To answer these questions,
we studied the reactions of Sc� with ethane in detail. After
careful searching, we found two new reaction channels: 1,1-H2


elimination and concerted elimination of CH4, in which C�C
and C�H bonds are activated synchronously with a higher
activation barrier than the individual C�C and C�H activa-
tion channels.


Double-dehydrogenation mechanisms in the reactions of
M� (M�Fe, Co) with C2H6 to form MC2H2


�� 2H2 were not
reported in earlier studies by Holthausen et al.[13, 14] However,
spontaneous double dehydrogenation was observed experi-
mentally in the reactions of first-row transition-metal ions
such as Sc� and Ti� with ethane.[55] Hence we also investigated
double-dehydrogenation mechanism in the reaction of Sc�


with C2H6.
Our calculations located ten intermediates E 1 ±E 10 and


eleven first-order saddle points ETS 1 ±ETS 11 on the PES of
[Sc, C2, H6]� . Their main geometric parameters are shown in
Figures 4 and 5, respectively.


Intermediate E 1 is an initial ion ±molecule complex
formed when Sc�(3D) and C2H6 approach each other. Similar
to the initial adduct of Sc� with methane M 1, the ground state
of E 1 is also a triplet, and it is 16.2 kcalmol�1 more stable than
the isolated reactants. The corresponding singlet state is
13.2 kcalmol�1 less stable. This complex has C2 symmetry,
similar to those of the ethane complexes of Cu� and Co� given
by Rosi et al.[56] and Holthausen and Koch,[13] but unlike those
of the ethane complexes of Cr�, Fe�, Ni�, and Mo�, which
have Cs symmetry.[14, 56, 57] The C2H6 unit in E 1 remains almost
undisturbed compared to free C2H6, and this indicates that the
interaction between Sc� and C2H6 is essentially electrostatic,
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as evidenced by the long distance between Sc� and C or H
atoms. Our calculations indicate that E 1 is a common initial
adduct for three subsequent activation branches: C�C bond
activation, C�H bond activation, and synchronous C�C and
C�H bond activations.


Reaction channels following initial C�H bond activation :
The C�H bond activation branch on the PES of [Sc, C2,


H6]� starts from the initial ion ±molecule complex E 1. Along


the reaction coordinate, E 1 can be converted to the C�H
inserted species E 2 via the C�H activation transition state
ETS 1. This C�H inserted species is calculated to be
7.2 kcalmol�1 more stable than E 1. We attempted to optimize
the saddle points of both singlet and triplet states of the C�H
inserted species, but only the saddle point for the singlet state
of ETS 1 was located. Despite numerous attempts to locate a
triplet state for C�H bond activation, the input structures all
collapsed into E 1 or E 2. This is similar to the insertion of Sc�


Figure 4. Optimized geometrical parameters [ä, �] for the intermediates on the PES [Sc, C2, H6]� at the B3LYP/6 ± 311�G(d,p) level of theory.


Figure 5. Optimized geometries [ä, �] for the first-order saddle points on the PES of [Sc, C2, H6]� at the B3LYP/6-311�G(d,p) level of theory. The values in
parentheses are the imaginary frequencies corresponding to the transition vectors.
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into a C�H bond of methane, and indicates that intersystem
crossing between triplet and singlet could occur before the
saddle point. Saddle point ETS 1 has C1 symmetry, and the
transition vector associated with the imaginary frequency of
1083i cm�1 confirms it as the correct saddle point for the C�H
bond insertion process. The breaking C�H bond is elongated
to 1.570 ä in ETS 1.


Once E 2 is formed, it can follow various possible channels
by decomposition or isomerization. We found that five
channels I ±V are accessible to E 2. Channel I involves �-H
migration to form the intermedi-
ate E 4 via the saddle point ETS 3,
in which the breaking C�H bond is
elongated to 1.601 ä and the form-
ing H�H bond is shortened to
1.049 ä. The imaginary frequency
of ETS 3 is 1022i cm�1. Note that
E 4 is a complex between cationic
scandium± ethylene and molecu-
lar hydrogen, in which the H�H
bond length resembles that of free
H2. This complex differs from
species C in Scheme 1 (middle),
the generally proposed dihydrido
species in which the metal ion has
already inserted into the H�H
bond. Although we also found
such a minimum on the PES of
[Sc, C2, H4]� , denoted E 5, this
dihydrido species is formed after
E 4 and is 15.6 kcalmol�1 less sta-
ble than E 4. Intrinsic reaction
coordinate (IRC) analysis con-
firmed that the forward product
from ETS 3 is E 4 rather than E 5.
This TS involves a five-membered-
ring structure. The barrier height
from E 2 to ETS 3 is
16.5 kcalmol�1, almost equal to
that of the first C�H bond activa-
tion.


Along the reaction coordinate,
we found that three paths i ± iii are
open to E 4, as shown in Figure 6.
Path i is direct dissociation of E 4
to form H2� Sc(C2H4)� (1,2-H2


elimination). This path is exother-
mic by 5.3 kcalmol�1 relative to
the reactants, and it is the ener-
getically most favorable reaction
channel. This result is in good
agreement with earlier experimen-
tal finding. Path ii involves the
isomerization of E 4 to dihydrido
species E 5 via saddle point ETS 4
with a barrier of 17.4 kcalmol�1.
Intermediate E 5 is only
2.3 kcalmol�1 more stable than
ETS 4. The imaginary frequency


associated with the transition vector of ETS 4 is 950i cm�1. As
shown in Figure 5, it is an H�H inserted transition state. The
exit channel of E 5 is formation of Sc�(H)2�C2H4, which is
endothermic by 20.1 kcalmol�1 relative to the entrance
channel, and energetically less favorable than the 1,2-H2


elimination path i. Path iii is responsible for the double
dehydrogenation reaction [Eq. (7)]. Along the pathway,
another C�H activation TS, ETS 5, follows E 4. In this TS
the length of the breaking C�H bond is 1.497 ä. Its imaginary
frequency is 850i cm�1. The barrier height from E 4 to ETS 5 is


Figure 6. Reaction process following initial C�H activation for the reaction of Sc� with C2H6.
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22.6 kcalmol�1. The IRC calculations indicate that the for-
ward product from ETS 5 is the intermediate E 6, a complex
between molecular hydrogen and the product of C�H
insertion of Sc� into ethane. Two product paths � and �


leading from E 6 were located. Path � is the double
dehydrogenation reaction, which also involves a �-H migra-
tion transition state, ETS 6, similar to the 1,2-H2 elimination
path mentioned above. This TS lies 11.8 kcalmol�1 above the
entrance channel and is 18.7 kcalmol�1 less stable than ETS 3,
the first-order saddle point of the first �-H migration. This
indicates that in the reaction of Sc� with ethane double
dehydrogenation is more difficult than 1,1-H2 and 1,2-H2


elimination. The forward product from ETS 6 is the inter-
mediate E 7, a productlike complex whose exit channel is
ScC2H2


�� 2H2, endothermic by 16.1 kcalmol�1 relative to the
entrance channel. Path � also involves �-H migration, via
ETS 7 with an imaginary frequency of 346i cm�1. However, the
geometry of ETS 7 is very different from that of ETS 6. In the
former, Sc� is bonded to the two H atoms, whereby the
geometry of the Sc�(H)2 unit is close to that of the
corresponding free species. In the latter, the second hydrogen
molecule is forming. Our calculations indicate that ETS 7 is
31.2 kcalmol�1 higher in energy than the separate reactants,
and 19.4 kcalmol�1 less stable than ETS 6. So path � will be
accessible only under high-energy conditions. An IRC calcu-
lation was performed from ETS 7, and the forward product is
intermediate E 8, an additive complex composed of the three
species Sc�(H)2, H2, and C2H2, whose direct dissociation into
three fragments requires 61.4 kcalmol�1.


The second pathway from E 2 (pathway II) also involves an
H-migration transition state, ETS 8. This TS has some
similarity to ETS 3, in that the �-H migration in ETS 3 is
replaced by a �-H migration. Transition state ETS 8 is a four-
membered-ring TS, with a barrier of 26.7 kcalmol�1,
10.2 kcalmol�1 higher than that of �-H migration. The
forward product of ETS 8 is intermediate E 9, a complex of
ethyl scandium carbene cation with molecular hydrogen,
whose dissociation also leads to loss of H2. This H2 loss
channel is referred as 1,1-H2 elimination, as opposed to the
1,2-H2 elimination mentioned above. This channel is endo-
thermic by 12.8 kcalmol�1.


The third reaction channel from E 2 (pathway III), involves
the four-centered TS ETS 9, in which the C�C bond is
breaking and the H atom bound to the scandium atom is
migrating to the methyl carbon atom (see Figure 5). The IRC
calculations from this TS, following the transition vector in
both directions, indicate that it connects E 2 and E 10, a
complex of scandium carbene cation with methane. Both the
methane moiety and the scandium carbene unit in E 10 are
only slightly distorted compared to the geometric parameters
of free CH4 and Sc�CH2 in Figure 1. The geometry of E 10 is
different from those of the corresponding complexes of
Co�CH2 and Fe�CH2 with CH4 found earlier,[12,13] which have
C2v and Cs symmetries, respectively, and C-Co-C and C-Fe-C
angles of 180.0�. The methane unit in E 10 is coordinated to
the Sc�CH2 species in an �3 fashion with a C-Sc-C angle of
103.8�. Its energy is 10.1 kcalmol�1 lower than the energy of
the separate reactants. The barrier height from E 2 to ETS 9 is
60.6 kcalmol�1, which is much higher than for channels I and


II discussed above. Therefore, the process is highly disadvan-
tageous from an energetic viewpoint. The dissociation of E 10
can lead to the loss of CH4, which requires a energy of
13.8 kcalmol�1. This indicates that CH4 loss from the reaction
of Sc��C2H6 could occur along the initial C�H bond
activation branch. This reaction mechanism is presented for
the first time on the PES of [Sc, C2, H6]� . Similar cases were
not found in the reactions of Fe� and Co� with ethane.[13,14]


Although this CH4 elimination channel is energetically less
favorable at low energy, it could be an alternative path for the
CH4 loss mechanism proposed in Scheme 1 (middle) under
high-energy conditions.


The last two channels from E 2 (channels IV and V) are
direct fragmentation processes with rupture of the Sc�C bond
to form Sc�H�C2H5 or of the Sc�H bond to form Sc�C2H5�
H. These two processes are endothermic by 35.6 and
38.2 kcalmol�1, respectively, and require almost equal energy
(see Figure 6). The high-energy requirements indicate these
two processes are energetically less favorable under low-
energy conditions.


The reaction process along the initial C�H activation
branch for the reaction of Sc� with C2H6 is summarized in
Figure 6, and the corresponding energetic profile is shown in
Figure 7.


Figure 7. Energetic profile along the initial C�H activation branch in the
reaction of Sc� with C2H6.


From Figure 7, it is clear that 1,2-H2 elimination is energeti-
cally most favorable at low energy along the initial C�H
activation channel for the reaction of Sc� with C2H6. The rate-
determining step for this channel is the initial C�H activation.
This is in contrast with the 1,2-H2 losses in the reactions of Fe�


and Co� with ethane, where the energetic bottleneck is the
isomerization of the C�H inserted species.


Reaction channels following initial C�C bond activation :
Along the C�C bond activation branch, the next minimum
structure after the initial complex E 1 is intermediate E 3, a
dimethyl species in which Sc� has inserted into the C�C bond.
The inserted species has C2 symmetry and, as expected, its
ground state is a singlet, with a relative energy 35.1 kcalmol�1


below that of the separate reactants. Note that E 3 is an overall
minimum on the PES of [Sc, C2, H6]� . Intermediates E 1 and
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E 3 are connected by the first
saddle point ETS 2, which cor-
responds to C�C bond activa-
tion with an activation barrier
of 26.3 kcalmol�1. The ground
state of ETS 2 is a triplet with
an energy 4.9 kcalmol�1 lower
than than that of the corre-
sponding singlet state. So we
conclude there must be effec-
tive spin ± orbit coupling inter-
actions that allow intersystem
crossing from the triplet to the
singlet after ETS 2. The energy
of ETS 2 is 9.9 kcalmol�1 higher
than that of ETS 1, the C�H
activation TS. Thus, from a
purely energetic point of view, C�C bond activation is less
favorable than C�H bond activation. We found that ETS 2 has
a C2v-symmetric structure in which the C�C distance is
elongated by 0.665 ä and the Sc�C distance is shortened by
0.417 ä relative to E 1. From these parameters it is clear that
ETS 2 is a three-membered-ring transition state. The imagi-
nary frequency of this saddle point is 254i cm�1, and the
corresponding transition vector indicated by vibration anal-
ysis corresponds to the breaking of the C�C bond and the
reorientation of the methyl groups.


Once E 3 is formed, it can follow two possible production
channels immediately by isomerization or decomposition.
The direct rupture of the Sc�C bond in E 3 can lead to
Sc�CH3�CH3, as proposed in Scheme 1 (middle). The
process is endothermic by 57.3 kcalmol�1. The isomerization
of E 3 is an energetically more favorable reaction path which
involves three-center transition state ETS 10. As shown in
Figure 5, ETS 10 is an H-migration transition state on the PES,
in which a hydrogen atom is moving from one carbon atom to
the other, and lengths of the breaking and forming C�Hbonds
are 1.412 and 1.538 ä, respectively. The corresponding
imaginary frequency is 1333i cm�1. Vibration analyses also
showed that the corresponding transition vectors are com-
pletely consistent with the notion of 1,3-H migration. The
relative energy of ETS 10 is 0.5 kcalmol�1 above the entrance
channel. The forward product from ETS 10 is E 10. Once E 10
is formed, two possible channels are open. One is its direct
dissociation to form ScCH2


�(1A)�CH4, which requires
13.8 kcalmol�1, and the overall reaction Sc�(3D)�C2H6 �
ScCH2


�(1A)�CH4 is endothermic by 3.7 kcalmol�1. The
other is the isomerization of E 10 to form the C�H inserted
species E 2 via the four-membered-ring TS, ETS 9. Evidently,
in this case the C�C activation branch has already crossed into
the C�H activation branch, and the subsequent process has
been analyzed above. The reaction process along the C�C
activation branch is shown in Figure 8, and the corresponding
energetic profile in Figure 9.


From Figure 9, we note that the initial C�C bond activation
is an energetic bottleneck for CH4 loss at low energy in the
reaction of Sc� with C2H6. This is similar to the 1,2-H2 loss
from Sc��C2H6, but different from CH4 loss from the
reactions of Fe� and Co� with C2H6.[13, 14]


Figure 9. Energetic profile along the initial C�C bond activation branch
(����) and the synchronous C�C and C�H activation branch (�±�±) for the
reaction of Sc� with C2H6.


Reaction channels following synchronous C�H and C�C
activation : The C�C and C�H activation mechanisms of
ethane by Sc� discussed above are both addition ± elimination
mechanisms which involve two consecutive elementary steps:
oxidative addition of the C�C or C�H bond to the metal
center and subsequent reductive elimination of small mole-
cules. However, we also found another new reaction channel
involving concerted C�C and C�H activation. The three-
membered-ring TS ETS 11 was identified as a transition
structure by one imaginary frequency of 690i cm�1. From the
geometries of ETS 11 (Figure 5), it is clear that the new
mechanism is a radical substitution reaction in which attack of
Sc� at a C atom of ethane leads to C�C bond activation and
cleavage. This resembles closely the nucleophilic substitution
mechanism for C�Cl bond activation found by Bickelhaupt
et al.[58] However, in the latter case, the chloride leaving group
coordinates to the metal atom, whereas in the present case the
methyl leaving group abstracts a hydrogen atom from the
methyl group. The transition vector of ETS 11 corresponds to
the expected components of the reaction coordinate: break-
ing of the C�C bond and migration of the H atom from one C


Figure 8. Reaction process following initial C�C bond activation for the reaction of Sc� with C2H6.
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atom to the other. The ground state of this TS is a triplet, and
thus differs from the C�C and C�H activation TSs, the ground
states of which are singlets. The relative energy of ETS 11 is
41.7 kcalmol�1 above the entrance channel, and the corre-
sponding singlet state is 10.3 kcalmol�1 less stable. To confirm
connection of two minima by ETS 11, a careful IRC calcu-
lation starting from this TS was performed along both the
forward and reverse directions on the triplet PES of [Sc, C2,
H6]� . The calculated results indicate that the forward
direction leads to the triplet state of E 10, while the reverse
direction leads to E 1. However, since the ground state of E 10
is a singlet, intersystem crossing could occur in the course of
the conversion of ETS 11 to E 10. The activation energy from
E 1 to ETS 11 is 57.9 kcalmol�1. Although this process requires
much higher energy than the consecutive C�C and C�H
activation processes, it could be an alternative pathway for
C�C and C�H activation under high-energy conditions.
Similar to the C�C activation branch, this concerted activa-
tion branch can also cross into the C�H bond activation
branch by isomerization of E 10. The reaction process starting
from the concerted pathway is shown in Figure 10, and the
corresponding energetic profile in Figure 9.


In summary, the calculations show that three activation
branches for the reaction of Sc� with C2H6 are available along
the reaction coordinate: C�H activation, C�C activation, and
synchronous C�H and C�C activation. Detailed mechanisms


Figure 10. Reaction process following synchronous C�C and C�H activa-
tion for the reaction of Sc� with C2H6.


of reductive eliminations of H2 and CH4 from the reaction of
Sc� with C2H6 were also elucidated. The loss of H2 starts with
C�H activation, and under low-energy conditions it proceeds
according to a 1,2-H2 addition ± elimination mechanism in
which the energetic bottleneck is the isomerization of the
C�H inserted species, while under the high-energy conditions
the 1,1-H2 addition ± elimination mechanism could be a
alternative path for the loss of H2. Double dehydrogenation
in the reaction of Sc� with C2H6 is less energetically favorable
than single H2 elimination. The loss of CH4 can proceed via all
three activation branches. The energetically most favorable
branch for CH4 loss starts with initial C�C bond activation
followed by the 1,3-H migration, which is the energetic
bottleneck. The next most favorable path starts from C�H
bond activation followed by isomerization of the C�H
inserted species, and the least favorable path is synchronous
C�C and C�H bond activation.


Reaction of Sc� with C3H8 : The reactions of atomic transition-
metal ions with propane have been paid more attention,
because propane is the smallest alkane for which exothermic
reactions are observed at thermal energies.[39] Although more
experimental and theoretical studies have been devoted to the
reactions of transition-metal ions with propane than any other
hydrocarbon,[6±8, 15, 59±60] they focused on several late transi-
tion-metal ions. As far as we know, no theoretical study is
available on the reactions of early transition ions with
propane. Here we present a detailed study on the reaction
of Sc� with C3H8.


Regardless of the complexity of the reaction M��C3H8,
the mechanisms proposed in Scheme 1 (bottom) are similar to
those of the reactions of M� with CH4 and C2H6 in many
respects, that is, most of them involve C�C and C�H bond
cleavage to form various smaller neutral molecules and
fragment ions. Moreover, our detailed studies confirmed that
the mechanisms found in the reactions of Sc� with CH4 and
C2H6 generally apply to the reaction Sc��C3H8. In this
section, we describe the detailed reaction mechanisms of
Sc��C3H8, and only particular characteristics that are differ-
ent from the reactions of Sc� with CH4 and C2H6 are discussed
further.


The reaction of Sc� with propane can start along four
branches: C�C activation, primary C�H activation, secondary
C�H activation, and synchronous C�C and C�H activation.
Along the four activation branches various intermediates and
the first-order saddle points on the PES of [Sc, C3, H8]� are
located. The optimized structures of various intermediates
and transition states involved in the reaction Sc��C3H8 are
shown in Figures 11 and 12, respectively. The reaction process
schemes and the corresponding PESs along the four activation
branches are shown in Figures 13 ± 20.


Initially, the interaction between Sc� and C3H8 occurs as
they approach one another to form an ion ±molecule addition
complex. Three stable minima P 1 ±P 3 for the initial complex
are found on the PES of [Sc, C3, H8]� . This differs from the
corresponding adducts of Fe�[15] and Ni�[59] with C3H8, for
which only one minimum is found in each case. Minima P 1,
P 2, and P 3 have C2v, C1, and Cs symmetry, respectively, as
shown in Figure 11. Their ground states are all triplets. As
expected, however, the ground states of both C�C and C�H
inserted species and subsequent species on the PES lie on the
corresponding singlet surface. Hence, intersystem crossing
between the singlet and triplet PESs must take place in the
oxidative addition of the C�C or C�H bond to the metal center.


Reaction pathway following initial C�C activation : The de-
tailed mechanism along the initial C�C activation branch is
shown in Figure 13. Intermediate P 1 is a Sc� propane
complex, which acts as a precursor of C�C activation. The
propane unit in this complex is almost undisturbed compared
to free propane. This intermediate can be converted to the
C�C inserted species P 4 via the C�C cleavage transition state
PTS 1. The ground state of this TS is a triplet, and it lies
7.3 kcalmol�1 above the separate reactants. The correspond-
ing singlet is 6.9 kcalmol�1 less stable. The C�C distance in the
ground state TS is elongated to 1.957 ä, and the correspond-
ing transition vector indicated by vibration analysis corre-
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sponds to the breaking of the C�C bond and reorientation of
the methyl groups. The imaginary frequency of the saddle
point is 323i cm�1. The barrier height from P 1 to P4 is
29.2 kcalmol�1. Once P 4 is formed, various production
channels are open. As shown in Figure 13, four channels
from P4, denoted a ± d, were found along the initial C�C


activation branch, and each of them involves isomerization of
P 4 with an H-migration transition state. Channels a and b
both involve CH4 elimination, and c and d involve loss of C2H4


and C2H6, respectively.
The energetically most favorable reaction path a produces


methane and Sc� ethylene complex and is exothermic by


Figure 11. Optimized geometrical parameters [ä, �] for the intermediates on the PES [Sc, C3, H8]� at the B3LYP/6-311�G(d,p) level.
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20.4 kcalmol�1. The channel involves the five-membered-ring
transition state PTS 2, in which an H atom is migrating from
the terminal ethyl C atom to the methyl C atom to form the
productlike intermediate P 5, which is a complex of Sc�(C2H4)


with methane. The calculated barrier height from P 4 to PTS 2
is 26.4 kcalmol�1, 2.8 kcalmol�1 lower than the first step of the
channel, C�C bond activation. Channel b is similar to
channel a, but the H atom migrating to the methyl C atom


Figure 12. Optimized geometries [ä, �] of the first-order saddle points on the PES of [Sc, C3, H8]� at the B3LYP/6 ± 311��G(d,p) level. The values in
parentheses are the imaginary frequencies corresponding to the transition vectors.
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comes from the methylene rather than the terminal methyl
group. This process involves the four-membered-ring transi-
tion state PTS 3, which connects intermediates P 4 and P 6, a
scandium ethyl carbene cation. The barrier height for this
process is 36.4 kcalmol�1, higher by 10.0 kcalmol�1 than the
corresponding isomerization process in channel a. Channel c
also involves a four-membered-ring transition state, namely,
PTS 4, in which a C�H bond of the methyl group is breaking
and the Sc�H bond is forming. Following the path in both
directions shows that this TS connects intermediates P4 and
P 7, a complex of the methyl hydride of cationic scandium with
ethylene. In the earlier studies by Holthausen and Koch[15] and
Yi et al.[60] , intermediates similar to P 7 were not found in the
reactions of several late transition-metal ions, such as Fe� and
Ni�, with propane. Evidently the early and late transition-
metal ions follow qualitatively different paths in their
reactions with propane. The barrier height from P4 to PTS 4
is 17.1 kcalmol�1, 12.1 kcalmol�1 lower than that of C�C bond
activation. Channel d produces ethane and scandium carbene
cation. The transition state PTS 5 involved in this process
resembles PTS 3. In both cases, an H atom is migrating
between two �-C atoms, but the origins of migration are
different. In the second channel the H atommigrates from the
methylene to the methyl group, while in the fourth channel
the migrating H atom comes from the methyl group. The
activation energies in the two processes are almost equal.


The energetic profile along the C�C bond activation branch
is shown in Figure 14. The energetic bottleneck along this
activation branch is the initial C�C bond activation.


Reaction pathway following initial primary C�H bond activa-
tion : The reaction process along the initial primary C�H bond
activation branch is shown in Figure 15, and the correspond-


ing energetic profile in Figure 16.
The precursor in which Sc� will
insert into the primary C�H bond is
intermediate P 2, which is slightly
more stable by 0.4 kcalmol�1 than
P 1, the precursor of C�C bond
activation. A TS structure of the
primary C�H bond activation,
namely, PTS 6, was identified as a
first-order saddle point connecting
P 2 and P 9, a C�H inserted species.
We attempted to optimize the struc-
tures of the triplet and singlet staes
of this TS, but only the singlet TS
structure was located after a careful
search. In the ground state of PTS 6,
the breaking C�H bond is elongat-
ed to 1.576 ä. The barrier height of
primary C�H bond activation is
21.0 kcalmol�1, 8.2 kcalmol�1 lower
than that of C�C bond activation.
Four product channels e ± h from
P 9 were found. As shown in Fig-
ure 14 they are four dehydrogen-
ation reactions. Channel e is a 1,2-
H2 elimination reaction, which in-
volves the five-membered-ring TS


PTS 7, in which a C�H bond of the methylene group is
breaking and the H�H bond is forming. The structure of this
TS resembles that of the productlike intermediate P 10, a
complex of cationic scandium±propylene with H2. So PTS 7 is
a late saddle point on the PES along the primary C�H
activation path. The barrier height from P 9 to PTS 7 is
16.3 kcalmol�1, lower by 4.7 kcalmol�1 than that of primary
C�H bond activation. Channel f involves the dihydrido
intermediate P 11, which is a complex of the dihydrido Sc�


species with propylene. The geometry of the intermediate is
very similar to E 5 found in the reaction of Sc� with C2H6.
However, the corresponding dihydrido minima M�(H)2C3H6


for Fe�[15] and Ni�[60] can not be located on the PES of
[M, C3, H8]� , and this case is similar to P 7, that is,


Figure 14. Energetic profile along the initial C�C bond activation branch
in the reaction of Sc� with propane.


Figure 13. Reaction process following initial C�C activation on the PES of [Sc, C3, H8]� .
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Figure 16. Energetic profile along the initial primary C�H activation
branch in the reaction of Sc� with propane.


M�(H)(CH3)(C2H4). Intermediates P9 and P 11 are connect-
ed by PTS 8, a four-membered-ring TS. The barrier height
from P 9 to PTS 8 is 15.4 kcalmol�1, slightly higher than that
from P 9 to PTS 7. The structure of P 11 apparently differs
from that of P 10 (see Figure 11). In P 11 two H atoms form
covalent bonds with cationic scandium, while in P 10 the
corresponding two H atoms have almost formed molecular
hydrogen. Intermediate P11 exits by direct dissociation into
the products Sc�(H)2 and CH2�CHCH3. The third and fourth
possible channels from intermediate P 9 (g and h) are 1,1-H2


and 1,3-H2 elimination channels via PTS 9 and PTS 10,
respectively. Both TSs have four-membered-ring structures,


and their forward products are
P 12 and P 13, respectively,
two productlike intermediates.
The barrier heights of the
two processes are 26.8 and
18.4 kcalmol�1, respectively.


Figure 16 shows that the sad-
dle point PTS 6 correspond-
ing to the initial primary
C�H bond activation is the
energetic bottleneck. This case
is similar to the C�C activation
branch.


Reaction pathway following ini-
tial secondary C�H activation :
The initial complex of the sec-
ondary C�H activation branch
on the PES of [Sc, C3, H8]� is
P 3, which is the most stable of
the three ion ±molecule com-
plexes of Sc� and C3H8 found in
this work. This complex has Cs


symmetry and is calculated to
be 0.8 and 0.4 kcalmol�1 stable
than P 1 and P2, the initial
complexes of C�C and primary
C�H activation, respectively.
Along the secondary C�H bond


activation branch, this initial ion ±molecule complex can be
inverted to the C�H bond inserted species P 14. This process
involves the secondary C�H insertion TS PTS11. Similar to
primary C�H activation, only a singlet TS structure corre-
sponding to secondary C�H bond activation is located on the
PES of [Sc, C3, H8]� . In this TS, the breaking C�H bond is
elongated to 1.540 ä. The imaginary frequency of the saddle
point is 1092i cm�1, and vibration analysis indicates that the
transition vector mainly corresponds to breaking of the
second C�H bond and formation of the Sc�H bond. The
barrier height from P 3 to PTS 11 is 17.6 kcalmol�1, lower by
3.4 kcalmol�1 than that of primary C�H bond activation.
Along the reaction coordinate, the insertion intermediate P 14
can rearrange into four isomers, P6, P 15, P 16, and P 17 via
four channels i ± l, respectively. The isomerization of P 14 to
P 6 along the channel i is connected by the four-membered-
ring TS PTS 12, in which C�C and Sc�H bonds are breaking
and a C�H bond is forming. The direct dissociation of P 6
leads to CH4� Sc��CHCH3. This is an alternative pathway
for CH4 elimination to the initial C�C activation branch (see
Figure 14). However, the activation barrier of this process is
as high as 58.6 kcalmol�1, much higher than that of the two
CH4 elimination routes along the initial C�C activation
branch. Two further isomerizations from P14 are channels j
and k, to form intermediates P 15 and P 16 via PTS 13 and
PTS 14, respectively. These processes are quite similar:
channel j involves 2,2-H2 elimination, and channel k
1,2-H2 elimination. The activation energy is 26.0 kcalmol�1


for the former, and 25.1 kcalmol�1 for the latter. The
last channel from P 14 (channel l) involves the dihydrido


Figure 15. Reaction process following initial primary C�H activation on the PES of [Sc, C3, H8]� .
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minimum P 17, in which the HSc�H unit binds to propylene
electrostatically. Structures P 14 and P17 are connected by the
saddle point PTS 15. The barrier from P 14 to PTS 15 is
15.2 kcalmol�1, that is, the lowest activation barrier among
the four isomerization reactions from P 14. The exit channel of
P 17 is its simple dissociation to form Sc�(H)2�
CH2�CH�CH3.


The reaction process following secondary C�H bond
activation is shown in Figure 17, and the energetic profile in
Figure 18. Figure 18 shows that the energetically most favor-
able reaction channel is Sc�(3D)�C3H8 � P 3 � PTS 11 �
P 14 � PTS 15 � P17 � Sc�(H)2�C3H6. In this channel,
the initial secondary C�H bond activation is the energetic
bottleneck.


Figure 18. Energetic profile along the initial secondary C�H activation
branch in the reaction of Sc� with propane.


Reaction pathway following synchronous C�H and C�C
activation : On the PES of [Sc, C3, H8]� we find that, like
Sc��C2H6, the C�H and C�C bonds in propane can be also
activated by Sc� synchronously while the two reactants
approach one another. The concerted mechanism differs
from the general consecutive mechanism of C�C and C�H
activation, and could be a common channel for the reactions
of transition-metal ions with alkanes. Two concerted channels
were located along this branch. One is from P3 to P 6 via
saddle point PTS 16, in which attack of Sc� on a methyl carbon
atom of propane leads to C�C cleavage, and at the same time
the methyl leaving group abstracts a hydrogen atom from the
ethyl group. From the geometry of PTS16 (Figure 12), it is
clear that the C�C bond is breaking and an H atom is


migrating from the methyl to
the methylene group with a
barrier of 55.7 kcalmol�1. The
other channel is from P 2 to P 8
via transition state PTS 17 with
a barrier of 59.9 kcalmol�1. In
PTS 17, Sc� attacks the methyl
carbon atom of propane, and at
the same time the ethyl leaving
group abstracts a hydrogen
atom from the methyl group.
The geometry of PTS 17 is
striking similar to that of
PTS 16. Our calculations show
that the ground states of both
PTS 16 and PTS 17 are triplets,
so we conclude crossing be-
tween the triplet and singlet
PESs occurs after the saddle
points. Intermediates P6 and
P 8 are respectively precursors
for direct loss of CH4 and C2H6.
Both these channels for syn-
chronous C�C and C�H acti-
vation by Sc� require much
higher activation energies than
the successive activation of the
C�H and C�C bonds on the
PES and are unfavorable under
low-energy conditions. Howev-


er, the concerted reaction channels could be alternative
pathways for the C�C and C�H activation of propane at
higher energy. The reaction process and energetic profile are
shown in Figures 19 and 20, respectively.


In summary, the reaction of Sc� with C3H8 is very similar to
that of Sc� with C2H6, and involves two types of mechanisms:
consecutive activation of C�C and C�H bonds (addition ±
elimination mechanism) and the concerted activation of
C�C and C�H bonds. The former can process along three
branches: C�C activation, primary C�H activation, and
secondary C�H activation, each of which consists of two
elementary steps: initial C�C or C�H activation of propane
by Sc� to form inserted intermediates, and their subsequent
isomerization. In these channels, which are energetically
favorable at low energy, the initial C�C and C�H bond


Figure 17. Reaction process following initial secondary C�H activation on the PES of [Sc, C3, H8]� .
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Figure 20. Energetic profile along the synchronous C�H and C�C
activation branch in the reaction of Sc� with propane.


activations are generally the energetic bottlenecks. The latter
involves an elementary step with a much higher activation
barrier than the former. Although the concerted path is less
favorable at low energy, it could be an alternative channel for
the loss of small molecules such as CH4 and C2H6 from Sc��
C3H6.


Conclusion


The gas-phase reactions of Sc� with CH4, C2H6, and C3H8


have been systemically studied by using density functional
theory. Our calculations provide further insight into the
elementary steps of the mechanisms of C�C and C�H
activations. The B3LYP/6-311��G(3df,3pd)//B3LYP/6-
311��G(d,p) level of theory used here seems to be capable
of describing the quantitative properties of the PESs of [Sc,
Cn, H2n�2]� (n� 1 ± 3). The experimental bond dissociation
energies of several species involved in the reactions of Sc�


with CnH2n�2 (n� 1 ± 3) were reproduced. The errors intro-
duced by calculations for the relative energies for different
isomers are estimated to be �5 kcalmol�1. Most of the
reaction mechanisms proposed earlier on the basis of
experimental findings have been confirmed. Moreover, we
also found some new mechanisms for Sc�-mediated C�C and
C�H activations. It seems reasonable that mechanisms similar


to the reactions of Sc� with CnH2n�2 (n� 1 ± 3)
could also apply to the reactions of Sc� with
larger alkanes, and to the reactions of other first-
row transition-metal ions with alkanes. Further
studies on the reactions of late first-row tran-
sition-metal ions are planned.


The following are the main conclusions drawn
from the present theoretical calculations:
1) The ground states of the reactants Sc�(3D)�


CnH2n�2 (n� 1 ± 3) are triplets, while the
ground states of the intermediates for in-
sertion of Sc� into C�C and C�H bonds are
singlets for all three systems. Hence, forma-
tion of the inserted species are spin-forbid-
den. This indicates that PES crossing occurs
in the course of Sc� insertion into C�C and
C�H bonds, and that the interaction between


Sc� and CnH2n�2 (n� 1 ± 3) is strong as they approach each
other. All subsequent rearrangements proceed along the
singlet surfaces.


2) Crossing between the singlet and triplet surfaces occur
before the saddle point for C�H activation, and after the
saddle points for C�C and synchronous C�C and C�H
activation.


3) The reactions of Sc� with alkanes are multichannel
processes which involve two types of mechanisms: the
addition ± elimination mechanism and the concerted
mechanism. The former involves two consecutive elemen-
tary steps: oxidative addition of a C�C or C�H bond to the
metal center to form inserted species and subsequent
reductive elimination of small molecules such as H2, CH4,
and C2H6 after various isomerizations. The concerted
mechanisms for CH4 and C2H6 elimination from the
reactions of Sc� with C2H6 and C3H8 are alternative
pathways to the general mechanism proposed earlier.
However, the activation energies of the concerted pro-
cesses are higher than those of the consecutive processes.


4) The loss of CH4 and/or C2H6 from Sc��CnH2n�2 (n� 2 and
3) can proceed along both the initial C�C activation
branch and the C�Hactivation branch. The loss of H2 from
Sc��CnH2n�2 (n� 2, 3) can proceed not only according to
1,2-H2 and/or 1,3-H2 elimination mechanisms, but also by a
1,1-H2 elimination mechanism.


5) In the energetically favorable addition ± elimination reac-
tion channels, the energetic bottlenecks are generally the
initial C�C or C�H bond activation rather than the
isomerization of the inserted intermediates. The concerted
reactions involve only one elementary step, which is
available only at high energy.


6) The oxidative addition of the C�C or C�H bond to the
metal center in the reactions of Sc� with all three alkanes
occur via a three-membered-ring transition state. While
reductive eliminations of small molecules proceed via
multicenter transition states, in most cases these involve
four- or five-membered-ring structures.


7) Based on the similar reactivity of Sc� with three small
alkanes, the results presented here can serve as a template
for the reactions of Sc� with larger alkanes, or of other
transition-metal ions with alkanes. The minima and


Figure 19. Reaction process following synchronous C�C and C�H activation on the PES of
[Sc, C3, H8]� .
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transition state geometries obtained here could act as
model structures for searching for analogues in other
systems composed of transition-metal ions and an alkane.
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Substituent Effects on O�H Bond Dissociation Enthalpies and Ionization
Potentials of Catechols: A DFT Study and Its Implications in the Rational
Design of Phenolic Antioxidants and Elucidation of Structure ±Activity
Relationships for Flavonoid Antioxidants**


Hong-Yu Zhang,*[a] You-Min Sun,[b] and Xiu-Li Wang[c]


Abstract: Density functional theory
(DFT) on B3LYP/6-31G(d,p) level was
employed to investigate the substituent
effects on O�H bond dissociation en-
thalpies (BDEs) and ionization poten-
tials (IPs) of catechols. It was revealed
that the ortho hydroxyl of catechol was
effective for the reduction of the O�H
BDE; however, the group had little
influence on the IP. The para substituent
effects upon O�H BDEs and IPs for


catechols were roughly the same as
those for monophenols, and this gave
the catechol moiety more potential than
monophenol to be used as a lead com-
pound in rational design of phenolic


antioxidants. In addition, the 1,4-pyrone
effects on O�H BDEs of catecholic
rings A or B of flavonoids were also
investigated. Although 1,4-pyrone ex-
tended the conjugation system of flavo-
noids, it was not beneficial to reduce the
O�H BDE as a result of its electron-
withdrawing property. Thus, 1,4-pyrone
was unlikely to be favorable to enhance
the H-abstraction activity of flavonoids.


Keywords: antioxidants ¥ bond
dissociation enthalpy ¥ catechols ¥
density functional calculations ¥
structure ± activity relationships


Introduction


Free radicals play a significant role in causing many diseases,
deteriorating foods, and degrading chemical materials. Hence,
in recent years, there has been growing interest in selecting
efficient antioxidants with low toxicity to reduce the damage
of radicals.[1±4] Furthermore, rational design strategies based
on structure ± activity relationships (SAR) have been pro-
posed to direct the synthesis and selection of novel antiox-
idants.[5]


For the phenolic antioxidants, which are widely used in
many fields, it is commonly accepted that the key factors that
help to enhance the antioxidative potency include the
following.
1) A relatively low O�H bond dissociation enthalpy


(BDE),[6±17] which facilitates the H-abstraction reaction
between antioxidant and radical.


2) A relatively high ionization potential (IP),[16, 17] which
decreases the electron-transfer rate between antioxidant
and oxygen, and thus, reduces the pro-oxidative potency of
the antioxidant.


3) A stable radical of the antioxidant generated after the
H-abstraction reaction,[18, 19] which decreases the toxicity
of antioxidant.


4) An appropriate solubility,[20, 21] which improves the mobi-
lity of the antioxidant between membranes and lipopro-
tein.
Accordingly, several attempts have been made to design


novel antioxidants with high activity and low toxicity. For
instance, Niki and co-workers designed and synthesized an �-
tocopherol (�-T) analogue, BO-653 (Scheme 1),[22] which was
demonstrated, as expected, to be an inhibitor of low-density
lipoprotein oxidation. Pratt and co-workers designed and
synthesized 5-pyrimidinols (Scheme 1),[17] which were better
radical scavengers than �-T.
However, up to now, most of the rationally designed


antioxidants have been monophenolic compounds. Consider-
ing the fact that a catechol moiety is necessary for most
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Scheme 1.


natural antioxidants to enhance their activity,[23±30] we think
this moiety may be a good lead structure for the rational
design of phenolic antioxidants. According to Wright and co-
workers× theory,[16] to design an optimum synthetic antiox-
idant, for example, for a given biological role, one must
consider the BDE and the IP first. Hence, to evaluate whether
catechol is a good lead structure, we will have to investigate
the substituent effects on O�H BDEs and IPs of catechols.
Moreover, this will also be helpful to elucidate the SAR for
natural antioxidants, such as flavonoids that usually contain a
catechol moiety.


Calculation Methods


As a fundamental chemical parameter,[31] there have been several types of
theoretical methods to estimate O�H BDE. The first is through the
additivity rule. Although this is convenient to estimate the O�H BDEs for
monophenols,[16, 32] it has not been demonstrated generally as effective for
catechols. The second is through semiempirical quantum chemical calcu-
lations by means of MNDO, AM1, and PM3 methods.[9±11, 14, 33] The third is
through ab initio or density functional theory (DFT) calcula-
tions.[10, 14±17, 34±40] Although DFT methods underestimate the absolute
O�H BDE, they are generally reliable for predicting the relative O�H
BDE,[14±17, 34±40] except for ortho tert-butyl-substituted phenols.[16, 40] In
addition, DFT methods are also effective to calculate IPs.[16, 17, 41] Consid-
ering the accuracy and convenience of DFT methods, we employed the
B3LYP function[42±44] on the basis set of 6-31G(d,p) in this paper to do
calculations. The procedures were as follows. The molecular geometries
were optimized firstly by the molecular mechanic method MMX[45] and
then by the semiempirical quantum chemical method AM1.[46] Finally,
B3LYP/6-31G(d,p) was used for the full geometry optimization in the gas
phase. The zero-point vibrational energies (ZPVEs) and the vibrational
contribution to the enthalpy were scaled by a factor of 0.9805.[47] The
quantum chemical calculations were accomplished by Gaussian94.[48]


Results and Discussion


The total electronic energies, ZPVEs, and thermal corrections
to energies for para-substituted monophenols and para-
substituted catechols in different states (Scheme 2) were
calculated and listed in the Supporting information. Accord-
ingly, O�H BDEs and IPs for monophenols, and O�H BDEs,
IPs, and intramolecular hydrogen bond (IHB) enthalpies for
catechols were calculated and listed in Table 1.


Scheme 2.


O�H BDE and IP of catechol : As shown in Table 1 and
Scheme 3, the O�H BDE for phenol is calculated to be
82.83 kcalmol�1, identical to the value calculated by de Heer
et al. , 82.8 kcalmol�1.[36] The O�H BDE of catechol (1) is
10.01 (82.83 ± 72.82) kcalmol�1 lower than that of phenol, in
agreement with the ortho-hydroxyl effect on O�H BDE
estimated previously.[49, 50] Taking into account that �-T has an
O�H BDE of 10 ± � 12 kcalmol�1 lower than that of phe-
nol,[17] we assume that 1 would be comparable with �-T to
scavenge free radicals. In fact, many radical-scavenging
experiments indicated that flavonoids with a catechol moiety
in ring B were indeed comparable with �-T.[25, 26]


However, recently, employing EPR equilibration techni-
ques, the O�H BDE of 3,5-di-tert-butylcatechol was deter-
mined to be �1 kcalmol�1 higher than that of �-T.[51]


Consequently, the ortho-hydroxyl effect was estimated to be
only �4.6 kcalmol�1. But taking into account that 3,5-di-tert-
butylcatechol was three times better than �-T at scavenging
1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals in nonpolar
solvent,[52] the experimental result is not reasonable. We think
the discrepancy arises from the fact that the EPR equilibra-
tion technique is not appropriate to determine O�HBDEs for
intramolecular hydrogen-bonded molecules at all.
The essence of the EPR equilibration technique is to


determine the equilibrium constant for the hydrogen atom
transfer reaction between phenol and the corresponding
phenoxyl radical [Eq. (1)].


ArOH�Ar�O.�ArO.�Ar�OH (1)


Apparently, the effectiveness of the EPR equilibration
technique depends on two assumptions. First, the H-abstrac-
tion reaction is a one-step reaction. Second, the entropy of the
reaction can be neglected. Both assumptions are suitable for
monophenols[32, 53] but questionable for polyphenols. As
shown in Scheme 4, the H-abstraction reaction pertinent to
3,5-di-tert-butylcatechol is not a one-step process, and thus,
the free-energy variation for the overall reaction cannot
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represent the O�H BDE. On the other hand, there is not any
evidence supporting the assumption that the entropy varia-
tions for the H-abstraction reactions of catechols are similar
to those of monophenols. As DFTmethods are not accurate at
calculating entropy, a detailed investigation on this subject
will be accomplished by higher level calculations and will be
published elsewhere.
A thermodynamic scheme for catechol (Scheme 3) indi-


cates that the O�H BDE of 1 is determined by two kinds of
substituent effects, the IHB effect and the ortho-hydroxyl
electronic effect, which contribute 5.49 (9.58 ± 4.09) kcalmol�1


and 4.52 (82.83 ± 78.31) kcalmol�1 to reduce the O�H BDE,


respectively. The latter effect is
rather simple and just results
from the electron-donating
property of the OH group.
However, the former effect is
complicated, which arises from
the higher IHB enthalpies in 3
than in 1. The IHB enthalpy in 1
was estimated to be 3.6 ±
� 4.0 kcalmol�1,[16, 54] similar to
the IHB enthalpy in ortho-me-
thoxyl phenol, 4.4 kcalmol�1.[36]


The IHB enthalpy in 3 was
estimated to be 8.0 ±
� 8.9 kcalmol�1 by theoretical
calculations,[16, 54, 55] and higher
than 9.1 kcalmol�1 from the
experimental determination.[56]


The higher IHB enthalpy perti-
nent to 3 may result from the
fact that the hydrogen bond


length in 3, 1.974 ä, is much shorter than that in 1, 2.124 ä.
Evidently, the previous and present results are consistent with
one another. However, the IHB enthalpy in 3 determined by
the EPR equilibration technique was only 4.4 kcalmol�1,[51]


much lower than the above results, which also suggests the
equilibration technique is questionable.
On the other hand, the O�HBDE for 3, namely the second


O�H BDE for 1, is 73.31 kcalmol�1, similar to the first O�H
BDE of 1, and this suggests both hydrogens of 1 are readily
abstracted in the schemed sequence. Support for this comes
from the experimental finding that in the radical scavenging
process, flavonoids with a catecholic ring B finally form a


Table 1. O�H BDEs, IPs, and IHB enthalpies for substituted catechols and O�H BDEs and IPs for monophenols [kcalmol�1] [T� 298.15 K].


X BDEcat
[a] BDEph


[b] IPcat
[c] IPph


[d] HIHBp
[e] HIHBr


[f] HIHB
[g] Cp


[h] Cr
[i] ��


p
[60] F[60] R�[60]


H 72.82 82.83 175.48 184.85 4.09 9.58 5.49 � 0.5946 � 0.5299 0 0 0
Me � 1.52 � 1.81 � 5.62 � 8.20 4.10 9.72 5.62 � 0.5968 � 0.5364 � 0.31 0.01 � 0.32
F � 1.34 � 1.89 1.90 � 1.09 4.79 9.76 4.97 � 0.5966 � 0.5304 � 0.07 0.45 � 0.52
Cl � 0.23 � 0.62 2.57 � 0.74 4.06 9.48 5.42 � 0.5922 � 0.5260 0.11 0.42 � 0.31
OH � 4.40 � 5.06 � 9.58 � 14.58 4.88 10.70 5.82 � 0.6016 � 0.5442 � 0.92 0.33 � 1.25
OMe � 4.75 � 5.12 � 14.02 � 19.18 4.76 10.69 5.93 � 0.6019 � 0.5482 � 0.78 0.29 � 1.07
SH � 2.25 � 2.90 � 8.12 � 13.93 4.41 10.13 5.72 � 0.5954 � 0.5373 � 0.03 0.3 � 0.33
SMe � 4.00 � 3.87 � 15.27 � 21.50 3.92 10.45 6.53 � 0.5970 � 0.5442 � 0.6 0.23 � 0.83
NH2 � 7.21 � 8.23 � 22.19 � 29.42 4.54 10.74 6.20 � 0.6038 � 0.5567 � 1.3 0.08 � 1.38
NMe2 � 8.27 � 8.93 � 29.55 � 37.70 4.49 10.82 6.33 � 0.6030 � 0.5641 � 1.7 0.15 � 1.85
CHO 2.04 2.37 8.93 8.01 3.02 8.38 5.36 � 0.5823 � 0.5146 0.73 0.33 0.4
CN 2.10 2.22 12.57 10.82 3.68 9.01 5.33 � 0.5839 � 0.5140 0.66 0.51 0.15
NO2 3.69 4.21 16.38 18.18 3.27 8.41 5.14 � 0.5810 � 0.5094 0.79 0.65 0.14
CF3 2.15 3.01 8.72 9.54 3.26 8.94 5.68 � 0.5880 � 0.5203 0.61 0.38 0.23


[a] O�HBDEs of catechols. BDE�Hr�Hh�Hp, in which,Hr is the enthalpy for radicals generated after H abstraction,Hh is the enthalpy for the hydrogen
atom,�0.49792 hartrees, andHp is the enthalpy for the parent molecule. The first value is absolute O�HBDE for catechol, and the others are relative to the
first value. [b] O�H BDEs of monophenols. BDE�Hr�Hh�Hp, in which, Hr is the enthalpy for radicals generated after H abstraction, Hh is the enthalpy
for the hydrogen atom,�0.49792 hartrees, andHp is the enthalpy for the parent molecule. The first value is absolute O�HBDE for phenol, and the others are
relative to the first value. [c] Ionization potentials of catechols. IP� (TEc�ZPVEc� 0.9805)� (TEP�ZPVEP� 0.9805), in which, TEc is the total energy for
the cation radical, ZPVEc is the zero-point vibrational energy for the cation radical, TEP is the total energy for the parent molecule, and ZPVEp is the zero-
point vibrational energy for the parent molecule. The first value is the absolute IP for catechol, and the others are relative to the first value. [d] Ionization
potentials of monophenols IP� (TEc�ZPVEc� 0.9805)� (TEP�ZPVEP� 0.9805), in which, TEc is the total energy for the cation radical, ZPVEc is the
zero-point vibrational energy for the cation radical, TEP is the total energy for the parent molecule, and ZPVEp is the zero-point vibrational energy for the
parent molecule. The first value is the absolute IP for phenol, and the others are relative to the first value. [e] IHB enthalpies in parent catechols. [f] IHB
enthalpies for catecholic radicals derived from H abstraction. [g] IHB contributions to O�H BDEs of catechols: HIHBr�HIHBp. [h] Net charge of O1 in the
parent catechol. [i] Net charge of O1 in the catecholic radical.


Scheme 3.
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quinone structure by donating two electrons and two pro-
tons.[57] As 5 is not a radical at all, the radical toxicity induced
from 3 could be neglected to a certain extent.
It is also interesting to note that although the O�H BDE of


catechol is comparable with that of �-T, the IP of catechol
(9.37 kcalmol�1 lower than that of phenol) is much higher
than that of �-T.[58] This indicates the ortho hydroxyl of
catechol is efficient at reducing the O�H BDE, but has little
influence on the IP.


Substituent effects on O�H BDEs and IPs of catechols : It is
well known that electron-donating (ED) groups reduce the
O�H BDEs and IPs for monophenols, and electron-with-
drawing (EW) groups have an opposite effect.[16, 17, 34±40] It is
also observed for para-substituted catechols that the O�H
BDEs and IPs correlate well with the Brown parameter ��


p


(Table 1, Figures 1 and 2).[59, 60] It is noteworthy that although
the substituent effects on O�H BDEs of catechols are slightly
less than those for monophenols, the trends of both effects are


Figure 1. Correlation between relative O�H BDEs of catechols (�, r�
0.98552) and monophenols (�, r� 0.98028) and ��


p .


similar to each other (Figure 1).
Thus, it seems the existence of
an IHB has little influence on
the substituent effects on O�H
BDEs for phenols. This is a
result of the fact that ED
groups increase and EW groups
reduce the net charge of O1 in
catechols and their radicals si-
multaneously (Table 1). Hence,
ED groups strengthen and EW
groups weaken the IHBs of
catechols and their radicals as
well, which induces the IHB
effects to offset each other, and
the IHB contributions to O�H
BDEs only vary within
�1 kcalmol�1 (Table 1). Thus,
electronic contributions to


Figure 2. Correlation between relative IPs of catechols (�, r� 0.96698)
and monophenols (�, r� 0.96207) and ��


p .


O�HBDEs play a predominant role in the substituent effects.
Similarly, the substituent effect on IPs of catechols is also near
to the effect on IPs of monophenols (Table 1, Figure 2). This
enables the catechol moiety to be an excellent lead structure
and to take advantage of relatively low O�H BDE and
relatively high IP in the rational design of antioxidants. For
instance, the O�H BDE of OMe-substituted catechol is 14.76
(10.01� 4.75) kcalmol�1 lower than that of phenol; however,
its IP is only 23.39 (14.02� 9.37) kcalmol�1 lower than that of
phenol (Table 1). In contrast, even if 5-pyrimidinol or phenol
were substituted by two ortho methyls and one para-NMe2,
the O�H BDEs being 13 (15.5 ± 87.1� 89.6) kcalmol�1 or
14.8 kcalmol�1 lower than those of phenol,[17] their IPs would
be 28.4 (52.7 ± 195.4� 219.7) kcalmol�1 or 43.1 kcalmol�1


lower than those of phenol.[17] Apparently, substituted
catechols will be much more stable to air oxidation
than substituted monophenols, provided they have similar
O�H BDEs. In addition, the second hydroxyl in methoxyl


Scheme 4.
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catechol is also abstractable, with an O�H BDE as low
as 71.04 kcalmol�1. Hence, on the basis of methoxyl catechol,
it is possible to design novel antioxidants with excel-
lent properties, and their design is undertaken in our
laboratory.[61]


Furthermore, since the electronic effects of substituents are
composed of two main parts, a field/inductive component,
represented by parameter F, and a resonance component,
characterized by parameter R�, that is, ��


p �F�R�,[60] it is
interesting to determine whether the O�H BDEs of catechols
are mainly governed by field/inductive effects or resonance
effects? From correlation studies (Figures 3 and 4), it can be
found that the correlation between O�H BDE and R� (r�
0.96468) is much better than that between O�H BDE and F
(r� 0.56828); the correlation suggests that the O�H BDEs of
catechols are mainly governed by the resonance effect. This is
similar to the observation on O�H BDEs of para-substituted
monophenols[39a] and will be helpful to elucidate the SAR for
flavonoid antioxidants.


Figure 3. Correlation between relative O�H BDEs of catechols and R�


(r� 0.96468).


Figure 4. Correlation between relative O�H BDEs of catechols and F (r�
0.56828).


1,4-Pyrone effect on O�H BDEs of catechols and elucidation
of structure ± activity relationships for flavonoid antioxidants :
Flavonoids have received considerable attention in recent
years, owing to their excellent antioxidant and pharmacolog-
ical activities.[23±30, 62±66] Two structural factors are considered
to be particularly favorable to enhance the flavonoid anti-
oxidant activity. First, a catechol moiety is necessary,[23±30, 65±67]


which can be easily understood from the above discussions.
Second, a 2,3-double bond in conjugation with the 4-oxo
function in ring C, namely, a 1,4-pyrone moiety, is also
helpful,[25, 27, 65±67] which was considered to stem from the high
resonance between the rings A, B, and C (Scheme 5). In
addition, through a quantum chemical calculation, van Acker
et al.[68] indicated that the torsion angle between rings B and C
was also important for the free radical scavenging activity of
flavonoids. The smaller the angle, the better the resonance
between rings B and C, the more stable the phenoxyl radical
in ring B, and the more active the flavonoids. For instance,
quercetin (Scheme 5) is more active than luteolin (Scheme 6),
because the rings B and C of the former are more planar than
those of the latter owing to the existence of the intramolecular
hydrogen bond between 3-OH and 6�-H in the former.[68±70]


However, the SAR was brought into question by experiments,
which indicated that catechin is more active than luteolin,


Scheme 5.
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though luteolin is better conjugated (Scheme 6).[25] DFT
calculations suggested that the O�H BDE of catechin was
indeed lower than that of luteolin.[39a] Apparently, to under-
stand the SAR, we will have to investigate the 1,4-pyrone
effect on the O�H BDE of catechol.
From the above discussion, it is clear that although the


resonance effect is predominant in determining O�H BDEs
of catechols, only the resonance effect of ED groups reduces
the O�H BDEs, and resonance from EW groups has an
opposite effect. Therefore, theoretically, the 1,4-pyrone moi-
ety is not favorable for reducing the O�H BDE of catechol as
a result of its EW property.
To quantitatively evaluate the 1,4-pyrone effect on O�H


BDE of catechol, we designed two kinds of structures,
catechol in ring A (6 and 7, Scheme 7) and catechol in ring B
(8, Scheme 7), because both kinds of structures exist in
flavonoids. The O�H BDEs for 6 or 7 indicate that the 1,4-
pyrone raises the O�H BDE by 2.62 or 2.45 kcalmol�1


compared with that of catechol.[71] However, owing to the
poor conjugation between 1,4-pyrone and catechol in ring B,
1,4-pyrone has little effect on the O�H BDE,[72] implying that
flavonoids with catechol in ring B will be more active at
scavenging free radicals than those with catechol in ring A;
this has been observed by experiments.[28, 29]


In brief, although 1,4-pyrone extends the conjugation
system of flavonoids, it is not beneficial for reducing the
O�H BDE as a result of its electron-withdrawing property,
and thus, it is unlikely to be favorable for enhancing the
H-abstraction activity of flavonoids.


Conclusion


The catechol moiety has the advantages of relatively lowO�H
BDE, relatively high IP, and relatively low toxicity of the


product generated in the radical scavenging
process. In addition, the substituent effects on
O�H BDEs and IPs for catechols are roughly
the same as for monophenols, which gives
catechol more potential than monophenol to
be used as a lead compound in the rational
design of antioxidants.
Similar to monophenols, the O�H BDEs of


catechols are also mainly governed by the
resonance effect of the substituents. However,
only the resonance effect of ED groups
reduces the O�H BDE, and the resonance
from EW groups has an opposite effect.


Accordingly, although 1,4-pyrone extends the conjugation
system of flavonoids, it is not favorable for reducing the O�H
BDE of the catechol in flavonoids as a result of its EW
property. Hence, the SAR for flavonoids in the scavenging of
free radicals was elucidated. The necessity of a catechol
moiety was demonstrated, but the 1,4-pyrone effect was
questioned.
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Abstract: The structures of the parent compounds of phosphanyl- and arsanylbor-
anes, H2BPH2 and H2BAsH2, were calculated by DFT-B3LYP methods. Such
compounds have not previously been obtained preparatively. By applying the
concept of Lewis acid/base stabilisation, [(CO)5W(H2EBH2 ¥ NMe3)] (E�P (3), As
(4)) derivatives have been synthesised by the metathesis reactions between
Li[(CO)5WEH2] and ClH2BNMe3 (E�P, As). Comprehensive thermodynamic
studies on these systems verify the high stability of the Lewis acid/base stabilised
complexes. Unexpected based on the thermodynamic calculations, UV radiation of
the phosphanylborane 3 leads to the dinuclear phosphanido-bridged complex
[(CO)8W2(�-PHBH2 ¥ NMe3)2] (5) by H2 and CO elimination.


Keywords: arsenic ¥ boron ¥ density
functional calculations ¥ phosphorus
¥ tungsten


Introduction


The chemistry of phosphanylboranes (R2BPR�2)n has been
explored for a number of years now and a large number of
compounds is known today.[1] For the corresponding arsanyl-
boranes (R2BAsR�2)n only a very small number of compounds
has been synthesised.[2] Monomeric compounds of both types
have up to now been stabilised exclusively by bulky sub-
stituents at the Group 13 and Group 15 elements. Without the
bulky substituents an intermolecular oligomerisation occurs
between the lone pair of the Group 15 element and the
acceptor orbital of the boron atom. The parent compounds
H2BPH2 and H2BAsH2 have never been experimentally
detected, but ab initio calculations on the structure of the
first compound have been performed.[3]


As we have shown, the yet unknown compounds phospha-
nylalane H2AlPH2 and phosphanylgallane H2GaPH2 can be
stabilised by coordination of a Lewis acid and a Lewis base.
The complexes [(CO)5W(H2PE�H2 ¥ NMe3)] (1) (E��Al (a),


Ga (b)) could be obtained by H2 elimination reactions
between [(CO)5WPH3] and H3E ¥ NMe3.[4] Preparative at-
tempts to synthesise the corresponding boron compounds by a
similar reaction between [(CO)5WEH3] (E�P, As) and H3B ¥
NMe3 have however proven unsuccessful.


Herein we report the results of our theoretical studies on
the parent compounds of the phosphanyl- and arsanylboranes
and for the first time on the synthesis of both compounds as
Lewis acid/base stabilised derivatives.


Results and Discussion


DFT calculations: The structures of H2BPH2 and H2BAsH2


among others were calculated at the DFT-B3LYP level of
theory as a part of the thermodynamic studies.[5] The
structures (Figure 1) reveal Cs-symmetric molecules with
almost planar boron and pyramidal Group 15 element centres
(Figure 1). The calculated B�E distances are 1.873 (E�P)
and 1.990 ä (E�As).


Figure 1. Comparison of the calculated structures of H2PBH2 (left) and
H2AsBH2 (right).
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The Lewis acid/base stabilised phosphanlyalanes and
-gallanes 1a,b could be obtained by H2 elimination reactions
between [(CO)5WPH3] and H3E ¥ NMe3, whereas the corre-
sponding phosphanylborane could not be obtained by an
analogous route. In agreement with this our DFT calcula-
tions[5] (Table 1) have shown that the latter reaction is for the
P case indeed only slightly exothermic by 21 kJ mol�1 (Table 1,
entry 1). Since the standard entropy is negative for this
reaction (�S0


298 ��63.4 J mol�1 K�1), it is only slightly ther-
modynamically favourable at 298 K (�G0


298 ��2.4 kJ mol�1),
but unfavourable at, for example, 373 K (�G0


373 �
3.9 kJ mol�1). For the As compound the process of H2


elimination is slightly more exothermic (�34.3 kJ mol�1) and
the Gibbs energies are negative both at 298 K
(�19.3 kJ mol�1), and 373 K (�15.5 kJ mol�1). Note that P-
and As-containing compounds exhibit similar thermodynamic
properties (Table 1). The H2 elimination reaction starting
from unprotected H3B and EH3 is slightly favourable ther-
modynamically. Protecting groups bring 100 ± 110 kJ mol�1 for
the coordination of NMe3 and 120 kJ mol�1 for W(CO)5; thus
the total stabilisation energy both with donor and acceptor
(263 and 271 kJ mol�1 for P and As, respectively, Table 1,
entry 6) is sufficient to prevent the dimerisation of monomers
H2BEH2 (133 and 113 kJ mol�1, respectively, Table 1, entry 3).


From the thermodynamic point of view, H2 elimination
reactions are more favourable for the As compound than for
the P complex, reflecting the lower stability of the As�H bond
compared to the P�H bond. The fact that reaction (1; see
Table 1, entry 1) does not occur experimentally also for the
reaction starting from [H3AsW(CO)5], reflects the impor-
tance of the kinetic factors of these reactions as well as the
lower stability of the formed product (c.f. discussion below).


Synthesis of the Lewis acid/base stabilised phosphanyl- and
arsanylboranes: Based on the theoretical and preparative
results, we have chosen a salt elimination route for the
synthesis of the phosphanyl- as well as arsanylborane
complexes. [(CO)5WPH3] can be metallated in toluene with
nBuLi.[6, 7] The resulting complex Li[(CO)5WPH2] (2a) is then


treated with ClH2B ¥ NMe3 in toluene to give [(CO)5W-
(H2PBH2 ¥ NMe3)] (3) in good yield (Scheme 1). The corre-
sponding arsenic-containing compound [(CO)5W(H2AsBH2 ¥
NMe3)] (4) has been synthesised in a similar reaction


Scheme 1. Reactions of 2 with ClBH2 ¥ NMe3.


sequence starting from Li[(CO)5WAsH2] (2b). To our know-
ledge 4 is the first structurally characterised monomeric
transition metal complex of an arsanylborane.[8] Compounds 3
and 4 are obtained as light yellow crystals from toluene. They
are slightly soluble in hexane but readily soluble in toluene
and CH2Cl2. In contrast to the aluminium-containing com-
pound 1a complexes 3 and 4 are remarkably stable towards
decomposition. Compound 1a evolves H2 when it is dissolved
in toluene or CH2Cl2. In contrast, the boron-containing
complex 3 does not eliminate H2 in these solvents even in
refluxing toluene. The arsenic complex 4 is stable in toluene at
room temperature, but decomposes when heated to 60 �C.[9]


Photolysis of the Lewis acid/base stabilised phosphanyl-
arsanylborane: As mentioned above, 3 does not lose H2 even
in refluxing toluene. Thus, we tried to induce H2 elimination
by UV irradiation. Photolysis of 3 in toluene results in a loss of
H2 and CO to yield the dimeric product [(CO)8W2(�-PHBH2 ¥
NMe3)2] (5), in which two tungsten atoms are bridged by two
[HPBH2 ¥ NMe3] ligands (Scheme 2). This experimental result
was theoretically unexpected, since the calculated gas-phase
reaction (see Table 1, entry 8) is endothermic by 165 kJ mol�1.
While this reaction is entropically favourable (�S0


298 �
190.4 J mol�1 K�1), apparently the long irradiation time to-
gether with the solution conditions promoted the generation


Table 1. Calculated standard enthalpies �H0
298 [kJ mol�1], Gibbs energies �G0


298 [kJ mol�1] and entropies �S0
298 [JK�1 mol�1] of gas-phase reactions.


Calculations done at the B3LYP/6 ± 31G*(ECP on W) level of theory.


Entry Process E �H0
298 �S0


298 �G0
298


1 [Me3N ¥ BH3] � [H3E{W(CO)5}]� [Me3N ¥ H2BPH2{W(CO)5}] � H2 P � 21.3 � 63.4 � 2.4
As � 34.4 � 50.5 � 19.3


2 BH3 � EH3�H2BPH2 � H2 P � 17.0 � 13.7 � 12.9
As � 9.4 � 12.9 � 5.5


3 2 H2BEH2 � [H2BEH2]2 P � 132.8 � 185.0 � 77.7
As � 113.2 � 186.4 � 57.7


4 H2BEH2 � NMe3 � [Me3N ¥ H2BEH2] P � 98.1 � 170.9 � 47.2
As � 111.8 � 169.2 � 61.3


5 H2BEH2 � W(CO)5� [H2BEH2{W(CO)5}] P � 121.2 � 138.8 � 79.8
As � 120.4 � 168.9 � 70.1


6 H2BEH2 � NMe3 � W(CO)5� [Me3N ¥ H2BEH2{W(CO)5}] P � 262.5 � 346.0 � 159.3
As � 271.0 � 339.8 � 81.5


7 [Me3N ¥ H2EPH2{W(CO)5}]�H2EPH2 � [Me3N ¥ W(CO)5] P 178.4 151.0 97.9
As 172.2 159.6 108.3


8 2 [Me3N ¥ H2BPH2{W(CO)5}]� [W(CO)4 ¥ HEBH2 ¥ NMe3]2 � H2 � 2CO P 164.8 190.4 108.0
As 127.2 181.3 73.2
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Scheme 2. Photolysis of 3 in toluene.


of 5. Complex 5 can be obtained as an orange microcrystalline
powder from toluene. It is slightly soluble in hexane and
readily soluble in toluene and CH2Cl2.


Spectroscopic properties : The EI mass spectra of 3 and 4 show
the appropriate molecular ion as well as characteristic frag-
ment ion peaks. The IR spectra of 3 and 4 reveal absorptions
for the C�O valence stretching frequencies of the W(CO)5


moiety as well as the B�H and the E�H stretching frequen-
cies. The 31P{1H} NMR spectrum of 3 shows a broad signal that
displays a doublet structure (���184.2 ppm, J� 63 Hz). This
signal is split into a triplet (1J(P,H)� 297 Hz) when it is
recorded without proton decoupling. If the spectrum is
recorded with additional 11B decoupling, the signal also
displays tungsten satellites (1J(P,W)� 177 Hz). In comparison
with [(CO)5WPH3] (1J(P,W)� 215.8 Hz) the 1J(P,W) coupling
of 3 clearly reveals that the BH2NMe3 unit is less electro-
negative than the H substituent.[10] The 11B{1H} NMR
spectrum of 3 shows a broad signal with a doublet structure
at ���7.6 ppm (1J(B,P)� 36 Hz), which only broadens when
the proton-coupled 11B spectrum is recorded. In the 11B{31P}
experiment a triplet structure is revealed due to the coupling
with the two protons (1J(B,H)� 105 Hz). The 1H NMR
spectrum of 4 shows a multiplet at �� 1.27 ppm for the
AsH2 protons. For the BH2 protons a characteristically broad
quartet signal at �� 2.3 ppm is detected with a 1J(H,B)
coupling of 117 Hz. The NMe3 protons give rise to a singlet at
�� 1.46 ppm. In the 11B{1H} spectrum of 4 a singlet is detected
at ���7.0 ppm, which splits into a triplet in the 11B NMR
spectrum due to the coupling with the two protons attached to
the boron atom.


The mass spectrum of 5 shows the molecular ion as well as
characteristic fragmentation peaks. In its 11B{1H} NMR
spectrum 5 shows a broad singlet at ���1.4 ppm. When
the spectrum is recorded without proton decoupling, the
signal gets even broader, but the supposed triplet structure of
the signal can not be resolved. The 31P{1H} NMR spectrum of
5 shows a broad peak at �� 53.7 ppm. This signal reveals a
doublet (1J(P,H)� 293 Hz) with tungsten satellites (1J(P,W)�
119 Hz) in the 31P{11B} NMR experiment. The 1H NMR
spectrum of 5 shows a singlet for the NMe3 protons at ��
2.08 ppm as well as a triplet of doublets at �� 5.84 ppm for the
PH protons (1J(H,P)� 293 Hz, 3J(H,H)� 7 Hz).


Crystal structural analysis : X-ray structure analyses have been
performed for the isostructural compounds 3 and 4 (Figure 2).
The central motif of both structures is a H2EBH2 unit (E�P
(3), E�As (4)) which is coordinated to a [W(CO)5] fragment
through the Group 15 element lone pair. Additionally, the


Figure 2. Molecular structure of [{(CO)5W}H2EBH2 ¥ NMe3] 3 (E�P) and
4 (E�As) in the crystal (hydrogen atoms at the amine are omitted for
clarity). Selected bond lengths [ä] and angles [�]: 3 : W�P 2.542(2), B�P
1.955(4), B�N 1.603(5); B-P-W 116.4(1), N-B-P 116.0(3); 4 : W�As 2.635(1),
B�As 2.067(9), B�N 1.61(1); B-As-W 117.2(3), N-B-E 116.0(6).


boron atom achieves a coordination number of four by the
coordination of the Lewis base NMe3. The substituents
around the E�B bond adopt a staggered geometry (N-B-E-
W 3 : 177.7� ; 4 : 177.1�). The B�P bond length in 3 (1.955(4) ä)
is longer than in the calculated structure for H2PBH2


(1.90 ä[3b] or 1.905 ä[3c]). This finding is not surprising since
�-bonding interactions are discussed for the latter compound,
which are not possible in 3. In comparison to other com-
pounds with four-coordinate boron and phosphorus atoms,
the B�P bond length in 3 shows no remarkable difference (c.f.
1.948(2) ä in (Ph2PBH2)3


[11]). Similar observations can be
made for the structure of the arsenic-containing complex 4.
The B�As bond length (2.067(9) ä) is longer than the
calculated distance of 1.990 ä for H2AsBH2.[5]


The molecular structure of 5 is depicted in Figure 3 and
reveals a W2(CO)8 fragment bridged by two HPBH2 ¥ NMe3


ligands, which adopt a trans arrangement. All bond lengths


Figure 3. Molecular structure of [(CO)8W2(�-PHBH2 ¥ NMe3)2] 5 in the
crystal (hydrogen atoms at the amine are omitted for clarity). Selected
bond lengths [ä] and angles [�]: W�P 2.501(3), W�P� 2.515(3), W�W�
3.040(1), P�B 1.96(2), B�N 1.61(2); P-W-P� 105.37(9), P-W-W� 52.90(7), P�-
W-W� 52.47(7), B-P-W 129.8(6), B-P-W� 114.0(5), W-P-W� 74.63(9), N-B-P
117(1).


are in the expected ranges. The W�W� distance (3.041(1) ä) is
only slightly longer than in other tungsten complexes with
bridging phosphanido ligands (c.f. [W2(CO)8(�-PHtBu)2]
3.017(2) ä,[12] [W2(CO)8(�-PPh2)2] 3.026(1) ä[13]). The B�P
bond length in 5 (1.963(2) ä) does not differ significantly from
that in 3 (1.955(4) ä).
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Conclusion


By using our concept of Lewis acid/base stabilisation the
parent compounds H2EBH2 (E�P, As) were stabilised for
the first time. The metathesis reaction employed between
Li[(CO)5WEH2] (2) and ClH2B ¥ NMe3 to give [(CO)5W-
(H2EBH2 ¥ NMe3)] (3 and 4) in good yields, together with the
H2 elimination reaction applied for the recently reported
approach to the corresponding phosphanylalans and -gallanes
[(CO)5W(H2PE�H2 ¥ NMe3)] (E��Al, Ga), opens broad pos-
sibilities for the synthesis of further mixed main group
element containing derivatives. In contrast to the phospha-
nylalanes and -gallanes the novel boron complexes show
much more stability towards H2 elimination. Nevertheless, by
applying some means of activation, such as photolytic or
ultrasonic conditions, these starting materials open up broad
potential for the synthesis of novel Group 13/15 oligomers
coordinated to transition metals as well as for their own
coordination chemistry. Furthermore, these volatile mole-
cules could be valuable precursors for CVD processes.


Experimental Section


All reactions were performed under an atmosphere of dry argon with
standard vacuum, Schlenk, and glove-box techniques. Solvents were
purified and degassed by standard procedures. NMR spectra were recorded
at 25 �C on a Bruker AC 250 (1H: 250.133 MHz, 31P: 101.256 MHz; standard
Me4Si (1H), 85% H3PO4 (31P)), AMX 300 (11B: 96.296 MHz; standard F3B ¥
OEt2). IR spectra were recorded in THF solutions on a Bruker IFS28 FT-
IR spectrometer. The Raman spectra were recorded on a Bruker FRA-106.
Mass spectra were recorded on a Finnigan MAT 711 spectrometer at 70 eV.


Correct elemental analysis was performed by the analytical laboratory at
the Institut f¸r Anorganische Chemie Karlsruhe.


Reagents : Unless otherwise stated, commercial grade chemicals were used
without further purification. [(CO)5WPH3] and [(CO)5WAsH3] were
prepared by literature methods.[14]


Crystal structure analysis : Crystal structure analyses of 3 ± 5 were
performed on a STOE IPDS diffractometer with AgK� radiation (��
0.56087 ä). The structures were solved by direct methods with the program
SHELXS-97,[15a] and full-matrix least-squares refinement on F 2 in
SHELXL-97[15b] was performed with anisotropic displacements for non-H
atoms. In 5 two solvent molecules of toluene were found. Hydrogen atoms
at the carbon atoms were located in idealised positions and refined
isotropically according to a riding model. The hydrogen atoms at the
phosphorus, arsenic and boron atoms were freely refined. Further details of
the structural refinement are given in Table 2.


CCDC-189025 (3), CCDC-189026 (4) and CCDC-189027 (5 ¥ 2 C7H8)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (�44) 1223-336-033; or depos-
it@ccdc.cam.uk).


Synthesis of Li[(CO)5WAsH2] (2b): To a vigorously stirred solution of
[(CO)5WAsH3] (854 mg, 2.125 mmol) in toluene (20 mL) an equimolar
amount of a solution of nBuLi in hexane diluted with toluene (10 mL) was
added over a period of 1 h. The light brown powder of 2b which is formed
during the reaction was separated by filtration, washed with toluene (5 mL)
and hexane (15 mL) and dried in vacuo (686 mg, 79 %). 1H NMR
(300 MHz, [D8]THF, TMS ext.): �� 0,89 (s, 2 H).


Synthesis of [(CO)5W(H2PBH2 ¥NMe3)] (3): Li[(CO)5WPH2] (884 mg,
2.32 mmol) was allowed to react with ClBH2 ¥ NMe3 (226 mg, 2.11 mmol) in
toluene (25 mL) for 14 h. After separation from the insoluble residue by
filtration over celite and reduction of the solvent volume to 3 mL, 3 was
obtained at �20 �C as light yellow crystals (523 mg, 58%). 3 : 1H NMR
(300 MHz, [D6]benzene, TMS ext.): �� 1.44 (d, 4J(H,P)� 2 Hz, 9 H;
NMe3), 2.48 ppm (dm, 1J(H,P)� 297 Hz, 2H; PH2); 11B{1H} NMR
(96 MHz, [D6]benzene, F3B ¥ OEt2 ext.): ���7.6 ppm (d, br, 1J(P,B)�


Table 2. Crystallographic data for compounds 3 ± 5.


3 4 5 ¥ 2 C7H8


formula C8H13BNO5PW C8H13AsBNO5W C21H32B2N2O8P2W2


Mr 428.82 472.77 891.75
crystal size [mm] 0.40� 0.40� 0.30 0.20� 0.16� 0.03 0.30� 0.20� 0.04
T [K] 203(2) 203(2) 203(2)
space group P21/c (no. 14) P21/c (no. 14) C2/c (no. 15)
crystal system monoclinic monoclinic monoclinic
a [ä] 10.650(2) 10.785(2) 21.142(4)
b [ä] 14.964(3) 14.909(3) 12.273(3)
c [ä] 9.806(2) 9.860(2) 12.720(3)
� [�] 90.00 90.00 90.00
� [�] 107.39(3) 107.24(3) 108.12(3)
� [�] 90.00 90.00 90.00
V [ä3] 1491.4(5) 1514.2(5) 3136.6(11)
Z 4 4 4
�calcd [g cm�3] 1.910 2.074 1.888
� [mm�1] 4.233 5.258 4.026
radiation [�, ä] 0.56087 0.56087 0.56087
diffractometer STOE IPDS STOE IPDS STOE IPDS
2� range [�] 3.16� 2�� 44.70 3.12� 2�� 44.78 3.06� 2�� 44.42
index range � 13� h� 14 � 14� h� 14 � 28� h� 28


� 20� k� 20 � 19� k� 16 � 16� k� 16
� 13� l� 13 � 12� l� 12 � 16� l� 16


data/restrains/parameters 3854/0/173 3775/0/173 3840/0/185
independent reflections with I� 2�(I) 3235 (Rint � 0.0564) 2558 (Rint � 0.0612) 3074 (Rint � 0.0891)
goodness-of-fit on F 2 1.065 1.026 1.226
R1 ,[a] 	R2


[b] (I� 2�(I)) 0.0277, 0.0608 0.0482, 0.1020 0.0707, 0.1554
R1 ,[a] 	R2


[b] (all data) 0.0371, 0.0641 0.0816, 0.1146 0.0894, 0.1637
largest diff peak and hole [e�/ä�3] 1.160, �0.639 1.607, �1.060 2.728, �2.962


[a] R�� �F0 �� �Fc � �/� �F0 �. [b] wR2 � [�	(F 2
o �F 2


c 	2]/[�(F 2
o 	2]1/2.
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36 Hz; BH2); 11B{31P} NMR: ���7.6 ppm (t, br, 1J(H,B)� 105 Hz; BH2);
31P{1H} NMR (101 MHz, [D6]benzene, H3PO4 ext.): ���184.2 ppm (d, br,
J� 63 Hz; PH2); 31P{11B} NMR: ���184.2 ppm (t, 1J(P,H)� 297 Hz,
1J(P,W)� 177 Hz; PH2); MS (EI, 90 �C): m/z (%): 429 (52) [M�], 401 (22)
[M��CO], 373 (27) [M�� 2 CO], 369 (100) [M�� 2 CO� 4 H], 341 (67)
[M�� 3CO� 4 H], 313 (35) [M�� 4 CO� 4 H], 285 (24) [M�� 5CO�
4H]; IR (THF): 
� � 2423(w) (�BH), 2319(w) (�PH), 2066(m), 1971(sh),
1926(br), 1910(s) (�CO) cm�1; Raman (solid-state): 
� � 3007 (w), 2951 (s),
2393 (w), 2323 (m), 2065 (m), 1959 (vs), 1935 (m), 1872 (s), 1469 (w), 1100
(w), 462 (m), 434 (s), 103 cm�1 (s).


Synthesis of [(CO)5W(H2AsBH2 ¥NMe3)] (4): [(CO)5WAsH2Li] (686 mg,
1.682 mmol) was allowed to react with ClBH2 ¥ NMe3 (181 mg, 1.682 mmol)
in toluene (10 mL) at 0 �C under ice cooling in the dark for 12 h. After
separation from the insoluble residue by filtration over celite and reduction
of the solution to dryness the residue was extracted with hexane/toluene
(4:1; 30 mL). At �25 �C light yellow crystals of 4 were obtained (350 mg,
44%). 4 : 1H NMR (300 MHz, [D6]benzene, TMS ext.): �� 1.27 (m, 2H;
AsH2), 1.46 (s, 9 H; NMe3), 2.3 ppm (q, 1J(H,B)� 117 Hz, 2H, BH2);
11B{1H} NMR (96 MHz, [D6]benzene, F3B ¥ OEt2 ext.): ���7.0 (s, br,
BH2); 11B NMR: ���7.0 ppm (t, br, 1J(H,B)� 117 Hz, BH2); MS (EI,
90 �C): m/z (%): 473 (24) [M�], 443 (5) [M��H], 415 (19) [M�� 2H�
2CO], 387 (30) [M�� 2H� 3CO], 359 (19) [M�� 2H� 4CO], 72 (100)
[M�� (CO)5WAsH2]; IR (THF): 
� � 2125(w) (�BH), 2065(m) (�AsH),
1970(sh), 1926(br), 1910(m) (�CO).


Synthesis of [(CO)8W2(�-PHBH2 ¥NMe3)2] (5): A solution of
[W(CO)5(H2PBH2 ¥ NMe3)] (3) (352 mg, 0.82 mmol) in toluene (40 mL)
was irradiated with a UV lamp for 12 h in a Schlenk tube made of quartz
glass. After removal of the solvent and recrystallisation from toluene, 5 was
obtained as a microcrystalline orange powder (240 mg, 73%). 1H NMR
(300 MHz, [D6]benzene, TMS ext.): �� 2.08 (s, 18 H; NMe3), 5.84 ppm (dt,
1J(H,P)� 293 Hz, 3J(H,H)� 7 Hz, 2H; PH); 11B{1H} NMR (96 MHz,
[D6]benzene, F3B ¥ OEt2 ext.): ���1.4 ppm (s, br, BH2); 31P{1H} NMR
(101 MHz, [D6]benzene, H3PO4 ext.): �� 53.7 ppm (s, br, PH); 31P{11B}
NMR: �� 53.7 ppm (d, 1J(P,H)� 293 Hz, 1J(P,W)� 119 Hz, PH); MS (EI,
170 �C):m/z : 800 (2) [M�], 772 (1) [M��CO], 744 (2) [M�� 2CO], 716 (1)
[M�� 3CO], 688 (1) [M�� 4 CO], 681 (1) [M�� 2NMe3].
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Synthesis and Structural Analysis of the Polymetallated Alkali Calixarenes
[M4(p-tert-butylcalix[4]arene-4H)(thf)x]2 ¥ nTHF (M�Li, K; n� 6 or 1; x� 4
or 5) and [Li2(p-tert-butylcalix[4]arene-2H)(H2O)(�-H2O)(thf)] ¥ 3THF


Estelle D. Gueneau,[a] Katharina M. Fromm,*[a] and H. Goesmann[b]


Abstract: To study the structures and reactivities of alkali metallated intermediates
of calix[4]arenes, three compounds were isolated: [Li4(p-tert-butylcalix[4]arene-
4H)(thf)4]2 ¥ 6THF (1), [Li2(p-tert-butylcalix[4]arene-2H)(H2O)(�-H2O)(thf)] ¥
3THF (2), and [K4(p-tert-butylcalix[4]arene-4H)(thf)5]2 ¥ THF (3). The structure of
1 is shown to be dependent on the coordinating solvent. Partial hydrolysis of 1 leads
to the formation of 2. The potassium compound 3 features a different structure to
that of 1, due to a higher coordination number as well as stronger cation ±�-bonding
interactions.


Keywords: calixarenes ¥ cluster
compounds ¥ lithium ¥ O ligands ¥
structure elucidation


Introduction


Calix[4]arenes are well-known valuable building blocks in
supramolecular chemistry, because selective functionalisation
at the upper and/or lower rim is possible.[1] Their chemistry is
also of interest concerning their potential in building inclu-
sion-based network koilates.[2] Water-soluble calixarene de-
rivatives have also been studied in the context of alkali-metal-
containing organic clays.[3] The hard acid character of the
lower-rim-substituted calixarenes has been exploited to
design polytopic receptors for the complexation of transition
and lanthanide metals either for extraction purposes, nuclear
waste management, catalysis, coordination chemistry or for
the design of efficient luminescent and/or magnetic devi-
ces.[4±6] For most of these syntheses, the alkali-metallated
intermediate in solution is used to substitute lithium, sodium
or potassium afterwards by a transition-metal or lanthanide
ion.[7, 8] However, little is known about the structures of such
intermediate species, and the very few examples that have
been isolated to date show interesting structural motives.[9±11]


The low number of examples in the literature is probably due
to the fact that these compounds do not easily crystallise, they


are fragile towards hydrolysis and their structure seems to be
very much dependent on the presence, size and quantity of
further donor ligands, stabilising the lithiated or otherwise
metallated compound. The simple calixarenes with phenolic
groups on their lower rim can bind to metal ions through the
deprotonated phenolate ligand. With oxygen as donor atoms,
this is a hard donor ligand, which is expected to show a
preference for hard metal ions, that is, alkali metal ions in our
case.


Results and Discussion


When calix[4]arene is treated with LiOtBu in THF at room
temperature, colourless single crystals of [Li8(calix[4]arene-
4H)2(thf)8] ¥ 6THF (1) are obtained. Compound 1 crystallises
in the monoclinic space group P21/n (no. 14) with two
molecules per unit cell. The molecular unit of 1 consists of
two face-sharing Li4O4 heterocubanes with an inversion
centre in the geometrical middle of the central Li2-O3-Li2�-
O3�-ring (Figure 1). Half of the oxygen atoms O2, O3 and O4
stem from the first calixarene, the other three O2�, O3� and
O4� from the second calixarene ligand. Four lithium atoms,
Li1, Li2 and their symmetry equivalents, lie between the two
calixarene molecules, whereas Li3 points into the cavity of the
deprotonated ligand and is bonded in an endo fashion. Its
tetrahedral coordination sphere is completed by the oxygen
atom O5 of a THF molecule that fits into the cavity of the
calixarene. Li4 is bonded in an exo fashion to only one oxygen
atom of a calixarene ligand and to three other oxygen atoms
(O6, O7 and O8) of terminally bound THF molecules.
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Figure 1. Molecular structure of 1, H atoms omitted for clarity.


Two oxygen atoms of the calixarene ligand O2 and O4 act
as �3-bridging ligand on three lithium atoms of the hetero-
cubane system with Li�O distances of 1.933(5) to 2.001(5) ä.
One oxygen atom, O3, can be considered as �4-bridging donor
atom with three short Li�Obonds of 1.870(5) ± 1.949(5) ä and
one longer Li3�O3 distance of 2.775(6) ä. This arrangement
gives a coordination number of four to all six lithium atoms in
the diheterocubane unit. Oxygen atom O1 acts as �2-bridging
atom towards Li4 and Li1 with bond lengths of 1.831(6) and
1.827(5) ä, respectively. The valence bond sums of the three
lithium cations Li1, Li2 and Li4 are all larger than 1, whereas
the one for Li3 is 0.9, which is rather low.[12] Indeed, weak
interactions (2.578(5), 2.458(6) and 2.614(5) ä) of Li3 with
the carbon atoms at the base of three aromatic rings (C17, C28
and C39, respectively) can be discussed, leading to a valence
bond sum of 1.22 for Li3, a value comparable to the valence
bond sums of the three other lithium cations in 1.[13] This leads
to four differently coordinated lithium atoms: 1) Li1 is
coordinated by three oxygen atoms of the first, and one
oxygen atom of the second ligand; 2) Li2 is coordinated by
two oxygen atoms of the first and two oxygen atoms of the
second calixarene; 3) Li3 is coordinated endo to the cavity by
three oxygen atoms of one calixarene ligand and one THF
molecule and 4) Li4 is coordinated by three THF molecules
and one oxygen atom, bonded exo, of a calixarene ligand. Six
non-coordinating THF molecules are arranged around the
core of the molecule, and do not interact further with the
molecule of 1. Thermogravimetric analysis differentiates the
two types of THF molecules (loss of six non-coordinating
THF molecules at 212 �C). The preservation of the cone
conformation of the two divergent calixarene cavities in THF
is also evidenced by the 1H NMR spectroscopy.
Whereas 1 is a dimeric structure, p-tert-butylcalix[4]arene


(L1) can also form a monomeric lithiated species, [(L1)Li4-
(LiOH)(hmpa)4], in the presence of LiOH and HMPA
(hexamethylphosphoramide).[9] In this case, all four oxygen
atoms of the calixarene are lithiated by one lithium ion each,
forming a Li4O4 square antiprism. An OH� group bridges the
four lithium atoms, which lie in one plane; this structural
motive is known in the literature.[14] A fifth lithium atom is
found in the calixarene cavity, bonded endo. The lithium ions


of the square antiprism are complexed by HMPA in order to
complete their coordination sphere. In the same solvent, but
in absence of LiOH, the dimer [(L1)2Li8(hmpa)4] is ob-
served.[9] At first sight, the eight THF molecules in 1 have
been formally replaced by four HMPA molecules. However,
not only the ligand is different, but the complete structure of
the lithiated calixarene has changed, contrary to what is stated
for a compound identical to 1 described very recently by
Floriani et al.[15] Instead of the fused heterocubane structure
of 1, the structure of [(L1)2Li8(hmpa)4] is derived from the
square antiprisms of [(L1)Li4(LiOH)(hmpa)4], in which two
such antiprisms are fused through one edge. The lithium
skeleton of [(L1)2Li8(hmpa)4] can be described as two edge-
sharing square pyramids, oriented one pointing upwards, the
other downwards (Scheme 1).[9] Both structures, 1 and
[(L1)2Li8(hmpa)4], have an inversion centre in the geometric
middle of the molecule.


Scheme 1. Comparison of the arrangement of Li and O atoms of the
central core in 1 and [(L1)2(hmpa)4].


The apical lithium ions of [(L1)2Li8(HMPA)4], bonded endo
to the calixarene, are three-coordinate, as the solvent and
HMPA ligand are too large to enter the upper rim cavity of
the calixarene. This leads to a distortion in the ligand, as one
carbon atom of a benzyl ring features a rather short Li�C
distance, indicating weak interactions. Thus, only the border
lithium atoms of the cluster core are coordinated by one of the
four HMPA ligands. In 1, however, the THF molecules can
enter the calixarene cavity and coordinate the endo-bound
lithium ion. They also complete of the coordination sphere of
Li4, whereas HMPAwould be too sterically demanding in the
same case. Thus, the size of the ligand, on one hand the
smaller THF and on the other the larger HMPA, determines
the overall structure of the alkali-metal cluster formed by the
lithiated calixarene.
Compound 1 is the first example of a lithiated calixarene


with a fused cubane structure; however, this structure is
known for other cluster compounds. Thus, open calixarenes,
that is, linked aryloxide groups derived from the Koebner
trimer H3L2 [L2� 2,6-bis(3-tert-butyl-5-methyl-2-hydroxyben-
zyl)-4-methyl phenol or 2,6-bis(3,5-di-tert-butyl-2-hydroxy-
benzyl)-4-methyl phenol] can be metallated with the alkali
metals lithium and sodium. Depending on the solvent used
during synthesis of the metallated species, [Li3L2(thf)4] or
dimeric [{Li3L2(thf)}2] can be obtained when recrystallised
from THF.[16] The THF molecules in the latter compound can
also be replaced by dichloromethane. For the sodium
derivatives, an acetone adduct of the dimer is known in
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addition to the dichloromethane variant. All dimeric struc-
tures, be it with lithium or sodium, feature the fused
heterocubane structure with one metal cation in the endo
position of the pseudocavity formed by the open, three-
membered aryloxide chains.[16] For 1 and [{Li3L2(thf)}2],
similar bond lengths and angles in the heterocubane are
observed (see Supporting Information).
Further studies concerning the ability of calix[4]arenes L1 to


form monomeric lithiated derivatives, and the reactivity of 1
towards hydrolysis, lead to the formation of a partially
hydrolysed compound identified as the monomeric species
[Li2(L-2H)(H2O)(�-H2O)(thf)] ¥ 3THF (2). Colourless single
crystals of 2 were obtained from slow evaporation in air of a
solution of the dimeric lithiated compound 1 in THF. The
crystal structure of 2 is quite remarkable because partial
hydrolysis of the fully deprotonated and lithiated dimeric
compound 1 could also have lead to the formation of dimeric
species such as those already known in the literature for the
zinc derivative of L1, [Zn2(L1-2H)2].[17] This is probably due to
the stronger complexation of water to lithium than zinc.
Compound 2 crystallises in the triclinic space group P1≈ with


two molecules per unit cell. The molecular unit of 2 consists of
a doubly deprotonated p-tert-butylcalix[4]arene (Figure 2).


Figure 2. Molecular structure of 2, part of the H atoms omitted for clarity.


Two remaining lithium atoms Li1 and Li2 still bind to the
™lower rim∫ of the calixarene cavity with Li1�O bonds of
1.886(4) ± 1.923(4) ä (Li1�O3 and Li1�O2) and Li2�O bonds
of 1.902(4) ± 1.954(4) ä (Li2�O4 and Li2�O1), featuring a bis-
bidentate coordination mode for the calixarene. The coordi-
nation sphere of Li1 is completed with the oxygen atom O7 of
a THFmolecule and the oxygen atomO5 of a water molecule.
The latter is a �2-bridging ligand and also connects bonds to
Li2, whose coordination sphere is completed by the oxygen
O6 of a second water molecule in terminal position. This leads
to near-tetrahedral geometry for the lithium ions. The
bridging water molecule with the lithium ions has elongated
O�Li bonds (with 1.982(4) for Li1 and 2.019(4) ä for Li2)
compared with the those that are found for water or THF
bound in a terminal fashion (1.927(4) ä for H2O and
1.973(4) ä for THF).
This leads to two different coordination environments of


lithium atoms: 1) Li1 bound to two oxygen atoms of the


calixarene, one THF ligand and one bridging water molecule
and 2) Li2 bound to two oxygen atoms of the calixarene and
the oxygen atoms of the two water molecules (one bridging
and one terminal). Both lithium atoms have valence bond
sums of 1.2.[12] In [D8]THF, the 7Li spectrum is composed of
two broad signals, indicative of the nonequivalence of both
lithium atoms in 2. The 1H NMR spectrum of 2 exhibits a pair
of doublets in the�CH2 region (�� 3.1 ± 4.3 ppm), indicative
of the cone conformation for the calixarene in THF.[1] In the
case of calix[4]arene, this cone shape is usually retained upon
metallation, indicating that the solid-state structure is main-
tained in solution. Unfortunately the distinction between the
phenolate/phenol groups is not apparent in THF on the NMR
timescale. In the solid state, the two remaining phenolic
protons H1 and H2 could be localised in the structure, and
form intramolecular hydrogen bonds between O1 and O2,
and O3 and O4, respectively, leading to angles ranging from
171.36 ± 172.79� for O1-H1-O2 and O3-H2-O4. Nevertheless,
by comparing the H�O bond lengths , H1 belongs to O1, and
H2 to O3, (1.154(5) and 1.162(5) ä, respectively), whereas the
H1�O2 and H2�O4 bond lenghts are longer (1.300(5) and
1.269(5) ä, respectively). The presence of hydroxyl groups
and water is confirmed by IR spectroscopy revealing two
bands of note in the OH region. The first one at 3604 cm�1 is
narrow and can be assigned to the remaining phenolic groups;
the broader band at 3439 cm�1 is attributed to coordination of
the water molecules. While solvent molecules are required to
fill the coordination sphere of the cations, no further free THF
molecules are complexed in the cavity of calixarene, as
frequently noticed for similar compounds.[10, 17±19] Three non-
coordinating THF molecules are arranged in the unit cell with
no further interaction with the molecule of 2. Other mono-
meric dilithiated species were previously observed from the
reaction of the parent macrocycle with LiH to afford a rather
similar monomeric compound, [{Li(CH3OH)}2(�-H2O)][p-
tert-butylcalix[4]arene] ¥ 2H2O ¥ 3CH3OH[10] with a solid-state
structure that exhibits a higher symmetry than 2. Nonetheless,
comparable trends are evident in the metrical parameters for
the latter and 2, with Li�O distances ranging from 1.87(4) to
1.98(4) ä and the angle Li-O-Li of the bridging water
molecule (102(1) vs 101.34(14)� in 2. The coordination sphere
of the lithium atoms is completed by the binding of two
methanol molecules with similar Li�O bond lengths (1.90(2)
and 1.96(2) ä). More recently, comparable structural ge-
ometries for the crystal structures of the lithium adducts
[Li2(LH2)(thf)2(H2O)2] ¥ 2THF, in which L represents the
S-substituted homologue, p-tert-butyltetrathiacalix[4]arene,
have come to our attention.[19] The authors aimed to conclude
that the formation of monomers or small oligomers of the
Group 1 elements complexes could only occur with the
sulphur-substituted calixarene, but our present results dem-
onstrate that the lithium complexes of the methylene-bridged
analogue can also form monomeric adducts. In both crystal
structures the same mixed-solvent component is observed
(composed of THF and water, playing different roles), but in
the first case, the inclusion of a free THF molecule is allowed
by the larger size of the cavity in the thiacalixarene. The latter
exhibits comparable bond lengths to 2, that is, Li�O(calix)
bond lengths in the range 1.945(3) ± 1.993(4) ä and bonds
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from Li1 and Li2 to terminal THF and water molecules of
1.986(3) and 1.926(4) ä respectively; however, the Li�O
bonds to the bridging water molecule are slightly longer in the
sulfur derivative (2.060(4) and 2.065(3) ä).
Formation of comparable dimeric compounds [{M2L}2] with


heavier Group I metals was found to be achieved by metal-
lation of a doubly O-substituted derivative, the 1,3-dimethyl
ether p-tert-butylcalix[4]arene H2L, with sodium hydride in
THF leading to a tetranuclear dimeric crystal structure with
both exo and endo-binding of Na�, as we previously noticed
for the lithium ions in compound 1.[20] More recently, direct
reaction of the bulk metal with the parent calixarene
homologue, in the presence of naphthalene, lead to the
species ™[(MO)4(p-tBu-calix[4])] ¥ 2THF∫ (M�Na, K) in
THF. These compounds crystallise in the form of pyridine-
or THF-solvated centrosymmetric dimers.[15] Hence, to com-
plete our family of calixarenes complexes with larger alkali
metal ions by our synthetic pathway, reaction of p-tert-
butylcalix[4]arene L1 with KOtBu, performed in THF, affords
colourless single crystals of the dimeric metallocalixarene
species [K4(calix[4]arene-4H)(thf)5]2 ¥ THF (3). This centro-
symmetric solid-state structure exhibits potassium ions coor-
dinated in four different geometrical environments. Com-
pound 3 crystallises in the orthorhombic space group Pbca
(no. 61) with four molecules per unit cell. In a similar way to
the lithiated compound 1, molecular units of 3 are composed
of two fully deprotonated p-tert-butylcalix[4]arene tetraan-
ions fused at the lower rim by six bridging potassium cations
arranged in a ™sandwich∫ between the two calixarene
moieties. The cavity of each calixarene is further filled with
a fourth type of potassium ion, as in the previously described
dimeric compound 1; however, in this case there is no THF
coordination to the potassium ion (Figure 3).
Owing to the larger ionic radius and the softer character of


potassium compared to lithium, compounds 1 and 3 are not
isostructural. The cluster core of 1 consists of two fused
heterocubanes and one lithium ion linked on each side,
whereas in the compound 3, the heterocubane structure is not
maintained, and the outer cation K4 is linked differently. The
potassium ion K1 in 3, which is bound endo to the calixarene,
is pushed further up into the calixarene cavity than Li3 in 1.


Figure 3. Molecular structure of 3, tBu- and THF groups omitted for
clarity.


Thus, the core structure in 3 consists of two fused open
heterocubanes, the distance K1�O2 (�3.8 ä) being too long
for a strong bonding interaction. The K1 ion is complexed by
two oxygen atoms of the calixarene, that is, O1 at 2.881(3) and
O3 at 2.685(3) ä. With these two bonds, K1 reaches a valence
bond sum of 0.4,[12] indicating that further coordination must
exist. Indeed, to complete its coordination sphere, strong �


donation occurs from the two phenyl rings linked to O2 (C8 ±
C13) and O4 (C22 ±C27) toward the cation K1 (C�K:
3.005(4) ± 3.180(4) ä) as well as from C1 and C20, the basal
carbon atoms of the phenyl rings linked to O1 and O3,
respectively, at a distance of 2.931(5) and 2.991(5) ä, respec-
tively. The average planes through the two phenyl rings
attached to O1 and O3 form an angle of 83.8(1)�, whereas the
ones attached to O2 and O4 are almost parallel to each other
with an angle of 4.21(4)�. The centres of these phenyl rings Z1
(C8 ±C13) and Z2 (C22 ±C27) are at distances of 2.799 and
2.780 ä from K1, respectively. This is in the same range as the
K1�O bonds, but shorter by 0.05 ä than the equivalent
distances reported for theoretical calculations of
[K(C6H6)2]� .[21] In the solid state, only longer K� ± aryl(cent-
roid) (aryl� aromatic six-membered ring) distances of 3.07 ±
3.39 ä have been reported.[16, 22] Even in the cyclopentadienyl
compound KCp, in which the potassium ion is sandwiched
between two Cp rings of a zigzag chain structure and interacts
with two more Cp rings of the neighbouring chain,[21] the
K�Cp(centroid) distances are still longer (2.816 ä) than in 3.
The Z1-K-Z2 angle in 3 is not quite linear with 167.49�,
whereas in KCp the analogue angle is 140�.[23] Thus, the
valence bond sum for K1 amounts to 1.6 when the K1�C
contacts �3.075 ä are taken into account in addition to the
K1�O bonds.[12] For the other potassium ions K2, K3 and K4,
bond valence sums of 1.1, 1.1 and 1.0, respectively, are
obtained (the K3�C1 bond being taken into account
3.053(5) ä). The potassium ions K2, K3 and K4 possess in
principle a coordination sphere of five oxygen atoms in the
form of more or less distorted square pyramids. K2 is only
complexed by oxygen atoms provided by the two calix[4]ar-
ene ligands, and the K2�O bond lengths lie between 2.494(3)
and 2.765(3) ä. Three oxygen atoms of the calix[4]arene
ligands and the oxygen atoms of the terminally bound THF
molecules complex K3 with K3�O(calix[4]arenes) bond
lengths between 2.650(3) and 2.909(3) ä, and K3�O(thf)
bond lengths of 2.801(5) (O5) and 2.777(5) (O6) ä. The last
cation K4 is linked to one oxygen atom of each calix[4]arene
ligand with bond lengths of 2.656(3) and 2.531(3) ä to O2 and
O4, respectively, and three terminally bonded THFmolecules,
with bond lengths from 2.716(5) to 2.794(7) ä; as expected
these bonds are longer for neutral ligands relative to the
charged oxygen anions of the calix[4]arene ligand. Normally,
the potassium ion tends to a coordination number of six, but
here it exhibits coordination number of five; however very
weak interactions between one oxygen atom (O6) and the
potassium ion K4 (�2.9 ä) are observed to give a pseudo-
octahedral coordination (Figure 4).
Compound 3 resembles very much the structure of [{calix-


[4]-(O)4K}2(�-K)6(thf)10].[15] However, the latter crystallises in
the triclinic space group P1≈ with four free THF molecules per
molecular unit, whereas 3 crystallises in the orthorhombic
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Figure 4. Left: Li8O16 cluster core of 1. Right: K8O18 cluster core of 3.


space group Pbca with one THF molecule per molecule, and
with better standard deviations with respect to bond lengths
and angles. The bond lengths concerning the potassium atoms
K1 and K1� are 0.03 ± 0.06 ä shorter than in the literature
compound, even though the crystals of 3 were measured at a
higher temperature (200 K compared to 143 K for the
literature compound). The sodium compound was also
identified to have a similar structure to 3, but with pyridine
ligands instead of THF.[15]


In both structures 1 and 3, all four metal ions M1, M2, M3
and M4 (M�Li, K) of the asymmetric unit have each a
different environment of oxygen atoms. The inversion centre
in each structure is situated in the middle of a central M2O2
ring. The larger cation K� requires a higher coordination
number than the smaller lithium ion. The cluster core of 3
contains 18 oxygen atoms compared to 16 oxygen atoms in 1.
A fundamental difference between 1 and 3 is the endo
coordination of the THFmolecule in 1; this is absent in 3. This
is due to the small diameter of the calix[4]arene cavity in 3 of
approximately 5� 8.5 ä, the distance between the two almost
parallel phenyl rings linked to O2 and O4 being about 5.5 ä,
the other two phenyl rings are �9 ä apart. In 1, the two
almost parallel phenyl rings are �7 ä apart, whereas the
other two are, similarly to 3, at a distance of 9 ä in average.
The strong interactions of two phenyl rings with the potassium
ion K1 in 3, relative to the weak ones with Li3 in 1, can be a
model for the high selectivity of potassium channels in living
organisms. These interactions were shown to belong to
cation ±� interactions in general, and to be very strong for
3. In detail, the selectivity of the benzene ring in the gas phase
was shown to be highest for Li� and lowest for Rb�, whereas in
aqueous media, K� is always preferred leading to the
formation of a sandwich compound. Similar interactions were
attributed to the potassium selective channels of Drosophi-
la.[24]


In the search for an analogy between clusters of Group 1
and 11 metal ions, we note that several chlorogold(�)
complexes with either phosphinitocalixresorcinarenes[25] or
calix[4]arene derived phosphates[26] have been previously
described. In the first class of compounds, the tetranuclear
complex crystal structure contains three AuCl units around
the upper rim of the bowl with the fourth folded inside the
cavity. The second class exhibits only one AuI ion, doubly
coordinated with the motive P-Au-Cl, but no crystal struc-
tures are available for this. For Ag�, only complexes with a
single metal ion are known, the metal ion being bonded either
exo or endo to the cavity of the calixarene ligand.[27]


Nuclearity is found to be increased with copper compounds.
Hence a one-dimensional Cu� derivative with four Cu�


cations per Ph2P-substituted calix[8]arene with a Cu2Cl2 unit
bridging the two ligands–its structure however being far from
comparable to our alkali metal derivatives,[28]–has already
been characterised, and more recently the square, phenoxo-
and sulfur-bridged cluster of four CuII ion sandwiched
between two fully deprotonated p-tert-butyltetrathiacalix[4]-
arenes.[29] To the best of our knowledge, cluster compounds of
higher nuclearity than four have not been characterised yet
for the Group 11 elements. We are currently investigating how
other donor ligands than THF can influence the structure of
our compounds and the differences in reactivity of different
structured metallated calixarenes.


Conclusion


Three unique and new structures of alkali-metallated calix-
[4]arenes are presented, and for compound 1, the influence of
the solvent and at the same time coordinating donor ligand on
the solid-state structure is reported. Given these results, it can
be expected that depending on the donor ligand and its
concentration, other structures might be obtained also for 2
and 3. Compound 2 is obtained from 1 by partial hydrolysis.
The potassium compound shows the shortest K ± aryl(cent-
roid) distances ever reported, revealing the excellent com-
plexation properties of calixarene ligands for potassium and
their model role for biological potassium channels. More
investigations are currently under way to elucidate the
mechanism of formation of other derived compounds, for
instance the transition metal coordination compounds.


Experimental Section


All reactions, except the synthesis of L1, were carried out under nitrogen
atmosphere. Lithium and potassium tert-butoxides 1�/THF were pur-
chased from Fluka. Solvent was dried over sodium/benzophenone and
freshly distilled under nitrogen. p-tert-butylcalix[4]arene was prepared
according to the literature procedure.[30] The NMR spectra were recorded
on a Varian Gemini 300 spectrometer, the chemical shifts are relative to
TMS as an internal standard. The IR spectra of compound were recorded
with a Perkin ±Elmer, Spectrum One FT-IR spectrometer on CsI plates in
nujol.


Compound 1: LiOtBu (1 mL, 1 mmol, c� 1� in THF) was added to a white
suspension of p-tert-butylcalix[4]arene (0.142 g, 0.192 mmol) in THF
(10 mL), and yielded a clear orange solution after 30 min of stirring at
room temperature. After concentration, the yellow solution was allowed to
stand at room temperature. Colourless single crystals suitable for X-ray
analysis grew from the solution at room temperature in a few days. Yield:
0.11g/2354.69 gmol�1� 4.67.10�5 mol, 48%; 1H NMR (300 MHz, [D8]THF,
293 K): �� 1.16 (s, 72H; CH3), 1.78 (m 32H; CH2 thf), 3.11 (d, J� 12 Hz,
8H; CH2), 3.62 (m 32H; CH2O thf), 4.33 (d, J� 12.3 Hz, 8H; CH2), 6.78 (s,
4H; ArH), 6.87 ppm (s, 12H; ArH); 7Li NMR (116 MHz, [D8]THF, 293 K):
�� 1.5 (br s), 4.1 (s), 5.3 ppm (br s); 13C NMR (75 MHz, [D8]THF, 293 K):
�� 25.53 (CH2 thf), 31.42 (CH3), 32.87 (CH2), 34.96 (CMe3), 67.57 (CH2O
thf), 126.12, 131.82, 132.75 ppm (ArH); elemental analysis calcd (%) for
C144H216O22Li8: C 73.45, H 9.24; found: C 71.17, H 8.31. Further satisfying
microanalysis could not be obtained for 1, 2 or 3, as a result of rapid
decomposition (loss of solvent) upon exposition to air and moisture, as well
as high reactivity of these compounds. IR (Nujol): �� � 3604 (s), 2921
(nujol), 1750 (w), 1604 (m), 1483 (s), 1456 (nujol), 1391 (w), 1376 (nujol),
1358 (m), 1313 (s), 1277 (s), 1208 (s), 1131 (m), 1046 (s), 912 (m), 872 (s),
821 (s), 797 (s), 738 (s), 722 (nujol), 652 (m), 616 (m), 508 (m), 448 (m),
413 cm�1 (m); m.p. (decomp) �210 �C; DTA/TG: loss of 6 molecules THF
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at 212 �C. Apparently, only the free, uncoordinated THF is lost, corre-
sponding to the decomposition observed during fusion point measure-
ments. No further loss was observed at higher temperature up to 400 �C.
Single-crystal data for 1: C144H216O22Li8, M� 2354.7 gmol�1, monoclinic,
space group P21/n, a� 18.449(4), b� 17.790(4), c� 22.070(4) ä, V�
6670(2) ä3, Z� 2, �calcd� 1.172 Mgm�3, F(000)� 2560, T� 203 K, ��
0.71073 ä, �(MoK�)� 0.076 mm�1, 4��2�� 51.66�, 42070 reflections col-
lected of which 12717 unique and observed, R(int)� 0.0755, 796 param-
eters refined, GOOF(on F 2)� 1.026, R1�� �Fo�Fc � /�Fo� 0.0866, wR2�
0.2309 for I� 2	(I) and R1� 0.1209, wR2� 0.2610 for all data.
Compound 2 : Colourless single crystals of 2, suitable for X-ray analysis,
grew from slow evaporation on air of a solution of 1 in THF at room
temperature in a few weeks in an approximate yield of 50%. 1H NMR
(300 MHz, [D8]THF, 293 K): �� 1.17 (s, 36H; CH3), 1.75 (m, 4H; CH2 thf),
2.47 (br s, H2O), 3.11 (d, J� 14 Hz, 4H; CH2), 3.60 (m, 4H; CH2O thf), 4.27
(d, J� 14.3 Hz, 4H; CH2), 6.86 ppm (s, 8H; ArH); 7Li NMR (116 MHz,
[D8]THF, 293 K): �� 4.14, 5.06, 5.45 ppm (br s); m.p. (decomp) 220 �C
(becomes greenish); IR (Nujol): �� � 3604 (s), 3439 (s), 2923 (nujol), 2768
(w), 2284 (w), 1692 (m), 1600 (m), 1485 (m), 1456 (nujol), 1412 (m), 1376
(nujol), 1357 (m), 1288 (m), 1203 (m), 1072 (s), 910 (s), 821 (m), 735 (w), 730
(nujol), 672 (m), 560 (w), 493 (w), 284 cm�1 (w). Single-crystal data for 2 :
C60H90O10Li2, M� 985.20 gmol�1, triclinic, space group P1≈ (Nr. 2), a�
12.030(2), b� 13.457(3), c� 19.788(4) ä, �� 109.59(3), 
� 104.81(3), ��
91.78(3)� V� 2893.8(10) ä3, Z� 2, �calcd� 1.131 Mgm�3, F(000)� 1072,
T� 200 K, �� 0.71073 ä, �(MoK�)� 0.074 mm�1, 3.24�� 2�� 59.1�,
54573 reflections collected of which 16074 unique and observed,
R(int)� 0.0731, 673 parameters refined, GOOF(on F 2)� 1.076, R1�� �
Fo�Fc � /�Fo� 0.0692, wR2� 0.1824 for I� 2	(I) and R1� 0.1180, wR2�
0.2616 for all data.


Compound 3 : KOtBu (1 mL, 1 mmol, c� 1� in THF) was added to a white
suspension of p-tert-butylcalix[4]arene (0.14 g, 0.216 mmol) in THF
(20 mL) and yielded a colourless solution. A milky pale yellow solution
was obtained after stirring one hour at room temperature. This solution was
allowed to stand at room temperature. Colourless single crystals suitable
for X-ray analysis grew from the solution at room temperature in a few days
(50%). M.p. (decomp) 130 �C; DTA/TG: loss of only half of the THF
molecules. 1H NMR (300 MHz, [D8]THF, 293 K): �� 1.15 (s, 72H; CH3),
1.77 (m, 40H; CH2 thf), 2.78 (d, J� 12.6 Hz, 8H; CH2), 3.62 (m, 40H;
CH2O thf), 4.30 (d, J� 12.6 Hz, 8H; CH2), 6.80 ppm (s, 16H; ArH). Single-
crystal data for 3 : C132H192O19K8,M� 2395.66 gmol�1, orthorhombic, space
group Pbca, a� 23.220(5), b� 22.690(5), c� 26.860(5) ä, V� 14152(5) ä3,
Z� 4, �calcd� 1.124 Mgm�3, F(000)� 5152, T� 203 K, �� 0.71073 ä,
�(MoK�)� 0.301 mm�1, 3.5�� 2�� 58.64�, 122699 reflections collected of
which 18377 unique and observed, R(int)� 0.1416, 739 parameters refined,
GOOF(on F 2)� 1.535, R1�� �Fo�Fc � /�Fo� 0.1074, wR2� 0.2517 for
I� 2	(I) and R1� 0.1776, wR2� 0.2838 for all data.
Crystals of 1, 2 and 3 were measured on a STOE IPDS diffractometer at
203 K. The data collections for 1 and 2 were best for crystals of 0.4� 0.4�
0.2 mm and 0.4� 0.4� 0.4 mm in size, respectively. The structures were
solved with direct methods and refined by full matrix least squares on F 2


with the SHELX-97 package.[31] Slight disorder was generally observed for
the tBu group and the THF molecules. The positions of the hydrogen atoms
could be calculated using riding models for all carbon atoms. The higher R
factors are mainly due to the amount of free solvent and disorder in the
coordinating solvent molecules. CCDC-168603 (1), CCDC-183985 (2) and
CCDC-183986 (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 e-mail : deposit@ccdc.cam.ac.uk).
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Side-On Bridging Coordination of N2: Spectroscopic Characterization of the
Planar Zr2N2 Core and Theoretical Investigation of Its Butterfly Distortion


Felix Studt,[a] Lara Morello,[b] Nicolai Lehnert,[a] Michael D. Fryzuk,[b] and Felix Tuczek*[a]


Abstract: The vibrational and electron-
ic structure of the side-on N2-bridged
Zr complex [{(P2N2)Zr}2(�-�2 :�2-N2)]
(P2N2�PhP(CH2SiMe2NSiMe2CH2)2PPh)
were analyzed. The vibrational charac-
terization of the planar Zr2N2 core was
based on resonance Raman and infrared
spectroscopy. In the Raman spectrum,
the N�N stretching band is found at
775 cm�1 with an isotope shift of
22 cm�1. Due to its appearance in many
overtones and combination modes, the
metal ± metal stretch is assigned to the
peak at 295 cm�1. The two ungerade


modes of the Zr2N2 core were identified
in the infrared spectrum. Based on these
four vibrations of the Zr2N2 unit, a
quantum chemical assisted normal coor-
dinate analysis (QCA-NCA) was per-
formed. The force constants for the N�N
and Zr�N bonds were calculated to be
1.53 and 2.58 mdyn ä�1, respectively.
The butterfly distortion of the Zr2N2


unit obtained in DFT geometry optimi-
zations of planar side-on N2-bridged Zr
complexes was analyzed in more detail.
It was found that on bending of the
Zr2N2 core, the lone pairs of the axial
amide ligands are rotated by 90�. The
bent Zr2N2 unit is 11 kcal mol�1 lower in
energy than the planar core due to a
more uniform distribution of electron
density between the metal atoms and N2


and delocalization of electron density
from the amide ligands to the Zr2N2 unit.
The spectroscopic implications of this
distortion are analyzed.


Keywords: coordination modes ¥
dinitrogen complexes ¥ nitrogen ¥
vibrational spectroscopy ¥ zirconium


Introduction


The activation of molecular nitrogen (N2) by transition metal
complexes is experiencing renewed interest and growth.[1] The
extent to which the dinitrogen ligand is activated can be
determined by consideration of N�N bond lengths from X-ray
diffraction data and N�N stretching frequencies obtained by
Raman and IR spectroscopy. These data allow dinitrogen
complexes to be divided into weakly, moderately and highly
activated,[2] whereby the last-named category has the longest
N�N bonds and lowest N�N stretching frequencies. Com-
plexes in this group generally have early transition metals
stabilized by strongly electron-donating ancillary ligands, and
in all of them the dinitrogen unit bridges two metal centers in
a variety of modes. The end-on bridging mode is the most
common, with N�N bond lengths in the range 1.2 ± 1.3 ä and
stretching frequencies of approximately 1200 ± 1300 cm�1.[3]


The side-on bridging mode of coordination produces highly


activated N2 units, as evidenced by N�N bond lengths of
approximately 1.5 ä and N�N stretching frequencies of 700 ±
800 cm�1;[3±5] these complexes can be formally described as
containing the highly reduced hydrazido(4� ) unit. Somewhat
less common is the edge-on bridging mode, which in one case
showed an N�N bond length of 1.4 ä and a stretching
frequency of 850 cm�1.[6, 7]


Not all complexes that contain side-on bridging dinitrogen
display a highly activated N2 unit. Dinuclear side-on N2


complexes of the lanthanides and actinides range from only
slightly activated (N�N 1.0 ± 1.1 ä)[8±11] to moderately acti-
vated (N�N 1.23 and 1.26 ä, respectively);[12, 13] a dinuclear
ansazirconocene complex also contains a moderately activat-
ed side-on dinitrogen ligand (N�N 1.24 ä).[14]


Dinuclear zirconium complexes with side-on bridging
dinitrogen units and stabilizing amidophosphine-type ancil-
lary ligands have been studied extensively with regard to their
structural parameters and reactivity.[15±17] The series of com-
plexes [{(PNP)ZrCl}2(�-�2:�2-N2)] (1), [{(PNP)Zr(OAr)}2-
(�-�2:�2-N2)] (2 ; PNP�N(SiMe2CH2PiPr2)2, OAr�
O-2,6-Me2C6H3), and [{(P2N2)Zr}2(�-�2 :�2-N2)] (3 ; P2N2 �
PhP(CH2SiMe2NSiMe2CH2)2PPh) have N�N bond lengths
in range of 1.43 ± 1.54 ä (see Scheme 1). In addition, all of
these complexes are intensely blue or blue-green as a result of
a charge-transfer absorption around 650 nm. For 1 and 2,
resonance Raman spectroscopy confirmed the highly activat-
ed nature of dinitrogen unit, although in neither case were IR
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Scheme 1. All methyl groups on the Si atoms and isopropyl groups on the
P atoms have been omitted for clarity.


data measured.[3, 5] Here we report detailed IR and Raman
studies and DFT calculations on the macrocyclic complex 3.
The vibrational data were complemented by isotopic sub-
stitution with 15N2 and evaluated by quantum chemistry
assisted normal coordinate analysis (QCA-NCA), which was
developed earlier to account for the vibrational properties of
mononuclear dinitrogen complexes of Mo and W.[18] Based on
the ab initio electronic structure description of 3, the
electronic transitions of the Zr2(�-�2:�2-N2) core can be
assigned. Finally, the bending of the Zr2(�-�2 :�2-N2) unit was
investigated from the point of view of electronic structure, and
the influence of butterfly distortion on the electronic and
vibrational spectroscopic properties of this core was analyzed.


Results and Analysis


Vibrational spectroscopy : The planar Zr2N2 core (D2h sym-
metry) has five in-plane normal modes (Figure 1), three of
which are Raman-active (2�Ag and B1g) and two of which are
IR-active (B2u and B3u).[19] Solid-state resonance Raman
spectra of 3 and its 15N2 isotopomer, recorded at an excitation
wavelength of 647.1 nm, are shown in Figure 2. Raman spectra
of 3 were also recorded at other wavelengths (data not
shown), but at 647.1 nm the resonance enhancement of the
vibrational modes of the Zr2N2 core was at its maximum.
Moreover, these spectra exhibit a wealth of overtones and
combination modes. The most intense peaks are located at 295
and 775 cm�1. In the spectrum of the 15N isotopomer the
775 cm�1 peak shifts by �22 to 753 cm�1, whereas the
295 cm�1 peak has a very small shift of about 1 cm�1. Based
on the magnitude of its isotope shift, the 775 cm�1 peak is
assigned to the N�N stretching mode of the Zr2N2 core, which


Figure 1. Eigenvectors for the five in-plane modes of the Zr2N2 core. The
arrows correspond to unit displacements of normal coordinates with a
scaling factor of two.


has Ag symmetry in the D2h point group. In addition, there are
less intense peaks at 239, 268, 342, 394 and 442 cm�1 which
show no isotope sensitivity. These features are designated as
A ± E (see Table 1 and Figure 2). All other peaks in the
spectra are overtones and combination modes of peaks A ± E
with the 295 and 775 cm�1 vibrations (designated X and Y,
respectively) or overtones and combination modes of X and Y
themselves. Based on these findings and the DFT results (see
below), the 295 cm�1 peak X is assigned to the metal ± metal
stretch, which also has Ag symmetry in the D2h point group.


The complete experimental spectral range shows clusters of
overtones and combination modes (see Figure 2). The peaks
between 534 and 739 cm�1 can be assigned to combinations of
the metal ± metal stretch X with modes A ± E. The peak at
589 cm�1 is the first overtone of the metal ± metal stretch
(2 X). Remarkably, the combination mode of X and E at
739 cm�1 is more intense than the fundamental mode E due to
its small energetic separation to the N�N stretching mode
(Fermi resonance). This effect increases in the spectrum of the
isotopically labelled compound because the energetic sepa-
ration between E�X (737 cm�1) and the N�N stretch
(753 cm�1) becomes even smaller. The combination modes
of A ± D with the first overtone of the metal ± metal stretch
(2 X) lie in the range 829 ± 984 cm�1. The peaks between 1014
and 1218 cm�1 (995 and 1147 cm�1 for the 15N-labelled
compound) are assigned to combinations of the N�N
stretching mode with A ± E. In the 15N spectrum this region
further contains combinations of B ± D with the intense peak
X�E (737 cm�1, see above). The peaks from 1310 to
1513 cm�1 (1287 to 1441 cm�1 for the 15N-labelled compound)
are assigned to combinations of X�Y with modes A ± E,
whereas the peak at 1366 cm�1 (1343 cm�1 for the 15N-labelled
compound) corresponds to the combination of the N�N
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stretch with the first overtone of the metal ± metal stretch. The
peak at 1541 cm�1, which has an isotope shift of 55 cm�1, can
be assigned to the first overtone of the N�N stretch.


So far, two of the three Raman active vibrations have been
identified and correspond to the two Ag modes (N�N stretch
and metal ± metal stretch). Based on DFT calculations and
normal coordinate analysis (see below), the third Raman
active mode �(ZrN) of B1g symmetry should have a frequency
of 600 ± 700 cm�1 and an isotope shift of about 20 cm�1. No
such feature is observed in the Raman spectra. The absence of


a peak corresponding to this vibration in the planar structure
and its appearance in the bent structure are analyzed below. To
obtain information on the ungerade vibrations of the planar
Zr2N2 core, infrared spectra of 3 were recorded. Figure 3 shows
the middle (MIR) and far infrared (FIR) spectra of 3 and its 15N
isotopomer. The region below 700 cm�1 exhibits an intense
band at 690 cm�1 in the 14N spectrum which shifts to a broad
feature having two components at 684 and 680 cm�1 in the 15N
spectrum. Based on the calculations and the NCA these shifts
must be attributed to the B3u vibration, which itself should


Figure 2. Raman spectra of complex 3 recorded with an excitation wavelength of 674.1 nm at 10 K. Bottom: unlabelled complex. Top: 15N-labelled
compound.


Table 1. Fundamental and combination modes observed in the Raman spectra in Figure 2.


Mode[a] Frequency [cm�1] Mode[a] Frequency [cm�1] Mode[a] Frequency [cm�1]
14N 15N 14N 15N 14N 15N


A 239 239 Y 775 753 Y�C 1117 1096
B 268 268 2 X�A 829 829 X�E�D ± 1230
X 295 294 2 X�B 855 854 Y�D 1169 1147
C 342 342 3 X 882 880 Y�E 1218 ±
D 394 394 2 X�C 931 930 Y�X�A 1310 1287
E 442 442 2 X�D 984 984 Y�X�B 1338 1317
X�A 534 533 Y�A 1014 995 Y�2X 1366 1343
X�B 562 562 X�E�B ± 1005 Y�X�C 1414 1390
2X 589 588 Y�B 1043 1021 Y�X�D 1466 1441
X�C 636 635 X�E�X ± 1032 Y�X�E 1513 ±
X�D 688 687 Y�X 1070 1048 2Y 1541 1486
X�E 739 737 X�E�C ± 1079


[a] X is assigned to the metal ± metal stretch and Y to the N�N stretch.
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exhibit a 15N isotope shift of about 20 cm�1. Inspection of the
spectra shows that this shift is clearly distributed over at least
one additional vibration, which could be a terminal ligand
mode that mixes with the B3u vibration. In the region from 450
to 420 cm�1 a shift of the band at 441 to 428 cm�1 is observed.
This must be associated with the B2u mode, which is calculated
to be located in this region (see below).


UV/Vis spectroscopy: The UV/Vis spectrum of complex 3
(Figure 4) exhibits a characteristic absorption band at 670 nm.
Based on the high intensity of this band, it is assigned to a
charge-transfer (CT) transition from the ligand orbitals into


Figure 4. UV/Vis spectrum of 3 at 10 K.


the empty d orbital manifold of the metal centers. As there is
no CT band of lower energy, the 670 nm band is assigned to
the lowest energy CT transition of 3, which, based on the MO
scheme in Figure 5, corresponds to the electric-dipole allowed
transition �*v� d�


yz � d�
yz, that is, the HOMO ± LUMO transi-


tion (for the nomenclature of the orbitals, see below). Since
the HOMO �*v� d�


yz (b3g�53�) has 65 % nitrogen contribution,
and the LUMO d�


yz (au�54�) has 56 % zirconium d character,
this feature corresponds to an N2 �Zr LMCT transition. This
CT excited state should exhibit shortening of the N�N bond
(removal of an electron from �*v � and lengthening of Zr�N
distance (transfer of an electron from a N2 ± metal bonding to
a nonbonding orbital). Based on the Albrecht A-term


Figure 5. MO diagram of model I. MO designations correspond to those in
Table 7.


mechanism,[20, 21] this would enhance both Ag vibrations of the
Zr2N2 core, in agreement with the resonance enhancement for
the N�N and metal ± metal stretching vibrations observed on
irradiation at 647.1 nm (see above). Two additional absorption
bands at 455 and 390 nm are assigned to transitions from the
HOMO �*v� d�


yz to higher energy zirconium d orbitals.


Normal coordinate analysis : The QCA-NCA procedure was
performed as described in the Experimental Section. For the
DFT determination of the theoretical force field, model I with
D2h symmetry was used. In the course of the QCA-NCA
procedure the hydrogen atoms of the PH3 and NH2 ligands of
model I were removed to give simplified model Ia (Figure 6).
Since only the vibrational modes of the Zr2N2 core are of
interest, only the force constants of the Zr2N2 unit were fitted.
The four Zr�N (r1 ± r4) and the N�N (rNN) distances were used
as internal coordinates (Figure 7). The bond lengths and


Figure 3. IR spectra of complex 3 at 10 K. Bottom: unlabelled complex. Top: 15N-labelled compound. Detail plots in the region between 720 and 650 cm�1


and from 460 to 410 cm�1.
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Figure 6. Model Ia used for QCA-NCA calculation.


Figure 7. Internal coordinates and atomic labeling chart for model I.


angles of the N and P terminal ligands and the corresponding
force constants were fixed at their values from the DFT
calculation. Due to the high symmetry of the Zr2N2 core, all
diagonal riri interaction matrix elements have the same value.
Furthermore, two off-diagonal elements of the rirj interaction
and the off-diagonal element of the rirNN interaction were
included in the NCA, whereas one off-diagonal element of the
rirj interaction was set to zero because its value is small. The
resulting f matrix is shown in Equation (1).


Symmetry adaption of the internal coordinates of the Zr2N2


core leads to five symmetry coordinates [Eq. (2)]. Two of


them have Ag symmetry, and the others are of B1g, B2u and B3u


symmetry. As discussed above, the two Ag modes were found
in the Raman spectrum, and the B2u and B3u modes in the IR
data. The B1g mode was not observable in the spectra.


The relevant F matrix for the Zr2N2 core is shown in
Equation (3). The five different force constants were fitted to
the experimental data. The resulting eigenvectors (normal
modes) are shown in Figure 1.


Table 2 compares the experimentally determined frequen-
cies, the calculated data from DFT calculations (B3LYP) and
the QCA-NCA results. The agreement between the DFT


frequencies and the experiment is fair: The N�N stretch is
found at 775 cm�1 with an isotope shift of 22 cm�1 and is
calculated to be at 717 cm�1, with the same isotope shift. The
metal ± metal stretch is calculated by DFT to be at 262 cm�1


and is found at 295 cm�1. The B1g mode is not observed in the
spectra. From the DFT calculations this vibration is predicted
to be at 685 cm�1 with an isotope shift of 18 cm�1. The
infrared-active B3u mode at 690 cm�1 is calculated to be at
780 cm�1. For the B2u mode only one band at 441 cm�1 is
observed, whereas the DFT calculation indicates splitting into
two bands at 403 and 313 cm�1.


Comparison of the experimental data and the QCA-NCA
results shows good agreement (Table 2). The B1g mode is not
found in the spectra and is predicted by QCA-NCA to be at
628 cm�1. The force field obtained for the Zr2N2 core is given
in Table 3. The force constant of the N�N stretch is


1.53 mdyn ä�1. This reflects the extreme activation of dini-
trogen in the complex compared to the free N2 molecule
(22.42 mdyn ä�1).[22] In fact, this force constant is even lower
than that of free hydrazine (4.3 mdyn ä�1).[23] The force
constant of the Zr�N stretch between zirconium and N2 is
2.58 mdyn ä�1.


Electronic structure of the planar Zr2N2 core : Previous
theoretical studies on the macrocyclic dinitrogen complex 3


Table 2. Comparison of the observed and calculated frequencies of
complex 3 with model system I.


Mode Experimental QCA-NCA B3LYP
14N
[cm�1]


15N
[cm�1]


14N
[cm�1]


15N
[cm�1]


14N
[cm�1]


15N
[cm�1]


Ag(1) 295[a] 294[a] 295 294 262 261
Ag(2) 775[a] 753[a] 776 752 717 695
B1g n.o. n.o. 628 609 685 667
B2u 441 428 440 429 403 397


313 310
B3u 690 684 696 676 780 757


680


[a] Raman data; unlabelled data is IR data; n.o.� not observed.


Table 3. Force constants of the internal coordinates of the Zr2N2 core.


Internal coordinate Force constant [mdyn ä�1]


x 2.58
y 1.53
a 0.04
b 0.67
c 0.08
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were carried out to better understand its reactivity with H2


and silanes.[16] It was found that the addition of H2 and SiH4


across the Zr2(�-�2 :�2-N2) unit of the stripped-down model
(p2n2Zr)2(�-�2 :�2-N2) (p�PH3 and n�NH2) of complex 3 is
exothermic. However, these DFT calculations showed that
the planar structure of this model is not the lowest energy
species on the potential energy surface; instead, a bent or
butterfly Zr2(�-�2 :�2-N2) core, hinged at the N�N axis, was
found to be 24.4 kcal mol�1 more stable than the planar core in
D2h symmetry.[16] The origin of this butterfly distortion was
tentatively attributed to an increase of orbital mixing between
the Zr (4d, 5s, 5p) and dinitrogen (�, �*, �, �*) valence
orbitals. Since the observed structure of 3 is planar in solution
and in the solid state, the hypothesis put forward was that the
steric bulk of the macrocyclic ligand prevented this distortion.
To investigate this problem in more detail, three models of 3
having D2h (I), C2v (II) and C1 (III) symmetry were optimized.
Calculated bond lengths and angles are compared to exper-
imental values in Table 4. The description of the electronic
structure of 3 is based on the calculations on the planar
model I.


Figure 5 shows the simplified molecular orbital diagram of
I ; contour plots and charge contributions of relevant orbitals
are given in Figure 8 and Table 5, respectively. The model is


Figure 8. Contour plots of important molecular orbitals of I.


oriented such that the x axis is along the Zr�Zr vector and the
y axis along the N�N bond. The �v and �*v orbitals of the
dinitrogen ligand are vertical to the plane of the Zr-N2-Zr
unit, and the �h and �*h orbitals are within this plane. The
HOMO �*v� d�


yz(b3g�53�) (the superscript � indicates that both
zirconium d functions have the same sign) results from the
bonding combination of the �*v function of dinitrogen and dyz


to form a � bond. This orbital has 65 % nitrogen character
(Table 5), which is consistent with transfer of charge from the
metal atoms to dinitrogen. As the overlap between �*v and dyz


is rather small, the interaction is weak. The interaction
between the �*h function of dinitrogen and dxy is much
stronger, and results in a highly covalent � bond. The
corresponding orbital �*h� d�


xy(b1g�48�) has 60 % dinitrogen
character (Table 5). Hence both �* functions of dinitrogen are
occupied, which formally corresponds to a N2


4� configuration.
The LUMOs have strong participations from zirconium d
orbitals; the LUMO is a pure metal dyz function having no
dinitrogen contribution (Table 5). For N2 this represents an
inverted bonding situation, since both backbonding �*
orbitals are lower in energy than the manifold of d functions,
which is empty. Importantly, the �v and �h orbitals of
dinitrogen also strongly interact with zirconium d functions.


Table 4. Comparison of experimental and calculated structures of complex 3 with model systems I ± III.


Bond lengths [ä] Angles [�] Relative energies [kcal mol�1][a]


N�N Zr�N Zr�Zr Zr�NAD
[b, c] Zr�P[c] Zr-N2-Zr


X ray[15] 1.43 2.01 3.76 2.20 2.73 180
I (D2h) 1.57 2.09 3.86 2.12 2.93 180 0
II (C2v) 1.55 2.09 3.85 2.12 2.91 164.4 � 1.21
III (C1) 1.63 2.07/2.10 3.70 2.11 2.93 147.8 � 11.22


[a] Compared to model system I. [b] NAD is the nitrogen atom of the NH2
� group. [c] Data are averaged for simplification.


Table 5. Charge contributions of model I.[a]


Orbital Label Energy [Hartree] Charge decomposition [%][b]


Zr Zr d N P NAD
[c]


d�
xz_�v b1u�79� 0.13625 53 38 15 0 18


dz 2/d�
x2�y2 b3u�76� 0.11337 44 31 3 13 22


dx 2�y 2/d�
z2 ag�75� 0.08966 50 34 3 19 8


d�
xz b2g�73� 0.07774 70 30 0 10 12


d�
xy_p*� b2u�66� 0.04418 47 30 9 23 0


d�
yz_�*v b3g�57� 0.01361 10 10 10 32 2


d�
yz au�54� � 0.02525 56 56 0 11 1


�*v _d�
yz b3g�53� � 0.12949 31 31 65 0 1


NAD(p) b1u�52� � 0.17994 1 0 5 0 94
NAD(p) b2g�51� � 0.18989 4 2 0 0 96
NAD(p) b3u�50� � 0.19920 12 4 9 1 77
NAD(p) ag�49� � 0.20406 12 7 6 3 78
�*h _d�


xy b1g�48� � 0.22831 36 32 60 1 0
p� ag�47� � 0.25574 8 3 58 26 4
�v b1u�46� � 0.25668 13 0 50 0 34
�hdz 2/dx 2�y 2 b3u�45� � 0.28245 34 16 43 17 5
NAD_d�


xz b2g�42� � 0.29976 22 12 0 0 71
�v_d�


xz b1u�39� � 0.31421 22 19 19 0 53
p� ag�38� � 0.33305 10 4 14 58 8
�h b3u�37� � 0.33554 15 1 18 40 20


[a] Only selected orbitals are listed; the superscripts in the labels of the d
orbitals refer to combinations with identical (�) or opposite signs (�) of the
corresponding atomic functions of the two Zr centers. [b] If several symmetry-
equivalent atoms exist, the charge decomposition gives the sum of all
contributions. [c] NAD is the nitrogen atom of the NH2


� group.
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Specifically, �v interacts with the dxz orbitals to form a
covalent � bond (Figure 8), whereas �h forms a combination
with the dz 2/dx 2�y 2 function of the metal atoms. Since both
orbitals have about 20 % metal d orbital character (Table 5),
this leads to a transfer of charge from dinitrogen to the
zirconium atoms and thus decreases the 4� charge of N2


inferred above from the population of �*v and �*� . The
interaction of the p� function with the zirconium atoms is
weak due to orientation of this orbital perpendicular to the
Zr�Zr axis.


Table 6 summarizes the atomic charges for the optimized
model I and the corresponding p-orbital populations of
dinitrogen, calculated by natural population analysis (NPA).


In agreement with the above orbital analysis, a large amount
of charge density is transferred from the zirconium atoms to
dinitrogen, which therefore is strongly reduced. As can be
seen from Table 6 electron donation is almost equally
distributed to �*h and �*v . However, due to charge donation
from the amide donor orbitals and from the negatively
charged dinitrogen ligand to the metal atoms, the �4 charge
of the Zr atoms is reduced to �1.70, and the �4 charge on the
N2 ligand is reduced to �1.82, which is more compatible with
formulation of the N2 ligand in 3 as a diazenido(2� ) moiety
(N2


2�). In contrast, the N�N bond length and stretching
frequency seem to indicate that this complex is at the
hydrazido (N2


4�) stage, even though the N�N stretching
frequency of 3 is lower than that of N2H4. This apparent
discrepancy is explained by the fact that both the transfer of
electron density from the metal atoms to the �* orbitals of
dinitrogen and the donation from the � orbitals of dinitrogen
to the metal atoms weaken the N�N bond and thus cause an
increase in the N�N distance and a decrease in the N�N
stretching frequency.


On the basis of molecular orbital theory, it was claimed that
the end-on bridging mode with two medium-strength �


interactions is generally preferred over the side-on bridging
mode with one strong � and one weak � bond.[24] However, if
one of the d orbitals of the metal atoms which form a � bond
in the end-on case is blocked by strong p donors like amides,
the side-on bridging mode becomes more favourable. Thus,
the orientation of the amide lone pairs determines the
bridging mode of the complex. In model I, the dxz orbital
must be blocked to make the side-on bridging mode
favourable. Therefore, the amide lone pairs must be oriented
parallel to the Zr�Zr axis. Our model I used for the DFT
calculations exhibits this arrangement of amide lone pairs, but


after geometry optimization the corresponding amide � donor
orbitals (NAD(p), b2g�51�) show no interaction with the dxz


functions of the metal atoms, as can be seen in Table 5 and
Figure 8. In fact, the d�


xz orbital is blocked, but by amide �


donor functions forming the NAD_d�
xz orbital (b2g�42�), as


shown in Figure 8. The orientation of the amide lone pairs,
however, becomes important in the bent Zr2N2 unit (see
below).


Electronic structure of the bent �-�2 :�2 Zr2N2 core : In this
section two optimized structures of the �-�2 :�2-N2 system are
presented in which the planar core can bend due to the
application of lower symmetries, namely, C2v (II) and C1 (III).
The experimental and calculated structures of I ± III are
compared in Table 4, and the optimized structures of I and III
are presented in Figure 9. In C2v symmetry (II), the Zr�N
bond lengths do not change significantly with respect to I.


Figure 9. Structures of the optimized models I and III.


However, the Zr-N2-Zr core bends slightly (Zr-N-N-Zr
dihedral angle of 164.4�). The structure lies 1.2 kcal mol�1


below I (Table 4). Optimization in C1 symmetry (III) leads
to a more pronounced bending of the Zr-N2-Zr core with a
dihedral angle of 147.8� ; the corresponding total energy is
11.2 kcal mol�1 below that of I. The N�N bond length
increases from 1.57 ä in I to 1.63 ä in III. Importantly, the
two amide lone pairs on top of the bent core have rotated by
about 90� in III, so that they are now perpendicular to the
Zr�Zr axis (see Figure 9). This rotation is forbidden in C2v


symmetry.
To understand the much lower energy of the bent structure,


the electronic structure of model III must be considered in
more detail. Contour plots of important molecular orbitals of
III are shown in Figure 10; corresponding charge contribu-
tions are given in Table 7. The two amide lone pairs, which
have rotated by about 90�, are now slightly mixed with the
zirconium d functions (see Table 7), that is, the orbital


Table 6. NPA charges of model systems I and III ; NPA s and p orbital populations
of dinitrogen in I and III.


Model I (D2h) Model III (C1)
Atoms Charge[a] Orbital[b] Charge[c] Atoms Charge[a] Orbital[b] Charge[c]


Zr 1.70 2s 1.69 Zr 1.68 2s 1.70
N � 0.91 2px 1.64 N � 0.94 2px 1.62
NADH2


[d] � 0.58 2py 1.04 NADH2
[d] � 0.54 2py 1.03


PH3 0.18 2pz 1.54 PH3 0.17 2pz 1.59


[a] Charge for each atom. [b] Orbitals from the nitrogen atom. [c] Population for
each atomic orbital. [d] NAD is the nitrogen atom of the NH2


� group.
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Figure 10. Contour plots of important molecular orbitals of III.


NAD(p)_dyz, which results from the two rotated amide lone
pairs and the dyz function of the metal, has 9 % metal d-orbital
character. The HOMO is now derived from the mixed dyz/dxy


orbitals together with the �*v function of dinitrogen (Fig-
ures 10 and 11). As can be seen from Figure 10, the former �
bond between the zirconium atoms and dinitrogen has
become a pseudo � bond. The �*h _ dxy/dyz orbital is also
derived from a combination of the dxy and dyz functions of the


Figure 11. Effect of bending (I� III) on the MOs.


metal atoms (Figures 10 and 11). Importantly, this orbital
shows strong mixing with the rotated amide lone pairs (cf.
Table 7). This leads to decreased zirconium and dinitrogen
character of this orbital and weakening of the � bond between
the metal atoms and dinitrogen. On the other hand, the
contribution of the amide lone pairs to this orbital is increased
from 0 % (planar core) to 24 % (Table 7). These effects reduce
the negative charge on the axial amido groups from �0.58
(planar) to �0.54 (bent; Table 6).


A comparison of frequencies of the Zr2N2 core for the
models I ± III derived from the DFT calculations is given in
Table 8. Importantly, the frequency of the metal ± metal
stretch increases in III compared to I and II, whereas the
other Ag mode (N�N stretch) is lower in frequency. This is due
to the elongation of the N�N bond in III (see Table 4). The B1g


mode (not observed experimentally) shifts down to 627 cm�1


in III. The B2u mode, which is split into two bands in the DFT
calculations on I (see above), shows no mixing with ligand
modes for the bent models II and III. The DFT calculations on
these geometries predict the B2u mode at 417 (II) and
445 cm�1 (III), with an isotope shift of about 10 cm�1


(Table 8). The B3u mode is shifted to lower frequency in II
and III compared to I.


Discussion


In the preceding sections the vibrational structure of the
planar Zr2N2 core was defined, and the dependence of its
electronic and vibrational structure on the equilibrium
geometry (planar vs bent) explored. The Raman spectro-
scopic data complement earlier results obtained on the side-
on N2 bridged Zr2 complexes 1 and 2.[3, 5] In qualitative
agreement with these results, the N�N stretching frequency of
3 is 775 cm�1, with an isotope shift of �22 cm�1. Further, the
Raman peak at 295 cm�1 is identified as the Zr�Zr stretch (15N
shift: �1 cm�1). This assignment is based on the high intensity
of this Raman band and its appearance in many overtones and
combination modes. The same applies to the N�N stretch, and
this indicates that both vibrations of Ag symmetry are subject
to pronounced Albrecht A-term resonance enhancement with
respect to the N2 �Zr CT transition at 670 nm. Moreover,
these assignments are supported by DFT calculations, which
predict the positions and 15N isotope shifts of the N�N and
metal-metal stretching vibrations to be at 717 cm�1


Table 7. Charge contributions of model III.[a]


Orbital Label Energy [Hartree] Charge decomposition [%][b]


Zr Zr d
orbitals


N P NAD
[c]


dyz/dxy a�54� � 0.00048 56 51 0 11 9
�*v�dyz/dxy a�53� � 0.13156 22 21 67 2 8
NAD(p)�dxy a�52� � 0.19692 11 7 13 6 69
NAD(p) a�51� � 0.20025 9 3 5 3 83
NAD(p)��*h�dxy a�50� � 0.20483 14 11 17 4 62
NAD(p)�dyz a�49� � 0.21694 11 9 2 8 75
�*h� dxy/dyz a�48� � 0.23252 28 26 41 4 24


[a] Only selected orbitals are listed. [b] If several equivalent atoms exist, the
charge decomposition gives the sum of all contributions. [c] NAD is the nitrogen
atom of the NH2


� group.


Table 8. Comparison of the calculated (B3LYP) frequencies of the model
systems I ± III.


Mode[a] I (D2h) II (C2v) III (C1)
14N
[cm�1]


15N
[cm�1]


14N
[cm�1]


15N
[cm�1]


14N
[cm�1]


15N
[cm�1]


Ag(1) 262 261 266 265 305 301
Ag(2) 717 695 743 720 703 682
B1g 685 667 689 671 627 607
B2u 403 397 417 407 445 434


313 310
B2u 780 757 770 747 746 725


[a] The labels refer to D2h symmetry (model I). Modes of corresponding
character are listed in columns C2v (model II) and C1 (model III).
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(�22 cm�1) and 262 cm�1 (�1 cm�1), respectively. Based on
these calculations and a normal coordinate analysis, the third
Raman-active vibration of the planar ZrN2 core, B1g, is
predicted to have a frequency of about 628 cm�1, with a 15N
isotope shift of 19 cm�1. No corresponding feature, however,
could be identified in the Raman spectra. This is probably
related to the fact that no excited-state distortion along the
B1g coordinate can be expected.


Infrared spectroscopic measurements on 3 further enabled
the first experimental identification of the ungerade modes of
the side-on Zr2N2 core. Based on these data, a quantum
chemistry assisted normal coordinate analysis (QCA-NCA)
was performed to generate an experimentally calibrated force
field for the side-on N2-bridged binuclear structure. In agree-
ment with the DFT prediction of the B2u vibration at 403 cm�1


(isotope shift: �6 cm�1) and the B3u vibration at 780 cm�1


(isotope shift �23 cm�1), these modes are assigned to the
bands at 690 and 441 cm�1, which exhibit isotope shifts of �10
and �13 cm�1, respectively. The experimental isotope shift of
the B3u mode is much smaller than predicted theoretically,
probably because this mode mixes with a vibration of the
terminal ligands. As our model includes the terminal N and P
ligands in the simplest approximation, this mixing is not
reproduced in the DFT calculations or the NCA. Apart from
this discrepancy, very good agreement between calculated and
observed vibrational frequencies is achieved after NCA. The
obtained force constants are 1.53 mdyn ä�1 for N�N and
2.58 mdyn ä�1 for Zr�N. This reflects the activation of
dinitrogen in the complex relative to the free N2 molecule
(22.42 mdyn ä�1).[22] In fact, this force constant is much lower
than that of free hydrazine (4.3 mdyn ä�1).[23]


The overall description of the electronic structure of the
planar Zr2N2 core is compatible with that reported earlier.[24]


Zirconium ± dinitrogen bonding is dominated by � bonding,
which is mediated by the doubly occupied in-plane �* orbital
�*h . The out-of plane N2 orbital �*v is involved in a � bond
between the metal atoms and dinitrogen. According to a
concept developed earlier, end-on binding of N2 should be
preferred over side-on bonding in early transition metal
dinitrogen complexes.[24] Based on comparative DFT calcu-
lations on titanium and zirconium N2 complexes, we find that
this is only true for Ti: whereas an end-on N2 complex of Ti is
11.9 kcal mol�1 more stable than its side-on counterpart, an
end-on N2 complex of Zr is �3.1 kcal mol�1 less stable than
the side-on N2 complex 3 (all models have terminal PH3/NH2


ligation analogous to model III and were optimized in C1


symmetry). The obvious reason for this difference in reactivity
is orbital overlap: due to the more diffuse wavefunctions in Zr
as compared to Ti and the long N�N bond length, side-on
bonding of N2 is more favourable for Zr than for Ti. It has
been reported that the coordination mode of N2 is further
influenced by the orientation of the lone pairs of the axial
ligands: if these lone pairs are oriented along the metal ±
metal axis, one of the metal d orbitals necessary for end-on
binding of N2 is blocked by a � interaction, and side-on
bonding of N2 occurs.[24] Instead of such a � interaction
between metal atom and amide, we find a corresponding �


interaction which, however, has the same consequences.
Nevertheless, the orientation of the amide lone pairs relative


to the Zr�Zr axis is found to be critically important with
respect to bending of the planar Zr2N2 core towards a
butterfly-distorted geometry: if rotation of the amide lone
pairs away from the Zr�Zr axis is disabled, the core basically
stays planar. This is shown by the DFT optimization in C2v


symmetry, which allows bending of the core but not rotation
of the axial amido groups. In this case only a slight bending of
the core is observed (model II). The driving force for this
small distortion in the C2v calculation is not clear; the
corresponding energy gain with respect to the planar core
(D2h symmetry) is very small (1.2 kcal mol�1). In the real
compound 3, rotation of the amide lone pairs is prevented by
the macrocyclic structure of the terminal ligands, and a planar
core is in fact observed.


Remarkably, however, if the vertical mirror plane contain-
ing the Zr�Zr axis is removed, the terminal amido groups
rotate by 90� and become oriented perpendicular to the
Zr�Zr direction. This structural change now causes a pro-
nounced bending of the Zr2N2 core (dihedral angle 147.8�) and
a marked decrease in total energy (�11.2 kcal mol�1). There
are two major electronic-structural consequences of this
distortion: 1) the lone pairs of the amido groups on top of
the bent Zr2N2 core mix with the in-plane N2 �*h orbital via a
metal hybrid orbital derived from dxy/dxz (�*h� dxy/dyz, a�48�);
2) the other hybrid orbital of the metal dxy/dyz orbitals forms a
pseudo � bond with the out-of-plane �*v orbital of the bridging
dinitrogen (�*v�dyz/dxy, a�53�) (Figures 10, 11 and Table 7). This
way, the �-bonding interaction between the metal atoms and
�*h is weakened, but the interaction between the metal atoms
and �*v is increased. Overall, this leads to a stronger
interaction between the amide lone pairs and the Zr2N2 core
and a more uniform distribution of electron density between
the metal atoms and N2 (in the planar structure there is a very
strong metal ± ligand � interaction through �*h and a very
weak � interaction through �*v , see above). These findings are
in qualitative agreement with the earlier hypothesis that
bending of the Zr2N2 core allows a more pronounced
delocalization of the electron density of the N2 ligand (the
fact that we find a stabilization of the bent model III with
respect to the planar structure I of �11.2 kcal mol�1, whereas
in the literature an energy gain of �24.4 kcal mol�1 is given, is
due to a different choice of basis set).[16]


While rotation of the amido groups is prevented in the
planar Zr2N2 unit of 3 by the terminal P2N2 ligands, there is
one side-on N2 bridged Zr2 complex with two phenolate
ligands on top of a bent Zr2N2 core, namely,
[{(PNP)Zr(OAr)}2(�-�2:�2-N2)] (2 ; Scheme 1). The orienta-
tion of the phenolate lone pairs in this structure is inter-
mediate between parallel and perpendicular to the Zr�Zr
direction. It remains to be investigated whether rotation of the
phenolate lone pairs to a position perpendicular to Zr�Zr, the
minimum energy position according to the above calculations,
is hindered by steric restrictions in this compound. Interest-
ingly, the Raman spectrum of 2 shows one additional peak at
595 cm�1 with a 15N isotope shift of �19 cm�1.[5] The frequency
and isotope shift of this peak would fit to our theoretical
prediction of the B1g mode frequency of the Zr2N2 unit: while
the DFT calculations of the planar core predicts the B1g mode
to be at 685 cm�1 (isotope shift: �18 cm�1), bending of the
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core shifts the calculated frequency of the B1g mode to
627 cm�1 (isotope shift: �20 cm�1, see Table 8). Because the
NCA calculation on the planar core predicts the B1g mode to
be about 60 cm�1 lower than the DFT calculation (cf Table 2),
the theoretical prediction of the B1g frequency of the bent core
should be lowered by this amount as well, leading to an
expected frequency of about 570 cm�1. This prediction would
fit to the observed position of the Raman peak at 595 cm�1. It
is, however, still unclear how this mode obtains Raman
intensity, as also in the butterfly-distorted geometry no
excited-state distortion along the B1g coordinate is conceiv-
able.


In summary, a complete understanding of the vibrational
and electronic structure of the planar Zr2N2 core has been
achieved, and the electronic-structural driving force for
bending of this core towards a butterfly structure has been
analyzed. Further spectroscopic studies on bent �-�2 :�2-N2


complexes should allow the theoretical conclusions regarding
the influence of terminal ligands on the equilibrium geometry
of the Zr2N2 core and the appearance of the B1g vibration in
the distorted geometry to be checked.


Experimental Section


IR Spectroscopy: Middle-infrared (MIR) spectra were obtained from RbI
pellets on a Mattson Genesis Typ I spectrometer. Far-infrared (FIR)
spectra were obtained from RbI pellets on a Bruker IFS 66 FTIR
spectrometer. Both instruments were equipped with a Cryogenics helium
cryostat. The spectra were recorded at 10 K and the resolution was set to
2 cm�1.


Resonance Raman spectroscopy: Resonance Raman spectra were meas-
ured on a Dilor XY Raman spectrograph with triple monochromator and
CCD detector. An Ar/Kr mixed-gas laser with a maximum power of 5 W
was used for excitation. Spectra with excitation wavelengths of 454.5, 488.0,
514.5, 568.2 and 647.1 nm were recorded. Maximum resonance enhance-
ment was found for an excitation wavelength of 647.1 nm. The spectra were
measured on RbI pellets cooled to 10 K with a helium cryostat. The spectral
bandpass was set to 2 cm�1.


UV/Vis spectroscopy : Optical absorption spectra were obtained from KBr
pellets. The spectra were recorded at 10 K on a Varian Cary 5 UV/Vis/NIR
spectrometer.


Normal coordinate analysis : Normal coordinate calculations were per-
formed with the QCPE computer program 576.[25] The calculations were
based on a general valence force field, and the force constants were refined
by using the nonlinear optimization routine of the simplex algorithm
according to Nelder and Mead.[26] Only selected force constants were
refined due to the QCA-NCA procedure. The QCA-NCA procedure is
useful for the treatment of large molecules. If the real molecule is too large
to be handled with ab initio theory, a simplification is necessary. In the case
of complex 3, the [P2N2] ligands were substituted by PH3 and NH2


�. This
leads to model I, which is suitable for DFT calculations. Frequencies and
force constants (f matrix) of this model were calculated. To remove
artificial interactions and to allow easier handling, the H atoms of the PH3


and NH2
� ligands were removed to give the model ([P2N2]Zr)2(�-�2 :�2-N2).


The f� matrix, obtained by truncation of the complete matrix f, can formally
be divided into two parts: the force constants of the Zr2N2 unit (core),
which are fitted to experimental frequencies, and the force constants of the
ZrN and ZrP parts (frame), which are of no further interest. By neglecting
small interactions it is possible to describe the core by only a few force
constants. The force constants of the frame and nondiagonal elements
between frame and core were fixed at their theoretical values. Thus, only
selected force constants were refined in the QCA-NCA procedure.


DFT Calculations : Spin-restricted DFT calculations using the Becke three-
parameter hybrid functional with the correlation functional of Lee, Yang


and Parr (B3LYP)[27±29] were performed for the singlet ground state of
simplified models of complex 3 and analogous Zr end-on and Ti side-on/
end-on structures. The LanL2DZ basis set was used for the calculations. It
applies Dunning/Huzinaga full double-zeta (D95) basis functions[30] on
first-row atoms and Los Alamos effective core potentials plus DZ functions
on all other atoms.[31, 32] Charges were analyzed by using the natural bond
orbital (NBO) formalism.[33±36] All computational procedures were used as
implemented in the Gaussian 98 package.[37] Wavefunctions were plotted
with the visualization program Gaussview 2.1. The force constants in
internal coordinates were extracted from the Gaussian output by using the
program Redong.[38]
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Reagent-Controlled Stereoselectivity in Titanocene-Catalyzed Epoxide
Openings: Reductions and Intermolecular Additions to �,�-Unsaturated
Carbonyl Compounds


Andreas Gans‰uer,* Harald Bluhm, Bjˆrn Rinker, Sanjay Narayan, Michael Schick,
Thorsten Lauterbach, and Marianna Pierobon[a]


Abstract: The generation and addition reactions of metal bound radicals derived
from normal and meso epoxides by electron transfer from titanocene(���) reagents is
described. The control of enantioselectivity and diastereoselectivity of these
transformations is investigated by variation of the ligands of the metal complex.
The reaction can lead to unprecedented and highly selective reactions, in which
synthetically useful alcohols may be prepared. The synthesis presented also
circumvents the use of toxic metals. Another advantage is that there is no loss of
two functional groups as usually observed in reductive radical chain reactions.


Keywords: asymmetric catalysis ¥
diastereoselectivity ¥ epoxides ¥
radical reactions ¥ titanium


Introduction


The control of stereoselectivity of radical reactions has lately
attracted considerable interest.[1] While diastereoselective
substrate controlled reactions have been actively investigated
over the last two decades[2] the first examples of highly
enantioselective catalytic transformations have been reported
only recently.[3] Our conceptually novel approach to enantio-
selective radical reactions is relying on electron transfer to
meso epoxides from chiral, enantiomerically pure titanocene
catalysts and ensuing enantioselective epoxide opening as
shown in Figure 1.[4]


O


R R


R


O[Cp*2TiCl]
R


R


O[Cp*2TiCl]
R


[Cp*2TiCl]


Cp* = Cp with chiral substituent


Figure 1. Enantioselective opening of meso epoxides through electron
transfer.


This transformation is based on the achiral stoichiometric
titanocene mediated opening of epoxides described by
Nugent and RajanBabu[5] that we have developed into a
catalytic reaction by protonation of titanium oxygen and
titanium carbon bonds.[6]


The use of epoxides as radical precursors has a number of
very attractive advantages over traditional substrates. Epox-
ides can be readily prepared from olefins or carbonyl
compounds by a number of well established methods.[7]


Highly enantioselective access to epoxides[8] and hence
radicals is easily achieved. Our reaction does not require the
use of toxic stannanes or silanes that have to be prepared prior
to use or tend to be unstable under ambient conditions.[9] Last
but not least after epoxide opening the preparatively useful
alcohol group is formed. Thus, the typical disadvantage of
reductive radical chain reactions, the loss of two functional
groups, is avoided.
Because our method does not constitute a radical chain


reaction it is complementary to other highly enantioselective
catalytic radical reactions, for example Sibi×s catalytic com-
plexation of radicals and radical traps in enantioselective
additions[10] or Roberts× chiral hydrogen donor reagents in
polarity reversed catalysis.[11]


Results and Discussion


Enantioselective reductive opening of meso epoxides : We
decided to begin our investigation with the opening of
epoxide 1 that is readily synthesized from (Z)-2-butene-1,4-
diol in two steps. After reductive opening alcohol 2 is obtained
as shown in Scheme 1.
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OEt
EtO


OHO


OEtEtO


cat. [Cp2TiCl]


Zn, collidine  HCl


1,4-C6H8 21


Scheme 1. Test reaction for catalyst evaluation.


This choice is advantageous because the absolute config-
uration of 2 obtained in catalytic enantioselective reactions
can be determined by comparison with authentic samples
from derivatives of (S)-malic acid as shown in Scheme 2.


HO
OH


OBn
RO


OR


OBn


RO
OR


OH


3 4a-4c,
R=Et, nPr, tBu


2,5,6,
R=Et, nPr, tBu


H2,Pd/C


RI, NaH,


or


isobutene, H2SO4


Scheme 2. Synthesis of enantiomerically pure samples for determination
of absolute configuration.


Because a hydrogen atom is transferred in the reduction,
product analysis is not hampered by the formation of
diastereoisomers. This point will be thoroughly treated later
in the addition reactions to acrylates.
Varying the ethyl substituents to other alkyl groups allows


simple variation of the substrate×s steric bulk to probe the size
of the catalyst×s chiral pocket. The crucial point for enantio-
selectivity is revealed by inspection of the catalytic conditions
as shown in Scheme 3.


EtO
OEt


OH


O


OEtEtO


EtO
OEt


O[TiCp*2Cl]


O


OEtEtO
EtO


OEt


O[TiCp*2Cl]


+0.5 1,4-C6H8


-0.5 C6H6


+ [Cp*2TiCl]
+ 0.5 ZnCl2 
+ 2,4,6-collidine


[Cp2*TiCl]


[Cp*2TiCl]


2,4,6-collidine HCl
0.5 Zn


Cp* = Cp with chiral substituent


Scheme 3. Planned catalytic cycle for enantioselective epoxide opening.


The first intermediate which is crucial to the enantioselec-
tive electron transfer should be a titanocene(���) ± epoxide
complex. To induce selectivity in the reductive opening of this
intermediate to the pivotal �-titanoxy radical the substrate×s
enantiotopic groups R should fit in the chiral pocket of the
catalyst to allow steric distinction between the two groups by
the ligands of titanium as depicted in Figure 2.
Since these residues R are pointing away from the epoxide×s


initial binding partner, the titanium atom, a useful catalyst
would need a deep and conformationally rigid chiral pocket to
mediate a highly selective radical formation. Thus, the
reaction described here is conceptually different from the
preparatively useful enantioselective openings of meso epox-


ides by SN2 reactions because in
our case the pivotal radical
intermediate has to be formed
with high selectivity, whereas in
SN2 reactions the path of the
incoming nucleophile has to be
controlled by the catalyst.[12]


Inspection of the extensive
literature on chiral enantiomer-
ically pure titanocene and zir-
conocene complexes[13] suggest-
ed complex 7, which has been
described by Vollhardt and
Halterman,[14] as especially promising. Our reasoning was
based on the well established superiority of phenylmenthol
over menthol as chiral auxiliary in asymmetric synthesis. This
is usually explained in terms of �-stacking interactions
restricting conformational freedom to allow highly ordered
transition structures.[15] We hoped that a similar mechanism of
conformational locking would be operating in titanocene 7 by
interaction of the phenyl ring with the cyclopentadienyl
group. To test the validity of this hypothesis the two menthol
and neo-menthol based catalysts 8 and 9 that were first
synthesized by Kagan et al.,[16] were also prepared. Both
complexes lack the pivotal phenyl group for conformational
locking and additionally allow an evaluation of the merits of
equatorial and axial positioning of the cyclopentadienyl group
for asymmetric catalysis. Finally, we also decided to inves-
tigate Brinzinger×s catalyst 10,[17] possessing a chiral titanium
atom that leads to a tight chiral pocket centred around the
metal. Complex 10 has recently been used in enantioselective
catalysis with great success.[18] All complexes investigated are
shown in Figure 3.


Ti
Cl Cl


Ti
Cl Cl


Ti
Cl Cl


Ti
Cl Cl


7 8


9 10


Figure 3. Catalysts investigated in the opening of 1.


The results of the opening reactions of 1 in the presence of
10 mol% of titanocene complex are summarized in Table 1.
Gratifyingly, alcohol 2 was obtained with catalyst 7 in


reasonable yields and with very high enantioselectivity
(enantiomeric ratio: er 96.5:3.5, (S)-2 formed preferentially,
entry 1). Much to our surprise complex 8 reacted with
essentially the same enantioselectivity (er 97:3, entry 2) and
yield indicating that the phenyl group is not necessary for
achieving high selectivity. This result is also of substantial
practical importance. Catalyst 8 can be readily synthesized
from neo-menthol, that is available in both enantiomeric


O


R R


Ti Cp**Cp


Cl


 interactions of the chiral
 ligands  with distant


 enantiotopic R groups


Cp* = Cp with chiral substituent


Figure 2. Crucial intermediate
for epoxide opening.
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forms, in three steps without the need of column chromatog-
raphy. Complex 7 has to be prepared from (�)-pulegone in six
steps involving a tedious separation of diastereoisomers by
chromatography.[14] It should also be noted that only (�)-
pulegone is commercially available at a reasonable price and
therefore only the enantiomer of 7 shown is accessible.
Complex 9 with the axially positioned cyclopentadienyl group
gave unsatisfactory and varying results (entry 3). The reasons
for this behavior are unclear at present, although we noted
that reactions with 9 are very sensitive to traces of oxygen and
water. Unquestionably, this axial orientation is not well suited
for highly selective epoxide openings. Brintzinger×s complex
10 also gave unsatisfactory results. Epoxide 1was opened with
low selectivity (er 78:22, entry 4) and with low yield (55%).
Presumably, the tight chiral pocket centred around tita-
nium does not allow for an efficient chirality transfer to
the distant regions of the catalyst and hence substrate bind-
ing.
To further evaluate the complexes we also investigated the


opening reactions of epoxides 11 and 12 shown in Scheme 4.
The results are summarized in Table 2.


OR
RO


OHO


ORRO


10 mol% [Cp*2TiCl]


Zn, collidine  HCl


1,4-C6H811: R = nPr
12: R = tBu


5: R = nPr
6: R = tBu


Cp* = Cp with chiral substituent


Scheme 4. Other substrates investigated in the enantioselective epoxide
opening.


Epoxide 11 containing the n-propyl ether reacted with
essentially the same selectivity as 1 (er 96:4, entry 1 and er
95.5:4.5, entry 3) indicating that the n-alkyl chain has no
significant influence on the fitting of the substrate into the
chiral pocket. The yields of 5 were also comparable. This


changed dramatically when the tert-butyl substituted epoxide
12 was employed. Enantioselectivity dropped substantially
with complexes 7 and 8 (er 87:13, entry 2 and er 93:7, entry 4)
and in the case of catalyst 10 almost disappeared (er 60:40,
entry 15). Additionally the yield of 6 was very low. This
indicates that the chiral pockets of all catalysts, especially that
of 10, are not wide enough to accommodate the bulkier
substrate 12 for a highly selective reaction. Complex 8 gave
the best results in the opening of 1, 11, and 12 and thus
constitutes the most selective and easiest to prepare catalyst
of the titanocenes employed.


Comparison of the catalyst structures : With these results in
mind we turned our attention towards an understanding of the
characteristic structural features of the complexes 7, 8, and 9.
Because of the low selectivity 10 and its structure, that has
been studied extensively, will not be discussed here.[17]


We managed to obtain crystals suitable for X-ray crystal-
lography by slow evaporation of concentrated solutions of 7 in
CHCl3 and of 8 and 9 in CH2Cl2.[19] The striking feature of the
structure of 7 and 8 is the relative orientation of the phenyl
ring and the cyclopentadienyl group in 7 and the orientation
of the 2-propyl group and the cyclopentadienyl group in 8 as
shown in Figure 4.


Figure 4. X-ray structures of complexes 7 and 8.


The phenyl group and the hydrogen of the 2-propyl group
occupy similar positions in space resulting in a conformational
fixation of the cyclopentadienyl ligand in both cases. Thus, 7
and 8 feature the same conformational locking of the
cyclopentadienyl group in the solid state. This results in a
rigid chiral pocket that is responsible for efficient catalysis. It
seems that a minimization of steric interactions constitutes the
underlying principle for this organization and not �-inter-
actions that are absent in 8. Thus, our original assumption
based on �-stacking for choosing 7 as the starting point proved
to be wrong. However, the anticipated and successfully
realized conformational rigidity of the chiral pockets is
guaranteed by the alternative mechanism of minimization of
steric interaction.
We have been able to demonstrate that both complexes


possess the same conformational preferences in solution by a
combination of modern NMR techniques.[19] The structure of
9 is less compact in the solid state and in solution as indicated
by a disorder in the structure due to rotation of the 2-propyl
group.
Although we have thus far not been able to determine the


structure of the redox active titanium(���) complexes, it seems
reasonable that the ligand conformation should not be


Table 1. Catalytic enantioselective opening of 1 in the presence of
10 mol% catalyst.


Entry Catalyst Yield [%] ee [%][a]


1 7 71 93[b]


2 8 76 94[b]


3 9 45 ± 51 20 ± 52[c]


4 10 55 56[c]


[a] By GC on an heptakis(2,6-di-O-methyl-O-pentyl)-�-cyclodextrin/
OV1701 (1/4) column; [b] (S) formed preferentially; [c] (R) formed
preferentially.


Table 2. Catalytic enantioselective opening of 11 and 12 in the presence of
5 ± 10 mol% catalyst.


Entry Catalyst Substrate Product Yield [%] ee [%]


1 7 11 5 60 92[a,b]


2 7 12 6 68 74[b,c]


3 8 11 5 70 91[a,b]


4 8 12 6 66 86[b,c]


5 10 12 6 31 20[a,d]


[a] By GC on an Ivadex 7/OV-1701; G/294 column; [b] (S) formed
preferentially; [c] by GC on an heptakis(2,6-di-O-methyl-O-pentyl)-�-
cyclodextrin/OV1701 (1/4) column; [d] (R) formed preferentially.
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dramatically altered by the reduction of titanium. Unfortu-
nately, the paramagnetic titanium(���) complexes are not
amenable to modern NMR techniques. Computational stud-
ies towards the understanding of the catalytically active
species are currently being pursued.


Enantioselective opening of meso epoxides and C�C bond
formation–Control of diastereoselectivity : We then turned
to the enantioselective openings of meso epoxides with
ensuing C�C bond formation. In these cases a second issue
of selectivity in addition to the enantioselectivity of epoxide
opening is raised. After the radical formation diastereoselec-
tivity of the addition step to a radical trap, for example an
acrylate, is also amenable to reagent control by the titanocene
complex. To achieve this goal it is mandatory that the catalyst
remains bound to the radical as titanocene alkoxide. In the
catalytic transformation it is therefore essential that proto-
nation of the titanium oxygen bond is distinctly slower than
the desired radical addition reaction. This scenario is depicted
in Figure 5. The problem of these two competing rates is easy
to address experimentally. If the diastereoselectivity is
independent of the titanocene employed protonation must
be faster than radical addition.


RO2C
OHO[TiCp2


substCl]


O[TiCp2
substCl]


fast protonation


no control of diastereoselectivity
through ligand variation possible


fast addition


control of diastereoselectivity
through ligand variation possible


Figure 5. Kinetic prerequisites for controlling the diastereoselectivity of
addition reactions to acrylates.


We decided to employ achiral catalysts first to initially
separate the different problems of enantioselectivity and
diastereoselectivity and render the investigation easier to
carry out practically. Our results with cyclopentene oxide 13
as substrate in the reaction yielding hydroxyester 14 as shown
in Scheme 5 are summarized in Table 3.


CO2tBu,


OH


CO2tBu
O


5-10 mol% [Cpsubst
2TiCl],


2,4,6-collidine  HCl,
Zn


1413


Scheme 5. Test reaction for control of diastereoselectivity of addition
reactions.


The selectivity observed in the case of the [Cp2TiCl2]
(entry 1) was reasonable and increasing the bulkiness of the
titanocene by introducing sterically demanding alkyl sub-
stituents greatly enhanced the performance of the reaction.
Protonation is therefore substantially slower than radical
addition and reagent control is straightforward to achieve.


Already the introduction of the small methyl substituent in
catalyst 15 resulted in a noticeable improvement of the
reaction (dr 94:6, entry 2). With bis(tert-butylcyclopentadie-
nyl)titanium dichloride (18) the control of diastereoselectivity
was excellent. The trans diastereoisomer was obtained almost
exclusively (dr �97:3, entry 5). The other complexes gave
lower but still very high selectivities. It is interesting to note
that complex 16 gave the highest yield (entry 3). Therefore,
exceedingly high selectivity is obtained at the cost of a slight
reduction in catalytic activity.
Preferential formation of the trans product can be readily


explained by shielding of the cis face of the radical through the
cyclopentadienyl group and its bulky alkyl groups. Thus, these
examples constitute cases of a matched reagent and substrate
control leading to unprecedented high diastereoselectivity in
transition metal catalyzed radical chemistry.
Compared to Renaud×s otherwise excellent use of stoichio-


metric amounts of bulky aluminum reagents[20] our method
has the distinct advantage of employing the metal complex
only in catalytic quantities.
To test the applicability of the ligand induced control of


diastereoselectivity we also investigated other meso epoxides
including a case of mismatched reagent and substrate control.
The results are summarized in Table 4.


Table 3. Opening of cyclopentene oxide 13 with substituted titanocene
complexes.


Entry Catalyst Yield [%] dr (trans :cis)[a]


1 [Cp2TiCl2] 68[b] 86:14
2 [(MeCp)2TiCl2] (15) 72 94:6
3 [(cHexCp)2TiCl2] (16) 75 95:5


4 TiCl2)2( (17) 61 95:5


5 [(tBuCp)2TiCl2] (18) 63 � 97:� 3


[a] Determined by 1H NMR of the crude product; [b] 5 mol% catalyst.


Table 4. Reagent control in diastereoselective opening reactions of meso
epoxides.[a]


Entry Catalyst Substrate Product Yield [%] dr


1 Cp2TiCl2
O


19


OH


CO2tBu


20


( )2
90 64:36


2 18 19 20 74 73:27


3 Cp2TiCl2
O


21


OH


CO2tBu
( )2


22


82 77:23


4 18 21 22 90 94:6


5 Cp2TiCl2 O


23


OH
CO2tBu


24


71 82:18


6 18 23 24 68 53:47


[a] For details of assignments see Experimental Section.
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Both cyclohexene and cycloheptene oxide (19 and 21)
reacted with improved selectivity when catalyst 18 was
employed (entries 2 and 4). Hydroxyester 22 was obtained
in excellent yield and unprecedented selectivity. Equatorially
substituted cyclohexene radicals are known to react with
lower selectivity and our examples are in line with this
observation.[21] Both cases also represent examples of match-
ed substrate and reagent control.
A more demanding problem is constituted by mismatched


reagent and substrate control where a substrate controlled
course of the reaction is to be overwhelmed by the influence
of a reagent. We have addressed this issue in the reaction of
norbornene oxide 23 (entries 5 and 6). Giese×s seminal studies
revealed that a methoxy substituted norbornyl radical ex-
clusively yielded adducts of exo addition as shown in
Scheme 6.[22]


OMe
HgOMe


NaBH4 OMe CO2Me OMe
CO2Me


40 %,
single isomer


Scheme 6. Giese×s exo-selective addition to a norbornyl radical.


Our results suggest that the titanocene catalysts could
indeed compensate the exceptionally high intrinsic selectivity
of the norbornyl system. [Cp2TiCl2] resulted in the formation
of endo adduct as minor component (82:18, entry 5) whereas
the bulky catalyst 18 yielded in a 53:47 mixture of the isomers
(entry 6) and lead to the formation of the endo adduct in
reasonable amounts for the first time and completely eroded
the outstanding substrate control exercised by the bicy-
clo[2.2.1] system.
With these results at hand we turned our attention to the


use of the best chiral enantiomerically pure catalysts 7 and 8 in
the opening reaction of cyclopentene oxide 13 and cyclo-
heptene oxide 21 with concomitant C�C bond formation. The
results are summarized in Table 5.
It turned out that both catalysts reacted to give the desired


products 14 (entries 1 and 2) and 22 (entries 3 and 5) in
reasonable yields with high enantioselectivity and with high
diastereoselectivity. For 22 the ee value refers to the ee of the
major isomer. The value for the minor isomer could not be
obtained. In the case of purification of 22 higher yields could
be obtained by careful chromatography (low polarity of
eluents, larger column size) than by microdistillation and
chromatographic filtration. Cyclohexene oxide 21was opened
with similar enantioselectivity (ee �80 ± 82%). However, in


the case of 8 the product 22 obtained was contaminated with
small amounts of polymeric material that could not be
removed by chromatography or microdistillation.
Thus, our chiral catalysts 7 and 8 control both enantiose-


lectivity of epoxide opening and diastereoselectivity of the
ensuing addition reaction to an acrylate with high efficiency.
The examples of Table 2 and 5 constitute the first examples of
catalytic enantioselective radical generation and should
therefore be of general interest to the fields of both catalysis
and radical chemistry.


Control of diastereoselectivity in addition reactions to 2,2-
disubstituted epoxides : An interesting point to investigate the
influence of the titanocene catalyst is constituted by the
opening of 2,2-disubstituted epoxides containing chiral cen-
ters. During the addition of the radical to the acrylate, the
radical becomes pyramidalized and the bulky titanocene
moiety will be able to interact with both the incoming radical
acceptor and the groups of the radical responsible for
controlling the stereochemical course of the reaction in the
two transition structures. A unique feature of our reaction is
constituted by the possibility to influence the course of the
reaction through reagent control by the action of the catalyst.
A dependence of the diastereoselectivity of the overall
reaction on the titanocene and its substituents can therefore
be expected. This notion is shown in Figure 6 for the camphor
derived radical A.


O[TiCpsubst
2Cl]


A B


O[TiCpsubst
2Cl]


CO2tBu


C


O[TiCpsubst
2Cl]


CO2tBu


)( )(


Figure 6. Plausible transition structures for addition reactions to radicalA.


The selectivity of the addition reaction of radical A will
depend on the relative magnitude of interactions of the bulky
titanocene moiety with the bulky bridging dimethyl group and
of the radical trap with the dimethyl group in transition
structures B and C. This effect should clearly depend on the
ligands of the titanocene. From a mechanistic point of view it
is also interesting to probe the catalysts binding pocket size to
gain information about the generality of our reactions.
Useful models for the description of diastereoselectivity in


the reactions of cyclic radicals with exocyclic substituents
involving A-strain have been developed by Giese and
Metzger.[23] For reasonable to high selectivities very bulky
groups, for example tert-butyl are necessary.
It is of general interest to find out if this analogy can be


transferred to our metal bound radicals that do not involve
A-strain effects[24] in order to gain a complete understanding
of the factors affecting selectivity in radical reactions. Our
results of the camphor derived and other systems are
summarized in Table 6.
Already, with [Cp2TiCl2] approach of both radical traps,


acrylonitrile and 1,4-cyclohexadiene, (entries 1 and 3) occur-
red predominantly from the favorable exo side. This trend was


Table 5. Enantioselective opening of cyclopentene and cycloheptene oxide
13 and 21.


Entry Catalyst Substrate Product Yield [%] ee[a] [%] dr


1 7[b] 13 14 69 73 � 97:3
2 8[c] 13 14 72 81[d] � 97:3
3 7[a] 21 22 61 82 87:13
4 8[b] 21 22 78[e] 80 87:13


[a] For details of determination see Experimental Section. [b] 5 mol%
catalyst ; [c] 10 mol% catalyst ; [d] 83% by 19F NMR of the Mosher esters;
[e] by column chromatography, 54% by distillation and chromatography.
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increased with the bulkier [(tBuCp)2TiCl2] in both cases
(entries 2 and 4). Thus, interaction of CH2O[TiCpsubst2Cl] with
the bridging geminal dimethyl group is more important than
the interactions of the latter group with the approaching
radical trap as shown in Figure 7.


O[TiCpsubst
2Cl]


CO2tBu
O[TiCpsubst


2Cl]


CO2tBu


)( )(


exo approach
more favorable


endo approach
less favorable


Figure 7. Qualitative analysis of steric factors controlling the reactivity of
radical A.


The very high intrinsic selectivity of the camphor system is
therefore for the first time in radical chemistry overwhelmed
by the action of a catalyst.
This situation, although at first glance reminiscent of


Giese×s and Metzger×s system, has the added advantage of
reagent control by ligand variation over the above-mentioned
substrate controlled reactions.
In the case of the norbornyl 28 and norbornenyl 31 epoxides


investigated (entries 5 ± 8) the observed selectivity was ex-
cellent. Obviously, replacing the geminal dimethyl group with


a methylene group resulted in the loss of unfavorable
interactions with the radical trap while maintaining a more
favorable positioning of CH2O[TiCpsubst2Cl] in a staggered
transition structure compared with an eclipsed transition
structure.
The cooperative nature of these effects leads to outstanding


diastereoselectivity. The observation that use of the bulky
catalyst 18 does not affect the stereochemical outcome of the
reaction is in line with this argument.
Thus, the most important factor governing selectivity in


these reactions is the positioning of the bulky CH2O[Ti-
Cpsubst2Cl] in the sterically most favorable position and not the
unhindered approach of the radical trap. Selectivity can be
increased by variation of the catalyst×s ligand size. To the best
of our knowledge this reagent controlled approach to
controlling diastereoselectivity is novel in catalyzed radical
reactions.
The assignment of the structures was made on the basis of


NOE studies for 30 and by transformation of 29 to 30 and 32
to 29 as shown in Scheme 7.
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Scheme 7. Chemical correlations for the structural determination of 29 and
32 (CSA� camphorsulfonic acid).


The last examples shown in Table 7 have been investigated
to probe the effect of the bulky titanocene catalyst in sterically
less demanding situations.
With epoxide 33 (entry 1) containing the axially positioned


methyl group the product 34 was obtained as a single isomer.
The use of 18 as catalyst did not result in any changes in
selectivity. The relative configuration was assigned as trans
according to estimations of the 13C NMR shifts of both
diastereoisomers of 34. Due to the �-effect[25] the trans
diastereoisomer (CH3 vs. CH2OH) has a substantially lower
shift of the CH2OH group (68.3 ppm) than the cis isomer (CH3


Table 6. Reagent control in the opening of epoxides containing bicy-
clo[2.2.1] systems.[a]


Entry Catalyst Substrate Product Yield [%] dr


1 [Cp2TiCl2] O


25 OH


H


26


54 57:43


2 18 25 26 36 79:21


3 [Cp2TiCl2] 25


O O


27


56 67:33


4 18 25 27 39 77:23


5 [Cp2TiCl2]
O


28 OH


CO2tBu
( )


29


2 77 � 97:� 3


6 18 28 29 51 � 97:� 3


7 [Cp2TiCl2] 28
O O


30


89 � 97:� 3


8 [Cp2TiCl2]
O


31
OH


CO2tBu
( )


32


2 69 � 97:� 3


[a] For details of assignments see Experimental Section.


Table 7. Reagent control in the opening of axially and equatorially
substituted cyclohexane derived epoxides 33 and 35.


Entry Catalyst Substrate Product Yield [%] dr


1 Cp2TiCl2 O


33


tBuO2C


OH


(  )


34


2
73 � 95:� 5


2 Cp2TiCl2 O


35


OH


CO2tBu


36


(  )
2


77 56:44


3 16 35 36 45 48:52
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vs. CH2OH) (71.3 ppm). The observed value of 67.4 ppm
therefore suggests the structure of 34 shown in Table 7.
This assignment was also confirmed by the transformation of
34 to the corresponding lactone 37 and estimation of the
corresponding 13C NMR shifts. In the case of epoxide 35
(entries 2 and 3) hydroxyester 36 is obtained as 55:45 mix-
ture of isomers (assignment as shown due to the 13C NMR
shifts of the CH2OH groups considering the �-effect) with
[Cp2TiCl2] as catalyst and 48:52 mixture of isomers with 18 as
catalyst.
Transition structures similar to Giese×s and Metzger×s


analysis[23] shown in Figure 8 readily explain the observed


selectivities.
In the case of epoxide 33 the repulsion between the bulky


CH2O[TiCp2Cl] group and the axial methyl group results in
blocking of the bottom face in structure D and therefore leads
to the observed diaxial arrangement of the methyl and
hydroxymethylene group in the product through equatorial
attack of the radical trap.
Interestingly Renaud observed the opposite axial attack of


Bu3SnH in reactions of nitrogen substituted cyclohexyl
radicals with axially positioned substituents.[26a] However, a
conceptually similar exception to Giese×s anti rule[2a] has been
reported by Renaud for the case of 2-oxacycloalkyl radicals in
which approach of the radical cis to a large tert butyl
substituent has been observed.[26b] Our method achieves the
same goal by the use of a catalyst and therefore complements
traditional free radical reactions and should be of general
interest in the synthesis of axially disubstituted cyclohexane
derivatives, for example in modified steroids.
The situation is less clear cut in the case of epoxide 35


containing the equatorial methyl group. It seems that due to
the competing unfavorable interactions both transition struc-
tures E and F shown in Figure 8 are accessible that result in
the mixture of products obtained.


Conclusion


The opening of meso epoxides through electron transfer from
titanocene(���) catalysts occurs with high enantioselectivity
and represents the first example of a catalytic enantioselective
radical generating reaction. Furthermore, the diastereoselec-
tivity of the ensuing addition reaction to acrylates is also
controlled by the ligands of titanium. Diastereoselectivity of
the addition reactions of radicals derived from 2,2-disubsti-
tuted epoxides also proceeds under reagent control and is
governed by the sterically most favorable positioning of the


bulky titanocene moiety. In accord with this hypothesis,
introduction of bulkier ligands can result in higher selectiv-
ities.


Experimental Section


General procedures : All reactions were performed in oven-dried (100 �C)
glassware under N2 or Ar. THF was freshly distilled from LiAlH4 or K.
Et2O was freshly distilled from Na/K. CH2Cl2 was freshly distilled from
CaH2. The products were purified by flash chromatography[27] on
Macherey-Nagel silica gel 60 and Merck silica gel 50 (eluents given in
brackets, CH refers to cyclohexane, EE to ethyl acetate, Et2O to diethyl


ether, MTBE to tert-butyl methyl
ether, and PE to petrol ether, b.p.
30 ± 60 �C). Yields refer to analytically
pure samples. Isomer ratios were de-
termined from suitable 1H NMR inte-
grals of cleanly separated signals or by
GC-analysis. NMR: Bruker AMX 300,
AM 400, DRX 500, Varian XR 200,
andMERCURY300HFCP; 1HNMR:
tetramethylsilane (0.00 ppm) in
the indicated solvent, [D5]benzene
(7.16 ppm) and CHCl3 (7.26 ppm) as
internal standard in the same solvent;


13C NMR: tetramethylsilane (0.00 ppm) in the indicated solvent or CDCl3
(77.16 ppm) and C6D6 (128.06 ppm) as internal standards in the same
solvent; integrals in accord with assignments, coupling constants are
measured in Hz and always constitute J(H,H) coupling constants. An
asterisk (*) indicates the signals of the minor diastereoisomer. Combustion
analyses: Mr. Hambloch, Institut f¸r Organische Chemie, Universit‰t
Gˆttingen; Mrs. B‰hr, Institut f¸r Organische Chemie und Biochemie,
Universit‰t Freiburg, and Mrs. Martens, Kekule¬-Institut f¸r Organische
Chemie und Biochemie, Universit‰t Bonn. IR spectra: Perkin Elmer 1600
series FT-IR, PARAGON 1000, and 1620 as KBr pellets or as neat films on
NaCl and KBr plates.


Collidine hydrochloride was dried prior to use by gentle heating under
vacuum. The following compounds were purchased, prepared according to
literature procedures, or have already been described in the literature: 1,[28]


2,[28] 3,[29] 7,[14] 8,[16] 9,[16] 10,[17] 13, 15,[30] 16,[31] 18,[32] 19, 21, 23, 25,[33] 26,[34]


28,[35] 31,[35] 33,[36] 36.[36]


General procedure 1 (GP 1)


Reductive epoxide opening : The epoxide (1.0 mmol), 1,4-cyclohexadiene
(385 mg, 4.80 mmol), Cp2TiCl2 (12.4 mg, 0.5 mmol) and zinc dust (98.1 mg,
1.5 mmol) were added to a suspension of dried 2,4,6-collidine hydro-
chloride (236 mg, 1.5 mmol) in dry THF (10 mL). The mixture was stirred
at room temperature for the indicated time. Unreacted Zn was decanted off
and the reaction flask was rinsed with CH2Cl2 (2� 25 mL). The combined
organic layers were washed with 2� HCl (30 mL) and H2O (30 mL) and
dried (MgSO4). The solvents were removed under reduced pressure and the
crude product purified by flash chromatography.


General procedure 2 (GP 2)


Epoxide opening and ensuing addition to �,�-unsaturated carbonyl
compounds : The epoxide (1.0 mmol), tert butyl acrylate (389 mg,
3.0 mmol), Cp2TiCl2 (12.4 mg, 0.5 mmol) and zinc dust (131 mg, 2.0 mmol)
were added to a suspension of dried 2,4,6-collidine hydrochloride (394 mg,
2.5 mmol) in dry THF (10 mL). The reaction mixture was stirred at room
temperature for the indicated time. Unreacted Zn was decanted off and the
reaction flask was rinsed with CH2Cl2 (2� 25 mL). The combined organic
layers were washed with 2� HCl (30 mL) and H2O (30 mL) and dried
(MgSO4). The solvents were removed under reduced pressure and the
crude product purified by flash chromatography, microdistillation or both.


Preparation of epoxides 11 and 12


(Z)-1,4-Dipropoxy-but-2-ene oxide (11): A mixture of (Z)-1,4-dipropoxy-
but-2-ene[37] (12.7 g, 80 mmol), methyltrioxorhenium (100 mg,
0.4 mmol),[38] 3-cyano pyridine (833 mg, 8.0 mmol), hydrogen peroxide
(16.2 mL of a 30% solution in H2O, 160 mmol), and CH2Cl2 (48 mL) was
stirred for 65 h. Ice (9.5 g) and MnO2 (12 mg) were added and after 1 h the
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Figure 8. Plausible transition structures D ±F for the reactions of epoxides 33 and 35.
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mixture was extracted with CH2Cl2 (2� 50 mL). After drying (MgSO4) the
solvent was evaporated, petrol ether (100 mL) added, filtered, and the
solvent evaporated again. The resulting crude product was distilled to give
11 (11.3 g, 75%). 1H NMR (400 MHz, C6D6): ��AB-signal (�A1� 3.31,
�B1� 3.42, JAB� 11.3 Hz, additionally split by 3J� 6.4, 3.9 Hz, 2H), AB-
signal (�A2� 3.18, �B2� 3.27, JAB� 9.1 Hz, additionally split by 3J� 6.6,
6.6 Hz, 2H), 3.01 (m, 2H), 1.50 (qt, 3J� 7.4, 6.6 Hz, 4H), 0.91 (t, 3J� 7.3 Hz,
6H); 13C NMR (100 MHz, C6D6): �� 73.0, 68.2, 54.4, 23.4, 10.8; IR (neat):
�� � 2965, 2875, 1690, 1465, 1385, 1355, 1325, 1255, 1110, 1050, 955, 910, 845,
780, 760 cm�1; elemental analysis calcd (%) for C10H20O3 (188.3): C 63.80,
H 10.71; found: C 63.67, H 10.86.


(Z)-1,4-Di-tert-butoxy-but-2-ene oxide (12): mCPBA (9.12 g (70%),
37 mmol) was added to a solution of (Z)-1,4-di-tert-butoxy-but-2-ene[39]


(5.0 g, 25 mmol) in CH2Cl2 (50 mL) and the mixture was stirred for 8 h.
After filtration, the organic layer was extracted with 1� NaOH (2� 40 mL)
and dried (MgSO4). After evaporation of the solvent the crude product was
distilled to yield 12 (3.62 g, 67%). 1H NMR (400 MHz, C6D6): �� 3.51 ±
3.43 (m, 4H), 3.15 (dt, 3J� 7.8, 3.9 Hz, 2H), 1.07 (s, 18H); 13C NMR
(100 MHz, CDCl3): �� 72.9, 60.8, 55.6, 27.5; IR (neat): �� � 2975, 1470, 1390,
1365, 1235, 1195, 1080, 1025, 890, 840 cm�1; elemental analysis calcd (%)
for C12H24O3 (216.3): C 66.63, H 11.17; found: C 66.38, H 11.18.


Synthesis of authentic samples of (S)-2, -5, and -6 from (S)-3


Synthesis of (S)-2 : Compound (S)-3[29] (981 mg, 5.0 mmol) was added in
portions at �15 �C to a suspension of NaH (95%, 264 mg, 10.5 mmol) in
dry DMF (6 mL). After 10 min EtBr (1.19 g, 11.0 mmol) was added in DMF
(6 mL) and the mixture was allowed to react for 14 h at room temperature.
After dilution with DMF (10 mL). H2O (20 mL) was added and the mixture
was extracted with EE (3� 30 mL). The combined organic layers were
washed with H2O (20 mL), dried (MgSO4) and the solvent evaporated.
After silica gel filtration (EE:CH 15:85� 50:50) the crude product was
purified by Kugelrohr distillation to give (S)-4a (969 mg, 77%). [�]27D �
�14.1 (c� 1 in CH2Cl2); Rf (EE:CH 15:85)� 0.47; 1H NMR (300 MHz,
CDCl3): �� 7.39 ± 7.22 (m, 5H), AB-signal (�A1� 4.57, �B1� 4.71, JAB�
11.7 Hz, 2H), 3.74 (dtd, 3J� 7.3, 5.0, 5.0 Hz, 1H), 3.57 ± 3.46 (m, 3H),
AB-signal (�A2 �3.40, �B2� 3.45, JAB �7.1 Hz, additionally split by 3J �7.0,
2.3, 7.0, 2.3 Hz, 2H), 1.90 ± 1.70 (mAB, 2H), 1.21 (t, 3J� 7.0 Hz, 3H), 1.17 (t,
3J� 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 139.1, 128.4, 128.0, 127.6,
75.5, 73.5, 72.3, 67.0, 66.9, 66.3, 32.5, 15.4; IR (neat): �� � 3480, 3030, 2975,
2870, 2805, 1725, 1705, 1605, 1495, 1455, 1355, 1310, 1275, 1210, 1115, 1065,
1030, 900, 820, 735, 700 cm�1; HRMS (EI/70 eV):m/z : calcd for C15H25O3� :
253.1804; found: 253.1813 [M��H].
The triether (S)-4a (252 mg, 1.0 mmol) was dissolved in Et2O (10 mL)
under a hydrogen atmosphere and Pd/C (10%, 106 mg, 0.1 mmol) was
added. After stirring for 2 h at room temperature the catalyst was filtered
off and the solvent evaporated to yield pure (S)-2 in quantitative yield.
[�]29D ��1.3� (c� 1 in CH2Cl2); for spectral details see below.
Synthesis of (S)-5 : According to the preparation of (S)-4a compound (S)-
4b (590 mg, 42%) was obtained by reaction with nPrBr (1.35 g, 11.0 mmol).
[�]27D ��31.0 (c� 1 in CH2Cl2); Rf (EE/CH 15:85)� 0.61; 1H NMR
(300 MHz, CDCl3): �� 7.39 ± 7.23 (m, 5H), AB-signal (�A1� 4.57, �B1�
4.72, JAB� 11.7 Hz, 1H), 3.74 (dtd, 3J� 7.7, 5.0, 5.0 Hz, 1H), 3.57 ± 3.46
(m, 4H), AB-signal (�A2 �3.40, �B2� 3.42, JAB �6.6 Hz, additionally split
by 3J �6.6, 6.6 Hz, 2H), AB-signal (�A3 �3.30, �B3� 3.35, JAB �9.3 Hz,
additionally split by 3J �6.8, 6.8 Hz, 2H), 1.70 ± 1.90 (mAB, 2H), 1.60 (qt,
3J� 7.1, 6.9 Hz, 2H), 1.56 (qt, 3J� 7.1, 7.1 Hz, 2H), 0.93 (t, 3J� 7.1 Hz, 3H),
0.90 (t, 3J� 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 139.1, 128.4,
128.0, 127.6, 75.5, 73.9, 73.3, 72.7, 72.4, 67.2, 32.5, 23.1, 23.1, 10.8; IR (film):
�� � 3470, 3030, 2960, 2935, 2865, 2800, 1725, 1605, 1495, 1455, 1380, 1310,
1250, 1210, 1115, 1065, 1030, 995, 955, 915, 735, 700 cm�1; HRMS (EI/
70 eV): calcd for C17H28O3� : 280.2036; found: 280.2038 [M�].


The triether (S)-4b (280 mg, 1.0 mmol) was dissolved in Et2O (10 mL)
under a hydrogen atmosphere and Pd/C (106 mg, 10%, 0.1 mmol) was
added. After stirring for 2 h at room temperature the catalyst was filtered
off and the solvent evaporated to yield pure (S)-5 in quantitative yield.
[�]28D ��1.2� (c� 1 in CH2Cl2); for spectral details see below.
Synthesis of (S)-6 : In a pressure bottle isobutene (ca. 40 mL, 24 g,
430 mmol) was condensed into a solution of 3[29] (981 mg, 5.0 mmol) in
CH2Cl2 (20 mL) at �45 �C. After the addition of H2SO4 (0.53 mL,
10.0 mmol) the closed bottle was allowed to warm to room temperature
and stirring was continued for 18 h. After addition of H2O (20 mL) at 0 �C


isobutene was allowed to evaporate and after washing and drying (MgSO4)
the solvent was evaporated. The crude product was purified by silica gel
chromatography (EE:CH 5:95) to yield 4c that was contaminated with side
products due to alkylation of the aromatic ring (621 mg).


The contaminated 4c (308 mg) was dissolved in Et2O (10 mL) under a
hydrogen atmosphere and Pd/C (106 mg, 10%, 0.1 mmol) was added. After
stirring for 2 h at room temperature the catalyst was filtered off and the
solvent evaporated to yield pure (S)-6 in quantitative yield. [�]26D ��0.1�
(c� 1 in CH2Cl2); for spectral details see below.
1,4-Diethoxybutan-2-ol and (S)-1,4-diethoxybutan-2-ol (2):


Table 1, entry 1: Racemic 2 : According to GP 1 1 (160 mg, 1.0 mmol), 1,4-
cyclohexadiene (385 mg, 4.8 mmol), [Cp2TiCl2] (12.5 mg, 0.5 mmol), zinc
dust (98 mg, 1.5 mmol) and hydrochloride (236 mg, 1.5 mmol) in THF
(10 mL) for 16 h. Silica gel chromatography (Et2O:PE 12:88) gave 2[28]


(84 mg, 52%). GC conditions for racemic 14 : Heptakis-(2,6-di-O-methyl-
1,3-O-pentyl)-�-cyclodextrin/OV 1701 (1/4), column 70 �C, 70 kbar H2;
(R)� 26.0 min, (S)� 27.4 min.
Use of catalyst 7: According to GP 1 1 (160 mg, 1.0 mmol), 1,4-cyclo-
hexadiene (385 mg, 4.8 mmol), 7 (68 mg, 0.1 mmol), zinc dust (98 mg,
1.5 mmol) and hydrochloride (236 mg, 1.5 mmol) in THF (10 mL) for 20 h.
Silica gel chromatography (Et2O:PE 12:88) gave 2[28] (115 mg, 71%). Major
enantiomer: (S) (93% ee).


Table 1, entry 2 : According to GP 1 1 (160 mg, 1.0 mmol), 1,4-cyclo-
hexadiene (385 mg, 4.8 mmol), 8 (53 mg, 0.1 mmol), zinc dust (98 mg,
1.5 mmol) and hydrochloride (236 mg, 1.5 mmol) in THF (10 mL) for 16 h.
Silica gel chromatography (Et2O:PE 12:88) gave 2[28] (123 mg, 76%). Major
enantiomer: (S) (94% ee). [�]26D ��1.2� (c� 1 in CH2Cl2).
Table 1, entry 3 : According to GP 1 1 (160 mg, 1.0 mmol), 1,4-cyclo-
hexadiene (385 mg, 4.8 mmol), 9 (53 mg, 0.1 mmol), zinc dust (98 mg,
1.5 mmol) and hydrochloride (236 mg, 1.5 mmol) in THF (10 mL) for 16 h.
Silica gel chromatography (Et2O:PE 12:88) gave 2[28] (73 mg, 45%). Major
enantiomer: (R) (20% ee).


Table 1, entry 4 : According to GP 1 1 (160 mg, 1.0 mmol), 1,4-cyclo-
hexadiene (385 mg, 4.8 mmol), 10 (53 mg, 0.1 mmol), zinc dust (98 mg,
1.5 mmol) and hydrochloride (236 mg, 1.5 mmol) in THF (10 mL) for 16 h.
Silica gel chromatography (Et2O:PE 12:88) gave 2[28] (90 mg, 55%). Major
enantiomer: (R) (56% ee).


1,4-Dipropoxybutan-2-ol and (S)-1,4-dipropoxy-butan-2-ol (5):


Table 2, entry 1: Racemic 5 : According to GP 1 11 (188 mg, 1.0 mmol), 1,4-
cyclohexadiene (385 mg, 4.8 mmol), Cp2TiCl2 (12.5 mg, 0.5 mmol), zinc
dust (98 mg, 1.5 mmol) and hydrochloride (236 mg, 1.5 mmol) in THF
(10 mL) for 16 h. Silica gel chromatography (CH:EE 8:1) gave 5 (89 mg,
47%). Rf (Et2O:PE 15:85)� 0.11; 1H NMR (300 MHz, CDCl3): �� 4.02 ±
3.90 (m, 1H), AB-signal (�A1� 3.59, �B1� 3.64, JAB� 9.4 Hz, additionally
split by 3J� 6.3, 5.9 Hz, 2H), 3.43 (t, 3J� 7.0 Hz, 2H), 3.39 (t, 3J� 7.0 Hz,
2H), AB-signal (�A2� 3.37, �B2� 3.43, JAB� 9.4 Hz, additionally split by
3J� 7.0 Hz, 2H), 3.03 (d, 3J �2.8 Hz, 1H), 1.74 (ddd, 3J� 6.3, 5.9, 5.9 Hz,
2H), 1.60 (qt, 3J� 7.3, 7.0 Hz, 2H), 1.59 (qt, 3J� 7.3, 7.0 Hz, 2H), 0.91 (t,
3J� 7.0 Hz, 6H); 13C NMR (APT-spectrum at 75 MHz, CDCl3): �� ™�∫
74.9, ™�∫ 73.2, ™�∫ 73.0, ™�∫ 69.50, ™�∫ 68.7, ™�∫ 33.3, ™�∫ 23.0, ™�∫
22.9, ™�∫ 10.7, ™�∫ 10.6; IR (film): �� � 3455, 2975, 2930, 2870, 1490, 1445,
1380, 1355, 1300, 1210, 1115, 915, 795 cm�1; HRMS (EI/70 eV): m/z : calcd
for C10H23O3: 191.1647; found: 191.1647 [M��H]. GC conditions for
racemic 5 : 25 m Ivadex 7/OV-1701;G/294, 0.8 bar H2, (S)� 32.93 min,
(R)� 33.32 min.
Use of catalyst 7: According to GP 1 11 (188 mg, 1.0 mmol), 1,4-cyclo-
hexadiene (385 mg, 4.8 mmol), 7 (34 mg, 0.05 mmol), zinc dust (98 mg,
1.5 mmol) and hydrochloride (236 mg, 1.5 mmol) in THF (10 mL) for 16 h.
Silica gel chromatography (CH:EE 8:1) gave 5 (115 mg, 60%) major
enantiomer: (S) (92% ee).


1,4-tert-Butoxy-butan-2-ol and (S)- 1,4-tert-butoxy-butan-2-ol (6):


Table 2, entry 2 : Racemic 6 : According to GP 1 12 (216 mg, 1.0 mmol), 1,4-
cyclohexadiene (385 mg, 4.8 mmol), [Cp2TiCl2] (12.5 mg, 0.05 mmol), zinc
dust (98 mg, 1.5 mmol) and hydrochloride (236 mg, 1.5 mmol) in THF
(10 mL) for 16 h. Silica gel chromatography (Et2O:PE 15:85) gave 6
(139 mg, 64%). Rf (Et2O:PE 15:85)� 0.14; 1H NMR (300 MHz, CDCl3):
�� 3.91 ± 3.79 (m, 1H), AB-signal (�A1� 3.54, �B1� 3.60, JAB� 8.7 Hz,
additionally split by 3J� 7.3, 5.2, 5.6, 5.2 Hz, 2H), AB-signal (�A2� 3.29,
�B2� 3.32, JAB� 8.7 Hz, additionally split by 3J� 6.6, 5.2 Hz, 2H), 3.31 (d, 3J
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�2.8 Hz, 1H), AB-signal (�A3� 1.69, �B3� 1.75, JAB� 8.7 Hz, additionally
split by 3J� 7.3, 5.2, 5.6, 5.2, 3.5 Hz, 2H), 1.21 (s, 9H), 1.19 (s, 9H); 13C NMR
(APT-Spectrum at 75 MHz, CDCl3): �� ™�∫ 73.2, ™�∫ 73.0, ™�∫ 70.4, ™�∫
66.0, ™�∫ 59.9, ™�∫ 33.8, ™�∫ 27.6, ™�∫ 27.6; IR (neat): �� � 3480, 2975,
2935, 2870, 1475, 1390, 1365, 1255, 1235, 1195, 1085, 1020, 955, 915, 885, 850,
805, 740 cm�1; elemental analysis calcd (%) for C12H26O3 (218.3): C 66.01, H
12.00; found: C 65.81, H 11.73; GC conditions for racemic 6 : Heptakis-(2,6-
di-O-methyl-1,3-O-pentyl)-�-cyclodextrin/OV 1701 (1/4), column 95 �C,
70 kbar H2; (S)� 21.9 min, (R)� 23.3 min.
Use of catalyst 7: According to GP 1 12 (216 mg, 1.0 mmol), 1,4-cyclo-
hexadiene (385 mg, 4.8 mmol), 7 (68 mg, 0.1 mmol), zinc dust (98 mg,
1.5 mmol) and hydrochloride (236 mg, 1.5 mmol) in THF (10 mL) for 16 h.
Silica gel chromatography (Et2O:PE 15:85) gave 6 (150 mg, 68%). Major
enantiomer: (S) (74% ee).


Table 2, entry 3 : According to GP 1 11 (188 mg, 1.0 mmol), 1,4-cyclo-
hexadiene (385 mg, 4.8 mmol), 8 (53 mg, 0.1 mmol), zinc dust (98 mg,
1.5 mmol) and hydrochloride (236 mg, 1.5 mmol) in THF (10 mL) for 15 h.
Silica gel chromatography (Et2O:PE 1:9) gave 5 (135 mg, 71%) major
enantiomer: (S) (91% ee), [�]28D ��1.2�.
Table 2, entry 4 : According to GP 1 12 (216 mg, 1.0 mmol), 1,4-cyclo-
hexadiene (385 mg, 4.8 mmol), 8 (52.5 mg, 0.1 mmol), zinc dust (98 mg,
1.5 mmol) and hydrochloride (236 mg, 1.5 mmol) in THF (10 mL) for 15 h.
Silica gel chromatography (Et2O:PE 15:85) gave 6 (145 mg, 67%) major
enantiomer: (S) (86% ee).


Table 2, entry 5 : According to GP 1 12 (162 mg, 0.75 mmol), 1,4-cyclo-
hexadiene (290 mg, 3.6 mmol), 10 (29 mg, 0.75 mmol), zinc dust (98 mg,
1.5 mmol) and hydrochloride (177 mg, 1.1 mmol) in THF (10 mL) for 16 h.
Silica gel chromatography (Et2O:PE 15:85) gave 6 (49 mg, 30%) major
enantiomer: (R) (20% ee).


Preparation of bis[�5(1-methylcyclohexyl)-cyclopentadienyl]titanium di-
chloride (17): A solution of cyclopenta-2,4-dienylidene-cyclohexane[40]


(5.8 g, 40 mmol) in dry Et2O (40 mL) was cooled to 0 �C under inert
atmosphere. Methyl lithium (25 mL of a 1.5� solution in Et2O, 38 mmol)
was added over a period of 30 min, and the resulting yellow suspension of
(1-methyl-cyclohexyl)-cyclopentadienyl lithium stirred for 2 h at 0 �C. Dry
Et2O (40 mL) was cooled to 0 �C under inert atmosphere and TiCl4
(1.86 mL, 17 mmol) was added dropwise. Then the suspension of (1-
methyl-cyclohexyl)-cyclopentadienyl lithium was added and stirring was
continued for 2 h at 0 �C. The reaction mixture was allowed to reach room
temperature overnight. After cooling again to 0 �C the reaction was
quenched by addition of a solution of NaCl (4 g, 68 mmol) in 1� HCl
(40 mL). The resulting mixture was filtrated and the residue washed with
MTBE. After dissolving the crude product in CH2Cl2 red crystals of 17
(5.3 g, 63%) were obtained by slow evaporation of the solvent. 1H NMR
(400 MHz, CDCl3): �� 6.57 (t, 3J� 2.7 Hz, 4H), 6.45 (t, 3J� 2.7 Hz, 4H),
1.76 ± 1.65 (m, 4H), 1.63 ± 1.48 (m, 16H), 1.34 (s, 6H); 13C NMR (100 MHz,
CDCl3): �� 150.5, 120.2, 117.2, 38.7, 37.6, 26.1, 23.8, 22.3; IR (KBr): �� �
3130, 3100, 3085, 2990, 2925, 2855, 1480, 1450, 1390, 1375, 1265, 1160, 1110,
1050, 965, 940, 910, 845, 830, 670, 645 cm�1; elemental analysis calcd (%) for
C24H34TiCl2 (441.31): C 65.32, H 7.77; found: C 65.06, H 7.66; X-ray
structure available upon request.


Table 3, entry 1: 3-(trans-2-Hydroxy-cyclopent-(R)-1-yl)-propionic acid-
tert-butylester (trans-14) and 3-(cis-2-hydroxy-cyclopent-(R)-1-yl)-pro-
pionic acid-tert-butylester (cis-14):


Table 3, entry 1: According to GP 2 13 (420 mg, 5.0 mmol), acrylic acid tert-
butylester (962 mg, 7.5 mmol), Cp2TiCl2 (62 mg, 0.25 mmol), zinc dust
(654 mg, 10 mmol) and collidine hydrochloride (1.97 g, 12.5 mmol) in THF
(50 mL) for 15 h. Silica gel chromatography (MTBE:PE 30:70) gave trans-
14 (620 mg, 58%) and cis-14 (102 mg, 10%). trans-14 : Rf (MTBE:PE
30:70)� 0.21; 1H NMR (300 MHz, C6D6): �� 3.51 (dd, 3J �11.9, 5.7 Hz,
1H), 2.23 ± 2.18 (m, 2H), 1.77 ± 1.27 (m, 4H), 1.39 (s, 9H), 1.20 (br s, 1H),
0.91 (dd, 3J �11.9, 8.0 Hz, 1H); 13C NMR (50 MHz, C6D6): �� 173.2, 79.7,
78.7, 47.8, 34.9, 34.5, 30.1, 29.4, 28.1, 22.1; IR (neat): �� � 3430, 2955, 2870,
1730, 1455, 1420, 1390, 1365, 1320, 1255, 1155, 1095, 1065, 970, 850,
755 cm�1; elemental analysis calcd (%) for C12H22O3 (214.3): C 67.26, H
10.35; found: C 67.21, H 10.50.


cis-14 : Rf (MTBE:PE 30:70)� 0.28; 1H NMR (300 MHz, C6D6): �� 3.66
(br s, 1H), AB-signal (�A� 2.16, �B� 2.19, JAB� 16.2 Hz, additionally split
by 3J� 6.8, 7.0 Hz, 2H), 1.95 ± 1.33 (m, 8H), 1.36 (s, 9H), 0.86 ± 1.00 (m,
2H); 13C NMR (APT-Spectrum at 50 MHz, C6D6): �� ™�∫ 173.76, ™�∫


79.87, ™�∫ 73.32, ™�∫ 46.7, ™�∫ 34.99, ™�∫ 34.81, ™�∫ 29.38, ™�∫ 28.08,
™�∫ 24.22, ™�∫ 22.06; IR (neat): �� � 3440, 2955, 2925, 2870, 1730, 1455,
1420, 1390, 1365, 1255, 1155, 1020, 995, 965, 915, 845, 755 cm�1; elemental
analysis calcd (%) for C12H22O3 (214.3): C 67.26, H 10.35; found: C 67.38, H
10.21.


Table 3, entry 2 : According to GP 2 13 (168 mg, 2.0 mmol), acrylic acid tert-
butylester (769 mg, 6.0 mmol), 15 (55 mg, 0.2 mol), zinc dust (262 mg,
4.0 mmol), and collidine hydrochloride (790 mg, 5.0 mmol) in THF
(20 mL) for 19 h. Silica gel chromatography (MTBE:PE 3:7) gave trans-
14 (290 mg, 1.4 mmol, 68%) and cis-14 (18 mg, 0.1 mmol, 4%).


Table 3, entry 3 : According to GP 2 13 (168 mg, 2.0 mmol), acrylic acid tert-
butylester (769 mg, 6.0 mmol), 16 (82 mg, 0.2 mmol), zinc dust (262 mg,
4.0 mmol), and collidine hydrochloride (790 mg, 5.0 mmol) in THF
(20 mL) for 19 h. Silica gel chromatography (MTBE:PE 3:7) gave trans-
14 (308 mg, 1.4 mmol, 71%) and cis-14 (15 mg, 0.1 mmol, 3%).


Table 3, entry 4 : According to GP 2 13 (168 mg, 2.0 mmol), acrylic acid tert-
butylester (769 mg, 6.0 mmol), 17 (88 mg, 0.2 mmol), zinc dust (262 mg,
4.0 mmol) and collidine hydrochloride (790 mg, 5.0 mmol) in THF (20 mL)
for 19 h. Silica gel chromatography (MTBE:PE 3:7) gave trans-14 (250 mg,
1.2 mmol, 58%) and cis-14 (14 mg, 0.1 mmol, 3%).


Table 3, entry 5 : According to GP 2 13 (168 mg, 2.0 mmol), acrylic acid tert-
butylester (769 mg, 6.0 mmol), 20 (72 mg, 0.2 mmol), zinc dust (262 mg,
4.0 mmol), and collidine hydrochloride (790 mg, 5.0 mmol) in THF
(20 mL) for 19 h. Silica gel chromatography (MTBE:PE 3:7) gave trans-
14 (271 mg, 1.3 mmol, 63%).


3-(trans-2-Hydroxy-cyclohex-(R)-1-yl)-propionic acid-tert-butylester
(trans-20) and 3-(cis-2-hydroxy-cyclohex-(R)-1-yl)-propionic acid-tert-bu-
tylester (cis-20):


Table 4, entry 1: According to GP 2 19 (98 mg, 1.0 mmol), acrylic acid tert-
butylester (256 mg, 2.0 mmol), Cp2TiCl2 (12.4 mg, 0.5 mmol), zinc dust
(131 mg, 2.0 mmol), and collidine hydrochloride (394 g, 2.5 mmol) in THF
(10 mL) for 17 h. Silica gel chromatography (EE:CH 1:9) gave cis-20
(74 mg, 32%) and trans-20 (133 mg, 58%). trans-20 : Rf (CH:EE 89:11)�
0.18 ; 1H NMR (400 MHz, C6D6): �� 3.02 (ddd, 3J �13.2, 9.8, 4.5 Hz, 1H),
2.30 (ddd, 3J� 15.6, 8.5, 6.7 Hz, 1H), 2.20 (ddd, 2J� 15.6, 3J� 8.4, 7.0 Hz,
1H), 2.18 ± 2.06 (m, 1H), 1.84 (ddd, 2J� 12.3, 3J� 8.4, 7.0 Hz, 1H), 1.60 ±
1.31 (m, 4H), 1.38 (s, 9H), 1.24 ± 0.89 (m, 4H), 0.71 (dd, 3J �13.2, 3.0 Hz,
1H); 13C NMR (100 MHz, C6D6): �� 173.7, 79.7, 74.1, 45.0, 36.1, 33.0, 31.3,
30.5, 28.1, 25.9, 25.2; IR (neat): �� � 3425, 3930, 2855, 1730, 1450, 1365, 1255,
1155, 1045, 845 cm�1; elemental analysis calcd (%) for C13H24O3 (228.3): C
68.38, H 10.59; found: C 68.15, H 10.40.


cis-20 : Rf (CH:EE 89:11)� 0.23; 1H NMR (400 MHz, C6D6): �� 3.68 (s,
1H), 2.16 (dd, J� 7.1, 5.4 Hz, 1H), 2.15 (dd, J� 7.3, 5.5 Hz, 1H), 1.80 (dt,
J� 14.6, 7.2 Hz, 1H), 1.75 ± 1.40 (m, 6H), 1.39 (s, 9H), 1.35 ± 1.05 (m, 4H),
1.03 (s, 1H); 13C NMR (100 MHz, C6D6): �� 173.7, 79.8, 67.7, 44.8, 33.5,
33.4, 28.1, 27.4, 27.2, 25.9, 20.7; IR (neat): �� � 3455, 2930, 1730, 1450, 1365,
1255, 1155, 975, 945, 855 cm�1; elemental analysis calcd (%) for C13H24O3
(228.3): C 68.38, H 10.59; found: C 68.48, H 10.71.


Table 4, entry 2 : According to GP 2 19 (196 mg, 2.0 mmol), acrylic acid tert-
butylester (768 mg, 6.0 mmol), 18 (72 mg, 0.2 mmol), zinc dust (262 mg,
4.0 mmol) and hydrochloride (788 mg, 5.0 mmol) in THF (15 mL) for 19 h.
Silica gel chromatography (EE:CH 11:89) gave cis-20 (87 mg, 19%) and
trans-20 (250 mg, 55%).


3-(trans-2-Hydroxy-cyclohept-(R)-1-yl)-propionic acid-tert-butylester
(trans-22) and 3-(cis-2-hydroxy-cyclohept-(R)-1-yl)-propionic acid-tert-
butylester (cis-22):


Table 4, entry 3 : According to GP 2 21 (112 mg, 1.0 mmol), acrylic acid tert-
butylester (256 mg, 2.0 mmol), [Cp2TiCl2] (12.4 mg, 0.5 mmol), zinc dust
(131 mg, 2.0 mmol), and collidine hydrochloride (394 g, 2.5 mmol) in THF
(10 mL) for 17 h. Silica gel chromatography (EE:CH 1:9) gave 22 (199 mg,
82%) as 77:23 mixture of the trans and cis isomers.


Table 4, entry 4 : According to GP 2 21 (229 mg, 2.0 mmol), acrylic acid tert-
butylester (768 mg, 6.0 mmol), 18 (72 mg, 0.2 mmol), zinc dust (262 mg,
4.0 mmol) and hydrochloride (788 mg, 5.0 mmol) in THF (15 mL) for 19 h.
Silica gel chromatography (EE:CH 1:9) gave trans-22 (301 mg, 62%), a
95:5 mixture of trans-22 and cis-22 (115 mg, 24%) and cis-22 (20 mg, 4%).
cis-22 : Rf (CH:EE 75:25)� 0.50; 1H NMR (400 MHz, C6D6): �� 3.68 (ddd,
3J� 8.2, 5.1, 3.1, 1H), 2.23 (dt, 2J� 15.5, 3J� 7.8 Hz, 1H), 2.18 (dt, 2J� 15.5,
3J� 7.7 Hz, 1H), 1.88 (ddt, 2J� 14.3, 3J� 8.2, 7.2 Hz, 1H), 1.72 ± 1.36 (m,
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11H), 1.39 (s, 9H), 1.36 ± 1.15 (m, 1H), 1.04 (s, 1H); 13C NMR (100 MHz,
C6D6): �� 173.5, 79.7, 71.6, 44.7, 35.8, 34.1, 28.7, 28.5, 28.1, 27.7, 27.0, 22.0; IR
(neat): �� � 3445, 2925, 1730, 1455, 1390, 1365, 1255, 1150, 1035, 960,
850 cm�1; elemental analysis calcd (%) for C14H26O3 (242.4): C 69.38, H
10.81; found: C 69.28, H 10.90.


trans-22 : 1H NMR (400 MHz, C6D6): �� 3.25 (dd, 3J �13.5, 5.1 Hz, 1H),
2.27 (ddd, 2J� 15.8, 3J� 8.2, 6.2 Hz, 1H), 2.19 (dt, 2J� 15.8, 3J� 8.2 Hz,
1H), 2.01 ± 1.89 (m, 1H), 1.71 ± 1.39 (m, 7H), 1.39 (s, 9H), 1.38 ± 1.19 (m,
4H), 1.07 (s, 1H), 1.00 (dt, 3J �13.5, 9.0 Hz, 1H); 13C NMR (100 MHz,
C6D6): �� 173.4, 79.7, 76.2, 47.0, 36.80, 33.4, 30.2, 29.3, 28.2, 27.1, 22.6; IR
(neat): �� � 3435, 2980, 1730, 1455, 1390, 1360, 1255, 1155, 1025, 850,
755 cm�1; elemental analysis calcd (%) for C14H26O3 (242.4): C 69.38, H
10.81; found: C 69.22, H 10.76.


3-(3-exo-Hydroxy-bicyclo[2.2.1]hept-2-exo-yl)-propionic acid-tert-butyles-
ter (exo-24) and 3-(3-exo-hydroxy-bicyclo-[2.2.1]hept-2endo-yl)-propionic
acid-tert-butylester (endo-24):


Table 4, entry 5 : According to GP 2 23 (110 mg, 1.0 mmol), acrylic acid tert-
butylester (389 mg, 3.0 mmol), Cp2TiCl2 (12 mg, 0.05 mmol), zinc dust
(131 mg, 2.0 mmol), and collidine hydrochloride (394 mg, 2.5 mmol) in
THF (10 mL) for 64 h. Silica gel chromatography (MTBE:PE 2:3) gave
exo-24 (140 mg, 58%) and endo-24 (31 mg, 13%). exo-24 : Rf (MTBE:PE
40:60)� 0.46; 1H NMR (300 MHz, C6D6): �� 3.44 (d, 3J� 6.4, 1H), 2.40 ±
2.17 (m, 2H), 1.93 (dt, 2J �14.0, 3J� 7.5 Hz, 1H), 1.84 (d, 3J� 3.1 Hz, 1H),
1.74 (br s, 1H), 1.63 (dm, 2J �8.0 Hz, 1H), 1.44 ± 1.57 (m, 2H), 1.39 (s, 9H),
1.36 ± 1.17 and 1.07 ± 0.78 (m, 6H), 0.98 (br s, 1H); 13C NMR (APT-
spectrum at 50 MHz, C6D6): �� ™�∫ 173.3, ™�∫ 79.5, ™�∫ 76.1, ™�∫ 48.9,
™�∫ 45.3, ™�∫ 41.5, ™�∫ 35.8, ™�∫ 32.7, ™�∫ 29.9, ™�∫ 28.2, ™�∫ 24.5, ™�∫
24.4; IR (neat): �� � 3420, 2955, 2875, 1730, 1455, 1420, 1390, 1365, 1290,
1255, 1150, 1090, 1075, 1015, 955, 920, 885, 850, 805, 755 cm�1; elemental
analysis calcd (%) for C14H26O3 (240.3): C 69.96, H 10.06; found: C 70.10, H
10.15.


endo-24 : Rf (MTBE:PE 40:60)� 0.31; m.p. 50 ± 52 �C; 1H NMR (300 MHz,
C6D6): �� 2.92 (br s, 1H), 2.20 (t, 3J �7.4 Hz, 2H), 1.94 (br s, 1H)*, 1.89 (d,
3J� 4.9 Hz, 1H), 1.69 (dm, 2J �9.5 Hz, 1H), 1.46 ± 1.66 and 1.01 ± 1.37 (m,
7H), 1.39 (s, 9H), 0.69 ± 0.78 (m, 1H), 0.50 (br s, 1H); 13C NMR (APT-
spectrum at 50 MHz, C6D6): �� ™�∫ 172.9, ™�∫ 80.9, ™�∫ 79.7, ™�∫ 52.2,
™�∫ 45.4, ™�∫ 39.5, ™�∫ 36.4, ™�∫ 35.0, ™�∫ 28.1, ™�∫ 26.4, ™�∫ 25.4, ™�∫
21.7; IR (neat): �� � 3445, 2950, 2870, 1730, 1455, 1420, 1390, 1365, 1330,
1255, 1220, 1155, 1100, 1060, 1040, 1020, 955, 920, 885, 850, 755 cm�1;
elemental analysis calcd (%) for C14H26O3 (240.3): C 69.96, H 10.06; found:
C 70.03, H 10.08.


Table 4, entry 6 : According to GP 2 23 (110 mg, 1.0 mmol), acrylic acid tert-
butylester (389 mg, 3.0 mmol), 18 (54 mg, 0.15 mmol), zinc dust (131 mg,
2.0 mmol) and hydrochloride (394 mg, 2.5 mmol) in THF (10 mL) for 15 h.
Silica gel chromatography (MTBE/pentane 1:3) gave exo-24 (77 mg, 32%)
and endo-24 (87 mg, 36%).


(1S,2R)-3-(2-Hydroxy-cyclopent-1-yl)-propionic acid-tert-butylester (trans-
14)


Table 5, entry 1: According to GP 2 13 (84 mg, 1.0 mmol), acrylic acid tert-
butylester (256 mg, 3.0 mmol), 7 (34 mg, 0.05 mmol), zinc dust (131 mg,
2.0 mmol), and collidine hydrochloride (394 mg, 2.5 mmol) in THF
(10 mL) for 60 h. Microdistillation and Silica gel chromatography
(MTBE/pentane 3:7) gave 14 (147 mg, 69%). GC data of racemic 14 :
heptakis(2,6-di-O-methyl-O-pentyl-�-cyclodextrin/OV 1701 (1/4) column
95 �C, 70 kbar H2 119.4 min; 122.7 min; GC-data of chiral compound:
heptakis(2,6-di-O-methyl-O-pentyl)-�-cyclodextrin/OV 1701 (1/4) column
95 �C, 70 kbar H2, major enantiomer 119.4 min; ratio of 87:13 (ee 74%).


Table 5, entry 2 : According to GP 2 13 (84 mg, 1.0 mmol), acrylic acid tert-
butylester (256 mg, 2.0 mmol), 8 (53 mg, 0.1 mmol), 1,4-cyclohexadiene
(80 mg, 1.0 mmol), zinc dust (131 mg, 2.0 mmol) and hydrochloride
(394 mg, 2.5 mmol) in THF (10 mL) for 22 h. Silica gel chromatography
(EE:CH 10:90) gave 14 (154 mg, 72%). [�]23D (c� 1 in CH2Cl2)��19.6� ;
GC-data of chiral compound: heptakis(2,6-di-O-methyl-O-pentyl)-�-cyclo-
dextrin/OV 1701 (1/4) column 95 �C, 70 kbar H2 major enantiomer
119.4 min; minor enantiomer 122.7 min in a ratio of 90.5:9.5 (ee 81%);
After esterification with (R)-MTPA-Cl[41] of racemic 16 two signals in the
19F NMR of equal intensity at�71.62 and�71.68 ppmwere observed.With
the chiral compound the ratio of the two signals was 91.5:8.5
(ee 83%).


(1S,2R)-3-(2-Hydroxy-cyclohept-1-yl)-propionic acid-tert-butylester
(trans-22):


Table 5, entry 3 : According to GP 2 21 (112 mg, 1.0 mmol), acrylic acid tert-
butylester (256 mg, 2.0 mmol), 7 (34 mg, 0.1 mmol), zinc dust (131 mg,
2.0 mmol) and collidine hydrochloride (394 mg, 2.5 mmol) in THF (10 mL)
for 36 h. Microdistillation and Silica gel chromatography (MTBE:PE 1:3)
gave 22 (146 mg, 61%) in a trans :cis ratio of 87:13. GC data of racemic
(trans)-22 : 25 m IVADEX7/G286, 230/60 ± 180/1/Min/300, 0.6 bar H2,
79.0 min; 80.2 min. The minor cis diastereoisomers could not be separated
and are observed as a broad signal at 79.4 min; GC data of chiral
compound: major isomer 79.0 min; ratio of 91:9 (ee 82%).


Table 5, entry 4 : According to GP 2 21 (112 mg, 1.0 mmol), acrylic acid tert-
butylester (256 mg, 2.0 mmol), 8 (53 mg, 0.1 mmol), zinc dust (131 mg,
2.0 mmol), and collidine hydrochloride (394 mg, 2.5 mmol) in THF
(10 mL) for 17 h. Silica gel chromatography (EE:CH 8:92) gave 22
(189 mg, 78%). The experiment was repeated under identical conditions
and the product was purified by microdistillation and Silica gel chroma-
tography (EE:CH 10:90) to give 22 (130 mg, 54%). In both cases the trans
to cis ratio was 87:13. [�]23D (c� 1 in CH2Cl2)��13.7� ; The mixture was
converted to the trifluoro acetate and analyzed by GC. GC data of racemic
trifluoroacetate of (trans)-22 : heptakis(2,6-di-O-methyl-O-pentyl)-�-cyclo-
dextrin/OV 1701 (1/4) column 120 �C, 70 kbar H2 75.5 min; 76.9 min. The
minor cis diastereoisomers could not be separated and are observed as a
broad signal at 65.8 min. GC data of chiral compound: heptakis(2,6-di-O-
methyl-O-pentyl)-�-cyclodextrin/OV 1701 (1/4) column 95 �C, 70 kbar H2,
major enantiomer 75.5 min; minor enantiomer 76.9 min in a ratio of 90:10
(ee 80%).


(1,7,7-Trimethyl-bicyclo[2.2.1]hept-2-yl)-methanol (26): Table 6, entry 1:
According to GP 1 25 (166 mg, 1.0 mmol), 1,4-cyclohexadiene (385 mg,
4.8 mmol), [Cp2TiCl2] (25 mg, 0.1 mmol), zinc dust (98 mg, 1.5 mmol) and
collidine hydrochloride (237 mg, 1.5 mmol) in THF (10 mL) for 19 h. Silica
gel chromatography (CH:EE 8:1) gave 26 (91 mg, 55%) as 57:43 mixture of
diastereoisomers. The major isomer was assigned as exo by comparison of
the spectra with those reported in the literature.[34]


Table 6, entry 2 : According to GP 1 25 (166 mg, 1.0 mmol), 1,4-cyclo-
hexadiene (385 mg, 4.8 mmol), [Cp2TiCl2] (25 mg, 0.1 mmol), zinc dust
(98 mg, 1.5 mmol) and collidine hydrochloride (237 mg, 1.5 mmol) in THF
(10 mL) for 19 h. Silica gel chromatography (CH:EE 8:1) gave 26 (60 mg,
36%) as 79:21 mixture of exo and endo diastereoisomers.


6-(1,7,7-Trimethyl-bicyclo[2.2.1]heptane)-pyran-2-on (27): Table 6, entry 3 :
According to GP 2 25 (166 mg, 1.0 mmol), acrylonitrile (80 mg, 1.5 mmol),
[Cp2TiCl2] (25 mg, 0.1 mmol), zinc dust (131 mg, 2.0 mmol) and hydro-
chloride (394 mg, 2.5 mmol) in THF (10 mL) for 48 h and 5 h of reflux.
Silica gel chromatography (CH:EE 8:1) gave 27 (130 mg, 56%) as 67:33
mixture of diastereoisomers. The major isomer was assigned as exo due to
the similarities in the relevant 1H and 13C NMR signals of 26 and 27.
Compound 27: m.p. 55 �C; 1H NMR (300 MHz, C6D6): �� 3.84 (d, 2J� 11.9,
1H), 3.59 (m, 2-H)*, 3.51 (d, 2J� 11.9 Hz, 1H), 2.09 (m, 2H), 2.01 (m,
2H)*, 1.45 (m, 2H), 1.40 (m, 1H), 1.23 (m, 2H), 1.10 (m, 2H), 1.06 (m, 2H),
1.01 (m, 1-H), 0.80 (m, 1H), 0.74 (m, 1H), 0.68 (s, 1H), 0.66 (s, 3H), 0.62 (s,
3H), 0.61 (s, 3H)*, 0.60 (s, 3H)*, 0.57 (s, 1-H), 0.56 (s, 3H), 0.55 (s, CH3,
3H), 0.54 (s, CH3, 3H)*; 13C NMR (75 MHz, C6D6): �� 172.1, 171.6*, 76.4*,
75.6, 51.1, 50.8*, 50.5*, 50.3, 46.2*, 45.9, 44.4, 43.0*, 42.8, 41.7*, 32.9*, 32.2,
31.6, 31.4*, 29.1, 28.9*, 27.6*, 27.4, 22.1, 22.0*, 21.7, 21.0*, 12.6*, 11.6; IR
(KBr): �� � 2935, 1735, 1455, 1385, 1345, 1220, 1150, 1115, 1090, 1060, 1030,
830, 735 cm�1; elemental analysis calcd (%) for C14H22O2 (222.3): C 75.63,
H 9.97; found: C 75.36, H 10.22.


Table 6, entry 4 : According to GP 2 25 (166 mg, 1.0 mmol), acrylonitrile
(80 mg, 1.5 mmol), 18 (36 mg, 0.1 mmol), zinc dust (131 mg, 2.0 mmol) and
hydrochloride (394 mg, 2.5 mmol) in THF (10 mL) for 48 and 5 h of reflux.
Silica gel chromatography (PE:MTBE 4:1) gave 27 (86 mg, 39%) as 77:23
mixture of isomers.


3-(2-endo-Hydroxymethyl-bicyclo[2.2.1]hept-2-exo-yl)-propionic acid-
tert-butyl-ester (29):


Table 6, entry 5 : According to GP 2 28 (124 mg, 1.0 mmol), acrylic acid tert-
butylester (389 mg, 3.0 mmol), Cp2TiCl2 (12.0 mg, 0.05 mmol), zinc dust
(131 mg, 2.0 mmol), and collidine hydrochloride (394 mg, 2.5 mmol) in
THF (10 mL) for 19 h. Silica gel chromatography (PE:MTBE 4:1) gave 29
(195 mg, 77%). M.p. 48 ± 49 �C; Rf (MTBE:PE 4:1)� 0.27; 1H NMR
(400 MHz, CDCl3): ��AB-signal, �A� 3.37, �B� 3.35, JAB �13.4 Hz, 2H),
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2.28 (br s, 1H), 2.24 ± 2.17 (m, 2H), 2.20 (dd, 3J� 7.2, 7.2 Hz, 1H), 2.01 (dm,
J� 3.0 Hz, 1H), 1.86 (dd, 2J� 14.5, 3J� 7.3 Hz, 1H), 1.67 ± 1.47 (m, 5H),
1.41 (s, 9H), 1.35 (dd, 2J� 12.3, 3J� 5.8 Hz, 1H), 1.24 (d, 2J� 10.3 Hz, 1H),
1.18 (dd, 2J� 9.0, 3J� 6.3 Hz, 1H), 1.12 ± 0.98 (m, 1H), 0.70 (dd, 2J� 12.3,
3J� 2.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 174.8, 80.7, 65.0, 45.5,
43.5, 40.4, 37.7, 37.2, 30.2, 30.2, 28.5, 28.1, 24.7; IR (KBr): �� � 3310, 2950,
1730, 1455, 1415, 1365, 1315, 1255, 1155, 1035, 945, 880, 850, 805, 765 cm�1;
elemental analysis calcd (%) for C15H26O3 (254.4): C 70.83, H 10.30; found:
C 70.85, H 10.32.


Conversion of 29 to 30 : Hydroxyester 29 (50 mg, 0.2 mmol) and 10-
camphorsulfonic acid (9.3 mg, 0.04 mmol) were dissolved in CH2Cl2
(10 mL). After 19 h of stirring at room temperature and washing with
sat. aq. NaHCO3 (10 mL) and H2O (10 mL) the solvent was evaporated to
give pure 30 (23 mg, 64%). For spectral details see: Table 6, entry 7.


Table 6, entry 6 : According to GP 2 28 (124 mg, 1.0 mmol), acrylic acid tert-
butylester (389 mg, 3.0 mmol), 18 (18 mg, 0.05 mmol), zinc dust (131 mg,
2.0 mmol) and collidine hydrochloride (394 mg, 2.5 mmol) in THF (10 mL)
for 15 h. Silica gel chromatography (PE:MTBE 4:1) gave 29 (130 mg,
51%).


5-Bicyclo[2.2.1]hepta-2-yliden-tetrahydropyran-2-on (30): Table 6, entry 7:
According to GP 2 28 (124 mg, 1.0 mmol) acrylonitrile (161 mg, 3.0 mmol),
Cp2TiCl2 (12.5 mg, 0.05 mmol), zinc dust (131 mg, 2.0 mmol), and collidine
hydrochloride (394 mg, 2.5 mmol) in THF (10 mL) for 19 and 5 h of reflux.
Aqueous layer re-extracted with EE (3� 20 mL). Silica gel chromatog-
raphy (CH/EE 2:1) gave 30 (161 mg, 89%). M.p. 39 ± 41 �C; Rf (CH/EE
2:1)� 0.41; 1H NMR (400 MHz, CDCl3): ��AB-signal (�A1� 4.11, �B1�
4.06, JAB� 11.2 Hz, 2H), 2.55 (t, 3J� 7.1 Hz, 2H), 2.26 (dd, 3J� 3.5, 3.9 Hz,
1H), 2.04 (dm, 3J� 3.2 Hz, 1H), 1.84 ± 1.62 (m, 2H), AB-signal (�A2� 1.80,
�B2� 1.66, JAB �14.0 Hz, additionally split by 3J� 7.0, 7.0 Hz, 2H), 1.59 (dd,
J� 12.3, 3J� 3.5 Hz, 1H), 1.53 (ddd, 2J� 8.2, 3J� 2.0, 2.0 Hz, 1H), 1.49 (dd,
2J �10.5, 3J� 3.0 Hz, 1H), 1.42 (ddd, 2J �10.5, 3J� 5.5, 4.2 Hz, 1H), 1.35
(ddd, 2J� 12.6, 3J� 4.0, 3.0 Hz, 1H), 1.25 (brd, 2J �9.0 Hz, 1H), 1.10 (ddd,
2J� 12.0, 3J� 6.0, 2.7 Hz, 1H), 1.09 (dd, 2J� 12.3, 3J� 2.7 Hz, 1H);
13C NMR (100 MHz, CDCl3): �� 171.9, 75.7, 43.1, 41.9, 39.5, 37.5, 37.0,
33.0, 28.1, 27.4, 24.0; IR (KBr): �� � 2945, 1730, 1465, 1390, 1350, 1295, 1240,
1205, 1180, 1065, 1035 cm�1; elemental analysis calcd (%) for C11H16O2
(180.2): C 73.30, H 8.95; found: C 73.06, H 8.72.


3-(2-endo-Hydroxymethyl-bicyclo[2.2.1]hept-5-ene-2exo-yl)-propionic
acid-tert-butylester (32):


Table 6, entry 8 : According to GP 2 31 (122 mg, 1.0 mmol), acrylic acid tert-
butylester (389 mg, 3.0 mmol), Cp2TiCl2 (13 mg, 0.05 mmol), zinc dust
(131 mg, 2.0 mmol) and collidine hydrochloride (394 mg, 5.0 mmol) in THF
(10 mL) for 15 h. Silica gel chromatography (CH:EE 5:1) gave 32 (173 mg,
69%). M.p. 44 ± 45 �C; Rf (80% CH, 20% EE)� 0.24; 1H NMR (400 MHz,
C6D6): �� 6.11 (d, 3J� 3.0 Hz, 1H), 5.93 (dd, 3J� 4.6, 3.3 Hz, 1H), 3.15
(br s, 1H), 2.59 (br s, 1H), 2.53 (br s, 1H), 2.32 (dd, 2J �15.0, 3J� 7.8 Hz,
1H), 2.26 (dd, 2J� 13.8, 3J� 6.2 Hz, 1H), 2.19 (t, 3J� 7.5 Hz, 1H), 2.17 (dd,
2J� 13.8, 3J� 7.4 Hz, 1H), 2.14 (t, 3J� 7.5 Hz, 1H), 1.76 (dd, 2J� 14.1, 3J�
7.3 Hz, 1H), 1.10 (dd, 2J� 11.7, 3J� 3.7 Hz, 1H), 0.92 (t, 3J� 7.1 Hz, 1H),
0.50 (d, 2J� 11.7 Hz, 1H); 13C NMR (100 MHz, C6D6): �� 136.4, 136.0,
80.1, 66.3, 49.1, 47.7, 42.9, 35.0, 31.9, 31.4, 28.1; IR (KBr): �� � 3295, 2970,
1725, 1445, 1365, 1310, 1160, 1025, 945, 850, 770, 720 cm�1; elemental
analysis calcd (%) for C15H24O3 (252.4): C 71.39, H 9.59; found: C 71.38, H
9.56.


Conversion of 32 to 29 : A mixture of 32 (90 mg, 0.36 mmol) and Pd/C
(10%, 30 mg) in methanol was stirred under a hydrogen atmosphere for 5 h
at room temperature. The solvent was removed under reduced pressure
and the crude product filtered through silica gel with pentane to yield 29
(85 mg, 94%).


(1S*,2S*,4R*)-3-(1-Hydroxymethyl-4-tert-butyl-2-methy-cyclohexyl)-pro-
pionic acid tert-butyl ester (34):


Table 7, entry 1: According to GP 2 33 (182 mg, 1.0 mmol), acrylic acid tert-
butylester (389 mg, 3.0 mmol), Cp2TiCl2 (25 mg, 0.1 mmol), zinc dust
(131 mg, 2.0 mmol) and hydrochloride (394 mg, 2.5 mmol) in THF (10 mL)
for 15 h. Silica gel chromatography (PE:MTBE 4:1) gave 34 (227 mg,
73%). 1H NMR (300 MHz, C6D6); �� 3.24 (dd, 2J� 11.3, 3J� 5.0 Hz, 1H),
3.11 (dd, 2J� 11.3, 3J� 3.9 Hz, 1H), 2.30 (brm, 1H), 2.20 (t, 3J� 7.6 Hz,
2H), 1.93 (t, 3J� 7.7 Hz, 2H), 1.80 (brm, 1H), 1.45 (dd, 2J� 12.8, 3J�
4.3 Hz, 1H), 1.40 (m, 1H), 1.36 (s, 9H), 1.25 (m, 1H), 0.95 (d, 3J� 7.2,
1H), 0.78 (s, 9H); 13C NMR (75 MHz, C6D6): �� 175.0, 80.5, 67.4, 42.2,


39.4, 33.6, 32.8, 30.7, 30.5, 28.7, 28.1, 27.6, 27.5, 22.8, 16.1; IR (KBr): �� � 3490,
2960, 1735, 1465, 1365, 1255, 1165, 1150, 1105, 1045, 920, 845, 760 cm�1;
elemental analysis calcd (%) for C19H36O3 (312.3): C 73.03, H 11.61; found:
C 72.63, H 11.28.


(1S*,2R*,4R*)- and (1R*,2S*,4R*)-3-(1-Hydroxymethyl-4-isopropyl-2-
methyl-cyclohexyl)-propionic acid tert-butyl ester (36):


Table 7, entry 2 : According to GP 2 35 (182 mg, 1.0 mmol), acrylic acid tert-
butylester (389 mg, 3.0 mmol), Cp2TiCl2 (25 mg, 0.1 mmol), zinc dust
(131 mg, 2.0 mmol), and collidine hydrochloride (394 mg, 2.5 mmol) in
THF (10 mL) for 15 h. Silica gel chromatography (CH:EE 5:1) gave 36
(240 mg, 77%) as 56:44 mixture of isomers. M.p. 80 �C; 1H NMR
(300 MHz, C6D6): �� 3.42 (d, 2J� 10.6 Hz, 1H), 3.33 (d, 2J� 10.6 Hz,
1H), 3.24 (s, 1H)*, 2.20 (m, 4H), 2.19 (m, 2H), 1.72 (m, 3H), 1.57 (m, 3H),
1.40 (s, 9H)*, 1.38 (m, 2H), 1.37 (s, 9H), 1.22 (m, 2H), 0.98 (m, 8H), 0.86 (d,
3J� 7.0 Hz, 3H), 0.82 (s, 9H), 0.82 (s, 9H)*, 0.78 (d, 3J� 7.0 Hz, 3H)*;
13C NMR (75 MHz, C6D6): �� 174.6, 174.5*, 80.4*, 80.2, 70.6*, 64.3, 49.1,
49.0*, 39.8, 39.6*, 39.1, 38.5*, 33.4, 33.0, 33.0*, 32.5, 32.1*, 31.0*, 30.8, 28.8*
28.7, 23.6*, 23.1, 23.0*, 17.1*, 17.1; IR (KBr): �� � 3505, 2960, 2870, 1720,
1470, 1365, 1320, 1215, 1150, 1050, 980, 850, 760 cm�1; elemental analysis
calcd (%) for C19H36O3 (312.3): C 73.03, H 11.61; found: C 72.92, H 11.62.


Table 7, entry 3 : According to GP 2 35 (182 mg, 1.0 mmol), acrylic acid tert-
butylester (389 mg, 3.0 mmol), 18 (36 mg, 0.1 mmol), zinc dust (131 mg,
2.0 mmol) and hydrochloride (394 mg, 2.5 mmol) in THF (10 mL) for 15 h.
Silica gel chromatography (PE:MTBE 4:1) gave 36 (140 mg, 45%) as 48:52
mixture of diastereoisomers.


9-tert-Butyl-7-methyl-2-oxa-spiro[5.5]undecan-3-one (37): Compound 36
(80 mg, 0.26 mmol) was added to a solution of camphorsulfonic acid
(51 mg, 0.22 mmol) and the mixture was stirred for 19 h at room temper-
ature. After washing with sat. aq. NaHCO3 (10 mL) and H2O(10 mL) the
organic phase was dried (MgSO4) and the solvent evaporated to yield 37
(50 mg, 82%). M.p. 59 �C; 1H NMR (300 MHz, C6D6): �� 4.06 (d, 2J� 11.3,
3J� 5.0 Hz, 1H), 3.88 (d, 2J� 11.3 Hz, 1H), 2.51 (t, 3J� 7.5 Hz, 2H), 1.82
(m, 2H), 1.76 (m, 1H), 1.61 (m, 1H), 1.43 (brm, 2H), 1.40 (t, 3J� 4.0 Hz,
2H), 1.21 (m, 1H), 1.08 (td, 2J� 12.2, 3J� 5.2 Hz, 1H), 0.97 (d, 3J� 7.0 Hz,
3H), 0.78 (s, 9H); 13C NMR (75 MHz, C6D6): �� 173.0, 41.2, 34.7, 33.8, 32.4,
29.9, 29.2, 29.0, 27.7, 27.4, 22.3, 11.1; IR (KBr): �� � 2960, 2865, 1740, 1465,
1375, 1365, 1290, 1240, 1190, 1170, 1125, 1095, 1050, 1040, 1015, 990, 920,
880, 840, 735 cm�1; elemental analysis calcd (%) for C15H26O2 (238.2): C
75.58, H 10.99; found: C 75.30, H 11.06.
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Abstract: The template-directed syn-
theses, employing bisparaphenylene-
[34]crown-10 (BPP34C10), 1,5-di-
naphthoparaphenylene-[36]crown-10
(1/5NPPP36C10), and 1,5-dinaphtho-
[38]crown-10 (1/5DNP38C10) as tem-
plates, of three [2]catenanes, whereby
one of the two bipyridinium units in
cyclobis(paraquat-p-phenylene) is re-
placed by a bipicolinium unit, are de-
scribed. The crude reaction mixtures
comprising the [2]catenanes all contain
slightly more of the homologous [3]cat-
enanes, wherein a ™dimeric∫ octacation-
ic cyclophane has the crown ether mac-
rocycles encircling the alternating bipyr-
idinium units with the bipicolinium units
completely unfettered. X-ray crystallog-
raphy, performed on all three [2]cate-
nanes and two of the three [3]catenanes


reveals co-conformational and stereo-
chemical preferences that are stark and
pronounced. Both the [3]catenanes crys-
tallize as mixtures of diastereoisomers
on account of the axial chirality associ-
ated with the picolinium units in the
solid state. Dynamic 1H NMR spectros-
copy is employed to probe in solution
the relative energy barriers for rotations
by the phenylene and pyridinium rings
in the tetracationic cyclophane compo-
nent of the [2]catenanes. Where there
are co-conformational changes that
are stereochemically ™allowed∫, crown


ether circumrotation and rocking pro-
cesses are also investigated for the
relative rates of their occurrence. The
outcome is one whereby the three
[2]catenanes containing BPP34C10,
1/5NPPP36C10, and 1/5DNP38C10 exist
as one major enantiomeric pair of dia-
stereoisomers amongst two, four, and
eight diastereoisomeric pairs of enan-
tiomers, respectively. The diastereoisom-
erism is a consequence of the presence
of axial chirality together with helical
and/or planar chirality in the same
interlocked molecule. These [2]cate-
nanes constitute a rich reserve of new
stereochemical types that might be tap-
ped for their switching and mechanical
properties.


Keywords: chirality ¥ NMR
spectroscopy ¥ stereochemistry ¥
structure elucidation ¥ supramolecular
chemistry


Introduction


During the past 15 years, certain molecular recognition-based,
self-assembly protocols, which have been pioneered by us,[1]


have been employed in the template-directed synthesis[2] of
oligocatenanes, which include among others olympiadane[3]


and a branched [7]catenane.[4] In addition to incorporating
crown ether templates with �-electron-rich aromatic ring
systems, these exotic molecules have captured within them-
selves two different tetracationic cyclophanes, one, a centrally
positioned cyclobis(paraquat-4,4�-biphenylene),[5] and the
other peripherally located cyclobis(paraquat-p-phenylene)s,[6]


both containing a pair of �-electron-deficient bipyridinium
units. These highly ordered interlocked molecules owe their
formation and precise intercomponent geometries to three
different kinds of noncovalent interactions: 1) C�H ¥ ¥ ¥O
interactions[7] between the hydrogen atoms on the encircled
bipyridinium units and the centrally located oxygen atoms in
the polyether loops of the crown ethers, 2) � ¥ ¥ ¥� stacking
interactions[8] between electron-donating dioxybenzene or
dioxynaphthalene ring systems and the electron-accepting
bipyridinium units, and 3) C�H ¥ ¥ ¥� interactions[9] between
appropriately oriented hydrogen atoms on the encircled �-
electron-rich aromatic rings and the faces of the bridging
bitolyl and xylyl spacers in the tetracationic cyclophanes. In
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the case of the much simpler [2]catenane homologues,
replacement of one of the two bipyridinium units with either
a bis(pyridinium)ethylene[10] or diazapyrenium[11] unit results
in the production of nondegenerate interlocked molecules. In
such [2]catenanes, we have demonstrated[10, 11] that the crown
ether components can be moved between the two distinct
recognition sites in the constitutionally unsymmetrical cyclo-
phanes either chemically or electrochemically. This kind of
mechanical switching introduces the possibility of using these
[2]catenanes as controllable, bistable molecular switches.[12±14]


Related mechanical movements between the two macrocyclic
components of [2]catenanes, in which the degeneracy has
been removed from the crown ether by having both tetra-
thiafulvalene and 1,5-dioxynaphthalene ring systems incorpo-
rated as electron donors, can be stimulated electrically in the
setting of solid-state devices.[15] Indeed, electronically recon-
figurable, bistable memory devices have been developed[16] by
sandwiching such switchable [2]catenanes as monolayers
between Ti/Al and polysilicon electrodes.


Following another line of reasoning for the construction of
artificial molecular machinery,[17] we have recently synthe-
sized and characterized a molecular-level abacus based on a
[2]rotaxane that can be operated both electrochemically and
photochemically.[18] In this particular [2]rotaxane, the dumb-
bell-shaped component is endowed with a photoactive
stopper at one end and a slippage stopper,[19] with reference
to a tailored ring component, for example, bisparaphenyl-
ene[34]crown-10 (BPP34C10), at its other end. The thermo-
dynamically controlled assembly of the rotaxane was achieved
with the aid of two �-electron-deficient recognition sites,
provided by bipyridinium and bipicolinium units, for match-
ing with two �-electron-rich hydroquinone rings in
BPP34C10. Spectroscopic studies, along with electrochemical
investigations, indicated that the stable translational isomer is
the one with the BPP34C10 ring encircling the sterically and
electronically more attractive planar bipyridinium unit rather
than the nonplanar bipicolinium one. Photoinduced electron
transfer from the photoactive stopper to the bipyridinium
unit, which possesses the lower reduction potential, destabil-
izes its noncovalent bonding interactions with BPP34C10. In
the presence of a sacrificial electron donor to reduce the
incipiently oxidized stopper, this destabilization results in the
BPP34C10 ring being displaced from the bipyridinium unit to
the bipicolinium unit. This research demonstrated the ease
with which a bistable molecular switch can be assembled in a
modular fashion using a collection of readily available
building blocks.


In a parallel set of experiments, we have been exploring the
consequences of replacing one of the bipyridinium units in the
cyclobis(paraquat-p-phenylene) component of the donor/
acceptor catenanes with a bipicolinium unit. In addition to
BPP34C10, we have employed the crown ethers, 1,5-dinaph-
tho[38]crown-10[20] (1/5DNP38C10) and 1,5-naphthoparaphe-
nylene[36]crown-10[21] (1/5NPPP36C10) as templates to be
mechanically interlocked by the modified, nondegenerate
tetracationic cyclophane. Here, we report on 1) the synthesis,
with BPP34C10, 1/5NPPP36C10, and 1/5DNP38C10 as the
templates, of three [2]catenanes where the tetracationic
cyclophane component contains both a bipyridinium and a


bipicolinium unit, and the �homologous� [3]catenanes incor-
porating the �dimeric� octacationic cyclophane with doubly
alternating bipyridinium and bipicolinium units; 2) the solid-
state structures of all the [2]catenanes and two of the
[3]catenanes; 3) the nature of the relative ring movements
with respect to each other in the three [2]catenanes as probed
by dynamic 1H NMR spectroscopy in solution; and 4) a
detailed investigation of the stereochemistry of the [2]cate-
nanes. These investigations mark the first important steps in
the construction and evaluation of the potential of such
mechanically interlocked molecules to act as switches in
solution, prior to their incorporation into solid-state devices.


Results and Discussion


Synthesis : The catenanes were assembled (Scheme 1) by
using conventional reaction conditions,[10, 11] wherein the
crown ethers serve in turn as templates for the formation of
the tetracationic and octacationic cyclophanes to give the [2]-
and [3]catenanes, respectively. The reaction of the dibromide


Scheme 1. The template-directed synthesis of the [2]catenanes 6 ¥ 4PF6, 7 ¥
4PF6, and 8 ¥ 4PF6, and of the [3]catenanes 9 ¥ 8PF6, 10 ¥ 8PF6, and 11 ¥
8PF6.


salt[6] 1 ¥ 2PF6 with bipicoline (2) in turn with the crown ethers
3 (BPP34C10), 4 (1/5NPPP36C10), and 5 (1/5DNP38C10)
afforded the [2]catenanes 6 ¥ 4PF6, 7 ¥ 4PF6, and 8 ¥ 4PF6,
respectively, in yields of 4, 11, and 9%. In addition, the
[3]catenanes 9 ¥ 8PF6, 10 ¥ 8PF6, and 11 ¥ 8PF6 were isolated in
yields of 11, 27, and 24%, respectively. It should be noted that
the [3]catenanes were obtained as the major catenated
products in all three reactions.
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X-ray structural analysis : Single crystals, suitable for X-ray
crystallography, of five of the six catenanes were grown using
the vapor diffusion technique. In the case of the three
catenanes 6 ¥ 4PF6, 7 ¥ 4PF6 and 8 ¥ 4PF6, iPr2O was allowed to
diffuse into a solution of the compounds in MeCN. In the case
of the two [3]catenanes 9 ¥ 8PF6 and 11 ¥ 8PF6, tBuOMe was
used as the diffusing solvent in place of iPr2O. Sometimes, a
few drops of an aromatic solvent (PhH and/or PhMe) were
added to the MeCN solutions to facilitate crystallizations.
One of the [3]catenanes, namely 10 ¥ 8PF6, did not form single
crystals that were suitable for X-ray structural analysis.


The [2]catenane 64� has crystallographicC2 symmetry about
an axis passing through the centers of the linking C�C bonds
of the bipyridinium and bipicolinium units in the solid-state
(Figure 1). The O-methylene groups of both hydroquinone


Figure 1. The solid-state structure of the [2]catenane 64�. The C�H ¥ ¥ ¥�
interaction between the inside hydroquinone ring and one of the paraxylyl
rings has H ¥ ¥ ¥�, 2.80 ä; C�H ¥ ¥ ¥�, 161�. The C�H ¥ ¥ ¥O hydrogen bond
between the lowermost �-CH-bipy hydrogen atom and the central oxygen
atom of the lower polyether loops has C ¥ ¥ ¥O, H ¥ ¥ ¥O, 3.33, 2.41 ä;
C�H ¥ ¥ ¥O, 161�.


rings have anti geometries. The torsional twists of the inside
bipyridinium and outside bipicolinium units are 7 and 59�,
respectively. The mean interplanar separations between the
inside hydroquinone ring and the centers of the outside
bipicolinium and inside bipyridinium units are 3.95 and
3.38 ä, respectively: the separation between the outside
hydroquinone ring and the inside bipyridinium unit is
3.40 ä. The [2]catenane co-conformation is stabilized by the
normal combination of � ¥ ¥ ¥�, C�H ¥ ¥ ¥�, and C�H ¥ ¥ ¥O
interactions. The packing of the [2]catenane molecules is
controlled predominantly by van der Waals forces, as there is
no � ±� stacking that extends beyond the molecule.


In the solid-state (Figure 2), the structure of the [2]catenane
74� has only approximate C2 symmetry and has the 1,5-
dioxynaphthalene ring system located outside, whereas the
hydroquinone ring is positioned inside the tetracationic
cyclophane. There are substantial differences in the twist
angles within the bipyridinium and bipicolinium units; these
are 2 and 61�, respectively. The mean interplanar separations
between the inside hydroquinone ring and the inside bipyr-


Figure 2. The solid-state structure of the [2]catenane 74�. The C�H ¥ ¥ ¥�
interactions between the inside hydroquinone ring and the two paraxylyl
units have H ¥ ¥ ¥�, C�H ¥ ¥ ¥�, upper, 2.74 ä, 164� ; lower, 2.78 ä, 162�.
C�H ¥ ¥ ¥O hydrogen bonds are between the upper �-CH-bipy hydrogen
atom and the central oxygen atom of the upper polyether loop and between
the lower inside CH2 group of the tetracationic cyclophane and the second
oxygen along the polyether chain from the outside 1,5-dioxynaphthalene
ring system. The respective geometries are C ¥ ¥ ¥O, H ¥ ¥ ¥O, C�H ¥ ¥ ¥O, 3.20,
2.28 ä, 159� ; 3.27, 2.42 ä, 148�.


idinium and outside bipicolinium units are 3.46 and 3.92 ä,
respectively: the separation between the outside 1,5-dioxy-
naphthalene ring system and the inside bipyridinium unit is
3.45 ä. Once again, stabilization of the [2]catenane co-
conformation is achieved by complementary � ¥¥¥�, C�H ¥¥¥�,
and C�H ¥ ¥ ¥O interactions. The [2]catenane molecules pack in
the crystal to form polar �-stacked tapes (Figure 3), the
outside 1,5-dihydroxynaphthalene ring system of one mole-
cule being aligned parallel with one of the paraxylyl units of
the next. The mean interplanar separation of the extended �-
systems is 3.44 ä. The outer edges of the tapes are populated
by the methyl substituent of the bipicolinium units.


The solid-state geometry (Figure 4) of the [2]catenane 84�


departs from the C2 symmetric arrangement observed for the
other two [2]catenanes in that its outside 1,5-dioxynaphtha-
lene ring system is displaced with respect to the molecular C2


axis, such that it is positioned preferentially over one of the
pyridinium rings of the inside bipyridinium unit. The mean
interplanar separation between the outside 1,5-dioxynaph-
thalene ring system and this inside pyridinium ring is only
3.28 ä, whereas those between the inside 1,5-dioxynaphtha-
lene ring system and the inside bipyridinium and outside
bipicolinium ring systems are 3.35 and 3.64 ä, respectively.
This last separation is significantly less than that which was
observed in the solid-state structures 64� and 74� and is clearly
a consequence of the significantly reduced torsional twist (46�,
cf. 60�) associated with the outside bipicolinium unit: the
torsional twist of the inside bipyridinium unit is 4�. Stabiliza-
tion of the [2]catenane co-conformation is achieved by the
familiar range of � ¥ ¥ ¥�, C�H ¥ ¥ ¥�, and C�H ¥ ¥ ¥O interactions.
There are no additional � ¥ ¥ ¥� stacking interactions that
extend beyond the molecule.


The [3]catenane 98� has crystallographic inversion symme-
try (Figure 5), the macrocyclic octacation adopting an open







FULL PAPER J. F. Stoddart, D. J. Williams et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0902-0546 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 2546


Figure 4. The solid-state structure of the [2]catenane 84�. The C�H ¥ ¥ ¥�
interactions between the inside 1,5-dioxynaphthalene ring system and the
paraxylyl units have H ¥ ¥ ¥�, C�H ¥ ¥ ¥�, upper, 2.48 ä, 151� ; lower 2.54 ä,
151�. There is a bifurcated C�H ¥ ¥ ¥O hydrogen bond between the upper-
most �-CH-bipy hydrogen atom and the second and third oxygen atoms
from the inside 1,5-dioxynaphthalene ring system. Also, there are C�H ¥ ¥ ¥O
hydrogen bonds a) between the lowermost �-CH-bipy hydrogen atom from
the inside 1,5-dioxynaphthalene ring system in the lower polyether loop
and b) between the lower inside CH2 group of the tetracationic cyclophane
and the second oxygen atom from the outside 1,5-dioxynaphthalene ring
system. The respective geometries are C ¥ ¥ ¥O, H ¥ ¥ ¥O, C�H ¥ ¥ ¥O, 3.15,
2.36 ä, 139� ; 3.15, 2.32 ä, 145� ; 3.14, 2.31 ä, 145� ; 3.13, 2.27 ä, 149�.


extended conformation with a significant free pathway
through its center. The voids so formed are filled with MeCN
solvent molecules. The transannular separation between the
centers of the central linking bonds of the bipicolinium units is
12.6 ä. These units display a substantial twist angle between
their constituent pyridinium rings. In contrast to the ordered
positioning of the methyl substituents on the bipicolinium
units in all three [2]catenanes, in the solid-state structure of
this [3]catenane, the positioning of the methyl substituents on
one of the bipicolinium units exhibits 0.75:0.25 inside:outside
disorder. The inside bipyridinium unit has a substantially
greater torsional twist (23�) than in any of the three
[2]catenanes. The separation between the inside bipyridinium
unit and the inside and outside hydroquinone rings are 3.57
and 3.53 ä, respectively. In this structure, since there are no
C�H ¥ ¥ ¥� interactions, stabilization is by � ¥ ¥ ¥� and C�H ¥ ¥ ¥O


interactions. There are no inter[3]catenane interactions of
note.


In the solid state (Figure 6), the [3]catenane 118�, in which
the �-electron-rich components are all 1,5-dioxynaphthalene
ring systems, has a dramatically different and substantially
more compact structure. The molecule has both crystallo-
graphic and molecular C2 symmetry about an axis passing
through the centers of the two linking C�C bonds of the pair
of bipicolinium units: their centroids are separated by a mere
4.05 ä. The torsional twist angles in the two independent
bipicolinium units are 68� and 59�, whereas that for the unique
inside bipyridinium unit is only 7�. The separation between
this unit and the inside and outside 1,5-dioxynaphthalene ring
systems is 3.44 ä in each case. Again, there are no C�H ¥ ¥ ¥�
interactions, only � ¥ ¥ ¥� and C�H ¥ ¥ ¥O ones. The packing of
the molecules is complex and comprises a contiguous three


Figure 5. The solid-state structure of the [3]catenane 98�. There are
C�H ¥ ¥ ¥O hydrogen bonds between the pair of CH2 groups attached to the
inside bipyridinium units and the central oxygen atoms of the proximal
polyether loops. Their respective geometries are C ¥ ¥ ¥O, H ¥ ¥ ¥O, C�H ¥ ¥ ¥O,
3.37, 2.44 ä, 162� ; 3.35, 2.40 ä, 170�,


Figure 3. A space-filling representation of part of one of the � ±� stacked tapes present in the solid-state superstructure of the [2]catenane 74�.
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Figure 6. The solid-state structure of the [3]catenane 118�. There are
C�H ¥ ¥ ¥O hydrogen bonds a) between the upper left CH2 group associated
with the inside bipyridium unit and the central oxygen atom of the proximal
polyether loop and b) between the lower �-CH-bipy hydrogen atom and
the central oxygen atom of the proximal polyether loop. Their respective
geometries are C ¥ ¥ ¥O, H ¥ ¥ ¥O, C�H ¥ ¥ ¥O, 3.21, 2.25 ä, 177� ; 3.23, 2.38 ä,
147�.


dimensional net formed by inter[3]catenane � ±� stacking of
the outside 1,5-dioxynaphthalene ring systems of one mole-
cule and pairs of paraxylyl units in another. The mean
interplanar separation is ca. 3.65 ä.


Dynamic 1H NMR spectroscopy : To achieve a better under-
standing of the switching properties of the molecules in solid-
state catenane-based devices,[10] and to bring about improve-
ments in the design of molecular switches, an in-depth
understanding of the dynamic behavior of the molecules in
solution must be attained. Toward this end, a detailed
dynamic 1H NMR kinetic study[22] has been carried out on
all three of the [2]catenanes, namely 6 ¥ 4PF6, 7 ¥ 4PF6 and 8 ¥
4PF6, with the objective of obtaining a better appreciation of
1) the nature of the noncovalent bonding interactions
between the two macrocyclic ring compounds and 2) the
rates of the relative movements, including rocking and
circumrotations, of the ring components, as well as degenerate
rotations of the para-disubstituted aromatic rings. An analo-
gous series of experiments on the [3]catenanes, 9 ¥ 8PF6, 10 ¥
8PF6 and 11 ¥ 8PF6, was precluded by the fact that the
degenerate and relative movements of the parts and compo-
nents in these molecules are much too fast in solution to be
detected on the 1H NMR timescale, even at very low
temperatures. The difference between the [2]- and [3]cate-
nanes must reflect the relative compactness of the former and
the relative looseness of the latter–a feature which is
immediately evident from an inspection of CPK space-filling
molecular models. Thus, in this section, the various dynamic
processes present in the [2]catenanes are discussed and
compared across the series 64�, 74�, and 84�.


In parent tetracationic cyclophanes, aromatic ring rotations
typically occur too rapidly to affect 1H NMR line shapes, even
at very low temperatures. However, on account of their
sterically constricted nature as interlocked components in
[2]catenanes, the activation barriers for some of these rota-
tional processes have been observed to increase dramatically.
Two such processes were observed in all three [2]catenanes–
one involving rotation of the phenylene rings in the tetracat-


ionic cyclophanes and the other involving rotation of their
pyridinium rings. In the [2]catenanes, whereas the encircled
bipyridinium unit is oriented face-to-face with the two
aromatic ring systems in the crown ether component, the
phenylene rings experience only a single, weak edge-to-face
interaction with the encircled aromatic ring of the crown ether
component. Rapid rotation (Figure 7a) of the phenylene rings
on the 1H NMR timescale results in an exchange process,


Figure 7. a) A schematic representation of the phenylene ring rotation
process occurring simultaneously in both paraxylylene spacers in the
tetracationic cyclophane component of the [2]catenanes. Rotation of the
phenylene rings around their substituted axis causes exchange between Ha


and Hb, and Hc and Hd. Selected 1H NMR spectra recorded in CD3COCD3


for b) 6 ¥ 4PF6, c) 7 ¥ 4PF6, and d) 8 ¥ 4PF6, showing the coalescences of the
peaks corresponding to the phenylene ring protons on the tetracationic
cyclophane component as the temperature is increased.


wherein the four observed signals (Figure 7b ± d) for the
phenylene rings at low temperatures collapse into two signals
when the temperature is raised. The site exchanges occur such
that Ha and Hb, as well as Hc and Hd, are interconverted. If we
assume, for the time-being at least, that the rocking of the
crown ether ring has no observable effect on the magnetic
equivalence of these phenylene protons, and the two phenyl-
ene rings in the tetracationic cyclophane are equivalent
because of C2 symmetry, then the observation of four signals
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at low temperature can be rationalized. The protons Ha and
Hc are anti to the methyl group on the closest picolinium ring
with respect to the plane containing the four nitrogen atoms of
the cyclophane, while the protons Hb and Hd are syn to this
methyl group. Additionally, Ha and Hb are closer to the
bipicolinium than to the bipyridinium unit, while Hc and Hd


are further away. Thus, all four phenylene protons on each
ring are heterotopic. The kinetic and thermodynamic data for
phenylene ring rotations are recorded in Table 1 for all three


[2]catenanes. Although direct quantitative comparisons of the
�G� values are precluded by the lack of kinetic data for all
three compounds at the same temperature, qualitatively it is
clear that the barrier for phenylene ring rotation increases
through the series 64� to 74� to 84� by about 1 kcalmol�1 from
one to the other. This trend correlates with the increasing
number of 1,5-dioxynaphthalene recognition sites in the
crown ether ring component of the [2]catenanes. This
phenomenon cannot be rationalized solely by steric inter-
actions with the inside aromatic unit of the crown ether
component, because, if this were the case, one would only
expect a significant affect by changing the inside aromatic unit
of the crown ether component. On the contrary, changing only
the outside aromatic unit from hydroquinone to 1,5-dioxy-
naphthalene increases the barrier for phenylene rotation.


A possible explanation for this barrier increase involves
steric interactions with the glycol chains. On account of the
orientation of the outside 1,5-dioxynaphthalene ring system,
the glycol chain comes into closer contact with the phenylene
ring of 74� than it does when there is an outside hydroquinone
ring present in the crown ether macrocycle. This difference
can be easily appreciated on comparing the corresponding
X-ray crystal structures and examining the close contact
distances between the crown ether macrocycle and the
tetracationic cyclophane. These closer and hence stronger
interactions render it less easy for the phenylene rings in the
tetracationic cyclophane component to rotate.[23]


The independent rotations of both pyridinium rings within
the bipyridinium units in the tetracationic cyclophane com-
ponent of the [2]catenanes interchanges pairs of nonequiva-
lent protons in these units (Figure 8a). In common with the


Figure 8. a) A schematic representation of the pyridinium ring rotation
process occurring simultaneously in both halves of the bipyridinium unit
present in the tetracationic cyclophane component of the [2]catenanes.
Rotation of the pyridinium rings independently around the axis of the
bipyridinium unit brings about the exchange of H� with H�� and H� with H�� .
Selected 1H NMR spectra recorded in CD3COCD3 for b) 6 ¥ 4PF6 and c) 7 ¥
4PF6 showing the coalescences of peaks corresponding to the pyridinium
ring protons on the tetracationic cyclophane component as the temperature
is increased.


phenylene ring rotations, the slow exchange limit for pyridi-
nium ring rotations reveals four signals, which coalesce into
two signals at higher temperatures (Figure 8b and c). The
nonequivalence of the pyridinium protons is a consequence of
their different topic relationships with respect to the methyl
groups in the bipicolinium unit, as well as of their different
constitutions. While H� and H� are syn to the methyl group in
the closer picolinium ring, H�� and H�� are anti. Both
pyridinium rings in the bipyridinium unit are equivalent by
C2 symmetry. Rotation of either pyridinium ring results in site
exchange between H� and H�� and between H� and H�� . The
kinetic and thermodynamic data for this process are listed in
Table 2. Comparison of the activation barriers at 293 K shows
that changing the outside aromatic residue in the crown ether


Table 1. Phenylene rotation kinetic and thermodynamic data in
CD3COCD3.


[2]Catenane T [K][a] kex [s�1][b] �G� [kcalmol�1][c]


6 ¥ 4PF6
[d] 174 0.17 10.6


182 0.35 10.9
7 ¥ 4PF6


[e] 191 0.08 12.0
202 0.26 12.2
213 1.0 12.3
225 2.6 12.6


8 ¥ 4PF6
[f] 217 0.17 13.3


227 0.63 13.4
238 1.53 13.6
249 3.89 13.8
259 10.9 13.9


[a] Calibrated by using a neat MeOH sample. [b] Measured by using spin
saturation transfer method. See ref. [22]. [c] � 0.1 kcalmol�1. [d] Exchange
observed between peaks corresponding to the protons on the phenylene
ring of the tetracationic cyclophane at �� 7.92/8.45 and 7.68/8.25 ppm.
[e] Exchange observed between peaks corresponding to the protons on the
phenylene ring of the tetracationic cyclophane at �� 7.84/8.35 and 7.67/
8.26 ppm. [f] Exchange observed between peaks corresponding to the
protons on the phenylene ring of the tetracationic cyclophane at �� 8.14/
8.48 and 8.02/8.44 ppm.
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component from a hydroquinone ring to a 1,5-dioxynaphtha-
lene ring system results in an increase of approximately
1 kcalmol�1 in the rotational barrier. However, changing the
second aromatic residue to a 1,5-dioxynaphthalene ring
system has no further effect on the barrier to pyridinium ring
rotation. It seems that the 1/5NPP36C10 macrocycle is as
good a match for the tetracationic cyclophane as is the
1/5DNP38C10 one, a feature which is apparent in the yields
(11 and 9%, respectively) obtained during the template-
directed synthesis of 7 ¥ 4PF6 and 8 ¥ 4PF6 (see Scheme 1). The
process of pyridinium ring rotation in these three [2]catenanes
is undoubtedly intimately tied up with other mechanical
processes going on simultaneously in these molecules.


A third possible rotational process in the tetracationic
cyclophane components of 64�, 74�, and 84� is that involving
the independent rotations of the two picolinium rings in the
bipicolinium unit. This process, which is not observable by
dynamic 1H NMR spectroscopy in an accessible temperature
range, would be expected to have a very large barrier in these
three [2]catenanes. In order to rotate one picolinium ring with
respect to the other, the two methyl groups would either have
to pass by each other or one of them would have to pass
through the cavity of the tetracationic cyclophane. Inspection
of CPK space-filling molecular models suggests that the latter
process is nigh impossible. Also, literature data on analo-
gously substituted bipicolines reveal very high barriers to
rotations in these molecules.[24] Although this process may be
observable at very high temperatures by 1H NMR spectros-
copy, it is not going to proceed at a rate at lower temperatures
that will influence other ring rotation processes.


A mechanical process, however, which should be observ-
able in the two degenerate [2]catenanes 64� and 84� is that of
circumrotation of the crown ether ring with respect to the
tetracationic cyclophane component.[25] Circumrotation of the
crown ether macrocycle through the cavity of the tetracationic
cyclophane results (Figure 9) in the equilibration of the two


Figure 9. A schematic representation of the crown ether circumrotational
process in the [2]catenanes. The equilibration between the two forms is
degenerate in the case of 64� and 84� and nondegenerate for 74�, that is, it
can undergo translational isomerism.


identical aromatic rings between the inside and outside
positions in 64� and 84�. In the case of the nondegenerate
[2]catenane 74�, the overwhelming preference for its having
the hydroquinone ring located inside the cavity of the
tetracationic cyclophane with the 1,5-dioxynaphthalene ring
system residing outside (as observed in the solid-state
structure illustrated in Figure 2) means that dynamic
1H NMR spectroscopy cannot be employed to probe a
circumrotational process which is undoubtedly operative.
The reason is that the other (very minor) translational isomer
cannot be identified in the low temperature spectrum.


The kinetic and thermodynamic data (Table 3) for the
crown ether ring circumrotation in 64� and 84� show a larger
barrier for the second of these two [2]catenanes by around
1.2 kcalmol�1. This difference presumably arises from the
stronger interaction of the 1/5DNP38C10 ring with the
tetracationic cyclophane than it experiences with BPP34C10.
It is evident from a comparison of the two X-ray crystal
structures, illustrated in Figures 4 and 1, respectively, that
C�H ¥ ¥ ¥O and C�H ¥ ¥ ¥� interactions, as well as � ¥ ¥ ¥� stacking
interactions, are much more significant in the former than in
the latter. Another interesting feature evident from a perusal
of the data in Table 3 is the trend in �G�values from larger to
smaller with increasing temperature, indicative of a positive
�S�value. An Eyring plot, which is shown in Figure 10, gives a
�S� value of 7.4 calmol�1 K�1 for 6 ¥ 4PF6. This positive


Table 2. Pyridinium rotation kinetic and thermodynamic data in
CD3COCD3.


[2]Catenane T [K][a] kex [s�1] �G� [kcalmol�1][d]


6 ¥ 4PF6
[e] 247 0.20[b] 15.2


256 0.48[b] 15.3
270 1.3[b] 15.6
281 3.5[b] 15.7
293 7.7[c] 15.9
304 18[c] 16.1
316 42[c] 16.2


7 ¥ 4PF6
[f] 270 0.08[b] 17.1


281 0.36[b] 17.0
293 1.4[b] 17.0
305 4.3[b] 17.0


8 ¥ 4PF6
[g] 292 1.15[b] 17.0


305 3.35[b] 17.1


[a] Calibrated by using a neat MeOH sample. [b] Measured by using spin
saturation transfer method. See ref. [22]. [c] Measured by using line shape
analysis method. [d] � 0.1 kcalmol�1. [e] Exchange observed between the
H� and H�� peaks of the pyridinium rings in the tetracationic cyclophane at
9.41 and 9.29 ppm. [f] Exchange observed between the H� and H�� peaks of
the pyridinium rings in the tetracationic cyclophane at 7.67 and 7.58 ppm.
[g] Exchange observed between the H� and H�� peaks of the pyridinium
rings in the tetracationic cyclophane at 7.24 and 7.06 ppm.


Table 3. Crown ether ring circumrotation kinetic and thermodynamic data
in CD3COCD3.


[2]Catenane T [K][a] kex [s�1] �G� [kcalmol�1][d]


6 ¥ 4PF6
[e] 256 0.2 [c] 15.7


270 1.2[c] 15.6
281 5.6[c] 15.5
293 21[c] 15.4
304 60[c] 15.4
316 180[c] 15.3
326 450[c] 15.2


7 ¥ 4PF6 not observed
8 ¥ 4PF6


[f] 271 0.13[b] 16.9
282 0.57[b] 16.8
293 2.56[b] 16.6


[a] Calibrated by using a neat MeOH sample. [b] Measured by using spin
saturation transfer method (ref. [22]). [c] Measured by using line shape
analysis method. [d] � 0.1 kcalmol�1. [e] Exchange observed between the
peaks corresponding to the outside (6.27 ppm) and inside (3.84 ppm)
hydroquinone rings of the crown ether component. [f] Exchange observed
between peaks corresponding to the outside (7.28 ppm) and inside
(2.70 ppm) 1,5-dioxynaphthalene rings of the crown ether component.
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entropy of activation indicates that the transition state for
circumrotation of the BPP34C10 ring around the tetracationic
cyclophane is entropically more favored, that is, more flexible,
than the ground state co-conformation and/or that the
transition state is less well solvated than the ground state,
causing a release of molecules of solvation into the bulk
solvent during the circumrotational process. Since, at the
transition state, most, if not all, of the noncovalent bonding
interactions between the two interlocked components will
have been ripped apart, a more flexible co-conformation
should result. Also, a highly solvated ethyleneglycol chain has
to pass through the middle of the tetracationic cyclophane
during the circumrotational process and in so doing has
presumably to cast off some molecules of solvation, which will
not be attracted to the bare hydroquinone rings freed of their
� ¥ ¥ ¥� stacking interactions.


The tilting of the crown ether rings with respect to the mean
plane of the tetracationic cyclophane has already been
discussed for the two [2]catenanes 64� and 74�, in which a
hydroquinone ring resides inside the cavity of the cyclophane.
This tilt gives rise to a rocking process,[26] wherein one co-
conformation is in rapid equilibrium on the 1H NMR time-
scale with another co-conformation. In the absence of any
other chiral element in the [2]catenane molecule, the equili-
bration process is tantamount to the inversion of enantiomers
as shown in Figure 11a, whereby the source of chirality is
helical.[26, 27] However, if another element of chirality is
present in the molecule, then it becomes possible to analyze
the rocking in the [2]catenane in terms of the interconversion
between diastereoisomeric pairs of enantiomers. All three
[2]catenanes possess an axis of chirality[27] on account of the
atropisomerism exhibited by the bipicolinium unit (Fig-
ure 11b). The combination of helical and axial chirality in
64� gives rise to the possibility of the existence of two
diastereoisomers in the form of enantiomeric pairs (Fig-
ure 12). The situation is further complicated in 74� and 84� by
the presence of one and two 1,5-dioxynaphthalene rings
(Figure 11c), which add on additional elements of planar
chirality,[26, 28] increasing the number of enantiomeric pairs of
diastereoisomers to four (Figure 13) and eight (Figure 14),
respectively. Although in the case of all three [2]catenanes,
only one diastereoisomer is identified in the solid state by
X-ray crystallography (see Figures 1, 3, and 4 for 64�, 74�, and


84�, respectively), it is even
more important to note that in
solution, at least at those tem-
peratures at which all the sig-
nificant dynamic processes be-
come slow on the 1H NMR
timescale, only one diaste-
reoisomer–most likely the
same one as in the solid
state–prevails for the most
part. We shall return to a dis-
cussion of this topic later. Suf-
fice to say at this juncture that,
in the case of the [2]catenane
84� in particular, there is a
dynamic combinatorial li-


brary[29] of possible structures (Figure 14), wherein the free
energies of the various stereoisomers decide which is going to
be by far the most dominant one.[30]


Figure 11. Our definition of the absolute stereochemical descriptors. The
helicities of plus and minus are indicated by (P) and (M), respectively. We
give the open, unshaded ring (containing oxygen atoms) a higher priority
than the full, shaded ring and, on that basis, display the open ring in front of
the shaded ring when defining the helicities generated by the two rings. The
axial chiralities of the bipicolinium units are denoted by the symbols (aR)
and (aS) and the planar chiralities of the 1,5-dioxynaphthalene ring systems
by the symbols, (pR) and (pS). The rules used to describe these two forms of
chirality are essentially those discussed in ref. [27d].


The ring-rocking process can be probed by means of the
1H NMR signals for the inside hydroquinone ring in the
macrocyclic polyether components in the [2]catenanes 64� and
74� (Table 4). One pair of hydroquinone ring protons–those
involved in C�H ¥ ¥ ¥� interactions with the paraxylylene rings
in the tetracationic cyclophane–is highly shielded as a result
of the stable co-conformation shown in Figure 15. The result is
an upfield shift, by about 4 ppm, of the signal for these
protons. Exchange between these shielded protons and the
pair of �exposed� protons occurs during the ring-rocking
process and provides a means to observe this motion. One
would expect a low barrier for this process because only the
weak C�H ¥ ¥ ¥O and C�H ¥ ¥ ¥� interactions have to be broken,
while � ¥ ¥ ¥� stacking interactions are perturbed, but presum-
ably not lost altogether. Thus, the ring-rocking process should


Figure 10. The Eyring plot for crown ether circumrotation in 64�. Using a linear least-squares fit, the following
equation was obtained: (��G�/T)� (17.6 kcalmol�1)(�1/T) � (7.4 calmol�1K�1).
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Figure 12. The processes (I and II) for interconverting diastereoisomers
and inverting enantiomers in the [2]catenane 64�. Process I corresponds to
inversion of the helical chirality while process II represents an inversion of
the axial chirality. The descriptors of absolute stereochemistry are defined
in Figure 11. Note that process I occurs easily, whereas process II would
only occur with difficulty. Not all the possible interconversion pathways for
processes I and II are shown.


Figure 13. The processes (I, II, and III) for interconverting diastereoiso-
mers and enantiomers in the [2]catenane 74�. Process I corresponds to
inversion of the helical chirality, process II, which would only occur with
difficulty, corresponds to inversion of the axial chirality, and process III
corresponds to inversion of the planar chirality. The descriptors of absolute
stereochemistry are defined in Figure 11. Not all the possible interconver-
sion pathways for processes I, II, and III are shown.


Figure 14. The processes I ± IV associated with the interconversion of
diastereoisomers and with the inversion of enantiomers in the [2]catenane
84�. Process I corresponds to inversion of the helical chirality, process II,
which would only occur with difficulty, corresponds to inversion of the axial
chirality, and processes III and IV correspond to inversions of the planar
chiralities. The descriptors of absolute stereochemistry are defined in
Figure 11. Not all possible interconversions are shown. Not all the possible
interconversion pathways for processes I, II, III, and IV are shown.


occur extremely rapidly and would normally be very difficult
to observe if it were not for the fortuitous fact that the large
chemical shift difference,[31] which results from the shielding
effect (Figure 15), allows for the observation of this fast
process at the lower limit of the temperature range for
CD3COCD3. As a result of the stereochemical issues dis-
cussed earlier and illustrated in Figures 12 and 13, the site
exchange process is not simple and straightforward, since it
involves equilibration between two diastereoisomers–a mi-
nor one and a major one. This situation was confirmed by
careful double irradiation experiments carried out at 182 Kon
resonances for the [2]catenane 6 ¥ 4PF6. Irradiation of the
lower intensity peak centered on �� 5.4 ppm, which corre-
sponds to the minor diastereoisomer (Figure 16), resulted in a
decrease in the intensity of the higher intensity peak centered
on �� 2.3 ppm, which corresponds to the major diaste-
reoisomer. To confirm that this observation is the result of a


Table 4. Ring rocking kinetic and thermodynamic data in CD3COCD3.


[2]Catenane T [K][a] kex [s�1][b] �G� [kcalmol�1][c]


6 ¥ 4PF6
[d] 174 1.22 9.9


182 2.53 10.2
7 ¥ 4PF6


[e] 234 1.81 13.3
8 ¥ 4PF6 not observed


[a] Calibrated by using a neat MeOH sample. [b] Measured by using spin
saturation transfer method (ref. [22]). [c] � 0.1 kcalmol�1. [d] Exchange
observed between the peaks corresponding to the protons of the inside
hydroquinone ring of the crown ether component at 5.43 and 2.25 ppm.
[e] Exchange observed between the peaks corresponding to the protons of
the inside hydroquinone ring of the crown ether component at 5.26 and
2.18 ppm.
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Figure 15. This cut-away illustration reveals the origin of the very large
limiting chemical shift difference for the inside hydroquinone protons when
the rocking process, involving the crown ether ring and the tetracationic
cyclophane, becomes slow on the 1H NMR timescale. Two distinct pairs of
hydroquinone protons can be identified, those that are involved in C�H ¥¥¥�
interactions with the bridging paraxylylene units in the tetracationic
cyclophane and are therefore highly shielded and those that are exposed to
the solvent and are not shielded.


saturation transfer effect, and not a simple NOE, the
irradiation was also performed at an equal distance on the
opposite side of the large peak at �� 5.5 ppm. The resulting
decrease in intensity of the peak at �� 2.3 ppm was much
smaller, confirming that the observed spectra are a result of a
site-exchange process. If we were observing an NOE from the
off-resonance irradiation of the large peak, then the intensity
would decrease equally in both cases. For the [2]catenane 6 ¥
4PF6, the ratio between the two diastereoisomers was
determined to be 100:5 by integration of the 1H NMR
spectrum (Figure 16) recorded at 182 K in CD3COCD3. This
ratio corresponds to a �G� value of 1.1 kcalmol�1 in favor of
the major diastereoisomer.[32] To confirm that this isomer is
the same as the one [(aS)-(M)/(aR)-(P) in Figure 12] present
in the solid-state (Figure 1), molecular mechanics calculations
were performed[33] on 64�. The details of these calculations will
be discussed in a future publication. However, preliminary
results indicate a �E value of 1.6 kcalmol�1 in favor of the
(aS)-(M)/(aR)-(P) diastereoisomer. It should be noted that
the �G�values reported in Table 4 for ring rocking are for the
minor-to-major diastereoisomer. The 1H NMR chemical shifts
for the inside and outside aromatic ring systems in the major
diastereoisomers of 64�, 74�, and 84� are summarized in


Figure 16. Partial 1H NMR spectrum of 6 ¥ 4PF6 recorded in CD3COCD3 at
182 K showing the signals for the inside hydroquinone ring protons, as
shown in Figure 15, in the major and minor diastereoisomers.


Table 5. In the case of the [2]catenane 7 ¥ 4PF6, we can only
surmise that the major diastereoisomer populated in solutions
is the (M)-(aS)-(pR)/(P)-(aR)-(pS) one (Figure 13) observed
in the solid-state structure (Figure 2). It is intriguing that the
ring-rocking process for 74� has a free energy barrier at least
3 kcalmol�1 higher than that obtained for 64� (Table 4). This
difference can probably be attributed to the need for the
outside 1,5-dioxynaphthalene ring system to undergo inver-
sion of its local chirality, at considerable cost to its � ¥ ¥ ¥�
stacking interactions, when ring rocking occurs. Finally, when
we reach the [2]catenane 8 ¥ 4PF6 with an inside, as well as an
outside 1,5-dioxynaphthalene ring system, ring rocking is no
longer an option: it cannot occur. Also, diastereoselection is
probably complete for this [2]catenane in solution for the
(M)-(aS)-(pR)-(pR)/(P)-(aR)-(pS)-(pS) racemic mixture,
which is the form that crystallizes out in the solid-state
(Figure 4). The 1H NMR chemical shifts listed in Table 5 for
the outside 1,5-dioxynaphthalene ring system protons in 7 ¥
4PF6 and 8 ¥ 4PF6 are not too dissimilar under very similar
conditions. It is, therefore, not unreasonable to conclude that
the relative planar chiralities of their outside 1,5-dioxynaph-
thalene ring systems are the same.


The 1H NMR spectra recorded in CD3CN solutions for the
three [3]catenanes 9 ¥ 8PF6, 10 ¥ 8PF6, and 11 ¥ 8PF6 indicate as
expected that the two macrocyclic polyether rings reside on
the two bipyridinium units rather than on the bipicolinium
units. We can assume that all three catenanes are composed of
rapidly equilibrating diastereoisomeric mixtures, on account
of the two different axial chiralities associated with the two
bipicolinium units in the octacationic macrocycles–a stereo-
chemical feature that is evident in the solid-state structures of
98� and 118� shown in Figures 5 and 6, respectively. On
account of the fact that the three [3]catenanes all exist as
mixtures of inseparable diastereoisomers, it was considered to
be unwise to attempt to investigate them further by variable
temperature 1H NMR spectroscopy at this juncture.


Conclusion


The fact that donor ± acceptor catenanes, incorporating bipic-
olinium units in their tetracationic cyclophane components
and 1,5-dioxynaphthalene components in their crown ether
components, have the potential to exhibit both axial and
planar chiralities within the same molecules affords them
intriguing stereochemical properties. In the case of those
[2]catenanes where one macrocyclic ring can undergo rocking
with respect to the other, helicity comes into the reckoning as


Table 5. 1H NMR chemical shifts (� values) for the aromatic ring systems
of the crown ether macrocycle.[a]


[2]Catenane T [K][b] Inner aromatic Outer aromatic


6 ¥ 4PF6 182.1 2.26, 5.54 6.23 (br)
7 ¥ 4PF6 182.7 2.12, 5.38 6.42,[c] 7.18,[d] 7.35[e]


8 ¥ 4PF6 183.8 2.56,[c] 6.13,[d] 6.26[e] 6.38,[c] 7.05,[d] 7.18[e]


[a] Solvent used was CD3COCD3 and the chemical shifts are given in ppm.
[b] Calibrated by using a neat MeOH sample. [c] H4/8 . [d] H3/7. [e] H2/6.
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yet another source of chirality. The outcome for the three
[2]catenanes 64�, 74�, and 84� is the possible existence of two,
four, and eight enantiomeric pairs of diastereoisomers, that is,
the stereochemical situation could become extremely com-
plicated for these three interlocked molecular compounds. On
the contrary, it is very simple with both 64� and 74� existing in
solution as one major diastereoisomer and 84� as exclusively
one, at least in so far as we can detect. At first reckoning, it
seems to be somewhat remarkable that this relative simplicity
can emerge out of so much apparent complexity. If the
stereochemical options for the donor ± acceptor catenanes
discussed herein are likened to an emergent dynamic combi-
natorial library, then it is clear that the selective molecular
recognition processes that operate during the self-assembly,
which leads on to their template-directed syntheses under
kinetic control, preordain the stereochemical latitude given to
these interlocked molecules in the final event. Kinetic control
at some stage in a supramolecularly assisted covalent syn-
thesis can express itself subsequently in a thermodynamically
controlled stereochemical event for which the dice are really
loaded in favor of one outcome. When chirality is expressed in
multiple ways in a molecule at a dynamic level, then it would
appear that the propensity for diastereoselection can be
extremely high. The recent observation[28] that some related
[2]catenanes which contain both helical and planar chiralities
readily undergo spontaneous resolution on crystallization to
give optically active crystals raises some intriguing questions.
It seems that a phase change can superimpose enantioselec-
tion upon the diastereoselection that has already been
predetermined by the molecular recognition and self-assem-
bly processes in the early stages of a template-directed
synthesis. The realizaton that there exists highly orchestrated
chemical reaction pathways between molecular recognition
and self-assembly processes, employing templates to uncover
asymmetry and chirality in an efficient manner, could be not
unimportant when it comes to the future design and con-
struction of unidirectional molecular switches and machines.


Experimental Section


General methods : All reactions were carried out under an argon atmo-
sphere. Chemicals were purchased from Aldrich and used as received.
Solvents were dried according to literature procedures.[34] The bis(hexa-
fluorophosphate) 1,[10] bipicoline (2)[35] and crown ethers, BPP34C10 (3),[36]


1,5-NPPP36C10 (4),[21] and 1,5-DNP38C10 (5)[20] were prepared as de-
scribed previously in the literature. Thin-layer chromatography (TLC) was
carried out on aluminum sheets coated with silica-gel 60F (Merck 5554).
The plates were inspected by UV light and, if required, developed in I2
vapor. Column chromatography was carried out by using silica-gel 60
(Merck 9385, 230 ± 400 mesh). Melting points were determined on an
Electrothermal 9100 melting point apparatus and are uncorrected. All 1H
and 13C NMR spectra were recorded on either a Bruker ARX500
(500 MHz and 125 MHz, respectively) or Bruker Avance500 (500 MHz
and 125 MHz, respectively). All chemical shifts are quoted in ppm,
referenced to TMS. Samples were prepared using CD3COCD3 or CD3CN
purchased from Cambridge Isotope Labs and the samples for the kinetic
study were degassed by using the freeze-pump-thaw method and sealed
under vacuum. Temperatures were calibrated by using a neat MeOH
sample[37] before or after each experiment and assumed to remain constant
during the experiment. Two methods were used to obtain the kinetic data
by NMR spectroscopy. The primary method involved spin saturation
transfer (SST) experiments.[22] This was accomplished by irradiation of one


of the two exchanging protons. Spectra were then obtained with and
without irradiation and the T1app was measured in the presence of
irradiation. Details of this method can be found in the references. The
second method used involved line shape analysis (LSA). The chemical
shifts, line widths, and coupling constants were determined at low
temperature and input into the Spinworks[38] NMR spectral simulation
program. Simulation of the exchange process and comparison with the
experimental spectra allowed for determination of the rate constants. Fast
atom bombardment (FAB) mass spectra were obtained by using a ZAB-SE
mass spectrometer, equipped with a krypton primary atom beam, and a m-
nitrobenzyl alcohol matrix was utilized. Cesium iodide or poly(ethylene
glycol) were employed as reference compounds. Electron spray mass
spectra (ESMS) were measure on a VG ProSpec triple focusing mass
spectrometer with MeCN as mobile phase. Microanalyses were performed
by Quantitative Technologies, Inc.


General procedure for the preparation of the catenanes : A solution of 1 ¥
2PF6 (203 mg, 0.25mmol), bipicoline (2) (45 mg, 0.25 mmol) and crown
ether 3, 4, or 5 (0.52 mmol), in anhydrous DMF (5 mL) was stirred for 15 d
at room temperature. The solvent was removed under reduced pressure
and the solid residue was purified by column chromatography [SiO2: 2M
NH4Cl(aq)/MeOH/MeNO2 (7:2:1)] to yield two different colored products
which were dissolved in H2O. In both instances, the addition of NH4PF6


afforded a orange/purple precipitate, which was filtered off and washed
with H2O to give, in order of elution, a [3]catenane and a [2]catenane.


[2]Catenane 6 ¥ 4PF6 : Yield: 4%; m.p. 130 ± 132 �C (decomp); 1H NMR
(500 MHz, CD3CN, 25 �C): �� 2.21 (s, 6H), 3.23 ± 4.10 (m, 36H), 5.59 (d,
J� 13.8 Hz, 2H), 5.67 (d, J� 13,8 Hz, 2H), 5.70(d, J� 16.6 Hz, 2H), 5.73(d,
J� 16.6 Hz, 2H), 6.23 (s, 4H), 6.42 (d, J� 6.4 Hz, 2H), 7.60 (s, 2H), 7.65 (s,
2H), 7.71 (d, J� 7.7 Hz, 4H), 7.88 (d, J� 7.7 Hz, 4H), 8.79 (s, 2H), 8.86 (s,
2H), 9.13 ppm (s, 2H); 13C NMR (125 MHz, CD3CN, 25 �C): �� 17.6, 65.1,
65.5, 70.6, 70.5, 125.7, 125.8, 125.8, 125.9, 125.9, 129.6, 132.2, 136.8, 137.4,
138.4, 141.0, 145.8, 146.9, 150.3 ppm; MS (FAB): m/z (%): 1518 (6) [M�
PF6]� , 1374 (15) [M� 2PF6]� , 1229 (10) [M� 3PF6]� ; elemental analysis
calcd (%) for C66H76F24N4O10P4 (1665.19): C 47.60, H 4.60, N 3.36; found: C
47.55, H 4.64, N 3.31.


[2]Catenane 7 ¥ 4PF6 : Yield: 11%; m.p. 296 ± 298 �C; 1H NMR (500 MHz,
CD3CN, 25 �C): �� 2.17 (s, 6H), 3.42 (t, J� 9.0, 2H), 3.59 ± 3.72 (m, 8H),
3.78 ± 3.91 (m, 20H), 3.96 ± 4.10 (m, 16H), 5.55 (d, J� 13.6, 2H), 5.63 (d,
J� 13.6 Hz, 2H), 5.67 (d, J� 13.2 Hz, 2H), 5.80 (d, J� 13.2 Hz, 2H), 6.35
(d, J� 5.7 Hz, 2H), 6.38 (d, J� 7.5 Hz, 2H), 7.13 (s, 4H), 7.22 (dd, J� 7.5,
8.0 Hz, 2H), 7.33 (d, J� 8.0 Hz, 2H), 7.66 (s, 4H), 7.82 (s, 4H), 8.07 (d, J�
7.5 Hz, 2H), 8.63 (s, 2H), 8.77 (s, 2H), 9.01 ppm (s, 2H); 13C NMR
(125 MHz, CD3CN, 25 �C): �� 17.5, 65.1, 65.5, 67.7, 68.5, 70.4, 70.7, 70.8,
71.2, 71.9, 72.2, 106.4, 114.8, 125.0, 125.1, 126.7, 126.9, 129.5, 132.1, 132.2,
136.7, 137.5, 138.3, 141.0, 144.4, 146.0, 146.8, 150.2, 150.8, 154.3 ppm; MS
(FAB): m/z (%): 1569 (5) [M�PF6]� , 1424 (24) [M� 2PF6]� , 1280 (14)
[M� 3PF6]� .


[2]Catenane 8 ¥ 4PF6 : Yield: 9%; m.p. 315 ± 317 �C (decomp); 1H NMR
(500 MHz, CD3COCD3, 25 �C): �� 2.20 (s, 6H), 2.75 (d, J� 8.1 Hz, 2H),
3.59 (t, J� 7.5, 2H), 3.80 ± 4.39 (m, 30H), 5.99 (d, J� 5.7, 2H), 6.02 (d, J�
5.7 Hz, 2H), 6.09 (d, J� 13.8 Hz, 2H), 6.15 (t, J� 8.1Hz, 2H), 6.26 (d, J��
13.8 Hz, 2H), 6.33 (d, J� 6.0 Hz, 2H), 6.37 (d, J� 8.0 Hz, 2H), 6.77 (d, J�
8.0 Hz, 2H), 7.06 (d, J� 6.5 Hz, 2H), 7.13 (t, J� 8.0 Hz, 2H), 7.27 (d, J�
6.7 Hz, 2H), 7.29 (d, J� 8.0 Hz, 2H), 8.70 (d, J� 6.7 Hz, 2H), 8.91 (s, 2H),
9.31 ppm (d, J� 6.0 Hz, 2H); 13C NMR (125 MHz, CD3CN, 25 �C): ��
16.6, 64.6, 64.8, 67.5, 68.1, 69.5, 69.6, 69.7, 70.5, 71.0, 71.3, 104.0, 105.4, 109.2,
113.7, 122.5, 123.8, 124.2, 125.4, 125.7, 127.0, 128.4, 131.4, 136.0, 136.1, 137.4,
139.2, 142.4, 143.3, 144.5, 145.9, 148.0, 150.9, 153.3 ppm; MS (ESMS): m/z
(%): 1620 [M� PF6]� .


[3]Catenane 9 ¥ 4PF6 : Yield: 11%; m.p. 303 ± 305 �C (decomposed);
1H NMR (500 MHz, CD3CN, 25 �C): �� 1.78 (s, 12H), 3.48 ± 3.40 (m,
16H), 3.60 ± 3.80 (m, 16H), 3.70 ± 3.80 (m, 16H), 5.79 (s, 24H), 5.89 (s, 8H),
7.41 (d, J� 6.2 Hz, 4H), 7.72 (d, J� 8.0 Hz, 8H), 7.79 (d, J� 8.0 Hz, 16H),
8.74 (d, J� 6.1 Hz, 4H), 8.80 (s, 4H), 8.99 ppm (d, J� 8.0 Hz, 8H);
13C NMR (125 MHz, CD3CN, 25 �C): �� 15.8, 67.3, 69.5, 70.0, 70.3, 114.4,
125.1, 127.2, 130.4, 130.5, 134.3, 135.1, 137.7, 142.1, 145.5, 145.9, 151.5,
151.8 ppm; MS (ESMS): m/z : 1520 [M� 2PF6]2�.


[3]Catenane 10 ¥ 4PF6 : Yield: 27%; m.p. 220 ± 224 �C (decomposed);
1H NMR (500 MHz, CD3CN, 25 �C): �� 1.35 (s, 12H), 3.41 (s, 8H), 3.64
(s, 8H), 3.76 (s, 8H), 3.83 (s, 8H), 3.88 (s, 8H), 3.93 (s, 8H), 3.98 (s, 8H),
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4.08 (s, 8H), 5.54 (s, 4H), 5.71 (s, 8H), 5.87 (s, 16H), 6.32 (dd, J� 8.0 Hz,
4H), 6.43 (d, J� 8.0 Hz, 4H), 6.94 (s, 8H), 7.27 (d, J� 6.8 Hz, 8H), 7.84 (d,
J� 8.2 Hz, 8H), 7.96 (d, J� 8.2 Hz, 8H), 8.60 (s, 4H), 8.61 (d, J� 6.4 Hz,
4H), 7.27 ppm (d, J� 6.8 Hz, 8H); 13C NMR (125 MHz, CD3CN, 25 �C):
�� 15.3, 64.0, 67.5, 67.8, 69.3, 69.6, 69.9, 70.4, 70.6, 70.7, 104.8, 111.9, 114.6,
115.7, 124.5, 124.9, 125.9, 126.7, 130.7, 130.8, 134.7, 135.5, 137.5, 141.9, 144.3,
144.6, 145.1, 151.1, 151.8, 152.7; MS (ESMS): m/z : 1570 [M� 2PF6]2� ;
elemental analysis calcd (%) for C140H156F48N8O20P8 (3430): C 47.60, H 4.60,
N 3.36; found: C 47.69, H 4.71, N 3.32.


[3]Catenane 11 ¥ 4PF6 : Yield: 24%; m.p. 249 ± 251 �C; 1H NMR (500 MHz,
CD3CN, 25 �C): �� 1.30 (s, 12H), 3.80 ± 3.95 (s, 64H), 5.67 (s, 8H), 5.85 (s,
16H), 6.38 (d, J� 7.6 Hz, 8H), 6.57 (s, 16H), 6.82 (d, J� 6.8 Hz, 8H), 7.85
(d, J� 8.3 Hz, 8H), 8.00 (d, J� 8.3 Hz, 8H), 8.50 (s, 4H), 8.54 (d, J� 6.2 Hz,
4H), 8.73 ppm (br s, 8H); 13C NMR (125 MHz, CD3CN, 25 �C): �� 15.1,
67.7, 69.8, 70.6, 71.0, 105.0, 112.3, 123.8, 125.0, 125.8, 126.4, 130.8, 130.9,
134.8, 135.5, 137.3, 141.9, 143.0, 144.0, 144.8, 150.9, 152.7 ppm; MS (ESMS):
m/z (%): 1620 [M�PF6]� .


X-ray crystallographic data for 6 ¥ 4PF6, 7 ¥ 4PF6, 8 ¥ 4PF6, 9 ¥ 8PF6, 10 ¥
8PF6, and 11 ¥ 8PF6 : Table 6 provides a summary of the crystallographic
data for compounds 6 ¥ 4PF6 ± 11 ¥ 8PF6. Data were collected on Siemens
P4/PC diffractometers by using �-scans. The structures were solved by
direct methods and they were refined based on F 2 using the SHELXTL
program system.[39] Disorder was found to be present in part of either one
or both of the unique polyether arms in each of structures 7 ¥ 4PF6 ± 11 ¥
8PF6, in the position of the methyl substituents on one of the pyridinium
rings of each bipyridinium unit in 10 ¥ 8PF6, and of both of the methyl
substituents on one of the bipyridinium units in 11 ¥ 8PF6. In each case, two
partial occupancy orientations were identified with the major occupancy
non-hydrogen atoms being refined anisotropically and their minor
occupancy counterparts refined isotropically. The absolute structure of
11 ¥ 8PF6 was determined by a combination of R factor tests [R1


�� 0.0781,
R1


�� 0.0786] and by use of the Flack parameter [x���0.21(10), x��
�0.79(10)]. CCDC-191624 ± 191628 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44) 1223 ± 336033; or deposit@ccdc.cam.uk).
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from the X-ray crystal structure and input into Macromodel 5.0 (F.
Mohamadi, N. G. J. Richards, R. Liskamp, M. Lipton, C. Caulfield, G.
Chang, T. Hendrickson, W. C. Still, J. Comput. Chem. 1990, 11, 440 ±
467). Each geometry was then subjected to a Monte Carlo conforma-
tional search of 4000 conformers followed by energy minimization.
The AMBER* force field with the GB/SA CHCl3 solvent model was
used.
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Synthesis of an Amino-Functionalized Model of the Fe-Only Hydrogenase
Active Site


Szabolcs Salyi,[a] Mikael Kritikos,[b] Bjˆrn äkermark,*[a] and Licheng Sun*[a]


Abstract: A dinuclear 2Fe2S mimic 6 of the active site of the Fe-only hydrogenases
has been synthesized. Complex 6 contains a free amino group which enables linkage
to a protein backbone or to a redox active species for the study of electron transfer
processes in proteins or in supramolecular systems. The structures of the complex 6
and its Boc-protected precursor 5 could be verified by X-ray crystallography.


Keywords: bioinorganic chemistry ¥
biomimetic synthesis ¥ iron carbonyl
sulfides ¥ iron-only hydrogenase


Introduction


The iron-only hydrogenases form a wide-spread class of
enzymes in microorganisms, which mediate both the metab-
olism of hydrogen and the reverse reaction, formation of
molecular hydrogen from protons.[1±7]


The X-ray crystal structures of two types of Fe-only
hydrogenases, CpI (Clostridium pasteurianum)[8] and DdH
(Desulfovibrio desulfuricans)[9] were reported recently. The
active sites in both systems contain an uncommon six-Fe
cluster(H-cluster), which consists of a 4Fe-4S cubane struc-
ture, bridged by cysteine-S to a novel 2Fe2S subunit. The 4Fe-
4S unit probably mediates electron transfer while the 2Fe-2S
subunit is responsible for the formation and activation of
hydrogen. In this subunit, the two Fe ions are linked by two
non-cysteine thiolate groups and have CO and CN� diatomic
terminal ligands.[10] Very recent crystallographic studies
suggest that the bridging dithiolate ligand has the structure
of �SCH2NHCH2S�, or the N-protonated equivalent.[11]


Since the elucidation of the X-ray crystal structures of Fe-
only hydrogenases, some synthetic 2Fe-2S complexes have
been prepared as structural mimics of the active site.[12±15]


Rauchfuss et al. have reported a model complex with the
structure of {Fe2[�-S2(CH2)3](CN)(CO)4(PMe3)}�.[16] Using
electrochemistry, they could demonstrate catalytical hydro-
gen production with this complex in homogeneous solution in
the presence of strong acid.


Because of our interest in photochemical hydrogen pro-
duction,[17] and a general interest in attaching a 2Fe2S unit to a
protein structure, we decided to try to develop synthetic
procedures for preparing such units which contain a suitable
functional group. The protected and unprotected amine
substituted Fe dimer carbonyl sulfide complexes 5 and 6 have
therefore been synthesized and characterized.


Results and Discussion


In the 1980s, Winter, Zsolnai, and Huttner[18] prepared
Fe2(SR)2(CO)6 derivatives through the reaction of propane-
1,3-dithiol and [Fe3(CO)12]. However, very few diiron hex-
acarbonyl complexes, functionalized at 2-position in the
dithiolate ring, have been described, probably because of
the limited availability of functionalized 1,3-dithiols. We
would therefore like to present a general synthetic route for
such 1,3-dithiols, whereby sulfur bridged diiron complexes can
be synthesized in a relatively simple procedure (Scheme 1).
The synthesis of the 2-functionalized 1,3-dithiolpropane


subunit 4 from 1,3-dibromopropan-2-ol turned out to be a
challenging problem, because the dibromo functionality is
both heat and base sensitive. The acid-catalyzed esterification
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Scheme 1. The synthetic procedure of complexes 5 and 6.


of 1,3-dibromopropanol[19] gave only low yields (�5%). More
recently, Boyes and Hewson have reported[20] the esterifica-
tion of similar compounds by using N,N-dicyclohexylcarbo-
diimide (DCC) and 4-dimethylaminopyridine (DMAP). After
several trials, we managed to find reaction conditions, which
gave an ester derivative 2 of 1,3-dibromopropan-2-ol in
reasonable yields.
The most critical step in our synthesis seemed to be the


replacement of the bromides by thiol groups. The direct
preparation of thiols from alkyl halides and metal sulfides
should be facile, but in our hands direct methods gave only a
moderate yield of di-thiol.[21] Indirect methods involving
thiourea[22] and xanthate derivatives[23] are commonly utilised
for the synthesis of thiols, but these intermediates have to be
transformed to thiols by hydrolysis with base or by reduction
with lithium aluminium hydride, which will react also with the
ester group in compound 2.[24] However, treatment of
thioacetates with amines under mild conditions has recently
been shown to give thiols in good yields.[25, 26] In accordance,
we were able to prepare the dithioacetate 3 by treatment of 2
with potassium thioacetate.[27] Unfortunately, the reaction of 3
with amines failed, but we were able to obtain the ester-dithiol
4 in excellent yields by treating 3 with hydrazine hydrate in
acetic acid solution.[28]


Reaction of the dithiol ligand 4 with [Fe3(CO)12] in THF
gave the product 5 in a rather good yield (87%) after
purification by column chromatography on silica gel. Treat-
ment of 5 with trifluoroacetic acid (TFA) in dichloromethane
at room temperature[29] gave complex 6 which has a free
amino functional group. The synthetic steps for preparing
complexes 5 and 6 could be repeated; furthermore it was no
problem to scale-up the synthesis. It is worth to mention that
the Fe dimer core structures in 5 and 6 were stable even in
fairly strongly acidic conditions such as in the presence of
TFA. These complexes were also stable during purification by
column chromatography on silica gel.
All new compounds synthesized herein were characterized


by 1H NMR spectroscopy and elemental analysis.
Single crystal X-ray diffraction shows that the two Fe2-


(�-S)2(CO)6 units of 5 (Figure 1) and 6 (Figure 2) are very


Figure 1. ORTEP (ellipsoids at 30% probability level) view of C21H22Fe2-
NO10S2 (5).


Figure 2. ORTEP (ellipsoids at 30% probability level) view of C16H11Fe2-
NO8S2 (6).


similar and to a large extent analogous to those found in other
Fe2(�-SR)2(CO)6 structures.[13, 30] In the central Fe2(�-
SR)2(CO)6 unit the two Fe atoms and the two S atoms form
a butterfly conformation in which the metal atoms are
connected to each other through a Fe�Fe single bond with
2.509(1) and 2.499(1) ä for 5 and 6, respectively. The first S2C3


coordination shell surrounding each Fe atom is best described
as a square-pyramidal coordination geometry with one of the
carbonyl C atoms in the apical position. The Fe atom is
displaced from the basal plane in the direction to the apical C
atom. Intermolecular N-H ¥ ¥ ¥O hydrogen bonds are present in
both 5, N1 ¥ ¥ ¥O8 2.988(2) ä, and 6, N1 ¥ ¥ ¥O8 3.212(8) ä. A
potentially important structural feature of these complexes is
that the amino group is well separated from the dimeric Fe
core. (Fe1 ¥ ¥ ¥N1 11.163(2), Fe2 ¥ ¥ ¥N1 11.351(2) ä in 5 and
Fe1 ¥ ¥ ¥N1 11.186(7), Fe2 ¥ ¥ ¥N1 11.240(6) ä in 6). Selected
bond lengths of compounds 5 and 6 are listed in Table 1.
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Conclusion


An amino-functionalized model 6 for the active site of the Fe-
only hydrogenases has been prepared by covalently linking
4-aminobenzoic acid to a 2Fe2S structure. The Fe dimers of 6
and its precursor 5 are fully stable during the reaction
conditions invetsigated. The crystal structures of 5 and 6 show
that the functional group and the Fe dimer are separated from
each other by about 11 ä. This suggests that these complexes
will be useful for protein modification and the build up of
supramolecular systems, where a 2Fe2S unit is linked to one or
more redox components for the study of electron transfer
processes.


Experimental Section


All reagents and solvents were purchased from Aldrich and used as
received. 1H NMR spectra were recorded on a Varian 400 spectrometer.
Elemental analysis was performed in Analytische Laboratorien, Lindlar
(Germany).


4-Butoxycarbonylaminobenzoic acid (1): 4-Aminobenzoic acid (2.74 g,
20 mmol) was suspended in water (40 mL) and then tert-butanol (30 mL)
was added. To this solution di-tert-butyl-dicarbonate (8.73 g, 40 mmol) and
solid NaOH (0.88 g, 22 mmol) were added and the temperature was
increased to 60 �C. After completion of reaction the mixture it was diluted
with water (100 mL), washed with CH2Cl2 (2� 50 mL) and the water phase
was cooled to 0 ± 5 �C. Ethyl acetate was added (50 mL), and under
intensive stirring the pH was lowered to 2 by the addition of 2� HCl. The
organic phase was separated and the extraction was repeated with ethyl
acetate (2� 50 mL). Combined extracts were dried over Na2SO4, and
evaporated in vacuo giving 4-butoxycarbonylaminobenzoic acid (1; 4.62 g,
97.5%). The solid off-white powder was directly used for the next step.
1H NMR ([D6]DMSO): �� 1.48 (s, 9H), 7.54 ± 7.56 (m, 2H), 7,82 ± 7.84 (m,
2H), 9.72 (s, 1H), 12.59 (s, 1H).


1,3-Dibromo-2-(4-butoxycarbonylaminobenzoyl)propanol (2): DMAP
(0.128 g, 1.05 mmol) and 1,3-dibromopropan-2-ol (0.26 mL, 2.54 mmol)
were added to a suspension of compound 1 (0.6 g, 2.53 mmol) in dry CH2Cl2
(50 mL). The resulting suspension was stirred at room temperature for
15 min, and then a CH2Cl2 (15 mL) solution of DCC (0.87 g, 4.21 mmol)
was added dropwise (�15 min) under N2 atm at ambient temperature. The
reaction was followed by TLC, and when the starting material disappeared
(�4 h) the solvent was evaporated in vacuo. The residue was purified by
column chromatography on silica with toluene/EtOAc (6:1) as eluent.
After evaporation of the solvent 2 was obtained as a white powder (0.905 g,
86%). 1H NMR (CDCl3): �� 1.53 (s, 9H), 3.72 (dd, J� 11.0, 5.4 Hz, 1H),
3.77 (dd, J� 11.0, 4.9 Hz, 1H), 5.35 (app. pent., J� 5.4 Hz, 1H), 6.67 (s,
1H), 7.44 ± 7.47 (m, 2H), 7.98 ± 8.01 (m, 2H); elemental analysis calcd (%)


for C15H19Br2NO4: C 41.21, H 4.38, Br 36.56, N 3.20; found: C 41.71, H 4.58,
Br 35.67, N 3.21.


1,3-Dithioacetyl-2-(4-butoxycarbonylaminobenzoyl)propanol (3): The di-
bromo derivative 2 (0.219 g, 0.5 mmol) was dissolved in acetone (15 mL),
and then potassium thioacetate (4.5 equiv; 0.257 g, 2.25 mmol) was added.
The reaction was stirred under N2 at ambient temperature and followed by
TLC. When starting material disappeared (ca. 4 h) the precipitated KBr
was filtered off, and the filtrate was evaporated in vacuo. The residue was
purified by flash column chromatography with toluene/EtOAc (6:1) as
eluent, giving 3 (177 mg, 82.5%) as an oil. 1H NMR (CDCl3): �� 1.52 (s,
9H), 2.32 (s, 6H), 3.26 (dd, J� 10.5, 4.8 Hz, 1H), 3.29 (dd, J� 10.5, 3.9 Hz,
1H), 5.22 ± 5.28 (m, 1H), 6.71 (s, 1H), 7.42 ± 7.44 (m, 2H), 7.91 ± 7.93 (m,
2H); elemental analysis calcd (%) for C19H25Br2NO6S2: C 53.38, H 5.89, N
3.28, S 15.00; found: C 53.20, H 5.97, N 3.17, S 15.14.


1,3-Dithiolo-2-(4-butoxycarbonylaminobenzoyl)propanol (4): The thioace-
tate derivative 3 (124 mg, 0.29 mmol) was dissolved in DMF (5 mL). To
solution hydrazine hydrate (3.5 equiv; 50 �L, 1.027 mmol) was added
dropwise under N2 at ambient temperature, and then the solution was
stirred for 10 min. Afterwards, acetic acid (3.5 equiv; 60 �L, 1.027 mmol)
was added dropwise under N2 at ambient temperature. The reaction was
followed by TLC, and when the starting material disappeared (ca. 30 min)
the mixture was diluted with water (10 mL) and ethyl acetate (10 mL).
After phase separation the organic layer was washed with 2� 10 mL of
water, and then the water phase was extracted with ethyl acetate. The
combined organic phase was washed with water (10 mL) and brine
(10 mL), dried with Na2SO4, filtered, and concentrated in vacuo. The
crude product was purified by flash column chromatography with toluene/
EtOAc (6:1) as eluent, giving 4 (94.5 mg, 95.5%) as a thick oil. 1H NMR
(CDCl3): �� 1.46 (t, J� 8.8Hz, 2H), 1.53 (s, 9H), 2.97 (dd, J� 5.7 Hz,1 Hz,
1H), 3.00 (dd, J� 5.7 Hz, 1.5 Hz, 1H), 5.16 (app. pent. , J� 5.7 Hz, 1H),
6.66 (s, 1H), 7.43 ± 7.46 (m, 2H), 7.96 ± 7.99 (m, 2H); elemental analysis
calcd (%) for C19H25Br2NO6S2: C 52.45, H 6.16, N 4.08, S 18.67; found: C
52.45, H 6.21, N 4.03, S 18.58.


Synthesis of [�-(SCH2)2CHCO2C6H4NHCO2C(CH3)3]Fe2(CO)6 (5): The
dithiol derivative 4 (90 mg, 0.207 mmol) was dissolved in dry THF (20 mL),
and then triiron dodecacarbonyl (105 mg, 0.208 mmol) was added. The
resulting solution was warmed up to 65 ± 67 �C, stirred for 0.5 h under N2,
and then concentrated by evaporating the solvent in vacuo. The crude
product was purified by flash column chromatography on silica gel with
toluene/pentane (1:1) as eluent followed by pure toluene. The crystalline
product 5 was obtained by cooling the concentrated toluene solution at ca
�20 �C overnight (141.5 mg, 87%). 1H NMR (CDCl3): �� 1.52 (s, 9H), 1.69
(dd, J� 12.9, 12.0 Hz, 1H), 2.91 (dd, J� 13.5, 4.5 Hz, 1H), 4.42 ± 4.49 (m,
1H), 6.65 (s, 1H), 7.39 ± 7.42 (m, 2H), 7.86 ± 7.88 (m, 2H); elemental analysis
calcd (%) for C21H19Fe2NO10S2: C 40.6, H 3.08, N 2.25, S 10.32; found: C
43.76, H 3.46, N 2.11, S 9.37. The deviation is due to the presence of ca 20%
toluene solvent in the crystal structure.


Crystal data for 5 : C21H19Fe2NO10S2: M� 621.20, monoclinic space group,
P21/c (No. 14), a� 11.1598(10), b� 11.9372(12), c� 22.735(3) ä, ��
92.002(12)�, V� 3026.8(6) ä3, Z� 4, T� 170 K, �calcd� 1.466 gcm�3,
�(MoK�)� 1.15mm�1, F(000)� 1356, 22301 reflections measured, 5651
unique (Rint� 0.048), 4956 observed (I� 2�(I)), 365 parameters refined,
absorption correction (numerical): Tmin/Tmax� 0.788/0.916. R1� 0.0335, (I
� 2�(I)), wR(F2)� 0.1050, S� 1.11 (all data). Max./min. residual electron
density: 0.52/� 0.46. Data collection: STOE-IPDS image plate diffrac-
tometer with a rotating-anode using MoK� radiation (�� 0.71073 ä). The
intensities of the reflections were integrated with the STOE software, and
the numerical absorption correction was performed with the programs
X-RED and X-SHAPE.[31] The structure was solved by direct methods[32]


and refined by full matrix least-squares on F2.[33]


Synthesis of [�-(SCH2)2CHCO2C6H4NH2]Fe2(CO)6 (6): Trifluoroacetic
acid (0.51 mL, 3 mmol) was added to a solution of the diiron complex 5
(90 mg, 0.14 mmol) in dry dichloromethane (10 mL), and then stirred at
ambient temperature. The reaction was followed by TLC, and when the
starting material disappeared (3 ± 4 h) the solvent and unreacted TFAwere
evaporated in vacuo. The residue was purified by flash chromatography
with toluene/EtOAc (6:1) as eluent to give 6 (67 mg, 89%). A single
crystalline product was obtained by cooling the concentrated toluene/
pentane (1:1) solution of 6 at about �20 �C overnight. 1H NMR (CDCl3):
�� 1.67 (dd, J� 13.0, 11.5 Hz, 1H), 2.90 (dd, J� 13.0, 4.1 Hz, 1H), 4.09 (s,


Table 1. Selected bond lengths [ä] for 5 and 6.


5 6


Fe1�S1 2.2699(7) 2.278(2)
Fe1�S2 2.2603(7) 2.257(2)
Fe1�Fe2 2.5093(5) 2.499(1)
Fe2�S1 2.2528(7) 2.256(2)
Fe2�S2 2.2466(7) 2.261(2)
Fe1�C1 1.797(3) 1.794(7)
Fe1�C2 1.798(3) 1.787(7)
Fe1�C3 1.807(3) 1.808(7)
Fe2�C4 1.807(3) 1.804(7)
Fe2�C5 1.797(3) 1.789(7)
Fe2�C6 1.799(3) 1.815(7)
S1�C8 1.833(2) 1.824(6)
S2�C7 1.824(2) 1.827(6)
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2H), 4.39 ± 4.44 (m, 1H), 6.59 ± 6.62 (m, 2H), 7.73 ± 7.76 (m,2H); elemental
analysis calcd (%) for C16H11Fe2NO8S2: C 36.88, H 2.13, N 2.69, S 12.30;
found: C 37.04, H 2.31, N 2.63, S 12.19.


Crystal data for 6 : C16H11Fe2NO8S2: M� 521.08, triclinic space group, P1≈
(No. 2), a� 8.4739(14), b� 9.9920(16), c� 13.296(2) ä, �� 69.81(2)�, ��
71.99(2)�, �� 85.96(2)�, V� 1004.0(3) ä3, Z� 2, T� 293 K, �calcd�
1.724(1) gcm�3, �(MoK�)� 1.70mm�1, F(000)� 524, 7898 reflections meas-
ured, 3641 unique (Rint� 0.032), 2991 observed (I � 2�(I)), 266 parameters
refined, absorption correction (numerical): Tmin/Tmax� 0.723/0.822. R1�
0.0483 (I � 2�(I)), wR2� 0.1743, S� 1.19 (all data). Max./min. residual
electron density: 0.558/� 0.767. Data collection: STOE-IPDS image plate
diffractometer with a rotating-anode using MoK� radiation (�� 0.71073 ä).
The intensities of the reflections were integrated with the STOE software,
and the numerical absorption correction was performed with the programs
X-RED and X-SHAPE.[31] The structure was solved by direct methods[32]


and refined by full matrix least-squares on F2.[33]


CCDC-192065 (5) and CCDC-192066 (6) 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
CB21EZ, UK; fax: (�44)1223-336-033; or deposit@ccdc.cam.uk).
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Abstract: A nanostructured iron tita-
nate thin film has been prepared by a
sol ± gel method from iron(���) chloride
and titanium tetraisopropylate. Energy-
dispersive X-ray analysis and Mˆ˚bauer
spectroscopy suggest the presence of a
Fe2Ti2O7 phase, which was previously
obtained as an intermediary phase upon
heating ilmenite. In the presence of
ethanol or humic acids and traces of


oxygen, the novel film photocatalyzes
the fixation of dinitrogen to ammonia
(17 ��) and nitrate (45 ��). In the first
observable reaction step, hydrazine is
produced and then undergoes further


photoreduction to ammonia. Oxidation
of the latter by oxygen affords nitrate as
the final product. Since the reaction
occurs also in air and with visible light
(�� 455 nm), and since the iron titanate
phase may be formed by the weathering
of ilmenite minerals, it may be a model
for mutual nonenzymatic nitrogen fixa-
tion in nature.


Keywords: nanostructures ¥
nitrogen fixation ¥ photochemistry
¥ thin films ¥ titanates


Introduction


Nitrogen fixation is the second most important chemical
process in nature next to photosynthesis. The mild reaction
conditions of the enzymatic reaction as compared with the
Haber ±Bosch synthesis stimulated a large variety of inves-
tigations into the synthesis and reactivity of N2 transition
metal complexes under thermal reaction conditions. Relevant
examples are reductive protonation to ammonia under
concomitant oxidation of the central metal, oxidative alkyla-
tion with alkyl halogenides affording alkyldiazenido com-
plexes, and successive addition of methyl lithium and tri-
methyloxonium tetrafluoroborate leading to a 1,2-dimethyl-
diazene complex.[1] Comparably little work is known on
photofixation, especially with respect to sunlight-induced
nonenzymatic nitrogen fixation at a simple inorganic photo-
catalyst. In 1977 Schrauzer and Guth reported for the first
time that the electron ± hole pairs generated by light absorp-
tion of a semiconductor powder reduce molecular nitrogen to
ammonia. Water vapor acted as reducing agent and was
oxidized to molecular oxygen. Photoreduction occurred only
when rutile-containing titania powder was doped with 0.2%
of Fe2O3 and when it was exposed to humid nitrogen. No


ammonia was formed when nitrogen was bubbled through an
aqueous suspension of this powder. Higher iron contents
resulted in inactive materials.[2] Subsequent work of other
authors confirmed these results, although the nature of the
reducing agent was unknown in most cases, since oxygen was
only rarely identified.[3±15] In general, ammonia concentrations
were in the range of 1 ± 10 ��, and excitation by UV light was
necessary. Very recently it was reported that an electrochemi-
cally formed titania layer is also active without iron doping.[16]


These partly contradictory results induced contrary discus-
sions, particularly by Edwards et al., and culminated in the
conclusion that all the previously published values resulted
from traces of the ubiquitous ammonia.[17] Since, however, it is
well known that the photocatalytic properties of semiconduc-
tors are strongly influenced by the presence of impurities, the
contrary results may stem from difficulties in preparing the
catalyst. To clarify these adverse results, we have prepared
mixed iron titanium oxides by a simple and well-reproducible
sol ± gel method. Contrary to the previously employed titania
photocatalyst powders, the new materials were applied as
nanostructured thin films containing up to 50 mol% of iron.
They photocatalyze formation of ammonia and nitrate also
with visible light. Part of this work has been recently
communicated.[18]


Results and Discussion


Film preparation and characterization : The thin films were
prepared by dip-coating glass slides in an alcoholic solution of
iron(���) chloride and titanium tetraisopropylate in the ratio of
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Fe/Ti� 1:1 or 1:2, followed by hydrolysis in humid air and
annealing at 600 �C; at 500 �C and 700 �C only inactive films
were produced. The iron-free titania and titania-free iron
oxide films were prepared analogously. Electron microscopy
of the iron titanate film as obtained from a 1:1 substrate ratio
indicated the presence of a nanostructured matrix of about
300 nm thickness. It contained 15 ± 20%vol of cubic crystals
with an average diameter of 150 nm (Figure 1). The ratio of


Figure 1. Electron micrograph of the iron titanate film calcined at 600 �C
(Fe/Ti� 1:1).


Fe/Ti/O was determined by EDX (energy dispersive X-ray
analysis) as 1:1:3.5 for both the matrix and the crystals. This
composition suggests that the compound Fe2Ti2O7 is present,
which was previously obtained only as an intermediary phase
by heating ilmenite minerals (FeTiO3) in an oxygen atmos-
phere at 700 �C.[19] This assignment is corroborated by the
good agreement between the published and measured XRD
spectra (Figure 2). Though some of the XRD peaks at 2�


Figure 2. Characteristic XRD pattern of the iron titanate film (Fe/Ti�
1:1); (*) new Fe2Ti2O7 phase, (p) pseudobrookite, (a) anatase.


values of 18.15, 25.49, 32.59, 37.33, 46.15, 48.96, 59.85
(corresponding to d� 4.97, 3.50, 2.75, 2.41, 1.97, 1.86, 1.54 ä)
may be assigned to the pseudobrookite phase Fe2TiO5 (d�
4.90, 3.49, 2.75, 2.41, 1.97, 1.87, 1.54 ä) and traces of anatase,[20]


the remaining peaks at 2� values of 26.53, 31.63, 41.19, 54.01,
and 56.17 (corresponding to d� 3.36, 2.85, 2.23, 1.70, 1.64 ä)
do not fit either rutile or hematite, but rather with d values
3.37, 2.87, 2.20, 1.70, 1.64 of the Fe2Ti2O7 phase.[19] The iron-
free titania film exhibited only anatase peaks.
In the Mˆ˚bauer spectrum, the doublet at � (relative to


�-Fe)� 0.462 mms�1, �EQ� 0.910 mms�1 (line widths of
0.294 mms�1), points to the presence of hexacoordinated FeIII


(Figure 3). Although these values are almost identical to those


Figure 3. Mˆ˚bauer spectrum of the iron titanate film (Fe/Ti� 1:1)
recorded at 100 K.


of pseudobrookite, they cannot originate from this phase since
the Fe/Ti ratio of the film is 1:1. There is no indication of the
presence of an iron(���) oxide phase, which would have a
similar isomer shift but a much smaller quadrupole splitting
(0.24 mms�1).[21] The UV/Vis spectrum of titania (Figure 4,
curve a) is red-shifted down to 600 nm upon increasing the
Fe/Ti ratio from 0:1 to 1:2 and 1:1 (Figure 4, curves b and c,
respectively).


Figure 4. UV/Vis spectra of the various films (in air) and wavelength
dependence of ammonia formation; the vertical bars indicate ammonia
concentrations when cut-off filters were employed (�� 335 and 455 nm);
in EtOH (75%vol); 90 min of irradiation time. a) TiO2, b) Fe/Ti� 1:2,
c) Fe/Ti� 1:1.
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Nitrogen photofixation : Irradiation (�� 320 nm) of the iron ±
titania films in EtOH/H2O solutions was performed under N2


bubbling. The background concentration of ammonia was
measured before each experiment; this afforded values in the
range of up to 2 ��. Depending on the solvent composition,
ammonia concentrations of 3 ± 17 �� were observed (Fig-
ure 5). The two iron titanate films produced the largest


Figure 5. Dependence of ammonia concentration on alcohol content of
water and on the Fe/Ti ratio employed in the thin film preparation; ��
320 nm, 90 min of irradiation time.


amounts of ammonia when the alcohol content was 75%
(v/v). Whereas the 1:1 phase was inactive both in pure water
and pure ethanol, the 1:2 phase afforded small amounts of
ammonia in pure ethanol. This differs significantly from the
solvent dependence of the iron-free titania phase, which was
active both in pure water and pure alcohol and did not exhibit
a maximum ammonia yield at 75% alcohol content. From
these differences it is very likely that the 1:2 film is a mixture
of the new Fe2Ti2O7 phase and anatase. It is noted that an
analogously prepared titania-free iron oxide film did not
produce ammonia. Since the 1:1 film afforded the highest
yield of ammonia in 75% EtOH, all of the following
experiments were performed with this reaction system. Under
these experimental conditions acetaldehyde was detected
after 90 min of irradiation and reached a concentration of
13 m� after 24 h.
Figure 6 displays the time evolution of ammonia concen-


tration under various reaction conditions. Line a represents
the values measured for the solution containing the immersed
film before irradiation and before N2 bubbling. Line b
corresponds to the values observed upon purging this system
with nitrogen in the dark, and line c represents the system
under irradiation and purging with argon. In all these blank
experiments the ammonia concentration never exceeded
2 ��. When the irradiation was performed under N2 bubbling,
formation of ammonia started after an induction period of
30 min and passed through a maximum at 90 min irradiation
time (Figure 6, curve d). By using air instead of nitrogen
purging, the ammonia concentration was decreased by about
60%. The film was an efficient photocatalyst even upon
excitation with visible light (�� 455 nm, Figure 4).
Since it is known that carbon monoxide inhibits thermal


nitrogen fixation,[22] a mutual influence on the photofixation


Figure 6. Ammonia formation against time in EtOH (75%vol): a) solu-
tion with immersed film prior to nitrogen bubbling and irradiation,
b) subsequent nitrogen purging in the dark, c) irradiation under argon
bubbling, d) irradiation under N2 bubbling, e) ammonia formation in the
presence of aqueous humic acid (10�2 gL�1) under irradiation and N2


bubbling.


was tested. Upon bubbling with a mixture of N2/CO (10:1),
complete inhibition was observed (Figure 7, line b). The effect
is reversible since the same film induced ammonia formation
after it had been washed with water and irradiated under N2


purging (Figure 7, curve c).


Figure 7. Ammonia formation against irradiation time in EtOH (75%vol).
a) background concentration of ammonia, b) under bubbling a mixture of
CO and N2 (1:10), c) under N2 bubbling after washing the same film.


To check if the induction period of ammonia formation may
be related to generation of a plausible intermediate, the
reaction solution was analyzed for hydrazine. It was found
that hydrazine is formed during the first 15 ± 30 min, having a
concentration maximum at about 20 min (Figure 8, curve a).
This result clearly suggests that in the induction period
nitrogen is photoreduced to hydrazine. No hydrazine was
detectable when nitrogen was replaced by argon bubbling.
The further reduction to ammonia is a photochemical process,
as indicated by the result that upon irradiating the film for
90 min in 75% EtOH in the presence of 15 �� hydrazine
ammonia was obtained in a concentration of 25 ��. No
ammonia was formed when this reaction was performed in the
dark at room temperature or at 50 �C.
Photoelectrochemical experiments with a Fe2Ti2O7 thin-


film electrode of conducting glass revealed that the observed
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Figure 8. Concentration of a) hydrazine and b) ammonia as a function of
irradiation time under bubbling N2, c) under Ar, EtOH (75%vol), ��
320 nm.


anodic photocurrent was amplified by methanol addition only
when the electrode was annealed at 600 �C. In the case of
annealing at 500 �C, the film was inactive and the electrode did
not exhibit this current-doubling effect.[23] The effect is based
on electron injection of the hydroxyethyl radical, formed by
primary hole oxidation, into the semiconductor conduction
band (vide infra).
From the experimental results presented above, a semi-


conductor photocatalysis mechanism is proposed as working
hypothesis. According to this, absorption of a photon by the
Fe2Ti2O7 phase (SC) generates a reactive electron ± hole pair
at the surface [Eq. (1)]. The electron reduces water to an
adsorbed hydrogen atom [Eq. (2)].[2, 6a, 9, 11, 24] The simultane-
ously formed valence-band hole oxidizes ethanol to the
hydroxyethyl radical [Eq. (3)], which then injects an electron
into the conduction band affording acetaldehyde as oxidation
product [Eq. (4) ],[25] which in turn reduces a second molecule
of water [Eq. (5)]. Reduction of N2 by adsorbed hydrogen
atoms leads to diazene as a first plausible intermediate
[Eq. (6)]. Thus, absorption of one quantum of light affords the
two electrons necessary for the first reduction step. The faster
the reactions steps according to Equations (2) and (3), the less
efficient is the undesired recombination of the reactive
electron ± hole pair [Eq. (7)]. Further 2e�/2H� reductions
afford hydrazine and finally ammonia, as known from
homogeneous nitrogenase models.[26]


SC � h��SC(er�, hr�) (1)


SC(er�, hr�) � H2O� SC(hr�) � Had � OH� (2)


SC(hr�) � CH3CH2OH� SC � CH3C
�
HOH � H� (3)


SC � CH3C
�
HOH� SC(er�) � CH3CHO � H� (4)


SC(er�) � H2O� SC � Had � OH� (5)


N2 � 2Had�N2H2 (6)


SC(er�, hr�)� SC � heat (7)


In accordance with this mechanistic proposal is the
increasing catalytic activity upon increasing the alcohol


concentration up to 75%vol, due to an acceleration of the
oxidative reaction part [Eq. (3)]. The decreasing activity at
higher alcohol concentrations may originate from the con-
comitant decrease of the water concentration, rendering the
reductive reaction part [Eq. (2)] too slow to efficiently
compete with charge carrier recombination [Eq. (7)].
The strong decrease in ammonia formation at reaction


times above 120 min does not originate from catalyst deac-
tivation, since after repeatedly washing the film with water,
reirradiation afforded ammonia in a concentration only 15%
lower. Furthermore, no iron ions could be detected in the
solution after 24 h of irradiation. These observations suggest-
ed that ammonia may be oxidized to nitrite/nitrate by traces
of oxygen, a photoreaction known to be catalyzed by
titania.[27] Whereas only traces of nitrite were detectable, the
nitrate concentration on the film reached 45 �� and 7 �� in
the solution (Figure 9). When nitrogen was substituted by air,


Figure 9. Concentrations of a) ammonia, and nitrate b) in the solution,
c) in the film as function of irradiation time, EtOH (75%vol), �� 320 nm.


the total concentration of nitrate was 30 ��. Nitrate was
formed in appreciable amounts only when ammonia had
reached its maximum concentration. This suggests that nitrate
is formed via intermediary ammonia rather than by direct
oxidation of nitrogen. In accordance with this postulate, no
nitrite/nitrate was formed in the absence of EtOH.
Aqueous solutions of humic acids of proper concentration


(10�2 gL�3) also functioned as reducing agents (Figure 6,
curve e). Since the latter compounds are ubiquitous in nature,
and Fe2Ti2O7 phases may be formed through solar oxidative
weathering of ilmenite, this novel nitrogen photofixation may
be an example for a light-driven nonenzymatic nitrogen
fixation under natural conditions.[28]


Experimental Section


FeCl3 (Aldrich) was dissolved in absolute EtOH (15 mL, Riedel ± de Haen)
in amounts corresponding to Fe/Ti molar ratios of 1:1 and 1:2. After the
mixture had been stirred for 10 min, Ti(OiPr)4 (5 mL) was added slowly
while the temperature was kept at 30 ± 35 �C. After 10 min of intensive
stirring, the sol was ready for dip-coating. A glass slide (26� 76 mm) was
immersed into the sol and pulled out at a speed of 6 cmmin�1. After being
left in air for hydrolysis for 15 ± 20 min, the Fe/Ti� 1:2 and titania films
were calcined for 20 min at 600 �C and 500 �C, respectively, whereas 400,
500, 600, and 700 �C were employed for the Fe/Ti� 1:1 film. The Fe2O3 thin
film was prepared from FeCl3 with 2% gelatine[29] and heated at 600 �C.
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After the final temperature had been reached (about 1 h), the heating was
turned off and the film was left to cool down to room temperature.


Electronic absorption spectra were recorded on a Shimadzu UV-3101 PC, a
Philips X×Pert (PW 3040/60) diffractometer was used for XRD measure-
ments. The sample for the latter was prepared by scratching off the film
from the glass substrate. A Philips Microscope CM 200 (200 kV) was used
for TEM measurements.


Irradiations were performed on an optical train equipped with a high-
pressure HBO200 Hg lamp (�� 320 nm) mounted at a distance of 35 cm
from the solidex glass cuvette, which contained the glass slide. Unless
otherwise noted, an Fe/Ti (1:1) film was employed, and nitrogen was
permanently bubbled through the reactor in the standard experiment.
Argon was used instead of nitrogen for the blank experiments. Appropriate
cut-off filters were placed in front of the cuvette. The procedure described
above was also applied to the experiments with different solvents.


The concentration of NH4
� was determined colorimetrically according to


Kruse ±Mellon.[30] 20 mL aliquots of the reaction solution were diluted to
50 mL before adding the reagents. Resulting absorbencies at 450 nm were
in the range of 0.01 to 0.10. Blank experiments in the absence of the glass
slides did not produce ammonia concentrations higher than 2 ��. The
reproducibility of the film preparation was excellent, since the ammonia
concentrations obtained agreed within 	10%. The concentration of
hydrazine was determined spectrophotometrically[31] by withdrawing
10 mL aliquots of the reaction solution and diluting them to 25 mL.
Absorbencies at �� 458 nm were in the range of 0.001 to 0.020. Nitrite and
nitrate were measured by ion chromatography (Dionex-120, Ion Pac AS14
column, conductivity detector, and NaHCO3 (0.001�)/Na2CO3 (0.0035� )
(1:1) as eluting agent) by withdrawing 1 mL from the reaction solution. For
the determination of adsorbed species, the film was washed with water
(20 mL), and the solution was dried in an oven at 70 ± 85 �C. After
dissolving in of water (1 mL), the sample was injected. Acetaldehyde was
measured by GC (Shimadzu GC17A, Supelcowax-10 column, FID
detector, N2) from 1 mL aliquots withdrawn from the reacting solution.
Iron concentrations of the reaction solutions were determined by atomic
absorption spectroscopy (Shimadzu AA6200, flame type: air/C2H2) after
immersing the film in water or EtOH in the dark for 24 h and irradiating it
for a further 24 h.
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On the Cavitation Energy of Water


Siegfried Hˆfinger*[a, b] and Francesco Zerbetto*[a]


Abstract: Free-energy-perturbation theory from molecular dynamics calculations
has been used to obtain the�G of adjoining cavities× formation in water. The�Gs for
systems with three, five and seven cavities are compared with that of a single cavity of
the same volume, and found to be in good agreement. The conditions under which
the analytical formulation of the energy of cavity formation proposed by Pierotti
holds are discussed. The data for a single cavity have been tabulated and can lend
themselves to a simple numerical implementation in standard quantum chemical
packages, which can be used when high accuracy for �Gcav is required.


Keywords: cavity formation ¥ free
energy ¥ hydrophobic and hydro-
philic interactions ¥ molecular
dynamics ¥ thermodynamics ¥ water


Introduction


Intermolecular interactions are the sum of several terms,
which include electrostatic, repulsion, induction and disper-
sion terms. In explicit solvent models, solvent ± solute inter-
actions are described in this way; however, the introduction of
implicit solvent models has brought in a new term, namely the
free energy of cavity formation, �Gcav, or FEC.[1] This is the
reversible work spent in the process of making a hole or a
cavity in a solvent. To a first approximation, it depends on how
many particles must be displaced, their size, the interactions
present in the solvent, the pressure and the temperature.
Pierotti developed a general analytical equation, PE, to
obtain the cavitation energy as a function of the cavity×s
radius, which contains explicitly the reduced number density
(that is, how many particles are present in a volume element–
which, in turn, depends on the temperature), the solvent hard-
sphere radius, the pressure and the temperature. Because of
the way used by Pierotti to develop his approach (i.e. , scaled
particle theory), entropic contributions are not well accounted
for.[1] This is especially true in rather extreme cases, such that
of water, where its strong and dynamical hydrogen bonding
may produce sizeable energy contribution when a molecule
protrudes inside the cavity. So far, the best independent
support for PE was given by Postma, Berendsen and Haak,
PBH, who compared its values with the results of free-energy-


perturbation, FEP, calculations[2] obtained from molecular
dynamics simulations. In the PBH approach, a number of
calculations were run with a repulsive potential set inside a
box of 216 water molecules in order to create a cavity.
Modification of the parameters of the potential energy
functions, changed the size of the cavity. This pioneering
work was one of the first exhaustive free-energy-perturbation
calculations on solvent effects. In practice, five radii of cavities
were considered and allowed PBH to conclude that 1) it is
possible to obtain the free energy of cavity formation from
molecular dynamics calculations and 2) PE agrees well with
the results of the simulations.


The Pierotti equation has now become so popular that it has
been incorporated in a number of implicit solvent models of
routine use in quantum chemistry. Importantly, when using
PE, the free energy of cavity formation for a solute molecule
is usually calculated with a set of scaled contributions from
individual interpenetrated spheres and not with the molecular
contour. One might, however, wonder if the standard
approach could be replaced by considering a single cavity.
Furthermore, given, the widespread computer power pres-
ently available, one could also consider a finite-differences
approach that would extend the approach pioneered by PBH
and obtain FEC in the form of a grid of points. The numerical
approach of tabulating the molecular dynamics data would
extend and generalise PE to cases in which it does not hold.


Here, we calculate the water-cavity energy for one, three,
five and seven adjacent spheres and tabulate the FEC as a
function of the radius using a recent and accurate force field.
The conditions for the best agreement between PE and FEP
calculations are discussed.


Computational Methods


The simulations were run with the TINKER 3.8 program,[3] which has
found several satisfactory applications in our laboratory.[4] Water was
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simulated with Ponder×s multipole-based force field.[5] The box size was
dimensioned to reproduce the experimental density at T� 300 K. Changes
in the size of the box occur because of the variation of the cavity radius and
the pressure coupling.[6] Internal degrees of freedom were allowed to relax.
Trajectories were calculated for 100 ps with a time step of 1.0 fs, the first
25 ps were used for equilibration. To create the cavity, a potential of the
type


Vc,w� �
B


r


� �
12


(1)


was introduced at the centre of a box of 216 molecules of water. B defines
the cavity radius and all the intermediate cavity radii Bi correspond to a
well-defined value of 0� �� 1 (note that PBH use thermal radii ; to obtain
the corresponding Bi values they must be divided by 1.0044047). As the
cavity repulsive radius tends to zero, the potential introduces a disconti-
nuity that can be avoided by the use of a softer potential[7]


Vc,w�
�n�


0�3�1 � ��2 �
�


r
B


�6 �2 (2)


between 0 and 1 ä, in which n� 12, although other choices can be made.
Figure 1 illustrates this soft potential for selected Bi values of the cavity


radius. In analogy to the overlapping-spheres technique used by PBH, the
potential Vc,w(�) is expressed in terms of Bi through two steps that exploit
Equations (1) and (2), in which the subscript c stands for cavity, the
subscript w stands for water, and r is the smallest distance between any
atom of a water molecule and the centre of the cavity. In their work, PBH
set Bi to 0.96, 1.71, 2.28, 2.86, and 3.04 ä. Here, a total of 24 points are used.
They are 0.5, 0.6, 0.65, 0.67, 0.7, 0.8, 0.9, 1.00 ä, which were chosen because
they smooth out the singularity at the origin and make it disappear, and
then 15 equally spaced points between 1 and 2.28 ä with increments of
0.08 ä.


Small variations of Bi around the selected cavity value gave the free energy,
which is calculated as


�Gcav��kBT ln


�
e
�
�


1


kBT


�atoms


k


�Bi��B�12�B12
i


r12
k


�	
i (3)


Here the energy is calculated at one of the reference Bi values over the
ensemble of particles in the unperturbed state iwith small perturbations �B
along the trajectory, kB is the Boltzmann constant, and the perturbation Vp


is caused by the change from Bi to Bref�Bi� �B


Vp(Bref)�




k


�Vc,w,k�

atoms


k


B12
ref � B12


i


rk12
(4)


which was calculated at one of the reference values given above, with k that
runs over the water atoms. The various VP(Bref) must connect adiabatically
for �B values both positive and negative. This requirement is implicit in the
definition of the cavity energy as reversible work, and in the free-energy-
perturbation model. Moreover, its value must be at most of the order of


kBT for perturbation theory to hold. The �B were set to multiples of
0.0032 ä, which generated 25 perturbation points between pairs of
trajectories in the region where the potential of Equation (1) was used.
In the initial step, in which Equation (2) was used �B was scaled down as
needed. Because of the nature of Equation (3), there is a redundancy of
values of Vp, and of the associated �Gcav, around a given Bi . As an example,
and only as an example, V(1.8384), can be obtained from Bi� 1.8 ä by
setting �B� 0.0384 ä, or from Bi� 1.88 ä by setting �B��0.0416 ä; or
V(1.8192), can be obtained from Bi� 1.8 ä by setting �B� 0.0192 ä, or
from Bi� 1.88 ä by setting �B��0.0608 ä. The sum of the first two
should be the same as the sum of the last two, and should also be equal to all
the sums of the other pairs that connect Bi� 1.8 ä with Bi� 1.88 ä (this is
the principle of overlapping-spheres techniques of ref. [2]). In reality, this
does not happen all the time. The differences provide a way of estimating
the error in the procedure (as the largest difference between the points).
Importantly, if some values do not fulfil the kBT criterion, they are
discarded. The final �G(B) is the sum over the successive incremental �G
values with cavity radii smaller than B.
The analytical expression of the free energy of cavity formation given by
Pierotti reads


�Gc�K0 � K1rB � K2rB2 � K3rB3 (5)


in which
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here rB� (a � a2)/2 is the cavity radius given by half the sum of the solvent
hard-sphere diameter, a, and the solute hard-sphere diameter, a2, y��a3�/6
is the volume fraction of the solvent spheres, � is the number density of the
pure solvent, p is the pressure. At atmospheric pressure, the last addends,
linear in p, are negligible. Notice that rB and Bi coincide for many practical
purposes; however, the former describes the cavity when the solute is
present, while the latter is used in the FEP calculations where a ™bubble∫ of
vacuum is blown up inside water. For clarity×s sake, we feel that it is
important to retain the distinction.


Results and Discussion


Figure 2a shows the free energy of formation of a single cavity
as a function of its radius. The trend is smooth and the error
bars grow with the radius of the cavity because, as explained in
the previous section, the error in the procedure is additive and
increases with the size of the cavity. (Comparison with the
values calculated by PBH is shown later along with other FEC
data.)


Two important issues must be addressed:
1) The agreement between the data in Figure 2a and those


predicted by Pierotti×s formula,
2) The approximation caused by replacing several adjoining


cavities with a single cavity of the same volume, that is by
replacing the molecular contour with a single sphere.


To investigate the first point, one must consider that in
Equation (5) rB� (a� a2)/2 is the sum of the hard-sphere radii
of solvent and solute. From Equations (5) and (6) it is


Figure 1. Potential energy curves from Equation (2) for selected values of
the cavity radius, Bi . In the inset, the values of �.
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Figure 2. a) Free energy of cavity formation from the present FEP
calculations, b) solvent hard-sphere radius that gives the best agreement
between the FEP calculations and Equations (5) and (6), c) Comparison
between FEP (�: present calculations, �: PBH) and PE by using
Gaussian 98 (The Gaussian 98 cavitation energy was obtained by setting
the solvent radius to 1.40 ä (�) and 1.6 ä (�) and then performing HF/3-
21G PCM calculations on Cl� anions with a growing size, comparable to the
hard-sphere cavities of the FEP calculations.


apparent that the data of Figure 2a can be obtained by an
infinite number of combinations of values of a and a2. It is,
however, simple to invert Equation (5) by using the present
FEP results and determine which values of a and a2 best fit the
calculated data. Because of the applications in quantum
chemical packages, the knowledge of the diameter, a, of water
is important. For each of the overall radii of Figure 2a,
Figure 2b shows the plot of the solvent radius that gives the
best agreement between the FEP calculations and PE. The
result is a curve that deserves closer inspection. Two regions
can be noted:
1) When B is small, that is, less than 1.6 ä, PE is most


successful if the cavity is entirely due to the solvent, a
feature that is not unexpected since the solvent contributes


to the radius of the cavity. The trend is not perfectly linear
and some irregularities are present. They are ascribed to
the numerical procedure that is used to obtain the curve
and should not have any physical implication,


2) At larger values of B, that is, B� 1.6 ä, the water radius
that best satisfies PE tends towards the limiting value of
1.6 ä.


In practice, since in an implicit solvent model the cavity is
defined by the solvent and solute radii, only the second region
can be adequately treated by Pierotti×s approach. For regions
with small cavity diameter, the use of Equation (5) should
therefore be discouraged.


Figure 2c compares the present results with the PBH data
and with those obtained by a standard quantum chemical
package when the two values of 1.4 and 1.6 ä are used in
Equation (5). Note that 1.4 ä is the default value for water in
the program.[8] When the cavity is not too large, the FEP
calculations lead to the largest �Gcav of the four shown here,
and they are also close to the results of PE when the water
radius is set equal to 1.6 ä. The satisfactory similarity with the
PBH data implies that the calculations are not a strong
function of the force-field model used to simulate water. The
default value of 1.4 ä set in the quantum chemical package
leads to the lowest �Gcav. Because of the variability of the
radii that one would have to use in Pierotti×s formula, it is
suggested that when high accuracy is required, the FEP
calculations could be directly looked up in Table 1. These
values can be interpolated or extrapolated rather easily once
the solute hard-sphere radius is determined.


The second issue raised at the beginning of the section
concerns the comparison of the �Gcav of several spherical
systems in contact through a single point with that of a single


Table 1. Free energy of cavity formation, �G [kcalmol�1], from the free-
energy-perturbation calculations. In agreement with PBH, each cavity
radius [ä] is multiplied by 1.044 to obtain the thermal radius and then by
1.0704 to obtain the hard-sphere radius. The origin of the errors is discussed
in the text.


B �Gcav Lower �Gcav


bound
Upper �Gcav


bound


0.558774 0.0000 0.0000 0.0000
0.670529 0.0063 0.0041 0.0080
0.726406 0.0151 0.0089 0.0265
0.748757 0.0213 0.0147 0.0364
0.782284 0.0300 0.0214 0.0534
0.894039 0.0633 0.0476 0.0983
1.005793 0.1333 0.1122 0.1694
1.117548 0.2243 0.1913 0.2650
1.206952 0.3022 0.2580 0.3535
1.296356 0.3890 0.3386 0.4427
1.38576 0.4894 0.4316 0.5472
1.475164 0.6073 0.5450 0.6653
1.564568 0.7507 0.6828 0.8087
1.653971 0.9116 0.8312 0.9782
1.743375 1.1136 1.0181 1.1847
1.832779 1.3607 1.2523 1.4353
1.922183 1.6053 1.4710 1.7006
2.011587 1.8873 1.7401 1.9853
2.100991 2.1909 2.0238 2.2988
2.190395 2.5079 2.3251 2.6179
2.279799 2.8874 2.6867 3.0000
2.369202 3.2967 3.0646 3.4293
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cavity with the same volume. Figure 3 shows the same FEP
data reported in Figure 2a along with the �Gcav for 3, 5 or 7
small spheres, which are in contact by one point. The
arrangement of the cavities is shown in Figure 4. If one
considers the errors intrinsic to the free-energy-perturbation
approach (see above), the multiple cavity data are in good
agreement with the data of FEC for a single cavity of the same
volume. The use of a ™representative spherical∫ cavity is
therefore justified even for systems that are far from perfectly
spherical.


Figure 3. Comparison of the free energies for a single cavity (�) and a
cavity with the same volume built from 3 (�), 5 (�) or 7 (�) adjacent
cavities.


Figure 4. Water cavity arrangement for the data of Figure 3.


Conclusion


The free energy for the formation of a cavity in water has been
calculated from free-energy-perturbation simulations. There
is good agreement with previous similar calculations; this
shows that the results are not a strong function of the force
field used to describe water. The calculations also agree
reasonably well with the analytical approach of Pierotti. The
water hard-sphere diameter was derived in a parameter-free
way (of course, the force field contains parameters but the
FEP procedure does not introduce new parameters after the
molecular mechanics model has been chosen). It is found that
the water radius is not constant and tends to reach a limiting
value of about 1.6 ä. Interestingly, in a recent study[9] one of
us showed that the most appropriate water volume for the
Connolly surface is 16.4 ä3, which results in a radius of 1.58 ä
in noteworthy agreement with the value of 1.6 ä that comes
out of the present work. To account for the variability of the


radius, it is suggested that FEP calculations are tabulated and
used numerically when high accuracy is required. It is also
found that the energy of cavitation is nearly additive; this
would justify the use of a single spherical ™representative∫
cavity to describe highly nonspherical molecules of equal
molecular volume. The results reported here are relevant not
only to the extensive modelling of the solvent effect that is
now being carried out with computer simulations, but may
also be used to understand hydrophobic interactions in which
the energy of cavity formation plays an important role.[10]
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Sequestered Alkyllithiums: Why Phenyllithium Alone is Suitable for
Betaine-Ylide Generation


Qian Wang,[a] Dariusz Deredas,[a] Cyril Huynh,[a] and Manfred Schlosser*[a, b]


Abstract: The key step in the trans-selective modification of the Wittig reaction is
the �-lithiation of the lithium bromide coordinated ylide ± aldehyde adduct (the so-
called ™P-betaine∫). Only phenyllithium effects this deprotonation rapidly and
cleanly. Alkyllithiums (in particular, butyl-, sec-butyl-, and tert-butyllithium) react
only sluggishly and incompletely, being tied up in very stable mixed aggregates with
the lithium alkoxide part of the betaines.


Keywords: betaines ¥ deuterium
labeling ¥ mixed aggregates ¥ Wittig
reactions ¥ ylides


Introduction


™Betaine ylides∫ (triphenylphosphonio-2-lithiooxyalkanides)
are generated by the �-deprotonation of lithium bromide
complexed ™phosphorus betaines∫, the zwitterionic adducts of
phosphorus ylides and carbonyl compounds. They act as the
key intermediates in trans-selective[1±3] and ™three-dimen-
sional∫ (™SCOOPY∫)[3±7] Wittig reactions (see Scheme 1).
Stereocontrol is accomplished by the spontaneous pyramidal
inversion of the �-lithiated betaine. At equilibrium, the threo
configuration is strongly favored and typically predominates
to the extent of �99.5%.[1, 2] In contrast, the erythro
component is formed preferentially (respectively, �2:1 and
�10:1 in the presence and absence of soluble lithium salts) if
the ylide and aldehyde combine under irreversible condi-
tions.[1, 3, 8, 9]


The crucial epimerization at the �-carbon is just one stage
in a multistep one-pot reaction sequence (see Scheme 2). Its
success critically depends on a high concentration of a soluble
lithium salt, in general lithium bromide. Its role is to suppress
the dissociation of the �-lithiated betaine ylide to an �-metal-
free betaine ylide.[10] This rules out the unconsidered use of
any commercial organolithium reagent and requires ethereal
media that are rich in tetrahydrofuran. If these conditions are
met, the trans-selective modification of the Wittig olefination
protocol works with absolute reliability as impressive appli-
cations of it to the synthesis of natural products and
biomimetics have been amply demonstrated.[11±16]


Scheme 1. Betaine-ylides as the key intermediates in trans-selective and
™three-dimensional∫ olefination reactions.


At first sight, the exact nature of the organometallic reagent
would not be expected to matter. Any alkyl- or aryllithium
should be basic enough to enable the complete deprotonation
of the phosphorus betaine, the acidity of which can be
assumed to approximate that of ordinary alkyltriphenylphos-
phonium salts (pKa �20[17±19]). The consecutive treatment of
(�-hydroxyalkyl)triphenylphosphonium bromide with lithi-
um bromide containing butyllithium, an aldehyde and butyl-
lithium again has indeed been reported to give rise, after
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Scheme 2. The multistep, if one-pot protocol for trans-selective olefin
formation. a) Lithium bromide containing phenyllithium (or any other
organolithium) in THF and diethyl ether. b) Aldehyde R�CH�O. c) Lith-
ium bromide containing phenyllithium in diethyl ether. d) Either 1 min at
25 �C or 30 min at�75 �C. e) Hydrogen chloride (1.0 equiv) in diethyl ether
at �75 �C. f) Potassium tert-butoxide. g) Some 15 min at �25 �C.


neutralization and decomplexation, to the highly trans-
selective (Z/E �3:97) formation of alken-1-ols.[2] However,
as we have recognized meanwhile, only phenyllithium ensures
maximum stereoselectivities throughout.
The results are clear-cut. Straight-chain and monobranched


aliphatic aldehydes (heptanal, isobutyraldehyde) as well as
�,�-unsaturated aldehydes (methacroleine, benzaldehyde)
give olefins with excellent (Z/E � 1:200), acceptable (Z/E
�50), and poor (Z/E 16:1 ± 1:1) trans selectivity depending on
what reagent was employed to generate the betaine ylide,
phenyllithium, methyllithium, or one of the butyllithiums
(butyllithium, sec-butyllithium, or tert-butyllithium), respec-
tively (see Table 1). The doubly �-branched pivaldehyde


favors cis olefination under all circumstances, however
(Table 1). Pivaldehyde is known to produce exceptionally
high erythro/threo ratios, and, consequently, in the absence of
an efficient epimerization mechanism, high cis/trans ratios
when allowed to react with any kind of ylide.[20±22]


At first sight one might feel tempted to rationalize the
reagent effect on the E stereoselectivity by side reactions
reflecting structural individuality of the organometallics
involved. In particular, the highly reactive family of butyl-
lithiums (butyllithium, sec-butyllithium, and tert-butyllithium)
may promote substitution of a ™stationary∫[1, 3, 23] P-substitu-
ent rather than �-deprotonation. Following well-established
precedents, this group displacement at phosphorus may occur
by addition of the organolithium to the betaine and subse-
quent elimination of benzene,[24±27] or, alternatively, by
phenyl/alkyl exchange at the level of an ylide,[28±29] including
a betaine ylide. The resulting P-alkyl derivative, if a betaine,
would be reluctant to undergo the required �-deprotonation,
or, if a betaine ylide, would no longer discriminate so strictly
against the erythro configuration. To account for the fairly
good performance of methyllithium in the framework of this
hypothesis, one would merely have to assume a more
pronounced decrease in nucleophilicity than in basicity with
this reagent. Phenyllithium would clearly avoid such compli-
cations as it could not cause any structural alteration if
involved in group displacement at phosphorus.
Despite its prima facie plausibility, the possibility of


P-substituent displacement had to be ruled out for two
reasons. For one thing, we were unable to detect even trace
amounts of alkyldiphenylphosphine oxides in the crude
reaction mixtures when the trans-selective olefination proto-
col had been performed with a butyllithium variety. More-
over, we have consecutively treated butyltriphenylphospho-
nium bromide, which was perdeuterated at all aromatic
positions, with unlabeled phenyllithium/lithium bromide,
benzaldehyde, phenyllithium/lithium bromide (again), hydro-


Abstract in German: Der Schl¸sselschritt bei der trans-
selektiven Variante der Wittig-Reaktion ist die �-Deprotonie-
rung des mit Lithiumbromid koordinierten Ylid/Aldehyd-
Addukts (des sogenannten ™P-Betains∫). Nur Phenyllithium
vermag diese Umsetzung rasch und sauber zu bewerkstelligen.
Aliphatische Organolithium-Verbindungen (insbesondere, Bu-
tyl-, sec-Butyl- und tert-Butyllithium) reagieren nur schleppend
und unvollst‰ndig, weil ihnen Fesseln angelegt sind durch den
Lithiumalkoholat-Teil der Betaine, womit sie sehr stark
gebundene Mischaggregate bilden.


Table 1. trans-Selective Wittig reactions involving betaine-ylides prepared
from ylides (H5C6)3P���CH�R�and aldehydes R�CH�O: Z/E ratios and, in
parentheses, yields of olefins.[a]


R R� LiC6H5 LiCH3 LiC4H9 LIS[b] LIT[c]


H13C6 C4H9 � 0.5:99.5 3:97 50:50 33:67 17:83
(88%)[d] (87%) (92%) (86%) (84%)


H5C6 C3H7 � 0.5:99.5 1.5:98.5 12:88 6:94 23:77
(88%)[d] (92%) (77%) (63%) (60%)


H2C�C�CH3[e] (CH2)2C6H5 � 0.5:99.5 2:98 16:84 12:88 36:64
(58%)[d] (59%) (57%) (45%) (42%)


(H3C)2CH C5H11 � 0.5:99.5 2:98 16:84 ± 13:87
(66%)[f] (59%) (57%) (62%)


(H3C)3C C5H11 94:6 98:2 97:3 ± 76:24
(59%) (63%) (56%) (42%)


[a] Standard working procedure: see Experimental Section. At the decisive
stage of betaine ylide formation, the tetrahydrofuran/diethyl ether ratio
approached 1:1. [b] LIS�LiCH(CH3)C2H5 (sec-butyllithium). [c] LIT�
LiC(CH3)3 (tert-butyllithium). [d] The same limit of stereoselectivity and
virtually the same yields were attained when the reaction was performed in
an approximate 7:1:2 (v/v/v) mixture of tetrahydrofuran, diethyl ether, and
cyclohexane, respectively. [e] 2-Methyl-2-propenal (methacroleine). [f] A Z/E
ratio of 3:97 and a yield of 65%were found when the reaction was performed in
an approximate 7:1:2 (v/v/v) mixture of tetrahydrofuran, diethyl ether, and
cyclohexane, respectively.
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gen chloride, and potassium tert-butoxide. The phosphonium
salt had been prepared by quaternization of perdeuterated
triphenylphosphonium, which was made from hexadeutero-
benzene by metalation with the LIC-KOR superbase.[30±32]


The triphenylphosphine oxide isolated was found to consist of
the [2H15] and [2H10] isomers in a ratio of 99:1. In other words,
virtually all of the betaine ylide had been formed by direct
deprotonation rather than through a transient phosphorane
(Scheme 3).


Scheme 3. Phenyllithium acting towards a betaine/lithium bromide adduct
almost exclusively as a base and only marginally as a nucleophile.


Evidently, the next step was to monitor the reaction
between betaines and butyllithiums. This was done in two
ways. On the one hand, we probed for unconsumed organo-
metallic reagent (e.g., butyllithium) by trapping it with
benzaldehyde and identifying the adduct (i.e., 1-phenylpen-
tan-1-ol). On the other hand, we quantified the amount of
isotope incorporation after successive addition of the alkyl-
lithium (for 1 h at�75 �C), deuterium chloride, and potassium
tert-butoxide to the betaine/lithium bromide adduct.
For example, consecutive treatment of butyltriphenylphos-


phonium bromide in the presence of excess lithium bromide,
with phenyllithium, benzaldehyde, phenyllithium (again),
deuterium chloride, and potassium tert-butoxide afforded
pure (E)-2-[2H]1-phenyl-1-pentene (88%). When only the
first time (ylide generation) phenyllithium, but the second
time (betaine ylide generation) tert-butyllithium was em-
ployed as the base, the olefin (60%) was obtained as a 1:3
(Z/E) mixture which could be easily separated by column
chromatography. The cis isomer was found to contain no
deuterium at all, whereas the trans isomer was labeled to the
extent of 40%.
A consistent picture emerges from these findings. Both


deuteration and trans selectivity depend on betaine ylide
generation as a prerequisite. The �-deprotonation of the
betaine precursor can be cleanly achieved with phenyllithium,
which shows little propensity to aggregate,[33] but also, if less
perfectly, with methyllithium, which exists as an exceptionally


tight tetramer.[33] The homoaggregates of primary, secondary,
and tertiary alkyllithiums being less optimally constructed,[33]


heteroaggregation evidently offers better binding interactions
in such a situation. Lithium alcoholates are known to bind to
organolithiums under mixed aggregate formation.[34±38] Ac-
cordingly, all members of the butyllithium family combine
strongly with betaine/lithium bromides, which represent a
special class of oligomeric alcoholates. The resulting mixed
superclusters, tied together by multiple electron-deficient
bonds, are so stable that the sequestered alkyllithium
component loses some of its inherent reactivity, being no
longer able to bring about complete betaine ylide formation
(Scheme 4).


Scheme 4. Betaine/lithium bromide adducts sequestering alkyllithium by
heteroaggregate formation.


Salt-free phenyllithium is commercially available in a 3:7
(v/v) diethyl ether/cyclohexane solvent mixture at a moderate
price (�125 per mol). It may be employed as a reagent for
trans-selective Wittig reactions if, after the evaporation of the
original solvents, the residue is taken up in tetrahydrofuran
and sufficient amounts of anhydrous lithium bromide are
added. It is more convenient to use ™homemade∫ material,
which can be easily prepared from bromobenzene in tetrahy-
drofuran[39, 40] or diethyl ether,[41±43] the precious by-product
lithium bromide remaining in solution in either solvent.


Experimental Section


For working habits and abbreviations, see recent publications (e.g.,
ref. [44]) which have emanated from this laboratory. 1H, 13C, and 31P
NMR spectra were recorded of samples dissolved in deuterochloroform at
400, 101, and 162 MHz, respectively, chemical shifts being given relative to
the internal standard tetramethylsilane (1H and 13C) or the external
standard 85% aqueous phosphoric acid (31P).


trans-Selective Wittig reactions : At �75 �C, a 0.70� solution of phenyl-
lithium (28 mmol) containing one molar equivalent of lithium bromide
(28 mmol) in ethyl ether (40 mL) was added to the alkyltriphenylphos-
phonium bromide (25 mmol) in tetrahydrofuran (80 mL). After 30 min of
vigorous stirring at 25 �C, the reaction mixture was cooled to �75 �C to be
treated with the aldehyde (25 mmol) and, a few minutes later, when
complete decolorization had occurred, again with the phenyllithium/
lithium bromide complex (28 mmol) in diethyl ether (40 mL). A clear
solution was obtained that rapidly turned cherry-red when stored each time
30 min at�75 �C, 25 �C, and again�75 �C. Hydrogen chloride (28 mmol) in
diethyl ether (10 mL) decolorized it instantaneously. After addition of
potassium tert-butoxide (3.4 g, 30 mmol), the reaction mixture was stirred
1 h at 25 �C before being poured into water (59 mL) and extracted with
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diethyl ether (3� 25 mL). The combined organic layers were washed with
brine (2� 15 mL), dried, and evaporated. The semisolid residue was
triturated with pentanes (3� 25 mL). The extracts were filtered and
distilled. The olefinic product was identified and its Z/E ratio determined
by comparison of the gas chromatographic retention times with those of
authentic samples: 5-dodecene[45] (b.p. 70 ± 71 �C/10 Torr; n20D 1.42998; 50 m,
MSV, 30 m, DB-210, 40 �C), 1-phenyl-1-pentene[46] (b.p. 111 ± 113 �C/
10 Torr; n20D 1.5287; 3 m, 5% C-20M, 160 �C; 3 m, 5% SE-30, 170 �C),
2-methyl-6-phenyl-1,3-hexadiene[47] (b.p. 75 ± 78 �C/0.5 Torr; n20D 1.5404;
30 m, DB-1, 80 �C; 30 m, DB-FFAP, 80 �C), 2-methyl-3-nonene[48] (b.p.
55 ± 57 �C/17 Torr; n20D 1.4217; 30 m, DB-1, 30 �C; 50 m, MSV, 40 �C), and
2,2-dimethyl-3-nonene[49] (b.p. 65 ± 67 �C/20 Torr; n20D 1.4281; 30 m, DB
1701, 30 �C; 30 m, DB-FFAP, 30 �C).


To prepare solutions of alkyllithiums containing one molar equivalent of
lithium bromide, the original solvents (pentanes, hexanes, or cyclohexanes)
were stripped off from the commercial reagents (0.70 mol). The residue was
then dissolved in the precooled (�75 �C) solution of lithium bromide (61 g,
0.70 mol) in diethyl ether (1.0 L).


To determine the water content (in general some 5%) of commercial
lithium bromide, a sample was dissolved in anhydrous tetrahydrofuran and
titrated with butyllithium in the spatula tip of triphenylmethane as an
indicator until the cherry red color (of triphenylmethyllithium) persisted.


The protocol had to be modified when the ™homemade∫ lithium bromide
containing ethereal phenyllithium (see above) was replaced by the
commercial product (1.8� in a 3:7 mixture of diethyl ether and cyclo-
hexane, twice 15 mL). The missing lithium bromide (4.8 g, 55 mmol) was
dissolved in tetrahydrofuran (15 mL) and was added from the beginning to
phosphonium salt (suspended in 60 mL tetrahydrofuran).


Deactivation of butyllithium by coordination : At �75 �C, pivaldehyde
(1.1 mL, 0.86 g, 10 mmol) was added dropwise to a solution of butyllithium
(10 mmol) in tetrahydrofuran (30 mL) and diethyl ether (50 mL). After
5 min, the mixture was treated with hydrogen chloride (11 mmol) in diethyl
ether (10 mL) before being poured into water (20 mL). The aqueous phase
was saturated with sodium chloride. The organic layer was separated and
analyzed by gas chromatography (30 m, DB-1701, 80 �C; 30 m, DB-FFAP,
80 �C); octan-1-ol as a calibrated ™internal standard∫) revealing the
presence of 99% of 2,2-dimethyl-3-heptanol.[50]


In parallel reaction, again conducted at �75 �C, 2,4-dimethylpentan-3-ol
(10 mmol) was added to butyllithium (20 mmol) in tetrahydrofuran
(30 mL) and diethyl ether (5.0 mL), followed 15 min later by pivalaldehyde
(10 mmol). 2,2-Dimethylheptan-3-ol[50] was present this time in 68% yield.


In a third experiment, pentyltriphenylphosphonium bromide (4.1 g,
10 mmol) in tetrahydrofuran (20 mL) was consecutively treated with
lithium bromide containing phenyllithium (10 mmol) in tetrahydrofuran
(8 mL) and diethyl ether (4 mL) and with heptanol (10 mmol). After
decolorization and always at �75 �C, butyllithium (10 mmol) in tetrahy-
drofuran (5 mL) and, 15 min later, pivalaldehyde (10 mmol) were added.
The quantity of 2,2-dimethylheptan-3-ol formed amounted to 16%.


Perdeuterophenyl substituted phosphonium salts :


[2H5]Iodobenzene : The mixture of [2H6]benzene (22 mL, 21 g, 0.25 mol;
99% isotopically pure), butyllithium (0.25 mol) in pentanes (25 mL) and
potassium tert-butoxide (28 g, 0.25 mol) was vigorously stirred for 20 h at
0 �C. At �75 �C, precooled tetrahydrofuran (0.10 mL) was added. After
15 min of continuous stirring a homogeneous solution was obtained.
Always at �75 �C, a solution of iodine (64 g, 0.25 mol) in tetrahydrofuran
(0.15 L) was added dropwise over the course of 30 min. According to gas
chromatographic analysis (30 m, DB-1701, 80 �C; 30 m, DB-FFAP, 80 �C),
iodobenzene (34%) was present in the reaction mixture. The solvent and
unconsumed benzene were removed by distillation. The residue was
dissolved in diethyl ether (50 mL) and thoroughly washed with a saturated
aqueous solution of sodium thiosulfate (3� 50 mL) and with brine (2�
25 mL), was dried and evaporated. Distillation afforded a colorless liquid;
14.6 g (28%); b.p. 90 ± 92 �C/45 Torr (ref. [51]: b.p. 67 ± 68 �C/16 Torr); n20D
1.6150.


Tri([2H5]phenyl)phosphine : At �75 �C, [2H5]iodobenzene (63 g, 0.30 mol,
�99% isotopically pure) was added dropwise, over the course of 15 min, to
tert-butyllithium (0.60 mol), from which the commercial solvent (pentanes)
had been removed by evaporation and which then was dissolved in
precooled diethyl ether (0.30 L). Still at �75 �C and 15 min later, the
mixture was treated with triphenyl phosphite (26 mL, 31 g, 0.10 mol).


When the temperature had reached 25 �C, the organic layer was washed
with a 1.0� aqueous solution (3� 0.10 L) of sodium hydroxide and brine
(2� 50 mL) before being dried and evaporated. Recrystallization of the
residue from hexanes gave colorless platelets; 21 g (75%); m.p. 74 ± 76 �C
(ref. [52]: m.p. 76 �C/16 Torr); 13C NMR: �� 136.9 (d, J� 11 Hz), 133.2 (td,
J� 24, 5 Hz), 128.1 (t, J� 25 Hz), 127.9 ppm (td, J� 24, 6 Hz); 31P
NMR:�� 5.5 ppm; elemental analysis calcd (%) for C18D15P (277.38): C
77.94, H 6.06; found: C 78.35, H 5.72.
Butyl(tri[2H5]phenyl)phosphonium bromide : Tri([2H5]phenyl)phosphine
(6.8 g, 25 mmol), 1-bromobutane (3.0 mL, 3.8 g, 28 mmol), and toluene
(10 mL) were mixed and heated 6 h to 125 �C. At 25 �C, the syrup formed
was dissolved in dichloromethane, and warm ethyl acetate was added until
the solution became turbid. Upon scratching with a glass rod, crystalliza-
tion set in. Recrystallization from dichloromethane and ethyl acetate gave
colorless granules. 9.1 g (88%); m.p. (decomp) 230 ± 232 �C; 1H NMR: ��
3.7 (m, 2H), 1.6 (m, 4H), 0.92 (t, J� 7.1 Hz, 3H); 13C NMR: �� 134.4 (d,
J� 12 Hz), 133.0 (dt, J� 12, 5 Hz), 129.8 (td, J� 12, 6 Hz), 117.8 (d, J�
86 Hz), 24.4 (d, J� 5 Hz), 23.5 (d, J� 17 Hz), 22.4 (d, J� 51 Hz), 13.6 ppm
(s); 31P NMR: �� 24.7 ppm; elemental analysis calcd (%) for C22H9D15BrP
(414.40): C 63.76, H 6.24; found: C 64.03, H 6.11.
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Vibronic Coupling in Molecules and in Solids**


Wojciech Grochala,*[a] Roald Hoffmann,[b] and Peter P. Edwards[c]


Abstract: We utilize the experience
gained in our previous studies on the
™chemistry of vibronic coupling∫ in
simple homonuclear and heteronuclear
molecules to begin assembling theoret-
ical guidelines for the construction of
potentially superconducting solids ex-
hibiting large electron-phonon coupling.
For this purpose we analyze similarities
between vibronic coupling in isolated
molecules and in extended solids. In
particular, we study vibronic coupling
along the antisymmetric stretch coordi-
nate (Qas) in linear symmetric AAA
molecules, and along the optical phonon
™pairing∫ mode coordinate (Qopt) in
corresponding one-dimensional [A]�
chains built of equidistant A atoms. This
is done for a broad range of chemical
elements (A). The following similarities
between vibronic coupling in molecules
and phonon coupling in solids emerge


from our calculations: 1) The HOMO/
LUMO electronic energy gap in an
AAA molecule increases along Qas,
and the highest occupied crystal orbi-
tal/lowest unoccupied crystal orbital gap
in [A]� chain increases along Qopt .
2) The maximum vibronic instability is
invariably obtained for a half-filled,
singly occupied molecular orbital in
AAA molecules, and for a correspond-
ing half-filled band in [A]� chains.
3) The vibronic stability of an AAA
molecule increases with a decrease of
the AA bond length, as does the vibron-
ic stability of [A]� chains (external
pressure may lead to a reversal of a
Peierls distortion). 4) The high degree of


s ± p mixing and ionic/covalent forbid-
den curve crossing dramatically enhance
the vibronic instability of both AAA
molecules and [A]� chains. We also
introduce one quantitative relationship:
The parameter log(R) (where R is molar
refractivity, a parameter used by Herz-
feld to prescribe the conditions for the
metallization of the elements) correlates
with a parameter fAA (defined as twice
the electronegativity of A, divided by
the equilibrium AA bond length), used
by two of us previously to describe
vibronic coupling in AAA molecules
for a broad range of elements (A� hal-
ogen, H, or an alkali metal). We hope to
illustrate that key chemical aspects of
vibronic coupling in simple molecules
may thus be profitably transferred to
corresponding materials in the solid
state.


Keywords: chain structures ¥ con-
ducting materials ¥ solid-state chem-
istry ¥ superconductors


Introduction


Accepting provisionally the workings of a classical Bardeen ±
Cooper ± Schrieffer (BCS) theory of superconductivity,[1] one
then needs to understand what fundamental science–specif-


ically one might say what ™chemistry∫–governs the strength
of coupling between electrons and optical phonons in
extended solids. It could be that a large part of the scientific
community has become skeptical during the last decade about
the ability of the BCS theory to explain high-temperature
superconductivity (HTSC). Yet, it was the very ramifications
of the BCS theory which inspired Bednorz and M¸ller, the
discoverers of HTSC, to investigate what are today known as
oxocuprates.[2] Indeed, BCS-related theories of superconduc-
tivity still remain a source of inspiration[3] in the search for a
complete understanding of the natural phenomenon of
HTSC.[68]


Unfortunately, ™BCS theory∫ in its original formulation
™.. .lacks material aspect∫.[4] The theory accounts for the
phenomenology of the property, but the chemical logic
for generating the necessary ingredients for new supercon-
ductors beyond the oxocuprates is not known.[5] At
present, there is no obvious chemical recipe for HTSC. Our
long-term goal is to search for extended systems that might
exhibit promising high critical superconducting temperatures
(Tc); this is hardly an untypical aim, but what we hope to
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contribute is a chemical perspective coupled with some
theoretical guidance.


In previous papers of this series, two of us (W.G. and R.H.)
have systematically investigated vibronic coupling in a broad
range of simple diatomics and triatomics.[6, 7, 8, 9] We gathered
computational data for hundreds of molecules from the s-, p-,
and d-block elements of the Periodic Table with the view of
examining systematically key aspects of molecular vibronic
coupling. Let us review here the most important general
findings of these investigations:
1) Molecular systems built of hard Lewis acids/bases are


vibronically more unstable than systems built of soft Lewis
acids/bases. Strong vibronic coupling should therefore be
searched for in molecules built of small, highly electro-
negative and weakly polarizable atoms;


2) The more pronounced the s ± p mixing in molecules, the
larger the vibronic instability;


3) An ™ionic/covalent curve crossing∫ strongly increases the
vibronic instability of a molecule;


4) A parameter fAB, defined as the sum of electronegativities
of A and B elements, ENA and ENB, respectively, divided
by the AB equilibrium bond length, RAB:


fAB� (ENA � ENB)/RAB (1)


represents a very useful, quantitative descriptor of vibronic
coupling in a molecule. The magnitude of fAB correlates
well with the dynamic diagonal coupling constant for
ligand-to-metal charge-transfer states of AB diatomics,
and also describes off-diagonal vibronic coupling for inter-
valence charge-transfer states of ABA triatomics.[10, 11]


In the present contribution, which closes the present series,
we analyze different aspects of vibronic coupling in molecules
and also in extended systems. We attempt to build the bridge
between molecules and solids, to transfer our qualitative and
quantitative findings in molecular vibronic coupling to the
corresponding situation in the solid state. It is our belief that
this might help to design new families of superconducting
materials.


Computational Methods and Philosophy


Numerical data have been obtained from density functional
theory (DFT) B3LYP computations with 6-31G** or 6-311�
�G** basis set for light elements (H, Li, Be, F, Na, and Cl)
and LANL2DZ core potentials for heavier elements (K, Rb,
Cs, Br, and I). We have used the following computational
packages: Gaussian �94[12] for DFT calculations, YAeH-
MOP[13] and CACAO[14] for extended H¸ckel (EH) calcula-
tions.


The reader is directed to the four previous parts in this
series, where we describe in detail : 1) The nomenclature
consistently used by us in these five papers (important, for
there is a multitude of terminologies in the field), 2) the basis
of simple vibronic coupling models used in the literature,
3) numerical results obtained for a broad range of diatomics
and triatomics, and 4) a molecular orbital model used by us to
explain vibronic coupling in simple molecules.


We are conscious that local density approximation fails
quantitatively (which sometimes leads to qualitative failure–
asymmetric and not symmetric structure) for predictions of
bond alteration, for example in polyacetylene or radical ions
of allene. Yet, it has been adequately demonstrated that even
the simplest computational methods, even those which do not
contain nonlocal exchange and correlations contributions
(such as for example EHT, which exaggerates the strength of
vibronic coupling), allow a nice qualitative analysis of the
vibronic coupling, rationalization of the origins of the strength
of vibronic coupling, and–what is especially valuable–
prediction of the trends in the strength of vibronic coupling
upon chemical substitution.[15]


We think that it is desirable to learn from the simplest
computational methods, since such methods provide general
conclusions at lowest computational cost. They are also
physically very transparent, in the sense of allowing one to
trace the origins of a trend. In this context, we note that our
main goal is not the precise prediction of the absolute
tendency of certain molecules (or solids) to distort, but rather
the prediction of trends in this tendency in chemically
different species and systems. This ranking (relative vibronic
coupling strength for different molecules) is far less sensitive
to the choice of computational method applied than the
absolute vibronic coupling strength.


It needs to be emphasized that the linear symmetric radicals
chosen for this study are inherently unstable species. In fact,
we have deliberately chosen these species because many of
them are highly unstable along the asymmetric stretching
vibrational coordinate. The philosophy of our approach,
expressed earlier in Parts 3 and 4 in this series,[8, 9] is to
determine quantitatively the instability of such species, and
draw general conclusions about the ™chemistry of vibronic
coupling∫ for the charge transfer process in the ABA
molecule:


A��B� � A0�A-B-A�A0 � B�-A�,


which is the simplest system simulating electron transfer
between two A centers via an intervening B atom.


The equilibrium geometry of the triatomics (or linear
chains) is not the concern of the present study–we use these
linear geometries as models for tracking down the chemically
important effects that determine vibrational instability. The
conclusions drawn are quite insensitive to the fact that some
of molecular species studied in the Parts 3, 4, and 5 are not
relaxed in the full space of nuclear coordinates.


Results and Discussion


Real materials exhibiting superconductivity or strong vibronic
(i.e. electron ± phonon) coupling will of necessity be complex.
However, one of the things we learned in the previous papers
is that the underlying physics and chemistry can be explored
and modeled with simplified pseudo-hydrogen oligomers (or
polymers) in which the component atoms are allowed to vary
in electronegativity and other properties. In the next step, p
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orbitals were modeled, that is
we studied a pseudo-En (E�
main group element, modeled
by F) oligomer or polymer.


The paper is organized as
follows: In Section 1 we briefly
discuss changes in electronic
and vibrational structure of Hn


species on passing from a linear
symmetric H3 molecule to an
infinite chain built of equidis-
tant H atoms. We then analyze
vibronic coupling in Hn species
along the normal coordinate of
a ™pairing mode∫, passing from
isolated molecules to an ex-
tended system. In Section 2 we
analyze vibronic coupling in a
series of A3


q molecules (A�Li,
H, F, q��1, 0, �1). We then
analyze vibronic coupling in the
[H�]q infinite chain, q� (-1,
�1). And we indicate similarities between molecules with a
single occupied molecular orbital (SOMO) and an infinite H
chain with a half-filled band, in the context of vibronic
coupling. In Section 3 we develop an analogy between the
dependence of the vibronic stability of heteronuclear ABA
molecules on the A�B bondlength, and the dependence of a
Peierls distortion in the solid on external pressure. In Section
4 we examine the extreme sensitivity of vibronic stability of
both triatomic molecules and solids to the presence of an
™avoided crossing∫ region. In Section 5 we illustrate that the
empirical parameter fAA (used by us previously to quantita-
tively describe vibronic coupling in AAA molecules for A�
halogen, H, alkali metal) also correlates well with log(R),
where R is the molar refractivity, a parameter used by
Herzfeld in 1927 to describe the metallization of the chemical
elements of the periodic classification. In Section 6 we
summarize those conclusions on vibronic coupling in simple
molecules which may be successfully transferred to the solid
state. In the Appendix we discuss briefly the unexpected
utility of EH calculations for ™pairing mode∫ force constants.


1. Vibronic stability in [H]n series–from the H3 molecule to
an infinite hydrogen chain [H]�


Assuming the reader is familiar with the evolution of
electronic and vibrational structure in the [H]n series, we will
analyze them only briefly; we do need these to interpret
vibronic effects further on in this section. Figure 1 illustrates
the molecular orbitals (MOs) of the H3 and H5 molecules, and
selected crystal orbitals (COs) of a 1D [H]� polymer,
obtained from the EH calculations.


There are three MOs in the linear symmetric H3 molecule:
the lowermost �g (doubly occupied, bonding between each
neighboring H atom), �u (singly occupied, nonbonding), and
�g* (unoccupied, antibonding between each neighboring H
atom). There are five MOs in H5, seven MOs in H7, nMOs in
Hn, etc. A simple band structure, a single band (one H atom in


the unit cell), develops as n increases. The COs of H� may
thus be easily derived. The lowermost CO (�g), at the bottom
of the band, is everywhere bonding. The uppermost CO (�g*)
is antibonding between neighboring H atoms, and the
(degenerate) CO in the middle between those two is �u and
nonbonding. These four COs of H� are thus nice analogues of
the MOs of H3, which epitomizes the nodal structure of any
linear molecule.


Let us now examine the evolution of the vibrational
spectrum of Hn species as n increases (n is an odd integer).
There are three normal modes in a linear symmetric H3


molecule: symmetric stretching (�g), antisymmetric stretching
(�u), and doubly degenerate bending mode (�u). In general,
there are (3n� 5) vibrational degrees of freedom in a linear
Hn molecule: n� 1 are reserved for stretching modes (half of
these are �g, half are �u), and the remaining ones belong to the
bending modes. From now on we will neglect bending, and
concentrate on stretching modes.[16] Figure 2 shows the
evolution of the computed vibrational spectrum of Hn


molecules, n� 3, 5, 7, 9 (DFT calculations, stretching � modes
only[17]).


There is one imaginary frequency (a �u mode) in the
computed vibrational spectrum of the (H3, H5, .. . , Hn)
series.[18] There is also a whole family of �u and �g modes,
developing in the real part of the vibrational spectrum as n
increases.


Let us look now at the explicit atomic displacements in
these normal modes. In Figure 3 we show the forms of the
normal vibrations for stretching modes of the H3 and H5


molecules, together with familiar form of the ™optical
phonon∫ mode of the 1D H� chain.


The imaginary frequency antisymmetric stretching �u mode
of H3 is of special interest in our discussions. Apparently it has
precisely one counterpart for each [H]n species. Importantly,
each of these imaginary frequency modes, regardless of n,
leads to a grouping of H atoms in discrete pairs, leaving one
single H aside. These modes also correspond to the optical


Figure 1. Molecular orbitals of H3 and H5, and three crystal orbitals of a 1D H� polymer (bottom of the band,
middle of the band, and the uppermost part of the band).
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Figure 2. Evolution of the vibrational spectrum in the [H]n series, n� 3, 5,
7, 9 (DFT calculation). Only stretching modes are shown.


Figure 3. Schematic forms of the normal � vibrations in the H3 and H5


molecules, and the ™pairing∫ phonon �u mode of the 1D H� chain.
Amplitudes of vibrations are exaggerated.


phonon ™pairing∫ mode of the [H]� infinite chain (Figure 3).
The molecular �u mode of H3 is responsible for the vibronic
instability of this molecule,[19] as the phonon �u mode is
responsible for vibronic instability of the [H]� infinite chain.
The latter opens a gap at the Fermi level, and leads to
instability of a 1D polymer with a half-filled band, as shown
first by Peierls.[20] Next, we trace in detail an analogy between
the influence of molecular and phonon �u modes for
instability of H3 molecule and [H]� polymer, respectively.


Figure 4 illustrates schematically the various stages and
magnitudes in opening of an electronic energy gap along the
Qas coordinate between ground and excited potential energy
surface in a linear symmetric A3 molecule.


Figure 4a and 4b apply to molecules exhibiting a tendency
towards spontaneous asymmetrization. Figure 4c and 4d are
for molecules which prefer to remain symmetric, while
Figure 4a shows a diabatic picture: the gap is zero at Qas� 0,
and a nonzero energy gap ��� opens along Qas. Figure 4b
shows an adiabatic representation of the same phenomenon.
Now the gap is nonzero at Qas� 0 (gap is equal to some ��),


Figure 4. Schematic illustration of vibronic coupling in a molecule: a) ���
gap opens along Qas between ground and excited state potential energy
surfaces in a diabatic model; b) gap increases from �� to ��� along Qas in an
adiabatic model, molecule is asymmetric–case of weak electronic mixing;
c) gap increases from �� to ��� along Qas in an adiabatic model, molecule is
symmetric–case of strong electronic mixing; d) gap is constant alongQas–
a hypothetical case of zero vibronic coupling.Qas is an ordinate in all cases
presented, as shown in (a).


but it increases to ��� along Qas. Electronic mixing between
lower and higher potential energy surfaces is responsible for
the nonzero gap at Qas� 0. Figure 4c differs from Figure 4b
only in the magnitude of electronic and vibronic coupling.
Vibronic coupling is weaker (and/or electronic coupling is
stronger) in Figure 4c than in Figure 4b. The linear A3


molecule now prefers to be symmetric. Yet the energy gap
still increases from�� to��� alongQas in Figure 4c. A final case
might be that of zero vibronic coupling. Figure 4d shows such
an unrealistic case: the gap is constant along Qas.


As the above examples illustrate, a nonzero vibronic
coupling always implies that the energy gap between ground
and excited state increases along Qas (regardless of whether a
molecule remains symmetric after vibronic coupling, or not).
As shown in the previous paper in this series (for example,
Figure 9 in reference [9]), an increase of the energy gap
between ground and excited is associated mainly with a
HOMO/LUMO and a SOMO/LUMO gap increase.[21]


Changes in the crystal orbital structure (both energies and
orbital shapes) of an [A]� 1D polymer due to vibronic
coupling are analogous to those of the molecular orbital
structure of A3 molecules (a detailed description of vibronic
coupling in H3 molecule from an MO perspective may be
found in our recent paper[9]). As shown in Figure 5, excursion
along the Qopt phonon coordinate leads to opening of the
HOCO/LUCO gap. Similarly, excursion along a molecularQas


coordinate in a triatomic molecule leads to an opening of the
HOMO/LUMO gap (Figure 4 here, and Figure 9 in refer-
ence [9]). These similarities are caused, of course, by analo-
gous topologies of MOs of H3 and COs of [H]� (see Figure 1).


Let us now describe quantitatively the vibronic stability in
the (H3, H5, . . . , H�) series. Such a comparison is possible
because the reduced mass for all imaginary frequency modes
in different Hn species is equal to 1 amu. Figure 6 shows the
evolution of the force constants for the imaginary frequency
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Figure 5. Changes in the band structure of 1D [A]� polymer as a function
of an excursion along the normal coordinate of optical ™pairing∫ modeQopt .
Qopt is zero on the left (A atoms are equidistant) and increases to the right
in the picture. A gap � between the highest occupied crystal orbital
(HOCO) and lowest unoccupied crystal orbital (LUCO) is zero atQopt� 0,
and increases with Qopt . The energy gap between the highest unoccupied
crystal orbital (HUCO) and the lowest occupied crystal orbital (LOCO)
also increases with Qopt . The energy of the Fermi level EF increases from
the left to the right in the picture. Dotted lines show the unit cell composed
of two A atoms. Diagram is schematic.


�u mode in the (H3, H5, .. . , H�) series as a function of the
increasing number of H atoms, n.


Figure 6a plots the force constant ku for the this mode in the
(H3, H5, .. . , H�) series; Figure 6b shows the plot of the change
in the force constant for the same mode, �ku, upon attach-
ment of two H atoms to the Hn�2 species. Figure 6c presents a
plot of the corresponding molar instability (i.e. molar force
constant, ku/n) for the imaginary mode in the (H3, H5, . . . , H�)
series as a function of increasing polymer length.


The absolute value of the frequency (or alternatively, the
force constant) for the imaginary frequency mode increases
with polymer length, as shown in Figure 6a and as emphasized
earlier in Figure 2 (see dotted line). However, it may also be
seen from Figure 6b that the absolute values of the ku


increments grow smaller with increasing polymer length.
The molar stability of the Hn chain passes through a minimum
(i.e. maximum instability) for n� 13; beyond that it increases
slowly with n.


Let us measure the molar instability of the [H]� chain by
the quantity (ku/n)� . The limit may be estimated as (ku/n)��


� 0.23 mDyneä�1, extrapolating from the last eight points of
the plot presented in Figure 6c (B3LYP/6-31G** calcula-
tions). Thus, the 1D [H]� polymer built of equidistant H
atoms is vibronically unstable, similar to the linear symmetric
H3 molecule (ku/3�� 0.13 mDyneä�1).[22]


So far we have traced quantitatively the evolution of the
vibronic instability of the [H]� polymer, and related it
qualitatively to vibronic instability of an H3 molecule using
a simple MO model. An important question, central to all
these considerations, comes to mind. Might a ranking of
vibronic stability of different A3 molecules be useful in
predicting the vibronic stability of the corresponding [A]� 1D
chains? For example, does the vibronic stability ranking Li3�
I3�F3 indicate that an analogous electron ± phonon coupling
ranking [Li]�� [I]�� [F]� would hold? Were this so, many
conclusions on vibronic stability of simple triatomics obtained
in references [8, 9] might profitably be transferable to a
consideration of solid state materials.[23]


We will not provide an analytic solution to this important
problem, but analyze the question semiquantitatively in
Section 5.


2. Vibronic coupling in the (A3)0 linear symmetric radicals
(A�Li, F, H) and in the [A�]0 1D infinite chain with a half-
filled band


In this section we will concentrate on vibronic coupling in
triatomic molecules (A3)q as a function of their charge, q. We
will also examine the dependence of vibronic stability of the
1D infinite [A�] chain on the degree of band filling. In Table 1
we show the optimized bond lengths, R0 , and force constants
for the antisymmetric stretching �u mode for a total of nine
(A3)q species, A�Li, H, F, q��1, 0, 1 (constrained to a linear
symmetric geometry[24]). As may be seen from Table 1,
according to our computations, all (Li3)q species, H3


� and
F3


� are vibronically stable along Qas, (i.e. ku at R0 is positive).
In contrast, the species H3, H3


�, F3, and F3
� are vibronically


unstable, that is ku atR0 is negative. Clearly, varying molecular
charge (actually changing the occupation of certain MOs)
dramatically influences the vibronic stability of (F3)q and
(H3)q, but not (Li3)q molecules.[25]


Figure 6. a) ku, b) ku increase, and c) molar ku for the imaginary �u mode in Hn species as a function of n. Results of DFT B3LYP/6 ± 31G**calculation.







FULL PAPER W. Grochala et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0902-0580 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 2580


It is very interesting to compare quantitatively the vibronic
stability in the (A3)q series. For this purpose we have
determined force constants for the antisymmetric stretching
modes at a common nuclear separation for q��1, 0, 1. We
constrained A�A bond lengths to 0.931 ä for all (H3)q species,
to 1.633 ä for (F3)q species, and to 2.885 ä for (Li3)q species.[26]


Numerical data are included in Table 1.
It is clear from Table 1 that there is a minimum of vibronic


stability (as a function of electron count) in each (A3)q series.
Interestingly, it occurs for the open shell (A3)0 species, having
a singly occupied molecular orbital (SOMO). For such
species, ku (at certain R� constant), is computed smaller than
for the charged closed shell species with one electron more or
one electron less. This is true also for (Li3)0, although all (Li3)q


molecules are vibronically stable. Such an instability of
molecular open-shell species is well known. As we show
below, this intuitive conclusion is key in designing new solid-
state materials with strong vibronic instabilities.


(A3)0 molecules have an electron count of 1, 1 or 7 electrons
per one A atom, for A�Li, H, and F, respectively. Such
electron counts would correspond to a half-filled electronic
band in 1D infinite [A�] chains built of these elements. Is
vibronic instability in infinite [A�] chains somehow related to
exceptional instability (described above) of molecular open-
shell molecules? To answer this question we studied the
vibronic stability of 1D infinite [H�] chains along the
™pairing∫ optical mode as a function of band filling. Figure 7
shows a plot of the frequency of the ™pairing∫ optical mode in
the 1D infinite [H�] chain (�u) versus degree of the band
filling (EH results).[27]


As shown in Figure 7, there is a minimum of vibronic
stability (as a function of band filling) of the 1D infinite [H�]
chains along the ™pairing∫ optical mode. Maximum suscept-
ibility of polymers to a ™pairing∫ Peierls distortion occurs
exactly for a half-filled band. This outcome for the infinite
material is not surprising; it has long been known that the
driving force for the pairing distortion, the Peierls instability,
is strongest for half filling of the Hn band.[28] Thus, both a
linear symmetric triatomic H3 and a 1D polymer [H�] are
most vibronically unstable for an electron count of 1e� per 1 H


Figure 7. Dependence of the vibronic stability of the [H]� 1D chain
(measured by the frequency of the ™pairing∫ mode, ��u) on the degree of
band filling. EHT results. A negative sign has been arbitrarily introduced
for the formally imaginary frequency, for ease of presentation.


atom. This analogy strongly points to the underlying similarity
of vibronic effects in molecules and in the corresponding
extended solids.


3. Peierls distortion in 1D solids as a function of external
pressure, and vibronic coupling in linear symmetric ABA0


radicals as a function of the A�B bond length


In this section we will investigate further analogies between
vibronic coupling in molecules and in solids. We concentrate
on the dependence of vibronic coupling in linear symmetric
ABA0 radicals on the A�B bond length, and on the Peierls
instability in 1D solids as a function of the external pressure.
We will start our considerations from triatomics. Figure 8
shows the computed force constant for the antisymmetric
stretching mode, ku, in three linear symmetric ABA mole-
cules, H3, Be2I, and Na2F, as a function of the A�B bond
length, R0. As shown in Figure 8, the vibronic stability of an
H3 molecule depends strongly on the H�H bond length. In
principle, ku is a monotonic and decreasing function of the


Figure 8. Dependence of force constants for antisymmetric stretching �u


modes on the A�B bond lengths in linear symmetric ABA molecules.
a) H3, b) Be2I, c) Na2F. Arrows indicate the equilibrium A�B bond lengths.
DFT/6 ± 311��G** calculations.


Table 1. Optimized bond length of linear symmetric (A3)q molecules, A�
Li, H, F, q��1, 0, �1 (R0 [ä]), force constant for the antisymmetric
stretching mode determined for the optimized AA bond length (ku (R0)
[mDynesä�1]), and force constant for the antisymmetric stretching mode
determined for AA bond length equal to R0 of (A3)0 species, A�Li, H, F
(ku [mDynesä�1]). Results of B3LYP/6 ± 31G** calculations.


(Li3)q R0 [ä] ku (R0) ku (2.885 ä)


q��1 3.011 0.31 0.43
0 2.885 0.37 0.37


� 1 3.001 0.32 0.43


(H3)q R0 [ä] ku (R0) ku (0.931 ä)


� 1 1.058 � 0.90 1.46
0 0.931 � 0.32 � 0.32


� 1 0.820 10.19 4.59


(F3)q R0 [ä] ku (R0) ku (1.633 ä)


� 1 1.746 2.84 5.35
0 1.633 � 35.69 � 35.69


� 1 1.573 � 7.59 � 8.48
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H�H bond length.[29] The H3 molecule with R0� 0.931 ä
(lowest energy with aD�h constraint) is vibronically unstable.
Elongation/shortening of the H�H bond length respectively
increases/decreases the susceptibility of H3 towards asymmet-
rization, as measured by ku. H3 becomes vibronically
stable for R0� about 0.85 ä (ku is positive). Similar ku versus
R0 dependences (as far as trends are concerned) are computed
for Be2I and Na2F (Figure 8), and seen in Table 1 for (A3)q


molecules (A�Li, H, F, q��1, �1). In all cases ku is a
monotonic and decreasing function of the A�B bondlength.


The reversal of a Peierls instability by applying external
pressure, a phenomenon very similar to what the above
computations point to, is well-known for 1D solids.[30] Figure 9


Figure 9. Dependence of the energy of Peierls undistorted (symmetric)
and Peierls distorted (asymmetric) 1D [A]� chain on the volume of the unit
cell Vcell . The Peierls distorted structure has global energy lower than the
symmetric one, and the symmetric structure spontaneously distorts along
the ™pairing∫ mode normal coordinate. Increase of external pressure
decreases the unit cell volume, and leads to inversion of the Peierls
distortion below a certain critical value of Vcell , Vcell�Vcrit .


shows the dependence of the energy of Peierls undistorted
(symmetric) and Peierls distorted (asymmetric) 1D [A]�
chain on the volume (length) of
the unit cell Vcell . Note that the
Peierls-distorted (asymmetric)
structure has its global energy
minimum lower than the sym-
metric one, and the symmetric
structure spontaneously distorts
along the ™pairing∫ mode normal
coordinate (above a certain unit
cell volume). An increase of ex-
ternal pressure decreases the unit
cell volume, and leads to a rever-
sal of the Peierls distortion below
a certain critical value of Vcell , for
Vcell�Vcrit .


Thus, there is another analogy
between simple linear symmetric
triatomics and 1D solids, now
in the context of the pres-
sure dependence of vibronic cou-
pling.


4. Influence of s ± p mixing and ™avoided crossing∫ on
vibronic coupling in molecules and in solids


We have recently analyzed in detail the strong influence of s ±
p mixing and ™avoided crossing∫ on vibronic coupling in
simple triatomics.[9] We have shown that increased s ± p
mixing, especially in the vicinity of the avoided crossing
region, dramatically increases the vibronic instability of the
model F3 molecule. Since avoided crossing of potential energy
surfaces seems to be an important factor influencing vibronic
coupling in molecules, we wish to analyze its role in vibronic
coupling in solids.


How to study s ± p mixing? The extended H¸ckel method
allows one to do this by varying the energies (the Hii


parameters of the theory), while keeping the atomic expo-
nents fixed. Using this procedure, we computed the depend-
ence of a) the force constant for the antisymmetric stretching
mode in the F3 molecule and b) the force constant for the
™pairing∫ optical phonon mode in a 1D [F]� chain built of
equidistant F atoms, on the difference between extended
H¸ckel Hii for 2s and 2p orbitals of F atom, � Hii (s ± p). The
Hii×s for 2s orbital of a) the central F atom in the F3 molecule,
and b) each second F atom in the 1D [F]� chain have been
varied, respectively. Figure 10 shows the results of the EH
computations. Clearly, s ± p mixing influences strongly the
vibronic stability of both the F3 molecule and the 1D [F]�
chain. There is a region of strong instability (minimum of ku),
around � Hii (s ± p)� 2 eV, for both F3 and [F]� . It corre-
sponds to a (physically unrealistic) ™2s over 2p∫ orbital
ordering in the vicinity of the ™avoided crossing∫ region.[31]


The region of the strong vibronic instability is narrower (on
the � Hii (s ± p) scale), and the ku versus the � Hii (s ± p)
dependence is steeper (especially on the right side of the
minimum) for [F]� than for F3. The cross-over region is
unrealistic, but the trend is important, pointing to analogous
behavior in the molecule and the one-dimensional solid.


As shown in this section, there is a strong analogy between
simple linear symmetric triatomics and 1D solids in the


Figure 10. Dependence of a) the force constant for the antisymmetric stretching mode in the F3 molecule and
b) the force constant for the ™pairing∫ optical phonon mode in 1D [F]� chain built of equidistant F atoms, on
the difference between extended H¸ckel Hii for 2s and 2p orbitals of F atom, diff. Hii (s ± p). The Hii×s for 2s
orbital of a) central F atom in the F3 molecule, and b) of each second F atom in the 1D [F]� chain, respectively,
have been varied.
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context of coupling of electrons with vibrations of nuclei. This
analogy extends to the strong influence of s ± p mixing and of
the ™avoided crossing∫ region on vibronic instability.[32] These
results suggest that inorganic chemists should search carefully
for solid state systems exhibiting ™avoided crossing∫ regimes,
for example such as Equation (2a) or (2b) and utilize them in
the synthesis of new materials potentially exhibiting strong
vibronic coupling.


Cu3� � O2��Cu .2� � O.� (2a)


Cu .2� � I��Cu1� � 1³2I2 (2b)


The process described by Equation (2a) has indeed been
suggested previously as being crucial for high-temperature
superconductivity in oxocuprate materials.[33]


5. The metallization of the chemical elements and vibronic
coupling in molecules


The Peierls distortion, and more generally the phenomenon of
vibronic coupling in solids, is intimately connected to the long-
standing problem of the metallization of insulators.[34] For
example, in the simplest 1D case, a Peierls distortion of a
metallic chain of equidistant H atoms leads to appearance of
insulating behavior in a polymer that transforms to a chain
built of H2 molecules. Also for ™real∫ 3D solids, the reversal of
a Peierls distortion (say, under pressure) may lead to
metallization of a sample.[35]


Experiment shows that usually the more electronegative
element A, the larger the vibronic instability in the metallic
phase of A, and hence the larger the external pressure needed
to metallize A. So far, even the strongly electronegative
elements (colloquially called ™nonmetals∫), such as Xe,[36]


O,[37] Br,[38] I,[39] and S[40] have been metallized by application
of very high pressures. Many ™ionic∫ insulators such as
CsI[41, 42] or BaSe[43] have also been metallized. As far as we
know, only H[44] (solid), N, Cl, F, and four noble gases (He ±
Kr) have not been metallized so far among the chemical
elements of the Periodic Table.


The Peierls distortion (leading to insulating behavior of
what might have been a metal) is connected with the opening
or appearance of an electronic band gap at the Fermi level.
Superconductivity is also connected with the dynamic opening
of a (superconducting) band gap near the Fermi level,[45] as
predicted by BCS theory.[1] And, interestingly, superconduc-
tivity appears in many materials previously metallized by
applying external pressure, such as metallic S,[46] O,[47] B,[48]


I,[49] SnI4,[50] SnSe[51] and CsI[42] . There are even suggestions
that Xe might be superconducting under high pressures.[52] In
addition, substances that are superconducting at ambient
conditions, are usually strongly sensitive to external pres-
sure.[53] No surprise, then, that there have been many
interesting attempts to interrelate superconductivity with
susceptibilities, or proximity of chemical compounds to the
pressure-induced insulator-to-metal transition.[54] Let us men-
tion the efforts of Burdett and coworkers to simultaneously
describe metallic character[55] and superconductivity[33]


through a dynamic band gap opening, which will be of a
special interest to us. We believe that Burdett×s viewpoint is


important and may be potentially be translated into chemical
language; it may, in perspective, also stimulate the design of
new superconducting materials.


Given the implied strong relationship between the ten-
dency toward–and competition between–metallization and
superconductivity, let us investigate now the former phenom-
ena from a distinctly chemical viewpoint, that of the polar-
ization, or dielectric catastrophe accompanying the metal-
lization of elements and materials.


The first semiquantitative attempts to explain the occur-
rence of metallic behavior in the periodic system of the
elements, and other systems, were made by Goldhammer[56] in
1913 and Herzfeld in 1927.[57] The Goldhammer±Herzfeld
approach is concerned with the mutual polarization of an
atom or molecule by the remaining particles in the condensed
phase (be it liquid or solid). A straightforward illustration of
Herzfeld×s approach can be made by considering a simple
classical atom in which a point positive charge is surrounded
by a spherically-symmetric negatively charged cloud of
constant density, extending out to some characteristic radius
r. This is equivalent to the model of the atom as a perfect
conducting sphere. From electrostatics, it can be shown that
the electronic polarizability, �0, of such a species is given by
Equation (3).


�0� r3 (3)


Its associated molar refractivity, R, is then given by
Equation (4), where NA is the Avogadro number.


R� 4³3�NA�0 (4)


Now R/NA is thus a measure of the volume of the isolated
atom. We now place such an atom in a Lorentz cavity in a
dielectric medium. Within the condensed phase, the molar
volume, V, represents the portion of space associated with a
given particle (atom). In this model, metallization occurs
when the available volume in the condensed phase becomes
equal to, or less than, R ; under these conditions the system of
localized perfectly conducting spheres then gives way to one
large, macroscopic conductor, across the entire volume of the
material. We then have a transition to the metallic state at
some critical molar volume for a given value of R.


Herzfeld proposed what is now known as a polarization or
dielectric catastrophe at metallization, and the idea that the
dielectric constant, �, of the condensed phase should diverge
to infinity as an insulator-to-metal transition is approached
from the insulating side. This means that the dispersion
(valence) electrons, which before had been quasielastically
bound, classically speaking, to their own atoms or ions, are
now set free through mutual interactions in the condensed
phase, and the system becomes a metallic conductor.


The ideas are perhaps most easily cast in terms of the
Clausius ±Mossotti relation [Eq. (5)], where � is the high-
frequency dielectric constant and n is the optical refractive
index;


(�� 1)/(�� 2)� (n2� 1)/(n2� 2)�R/V (5)
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Thus, the Herzfeld metallization criterion [Eq. (6)] specifies
a situation in which � (equivalently n2) must equal infinity.[58]


R/V� 1 (6)


The simple Herzfeld model is in remarkably good agree-
ment with considerably more complex theoretical predictions
for the conditions necessary for the metallization of the
chemical elements, and many other systems.[59] What values
does the Herzfeld parameter (R/V) take in the Periodic Table
of elements under ambient conditions? Figure 11 shows
log(R/V) for different elements, as given in contributions of
Edwards and co-workers.[59]


Figure 11. Plot of Herzfeld×s parameter R/V used to describe metallization
of elements. Dotted line separates metals from nonmetals.[59a]


The characteristic parameter (R/V) takes on the smallest
values for the most electronegative elements, such as F, Cl, O,
the noble gases, and H. These elements are now known to be
the most difficult to metallize under pressure. The empirical
borderline between metallic and insulating behavior lies at
log(R/V)� 1. The strongest vibronic instability (measured by
negative force constant) has
been calculated by us for F3,
Cl2F, and H2F among simple
triatomics.[8, 9] Could the exper-
imental observations of pro-
pensity (or lack of it) toward
metallization for extended sys-
tems be somehow correlated
with our findings on vibronic
coupling of simple mole-
cules[60]? Let us make an at-
tempt at such a correlation.


We have recently introduced
an empirical parameter fAB, de-
fined as the sum of Pauling
electronegativities of the A
and B elements, divided by the
A�B bond length and we have
successfully used fAB to corre-
late, semiquantitatively, the
strength of vibronic coupling
in diatomics and triatomics.


Let us try now to correlate fAA (as determined for simple
AAA triatomics) with the metallization tendency of element
A, as described by Herzfeld×s parameter (R/V) for standard
conditions of density, etc.


We have chosen 10 different chemical elements to attempt
this correlation: four halogens (F, Cl, Br, I), hydrogen (H),
and five alkali metals (Li, Na, K, Rb, Cs). These elements
enter in diatomic homonuclear molecules as monovalent
species; they usually occur in chemical compounds as anions
(halogens) and as cations (alkali metals). These various
families were chosen since they undoubtedly represent the
extremes of chemical properties, from the most electroneg-
ative–gaseous, oxidizing fluorine–to the most electropos-
itive, metallic cesium. Such a choice naturally provides a large
range for us to compare R, (R/V), and fAA parameters.


The resulting correlations between log(R/V) and fAA, and
between log(R) and fAA for these 10 elements are shown in
Figure 12a and 12b. It appears from Figure 12 that there is an
excellent correlation between fAA and log(R). A correlation
factor of r2� 0.988 has been found for exponential regression.
Correlation of fAA with log(R/V) is somewhat worse (r2�
0.863). It appears that a further evaluation of the Herzfeld
criterion, paying particular attention to the correlation of R
with fAA, is now called for.


Searching for the qualitative explanation of the monotonic
relationship between fAA and log(R), we have tested addi-
tional correlations of log(R) with fAA. We have tried defining
fAA according to the Equation (1), using however the Mullik-
en electronegativity[61] instead of the Pauling one. This
correlation yielded a somewhat worse correlation factor of
r2� 0.986. Alternatively, we have used the absolute hard-
ness[61] (r2� 0.952) or configuration energy[62] (r2� 0.993)
instead of Pauling electronegativity entering the formula in
Equation (1).


The quality of all the above correlations is surprisingly
good. It means that the susceptibility of an A3 molecule to
vibronic coupling appears to be strongly related to the


Figure 12. Correlations between log (R/V) and fAA, and between log(R) and fAA, where R/V is Herzfeld×s
parameter used to describe metallization of elements, and fAA is defined as twice the electronegativity of element
A divided by the AA bond length. A�F, Cl, Br, I, H, Li, Na, K, Rb, Cs. Fits to exponentialr regressions are shown
by solid lines.
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characteristic molar refractivity, R, of the element A (recol-
lect that the latter is proportional to the electronic polar-
izability of A, [Eq. (4)]). Auseful way of thinking of electronic
polarizability is that it represents the ease with which
electronic excited states can be mixed into the ground state
to induce charge polarity. Furthermore it can be demonstrated
that the mean dipole moment of an atom goes to infinity as
the dielectric catastrophe is approached.[59c] This is equivalent
to saying that the onset of itinerancy (metallization) in the
condensed phase is manifest in a mechanical instability of the
harmonically bound electron to its parent nucleus. Similarly,
the more pronounced the s ± p mixing, the larger is the
polarizability of the A3 molecule, and the larger its vibronic
instability . These simple physical arguments may be at the
heart of these strong correlations (Figure 12). We are
currently exploring further the quantitative features behind
the excellent quality of the correlation between fAA and
log(R) across so many different elements.


Suffice it to say that the correlations observed between fAA


and log(R) and between fAA and log(R/V) for a great variety of
chemical elements show that studies on vibronic coupling in
simple molecular systems may be very useful in predicting
metallization and, perhaps, ultimately the appearance of
superconductivity in materials. Recollect that it is sulfur, a
nonmetal, which surprisingly holds the present record of TC


among the elementary superconductors (under high pres-
sure).[46] Who knows, maybe metallic fluorine–if ever obtain-
able–will surprise us even more.


6. Which phenomena and conclusions related to vibronic
coupling may therefore be transferred from molecules to
solids?


Let us summarize the most important conclusions from the
previous sections. The following analogies between vibronic
coupling in pseudo-H3 molecules and in 1D pseudo-[H]�
solids are found:
1) The analogous electronic structures of H3 molecules and


1D [H]� chains imply similar consequences for vibronic
mixing of molecular/crystal orbitals along the antisym-
metric stretching/™pairing optical phonon mode∫ or
Peierls distortion �u coordinate, respectively. The HO-
MO/LUMO gap increases in H3 molecules along �u


coordinate,[21] as does the LOCO/HUCO gap in [H]�
chains with pairing.


2) A parallel dependence of vibronic stability of A3 molecules
and of [A]� polymers on the degree of band filling, is
another remarkable similarity between molecules and
solids. Both A3 molecules and [A]� solids exhibit the most
pronounced vibronic instability for the same electron
count of 1e�/atom for A�H, Li, and of 7e�/atom for A�
F. This corresponds to open-shell A3 molecules, and to
[A]� solids with a half-filled band.


3) A dependence of the vibronic stability of A3 molecules on
the A�A bond length is another feature of molecular
vibronic coupling closely related to phonon coupling in
solids. Linear symmetric A3 molecules become vibroni-
cally more stable with decreasing AA bond length. This is
similar to the well-established Peierls distortion in 1D


[A]� solids, which may be reversed or prevented from
happening by applying external pressure.


4) Vibronic mixing in A3 molecules and [A]� solids exhibits
similar sensitivity to the s ± p mixing, and to the ™avoided
crossing∫ of electronic levels. Vibronic instability of both
the A3 molecules and the [A]� solids increases strongly
with enhanced s ± p mixing, especially in the vicinity of an
avoided crossing. The presence of the avoided crossing
region is crucial for strong vibronic coupling. This feature
may be of pivotal use for the deliberate design of
molecules and solids exhibiting strong vibronic coupling.


5) An important quantitative relationship has been found
connecting molecules and solids in the context of vibronic
instability. The semiempirical parameter fAA defined as
twice the electronegativity of element A, divided by the
A�A bond length in the AAA molecule, correlates
extremely well with log(R), where R is molar refractivity,
a parameter used by Herzfeld to describe the metallization
of the chemical elements. This correlation has been found
for elements with markedly different chemical and phys-
ical properties, A�F, Cl, Br, I, H, Li, Na, K, Rb, Cs,
ranging from the most electronegative to the most electro-
positive elements within the periodic classification.


In this paper we have considered only 1D solids. However,
we have also investigated the vibronic stability of 1D, 2D, and
3D structures built of H atoms (unpublished B3LYP/6-31G**
results). For this purpose we computed force constants for the
imaginary modes with the largest absolute value of frequency
for linear H3, a square symmetry H9, and cubic H27. We find
that vibronic stability and molar vibronic stability strongly
decrease in the order H3, H9, H27, that is with the increasing
dimensionality of the finite structure. These results point to
strong nonadditivity of vibronic effects. Substantial coopera-
tivity of vibronic effects is expected for high-symmetry infinite
H nets, as well. We expect molar vibronic stability to decrease
strongly as one constructs a 3D infinite cubic crystal by
bringing together 2D planes, which have been obtained from
1D [H]� chains gradually approaching one another. Or in
general for strongly connected 3D networks.


Conclusion


One is often led to thinking of molecules and of extended
solids as two separate worlds. There are few compelling
reasons to think so.[63, 64]


We have devoted four previous contributions in this series
to the ™chemistry of vibronic coupling∫ in simple molecules.
In these papers we have shown how to design molecules
exhibiting strong vibronic coupling. In the present contribu-
tion we have performed analyses of both similarities and
differences between molecules and extended systems in the
context of electron-vibration (vibronic) coupling. We have
demonstrated many parallels in vibronic coupling in A3


molecules and [A]� solids. Many conclusions on the ™chem-
istry of vibronic coupling∫ in molecules may thus be trans-
ferred to solid state materials. Our findings, combined with
important ingredients originating from works of Sleight[65] and
Johnson,[3] might help to design solids with strong electron-
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phonon coupling, and, possibly, novel families of supercon-
ductors.


Indeed, the findings presented in this series of five
theoretical papers led us to a specific theoretical search for
superconductivity in the complex fluorides. The anion F� is
the hardest, the least polarizable and the most difficultly
oxidizable anion available in chemistry. Searching for ways to
approach the forbidden (neutral/ionic) crossing in fluoride
materials (thus, the quest for a ™polarizable fluoride ion∫), we
were forced to look to inorganic chemistry at its very limits of
positive redox potentials. Thus, we have predicted elsewhere
that superconductivity may exist in hole-doped fluorides of
AgII, fascinating and relatively unexplored inorganic materi-
als.[66] Experimental evidence for superconductivity in these
fluoroargentates is now actively being sought in several
laboratories.
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Appendix


Unexpected utility of EH calculations in estimating the force constant for
the imaginary ™pairing∫ mode in linear Hn molecules


Several results in this paper originate from the EH calculations (those
presented in Figures 7 and 10). The EH theory generally produces highly
unsatisfactory vibrational spectra. We would like to discuss now an
unexpected range of validity of EH calculations of force constants for the
antisymmetric stretching mode in linear symmetric A3 molecules and for
the imaginary frequency optical phonon mode in [A]� solids built of
equidistant chain of A atoms.


We have computed vibrational spectra of linear H3, H5, H7 and H9


molecules using EH and DFT (B3LYP/6-311��G**). Vibrational spectra
have also been computed by EH using normal coordinates determined in
DFT calculations. The EHT computations indeed give vibrational spectra
that are on an absolute scale way off the (presumably better) DFT values.
Then we tried to correlate the imaginary frequency modes[67] of as
computed by DFT and EH. This correlation is presented in Figure 13. As
may be seen in Figure 13, the vibrational frequency for the imaginary mode
computed by EH correlates very well with one obtained from DFT
calculations. The correlation factor is r2� 0.996. Of course, EH does not
predict properly the absolute values of these imaginary frequencies, nor
absolute vibronic stability: the linear regression presented in Figure 13
does not cross the origin. However, clearly one may trust the trend (relative
values) predicted by EH for frequencies (force constants) in the H3, H5, H7,
and H9 series.
A detailed explanation of this intriguing finding is still being developed.
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